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Abstract

Multimedia education is  playing an important role in today’s education. People can get 
education no longer based on books  and also continuously developing technology for sha-
ring the knowledge. Therein, Computerized Educational Program in Heat and Power 
Technology (CompEduHPT) is  one of them. The Division of Heat and Power Technology at 
Royal Institute of Technology (Kungliga Tekniska Högskola) has been preparing the multi-
media learning and teaching platform CompEduHPT since 1996.

The goal of the platform is  to supply modern pedagogy in energy education. With CompE-
duHPT, students are assisted by interactive quizzes, animated simulations, virtual labora-
tory exercises, videos of real-life equipment, virtual study visits, calculation exercises, 
study questions, case studies, remote laboratory exercises, lecture notes and much more.

Currently the platform covers 7 main subjects:
S1. Heat and Power Techology
S2. Turbomachinery
S3. Measuring Techniques
S4. Combustion and Fuel Conversion
S5. Aeroelasticity
S6. Environomics
S7. Numerical Methods in Energy Technology
S8. Steam Boiler Technology
S9. Renewable Energy
S10. Sustainable Energy Technology and Supply

The subjects above are divided into smaller sections presented in the form of books and 
chapers.  The theory is presented in the form of slide show enriched with hypertexts, ima-
ges, simulations, animations, movies, calculation tasks, study visits and case studies. The 
information is also available in the form of lecture notes containing more detailed informa-
tion.



The purpose of this Master of Science Thesis is  to develop the material related to S1, S2, 
S4 section of the platform. The thesis  deals  with contents of 4 chapters - Hydropower, Mic-
ro gas  turbine, Energy in Developing Countries and Feedwater Systems during Selected 
Operational Transients with amount of literatures.

The study was  conducted with Dr. Peter Hagström as supervisor and Prof. Torsten Frans-
son as examiner at Department of KTH Energy Technology.
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1  HYDROPOWER

1.1  Small-scale Hydropower

1.1.1  Introduction

The energy crisis, rising fuel costs  and opposition to nuclear power have focused interest 
on renewable energy sources.

Hydropower — which has been used for the production of electric power for more than 100 
years — still has a very large potential, especially in developing countries. Small-scale hy-
dropower offers  advantages not only for small, remote areas but is also a valuable sup-
plement to traditional sources of supply, such as large-scale hydropower and thermal 
power stations [Boreysza, 2004]. 

Small-scale hydropower has become attractive, mainly because low cost compared with 
large ones. Moreover, they are quite environmental friendly and contribute to development 
of rural and poor regions.

Technical development in this  field is characterized by efforts to create simple, safe solu-
tions.

Standardization and simplification have been undertaken in order to minimize investment 
and operation costs [Boreysza, 2004].

The following chapter will cover an overview of different kinds  of small hydro plants, their 
general technical description etc. 

The chapter will deal with 
• Small-scale hydro, different kinds of small hydropower plants and understand their 

general technical descriptions.
• Historical background of small-scale hydropower development. Realize which are 

the technical characteristics of small-scale hydropower with its advantages and dis-
advantages. 

• Knowledge concerning current status, contribution of small-scale hydropower re-
source to world energy supplies as well as its potential for the future. 

• That small-scale hydropower is a promising technology for long-term sustainable 
development in rural areas  of developing countries and an important source of en-
ergy in industrialized regions.

1.1.2  Definition of small-scale hydropower 

Hydropower systems utilizing energy of flowing water, produce a few hundred Watts to 
over 10 GW [Boreysza, 2004]. Worldwide, the total capacity in hydropower reached 689 
GW in 2000. The percentage of current electricity generated by hydropower is:

• South America 18%
• North America 26%
• Australia 2%
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• Asia 39% 

Hydropower systems can be divided into large-scale and small-scale hydropower. Small-
scale hydro plants produce below 10000 kW [Boreysza, 2004]. In Norway, small-scale hy-
dropower can be further divided into three groups:

• Small power plants, which have a power output from 1000 to 10000 kW
• Mini power plants, which have a power output from 100 to 1000 kW
• Micro power plants, which have a power output up to 100 kW

The plants differ mainly in productivity. But some differences concerning construction and 
operation can appear.

Fig. 1 shows comparison of the installed capacity of small, micro and mini hydropower 
worldwide.

Fig. 1: Installed capacity of small, micro and mini hydropower worldwide
[Boreysza, 2004]

1.1.3  History of small-scale hydropower

Small-scale hydropower is  not new in developed countries, as it has been present since 
the beginning of hydroelectric power generation. Water has been used as a source of en-
ergy for many centuries  [Boreysza, 2004].  Wooden water wheels (Fig. 2), with paddles or 
buckets, situated nearby small water stages to run water mills grinding wheat into flour are 
documented already 200 BC.

Fig. 2: Drawing of a water wheel
[Boreysza, 2004]
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At the very beginning the water wheel was a vertical structure constructed of paddles 
mounted on a vertical shaft, which were lowered to reach a stream of water. To run the 
wheel, difference in water flow speeds falling on one and the other side of the machine 
was used. This construction was named as  the Norse wheel and despite its name it 
probably originated in the Middle East [Boreysza, 2004]. 

The wheel’s role changed and it was utilized for electricity production. The first water 
wheel used to generate electricity began operation in 1882 in the USA [Boreysza, 2004].

There are two ways to run a water wheel:
• Water falls over the top of the wheel (Fig. 3), 

Fig. 3: A water wheel drvien by falling water
[Boreysza, 2004]

The wheel is  placed in the flowing river or stream and the flow of the water turns  the wheel 
(Fig. 4).

Fig. 4: A water wheel driven by a flowing stream
[Boreysza, 2004]

Waterwheels are still available, but because of their slow speed and bulky structure they 
are not very practical to generate electricity. More efficient water turbines became popular 
and replaced the old water wheels. The first practical water turbine was patented by the 
French engineer Benoit Fourneyron in 1827. Design and efficiency of water turbines have 
improved ever since [Boreysza, 2004].

Already existing structures on rivers or streams, such as  old watermills  (Fig. 5) with their 
dams have been used to install small hydro generators producing energy. Mills had a 
number of uses, such as grinding corn, cloth fulling, powering saws, making paper, gun-
powder, silk and flour. Different kinds of waterwheels were used depending on the site of 
the watercourse, the water flow speed and type of work to be done [Boreysza, 2004]. The 
early watermills  had stone foundations and were made of for example timber, which was 
later replaced by stone and brick. 

3



Fig. 5: A watermill
[Boreysza, 2004]

Bad time for development of small hydro plants came in the 1920s when national trans-
mission network   operating at high voltages and transmitting electricity over long distances 
started to grow. The higher the voltage, the more electricity could be transmitted and the 
higher efficiency. Central supplies became more reliable and small hydropower plants, 
which were not as convenient and did not meet standards of centralised systems, which 
required fixed voltages and frequencies became abandoned.

Large-scale hydropower plants, which deliver power to the state or national grid, have had 
absolute priority over small ones for decades. Large-scale hydro is a beneficial solution, as 
unit cost decreases with a larger plant and with high heads of water and moreover, big 
plants can be started up and shut down in only seconds thus providing valuable peak load 
power and allowing for quick availability and their turbines and generators  can be turned 
on in seconds [Boreysza, 2004].

Several factors, however, make small hydro attractive. These factors are among others:
• Limited potential for future development of large-scale hydropower plants.
• Matter of energy supply.
• Development in electronics, which allows for cheaper control of output of small 

turbo-generators.
• Availability of already existing civil engineering structures, which can be utilised. 

This is a solution beneficial from:
– The economical point of view – as money can be saved by using al-
ready existing construction, 
– And from the environmental point of view – new construction works,  
which affect the area, are not necessary.

1.1.4  Nature of the resource

Fullfilling needs

The efficiency of electricity generations is:
• Hydroelectric 90%
• Geothermal 95%
• Nuclear 35%
• Coal-fired steam generated 40%

Total consumption of electricity in 1997 is presented in the Fig. 6.
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Fig. 6: Total consumption of electricity in 1997
[Boreysza, 2004]

Electricity generation from hydropower is globally:
• Large hydro 86%
• Small hydro 8.3%

Small-scale power plants are efficient enough to deliver energy in amount fulfilling needs 
of a fairly large area.

Installed capacity of small hydropower in MW is presented in Fig. 7.

Fig. 7: Installed capacity of small hydropower in EU and the world
 [Boreysza, 2004]

The power generated equals:
P = !"H"Q"q, where:

P= electric power output (kW), which is  the system output at some 
point in time.

!= efficiency range 75% to 88%, which is the percentage of the hy-
draulic power available to the turbine converted to usable electric 
power.

H= net head (m), which is gross head minus head losses upstream 
and downstream from the turbine (Fig. 8).

-  Gross head (m) is difference in water surface elevation 
from the upstream to the downstream limit.

-  Head losses (m) are energy losses in the system, which 
are not connected with the generating equipment.

         Q= design flow (m3/s), which is the amount of water passing through the turbine in 
some time. 

         g= acceleration of gravity (9.81 m/s2).
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Fig. 8: Definition of Net Head
 [Brad, 2005]

The head is the vertical height from the point of entering the intake pipe by the water to the 
turbine (m) and the flow equals the quantity of water, which passes  some point in a given 
time (l/s or m3/s).

The drawing illustrates the definition of net head, the effective head available to the turbine 
unit for power production. A given turbine under a given gross head and flow rate gener-
ates the same power regardless of the net head definition.

A good example of area in which energy needs are satisfied by hydropower is  Burundi, in 
which hydropower provided virtually 100 percent of electricity in 1995 [Boreysza, 2004].

The Republic of Burundi (Fig. 9) is  located in Central Africa and covers an area of 27 834 
km2. The country is  situated between the Congo, Rwanda, and Tanzania [Boreysza, 2004]. 
Burundi is  mountainous and rich in water, which are the factors enhancing farming. In 
1999 population of Burundi was approx. 6.1 million. 
Until 1980 almost all electricity, which Burundi utilized, was imported from the Republic of 
the Congo, produced by the Ruzizi 1 hydroelectric plant. In 1995 hydropower provided vir-
tually 100% of electricity.

Total consumption of electricity in 1997 was  148 GWh. 120 GWh was supplied by hydro-
power. Electricity consumption per capita was 6300 kWh/year. In 1997 Burundi had 43 MW 
of installed electrical capacity, 32 MW in hydropower plants. Net hydropower generation 
was 120 GWh/year [Boreysza, 2004].

Fig. 9: Geographical location of Burundi
[Boreysza, 2004]
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27 small hydropower plants (up to 1 MW) are currently in operation in Burundi and they 
have a total capacity of 2.93 MW, which is 9.2% of the installed hydropower capacity 
[Boreysza, 2004]. Due to installation of small-hydropower plants, large imports from Congo 
are not necessary any more and in 1997 they accounted for only 10% of electrical supply 
in Burundi.

Run-of-river

Small-scale hydropower in most cases is “run-of-river”. Run-of-river systems are created 
on small rivers and streams and they use the natural flow of river water to drive turbines 
and operate continuously [Boreysza, 2004]. These systems are with (almost) no water 
storage and with a very small dam- just a weir, which is  a low dam created across a 
stream or river to divert the water flow or raise its level, or no dam at all. 

The amount of electricity generated by run-of-river systems depends on the river's flow. A 
turbine generates electricity when the water is  provided by the river and stops when river 
dries up or flow falls below minimum.

There are three kinds of run-of-river schemes:

• Medium (30 -100 m) and high (over 100 m) (Fig. 10) head schemes, which use 
weirs for water diversion to the intake, from where it is carried to the turbines by a 
penstock. In these schemes, Cross-flow, Pelton, Francis and Turgo turbines  are 
used.

Fig. 10: High head scheme
 [Boreysza, 2004]
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Low head schemes (6-30 m), which use short penstocks for water diversion and use Fran-
cis, Cross-flow or Kaplan turbines are shown in Fig. 11.

Fig. 11: Low head scheme
[Boreysza, 2004]

Ultra-low head schemes (3 - 6 m) (Fig. 12), which are built in river valleys and use 
Kaplan, Bulb or Cross-flow turbines [Boreysza, 2004]. A small dam, intake, a power-
house and a fish ladder create the head. In such schemes, for example bulb turbines 
are used.

 

Fig. 12: Ultra low head scheme
[Boreysza, 2004]

Run-of-river is the most environmental–friendly solution, as it depends on the prevailing 
flow rate in the river. Therefore, amount of water and pattern of water flow is not disturbed. 
Seasonal water flow patterns downstream are not affected and no flooding of valleys up-
stream of the run-of-river system occurs. But if the river varies greatly with time of the year 
or weather, problems with reliability of supply can occur [Boreysza, 2004].
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Advantages
Small-scale hydro has many advantages [Boreysza, 2004]:

• Hydropower is more concentrated in comparison to wind or solar power resources.
• Small-scale hydropower can be characterised by high adjustability to power de-

mand of individuals  or communities (fast start-up and shut-down in response to 
rapid changes in demand) and high availability. If the water flow is sufficient, which 
depends on factors like climate, season, rainfall and evaporation, the hydropower 
resource is continuously available.

• It is  a good technological solution in case of developing countries, which they can 
afford (due to local manufacturing) and which allow for their further development.

• Small-hydro plants can be local and do thus not depend on long-distance high-
voltage transmission lines. 

• Small hydro plants require only small number of equipment and staff members. The 
maintenance of the plant does not require much time because the construction is 
relatively simple and easy to run.

• Rearrangement and disturbance of water resources and environmental impact on 
them are minimised, which makes small hydropower environmental-friendly from 
several view points.                                                                                                           

• In case of large hydro projects, construction and installation of hydro electrical 
structures or dams leads to rearrangement and disturbance of water resources, by 
changing water flow pattern or diverting mountain streams into pipes. Construction 
of dams results in preventing flow of water, creating artificial water reservoirs, ar-
ranging flows, changing natural parameters of resources. These actions create 
conditions ideal for energy production but often destroy natural conditions suitable 
for natural habitats and processes, and these changes are long lasting. Intrusion of 
small-scale hydro into environment is minimised, as no big dams are constructed. 

• Hydropower plant should be adapted to the topography of the area. Then, for ex-
ample ten small-scale hydropower plants on one river can replace one large plant.

• Small-scale hydropower plants produce approximately 2000 GWh a year at a low 
cost.

• When high capital investment is paid off, power will be still produced for many years 
supporting next generations. There are some criteria to estimate payback period. 
The real interest (bank interest- inflation) is 4 to 5%. Time for use of turbines  esti-
mated for the investment calculations is 30 to 40 years. Therefore, payback period 
is  15 years. In case of countries with high insecurity concerning energy production 
and delivery, these criteria must be changed and payback period reduced to for ex-
ample 5 years.

Fig. 13 shows average power production expense per KWh.

Fig. 13: Average power production expense per kWh
[Boreysza, 2004]
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The cost of energy sources (in US cents per kWh) is shown in Table 1.

Table 1: The cost of energy sources (in US cents per kWh)

• Hydropower systems are long-lasting. The lifetime of turbines is approximately 30 to 
40 years, whereas  concrete civil engineering works can serve for more than 100 
years.

• It is the most suitable way of energy production in developing countries or rural ar-
eas. Very often rural areas are isolated due to insufficient number of roads or other 
transportation means and in such places, supply of fuels would be difficult and self-
generated hydropower becomes one of the most important energy sources.

• Small-scale hydro gives an opportunity to increase the lifetime of non-renewable 
energy sources as it can be combined with or replaces partly the conventional en-
ergy sources and provides settlers with energy fulfilling their energy demand.

• Small-scale hydro has important contribution to the national power production when 
the consumption and demand of power increase. But the seasonal variations of en-
ergy supply, especially in case of run-or-river systems, must be taken into account.

Disadvantages

Small-hydro has also some disadvantages [Boreysza, 2004]:
• Small-scale hydropower plants similarly as large-scale plants require investment of 

a capital. In case of hydro-plants this investment is  not evenly distributed over the 
plants’ life cycle. It requires input of high capital at the very beginning of the project 
and the cost decreases then rapidly, as the operation and maintenance costs  are 
low (Fig. 14).

Fig. 14: The hydropower production expense
[Boreysza, 2004]

• In case of low water flow, run-of-river systems, which utilize phenomenon of un-
modified water flow, produce less energy.

• Small-scale hydropower is site-specific. Site must be suitable for energy production 
and close to a place, where the energy will be exploited.

• Water flow in the river or stream varies depending on the season, which leads to 
fluctuations of the power output. 

• Conflicts of interests can appear. In case of low-head structures, these conflicts  can 
be with fisheries, in case of high-head structure, the conflicts  of interests with irriga-
tion needs can appear.
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Water resources are often not taken into account as a power source due to lack of knowl-
edge of technology and application of hydropower.

Financial profit

It can be easily calculated if a small-scale hydropower project will bring financial benefits. 
In order to perform this calculation, all the estimated costs  of the procedure and probable 
equipment lifetime should be added. The estimated costs are the costs of site develop-
ment including civil works, operational and maintenance costs. On average, costs of civil 
works equal 2/3 of total capital cost. The next step of the calculation is  dividing obtained 
number by Watt capacity of the system to estimate cost of the system per Watt. The last 
step is comparison of obtained value in $/kW with other possible sources of energy, such 
as other renewable (solar, wind etc.) and conventional (derived from fossil fuels) [Bard, 
2005].

If the cost of micro-hydro project is to be reduced and development of the plant facilitated, 
some innovations and actions must be undertaken [Bard, 2005]:

• Encouraging government to make a contribution to development of small-
hydropower by investing in this field.

• Planning, implementation and servicing locally, building a structure with the use of 
local materials, equipment and labour.

• Using run-of-river schemes, which eliminate the cost of an expensive dam.
• Using pumps ‘in reverse’ as turbines, which reduces costs and makes the installa-

tion and maintenance simple.
• Using self-cleaning intake screens.

These actions aim also at a high load factor by using power for powering local industries in 
order to catalyze development of rural communities.

1.1.5  System components

Water supply and water intake

Water intake (Fig. 15) is  made of concrete, masonry or earth and connects water supply to 
the hydropower plant. Water intake is situated above a weir or a low stone wall, which 
raises and allows the water to keep a constant level and enables a continuous flow to the 
intake. Many intake systems contain screens, which are the obstacle to fish and debris 
[Bard, 2005]. 

When designing intake, some factors must be taken into account:
• The desired flow is to be diverted and the peak flow of the river must pass the in-

take and weir not damaging these structures. 
• Role of water intake is also to prevent large quantities  of loose material from enter-

ing the channel.
• When the sediments pile up, they must be removed easily.
• The number of repairs and need of maintenance should be minimized.

11



Fig. 15: Water intake
[Boreysza, 2004]

Facilities controlling water flow

Flow is controlled by water conveyance elements (channel (Fig. 16), pipeline, and pen-
stock) and headrace, which connect parts of the site, from the intake to the power plant 
tunnel (Fig. 17) and carry water in proper direction.

 

Fig. 16: Channel used to control the water flow
[Boreysza, 2004]

Fig. 17: Development of Swedish hydro power tunnels
 (illustrated by typical cross-section)

[Bard, 2005]
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In order to control flowing water, headrace is used. Headrace is a channel made of cement 
or masonry or earth, which is parallel to the river. It is used to create a sufficient head.

Facilities to remove smaller debris

Trashrack (Fig. 18), a kind of a frame with bars, is  used to separate all remaining debris 
from water.

Fig. 18: Trashrack
 [Boreysza, 2004]

Elements removing larger debris

In order to get rid off larger remains, forebay (Fig. 19) is used. Forebay is a tank made of 
concrete or masonry, which is used to remove and keep debris from water. The forebay 
must be big and deep enough so that [Boreysza, 2004]:

• All the sediments that still are at the bottom of the forebay do not enter the pen-
stock,

• And so that the penstock inlet is totally submerged and no air can access and 
damage powerhouse facilities.

Fig. 19: Settling tank and forebay
 [Boreysza, 2004]

Spillway

The role of a spillway (Fig. 20) is to permit controlled overflow at some points along the 
channel, therefore it must be large enough to discharge excess flow (flood).The spillway is 
a flow regulator for the channel and also a controlled wooden sluice gate used to shut off 
the water [Boreysza, 2004]. 
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The spillway as an overflow passage incorporated as  a part of dam structure discharging 
excess water is shown in Fig. 20:

Fig. 20: Spillway of a dam
 [Boreysza, 2004]

The penstock

Penstocks (Fig. 21) are pipelines made of material withstanding high pressures, such as 
steel or high-density plastic. They are made also of wood and cement.

Fig. 21: Penstock
 [Boreysza, 2004]

Penstocks create a connection between the forebay and the power house, and supply wa-
ter to a hydroelectric power house.

Power house

Power house is used to store to power-generating and control facilities  and to ensure 
safety to these machines. It should be placed so that risk of flooding or washing out is 
minimized [Boreysza, 2004].

A turbine

A turbine (Fig. 22) can be a waterwheel as well, which is a slow structure and is nowadays 
rarely used. Water is falling down the mountain and turbine blades rotate due to water flow 
movement, which leads to spinning of a shaft. By their operation, water flow energy is 
changed into rotating shaft power.
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Fig. 22: A propeller turbine
[Boreysza, 2004]

The water runs  down driving a turbo-generator, which is located on the way [Boreysza, 
2004]. This process is reversed when the water is pumped from a lower to an upper reser-
voir and electrical energy is converted to gravitational potential energy.

Properly designed generator can be run backwards as an electric motor and a properly 
designed turbine can also be run in both directions:

• In direction of extracting energy from the water, when it has function of a turbine. 
Water is falling down the mountain and rotates the turbine blades (Fig. 23):

Fig. 23: A turbine work in direction of extracting energy from water
 [Boreysza, 2004]

• In direction of delivering energy to the water, in which it has function of a pump. Wa-
ter is  pumped up the mountain to store the excess power, which is generated at 
times of low demand (Fig. 24):
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Fig. 24: A schematic presentation of a pump work in low and high demand conditions
 [Boreysza, 2004]

A generator

The turbine and turbo-generator with a magnet wrapped with a wire inside are connected 
by a shaft (Fig. 25). When the turbine turns, the shaft and rotor is turned [Boreysza, 2004]. 
The magnet in the generator turns and therefore electric current is produced in the wire. 
The role of the electric generator is to convert mechanical, rotational energy into applicable 
electrical. The generator is connected to transmission lines that deliver electricity to 
houses and business.

Fig. 25: A generator
 [Boreysza, 2004]
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A regulator

The work of the generators is controlled by digital and analogue voltage regulators in order 
to provide fast and efficient performance regardless of load under any situation. The regu-
lators can be mechanical, but nowadays, electronic instruments are preferred.

Tail race

When leaving the power house, water is  flowing back into the stream or river. This  is  the 
so called ‘tail race’ [Boreysza, 2004].

Wires

Wiring part (Fig. 26) of the system is  responsible for delivering electricity. These are low 
voltage cables.

Fig. 26: Wires
 [Boreysza, 2004]

Small dam or weir

Some small-scale hydropower plants have a small dam or a weir (Fig. 27).

Fig. 27: A weir
 [Boreysza, 2004]

The difference between a weir and a dam is that a weir is a much lower structure built at 
the intake. If the water reservoir is  created by a dam or weir, stored water can be used for 
extra peak power when electricity demand is high [Boreysza, 2004].
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A dam 

A dam (Fig. 28) is often used as a barrier constructed across  the river, which prevents the 
flow of water and diverts  it into the turbine house. Dams have often a negative impact on 
their surroundings due to their existence [Boreysza, 2004]:

• Severe flooding as dams is the obstacle to water flow.
• Changes in downstream water quality and morphology of river bed, banks, delta 

and estuary (an area where the sea water mixes with fresh water) as the amount of 
sediment load is changed. For example, before the 11 m high and 1000 m wide 
High Aswan Dam in the Southern Egypt was constructed in 1960s, the Nile River, 
which the Dam exploits, carried on average 124 million tons  of sediment to the sea 
annually. The river deposited another 9.5 million tons on the floodplain. After the 
dam was constructed, 98% of the sediment lands  on the bottom of the Nasser Res-
ervoir (480 km long and up to 16 km wide reservoir, which was created from the 
construction). The sharp decrease in water flow speed of the Blue and White Niles 
when entering the reservoir causes massive deposition of the silt load. The sedi-
ment load is  filling the reservoir and it forms a new delta at its entrance instead of 
reaching the downstream of the dam and the coastal delta.

• Alterations in the river temperature and turbidity (muddiness created by stirring up 
sediment or because of suspended foreign particles), amount of nutrients, dissolved 
gases, minerals and contaminants.

• Reduction in biodiversity as movement of organisms is  blocked and because of all 
other environmental impacts of the dams.

The following impacts are due to the operation of dams:
• Changes in downstream hydrology, because dams change total and seasonal 

flows, and lead to short-term fluctuations in flows.
• Alteration of downstream morphology and water quality due to changes in flow pat-

tern, and of habitat diversity- fauna and flora species diversity is altered. 

Fig. 28: A dam and a reservoir behind it
[Boreysza, 2004]

The reservoirs  (Fig. 28) created behind the dams are used for, among others, water sup-
ply, power generation, irrigation, river regulation, control of floods, fish breeding, recrea-
tion, navigation, canalisation and waste disposal. 

Because small-scale hydro utilizes no or only small dams, which do not cause as  much 
harm to environment as the large projects, they are more environmental friendly.
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Reserve flow

Plants do not use entire water flow for the purpose of energy production. Some part of the 
flow - reserve flow – is  separated and not used in standard conditions. This “emergency” 
flow is used in conditions of increased energy demand.

Some additional components

Additional components can be installed:
• An inverter, which converts direct current of low voltage into alternating current.
• Batteries, which store generated electricity.
• Fish ladders (Fig. 29), which allow for the fish migration up the stream. 

Fig. 29: A fish ladder
 [Boreysza, 2004]

1.1.6  Technological overview

In micro-hydro plants the basis  of operation for turbines is the same as in the case of 
higher power turbines. 

Turbines are divided into high-, medium- and (ultra)low-head turbines. This classification is 
relative to the machine size, if a turbine is  large or small. All turbines have a power- and 
efficiency-speed characteristic. Their efficiency depends  on specific values  of parameters, 
such as speed, the head and the flow.

There are some economic requirements and restrictions, which turbines  must fulfil, such 
as design simplification, preparation of standardized sizes, and availability for self-
installation, which must be met. 

When a turbine is  selected, site characteristics (head, flow) and desired parameters of the 
generator (running speed) must be taken into account. The need for power production un-
der reduced flow conditions is also an important factor [Boreysza, 2004].  
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In micro- hydro plants  impulse turbines are mainly used because of their design simplicity. 
Thanks to this simplicity they require limited maintenance. Moreover, they have a high reli-
ability.

The difference of turbine and generator speeds should be minimized, which allows for in-
stallation of standard generators.

Low-head sites require faster turbines. The equipment used in low-head sites must ac-
commodate more water flow than high head device and therefore it is larger and requires 
larger civil works. Output shaft speed decreases with head and therefore low head sites 
need speed increasers to drive high speed generators [Boreysza, 2004].

An appropriate turbine type is chosen by consulting a selection chart shown in Fig. 30 and 
31.

 
Fig. 30: A turbine selection chart

 [Bard, 2005]

Fig. 31: A turbine selection chart
 [Boreysza, 2004]
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Recently, advanced, environmental-friendly turbines have been developed. These turbines 
can reduce fish mortality from turbine passage to less than 2% and they help maintain 
downstream dissolved oxygen levels to meet the water quality standards  [Bard, 2005]. To 
mitigate already minimal environmental impact, innovations in civil design, electro-
mechanical equipment, control and instrumentation are introduced.

Small (<5 kW) turbine packages  have been developed for use in developing countries and 
standalone applications.

The technology has been changing and adapted to drive electric generators. High head 
and high speed turbines, which are more suitable for electricity generation, have been in-
troduced [Bard, 2005].

1.1.7  Overview of turbines

Turbines can be grouped into high-, medium- and (ultra)low-head turbines but they can 
also be grouped according to the operation principle into:

• Impulse turbines
• Reaction turbines

Impulse turbines

The impulse turbines Fig. 32 are turbines operating in air at normal atmospheric pressure. 

These turbines are run by one or more water jets, which are directed tangentially into the 
buckets of a runner rotating in the air and which are constantly at atmospheric pressure. 
The energy is delivered in the form of short impulses and thus the name.

Fig. 32: An impulse turbine
[Boreysza, 2004]

In micro hydro plants  impulse turbines are mainly used because of their design simplicity. 
The runner buckets  rotating in the air, each of double-bowl construction, are located on the 
rim of a central disc. Thanks to this design simplicity they require limited maintenance. 
Moreover, they have a high reliability [Boreysza, 2004].

Impulse turbines can be divided mainly into:
• The Pelton
• The Turgo
• The Cross-flow
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• The Jack Rabbit turbines

The Pelton

The Pelton wheel creates energy due to force of a narrow water stream-jet, created by the 
nozzle at the end of a pressurized pipeline. The jet strikes the double-cupped buckets at-
tached to the wheel and the wheel rotates  (Fig. 33) at high efficiency rates, 70 to 90% 
[Boreysza, 2004].

Fig. 33: A Pelton turbine
[Boreysza, 2004]

The Turgo 

The Turgo is based mainly on the same idea as the Pelton, but the jet is  half the size of 
the previous one and it strikes three buckets at once due to specific angling, typically 20 
grades [Boreysza, 2004]. The water enters in the form of a jet (Fig. 34) and hits the cups in 
turn on one side whilst exiting on the other. The turbine is the most efficient when it is ro-
tating at approximately half the water speed.

Double cups are replaced by single shallow ones and the Turgo is  able to handle larger 
water volumes than a Pelton of the same diameter.

Fig. 34: Principle of action of a Turgo turbine
 [Boreysza, 2004]
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The Crossflow (The Banki)

The Crossflow turbine consists of a rotor in a drum shape with solid disks at both ends. 
The water jet enters  the rotor top and passes trough the blades two times. Efficiency is 
lower than conventional turbines, but remains at practically the same level for a wide range 
of flows and heads (typically about 70%).

The Jack Rabbit turbine 

The Jack Rabbit is able to generate energy from very small streams, even with 0.3 m wa-
ter level and no head. It can produce only 1.5 to 2.4 kWh per day, maximum is  100 W. The 
Jack Rabbit turbine is a suitable turbine for lower drop and larger volume present in flat 
sites, it is a small turbine and a cheap solution, but as a disadvantage it is  dangerous for 
passing fish [Boreysza, 2004].

Reaction turbines 

Reaction turbines are turbines submerged in water and driven by the pressure difference 
between the pressure and suction sides of the runner blades. The water exerts a force on 
the turbine blades as it changes direction in travelling through the turbine. When the water 
is  deflected by the blades, it exerts a force on them in the opposite direction and this  reac-
tion force transfers energy to the runner and ensures continuous rotation.

Reaction turbines are more complex in design and more expensive than the impulse type. 
They are not very suitable for micro-hydro projects, with the exception of the propeller tur-
bine [Boreysza, 2004].

Reaction turbines can be divided into:
• The propeller
• Francis turbines

The propeller

The propeller turbine consists of a propeller fitted inside a penstock tube continuation. The 
turbine shaft passes out of the tube at the point where it changes direction. The principle of 
action is similar to a ship propeller, but operating in a reversed mode.

The runner contains 3 to 10 radial blades, which are fixed or movable and which are at dif-
ferent angling, aligned on the runner.

The turbine with fixed blades has a bit higher peak efficiency 0.2 to 0.5% than the Kaplan 
turbine with adjustable blades, due to a smaller size of a runner hub.

The water is swirling around as it flows in Fig. 35. There is  a clear reason for the twisted 
shape of the propeller. The outer parts of the blade move faster than the central ones but 
swirling water moves faster near the centre. Therefore, the blade angle must increase with 
distance from axis [Boreysza, 2004].
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Fig. 35: A propeller turbine and its basis of action
[Boreysza, 2004]

Francis turbines 

The Francis  turbine is a modification of the propeller turbine. Water flows radially inward 
into the runner in a spiral case and leaves the case axially after striking the twisted blades 
of the turbine wheel (Fig. 36). 

Fig. 36: Schematic drawing principle of action of a Francis turbine
 [Boreysza, 2004]

Turbines in run-of-river systems are positioned directly in the river of stream. This solution 
enables to “catch” the water flow energy. Water from river or stream is directed to a pipe-
line or a channel, by which it is transported to a turbine. 

1.1.8  Current status and importance

Hydropower currently provides about 1/5 world’s electricity supply, that is 2650 TWh/yr. 
Carefully planned hydropower development can make a great contribution to improving 
electrical system reliability and stability throughout the world. 

The world’s total technically feasible hydro potential is  about 14,400 TWh/yr of which just 
over 80,000 TWh/yr is  currently considered to be economically feasible for development. 
Installed hydro generating capacity is 692 GW with a further 110 GW under construction. 
Deployment of small-scale hydropower plants worldwide in 1996 was 115 TWh/yr and the 
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potential for 2010 is  220 TWh/yr. In 1996 only 5% of small hydro potential was used 
[Boreysza, 2004].

Small-scale hydro is economically beneficial when the hydro sites  have their location near 
electricity demand centres and it is an important source of energy in many countries. In-
stalled small-scale hydropower capacity in EU and world is shown in the Table 2.

Table 2: Installed small-scale hydropower capacity in EU and World between 1980 and 
2010

 [Boreysza, 2004]

Installed hydropower in 2000 is presented in Fig. 37.

Fig. 37: Installed hydropower in 2000
 [Boreysza, 2004]

The capacity and production of small hydropower in the late 90s is shown in Fig. 38.

Fig. 38: Capacity and production of small hydro in the late 90s
 [Boreysza, 2004]
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In Poland, the main sources of renewable energy are biomass and hydropower (Fig. 38). 
The total installed capacity of large hydro-electric power stations  (without pumped-storage 
plants) is around 630 MW, and of the small ones 160 MW [Boreysza, 2004]. The power 
output of existing hydro-electric power stations may be increased by 20-30% through the 
modernisation of their generators.

Table 3: Energy production from renewable sources in the end of 90s
[Boreysza, 2004]

Small hydro includes facilities with installed capacity below 5000 kW. But, as a result from 
limited water resources  in Poland, the installed power of a considerable part of small hydro 
plants is  below 100 kW. About 300 small hydropower plants are in Poland and their num-
ber is  still growing and many of them are created on already existing water stages 
[Boreysza, 2004]. In 1996 23 new stations were installed, in 1997 19 stations and in 1998 
29 stations [Boreysza, 2004]. 

Sweden has a very high hydro potential, one of the highest in Western Europe.  Hydro-
power is a source of half of national electricity generation (Table 4). About 1200 small hy-
dro plants are in operation in Sweden and they produce totally 1.5 TWh electrical power 
per year. The theoretical potential for energy production by small-hydropower plants  is 2.5 
TWh [Boreysza, 2004]. Many old structures (like mills) and small waterfalls, which are per-
fect sites for small-hydro projects from economic and environmental point of view, contrib-
ute largely to this value.

Table 4: Energy production from conventional and renewable sources in Sweden
 [Boreysza, 2004]
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1.1.9  Small-scale hydropower in developing countries

Rural regions with mountain-like rivers and streams have a high small-hydro potential. 
Very often rural areas are isolated due to insufficient number of roads or other transporta-
tion means. In such places, supply of fuels would be difficult and self-generated hydro-
power becomes one of the most important energy sources. 

From a point of view of a society, which aims at being self-sufficient in energy generation, 
small-scale hydro projects can serve as an economic and social catalyst. Installation of 
hydro plants can ensure work for local inhabitants. But if small-hydro projects are to be 
successful in accelerating development of such regions, government support is necessary. 

A very good example of small-hydro success in a developing country is Nepal. Nepal is  
located along the southern slopes of the Himalayan mountains and it is bordered by the 
Tibet to its north and India to its south. The population of Nepal is approximately 24 million. 
Approximately 75% of the country is covered by mountains and the average yearly precipi-
tation is about 1700 mm (80% occurs during the monsoon season). Nepal's surface water 
resources are distributed among the river system of four major rivers, seven medium rivers 
and a huge network of small rivers. All of the rivers drain into the Ganges [Boreysza, 
2004]. 

Nepal is rich is water resources, with access to one of the highest per capita hydropower 
potentials in the world. In the end of 1999 the Nepal's national power authority brought the 
6.2 MW and the 60 MW hydropower project on-line, bringing its total installed capacity to 
389.574 MW, (85.41% hydro-based and mainly run-of-river facilities) [Boreysza, 2004]. 
Hydropower projects provide 73% of Nepal's  energy and imports from India provide 13% 
of the total available energy.  

The country's demand of electricity is estimated in the range of 350-400 MW, presenting a 
deficit of almost 100 MW. The estimated theoretical hydropower potential is about 83, 000 
MW. The economically feasible potential is 43000 MW, of which 0.2% had been used. In 
addition to construction of large and medium hydropower plants, Nepal realized the need 
for installation of small and micro hydro projects to meet demands of hilly and remote Hi-
malayan regions where the national grid system has not been extended [Boreysza, 2004]. 

The majority of small and micro plants  are located far from roads  and their remote loca-
tions result in high construction costs and limit the size and capacity of the plants due to 
limitations on the transport capacity of helicopters that must carry the generating units to 
the site. Many small-plants in Nepal have been constructed and have served for mechani-
cal end-uses, which bring financial income. Energy generated by hydropower plants is not 
used for power production, but utilised to run mechanical mills. These mills are used to 
process local crops, for grain milling, rice hulling, oil seed pressing, but also coffee hulling, 
wool processing etc. This solution, in which energy is not converted into electricity, is 
cheaper and easier.

The costs of a power plant are minimal, beyond the cost of a turbine, because no addi-
tional equipment is  necessary. However, power cannot be transmitted, it is used at a place 
of power plant location. The only micro-hydro parts, which are not locally produced, are 
generators (from China). Generally, locally manufactured hydro plants have lower costs. 
Nepal is a producer of Cross-flow turbines BYS. There are many BYS turbines installed in 
the country. 
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Cross-flow turbines are widely used in rural regions, as they are only 2 dimensional, have 
3 different diameters of the runner and are easily adjustable to flow and head [Boreysza, 
2004].

1.1.10  Potential for the future

Small-scale hydro plants are more environmental friendly than large projects, which gives 
them chance for further development and gaining priority. Small-scale hydro is also a 
strong and promising tool of further development of rural and poor regions of the world 
[Boreysza, 2004]. 

Small scale-hydro projects are following and will follow the direction of:
• Standardisation (standard sizes of elements, such as turbines, generators),
• Usage of already existing structures.
• Usage of electronic control.
• Usage of new materials. New materials  ensure longer life of plant components (es-

pecially bearings), which are continuously exposed to water and weather destruc-
tive action. These are for example anti-corrosive stainless steel, Ni-Al bronze.

• Usage of innovative turbines, self-cleaning trash racks.
• Usage of improved techniques. A very environmental-friendly solution are self-

lubricating bearings, which use water or graphite carbon for lubrication instead of 
oil. Worth mentioning is also ultra-sonic screening, which is used for flow meas-
urements and measurements of the runner blades shape.

One method of ultra-sonic screening is ASFM- acoustic scintillation flow meter. ASFM ba-
sis is described by the scheme below (Fig. 39).

Fig. 39: ASFM method
[Boreysza, 2004]

These improvements will increase cost-effectiveness of the systems. 

In many countries obtaining permission to use land and river water in order to implement a 
project is a difficult task. Many analyses, proofs of no negative environmental impact of the 
project, restrictions concerning screen garbage disposal, noise and appearance of the 
structure are necessary. But strict requirements are essential. Although these require-
ments are time and money consuming, they are important and ensure a long-lasting en-
ergy source. This is beneficial from economical and environmental point of view.
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The world-wide hydropower capacity is expected to increase by 80% to 1,092 GW until 
2010. Within this, small hydro capacity is expected to increase by 97% to 55 GW. The 
world market for small hydro technology is  worth over 1,000 MECU/year. A 27% expansion 
of small-scale hydro capacity is  expected by 2010 [Boreysza, 2004]. This increase is  fairly 
evenly spread over the countries studied, with Spain expected to expand most and France 
least. In absolute capacity terms, Spain, Norway, Italy, Sweden, Germany and Austria are 
expected to be the main contributors during this  period. Austria, France, Germany, Italy, 
Norway and Spain together account for 87% of the 1997 European installed small-scale 
hydro capacity.

Table 5 shows facts and expectations  concerning hydropower (large and small) develop-
ment.

Table 5: Facts and expectations concerning hydropower development
 [Boreysza, 2004]

1.1.11  Summary

To summarize the chapter:

• Small-scale hydropower is one of the main sources of renewable energy in many 
countries. 

• Small-scale hydro can be divided into small, mini and micro hydropower. 
• Impulse and reaction turbines are used. The choice which turbine should be used is 

flow and head dependent. 
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• Small-scale hydropower, especially run-of-river systems have much lower impact on 
environment than large projects. 

• Small hydro does not change natural characteristics of water reservoirs and their 
fauna and flora. 

• Small-scale hydropower plants can be created on already existing structures, which 
fact increases hydropower potential in many countries. 

• Small hydro is  a chance for accelerating development of many regions and even 
whole countries. It is an investment that brings benefits for decades.

1.2  Dam design

1.2.1  Introduction

The following chapter will focus on dam types and dam design. Dams and reservoirs cre-
ated behind the dam (Fig. 40) have many functions- primarily to store water for later use 
and regulate water in rivers, to provide flood protection, to provide water for hydropower 
and to promote tourism. 

Dams are applied worldwide and have a strong social and environmental impact. 

The lifetime of dams can be over 1000 years. Different dam types are characterised by dif-
ferent life span. The payback period of building a dam is around 50 years, but the costs, 
which appear after construction are only those of maintenance [Boreysza, 2004].

Failures of dams can lead to national catastrophes, therefore dam design is an extremely 
important issue.

Water pressure affects dam’s durability and the amount of earthy matter, fine sand or the 
similar material (silt), which is carried by moving water and afterwards deposited and build-
ing up behind the dam reduces its storage capacity (about 1% per year).

The following are main types of dams:
• Gravity dams
• Arch dams
• Buttress dams
• Embankment dams including earthfill and rockfill dams

Fig. 40: Bartlett Dam, Lower Colorado Region 
[Boreysza, 2004]
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1.2.2  Functions of dams

The role of a dam and a reservoir created by it is [Boreysza, 2004]:
• Water supply: Rain water is stored in the reservoir and used afterwards. 
• Hydropower: Water stored at a higher level to provide potential energy for the tur-

bines is transferred to hydropower plants, which can be in front of or downhill from 
the dam. 

• Irrigation: In case of dry climate the reservoir enables irrigation of the dry soil.
• Flood control: It prevents the water, which level in the river may rise dramatically 

after a severe rain or snowfall, from flooding the farmlands and valleys.
• The reservoir controls the water amount entering the river after storm - water is 

stopped by the dam and excess water is transferred downstream over a spillway.
• Navigation: Reservoirs raise the level of water upstream and slow down the flow 

rate, which gives better navigation conditions  upstream. Areas with rocks are cov-
ered with water. Navigation locks or lifts are constructed as passages for the ships.

1.2.3  Social impact of dams

Building a dam, irrigation canals  and other structures leads to relocation of high numbers 
of inhabitants (in China there are projects  that have affected millions of people). The eco-
nomic and physical well-being of people is usually decreased after relocation, because of 
loss of social networks and changing way of living [Boreysza, 2004]. People who made 
their living from farming or fishing from the river are not always given a land after reloca-
tion and sometimes they are relocated too far from the river to fish. Because of these 
strong social impacts of dams, local people should be involved in the dam planning stage 
and they should be aware of all advantages and risks connected with the planned con-
struction. Public participation in the planning stage leads to increased acceptance for the 
planned projects.

Moreover, construction of dams can facilitate development of diseases, for example schis-
tosomiasis  and malaria, which may affect millions of people. This  is due to presence of 
reservoir- a suitable habitat for snails and mosquitoes spreading water-borne diseases.

1.2.4   Environmental impact of dams

Dams have impact on the river valleys upstream of the dams. They are flooded when the 
reservoir is created. This can lead to destruction of valuable land. The influence on the 
area downstream is also significant.

Pollution originating from industry and agriculture on sides  of the valley is stored in the 
reservoir, which has adverse effects on fauna and flora in the surroundings [Boreysza, 
2004]. Mercury present in a harmless inorganic form in soil is  changed by bacteria into 
toxic methyl mercury when the soil is flooded and this toxic compound builds  up in food 
chain.

Total dissolved gas super saturation results from large volumes of water spilled at hydro-
power facilities. Water carries high volumes of atmospheric gases forced into solution by 
increased pressure at depth. High levels of total dissolved gas cause bubble disease in 
aquatic organisms and can lead to their death.
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Forests, wildlife habitats, species  populations, aquatic biodiversity and wetlands are af-
fected when the dams are constructed. Moreover, migration of fish is  disturbed, river flow 
regime is  changed, and resultant water turbidity has  negative impact on tourism and fish-
ery. 

Another adverse effect of dam is erosion of river bed. Soil erosion occurs and sediment is 
deposited in the reservoir leading to reduction of its capacity.

Greenhouse gases are released from the rotting vegetation washed into reservoir from the 
upstream and also after or during the filling of the reservoir- from the vegetation located in 
the flooded land.

The problem of eutrophication occurs. Natural eutrophication which results in ageing of 
water reservoirs  is  normally stretched over thousand of years, but people accelerate this 
process by polluting the water with excess of nutrients - nitrates and phosphates. These 
nutrients come into water reservoirs with runoff from agricultural fields, urban lawns (inor-
ganic fertilisers), farms (manure) and with domestic untreated sewage (detergents), and 
stimulate algal growth, which leads to excessive algal blooms. Plant and animal biomass is 
increased. This in turn leads to increase in turbidity of water, decrease oxygen content, fish 
death, decrease in fauna and flora diversity and covering beaches  with masses of rotting 
algae [Boreysza, 2004].

1.2.5  Dam construction process 

The dam site includes area of the river bed and the abutments or valley sides  above the 
river bed. First stage of the dam construction is diversion of river through tunnels and dry-
ing the construction area. Excess soil from dam foundation area is removed. 

The foundations are prepared by two steps:
• Replacing weak material with concrete. 
• Grouting. Holes into the rock of the foundation to some depths, sometimes equal to 

the dam’s height, are drilled and cement with water (cement grout) is pumped into 
the holes. By this action open cracks in the rock foundation are filled, which pre-
vents leaks of water from the reservoir.

The next steps are:
• Hauling, in which process material is transported, mainly by trucks to the site.
• Dumping.
• Compacting clay and rock material. This  process is used to give material maximum 

density and tightness. If the compaction was performed properly, materials (fill) will 
have high strength, low settlement over time and low permeability (clay fill). Com-
pacting process depends on soil physics. The soil has three phases- the sandy ma-
trix, grains and the porous system, which can be filled with water and air. Water 
content must be regulated for optimum compaction. Too much water will result in 
formation of clay, not enough water will make the soil too dry. Both of these situa-
tions affect negatively work of compacting machinery. 

• The last step is completing outlet works, spillways and other parts of the structure.

Management of floods is a very important issue when the dam is constructed. Floods, 
which occur during construction and cannot yet be discharged by spillways, can overtop 
and damage the incomplete dam. The way to avoid such a situation is to construct the 
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dam’s lowest parts during the driest time (time with a smallest likelihood of flood occur-
rence) [Boreysza, 2004].

Process of creating the dam includes not only mechanical construction, but also the follow-
ing phases:

• Investigation phase. The geology of the site is investigated to provide the necessary 
information for creating a safe structure and to predict the cost. This information is: 
amount of overburden to be removed to prepare foundations, types and properties 
(i.e. strength, deformability, permeability, and weathering) of the foundation rock, 
geological foundation structure, erosion resistance of spillway rock. A geological 
model of the site helps engineers to design a safe structure.

• Design phase.
• Construction phase.
• Operation phase.
• Maintenance phase.

1.2.6  Construction material for a dam

The main material (Fig. 41) for constructing earth-, rockfill and concrete faced rockfill dam 
is  rock. Much or entire rock material comes from the excavation site for the spillway (very 
economic solution), if it is  of a good quality. Clay is used for constructing an embankment 
dam or the core of earthfill and rockfill dam [Boreysza, 2004]. The other materials are sand 
and gravel, used for concrete aggregate and filter zones between clay core and rock fill. 
The closer the site of excavating the material is to the dam site, the lower the cost. The 
main materials for building a concrete dam are concrete aggregate and cement.

Recently, geotextiles are also used to prevent internal erosion of the dam body. These ma-
terials are used especially between foundation and embankment soils for earth and rock 
dams. Geotextiles belong to the group of geosynthetics. They are textiles made of syn-
thetic fibers (not natural ones- cotton, wool etc.), which prevent them from biodegradation. 
The geotextiles are flexible and porous to water flow. 

Fig. 41: Material used in earth and rockfill dam
 [Boreysza, 2004]
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1.2.7  Technical issues

A dam has three dimensions and is not a homogenous structure. The dam must be stable, 
strong and durable and the risk of failure should be minimized. The dam and its foundation 
must resist water pressure and temperature changes, ice formation, but also severe condi-
tions, such as  floods and earthquakes [Boreysza, 2004]. Therefore, the construction proc-
ess is crucial for the dam endurance. The materials used for construction, such as con-
crete and rock, are brittle.

The dam is built on a soil or rock foundation, which must be strong enough to endure the 
weight of the dam and pressure of water. The foundation of the dam is affected in time by 
deterioration caused by saturation and percolation of water. This is because soft rocks and 
clays usually have lower residual strength under sustained loading than in case of rapid 
testing.

Saturation is soaking entirely with a liquid and percolation is a slow passage of water 
through a filtering material, for example soil.

The residual strength is the lowest strength occurring after large displacements.
 
The foundation level is usually lower than the original level of ground, which is  covered by 
weak soils and rocks removed by excavation or blasting by explosive materials. If weak 
soils and rocks are below the set foundation level, they have to be replaced with more du-
rable materials  [Boreysza, 2004]. If rock foundation has  cracks, they must be filled with a 
thin, coarse mortar (grout) to prevent water from leaking out through the foundation from 
the reservoir.

1.2.8  Overview of stresses acting on dams

Water pressure is  not the only force the dam must resist. The stresses which dams have to 
withstand are:

• Forces of the reservoir water
• Weight of concrete
• Uplift force.

These all forces sum up. 

Forces of the reservoir water

Forces of the reservoir water have vertical and horizontal components (Fig. 42).
• Ww is weight of water, which is a vertical component of the water force.

Ww = unit water weight (9810 N/m3) " water volume (m3) 
• Hw is the horizontal component.

Hw (N/m) = 0.5 " unit weight of water (N/m3) " (height of the water) 2 (m2)
The water exerts pressure in the triangle shape. The base of it equals the unit 
weight of water. The force acts  at the centre of gravity of the triangle. At the reser-
voir surface, the water pressure equals zero, but at the bottom of the reservoir, the 
pressure is maximum. 
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Fig. 42: Reservoir water forces diagram for a buttress dam
 [Boreysza, 2004]

Weight of concrete

Wc = specific concrete weight (23.6 N/m3) " concrete volume

Hydraulic uplift force

This  parameter originates from pressure of water under the dam pushing up on it (in case 
of no drainage) (Fig. 43).

Fig. 43: Uplift force acting on arch dam
 [Boreysza, 2004]

The other stresses

The other stresses are [Boreysza, 2004]:
• Internal hydrostatic pressure (in pores)
• Temperature variations
• Pressure of silt deposited over time
• Ice pressure on the face of the dam (ice formed on the reservoir surface)
• Wave loads
• Seismic loads originating from earthquakes
• Concrete creep

1.2.9  Overview of different types of dams

The following are main types of dams:
• Gravity dams
• Arch dams
• Buttress dams
• Embankment dams including earth fill and rockfill dams
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Gravity dams

Gravity dams (Fig. 44) are solid, heavy triangular structures, which are constructed in nar-
row valleys and are stabilized by gravitational force. With a flat bottom, the dam can stand 
without support, because the centre of gravity is low enough. Much concrete is  used to 
create this  heavy structure, which is expensive [Boreysza, 2004]. A good bonding between 
the materials (concrete and rock) at all areas of contact is required.

Fig. 44: The Burrinjuck concrete gravity Dam
[Boreysza, 2004]

A gravity dam must be resistant and proportioned enough not to:
• Overturn at any horizontal plane on the dam (about the toe of the dam),
• Slide along any horizontal plane of the dam,
• Let the allowable stresses in concrete be exceeded,
• Let the bearing capacity of the foundation material be exceeded.

The foundation and abutments rock must endure dam imposed forces and loads without 
large movement and the foundation rock endurance can be improved by the use of steel 
rocks and steel cables, which undergo pre-stressing [Boreysza, 2004].

The concrete is homogeneous and uniformly elastic in entire dam structure. Laboratory 
measurements on models from elastic materials  can be applied to predict deformations of 
the rock and concrete. 

Natural shrinkage and artificial cooling results in decreasing the dimensions of monoliths. 
This  process can be controlled by decreasing the number of longitudinal joints and ade-
quate spacing of contraction joints. Contraction joints are joints designed to allow for the 
contraction of the concrete or masonry without causing cracks  [Boreysza, 2004]. They are 
located where the lack of a joint could cause decrease in structural integrity of the struc-
ture. There are two types of contraction joints in gravity dams:

• Transverse, spaced 15 m apart.
• Longitudinal, which are nowadays avoided, because the dimensions of monoliths 

reduce when concrete is exposed to cooling.

Temperature variations lead to cracking because of restraint against volumetric change 
due to them. Cracks can be controlled by avoiding temperature drop or limiting peak tem-
perature during construction. This  is achieved by reducing the heat-generating cement, 
reducing initial concrete placing temperature (by replacing the mixing water with ice) and 
accelerating dissipation of heat.
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Gravity dams’ resistance to hydrostatic pressure depends on their weight. When designing 
the dam, hydrostatic pressure at various points of the structure and the area affected 
should be taken into consideration. Dams must resist water pressure in the reservoir up-
stream of the dam [Boreysza, 2004]. This  pressure affects the dam by exerting a force, 
which is pushing it downstream. The higher the dam, the higher water level stored behind 
it and the bigger water pressure on the dam and the dam foundation.

The diagram in Fig. 45 presents the concrete gravity dam with a vertical upstream face 
and forces acting on it. Hydrostatic pressure – the reservoir water pressure - acts equally 
in all directions. Pressure exerted by water on the dam wall –v, acts in the horizontal direc-
tion and pushes the dam downstream. Weight of the dam wall-w, acts in the vertical 
downwards direction. 

Fig. 45: Force diagram for a gravity dam
 [Boreysza, 2004]

In case of gravity dams full area of the dam’s section is exposed to hydraulic uplift pres-
sure. This pressure is almost linearly distributed on the base. 

Drainage is required in order to reduce uplift pressure along contact areas between con-
crete and rock. When the resultant force of all forces acting on it falls within the one third of 
the dam base, the foundation pressure at the base from toe to heel is  compressive (adja-
cent parts of the material press against each other).

Arch dams

Arch dams are thin curved structures (Fig. 46) of a very complex design, which are situ-
ated in narrow sites in mountains. They are thin (less material is used) and often rein-
forced with steel rods or steel cables. Sound rock abutments are necessary for construc-
tion of arch dams.

The construction materials - concrete and rock are homogeneous and isotropic (of uniform 
physical properties in all directions). Concrete modulus of elasticity and the foundation 
modulus of deformation in tension and compression are equal [Boreysza, 2004]. Deforma-
tions of foundation do not depend on its shape. 

Classification of arch dams depends on the ratio of the base width b to the height h:
• Thin arch  b/h < 0.2
• Medium arch  0.2h < b/h < 0.3
• Thick arch b/h > 0.3h
• Arch-gravity b/h > 0.5h
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The ratio between the crest width and the base width b often equals 0.5. There is  no gen-
eralisation for this ratio.

Fig. 46: Schematic presentation of an arch dam
 [Boreysza, 2004]

The arch dams are exposed to many stresses and arch action gives them resistance. 
Arches are made from concrete and their shape holds back the reservoir water by resisting 
pushing force of the water stored behind the dam. The simplest arch is  defined by two 
concentric circular arches  [Boreysza, 2004]. Interior radius can be modified, creating a 
double-curvature arch, in order to increase thickness near the abutments or near the mid-
dle.

Steel reinforcement can reduce the dam thickness. Reinforcement is used usually in thin 
arch dams. Without any reinforcement, cracking in the face may result from:

• Excessive tensile stress, 
• Secondary tension due to high compressive forces in thin members, 
• Secondary tensile stresses at the arch, 
• Temperature effects.

Water pressure on the upstream face and uplift pressure of seepage underneath rotate the 
dam about its base. The seepage is  the process of seeping- water passing gradually or 
leaking through small openings, percolation [Boreysza, 2004]. Reservoir water flattens the 
arch and pushes it downstream and what is very important - water pressure on the reser-
voir should not lead to significant structure movements. Uplift is  an important factor in thick 
arch dams, which require drainage.

Tensile stresses should be eliminated but irregular cross-section leads to local stress con-
centrations. Stresses are in the elastic limit proportional to strain and strains, and tempera-
ture stresses are proportional to changes  of temperature. There are linear variations of di-
rect stresses between the upstream and downstream faces [Boreysza, 2004].
 

Arch dams be also divided into three following kinds:
• Constant radius arch dams
• Variable radius dams
• Dome dams
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Constant radius arch dams

In constant radius arch dams (Fig. 47) there is usually a vertical upstream face with a con-
stant radius  of curvature. For example a dam used for hydropower purposes – the 18.7 m 
high Jones Falls Dam completed in 1831 in Canada. 

Fig. 47: Schematic presentation of a constant radius arch dam
 [Boreysza, 2004]

Variable radius dams

In variable radius dams (Fig. 48) upstream and downstream curves (extrados and intrados 
curves) have systematically decreasing radii with depth below the crest. The first variable 
radius arch dam was constructed in 1914 at Salmon Creek in Alaska. 

Fig. 48: Schematic presentation of a variable radius arch dam
[Boreysza, 2004]

Dome dams

Dome dams are doubly curved dams (Fig. 49) – in horizontal and vertical planes. In some 
dams there are at least two contiguous arches or planes. These are multiple arch / dome 
dams. For example dam at Loch Monar in Britain.
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Fig. 49: Schematic presentation of a dome dam
 [Boreysza, 2004]

Buttress dams

Buttress dams (Fig. 50) are structures supported by buttresses forming a watertight seal. 
They are rather light and are constructed in wide valleys. Moreover, these dams are quite 
flexible and can resist movement of foundations. Amount of construction material is low but 
its right placement is crucial [Boreysza, 2004]. Buttresses  are of a thickness of 1.5 to 3 m 
and the head width of a buttress dam is 6 to 10m.

Fig. 50: Bartlett Dam, Lower Colorado Region
 [Boreysza, 2004]

: 
Fig. 51: Schematic presentation of a buttress dam

[Boreysza, 2004]
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The Fig. 51 above shows schematic presentation of the buttress dam. In case of smaller 
dams, buttresses (Fig. 52) are gravity blocks subject to their weight, inclined load of water 
and uplift, which is small. But a system of curved beams, which transfers  water load and 
its weight to the foundations, can also create a buttress [Boreysza, 2004]. In larger dams, 
buttresses contain contraction joints, which prevent them from secondary tensile stresses.

Fig. 52: Schematic presentation of the buttress
 [Boreysza, 2004]

There are many stresses the buttress dam must withstand. Uplift on bases of buttresses is 
decreased when drainage is  applied on the buttresses foundations. Small leakages are 
not of a threat. Water pressure increases dam’s stability and resistance to sliding and over-
turning.

Stability of the buttress dams can be improved by pre-stressing. Process of pre-stressing, 
which is application of tensile stress before the load is  applied, is  utilized in order to de-
crease amount of concrete and counteract tensions that would otherwise exist. It is an ex-
tra safety factor, used to allow construction to withstand impact of severe conditions (ice 
forces, flood, and earthquake). Pre-stressing is achieved by pulling down the upstream 
face, raising downstream face or compacting buttress on the foundation rock to decrease 
chance of dam sliding on rock [Boreysza, 2004].

There are 4 main kinds of buttress dams:
• Flat slab dam
• (Multiple) arch dam 
• Massive head dam
• Solid head dam

Flat slab dam

Flat slab buttress dams have a flat upstream face and they contain buttresses supporting 
flat slabs (Fig. 53) of reinforced concrete, which form upstream face. They are also called 
Ambursen dams, as engineer Nils  Ambursen popularized them in the early 20th century. In 
order to prevent loss of water around slab faces as they defect, the flexible seals are in-
stalled. For example the 42 m high Stony Gorge Dam in California.
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 Fig. 53: A simple slab deck
 [Boreysza, 2004]

(Multiple) arch dam

Arch buttress dam is curved in plan. In case of multiple arch buttress dams, the upstream 
part is made of series  of arches, which are on top of buttresses. The upstream face is in-
clined at about 45 degrees [Boreysza, 2004]. Multiple arch dams are continuous monolithic 
structures, less reinforcing steel is required in these dams and distances between but-
tresses can be longer. For example the 94 m high Bartlett Dam in Arizona.

Massive head

In case of massive head (Fig. 54) buttress dam, buttress  is much larger on the upstream 
side of the dam to close the spaces between buttresses.

Fig. 54: A massive head
 [Boreysza, 2004]

Solid head

In solid head buttress dams upstream ends of buttresses  are much larger to close the 
space between buttresses. The enlargement’s  shape is described as  “diamond head”, 
“round head” etc.

!
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Embankment dams 

Embankment dams are massive structures  built from earth and rock excavated near dam 
site, which can be constructed on many different foundations. Their resistance to water 
pressure depends on their weight. Embankment dams are of a rockfill or earth fill kind.

Impervious cores of the dams are founded on the rock or soil. The moraines are often 
used as foundation and core material, as  the moraines containing a mixture of all fractions 
have varying homogeneity and good resistance against erosion and are usually impervi-
ous [Boreysza, 2004].

The stresses that embankment dam must withstand is the force of water (but some part of 
the water seeps into the dam, therefore this  stress  is different than in the case of other 
dams) and the weight of a dam itself. In case of a full reservoir, internal erosion can be-
come a problem [Boreysza, 2004]. Structural damage can endanger faces of the em-
bankment dam caused by erosion, wave action, ice formation and generally nature forces 
and therefore, proper protection is required. This can be established by using large rocks - 
rip-rap - as erosion protection, which has to be durable and withstand different weather 
conditions, particularly wave breaking on the upstream dam slope. 

Settlement can be also a great problem in embankment dams. Settlement (Fig. 55) is 
caused by migration of fines from the contact points  areas between larger rocks. A denser 
structure is a result. The second reason is crushing of the contact points, which are lo-
cated between larger rocks. It is  caused by very high stress  caused by weight of the dam 
[Boreysza, 2004]. The solution is to design proper compacting by overbuilding the dam or 
by performing construction in a multi-stage process.

Fig. 55: a. Settlement in section b. Settlement – elevation c. Irregular abutment d. Over-
hanging abutment
 [Boreysza, 2004]

The slopes should be safe against surface slipping, which means not too steep. Dam slid-
ing on the foundation must be prevented. A sloping core is constructed when the dam 
height is  predicted to be increased in future. It results in more uniform transmission of 
stresses at the downstream part of the dam than a vertical core does. But in vertical core 
of higher dams the settlements are lower.

Material in embankment dams is compacted by conventional - vibratory compactors and 
wet compaction methods (allowing continuing the filling of core material during rainy peri-
ods) [Boreysza, 2004]. 

!
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Reduction of the seepage below the dam is achieved by placing a blanket of impervious 
soil from the core upstream of the dam and by installing filters and drainage wells.

There are two types of embankment dams:
• Homogenous dams
• Zoned dams

Homogenous dams

These, usually small dams, are constructed from one type of a natural uniform material 
(E.G. stream alluvium, weathered bedrock). If the failure is  to be prevented, gradient of the 
slopes must be reduced. The dam should also be prevented from sliding on the founda-
tion. Steepness  of slopes must be reduced to prevent structure from surface slipping 
[Boreysza, 2004].

Zoned dams

These larger dams are built of different materials. Impermeable blanket or core is  created 
from clay materials. If natural impermeable material is not present, then dams are con-
structed of rock or rock and earth and the impermeable layers are built of for example rein-
forced or asphaltic concrete and situated on the upstream face. If the failure is to be pre-
vented, gradient of the slopes must be reduced. Steepness of slopes  must be reduced to 
prevent structure from surface slipping. The dam should also be prevented from sliding on 
the foundation.

Earthfill dams

Earthfill dams (Fig. 56) belong to the embankment dam’s category. They are made mainly 
of soil layers compacted by rollers. But rockfill dam with voids  filled with fine material is 
also an earthfill dam.

Fig. 56: Parts of an earthfill dam
 [Boreysza, 2004]

An earth dam is trapezoidal in shape and its top width is usually not less  than 9.15m. It is 
constructed of low-permeability materials reducing the seepage and more pervious mate-
rials ensuring stability. Slopes must be stable. The upstream slope must be protected 
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against waves and the downstream slope against rainfall erosion. The outer slopes are 
flattened to adapt the dam to weak foundations  [Boreysza, 2004]. Freeboard - sufficient 
extra height is required to protect the dam against overtopping.

A bond between embankment and its foundation is required so that seepage paths do not 
appear. Seepage rates are determined to design necessary filter and drainage system. 
Drainage is necessary to control uplift pressure.

The design should also ensure protection against cracking. Cracking types are as follows:
• Transverse, a result of tension in the fill. Can be prevented by proper construction 

sequence. 
• Longitudinal, a result of core less compressible than the outer shell. Not very dan-

gerous.
• Horizontal, a result of the core too far compacted. Can be prevented by proper de-

sign and construction, avoiding narrow core and overly compressible fills. 

There are four types of earthfill dams:
• Homogenous Dams
• Pseudo zoned Dams                                     
• Zoned Dams                                                                                                   
• Hydraulic Dams

Homogenous Dams

Homogenous dams (Fig. 57) are made of a single type of material or material from one 
and the same source. This material can be small particles placed hydraulically or me-
chanically compacted earth or gravel. Internal drains increase stability of the dam by re-
moving the seepage.

Fig. 57: Schematic presentation of a homogeous dam
 [Boreysza, 2004]

Pseudo zoned Dams

The pseudo zoned dam is a type of homogenous dam. Materials used for the dam con-
struction are distributed according to their humidity. Filters are not required to separate 
materials and no real zones are formed.

Zoned Dams 

If a limited amount of fine materials is  available, but there is  sufficient amount of coarse 
material, a zoned dam (Fig. 58) is constructed [Boreysza, 2004]. Core or upstream shoul-
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der provides prevention from water and coarse shells ensure stability. Material is  placed in 
zones separated by transition filters.

Fig. 58: Schematic presentation of a zoned dam
 [Boreysza, 2004]

Hydraulic Fill Dams

In hydraulic fill dam material transported to the embankment is  suspended in water and 
placing of the material is due to sedimentation. A fine-grained core at the centre of the em-
bankment with coarse shells on the sides is constructed. These dams are sensitive to 
seismic activity.

Rockfill dam

Rockfill dam is a type of embankment dam built in mountains or steep valleys, which is 
made of independent fragmented rocks with an impervious earth core. Resistance to water 
pressure is due to rock weight.

The dam contains an impermeable zone. The impermeable zone in earthfill and rockfill 
dams is located in following ways [Boreysza, 2004]:

• The upstream deck. Quite stable under water load, can be easily repaired and al-
lows for easy increase of dam’s  height. Exposed to damage by waves and weather, 
can slide easily in case of drawdown, cracks appear when rock embankment is set-
tled.

• The central core. In case of a drawdown, the structure is stable. When rockfill is set-
tled, compressive stresses appear making the core compact. Volume and area for 
leakage is decreased.

Rockfill dams have been built of many materials:
• Early rockfill dams had a rock dumped loosely in a position without orderly ar-

rangement. There is no binding material. 
• Modern concrete-faced rockfill dams have compacted rockfill, rolled in thin layers  by 

smooth-drum vibratory rollers. Moreover, a wider range of graded rock material is 
used.

• Asphaltic concrete deck dams are in a small number.  Asphalt was introduced for 
protection of slopes.

• Timber deck dams are outmoded, but some of them still operate.
• Dams with steel deck were introduced to give material long life.

Rock fill should have a high durability and low compressibility. There are some criteria that 
help to assess if rock is acceptable as rock fill:
1) Unconfined Compressive Strength in the saturated state:
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• Unconfined compressive strength is a parameter measuring ability of a soil to with-
stand applied force. 

• Soils, which have value of unconfined compressive strength under 0.5 tons  per m2 
are regarded as uncohesive and those with the value above 1.5 are regarded as 
cohesive.  

• Some of clays, which are very stiff to hard have value of unconfined compressive 
strengths from 2 to over 4 tons per m2.    

• 50 MPa     Good - excellent quality rock fill with sufficient durability. 
• 20-50 MPa    Acceptable but rather weak rock fill with durability testing  desirable for 

UCS 20-35 MPa 
• < 20 MPa      Durability testing required before acceptance

2)   Water Absorption: 
! It is the amount of water absorbed by a material when it is immersed in water for a 

specified period of time. 
! <1%             Good to excellent quality with high durability 
! 1-3%            Fair - good quality rock fill with acceptable durability
! 3-5%            Durability testing required before acceptance
! > 5%            Durability testing required before acceptance

There are three main kinds of rockfill dams:
• Composite earth and rockfill
• Unbonded or dry masonry
• Rock with a thin membrane or diaphragm to hold water

Composite earth and rockfill dams
• Central earth core (Fig. 59)

Fig. 59: Central earth core
 [Boreysza, 2004]

• Sloping earth core (Fig. 60)

 Fig. 60: Sloping earth core
 [Boreysza, 2004]

!

!
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• Upstream core (Fig. 61)

Fig. 61: Upstream core
 [Boreysza, 2004]

The core size is affected by the nature and amount of impervious material available for 
construction (concrete and asphalt used in case of impervious upstream face). Dam cores 
can never be entirely impervious. Drainage and filter blankets are required to transfer 
leaks through the dam. 

Unbonded or dry masonry dams

Unbonded or dry masonry dams (Fig. 61) contain rubble retaining zone. 

Fig. 61: Schematic presentation of unbonded or dry masonry dam
[Boreysza, 2004]

Rock dams with a thin membrane or diaphragm to hold water

• Central thin membrane (Fig. 62)

Fig. 62: Schematic presentation of a dam with central thin membrane
 [Boreysza, 2004]
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• Upstream thin membrane or deck (Fig. 63)

Fig. 63: Schematic presentation of a dam with upstream thin membrane or deck
 [Boreysza, 2004]

Diaphragm dams are safer against downstream sliding, they are not endangered by uplift 
pressure and the diaphragm is easily available for inspection, but they are subject to 
weathering [Boreysza, 2004]. 

1.2.10  Additional structures

The following structures are included in construction of a dam:
• Coffer dams
• Gates
• Locks
• Hydropower plants
• Penstocks
• Spillways
• Tunnels
• Valves and valve vaults 
• Fish ladders 

Coffer dams

Coffer dams are temporary structures, which are built upstream from a dam. Their role is 
to prevent water flow around the construction site for the dam.

Diversion tunnels 

Diversion tunnels (Fig. 64), which control flow from the reservoir during construction are 
used in steep valleys and control water flow in order to provide drainage of the reservoir or 
flow into hydropower plant. Reservoir water passes through the tunnel used for river diver-
sion during the dam construction [Boreysza, 2004]. Then, the water is  released into the 
river downstream of the dam via valves and an outlet channel. 

!
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Fig. 64: Diversion tunnel at Split Rock Dam
[Boreysza, 2004]

In low valleys water flow control is accomplished by use of tunnels, canals and conduits. 

Gates

Gates are positioned in the spillways tops. They are used to control water flow over the 
spillway.

Locks

Locks are kind of movable dams. They are used to provide navigation.

Hydropower plants

When a dam is used to generate electricity, a powerhouse is built in the vicinity. Water flow 
is controlled by valves and penstocks. 

Penstocks

Penstocks (Fig. 65) are pipelines made of material withstanding high pressures, such as 
steel or high-density plastic [Boreysza, 2004]. These structures are conduits or sluices. 
They are used to transfer water flow to the turbines in the hydropower station. 

Fig. 65: A penstock
[Boreysza, 2004]
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Spillways

Design and size of spillways (Fig. 66) as well as their location are influenced by the hydro-
logical site conditions, size and type of the dam, and by geology and topography of a re-
gion [Boreysza, 2004]. They can be constructed within the reservoir created by the dam, 
within or on the downstream face of a dam as well as outside of the dam. Spillways are 
used to control overflow of water in full reservoir. Spillways must have capacity to dis-
charge the maximum flood that can occur without damage to the dam. Spillways are also 
used to keep level in the reservoir under some established level.

Before spillway is constructed, some questions must be answered:
• If the spillway rock can also be used as rocks fill in the dam embankment construc-

tion. 
• If the spillway rock has a high erosion resistance. 

Fig. 66: Spillway of Burrendong Dam
 [Boreysza, 2004]

There are different types of spillways [Boreysza, 2004]:
• Overflow spillway is the most common type, using a part of the dam to allow water 

to pass over its crest. Overflow spillways are used for concrete, earth and rockfill 
dams.

• Chute spillways are constructed on the gravity dam abutments or in a cut in the 
earth or rockfill dam abutment.

• Side-channel spillways, constructed in narrow canyons, allow water to fall over the 
spillway crest into a narrow channel, in which a flow is parallel to the crest. 

• Shaft and tunnel spillways (morning-glory spillways) allow water to flow over the lip 
of a spillway of funnel shape and be discharged down a shaft or tunnel. They are 
constructed in narrow canyons.

• Siphon spillways are closed conduits, which allow water to be discharged over or 
through the dam. They are built in limited space, for not a very large discharge.

Tunnels

Tunnels are constructed in bedrock outside the dams. Water passing through tunnels is 
controlled by valves  and vaults. The structures, which are responsible for water level con-
trol, are gravity tunnels. Their role is water diversion downstream.

Pressure tunnels are used to carry water under pressure to generate electricity or to in-
crease the water level above the tunnel intake’s level.
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Valves and valve vaults 

In larger dams, valves are constructed in underground vaults or chambers. These struc-
tures are used to control water flow in penstocks and channels. 

Fish ladders 

If the dam´s localization is on the migration path for fish, then fish ladders (Fig. 67) are in-
stalled to let fish pass.

Fig. 67: Fish ladder
[Boreysza, 2004]

1.2.11  Dam failures

Dams collapse sometimes creating catastrophes – death and destruction. Failures are 
rapid, and large quantities of water are released per second. There are many reasons  for 
failures of dams [Boreysza, 2004] Most common reasons are:

• Overtopping of embankment dam when the spillway cannot discharge flood water 
(for example too small spillway).

• Faults in methods of construction, which lead to erosion.
• Foundation problems of geological nature (for example losing strength when ex-

posed to water).
• Wave created by landslides.
• Earthquakes.     

In 1960 failure of the Oros Dam in Brazil led to death of almost 50 people and evacuation 
of 100 000 inhabitants. The Lower San Fernando Dam was damaged severely by an 
earthquake in 1971 because of its low earthquake resistance.
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Fig. 68: St.Francis Dam after failure
 [Boreysza, 2004]

The failure of St. Francis Dam [Fig. 68] in the San Francisquito Canyon shows what cata-
strophical consequences may occur when the principles  of engineering geology are over-
looked. In March, 1928 the two year old St. Francis Dam broke. Enormous amounts of wa-
ter washed down the San Francesquito Canyon, killing over 450 people on the way. The 
water first created a high wall, which destroyed almost 1000 buildings, and then reached 
the ocean after 5 hours  [Boreysza, 2004]. The reason of the failure was ignorance of geol-
ogy. The dam was built directly over the San Francisquito Fault. The fault had a gouge- 
broken rocks and debris along the fault, through which water can easily seep. Water slowly 
eroded away the gouge during two years and a gap large enough for water to flow through 
was formed. The water flowing through this  gap broke off the west dam side and a huge 
whirlpool formed in front of the east side. This resulted in another gap. Water flowing 
through this gap broke away the east dam side. 

1.2.12  Dam safety measures

The following are common safety measures:
• The dam must be stable, durable and resistant. Investigation and detailed plan of 

construction must be prepared carefully. Monitoring and maintenance must be per-
formed regularly.

• Extent of economic and personal loss  resulting from the dam’s failure must be taken 
into account. 

• A gravity dam must be designed so that it does not overturn or slide.
• In case of arch dam factor of safety is the ratio of the compressive strength of con-

crete to the maximum calculated compressive stress in the dam. 
• The investigation is also performed of foundations  and abutments to reduce risk of 

failure.

1.2.13  Summary

To summarize the chapter:
• Large dams (above 15 m) and small dams (below 15 m) have served many func-

tions for centuries.
• Dams can be divided into arch, buttress, gravity and embankment ones. They differ 

in properties, locations and often functions.
• These structures can last for long years  if only the construction is performed taking 

into account all issues crucial for the dam’s lifetime.
• Dams must resist stresses, not only those originating from water pressure. There-

fore the proper design is so important.
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• Dams prevent floods but at the same time affect adversely the their surroundings.

1.3  Hydraulic turbines

1.3.1  Introduction

The following chapter will focus on hydraulic turbines design. 

The hydraulic turbines (Fig. 69) originated from simple water wheels and are important 
units used to drive generators  and pumps, and to convert energy. They change kinetic en-
ergy into mechanical and this transformation occurs on the turbine blades. Mechanical en-
ergy can be converted into electrical energy if it is required. Great technical development 
enabled multiple turbine types to develop, each with different parameters, which are con-
tinuously being improved [Boreysza, 2004].

Fig. 69: Computer presentation of hydraulic turbines
[Boreysza, 2004]

The chapter will enable students to:
• Learn about different hydraulic turbine types.
• Study what kind of components hydraulic turbines contain.
• Learn about important design parameters of the turbines.
• Study how the selection process for the turbine looks like.
• Learn about the phenomena of cavitation.

1.3.2  Main principles

Hydraulic turbines convert potential energy into mechanical energy, used for driving ma-
chines and generators (Fig. 70), which convert mechanical energy into electric energy. The 
amount of converted energy is dependent upon available head, flow and efficiency of the 
turbine.
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Fig. 70: Rotor of a generator
[Boreysza, 2004]

The following efficiencies at rated output are representative conservative values utilised for 
planning and estimating in case of no information available for the chosen turbine:
 0.93 for Francis and propeller turbine
 0.90 for Pelton and tubular turbine
 
Proportionality laws are used for turbines design.

• For constant head:
P ~ D2  
n ~ 1/D
Q ~ D2 

• For constant runner and diameter:
P ~ H3/2  
n ~ H1/2  
Q ~ H1/2  

• For variable runner, head, diameter:
P ~ D2 " H3/2 
n ~ H1/2 / D
Q ~ D2 " H1/2

P - output of the turbine, (kW)
Q - turbine discharge (m3/s)
Hn - net head (m)
D - runner discharge diameter (m)
n - turbine rotating speed (rpm) 

The basic equations for turbines are as follows:
• The total available power of a plant is:

  Pn = Q"g"Hn"!
Pn - total available output of the turbine, (kW)
Q - turbine discharge (m3/s)
Hn - net head (m)
g - gravity (m/s2)
! - water density (kg/m3)

• The power transfer from the fluid to the turbine runner can be calculated by: 
  Pr = !"Q(u1"cu1 - u2"cu2)  (Euler equation)
u1 - perispheral velocity of the runner where the jet hits the bucket 
u2 - perispheral velocity of the runner at the jet outlet pf the runner 
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cu1 - the component of the absolute velocity c1 in the direction of u1
cu2 - the component of the absolute velocity c2 in the direction of u2

• The ratio of the powers is:
  " = Pr/Pn = (u1"cu1 - u2"cu2) /g"Hn

It is so called hydraulic efficiency.
• Main turbine equation is described by:

   ""Hn =  (u1"cu1 - u2"cu2)/g

1.3.3  Components of turbines

The turbines contain five following groups of components:
• Runner elements
• Shafts and bearings elements
• Gate elements
• Embedded components 
• Other elements

In axial turbines, the water is  directed axially (parallel to the orientation of the turbine shaft) 
onto the runner blades by the guide vanes. In radial turbines, the water is directed radially. 
Axial flow turbines can be adapted to suit very specific conditions [Boreysza, 2004]. The 
runner blades and guide vanes can be adjustable or fixed at a specific angle. A turbine 
with adjustable blades and fixed guide vanes  is  a runner regulated turbine. The one with 
fixed blades and adjustable guide vane is a guide-vane regulated turbine. 

The schematic view of turbine components is shown in Fig. 71.

Fig. 71: Schematic presentation of turbine components
 [Boreysza, 2004]

Runner elements

The group of runner elements includes following components:
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• Runner
• Runner cone
• Runner seals
• Runner wearing rings

The runner 

The runner is  a rotating element, which converts hydraulic energy into mechanical energy. 
It is made of cast steel or stainless-steel. It can be also a construction made of welded 
components, where hot pressed plate blades are welded to the cast hub and ring. 

The runner must be able to withstand the maximum hydraulic thrust, the force caused by 
maximum runaway speed and loads resulting from transient hydraulic conditions. Thrust is 
the most important consideration to high, medium and low thrust turbines. An object is 
driven forward by a force called thrust, which can be described by:
  F = m#v + A (pe-po)
              F- thrust force (N)

m - mass flow rate (l/s)
              v - velocity (m/s2)
              A - area (m2)
              Pe - exit pressure (N/m2)
              Po - entrance pressure (N/m2)
  
The runner must resist own weight and weight of a turbine shaft (when it is  resting on the 
runner band in case of the Francis turbines or resting on a support, as in the propeller tur-
bine) [Boreysza, 2004]. The runners  are balanced statically and dynamically. The runner 
torque is transferred to the turbine shaft through a bolted friction joint made of high tensile 
strength steel. Torque is a rotational analogue of force. It causes a rotation of a rigid body 
about an axis  or motion of a single particle relative to some fixed point. ‘Torque’ comes 
from Latin ‘to twist’. 

Force F is applied to some point of a rigid object. The line of action is a line through the 
application point parallel to the force. The Torque due to the force is defined by:
   $ = F#l #sin%

l - length of a lever arm (moment arm) – perpendicular distance from the axis 
to the line of force through O

 % - angle between the line of force and the line OB

A force F acts on an object at point B. The object rotates about the point O (Fig. 72).  

  Fig. 72: Torque
[Boreysza, 2004]
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The runner (Fig. 73) must be inspected to record damages caused by cavitation and ero-
sion and cracks in vanes.

                     
   Fig. 73: A turbine runner

[Boreysza, 2004]

The runner cone

The runner cone is the extension of the runner crown or hub (Fig. 74). It is  used for guiding 
the water, which is exiting from the runner. 

Fig. 74: Francis turbine
(Boreysza, 2004)

Runner seals
 

Runner seals are close-running clearances. They are positioned between rotating crown 
and the stationary head cover, and the rotating band and the stationary bottom ring. Run-
ner seals are used in order to limit the leakage from the high-pressure zone to the lower-
pressure one (The leakage influences efficiency and hydraulic thrust) [Boreysza, 2004].
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Runner wearing rings 

Runner wearing rings are rotating and stationary rings forming the runner seals. They are 
removable and replaceable elements.

Shaft and bearings elements

The shaft and bearing components include following elements:
• Shaft
• Main guide bearing
• Shaft seal
• Thrust bearing

A shaft 

A shaft (Fig. 75) is a rotating element. Turbine and generator shafts are connected by a 
flanged joint. It is  made of one piece solid forging of vacuum-degassed steel or fabricated 
welded forged, cast or rolled-plate steel. The shaft transfers the runner created torque to 
the rotor of the generator or speed increaser and it contains a shaft sleeve and an oil res-
ervoir bolted to it [Boreysza, 2004]. The shaft must operate at any runaway speed without 
huge vibrations and must resist the working loads due to maximum overload operating 
output. 

   Fig. 75: A main shaft
 [Boreysza, 2004]

The main guide bearing 

The main guide bearing is the bearing positioned closest to the runner. It radially supports 
the rotating runner (vertical configuration) or the weight of rotating parts plus unbalance 
loads from the runner or generator (horizontal configuration) [Boreysza, 2004]. The allow-
able operating temperature (60 degrees) should not be exceeded. 

Most commonly used bearing types are: 
• The sleeve and multiple-shoe babbitted (adjustable and easily replaced)
• Immersed in an oil sump
• Lubricated by oil from external pump
• The modern are water lubricating, environmental friendly bearings (Fig. 76), which 

do not use oil.

59



Fig. 76: A water lubricating guide bearing
[Boreysza, 2004]

The shaft seal

The shaft seal is positioned in the place where shaft penetrates  the turbine housing or 
head cover [Boreysza, 2004]. It is  used to decrease leakage past the shaft. It gives access 
for maintenance and replacement of sealing elements without disturbing other compo-
nents.

The types of seals used are: 
• A packing box, 
• Mechanical ring 
• Labyrinth

The kind is chosen according to head, service type and quality of water.

The seal surfaces are lined with babbit metal (a soft, white metal, which is an alloy of tin, 
lead, copper, and antimony and which is used in order to limit friction in bearings) and be-
tween the surfaces  of the shaft seal and the sleeve (made of corrosion resistant material), 
there are small clearances. 

Thrust bearings 

Thrust bearings are positioned directly beneath or above the rotor of the generator or on 
the head cover of the turbine. In case of vertical configuration, the thrust bearing is used 
for supporting the weight of the turbine and generator rotating parts and the hydraulic 
downthrust. Downthrust is the downward force that the impeller and shaft assembly expe-
rience when the turbine is in operation [Boreysza, 2004]. Problems occur when there is a 
very low flow resulting in higher discharge pressures and higher downthrust loads. Con-
tinuous operation can damage the thrust bearing. To reduce downthrust problems, the de-
vice must be run within its specified minimum and maximum flow range.
  
In case of horizontal configuration, there are two thrust bearings or double acting thrust 
bearing carrying axial thrust in both directions. 
The bearings usually used are: 

• The adjustable 
• Pivoted shoe-type (Mitchell/ Kingsbury)
• The pressure-equalizing spring
• The hydropneumatic
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Gate elements

The gate components (Fig. 77) include following elements:
• Wicket gates
• Gate mechanism
• Wicket gate servomotors
• Shear pin
• Eccentric pin

Fig. 77: Gate elements
[Boreysza, 2004]

The wicket gates 

The wicket gates  are angularly adjustable, streamlined elements made of one piece steel 
or stainless steel castings or from welded components. Wicket gates direct and control the 
water flow to the turbine runner by increasing or decreasing the gate opening between 
each wicket gate (Fig. 78).

Fig. 78: Wicket gates closed by turning
[Boreysza, 2004]

The gates must resist maximum static head plus  water hammer on the upstream side 
when the gates are closed. Water hammer is  destructive forces, pounching noises and vi-
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brations, which develop in a piping system when a column of non-compressible liquid 
flowing through a pipeline is  suddenly stopped (quick closing of valves). The destructive 
forces generated at the point of stoppage can be compared to the force of an explosion in 
effect. 

Wicket gates must also resist the edge loading and the torsional and bending loads due to 
gate linkage operation. Critical seal areas must be machined and finished accurately in or-
der to ensure a tight seal when gates are closed. No contact with the runner in case of 
gate rotation caused by gate stop failure should appear [Boreysza, 2004].

Torsional load (Fig. 79) is caused by the transmitted torque.

Fig. 79: Torsional and bending loads
[Boreysza, 2004]

The gate mechanism

The gate mechanism contains gate operating ring, linkages and servomotors. It is  used for 
activating the wicket gates. It must resist maximum loads in most critical conditions.

The wicket gate servomotors

The wicket gate servomotors  are hydraulic cylinders stimulated by oil pressure to operate 
wicket gates. The servomotor transfers the force of the turbine governor through a rod to 
the regulating ring. The servomotors require sufficient capacity to operate the wicket gates 
under all head and load conditions and to move the gates through the full opening or clos-
ing phase in the proper time. They must contain a control facility to slow down the closure 
at the end, to disable shock loading in the gate mechanism and to avoid pressure spikes in 
the water conduits. Sketch as Fig. 80 [Boreysza, 2004].
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Fig. 80: Scheme showing location of servomotors
[Boreysza, 2004]

Shear pin

Shear pin is a replaceable protective element. It is designed to fail by shearing when ob-
structions disable the wicket gates from closing. It connects two linkages in the gate 
mechanism and transmits the force to move the wicket gate.
Eccentric pin

Eccentric pin connects the gate linkage with gate operating ring. It is used for adjusting 
and calibrating the position of the wicket gate. Construction as below Fig. 81.
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Fig. 81: Shear and eccentric pins
 [Boreysza, 2004]

Embedded components 

The embedded components include following elements:
• Spiral case
• Semispiral case
• Stay ring
• Guide vanes
• Bottom ring
• Discharge ring
• Draft tube (diffuser)

The spiral case 

The spiral case (Fig. 82) is a water passage of a spiral shape, which surrounds the turbine 
distributor. The steel case is  used for heads over 30.5m, designed for the maximum static 
head plus the pressure ring caused by water hammer. Static head is  that part of the total 
head, which is equal to the static level difference between inlet and outlet of a pipe system 
[Boreysza, 2004].

Fig. 82: A spiral case
[Boreysza, 2004]
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The spiral case is made of formed plate steel in radial sections and welded. It provides a 
uniform distribution of water flow to the runner. Large capacity and high head cases  are 
embedded in concrete for additional support and decreased vibrations [Boreysza, 2004]. 
Hydrostatical testing and pressurization at normal maximum static pressure is performed 
during embedment, in order to decrease tensile stress transferred to the surrounding con-
crete. 

Spiral cases are especially used for Francis and Kaplan turbines.

The semispiral case

For semispiral cases, concrete cases are used for static heads less than 30.5 m, because 
concrete has limited strength to high-pressure loads. In case of large turbines, there are 
piers reducing the span at the semispiral case inlet.

A stay ring

A stay ring (Fig. 83) is an annular element, which is connected by fixed guide vanes in the 
water passageway, which guide water from the (semi)spiral case to the wicket gates. The 
stay ring is made of integrally cast, fabricated of plate or cast-welded and fabricated steel. 
Its  function is to carry the weight of the superimposed power-house structure and machin-
ery. In case of large units, the ring must transmit the superimposed loads from the equip-
ment and powerhouse superstructure through the stay vanes to the substructure.

Fig. 83: A stay ring
           [Boreysza, 2004]

Guide vanes

Guide vanes are streamlined elements connecting two annular rings of the stay ring. Their 
function is to direct water flow from the (semi)spiral case to the wicket gates and to regu-
late the turbine output. Moreover, together with the governor, they maintain a stable speed 
of the turbine. Governor is responsible for speed control [Boreysza, 2004]. It senses 
changes in speed and adjusts the water flow to the runner to correct any differences from 
the desired speed.

The proper shape of guide vanes and runner blades provides them with a smooth flow re-
sulting in high efficiency. It also assures that the exiting water has lost almost all rotational 
motion (swirl).

65



A bottom ring

A bottom ring is  the stationary ring containing the lower wicket gate bushing. It is  some-
times combined with the discharge ring.

A discharge ring

A discharge ring surrounds the runner band (Francis turbine) or blades (propeller turbine). 
It is  made of stainless  steel or stainless-steel clad or has a stainless-steel overlay for a dis-
tance of not less than 10 percent of the runner diameter, downstream of the runner blades. 
It forms water passage (propeller turbine) or creates the lower portion of the runner cham-
ber (Francis turbine).

The draft tube

The draft tube is used as  a turbine water conduit, which guides water from the runner to 
the draft tube outlet. The draft tube is designed to regain some part of the kinetic energy 
losses by converting part of kinetic energy at the runner outlet to pressure energy at the 
draft tube outlet. This  conversion is done by increasing the cross section area of the draft 
tube in the flow direction. The draft tube is necessary to also use the head below the tur-
bine for energy conversion.The draft tube consists  of the cone and steel plate lining. The 
cone is a welded steel plate and contains upper and lower cone and the draft tube lining is 
embedded in concrete. The tube must be steel-lined from the discharge ring to the place, 
where the water velocity decreases to 6.1 m/s  (below the velocity of concrete scouring) 
[Boreysza, 2004]. 

Fig. 84: A draft tube liner – elbow type
[Boreysza, 2004]

Different types of tubes are used: 
• Conical
• Elbow-shaped (Fig. 84)
• Tubular
• Square

In case of large turbines  there are piers in the horizontal section of the elbow type draft 
tube, in order to reduce the span. Piers should have steel-nose liners.

The draft tube liner should resist external hydrostatic pressure from the seepage equiva-
lent to the maximum design flood tail water elevation. The average exit velocity should be 
1.8 to 2.4 m/s under rated conditions [Boreysza, 2004].
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Draft tubes are highly critical elements for overall high turbine efficiency. They are not used 
in case of Pelton and Turgo turbines.

Other elements

Other elements include:
• Turbine pit liner
• Speed increaser
• Head cover
• Deflector
• Needle
• Access shaft
• Bulb

The turbine pit liner

The turbine pit liner protects the surrounding concrete and during construction it is used as 
a concrete form. Turbine pit liner surrounds the open space on a vertical unit between the 
turbine head cover and the generator, which gives access to the gate mechanism, shaft 
seal, bearings, turbine auxiliary systems. It is made of steel.

The speed increaser

The speed increaser is a geared drive element. It is used to increase the shaft speed of a 
turbine to an optimum generator speed. It contains thrust and guide bearings  for carrying 
load of rotating elements  of turbine and generator. Low-head sites require faster turbines. 
Low head equipment must accommodate more water flow than high head device and 
therefore it is larger and requires larger civil works. Output shaft speed decreases with 
head and therefore low head sites need speed increasers to drive high speed generators.

Turbine head covers

Turbine head covers  are designed to have high stiffness and to withstand the pressure 
due to maximum static head including water hammer, but also load from other elements.  
Head cover spans the upstream end of the runner chamber, and is  used to enclose the 
water passage and give support for the shaft seal and bearings [Boreysza, 2004]. It is 
made of steel, which is integrally cast or fabricated of welded plate and cast elements. It 
supports the upper wicket gate bushings and the gate operating ring.

In case of larger turbines, head cover can be divided into inner and outer annular parts in 
order to enable easier removal of turbine components. The part outside of the wicket gate 
circle must resist the pressure due to maximum static head, including water hammer. 
Moreover, the head cover must take the loads from guide bearings, shaft seal, gate 
mechanism and other auxiliary elements.
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The deflector

The deflector deflects part or all water jet from the runner buckets (Pelton turbine) in order 
to regulate power output without changes to penstock flow.

A needle

A needle is  a moving part used to control the size of the jet crashing on the runner buckets 
(Pelton, Turgo turbines).
An access shaft

An access shaft is  the watertight passage of a bulb unit, which provides access between 
the generator compartment and the powerhouse and between the turbine compartment 
and the powerhouse.

A bulb

A bulb (Fig. 85) is a streamlined watertight housing for the generator of a bulb unit.

Fig. 85: A bulb casing under construction
[Boreysza, 2004]

1.3.4  Types of turbines

Modern turbines come from crude waterwheels. Modern design allows them to accommo-
date different heads, flows and operating conditions. The type is determined after consid-
eration of expected unit-load regulation, variations of head and flow, arrangement of pow-
erhouse, source of headwater, power conduit, geological conditions, necessity of pressure-
relief facility, required plant capacity, and costs [Bard, 2005].

Turbines can be divided into following groups:
• According to the runner type and the turbine water passage configuration.
• Ultra-low (3 to 6 m), low (6 to 30 m), medium (30 to 100 m) and high head turbines 

(above 100 m). 
• Impulse (pressure type) and reaction (pressure-less type) turbines.
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Fig. 86: Small scale & Mini turbines
 [Bard, 2005]

The impulse turbines

The energy is delivered in the form of short impulses. The impulse turbines are operating 
in air at normal atmospheric pressure, they are run by one or more water jets, which are 
directed tangentially into the buckets of a runner rotating in the air. The runner buckets, 
each of double-bowl construction, are located on the rim of a central disc. The forwarded 
velocity of the part of the jet which enters  each bucket decreases  nearly to 0 in the bucket 
[Boreysza, 2004]. The kinetic energy on that jet part is converted into a force acting on the 
moving bucket, and producing a torque on the turbine shaft. The force of the jet is applied 
only during the time when the water is in the bucket. 

Impulse turbines have continuous water column from headwater to tail water. Headwater is 
the water upstream and tail water- downstream- from any hydraulic structure creating head 
(for example a powerhouse).

Impulse turbines contain a water distributor pipe and nozzles  (jets), a mechanism, which 
controls the water jets to the runner, and a runner. 

Impulse turbines include:
• Pelton turbines
• Turgo turbines
• Cross-flow turbines
• Jack Rabbit turbines

Pelton turbines

Pelton turbine (Fig. 87) was developed by Lester Pelton and first produced in late 1800s.
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    Fig. 87: A Pelton turbine runner

[Boreysza, 2004; Bard, 2005]

The Pelton turbines are designed for high-head applications  of 250 to 1400 m and have 
power output of 10 to 300 MW. They discharge to the atmosphere and do not regain ki-
netic energy from the flow downstream of the turbine runner [Bard, 2005].

The turbine contains 1 to 6 nozzles and can operate with 1 or more nozzles, and a set of 
double spoons or cups mounted around the rim. The runner contains buckets connected 
radially to the periphery of a disk (Fig. 87).

The turbine is driven by jets of high- speed water striking each cup in turn. The jets have 
tangential direction into the centre of the runner buckets. The Pelton can have more than 
one jet, two or four jets are used in order to achieve the higher power output without in-
creasing the size and turbine cost (Boreysza, 2004). Configuration with a horizontal shaft 
is  used in case of small units with up to two jets and vertical mounting is used in case of 
large modern units with more than two jets (Fig. 88).

Fig. 88: Schematic presentation of a Pelton turbine with horizontal shaft arrangement and 
one jet (left) and water flow in the turbine (right) 

[Boreysza, 2004]
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A spiral distributor pipe is present and it conducts and distributes the water to the nozzles 
and adjusted needles controlling flow and fast-acting jet deflectors are provided for the 
nozzles. In case of long high-head penstock arrangements, the deflector control allows 
large load changes without pressure changes in the penstock.

The water passes round the curled bowls and gives up almost all kinetic energy. The ki-
netic energy of the water leaving a jet equals the potential energy, which it would have lost 
in falling through the effective head [Boreysza, 2004]. 

PE - potential energy lost by M (kg) of water in falling through H (m):
  PE = M"g"H 
The kinetic energy of a moving object is  proportional to its  mass and the square of its 
speed:
  KE = 1/2 M"(v2) 
                KE - kinetic energy
              M (kg)  - mass of the object
              v (m/s) - speed of the object 
so  1/2 M"(v2) = M"g"H  so  v2 = 2g"H  so  v = (2g"H)0.5 = (20H)0.5            (without losses)
              v (m/s) - water speed
              H (m) - effective head 
         w = 1/!"(!1-!2) + #(KE12-KE22) + g"H + dui + dwth                 (with losses)
              ! - water density (1000 kg/m3)
              p - pressure
               H - inner energy losses
                   w - thermal losses  

If the water passes through the jet of an area A (m2) the number of (m3) flowing out each 
second Q will equal:
  Q = A"v
  Q = A"(20H)0.5 
Q (m3/s) - the flow for an effective head 

Water is discharged from the runner into discharge pit and flows to the tailrace.
 
The Pelton has the efficiency of over 90% for larger machines and it is  highest when the 
cups speed is half the water jet speed [Bard, 2005]. 

• The water at speed v approaches the cup but the cup is moving away at half this 
speed v/2. The water strikes the cup with a relative speed v/2 (Fig. 89). 

Fig. 89: The water speed vs. cup speed
 [Boreysza, 2004]

• The water is  reflected by the cup and leaves with the relative speed v/2 in the re-
verse direction. The cup is moving forward with v/2 and the actual speed of water 
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equals 0, because it has transferred all its kinetic energy to the wheel and now falls 
to the ground, which ensures 100% efficiency.

Impulse equation can be used to calculate impulse for the Pelton turbines:
   F = m"(w2-w1)
                            m - mass flow
                            w1,2 – relative velocities (Fig. 90)

Fig. 90: Relative velocities
 [Boreysza, 2004]

Water is reflected with 180° without losses:
   w2 = w1

   F = 2m"w1
Absolute velocity of water is:
   C1 = u + w1

                    u - rotor speed
Power can be calculated by the equation:
   P = F"u = 2m"w1"u = 2m(c1-u)"u = 2m(c1u-u2)
Maximum:
   dP/du = 0
   2m(c1-2u) = 0
   c1 = 2u
Due to losses the ratio u/c1 is smaller.

The power input is determined by the effective head and water flow rate.
The power input (kW) is determined by :
    Q = A"(20H)0.5 
The input power P(kW) is:
    P = 9.81Q"H 
    P= 9.81A"H "(20H)0.5 = 45A "(H3)0.5 

In case of number of jets j:
    P= 45jA "(H3)0.5 
                           j - number of jets.
                          Q (m3/s) - the volume flow rate for an effective head
                          A (m2) - jet area
                          H (m) - effective head

The advantage of a Pelton turbine for a high head site is  a good efficiency curve. Another 
advantage is the civil work reduced to a minimum. Problems due to water hammer in the 
event of emergency shut-down are overcome by the use of jet deflectors [Boreysza, 2004].
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The wheel diameter must be approximately ten times the jet diameter if the adjacent cups 
are not to interfere with the flow. There is an optimum rotation rate for any head and wheel 
diameter. The jet size can be adjusted to change the volume flow rate and eventually to 
change power output so that it fulfils varying demands. 

Turgo turbines

Turgo was developed in the 1920s. The Turgo turbine is similar to the Pelton wheel and 
the difference lies in the jet entering the runner bucket and discharging free from obstruc-
tion of the buckets. Double cups are replaced by single shallow ones, with the water flow-
ing in on one side and flowing out on the other.

The water enters in the form of a jet and hits the cups in turn (Fig. 91). The turbine is the 
most efficient when it is rotating at approximately half the water speed. 

The Turgo is  able to handle larger water volumes than a Pelton of the same diameter and 
can generate power at medium heads. Moreover, its specific speed is higher than the one 
of Pelton. Usually used turbines have output up to 7500 kW and heads up to 235 m [Bard, 
2005].

           
Fig. 91: Principle of action of a Turgo turbine

 [Boreysza, 2004]

Cross-flow turbines

The Cross-flow turbine (Mitchell-Banki turbine) (Fig. 92) was invented and patented by an 
Australian engineer Mitchell in 1903. Hungarian Professor Donat Banki later refined the 
design. The Cross-flow turbines a radial turbine with partial flow admission which can 
reach efficiencies of 70-80%. 

The water jet is  transferred to the blades above the rotor axis, flows across the turbine and 
is  transferred to the blades below the axis once again before it leaves the turbine (Fig. 92). 
The water flows in as a flat sheet, not a round jet. Guide vanes are used for water flow 
regulation, which enables the turbine to work in various flows [Boreysza, 2004].
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Usually used turbines have output up to 1000 kW and heads  up to 183 m. Turgo turbines 
are used instead of the Francis turbines in small-scale plants with output below 100 kW. 
These turbines are cheap, can be manufactured locally and therefore suitable for use in 
developing countries.

                                                                                                             

Fig. 92: A Cross-flow turbine and its basis of operation
 [Boreysza, 2004]

Jack Rabbit turbines

The Jack Rabbit is able to generate energy from very small streams, even with 0.3 m wa-
ter level and no head. It can produce only 1.5 to 2.4 kWh per day, maximum is 100 W. It is 
a suitable turbine for lower drop and larger volume present in more flat sites [Boreysza, 
2004]. The Jack Rabbit turbine is a small turbine and a cheap solution, but as a disadvan-
tage it is dangerous for passing fish.

The reaction turbines

Reaction turbines are driven by the pressure difference between the pressure and suction 
sides of the runner blades (Fig. 93).The water exerts a force on the turbine blades  as it 
changes direction in travelling through the turbine.  When the water is deflected by the 
blades, it exerts a force on them in the opposite direction and this  reaction force transfers 
energy to the runner and ensures continuous rotation.
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Fig. 93: Basis of operation of blades moved by pressure difference
 [Boreysza, 2004]

Reaction turbines contain concrete semispiral or steel spiral case or water distributor hous-
ing [Boreysza, 2004]. They also contain a mechanism, which controls  the flow rate and 
which distributes the flow equally to the inlet of the runner, a runner, a shaft, and a draft 
tube in order to regain part of kinetic energy.

The reaction turbines include:
• Francis (mixed flow) turbines
• Propeller (axial flow) turbines
• Kaplan turbines 
• Bulb turbines
• Straflo turbines
• Deriaz (diagonal, mixed axial flow) turbines. 

Francis (mixed flow) turbines

Francis turbine (Fig. 94) is  the most widely used and was developed by James B.Francis 
in 1849 and first used for medium head applications. Now, Francis turbines are used in in-
stallations with head from 18 to 700 metres and their power output is  10 to 1000 MW. In 
modern turbines efficiency is approximately 95% [Boreysza, 2004].

Francis turbines are radial-flow turbines  and are fully submerged. The runner contains 11 
to 21 contoured blades of a scoop shape, which are located at the top of a runner- at-
tached to its crown, and at the bottom- attached to the surrounding band connecting the 
lower ends of the blades. 

The water passages between the runner buckets are all the time filled with water and the 
water flow is inwards towards the centre. Water enters the penstock and flows around the 
circumference of the turbine. It is directed by the guide vanes and circles in towards the 
runner. Then, it crosses the curved runner blades and is deflected sideways, simultane-
ously loosing its whirl motion, and downwards [Boreysza, 2004]. The water flows out down 
the central draft tube to the tail race. In case of medium and high head turbines, the flow is 
channelled in through a scroll case (a volute), which is a spiral tube with guide vanes in the 
inner surface.

The blade itself is moving very fast, therefore the water flowing across its face must be 
moving sideways with it. The real path of the water is  composed of two constituents- blade 
and water velocity. The water exerts a force on the turbine blades  as it changes direction 
in travelling through the turbine.  Pressure difference on the lower and upper side of the 
blade gives a force and makes the blades move. The water flowing into the runner is still 
under pressure and the pressure drops through the turbine constitutes a large part of the 
total delivered energy.
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The power output is lower than the input because there are energy losses caused by fric-
tion present in every moving device, caused by pushing water through pipes and chan-
nels. Both these energy losses are unavoidable but can be reduced by a suitable design. 
Also some part of kinetic energy is carried away with the flowing out water. This  can be re-
duced by flaring the draft tube- the wider the draft tube, the more slowly the water passes 
and its speed is continuously decreasing, reaching zero at the tail race [Boreysza, 2004].

The runners are usually cast in stainless  steel or aluminium bronze. They can sometimes 
be fabricated by welding cast steel or plate steel blades to the crown and band (Fig. 94). 

The geometry and dimensional proportions of the runner change with specific speed of the 
runner. The low-specific-speed turbine has reduced discharge at overspeed. The lower 
portion of the runner chamber is formed by the discharge ring surrounding the runner 
band.

Fig. 94: A Francis turbine
(Boreysza, 2004; Bard, 2005)

The Fig. 95 (relative system) and Fig. 96 (absolute system) show water flow in a Francis 
turbine.

Fig. 95: Water flow in a Francis turbine viewed from a moving blade (relative system)
[Boreysza, 2004]
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Fig. 96: Actual motion of water and blade in a Francis turbine (absolute system)
 [Boreysza, 2004]

Propeller (axial flow) turbines

The propeller turbine (Fig. 97) is a fixed-blade type turbine developed by Victor Kaplan and 
first produced in early 1900s. The propeller is  the axial-flow turbine, in which the water 
flows in along the axis (it is not deflected through a suitable angle). Therefore, the general 
flow direction is axial.  It is proper for very large volume flows and for the low heads of only 
few meters (1.5 to 15 m) [Boreysza, 2004].

The area through which the water flows in is very large-entire area swept by the blades. 
The runner contains 3 to 10 radial blades, which are fixed or movable. Modern turbines 
have runners containing 3 to 6 blades. 

         
Fig. 97: A propeller turbine and its graphical presentation

[Boreysza, 2004]

The turbine with fixed blades has a bit higher peak efficiency 0.2 to 0.5% than Kaplan tur-
bine with adjustable blades. This is caused by decreased blade-tip clearance and smaller 
size of a runner hub.

The water is swirling around as it flows  in. The blade speed is higher than the water speed, 
which results in a fast rate of rotation even with relatively low water speeds. There is a 
clear reason for the twisted shape of the propeller- the outer parts of the blade move faster 
than the central ones but swirling water moves faster near the centre. Therefore, the blade 
angle must increase with distance form axis [Boreysza, 2004].  

The discharge ring surrounding runner blades forms the water passage and leads to the 
draft tube. The downstream end of the ring is attached to the top of the upper draft tube 
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liner. The runner is provided with replaceable wearing rings at the runner seals  on the pe-
riphery of the crown or/and the band. 

The Fig. 98 and Fig. 99 show water flow in a propeller turbine.

Fig. 98: Water flow in a propeller turbine viewed from a moving blade (relative system)
[Boreysza, 2004]

Fig. 99: Actural motion of water and blade in a propeller turbine (absolute system)
[Boreysza, 2004]

Kaplan turbines 

In case of Kaplan axial-flow turbines (Fig. 100), the general flow direction is  axial. They are 
the most suitable type for low and medium-head installations (5 to 79 m), where large 
variations of flow and head appear and their power output is between 4 and 300 MW 
[Boreysza, 2004]. 
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     Fig.100: A Kaplan turbine
[Boreysza, 2004; Bard, 2005]

Kaplan is a turbine of an adjustable type (main difference to the propeller turbine), devel-
oped by Victor Kaplan in 1922. The angle of the runner blades, when water flow or power 
output varies, is  automatically adjusted to fit the best geometry [Boreysza, 2004]. There-
fore, it is technically simpler (than in case of radial-flow turbines) to  change the blades an-
gle (Fig.101) when the demand changes, which leads to increased efficiency when the 
power demand is changing. 

Fig. 101: The Kaplan turbine’s blade
[Boreysza, 2004]

The blades  mounted on the runner hub, which are cast in aluminium bronze or stainless 
steel, move simultaneously when loads changes. 

The water is directed at right angles to the orientation of the turbine shaft, onto the runner 
blades (Fig. 101) by vertically orientated guide vanes. The hub contains a mechanism, 
which enables the blade tilt to be changed automatically with respect to opening of the 
wicket gate when the unit is in operation [Boreysza, 2004]. A cam in governor, which can 
be mechanical or electronic, is responsible for adjusting the blade tilt to the position of the 
gate. The hub contains the blade servomotor and operating mechanical linkages used for 
adjusting position of the runner blade. The Kaplan turbine has a high specific speed and 
requires a speed increaser.
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Fig. 102: Graphical presentation of a Kaplan turbine
 [Boreysza, 2004]

Guide vanes can be fixed or movable and it is  possible to supply spiral casing. Gearboxes 
are often used to reduce weight and cost and to increase efficiency of generators. As the 
entire turbine is immersed in a structure, which is almost continually full of water, the 
treatment of corrosion-prone metal parts is of utmost importance.

Kaplan turbines can operate as pump turbines for heads between 8 and 10m. A pump tur-
bine is both a pump and turbine in one device. The impeller runner is a pump impeller, 
which is designed to also work in reverse mode- as a turbine. Role of a pump turbine is to 
convert potential energy into mechanical energy, when it operates as a turbine and me-
chanical energy into potential energy, when it works as a pump [Boreysza, 2004]. For the 
purposes of planning, the efficiency of such a pump turbine is  estimated as 0.92. The 
pump turbines can be divided into popular reversible turbines  and non-reversible ma-
chines, which are not widely accepted. The reversible turbines work in two rotation direc-
tions - one as a pump and the opposite as a turbine. Pump turbines can also be divided 
according to head range into:

" Radial-flow or Francis: 23-800 m 
" Mixed-flow or diagonal-flow: 11-76 m 
" Axial-flow or propeller: 1-14 m. 

The other division is  due to number of stages: single or multiple stages and due to the 
shaft orientation - vertical and horizontal.

The most commonly used is the Francis  pump turbine, in which the impeller runner has 
lower number of blades in comparison to the conventional Francis turbine runner. The re-
versible Francis pump turbine has a lower runaway speed - 80% of speed of the Francis 
turbine. The runaway speed is the speed at which a turbine runner will rotate under no-
load conditions. Reversible medium- to high-head Francis pump turbines  have decrease in 
discharge with increase in speed above the synchronous speed. This can result in water-
hammer effects when runaway speed is reached.  

Pump turbines require deeper settings relatively to minimum tail water in comparison with 
traditional devices. They are used in pumped storage, which requires high efficiency of 
pump turbines, when operating both as a pump and a turbine. Moreover, they should have 
the same rotation speed in both directions, which is a requirement due to design and cost 
of the generator-motor. 
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In case of turbines with fixed blades, careful design allows for overcoming the differences 
in heads required for optimum efficiency in both - pumping and generating modes at a sin-
gle speed. Use of adjustable blades allows for achieving the best and similar efficiency 
points for pumping and generating modes [Boreysza, 2004]. 

Two-speed operation mode of pump turbines is used in case of turbines which operate 
over a large range of heads, to allow the maximum efficiency points  for both operating 
modes to be utilised. For this aim, special two-speed synchronous generator-motors  have 
been developed. 

Adjustable-speed motor-generators able to change the turbine rotating speed in both 
modes of operation have been introduced. Their ability to change the unit speed by 10% 
allows for changing the pump input at a given head and allows for a gain in efficiency in 
the generating mode of operation. 

Bulb turbines

The bulb turbine (Fig. 103) was developed in the mid 1900s  and used for the lowest 
heads. It has a propeller type turbine runner and components enclosed in a bulb. The shaft 
is horizontal or inclined.

Accessibility to the turbine and generator is affected by the bulb size and is decreased as it 
is  submerged and enclosed. Only the runner of a turbine is easily accessible. The genera-
tor is  located inside a watertight housing or a bulb in the water passage. The powerhouse 
is integrated with the dam with a straight draft tube [Bard, 2005].

Mechanical inertia of the rotating units  of the generator is much lower than inertia of a ver-
tical unit. Mechanical inertia is  the property of mechanical systems to keep their state of 
relative rest and state of straight uniform motion. The inertial forces occur due to changes 
in mechanical energy. The low inertia of the bulb can be compensated to a degree by 
modern hydraulic turbine governors  and power system stabilizer. For very low heads, gen-
erator speeds have to be increased by means of gears.

Bulb turbines can operate as  pumps. Moreover, they can be used for low heads and large 
head and discharge variations and therefore, these turbines replaced the Kaplan turbines 
for heads below 25 m.

     Fig. 103: A bulb turbine
[Boreysza, 2004; Bard, 2005]
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Straflo turbines

The older version of the Straflo turbine (Fig. 104) - the straight-flow turbine type and con-
cept of rim generator was introduced by Leroy F.Harza in 1919. The Straflo turbine has a 
propeller type turbine runner.

The rim of the generator is attached to the periphery of the blades of a runner. At the end 
of the rotor rim, dependable water seal is  located, which is used for separation of the rotor 
poles and stator from the water passage [Boreysza, 2004]. The configuration of the water 
passage is  the same as in the case of a bulb turbine, the only difference lies  in external 
mounting of the generator. The mechanical inertia in the generator equals the one of a 
conventional type of a generator. 

Fig. 104: The Straflo turbine runner
[Boreysza, 2004]

Deriaz (diagonal, mixed axial flow) turbines.

The Deriaz turbine (Fig. 105) was developed by Paul Deriaz in the 1900s. The positive as-
pect of the turbine is that it can have fixed or adjustable blades. When they are adjustable, 
it enables the turbine to work with high efficiency in various loads and heads. Therefore, it 
is  suitable for a power station with wide variation of head and discharge. The other positive 
aspect is its  higher efficiency at part-load operation when compared to a Kaplan turbine 
[Boreysza, 2004]. Moreover, the Deriaz turbine has lower specific and runaway speed, 
lower hydraulic thrust and higher cavitation coefficient than the Kaplan wheel. The Deriaz 
turbine has reduced discharge at overspeed. 

The hub contains the blade servomotor and operating linkages used for adjusting position 
of the runner blade.

The Deriaz turbine can be used for reversible pump-turbine service for heads above 90 m. 

Fig. 105: A Deriaz turbine
[Boreysza, 2004]
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1.3.5  Cavitation in turbines

Cavitation is the phenomenon of liquid-to-gas and gas-to-liquid phase changes, which oc-
cur when the local fluid dynamic pressure in areas of accelerated flow decrease below the 
vapour pressure of the local fluid. The gas-to-liquid phase change creates water hammer 
actions with critically high local pressures  as vapour cavities implode on themselves. Wa-
ter hammer is a very fast pressure wave in a conduit, which is created by a flow change. 
Destructive shakes in pipe occur when a rapid water velocity change induces a water 
pressure change. Water velocity change occurs due to too rapid operation of a pump or 
valve [Bard, 2005].

Fig. 106: Cavitation
 [Bard, 2005]

The process of cavitation affects turbines and cavities are produced around guide vanes, 
wicket gates, the turbine runner, and in the draft tube. Cavitation within the fluid stream 
does not damage the turbine but when implosions occur near solid boundaries in the tur-
bine, flow surfaces can be damaged and eroded.

The erosion can lead to drops in efficiency and eventually critical destruction to the whole 
turbine. Damage to the runner must be repaired in order to maintain the bucket profiles 
[Boreysza, 2004]. Destruction caused by cavitation is called cavitation pitting. Flow condi-
tions connected with cavitation are high-velocity flow, low pressures and sudden changes 
in flow direction. If the fluid pressure was controlled, the cavitation could also be controlled.

Thomas cavitation coefficient is used for selecting the turbine runner setting, so that the 
critical pressure is not reached. The parameter is described by the following equation:
& = (Ha-Hv-Hs) / H
            & - cavitation coefficient = plant sigma
            Ha - atmospheric pressure (mmHg)
            Hv - vapor pressure of the water (m)
            Hs - distance between runner throat or blade centreline and minimum tail water (m)
            H - maximum net operating head (m) 

Plant sigma must be larger than turbine sigma to avoid cavitation. Turbine sigma is the 
cavitation coefficient, which is determined by model tests. It is a critical value, below which 
the turbine performance parameters of efficiency, power and discharge cease to remain 
substantially constant [Boreysza, 2004]. The plant sigma must be higher than the turbine 
sigma to avoid cavitation. The turbine being too high relatively to the minimum tail water 
level has a smaller plant sigma.

83



Some actions can help avoid or fight with cavitation:
• The turbine should be positioned properly in relation to tailwater to keep high abso-

lute water conduit pressure.
• The water flow must be uniform, unchanged and following one direction.
• The construction materials should be resistant to cavitation (stainless steel).
• Compressed air may be transferred to the runner chamber to reduce noise and 

damage from cavitation pitting.

1.3.5.1  Selection of turbines

The turbines are compared according to their specific speeds. Specific speed (rpm- revolu-
tions per minute) is  the speed, at which a turbine would rotate if the runner had a reduced 
size necessary to develop one unit of power under one unit of head [Boreysza, 2004].
           Ns = n"(P)0.5 / H1.25

                   n - rate of rotation (revolutions/ minute)
                   Ns - speed (rpm)
                   H - effective head (m)
                   P - output power of a turbine
         
            Ns = 500"(r/R)"(vb/vw)

Ns depend on the ratio of diameter of the incoming flow or water jet to the turbine diameter 
r/R and on the ratio of the blade speed to the water speed vb/vw. Each turbine has its own 
range of Ns values and matching this to calculated Ns and preferred n allows for the suit-
able choice. 

Power demands, load requirements, available head and flow, site elevation, tail water rat-
ing curve, and water temperature and quality are factors taken into account when the spe-
cific speed, number of units and their types are selected. If the head is low a large volume 
flow is  needed for a given power. A low head means also a low water speed [Boreysza, 
2004]. Therefore, a large input area is necessary. If the head is high, water speed is  high. 
The operating head range, for which each turbine type is appropriate, allows for turbine 
selection (Table 6).

Table 6: Turbine types and appropriate head ranges
[Boreysza, 2004]

Other factors like expected operating needs of the plant, economy and technical limitations 
in manufacturing and construction are also taken into account.

For a given head and output, the turbine size is  reduced with an increase in specific speed 
[Boreysza, 2004]. The size of the turbine and generator rises proportionally with the size 
and cost of the powerhouse. High-specific-speed turbines are exposed to vibrations, rough 
operation and cavitation.
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According to the following chart (Fig. 107), turbines can be chosen due to head and flow 
rate.

Fig. 107: Turbine selection chart
[Boreysza, 2004]

The following are steps of the turbine selection:
• Selecting rated net head and output
• Selecting turbine type
• Calculating trial specific speed 
• Determining the trial rotational speed

The trial rotational speed can be calculated according to the following equation:
n = (Ns "H1.25) / P0.5

                          n - rotational speed (rpm)
                          Ns - specific speed (m "kW)
                          H - rated net head (m)
                          P - rated turbine output (kW)

• Adjusting the unit rotational speed to the nearest standard synchronous one
This can be done by the following calculation: 
                   n = 120f / number of poles
                          f - line frequency (Hz)
Number of poles should be divisible by 4 or 2. 

• Calculating the specific speed for selected synchronous speeds
This can be done by the following calculation:

Ns = (n "P0.5) / H1.25

                          Ns - specific speed (m "kW) 
                          n - rotational speed (rpm) 
                          P - rated turbine output (kW)
                          H - rated net head (m)

• Calculating the runner discharge diameter of Francis, propeller or pitch diameter of 
Pelton runner

This can be done by the following calculation:
 D = (84.47FH0.5) / n
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                          D - discharge diameter (m)
                          F - velocity ratio at runner discharge diameter

" For Francis turbine F = 0.0234Ns
2/3

" For propeller F = 0.0258Ns
2/3 

" For Pelton turbine F = 0.46
                          H - rated net head (m)
                          n - rotational speed (rpm)

• Calculating the Pelton runner outside diameter 
This can be done by the following calculation:

Do = (1.028 + 0.0137Nsj)D
                          Do - runner outside diameter (m)
                          D - discharge diameter (m)
                          Nsj - specific speed per jet 

" Nsj = (P/i)0.5(N/H1.25) 
" P - turbine output
" i - number of jets
" N - rotational speed (rpm)
" H - rated net head (m)

• Calculating the Thomas cavitation coefficient for Francis and propeller
This can be done by the following calculation:

& = Ns
1.6/ 29000

                          & - Thomas cavitation coefficient
Nsj – specific speed per jet

" Nsj = (P/i)0.5(n/H1.25) 
" P - turbine output
" i - number of jets
" n - rotational speed (rpm)
" H - rated net head (m)

• Computing the setting and submergence
This can be done by the following calculation:
 Hs = Ha – Hv - &H
                  Hs - distance between D and minimum tail water level (m)
                  D - minimum diameter through turbine runner band (m)
                  Ha - atmospheric pressure for minimum operating tail water elevation  (mmHg)
                  Hv - vapor pressure of the water (m)
                  & - Thomas cavitation coefficient
                  H - maximum operating head (m)
Tail water is the water contained in the tailrace, which is the area below a water turbine on 
any given waterway. 

1.3.5.2  Turbine efficiency 

The following graphs (Fig. 108) present efficiency versus load curves for various turbines.                                                                                                                                                                                               
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Fig. 108: Efficiency of various turbines
 [Boreysza, 2004]

This  Fig. 109 illustrate that a higher efficiency value is realized over a wide range of head 
and flow conditions and is the principal advantage of the Kaplan turbine over a propeller or 
Francis (where applicable) turbine. The blades  of a Kaplan turbine runner can be rotated 
about their axes  to vary the pitch angle of the blades. This permits a better match to the 
changing entrance conditions, and results in reduced losses [Bard, 2005].

Efficiency as a function of head and flow typically are summarized on a hill curve, similar to 
the one shown in Fig. 109. Operation is  limited by pressure pulsations, potential cavitation 
damage and maximum power.

Fig. 109: Prototype Turbine Hill curve
[Bard, 2005]
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1.3.6  Summary

To summarize the chapter:
• Hydraulic turbines change energy from kinetic into mechanical, which is applicable 

for driving, among others, generators.
• The main two types of turbines are impulse and reaction turbines, which differ 

mainly in factors by which these turbines are driven – pressure difference and water 
jets.

• Turbines are complex units  composed of multiple different groups  of components, 
which must be carefully designed and tested to ensure long life of a turbine and its 
safe and efficient operation.

• The important phenomenon, which endangers turbines and their components, is 
cavitation pitting, caused by phase changes producing implosions.

• Selection of turbines is  an important process, in which numerous factors and pa-
rameters must be taken into consideration.
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2   MICRO GAS TURBINE

2.1  Introduction

This  chapter aims to provide a simple explanation to the way in which the micro gas tur-
bine works and I hope you will find it of some interest!

Gas turbines use the chemical energy from fossil fuels to increase the internal energy of 
the working fluid in a combustor. This  heat is converted by the turbine into mechanical en-
ergy that drives the compressor and the generator. A considerable amount of heat, which 
can be used for heating purposes or as process heat is available in the exhaust gases. 
This  means that gas  turbines are extremely suitable as combined heat and power systems 
(CHP) for decentralized energy supply. 

It is  common to distinguish between small and micro gas  turbines. Both of them are suit-
able for the decentralized market, but it is difficult to indicate the exact separation between 
the two types. In this paper small gas turbines will be those with an electrical power output 
between 100 and 500 kW. It must be mentioned, though, that there are only very few of 
these turbines available. Gas turbines with an electrical power output of less than 100 kW 
are classified as micro gas turbines. Many micro turbines are developed on basis of turbo 
chargers, which have nearly the same power range. Micro gas turbines are working with 
low pressure ratios between 3 to 1 and 7 to 1 and high rotational speeds. Recently, several 
micro gas turbines with a power output of 20 kW to 100 kW have become available. Gas 
turbines with an electrical power output between 100 KW and 300 kW are either being de-
veloped or planned on being developed [Bohn, 2005].

Micro gas turbines are small or very small mobile combustion systems. These are millime-
ter- to centimeter- or decimeter-size gas engines that can be fabricated with semiconduc-
tor industry micro-machining techniques. Such gas turbines can ultimately, for example, 
produce 10 - 100 watts of power within a package less than one cubic centimeter in vol-
ume. When more power is needed, several or tens of hundreds of micro gas turbines can 
be linked together to meet a large range of power demands. The benefits  of such a high 
technical development could be considerable low-cost micro gas turbines  could find many 
applications in different fields such as:

! Propulsion: micro gas engines can be used as modular power plants of any size 
aircrafts, including NAVs

! Aerodynamic boundary-layer and circulation control (suction or blowing)
! Small-scale power generation: coupled to an electric generator micro gas turbine 

can provide electricity power at any small scales. For instance, it can replace 
batteries, providing a 20 ~ 30 times greater power density than the best current 
batteries

! Power plants for micro electronic devices (e.g. mobiles)
! Mini-refrigerator: coupled to a compressor and expander, MGT could work as  a 

mini-refrigerator

There is the statement of the Microturbines development today as following:
->Around 3, 000 units shipped (as of Nov 2002):

! Capstone: >80% of market share. 30 and 60 kW (develops  200 kW). 2,400 units 
shipped

! Bowman: 80 kW. 125 units shipped
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! Ingersoll-Rand: 70 kW (develop 250 kW). 80 units shipped 
! Turbec: 100 kW. 150 units shipped
! Elliott: 80 kW. 125 units shipped

->Cost about 1,000 $/kW
->Electric efficiency 27~31%
->NOx<25 ppm (some<9 ppm)

Moreover, the world gas turbine industry unit production trends and value of production 
trends are shown in Fig. 110 and Fig. 111.

Fig. 110: The World Gas Turbine Industry Unit Production Trends 2002~2011
[Opdyke, 2004]

Fig. 111: Total World Gas Turbine Industry Value of Production Trends 2002~2011
[Opdyke, 2004]
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2.2  History of Gas Turbine

The earliest example of jet propulsion can be traced as far back as 150 BC to an Egyptian 
named Hero. Hero invented a toy that rotated on top of a boiling pot due to the reaction 
effect of hot air of stream exiting several nozzles arranged radially around a wheel. He 
called this invention an aeolipile [Gabrielsson, 2005].

In 1232 the Chinese used rockets to frighten enemy soldiers.

Around 1500 A.D. Leonardo da Vinci drew a sketch of hot gas flowing up a chimney. The 
device was intended to be used to rotate meat being roasted. In 1629 another Italian 
named Giovanni Branca actually developed a device that used jets of steam to rotate that 
in turn was used to operate machinery (Fig. 112). This was the first practical application of 
a steam turbine. 

  Fig. 112: Device invented by Giovanni Branca
[Gabrielsson, 2005]

Ferdinand Verbiest a Jesuit in China built a model carriage that used a steam jet for power 
in 1678.

The first patent for a turbine engine was granted in 1791 to an Englishman named John 
Barber (Fig. 113). It incorporated many of the same elements of a modern gas  turbine but 
used a reciprocating compressor. There are many more early examples of turbine engines 
designed by various inventors, but none were considered to be true gas turbine because 
they incorporated steam at some point in the process. 

Fig. 113: Turbine engine invented by John Barber
[Gabrielsson, 2005]
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In 1872 a man by the name of Stolze designed the first true gas turbine. His engine incor-
porated a multistage turbine section and a multi stage axial flow compressor. He tested 
working models in the early 1900’s [Gabrielsson, 2005].

Charles Curtis the inventor of the Cirtis stream engine filed the first patent application in 
the U.S. for a gas turbine engine. His  patent was granted in 1914 but not without some 
controversy.

The General Electric company started their gas turbine division in 1903. An engineer 
named Stanford Moss lead most of the projects. His most outstanding development was 
the General Electric turbosupercharger (Fig. 114) during world war 1. (Although credit for 
the concept is given to Rateau of France.) It used hot exhaust gasses  from a reciprocating 
engine to drive a turbine wheel that in turn drove a centrifugal compressor used for super-
charging. The evolutionary process of turbosupercharger design and construction made it 
possible to construct the first reliable gas turbine engines. 

Fig. 114: General Electric turbosupercharger
[Gabrielsson, 2005]

Sir Frank Whittle of Great Britain patented a design for a jet aircraft engine in 1930. He first 
proposed using the gas turbine engine for propulsion in 1928 while a student at the Royal 
Air Force College in Cramwell. England. In 1941 an engine designed by Whittle was the 
first successful turbojet airplane flown in Great Britain.

Concurrently with Whittle’s  development efforts, Hans von Ohain and Max Hahn, two stu-
dents at Gottingen in Germany developed and patented their own engine design in 1936 
these ideas were adapted by The Ernst Heinkel Aircraft company. The German Heinkel 
aircraft company is  credited with the first flight of a gas turbine powered jet propelled air-
craft on August 27th 1939. The HE 178 was the first jet airplane to fly.

The Heinkel HeS-3b developed 1100 lbs. of thrust and flew over 400 mph, later came the 
ME262, a 500 mph fighter, more than 1600 of these were built by the end of WWII. These 
engines were more advanced than the British planes and had such features as blade cool-
ing and a variable area exhaust nozzles [Gabrielsson, 2005].

In 1941 Frank Whittle began flight test of a turbojet engine of his  own design in England. 
Eventually The General Elecrtric company manufactured engines in the U.S. based on 
Whittle’s design.

The research on MGT technology was initiated by MIT around the middle of 1990’s. After 
one decade development some MGT systems have been commercially available on the 
market. Most of them are, however, designs of small-scale power generators.
The small gas turbine development line is shown as below in Fig. 115.
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Fig. 115: Development of Small Gas Turbine
[Bohn, 2005]

2.3  Manufacturers of micro gas turbines

The compact design distinguishes micro gas turbines from other technologies. Compared 
to engines micro gas  turbines have a reduced complexity with less mechanical parts and 
no oscillating mass-forces.

2.3.1  Nissan

One of the smallest micro gas turbines for the generation of electricity is Nissan’s DYNA-
JET 2.6. The power output of this machine is 2.6 kW and the rotational frequency is 100 
000 rpm. The turbine is designed to fuelled with Kerosene. In Fig. 116 the schematic dia-
gram of the turbine and the generator is presented.

Fig. 116: Nissan DYNAJET 2.6
[Bohn, 2005]
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2.3.2  Capstone

The Capstone C30 and C60 Micro Turbine have some special features compared to the 
Nissan turbine. Fig. 117 contains a schematic of the C30 Micro Turbine. Capstone includes 
air bearings so that there is  no need for an oil system; air bearing reduce the friction losses 
as well as the amount of maintenance. The power outputs are 30 kW (C30) and 60 kW 
(C60) and the exhaust temperature is 275℃. Capstone delivers  the C30 Micro Turbine for 
the usage of different types of fuel, like natural or propane gas and biogas. The C60 Micro 
Turbine is designed for natural gas only (Fig. 118).

Fig. 117: Capstone C30
[Gabrielsson, 2005]

Fig. 118: Capstone C60
 [Gabrielsson, 2005]

2.3.3  Other Manufacturers

The development as well as production and marketing of micro gas turbines primarily 
takes place in the USA and Japan, as above-mentioned Nissan and Capstone show. Other 
manufacturers are Elliot (100 kW CHP micro turbine), Ingersoll-Rand (MT70 and MT 250) 
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and Bowman. Bowman provides  micro gas turbines from the TurbogenTM family with a 
power output of 80 kW. All of these manufacturers are based in the USA [Bohn, 2005].

In Europe Turbec (T100 micro turbine) (Fig. 119) is the only manufacturer that offers  micro 
gas turbines. Turbec, previously owned by ABB and Volvo, was purchased in December 
2003 by the Italian-based API Com srl.

Fig. 119: The power module of T100 microturbine
[Gabrielsson, 2005]

2.4  Characteristics of Micro Gas Turbines

2.4.1  Process

In this chapter some characteristics of micro gas turbine systems are explained using the 
example of the Capstone and Bowman MGTs. Both are designed for combined heat and 
power (CHP) applications and use a simple cycle with a recuperator to enhance the effi-
ciency of the process. 

In order to cover a wider range of the market for combined heat and power, Bowman offers 
with its TG80RC-G-R a micro gas turbine with a bypass to the recuperator (Fig. 120). Be-
cause of this bypass the thermal output of the micro gas turbine can be varied between 
136 kWth (0% bypass) and 216 kWth (50% bypasses) while the electrical power output 
keeps contact at 80 kWel. Bypassing the recuperator reduces the efficiency of the process 
from ηel =28% at 0% bypass toηel =22% at 50% bypass (Fig. 121). Bowman also offers, 
for CHP applications with a high thermal demand, the TG80SO-G micro gas turbine with-
out recuperator. This micro gas turbine provides an exhaust gas temperature of 535℃ and 
an electrical power output of 80 kWel.  The electrical net efficiency of this process is only 
15.5% [Bohn, 2005].
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Fig. 120: Process of the Bowman TG80RC-G-R
[Bohn, 2005]

Fig. 121: Efficiency at different Bypass Ratios
[Bohn, 2005]

Other than Bowman, Capstone offers a micro gas turbine with a very compact design of 
the arrangement between generators, compressor, turbine and recuperator. The intake air 
is  guided through the generator in order to cool it. A small loss in efficiency has  to be taken 
for granted because of the raised temperature at the inlet of the compressor. The com-
pressed air is preheated by the hot exhaust gas in the recuperator. This  is arranged 
around the turbine and the combustion chamber, serving also as the casing of the system 
[Bohn, 2005].

Due to this  design, the heat losses in the turbine and the combustion chamber can be re-
duced significantly, leading to a higher net efficiency.

Kawasaki Heavy Industries has been active in the field of small gas turbines and devel-
oped, in the framework of the New Sunshine Project, a gas turbine with an electrical power 
output of 300 kW. The process parameters of this  prototype like the turbine inlet tempera-
ture could be increased significantly by using ceramic components.
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2.4.2  Comparison of small and micro gas turbine with motors

Small and micro gas turbine and diesel- and gas-engines are designed for similar applica-
tions. Although the efficiency of today’s gas turbine is  lower than the efficiency of diesel- 
and gas-engines (Fig. 122), in recent times several projects  have demonstrated the future 
potential of gas turbines. The development of gas  turbines reaching net efficiencies of up 
to 40%, thereby diminishing the difference between gas turbines  and motors, seems pos-
sible within the next couple of years.

Fig. 122: Net efficiency of gas turbines and motors depending on the power range
[Bohn, 2005]

A further advantage of gas turbines compared to motors is the significant lower pollutant 
emissions, especially toxic gases like NOx and CO. While today’s diesel engines produce 
NOx-emissions of 100-200 ppmv, in gas turbines NOx-emissions lower than 25 ppmv can 
be reached due to the lean-premix combustion without the need of secondary methods. 
Furthermore, “single digit”-burners are currently under development and a further potential 
for decreasing the pollutant emissions can be found in the catalytic combustion [Bohn, 
2005].

Comparison is shown in Table 7.

Table 7: Comparison of Microtubine & Gas Engine
[Bohn, 2005]

2.4.3  Market requirements

The well-engineered gas turbines of larger power output that are on the market are char-
acterized by their high availability and reliability, simple and robust design, low-
maintenance, a life-span of more than 100 000 operating hours. If micro gas turbines are 
expected to be marked successfully they must fulfill these demands in the future [Gabri-
elsson, 2005]. The Mach number effect can be scaled down while the Reynolds number 
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effect cannot. It leads to a reduced efficiency of small and micro gas turbines. The disad-
vantages concerning the efficiencies can be compensated by the above-mentioned im-
provements.

2.5  Aerothermodynamics and down-scaling effects

2.5.1  Introduction

Gas turbines  are heat engines, in which thermal energy derived from the combustion of 
fuel with air is  converted to expected thrust of shaft power. The micro-scale engines  have 
a similar thermal cycle to the conventional macro-scale engines, which is  shown in Fig. 
123. Such an engine usually consists of a compressor, a combustion chamber, and a tur-
bine driven by the combustion exhaust that powers the compressor. The residual enthalpy 
in the exhaust stream provides either thrust power to drive an air vehicle or the shaft 
power to drive a propeller as well as an electric generator [Hu Jiasen, 2006]. Therefore, 
the compressor, combustion chamber, and turbine are three major components  in a micro-
scale gas engine as well as in a macro-scale engine.

Fig. 123: Thermodynamic schematic of micro gas engine
(Hu Jiasen, 2006)

A macro-scale gas turbine with a meter-diameter air intake area generates  power on the 
order of 100 MW. Thus, tens of watts  would be produced when such a device is scaled to 
millimeter size if the power per unit of air flow is  maintained. When based on rotating ma-
chinery, such power density requires combustor exit temperatures of 1200~1600 K; rotor 
peripheral speeds of 300~600 m/s and thus rotating structures centrifugally stressed to 
several hundred Mpa [Hu Jiasen, 2006].

These thermodynamic considerations are no different between mico and macro-scale. 
Conceptually, any of the thermodynamic systems in use today could be realized at micro 
scale. But the physics and mechanics  influencing the design of the engine components  do 
change with scale, so that the optimal detailed designs can be quite different.

The microengine itself realizes a down-scaled version of the Brayton cycle realized by their 
bigger brothers mounted on today’s conventional aircraft wings. The miniaturization of this 
cycle yields  the aimed fractions of thrust or power output with increased power density, but 
the miniaturization of the engine yields special problems that “down-scaling” the engine 
would not suffice. Instead, the engine design has to account for various effects that cause 
new difficulties and drive new solutions in very small gas turbines.
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2.5.2  Down-scaling effects

In the aero-thermal design of MGT components, the fundamental differences between 
MGT and conventional gas turbine operation are largely a consequence of distinction in 
scale. While the thermodynamics are invariant down to this  scale, the mechanics are not. 
The fluid mechanics, for example, are scale-dependent. One aspect is that viscous forces 
are more important at small scale. Pressure ratios of 2:1 to 4:1 per stage imply turbo ma-
chinery tip Mach numbers that are in the high subsonic or supersonic range. Airfoil chords 
on the order of a millimeter imply that a device with room temperature inflow, such as a 
compressor, will operate at Reynolds  numbers in the tens of thousands. With higher gas 
temperatures, turbines of similar size will operate at a Reynolds number of a few thou-
sands. These are small values compared to the 105~106 range of large-scale machines. 
The Reynolds number is a measure of the state of the state of the flow. If it is at such small 
values, the flow is  thus laminar-dominated and viscous losses  will be larger. Notice that the 
boundary layer thickness $in laminar flow is proportional to , according to the 
boundary layer equations. This means that any length scale is  scaled down by a factor of 

 while the boundary layer thickness is just scaled down by . This implies a relative 
growth of the boundary layer which can lead to merging adjacent boundary layers and 
dramatically increasing viscous loss [Hu Jiasen, 2006]. 

Heat transfer is another aspect of fluid mechanics  in which micro engines operate in a dif-
ferent design space than large-scale machines. The fluid temperatures and velocities are 
the same but the viscous forces  are larger so the fluid film heat transfer coefficients  are 
higher by a factor of about 3. Not only is there more heat transfer to or from the structure 
but thermal conductance within the structure is higher due to the short length scale. Thus, 
temperature gradients within the structure are reduced. This is helpful in reducing thermal 
stress but makes thermal isolation challenging.

The last consequence of the miniature is the influence on the performance of combustion, 
such as the mixing uniformity, flame holding, and chemical reaction time.

2.6  Main Components

Micro gas turbines that have been developed up till now have an electric power output be-
tween 20 and 100 kW. Using present-day technology the efficiency of gas turbines with 
recuperator in this output class is  approximately 26%. Current research- and development 
projects in this  output class aim to rise the efficiency in recuperated processes to over 
35%~40% [Bohn, 2002]. This call for an improvement of the turbine inlet temperature as 
well as an improvement of the components efficiency in the future.

The sensitivity with which a micro gas turbine of the 80 kW-class reacts  to changes in the 
defining parameters  (e.g. temperature) will be investigated in the following. The turbine in-
let temperature is 950℃, the pressure ratio 4.5 and the efficiency of the recuperator 85%, 
that of the compressor 79% and that of the turbine 84%. The fuel gas pressure is  approxi-
mately equal to the ambient pressure. The influence of the fuel gas compressor efficiency 
on the design for different pressure ratios of the compressor is taken into account. In 
Fig.121 the dependence of the specific work and of the efficiency of the micro gas turbine 
on the thermodynamic process parameters is depicted. The design point of a micro gas 
turbine with state-of-the-art technology is indicated [Bohn, 2002].
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As can be seen on the right side of Fig. 124 an increase of the turbine inlet temperature up 
to 1500℃ leads to a substantial improvement of the efficiency (approximately 20%~25%) 
and the specific work (approximately 100%). Therefore, the increase of the turbine inlet 
temperature for micro gas turbines is  the target of further developments. Because of the 
small dimensions of micro gas turbines is  the target of further developments. Because of 
the small dimensions of micro gas turbines it is  not possible to use cooling technology to 
be able to increase the inlet temperature. It means that such an increase can only be real-
ized by applying new materials.

Fig. 124: Schematic of a micro gas turbine and influence of the thermodynamic parame-
ters on the efficiency and the specific work

[Bohn, 2002]

Additional potential for efficiency improvements lies with increasing the efficiency of the 
components such as the turbine, the compressor, the combustor and the recuperator.

The analysis is summarized in Fig. 125. In comparison with the previous figure the electri-
cal efficiency of the system instead of the thermal efficiency is  shown. Additional losses 
results from the bearing, the generator and the conversion of the frequency. Especially 
when concerning the bearing there is a large potential for improvements  by using oil free 
bearings, such as  air bearings and magnetic bearings [Bohn, 2005]. Compared to conven-
tional oil bearings, the air bearing have reduced loses. An additional advantage of them is 
less maintenance. Furthermore, in case the MGT is coupled with a fuel cell. It is  not possi-
ble that oil in the exhaust can lead to problems in the fuel cell due to leakages.

Fig. 125: Improvements of the efficiency of micro gas turbines
 [Bohn, 2005]
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The long-term potential for the net efficiency of micro gas turbines is marginally higher 
than 42% when the fuel gas pressure is similar to the ambient pressure and without a gas 
compressor circa 44%.

2.6.1  Compressor

As thermodynamic cycles  do not change with scale, the pressure rise required from a 
micro-compressor will be similar to that required from a conventional-sized compressor. 
Furthermore, if high through-flow velocities are maintained, the mass flow and fluid power 
will scale with the through-flow area l 2, where l is  a characteristic dimension of the flow 
path. This suggests that the power density of a miniature compressor should not degrade, 
but increase inversely with the scale l:

(for constant V andΔPt )
                                       

Please note that this  scaling is only valid if the same level of pressure rise is  achievable in 
a micro-compressor as in its large-scale counterpart. This demands pressure ratios of 2 – 
4, and the higher the better. To meet this  requirement, transonic tip Mach number and rotor 
tip peripheral speeds in the range of 400 – 500 m/s are therefore needed. This yields Rey-
nolds number in the range of 104 for millimeter-chord blades.

The power density benefit of micro-turbo machinery must be, however, traded-off with effi-
ciency. The small-scales, for similar flow properties and velocities, are characterized by 
higher viscous losses, a consequence of very lower Reynolds numbers. Fig. 126 quanti-
fies, for example, the effect of flow Reynolds number on the loss coefficient for a radial 
flow compressor and turbine. This was a numerical study done by Jacobson [Jacobson, 
1998] using the CFD code MISES [Drela & Yojungren, 1995]. It is  seen that the price of 
miniaturization is the increase of profile loss of the blades for both compressor and turbine. 
Therefore, a practical limit of miniaturization should be identified for a specific design. Be-
yond this  limit, the component inefficiency will overwhelm the benefit of higher power den-
sity provided by the miniaturization. 

Fig. 126: Loss coefficient as a function of Reynolds number, representing the effort of 
higher viscous losses at small scale

[Drela & Yojungren, 1995]
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Another major aerodynamic design issue special to these very small machines is  their 
sensitivity to heat addition. It is difficult to design a centimeter-scale gas turbine engine to 
be completely adiabatic. There will be thus some degree of heat addition through conduc-
tion. An isothermal compressor at fixed temperature exhibits behavior close to that of an 
adiabatic machine with the same amount of heat added at the inlet. Thus, the influence of 
the heat addition shows up as reductions in mass flow, pressure rise, and adiabatic effi-
ciency [Epstein, 2004]. The effect of heat addition on compressor efficiency and pressure 
ratio are shown in Fig. 127. These effects can be quite dramatic at high levels of heat flow. 

Fig. 127: Influence of heat addition on compressor performance
[Epstein, 2004]

2.6.2  Turbine

2.6.2.1  Introduction

At conventional turbine inlet temperatures high durability and temperature resistance can 
only be achieved by using nickel-base alloys. The application of those alloys is state-of-
the-art. Temperature up to 950℃ can be realized in micro gas  turbines. Higher tempera-
tures can only be reached by usage of ceramic materials. Here, only non-oxide ceramics 
are to be considered e.g. fiber-reinforced Si3N4 or 5~20% SiC-reinforced Si3N4, which 
have higher strength durability than pure Si4N4. Due to those materials turbine inlet tem-
peratures up to 1400℃ are possible in principle. A sufficient stability of those materials 
against oxidation in an environment consisting of exhaust gas of liquid or gaseous fuels is 
yet to be proven. A short description of the ceramic turbine development is shown as be-
low:

! Development of ceramic turbine components started 1981
! Turbine wheel from ASEA CERAMA tested in a car 1982
! Several components including combustor, inlet scroll and turbine developed 

for the GT 110 gas turbine
! GT 110 demonstrated reliable at 1250℃ 1987
! European AGATA (The European Ceramic Gas Turbine Program) project 

developed
"Ceramic radial turbine
"Ceramic recuperator
"Ceramic catalytic combustor
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The characteristics of ceramic materials are listed in Table 8. An additional potential in the 
field of high temperature materials was presented by Nishio, K.matsubara etc (Fig. 128). 
Fig. 129 shows the Kawasaki CGT302 with the included ceramic components. The stated 
efficiency of this  experimental machine is  42% with a power output of 300 kW. Up to now 
there is  no derived application for the market [Nishio,1999]. Fig. 130 shows the predictions 
on several steps in the development of GTs and, connected with this their efficiency. This 
estimation is made at 2000. From the current view it seams the estimation is a bit of opti-
mistic.

Table 8: Characteristics of Ceramic Materials
 [Nishio,1999]

Fig. 128: High temperature materials
[Nishio,1999]
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Fig. 129: Ceramic components of the CGT-302 gas turbine
[Nishio,1999]

Fig. 130: Predictions of development of micro turbine technology
[McDonald, 2000]

The aerodynamic design of a micro turbine shares many of the design challenges  of a 
similar scale compressor, such as a constant airfoil span manufacturing constraint, but a 
few issues are different. A major difference to micro turbine is the flow Reynolds number 
even lower than that for a micro compressor. And therefore the viscous loss will become 
larger.
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The cooling of turbine is another challenge. High engine-specific powers  require turbine 
inlet temperatures above 950 K [Epstein, 2004]. The MIT demo MEMS engine was de-
signed with a TIT of 1600 K and so requires turbine cooling. Due to the micro structure of 
the micro turbines, the cooling is then different from the conventional one.

2.6.2.2  Influence of Reynolds number

In engines of conventional size the flow does not react to changes of Reynolds number by 
a few hundred, whereas it has  a big influence in micro turbines. One first ramification of 
scaling down an engine is blockage: taken two parallel walls  in a flow channel like in an 
engine, the boundary layer on both walls grows in flow direction and is then carried away 
in the main stream. This stream, however, has at this point enough space between the two 
adjacent boundary layers to transport mass through the engine – the flow equals potential 
flow through a slightly narrowed duct. If now those two walls may approach each other 
while the machine is scaled down to a micro-engine, the two boundary layers will eventu-
ally merge to one completely viscous flow. At this  point the viscous losses increase in a 
dramatic fashion [Hu, 2006].

This  fact is  quantified by Lee et al. [2004] by introducing a critical Reynolds number, below 
which the boundary layers merge. A first order estimation of the critical Reynolds number 

employs the Blasius  boundary layer solution (flow over a plate) with . The 

boundary layers merging means  and therefore  with %=2. A 
second approach with respect to the fluid flowing through a duct yields

. Lee et al. propose that Recritical = 200-300, leading to a correlation for 
estimating the critical Reynolds number: 

 

The trend that for higher Reynolds numbers  the effect of changing Reynolds number van-
ishes is  visible in the asymptotic behavior of the graphs. The losses increase dramatically 
if Reynolds number is reduced below the critical Reynolds number. The exit flow angle 
shows a similar asymptotic dependence from Reynolds number, as shown in Fig. 131 as 
well. A varying exit flow angle represents separation of the otherwise well defined flow and 
decreases the work output from a turbine.

                 
Fig. 131: Influence of Re number on loss and exit flow angle

[Lee et al., 2004]
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Fig. 132 shows the total pressure distributions calculated for the same micro turbine cas-
cade at two different Reynolds numbers, i.e., Re=60 and Re=665. The blue area repre-
sents  the low total pressure and hence higher losses. The arrow marks  the exit flow angle 
which is slightly lower in a) than in b) which contributes to the losses [Lee et al.,2004].

Fig. 132: Total pressure distributions for a micro turbine cascade
[Lee et al., 2004]

One more example of the larger losses at very low Reynolds number is shown in Fig. 133. 
These are the CFD computed loss coefficients at various operating conditions  for several 
nozzle guide vanes of micro radial inflow turbine stages [Gong, 2004]. Again, a trend is 
distinguishable that lower Reynolds numbers cause higher losses in a proportional de-
pendence. Therefore, as already emphasized in Section 2.5.1, a limit of miniaturization, 
i.e., a design point, should be identified for a specific design. Below this limit, the compo-
nent inefficiency will overwhelm the benefit of higher power density provided by the minia-
turization. This  is more important to the design of a micro turbine since Reynolds number 
could be extremely low when flow passes such a turbine.

                     
Fig. 133: Influence of Re number on loss coefficient for several micro-turbine nozzle guide 

vanes
[Gong, 2004]
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2.6.2.3  Cooling of turbine 

As stated in section 2.5.2.1, high engine-specific powers require high turbine inlet tem-
peratures. For instance, the MIT demo MEMS engine was designed with a TIT of 1600 K 
and so requires turbine cooling [Epstein, 2004]. Due to the micro structure of the micro 
turbines, the cooling is then different from the conventional one.

The MIT demo micro turbine is conductively cooled through the structure. The heat flow is 
on the same order as shaft power, and the resultant entropy reduction is equivalent to 
1~2% improvement in turbine efficiency. Advanced engine designs may use film cooling, 
similar to that applied on the conventional sizes. A major issue in the micro case is the sta-
bility of a cold boundary layer on a higher than the conventional one. This is in general an 
unstable flow which is more challenging for the design. Philippon [Philippon, 2001] per-
formed a preliminary design through analysis and CFD simulation. He shows that the re-
gion of interest for those millimeter-scale turbines, developed by MIT, lies in a stable re-
gime (e.g. the boundary layers should stay attached) [Epstein, 2004]. But the details of his 
work are not available. Nevertheless, the film cooling of micro turbines remains  a chal-
lenge to aerothermodynamic design as well as the fabrication due to the micro structure of 
the turbines.

2.6.3  Combustion and Combustors for MGT Applications

2.6.3.1  State of the art

2.6.3.1.1  Overview of Gas Turbine Combustor Configurations

The proliferation of micro devices creates a strong demand for small-scale power sources. 
These power sources commonly convert chemical energy stored in fuels  into electrical and 
mechanical power by combustion in sub-centimeter packages.

The problems connected to combustion and emissions are present in micro-gas turbines 
and in conventional gas turbines  as well: an overview on combustion systems [Lefebvre, 
2000] is presented in the following in order to better understand which methods are used 
to comply with these problems, also considering those due in particular to the micro scale 
combustion.

The basic objective is always that of achieving an easy ignition, a wide ignition range, high 
combustion efficiency and minimum soot and polluting gas formation. Since some of these 
requirements may conflict, the end result is inevitably a compromise solution. As it is  well 
known, for example, the formation trends of smoke and nitric oxides are directly opposite 
to those of carbon monoxide and unburned hydrocarbons.

Many strategies have to be considered in order to meet the emission regulation require-
ments, including exhaust after-treatment (i.e. SCR) and newer combustion processes (e.g. 
catalytic combustion and, surface stabilized combustion). The newer combustion strate-
gies aim at reducing reaction temperatures in an effort to minimize thermal NOx, but also 
lead to inherently low CO due to the relatively large residence times and minimal cooling 
air requirements [Lefebvre, 2000].
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A method is  to use a somewhat variable geometry to adjust the amount of air entering the 
primary combustion zone: at high pressures, large quantities of air are employed to mini-
mize soot and nitric oxide formation; at low pressures  the primary airflow is partially intro-
duced, raising the fuel/air ratio and reducing the emissions of CO and HC.

Another approach is using combustion separated zones, each designed specifically to op-
timize the combustion performance with its own separate supply of well-mixed fuel and air. 
A typical “staged” combustor (Fig. 134) has a lightly loaded primary zone, operating at an 
equivalence ratio around 0.8 to achieve high combustion efficiency and minimize the pro-
duction of CO and HC. The primary zone provides  all temperature rises needed at low 
power and acts as a pilot source of heat for the main combustion zones would be supplied 
with fuel with a low equivalence ratio (0.6) to minimize the NO and smoke emissions [Le-
febvre, 2000]. Therefore, fuel and air must be staged for effective emissions reduction to 
obtain a primary zone temperature as in Fig. 135 to meet the limits of permissible tempera-
ture range for reducing all four pollutants simultaneously (i.e., NOx, CO, HC, smoke) (Fig. 
136). With a staged combustion it is  necessary to optimize the fuel distribution while with 
variable geometry the air distribution is highlighted.

Fig. 134: Two staged Annular Combustor
[Lefebvre, 2000]

Fig. 135: Typical CO and Nox Trends and  
Temperature Range for an Efficient Lean Combustion

 [Lefebvre, 2000]
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Fig. 136: The Staged Combustion Concepts for Reducing the Pollutant Formation
 [Lefebvre, 2000]

The catalytic combustor is another important concept to have low NO emissions. In this 
system the fuel is prevaporized and premixed with air at a very low equivalence ratio and 
then the mixture is passed through a catalytic reactor bed. The result is very lean mixture 
combustion that normally is outside the limits of flammability. Of consequence, the tem-
perature is very low with low formation of NOx.

In addition, also the engine size is  considered in combustor design: in small engine with 
high shaft speed, the combustor is usually short of annular reverse-flow type (Fig. 137). 
This  combustor has the characteristic that the first two film-cooling slots in the liner dome 
discharge air in upstream direction. The main advantages are high efficient utilization of 
the combustion volume and easy maintenance. In general, different concepts and philoso-
phies of novel combustors for small engine are developed by industry in the area of low-
emissions combustor design (vorbix combusor, staged-premix combustor, prechamber 
combustor) [Lefebvre, 2000].

Fig. 137: A Reverse-Flow Combustor for Small Engines
[Lefebvre, 2000]

In a Lean Premixed-Prevaporized (LPP) combustor the fuel has a complete evaporation (if 
liquid) and a mixing with air before combustion. The primary zone operates at a lean fuel/
air ratio with low reaction temperature and elimination of hot spots, reducing NOx emis-
sions. To be fully effective the LPP system should operate in conjunction with variable ge-
ometry to avoid the weak-extinction limit case. Sometimes it is  necessary a piloting device 
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to facilitate ignition and sustain combustion at difficult operating conditions. Moreover, an 
autoignition or flashback at the height inlet temperatures could occur before combustion 
zone. Fig. 138 recalls the typical LPP combustion concept, but it should be reminded that 
the lean-premixed solution is nowadays usual also for gas-fuelled combustors of the DLN 
type. The flame temperature reduction may result in an inefficient combustion at part load 
conditions so that a pilot assisted combustion is  needed at reduced load operation 
(Fig.139) [Rosfjord, 2001].

Fig. 138: The LPP Combustor Concept
 [Rosfjord, 2001]

Fig. 139: Transient Operation of a DLN (Dry-Low-Nox) Premixed Combustor
 [Lefebvre, 2000]

The practice to design primary zones for a lean mixture (with addition of air) is  addressed 
to reduce the flame temperatures and decreases the NOx production. In this  way, an in-
crease of CO and HC emissions is induced. On the other hand, also the excess fuel, as 
well as excess air, produces low flame temperatures avoiding ‘hot spots’ and moreover 
simultaneously low oxygen availability to reduce NOx formation [Lefebvre, 2000]. By using 
the latter approach, several low- NOx combustors have been developed. The problem is 
searching to shift from fuel-rich to fuel-lean products for correct turbine inlet conditions. In 
this  transfer rate, the limitation is to create the sufficient long time for the oxidation of CO 
and HC species. The RQL (Rich burn- quick mix-lean burn) combustor (Fig. 140) is really 
based on the technique of burning the fuel far above the stoichiometric conditions in a first 
stage of the combustor (rich zone), in order to avoid the production of thermal NOx, follow-
ing the criteria described above. The CO and unburned hydrocarbons generated in the rich 
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zone will be oxidized at low temperatures in the lean zone . The transition from “fuel-rich” 
to “fuel-lean” combustion is obtained through the introduction of air jets which dilute the 
mixture in the second region (quick mix or quench zone) (Fig. 141). In this way, the com-
bustor operation is strongly influenced by the effectiveness of the dilution jet penetration at 
the quench stage and it is necessary to optimize the mixing pattern downstream of this 
zone by an optimized design.

Fig. 140: Layout of a RQL Combustor
[Lefebvre, 2000]

Fig. 141: Air and Fuel Distribution in a RQL Combustor
[Rosfjord, 2001]

111



Table 9 shows the compressors development.

Table 9: Compressors development

Especially, the Volvo Aero/Turbec Combustor development is shown in Table 10 [Gabriels-
son, 2005].

Table 10: Volvo Aero/Turbec Combustor development
 [Gabrielsson, 2005]

2.6.3.1.2  Specific Studies on MGT Combustors

Many authors have been dealing, in recent years, with the combustor concept and fluid-
dynamics in micro gas turbine. The studies that can be found in technical literature are ori-
ented to the solution of typical problems related with the MGT operation, like the pollutant 
reduction, the employment of different fuels, and the combustion efficiency under the typi-
cal conditions imposed by the thermal cycle.

Yoon & Lee [2004] have studied a microturbine lean burn premixed combustion technology 
to reduce NOx emissions. They performed the study under different conditions of high 
temperature and high pressure with equivalent ratios between 0.10 and 0.16 in the lean 
region. They found a NOx increase traded-off by a CO reduction when inlet air temperature 
and pressure increase. An inverse trend is found for NOx and CO production when in-
creasing the mass flow of inlet air. Through a numerical approach with an appropriate 
combustion model, a complicated swirling flow pattern was predicted, and numerical val-
ues of NOx and CO emission were calculated and compared with experiments. As air to 
fuel ratio decreased from designed equivalence ratio, red flame increased. The flame had 
stable structures up to the design equivalence ratio because of the strong swirl in premix 
chamber. Through a three dimensional flow analysis in the LPP combustor, it was possible 
to predict the characteristics of swirl in premix chamber, the recirculation position in pri-
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mary zone, the role of dilution holes, and the existence of jet flow, etc. As a result of this 
study, NOx can be reduced up to less than 42 ppm at 15% of oxygen when the 20 kW 
class microturbine examined is  operated at design condition. In the following Fig. 142, the 
temperature, pressure profiles and NOx in the combustor are shown.

Fig. 142: Flow and Property Distribution in a LPP Combustor
[Yoon & Lee, 2004]

Dodo et al. [2004] have studied a prototype machine for a next generation micro turbine 
system applying a simple humid air turbine system with a low NOx combustor which em-
ploys a lean-lean zone combustion concept. Low NOx emission of 7.6 p.p.m and high 
combustion efficiency of 95.6% for the power conversion system were achieved at the 
part-load tests.

Ibrahim et al. [2004] compared the predicted and measured performance of the microtur-
bine system and discussed the change in NOx emissions resulting from overfiring the 
combustor when reducing the air preheating temperature in by-pass  mode. The goal of 
this  research was  to quantify to which extent variable heat output can only be gained with 
a modified combustor design. As an example a lean-lean staged combustor concept is 
proposed by the authors. A modified combustor concept is in fact necessary in order to 
take full advantage of the operational benefit of variable heat output while maintaining low 
emissions. In particular, a staged concept appears to be the most promising for this pur-
pose (Fig. 143).

Fig. 143: Concept of a Lean-Lean Staged Combustor
[Ibrahim et al., 2004]
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Brand [2004] has described a reduced NOx and CO, partially premixed flame combustor 
that has been developed for the 175 kW. Advanced Integrated Microturbine System 
(AIMS) recuperated cycle gas micro-turbine [Fig. 144]. The AIMS turbine is equipped with 
a recuperated silo combustor (Fig. 145). This  new, reduced emissions  combustor retains 
key features of the conventional Dry Low NOx (DLN) combustors. Andrei [2004] showed 
that with natural gas  fuel, without water or steam injection, NOx and CO emissions from 
the new combustor are in the single-digit range at full-speed, full-load conditions. The CO 
emissions are strongly influenced by the pressure effect, so increasing at base load (when 
compared to similar conditions in commercial combustors running at higher pressures).

Fig. 144: The Advanced Integrated Microturbine System
[Andrei, 2004]

Fig. 145: The AIMS Turbine Combustor and the Fuel Nozzle Assembly
[Andrei, 2004]

Wakabayashi et al. [2001] studied the performance of a dry low-NOx gas turbine combus-
tor designed with a new fuel supply concept. This  concept uses automatic fuel distribution 
achieved by an interaction between the fuel jet and the airflow. At high loads, most of the 
fuel is supplied to the lean premixed combustion region for low-NOx, while at low loads, it 
is  supplied to the pilot combustion region for stable combustion. They used a numerical 
simulation to estimate the equivalence ratio in the fuel supply unit and measured NOx 
emissions through the pressurized combustion experiments on the combustor with this fuel 
supply unit using natural gas fuel. The NOx were reduced and stable combustion was 
achieved over a wide equivalence ratio range. Fig. 146 shows the fuel supply scheme.
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Fig. 146: Diagram of the Innovative Fuel Supply Concept
[Wakabayashi, 2001]

Wakabayashi [2004] described the combustion performance of a dry low-NOx gas turbine 
combustor designed with the innovative fuel supply concept using gaseous fuel (Fig. 147). 
In any case, NOx emissions were not low enough at high loads, and combustion efficiency 
was not high at medium and low loads. Furthermore, the pressure loss of the combustor 
was high. Therefore, the prototype combustor was improved from the viewpoint of NOx 
emission, combustion efficiency and combustor pressure loss. In particular, they con-
ducted two modifications: the first modification was to divide the main region into two parts 
in the radial direction by a cylindrical ring, and to provide fuel-distributing modules with dif-
ferent fuel distribution in each main region with a different gap; the second one was to pro-
vide an inward flow at the exit of the fuel supply unit. The combustion efficiency of the 
combustor with both medications became higher, not adversely affecting NOx at high 
loads.

Fig. 147: Diagram of the Innovative Fuel Supply Concept
[Wakabayashi, 2004]

Fig. 148: Structure of the Combustor
[Wakabayashi, 2004]

A newly designed micro gas turbine combustor for a 100-kWe, MGT based power plant is 
under development at the Ansaldo Ricerche facilities. The authors  themselves are pres-
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ently contributing to the analysis  of this combustion chamber. The design starts from a sin-
gle silo chamber shape with two fuel lines, and is  associated with a radial swirler flame 
stabilizer (Fig. 149). They adopted a lean premix technique to control both flame tempera-
ture and NOx production. Combustor design process is based on two major steps: the 
diagnostics-focused design for methane only and experimentally validated design optimi-
zation with suitable burner adaptation to non-standard fuels. In particular in [Joao, 2004], 
the authors focus on the first step of the combustor development and i.e., on the main de-
sign criteria for both burner and liner cooling system development. The design process 
control invoked both 2D and 3D CFD analysis by using two turbulence models k-ε and 
Reynolds Stress Model (RSM). It was possible to observe that the results of the standard 
k-εmodel turbulence model differ considerably from RSM results, especially when the 
central vortex and the penetration of the dilution flow jet are to be described. Of course, 
experimental testing should allow assessing the most suitable model for the CFD analysis 
of this type of MGT combustors.

Fig. 149: The ARI 100 Prototype Combustor and Details of the Inlet Channels
[Joao, 2004]

Ohkubo et al. [2001] developed a 300 kWe class gas turbine with two-shaft and simple-
cycle to apply to cogeneration systems. The gas  turbine engine is  operated in the range of 
about 30% partial load to 100% load. The gas turbine combustor requires a wide range of 
stable operations and low NOx characteristics. A double staged lean premixed combustor 
(Fig. 150), which has a primary combustion duct made of Si3N4 ceramics, was developed 
to meet NOx regulations of less than 80 ppm (corrected at 0% oxygen). The gas turbine 
with this  combustor has demonstrated superior low-emission performance of nearly 40 
ppm of NOx, and more than 99.5% of combustion efficiency between 30% and 100% of 

116



engine load. Many test cases have demonstrated stable high combustion performance 
varying the compressor inlet air temperature range between 5℃ and 35℃. The output 
power decreases while increasing the compressor inlet air temperature, in order to keep a 
constant temperature at the turbine inlet. The NOx decreases when the temperature is 
more than 15℃ and it increases in the temperature range of less than 15℃, when the 
output power was kept a constant maximum power. As a result, the NOx emission presents 
a peak value of 40 ppm at 15℃ [Yoichiro, 2001].

Fig. 150: Pilot-Assisted, Double staged Combustor 
[Yoichiro, 2001]

Also Mkpadi et al. [2001] studied the turbine combustion to reduce the NOx formation: a 
two-stage lean/lean primary zone at simulated atmospheric gas turbine combustion condi-
tions was shown to give low NOx emissions at atmospheric pressure and 600K inlet tem-
perature. All the combustion air was admitted to the first lean stage, where very lean <5 
ppm low NOx combustion occurred. A 40mm outlet diameter radial swirler with radial vane 
passage fuel injection was used in the first stage. After completion of this first stage lean 
combustion, second stage of fuel injection with no associated air occurred 320mm down-
stream of the primary swirler outlet, using 76mm radially inward wall injection [Yoichiro, 
2001]. This was followed by a dump flow expansion to a 140mm diameter combustor. This 
provided an expansion shear layer and associated turbulence to mix the second stage fuel 
with the outlet products from the primary swirl combustion. The use of the second stage 
fuel was shown to reduce the NOx emissions by 50% compared with injecting all of the fuel 
into the first stage radial swirler. Emission levels of NOx at a first stage swirler equivalence 
ratio of 0.4 were below 5 ppm. and at an overall primary zone equivalence ratio of 0.8 with 
the two stage fuel injection, NOx emissions were about 20 ppm. The second stage NOx 
formation was predicted using CFD with flamelet modeling. The mole fraction profile of 
NOx and combustion temperatures for a range of strain rates  in the second stage were 
predicted. NOx emissions at 0.65 equivalence ratio overall was predicted to be 23 ppm. at 
15% oxygen compared with 16 ppm measured.

Ruud [2001] performed a numerical and experimental study on a premixed DLE gas tur-
bine combustor. Experiments and CFD modeling have been carried out at isothermal and 
combusting conditions. The combustion process has been modeled using a global reaction 
mechanism and a Flame Generated Manifold reaction mechanism with a presumed PDF 
model to incorporate the effect of turbulent fluctuations. The flame Generated Manifold 
method uses a flame library. Finally, the authors have compared the numerical and ex-
perimental results observing some significant differences. The CFD model is able to pre-
dict the main features of the flow and combustion process, but does not predict the recircu-
lation length accurately. Both combustion models, presented in the paper, are able to pre-
dict the low combustion efficiency measured at the 1 atm test condition. As an example, a 
flow field and a temperature distribution are reported (Fig. 151).
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Fig. 151: Flow Field and Temperature Distribution in a DLE Combustor
[Ruud, 2001]

Liedtke et al. [2003] described the emission performance of a newly designed liquid fuelled 
micro gas turbine combustor (Fig. 152). In order to reduce nitrogen oxides NOx lean pre-
mixed pre-vaporized combustion is utilized. Both, combustor inlet pressure and tempera-
ture are very low due to the thermodynamic cycle conditions  chosen. As a consequence, 
the heat available for fuel spray evaporation is not sufficient. The present combustor con-
cept therefore uses fuel film evaporation on the hot inner surface of a premix tube. To 
demonstrate the potential for reducing pollutant emission overall NOx and CO concentra-
tions of the exhaust gases have been measured and analyzed. The impact of the flame 
tube volume on pollutant emissions and combustion stability is considered at several op-
erating conditions. Measured pollutant emissions indicate the great potential for pollutant 
reduction that is associated with the specific geometry of the combustor.

Fig. 152: Configuration of the LPP Combustor
[Liedtke, 2003]
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Phi et al. [2004] presented a microturbine generator which offers an attractive alternative 
for addressing future demand for electrical power. In the context of the stringent emission 
regulations, this study characterizes the exhaust emissions  and mixing capability of a 
commercial micro-gas turbine and assesses the ability of this  device to meet future emis-
sions regulatory requirement and the extend to which mixing can be used to reduce emis-
sions. The results obtained outline that, for this MGT, both NOx and CO are minimized for 
80~100% load. The authors illustrated that NOx emissions are affected by the local equiva-
lence ratios and that fuel staging and local quenching impact the CO emissions, by using 
kinetics and CFD analysis tools. A subsequent analysis  using a well-stirred reactor ap-
proach has suggested that a maximum of a 10% reduction in NOx could be achieved with 
further improved premixing. The outline of the combustor of the 60 kW recuperated gas 
turbine, with cross sectional views of the fuel injection planes are shown in Fig. 153.

Fig. 153: Combustor Outline for a 60 kWe MGT
[Phi, 2004]

Nguyen [2002] presents  some experimental results on the correlating equivalence ratio 
fluctuations with combustion instabilities and NOx emissions in a jet-A fuelled lean pre-
mixed prevaporized (LPP) combustor. Real-time laser absorption measurements of 
equivalence ratio, together with dynamic combustor pressure, flame luminosity and fuel 
pressure were obtained at inlet air conditions up to 16.7 bar and 817 K. From this data, a 
database of real-time variables was obtained for the purposes of providing validation data 
for future studies of LPP combustion modeling (Fig. 154). In addition, time and frequency 
space analysis of the data revealed measurable level of acoustic coupling between all 
variables. Equivalence ratio and dynamic pressure cross-correlations were found to predict 
the level of combustion instability. The generic LPP injector used, although not optimized 
to have low emissions, provides some of the essential features of real injectors for the 
purposes of studying the relationship between fluctuations in equivalence ratios and com-
bustion instability. In particular, the time for fuel premixing was found to have a significant 
and direct impact on the level of combustion instability. The results of this work support the 
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delay concept for avoiding combustion instability when designing injector/premixers  in LPP 
combustors.

Fig. 154: A New LPP Combustor for Micro-Gas Turbines
[Liedtke, 2002]

Liedtke [2002] described a new burner for a micro gas turbine utilizing the lean premixed 
prevaporized (LPP) combustion. The combustor design (Fig. 154) utilizes ceramic materi-
als for the flame tube. The objective of the new combustor concept is  essentially to 
achieve low pollutant emissions, in particular carbon monoxide (CO) and nitrogen oxide 
(NOx). The performance of the LPP concept strongly depends on the homogeneity of the 
air fuel mixture. Since the gas turbine uses liquid fuel, heat for the evaporation is  required. 
Therefore, a homogeneous air fuel mixture is necessary for a lean combustion. To ensure 
complete fuel evaporation at the exit of the combustor premix tube both the droplet and 
the fuel film evaporation have to be investigated theoretically prior to the design process. 
Due to the thermodynamic cycle conditions (in the non-recuperated case) of the micro gas 
turbine, the combustion air temperature is too low for an intense evaporation of a liquid 
fuel droplet spray. The new combustor concept therefore, is based on fuel film evaporation 
on the hot inner surface of a premix tube. The heat required for fuel film evaporation is 
transferred from the hot combustion gases, flowing along the outer surface of the tube, 
through the tube wall. This combustor allows almost adiabatic combustion to be estab-
lished. The design process of the combustor is  assisted by comprehensive numerical stud-
ies of droplet and fuel film evaporation. The commercial CFD code “CFD-RC” has been 
utilized to investigate the isothermal flow of the combustor. The vortex flow of the burner, 
which provides for flame stabilization, is described in detail. Some preliminary experimen-
tal tests have been conducted. Measured pollutant concentrations of the exhaust gases 
meet international standards and demonstrate the great potential of the new combustor.

An aerodynamic study for the premixing device of an industrial turbine gas combustor is 
based on a joint application of numerical CFD and experimental investigation tools in order 
to optimize the combustor gaseous fuel injection system (Fig. 155). The objective is the 
retrofit of an old generation gas turbine combustion chamber that is carried out by both 
considering new targets  of NOx emission and keeping the same CO emission and com-
bustion stability. CFD has been used to compare different premixing duct configurations for 
improved mixing features. The use of CFD allowed a comparison of different configura-
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tions in terms of location of the holes for fuel injection and for the premixing duct geometry, 
in order to avoid dangerous recirculation zones [Riccio, 2002]. A satisfactory fuel-air mixing 
was pursued through improved modification of the premixing duct.
  

  

Fig. 155: Reverse-Flow Combustion System
[Riccio, 2002]

Experimental texts have been carried out in order to assess the pollutant emissions, flame 
stability and pattern factor characteristics of the full combustion chamber retrofitted with 
the modified injection system.

Fig. 156: Concept of the Flame Structure of the Micro Gas Turbine Combustor
[Shiotani, 2002]

The objective of the study in [Shiotani, 2002] is to identify the flame structure as to estab-
lish the targets of low NOx emission, high stability and complete combustion for the micro 
gas turbine combustor (Fig. 156). The concepts of the combustor are to use the circulation 
zone by swirl flow to ensure the flame stability and complete combustion and to induce 
lean premixed combustion by mixing fuel and air at the inlet of combustor to ensure low 
NOx emission and prevention of flashback. The micro gas turbine has been prevailing for 
the practical use but the flame features and its structure together with the combustor de-
sign have not been reported so far. The investigation of the flame construction and the 
flame characteristics related to the combustor design is  needed to understand the opti-
mum flame configuration and the ways for achieving it with respect to the combustor de-
sign. Town gas is used as the fuel. The experiments using three types of combustor design 
to investigate the characteristics of NOx and CO emission together with investigation of the 
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flame stability and visualization of the flame configuration. From the results  obtained it is 
shown that a better premixing of the fuel and air minimize the NOx emission at 3 ppm (at 
0% O2) with sufficiently low CO emission [Shiotani, 2002].

Other kind of micro gas turbine researches is addressed to investigate the capability of the 
MGT to burn low-BTU biogenic fuels  instead of natural gas. Actually, the energy conver-
sion of biomass to electricity can be improved by integration of a micro gas turbine with the 
biogas generation process. Bohn and others presented an integrated plant concept after a 
general overview of low-BTU fuels suitable for utilization in gas turbines. They studied the 
effects of biogas utilization on the characteristics of operation of a representatively mod-
eled micro turbine. For a complete study, they analyzed the effects  of low-BTU fuels on 
gas turbine materials and pollutant emissions. In particular, the change of emission of ni-
trogen oxide and carbon monoxide was analyzed with a combustion model based on a 
systematically reduced 6-step reaction mechanism (Fig. 157). This study was  developed 
for an advanced combustor design applying ceramic materials  and a transpiration cooling 
technology.

Fig. 157: Schematics of the 6-Wafer Micro-Combustor
[Spadaccini, 2002]

Spadaccini et al. [2002] have presented the design, fabrication, experimental testing and 
modeling of the combustion system of a micro-scale gas turbine engine for power genera-
tion and micro-propulsion application. They examined two radial inflow combustors: single-
zone arrangement and a primary and dilution-zone configuration (Fig. 157). Both combus-
tors were micro-machined from silicon using Deep Reactive Ion Etching (DRIE) and 
aligned fusion wafer bonding. The combustor volume is of 191 mm3 with hydrogen-air and 
hydrocarbon-air combustion. Exit gas temperatures as high as 1800 K and power densities 
in excess of 1100 MW/m3 were achieved. With the same equivalence ratio and overall effi-
ciency, the dual-zone combustor reached power densities nearly double than those of the 
single-zone design. Numerical simulations were used to gain insight into the fluid and 
combustion physics because diagnostics in micro-scale devices are difficult and highly in-
trusive [Spadaccini, 2002]. The performance of the micro combustors  was found to be 
more severely limited by heat transfer and chemical kinetics constraints  by inadequate 
residence time for complete combustion. These studies lead to the identification of critical 
design trades and recommendations for micro-combustor design. In Table 11 comparison 
of operating parameters for a micro combustor and a conventional combustor is reported.
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Table 11: Comparison of the Operating Parameters for a Micro-Combustor with those for a 
Conventional GE90 Combustor

[Spadaccini et al., 2002]

A further example of real micro-combustors is  offered by Tanaka et al. [2003]. The micro-
combustor as a two-dimensional, its depth ranging from 1 to 3 mm, and it ensures a stable 
combustion both for lean and fairly rich mixtures. Problems still exit in terms of combustion 
completion but the prototypes (Fig. 158) let however foresee an efficient process with a 
rate of heat release of nearly 300 W, with firing temperature up to 1500℃.

Fig. 158: Schematics and Photograph of silicon-Ceramic Based 2D Micro-Combustor
[Tanaka et al., 2003]

Finally, the combustion instability is  one of the most complex phenomena in engineering 
because of the strong complex coupling of acoustics, mixing and combustion processes. 
Since the acoustic behavior is directly affected by the geometry and boundary conditions 
of the system, instability behavior observed in engine applications is typically much differ-
ent than in development rigs. This  ambiguity has made it extremely difficult to successfully 
design and demonstrate the TG combustors using laboratory development test rigs  and 
then install the combustor in service without instability problems the combustor design 
must then be modified in the field which is the most expensive one. In “Prediction of Com-
bustion Dynamics in a Staged Premixed Combustor” [Lovett & Uznanski, 2002], a tool 
which will allow the combustor designer to assess designs and select a configuration 
which provides the least probability of instabilities  and the widest operating range was de-
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scribed. In particular, one of the major fundamental mechanisms is the convection of fuel 
concentration fluctuations from the fuel injector to the reaction zone. A one-dimensional 
model has been developed which captures this mechanism coupled to solutions for stand-
ing acoustic waves. The model has been extended to include a parallel acoustic path and 
two fuel injection locations. Splitting of fuel between two injection positions is  a common 
method to influence combustion dynamics toward a more operable system. A relatively 
simple model which only partially couples acoustics and heat release was applied to an 
axially staged combustor and the predictions are compared with the experimental behav-
ior. The results form this  model successfully predict the overall dynamics behavior as a 
function of the fuel split between the two injection locations.

After this necessary overview of the state of art in the MGT combustor studies, next sec-
tion will proceed with a comprehensive outline of the main problems to be kept in mind in 
order to assess the combustor concept and analysis.

2.6.3.2  Combustion Characteristics and Combustor Types

2.6.3.2.1  General Features of the MGT Combustion

The combustion process in a micro-gas turbine presents some typical characteristics 
which originate from a number of items, say [Tuccillo, 2005]:

! The thermal cycle is of the low-pressure ratio, recuperated type: compared with 
typical inlet air conditions in conventional gas turbine combustors, a reduced 
pressure and an increased temperature level are therefore expected;

! The final firing temperature is generally not above 1200~1250K; thus the tem-
perature rise throughout the combustor is limited and, consequently, a reduced 
fuel addition is needed; the combustor operates with a low overall equivalence 
ratio (defined as the actual fuel/air ratio to the stoichiometric one);

! The order of magnitude of the gas flow rate is  of 0.5~1.0 kg/s: despite of the 
decreased inlet air density, the average volumetric flow rate is considerably 
lower than in conventional gas  turbine combustors; therefore the inlet flow area 
will present reduced values;

! The above item meets the requirement of reducing the overall combustor size, 
but the length of the combustion chamber should be however properly chosen 
for ensuring the necessary residence time of the reactants.

Besides the general features listed above, the combustion chamber of a micro-gas turbine 
could frequently encounter off-design conditions induced by changes in either the MGT 
operation or the fuel supplied:

! Load variations  may be operated either at constant or variable speed, depend-
ing on the electrical generator type: different changes are induced by the two 
distinct regulations in terms of inlet air conditions and overall equivalence ratio;

! In the case of combined heat and power generation with a MGT, a typical 
method for fulfilling increasing demand of thermal output is a partial by-pass of 
the internal recuperator: this produces a decrease in the inlet air temperature 
and consequently the fuel supply must be largely increased;

! Regarding to the adoption of non-conventional fuels, the employment of prod-
ucts of bio-masses or solid-waste gasification may enhance the interest toward 
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the MGT diffusion but the fuel characteristics may considerable vary, respect 
to a natural gas: in some cases the hydrogen contents is  relevant and a better 
control must be exerted on both the flammability conditions and the thermal 
nitric oxide production. Other fuels may be of the low LHV type and the major 
problems arise from the too low flame temperature and from the excess in the 
fuel flow rate which is needed.

In order to give a more comprehensive overview of the problems listed above, in the fol-
lowing we will refer to a MGT of the 100 kW range, whose main operating data are re-
called in Table 12.

Table 12: Data for MGT Design and Operation
 [Tuccillo, 2005]

As said before, the temperature rise for a fully recuperated cycle is  slightly more than 
400K, while a simple, non-recuperated cycle would require a temperature increase in the 
combustion chamber of nearly 750K. Table 13 reports the actual fuel/air ratios  needed for 
the combustion completion in both situations.

Table 13: Natural Gas and Gaseous Fuels from Bio-Mass and Solid waste gasification 
Composition and Properties

[Tuccillo, 2005]
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MGT DATAMGT DATA
Mech. Arrangement Single Shaft
Air Flow Rate 0.80 kg/s
Pressure Ratio 3.9
Compressor Exit Temp. 468K
Combustor Inlet Temp./Fully regenerative cycle) 905K
Turbine Inlet Temp. 1223K
Turbine Exit Temp. 951K
Recuperator Exit temp. (Fully regenerative cycle) 530K
Rated Mechanical Output 110kW
Nominal Speed 64000 rpm
Compressor, Turbine Radial Flow



Table 13 reports the adiabatic flame temperatures estimated for an ideal combustion of the 
several gaseous fuels starting under ISO standard conditions with a stoichiometric mixture. 
The hydrogen contents  is fairly relevant in both the BIOM(O) bio-mass, oxygen-gasified, 
fuel and for the solid-waste derived fuel (SW); consequently the flame temperatures are 
expected to be slightly higher than in the natural gas case. Conversely, the large contents 
in inert species of the BIOM(a), air-gasified bio-mass fuel, leads to a much lower level of 
the same temperature. Fig. 159(a) displays the actual trend of the maximum combustion 
temperature as a function of the combustor inlet temperature for the different fuels. The 
maximum temperature level must be obviously intended as the one which would be 
reached within a primary zone with a stoichiometric flame: the temperature is estimated at 
the thermo-chemical equilibrium conditions starting from air at the recuperator outlet and 
from the fuel compressor exit, respectively.

Fig. 159: Expected Temperature Peaks and NO Emissions from Different Fuels
[Tuccillo, 2005]

As explained in the lecture note on the general MGT performance estimation [Tuccillo, 
2005], the four situations listed in Table 13 and in Fig.159 refer to the employment of either 
the natural gas or the medium-low LHV fuel, the latter supplied without any mixture with 
the natural gas  itself. The results  in Fig. 159(a) suggest that both the BIOM(O) and the SW 
fuel would present a favorable behaviors in terms of flame sustenance, since some defect 
in calorific value, mainly due to the CO contents, is compensated by the presence of hy-
drogen. Problems could arise with the low LHV gas, BIOM(a), which could not reach suffi-
ciently high temperatures even in a stoichiometric core with the highest air inlet tempera-
tures. Situations like this would suggest the employment of mixtures with natural gas in or-
der to ensure acceptable flammability conditions.

On the other hand, the production of some noxious species, like the nitric oxides from the 
thermal formation mechanism [Zel’dovich,1947], is strictly related to the same combustor 
inlet temperature which is responsible the temperature peaks in Fig. 159(a). Therefore the 
typical trend of the emission index of the thermal NO (Fig. 159(b)) reflects the one of the 
maximum combustion temperature and puts  into evidence that some advantages shown in 
terms of easy self-ignition conditions may conflict with requirement of reducing the pollut-
ant emissions. The results  in Fig. 159(b) are obtained by a thermo-kinetic model for the 
prediction of the thermal NO formation, whose development is briefly outlined below:
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! The computation is based on the assumption that the combustion rates  are 
much faster than those in the extended Zel’dovich [Zel’dovich,1947] mecha-
nism:

     

   
! Therefore the thermo-chemical equilibrium is  assumed for the species in-

volved in the main reactions while those participating in the nitric oxide forma-
tion are affected by the finite rates:

     

    where the  exponents may be either 1 or 0, depending upon the pres-
ence of the species in the kth. equation.

! A law is given for the air splitting between the primary, secondary and dilution 
regions of the combustion chamber. Similarly the whole residence time is as-
signed together with the time fractions pertaining to each region.

! The system of ODEs is integrated in the time domain with residence time in-
terval. At each time step, the equilibrium temperature and gas composition 
are estimated and the local rates of the kinetic model are updated.

The results in Fig. 159(b) are obtained under similar conditions hypothesized for the sev-
eral fuels, say:

! A stoichiometric mixture is assured in the primary region.
! The same residence time is  assumed at the baseline conditions  (i.e., full 

load, fully recuperated cycle). The actual value is then obtained by scaling 
the base value in accordance to the average volumetric flow rate of the re-
acting gases.

! The same fraction of residence time, of 5%, is assigned to the primary zone.

With the above assumptions, the nitric oxide formation related to the poor-LHV fuel, 
BIOM(a), is practically negligible and the results discussed in the following refer only to the 
other three fuel in Fig. 160 displays the time evolution of the local temperatures and of the 
thermal NO concentrations. Both kinds of profiles must be interpreted as those occurring 
for homogeneous mixtures of the combustion products with the air which is  progressively 
added to the amount participating in the primary combustion. Thus the temperature and 
NO concentration drops after the initial peaks are due to the effect of the dilution with the 
air at the combustion entry conditions [Tuccillo, 2005].

127



Fig. 160: Temperature and Thermal NO Profiles in the Time-Domain
[Tuccillo, 2005]

As stated, the results are obtained for a primary stoichiometric fuel/air ratio and the slope 
of the NO profiles clearly indicates  the higher formation rate in the case of the solid-waste 
derived, hydrogenated fuel. In any case, the final concentration levels  are unacceptable for 
a typical low-NOx operation, since also in the natural gas case the predicted NO level is 
above 80 ppm.

Results like those in Fig. 159 and Fig. 160 given a useful, preliminary sketch of the situa-
tions which would occur for the pollutant formation under given conditions of the combus-
tor entry air and fuel/air ratio distribution throughout the combustion chamber. Both tem-
perature and NO profile could reflect, in a somewhat global appearance, those occurring in 
a typical diffusive combustor with a stoichiometric flame involving the whole reactants  in 
the primary zone. The unfavorable values of the NO concentration suggest the way to be 
followed for a better environmental behavior of the micro-gas gas turbine and the most 
widely adopted solution consists  of a lean-premixed combustion, with a primary equiva-
lence ratio, ,considerable lower than the stoichiometric one.

The combined effect of the primary equivalence ratio, , and of the primary residence 

time fraction,  is  summarized in Fig. 161. Of course, an increase in this  time frac-
tion from 5% to 15% for a stoichiometric fuel/air ratio would significantly augment the per-
manence of the combustion products at the highest temperature (Fig. 161a) and the nitric 
oxide formation would proceed with an enhanced rate (Fig. 161b) with a totally unaccept-
able final concentration. The same time fraction has been considered for a reduced pri-
mary equivalence ratio, of 0.75, which probably needs larger times for the flame propaga-
tion. Fig. 161(a) underlines the temperature decrease in the primary zone while Fig. 161(b) 
evidences the relevant attenuation of the NO formation rate. Nevertheless, the final nitric 
oxide contents – of nearly 60 ppm – are not satisfactory, probably because of the too high 
air combustor inlet, and this  suggests a further decrease in the primary equivalence ratio. 
A value of 0.5 for  would lead, despite of the necessary increase in the primary resi-
dence time, to an almost negligible concentration of thermal nitric oxides [Tuccillo, 2005].
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Fig. 161: Effect of the Primary Equivalence Ratio and Residence Time on the NO Mecha-
nism

[Tuccillo, 2005]

It should be reminded that the results discussed above, although of interest for a prelimi-
nary choice of some operating parameters of the combustion chamber, need a deeper in-
vestigation mainly because of some key assumption, like the one of the thermo-chemical 
equilibrium of the combustion products, and the absence of any fluid-dynamic approach.

Really, the whole residence time and the relative fractions pertaining to each region are 
simply hypothesized but the actual values result from the complex flow fields within the 
combustor. Similarly, the true situation of the combustion progress is fairly far from the 
equilibrium conditions and the actual rates  are depending on both the reaction kinetics and 
the turbulence levels. In particular the last examined case, referring to a primary equiva-
lence ratio of 0.5, shows encouraging results in terms of NO concentration (less than 1 
part per million!) but the combustion activation and progress throughout the lean fuel/air 
mixture must be accurately checked. A widely diffused solution for aiding the mixture igni-
tion is the employment of a stoichiometric pilot flame of variable intensity in accordance 
with both the combustor load level and the air inlet temperature. The initial existence of 
two parallel processes (i.e., the pilot and the lean-premixed ones) is beyond the assump-
tion that led to the results in Fig. 159~161 and also the actual NO level resulting from a pi-
lot assisted lean-premixed combustion must be expected to be largely higher than in the 
predictions in Fig. 161(b) [Tuccillo, 2005].

Concluding this section requires a summary of the main requirements for a combustion 
chamber operating within a micro-gas turbine generating or co-generating set:

! The combustor size must fit the dimensions of the other MGT components.
! The chamber should appreciably adapt to a number of different conditions  in 

term of fuel supplied, load-levels, variable air temperatures.
! An effective compromise must be found between the need of combustion com-

pletion and pollutant reduction. In other words the residence times, and the time 
fraction inside the primary zones, should be limited enough to prevent an excess 
in thermal NO formation. On the other hand, especially when adopting the lean-
premixed fuel/air quality, appropriate conditions must exist for the combustion 
activation and progress.

! The solution to the above problem seems to be a pilot stoichiometric flame, pro-
vided that some conditions do not need an excess of fuel to the pilot line, so in-
ducing high formation rates for both prompt and thermal nitric oxides.
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Although the pilot assisted, lean-premixed combustor is the most up-to-dated solution for 
the emission reduction, a preliminary comparison with other combustor types seem to be 
likely for deciding the most appropriate choice.

The last consideration is worthy of a clarifying example like that in Fig. 162. A comparison 
is  shown, with the employment of the thermo-kinetic model again, among the expected 
behaviors of three different combustor types:

! A typical diffusive combustion chamber (Diff.) with a stoichiometric fuel/air ratio 
in the primary zone;

! A lean-premixed combustor (LP) with a primary air excess;
! A rich-quench-lean (RQL) combustor with a rich primary mixture followed by 

the quenching air supply and, finally by air addition for the combustion comple-
tion.

Fig. 162: Time-Dependent Temperature and NO Profiles for Different Combustor Types
[Tuccillo, 2005]

The first two types have been already compared in the previous Fig. 162 and they sub-
stantially differ because of the rather slower NO formation rate in the LP combustor (Fig. 
162b), which is  partially compensated by the necessary of a longer time fraction inside the 
primary region. A completely different behavior is exhibited by the RQL chamber. The con-
siderably temperature in the primary region (Fig. 162a) is explained by the incomplete 
combustion which is  due to the air defect. The sudden temperature raise when the first 
part of the quenching air is supplied produces  a faster NO formation, compared with the 
two other types. The mechanism is quickly stopped by the quenching effect which involves 
a steep temperature drop. The final concentration appears  therefore to be particularly low, 
so confirming that attention must be paid to the possible employment of some effective al-
ternatives to the lean-premixed chamber [Tuccillo, 2005].

On the other hand, some aspects related to the RQL combustor are to be deepened, 
mainly with regard to the actual combustion progress and to the formation of unburned or 
partially burned species. This will be the subject of the comparison of the different combus-
tors on a CFD basis, as discussed in the following sections.
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2.6.3.2.2  The MGT Combustors

The analysis discussed before have been carried out basing on a purely thermo-chemical 
approach with the purpose of outlining the main characteristic which are required to a 
combustion chamber operating within a micro-gas turbine concept. Besides of the several 
proposal made by the numerous researchers in this field and described in section 2.6.3.1, 
this  paragraph aims to a comprehensive description of the different combustor types which 
could be taken into account, so recalling the considerations  at the end of the previous 
paragraph.

The Annular Combustor scaled for MGT Applications. This combustor geometry originates 
from a well consolidated configuration in the GE experience for aero-derivative gas tur-
bines, and its wide diffusion is supported by a large number of both experimental tests and 
numerical simulations. In addition, many authors have demonstrated the capability of this 
combustor to adapt to different conditions, like water or steam injection, shift from the dif-
fusive to the lean-premixed operation, fuelling with different mixtures, etc. in the authors’ 
experience, this chamber exhibits  a satisfactory behavior also when supplied with hydro-
genated fuels or when operated with variable inlet conditions [Bozza, 2002].

For the above reasons, the combustor features seem to meet the typical requirements  for 
MGT applications, like those related to the use of bio-mass or solid-waste derived fuels or 
the suitable response to different conditions of the inlet air. Of course, a resizing is needed 
and in particular papers [Cameretti, 2004] propose the scaling of the original combustor 
(which equips  an aero-derivative gas turbine of the 20 MW class) in both span-wise and 
azimuthal directions. The resulting scaled height and average diameter allow a proper fit of 
the typical compressor and turbine sizes for the MGT application. The cross-section scal-
ing ensures almost the same velocity levels as  in the original combustor while preserving 
the axial length leads to the same order of magnitude for the residence times.

In order to evaluate the appropriate scale factor, the data in Table 14 were employed. In 
this  way, also the chamber volume is scaled by the area scale factor, say by the inverse 
volumetric flow rate ratio, and this ensures that also the typical global estimate of the resi-

dence time ( ) leads to the same value for both the original and the scaled com-
bustor [Tuccillo, 2005].

Table 14: Data for the Annular Combustor scaling
[Tuccillo, 2005]

Combustor Data Full-Size 
Combustor

Scaled MGT 
Combustor

Inlet Pressure, bar 18.0 3.8
Inlet Temperature, K 698.5 905.3
Inlet Air Density, kg/m3 9.24 1.46
Air Mass Flow Rate, kg/s 60.0 0.80
Volumetric Flow Rate, m3/s 6.49 0.548
Firing Temperature 1550 1250
Fuel Mass Flow Rate, kg/s 1.3 0.007
Overall equivalence Ratio 0.350 0.140
Area Scale Factor 11.8511.85
Linear Scale Factor 3.443.44

131



A schematic view of the original and scaled burner is given in Fig. 163. In particular, Fig. 
163(a) evidences the scaling of the inlet flow areas and the preservation of the axial 
length, while Fig. 163(b) better highlights the annular combustor location around the axis. 
A peripheral periodicity occurs after 12° according to the periodical arrangement of both 30 
inlet air swillers and 30 fuel injectors with 30°full cone shaped jets from 5 holes.

Fig. 163: Schematics of the Full-Size and Scaled Annular Combustors
[Tuccillo, 2005]

A fairly stoichiometric fuel/air ratio in the primary region results from the air split between 
the central circular inlet and the external liner ports. This could ensure acceptable condi-
tions for the auto-ignition in a wide operating range but is also responsible, as  well known, 
for the existence of local temperature peaks and therefore for a considerable production of 
thermal nitric oxides.

Table 14 shows that the original and scaled combustor would operate with different overall 
equivalence ratios, since in the first case the temperature rise through the combustor is 
much higher. Thus, for obtaining the same unit equivalence ratio in the primary zone dif-
ferent air splitting are required: this could rather automatically obtained since the front inlet 
flow areas are reduced by the area scale factor, while those of the secondary and dilution 
holes are decreased only the linear scale factor [Tuccillo, 2005]. For this  reason, most of 
the inlet air would be addressed, in the scaled combustor, to the external liners and the 
stoichiometric fuel/air ratio should be obtained in the primary zone.

The above situation can be better examined in Fig. 164 which gives  details of the secon-
dary and dilution holes  displacement along the burner walls  (Fig. 164a) and of the axial 
development of both burner core and external liners (Fig. 164b).
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Fig. 164: Secondary and Dilution Hole Location in the Full-Size and Scaled Annular Com-
bustors

[Tuccillo, 2005]

The Lean-Premixed Combustor. This chamber, of the tubular type, consists  of a burner, 
whose primary zone is  supplied by a circular bladed swirler, and an external liner which 
addresses the air flow to both the cooling slices and the dilution holes. The geometry con-
sidered was expressly conceived by the Ansaldo Research Center for the MGT application 
and the authors of this  paper are contribution to the design of experiments for the test facil-
ity which is nearly to be activated. The radial fuel injection takes place immediately down-
stream of the blade channel through 18 injector with 4 holes each. A complete fuel and air 
mixing is therefore attained prior to combustion. Operating the primary zone at a lean fuel/
air ratio results in both low reaction temperatures and elimination of hot spots within the 
burner zone, and so in drastically reduced NOx emissions. Major difficulties arise regarding 
the mixture flammability and self-ignition, due to the strongly reduced equivalence ratio at 
the primary region inlet, which is of 0.55 at base rating. The mixture ignition must be there-
fore aided by a pilot stoichiometric flame. The rate of fuel supplied to the pilot line, through 
12 single hole injectors, is  of nearly 10% at the baseline operation but it should increase 
both at part=load and at reduced inlet air temperatures. Referring to the combustor size, 
the length is almost the same as in the annular chamber but an increased height is 
needed in order to obtain nearly the same average cross section and axial velocity levels 
[Tuccillo, 2005].

Fig. 165 provides both an overview of the whole combustor geometry and details of the 
inlet sections. In particular the location of the injectors  downstream of the swirling blades 
and along the central pilot line is detectable in Fig. 165b.

Fig. 165: Configuration of the Lean-Premixed Combustor
[Tuccillo, 2005]

133



The axial development of the burner and external liners geometry is shown in the next 
Fig.166 which also allows the different inlet channels to be distinguished. The primary re-
gion is entered through the radial inlet swirlers and the following elbow shaped channel. 
Both primary and dilution air enter the chamber through the annular front section and the 
air flow is split into the different streams. The pilot line has a separat, central axial inlet.

Fig. 166: Axial Development of the LP Combustor
[Tuccillo, 2005]

The RQL Combustor. The Rich-burn, Quick-quench and Lean-burn combustor [Peterson, 
2002] has been considered here for its characteristics of effectively operating in a wide 
range of overall fuel/air ratios and inlet air temperatures, simultaneously limiting the pro-
duction of nitric oxides. The technique consists of burning the fuel far above the stoichio-
metric conditions in a first stage of the combustor (i.e., the rich zone), in order to avoid the 
simultaneous occurrence of high temperatures and oxygen availability, both responsible 
for the production of thermal NOx. The CO and unburned hydrocarbons generated in the 
rich zone will be oxidized under smoother conditions and low temperatures in the lean 
zone. The transition from “fuel-rich” to “fuel-lean” combustion is obtained through the intro-
duction of air jets which dilute the mixture in the second region of the combustor (quench 
zone), where the flow is accelerated in order to limit the residence time in this potentially 
stoichiometric zone.

The combustor configuration in Fig. 167 must be intended as an author’s attempt to meet 
the RQL features for the MGT application. Really the actual combustor operation is 
strongly influenced by the effectiveness of the dilution jet penetration at the quench stage 
and an optimization of the mixing pattern downstream of this zone is therefore required. A 
key role is played in this sense by the extent and orientation both of the quenching ports 
and of the holes for the final supply of the diluting air. The length is nearly 60% greater 
than in the other two combustors and the primary equivalence ratio is close to 2 [Tuccillo, 
2005].

Fig. 167: Schematics of the RQL Combustor
[Tuccillo, 2005]
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Table 15 compares the typical air sharing between the primary flows and those to the sec-
ondary and dilution ports. The annular combustor operates with a nearly stoichiometric air, 
while a strong excess is fixed for the LP chamber. This leads to a nearly unit equivalence 
ratio for the annular diffusive combustor while the premixing line products a fuel air mixture 
far below the unit value. The data uncertainty for the RQL combustor indicates that the 
fuel/air ratio should be more properly evaluated within the fuel injection zone. Therefore, 
the primary air flow is intended as the one from the inlet air channel which is closest to the 
injector location.

Table 15: Air and Fuel Distributions
(overall fuel/air ratio=0.00875, overall eqv. Ratio=0.141)

[Tuccillo, 2005]
Combustor Diff. LP RQL

Primary Air, % 17 29.6 3/10

Sec. and Dil. Air, % 83 69 97/90

Pilot Air, % - - 1.4 - -

Primary Fuel, % 100 90 100

Pilot Fuel, % - - 10 - -

Primary Eqv. Ratio 0.83 0.45 4/1.2

Pilot Eqv. Ratio - - 1.09 - -

Of key interest is the comparison between the two last combustors  because they are 
based on rather opposite concepts and may, consequently, produce strongly different 
combustion behaviors. Really, the lean-premixed combustor should avoid problems in 
terms of NO formation but could also encounter limitations related to the auto-ignition con-
ditions. The RQL one, on the contrary, should present a more effective behavior by the lat-
ter point of view, but a more accurate investigation of the combustion completion is re-
quired, together with a proper selection of the amounts of air to be split among the rich and 
the quench and lean regions [Tuccillo, 2005].

The role of the CFD becomes therefore fundamental for identifying the actual flow patterns 
in terms of mixing rates between the fuel and air jets and to evaluate the actual penetra-
tion of the secondary and diluting air flows inside the reacting mixture. Comparing the 
three combustors under different operating conditions represents, in the authors’ opinion, a 
fundamental step, even if not exhaustive, to assess the main problems related to each 
configuration, this providing the way to be followed for either an optimization or a geometry 
refinement.

2.6.4  Recuperator/ Regenerator

! Key component for microturbines
! Accounts for about half heat input

There is a comparison between regenerator and recuperator in Table 16.
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Table 16: Comparison
[Bohn, 2005]

Regenerator Recuperator

+ High efficiency
Compact and low weight
Suitable for ceramics
Can be used for high tempertures

Reliable and durable
Close to zero leakage

- Difficult to seal – lifing problems
Leakage problems

! 5% leakage will  reduce power with 
12.5%

! 5% leakage will  reduce system effi-
ciency by >4%-units

! Leakages mean reduced engine life 
due to increasing hot parts tempera-
ture. Ex.: Increased combustor liner 
temperature

Reduced efficiency, approx.90%
Can be bulky
More complex piping can mean in-
creased weight
Increased volume and exposed area 
require improved insulation – or innova-
tive design

For conventional turbine inlet temperature of 950℃, the temperature at the hot side inlet of 
the recuperator is  600℃. For raised turbine inlet temperatures of 1400℃ the recuperator 
inlet temperature is increased to approximately 1000℃. This makes the application of 
high-temperature materials such as ceramic materials essential. Due to its good heat con-
ductivity SiC should be preferred. In the following Table 17 the recuperator materials  is 
shown [Bohn, 2005]. A sufficient durability of the heat exchanger and a high resistance 
against erosion and oxidation must be proven. Due to the low tolerance of ceramics re-
garding tensile stresses, particularly in the case of comparatively large components  like 
heat exchangers, this kind of load is to be minimized.

Table 17: Recuperator materials
 [Bohn, 2005]

Metallic materials 
! Type 347 stainless steel – Today standard material

Max temperature (exhaust): 1200F=650℃
! Inconel – Advanced material

Max temperature (exhaust): 1500F=820℃

Ceramics
! >1600F=870℃

2.6.5  Shaft

For conventional gas turbine inlet temperatures, a metal-based shaft design is possible. At 
higher turbine inlet temperatures high-temperature nickel-base alloys or ceramic materials 
have to be used. For a 30 kWel micro gas turbine the force-fit connection between the 
shaft and the compressor blade wheel, the turbine blade wheel and the generator has to 
transfer a power of 100 to 150 kW [Bohn, 2005].
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The connection between the shaft of nickel-base alloy and a ceramic turbine blade wheel 
has to be designed in a way that creates a uniform force transmission and avoids any 
stress peaks within the ceramic material. For this application multi-layer activated silver 
soldering is  basically suitable, but this materials are up to now limited due to their tempera-
ture stability of about 480℃.

As an alternative, the shaft and turbine wheel could be manufactured as one part. In such 
a design, the junction between wheel and shaft could be designed in a way which avoids 
stress peaks. Producing a ceramic shaft able to resist the resulting forces will be the most 
important challenge [Bohn, 2005]. For the force-fit connection of the ceramic shaft and the 
compressor blade wheel, multi-layer activated silver soldering may be possible without any 
problems because of the lower temperatures compared to the hot turbine region.

2.6.6  Bearings

The losses of oil lubricated bearings  in exhaust-gas turbochargers  reach 10~15% of the 
turbine power. In micro gas turbines of the aforementioned size losses of 4~7% have to be 
expected. By using oil lubricated bearings in micro gas turbines, the necessary periphery 
(Oil cooler, oil pump, sedation pipe) have to be provided. Additionally, a recurrent change 
of the oil is necessary, which leads to a higher maintenance effort.

A solution with minor losses as well as lower maintenance efforts is possible by using air 
bearings or magnetic bearings.

Air bearings are not sensitive concerning the bearing temperatures. In micro gas turbines 
they could be provided with compressed air from the compressor. Manufacturer instruc-
tions specify an air requirement of 2 g/s at 5 bars for the bearing forces, which have to be 
expected in micro gas turbines. At lower pressure ratio of the gas  turbine, the requirement 
of air will increase marginally. One example for an application of an air bearing in a micro 
gas turbine is the Capstone C30.

Magnetic Bearings achieve a stabilization of the rotor position by a vertically as well as 
horizontally aligned magnetic field. An active measurement of the rotor position is essential 
for holding the rotor position and dampening of eventually upcoming rotor oscillations. The 
usability of magnetic bearing for micro gas turbine rotors are restricted by the Curiepoint, 
which is between 350℃ and 450℃ for most metals. No magnetization of the material oc-
curs  above this temperature. Therefore, the basic principle of those bearings fails. For 
special metals, magnetic characteristics can be maintained up to temperatures of 650℃. 
Additionally, the electrical resistance of the coils  increases at higher temperatures  [Bohn, 
2005]. A high temperature insulation (e.g. ceramics) has to be provided for the coils. 
Therefore, the application of magnetic bearing is based on the development of high tem-
perature magnetic materials, low-loss coils, high temperature insulations and the integra-
tion of bearing cooling technologies. Field and Iannello report on a magnetic bearing which 
was designed for turbomachinery application and tested for temperatures up to 427℃.
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2.6.7  Gear system

The high frequency of the micro gas turbine (up to 1500~2000 Hz) must be converted to 
the commercial frequency of 50/60 Hz by gear system [Bohn, 2005]. Most of the above-
mentioned manufacturers integrate a single shaft turbine design with an electronic gear 
box. A schematic overview of the electronic gear box of the Capstone C30 micro gas tur-
bine is shown in Fig. 168. Only Ingersoll-Rand install a mechanical gear box to reduce the 
rotational frequency and to connect the shaft to the generator [Bohn, 2005].

Fig. 168: Schema of an electronic gear box
[Bohn, 2005]

Compared to the mechanical version the electronic gear box reduces both losses and the 
complexity of the machine. Because the generator is mechanically decoupled from the 
commercial frequency, the rotational frequency of the turbine can be varied. This leads  to 
a better efficiency in the part load region.

Generator
! High speed alternator permanent magnet rotor inside the stator. The generator pro-

duce a high frequency AC (Alternating currency)

Rectifier
! Rectify to DC (Direct currency)

Converter
! Converts to 50 or 60 Hz AC, 400~800 V

2.7  Design Problems

2.7.1  Gas Turbine Scaling

2.7.1.1  Scaling Model

Conservation of the characteristics of the thermodynamic cycle is a first requirement when 
scaling a gas turbine. This means the same exchange of the energy between fluid and ro-
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tating components but at a smaller mass flow [Japikse, 1994]. Hence the enthalpy change 
in the compressor and the turbine should be conserved.

                                                      (1)
This  provides  a relation between RPM and impeller diameter that can easily be satisfied. It 
also means that the power in each component,

                                                       (2)
and hence the gas  turbine power will be proportional to the mass flow Q. another conse-
quence of maintaining the same velocities and pressure is that the mass flow and power 

depend on the cross section area and scale with .

The main conditions to maintain the level of efficiency of compressors and turbines is the 
conservation of velocity triangles, Reynolds number and Mach number.

The conservation of Mach number

                                                  (3)
does not create problems except for applications with big exchange of inlet temperature 
(T) or gas characteristics ( ,     ).

Conservation of Reynolds number

                              (4)

conflicts with the conservation of enthalpy change when changing the dimensions of the 
rotor. A reduction of Reynolds number with decreasing dimensions is unavoidable unless 
also the viscosity and/or pressure level are modified. The impact of reducing dimensions 
on compressor performance can be obtained taken from Fig. 169 where the change in ef-
ficiency with decreasing mass flow is indicated by the vertical dashed line.

Fig. 169: Variation of Compressor Performance with Pressure Ratio and Mass Flow
[Japikse, 1994]
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The “Specific speed”

                                                     (5)

is  a non-dimensional parameter characterizing the shape of a radial compressor and can 
be used to estimate the achievable performance. Experience has shown that the highest 
efficiencies can be obtained for Ns values between 0.6 and 0.8 (Fig. 170). Once the en-
thalpy rise ( ) and mass flow ( ) are known it defines the required radial compressor 
rotational speed. Optimum Ns values result in a higher RPM for a required mass flow. De-
signing for a lower Ns value allows a lower RPM for the same mass flow (or power) but 
penalizes on efficiency. The higher values of Ns lead to RPM that may not be reachable 
(rotor-dynamic and bearing problems) and a lower value of Ns may be a design option to 
alleviate the bearing problems. The corresponding penalty on efficiency can be obtained 
from Fig. 170.

Fig. 170: Variation of Achievable Compressor Efficiency with Specific Speed
[Rodgers, 1980]

2.7.1.2  Performance Predictions

Previous model has been used to predict the compressor performance at different values 
of impeller RPM. The results for high and low values of Ns and high and low values of the 
turbine inlet temperature are summarized in Table 18. Each table shows the variation of 
the gas turbine characteristics and performance when decreasing the dimensions to finger 
tip size impellers. The pressure ratio, compressor inlet temperature T1, Turbine inlet tem-
perature Tit, Specific speed Ns, radial compressor slip factor, Turbine efficiency etaT, spe-
cific heat Cp and gas constant RG, at which the calculations are made, are listed in the first 
rows. Calculations are made for a simple cycle without recuperator.

The compressor efficiency is  predicted in two steps. The variation of Eta-Comp (column 8) 
accounts for the reduction in efficiency with decreasing Reynolds number (Fig. 169). The 
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second step correct for nonoptimum specific speed (Fig. 170). The global result is listed 
under Eta-C(corr) (column 9).

The turbine efficiency, needed to define the cycle efficiency, is assumed to be independent 
of the size and fixed at a low (70%) and high value (80%). The low value stands for the 
worst case when the efficiency is limited by geometrical or manufacturing restrictions (2D 
instead of 3D impellers) [Van den Braembussche, 2005].

All predictions are made for pressure ratio=3. Losses in the piping and combustor are ne-
glected. An increase in and hence peripheral velocity U2 is required to compensate for 
the decrease in compressor efficiency with decreasing size. The important decrease in cy-
cle efficiency with decreasing size, shown on Table 18, illustrates the large impact of com-
pressor and turbine performance at moderate values (1200℃) if Tit.

Table 18: Variation of Gas Turbine performance with Size (Tit=1200℃, Ns=0.3)
[Van den Braembussche, 2005]

Table 19 illustrates  the favorable influence of an increase of an increase in specific speed 
(from 0.3 to 0.5) on compressor efficiency. Together with an increase of turbine efficiency 
(etaT=80% instead of 70%) it results in a considerable increase of cycle efficiency. At the 
smallest dimensions the cycle efficiency has increased to 10% and the gas turbine power 
has changed from 0 to a small positive value. The mass flow is doubled and the power 
output is increased with a factor 5. This comparison illustrates  the large impact of com-
pressor and turbine efficiency on overall performance and emphasized the need for opti-
mized components [Van den Braembussche, 2003].

Table 19: Variation of Gas Turbine Performance with Size (Tit=1200℃, Ns=0.5)
[Van den Braembussche, 2003]
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Comparing the results on Table 20 with those on Table 18 illustrates the performance im-
provements when increasing the Tit from 1200℃ to 1500℃, without any change in com-
pressor and turbine characteristics. It also results in a considerable increase of the power 
output without change in mass flow.

Table 20: Variation of Gas Turbine Performance with Size (Tit=1500℃, Ns=0.3) 
[Van den Braembussche, 2003]

The best results are obtained with increased Tit and high compressor and turbine perform-
ance as shown on Table 21. However it is  questionable if this performance level is realistic 
in small gas turbines where the small dimensions prohibit any blade cooling. Even the use 
of new materials as  SiN will not allow such temperatures and the achievable cycle effi-
ciency may be closer to the one listed in Table 18. The use of these unconventional mate-
rials for gas turbine rotors  requires new manufacturing techniques and may impose restric-
tions on the geometry (i.e. two-dimensional rotors with low Ns) and have a negative effect 
on performance [Van den Braembussche, 2005].

Table 21: Variation of Gas Turbine Performance with Size (Tit=1500℃, Ns=0.5)
[Van den Braembussche, 2003]

The extreme high RPM that are required together with the high temperatures impose the 
use of oil free bearings. Pushing the air-bearings and electrical generators  beyond the 
present limit is a challenging task.

The most advanced knowledge on small high temperature turbo machines  is in the field of 
turbochargers, operating up to 200,000 RPM, and Auxiliary Power Units (APU). All opera-
tions above this limit require new developments as well in terms of material and manufac-
turing techniques as in terms of aerothermodynamics [Nagashima, 2002]. There is also no 
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guarantee that the existing flow solvers  and turbulence models are still accurate also for 
these extremely low Reynolds numbers. Previous study shows that the design of a small 
gas turbine with positive power output is a challenging task.

2.7.2  Heat Transfer

Internal heat transfer has an important impact on the performance of the very small tur-
bomachines, used in micro- and nano-gas turbines. The heat flux from the hot turbine to 
the colder compressor results in a cooling of the flow in the turbine and a heating of the 
flow in the compressor. The performance changes and can no longer be evaluated by the 
flow conditions measured at inlet and outlet of the components. The problem has first been 
recognized and studied for small turbochargers  where it was shown that the distance be-
tween the hot turbine and the cold compressor might have a considerable impact on the 
flow conditions [Rautenberg, 1983]. The impact on micro-turbomachinery performance has 
been discussed by Gong et al. [2004] and Ribaud [2003]. Procedures to correct for this  in-
ternal heat transfer have been proposed [Rautenberg, 1984].

2.7.2.1  Prediction Model

The diabatic compressor and turbine performance prediction is based on the assumption 
that the impeller friction losses are not changed by the heat transfer. However, heating the 
flow during the compression results in a higher outlet temperature, hence lower density at 
the compressor outlet. The main consequence is less diffusion than with adiabatic flow 
and, as can easily be evaluated from the outlet velocity triangles, lower work input and 
pressure rise. The latter ones result in a further decrease of the density at impeller outlet.

In what follows one will assume that the corresponding velocity increase at the outlet is 
compensated by a proportional increase of the impeller exit width. As a consequence the 
velocity is unchanged along the flow path. The original velocity triangles are re-established 
and friction losses can be evaluated from the polytrophic efficiency of an adiabatic com-
pression on an equivalent geometry. This can eventually be verified by a diabatic Navier-
Stokes calculation [Van den Braembussche, 2005].

Heating the flow during compression has a negative effect on the efficiency because the 
enthalpy dh needed for an elementary isentropic compression dP increases with the tem-
perature.

                                                  (6)

Cooling the flow during the expansion in a turbine has also a negative effect on the effi-
ciency because the energy dh obtained from an isentropic pressure drop dP decreases 
with decreasing temperature.

The first law of thermodynamic provides the relation for non isentropic diabatic compres-
sion:

                                 (7)
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where dL si the heat produced by the internal friction losses and dQ is the amount of heat 
transmitted through the walls (Fig. 171).

Fig. 171: H.S Diagram for a Diabatic Compression (left) or Expansion (right)
[Van den Braembussche, 2005]

Expressing the losses and heat addition as a linear function of the enthalpy rise

                                        (8)

And substituting it into (7) provides following relation

                                            (9)

Using the relations for perfect gas to calculate the density and expression the enthalpy in 
function of the temperature change and constant specific heat coefficient Cp, one obtains:

              (10)

Integration from T1 to T2 (compressor) results in

                                 (11)
or

                                                                        (12)
where

                                                       (13)
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Equation (12) is similaphic efficiency of an ar to the definition of polytrodiabatic compres-
sion where  stands for

                                                                     (14)
Hence

                                                    (15)

decreases with positive values of  because this increases both the nominator and 
denominator.

Equ. (15) shows that any heat addition will have the same effect as a reduction of poly-
tropic efficiency. The value of L12 can directly be derived from (15) and the known poly-
tropic efficiency for an adiabatic compression (Q12=0).

                                     (16)

The same procedure provides  the non adiabatic efficiency and outlet temperature T2dia by 
substituting the previous defined value of L12 and a given value of           .
Similar equations are easily derived for turbines.

The adiabatic outlet temperature ( ) cannot directly be used to calculate the power 
transmitted by the compressor and turbine. The mechanical- or shaft power is obtained by 
subtracting the heat flux from the total energy transfer, defined by inlet and outlet tempera-
ture.

          (17)

For a given pressure ratio, the real compressor and turbine efficiencies can also be de-
fined from by substituting following corrected exit temperatures for compressor and turbine 
in (12);

                                 (18)

The decrease of efficiency of both components is shown on Fig. 172 and 173 as a function 
of adiabatic efficiency and Q12 between and turbine compressor. Q12 is expressed as a % 
of the adiabatic compressor power input at ηp=0.7. It depends on the impeller size and 
fluid temperatures and is evaluated in next section.
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Fig. 172: Decrease of Compressor Efficiency in Function of Q12 and !p
[Van den Braembussche, 2005]

Fig. 173: Decrease of Turbine Efficiency in Function of Q12 and !p
[Van den Braembussche, 2005]

Input to this model is  the internal heat transfer obtained from diabatic flow calculations on 
compressors of different size at different impeller surface temperatures.

2.7.2.2  Heat Flux Calculations

The amount of heat flux through the compressor walls (Q12>0) depends on the compres-
sor wall temperature which in turn is a function of the turbine inlet gas temperature, the 
blade and disk surface, the distance between turbine and compressor impeller, the con-
ductivity of the material, the heat transfer coefficient, etc. A complete calculation requires a 

146



combustion of a heat transfer calculation in the whole rotor with a diabatic flow calculation 
in the compressor and turbine (Fig. 174).

Fig. 174: Rotor Geometry and View on Compressor Section
[Van den Braembussche, 2005]

Following is an estimation of typical values of the heat flux in radial compressor impellers 
of different size with different wall temperatures (Table 22). The flow and heat flux is calcu-
lated by the TRAF3D Navier Stokes slover develpeded by Arnone [2004] on a grid with 
400 000 cells using the Baldwin Lomax turbulence model. This may not be the most ap-
propriate model but an experimental study of low Reynolds  number flow in a rotating 
channel with wall roughness is presently under way to evaluate it.

Table 22: Navier Stokes Test Cases 
[Arnone, 2004]

The 20 mm diameter 2D compressor impeller is a geometrically scaled version of the 8 
mm diameter one. It has four blades and four splitters (Fig. 174).

The model, explained in Section 2.7.2, assumes the same velocity distribution inside the 
impeller for adiabatic and diabatic flows. Hence the inlet and out velocity triangles should 
be conserved during the diabatic calculations. This is achieved by:

! Adjusting the pressure ratio proportional to the inlet density (               ) to ob-
tain the same volume flow and hence the same inlet velocity triangles; and

! Increasing the impeller outlet width b2 to compensate for the decrease in outlet 
flow density with increasing fluid temperature.

The heat flux is  defined by integrating the flux on all surface cells (i.e. on the blades, hub 
and shroud). Fig. 175 shows the dependence of the calculated heat flux on compressor 
size and wall temperature. It varies  between 27% of the large compressor power at 500℃ 
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wall temperature to 62% at 700℃ wall temperature. It increases by almost 10% at the 
smaller impeller size [Van den Braembussche, 2005].

Fig. 175: Variation of Heat Flux with Wall Temperature for 8 mm."(◇) and 20 mm "(o) 
impeller

[Van den Braembussche, 2005]

The Navier Stokes calculations predict a reduction of adiabatic impeller efficiency, based    
on shaft power and pressure ratio, from 69.6% to 63.5% for the diabatic compressor. This 
value is in good agreement with the one defined by the analytical model.

2.7.2.3  Cycle Efficiency

The total energy needed for an adiabatic compression, or obtained from an adiabatic ex-
pansion from to P2 to P1 is [Van den Braembussche, 2005].

                      (19)

The mechanical energy required to compress the gas in a diabatic process is  defined in 
(17).

Although the adiabatic and diabatic compression processes suffer from the same friction 

losses,       is larger than  because compression takes place at a higher temperature. 

For negative values of  (cooling of the compressor) the required energy would be lower 
than the one specified in (19) because of the lower fluid temperature during compression. 
The process is then closer to the more efficient isothermal compression.

The opposite phenomenon occurs in the turbine. Expanding the flow in the turbine at a 
lower than adiabatic temperature, reduces the power output because the available energy, 
corresponding to a given pressure drop, decreases with decreasing temperature (6)

.
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Heating the turbine would result in an increased power output in a way similar to what is 
expressed by the reheat factor for turbines.

Less power output from the turbine in combination with more power required by the com-
pressor results in a lower gas turbine power output

                           (20)

and lower cycle efficiency

                                                          (21)

 is the combustion inlet temperature.

Following Figures, showing the consequence for a typical small gas turbine rotor, are ob-
tained at following operating conditions:

                

Fig. 176 shows the ratio of the diabatic over adiabatic power output as a function of the 
compressor polytropic efficiency for the typical cases of heat transfer. Q12 is  25%, 50% or 
75% of the compressor adiabatic input power at polytropic efficiency of 0.7. The central 
value is closed to the 52% predicted in a micro gas turbine with rotor diameter 8 mm at 
600K compressor wall temperature [Van den Braembussche, 2005].

Fig. 176: Ratio between Diabatic over Adiabatic Gas Turbine Power Output as Function of 
Compressor Polytropic Efficiency
[Van den Braembussche, 2005]

The heat-transfer from the turbine to the compressor as well as the lower compressor effi-
ciency increases the compressor exit temperature and hence combustion chamber inlet 
temperature (Fig. 177). The effect is compared to a recuperator and the corresponding in-
crease of the combustion chamber inlet temperature means that less fuel will be needed to 
reach the prescribed turbine inlet temperature [Van den Braembussche, 2005]. This  par-
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tially compensates the decreased compressor and turbine efficiency and explains the rela-
tively small impact of the internal heat transfer on the cycle efficiency (Fig. 178).

Fig. 177: Effect of Internal Heat Transfer on Cycles (without recuperator)
[Van den Braembussche, 2005]

Fig. 178: Effect of Internal Heat Transfer on Cycles (without recuperator)
[Van den Braembussche, 2005]

The compensation does not occur if a recuperator is used (Fig. 179). The smaller differ-
ence between the turbine- and compressor exit temperature results  in a smaller heat recu-
peration. Results shown on Fig. 180 indicate a non-negligible impact of heat transfer on 
cycle efficiency assuming a constant (0.70) effectiveness of the recuperator.

Fig. 179: Effect of Internal Heat Transfer on Cycles (with recuperator)
[Van den Braembussche, 2005]
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Fig. 180: Impact of Heat Transfer on Cycle Efficiency (with recuperator)
[Van den Braembussche, 2005]

2.7.3  Constraints

Previous rules for turbomachinery scaling are valid only in combination with an exact geo-
metrical scaling, i.e. scaling all dimensions including blade thickness  and roughness, with 
the same factor. This may not always be possible when going to extreme small dimen-
sions. Limitations may occur depending on: different manufacturing techniques  that are 
required to make the smaller geometries, new materials that are used or change of lay-out 
for operational or mechanical reasons.

Scaling the blade thickness proportional to the impeller diameter will lead to extreme thin 
blades that have an insufficient mechanical resistance to shocks or any other mechanical 
solicitations. Finite element calculations have also shown that a thickening of the blades 
and a larger fillet radius at the blade root may reduce stresses. However CFD evaluations 
show that a thickening the blades by a factor 4 as  shown on Fig. 181, results in an effi-
ciency drop of more than 6% [Van den Braembussche, 2005].
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Fig. 181: Effect of Blade Thickness on Stresses (different scales)
[Van den Braembussche, 2005]

It is generally accepted that Roughness has no impact on friction losses as long as the 
Reynolds number based on the equivalent sand grain size ks is smaller than 100.

                                                     (22)

The etching techniques, used for nano-gas turbine rotors, do not allow very smooth sur-
faces which may limit the validity of Reynolds number influence on efficiency (Fig. 169). It 
is  further not verified that this rule of thumb (22) is still valid for the very low Reynolds 
numbers.

The decrease in efficiency with decreasing size requires higher peripheral velocities at im-
peller exit to reach the required pressure ratio. Hence the stress problems increase at re-
duced dimensions. It has been shown that shrouding the impellers  has a favorable impact 
on the blade bending stresses but results in high stresses at the shroud eye (Fig. 182).
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Fig. 182: Von Mises Stresses in Unshrouded and Shrouded Impeller
[Van den Braembussche, 2005]

Adding a shroud to the impeller has a small favorable effect on efficiency. The friction of 
the fluid on the non-rotating shroud wall (with velocity V) and the losses by the clearance 
flow, are replaced by a friction of the fluid on the rotating shroud (with velocity W) and fric-
tion on the rotating shroud wall (with velocity U) (Fig. 183). The net effect is a small in-
crease of efficiency of the order of 1 to 2% depending on the thickness of the outer rim.

Fig. 183: Friction on Unshrouded (left) and Shrouded (right) Impeller
[Van den Braembussche, 2005]
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One of the micro gas turbine design targets is a compact machine with high power density. 
Integrating the rotor of the electrical power generator into the compressor shroud may help 
to reach this goal. It also allvetares vibration problems resulting from long rotors.

2.7.4  Conclusions

Good micro gas turbines are not miniaturized copies of large ones.

! The non-adiabatic compression and expansion perturbs the whole 
thermodynamic cycle.

! Combustion chambers, not yet discussed in this paper, are very differ-
ent from their larger version because of unscalable characteristics like 
combustion time.

The very high rotational speed, that is  needed to obtain the enthalpy and pressure 
changes prescribed by the gas turbine cycle, is the major mechanical problem.

New materials and new manufacturing techniques are needed. They should allow low cost 
production because this small power output devises remain in competition with heavier but 
cheap batteries.

One of the major problems in micro gas turbines is the decrease of compressor and tur-
bine efficiency with decreasing dimensions. This is  further enhanced by the effect of larger 
roughness resulting from materials  and manufacturing techniques. The resulting decrease 
in cycle efficiency does not make micro gas turbines to ecological devices. Performance 
more than any other criterion might define the lower limit for these devises.

2.8  Potential Applications for Micro Gas Turbines

Several applications for micro gas turbines can easily be envisaged. In general, they can 
be divided into two groups. On the one hand there are applications where the gas turbine 
is  used as  a portable power generating system. Besides  this, the gas turbine can also be 
used for the production of thrust or power to propel a vehicle. First, the power generation 
applications are discussed. Then, the attention is turned towards the propulsion of air ve-
hicles. There is a general ideal of the gas turbine used in different areas in the following 
Fig. 184.
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Fig. 184: Typical conditions of gas turbine
[Bohn, 2005]

2.8.1  Portable Power Generation

As already explained before, the main advantage of fuel-based systems in general and 
micro gas turbine engines in particular, lies in the high attainable power and energy den-
sity compared to batteries. However, several safety aspects will limit the applicability of mi-
cro gas turbines, at least at short term, to environments where safety is already a key is-
sue like military or construction/building sites. The possible applications for civil every day 
use thus seem somehow limited. Nevertheless, some applications could be imagined. 
First, some of the military power generation applications are discussed. Then, some pos-
sible applications for civil operations are elucidated [Decuypere, 2005].

2.8.1.1  Military Applications

Nowadays, electronics are critical to soldier combat effectiveness with primary batteries as 
the main energy source. However, the acquisition, storage, disposal of several types of 
batteries pose an enormous logistical challenge on the battlefield. New technologies have 
at the same time increased the number and variety of power-driven function that require 
soldier-portable power (for nightvision and infrared sights, computer displays, communica-
tions, etc.). Due to this high power demand and the low energy density of batteries, the 
physical loads bome by a dismounted soldier can exceed 100 pounds for certain missions 
[Anon, 2004]. Micro gas turbines could help to reduce this load which implies the potential 
of a very large production market. On top of that, several military applications could also 
be envisaged with a new power source because they fill the gap where batteries are not 
very well suited. Some of these potential applications are shown on Fig. 185.
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Fig. 185: Performance Shortfall of Today’s power Sources
[Nowak, 2000]

In order to reduce the physical load for long duration missions or to allow some “new” ap-
plications, a new power source with an increased energy density is thus needed with an 
ultra micro gas turbine as one of the possible alternatives. In general, according to 
DARPA, there are three separate regimes for future army applications: 20 W average with 
a 50 W peak, 100 W average with a 200 W peak and 1 to 5 kW high power draw applica-
tions [Anon, 2004].

The 20 W regime was assumed to cover power solutions for computers, radios, sensors 
and displays. The 100 W regime would allow applications such as a laser target designator 
and microclimate cooling (ventilation for soldiers wearing protective clothing). A portable 
recharger for rechargeable batteries would also fall in this regime. Finally, the 1 to 5 kW 
regime includes power-intensive capabilities such as exoskeletons. Exoskeletons are ro-
botic human performance augmentation systems which, for instance, artificially reduce the 
load felt by the soldier. Some possible applications for these different regimes are shown 
on Fig. 186. On the left top side of the Figure two applications for the 20 W regime are 
shown: a military portable digital assistant (PDA) and a walky-talky. The right top side of 
the Fig. 186 on the other hand shows a possible portable battery recharger unit, an appli-
cation of the 100 W regime. Finally the bottom of the Fig. shows two exoskeleton applica-
tions where a robotic system is used to reduce the load of a soldier respectively nurse 
[Nowak, 2000].

Fig. 186: Some Possible Military Applications for Micro Turbines
[Decuypere, 2005]
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2.8.1.2  Civil Applications

As already mentioned, civil applications of the micro gas turbine as  a power generating 
system will undoubtedly be limited by the high temperature inherent in the system and the 
safety problems associated with this (especially with the hot exhaust gases). The envis-
aged applications should therefore, at least in the short term, be limited to safety controlled 
environments such as hospitals and construction sites. As fuel cells also offer a high en-
ergy density and only suffer to a lesser extent from this type of safety issues, this  market 
segment will most probably be filled with fuel cell applications rather than micro heat en-
gines. Nevertheless, some potential applications are shown on Fig. 187 [Decuypere, 
2005].

Fig. 187: Some Possible Civil Applications
[Decuypere, 2005]

On the left hand side of the Fig. 187 a cordless drill is  shown while the right hand side 
shows a recharging unit for a cell phone battery. Obviously, if the safety problems can be 
overcome, a notebook or a PDA could also be powered (directly or indirectly through a bat-
tery recharging system) by a micro gas turbine [Decuypere, 2005]. Portable tools  such as 
drills but also large mixers or sawing machines certainly offer a broad potential market.

2.8.2  Vehicle Propulsion

As already mentioned, micro gas turbines are also very well suited for vehicle propulsion. 
In general, one could foresee two classes of applications in this field: the propulsion of mi-
cro aerial vehicles (MAV) on the one hand and the so-called distributed propulsion where 
several small engines are used to propel a large unmanned vehicle or a small manned air-
craft on the other hand. Both classes  of applications will be discusses. First MAV propul-
sion is treated. Then, distributed propulsion systems are very briefly reviewed.

2.8.2.1  Micro Aerial Vehicles (MAV)

Following the successes of the so-called tactical Unmanned Aerial Vehicles  (UAV), used in 
the Balkans, in Afghanistan and in Iraq, military commanders of lower echelons have ex-
pressed the need of having their own UAV system. However, the flight speed, complexity 
and cost of UAV systems used at the brigade and division levels, are relatively high. 
Commanders of the battalion or the company and even the platoon leaders, need what is 
called situational awareness. This is the reason why micro and mini UAVs, known by the 
acronym MAV are currently under development. If used for observation purposes, they can 
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be looked at flying binoculars. In the past there has been a lot of confusion about the defi-
nition of micro and mini systems. Currently it is  commonly acceptable that a micro UAV is 
a flying asset having dimensions less than 6 inches (15 cm) in any direction. MAVs larger 
than 15 cm, but still packpack portable are called mini-UAVs.

Both have the capability of performing a military mission at an affordable cost. They carry 
a miniaturized payload, a communication link and are equipped with a fully autonomous 
navigation system. MAVs may weigh as little as 50 grams. As a result of its small size and 
low required power, MAVs will be very suitable for convert operations. In flight the human 
eye would see a MAV as  a bird and also the MAV’s radar signature will be comparable to 
that of birds. Therefore this signature will disappear in the background noise. The velocity 
of a MAV will be about 10 to 20 m/s, thus below the detectable level of actual radars. Even 
infrared detection will not be easy to obtain because of the low power required by the pro-
pulsion system [Decuypere, 2005].

Military applications Fig. 188 and 189 include looking over the hill or over the obstacle, re-
connaissance and surveillance, targeting identification, sensor emplacement, sensing of 
nuclear, biological and chemical contaminants, urban war fighting. Range is  of the order of 
5 to 10 km while the endurance should be between 20 and 60 minutes. Civil operations 
such as counter drug support, police assistance in cases of criminal actions, assistance in 
finding survivors after disasters like earthquakes, and in the domain of security tasks, are 
also potential applications.

Fig. 188: Typical MAV Missions
[Decuypere, 2005]

Fig. 189: Sensor Emplacement and Interior Operation
[Decuypere, 2005]

A MAV could also be developed for interior operations. However in this case the data link 
between the micro-aircraft and its base station may be interrupted. For indoor operation, 
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the MAV should therefore be equipped with an onboard navigation system and with mem-
ory to store the intelligence data as long as the line of sight communication is not re-
established [Decuypere, 2005]. For operations in interior spaces, the MAV should be able 
to land and shut down its propulsion system autonomously, and to take off again once a 
door or a window is operating. Another idea is  to give the MAV a feature to turn into a 
crawler, giving it a possibility for hiding itself, finding a way for escaping, or for local sens-
ing.

2.8.2.1.1  Challenges

Aerodynamics

One of the most important challenges is the physics of aerodynamics for flying, flight stabi-
lization and control. Fig. 190 shows the relation between the gross weight and the Rey-
nolds number, for an airliner, an advanced fighter, a small fighter, a small plane, two MAVs, 
small birds and the dragonfly. On the same graph, the region is shadowed wherein the 
MAVs will operate. At these low Re values airfoil performance is still not well understood 
and research in this  field is  accelerating since only a few years, both in the theoretical and 
in the experimental fields [Decuypere, 2004]. Unfamiliar flying techniques are considered 
as well. For this reason the morphology and the way small birds and insects are flying is 
currently analyzed in detail.

Fig. 190: Gross Weight and Reynold Number
[Decuypere, 2004]

Propulsion

Another challenge concerns propulsion. Very compact, lightweight, high power and high 
energy density propulsion systems are required. A MAV will require about 2.5 W of shaft 
power for cruise and twice as much during climbing and manoeuvring. The simplest pro-
pulsion system is  obviously a battery-driven electric motor. One important problem is the 
limited discharge rate, another is the low energy density. The energy stored per unit mass 
of a lithium battery is very low compared with the energy of one gram of liquid fuel. How-
ever, it is  expected that in the coming years the following goals will be attained: a power 
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density of 350 mW/g for an energy density of 800 J/g. thermal cycle machines of all types 
are presently studied, both theoretically and experimentally. Unfortunately, conventional 
internal combustion engines of such a small size have limited thermal efficiency (about 
5%), but power densities of 1 W/g can be achieved [Hu, 2006].

Fig. 191 shows an example of an electric driven MAV.

Fig. 191: Birdy MAV
[Decuypere, 2005]

Other Challenges

Other challenges include micro-gyros, lightweight communication and navigation equip-
ment as well as  sensor systems consuming as little energy as possible, collision avoid-
ance and collision recovery technology, flight control components such as piezoelectric ac-
tuators and small inertial angular rate sensors [Hu, 2006].

As this  paper is intended for the aeronautic and turbomachinery communities, I deliber-
ately discarded a discussion on advanced sensors. However, this is obviously a key ele-
ment in the success of MAVs. Imaging sensors, for instance, capable of detecting person-
nel, need focal plans with about 1000×1000 pixel when flown at an altitude of 100 m. The 
goal is a 100 mW camera of only some grams [Hu, 2006].

Of course all this  equipment increases the weight of the MAV and demands additional 
power to function. Increasing weight means also better performing propulsion systems to 
fulfill the mission. For all these reasons MAVs are really waiting for micro gas turbine en-
gines to mature.

2.8.2.1.2  Conclusions

What the future looks like for MAVs is still difficult to foresee. However, in this  particular 
field there is a lot of outstanding research work going on. My personal view is that by the 
end of this decade several MAVs will be at the stage of operational use.
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2.8.2.2  Distributed Propulsion

Distributed engines are decentralized propulsion systems that utilize smaller powerplants 
that are deployed over (or embedded into) the aircraft. Example of this type of propulsion 
system might include small or mini engines deployed across the wingspan and fuselage, 
and micro-turbine engines embedded in the aircraft surface for flow/circulation-control and 
thrust (Fig. 192) [Sehra, 2004].

Fig. 192: Distributed Engines embedded in the Wing and Body
[Sehra, 2004]

For this type of applications, performance penalties associated with mini-engine systems 
principally are due to boundary layer effects  of the fluid being on the same geometric scale 
as the propulsion system. The challenge of manufacturing tolerances that can be met eco-
nomically in these engines will also impact their performance and thus cost. Therefore, as 
for every application, mini- and micro- engine propulsion systems must provide benefits 
that offset these performance and cost penalties compared to the classical aircraft layout. 
Such could include noise and drag reduction, a superior integrated aircraft/engine system, 
and reduced acquisition cost (through high-volume production). Laterally distributed en-
gines will afford similar aerodynamic and acoustic benefits as  those described for the high-
aspect-ratio wing trailing edge nozzle [Sehra, 2004]. Additional aircraft integration of sup-
porting fluidic technologies using distributed engine could provide more dramatic transport 
mission impacts. Systems studies  have shown that as much as 3~5% of total aircraft fuel 
burn reduction might be realized from boundary layer ingestion by employing small- to 
mini-engine distributed propulsion systems [Sehra, 2004]. This performance benefit may 
be enhanced in a hybrid system utilizing micro engines to energize the low-momentum 
boundary layer flow. This benefit obviously only can be realized if the micro-engine fuel 
consumption is low [Hu, 2006].

2.9  Conclusions

Generating applicable energy generally demands the conversion of primary energy by ap-
plication of different technologies. Electricity and heat are two of the most popular energy 
forms. The electricity market has traditionally been very centralized, but is  transforming 
into a distributed market step, whereas the heat market is already decentralized. Due to 
the transformation of the electricity market small units providing both heat and power 
(CHP) like micro gas turbines will become more important. To be successful on the decen-
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tralized market, the new technologies must be highly flexible for varying electricity and 
heat supply with constantly high fuel utilization, reliability and security [Hu, 2006].

Also has provided a synopsis of the numerous existing examples of MGT combustors  as 
well as  of the matters concerning the micro-combustion which are presently only partly 
solved and are therefore worthy of more deepened studies.

The partial fulfillment of the several requirements can be generally explained by some con-
flicting situation which arises from both the possible introduction of fuels with different 
composition and properties and the wide range of mechanical and electrical loads that a 
MGT based plant should cover. This aspect addresses the efforts of both the researchers 
and the manufactures to a multi-objective optimized design and in this sense a fundamen-
tal role is played by the CFD simulation as an aiding tool for performing both parametric 
analyses and optimizing procedures [Sehra, 2004].

Looking at more detailed problems involving the combustion process inside small-size 
combustors, the examples in the final section of this  section 2.6.3 have demonstrated that 
the present technology level is  a able to satisfy a fast development of the process  within 
limited flow paths: in particular the pilot-assisted, lean-premixed combustion operates with 
satisfactory levels of both pollutant and unburned species, at least at the base rating con-
ditions. As stated, a greater attention must be paid to some unacceptable temperature 
gradients through the outlet section and this appears the most challenging problem to be 
deal with in terms of combustor fluid-dynamics [Hu, 2006].

The part-load operation results  still effective even if some pollutant increase takes place 
mainly because of the necessity of sustaining the premixed flame through a stronger con-
tribution of the pilot lime. The same practice appears to be less efficient when operating 
with partially recuperated cycles  which involve a larger fuel addition but with a decreased 
inlet air temperature. The CFD based analysis has shown in this  case a simultaneous in-
crease of nitric and carbon monoxides so indicating that the combustor design should be 
improved, at least in terms of a more reliable concept for the fuel injection system [Hu, 
2006].

Even though it is  very difficult to predict the near future (let alone the far future) it is shown 
here that there is a relatively big potential market for micro gas turbines  due to the high 
specific energy and power inherent in the system. However, some safety issues, mainly 
related to the high temperature levels obtained in these micro devices, still need to be 
overcome. The system efficiency attained for a mature technology level will be a key is-
sues in the determination of which power source is the best suited one for a particular ap-
plication [Hu, 2006].

However, when micro gas turbines obtain efficiencies higher than or similar to the compet-
ing technologies, several fields of applications can be envisaged. A micro gas turbine 
could namely be used both for the generation of the power required for several portable 
systems (military and/or civil) as well as for the propulsion of aerial vehicles [Hu, 2006].
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3  ENERGY IN DEVELOPING COUNTRIES

3.1  Introduction and Overview

3.1.1  Introduction

Energy use in developing countries has risen more than fourfold over the past three dec-
ades and is expected to continue increasing rapidly in the future. The increase in the serv-
ices that energy provides is  necessary and desirable, since energy services are essential 
for economic growth, improved living standards, and to provide for increased human popu-
lations. But finding the energy supplies to provide these services could cause major eco-
nomic and social problems. For many of the developing countries, much of the additional 
energy needed will be supplied by imported oil, and rising oil imports  will further burden 
those countries already saddles with high oil import bills. Similarly, building dams or pow-
erplants  to meet higher demands for electricity could push these nations even deeper into 
debt. Energy development and use also contribute to local environmental damage in de-
veloping countries, including record levels  or air pollution in some urban areas [Gibbons, 
1991].

The rapid growth of energy use in developing countries has wide impacts. The economic 
development process has traditionally been accompanied by rapid increases in oil de-
mand, which, together with rising demand in the industrial countries, contribute to upward 
pressures on world oil prices. High levels of indebtedness in the developing countries, 
partly energy-related, have already contributed to instability in the international money and 
banking system. Rapid increases in fossil fuel use in developing countries also represent a 
growing contribution to the increase in local and regional air pollution to as well as atmos-
pheric concentrations of greenhouse gases such as  carbon dioxide (CO2). International 
efforts to control greenhouse gas emissions require active participation by developing 
countries [Gibbons, 1991]. Many developing countries could be adversely affected by cli-
mate change, some much more than most industrial nations.

An economically and environmentally sound approach to energy development offers po-
tentially large benefits both for the developing countries and for the rest of the world. It can 
contribute to economic growth in the developing countries, leading to higher living stan-
dards, reduction of hunger and poverty, and better environmental quality. This strategy 
also holds benefits for the richer countries. The developing countries are important trading 
partners for the United States. More rapid economic growth in these countries could stimu-
late U.S. exports, including exports of energy technology products, and, therefore, could 
benefit the U.S. trade balance. Improved energy technologies can slow the rate of in-
crease in greenhouse gas emissions-a global benefit [Gibbons, 1991].

3.1.2  The developing world and the industrialized world

We largely follow the definition of “developing” countries-low- and middle-income countries 
(further divided into lower middle and upper middle countries) --- used by the World Bank 
[World Development Report, 1989], including all of the countries of Africa, Latin America, 
and Asia, excluding Japan.
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There are wide differences in average indicators of social and economic conditions be-
tween developing and industrial countries (Fig. 193).

1. Social: The citizens of (OECD) countries have a longer life expectancy (76 years, com-
pared with an average of 62 in developing countries), largely due to lower infant mortal-
ity rates (9 per 1,000 live births compared with 71 developing countries). A much larger 
share of the population has access to secondary and higher education and health care.

Fig. 193: Differences between developing and industrial nations (developing nation aver-
age as a share of industrial nation average)

[Word Bank Report, 1989]

2. Economic: Average per-capita incomes (expressed in purchasing power particles) are 
more than eight times higher in OECD countries  than in the developing countries. This 
difference in income levels reflects major differences in economic structure, particularly 
the higher share of agriculture in total production in the developing countries. A much 
lower share of the population lives in urban areas-37 percent in the developing coun-
tries  compared with 77 percent in the OECD countries. Population growth is  more rapid 
in developing countries. It is estimated to double by 2040, while the population of the 
industrial world will increase by only 15 percent over the same period.

3. Energy: The economic and social contrasts  are also reflected in energy consumption. 
Per-capita consumption of commercial energy (coal, oil, gas  and electricity) in the 
OECD countries is on average 10 times higher than in the developing countries. On the 
other hand, commercial energy consumption is  increasing much faster in the develop-
ing countries. Biomass  energy consumption in the developing countries  is higher than 
in the OECD countries and provides a much higher share of total energy consumption.

3.1.3  Similarities and Differences Among Developing Countries

The developing country averages shown in Fig. 193, though adequate to illustrate the 
broad contrasts between developing and industrial countries, obscure the wide economic 
and social differences among developing countries. Indeed, the range of differences  be-
tween LDCs is greater than that between many of them and the industrial countries. A 
generation of exceptionally fast economic growth in the Newly Industrialized Countries  (the 
NICs), combined with the slow growth, or in some cases, economic stagnation and de-
cline, in many African countries, has  widened the gap among developing countries. Thus 
the problems, energy or otherwise, faced by a relatively rich and developed country such 
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as Brazil are different from those faced by a poor country like Ethiopia, as  are the re-
sources available for their solution. An appreciation of these differences is  necessary for 
the realistic assessment of energy technologies [Gibbons, 1991].

Per-capita incomes in the upper middle-income developing countries (e.g, Brazail, Argen-
tina, Algeria, Venezuela, and Korea) are almost seven times higher than in the low-income 
countries (Table 23). The income differential reflects major differences in economic struc-
ture. In the upper middle-income countries, industry has  much larger share in total output 
and agriculture a much lower share. India and China are exceptions, with atypically large 
shares of industry, given their levels  of income. The share of the total population living in 
urban areas is much lower in the low-income countries. For example, in several African 
countries only about 10 percent of the total population is urban dweller, in contrast to coun-
tries  like Brazil, Argentina and Venezuela, whose levels of urbanization (about 80 percent 
of the population living in towns) are similar to those in the industrial countries [Gibbons, 
1991].

Table 23: Heterogeneity of the Developing World: Social, Economic and Energy Indicators
[Word Development Report, 1989]

Developing countries also show wide variations in social indicators. Life expectancy at 
birth rises from an average of 54 years in the low-income developing countries to an aver-
age of 67 in the upper middle-income countries. Infant mortality is  twice as high in the low-
income countries (over 100 per 1,000 births compared with an average of 50 in the upper 
middle-income developing countries). India and China are again exceptions: in both coun-
tries, despite lower average income, indicators of social development are similar to those 
found in countries with much higher incomes. The experience of these two countries testi-
fies  to the importance of social policies in achieving relatively high levels of social devel-
opment despite low incomes. Population growth rates also differ widely among developing 
countries. In recent years these have ranged from about 1 percent annually in some coun-
tries  (e.g., China, Uruguay, and Korea) to over 3 percent in several African countries [Gib-
bons, 1991].

The wide variations in social and economic conditions in developing countries are also re-
flected in their energy use. In the upper middle income developing countries, per-capita 
annual commercial energy consumption (at 60 GJ) is 12 times higher than in the low-
income countries (5 GJ) [World Bank Report, 1989]. Again China and India differ from the 
other low-income countries, with per-capita consumption of commercial energy more than 
3 times higher than other low-income countries  [Gibbons, 1991] . Per-capita consumption 
of traditional biomass  fuels, on the poorest countries, depending on the biomass  resources 
available.
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There are similarly large variations  in energy resource endowment. While many countries 
have some energy resources, three-quarters of the developing countries  depend on im-
ports  for part or all of their commercial energy supplies  (Table 24). Levels of import de-
pendence vary, but in many countries, imports  (almost entirely oil) provide nearly all com-
mercial energy supplies. Oil imports can be a considerable strain on already tight foreign 
exchange budgets. In several countries, particularly in Africa and Central America, oil im-
ports  represent over 30 percent of foreign exchange earnings from exports [Gibbons, 
1991].

Table 24: Commercial Energy import Dependence in Developing Counties
[Energy Statistics Yearbook, 1986]

Country
income
group

Number of
countries
in group

Number of  
energy

exporters

Number of 
energy 

importers

High
importers
(70-100%)

Medium
importers
(30-70%)

Low
importers
(0-30%)

Low-income
China and India
Lower middle-income
Upper middle-income

38
2

30
10

4
1

10
6

34
1

20
4

29
0

15
2

3
0
3
1

2
1
2
1

Total 80 21 59 46 7 6

Despite these differences in aggregate indicators, there are strong similarities among de-
veloping countries within specific sectors. Energy use in traditional villages throughout the 
developing world is  fairly similar in terms of quantity used, source (biomass, muscle 
power), and services provided (cooking, subsistence agriculture). At the other end of the 
scale, energy use by the economically well off is  also reasonable similar between develop-
ing and industrial countries, in terms of quantity used (to within a factor of 2 or 3), source 
(oil, gas, coal, electricity), and services provided (electric lighting and appliances, industrial 
goods, private automobiles, etc.). The large differences between countries are then in 
large par due to the relatives  share of the total traditional villagers and the economically 
well off in the population, and in the forms and quantities of energy used by those who are 
making the transition between these two extremes. The broad similarities within specific 
population sectors imply that it is  possible to make generalizations about technology that 
are applicable to a wide range of otherwise disparate countries [Gibbons, 1991].

3.1.4  The Developing World in Global Energy

The developing countries now account for about 30 percent of global energy use, including 
both commercial and traditional energy (Table 25), and their share is growing rapidly. Their 
use of the different fuels vary widely: they account for 85 percent of biomass fuel con-
sumption but only 23 percent of commercial fuels  (oil, gas, coal and electricity). The main 
sources of energy for the developing countries as a group are coal, oil and biomass (Fig. 
194). However, much of the coal is  used in India and China only [Global Energy Perspec-
tives 2000-2002, 1989]. The other developing countries rely heavily on oil and biomass for 
their energy supplies. Several developing countries – China, India, Mexico, Brazil and 
South Africa – are among the world’s 20 largest commercial energy consumers. China 
alone accounts for almost 10 percent of the world’s total commercial energy use [Gibbons, 
1991].
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Table 25: 1985 Primary Energy Suppliers
[Global Energy Perspectives 2000-2002, 1989]

Fig. 194: Energy consumption, Industrial and Developing Region Fuel Mix
[Global Energy Perspectives 2000-2002, 1989]

Three countries – China, India and Brazil – together account for about 45 percent of total 
developing country consumption of both commercial and biomass fuels. And these coun-
tries  plus four more – Indonesia, Mexico, Korea and Venezuela – account for 57 percent of 
the total. At the other end of the scale are a large number of small countries that, com-
bined, account for only a small part of global consumption [Gibbons, 1991]. The 50 coun-
tries  of Africa, for example, use under 3 percent of total world commercial energy con-
sumption. Concerns about global energy use and its implications focus attention on the 
large consumers, but the energy needs of the small developing nations, though of lesser 
importance to global totals, are critical to their development prospects.

The developing countries  are becoming increasingly important actors in global commercial 
energy. Their share of the total has risen sharply in recent years (Fig. 195) from 17 percent 
of global commercial energy in 1973 to over 23 percent now. Despite their much lower lev-
els of per-capita commercial energy consumption, developing countries accounted for one-
half of the total increase in global commercial energy consumption since 1973 [Gibbons, 
1991].
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Fig. 195: Commercial Energy Consumption, 1973, 1985 and 2020 ( developing nation en-
ergy demand as a percent of world total)
[Energy Perspectives 2000-2002, 1989]

The increasing share of the developing countries in global commercial energy consump-
tion is widely predicted to continue. The World Energy Conference projects an increase in 
their share to 40 percent by 2020 (Fig. 195), and this trend is confirmed in a large number 
of other studies. The developing countries are projected to account for almost 60 percent 
of the global increase (over current levels) in commercial energy consumption by 2020. 
China alone accounts for over one-third of this increase. These increasing shares are suf-
ficiently large to have a major impact on world energy markets. Despite the more rapid rate 
of growth in energy consumption in developing countries, their per-capita consumption of 
commercial energy will still continue to be far below the levels in industrial countries (Fig. 
196) [Gibbons, 1991].

Fig. 196: Per-Capita Commercial Energy Consumption 1973, 1985 and 2020
[Energy Perspectives 2000-2002, 1989]

3.1.5  Overview

Energy consumption in the developing world has risen rapidly in the past and is widely ex-
pected to continue increasing rapidly in the future. The World Energy Conference, for ex-
ample, projects (in its  “moderate” economic growth case) a tripling in consumption of 
commercial energy in developing countries between now and 2020. A survey of a large 
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number of projections of commercial energy use broadly confirms this  trend. The projected 
rate of increase in commercial energy consumption implicit in these forecasts is  lower than 
that experienced 1973 and 1985 [Energy Perspectives 2000-2002, 1989]. Increased sup-
plies of biomass  fuels (fuelwood and animal and crop waste) will also be required. The 
World Energy Conference projects a 25 percent increase in biomass use. Population 
growth and economic development are the principal forces driving the rapid increase in 
energy use [Gibbons, 1991].
 

Population Growth

In many developing countries, fertility rates (the number of children expected to be born to 
a woman during the course of her life) have dropped dramatically over the past 20 years. 
Nevertheless, the population of the developing world continues to grow rapidly. Over 90 
percent of world population growth is  now occurring in the LDCs. At present, the popula-
tion of the developing countries is  about 4 billion, 77 percent of the world’s populations. 
Even assuming continued decreases in fertility rates, the population of these countries  is 
projected to rise to 7 billion in 2025 [Rudolfo, 1990], and could reach 10 billion in 2100, 
due to the large number of women of childbearing age. Developing countries world then 
account for 88 percent of the global population in 2100, and for virtually all of the increase 
in global population. The increase in population alone in developing countries would ac-
count for a 75 percent increase in their commercial energy consumption by 2025 even if 
per-capita consumption remained at current levels.

Economic Development

Securing higher living standards for the increasing population of the developing world im-
plies high rates of economic growth. The World Energy Conference, for example, assumes 
in its “moderate” growth rate scenarios, an average annual gross rate of economic expan-
sion of 4.4 percent to 2020, slightly lower than in the past. This  would represent more than 
a fourfold increase in economic activity between now and 2020 [Rudolfo, 1990]. Achieving 
such rates of growth will certainly not be easy, especially in light of the high levels of debt 
that have constrained economic growth in the 1980’s, and increasing competition for for-
eign assistance from the countries of Eastern Europe; but failure to achieve high rates of 
growth could spell great hardship for the developing countries, as their populations are 
growing so rapidly.

The process of economic development that underlies  improving living standards in devel-
oping countries involves a number of changes, including higher agricultural productivity, 
growth of manufacturing, construction of a modern public works  infrastructure, urbaniza-
tion, and increased transportation (Table 26 shows the rapid increase in the road transport 
fleet). Higher standards of living also lead to expansion in the ownership of consumer ap-
pliances (Table 27 illustrates  saturation levels for some of the most widely used appli-
ances). All of these changes  have profound impacts on the amounts and types  of energy 
used.
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Table 26: Passenger Fleet Annual Growth in Selected Countries (percent)
 [Plicy Options for Improving Transportation Energy Efficiency in Developing Countries, 

1990]

Table 27: Electric Appliance Ownership in Urban Areas (percent of households)
[Sathaye,1985]

Commercial energy consumption typically rises faster than economic growth as  the devel-
opment process gets underway, and the share of commercial energy in total energy con-
sumption grows as it takes the place of traditional biomass fuels. Even though the relative 
share of traditional fuels  had declined, the absolute amounts consumed have continued to 
rise, by an estimated 2.5 percent per year [Energy Perspectives 2000-2002, 1989].
.
Despite the strong connection between commercial energy consumption and economic 
growth, there is evidence of considerable differences among developing nations in their 
energy intensity-the amount of commercial energy consumed relative to Gross National 
Product (GNP). There are examples of countries with similar per-capita incomes that con-
sume quite different quantities of commercial energy. Some of these differences  result 
from country-specific physical characteristics, but others are associated with differences in 
social and economic policies. Policies promoting heavy industry and high rates of urbani-
zation contribute to high energy intensities. Similarly, the energy intensities of countries 
change over time. In several industrial countries energy intensities declined even before 
1973 at a time when oil prices were falling, largely due to improved technologies [Energy 
Perspectives 2000-2002, 1989]. After the 1973 and 1979 oil price shocks, the decline in 
energy intensities was experiences in all industrial countries. While the energy intensities 
of the developing countries continued to rise after 1973, the rise was less sharp than be-
fore. These experiences testify to some flexibility in commercial energy use. The current 
projections cited above, however, already incorporate assumptions about declining energy 
intensity in developing countries [Gibbons, 1991].
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3.1.6  Energy Supply Constraints

The developing countries will face major difficulties in tripling energy suppliers over the 
next 30 years. Significant obstacles  include financial constraints, difficulties in increasing 
biomass fuel supplies, institutional and policy factors, and environmental impacts [Gib-
bons, 1991].

Financial Constraints

Commercial energy consists of both domestically produced and imported supplies. Many 
developing countries  rely on imported oil for virtually all of their commercial energy needs. 
Further increases in energy imports will impose a heavy burden on limited foreign ex-
change resources, which may already be under pressure because of debt service pay-
ments (Table 28) [Gibbons, 1991].

Table 28: Energy imports, Debt Service, and Export Earnings for Selected Developing 
Countries, 1987

[World Development Report, 1989]

Funding the development of domestic energy supplies and infrastructure also poses prob-
lems. Energy supply facilities such as electricity generating stations and petroleum refiner-
ies are highly capital intensive, placing major demands on the scarce supplies of both do-
mestic and foreign resources available for capital investment. Already, investments in the 
commercial energy supply sector (including electricity, oil and gas, and coal) represented 
in the 1980s over 30 percent of public investment budgets in a wide range of developing 
countries (Table 29), with the electric utility sector accounting for the lion’s share. Despite 
these already large claims on capital resources, the current level of investment in the elec-
tricity sector maybe inadequate. The World Bank estimates that investment of $125 billion 
annually (twice the current level) will be needed in developing countries  to provide ade-
quate supplies of electricity [U.S Agency for International Development, 1988].
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Table 29: Estimated Annual Energy Investment as a Percentage of Annual Total Public 
Investment During the Early 1980s

[U.S Agency for International Development, 1988]

Finding the domestic and foreign resources needed to finance energy facilities has always 
posed major difficulties for developing countries. Current levels of domestic resource mobi-
lization, often related to low levels of energy prices, are reported in many countries to fall 
short of the amounts needed for system expansion [Hill, 1987]. In the past, about one-half 
of all investments in energy supply have been provided by foreign sources [The Energy 
Transition in Developing Countries, 1983], but high levels of current debt in many develop-
ing countries and increasing fiscal difficulties in the industrial countries make it difficult for 
many developing countries to increase their borrowing form abroad.

Biomass Supply Constraints

It maybe equally difficult to increase supplies of traditional biomass fuels. Despite rapid 
rates of urbanization in the developing world, almost two thirds of the total populations in 
poor nations live in rural areas. These populations largely depend on biomass fuels to pro-
duce their energy, with some rural electrification where available, and small but vital quan-
tities of petroleum products (for irrigation, lighting, and transport).

Demand for biomass  fuels  (largely fuelwood) will continue rising to meet the domestic 
needs of the urban and rural poor, rural industry, and in some cases, such as Brazil, mod-
ern industry. Overuse of biomass resources already contributes  to environmental degrada-
tion. Moreover, gathering traditional supplies of fuelwood is time consuming, exhausting 
work frequently undertaken by women and children, who are thus diverted from other ac-
tivities (education and farming) that could eventually improve their productivity and living 
conditions. An estimated one-third of the population of developing countries now faces fu-
elwood deficits, and will increasingly rely on crop wastes and animal dung to meet their 
energy needs [Munasinghc, 1986].

Institutional Constraints on Rapid Expansion in Energy Supplies

Over and above the capital constraints discussed above, a wide range of other factors, 
customarily defined as  “institutional,” currently impede commercial energy sector devel-
opment. While definitions of institutional factors differ between observers, they are gener-
ally taken to be non-technological, encompassing a variety of economic, organizational, 
and policy factors  that affect the way technologies performs (the worldwide increase in in-
terest rates, for example) are outside the control of individual countries, but others are re-
lated to policies and procedures in the individual country [Munasinghc, 1986].

The electricity supply system offers an example of the importance of institutional factors. In 
most countries  of the developing world the electricity sector is government owned, reflect-
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ing the importance attached to electric power for meeting economic and social objectives, 
and in some cases, especially in small systems, the advantage of centralization for secur-
ing economies of scale and coordination in planning and operations. However, govern-
ment ownership can lead to interference and loss of autonomy in day-to-day management 
of utility operations and therefore reduced efficiency [Munasinghc, 1986]. A recent World 
Bank report on the power sector in developing countries points out that:

Such interference has adversely affected least cost procurement and investment deci-
sions, hampered attempts to raise prices  to efficient levels, mandated low salaries tied to 
civil service levels, and promoted excessive staffing. This in turn has resulted in inade-
quate management, the loss of experienced staff due to uncompetitive employment condi-
tions and poor job satisfaction, weak planning and demand forecasting, inefficient opera-
tion and maintenance, high losses, and poor financial monitoring controls  and revenue col-
lection [Munasinghc, 1986].

Manpower problems are exacerbated by the lack of standardization of equipment 
[U.S.Agency for International Development, 1990], which makes the learning process 
more difficult. Another disadvantage of the multiplicity of equipment is the difficulty of main-
taining adequate supplies of spare parts.

Pricing policies are frequently identified as  a major institutional problem. Energy pricing 
policies vary in developing countries, reflecting differences in energy resource endow-
ments and social and developmental policies. However, price controls on energy products, 
such as kerosene and some electricity prices, are a common feature in many countries. 
While low prices help to make energy more affordable, they can also result in a level of 
revenues inadequate to cover costs and finance future supply expansion. Many analysts 
have characterized this  as a common problem in the electricity sectors of a wide range of 
developing countries [Hill, 1990].

Environmental Degradation in Developing Countries

Developing countries  are experiencing accelerating rates of environmental degradation 
and pollution. While man factors contribute to environmental degradation, energy produc-
tion and use play key roles, especially in urban environmental quality. Even at present lev-
els of energy generation and use, the impacts on environmental quality are severe in many 
areas [Tats Energy Research Institute, 1989]. Additional large increases in energy use will 
exacerbate the situation unless steps are taken to mitigate adverse environmental im-
pacts. At the same time, energy is an essential input to such environmental control sys-
tems as sewage treatment.

The combustion of fossil fuels has led to levels of air pollution in cities  of developing coun-
tries  that are among the highest in the world. The transportation sector is  the largest con-
tributor to air pollution in many cities  [Tats Energy Research Institute, 1989]. The combus-
tion of oil or gas in stationary sources, such as electric generating units, factories, and 
households, also contributes through emissions of nitrogen oxides, particulate, sulfur diox-
ide, carbon dioxide, carbon monoxide, and hydrocarbons. The fossil fuel mix has  an impor-
tant impact on emission levels. Coal is the most deleterious of fossil fuels in terms of emis-
sions per unit of useful energy provided, particularly when it is not burned in modern, well-
operated plants.
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In addition to the environmental damage caused by the combustion of fossil fuels, their 
production and transportation also impose environmental costs, such as disturbance of 
lands and aquifers  form coal mining, and accidental leaks and spills during oil and gas 
production and refining. Air quality impacts  include, for example, local air pollution from 
particulate and other emissions during coal mining preparation, and transport and the re-
lease of methane, during coal mining and natural gas production and transportation.

Non-fossil energy sources such as  hydroelectric development also causes environmental 
damage. Dam construction often requires  the clearing of lands for access routes and re-
moval of construction material, with resulting soil degradation and erosion. Filling the res-
ervoir floods large tracts of land, which usually means loss of agricultural land, human set-
tlements, fish production, forests, wildlife habitat, and species diversity [Panday, 1979]. 
The dam and reservoir interrupt the free flow of surface water, affect water tables and 
groundwater flow, and disrupt downstream flows of water and nutrient-laden sediments. 
These environmental costs  are all the more onerous if the lifespan of hydroelectric projects 
is  reduced through heavier than expected siltation of reservoirs  from deforested and/or 
degraded lands upstream [U.S.Congress Office of Technology Assessment,1984].

Burning biomass, the source of energy used by most of the developing world’s population, 
also causes environmental degradation. Although the use of biomass for fuel is only one, 
and not the principal, cause of deforestation. It does add additional pressure on forest re-
sources especially in acid or semi-arid regions where forest growth is slow and where 
there is a high population density or a concentrated urban demand for fuelwood, such as 
the African Sahel [Anderson, 1984].

When fuelwood is in short supply, rural populations turn to crop residues and during for 
their fuel needs. To the extent that these forms of biomass would have been used as fertil-
izers, their diversion to fuel contributes to lowered soil productivity [Barnard, 1985].

Finnaly, biomass fuel combustion has a significant impact on air quality. Food is typically 
cooked over open fries or poorly vented stoves, exposing household members — particu-
larly women and children — to high levels  of toxic smoke. Similarly, in colder climates, 
homes in rural areas are often heated by open fires, with increased exposures  to toxic 
smoke [Smith, 1987].

Greenhouse Gases and Developing Countries

Energy use in developing countries also contributes to increase emissions of greenhouse 
gases and associated global climate change. An international panel of scientific experts of 
the Intergovernmental Panel on Climate Change (IPCC) recently conclude that:

& emissions resulting from human activities are substantially increasing the atmospheric 
concentrations of the greenhouse gases: carbon dioxide, methane, chlorofluorocarbons 
(CFCs) and nitrous oxide. These increases will enhance the natural greenhouse effect, re-
sulting on average in an additional warming of the Earth’s surface [IPCC, 1990].

Based on current models, the panel predicts that, under a “business  as usual” scenario, 
the global mean temperature will increase at a rate of about 0.3℃ per decade during the 
next century, a rate at least 10 times higher than any seen over the past 10,000 years.
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Atmospheric concentrations of CO2 have increased by about 25 percent since preindustrial 
times, largely due to emissions from the burning of fossil fuels  and from deforestation. In 
1985, according to another IPCC working group, developing countries contributed about 
one-quarter (26 percent) of annual global energy sector CO2 emissions. Under the “busi-
ness as usual” scenario, with expanding populations, rapidly increasing energy use, and 
assuming the absence of control measure, the developing country share would increase to 
44 percent of annual energy sector emissions by 2025 [IPCC, 1990].

The magnitude of CO2 emissions from fossil fuel sources is fairly well known, but the con-
tribution from deforestation, which is virtually all from developing countries, cannot be es-
timated accurately. This makes it difficult to calculate with confidence the developing coun-
try share of global annual and cumulative emissions for CO2 and other gases. Estimates of 
CO2 emissions from tropical deforestation differ by a factor of 4. by various estimates, de-
forestation could be the source of between roughly 7 and 35 percent of total annual CO2 
emissions [Milliman, 1989].

Despite uncertainties, it is  safe to conclude that the developing countries already contrib-
ute a substantial part of current annual global CO2 emissions, and that their share will in-
crease in the future. But, because of their large and rapidly growing populations, per-
capita CO2 emissions in the developing countries will still remain much lower than in the 
countries of the industrial world. Developing countries also account for at least half of the 
global anthropogenic generation of two other important greenhouse gases, methane and 
nitrous oxide [Gibbons, 1991].
.
Developing and industrial countries would both be damaged by the anticipated impacts  of 
climate change. In addition to increase in mean global temperature, other major effects  of 
global climate change would include increase in sea level and shifts  in regional tempera-
ture, wind, rainfall, and storm patterns. These effects in turn would submerge some low-
lying coastal areas and wetlands, threaten buildings and other structures in these areas, 
and increase the salinity of coastal aquifers and estuaries. Such changes would disrupt 
human communities and aquatic and terrestrial ecosystems, and affect food production 
and water availability. A number of developing countries would be especially vulnerable to 
rising sea levels through threats to coastal communities  and ecosystems, increased vul-
nerability to storm damage, and inundation of low-lying arable lands [IPCC, 1990]. The ad-
verse effects of climate change world exacerbate the impacts of increased populations in 
Asia, Africa, and small island nations of the Caribbean, Indian, and Pacific Oceans [Mil-
liman, 1989]. The timing, severity, and extent of these potential impacts remain uncertain.

3.1.7  Prospects for Efficiency Improvements in Energy Production and Use

Increasing energy supplies in the “business as usual” mode that underlies the conven-
tional projections thus poses formidable challenges. This unfortunate fact suggests that 
alternative approaches for providing the vital energy services needed for rapid economic 
and social development should be investigated, focusing on efficiency improvements [Gib-
bons, 1991].

OTA examined the following energy-rated services: cooking, lighting, and appliances in the 
residential and commercial sectors; process heat and electrical and mechanical drive in 
industry and agriculture; and transportation. For the developing countries as a whole, the 
largest energy end use markets are residential/commercial and industry, which together 
account for roughly 85 percent of the energy used by final consumers, including traditional 
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energy. Considerable differences exist, however, among developing nations [Gibbons, 
1991]. In Africa, the residential/commercial sector constitutes a particularly high share 
(mostly in the form of biomass fuels  for cooking), while industry’s  share is  quite low. In 
Latin America, transportation accounts for an exceptionally high share of the total, whereas 
its share in India and China quite low [Gibbons, 1991].

Industrial process heat and cooking are the largest energy services, each accounting for 
about one third of all energy consumed (commercial plus biomass) in developing coun-
tries. This pattern of energy use contrasts with the United States, where transportation and 
space conditioning are the highest (although in the United States process  heat is  a major 
user as well). Much of the energy used for residential cooking and process heat in the de-
veloping countries  is consumed in China and India. Together their consumption of energy 
for cooking and industrial process heat accounts for over 40 percent of all cooking and 
process heat energy used by developing countries, and for well over one-quarter of all the 
energy consumed in developing countries [Gibbons, 1991].

A wide range of technologies are currently used to provide energy services in developing 
countries. For example, cooking technologies include stoves using fuelwood, charcoal, 
kerosene, liquid petroleum gas, natural gas, and electricity, all with different characteris-
tics. These technologies vary widely in their energy efficiency. In an open fire, for example, 
only about 15 percent of the energy contained in fuelwood goes into cooking. In contrast, 
in a “modern” gas stove about 60 percent of the energy contained in the gas is  used in 
cooking. The wide range of efficiencies in the current stock of stoves suggests opportuni-
ties  for increasing efficiencies of the stock and therefore providing more cooking services 
with less energy [Gibbons, 1991].

There are also differences in efficiencies in providing energy services in the industrial sec-
tor—industrial process heat and electric and mechanical drive. The two largest developing 
country energy consumers, India and China, currently rely on several technologies that are 
a generation or more behind the state of the art, and are much less energy-efficient than 
technologies now being used in the United States and other countries. Integrated iron and 
steel plants in China and India, for example, use twice as  much energy per ton of crude 
steel produced as integrated plants in the United states and Japan. Lower efficiencies are 
also frequently observed in the transportation sector [Gibbons, 1991].

An analysis of the energy supply industry in developing countries similarly indicates much 
lower operating efficiencies than in the industrial countries. In electricity generation, for ex-
ample, thermal power plants frequently operate far below design capacity and efficiency 
[Gibbons, 1991]. Transmission and distribution losses (including unaccounted for losses, 
unmetered use, etc.) are frequently over 15 percent, substantially higher than losses in in-
dustrial country systems. Refineries also operate at much lower efficiencies.

Energy supplies in many developing countries are unreliable, imposing a heavy economic 
burden. In India, for example, losses sustained by industry due to unreliable electric power 
supplies in recent years are estimated to represent 2 percent of annual GNP, not including 
losses in agriculture or losses and inconvenience experienced by residential and commer-
cial users. Similar losses have been estimated for Pakistan. Furthermore, electricity sup-
plies in many countries  are of poor quality, discouraging the use of efficient technologies 
that are critically dependent on high-quality energy supplies [Gibbons, 1991].

In characterizing important parts of the energy system as “inefficient, however, it housed 
be realized that in many cases users and producers are acting logically given the frame-
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work of resources, incentives, and disincentives within which they make their decisions. 
One of the reasons that poor households use fuelwood inefficiently is that they lack the fi-
nancial means to buy more efficient cooking systems. Industrial users  must cope with anti-
quated machinery and erratic fuel supplies of uncertain quality. On the supply side, the re-
cord of “poor” performance reflects  many factors: poor repair and maintenance, unavail-
ability of spare parts, low fuel quality, older equipment, unsatisfactory management, lack of 
skilled workers, problems of reaching dispersed populations served by inadequate trans-
port systems, and inappropriate pricing and allocation systems.

The existence of wide differences between operational efficiencies  in reasonably standard-
ized operations (e.g., cooking, steelmaking, electricity generation, and petroleum refining), 
both among developing countries and between the developing and industrial countries, 
suggests that dramatic improvements in efficiencies are possible. However, the impor-
tance of factors  other than technology must be recognized for the role they play in improv-
ing efficiencies. The policy environment in particular is crucial to the adoption of new tech-
nologies.

More efficient ways of providing energy services for development, including both technolo-
gies and the institutional and policy mechanisms determining their rate of adoption, will be 
presented in a later report of this OTA assessment. Attention will also be paid to the energy 
implications of different development strategies. Some development strategies are associ-
ated with high energy use. But developing countries  at the beginning of the development 
process may be able to capitalize on technology to develop toward modern economies 
without the high energy growth that earlier characterized the path to industrialization [Gib-
bons, 1991].

3.2  Energy and Economic Development

3.2.1  Introduction and Summary

This  chapter induces the two-way linkage between energy and economic development in 
developing countries – how the process of economic development impacts energy, and 
how, in turn, developments in the energy sector can affect economic growth.

In the course of economic development, commercial energy consumption is observed to 
increase faster than economic activity. There are a number of reasons for this: the growth 
of mechanized agriculture and manufacturing, the construction of a modem infrastructure, 
urbanization, increased transportation of goods and services, rapid expansion in owner-
ship of consumer appliances, and the substitution of commercial for traditional fuels. The 
absolute amount of traditional energy consumed also continues to rise, although its  share 
of total energy consumption falls [Gibbons, 1991].

In the years to come, high rates of economic growth will be needed in developing countries 
to provide will be needed in developing countries  to provide their rapidly growing popula-
tions with improved living standards. If current trends in energy and economic growth con-
tinue, commercial energy consumption in the developing countries could more than double 
over the next 40 years according to most projections. Supplies of biomass fuels would also 
need to increase substantially to meet the needs of growing rural populations and the ur-
ban poor.
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This  prospect raises a dilemma. On the one hand, increases in energy supplies on this 
scale could severely strain financial resources in the developing countries. The energy 
sector absorbs a large share of available foreign exchange and capital investment. Con-
sequently, energy supply policies  have far reaching impacts on other development priori-
ties. In many developing countries, financial resources may not be adequate to increase 
commercial energy supplies on the scale projected above [Gibbons, 1991]. On the other 
hand, inability to supply needed energy can frustrate economic and social development. 
Already in many countries, the unreliability and poor quality of energy supplies lead to ma-
jor costs to the economy through wasted materials, stoppage of operations, and invest-
ment in standby equipment.

Energy prices are a key factor in the development of a country’s energy supply infrastruc-
ture, through their impacts on the amount of energy used in the economy, the technologies 
adopted, and, in some cases, the direction of industrial development [Gibbons, 1991]. En-
ergy prices in developing countries are typically subject to price regulation throughout the 
distribution chain. The average level of energy prices, particularly in the electricity sector, 
are reported to be too low in many countries to ensure the sector’s financial viability.

Although commercial fuels attract the most policy attention, two-thirds of the developing 
world’s population live in rural areas with low standards of living based on low-resourcing 
farming. This population has little access to commercial fuels and relies  largely on tradi-
tional sources of energy, gathered and consumed locally, and animal and human energy, 
often used at very low efficiencies. The main form of traditional energy used is wood, an 
increasingly scarce and unsustainable resource. This imposes a special hardship on 
those-mainly women and children-responsible for gathering it. Dung and crop wastes, the 
other forms of energy widely used for cooking when wood is not available, have alternative 
uses as soil nutrients [Gibbons, 1991].

3.2.1.1 Economic Development and Its Impact on Energy

The pace of economic growth and level of economic activity have major impacts on the 
energy sector. From 1965 to 1987, for example, the economies of the developing countries 
grew at an annual average of 5.3 %, and their consumption of commercial energy grew by 
just over 6 percent [World Development Report, 1989]. These energy growth rates were 
higher than those in the industrial countries over the same period. As a result, the develop-
ing countries’ share of global commercial energy consumption also rose-from 17 percent in 
1973 to 23 percent in 1987 [World Energy Conference, 1989]. High rates of economic 
growth will continue to be needed in the developing world to provide the rapidly growing 
population with improved living standards.

Rising Populations

The past two centuries have witnessed sharply accelerated growth in the global population 
(Fig. 197). The largest additions to global population have been in the developing coun-
tries and have occurred primarily in the past 50 years (Fig. 198). 
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Fig. 197: World Population in Transition
[Merrick, 1989]

Fig. 198: Average Annual Increase in Population Per Decade in Industrial and Developing 
Regions, 1750-2100

[Merrick, 1989]

Although current projections of global population growth over the next 35 years  differ (Fig. 
199), there is consensus on several major points;

! The world’s population is projected to increase despite assumptions of continued de-
clines in fertility rates. The rate of increase in global population, while lower than in the 
past, still represents a large increase in numbers of people. World Bank estimates 
[Rodolfo, 1989], which are similar to both the United Nations medium projection and 
the U.S. department of Agriculture projection, project an increase in global population 
from 5.3 billion in 1990 to 8.4 billion in 2025, an increase of 3.1 billion.

! Virtually all of the increase will come from the developing countries. According to the 
World Bank projection, for example, population growth in the industrial countries—ie., 
nations in the Organization for Economic Cooperation and Development (OECD), the 
U.S.S.R., and Eastern Europe-is expected to add only about 125 million, or about 4 
percent of the global increase (Fig. 200). The population of the developing countries is 
estimated to rise from its present level of 4.1 billion to 7.1 billion in 2025, increasing 
their share of world population from 77 to 88 percent (Fig. 200).

! Population growth in China is  projected to be quite moderate, as current low rates of 
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growth are assumed to be maintained. Projections of China’s population growth are 
critical because of its large share of the global total [Rodolfo, 1989].

! According to World Bank projections, the biggest increases in population are predicted 
to come from Africa and Asia, which will account for 30 and 58 percent respectively of 
the total global increase. In Asia the large addition to population derives from the exist-
ing large population base; rates  of population growth are relatively low. In Africa, on 
the other hand, the primary cause is the rapid increase in population that, despite the 
relative low population, increases its share of the total population from a current 12 
percent to 19 percent in 2025 [Rodolfo,1989].

Fig. 199: Historical and Projected Global Population, 1950-2025
[Rodolfo, 1989]

Fig. 200: Projected Shares of Global Population, 2000 and 2025
[Rodolfo, 1989]

Though there will no doubt be some unforeseen divergence from these population paths 
(changes in fertility rates are difficult to predict; the impact of the AIDS epidemic in Africa 
on fertility rates  and population growth is unknown), it is clear that there will be a large in-
crease in the world’s population in the decades ahead, accompanied by a powerful upward 
pressure on energy consumption. Even with no increase in per-capita energy consump-
tion, the predicted rise in the global population by 2025 implies a 75 percent increase in 
total commercial energy consumption [Rodolfo, 1989].
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Higher Living Standards

The major development challenge is  to provide higher standards of living for the rapidly 
rising populations of the developing world. This task is  all the more urgent because of the 
declining levels of per-capita income in many of the countries of Latin America and Africa 
in recent years. Given the projected rise in developing country populations – an annual 
average of about 1.6 percent over the next 35 year – a rise in average per-capita incomes 
of, say, 3 percent per year implies economic growth rates  of around 4.6 percent annually 
[Gibbons, 1991].

It may not be easy to achieve such rates of growth. The current indebtedness of many de-
veloping nations has added to the already difficult tasks of economic management, and 
threatens to jeopardize prospects of attaining even modest improvements in standards of 
living. The foreign debt of developing countries increased rapidly in the 1970s and 1980s 
and in early 1989 was estimated at about $1.3 trillion [United Nations Development Pro-
gram,1990]. As a result of this  increase and the rise in interest rates, debt service as a 
share of total exports of goods and services is now double what it was in the early 1970s.

Changes in Energy Consumption With Economic Development

The economic expansion necessary to achieve higher standards of living for the increasing 
population of the developing world would be expected to lead to comparable increased in 
energy consumption. In addition, several factors inherent in the development process tend 
to cause commercial energy use in developing countries to rise more rapidly than the 
gross national product [Gibbons, 1991].

First, most of the people in developing countries now rely primarily on traditional biomass 
fuels – wood, crop wastes, animal dung – for their energy needs. These fuels are often dif-
ficult and time consuming to gather, are inefficient and awkward to use, and can cause 
significant environmental damage. Similarly, most people in developing countries rely pri-
marily on human and animal muscle power for doing their work, despite its low efficiency 
and limited output. People who are depended on these traditional forms of energy will turn 
to commercial fuels and technologies if and when they are available and affordable [Gib-
bons, 1991]. Thus, the share of traditional fuels in total energy consumption falls sharply 
as development proceeds. In the low-income African countries, traditional fuels accounts 
for as much as 90 percent of total energy use. In the middle-income developing countries 
their share falls typically to under 20 percent.

Second, most developing countries are now building their commercial, industrial, and 
transportation infrastructures. This requires large quantities  of energy-intensive materials 
such as steel and cement. As a result, energy use in the near- to mid-term increases faster 
than income.

Third, developing countries are experiencing rapid urbanization. Urbanization has pro-
found effects on the amount and type of energy consumed [Jones, 1989]. As industry and 
the labor force become more concentrated in urban area, transportation needs grow. Food 
and raw materials are hauled longer distances, and finished products are marketed over a 
wider area. Urban households purchase a larger share of their total needs from outside the 
family, compared with rural households, and commercial providers of goods and services 
are more likely to use modern fuels. Scarcity of space in cities encourages the substitution 
of modern, compact energy forms for the bulkier biomass fuels. Finally, the growing food 
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needs of the cities encourage changes in agricultural technology, which usually involve in-
creased use of modern fuels and energy-intensive fertilizers [Gibbons, 1991].

Fourth, modern manufacturing technologies and materials have significantly lowered the 
real cost of many consumer goods-from radios to refrigerators compared with costs a gen-
eration ago, and global distribution systems have increased their accessibility. People in 
developing countries  can thus purchase many consumer goods at a far earlier point in the 
development cycle than did people in today’s industrial countries [Gibbons, 1991]. This 
could increase energy use in the near- to mid-term both to produce the materials for con-
sumer goods  and – particularly for those that are intensive energy users, such as motorcy-
cles, cars, air conditioners, and refrigerators – to operate them.

On the other hand, there are factors that may counterbalance these trends and signifi-
cantly moderate the rapid increase in energy demand.

First, the high cost of developing national energy infrastructures and of purchasing energy 
to support growing energy demands could potentially sharply limit economic growth. This 
possibility is highly undesirable given current low, and in many cases declining, living stan-
dards in developing countries [Gibbons, 1991].

Second, the expected growth in energy use in developing countries could be reduced 
through efficiency improvements. Energy is now used much less efficiently in developing 
countries than in industrial countries. Traditional fuels and technologies are often much 
less efficient than modern ones: for example, the efficiency of a typical wood-fueled cook-
ing stove is just one-fourth that of a modern gas range. Moreover, the efficiency of energy 
use in the modern sector in developing countries is often far lower than that commonly 
achieved in the industrial countries. If developing countries adopt the most efficient tech-
nologies now available, they might achieve average energy efficiencies that are higher 
than those in industrial countries that have a large installed base of older and less efficient 
infrastructure and equipment [Gibbons, 1991].

Third, continued economic development is at some point accompanied by structural 
changes that shift investment from energy-intensive infrastructure (roads, buildings, etc.) 
to consumer goods (refrigerators, cars, etc.) and finally to less material intensive but 
higher value-added goods such as personal services and electronics [Gibbons, 1991].

Energy use in developing countries will depend on the net impact of these opposing fac-
tors. At low levels  of development the first set of factors predominates, and commercial 
energy consumption typically rises much faster than gross  domestic product (GDP). Fig. 
199 compares  per-capita commercial energy consumption with per-capita GDP for se-
lected countries, ranging from lowest to highest income. As this figure suggests, within the 
poorest countries commercial energy consumption rises faster than per-capita GNP; in the 
middle-income countries they rise at about the same rate; and at the highest levels of in-
come, the increase in total commercial energy consumption is less than the increase in 
per-capita GNP.
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Fig. 201: Commercial Energy Consumption and Economic Development in Selected 
Countries

[Summers, 1988]

It is often argued [Carlos Andreas Perez, 1989] that GNP per capita, a measure of the 
value of economic output in relation to population size, is an inadequate and misleading 
indicator of standards of living and well-being [Dasgupta, 1990]. An index recently devel-
oped by the United Nations development Program, the Human development Index (HDI) 
[United Nations  Development Program, 1990], incorporates both economic and social fac-
tors. This index is based on three indicators: life expectancy at birth, adult literacy, and 
per-capita purchasing power. The first two are sensitive to social conditions in a country 
and in addition reflect underlying conditions of income distribution. Average purchasing 
power in a country gives some indication of material standards of living. At low values, the 
HDI also shows a close positive association with commercial energy consumption (Fig. 
202). Higher levels of HDI, however, can be achieved with a wide range of commercial en-
ergy consumption.

Fig. 202: Commercial Energy Consumption and Social Development in Selected Coun-
tries

[Summers, 1988]

Commercial energy is only part (and for the poorest countries, a very small part) of total 
energy consumption. If estimates of traditional fuel consumption are included with com-
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mercial fuel to represent total energy consumption, the association between per-capita en-
ergy consumption and GNP remains close, but at lower income levels the slope is less 
steep than in Fig. 203. Adding commercial and traditional energy together to make total 
energy consumption does not, however, take into account the lower conversion efficien-
cies of traditional energy compared with commercial energy. If traditional energy consump-
tion were expressed in commercial fuel equivalent [Ang, 1986], the increase in energy 
consumption in relation to GNP might be somewhat greater than the increase in total en-
ergy (an energy elasticity of just over 1.0), but less than the increase in commercial energy 
alone (1.5 or more) [Gibbons, 1991].

The inclusion of tradition energy, though necessary to provide a more complete picture of 
the relationship between economic growth, social development, and energy use, raises 
problems of its own. First, the measurement of traditional fuels is difficult and prone to un-
derestimation. For example, for Indonesia, Malaysia, the Philippines, and Thailand, esti-
mates by the United Nations food and Agricultural Organization, the Asian Development 
Bank, and the World Energy Conference-three frequently quoted sources of data on tradi-
tional fuels-are found in almost all cases to be considerably lower than in other country-
specific studies.

Second, when considering traditional sources of energy, it is difficult to know whereto draw 
the line. Animate forms of energy are important in most developing countries, particularly 
the poorest. If the biomass fed to bullocks to provide plowing and irrigation services  were 
included, the amount of traditional energy consumed would increase substantially. Further, 
if the large amounts of biomass  burned in preparing soil for cultivation in slash and burn 
agriculture were included, per-capita energy use where shifting agriculture is practiced 
could conceivably be as high or higher than in the industrial countries [Smith,1987].

Although GNP growth is an important determinant of energy consumption, it is  not the only 
one. Table 30 shows commercial and total energy consumption relative to GNP for differ-
ent levels of income. If the amount of energy consumed were tied to the level of output or 
development, the energy intensities of all countries would be the same. As these figures 
show, however, there are considerable variations in energy intensity (the ratio of energy 
consumption to GNP) at all levels of development. Among the industrial countries, energy 
intensities vary widely. And among the developing countries, energy intensities of countries 
with the same level of development (measuredly GNP per capita) can vary more than four-
fold [Gibbons, 1991].
.
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Table 30: Energy Intensities in Selected Countries
[Summers, 1988]

Variations in energy intensity are also evident in individual countries or groups of countries 
overtime, as  shown in Fig. 203. In the years  immediately before 1973, global energy inten-
sities rose. After 1973, there was a sharp drop in the industrial countries, in contrast to a 
continued rise in the developing nations, if at a lower pace. Experience within the develop-
ing countries varied considerably, again testifying to the importance of factors other than 
economic growth in determining energy consumption.

Fig. 203: Energy Intensive and Economic Development-2000
[World Bank, 1958]

Differences in rates  of urbanization and industrial structure account for part of the variation 
in energy intensities. Countries with a large share of energy intensive industries, such as 
steel, paper, chemicals, and aluminum, will tend to have higher energy intensities than 
counties with few energy-intensive industries. Nigeria, Egypt, Algeria, and Venezuela (with 
large oil drilling and refinery operations) and Argentina, Korea, Zimbabwe, and China (with 
large metals industries, mainly iron and steel) all have relatively high energy intensities 
[Gibbons, 1991].

The impact of changes in industrial mix is  also evident over time. About half of the post – 
1979 decline in energy intensity in China (which fell by 40 percent between the late 1970s 
and the late 1980s) can be ascribed to the limits on the expansion of heavy industries and 
to the promotion of light, and often export – oriented, manufactures (e.g., textiles, con-
sumer electronics, processed foodstuffs, and plastics). The equally dramatic decline in Ko-
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rea’s energy intensity is also due in large part to the changing industrial mix [Gibbons, 
1991]. Although the output of heavy industries in Korea rose sharply in these years, pro-
duction of less energy – intensive industries such as machinery and transport equipment 
grew even more rapidly, resulting in a declining share of heavy industry in the total.

Energy intensities are also influenced by the technologies used throughout the economy. 
For example, the older generations of coal – burning technologies still used in developing 
countries are much less efficient than modern technologies. Consequently, the coal – 
burning countries  (India and China) are more energy – intensive than countries largely re-
liant on oil and gas.

Some of the factors that determine energy consumption (e.g., the size of the country and 
the location of natural resources  in relation to industry and major markets) are country – 
specific, but others can be affected by policy decisions.

3.2.1.2  Projected Energy Consumption in Developing Countries

In the past, the three factors discussed in the preceding section – rapidly rising population, 
high economic growth rates to provide improved standards of living, and structural change 
as development gets underway – have been associated with rapid rates of increase in 
commercial energy consumption in developing countries. If these trends continue, in-
creases in commercial energy consumption in developing counties could be very large. 
Table 31 illustrates some of the current projections. The synthesis of a wide range of pro-
jections shown in this table suggests  that commercial energy consumption in the develop-
ing world (including here OPEC) in 2010 could be 2.5 times higher than it was in the base 
year 1985, an annual rate of increase of 3.8 percent. China accounts  for more than one-
third of the projected increase [Marine, 1989].
.

Table 31: Commercial Energy Consumption, 1985 and Projections for 2010
 (EJ=Exajoules)
[Marine, 1989]

                       AARG=Annual Average Rate of Growth

The World Energy Conference forecasts a somewhat slower rate of growth in commercial 
energy consumption in the developing world, an annual average increase of 3.3 percent. 
By 2020, however, consumption of commercial energy in the developing world would be 
three times higher than in 1985, and consumption of tradition of traditional fuels about 25 
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percent higher (Fig. 204). Population growth and rising standards of living each accounts 
for about half of the total increase [Gibbons, 1991].

Fig. 204: Historical and Projected Energy Consumption in Developing Countries: World 
Energy Conference “Moderate” Projections

[World Energy Conference, 1989]

3.2.1.3  The Energy Sector and the Macroeconomy

Energy is  widely recognized as a key economic sector in developing countries. Reliable 
and affordable supplies of energy make major contributions to economic and social devel-
opment; conversely, inadequate or unreliable energy supplies frustrate the development 
process.

Financing Energy Supplies

Most developing countries  (59 out of 80) are net energy importers, relying on imports for 
virtually all domestic commercial energy consumption; for many countries, oil imports rep-
resent 30 percent or more of total export earnings. The share of energy imports in the total 
export earnings of developing countries has fluctuated widely in recent years as  oil prices 
have changed. Such wide fluctuations are highly disruptive to energy planning and eco-
nomic development [Gibbons, 1991].

Many developing countries emphasize domestic production of energy. Investments  in 
highly capital–intensive energy supply systems often represent a major share of the total 
investment budget (Table 32), accounting in some countries for over 40 percent of all pub-
lic investment. As the predominant claimant on scarce capital resources, developments in 
the energy sector therefore have a major impact on the amounts of investment available 
for other economic and social development [Gibbons, 1991].

Table 32: Estimated Annual Energy Investment as a Percentage of Annual Total Public 
investment During the Early 1980s

[Munasinghe, 1990]
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The scale of future investment demands for the energy sector in developing counties is 
projected to be very large. The World Bank, for example, estimates that investments  of 
$125 billion annually (twice the current level) would be needed in developing countries to 
provide adequate supplies of electricity (World Bank, 1990). According to a World Bank 
estimate annual average expenditures on commercial energy supply facilities for develop-
ing countries, electricity accounts probably for one-half of the total; oil, including refineries, 
accounts for about 40 percent; and natural gas  and coal 5 percent each. These expendi-
tures do not include investment in small-scale renewable or energy conservation.

About one-half of total estimated energy supply investments are projected to be in foreign 
exchange. The foreign exchange component for oil and gas is  typically high (about two-
third of the total), as much of the equipment must be imported. On the other hand, foreign 
exchange costs for coal development are low (about one-quarter of the total), mainly be-
cause the major coal-using countries, India and China, manufacture coal industry equip-
ment domestically. The projected share of foreign exchange in electric power varies widely 
according to country. In countries  with developed industrial sectors, the share may be be-
tween 5 and 10 percent, but in countries that import all their generating equipment, the 
share rises as high as 70 percent [World Bank, 1983].

Achieving these high levels of foreign resources for the energy sector investment poses 
immense challenges. Though most countries are likely to experience difficulties, the issues 
will vary from country to country. The poorest countries are highly dependent on confes-
sional aid (which accounted for 80 percent of their total external borrowing for the energy 
sector in 1975-80). Their success in acquiring funds will depend on the extent of the in-
crease in confessional flows. On the other hand, the middle-income countries  depend 
mainly (80 percent) on export-related and private financial flows for their external financing 
of energy investments. The situation is particularly acute in highly indebted developing 
countries [Gibbons, 1991].

The other half of the projected increase in investment in the energy sector comes from 
domestic resources, with a particularly high share in electricity and coal. In many coun-
tries, however, the financial situation of the power sector has deteriorated, as increases in 
costs have not been matched by increased revenues [Gibbons, 1991]. The financial viabil-
ity of oil refinery operations  in many countries  is also compromised by the structure of pe-
troleum product prices. The issue of domestic resource mobilization is of particular impor-
tance for coal, where much of the financial resources needed are local rather than foreign.

There are indications that the developing countries are paying increased attention to re-
source mobilization for the energy sector. Several countries (e.g., Peru, Ecuador, and Co-
lombia) are currently opening more of their territories to oil exploration by foreign firms. 
Requirements for government participation in oil development ventures are being relaxed. 
Improved fiscal arrangements providing for the special characteristics  of gas have been 
adopted in Egypt, Tunisia, Pakistan, and elsewhere with a dramatic increase in exploration 
specifically directed at gas [Gorton, 1990].

Energy Supply Reliability

Just as the presence of reliable supplies of high-quality energy can be a strong incentive 
to economic development, so unreliable supplies can discourage development and add 
substantially to the cost of usable power. Electricity supplies in many developing countries 
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are characterized by frequent service curtailments  to customers, including blackouts, 
brownouts, and sharp power surges. Maybe have several types of impacts:

! Industries and offices  are unable to operate, production is lowered, and raw materials 
are wasted. In China, for example, it is  claimed that electricity shortages and disrup-
tions during the 1980’s were responsible for idling at least 20 percent of the country’s 
industrial capacity. For the five public-sector steel plants in India, it has been estimated 
that at 1986-87 operating levels, irregular and restricted electricity supply resulted in 
increased electricity consumption of over 216 GWh at a cost of $10 million, and the 
poor quality of the electricity resulted in additional consumption of 412 GWh at a cost 
of $18 million (Energy and Environmental Analysis, 1990). More generally, lost indus-
trial output caused by shortages of electricity in India and Pakistanis estimated to have 
reduced GDP by about 1.5 to 2 percent [Sanghvi, 1990]. Residential consumers  are 
also affected.

! Many consumers, both residential and industrial, are obliged to invest in a variety of 
equipment-voltage boosters, standby generators, storage batteries, kerosene lamps-in 
order to minimize the impact of disrupted supplies. Though no data are available, ex-
penditures on these devices are certainly substantial, adding to the cost of providing 
usable supplies [Gibbons, 1991].

Such supply constraints are usually associated with electricity, but there are also short-
ages of other sources of energy. Supplies of household fuels in many countries (e.g., In-
dia) are notoriously intermittent. This accounts for the existence of a wide range of cooking 
systems in many households in order to ensure against the shortage of any one fuel. 
Transportation services  are also subject to disruption because of unreliable fuel supplies 
[Gibbons, 1991].

3.2.2   Energy Pricing and Demand Management

Energy prices play a key role in energy sector development, through their impacts on the 
amount of energy used in an economy, the technologies  adopted, and in some cases, the 
direction of industrial development. The effects on the energy infrastructure are long term 
in nature, and often difficult to reverse.

Energy pricing policy may have several objectives: efficient allocation of resources, provi-
sion of affordable supplies to consumers, reasonable returns  to energy producers, substi-
tution between fuels for national security or environmental reasons, promotion of regional 
development and industrial competitiveness [Hill, 1987]. The weights of these different ob-
jectives in the formulation of energy policy vary among countries. The importance of the 
regional development objective, for example, varies from country to country depending on 
geographical configuration, politics, and history. As in order aspects of economic and so-
cial policy, however, there are several characteristics of energy pricing that are shared by 
many of the developing countries [Gibbons, 1991]:

! Governments play a strong role in the commercial energy sector. In virtually all devel-
oping countries the electricity sector is government owned, and in many countries the 
government also owns the coal, and oil and gas sectors. Regardless of the form of 
ownership, the government typically regulates prices of energy products, frequently at 
several levels of the production and distribution chain.

! Social objectives are an important factor in formulating energy pricing policies. As a 
basic necessity of life, energy accounts for a substantial part of total household ex-
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penditures. Governments frequently aim to keep the typical cost of household 
fuels-e.g., kerosene for lighting and cooking, and in some cases electricity-low. The 
large number of poor in the population also makes price stability an important policy 
objective. Though social equity issue are a major preoccupation in the pricing of com-
mercial fuels, prices of the most common form of energy used by the poor – wood and 
charcoal – are usually not regulated.

! Economic objectives, notably, the desire to encourage key strategic development sec-
tors including key strategic development sectors including transportation and agricul-
ture, are also reflected in policies designed to promote rural electrification or to keep 
diesel prices low.

Policies that keep key energy product prices low can also produce adverse results. Reve-
nues from energy sales may be inadequate to cover the costs of supplying the energy. 
This  problem is especially acute in the electricity generating sector in developing countries. 
One study [Hill, 1987] showed that in 30 out of 37 developing countries for which data 
were available, electricity tariffs were too low to generate the revenues needed to cover 
total operating costs plus allowances for equipment replacement or expansion of the sys-
tem. A survey of electric power projects  financed by the World Bank over a 20-year period 
[World Bank, 1988] indicates a consistent decline in key financial indicators as revenues 
from sales of electricity lagged behind rising costs.

Petroleum prices are rather different. At present, subsidies (defined here as prices signifi-
cantly lower than those charged in international markets) are largely limited to oil-exporting 
(or at least oil producing) countries. Countries that import all their supplies of petroleum 
products, and are therefore obliged to pay current international prices for their supplies, 
are generally unwilling to subsidize prices on the domestic market. In the oil-exporting 
countries, however, despite sharp price increases in recent years, several petroleum prod-
ucts – notably, kerosene and heavy fuel oil-continue to be sold at half the international 
price or less. Low domestic gas prices, in combination with other factors, discourage the 
development of gas resources and contribute to the spectacularly high share of flared gas 
in developing countries  – 47 percent of total production, compared with 4 percent in the 
OECD countries [Kosmo, 1987].

In both India and China, which together account for 70 percent of all coal consumption in 
the developing world, coal prices are kept below production costs. In China, two-thirds of 
all coal enterprises lost money in 1984. in the early 1980s  the World Bank estimated Coal 
India’s losses at $300 million on sales of $700 million [Gibbons, 1991].

In some cases, the costs of energy supplies are also higher than necessary. Factors such 
as excessive staffing and poor management in the electricity sector increase costs, and 
there are similar inefficiencies in the oil supply sector. Insofar as  the population is aware of 
these problems, they maybe reluctant to agree to price increases that would in effect sub-
sidize the inefficiencies of the supply system. Improved efficiencies on the supply side 
might make increases in prices and tariffs more palatable and also help to minimize the 
total costs to consumers [Gibbons, 1991].

In addition to the general level of energy prices, the structure of energy prices is of con-
cern in both the electricity and petroleum product markets. Major differences in the prices 
charges for similar services  – as in the case of electricity – or for petroleum products  that 
can be substituted for each other – have given rise to distortions in product demand. The 
subsidization of some fuels (kerosene and diesel fuels) for general economic and social 
reasons, combined with high taxes on others (gasoline), leads to shortages  of the subsi-
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dized fuels, surpluses  of the highly taxed fuels, and capital investment decisions made on 
the basis  of energy costs that do not reflect the cost of providing that energy [Gibbons, 
1991].

In Thailand in the early 1980s, for example, price differences between gasoline, diesel, 
kerosene, and liquid petroleum gasoline, diesel, kerosene, and liquid petroleum gas (LPG) 
led to shortages and black markets in kerosene and LPG; the diversion of half of total 
kerosene supply to the transport sector to adulterate diesel fuel; dieselization of many 
older vehicles by retrofitting a spark ignition engine to use diesel fuel; widespread theft of 
diesel fuel; and surpluses of gasoline as  all vehicles used commercially changed over to 
diesel [Hertzmark, 1987]. Similar developments in other countries  have contributed to seri-
ous refinery imbalances. In recent years, Thailand has moved to reform its petroleum 
product pricing system, but wide price differentials  persist in other countries, including In-
donesia and India.

Energy pricing decisions  are often motivated by the need to keep energy affordable for 
large populations of poor households. However, the practical implementation of such pol-
icy is difficult. It is often difficult to “target” disadvantaged groups. Energy consumption 
surveys indicate that the use of commercial fuels is concentrated among middle and upper 
income households, rather than the poor who reply mainly on wood and charcoal. Moreo-
ver, if subsidy programs expand in scale, they can lead to outcomes to help [Gibbons, 
1991]. Thus, the deteriorating revenue situation of electricity systems, attributable in some 
measure to subsidized tariffs, leads to declining quality and availability of power supplies, 
which can cause factories and workshops to stop operations, thus  increasing unemploy-
ment.

Though important, pricing is just one mechanism for influencing energy demand. Others 
include measures to inform consumers of cost-effective opportunities to save energy, the 
imposition of technical efficiency standards, and sponsorship of energy-efficient technolo-
gies.

Developing countries, frequently aided by donor countries and organizations, have made 
some progress in demand management and conservation. For example, the Association of 
South-East Asian Nations (ASEAN) countries have been particularly active in conservation 
in both industries and buildings. In addition, China has established energy conservation 
technical centers, which have contributed to the sharp decline in China’s energy intensity. 
In Brazil, energy-saving protocols have been established with major industries. Korea has 
conducted major audits  of large companies. Traffic management schemes, designed 
mainly to alleviate congestion, but with an energy-saving bonus, have been introduced in 
Brazil, Singapore, Thailand, and Venezuela. New, more energy-efficient automobile tech-
nologies have been introduced in India. And several improved wood-burning stoves have 
been introduced, at least one of which appears to have enjoyed considerable success 
[Gibbons, 1991]. On the institutional side, movements toward deregulation of economic 
activity, as in China in the 1980’s, have improved the competitive environment under which 
energy decisions are taken and thus have contributed to improved energy efficiency [Gib-
bons, 1991].

3.2.3  Energy and The Traditional Sector

Two-thirds of the developing world’s population – some 2.5 billion people – lives in rural 
areas [World Bank, 1989] with low standards of living based largely on low-resource farm-
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ing. This type of farming is characterized by high labor requirements, low productivity per 
hectare and, because of the marginal subsistence, strong risk aversion. Rural populations 
have little access to commercial fuels and technologies and only limited connection with 
the modern economy. Biomass fuels satisfy the heating and cooking needs of these popu-
lations, and muscle power largely provides for their agricultural, industrial, and transporta-
tion energy needs [Gibbons, 1991]. Although these energy sources provide crucial energy 
services at little or no direct financial cost, biomass fuels, muscle power, and related tradi-
tional technologies generally have low efficiencies and limited output and productivity lev-
els.

In many areas, biomass supplies are diminishing due to a host of factors, including popula-
tion growth and the expansion of agricultural lands, commercial logging, and fuelwood use 
[Gibbons, 1991]. The poorest rural people often have limited access  to even these re-
sources and, therefore, must spend longer periods of time foraging for fuel sources – ex-
acerbating their already difficult economic position.

Traditional villages are complex, highly interconnected systems that are carefully tuned to 
their environment and the harsh realities of surviving on meager resources. Because the 
villages are largely closed systems, changes in any one part affect other elements of vil-
lage life. Changes in agricultural practices, for example, change the amount and type of 
energy supplies available. In turn, energy sector developments, such as agricultural prac-
tice and income distribution. Making changes in rural systems frequently proves difficult 
due to the large risks that changes can pose to populations living on the margin of subsis-
tence [Gibbons, 1991].

The following sections examine four of the major factors that affect the linkages between 
energy and the economic and social development of rural economies: seasonality; inequi-
ties  in the distribution of and access to resources; the role of commercial biomass in the 
rural economy; and gender issues in labor. Mechanizing the mundane tasks of rural life, a 
process facilitated by the introduction of modern fuels, could greatly increase the produc-
tivity of rural peoples. To bring about improvements, however, will require paying close at-
tention to the numerous related complications, such as seasonality, the type of task, 
culture-specific labor roles, children’s labor, and many others [Gibbons, 1991].

Seasonality

The seasons affect every aspect of rural life: the availability of food, fuel, and employment; 
the incidence of disease; and even the rates of fertility and mortality [Chambers, 2004]. 
Labor requirements for planting are seasonally peaked to take advantage of limited rainfall 
and other favorable growing conditions. When rains  begin, soil bacteria multiply rapidly 
and break down the dead plant matter in the soil left by the dry season; this process re-
leases a large amount of organic nitrogen in the soil. Crops planted quickly after the rain-
fall can take advantage of this nitrogen, but a short delay leaves  weeds as the main bene-
ficiaries. Labor requirements  to harvest crops are similarly peaked. Thus, while there 
maybe a large labor surplus during most of the year, labor shortages occur during the criti-
cal planting and harvesting seasons. Studies of African agriculture indicate that labor is 
“the major scarce resource in food production.” [Henn, 1983]

Modern equipment could reduce the high labor demands during planting and harvesting. 
Even when the necessary commercial fuels are available, however, modern agricultural 
equipment is often prohibitively costly to purchase or rent due to the very short period in 
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which it can be profitably used [Pingali, 1987]. Relatively low-cost traditional technologies 
face similar cost barriers. For example, the average animal drawn cart in Ungra, India, is 
used at just 6 percent of its annual capacity.

Draft animal technologies can ease critical seasonal labor shortages to some extent. Draft 
animals, however, can only be used productively for little more than the short growing sea-
son, yet these animals require food year round. Limited uses for draft animals, coupled 
with their high food requirements, reduce the average draft animal efficiencies to just a few 
percent. Because of the limited supplies  of fodder available, farmers  often semi-starve 
draft animals in order to save fodder for when the animals need their strength to plow the 
dry-baked ground or for other purposes [Somashekar, 1982]. A shortage of draft animals 
may limit crops to just one per year-even in areas with potential for double cropping [Rav-
indranath, 1986].

Although agriculture demands very high levels of labor during the peak seasons, during 
the remainder of the year, rural areas experience serious under employment. In turn, this 
seasonal unemployment in rural areas  peoples a large amount of both seasonal and per-
manent migrants  to urban areas [Todaro, 1977]. In Africa and Asia, where the migrants are 
mostly men, more of the burden for subsistence crop production is shifted to the women 
who stay behind. Migration to cities increases pressure on forests as well, because urban 
dwellers generally purchase their wood supplies, which are likely to be derived from cutting 
whole trees, rater than the gathering of twigs  and branches as is  more typical of rural fora-
gers [Todaro, 1977].

The seasons also affect the availability and usability of renewable energy resources. Dur-
ing the rainy season, wood is less  easily obtained and more difficult to burn than during the 
drier months. In areas heavily dependent on crop residues for fuel, shortages at the end of 
the dry season can force the use of noxious weeds as  substitutes, particularly by the very 
poor [Vidyarthi, 1984]. The use of biogas is limited by the availability of dung, which in Un-
gra, India, varies for adult cattle from 3.5kg/day during the 7-month dry season to 
7.4kg/day during the wet season [Ravindranath, 1984]. Correspondingly, in mountainous 
areas or elsewhere with large seasonal temperature variations, fuel demands can increase 
significantly during the winter. In a Kashmir village, for example, wood demands during the 
winter are four times higher than during the summer.

Inequities in Resource Distribution and Access

In regions where biomass fuel supplies are limited-particularly those with dry climates and/
or high population densities-rural people may travel long distances to collect fuel for do-
mestic use, as much as 20 miles round trip in some areas under special conditions. More 
generally, when wood is  scarce they rely on crop wastes, animal dung, or other materials 
as substitutes. Estimates of time spend in foraging range as high as 200 to 300 person-
days per year per household in Nepal [Singh, 1984]. Foraging is also heavy work. In Burk-
ina Faso, typical head loads weigh 27 kg (60 pounds) [Ernest, 1978]. In many regions, 
women and children shoulder most of the burden.

Despite these heavy burdens, villagers often prefer to invest their capital and labor in 
technologies for income-producing activities, such as  yarn spinners, rather than in fuel-
conserving stoves or tree-growing efforts. Reasons for investment preference include lack 
of cash income; the ability to minimize wood use or to switch to alternative fuels  when 
wood becomes scarce [Keefe, 1988]; conflicts  over ownership of land or trees; and easy 
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access to common lands. In addition, villagers  often carry out fuelwood collection in con-
junction with other tasks, such as walking to and from the fields or herding animals. In this 
case, collecting biomass resources  may prove less burdensome than it appears [Tinker, 
1987].

If wood is  scarce, villagers use crop wastes, dung, or other less desirable fuels. To the vil-
lage user, the immediate value of these fuels outweighs their potential long/term environ-
mental costs  [Barnard, 1985]. In India, for example, a ton of cow dung applied to the fields 
produces an estimated increase in grain production worth $8 (U.S. dollars), but if burned 
eliminates the need for firewood worth $27 in the market [Aggarwal, 1984]. The diversion 
of crop residues, previously used as soil enhancers, to fuel use may lead to a long-term 
loss in soil fertility unless offset by increased use of chemical fertilizers. 

Local fuel shortages often have their most serious impacts on rural landless and/or mar-
ginal farmers with little access to fuel supplies. The poor may also sometimes be denied 
access to their traditional fuel sources when the market value of biomass rises. For exam-
ple, farm laborers  in Haryana, India, are now sometimes paid in crop residues for fuel 
rather than in cash, although previously they had free access to these agricultural wastes 
[Center for Science and Environment, 1985].

The Role of Women

Women shoulder the burden of most domestic tasks, including foraging for fuelwood and 
cooking. In many areas they also perform much of the subsistence agricultural labor. A 
1928 survey of 140 Sub-Saharan ethnic groups  found that women “carried a major re-
sponsibility for food farming” in 85 percent of the cases, and did all but the initial land 
clearing in 40 percent of the cases. In contrast, the Muslim custom of Purdah, for example, 
tends to keep women near their homes and away from the fields in Bangladesh. As 
women’s work often does not produce any cash revenue, opportunities for introducing en-
ergy – and labor – saving technologies for women’s work are limited. Improving labor pro-
ductivity and energy efficiency in rural areas will thus require special attention to the role of 
women.

The careless introduction of labor – saving technologies could increase the burden on 
women. For example, the introduction of animal or mechanical traction for land preparation 
and planting increases the area that men can cultivate, but does nothing to assist women 
in weeding, harvesting, post-harvest food preparation, storage, and other tasks [Gibbons, 
1991].

The migration of men to look for urban work leaves women to fulfill traditional male roles 
as well as their own. In Uttar Pradesh, India, the male: female ratio in villages is  1;1.4 for 
the working age group of 15 to 50 year [Gibbons, 1991]. In Kenya, a quarter of rural 
households are headed by women – in Botswana, 40 percent. Yet the remittances of the 
migrants can make an important contribution to rural household finances.

Children, too, play an important role in rural labor, freeing adults to perform more difficult 
tasks. In Bangladesh, for example, children, children begin performing certain tasks as 
early as age 4. By age 12, boys  become net producers – producing more than they con-
sume and are nearly as efficient in wage work as men. By age 15, boys have produced 
more than their cumulative consumption from birth, and by 22 they have compensated for 
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their own and one sibling’s cumulative consumption. The major role of children in farming 
helps explain high fertility rates in rural areas [Gibbons, 1991].

The Role of Commercial Biomass in the Rural Economy

While much biomass is used locally, rural areas are also the source of substantial amounts 
of fuelwood (both firewood and charcoal) used in towns. This trade pumps relatively large 
amounts of cash into the rural economy and provides much needed employment to rural 
dwellers during nonagricultural seasons. To supply Ouagadougou, Burkina Faso, with 
wood during 1975, for example, required some 325,000 person-days of labor and gener-
ated over $500,000 in income directly and an additional $2.5 million in income through 
transport and distribution. Such marketing networks can be quite extensive and complex 
[Gibbons, 1991].

In many countries, people in the poorest areas, where conditions do not permit expansion 
of crop or animal production and natural woody vegetation is the only resource, depend 
heavily on sales  of firewood for their income. Similarly, when crops fail, charcoal produc-
tion – or, as in Bangladesh, the cutting of wood from farm hedgerows grown in part as an 
economic buffer to be sold before more valuable livestock and land – provides alternatives 
for earning cash [Gibbons, 1991]. In India, for example, “head-loading” (individuals  carry-
ing wood to urban markets on their heads) has become an important source of income for 
perhaps 2 to 3 million people. 

The response of rural peoples to fuel shortages varies widely. Some sell wood to urban 
markets  and use the lower quality residues themselves. Others use dung for fuel rater than 
for fertilizer. In Malawi, to grow sufficient fuel for household use on the typical family farm 
would displace maize worth perhaps 30 times more; collecting “free” wood proves much 
easier. In contrast, aerial survey of Kenya have shown that hedgerow planting increases 
with population density-demonstrating that villagers respond to the reduced opportunity of 
collecting free wood from communal lands by growing their own [Gibbons, 1991].

3.2.4  Conclusion

High rates  of economic growth will be needed in developing countries to provide the rap-
idly growing population with improved living standards. If present trends in energy and 
economic growth continue into the future, a sharp increase in commercial energy con-
sumption in developing countries  will be required. Substantial increases in supplies of 
biomass fuels will also be needed. This prospect raises a dilemma [Gibbons, 1991]. On 
the one hand, increases in energy supplies on this  scale would severely strain financial, 
manpower, and environmental resources. But on the other, inability to supply needed en-
ergy can frustrate economic and social development.

One way to resolve this  dilemma lies in distinguishing between the energy that is con-
sumed and the services derived from it. Technological improvements  and other means of-
fer the potential of greatly improving the efficiency of energy use-providing more of the en-
ergy services needed for development while consuming less  energy. The next chapter 
provides an introduction to the services provided by energy, and how they are currently 
delivered, with a view to identifying potentials for improving efficiencies [Gibbons, 1991].
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3.3  Energy Services in Developing Countries

3.3.1  Introduction and Summary

Energy use in the world’s developing countries is increasing rapidly. In 1960, developing 
countries consumed just 15 percent of the world’s commercial fuels; by 1985, their share 
had increased to about 24 percent [Sathaye, 1987]. Including traditional fuels, the develop-
ing country share of world energy consumption was about 28 percent in 1986. Developing 
countries might consume as much commercial energy as today’s industrial countries by 
early in the next century [U.S.Environmental Protection Agency, 1989]. Factors driving this 
rapid increase in energy use include population growth, economic growth, and increasing 
urbanization. Even with this  rapid growth, overall per-capita energy consumption rates in 
developing countries in 2025 would be just one-fifth that of the United States in 1987.

The purpose of this chapter is to examine how energy is used in developing countries. As 
explained in Chapter 3.1, the focus of this report is on the services energy provides rather 
than the amount of energy consumed. The reason for this  approach is simple: energy is 
not used for its own sake, but rather for the services it makes possible. For example, wood 
might be burned to cook food, heat water, warm a house on a winter evening, hear an in-
dustrial boiler, or to provide other services. Similarly, diesels and gasoline are used primar-
ily to provide transportation services.

There may be many different means of providing a desired service, each with its own costs 
and benefits. Transportation, for examples, might be provided by bicycles, motorcycles, 
cars, buses, light rail, or aircraft. The consumer chooses among these according to such 
criteria as cost, comfort, convenience, speed, and aesthetics. Within these consumer con-
straints, a more efficient car maybe preferable to an increase in refinery capacity in order 
to reduce capital and/or operating costs or because of its environmental benefits. Thus, in 
addition to engineering and economics, energy analyses should also consider social, cul-
tural, and institutional factors. Such factors are more readily included in a services frame-
work than in a conventional energy supply analysis [Gibbons, 1991].

The amount of energy consumed in the main end use markets-residential and commercial, 
industry, and transportation – is examined first; then the major services provided by energy 
are examined within each and – use market. In the household sector, the services exam-
ined are cooking, lighting , space conditioning, and refrigeration; in industry, process heat 
and motor drive; in agriculture, irrigation and traction; and, finally, transportation. These 
services are chosen on the basis of their current or likely future levels of energy consump-
tion or their social and economic impacts.

Within this services framework, changes in energy use are traced from traditional rural ar-
eas to their modern urban counterparts. The progression from the traditional rural to the 
modern urban illuminates well the wide range of technologies now being used in the de-
veloping countries and the dynamics of how energy use can be expected to change in the 
future [Gibbons, 1991].
.
Energy use in traditional rural villages reflects a much different set of considerations from 
that of the modern urban economy. First, traditional energy use is  part of a complex and 
interdependent biological system, rather than being based on fossil fuels [Gibbons, 1991]. 
The biomass that is used for fuel is part of a system that provides food for humans, fodder 
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for animals, construction materials, fiber for ropes, and even traditional medicines. Simi-
larly, the bullock that pulls a plow also provides milk, meat, leather, and dung for fertilizer 
or fuel.

Second, people in traditional economies carefully assess their choices and make complex 
tradeoffs between the numerous pressures they face in day-to-day survival, at a level sel-
dom seen in the modern economy. Gathering fuel, for example, is not free: it costs time 
and personal energy that must be balanced against all the other demands that one faces, 
particularly during the agricultural season when labor demand is  at its peak. There are also 
complex tradeoffs involved in gaining access to fuels on common lands or on privately 
owned land [Gibbons, 1991].

Third, although people in rural areas may use energy inefficiently in comparison what is 
possible with modern commercial technologies, they use energy rather efficiently and 
wisely given the constraints  on their resources, technology, and capitals. They have little 
choice in this if they are to survive on their meager resources. Rather than maximizing 
production, as is done in modern industrial society, traditional people focus on minimizing 
risk in the face of the vagaries of drought and other natural disasters.

The efficiency and productivity of traditional energy technologies in developing countries 
can be significantly improved. To do so effectively, however, will require an understanding 
of the complex linkages of village life. In general, village populations operate rationally 
within their framework [NRavindranath, 1981]; change then requires that the framework be 
changed through the introduction of external inputs – financial, managerial, material, and 
technical. The lack of success of many development programs can be attributed in part to 
a failure to recognize the rationality of rural lifestyles  and the need to address the overall 
framework in which villagers operate.

For the developing countries as a whole, the residential/commercial and industrial sectors 
constitute the largest end use energy markets, together accounting for 85 percent of the 
energy used by final consumers when traditional fuels are included. Transportation ac-
counts for the remaining 15 percent. There are, however, considerable differences among 
developing nations. The residential/commercial mercian sector accounts for a particularly 
high share of energy use in African countries (mostly in the form of biomass fuels for cook-
ing), while industry’s  share is quite low. Transportation accounts for an exceptionally high 
share of the total in Latin America, whereas its share in India and China is low. Table 33, 
34 provide sectoral and energy service breakdowns for the developing countries; Per-
capital energy use in rural households as determined by village surveys  in Africa, Asia, and 
Latin America. Residential cooking and industrial process heat account for almost two-
thirds of all the energy used in the developing world. About 40 percent of all energy con-
sumed in providing these services in developing countries, or well over a quarter of the to-
tal energy consumed in developing countries, is used in India and China [Gibbons, 1991].

Cooking is  the single largest energy use in many developing countries. There is a well-
established transition in cooking fuels associated with higher incomes, improved supply 
availability, and urbanization. In rural areas, and in poor urban households, traditional fuels 
(wood, crop wastes, and dung) are used in simple stoves [Ravindranath, 1981]. In more 
affluent households, people switch to modern stoves and clean, convenient fuels such as 
kerosene, Liquefied Petroleum Gases (LPG), and electricity. Because wood stoves are 
relatively inefficient, households  that use kerosene or LPG can consume significantly less 
energy for cooking than those using wood and charcoal.
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Lighting technologies follow a similar technological progression, from candles or light from 
wood frees in some rural areas, to kerosene and butane lamps, to electricity, which is a 
highly prized energy service. Electricity use for lighting rises rapidly with household in-
come.

Relatively little energy is used for residential space cooling in developing countries. Space 
cooling is becoming significant in commercial and government buildings, however, and en-
ergy use for space cooling is likely to grow rapidly in the future.

Table 33: Total Delivered Energy by Sector, in Selected Regions of the World, 1985
[International Energy Agency, 1989]

Table 34: Delivered Energy Per Capital by Sector in Selected Regions, 1985
[International Energy Agency, 1989]

Also, electric appliances  are quickly penetrating the residential sector. Many of these air 
conditioners and appliances, notably refrigerators, have low efficiencies. These end uses 
are having strong impacts on the electric power infrastructure.

Many commercial and industrial processes require process heat, ranging from the low-
temperature heat provided by biomass used to dry food in cottage industries to the high-
temperature processes used in the large-scale steel and cement industries. With some ex-
ceptions, the efficiencies of these processes  are typically much lower than those found in 
industrialized countries [Gibbons, 1991].
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Much of the populations in developing countries depend for their mechanical work in both 
industry and agriculture on human or animal muscle, with low efficiencies and power out-
puts  that seriously limit productivity. The efficiencies of modern diesel and electric motors 
are significantly lower in developing countries than in the industrialized countries as well.

As in other sectors, there is a transition in transportation technologies. Walking and use of 
domesticated animals are the dominant transport technologies in poorer and rural areas. 
The next step up is bicycles, and then the internal combustion engine [Gibbons, 1991]. 
Transport services in the developing world, as in the industrial world, are based largely on 
highways. In the developing countries, however, freight rather than passenger traffic is the 
most important transport activity in terms of energy consumption.

3.3.2  The Residential / Commercial Sector

Energy use in the residential / commercial sector of developing countries  typically ac-
counts for about 30 percent of commercial energy use and two-thirds or more of traditional 
fuel use. Cooking is  by far the largest use of fuel in rural areas; in urban and more devel-
oped areas, lighting and appliances (refrigerators and electric fans, for example) are also 
large energy users. Air conditioning is likely to become important in the future in resi-
dences and is already widely used in commercial, institutional, and government buildings 
in developing countries.

The average energy efficiency of the most common cooking, lighting, and appliance tech-
nologies in use in developing countries today can be improved dramatically, but usually at 
a significant additional capital cost to the consumer. Nevertheless, the advantages of 
these more modern technologies-conveniences, comfort, effectiveness – are incentive 
enough for consumers  to make the investment where the technologies  and the necessary 
fuel supplies are available, affordable, and reasonably reliable [Gibbons, 1991].

Cooking

The most important single energy service in many developing countries is cooking. In rural 
areas of developing countries, traditional fuels – wood, crop wastes, and dung – are used 
for cooking; in many urban areas, charcoal is also used. More than half of the world’s peo-
ple depend on these crude fuels for their cooking and other energy needs (Table 36). 
Higher incomes and reliable fuel supplies enable people to switch to modern stoves and 
clean fuels such as kerosene, LPG, and electricity.
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Table 35: Principal Cooking Fuels Used by the World Population, 1976
[Hughart, 1979]

Traditional fuels  are predominant in rural areas  because they can be gathered at no finan-
cial cost and used in very simple stoves – as simple as an open free. At the national level, 
the use of biomass for fuel reduces  expensive energy imports. These are substantial 
benefits.

Use of traditional fuels also exacts substantial costs. Large amounts of labor are expended 
to gather these fuels in rural areas, and a significant portion of household income is spent 
for them in poor urban areas. Cooking with traditional fuels is awkward and time-
consuming. Unlike modern gas or electric stoves, stoves that use traditional biomass fuels 
must be constantly tended to maintain an adequate flame. This demands a large share of 
women’s time in developing countries-averaging perhaps 3 to 5 hours per day – and inter-
feres with other activities [Smith, 1987].
.

Cooking with traditional fuels is also usually unpleasant and unhealthy due to the large 
amount of noxious smoke emitted (Table 37). Measurements of indoor concentrations  in 
homes in developing countries have found levels of carbon monoxide, particulate, and hy-
drocarbons 10 to 100 times higher than World Health Organization standards. Cooks can 
be exposed to as much or more carbon monoxide, formaldehyde, benzo(a) pyrene, and 
other toxins and carcinogens as heavy cigarette smokers [Smith, 1987]. Smoke from cook-
ing stoves is therefore thought to be a significant factor in ill-health in developing countries. 
The diseases implicated include severe eye irritation, respiratory diseases, and cancer.

Table 36: Typical Air pollution Emissions from Various Cooking Fuels
[Smith, 1987]
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Finally, although the expansion of agricultural and grazing lands and commercial logging 
are the most important causes of deforestation globally, the use of wood for fuel may also 
contribute to deforestation in some local areas, particularly where the population density is 
higher and the climate is dry such as the West African Sahel.

The Transition to Modern Stoves and Clean Fuels

People are generally observed to make the transition to modern, efficient stoves and clean 
fuels as soon as they are available and affordable. These technologies  are preferred for 
their convenience, comfort, cleanliness, ease of operation, speed, and other attributes 
[Gibbons, 1991].

There is a natural progression in efficiency, cost, and performance as consumers shift from 
wood stoves to charcoal, kerosene, LPG or gas, and electric stoves (Fig. 205). Improved 
wood and charcoal stoves have also begun to fill a potentially important niche between 
traditional wood or charcoal stoves and modern kerosene or gas stoves.

Fig. 205: Representative Efficiencies and Direct Capital Costs for Various Stoves
[Baldwin, 1986]

Cultural factors are often cited as a barrier to the adoption of improved biomass stoves 
and fuels. Although cultural factors may play a role in choices of stoves or fuels, it is hardly 
a dominant one, as evidenced by the wide variety of stoves  and fuels that have already 
been adopted across the full range of class, cultural, and income groups in developing 
countries. More typically, the reason that various stoves have not been adopted by tar-
geted groups  in developing countries is  that they simply have not worked well [Baldwin, 
1985].

The transition to modern stoves  and fuels is often sharply constrained due to their higher 
capital costs (Fig. 205) and uncertainty in the supply of fuel. In Colombo, Sri Lanka, for ex-
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ample, the cost of converting to LPG in 1983 was equivalent to 1 month’s income for 70 
percent of the population and 5 months’ income for the poorest 20 percent [Leach, 1987]. 
Yet cooking with gas can be the lowest cost alternative when both capital and operating 
costs are included. In Raipur, India, the cost of cooking with LPG is less  than that for wood 
for household discount rates of 30 percent or less; yet many households continue to use 
wood, presumably because effective household discount rates are higher [Duukerley, 
1900] (the capital cost of gas  stoves was cited as a major reason for the failure to switch 
from wood to LPG for cooking).

Because of the high cost of LPG cooking, charcoal and kerosene are widely used as an 
intermediate step in the transition from wood to gas stoves. Charcoal is  very popular in 
some urban areas. For example, it is the fuel of choice in urban Kenya (Fig. 208) and 
Senegai which have a tradition of charcoal production and use remaining from the histori-
cal Saharan trade caravans [World Bank, 1987]. Consumers prefer charcoal to wood be-
cause it gives off less smoke, blacken pots less, and require little tending of the fire and in 
some areas costs  less [Barnes, 1989]. At the national level, however, cooking with char-
coal consumes far more forest resources than cooking directly with wood due to the low 
energy efficiency of converting wood to charcoal-typically just 40 to 60 percent and often 
much lower.

Kerosene is  usually the next step up in the progression of cooking fuels. In many areas, 
kerosene prices – often subsidized or freed by the government – form a reasonably effec-
tive cap on the price of wood and charcoal [Barnes, 1989].  Consumers switch between 
these fuels according to price and availability.

LPG or natural gas is  often the final step in the progression in cooking fuels. LPG is widely 
used by higher income groups in many urban areas, and natural gas is  widely used where 
it is available. In Dhaka, Bangladesh, for example, over 50 percent of the urban population 
uses natural gas; less than 10 percent use kerosene; and none use charcoal [Prior, 1990]. 
In some cases, electricity is also used for cooking by the highest income groups.

As households make the transition from wood to modern fuels, overall energy use for 
cooking can vary dramatically, depending on the choice of technology and the situation in 
which it is used.

Total household energy use for cooking with kerosene or with LPG can be significantly less 
than that for wood or charcoal [Alfredo Behrens, 1985], due to the higher efficiency of 
kerosene and gas stoves. Total household energy use for cooking with kerosene or LPG is 
also significantly less than for cooking with charcoal or (non-hydro) electricity, due to the 
low conversion efficiency of wood to charcoal and of fuel to electricity [Gibbons, 1991].

The transition to modern stoves and fuels  thus offers users many benefits-reduced time, 
labor, and possibly fuel use or cooking, and reduced local air pollution. Means of lowering 
capital and operating costs and ensuring the reliability of supply are needed if the poor are 
to gain access to these clean, high-efficiency technologies. At the national level, the transi-
tion to modern stoves and fuels  could improve the local environment and significantly re-
duce biomass energy consumption for cooking; to realize these benefits, however, could 
impose a substantial financial burden on poor nations.

A large-scale transition to LPG would require a significant investment in both capital 
equipment and ongoing fuel costs, optimistically assuming that the cost of LPG systems 
would average $10 per capita, the investment would be roughly 3.5 percent of GNP and 
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20 percent of the value added in manufacturing for the nearly three billion people in the 
lowest income countries [World Bank, 1989]. The LPG used would be equivalent to one-
fourth of the total commercial energy consumption today by these countries and would be 
a significant fraction of their export earnings [Gibbons, 1991]. Significant economic growth 
is needed if these costs are to be absorbed.

Costs  would be even higher if electricity were used for cooking. Direct capital costs for 
electric burners  typically approach $100 per household or more. Moreover, at the national 
level, the capital cost of installing generation, transmission, and distribution equipment to 
power electric burners is much greater, perhaps several thousand dollars per household 
[Gibbons, 1991]. If relatively few households are using electricity for cooking, these high 
capital costs are partially offset by the numerous other uses for electric power throughout 
the day. If a significant fraction of households switch to electricity for cooking, however, the 
highly peaked energy demand for cooking will overwhelm other base load applications, 
and these costs must increasingly be assigned to cooking alone.

Lighting

Lighting accounts for only a small fraction of total national energy use in both developing 
and industrial countries. In Kenya, for example, just 1.7 percent of national energy use is 
for domestic lighting. Lighting does, however, account for a significant fraction of total elec-
tricity use, and the electricity sector is very capital intensive.

Despite its relatively low energy use, lighting merits particular attention as  it plays a very 
important social role in domestic life and in commerce and industry, making activities pos-
sible at night or where natural lighting is inadequate. As  rural incomes increase, or as peo-
ple move to urban areas and gain greater access to modern fuels and electricity, lighting 
services and the energy used to provide them increase dramatically [Gibbons, 1991].

Lighting technologies follow a fairly clear technologies progression in performance, effi-
ciency, and cost. Consumers’ choices of lighting technologies largely follow the same pro-
gression as household incomes increase and as electricity become available.

In traditional rural areas, people are often limited to the light available from wood fires, fre-
quently obtained in conjunction with cooking. Kerosene wick lamps are usually the first 
step up in the progression. These may be as simple as a wick in a jar of kerosene, or as 
complex as a hurricane lamp with a glass chimney. Glass chimney lamps generally pro-
vide more light and at a higher efficiency than open wick lamps [Gibbons, 1991]. Glass 
chimney lamps also cost slightly more – a few dollars – and use somewhat more fuel. 
These additional costs  can be a substantial barrier to their use in rural areas. For example, 
a survey of six villages in Bangalore, India, found that three-fourths of the households 
used simple open-wick lamps, and only one-fourth used lamps with glass chimneys [AS-
TRA, 1981].

The light provided by wood fires, candles, or kerosene wick lamps is sufficient to find one’s 
way, but is  generally inadequate for tasks such as  reading or fine work. Using two lamps 
doubles the cost, but does not come close to providing adequate light to work by. Thus, 
the poorest households tend to use just one lamp. Wealthier households may add an addi-
tional lamp or two for other rooms in the house or move up to a kerosene mantle light; 
however, the amount of kerosene used per household does not generally increase in pro-
portion with income. As a result, the amount of kerosene used for lighting is  similar (within 
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a factor of two or so) across different income groups and in different regions  of the world 
[Gibbons, 1991].

Despite the drawbacks  of kerosene wick lamps, they are a predominant technology in poor 
rural and urban areas. Although their light output is low, the capital and operating costs  of 
kerosene wick lamps are also low [Gibbons, 1991]. Further, kerosene can be purchased in 
small quantities as family finances  permit. Kerosene wick lamps are thus  well matched to 
the reality of rural life in developing countries, where capital and resources are sharply lim-
ited. Wood fires  and/or kerosene wick lamps are the primary sources of light for more than 
two billion people worldwide.

Next in the progression are butane or pressurized kerosene mantle lamps. These are 
much like the gas lamps used for camping in the United States. Mantle lamps give sub-
stantially more light and are more efficient than wick lamps; they also cost more to pur-
chase and operate, tend to be hot and noisy, and can cause considerable glare.

Finally, in contrast to kerosene lamps or other nonelectric lighting technologies, electric 
lighting is clean, relatively safe, easy to operate, efficient, and provides high-quality light. 
People in rural areas and small towns of developing countries  place electric lighting high 
on their list of desired energy services. For example, a survey of 320 households in sev-
eral villages and small towns of Nigeria found that 90 percent ranked electricity-primarily 
for lighting – as their top choice in desired energy services [Onyebuchi, 1988].

Even where electric lighting is available, however, the light cost of connecting to the elec-
tric grid creates  a substantial barrier for poor families that use only one or a few lightbulbs, 
and this substantially slows penetration. A study in Gujurat, India, found that 10 years after 
villages had gained access to the electric grid, less than a third of the households had 
connected; this increased to about two-thirds after 20 years [U John H. Gibbons, 1991]. 
Uncertain, electric supply in many developing countries-including blackouts-also tend to 
discourage potential users and forces those who have connected to the grid to simultane-
ously maintain alternative kerosene lighting systems.

Electricity use for lighting rises rapidly with household income. For example, in South 
Bombay, India, rates of household electricity use during the evening varied from 93 watts 
for the lowest income group to 365 watts for the highest income group [Gadgil, 1989]. The 
“choice of electric lighting technology also varies as incomes increase. Low-income 
households in South Bombay installed more conventional fluorescent lights  – despite their 
higher capital cost – and operated them more intensively due to their lower operating 
costs. As incomes increased, households shifted away from the harsh light of conventional 
fluorescent to the more natural light of incandescent (Fig. 206).
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Fig. 206: Changes in Capacity and Type of Installed Electric Lighting Per Household With 
income Level in South Bombay India

[Gadgil, 1969]

As incomes increase with economic development, households begin to buy other 
appliances-radios, TVs, fans, refrigerators, and air conditioners. Electricity use for lighting 
usually continues  to increase, but it becomes only a small fraction of total residential elec-
tricity use (Fig. 207). Electricity use for lighting in the commercial and service sectors also 
grows rapidly as the economy expands.

Fig. 207: Household Electricity Use for Lighting v. Household Income, in Barzil
[Gadgil, 1989]
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The demand for lighting has also continued to increase in the industrialized countries  over 
the past 30 years as incomes have increased. Today, the average rate of lighting use 
ranges from roughly 20 to 100 million lumen-hours per capita per year (Mlmhr/cap-yr) in 
the industrial countries. In comparison, annual household light production in South Bom-
bay varies  with household income from about 1 to 3 Mlmhr/cap-yr; light production in the 
commercial sector might double these numbers. This is equivalent to a per-capita con-
sumption level that is  only 10 to 30 percent of the lowest levels among industrialized coun-
tries [Gibbons, 1991].

If lighting services equal to half the minimum level observed in the industrialized countries 
– 10 Mlmhr/cap-yr – are to be provided in developing countries, then per-capita demand 
for lighting electricity will be about 500 (kWh) per year. This  is equivalent to an evening 
power demand of perhaps 150 watts per capita [Gibbons, 1991]. If that level of evening 
demand occurred at the utility system peak load, as is typical in developing countries, then 
the capital cost to provide electricity for lighting would be roughly $300 per person [Gib-
bons, 1991].

Space Conditioning, Refrigeration, and Other Appliances

Space Conditioning

Heating residential or commercial buildings will never bean important energy service in the 
majority of developing countries since most have tropical climates. Space heating will be 
important in some areas, however, such as mountainous regions  and high-latitude areas 
like northern China. Beijing, for example, has about the same annual average low tem-
perature as Chicago. Nearly 20 percent of China’s total annual coal consumption and 5 
percent of its annual biomass consumption are used for space heating [Smil, 1990].

In China, residences rarely have any insulation and often have large gaps around doors 
and windows [Wirtshafter, 1988]. Indoor temperatures in these homes are controlled not by 
a thermostat or by comfort requirements, but by fuel supply – and fuel, though cheap, is 
scarce. In Kezuo country, Northeast China, for example, average indoor temperatures are 
at the freezing point during the winter, compared to average outdoor temperatures of -3℃ 
to -5℃ with lows of -25℃ [Gibbons, 1991]. Additions to coal supply, more efficient stoves, 
or better wall insulation would thus result mainly in comfort improvements but not in energy 
savings.

Similarly, although many developing countries have hot climates [Showers, 1979], little en-
ergy is used at present for space cooling in developing countries. Traditional building de-
signs somewhat moderate the extremes in temperature through natural ventilation and 
other techniques that make use of local materials and do not require additional energy in-
puts  [Yuan, 1988]. Increasing urbanization and the use of commercial building materials, 
however, have made these traditional practices less practical and less popular. Active 
space ventilation by electric fans has become popular in many areas where there is reli-
able electric service and costs are affordable. For example, electric fan ownership in Bei-
jing, China, jumped from 47 percent to households in 1981 to 77 percent in 1984 [Sathaye, 
1987].
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Air conditioning in residences  is  a luxury item found only in the highest income households 
in developing countries (Fig. 208) [Sathaye, 1985]. In contrast, 60 percent of all homes in 
the United States – nearly all who need it – have air conditioners [Gibbons, 1991]. A sub-
stantial proportion of commercial, institutional, and government buildings in developing 
countries are air conditioned.

Fig. 208: Electric Appliance Ownership in Urban Malaysia by Income Group, 1980
[Sathaya, 1965]

Air conditioning systems in developing countries are also often less efficient than those in 
industrialized countries. Buildings usually are poorly insulated, with large amounts of air 
infiltration; and air conditioners  are generally less efficient than those in the west and are 
poorly maintained and controlled.

The potential for increased energy use for space cooling is  very large. The United States 
now uses about 1,400 kWh of electricity per person per year for space cooling [Gibbons, 
1991]. If India used this much electricity per person for space cooling, its total annual elec-
tricity generation would have to increase to more than five times present levels. The hotter 
climate of India could increase these requirements still more.

Refrigerators and Other Appliances

Electricity – using appliances – refrigerators, televisions, washing machines, etc. – are rap-
idly penetrating the residential sector of developing countries. Factors  contributing to this 
explosive growth include urbanization, increasing electrification in rural areas, economic 
growth, improved access to appliances, and decreasing real costs of appliances – which 
make them affordable to a broader segment of the population than ever before. Factors 
limiting appliance penetration include the lack of electric service, particularly in rural areas. 
In Brazil, for example, 90 percent of urban households but only 24 percent of rural house-
hold have electric service.

The rapidly increasing use of household appliances in the developing countries places ad-
ditional demand on electric power infrastructures that are typically already short of capac-
ity. Further, much of the residential demand comes at peak times. A review of 13 of the 
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largest countries for the period 1970-86 found that the growth rate of electricity consump-
tion was highest in the residential sector - averaging 9.9 percent annually, compared to 8.3 
percent annual growth in the industrial sector [Meyersand, 1970]. Table 38 shows electric-
ity intensity for the residential sector in selected developing and industrialized countries. 
Even the most advanced developing countries use, on average, just a small fraction of the 
electricity consumed by Americans. Electricity consumption by the economically well off in 
developing countries, however, differs little from that found in the United States or Europe.

Table 37: Residential Non-heating Electricity Intensity in Selected Countries, 1970 and 
1986

[Meyers, 1970]

Lights are usually the first appliance installed when a household gets  electric service. Ac-
quisition of other appliances varies by household income and region. In India, fans are 
typically among the first appliance acquired, followed by televisions and refrigerators. In 
Brazil, even relatively poorer, newly electrified households often have televisions and re-
frigerators, as these appliances  are comparatively inexpensive and are available second-
hand [Gadgil, 1989].

Refrigerator ownership is at present quite low in most developing countries. In China, for 
example, less than 1 percent of households have refrigerators, although refrigerator own-
ership has been growing rapidly in Beijing (Fig. 209). In Brazil, 63 percent of households 
have refrigerators [Geller, 1990]. In contrast, in the United States, 99.7 percent of house-
holds have refrigerators.

Fig. 209: Refrigerator Ownership in Beijing, China, 1981-1987
[Meyers, 1970]
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The refrigerators used in developing countries are typically half the size of American re-
frigerators, or smaller. They are also much less efficient than the best refrigerators  now 
commercially available (the average refrigerator used in the United States is similarly 
much less efficient than the best available). In Indonesia, most refrigerators are assembled 
locally from imported components and, in general, do not make advantage of proven en-
ergy efficiency features such as rotary compressors and increased insulation [Schipper, 
1989]. The efficiency of Brazilian refrigerators is  being improved – electricity consumption 
by the average new model was reduced by 13 percent between 1986 and 1989 – but they 
unable to make use of the very efficient motor-compressors (which Brazil manufactures 
and exports), as these units cannot tolerate the voltage fluctuations found in Brazil [HGel-
ler, 1990].

Advances in materials and manufacturing techniques, coupled with a growing secondhand 
market, are forcing down the first cost of refrigerators and other appliances. The real cost 
of new refrigerators in the United States, for example, has plummeted by a factor of nearly 
5 over the past 40 years (Fig. 210). This trend should make many household appliances 
affordable to a much larger share of developing country population than was the case for 
today’s industrialized countries at a comparable level of development – a generation of 
more ago. As  a result, energy use could increase significantly above the historical record 
in the near to mid-term. For example, the average new refrigerator in the United States 
uses about 1,000 KWh of electricity per year [Geller, 1990]. If every household in China 
had a U.S.-style refrigerator, an additional 200,000 GWh of electricity per year-or the out-
put of about 50 full-size coal-burning power plants – would be required, at a cost for power 
plants alone of about $100 billion [Gibbons, 1991].

Fig. 210: Reduction in Real Cost of Refrigerators Over Time in the United States
[Bahr, 1990]

3.3.2.1  The Industrial Sector

The industrial sector typically consumes 40 to 60 percent of total commercial fossil energy 
in developing countries [Sathaye, 1990]; it also makes  heavy use of traditional biomass 
fuels-often traded in commercial markets. The primary energy services required by indus-
try are process heat and mechanical drive. These services will be treated generically here; 
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in a later report of this OTA study, they will be examined as specific parts of integrated in-
dustrial processes.

Firms in the industrial sector of developing countries today vary widely in size and sophis-
tication. Atone end of the spectrum are small traditional firms that use relatively energy-
inefficient and low-productivity manufacturing technologies [Gibbons, 1991]. At the other 
end are large, modern firms, often with multinational parent companies, that have world 
class manufacturing capabilities.

Manufacturing operations typically fall into three broad size categories-household or cot-
tage, small workshops and factories, and large-scale industry. Over time, a few smaller 
companies tend to grow into large ones as the transport infrastructure improves  and in-
come rise, increasing the size of markets and providing economies of scale that turn the 
advantage to larger firms [Anderson, 1982].

In many developing countries, one-half to three quarters of manufacturing employment is 
in household-scale establishments, with the remainder divided between medium and large 
operations. Much of the employment in the small traditional (and largely rural) household 
industries is  seasonal labor available during the non-agriculturally active times of year. 
Typically one-fourth to one-third of rural non-farm employment is in manufacturing. This is 
an important source of income and employment for the rural and poor urban sectors 
[Chuta, 1954].

Process Heat
 
Many commercial and industrial processes require heat-ranging from the low-temperature 
hear used to dry food by cottage industry to the high temperature processes  used by large 
industries to produce steel and cement. The efficiencies  of these processes are typically 
much lower than hose found in industrialized countries.

Traditional Process Heat Technologies

Biomass is used extensively in both traditional rural and more modern industry in develop-
ing countries. In Kenya, for example, large industry accounts for about 8.6 percent of na-
tional energy of total national energy consumption in the form of biomass (wood and char-
coal) [Gibbons, 1991]. Informal rural and urban industries  use little or no commercial fuel, 
but they account for about 10 percent of total national energy use in the form of biomass 
(Table 38). Rural applications include beer brewing, blacksmithing, crop drying, and pottery 
firing (Table 39).
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Table 38: Kenyan National Energy Use by Fuel, 1980
[Keefe, 1954]

Table 39: Annual Consumption of Fuelwood and Charcoal in Kenya by Rural Cottage In-
dustries

[Keefe, 1954]

Estimates of the use of biomass energy for industrial processes are similarly high else-
where. Tobacco curing uses 11 percent of all fuelwood in Ilocos Norte, Philippines, and 
represents 17 percent of the national energy budget in Malawi [Hyman, 1981]. In Indone-
sia, the brick, tile, and lime industry consumes roughly 2.5 percent of national energy use. 
Beer brewing uses 14 percent of the total fuelwood consumed in Ouagadougou, Burkina 
Faso [Chauvin, 1981]. Overall, biomass fuels supply up to 40 percent of the industrial en-
ergy used in Indonesia, 28 percent in Thailand, 17 percent in Brazil, and similarly large 
fractions in many other countries [Dunkerley, 1981].

The efficiency with which these tasks axe done can be quite low (Table 40). On close ex-
amination, however, the performance of traditional biomass fueled technologies is  often 
found to be carefully optimized in terms of efficiency, capital, and labor, given existing ma-
terials and technological constraints. An example of this is the traditional brick kiln in Su-
dan, which holds as many as 100,000 bricks at a time and gains economics through size 
and other design factors. To improve the performance of these technologies usually re-
quires the input of modern materials and technologies, including modern means of meas-
uring efficiencies.
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Table 40: Efficiency of Fuel Use in Traditional (Developing Countries) and Modern (Indus-
trial Countries) Commercial and Industrial Operations

[Keefe, 1954]

Modern Large-Scale Industry

Modern Large-scale industries in developing counties  are modeled after counterparts in 
industrialized countries, but they are often operated at significantly lower efficiencies. A few 
energy intensive materials-steel, cement, chemicals (especially fertilizer), and paper-
account for much of the energy used by industry (Table 41). The total energy used to pro-
duce these materials will increase rapidly as developing countries build their national infra-
structures.

Steel – in the OECD countries, the steel industry typically consumes about one-fifth of the 
energy used in the industrial sector [Meunier, 1984]. Developing countries such as China, 
India, and Brazil devote a similar share - 18 percent, 23 percent, and 20 percent, respec-
tively – of industrial commercial energy consumption to steel production [Meunier, 1984]. 
The top 10 producers account for about 90 percent of the crude steel made in the develop-
ing world; many other developing countries produce little or no steel.

Per-capital steel consumption increases rapidly as national infrastructures are built, and 
then tends to saturate the market and level off at higher income levels. A similar trend has 
been found for a wide variety of materials (Williams, 1987). Simply put, there is  a limit to 
the number of steel-intensive cars, refrigerators, washing machines, buildings, bridges, 
pipelines, etc., a person needs. Eventually, consumption levels tend to plateau at replace-
ment levels. When these wants for basic materials are fulfilled, people trend to spend in-
cremental income on higher value-quality finish – or on less material intensive but higher 
value – added consumer goods [Gibbons, 1991].

The levels  of per-capita steel consumption needed to provide a given service has also 
been reduced over time through a variety of technological improvements, including higher 
weight-to-strength steel alloys, more efficient motors and engines, better design, and the 
substitution of alternative products such as high-performance plastics. For example, the 
tensile strength of steel increased fourfold between 1910 and 1980 [Gibbons, 1991].

Overall steel production has been increasing by a little over 7 percent per year in the de-
veloping countries, while remaining relatively constant in the industrialized countries. At 
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current rates, steel production by developing countries  will overtake that in the industrial-
ized countries early in the next century [Gibbons, 1991].

The energy efficiency of steel production in the developing countries varies widely. In 
some cases, it has significantly lagged that of the industrialized countries. Integrated steel 
plants in India and China currently use, on average, 45 to 53 GJ per ton of crude steel 
produced; integrated steel plants in the United States and Japan use half as much energy 
[Meunier, 1987]. Some developing countries have made significant strides to reduce en-
ergy use in steel production. The Brazilians, for example, cut energy consumption from 34 
GJ to 27 GJ per ton of crude steel between 1975 and 1979 [Meunier, 1987], and the South 
Korean steel industry is among the most efficient in the world.

Cement – The cement industry typically consumes 2 to 6 percent, and sometimes more, 
of the commercial energy used in developing countries. The use of cement is expected to 
increase rapidly as national infrastructures of roads, bridges, buildings, etc., are built. In 
general, per-capita consumption of cement increases approximately linearly with income 
up to several thousand dollars, and then saturates and levels off at higher incomes (Fig. 
211). Despite the energy intensity of cement production, it is one of the least energy-
intensive construction materials when in its  final form of concrete/aggregate (Table 41 and 
42).

Fig. 211: Per-Capita Cement production v.GNP for Various countries
[Gibbons, 1991]
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Table 41: Average Energy Intensities of Building Materials
[Fog, 1983]

Table 42: Energy Intensities of End Products Using Alternative Building Materials
[Fog, 1988]

The value of cement is quite low compared to its weight. Because of this and because the 
raw materials for cement – limestone, various clay minerals, and silica sand – are widely 
available, cement is  usually produced relatively near its point of use. In the United States, 
the maximum range for truck shipments of cement is  about 300 km. In developing coun-
tries, where the transport infrastructure is less well developed, economical transport dis-
tances are often less. In China, for example, 150 to 200 km is the typical limit of transport; 
if transport over longer distance is  needed, the construction of a new cement plant in the 
local area will be considered [Li, 1985]. Thus, as  a result of inadequate transport infra-
structures, cement plants are often small and relatively inefficient.

The energy required to produce cement varies widely with the type of production process, 
quality of raw materials, plant management and operating conditions, and other factors. 
The performance of cement plants in developing countries  also varies widely and is  diffi-
cult to characterize simply. Many plants approach the efficiency of those in the industrial-
ized countries, depending on when they were built and the conditions under which they 
are operated. Others show significant inefficiencies using 25 to 50 percent more energy 
than efficient plants of the same type and with the same quality of raw materials input 
[Fog, 1983].

Mechanical Drive

Traditional Drive Power

The productivity of people in many rural and poor urban areas of developing countries  is 
now limited by their reliance on human and animal muscle power for water pumping, grain 
grinding, agricultural activities, transportation, and small industry. When only muscle power 
is  available, many hours can be spent simply on enabling activities, such as hauling water 
or grinding grain, rather than on directly economically productive activities. Productive ac-
tivities themselves are sharply limited by the efficiency and total output of muscle power. If 
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the productivity of people in rural areas of developing countries is to be increased, modern 
motor drive technologies and supporting infrastructures must be made available at afford-
able costs. As these technologies are adopted, energy use – especially electricity – will in-
crease rapidly.

A person’s power output and energy efficiency are low. The basal metabolism of a person 
is  about 100 watts; for each unit of work output, an additional 4 to 5 unit of food energy 
must be consumed [Edmundson, 1984]. Working 8 hours a day at a rate of 50 watts of 
output, a person consumes about 15 MJ of energy and produces 1.5 MJ of work output, 
for a daily (24-hour) average efficiency of 10 percent [Maloiy, 1986].

Much of the labor expended in developing countries is not directly productive, but is in-
stead for “enabling” activities – that is, domestic chores. Hauling water from the village well 
can take 0.5 to 3 hours per household each day, with a corresponding energy input in the 
form of food of 0.3 to 3.0 MJ [Gibbons, 1991]. The poorest households  must often go fur-
ther and thus  have less available time to haul water, resulting in much lower water usage 
even with greater effort (Table 43). Water could instead be pumped by a motor and piped 
to the home using just 3 to 5 percent as much energy [Gibbons, 1991]. For electricity 
priced at $0.10 per kWh, the direct energy cost for the typical 1.5 hours spent hauling wa-
ter would be just one-fifth of a penny ($0.002). Thus, lack of access to capital has signifi-
cant impacts on labor and energy use.

Table 43: Average Daily Household Consumption of Water Gujurat, India
[Sharan, 1987]

Similarly, in Africa, to pound maize or millet by hand can take 1 to 2 person-hours per day 
per household [Pingali, 1987]. This  requires  perhaps  1 MJ of energy (at 300 watts of in-
put). A typical motor-driven mill can do the same job in a minute or less, with an energy 
expenditure of less than 0.2 MJ or 0.05 kWh. This is less than one-half of a penny ($0.005) 
worth of direct energy (at $0.10 per kWh) for 1 to 2hours worth of hard labor. The capital 
costs in these cases, of course, are a serious barrier to investment; but with the time 
saved, the person might have done something more productive, such as make handicrafts 
for market.

The advantage of mechanical processing of grain has led to a rapid transition in many 
parts  of the world. In Java, Indonesia, for example, the fraction of rice processed by hand 
dropped from perhaps 80 percent to less than 40 percent between 1971 and 1973 [Tim-
mer, 1984]. This freed many women from the chore of grinding grain; it also cost many of 
the poorest households an important source of income earned by hand pounding rice for 
wealthier households [Collier, 1984]. The introduction of mechanical rice milling in Bangla-
desh in the early 1980’s was estimated to displace an additional 100,000 or more poor 
women per year from their traditional part-time employment at hand pounding rice. For the 
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poorest, landless women, this represented roughly half of their annual income and 15 per-
cent of family income [Scott, 1985].

The power output and efficiency of draft animals are similarly limited in performing typical 
farm tasks. A typical 500-kg ox or buffalo has a basal metabolic rate of about 1,000 watts 
[Lawrence, 1988]. Average net output over a 6-hour working day is typically 250 watts and 
the net efficiency while working is 29 to 39 percent, which drops to about 10 percent over 
the 24-hour working day. A typical draft animal might work just 40 days  per year as many 
of the jobs formerly done by draft animals–pumping water, crushing sugar cane, hauling 
goods to market – have already been taken over by modern motor – driven equipment. At 
such a low rate of usage, the efficiency of a draft animal is  2 percent or less on an annual 
basis. These efficiencies are raised somewhat when the value of the animal’s  dung, milk, 
meat, and leather is included [Ravindranath, 1986].

The low power output and efficiency of a draft animal severely restricts the potential work 
that can be done. To irrigate a 1 hectare rice crop, for example, requires the work output of 
two bullocks, which in turn require the fodder produced from 2 hectares of crop [Barnard, 
1985]. By himself, the individual farmer could not, however, pump this much water by hand 
in an entire year.

Modern Dive Technologies

Electric motor drive consumes an estimated 58 to 68 percent of the electricity used in the 
United States, and an even higher percentage in the industrial sector alone [Baldwin, 
1989]. Motor drive is similarly important in developing countries (Tables 44 and 45). Elec-
tric motors are the workhorses of modern industrial society. They run home refrigerators; 
drive office air conditioners; power industrial pumps, fans, and compressors; and keep city 
water supplies flowing.

Table 44: Industrial Electricity End Use in Brazil, 1984
[Geller, 1990]
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Table 45: Projected electricity Consumption in India by Sector and End Use, 1990
[Gibbons, 1991]

The efficiency, convenience, and high degree of control of electric motors provide dramatic 
efficiency and productivity improvements in industry. This led to a rapid transition in the in-
dustrialized countries from water – and steam – powered drive to electric drive in the early 
1900’s [Samuel F. Baldwin, 1986]; and the electricity intensity of industry continues  to in-
crease today in industrialized as well as developing countries.

The efficiency of electric motors is generally fairly high in the industrialized countries, but 
can be significantly lower in developing countries  due to the use of lower quality materials 
for construction and improper techniques for maintenance, repair, and rewind [Samuel F. 
Baldwin, 1988]. 

Higher efficiency motors are sometimes readily available in developing countries but can-
not be used because of the poor quality of the electric power available. In Brazil, for exam-
ple, the largest manufacturer of small motors  exports  more efficiency models  than those 
sold at home. These high efficiency motors  cannot be used in Brazil due to the excessive 
variation in the power line voltage [Gibbons, 1991].

This  firm has also developed motors  with efficiencies comparable to the highest perform-
ance motors in industrialized countries [Geller, 1990].

Although the efficiency of electric motors themselves can be quite high, the efficiency of 
the overall system is generally low. For example, the conversion of coal to electricity typi-
cally results  in the loss of two-thirds of the input coal energy. There are additional losses 
throughout the system, with the resulting net output as low as  5 percent of the input en-
ergy. Significant energy savings are possible through the use of better technologies and 
better control strategies throughout the system.

Barriers to Efficiency Improvements

A number of factors  limit the efficiency, productivity, and performance of industrial opera-
tions in developing countries; plants that are too small to be efficient; technologies that are 
of low quality and often obsolete; raw materials that are of low quality; inadequate national 
infrastructures; lack of foreign exchange to purchase critical components  not available lo-
cally; and a lack of skilled technicians, engineers, and managers.
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The average U.S. paper mill, for example, has an annual capacity of 100,000 tons, 
whereas in Latin America, Africa, and Asia (except Japan), the average capacities  are 
18000, 9000 and 5000 tons, respectively. These smaller scales  can lead to significant inef-
ficiencies. Studies indicate that a paper will with an annual capacity of 30,000 tons can 
consume from 30 percent to as much as 100 percent more energy/steam respectively per 
unit output than a mill with a capacity of 150,000 tons [Ewing, 1985]. In addition, a variety 
of energy-conserving technologies, such as  waste heat recovery systems and cogenera-
tion systems, become financially less attractive or even uneconomical at smaller scales.

The raw materials available to industries in developing countries are often of low quality. 
For example, coal resources in India are poor, providing blast-furnace coke with ash con-
tent that typically ranges from 21 to 27 percent. This  lowers the energy efficiency of the 
steelmaking process as well as potentially interfering with steel production [Gibbons, 
1991].

Inadequate national infrastructures  also reduce efficiency and productivity. Frequent elec-
tric power brownouts or blackouts are particularly damaging. In Ghana, for example, the 
GIHOC Brick and Tile Co. had 152 hours  of electricity outages in 1986. When an outage 
occurs, the fuel oil feed to the kiln burners  is cut off and the fire must be stoked with wood. 
This  is  a haphazard process and significantly reduces the quality of the fried bricks [Gib-
bons, 1991].

The lack of foreign exchange to buy spare parts can also be a serious handicap. This has 
been an important factor in the decline of the Tanzanian cement industry, which operated 
at just 22 percent of rated capacity in 1984 [Stewart, 1989].

Assistance may be useful at several levels. The efficiency and productivity of traditional 
rural industries might be significantly increased in a cost effective reamer with the introduc-
tion of a limited set of modern technologies and management tools. To do this, however, is 
extremely difficult due to the small and scattered nature of traditional rural industries and 
the large extension effort needed to reach it [Gibbons, 1991]. Large industry in developing 
countries has many of the same needs – technical, managerial, and financial assistance – 
but can be reached more readily. International aid agencies and a few nongovernmental 
organizations are providing such assistance to the extent that their funds allow.

Dramatic improvements in the energy efficiency and productivity of basic materials  proc-
essing technologies are also still possible – even beyond the levels currently achieved in 
the industrialized countries. Research is  going on in this area, but much more could be 
done. Much of the current research is focused on higher value-added specialty materials 
and high-grade finishing rather than on primary processing [Williams, 1989]. Developing 
countries, however, have little capital to undertake the research needed to improve their 
industrial processes, and few international agencies support research of this kind.

3.3.2.2  The Traction (Agricultural) and Transportation Sectors

Traction and Agriculture

Agriculture entails a series of operations; soil preparation, sowing, weeding, harvesting, 
and post harvest storage. In traditional agriculture, these operations are performed by 
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manual labor with, in some cases, assistance from animals. As agriculture increases in 
scale and is commercialized, many of these operations are done by machines.

Agriculture is  by far the largest employer and goods-producing economic sector in the 
poorer developing countries [Gibbons, 1991]. In sub-Saharan Africa, for example, 75 per-
cent of the work force is engaged in agriculture, compared to just 2 percent in the United 
States. Agriculture also provides  a significant fraction of GDP in developing countries-one-
third of GDP for the nearly 3 billion people in low-income countries (Table 46).

Table 46: Agricultural Indicators for Selected Countries
[Gibbons, 1991]

Agriculture in the lowest income countries  is largely by small, family farms using human 
and animal power and organic fertilizer with little access to or knowledge of modern inputs 
such as chemical fertilizers, hybrid seeds, or mechanical drive. Ethiopians, for example, 
use on average just 4 kg of chemical fertilizer per hectare of cropland; while the English 
use 368. Low soil fertility and inadequate or irregular rainfall sharply limit the productivity of 
low-input farms in developing countries.

There is  a general trend toward larger farms, greater mechanization, and greater use of 
commercial inputs in many developing countries, resulting in greater productivity but at the 
cost of greater direct and indirect energy inputs. India, for example, nearly doubled its irri-
gated area between 1950 and 1984 in order to reduce its vulnerability to poor monsoons. 
Increased irrigation and use of high yield variety crops have contributed to increases in 
both absolute and per-capita agricultural production [Gibbons, 1991].

China has similarly moved toward greater mechanization and use of modern inputs. Agri-
culture in China is sharply constrained by land availability only about 10 percent of the 
land can support crops-yet per-capita production increased by 18 percent from 1979 to 
1983 with little increase in cultivated area [Gibbons, 1991]. Improved water control and dis-
tribution, increased use of tractors and fertilizers, and the adoption of new crop varieties 
contributed to this achievement [Howe, 1978].

Traditional Shifting Agriculture

Traditional shifting agriculture begins with forest fallow systems, in which plots of forest 
land are cleared and cultivated for a few years and then left fallow for 20 years or more. 
Clearing by fire requires little labor, and stumps are left for rapid regrowth during fallow. 
Because the ground underneath tree cover is soft, no further labor is required before sow-
ing, and because the forest cover has  long suppressed weeds, few seeds remain and little 
weeding is needed. Such burning does, however, effectively lead to very large agricultural 
energy intensities due to the large amount of forest cover that is burned off [Rambo, 1984].
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With increasing population density, the fallow period becomes shorter. As a result, re-
growth during the fallow period is  reduced to bush, and finally to grass. Since fire does not 
kill roots, extensive hoeing and weeding become necessary. Inputs of organic fertilizer are 
needed to maintain soil fertility, and there is  a shift from simple addition of organic material 
to more complex comporting and manuring techniques. Further increases in population 
lead to annual cultivation and eventually multiple cropping. In the humid tropics, however, 
soils tend to be poor and easily eroded and leached, and the potential for continuous culti-
vation is limited [Gibbons, 1991] As the need for hoeing and weeding increases it becomes 
advantageous to go to the extra effort of de-stumping the land and obtaining, training, and 
maintaining animals or mechanical agricultural technology.

There are a number of potential advantages associated with the use of animal or me-
chanical traction for agriculture. Properly done, tillage improves the condition of the soil for 
crop growth – increasing porosity, aeration, root penetration, and water infiltration while 
reducing evaporation. Experiments  show that yields can be increased by plowing [Pingali, 
1987]. In practice, however, little increase is  observed as farmers tend instead to focus  on 
increasing cultivated area or on saving labor, rather than improving the quality of their till-
age. In West Africa, the soils  are so hard they often cannot be plowed (without damage to 
equipment) until the rains begin, but then any delay reduces the available growing time 
and risks a shortage of water when plants reach maturity [Gibbons, 1991].

Peasant farmers have responded to their often difficult circumstances in varies ways  – 
both logical and frequently ingenious. For example, around 1925-1930, animal traction be-
gan to be used in northwestern and central Senegal and northern Nigeria for peanut culti-
vation. The light, sandy soils of Senegal do not require plowing, and as the growing sea-
son is  so short, rapid planting of peanuts while the soil is moist is  essential. Consequently, 
seeders are used by the peasant so that larger areas can be cultivated within the available 
time. Horses are used instead of oxen, since the greater power of oxen is not needed 
(there is no plowing) and horses are faster, further increasing the planted area. In Nigeria, 
where peanuts are grown in mid-slope regions on soils highly susceptible to erosion, ox-
drawn ridges are used to control the erosion [Gibbons, 1991].

Modern Commercial Agriculture

As population grows agricultural productivities must be raised. Modern inputs are needed 
to achieve this. Commercial fuel inputs to agriculture include mechanized land preparation, 
mechanized irrigation, and synthetic fertilizers [Gibbons, 1991].

The degree of mechanization varies  widely, but generally increases with per-capita in-
come. Mechanization reduces the time and labor needed for preparing, planting, and har-
vesting crops. In favorable areas, it also aids double cropping. The tractors themselves 
come in many forms – in China the most popular is  probably the “Worker-Peasant”, a 7-hp 
garden tractor. In India, where the number of tractors almost doubled from 1972 to 1977 
[Gibbons, 1991], the most popular is a 30-hp diesel.

Irrigation is most commonly done with either electric motor or diesel driven pumps. Electric 
pumps are quite reliable (although subject to interruptions in the electric power grid) and 
convenient, and are often the lowest cost alternative. Diesel electric pumping systems, in 
which diesel generators produce electricity that is then used to drive electric pumps, and 
direct diesel and gasoline-powered pumps are more often used where no electric grid is 
available. These are much less mechanically dependable than electric pumps.
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In China, irrigation is  a significant consumer of electricity. It is estimated that 70 percent of 
the electricity consumed in rural areas is  for irrigation, with the remainder used for food 
processing, various rural industries, and lighting [Howe, 1978]. In India, the number of 
electric pump sets for irrigation has grown rapidly (Fig. 212), and the electricity consump-
tion for these pump sets  has gone from 4,470 GWh in 1970-71 to 23,420 GWh in 1985-86. 
the number of diesel pump sets  has also grow, but they still are fewer in number than the 
electric units [Gibbons, 1991].

Fig. 212: Agricultural Pumpsets in India, 1950-1990
[Gibbons, 1991]

Transportation

The transportation sector accounts  for a quarter or more of total commercial energy use in 
most developing countries – India and China being the most notable exceptions. Most of 
this  transport energy is  from oil [Gibbons, 1991]. Energy use for transportation in the de-
veloping world is  expected to grow rapidly in the future, as increasing urbanization and in-
comes (Fig. 213) lead to increased demand for transportation services. This will increase 
the outflow of scarce foreign exchange for the oil importing countries, and will also require 
considerable investment in roads and related infrastructure.

Transportation can be provided by air, rail, road, or water. Inmost of the developing world, 
as well as in the industrialized world, road technologies provide most transport services. 
Notable exceptions are India and China, which have large rail networks.

In rural and poor areas of the developing world, walking is the principal transport “technol-
ogy”. The advantages of walking are many – it requires no capital investment, it is not re-
stricted to roads, and it requires  no fossil fuels. On the other hand, it is slow, tiring, and re-
quires energy in the form of food. Animal technologies, such as bullock carts, are some-
times faster, have a much greater freight capacity, and invoice less work for people. Capi-
tal investment in the bullock and cart is required, however, as  well as an operational cost 
for feed [Gibbons, 1991]. These two technologies – walking and domesticated animals – 
are the principal means of transport in many poorer and rural areas, particularly in Africa 
and Asia.
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Fig. 213: Passenger and Freight transport v. GNP for Selected Countries, 1960-81
[Venny, 1985]

Passenger traffic and GNP capita

Bicycles are a popular transport technology, especially in China, where from 50 to 90 per-
cent of urban vehicle trips are made by this mode. The frost cost of a bicycle can be a bar-
rier – a new bike costs  the equivalent of 7 to 8 months’ wages in Tanzania, for example – 
but in some areas bicycles can be bought on credit. In India, government employees are 
entitled to loans  for vehicle purchase, which can be used to buy a bicycle [Gibbons, 1991]. 
Bicycles work well in congested urban areas, where they have some advantages over pri-
vate automobiles – they are easier to park and store, less expensive to own and operate, 
and do not contribute to air pollution. Their range and freight capacity, however, are lim-
ited.

The technological leap to the internal combustion engine allows for much higher speeds, 
longer distance, larger freight capacity, and greater comfort. The disadvantages of the in-
ternal combustion engine are technological complexity, movement largely constrained to 
roads, high first cost and operating cost, and environmental damage due to fossil fuel 
burning. There are also secondary effects, such as injury and death due to accidents  and 
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land use for roads  and parking. Despite its disadvantages, the internal combustion engine 
is  the dominant transport technology in the industrialized and developing world, and it’s 
use is growing rapidly [Gibbons, 1991].

Passenger Road Transport Technologies

Mechanized passenger road transport in the developing world is  performed by a wide 
range of technologies, including mopeds, private autos, and buses. Developing countries 
have only about 1 percent as many autos per personas do the United States (Table 47), 
but their automobile fleets are growing rapidly. Further, the scrappage rate (the fraction of 
vehicles retired each year) is very low in developing countries, due to the high value 
placed on any vehicle that runs. Therefore, choices made now as to the energy efficiency 
of new vehicles in developing countries are doubly important – these vehicles will soon be 
the majority of the fleet and they will be on the road a long time [Gibbons, 1991].

Table 47: Passenger Fleet Size and Growth in Selected Countries
[U John H. Gibbons, 1991]

Although their technical efficiency (vehicle kilometers traveled per liter of fuel consumed) is 
lower, vehicles  in developing countries average a much higher load factor (person per ve-
hicle) than those in industrialized countries. Buses are chronically overloaded, and mo-
peds and motorcycles designed for one often carry two or more. Shared ride technologies, 
such as  jitneys, are commonly filled beyond rated capacity. This  increases the efficiency of 
the transportation system in terms of passenger kilometers per liter of fuel consumed, but 
reduces safety and comfort [Gibbons, 1991].

The vehicles themselves are often less energy efficient than those found in the industrial-
ized world. They are often based on designs that emphasize sturdiness and dependability 
under adverse conditions (poor roads, chronic overloading, and little maintenance) over 
energy efficiency [Gibbons, 1991].
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Freight Road Transport Technologies

Road freight movement in the developing world is provided mostly by diesel trucks (with 
the exception of China where much of the truck fleet uses gasoline) and these trucks ac-
counts for over half the energy used for road transport in the developing world [Harrsl, 
1990]. The movement of height is  required for most economic activity, and in many devel-
oping countries the prices of diesel fuel are kept lower than gasoline prices. In the United 
States, for example, gasoline and diesel prices at the pump are almost the same, while in 
India diesel is slightly less than half the price of gasoline [Gibbons, 1991].

Trucks  in the developing world are relatively inefficient, requiring 1.5 to 2.5 times as much 
energy to move one ton of freight one kilometer as comparable trucks in the OECD coun-
tries  (Table 48). In developing countries, however, trucks must cope with more difficult op-
erating conditions; the roads are typically congested and poorly maintained, aggravating 
technical inefficiency and accelerating wear.

Table 48: Energy Efficiency of Trucks in Selected Countries
[Yenny, 1955]

Rail Technologies

Railroads are significant providers of transport services  only in India and China, and in 
these two countries the rail share of total transport is declining rapidly due to the much 
faster growth of road transport. In China, for example, the share of passenger traffic using 
railways dropped from 69% in 1965 to 48% in 1987. Railway freight transport shows the 
same trend of decreasing relative use [Kuirun, 1989]. Similarly, India shows a mode shift 
toward roads and away from rail for both passenger and freight traffic [Dunkerley, 1987].

Despite these modal shifts, the rail systems in both countries  still account for significant 
energy use. China and India have extensive rail networks that consume, respectively, 72 
percent and 29 percent of transportation energy. The Indian rail system, although in rela-
tive decline, still carries a significant amount of freight and passengers (Table 49), using a 
mix of steam (being phased out), and electric locomotives [Gibbons, 1991].
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Table 49: Comparison of Rail Systems in China, India and the United States
[Kuirun, 1989]

Implications for Energy Demand

Road transport – private autos for passenger sand trucks for freight – has become the 
dominant mode of transportation in developing countries. Increases in population, income, 
and auto ownership rates (autos per person) combine to yield a rapid increase in the num-
ber of private vehicles. Increasing urbanization leads to greater congestion, which reduces 
the efficiency of private vehicles. Urbanization, economic growth, and industrialization re-
quire large increases in freight movement, as  produces move farther from markets. The 
net effect of these factors  will be an increase in the energy needed to provide transporta-
tion services [Gibbons, 1991].

Improvements in the energy efficiency of developing world transport systems can be made 
in several areas. Road–going vehicles in the developing world are less energy-efficient 
than comparable vehicles in the industrialized world, suggesting that efficiency gains can 
be made in the vehicles themselves. Improvements in the transportation infrastructure, 
such as improved roads and reduced congestion, can also increase energy efficiency. 
Mode choices, such as a movement away from private autos and motorcycles to buses 
and bicycles, can help. Of course, all these options  later in this OTA study. The important 
conclusions for this  section, however, are that the demand for transportation services is  
increasing rapidly; technologies in use today are not as efficient as they could be, and the 
energy impacts of technology choices made today will be felt far into the future [Gibbons, 
1991].

3.3.2.3 Conclusion

This  survey of energy services and how they are provided in developing countries reveals 
three common characteristics. First, each service is provided by a wide range of technolo-
gies and fuels. Cooling is  provided by technologies ranging from open frees to microwave 
ovens, with a large number of possibilities in between. The range of passenger transport 
services is  similarly wide, varying from foot to jet passenger airplanes. Second, there is in 
almost all cases a well-established transition between technologies, depending on two 
main factors  – income and availability of fuel supplies. Third, the services are currently be-
ing provided by technologies whose efficiency could usually be significantly improved.
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The following chapter will examine how the many types  of energy used in developing 
countries – fossil fuels, electricity, and biomass fuels – are provided, including domestic 
production, imported supplies, the energy distribution system, and the energy conversion 
sector [Gibbons, 1991].

3.4 Energy Supplies in the Developing World

3.4.1 Introduction and Summary

This  chapter provides an overview of the energy supply sector in the developing world – 
the processes and technologies by which energy is  produced, converted from one form 
into another, and delivered to users. The energy supply sector is critical for economic de-
velopment for two reasons; first, economic growth depends on the availability of reliable 
sources of energy; and second, the energy supply sector absorbs a large share of invest-
ment – over 40 percent of the total public investment in some developing countries 
[Munasinghe, 1990], and about 15 percent of foreign assistance. The energy supply sector 
also relies heavily on other resources that can be scarce in the developing world, including 
skilled labor and management, water, and land [Gibbons, 1991].

The energy supply sector is critical to economic development. Economic growth depends 
on the availability of reliable sources of energy, and the energy supply sector absorbs a 
large share of public and foreign aid investment.

The developing countries use a wide range of energy sources. Coal is the largest primary 
energy sources. Coal is  the largest primary energy source in developing countries, due 
mainly to the coal-based energy sectors of China and India, the two largest energy con-
sumers in the developing world [Gibbons, 1991]. Excluding China and India, oil and elec-
tricity are the mainstays of commercial energy supplies in developing countries. In rural 
and poor urban areas, traditional biomass fuels are the primary energy source.

Although the developing world as  a whole is a net oil exporter, the exports originate from a 
relatively small number of countries. Most of the countries in the developing world depend 
heavily on imported oil, and these imports consume a large fraction of export earnings.

The commercial energy supply system – coal, oil and gas, and electricity – requires large 
amounts of foreign exchange, skilled labor, and trained management. It is characterized by 
state ownership, in contrast to supplies of traditional fuels, which are largely n private 
hands.

Commercial energy supplies in many countries are unreliable and poor quality due to op-
erational inefficiencies, rapid increases in energy demand, and problems of reaching dis-
persed populations  served by inadequate transport systems, and inappropriate pricing and 
allocation systems [Gibbons, 1991].

Operational efficiencies in the energy industry are somewhat lower in many developing 
countries than in the industrial countries. This  record of “poor” performance often reflects 
the older equipment and difficult conditions under which energy facilities  operate. The exis-
tence of such differences between operational efficiencies in reasonably standardized op-
erations suggests that improvements are possible if some of these obstacles can be over-
come [Gibbons, 1991].
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Generalizations about energy supplies in developing countries obscure the heterogeneity 
of the developing world. Performance standards vary considerably between countries, as 
do prospects for expanding energy supplies in the future.

3.4.2 The Overall Primary Fuel Mix

According to the International Energy Agency (IEA), coal supplied 35 percent of the devel-
oping world’s primary energy in 1987 (Table 50 and Fig. 214), followed by oil (31%), bio-
mass fuels (19%), primary electricity (mostly hydropower) (8%), and natural gas (7%). 
Some analysts believe instead that biomass is in fact the largest source of energy, supply-
ing up to one-third of primary energy in the developing world [Gibbons, 1991].

Table 50: Energy Supply Mix, 1987
[Gibbons, 1991]

Fig. 214: Energy Supply Mix in the Developing World and in the United States, 1987
[Gibbons, 1991]

The relative shares of these energy sources in the overall energy supply mix vary signifi-
cantly across different regions  and countries, due in part to unequal endowments of en-
ergy resources. Coal supplies about half of the energy requirements for developing coun-
tries  in Asia, due largely to high levels  of coal consumption in China and India (Table 51) 
[Gibbons, 1991]. Oil is  the major source of commercial primary energy in the developing 
world, although in countries with well-developed resources, gas often represents an impor-
tant source of energy (in Mexico, for example, natural gas supplies 20% of the primary en-
ergy consumed). Biomass fuels are a significant energy source throughout the developing 
world, particularly in rural areas and in the poorest countries.

Overall, the developing world produces more energy than it consumes, and significant 
amounts of both oil and gas are exported from developing countries. There are, however, 
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major disparities among countries; only a few developing countries export energy, and 
most import over 50% of the commercial energy they consume [Gibbons, 1991].

Coal

Coal production and consumption in the developing world are concentrated in a relatively 
small number of countries, China, India, South Africa, South Korea, and North Korea are 
responsible for 96% of the total coal production in the developing world, China alone ac-
counts for 65% of developing world coal production and 27% of world coal production 
[UGibbons, 1991].

The largest consumer of coal in the developing world is industry, which accounts for over 
40% of total developing world coal use [Gibbons, 1991]. The bulk of the industrial coal use 
is  in China. Other significant coal-consuming sectors are electric utilities, transportation 
(coal-burning locomotives), and the residential sector in China, where coal is used for 
cooking and space heating.

Rates of coal production are growing rapidly. Hard coal production in Asia grew at an av-
erage annual rate of 5.7% from 1980 to 1987, and lignite production grew at 8.9% during 
the same period [Gibbons, 1991]. This growth is expected to continue.

Coal quality in the less developed world varies widely, both within and among countries 
[Gibbons, 1991]. In India and China, most coal has relative low sulfur content but high ash 
content [Smil, 1990]. There are few washing and sorting processes at coal mines, so the 
quality of coal supplies  is unpredictable. In China, for example, less than one-fifth of all 
coal mined is cleaned before combustion. The rest is used raw, limiting the efficiency of 
combustion [Gibbons, 1991].

The coal industry accounts for about 16% of total commercial energy investment require-
ments in low-come developing countries. In India and China, the largest coal users, do-
mestic sources finance most of this investment.

Government-owned entitles are responsible for most coal mining, transport, and distribu-
tion in developing countries. In China, the Ministry of Coal Industry controls  about 600 of 
China’s 20,000 mines, grouped under 84 Coal Mine Administrations  of Coal Industry Com-
panies. The remaining, mostly smaller mines are run through local governments at the 
provincial, country, or prefecture level, or as collective township and village enterprises. In 
India, with 675,000 employees, claim to be the world’s  largest single corporate employer. 
The allocation of supplies is also in the hands of a government entity [Gibbons, 1991].

Although coal mining technologies in the developing world are diverse, the major coal 
producer-China-relies heavily on manual labor. About two-thirds of extraction from large 
mines in china depends on manual labor, as does virtually all production from locally run 
mines and small private pits. Not surprisingly, labor productivities are very low, averaging 
less than 1 ton per miner per shift. This rate is  significantly lower than current U.S. rates, 
which average about 10 tons per miner per shift [Gibbons, 1991].

Although China has considerable experience with a wide variety of advanced underground 
mining techniques and has the ability to produce most of the machinery required, the 
country does not have sufficient capital or technical expertise to modernize its coal indus-
try completely. However, surface extraction methods, which can be less expensive, are be-
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ing used at many newly developed sites. Five large pits  are now under development in 
China with a total initial capacity of 50 million tons per year. The largest of these should 
eventually produce up to 60 million tons per year [Gibbons, 1991].

Transportation requirements often limit coal production. In China, coal accounts for 40% of 
all freight movement, most of which is by rail. China’s already overloaded transport system 
is  struggling to keep up with its growing coal production. Incomplete and poorly configured 
networks, backups at mode transfer points, and breakdowns all contribute to the unreliabil-
ity of the coal transport system [Gibbons, 1991]. As a result, coal-using industries  must 
stockpile up to a year’s supply, or turn to other fuels. Similar problems occur in India.

Oil

Petroleum products are easy to transport and versatile in use in all sectors  and at all 
scales of operation; consequently, they play an important role in the energy sectors  of de-
veloping countries. These attributes led to an average annual growth rate of 4.5% for oil 
consumption in the developing world from 1971 through 1987 [Gibbons, 1991]. Oil con-
sumption is  expected to continue rising by about 3% per year, thereby doubling between 
1985 and 2010 [Manne, 1989].

More than one-third of the oil consumed in the developing world is used for transportation 
(Table 51). The share of oil used for transportation varies from 13% in China to 42% in 
Latin America – considerable lower than the 62% share in the United States. The develop-
ing world, compared to the United States, uses proportionally more oil for electricity gen-
eration and for industry. The entire developing world consumes about 25% less oil than the 
United States alone.

The bulk of developing world oil production is concentrated in a few countries – 14 devel-
oping countries account for over 90% of developing world oil production [Gibbons, 1991]. 
Although the developing world as  a whole is a net oil exporter, the exports originate from a 
relatively small number of countries. Most developing countries depend heavily on oil im-
ports. More than half of the low and lower middle income countries import 90% or more of 
their commercial energy; almost all of the imports are in the form of oil. By comparison, the 
United States imports about 17% (net) of its energy, of which 90% is  in the form of oil or oil 
products [Gibbons, 1991]. The continued expansion of oil consumption imposed an eco-
nomic burden on developing countries, either in the form of foreign exchange for imposed 
oil or for investment in oil exploration and development. Investment in the oil supply infra-
structure is comparable with that in the electricity sector, each accounting for about 40% of 
total commercial energy investment in the developing world [Gibbons, 1991].
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Table 51: Oil Consumption by End-Use Sector, 1985
[Gibbons, 1991]

In most developing countries, natural resources such as oil and gas are considered state 
property. Ownership or other economic rights to these natural resources are not bought 
and sold with the surface rights ( as in the United states), but are reserved for the state to 
exploit or to contract out to third parties. Inmost oil-exporting developing countries, su-
preme authority over oil and gas is  legally vested in a central government entity (e.g., the 
Ministry of Oil in Egypt or the Ministry of Petroleum and Minerals in Oman), which dele-
gated sectoral oversight and operational responsibility to a national oil company (e.g., the 
Egyptian General Petroleum Corp). In practice, however, there are wide disparities among 
different countries in the actual relationships among executive power, sectoral ministries, 
and national operating entities. In oil exporting countries, such as Argentina and Algeria, 
the national operating companies have more power than the ministries  they depend on, 
due to the companies’ autonomous sources of revenue from significant oil production. In 
contrast, in oil importing countries, such as Sudan, the national oil companies have little 
power [Gibbons, 1991].

Only the wealthier oil exporting developing countries invest much of their own money in 
exploration and development. All the poorer ones, and the majority of the others, rely on 
the international oil industry for most of the required capital and technical expertise. The 
“enabling mechanism” under which foreign oil companies invest in developing countries 
varies widely from country to country, but certain aspects are widespread. Generally, the 
ministry in charge of the sector authorizes  the national oil company to negotiate explora-
tion rights with foreign companies. This negotiation may require the foreign companies. 
This  negotiation may require the formation of a formal joint venture with the national com-
pany. More typically, however, a loose relationship is  formed in which the two associates 
remain entirely separate, with the foreign party providing all the capital and most of the 
technical control of operations. Once a deal is concluded, it is ratified at the central gov-
ernment level [Gibbons, 1991].

The fiscal arrangements made under these enabling mechanisms have in the past been 
inflexible, providing for the same overall rate of government take on all sizes of fields. 
These arrangements are satisfactory for the middle range of expected reserves and costs. 
When oil fields are larger than expected, however, the government fails  to capture a rea-
sonable share of the profits on the petroleum being produced. When fields turn out smaller 
then expected a typical occurrence in many developing countries the government share 
precludes economic development by the foreign operator [Gibbons, 1991]. This discour-
ages the development of small fields. A further discouragement to foreign oil companies for 
the development of oil fields for domestic consumption rather than export is uncertainty 
over the availability of foreign exchange for the remittance of profits.
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Despite these disadvantages, U.S. oil companies in recent years have increased their in-
vestments outside North America, particularly in developing countries. The prospect of 
adding to corporate reserves at half the cost of domestic exploration apparently more than 
compensates for the uncertainty of foreign investment.

Refineries and Distribution

Although the world’s oil refining capacity is concentrated in the industrialized countries, 
many of the developing countries, including oil importing countries, have considerable do-
mestic refining capacity. Over half of the countries in Africa have refineries, many of which 
are hydroskimmers. In the developing world, refineries are usually owned by the govern-
ment, which acts through a national oil company, although foreign companies sometimes 
manage and operate the refineries.

The refinery product mix in developing countries differs significantly from that in the United 
States, due in part to the inflexibility of the hydroskimming technology. In developing coun-
tries, between 60% and 70% of refinery output is  diesel and residual, compared with 30% 
in the United States. On the other hand, gasoline account for about half of U.S. production, 
compared with about 20% in developing countries. In general, refineries in developing 
countries. In general, refineries in developing countries have higher production costs than 
those in the industrialized world; average refinery operating costs in Africa $2 per barrel, 
compared to $0.75 per barrel in the rest of the world. Refineries  in the developing world 
also suffer from large losses due to the use of old, inefficient technology, as well as poor 
maintenance [Gibbons, 1991]. Refinery losses, which should not exceed 1% in a properly 
maintained and operated refinery, often exceed 2% or even 4% in developing countries.

During the 1970’s  and 1980’s, both the structure and the level of petroleum product prices 
changed. As the prices of petroleum products increased, coal, gas, and hydroelectricity 
generation, leading to a relative decrease in the demand for residual fuel oil. When the 
gap between gasoline and diesel prices widened (due to diesel subsidies and/or gasoline 
taxes), consumers switched to diesel cars. As a result, the structure of demand for petro-
leum products changed in many countries; the demand for the middle distillates increased 
relative to the demand for gasoline at the top end and residual fuel at the bottom. Develop-
ing country refineries, which typically do not have secondary conversion technology, could 
not adjust to these changes. As  a result, some of their surplus petroleum products had to 
be exported, often at distress prices, while other products had to be imported [Wijetilleke, 
1984].

Because of these developments  in the international petroleum market, several developing 
countries are producing refined petroleum products at costs  higher than those prevailing 
on the international market. Up until recently, for example, Liberia had only one refinery, 
which was poorly maintained, inefficient, and in need of upgrading. An economic analysis 
of this refinery showed that importing the refined petroleum products directly and shutting 
down the inefficient domestic refinery would result in net savings of $15 million to $20 mil-
lion per year (U.S. dollars), equivalent to a gain of about 2% in Liberia’s gross domestic 
product (GDP) [Wilbanks, 1988]. Several other African countries are in similar situations.

The distribution system for petroleum products play a key role in determining whether or 
not the economy has sufficient and dependable fuel supplies. Because large portions of 
the population are scattered in rural areas, and transport infrastructures are frequently in-
adequate, the distribution systems in developing countries are often unreliable. In addition, 
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price controls, supply monopolies, rationing systems, and requirements for uniform pricing 
in all areas may further limit the dependability of petroleum in developing countries [Gib-
bons, 1991].

Natural Gas

Natural gas  plays a relatively minor role in the energy supply system in most developing 
countries, supplying only 7% of total energy use in the developing world. This contrasts 
sharply with its role in the industrialized world. In the United States, for example, natural 
gas supplies  22% of domestic energy consumption. However, gas is  an important source 
of energy for a small number of developing countries. Five countries  – Mexico, Argentina, 
Venezuela, China, and Algeria – account for 58% of developing world natural gas con-
sumption. Natural gas consumption in the developing world is concentrated in industry, 
where it is  used both as a fuel and as a feedstock. Natural gas  is also used for electricity 
generation [Gibbons, 1991].

Discovered gas reserves in many developing countries are not developed [Gibbons, 
1991]. The current production levels from developed reserves are only 16 percent of the 
level that current proven reserves could sustain. Thus, many developing countries import 
large quantities of crude or furl oil while possessing reserves of natural gas that could 
serve more economically and with less harm to the environment.

The reasons for the relative underutilization of natural gas in the developing world lie more 
in institutional than in technical or financial constraints. Although gas is associated with oil 
exploration and development and therefore shares many of the same problems, it has ad-
ditional difficulties of its own. In the exploration phase, due to the fiscal or contractual 
terms under which gas is discovered, gas discoveries are often treated as “dry holes” by 
oil exploration companies [Mashayckhi, 1988]. In the development phase, gas requires 
heavy front=end capital investments (pipelines from producing to consuming regions, or, in 
the case of overseas trade, costly facilities and tankers to liquefy and transport the gas) 
and long-term agreements between supplies and consumers. And the high cost of building 
distribution systems in cities deters the development of domestic markets for natural natu-
ral gas.

The specific requirements of gas development are particularly difficult for developing coun-
tries, where financing for large capital-intensive projects is  hard to find, and where the 
main purchaser for the gas is the state. When the developer is a private foreign corpora-
tion, the problems are complicated by uncertainty that sufficient foreign exchange will be 
available for the investor to repatriate profits [Gibbons, 1991]. This  last difficulty is espe-
cially acute in the case of highly indebted developing countries where the bulk of scarce 
hard currency is earmarked in advance for payments on debt. Unlike the electricity sector, 
which shares many of these characteristics, development of natural gas reserves has 
generally not been financed by donor agencies.

Biomass Fuels

Biomass fuels are an important source of energy in the developing countries, supplying 
over three fourths of the total energy consumed in almost all of the lower income develop-
ing countries. The contribution of biomass fuels to total energy supplies in the entire de-
veloping world is  unclear. Biomass fuel consumption is difficult to measure, as much of it 
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never enters a commercial market. As shown in Table 52, biomass  fuels supply about 19% 
of total energy according to the International Energy Agency. Other researchers, however, 
estimate this number at 33% to 35% [Smith, 1987].

Biomass fuels  are the dominant energy source in rural areas, and they are also widely 
used in poorer urban areas, as well as in some large-scale industrial processes. These 
“traditional fuels” consist of wood (firewood and charcoal), dung (from cattle and other 
animals), and crop wastes  (e.g. wheat, rice straw, and sugar cane bagasse). Wood is the 
most widely used and preferred fuel due to its superior combustion characteristics. Its 
share of total biomass energy supply varies widely among the developing countries, ac-
cording to region and agricultural and forestry resource base. In many regions  of Africa 
and Latin America (with the important exception of Brazil, where bagasse is also used), 
wood is the primary form of biomass energy used. In Asian countries, wood remains the 
dominant biomass fuel (according for one-half of all biomass consumed in China, and 
three quarters in India), but crop wastes and animal dung also play a significant role 
[UGibbons, 1991].

Biomass Resource Base

For a variety of reasons, the fuelwood supply base is shrinking rapidly. This could have se-
rious impacts on the populations that depend on forests  for fuel, food, fiber, fodder, and 
other needs.

The total global annual growth of forest biomass is subject to great uncertainty, but has 
been estimated to be about 50 times annual wood consumption or five times total annual 
energy consumption, including fossil fuels. Despite this apparently large average global 
supply, there are acute and growing shortages of fuelwood both locally and regionally. 
Some regions, such as Asia, have very little forest stock per capita (Table 52). Within re-
gions, some countries are well endowed with biomass energy resources, while others 
have totally inadequate supplies; and within countries themselves, local abundances and 
shortages are common. Zaire, for example, consumes only 2% of its sustainable yield of 
forest biomass but has serious deforestation around Kinshasa [Moss, 1981].

Table 52: Biomass Energy Resources in Selected Developing Countries
[Barnard, 1985]
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Despite the uncertainties  regarding rates of biomass energy use and supply, it is clear that 
the populations affected by fuelwood shortages are increasing. The United Nations food 
and Agriculture Organization (UNFAO) has estimated that the number of people suffering 
acute shortages of fuelwood will increase from about 100 million in 1980 to over 350 mil-
lion in the year 2000. Such shortages increase fuel costs for urban dwellers, lengthen the 
time spent foraging for fuel by rural dwellers, and rob the soil of nutrients  as people switch 
from wood to crop wastes and dung (although the impact of this nutrient loss maybe lim-
ited except in the much longer term) [Gibbons, 1991].

Rural Biomass Markets

Much of the biomass fuel supply in developing countries – especially twigs, branches, 
dung, and crop wastes – is gathered locally and used by family members  without entering 
commercialized markets. These supplies are gathered free of charge (if the considerable 
cost of the labor used in gathering is not included) from fields, hedgerows, gardens, and 
nearby forest lands [Gibbons, 1991]. In some cases, however, the poor may have to “pay” 
with labor services for the privilege of gathering biomass fuels from privately owned land.

Commercial Biomass Markets

Biomass fuels, notably logs  and charcoal, are also traded in commercial markets far from 
their origin in government and private forests, farms, or plantations. Low-income urban 
households and small commercial enterprises use the bulk of these fuels. In some cases, 
however, biomass fuels are used for advanced industrial applications, as in the case of 
charcoal for iron smelting in Brazil. In such cases, the industrial users often organize the 
biomass fuel supplies.

Unlike other forms of energy, supplies of commercialized biomass fuels are largely in the 
hands of the private sector. Much of the fuelwood may be grown on privately owned land 
[Alam, 1985], and the transport and distribution charnels for commercialized biomass, fu-
els are typically in private hands, as are charcoal kilns [Alam, 1985].

On the other hand, the fuelwood trade is often subject to government regulation, with strict 
rules about cutting trees in government forests and even on private lands. Although it is 
believed that such regulations are not strictly enforced, often because of the difficulty of 
enforcement, proscriptions against cutting trees can discourage the development of long-
term supplies, as farmers and others  are unwilling to invest in tree planting for fuelwood if 
they have no assurance that they can harvest the trees at maturity [Gibbons, 1991]. Fuel-
wood prices may also be subject to price controls (in Sevegal, for example, charcoal prices 
are controlled by the government). And in some cases, governments may play a role in the 
distribution system as well. Compared with commercial fuels, however, the biomass trade 
is relatively unregulated.

The transport of wood and charcoal to urban areas is carried out in a variety of ways. In 
India, poor women carry head loads of fuel to urban markets; in Niger, camels carry fuel 
into the capital city of Niamey; and elsewhere fuel is carried by bicycle, animal cart, 
moped, and other means. In higher income areas, trucks or trains carry the bulk of the fuel 
(Gibbons, 1991).

234



Charcoal

In rural areas, the cutting of fuelwood and its conversion to charcoal is a major source of 
income and nonagricultural employment. Charcoal is made by stacking the wood, covering 
it with a layer of dirt, and letting it burn with a limited supply of air. The efficiency of con-
verting wood to charcoal in these simple earthen kilns is quite low, typically ranging from 
40% to 60% [Earl, 1984]. If a capital investment is made, ranging from a few hundred dol-
lars for simple modifications to traditional kilns to $100,000 or more for a modern continu-
ous retort, higher energy efficiencies can be achieved [Christopherson, 1988].

Although it is  widely believed that charcoal is cheaper to transport than wood due to its 
higher energy content by weight, detailed studies have found that the transportation costs 
for wood and charcoal are about the same [Wood, 1985]. The higher energy content of 
charcoal per unit weight is counter balanced by its lower weight per unit volume.

Despite its higher price, charcoal is  widely used in some countries, particularly in urban 
areas where people have cash incomes. A 1970 report from Thailand, for example, indi-
cated that 90% of the wood cut for urban markets was converted to charcoal [Arnold, 
1979]. It has several important advantages over wood. Charcoal is impervious to insect 
attack, unlike some wood species that must be used within as little as a month of drying to 
avoid significant losses to termites [Nkonoki, 1984]. As it is  nearly smokeless, charcoal 
cooking can be done indoors  in relative comfort without blackening walls or metal pots with 
soot. In addition, charcoal causes little smoke irritation to eyes or lungs. Although it can 
emit large amounts of dangerous carbon monoxide and other pollutants, which is  a health 
hazard in poorly ventilated kitchens, charcoal causes little obvious discomfort to the user. 
Additionally, once lit, charcoal fires need little attention from the cook, whereas wood fires 
require frequent adjusting of the fuel.

Biomass Pricing

When people move from rural to urban areas in developing countries, they typically con-
tinue to follow traditional patterns of biomass fuel use. In contrast to the labor-intensive 
collection of biomass fuels in rural areas, however, the urban poor often have no choice 
but to purchase fuelwood or charcoal in commercial markets. In Tanzania, the cost of pur-
chasing these fuels reportedly ranges as  high as 40% of the income of poor families 
[Mnzava, 1981]. More typically, energy accounts for 5% to 10% of the expenditures of poor 
households [Leach, 1987].

Biomass fuel prices in urban markets often rise rapidly as wood resources are seriously 
depleted, and then closely follow fossil fuel markets. Biomass costs cannot rise very far 
above the cost of an equivalent amount of useful energy from kerosene or LPG, as users 
can and will then switches  fuels  [Douglas, 1989]. Families that purchase modern stoves 
and fuels, however, rarely discard the older stoves. Maintaining both technologies allow 
easy and flexible switching between fuels  in response to availability and price. Following 
the 1973 and 1979 oil price increasing, for example, many people switched back to wood 
and charcoal for their cooking needs. In Malawi the use of kerosene, primarily for cooking 
and lighting, declined by 24% between 1973 and 1976 [Arnold, 1979].
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Electricity 

Electrification plays a central role in promoting economic and social development in any 
nation. At the same time, the electricity sector consumes large amounts  of economic, so-
cial, and environmental resources. Accordingly, the electric power sector receives. Accord-
ingly, the electric power sector receives significant attention and resources from both de-
veloping country governments and international development agencies. For example, the 
World Bank directs over 80 percent of its energy lending to the electricity sector.

Although electricity accounts for less than 9 percent of the energy used by consumers in 
developing countries, electricity production in the developing world is  increasing rapidly, at 
an average annual rate of 7.6 percent. However, this rapid growth still leaves the develop-
ing world at a far lower level of electricity production than the industrialized world; average 
annual electricity production in the developing world is  about 520 KWh per capita, as com-
pared with the U.S. figure of 10,500 KWh per capita [Gibbons, 1991].

Electricity Generation

In the developing world, as  in the United States, a variety of fuels and technologies are 
used for electricity generation (Fig. 215 and Table 54).

Fig. 215: Electricity Generation by Fuel Type in Selcected Regions of developing World, 
1987

[OECD, 1989]

Table 53: Electricity generation by Fuel, 1987
[OECD, 1990]

Coal use for electricity production in the developing world is concentrated, largely in coun-
tries  with sizable domestic coal reserves (India, China, and South Africa). Similarly, natural 
gas generating capacity is found mainly in the new countries where natural gas is pro-
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duced domestically. In other countries, oil is often used for electricity generation [Gibbons, 
1991].

Hydroelectric facilities  range from micro!hydropower stations with less than 0.1 MW of 
capacity to large-scale hydropower plants such as the 12,600 MW Itaipu facilities in Brazil. 
For countries with hydroelectric potential, hydropower offers  an indigenous source of elec-
tricity generation with very low operating costs, although the capital costs are high. In Latin 
America, hydropower plays a large role, supplying almost two-thirds of total electricity. 
More than 90 percent of Brazil’s total electricity supply comes from hydropower. In Africa, 
almost half of the electricity generated outside of South Africa comes from hydropower in 
Africa produce electricity from hydroelectric plants [Gibbons, 1991].

Only eight developing countries  were generating electricity from nuclear power plants as of 
late 1989, although several more have plants planned or under construction. Nuclear 
power generation involves high capital costs, very large scales of operation, and consider-
able technical expertise. In two upper income developing countries, Taiwan and Korea, 
nuclear power provides over 40% of total electricity generation. In other countries, how-
ever, there have been some difficulties with nuclear power – e.g., two of India’s  three op-
erating nuclear plants  have suffered high outage rates, and their fourth plant has had con-
struction delays of 7 years [Gibbons, 1991].

A number of alternative generation technologies have also been used in developing coun-
tries, including cogeneration, geothermal, conversion of solar energy to electricity, wind-
driven generators, and the burning of waste material [Gibbons, 1991]. Although these 
sources contribute relatively small amounts to total electricity supplies  in the developing 
world, there is strong policy interest in expanding the use of these alternative generating 
technologies.

The operating efficiencies of electricity generating plants are generally lower in developing 
countries than in the United States. Although many factors affect power plant efficiency 
(notable input fuel quality), the use of less efficient, poorly maintained technologies  con-
tributes to the low efficiencies of developing world power plants [Gibbons, 1991].

Electricity Transmission and Distribution

Transmission and distribution systems in the developing world have relatively high losses. 
A recent survey of 76 developing countries  found that, in one-half of the countries sur-
veyed, transmission and distribution losses (as a share of total generation) exceeded 15% 
[U John H. Gibbons, 1991], compared with typical losses of less than 10% in the industrial-
ized countries. these losses include both technical losses and unmetered consumption 
(theft) [Gibbons, 1991].

Institutional Issues

Governments in both the developing and industrialized world generally have taken leading 
roles in directing the development and operation of the electric power sector; this  reflects 
both the importance of electric power in meeting economic and social objectives and the 
high cost of electric power systems.
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Because electricity is  considered an important tool within a broader national development 
strategy, developing countries often subsidize electricity prices. In Pakistan, for example, 
60% of the cost of electricity is subsidized; in India, the figure is  20%. Many countries have 
subsidies of electricity in selected sectors (e.g., agriculture and residential), reflecting ei-
ther the political influence of the subsidized sectors or government interest in promoting 
certain economic or social ends. Although electricity prices nearly doubled between 1980-
81 and 1986-87 in India, for example, current prices are still far lower than supply costs for 
residential and agricultural consumers [Faruqui, 1990].

There may be many reasons for subsidizing electricity prices in different sectors.  For ex-
ample, rural electrification is  promoted as a means to reduce migration to cities by improv-
ing economic opportunities  and lifestyles in rural areas. Supporters argue that these sub-
sidies benefit society as a whole and not just rural consumers, others rogue that there is 
no conclusive evidence that rural electrification can actually produce this benefit [Barnes, 
1987]. Rural electrification is  also seen as a powerful instrument at the disposal of central 
governments to foster political stability in rural areas, although again the evidence is mixed 
[Gibbons, 1991].

Subsidized electricity prices also allow electricity to compete with subsidized prices for al-
ternative fuels, similarly, when prices of farm products  are controlled and kept artificially 
low, electricity prices (and the prices of other inputs such as fertilizers) are often subsi-
dized to keep farms operating.

Subsidized electricity can have negative impacts, including contributing to power short-
ages since consumers tend to use more subsidized electricity than they would otherwise. 
Moreover, price subsidies keep power company revenues at levels inadequate for devel-
oping additional supplies  and even for maintaining existing facilities efficiently. Higher 
prices, on the other hand, limit supplies to higher income groups, an outcome that may 
conflict with the social goals of electrification [Munasinghe, 1987].

Capital spending on electricity systems in the developing world is currently estimated at 
$50 billion to $60 billion annually. Even at that high level of expenditure, investment is ex-
pected to be inadequate to meet demand. The United States Agency for International De-
velopment (U.S.AID) has estimated that meeting the growing demand for electricity will re-
quire capital investment of around $125 billion per year over the next two decades. This 
enormous capital mobilization requirement represents a large fraction of both total eco-
nomic activity and total gross domestic investment in the developing world. The total eco-
nomic output of all lower and middle income countries as measured by GDP was $2,716 
billion in 1987, with total gross domestic investment of $662 billion. Much of the capital 
costs of electricity plants must be paid in foreign exchange, leading to balance of payment 
problems and compounding the problems of high operating and capital costs in the electric 
sector.

Even with the enormous financial, technical, and institutional effort targeted to the devel-
opment of the electricity sector over the past decades, capacity still is often insufficient to 
provide reliable, high-quality power in developing countries. Outages are common in many 
countries. For example, Bombay experienced 1000 outages annually over a recent 5-year 
period. Even when power is available, voltage fluctuations are often extreme, restricting 
the use of some types  of equipment. The electronic circuits of today’s compact fluorescent 
light bulbs, for example, do not tolerate wide voltage fluctuations; and computer operations 
are disrupted by outages. As a result, in many countries, poor power quality and lack of 
reliability undermine the economic benefits of electric power.
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Low reliability results in formidable losses in economic productivity. Load shedding in India 
is  estimated to cost the equivalent of 1% to 3% of GDP annually. Accurately estimating the 
productivity lost when existing equipment cannot be operated due to power outages is dif-
ficult, and estimating productivity lost as industry forgoes the purchase and use of new 
electric equipment is even more uncertain; however, the impacts may be quite large.

Ironically, a few developing countries suffer from an excess of electric capacity. For exam-
ple, it has been estimated that seven East African countries have approximately 7000 MW 
of excess generating capacity (i.e., capacity over and above what is needed for reliable 
system operation) [Hume, 1988]. This situation results  from the “lumpiness” of electric 
generating facilities, especially hydropower. Putting a large new generating facility in serv-
ice before the domestic load and absorb the new supplies results in overcapacity, and ties 
up scarce capital [Gibbons, 1991].

Electricity Consumption

Industry consumes most of the developing world’s electricity. In contrast, electricity use in 
the United States is  divided among the industrial, residential, and public service/
commercial sectors (Table 54). China, the largest electricity user in the developing world, 
uses 75% of its electricity in industry. Similarly, India and Brazil use over half their electric-
ity in industry. Agriculture uses large amounts of electricity for pumping in India and China, 
while residential lighting and appliances use large amounts  of electricity in Brazil [Gibbons, 
1991].

Table 54: Electricity Consumption by Sector, 1985 (percent)
[Gibbons, 1991]

3.4.3  Outlook for Improvements

The mix of energy supplies varies widely in the developing world – from China’s heavy re-
liance on coal in the industrial and residential sectors to Brazil’s  extensive use of 
hydropower-based electricity. Despite the diversity of sources, however, several important 
characteristics of the energy supply sector can be identified:

! The technologies  in use are typically older, less efficient, and less sophisticated than 
comparable technologies in the industrialized countries.

! The electricity sector accounts for a large share of foreign exchange resources. Rapid 
growth in electricity demand and the high capital requirements of the sector suggest 
that the gap between needed and available capital for electricity system expansion will 
widen. Therefore the electricity systems in many countries could continue to be rela-
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tively undependable, inefficient, and technologically outdated.
! The public sector plays a dominant role in most aspect of energy supply, with the ex-

ception of biomass.

These characteristics of the energy supply sector in the developing world suggest a num-
ber of productive opportunities for improving the efficiency of the energy supply system, 
recognizing that there are wide variations among developing countries, and that many 
characteristic that appear inefficient or undesirable when viewed form the current perspec-
tive of highly developed nations may in fact represent rational choices given prevailing so-
cial, economic, and technical conditions [Gibbons, 1991].

A number of institutional, technological, and engineering options can be considered for im-
proving the extraction, processing, and conversion of energy supplies. In oil and gas de-
velopment, for example, options include both the deployment of new technologies, such as 
horizontal drilling, and the development of innovative financing mechanisms [Gibbons, 
1991]. Options for coal include technologies such as  washing and screening, as well as 
strategies for mine mouth electricity generation to receive pressure on transport systems. 
Similarly, institutional issues  are critical in any discussion of improving the sustainability of 
biomass resources.

Both developing country governments and international development agencies already 
pay much attention to opportunities in the electricity sector. Technological opportunities 
range from industrial cogeneration, to upgrades of transmission and distribution system 
efficiencies, to the use of more efficient consumer appliances. Institutional opportunities 
include the contribution of non utility generators to electricity networks.

Although technology can do much to improve the energy supply sector, other factors  also 
affect its operation: financial issues, such as subsides for electricity prices or the high cost 
of natural gas transportation; institutional and management issues, including shortages of 
trained personnel; and the incentive structure, notably the dominant role played by gov-
ernment in fossil fuel exploration and delivery systems, all strongly influence system op-
erations, management, and decision-making in the energy supply sector [Gibbons, 1991].

3.5  Energy and the Environment in Developing Countries

3.5.1  Introduction and Summary

Many developing countries are experiencing significant environmental degradation. In rural 
areas, population pressure and low agricultural productive are among the factors forcing 
people into marginal and ecologically fragile lands. Woodlands are being cleared for crop-
land and pastures and are being commercial logged. The use of biomass for fuel or fodder 
places further demands on woodlands and grasslands, particularly in arid regions with high 
population densities [Gibbons, 1991]. Farming, ranching, logging, and the use of biomass 
fuels are all necessary if the people dependent on these resources  are to survive. But 
these various pressures can also have negative impacts: destruction of tropical forests and 
biodiversity; desertification; soil erosion and increased downstream flooding and siltation; 
and air pollution local, regional and global.
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In many urban areas of developing countries, rapid population growth, inadequate infra-
structure, and economic and industrial growth with minimal or inadequately enforced envi-
ronmental controls have led to high levels of pollution. Levels of sulfur led to high levels of 
pollution. Levels of sulfur dioxide, particulate, ground-level ozone, and nitrogen oxides of-
ten exceed those in industrialized countries. Major sources include electricity generation, 
transportation, and industrial production. Greater use of fossil fuels in the modern, primar-
ily urban, sector can also lead to environmental degradation and pollution in the rural ar-
eas where these fuels are extracted from the ground and transported to the cities, and 
where hydroelectric facilities are sited [Gibbons, 1991].

Many have viewed environmental costs  – degradation and pollution of the natural resource 
base – as the price that must be paid in order to develop economically [Tisdell, 1988]. In-
creasingly, however, others argue that environmental protection and economic develop-
ment are tightly interconnected and mutually supportive [Gibbons, 1991]. The landless 
peasants who migrate to fragile watersheds in order to feed their families, for example, 
clear land that is highly susceptible to erosion. This  can lead to serious soil loss and 
downstream flooding and siltation – ultimately reducing the productivity of their land as  well 
as that of land downstream. In turn, this can exacerbate their and other’s poverty. This 
may be particularly significant in developing countries because their economies are so 
heavily depended on agriculture. For the 2.8 billion people in the lowest income countries, 
agriculture accounted for fully 31% of gross domestic product (GDP) in 1987 and an even 
greater portion of employment. Economic analyses that include environmental impacts  are 
improving knowledge of this  interdependency and may assist policymakers in more wisely 
making these tradeoffs.

Energy production and use contribute to environmental degradation in developing coun-
tries. Other contributing factors include population growth, inequitable land tenure, unsus-
tainable agricultural and forestry practices, industrialization, and government policies [Gib-
bons, 1991]. In order to understand the role of energy in overall environmental degrada-
tion, it is therefore necessary to include these other factors in the analysis.

Energy, used wisely, might also potentially provide several important environmental bene-
fits in developing countries. Greater energy inputs into agriculture in the form of tractive 
power, fertilizer, and irrigation, for example, can substantially improve agricultural produc-
tivities where soils and climates are appropriate, and might help slow the expansion of ag-
ricultural lands necessary to feed a burgeoning population. At the same time, however, 
modern agriculture might also cause environmental damage: by overuse of pesticides, 
herbicides, and fertilizers; by water logging and Stalinizing irrigated lands; and by use of 
these techniques under inappropriate soil and climatic conditions [Gibbons, 1991].

Energy-efficient technologies may offer the potential of simultaneously reducing the total 
cost of delivering energy services and cutting pollution. New industrial processes may in-
crease productivity and lower costs while reducing hazardous wastes. Much research and 
development work remains to be done to bring many of these innovations to fruition. A 
later report from this OTA study will examine the extent to which improved technologies for 
energy production and use can contribute to economic development and environmental 
protection; under what circumstances energy technology innovations might ease the diffi-
cult tradeoffs between economic growth and the environment; and policy issues associ-
ated with accelerating the introduction of improved energy technologies that minimize envi-
ronmental degradation.
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This  chapter traces the causes and consequences of environmental degradation in devel-
oping countries, beginning in rural areas and following them through to urban areas, mod-
ern industry, and the use of fossil fuels [Gibbons, 1991]. This  organization has several ad-
vantages over the more conventional cataloging of environmental problems by their im-
pacts  on land, water, and air. First, it helps capture the dynamic causes of environmental 
degradation in developing countries in the various  context of the rural struggle for survival 
by the landless  peasant, or of the urban effort to develop modern industry in an economy 
that has limited capital, technology, and skilled human resources. Second, it highlights the 
differences in the causes and consequences of environmental degradation between rural 
and urban areas. Third, it helps illustrate some of the complex linkages between these en-
vironmental problems that make effective responses so difficult. If economic needs are to 
be met while simultaneously maintaining environmental quality, these dynamics and com-
plex interconnections must be understood and responded to appropriately [Gibbons, 
1991].

3.5.2  The Rural Sector

Many developing countries  are suffering significant environmental degradation in rural ar-
eas, including: rapid de vegetation/deforestation and the loss  of irreplaceable biodiversity; 
desertification; erosion of crop and pastureland; watershed degradation, siltation of down-
stream waterways, downstream flooding, and other impacts on water quality and supplies; 
and local and regional air pollution [Gibbons, 1991]. In turn, these environmental impacts 
may damage or destroy farm and range land and force more people into watersheds and 
other ecologically fragile lands potentially creating a vicious  cycle of degradation. Clearing 
and burning woodlands and grasslands for agriculture or pasture also contribute to the 
global increase in atmospheric greenhouse gases.

The principal direct causes of these forms of environmental are shifting cultivation, conver-
sion of forest lands to permanent pasture and agriculture, commercial logging, overgraz-
ing, inappropriate management of irrigated land, and the use of biomass for fuel. These 
factors are often interconnected. Commercial logging of closed tropical forests, for exam-
ple, opens new areas with roads and partial clearings, which enables settlers to follow, 
converting forests to pasture and cropland [Gibbons, 1991].

Underlying these causes are factors  such as: population growth; poverty; the lack of ac-
cess to modern energy-intensive inputs for agriculture (mechanical traction, irrigation, fer-
tilizers, etc.); the lack of secure land tenure for many people; and government pricing, tax, 
and other policies that may encourage misuse of natural resources. These causes and 
consequences are listed in Table 55.
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Table 55: Causes and Consequences of Environmental Degradation in Rural Areas
[Gibbons, 1991]

The extent and rate of environmental degradation are difficult to quantify accurately under 
the best of circumstances, even when reliable data are available. As it is, estimates  vary 
widely on the basis  of the underlying definitions  of what constitutes ecological vulnerability 
or degradation; the methodologies used for the analysis; and the assumptions used to go 
from local measures of degradation to global extrapolations [Gibbons, 1991].

Depiction of environmental degradation also depends on what measure is used for com-
parison. Local degradation may be severe and rapid. Irrespective of the hardship this 
places on people in the immediate region and the need for local responses, it does not 
necessarily translate into corresponding problems at the regional or global scale. There is 
considerable variation in form and degree of environmental degradation from one region to 
another. Consequently, an attempt is made below to place estimates of the rate of local 
environmental degradation into the global context.

Causes of Environmental Degradation

Agriculture

As the populations of developing countries grow, the demands on the land for food, fuel, 
and fodder increase accordingly. Farmers then face three basic choices: they can ‘mine’ 
the land – taking more out of it then they put in – until the land is  exhausted; they can mi-
grate to new lands; or they can increase the level of (capital-, energy-, and labor-intensive) 
agricultural inputs – mechanical traction, fertilizer, and irrigation – into the land in order to 
raise yields. These might also include higher inputs of information and management as 
might be the case for intercropping, agroforestry, integrated crop livestock, or other sophis-
ticated agricultural systems [Gibbons, 1991].
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Mining the Land – “ Mining” the land usually takes the form of shortened fallow periods – 
leaving inadequate time for the natural regeneration of soil – as population pressures 
mount [Gibbons, 1991]. It is obviously a temporary solution, but one often resorted to by 
those without access to the modern agricultural inputs  needed to raise crop yields. Declin-
ing yields from such “mining” are seen in number of local and regional areas, particularly in 
Africa.

Migration – many people migrate to new lands or to urban areas. In addition to population 
pressures or soil exhaustion, factors forcing people to migrate from long-established farm-
ing areas to new lands include the low productivity of traditional agriculture; inequities  in 
land tenure for many subsistence farmers; drought or other disasters; and, in some areas, 
mechanization of agriculture and/or consolidation of agricultural lands. In many cases, cur-
rently farmed areas have been subdivided among successive generations to the point that 
the landholdings for those who remain are, or will soon become, marginal. In Rwanda, for 
example, the average smallholder had 1.2 hectares in 1984 and, by tradition, would divide 
it equally among his average of four sons – leaving them 0.3 hectares each. If the same 
trend continues, the following generation will have less that 0.1 hectare each. Estimates of 
the number of landless or near-landless (with too little land to subsist) in developing coun-
tries range as high as 1 billion people, most of them in Asia [Leonard, 1989].

Wage – paying jobs  are scarce for those who are forced to migrate. Land – anywhere they 
can get it – for subsistence agriculture and fuelwood is often their only means  of survival. 
Increasingly, however, available lands are remote, only marginally productive, or ecologi-
cally fragile – on upland regions that are easily eroded when ground cover is  removed, on 
arid or semi-arid lands, or in forested areas of high biological diversity (but which may 
have poor soils) [Gibbons, 1991]. As many as 370 million people in developing countries 
may live in rural areas that are ecologically vulnerable [Leonard, 1989]. To generate good 
yields on a sustainable basis  on these lands often requires larger inputs of labor and/or 
capital and technology than the lands  left behind – inputs to which these people seldom 
have access. This maybe particularly true in newly opened areas where infrastructure (in-
cluding access to extension efforts) is especially weak. The immigrants  into these areas 
may be unfamiliar with the different agricultural techniques appropriate (sustainable) to 
these new lands and resources [Gibbons, 1991].

In many regions, shifting agriculture is initially practiced by those who migrate [Gibbons, 
1991]. Shirting agriculture begins with forest-fallow systems in which small patches of land 
are cleared and cultivated for a new years and then left fallow for as long as two to three 
decades. This remains an important form of agriculture in West Africa, southwest Asian hill 
communities, parts of South America [Meyers, 1989], and elsewhere [Gibbons, 1991]. This 
form of shifting or slash and burn agriculture is believed by many to be the most important 
cause of secondary forest destruction and to be roughly comparable to commercial logging 
in its  impact on primary forest (Table 56) [Barnes, 1985]. Shifting cultivation consumes 
enormous amount of biomass energy in the process of clearing the forest [Smith, 1982].
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Table 56: Estimates of Land Use Changes in Closed and Open Tropical Forests, circa 
1980

[Detwller, 1988]

Modern Agriculture – those farmers with access to good soils and water resources  and 
modern agricultural inputs  can increase the yields of their croplands. Modern agricultural 
practices in developing countries use, to varying degrees, improved plant species, syn-
thetic fertilizers, pesticides  and herbicides, irrigation, and mechanized operations to gen-
erate higher crop yields. These require high levels of capital and energy inputs [Gibbons, 
1991].

Modern agriculture has, with mixed success, provided environmental, social, and eco-
nomic benefits. It has  moderated cropland expansion into ecologically fragile or particularly 
valuable lands through technological advance (the green revolution) and energy inputs in 
the form of fertilizer, irrigation, and mechanical operations. Over the 20-year period from 
1965 to 1985, cropped areas increased by only 14%, 35%, and 4% in Africa, South Amer-
ica, and Asia while their populations  increased by roughly 75%, 60%, and 50% respec-
tively (Table 57). Modern agriculture has also raised the personal incomes of many farm-
ers; and it has contributed to national economic growth in many countries, especially in 
Asia [Gibbons, 1991].

Table 57: Changes in land Area Uses
[Gibbons, 1991]

Modern agriculture has  also had serious short comings. It has increased economic inequi-
ties  between those farmers who have sufficient land and access to capital and other inputs 
necessary for high-yield agriculture and those farmers who do not have such resources, 
and it has displaced laborers in many cases. It has caused environmental damage through 
the misuse of fertilizers, pesticides, and herbicides. Inadequate investment and poor man-
agement have led to water logging and salinization of valuable irrigated lands. Finally, 
modern agricultural techniques require dramatic increases  in commercial energy use [Gib-
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bons, 1991]. Concern over environmental impacts and high dependence on purchased 
inputs has led to considerable interest in farming systems that depend more on resources 
internal to the farming system and less on external purchases. These agricultural and 
agroforestry systems tend to be very information and management-intensive [Gibbons, 
1991].

Irrigated Lands – irrigation is an important element in modern agriculture. It frees the 
farmer from dependence on irregular rains and raises yields, allowing double – and even 
triple – cropping. Some 160 million hectares of land in developing countries are irrigated. 
In Asia alone, 100 million hectares  are irrigated, and this land produces roughly 60% of the 
region’s food on just 45% of its cropped area [Yudelman, 1989]. In India, more than 6 mil-
lion electric and 3 million diesel pump sets have been deployed, consuming nearly 2000 
GWh of electricity and 3 million tons of diesel fuel in 1985 [Desai, 1990].

Inadequate investment and poor management have resulted in various degrees  of salini-
zation and/or water logging of irrigated land in many countries. For example, by one esti-
mate 75% of Pakistan’s irrigated land suffers  salinization and/or water logging, with corre-
sponding reductions in crop yields [Gibbons, 1991]. Some 20 million hectares – roughly 
half – of India’s  irrigated croplands have sufficient salt buildup to reduce productivity; an-
other 7 million hectares of land in India now lie unused due to excessive salt. (Similar 
problems afflict the United States, where 20 to 25 percent of the 20 million hectares of irri-
gated lands are affected by salinization.) Reclamation is possible through improvements in 
canals  and other infrastructure to reduce leakage and by providing drainage from the 
fields, but it is expensive [Gibbons, 1991].

The technology to prevent or minimize salinization and water logging has  been available 
since the 1950’s, yet designers  frequently fall to incorporate these improvements in their 
projects. Many factors contribute to this failure. One factor may be that designers tend to 
be overly optimistic in their initial appraisals; they assume that water logging and saliniza-
tion will not occur for 20 to 30 years, and that drainage systems and other capital-intensive 
improvements will not be necessary before then. This lowers  the apparent costs of their 
projects and may improve the chances that the projects will be approved [Gibbons, 1991].

Pasture – The opening up of lands for pasture is a significant cause of deforestation (Table 
56) particularly in Central and South America where grazing lands have increased by more 
than 9% during the past 20 years (Table 57).

Overgrazing may also play a significant role in the desertification of semi-arid regions 
[Shlesinger, 1990]. Overgrazing and trampling can quickly destroy the grass layer. Without 
the protection of ground cover, topsoil can be washed or blown away, lowering fertility. In 
some areas, the full force of rain on the soil can bring clay particles to the surface and 
cause surface hardening and sealing that seeds cannot penetrate [Novikoff, 1981]. The 
end result of such processes can be desertification.

Herders burn grasslands to encourage new growth; numerous studies have shown this 
new growth to be particularly good forage for their herbs [Stryker, 1990]. More generally, 
repeated burning is believed to help create and maintain much of the world’s  savannah 
and grassland [Sagan, 1979]. Such brushfires in the African grasslands may burn as much 
as 2 billion tons of biomass annually, cause volatilization of organic nitrogen and sulfur, 
and allow excessive leaching of other valuable nutrients. This maybe particularly damag-
ing in much of the Sahel, where growth is already strongly limited by the lack nutrients 
[Breman, 1983]. Thus, brushfires help the herder feed his animals in the near term but, in 
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the longer term, lower soil fertility, and kill brush and trees that hold the soils and pull nutri-
ents  up from deep in the ground. Brush and grassland fires may also be significant con-
tributors to regional air pollution and may contribute modestly to the global increase in 
greenhouse gases [Gibbons, 1991].

More stable suppliers of forage might reduce the need of herders to maintain large num-
bers of animals in order to ensure that survival of a few through periods of drought. Higher 
quality forage (higher protein content) would reduce the need to burn grassland. Inputs  of 
capital- and energy-intensive fertilizer, increased suppliers  of water, and mechanical har-
vesting of the forage (or even grain crops) when its protein content is at a maximum – as  is 
common industrial countries – might aid in achieving both of these goals [Gibbons, 1991].

Commercial logging – Commercial logging impacts perhaps 3 to 5 million hectares of pri-
mary tropical forest annually (Table 56). In many areas, only the highest grade logs are 
removed from the forest. But for every tree removed, roughly 5 to 10 other trees are de-
stroyed [Pearce, 1990]. Commercial logging also develops roads that allow settlers access 
to forested regions, where they can clear the forests for farms or ranches.

Biomass Fuels – Biomass-wood, crop, residues, and animal dung – is the primary fuel for 
people in rural areas, and in many regions  it is also important for the urban poor. Until re-
cently, it was widely believed that many developing countries were on the verge of being 
transformed into treeless deserts or mountain wastelands due to the demand for fuelwood. 
These predictions  were largely based on the “gap” model, which assumed a freed per-
capita demand for fuelwood and a growing population while at the same time the forest 
base was declining due to agricultural expansion and over cutting of the forest [Foley, 
1988].

In more recent studies, however, it has been found that use of fuelwood is highly elastic 
according to its availability and the labor required to collect it or, if traded, its  price. When 
fuelwood is difficult to obtain by foraging, people quickly resort to lower quality wood, agri-
cultural residues, or dung. More generally, rural subsistence farmers cause relatively little 
damage to forests, as they usually take only deadwood or small limbs. They do not have 
the tools to cut down large trees. Much of the wood they collect is from hedgerows of other 
sources near their farms. In Kenya, for example, trees outside the forest supply half the 
fuelwood demand [Keefe, 1983]. And in West Java, one study found that three-fourths of 
all the fuel collected came from within family courtyards and gardens and two-thirds to this 
fuel was branches and twigs [Soesastro, 1984].

In contrast to rural foragers, commercialized fuelwood and charcoal operations to supply 
urban households, commercial facilities  and industrial operations often cut whole trees and 
can damage or destroy forested areas. The impact of commercial demands for fuelwood 
are limited, however, as  users will switch to fossil fuels  when fuelwood becomes scarce 
and prices climb [Barnes, 1989]. The extent of the damage of the forest resulting form 
commercialized fuel demand will then depend on the distance between the user and the 
forest, the size of the forest, the size of the demand, the rate of regrowth, and other fac-
tors. The use of biomass for fuel is  not usually a principal cause of deforestation. It does, 
however, add additional pressure on forest resources, in arid or semi-arid regions, where 
forest growth is slow and there is a high population density or a concentrated urban de-
mand for fuelwood, such as the African Sahel, the use of biomass fuels  can contribute sig-
nificantly to local deforestation [Barnes, 1990]. Similarly, the use of biomass fuels can lead 
to local deforestation in some cases where there is a concentrated to commercial or indus-
trial demand.
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Environmental Impacts

The environmental impacts of agriculture, ranching, lumbering, and the use of biomass for 
fuel include deforestation, desertification, soil erosion, flooding, pesticide and fertilizer run-
off from cropland, and air pollution from biomass fuels.

Deforestation

The forests of the developing world provide a number of resources and benefits, including 
food, fuel, fodder, fiber, timber, and medicines. Forests are vital ecological resources, pro-
tecting soils, maintaining diverse plant and animal life, regulating the flow of water, and 
playing an important role in the global carbon cycle. Forests may also strongly influence 
regional climates [Shukala, 1990]. The loss of tropical forests not only threatens to deprive 
the world of valuable resources on which it currently depends, but also to foreclose oppor-
tunities to discover new potential sources  of wealth and scientific knowledge. On the other 
hand, tropical forests offer an economic opportunity that the poor in developing countries 
wish to seize as quickly as possible [Radulovich, 1990]. Governments may also want to 
colonize forest lands in order to establish more clearly their legal claim to national territory.

The rate of global deforestation – from all causes  – is  highly uncertain, with estimated 
rates in the early 1980’s ranging from roughly 0.5% to 1.8% annually [Lanly, 1982]. These 
rates appear to be accelerating due to increasing population and other pressures noted 
above.

The UNFAO 1990 Forest Resources Assessment estimates the current annual global de-
forestation rate as 1.2% – double their estimate for 1980. Forested areas and deforesta-
tion rates vary widely between countries. Indonesia and Brazil have huge areas of closed 
forests (100 and 350 million hectares, respectively) and annual rates  of deforestation of 
perhaps 0.4 to 1.4 percent and 0.5 to 2.3 percent, respectively [Gibbons, 1991]. Aggregate 
figures, however, tend to obscure severe deforestation occurring in certain regions. Ivory 
Coast, for example, has just 16 million hectares  of forest remaining, and suffers an annual 
deforestation rate variously estimated between 6.5 and 15.6 percent. A number of other 
countries lie between these extremes, with forested areas of 5 to 50 million hectares and 
deforestation rates variously estimated in the range of 2 to 8 percent annually. At these 
rates, their closed forests could disappear in a few decades.

Desertification

Desertification can result from a variety of factors, depending on the region, including long-
term climate trends, overgrazing, poor farming practices, and deforestation [Novikoff, 
1983]. Although anecdotal evidence indicates that dry lands in many regions are becoming 
decertified at an increasing rate, there is  little reliable data to support the case. The “Global 
Assessment of Soil Degradation,” initiated in late 1987 by the United National Environmen-
tal Program and the International Soil Reference and Information Centre in the Nether-
lands, should provide some of these data.
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Impacts of Deforestation and Desertification

Among the potential impacts of deforestation and desertification are soil erosion and deg-
radation, fuelwood and fodder shortages, increased flooding, microclimatic changes, and 
loss of biodiversity [Kartawinata, 1981].

Soil – Little soil is lost from forests or grasslands, when vegetation is removed, massive 
amounts of soil can be washed away as rainwater flows across the surface. Measure-
ments in Tanzania indicated that up to half the rainfall was lost as runoff from bare fallow 
(3.5 slope), carrying with it some 70 tons of soil per hectare [Keefe, 1983]. Similar impacts 
have been noted elsewhere. With no shading soil temperatures rise dramatically and can 
greatly reduce the vital biological activity in the soil [Guillaumet, 1981]. Loss of tree cover 
also allows higher average wind velocities (and soil erosion) and, combined with the re-
duced soil moisture content, can lower crop yields [Anderson, 1986].

Fuel and Fodder – As forests  and grasslands disappear, rural people are increasingly 
forced to rely on agricultural residues and dung for their cooking and heating needs, and 
on crop residues for animal fodder. The failure to return organic materials  to the soil can 
have significant environmental impacts, even if these impacts  are longer term and more 
subtle than is sometimes suggested [Gibbons, 1991]. People in many already divert or-
ganic residues to other uses, often with little apparent near-term effect on yields. For ex-
ample, crop residues such as  millet or sorghum stalks tend to be poor fertilizers and are 
difficult to recycle; they are often burned in the field to prevent them form harboring crop 
pests. Similarly, dung quickly loses its nitrogen and much of its effectiveness as a fertilizer 
when left lying in the sun, as is common. In areas with poor soils and/or high rainfalls  that 
quickly leach nutrients out, however, crop yield may drop quickly if residues are not re-
turned to the soil [Gibbons, 1991].

In the longer term, the loss of organic material can reduce the productivity of even the 
highest quality soils. Organic matter in soils provides important nutrients needed by plants; 
it helps  the soil bind important minerals – e.g., magnesium, calcium, and potassium – that 
would otherwise be leached away; it buffers  the acidity of the soil; and it improves water 
retention and other physical characteristics [Gibbons, 1991].

Wafer – when the natural water regulation system provided by forests and grasslands is 
removed, stream flows tend to become more erratic, with reduced flows during dry sea-
sons and worse floods in the wet season. This can interfere with agriculture, fishing, and 
darns and can threaten inhabitants. Eroded soils  choke downstream waterways and reser-
voirs, reducing their ability to handle the increased volumes of water running directly off 
the watersheds [Eckholm, 1976]. Over the past 10 years, the area annually flooded in In-
dia has increased by 18 percent. Some observers attribute this increased flooding to the 
clearing of regional forests. Flood and erosion damage due to the clearing to India’s for-
ests has been estimated at $20 billion for the period from roughly 1960 to 1980, increasing 
loss of topsoil, loss of property to floods, and shortened reservoir lifetimes (Table 58). 
Other estimates place the direct costs of repairing flood damage in India at more than 
$250 million per year [Spears, 1982].
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Table 58: Sedimentation Rates of Some Reservoirs in india
[Jalees, 1985]

Climate – In some regions, a significant portion of the rainfall is  generated form moisture 
pumped back into the atmosphere by vegetation. Removal of this vegetation may then 
contribute to climatic change in the atmosphere by vegetation. Removal of this vegetation 
may then contribute to climatic change in the region [Shukla, 1982]. The surface reflec-
tance is changed and may likewise affect climate [Kandel, 1984]. To the extent that the lo-
cal climate changes due to the loss of vegetation, it may become more difficult to reverse 
the process and restore grasslands and forests to something approaching their original 
form and extent [Shukla, 1990].

Biodiversity – plants in tropical rain forests  have evolved a particularly rich array of poten-
tially useful chemicals, yet fewer than 1 percent of all tropical plant species have so far 
been screened for biochemical of use to man [Belson, 1989]. A number of valuable medi-
cal products have already been developed from tropical plants, including highly effective 
drugs for leukemia and hypertension, muscle relaxants, and others. Many other aesthetic, 
scientific, and commercial benefits may be realized from tropical forest products. Tropical 
deforestation and the loss of species would foreclose many of these opportunities [Reid, 
1989].

Although they have received much less attention, plants  in arid and semi-arid regions simi-
larly offer many potential benefits. These areas harbor a number of wild relatives  to our 
basic crop – beans, potatoes, wheats, barleys, millets, sorghums, and many others – and 
are sources for genetic resistance to drought, heat, pests, and disease. The diverse ge-
netic resources of wild varieties can be an important input into the higher yielding but ge-
netically narrow varieties used in intensive agriculture. Many valuable genetic strains and 
species may beat risk in these arid and semi-arid regions [Nabhan, 1986].

Deforestation can result in a direct conflict between the survival of species and the liveli-
hoods of people who exploit the land. Such a conflict recently erupted in the United States 
over the endangered northern spotted owl [Gibbons, 1991]. There are similar conflicts  in 
many developing countries. Tropical rain forests contain at least half and perhaps as many 
as 90% or more of the species found on earth, yet cover just 7% of the total land area. No 
one knows precisely the share of the total land area. No one knows precisely the share of 
species held by tropical rain forests, because fewer than 2 million species have been offi-
cially classified out of a total number that is variously estimated to range from less than 5 
to more than 50 million [Robert M. May, 1988]. Many countries are taking steps to protect 
their biodiversity, and a few are realizing some success. Protection of the brow antlered 
deer in northeast India, for example, is helping it make a comeback from near extinction 
[Hazarika, 1990].

There are concerns in developing countries, however, that the costs  of conserving biodi-
versity – in jobs and/or access to land and resources for the poor, security enforcement, 
administration, and the mistrust generated as governments deny their own people access 
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to much – needed resources – will be born by the developing countries, but the benefits 
will be largely captured by commercial interests in industrialized countries [Radulovich, 
1990].

Air pollution

The burning of biomass generates large amounts of air pollution in developing countries. 
Food is  typically cooked over an open fire or a poorly vented stove – exposing women and 
children, as well as other members of the family, to high levels of toxic smoke. Similarly, in 
colder climates, homes in rural areas are often heated by open fires, further increasing ex-
posures to toxic smoke [Smith, 1987]. One impact of this indoor air pollution is exacerba-
tion of one of the most deadly classes of infectious illness, acute respiratory infections in 
children.

The use of biomass for fuel, clearing forest land for agriculture, and burning grasslands to 
generate fresh forage for livestock all generate large amounts of smoke that contributes to 
regional air pollution. These activities also pump greenhouse gases into the atmosphere, 
potentially contributing to global climate change [Derwiler, 1988]. This is discussed in 
much more detail in the forthcoming OTA report, Changing By Degrees: Steps To Reduce 
Greenhouse Gases.

3.5.3  The Urban Sector

Causes of Environmental Degradation

Urban areas of developing countries  are growing rapidly, in large part due to migration 
from rural areas. For the low-income countries, urban population jumped from 17% of total 
population in 1965 to 30% in 1987. In 1960, there were 59 cities with more than 500,000 
persons in developing countries; by 1980 that number had grown to 165 cities. In the early 
1990’s, cities in developing countries will need to absorb more than 100 million additional 
people annually. This  trend has important implications for both energy use and energy re-
lated environmental impacts [Gibbons, 1991].

Urbanization and modernization can provide many desirable benefit-improved standards of 
living, increased opportunities for education and employment, and greater insulation from 
the vagaries of drought endured by those in rural areas [Gibbons, 1991]. (They also re-
duce pressures on some aspects of the rural environment). They also have costs, includ-
ing potential damage to the environment.

Urbanization changes the consumption patterns  of goods and energy-related services. 
Households make a transition from biomass to commercial fuels for cooking and other 
domestic services. Demand for consumer goods, notably electric appliances, increases. 
The economic base changes from agriculture and small rural industry to larger manufac-
turing and services, with a corresponding change in the demand for commercial energy. 
The need for public and personal transport grows as  employment shifts from agriculture or 
rural industry located within walking distance of residences to large industry and com-
merce located further away. The high concentration of people requires the transport of 
food, fuel, and other materials from long distances, as well as effective management of 
wastes. These changes have significant impacts on energy use and on the environment 
[Gibbons, 1991].
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Residential/Commercial Sector

The transition from biomass to clean commercial fuels such as  liquefied petroleum gas 
(LPG) and electricity for residential cooking generally reduces the total amount of air pollu-
tion emitted and largely shifts that which is emitted from the household to distant refineries 
and electricity generation plants. In some countries, however, clean commercial fuels are 
not widely available or remain too expensive. China, for example, uses about one-third of 
its coal in residences, of which nearly half is used of cooking. Due in part to heavy residen-
tial coal use, some northern Chinese cities, such as Beijing and Tianjin, have very high sul-
fur dioxide concentrations [Gibbons, 1991].

Lights, refrigerators, air conditioners, and other electrical appliances in the residential/
commercial sector provide highly desirable services and are penetrating urban areas much 
more rapidly than rural areas. These appliances consume large amounts  of electricity, 
however, the generation of which can cause significant environmental damage if not prop-
erly controlled. Refrigerators and air conditioners also use chlorofluorocarbons (CFCs), 
which have already damaged the earth’s protective ozone layer and are potent green-
house gases [Gibbons, 1991].

Industrial Sector

Industry provides many goods that contribute to our material comfort and well-being. In-
dustry can damage the environment through a variety of activities, however, if they are 
mismanaged or inadequately controlled. These include: placing heavy demands on natural 
resources as feedstocks or other inputs; intensively using electricity for mechanical drive 
and other needs; burning fossil fuels for process heat; and generating hazardous wastes 
that may be discharged into landfills, water systems, or the air. Each industry has a differ-
ent mix of these activities, and each activity has a different set of environmental impacts, 
depending on the use of environmental controls and other means of mitigation [Gibbons, 
1991].

Industrial pollution can pose a particularly severe health hazard in developing countries 
when industries are established near existing residential areas, or when residential areas 
buildup around them. This has led to tragedies such as Bhopal, as well as serious sys-
temic pollution such as found in Cubatao, Brazil, in the 1970’s and early 1980’s. Often, the 
lowest income people are most seriously affected. This can lead to the situation in which 
the poor face all of their tradition risks to health-infectious  disease, hunger and malnutri-
tion, air pollution from biomass fuels – and at the same time face even greater than normal 
modern risks – such as exposure to hazardous wastes and toxic air pollutants [Smith, 
1987].

Transportation Sector

The transportation sector is the largest contributor to air pollution in many cities. For ex-
ample, in Indian cities, gasoline-fueled vehicles – mostly two and three wheelers – are re-
sponsible for 85% of carbon monoxide and 35 to 65 percent of hydrocarbons in the air 
from fossil fuels. Diesel vehicles – buses and trucks  – are responsible for 85% of carbon 
monoxide and 35 to 65 percent of hydrocarbons in the air from fossil fuels. Diesel vehicles 
– buses and trucks – are responsible for over 90% of nitrogen oxide (NOx) emissions in 
urban India. Use of emission control devices and engine modifications have significantly 
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reduced exhausted emissions on newer vehicles in the United States, but these pollution 
controls are usually not standard on vehicles in developing countries. Runoff from roads 
also contributes to water pollution [Gibbons, 1991].

In each of these sectors, there are often difficult tradeoffs between longer term environ-
mental impacts and immediate financial costs to consumers. Many developing countries 
also have shortages of skilled technical manpower to implement mitigation efforts. The ex-
tent of which technological innovations or other advances might ease these tradeoffs  will 
be examined in a later report of this OTA study [Gibbons, 1991].

Environmental Impacts

Air 

Air quality in many of the developing world’s cities is poor, and has been deteriorating. The 
United Nations  Environment Program (UNEP) estimates that up to one-half of the world’s 
urban population, including residents  of many industrialized countries live in areas with 
marginal or unacceptable levels of sulfur dioxide (SO2) in the air [Gibbons, 1991]. Concen-
trations of SO2 (Fig. 216) and concentrations of total suspended particulate (Fig. 217) in 
major cities in the developing world are considerably above World Health Organization 
guidelines. Photochemical smog has become a recurrent seasonal problem in many large 
tropical and subtropical cities.

Fig. 216: Sulfur Dioxide Levels in Selected Cities, 1980-84
[Gibbons, 1991]
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Fig. 217: Suspended Particulate Matter Levels in Selected Cities, 1980-84
[Gibbons, 1991]

The sources of these pollutants vary. Coal-used for electricity generation, industrial power 
and process heat, and domestic heating and cooking (China) – primarily emits sulfur diox-
ide, particulate, and nitrogen oxides. The combustion of oil or gas in stationary sources, 
such as  electric generating units, emits many of the same pollutants  – nitrogen oxides, hy-
drocarbons, particulate, and sulfur dioxide – but in much different proportions [Corp, 1981]. 
Nitrogen oxide, a major ingredient of urban smog, is the most harmful pollutant released 
on a large scale when electricity is  generated from oil or gas. Mobile sources – cars, 
trucks, two and three wheelers, and buses – release large amounts of carbons monoxide, 
NOx, hydrocarbons, and particulate and are typically the largest source of these pollutants 
in urban areas. These mobile sources are also major contributors of lead pollution due to 
the use of lead as an octane booster in gasoline. Burning fossil fuels unavoidably generate 
carbon dioxide, the most important greenhouse gas. These pollutants (except carbon diox-
ide (CO2)) can damage crops, forests, and structures and can aggravate human health 
problems [Gibbons, 1991].

Efforts to reduce emissions from coal burning usually involve removing harmful material 
from exhaust gases after combustion. Pollution controls, such as electrostatic precipitators 
or bathhouses to control particulate, capture pollutants  from exhaust gases, but they cre-
ate solid wastes in the process. Flue gas desulfurization (FGD) equipment (“scrubbers”) 
controls sulfur emissions  by capturing the sulfur in the form of liquid sludges. Electrostatic 
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precipitators are widely used in the developing world, but FGD systems are not common. 
This  may be due in part to the high costs of such systems. One study in India found that 
the addition of an FGD system would add about 15% to the cost of electricity. Perhaps as 
significant is  that Indian and Chinese coals have relatively low sulfur contents – typically 
0.5 to 2.0 percent compared to 3 to 6 percent for Eastern European and some U.S. Coals 
[Gibbons, 1991]. 

Adoption of more effective pollution control technologies  already common in the industrial-
ized world and improvements in energy efficiencies  might significantly improve air quality 
in many cities of the developing world.

Water

The primary urban water pollution problem is the discharge of untreated or minimally 
treated human waste into water systems (this is also a significant problem in rural areas). 
As of the mid-1980’s, only about half the developing world’s urban population had ade-
quate sewage facilities, and perhaps three-fourths had access to safe drinking water. This 
situation contributes to the growth and spread of pathogenic viruses, bacteria, and proto-
zoa and is directly or indirectly responsible for perhaps three-fourths of all illness and 80% 
of all child deaths [Gibbons, 1991].

Industrial wastes also contribute significantly to water pollution in some areas. These 
range from agricultural industry wastes to heavy metals  (mercury, cadmium, lead, and 
chromium) and chlorinated hydrocarbons – to name only a few. These pollutants can have 
serious impacts on water resources all the way downstream to the ocean. Many coastal 
areas are also being affected [Gibbons, 1991]. A recent study found that World Health Or-
ganization (WHO) standards for heavy metals – cadmium, lead, and mercury – were ex-
ceeded in one-third to three-fourths of the fish and shellfish samples taken from Jakarta 
Bay, Indonesia. Mitigation Strategies that might be applied include treatment of industrial 
effluents and reduction of the generation of hazardous materials  themselves through im-
provements in manufacturing processes.

Land 

The major causes of soil pollution in urban areas are the disposal of solid wastes and the 
deposition of air pollutants such as SO2 and particulate. The focus  here is on solid wastes. 
Low-income countries generate much less urban refuse (around 0.5 kg per capita per day) 
than industrial countries (0.7 to 1.8 kg per capita per day) [Cointreau, 1989]. In large cities, 
however, even modest per-capita levels can lead to large amounts of waste generation. 
Mexico City is estimated to generate 11000 tons  a day. Most of this waste originates from 
households, largely in the form of vegetable and putrescible materials. There is  also a sig-
nificant component of hazardous wastes (containing chemicals, heavy metals, and/or ra-
dioactive wastes) from industries [Gibbons, 1991].

In the developing countries, current procedures for disposing of such wastes are inade-
quate. Much household garbage is not collected at all, but left to decompose. Hazardous 
wastes may be dumped on uncontrolled municipal landfills. Only a small part of total 
wastes are disposed of in an environmentally safe reamer. Nonetheless, costs of even in-
adequate disposal can amount to as much as 30% of municipal budgets [Gibbons, 1991].

255



Energy could, however, play a part in solving these problems. Urban waste can be used as 
feedstock for cogeneration plants. Process changes in energy-intensive industries such as 
steel, cement, and fertilizer may well, by economizing on the use of all materials, also re-
duce hazardous wastes [Gibbons, 1991].

3.5.2  Energy Production and Conversion

Energy plays  a critical role in fueling the transition from a traditional to a modern society 
and thus aiding economic and social development. In turn, this energy is extracted from 
rural areas – either as fossil fuels or renewable energy – and can have significant impacts 
on the rural economy and environment. Energy thus provides an important two-way link-
age between rural and urban areas.

Used wisely, energy can provide environmental benefits; if misused it can also exact sub-
stantial environmental costs to the land, water, and air. The many social, economic, and 
environmental benefits  have been reviewed in the preceding chapters; the environmental 
costs of extracting and transporting the major energy resources used in developing coun-
tries  today – coal, oil, gas, hydroelectricity, and biomass – are briefly reviewed below [Gib-
bons, 1991].

Coal

Coal has significant environmental effects throughout the fuel cycle. The environmental 
effects of coal mining depend on the techniques used. Mining methods are selected ac-
cording to the depth of the coal, the thickness of the seams, and the availability of capital 
and equipment. In surface mining, topsoil and overburden are removed to expose the coal. 
The mining process can disturb surface lands and waters, and may also contaminate or 
disturb underground aquifers. Increased erosion, downstream siltation, and water con-
tamination can follow if excavated material is not properly managed during mining, soil 
productivity and water resources can be degraded if lands are not reclaimed adequately 
[Gibbons, 1991]. The most severe impacts  associated with underground mining are sur-
face subsidence over mined-out areas, disruption of aquifers, and contamination of water 
by acid drainage. Additionally, dust and emissions  from coal mining, preparation, and 
transport or related equipment can contribute to local air pollution.

Oil and Gas

Oil and gas production have similar environmental impacts. During exploration and pro-
duction, the major environmental concerns onshore include land disturbances, aquifer con-
tamination, leaks and spills, and disposal of liquid and solid wastes. For offshore opera-
tions, concerns include the impacts of operations on fisheries  and marine habitats, leaks 
and spills, and waste disposal.

Large spills of oil or petroleum products, which occasionally occur during production, stor-
age, or transportation, are perhaps the most dramatic environmental threat associated with 
oil production. Small leaks and spills are much more common, however, and may have a 
greater overall impact on the environment. Oil spills can poison fish and aquatic animal 
and plant life. Additionally, sediments can trap oil, creating a long-term source of pollution. 
The well-publicized Alaskan oil spill of 1989 revealed the difficulties inherent in cleaning up 
large oil spills in difficult ocean environments. Developing countries have had their share of 
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oil spills too. The June 1979 blowout of the IXTOC 1 production well in the Mexican Carib-
bean was the largest oil spill to date [Gibbons, 1991]. It released an estimated 139 to 428 
million gallons of crude oil into surrounding waters, as much as 40 times the amount 
spilled by the Exxon Valdez. Natural gas leaks pose little toxic threat to plants and animals 
but can explode or cause fires. The primary constituent of natural gas – methane – is also 
a potent greenhouse gas.

Hydroelectricity

The major environmental impacts of large hydropower production projects result from the 
initial construction of the hydropower facilities, filling the reservoirs, and changing river 
flow. This is in contrast with other energy sources, for which major impacts are spread over 
the entire fuel cycle.

Large dam construction often requires the clearing of lands for access routes and some-
times for removal of construction material, with resulting soil degradation and erosion. Fill-
ing the reservoir can flood large tracts  of land, uprooting people and leading to loss of for-
ests, wildlife habitat, and species diversity. For example the Akosombo reservoir on the 
Volta in Ghana, with a land requirement of 8,730 km2, approaches the size of such small 
countries as Lebanon or Cyprus [Panday, 1979]. Some currently proposed very large dam 
project would inundate highly population valleys and require large-scale resettlement of 
local residents.

The Three Gorges Dam project under consideration for the Yangtze River in China would 
be the world’s largest hydroelectric project, generating the equivalent of approximately 
one-fifth the hydroelectricity currently produced in all of China each year, as well as  provid-
ing flood control. Debate over this project has continued for six decades because it would 
entail the resettlement of approximately 1 million people; because it would deface one of 
China’s most famous natural sites, and because critics believe that power could be pro-
vided more cheaply with smaller thermal and hydroelectric plants or through conservation 
[Delfs, 1990].

Dam disrupts the natural flow of rivers. Changed flows can erode riverbeds, alter flood pat-
terns, harm aquatic ecosystems, and interrupt the spawning and migratory patterns of fish 
and other species. The introduction of a new lake can affect water tables and groundwater 
flows and interfere with the necessary flow of nutrients, and may induce microclimatic 
changes in humidity, cloud cover, and rainfall. In addition, if the vegetation is  not cleared 
from the reservoir area before flooding, rotting organic matter releases significant amounts 
of CO2 and methane, two potent greenhouse gases [Gibbons, 1991].

Hydropower facilities, in turn, are vulnerable to environmental degradation. Heavier than 
expected siltation of reservoirs from deforested and/or degraded lands upstream, can re-
duce the lifespan of hydroelectric projects (Table 58). The Hirakud reservoir in India, for 
example, was expected to be productive for about 110 years, but now has an estimated 
productive lifetime of 35 years. In Costa Rica, excess sedimentation from soil eroded from 
steep slopes planted with coffee trees over the past 20 years has  caused estimated losses 
of $133 million to $274 million at the Cachi hydroelectric station [Dudenhoefer, 1990].

Dams and the irrigation schemes dependent on these dams have also contributed to in-
creased incidence of debilitating diseases, such as  schistosomiasis. Smaller hydroelectric 
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systems and better management may minimize some of above adverse consequences 
[Gibbons, 1991].

Biomass

Biomass fuels, which are critical to the rural and poor urban sectors of developing coun-
tries, can have a variety of environmental impacts. These are discussed above and are 
closely inter wined with deforestation, desertification, and rural air quality [Gibbons, 1991]. 
A later report from this study will examine the environmental effects of biomass use in de-
tail, particularly in the context of producing clean biomass fuels (e.g., ethanol) and using 
them to fuel modern equipment.

Nuclear Energy

Nuclear energy currently makes little contribution to the overall energy requirements of de-
veloping countries. Seven developing countries produce uranium: South Africa, Niger, Ga-
bon, India, Argentina, Brazil, and Pakistan. Eight developing countries had operating 
commercial reactors as  of late 1989 and several more and had commercial reactors under 
construction. A total of 28 developing countries had research reactors as of late 1988 
[Gibbons, 1991].

The conventional nuclear fuel cycle includes uranium mining and processing, fuel fabrica-
tion, electricity generation, and radioactive waste disposal. Each of these steps has the 
potential to release varying amounts of toxic and/or radioactive materials to the environ-
ment. Releases usually take the form of small leakages but have, on rare occasion, also 
resulted in catastrophes such as Chernobyl [Gibbons, 1991]. On the other hand, the nu-
clear power option release little carbon dioxide or other greenhouse gases to the atmos-
phere, nor does it emit much sulfur dioxide, nitrogen oxide, or other air pollutants. These 
tradeoffs pose difficult environmental choices.

Solar, Wind, and Other Renewable Energy

Solar energy can be used to heat water or dry crops, or can be turned directly into electric-
ity by photovoltaic cells. Winds can be harnessed for pumping water or generating electric-
ity. Though holding great promise for the provision of decentralized forms of energy for 
remote areas, as yet these sources  provide only small amounts of energy for developing 
countries [Gibbons, 1991].

Geothermal energy, though still a very small part of total energy supply in developing 
countries, is being used in several Latin American and Asian developing countries  and in 
Kenya. The environmental problems associated with geothermal energy production are 
highly dependent on the geochemical characteristics  of each specific site and the extent to 
which good environmental practice is followed. Potential adverse environmental impacts 
include the release of gases (particularly CO2), contamination of local aquifers by saline 
(and sometimes toxic) geothermal fluids into groundwater, subsidence of land overlying 
wells  from which geothermal fluids have been extracted, and the generation of high tem-
perature liquid effluents  containing metals and dissolved solids [Gibbons, 1991]. With ex-
isting economically proven technologies and good management, however, these poten-
tially adverse impacts can be kept under control.
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3.5.3  Greenhouse Gases and Global Climate Change

The environmental impacts described above are largely limited to the individual countries 
concerned. Some activities-notably, the combustion of fossil fuels and deforestation – can 
have a wider impact, including impacts on the global climate. An international panel of sci-
entific expects of the Intergovernmental Panel on Climate Change (IPCC) recently con-
cluded that:” emissions resulting from human activities  are substantially increasing the at-
mospheric concentrations of the greenhouse gases: carbon dioxide. These increases will 
enhance the natural greenhouse effect, resulting, on average, in an additional warming of 
the Earth’s surface.” Under the IPCC “Business as usual” scenario, emission of carbon of 
carbon dioxide are projected to grow from approximately 7 billion metric tones of carbon in 
1985 to 11-15 billion metric tomes in 2025. Methane emissions are projected to increase 
from 300 million metric tones in 1985 to 500 million metric tones by 2025. Based on cur-
rent models and with these trends in greenhouse gas emissions continuing, scientists  pre-
dict that global mean temperature will increase at a rate of about 0.3℃ per decade during 
the next century, a rate higher than that seen over the past 10,000 years [Gibbons, 1991].

More than half of the warming has been attributed to carbon dioxide. Atmospheric concen-
trate 9 tons of carbon dioxide have increased by about 25% since preindustrial times. This 
rise is largely due to carbon dioxide emissions from the burning of fossil fuels and from de-
forestation [Gibbons, 1991].

In 1985, according to estimates for the IPCC Working Group III, developing countries  con-
tributed about one-quarter (26 percent) of annual global energy sector CO2 emissions; 
three-fourths came from the industrialized market countries and the centrally planned 
European countries (including the U.S.S.R.). By 2025, with expanding populations and 
rapidly increasing energy use, developing countries are projected to produce roughly 44% 
of global energy sector CO2 emissions.

With the CO2 emissions from the energy sector are fairly well known, there are large un-
certainties about the contribution of emissions  from deforestation and other land use 
changes. This makes it difficult to calculate with confidence the developing country share 
of both total annual and cumulative emissions for CO2 and other gases. Estimates of the 
CO2 emissions from tropical deforestation differ by a factor of four. By various  estimates, 
deforestation could be the source of between roughly 7 to 35 percent of total annual CO2 
emissions [Gibbons, 1991]. Developing countries are also responsible for at least half of 
the global anthropogenic generation of two other important greenhouse gases, methane 
and nitrogen oxides.

In addition to increase in mean global temperature, other effects expected to occur with 
global warming would include increases in sea level and shifts in regional temperature, 
wind, rainfall, and storm patterns. These, in turn, would submerge some low-lying coastal 
areas and wetlands, threaten buildings and other structures  in these areas, and increase 
the salinity of coastal aquifers and estuaries. Such changes could disrupt human commu-
nities and aquatic and terrestrial ecosystems and affect food production and water avail-
ability. A number of developing countries  may be especially vulnerable to these effects 
[Milliman, 1989]. No one, however, can yet predict the timing, severity, or extent of the po-
tential impacts with certainty.

The IPCC scientists also noted that climate models  suggest that controlling emissions  can 
slow global warming, perhaps from 0.3 to 0.1℃ per decade. Emission control strategies 

259



that countries could consider today include improved energy efficiency and cleaner energy 
sources-strategies that may also have economic benefits. The expansion of forested ar-
eas, improved livestock waste management, altered use and formulation of fertilizers, and 
improved management of landfills and wastewater treatment might also reduce or offset 
emissions [Gibbons, 1991].

Achieving meaningful reductions  in emissions will require unprecedented levels of interna-
tional cooperation and must include developing countries. In addition to the technological 
challenges for the energy, agriculture, and industrial sectors, governments of the industrial 
and developing countries face challenges in improving and expanding institutional mecha-
nisms for technology transfer to developing countries for providing vital energy services 
while limiting emissions. These issues are discussed in the forthcoming OTA report 
Changing By Degrees: Steps To Reduce Greenhouse Gases [Gibbons, 1991].

3.5.4  Government Policies

Responses to the deteriorating quality of the environment in developing countries  show a 
mixed picture. On the one hand, progress is being made in setting up the government ap-
paratus of environmental control, and concern and activity at the grassroots level is rising 
rapidly. On the other hand, implementation of environmental policies is frequently difficult 
to achieve, and progress is sometimes impeded by unintended environmental impacts of 
other policies [Gibbons, 1991].

The past two decades have seen considerable environmental policymaking activity in the 
developing world, including the establishment of national environmental agencies and or-
ganizations [Leonard, 1981] and the adoption of laws and practices designed to prevent 
environmental pollution and degradation or to protect unique natural environments and 
wildlife. All in all, more than 100 developing countries now have governmental bodies 
whose responsibilities  include environmental protection [Lausche, 1989]. However, only a 
limited number of countries  have established independent environmental agencies in their 
central governments. Most have increased their environmental oversight capabilities by 
creating or expanding sections or offices within environment-related government depart-
ments such as agriculture, energy, fisheries, forestry, irrigation, natural resources, of tour-
ism [Gibbons, 1991].

The larger developing nations with traditions of extensive government policymaking and 
implementation and a relatively advanced domestic research base have formulated and 
adopted a variety of environmental protection laws and standards, including the require-
ment of environmental impact statements for large projects. Developing countries with de-
tailed nationwide air and water quality standards or with regulations specifying the levels of 
permissible pesticide residues  in food are still, however, in the minority. Those that do 
have such regulations have usually based their legislation on the standards in force in the 
industrialized nations; consequently, their specifications – at least on paper – are usually 
as strict as and sometimes even stricter than, those of the industrial countries, although 
implementation may lag [Zhang, 1984].

Some developing countries  have shown a significant commitment to protecting the envi-
ronment. China’s most polluted coal-burning cities  have mean sulfur dioxide levels  be-
tween 100 and 300 ug/m3, about the same as in British cities prior to the introduction of 
Britain’s Clean Air Act in the early 1950’s. China, with levels of income much lower than 
the United Kingdom in the early 1950’s, has  already begun to respond to the problem by 
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introducing cleaner urban fuels and outfitting coal-fired plants  with effective particulate 
controls [Smil, 1990].

Environmental concerns in developing countries have not been limited to domestic issues. 
Developing countries  have also participated in international environmental protection trea-
ties. Most of the developing countries belong to the World Heritage, Endangered Species, 
and Low of the Sea conventions. Nine developing countries, including Mexico, Egypt, Mo-
rocco, and Venezuela, have already signed the Montreal protocol for protection of the 
ozone layer [Gibbons, 1991].

Many developing counties have also experienced an increase in grassroots environmen-
talism in addition to this official activity. In Ecuador, Colombia, Guatemala, and Brazil 
movements organized by citizen groups have led to the banning of toxic pesticides and the 
initiation of major urban cleanups [Gibbons, 1991]. Indigenous nongovernmental organiza-
tions (NGOs) have increasingly involved themselves in environmentally oriented efforts. 
More than 600 Brazilian and Indonesian NGOs currently are working on environmental is-
sues, as are several thousand groups in India [Gibbons, 1991].

Despite these achievements, major problems remain. A fundamental constraint on envi-
ronmental policymaking in all but a handful of developing countries is  the absence of sys-
tematic, integrated data on the current state of environmental pollution and degradation. 
While there is sometimes a great deal of site-specific information connected with particular 
projects, virtually all the developing countries lack spatially representative networks for 
monitoring land, water, and air quality or accurately measuring the rates of deforestation or 
changes in agricultural land and soil quality. China and India, however, have accumulated 
a fairly extensive information base through the combined activities of various government 
departments and university based researchers [Gibbons, 1991].

The implementation and monitoring of environmental policies and standards are also diffi-
cult. In most countries, the budgets of the environmental agencies  are a small fraction of 
their minimum needs, and prosecutions are often costly, uncertain, and slow; and the pun-
ishments actually meted out may be inadequate deterrents [Abracosa, 1987].

Environmental protection is also sometimes impeded – in both developing and industrial-
ized counties  – by government policies intended to promote economic growth, generate 
employment, service foreign debts, or meet other important national needs. In Brazil, for 
example, a variety of government policies have encouraged rapid development – and thus 
rapid deforestation – of the Amazon. These include tax exemptions, tax credits, subsidies 
of rural credit, and land acquisition laws (squatter rights) [Hecht, 1989]. These induce-
ments have inadvertently encouraged a number of activities that would not be economical 
in the absence of direct or indirect government subsidy for ranching alone during the pe-
riod 1975 to 1986 has been estimated by the World Bank at more than $1 billion 
[Binswanger, 1987]. The Brazilian government has recently begun to reverse many of 
these policies as awareness of their costs and environmental impacts has grown.

Similarly, commercial logging has also been encouraged by many governments through 
low royalties and fees, reduced export taxes, and other tax breaks  for timber companies 
and other domestic wood products industries [Repetto, 1990].

Tax credits, investment subsidies, and other fiscal supports may be necessary and justified 
to encourage needed development, and such policies are widely used in developing and 
industrialized countries. The value of deployable natural resources and the costs of envi-
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ronmental degradation, however, are often not properly accounted for by these financial 
instruments. For this reason, many economists advocate policies that more accurately in-
clude these costs  than has sometimes been done in the past. With proper valuation of the 
natural resources, environmental impacts, and other costs and benefits, such investments 
might be made more wisely [Repetto, 1990].

Government policies in some industrialized nations may also inadvertently affect the envi-
ronment in developing countries. in 1988, the European Community, the United States, 
and Japan provided subsidies to their agricultural sectors  totaling $97.5 billion, $67.2 bil-
lion, and $57.8 billion respectively – a total of $222.5 billion (Stuart Auerbach, 1990). This 
is  nearly one-third of the GDP of the 2.8 billion people who live in low-income developing 
countries, and it is comparable to the GDP of their entire agricultural sector. Some of these 
subsidies may tend to gold agricultural prices down in developing countries as well as  lim-
iting their export opportunities [Roningen, 1989]. If this occurs and reduces developing 
countries’ earnings for their agricultural output, they may have less incentive and ability to 
invest in agricultural research and development or infrastructure to achieve higher yields 
and quality. As noted above, low agricultural productiveness (together with inequitable land 
tenure, etc.) contribute to the expansion of croplands into ecologically fragile areas. Simi-
larly, import tariffs  to protect domestic timber industries in industrial countries  may encour-
age inefficient harvesting in tropical forests because the full market value of the resource 
cannot be obtained.

However well-intentioned, the developing policies of bilateral development agencies and 
multilateral development banks have also sometimes directly contributed to environmental 
degradation due to their emphasis on large projects – transportation infrastructures, hy-
droelectric facilities, and industrial complexes [Rich, 1985]. Development agencies are, 
however, becoming more sensitive to these environmental concerns [Gibbons, 1991]. 
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4  FEEDWATER TECHNOLOGY IN POWER PLANTS

4.1  Introduction

Water is a basic requirement for steam-generating power plants, and its availability and 
quality are primary considerations in sitting major steam-generating facilities. Water is 
used for a multitude of purposes in power plant processes, including equipment cooling, 
maintenance cleaning, air pollution control (scrubbing), solids, conveying, and as the work-
ing fluid for the steam cycle. Proper treatment and conditioning of water to avoid scaling 
and corrosion in modern, efficient high-pressure power cycle is imperative to avoid eco-
nomic losses  caused by decreased production capability and increased operating costs. In 
a broad sense water treatment is any physical or chemical process that improves the us-
ability of the water treated [Drbal, 1996].

Management of plant water uses to meet increasingly stricter quality requirements as well 
as more stringent environmental restrictions  poses complex challenges for both the design 
and operation of power plants. This  chapter provides basic information on water technol-
ogy, principal types of treatment and conditioning equipment used, and the more important 
design considerations and techniques applicable to large steam power plants. 

4.2   Water Sources

Water supplies generally are divided into two major categories; surface water and ground 
water. Surface water is  available from rivers, lakes and other impoundments, and the sea. 
Ground water is  present below the earth’s  surface, confined within strata in aquifers, and 
withdrawn through springs or wells. Only about 3% of the earth’s water is considered 
fresh, and 75% of this is  fixed as ice in glaciers and polar ice caps. Of the remaining 25%, 
more than 24% is  groundwater, with surface and atmospheric water making up the remain-
ing 1%.

All freshwater supplies are the result of precipitation from the atmosphere, which is part of 
the continuous evaporation and condensation process called the hydrologic cycle. A sim-
plified schematic of the hydrologic cycle is presented in Fig. 218 [Pontius, 1990]. 

263



Fig. 218: Hydrologic cycle
[Pontius, 1990]

Rainfall or snow, on reaching the land surface, either evaporates, transpires, runs off, or 
infiltrates the soil. Depending on atmospheric conditions  and topography, approximately 
25% of precipitation runs off to surface waters, less than 10% infiltrates, and the remainder 
returns to the atmosphere by evapotranspiration. Only a small amount of the infiltrating 
waters reaches  the ground water aquifers. Most of this eventually reappears at the surface 
to contribute to streamflow. Aquifers near the surface (surficial aquifers) collect almost all 
of the infiltrating water. Water contained in deep aquifers, separated from the surficial aqui-
fers by bedrock, usually originates  in areas other than the location of the aquifer. Some 
very deep aquifers contain water that collected at a remote location and in a previous geo-
logic age [Drbal, 1996].

Naturally occurring waters have a wide range of qualities. If water was free from dissolved 
and suspended matter, treatment would be relatively simple. Water has been called the 
“universal solvent” because it is  capable of dissolving, in whole or in part, so many sub-
stances. Thus, except as initially produced by condensation, it is never entirely free of dis-
solved materials.

4.3  Water Quality

Precipitation, as it falls through the atmosphere, absorbs gases, principally oxygen and 
carbon dioxide, which add greatly to the dissolving power of water. As rain falls on the 
earth, runs over it, and soaks into the ground, the rainwater entrains  and dissolves a vari-
ety of substances from the surfaces it contacts. The nature of these substances and the 
amounts dissolved are functions of the characteristics of the terrain on which the rain falls 
and of the underground formations into which the rainwater seeps [Blood, 1981].

Surface runoff carries  varying amounts of silt, sand, leaves, decayed vegetation and or-
ganic debris, and dissolved mineral constituents  from rock formations that it contacts. Sur-
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face waters  from rivers, lakes, and impoundments, therefore, almost invariably contain tur-
bidity, suspended matter and color, in varying amounts as well as moderate amounts of 
dissolved solids. Surface waters gradually increase in solids  content as a result of concen-
tration caused by evaporation. High dissolved solids concentrations are evident in the 
oceans because of the large surface areas available for evaporation.

Impounded surface waters such as ponds and lakes usually contain less matter in sus-
pension due to natural settling of the suspended constituents. Dissolved solids, gases, and 
organic matter may remain in impounded waters. Organic growths such as algae also may 
be present.

The portion of rainfall that percolates into the soil and then into underground formations, 
and that is the source of supply of springs and wells, is “strained” or “filtered” in the proc-
ess so that water from these sources is usually clear and colorless. However, because of 
its longer and more intimate period of contact with the geological formations through which 
it passes, water from wells and springs typically contains moderate to large amounts  of 
dissolved solids of various kinds [Drbal, 1996].

4.3.1  Inorganic Consituents

The dissolved inorganic constituents in water are classified in Table 59. 

Table 59: Classification of Dissolved Inorganic Constituents in Water
[Davis, 1966]
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The concentrations  of the major, secondary, minor, and trace inorganic constituents in 
water are controlled by the availability of the elements in the soil and rock through which 
the water has passed, by geochemical constraints such as solubility and adsorption, by the 
rates (kinetics) of geochemical processes, and by the sequence in which the water has 
come into contact with the various minerals in the geologic materials along the flow paths.

Water is an excellent solvent for many ionic compounds. The ionic compounds that are 
dissolved in natural waters generally are major contributors to the contaminants present in 
the water. Typically, these contaminants are mainly the cations (positively charged ions) of 
calcium (Ca2+), magnesium (Mg2+), and sodium (Na2+), and the anions (negatively 
charged ions) of bicarbonate (HCO3

-), sulfate (SO4
2-), and chloride (Cl -) [Davis, 1966]. 

The total concentrations of these six major constituents normally make up more than 90% 
of the total dissolved solids in natural water, regardless of whether the water is dilute or 
has salinity greater than seawater.

Human activity influences the concentrations  of the dissolved inorganic constituents. Con-
tributions from manmade sources can increase some of the minor or trace constituents  to 
concentration levels that are orders  of magnitude above the normal ranges indicated in 
Table 59.

The term “hardness” has been assigned to the calcium and magnesium present in the wa-
ter and is of interest in industrial uses because of the tendency of the calcium and magne-
sium compounds to form scale, especially when the water is heated.

4.3.2  Organic Constituents

Organic compounds have carbon and usually hydrogen and oxygen as  the main elemental 
components in their structural framework. By definition, carbon is the key element. How-
ever, the carbonate species - carbonic acid (H2CO3), carbon dioxide (CO2), bicarbonate 

(HCO3
-), and carbonate (CO3

 2-), which are important constituents in most natural waters 
- are not classified as organic constituents.

Dissolved organic matter is  ubiquitous in natural water, although the concentrations are 
generally low compared to the inorganic constituents. Investigations of soil-contacted wa-
ter suggest that most dissolved organic materials in subsurface flow systems are com-
posed of fulvic and humic acids. The molecular weights of organic compounds present in 
water may range from a few thousand to many thousand grams per gram-mole. Carbon is 
commonly about half of the formula weight. Analyses of the total organic carbon (TOC) 
content are becoming a typical part of water investigations. Concentrations in the range of 
0.1 to 10 mg/L are most common, but in some areas values are as  high as several tens of 
milligrams per liter [Drbal, 1996]. The analyses for individual species is typically note war-
ranted for most treatment applications, but may be necessary to meet regulatory require-
ments, especially for potable water services or in case where characterization of the or-
ganics is required for wastewater discharge.
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4.3.3  Dissolved Gases

The most abundant dissolved gases  in water are nitrogen (N2), oxygen (O2), carbon diox-
ide (CO2), methane (CH4), and hydrogen sulfide (H2S). The first three make up the 
earth’s atmosphere, and therefore, it is  not surprising that they occur in surface water. The 
gases CH4 and H2S often exist in water in significant concentrations as a result of the 
product of biogeochemical processes that occur in non-aerated surface zones.

Dissolved gases can have a significant influence on the usefulness of water and, in some 
cases, can even cause major problems or hazards. For example, because of its  odor, H2S 
at concentrations  greater than about 1 mg/L renders water unfit for human consumption. 
The dissolution of CH4 can result in accumulation of this highly flammable gas in wells or 
buildings and can cause explosion hazards. Gases coming out of solution can form bub-
bles in wells, screens, or pumps, reducing well productivity or efficiency. Radon-222, a 
common constituent of water because it is  a decay product of radioactive uranium and tho-
rium, common in rock or soil, can accumulate to undesirable concentrations in unventilated 
spaces. Decay products of radon-222 can be hazardous to human health [Blood, 1981].

4.3.4  Alkalinity

A basic understanding of alkalinity relationships is  important in the study of water chemis-
try. The alkalinity of water is the capacity of that water to accept protons. It is  a measure of 
the capacity of the water to neutralize acids. The alkalinity of natural waters  is due primar-
ily to the salts of weak acids. Alkalinity affects hardness, other ion solubility, and pH.

Although several bases can contribute to the alkalinity of a water, in most natural waters 
the alkalinity is described by the following relationship [Drbal, 1996]:

Total alkalinity = [HCO3
-] + 2[CO3

2-] + [OH-] - [H+]

Bicarbonates (HCO3
-) represent the major form of natural alkalinity, because they are 

formed in considerable amounts from the action of carbonic acid (carbon dioxide plus wa-
ter) upon basic materials  in the soil. At low CO2 concentration (higher pH), carbonate alka-
linity can be present in natural waters. Hydroxide alkalinity is normally not present in natu-
ral waters that have not been treated or otherwise altered .

Carbon dioxide and the three forms of alkalinity are all part of one system that exists  in 
equilibrium, as  can be seen by the following equations. The symbol  i    indicates a re-
versible reaction. M is a metallic ion [Drbal, 1996].
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A change in the concentration of one component in the system causes a shift in the equi-
librium, alters the concentration of the other ions, and changes the pH. Conversely, a 
change in pH shirts the relationships.

The traditional analysis for alkalinity is by two-step titration with sulfuric acid. In the first 
step, phenolphthalein indicator turns and solution from pink to colorless at the end point. In 
the second step, methyl orange indicator is added to the first-step liquid and the acid titra-
tion continues until a pink color develops. At this point, the pH is about 4.5 and all of the 
alkalinity has been neutralized. The first end point is  noted as the “P” alkalinity and the 
second end point as the “M” or total alkalinity.

From these data, alkalinity relationships as shown in Table 60 are established [Drbal, 
1996].
 

Table 60: Alkalinity relationship
[Betz, 1980]

Fig. 219 is a curve of the carbonate alkalinity relationship compared to pH for an aqueous 
solution at 25℃ (77°F) and ionic strength (I) of zero.

Fig. 219: Relationship among dissolved inorganic carbonate species in water at 25℃ and 
ionic strength = 0. 

[Pontius, 1990]

The preceding table and Fig. 219 do not quiet agree because the table is theoretical and 
does not take temperature into account. Although the figure is more an indication of actual 
alkalinity relationships, the table can be used for most purposes [Pontius, 1990].
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4.3.5  Water Analysis

Water treatment and water treating equipment deal with the removal or replacement of 
these suspended and dissolved substances to make the water suitable for specific uses.

Table 61 lists characteristics and contaminants  commonly analyzed in natural waters to 
evaluate treatment requirements  for industrial use of the waters. In addition to the treat-
ment methods noted in Table 61, other treatment technologies are continually being devel-
oped.

The kinds and amount of various dissolved and suspended solids  in a water sample are 
determined by standardized laboratory testing methods such as  those provided in Stan-
dard Methods for the Examination of Water and Wastewater [Greenborg, 1992]. For each 
constituent, the results are reported in units (mg/L, ppm, or gr/gal) of that constituent 
stated as ions such as  Ca2+, Mg2+, SO4

2-, and Cl-, or alternatively stated as hypothetical 
chemical compounds such as Ca(HCO3)2, CaSO4, MgCl2, and NaCl.

The ions, radicals, and combinations thereof most commonly involved in water and water 
treatment problems, along with their chemical symbols, are shown in Table 61. In many 
cases, water analyses are reported in term of CaCO3 equivalents. One reason for using 
CaCO3 as a standard is that it has a molecular weight of 100, simplifying the conversion 
arithmetic. By using the conversion factors given in Table 62, all constituents determined 
by analysis  can easily be convented to CaCO3 equivalents; for example, Ca concentration 
x 2.5 = Ca concentration expressed as CaCO3 equivalents, and Mg concentration x 4.12 = 
Mg concentration expressed as CaCO3 equivalents. Expression of the analysis in terms of 
CaCO3 equivalents is  a convenient means of checking the analysis  for equivalents. In a 
precisely correct analysis, the sum of the cations should be equal to the sum of the anions 
when both are expressed as CaCO3 equivalents [Pontius, 1990].

Although pure water is never found in nature, the quality of surface waters typically varies 
from the high quality of a pristine mountain stream to highly saline water such as  that may 
vary from a high-quality, pristine aquifer to highly mineralized aquifers  several times more 
saline than seawater. Table 63 and 64 present analyses of several different surface water 
and ground water supplies, respectively, and show the highly variable water characteristics 
and constituents encountered among various water sources.
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Table 61: Common Characteristics of Natural Waters
[Betz, 1980]

468 Power Plant Engineering 

Table 15-2. Common Characteristics of Natural Waters 

Constituent Chemical Formula Difficulties Caused Means of Treatment 

Turbidity None; expressed in analysis 
as units 

Hardness Calcium and magnesium salts 
expressed as CaC03 

Alkalinity 

Free mineral 
acidity 

Carbon 
dioxide 

pH 

Sulfate 

Bicarbonate (HC03)" 
carbonate (C03)2~, and 
hydrate (OH)~, expressed 
as CaC03 

H2S04, HCl, etc. expressed 
as CaC03 

co2 

Hydrogen ion concentration 
defined as: 

PH = logJgT] 

S04-2 

Chloride 

Nitrate 

Fluoride 

Silica 

Iron 

Manganese 

Aluminum 

Oxygen 

Hydrogen 
sulfide 

Ammonia 

Dissolved 
solids 

ci-

NOr 

Sodium Na+ 

SiO, 

Fe2+ (ferrous) 
Fe+3 (ferric) 

Mn2+ 

AP+ 

NH, 

None 

Imparts unsightly appearance to water. Deposits in 
water lines, process equipment, etc. Interferes 
with most process uses. 

Chief source of scale in heat exchange equipment, 
boilers, pipelines, etc. Forms curds with soap, 
interferes with dying, etc. 

Foaming and carryover of solids with steam. 
Embrittlement of boiler steel. Bicarbonate and 
carbonate produce C02 in steam, a source of 
corrosion in condensate lines 

Corrosion 

Corrosion in water lines and particularly steam 
and condensate lines 

pH varies according to acidic or alkaline solids 
in water. Most natural waters have a pH of 6.0-
8.0. 

Adds to solids content of water, but in itself is not 
usually significant. Combines with calcium to 
form calcium sulfate scale. 

Adds to solids and increases corrosive character 
of water. 

Adds to solids content, but is not usually 
significant industrially. High concentrations 
cause methemoglobinemia in infants. Useful for 
control of boiler metal embrittlement. 

Cause of mottled enamel in teeth. Also used for 
control of dental decay. Not usually significant 
industrially. 

Adds to solids content of water. When combined 
with OH-, causes corrosion in boilers under 
certain conditions. 

Scale in boilers and cooling water systems. 
Insoluble turbine blade deposits due to silica 
vaporization. 

Discolors water on precipitation. Source of 
deposits in water lines, boilers, etc. Interferes 
with dying, tanning, papermaking, etc. 

Same as iron 

Usually present as a result of floe carryover from 
clarifier. Can cause deposits in cooling systems 
and contribute to complex boiler scales. 

Corrosion of water lines, heat exchange 
equipment, boilers, return lines, etc. 

Cause of "rotten egg" odor. Corrosion. 

Corrosion of copper and zinc alloys by formation 
of complex soluble ion. 

"Dissolved solids" is measure of total amount of 
dissolved matter, determined by evaporation. 
High concentrations of dissolved solids are 
objectionable because of process interference 
and as a cause of foaming in boilers. 

Coagulation, settling and filtration 

Softening. Demineralization. Internal boiler 
water treatment. Surface-active agents. 

Lime and lime-soda softening. Acid 
treatment. Hydrogen zeolite softening. 
Demineralization. Dealkalization by 
anion exchange. 

Neutralization with alkalies. 

Aeration. Deaeration. Neutralization with 
alkalies. 

pH can be increased by alkalies and 
decreased by acids. 

Demineralization 

Demineralization 

Demineralization 

Adsorption with magnesium hydroxide, 
calcium phosphate, or bone black. Alum 
coagulation. 

Demineralization 

Hot process removal with magnesium salts. 
Adsorption by highly basic anion-
exchange resins in conjunction with 
demineralization. 

Aeration. Coagulation and filtration. Lime 
softening. Cation exchange. Contact 
filtration. Surface-active agents for iron 
retention. 

Same as iron 

Improved clarifier and filter operation 

Deaeration. Sodium sulfite. Corrosion 
inhibitors. 

Aeration. Chlorination. Highly basic anion 
exchange. 

Cation exchange with hydrogen zeolite. 
Chlorination. Deaeration. 

Various softening processes, such as lime 
softening and cation exchange by 
hydrogen zeolite, will reduce dissolved 
solids. Demineralization.* 

(Continued) 

Table 15-2. (Continued) 
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Constituent Chemical Formula Difficulties Caused Means of Treatment 

Suspended None 
solids 

Total solids None 

"Suspended solids" is the measure of undissolved 
matter, determined gravimetrically. Suspended 
solids cause deposits in heat exchange equip-
ment, boilers, water lines, etc. 

"Total solids" is the sum of dissolved and sus-
pended solids, determined gravimetrically. See 
"Dissolved solids" and "Suspended solids." 

Subsidence. Filtration, usually preceded by 
coagulation and settling, 

Source: Betz Laboratories, Inc. Used with permission. 
*Black & Veatch notes that dissolved solids reduction using cation exchange by hydrogen zeolite typically requires additional treatment processes, for example, decarbonation. 

15.3.6 Water Resources Data 

Surprisingly, it is often difficult to obtain reliable water data 
for a given area. The U.S. Corps of Engineers usually can 
supply comprehensive flow data on all major and most minor 
rivers and streams, but quantity data on ground water and 
quality data for both surface and ground water are usually 
very limited and often unreliable. Among the sources of data 
that may have to be explored are the following: 

• U.S. Corps of Engineers; 
• United States Geological Survey; 
• State and local geological, health, and water resources agencies; 
• Local public utility companies; 
• Adjacent industries; 
• State or local agricultural agencies; 
• Local well drillers; and 
• Environmental and pollution control organizations. 

If time and the scope of the project allow, samples of 
surface water supplies can be collected and analyzed, or, for 
prospective ground water supplies, test wells drilled and 
ground water samples collected and analyzed. 

For surface water, especially rivers or streams, multiple 
analyses are required to ascertain seasonal and annual varia-
tions. Ground water usually maintains a relatively constant 
quality if the aquifer is not overpumped or fed by a surface 
water supply. When multiple quality data are used, the anal-
ysis having the highest total solids content is often used for 
design. If a typical analysis is required, it should be an actual 
analysis that is nearest in composition to the average analysis 
of the available data. The use of an arithmetic average of the 
constituents for a design analysis should be discouraged as it 
may not provide the proper relationship of one constituent to 
another, which can adversely impact treatment design con-
siderations. 

15.4 PLANT WATER REQUIREMENTS 

Water requirements for a fossil-fueled plant cannot be esti-
mated from the size of the plant alone. Water quality, plant 
location, fuel characteristics, steam generator design pres-
sure, and local regulatory requirements can all have a signifi-
cant effect on the quantity requirements. 

Although a typical power plant has a multitude of water 
uses, the primary uses can be categorized for simplicity as 
cooling water, service water, and high-purity water. This 
section describes these uses and shows how to approximate 
the amount of water required for each use under varying 
conditions. 

15.4.1 Description of Usage 

Cooling water includes the water used for condenser cooling 
in the turbine heat rejection system and for the cooling of 
auxiliary equipment. The condenser cooling system can be a 
once-through system with the discharge returned to the river 
or surface impoundment which is serving as the source, a 
recirculating cooling system using a wet cooling tower, a 
closed system employing dry cooling, or a hybrid system 
using both wet and dry cooling for heat rejection. 

Once-through systems require high flow rates but con-
sume relatively small quantities of cooling water, whereas 
cooling tower designs have significant consumption rates 
as a result of the hi^h evaporation rates and blowdown 
requirements. However, once-through cooling from a river is 
heavily regulated and permitted only in unusual circum-
stances. Dry cooling systems are relatively expensive and 
inefficient and are applicable only when water is in very 
limited supply. Consequently, recirculating cooling systems 
using a wet cooling tower are most often used for main steam 
cycle heat rejection. A completely closed cooling water sys-
tem is often used for auxiliary equipment cooling. 

Service water is used for general plant services such as 
sanitary water, washdowns, ash transport, flue gas desulfur-
ization (FGD) system makeup, and pump seal water. How-
ever, many of these services may use reclaimed wastewater, 
depending on specific plant water and wastewater manage-
ment design. 

A portion of the service water is demineralized to obtain a 
high-purity water for use as cycle makeup, as chemical 
solution water, as makeup to the closed auxiliary cooling 
system, and in the laboratory. 

15.4.2 System Requirements 

Proper plant operation minimizes maintenance and protects 
plant equipment, and requires that certain water quality 
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Table 62: Calcium Carbonarte (CaCO3) Conversion Factors
[Pontius, 1990]
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Table 15-3. Calcium Carbonate (CaCO,) Conversion Factors 

Chemical Name 

Aluminum (element) 
Aluminum hydroxide 
Aluminum sulfate 
Aluminum chloride 
Bicarbonate 
Calcium (element) 
Calcium bicarbonate 
Calcium carbonate 
Calcium sulfate 
Calcium chloride 
Calcium hyroxide 
Calcium oxide 
Carbonate 
Carbon dioxide 
Chloride 
Ferric chloride 
Ferric hydroxide 
Ferric sulfate 
Ferrous hydroxide 
Ferrous sulfate 
Hydrogen (element) 
Iron (ferric) 
Iron (ferrous) 
Magnesium (element) 
Magnesium bicarbonate 
Magnesium carbonate 
Magnesium sulfate 
Magnesium chloride 
Magnesium hydroxide 
Magnesium oxide 
Manganese (manganic) 
Manganese (manganous) 
Nitrate 
Phosphate 
Potassium 
Silica 
Sodium (element) 
Sodium bicarbonate 
Sodium carbonate 
Sodium chloride 
Sodium hydroxide 
Sodium sulfate 
Sulfate 
Sulfuric acid 
Hydrochloric acid 
Nitric acid 
Water 

Symbol or 
Formula 

Al 
Al (OH)3 

A12(S04)3-18H20 
AICI3 
HCO3 
Ca 
Ca(HC03)2 

CaC03 

CaS04 

CaCl2 

Ca(OH)2 

CaO 
C03 

C02 

Cl 
FeCl3 

Fe(OH)3 

Fe2(S04)3 

Fe(OH)2 

FeS04 

H 
Fe 
Fe 
Mg 
Mg(HC03)2 

MgC03 

MgS04 

MgCLj 
Mg(OH)2 

MgO 
Mn 
Mn 
N03 

PO4 

  
sio2 
Na 
NaHC03 

Na2C03 

NaCl 
NaOH 
NajSO,, 
S04 

H2S04 

HC1 
HN03 

H20 

Molecular 
Weight 

27.0 
78.0 

666.4 
133.5 
61.0 
40.1 

162.1 
100.1 
136.1 
111.0 
74.1 
56.1 
60.0 
44.0 
35.5 

162.3 
106.8 
399.9 

89.8 
151.9 

1.0 
55.8 
55.8 
24.3 

146.4 
84.3 

120.4 
95.3 
58.3 
40.3 
54.9 
54.9 
62.0 
95.0 
39.1 
60.1 
23.0 
84.0 

106.0 
58.5 
40.0 

142.1 
96.1 
98.1 
36.5 
63.0 
18.0 

Equivalent 
Weight 

9.0 
26.0 

111.1 
44.5 
61.0 
20.0 
81.1 
50.0 
68.1 
55.5 
37.1 
28.0 
30.0 
44.0 
35.5 
54.1 
35.6 
66.6 
44.9 
76.0 

1.0 
18.6 
27.9 
12.2 
73.2 
42.2 
60.2 
47.6 
29.2 
20.2 
18.3 
27.5 
62.0 
31.7 
39.0 
60.1 
23.0 
84.0 
53.0 
58.5 
40.0 
71.0 
48.0 
49.0 
36.5 
63.0 
9.0 

To Convert to CaC03 

Equivalent Multiply By 

5.56 
1.92 
0.45 
1.12 
0.82 
2.50 
0.62 
1.00 
0.74 
0.90 
1.35 
1.79 
1.67 
1.14 
1.41 
0.92 
1.40 
0.75 
1.11 
0.66 

50.00 
2.69 
1.79 
4.12 
0.68 
1.18 
0.83 
1.05 
1.72 
2.48 
2.73 
1.82 
0.81 
1.58 
1.28 
0.83 
2.17 
0.60 
0.94 
0.85 
1.25 
0.70 
1.04 
1.02 
1.37 
0.79 
5.56 

Table 15-4. Various Conventions for Expression of Concentrations of Constituents in Water 

ppm 
mg/L 
French degrees 
Grains per US gal 
Grains per imp gal 

Milligrams 
per Liter 

1.0 
1.0 

10.0 
17.1 
14.3 

Grams 
per Liter 

0.001 
0.001 
0.010 
0.0171 
0.0143 

Grains 
per US Gal 

0.0584 
0.0584 
0.583 
1.000 
0.829 

Grains 
per Imp Gal 

0.07 
0.07 
0.70 
1.2 
1.0 

Clark 
Degree 

0.07 
0.07 
0.70 
1.2 
1.0 

French 
Degree 

0.10 
0.10 
1.00 
1.71 
1.43 

German 
Degree 

0.056 
0.056 
0.56 
0.958 
0.80 



Table 63: Selected River Water Analyses
[Drbal, 1996]

Table 64: Selected River Water Analyses
[Drbal, 1996]
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Table 15-5. Selected River Water Analyses2 

Constituent 

Cations 
Calcium 
Magnesium 
Sodium 
Potassium 

Total cations 
Anions 

Bicarbonate 
Carbonate 
Sulfate 
Chloride 
Nitrate 

Total anions 
Carbon dioxide 
Iron 
Silica 
   

Expressed 
as 

CaC03 

CaC03 

CaC03 

CaC03 

CaC03 

CaC03 

CaC03 

CaC03 

CaC03 

CaC03 

CaC03 

co2 
Fe 
Si02 

Std units 

Analysis River Identificationb 

VA 

28 
16 
13 
3 

60 

43 
0 

10 
8 

Nil 
61 
NR 
NR 
12 
7.3 

OH 

280 
105 
165 
NR 
550 

112 
0 

200 
240 
NR 
552 

18 
2 
5 

NR 

IA 

88 
67 
24 

NR 
179 

115 
12 
26 
21 

NR 
174 
NR 
NR 

10 
9.3 

MO 

178 
98 

171 
10 

457 

200 
0 

218 
34 

5 
457 
NR 

1 
16 

8.3 

WA 

15 
9 

15 
NR 
39 

23 
0 
6 
8 
2 

39 
NR 
NR 
15 

NR 

aAll values are in mg/L except as noted. Some analyses are adjusted for ionic balance. 
bRiver identification; VA, Roanoke River, Clover, VA; OH, Muskingum River, Cones-
ville, OH; IA, Mississippi River, Muscatine, IA; MO, Missouri River, Watson, MO; 
WA, Skookumchuck River, Lewis County, WA. NR, not reported. 

guidelines be established. Some of these are essential, but 
most are flexible. The following is a discussion of recom-
mended guidelines and the importance of each. 

15.4.2.1 Main Steam Cycle Cooling Water. For a once-
through cooling system, it can normally be assumed that 
trash racks and screens on the suction side of the circulating 
water pumps adequately remove suspended materials from 

the cooling water and that additional treatment for suspended 
solids removal is not required. With proper design considera-
tions and materials selections, waters with up to approx-
imately 50,000 mg/L of total dissolved solids can be used. 
Organic matter and microorganisms in the water present the 
biggest problem and biological growth is most commonly 
controlled by shock chlorination. Mechanical tube cleaning 
systems can be used where marine growth tends to adhere to 
the tube surface. Since suspended sand and grit can erode 
tubes, condenser tubes must be protected from erosion by 
proper design of the intake structure, reasonably low veloc-
ities, and selection of condenser tube materials to match the 
service conditions. The pH of once-through cooling water 
normally ranges between about 6 and 8.5; pH adjustment is 
rarely required. 

Treatment required for cooling towers can be much more 
complex. The evaporation of water as the cooling flow is 
recirculated across the tower results in high concentrations 
of the dissolved species. As these materials begin to reach 
solubility limits and the dissolved solids levels are increased, 
the potential for deposition, fouling, and corrosion of mate-
rials in the cooling circuit is dramatically increased. Chemi-
cals are added for biological control and to mitigate the 
effects of the higher solids concentrations, and blowdown is 
employed to limit the cooling water cycles of concentration 
to control the dissolved solids within prescribed control 
limits. Blowdown is also used to control the suspended 
solids in the circulating water and minimize the accumula-
tion of sediments in the cooling tower basin. Typical control 
limits commonly employed for a recirculating cooling water 
system are presented in Section 15.6, Treatment Applica-
tions. 

The chemical composition of the cooling water is also 

Table 15-6. Selected Well Water Analyses» 

Constituent 

Cations 
Calcium 
Magnesium 
Sodium 
Potassium 

Total cations 
Anions 

Bicarbonate 
Carbonate 
Sulfate 
Chloride 
Nitrate 

Total anions 
Carbon dioxide 
Iron 
Silica 
PH 

Expressed 
as 

CaC03 

CaC03 

CaC03 

CaC03 

CaC03 

CaC03 

CaC03 

CaC03 

CaC03 

CaC03 

CaC03 

C02 

Fe 
Si02 

Std units 

OH 

314 
140 
80 
NR 

534 

233 
0 

215 
90 
NR 

538 
NR 
NR 
10 
7.1 

FL 

131 
15 
11 
1 

158 

126 
0 
2 

29 
Nil 

157 
13 
2 

10 
7.3 

Analysis Identification11 

IA MO CO 

63 282 330 
25 220 145 

8 69 292 
NR 5 11 
96 576 778 

50 535 205 
0 0 0 

26 22 475 
20 19 95 
NR NR 3 
96 576 778 
NR NR NR 
NR 1 NR 
15 30 15 
7.5 7.0 7.3 

AZ 

172 
128 
277 
NR 

577 

196 
0 

136 
245 
NR 

577 
NR 
NR 
12 
7.6 

CA 

107 
91 
77 
NR 

275 

141 
0 
2 

104 
20 

267 
NR 
NR 
46 

7.5 

aAll values are in mg/L except as noted. Some analyses are adjusted for ionic balance. 
bWell identification: OH, Athens County, OH; FL, DeBary, FL; IA, Louisa County, IA; MO, Watson, MO; CO, Colorado Springs, 
CO; AZ, Holbrook, AZ; CA, Sacramento, CA. NR, not reported. 
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26 
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10 
9.3 

MO 
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98 
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10 
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200 
0 
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34 

5 
457 
NR 

1 
16 

8.3 

WA 

15 
9 

15 
NR 
39 

23 
0 
6 
8 
2 

39 
NR 
NR 
15 

NR 

aAll values are in mg/L except as noted. Some analyses are adjusted for ionic balance. 
bRiver identification; VA, Roanoke River, Clover, VA; OH, Muskingum River, Cones-
ville, OH; IA, Mississippi River, Muscatine, IA; MO, Missouri River, Watson, MO; 
WA, Skookumchuck River, Lewis County, WA. NR, not reported. 

guidelines be established. Some of these are essential, but 
most are flexible. The following is a discussion of recom-
mended guidelines and the importance of each. 

15.4.2.1 Main Steam Cycle Cooling Water. For a once-
through cooling system, it can normally be assumed that 
trash racks and screens on the suction side of the circulating 
water pumps adequately remove suspended materials from 

the cooling water and that additional treatment for suspended 
solids removal is not required. With proper design considera-
tions and materials selections, waters with up to approx-
imately 50,000 mg/L of total dissolved solids can be used. 
Organic matter and microorganisms in the water present the 
biggest problem and biological growth is most commonly 
controlled by shock chlorination. Mechanical tube cleaning 
systems can be used where marine growth tends to adhere to 
the tube surface. Since suspended sand and grit can erode 
tubes, condenser tubes must be protected from erosion by 
proper design of the intake structure, reasonably low veloc-
ities, and selection of condenser tube materials to match the 
service conditions. The pH of once-through cooling water 
normally ranges between about 6 and 8.5; pH adjustment is 
rarely required. 

Treatment required for cooling towers can be much more 
complex. The evaporation of water as the cooling flow is 
recirculated across the tower results in high concentrations 
of the dissolved species. As these materials begin to reach 
solubility limits and the dissolved solids levels are increased, 
the potential for deposition, fouling, and corrosion of mate-
rials in the cooling circuit is dramatically increased. Chemi-
cals are added for biological control and to mitigate the 
effects of the higher solids concentrations, and blowdown is 
employed to limit the cooling water cycles of concentration 
to control the dissolved solids within prescribed control 
limits. Blowdown is also used to control the suspended 
solids in the circulating water and minimize the accumula-
tion of sediments in the cooling tower basin. Typical control 
limits commonly employed for a recirculating cooling water 
system are presented in Section 15.6, Treatment Applica-
tions. 

The chemical composition of the cooling water is also 
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Cations 
Calcium 
Magnesium 
Sodium 
Potassium 

Total cations 
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aAll values are in mg/L except as noted. Some analyses are adjusted for ionic balance. 
bWell identification: OH, Athens County, OH; FL, DeBary, FL; IA, Louisa County, IA; MO, Watson, MO; CO, Colorado Springs, 
CO; AZ, Holbrook, AZ; CA, Sacramento, CA. NR, not reported. 



4.4  Plant Water Requirements

Water requirements for a fossil-fueled plant cannot be estimated from the size of the plant 
alone. Water quality, plant location, fuel characteristics, steam generator design pressure, 
and local regulatory requirements can all have a significant effect on the quantity require-
ments.

Although a typical power plant has a multitude of water uses, the primary uses can be 
categorized for simplicity as cooling water, service water, and high-purity water. This  sec-
tion describes these uses and shows how to approximate the amount of water required for 
each use under varying conditions.

4.4.1  Description of Usage

Cooling water includes the water used for condenser cooling in the turbine hear rejection 
system and for the cooling of auxiliary equipment. The condenser cooling system can be a 
once-through system with the discharge returned to the river or surface impoundment 
which is serving as the source, a recirculating cooling system using a wet cooling tower, a 
closed system employing dry cooling, or a hybrid system using both wet and dry cooling 
for heat rejection.

Once-through systems require high flow rates but consume relatively small quantities of 
cooling water, whereas cooling tower designs have significant consumption rates as a re-
sult of the high evaporation rates and blowdown requirements. However, once-through 
cooling from a river is  heavily regulated and permitted only in unusual circumstances. Dry 
cooling systems are relatively expensive and inefficient and are applicable only when wa-
ter is  in very limited supply. Consequently, recirculating cooling systems using a wet cool-
ing tower are most often used for main steam cycle heat rejection. A completely closed 
cooling water system is often used for auxiliary equipment cooling.

Service water is  used for general plant services such as sanitary water, washdowns, ash 
transport, flue gas desulfurization (FGD) system makeup, and pump seal water [Drbal, 
1996]. However, many of these services may use reclaimed wastewater, depending on 
specific plant water and wastewater management design.

A portion of the service water is  demineralized to obtain a high-purity water for use as cy-
cle makeup, as chemical solution water, as makeup to the closed auxiliary cooling system, 
and in the laboratory.

4.4.2  System Requirements

Proper plant operation minimizes maintenance and protects plant equipment, and requires 
that certain water quality guidelines be established. Some of these are essential, but most 
are flexible. The following is a discussion of recommended guidelines and the importance 
of each.

273



4.4.2.1  Main Steam Cycle Cooling Water

For a once-through cooling system, it can normally be assumed that trash racks and 
screens on the suction side of the circulating water pumps adequately remove suspended 
materials from the cooling water and that additional treatment for suspended solids re-
moval is not required. With proper design considerations and materials selections, waters 
with up to approximately  50,000 mg/L of total dissolved solids can be used. Organic matter 
and microorganisms in the water present the biggest problem and biological growth is 
most commonly controlled by shock chlorination. Mechanical tube cleaning systems can 
be used where marine growth tends to adhere to the tube surface. Since suspended sand 
and grit can erode tubes, condenser tubes must be protected from erosion by proper de-
sign of the intake structure, reasonably low velocities, and selection of condenser tube ma-
terials to match the service conditions. The pH of once-through cooling water normally 
ranges between about 6 and 8.5; pH adjustment is rarely required [Drbal, 1996].

Treatment requirement for cooling towers can be much more complex. The evaporation of 
water as the cooling flow is  recirculated across the tower results  in high concentrations  of 
the dissolved species. As these materials begin to reach solubility limits and the dissolved 
solids levels are increased, the potential for deposition, fouling, and corrosion of materials 
in the cooling circuit is dramatically increased. Chemicals are added for biological control 
and to mitigate the effects of the higher solids concentrations, and blowdown is  employed 
to limit the cooling water cycles  of concentration to control the dissolved solids within pre-
scribed control limits. Blowdown is also used to control the suspended solids in the circu-
lating water and minimize the accumulation of sediments in the cooling tower basin. Typi-
cal control limits commonly employed for a recirculating cooling water system are pre-
sented in Section 4.6.

The Chemical composition of the cooling water is also important from the standpoint of 
tube material selection. If the water is of brackish or seawater quality, copper alloy tubes 
have traditionally been used; however, in recent years, other materials, such as ferritic 
stainless steels and titanium, have gained in popularity. Copper alloy tubes are also satis-
factory for use with freshwater, although stainless steel tubes are often used as part of a 
copper-free of a copper-free condensate feedwater cycle, as describes in Section 4.7.

4.4.2.2  Auxiliary Cooling Water

A completely closed loop auxiliary cooling water system is normally preferred for oil cool-
ers, air compressors, bearing water, etc. This permits the use of condensate quality water 
with corrosion inhibitors added for corrosion protection, which results in very low corrosion 
rates in this system. The heat in the closed cooling system is typically  rejected to the con-
denser cooling water. If the condenser cooling water is of exceptionally  high quality  and 
low in suspended solids, it is sometimes used directly for cooling auxiliary equipment.

4.4.2.3  Service Water

Service water is used for pump and instrument seal water, hose supply, fire water, demin-
eralizer supply, sanitary  water, and makeup  to ash and flue gas scrubbing systems. Serv-
ice water should be essentially free of suspended solids, turbidity, and color. The pH will 
typically  be between 6.0 and 8.5, and total dissolved solids preferably limited to less than 
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1,000 mg/L [Drbal, 1996]. If the service water is also used for potable water, it must be 
chlorinated and conform to applicable drinking water standards. Residual chlorine must be 
minimized or removed before the water is used for demineralizer supply to avoid degrad-
ing the demineralizer ion exchange resins.

Unless a very limited quantity  of potable quality water is needed, it is generally  preferable 
to design the service water system to meet drinking water standards. This avoids dual pip-
ing systems and eliminates the necessity of tagging  valves and lines as potable or nonpo-
table.

The water quality requirements for the potable water system are normally established by 
regulatory standards. Federal, state, and local regulations must be investigated during the 
design phase. If the service water system is supplying potable water, it must meet these 
requirements, as well as any more stringent requirements established by the end use. If a 
nonpotable service water system is being used, the service water quality requirements of 
each of the end uses must be reviewed.

4.4.2.4  High-Purity Water

High-purity water is required for makeup to the condensate-feedwater cycle, as solution 
water for condensate-feedwater chemicals, and for various laboratory uses. The quality  of 
the water required is dictated by the quality necessary in the condensate-feedwater sys-
tem to prevent scaling and corrosion and to prevent carryover of solids with the steam 
from the steam generator.

These water quality requirements are dependent on the operating pressure of the boiler, 
with a higher quality water required at higher pressures. Water quality required for cycle 
makeup is discussed further in Section 4.7.

4.4.3  Quantity Requirements

4.4.3.1  Main Steam Cycle Cooling Water

A once-through cooling system is a simple heat exchanger, and the amount of cooling wa-
ter required can be calculated if the amount of heat to be rejected, the condenser size, and 
the cooling water temperature are known. For a very rough estimate, a flow of 1,000 gpm 
(0.063 m3/s) per megawatt (MW) of plant electrical output can be used for a single-
pressure condenser and 750 gpm (0.047 m3/s) per MW  of plant electrical output for a 
dual-pressure condenser [Drbal, 1996].

For an all-wet, recirculating cooling system using cooling towers, the water quantity  is de-
pendent on the water quality and atmospheric conditions. The amount of makeup water is 
determined by a mass balance that can be expressed as follows [Drbal, 1996]:
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                                                             Evaporation
                          Blowdown = ---------------------------------------- - Drift 
                                                   Cycles of concentration -1

                             Makeup = Blowdown + Evaporation + Drift

Evaporation is  the quantity of water that enters the atmosphere as a result of vaporization 
caused by the heat. A heat and mass balance, such as described in ASME Technical Pa-
per 69-WA/PWR-3 [Leung, 1969], can be made for accurate determination, but an “order 
of magnitude” determination can be made using the following criteria [Blood, 1981]:

Evaporation rate = 1,000 gpm (0.063 m3/s) per 100 MW of plant electrical output

                           @ Sea level
                           @ 50% relative humidity
                           @ 65℉ (18.3℃) wet bulb temperature
                           @ 40 lb/h (0.005 kg/s) of circulating water flow rate per 1,000 Btu/h 
                                (293 joules/s) of heat load
                 

Corrections

                          Plus 0.5% per 1,000 ft altitude
                          Plus 3% per each 10% decrease in relative humidity
                          Minus 3% per each 10% increase in relative humidity
                          Plus 5% per each 10℉ (5.6℃) increase in wet-bulb temperature
                          Minus 5% for each 10℉ (5.6℃) decrease in wet-bulb temperature

Drift is the water lost when entrained water is carried out with the air. The drift contains the 
same dissolved solids concentration as the tower water. Modern cooling tower mist elimi-
nator design minimizes drift losses. The drift will typically be 0.005% or less of the circulat-
ing water flow.

The cycles of concentration are defined as the multiple increases in concentration of dis-
solved solids in the circulating water compared to the makeup water. For example, cycles 
of concentration of 4.0 indicate that the dissolved constituent concentrations in the circulat-
ing water are four times greater than the concentrations in the makeup water. In most 
cases, the limiting constituents are calcium, alkalinity, and silica content of the circulating 
water. Total dissolved solids, chloride, and sulfate can also be limiting by presenting a cor-
rosive condition, but proper selection of construction materials can often alleviate this 
problem.

Blowdown is  the water purged from the system to control the concentration of the dis-
solved solids in the circulating water.

Chemical treatment of the makeup water can reduce the calcium and alkalinity contents 
and, in some cases, the silica. An economic evaluation may be required to determine if 
treatment is justified to decrease circulating water blowdown and makeup water require-
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ments. In some cases, if treatment is  requirement to remove suspended solids  or high iron 
content, calcium alkalinity reduction can be incorporated at a very low incremental cost.

The preceding discussion is for turbine condenser cooling only, using a 100% wet system. 
Usually the circulating water rate is  increasesd by about 10% to cover cooling for auxiliary 
equipment [Drbal, 1996].

4.4.3.2  Service Water

In the absence of more specific plant design criteria, service water quantities can be esti-
mated from the following [Stumm, 1970]:

                     General service    1% of maximum steam flow
                   Potable sanitary    50 gal (189 L) per day per person
                   Cycle makeup      1.5% of steam flow plus steam soot blowing requirements2

                   FGD system
                               Lime          1 gal (3.785 L) per pound (0.45 kg) of lime3

                       Limestone          0.5 gal (1.89 L) per pound (0.45 kg) of limestone3

                           Makeup         Dependent on degree of flue gas saturation3

                 Fire protection         No regular usage

                  

If the water will be chemically pretreated, about 5% to 10% should be added to the total for 
treatment losses, dependent on the type of pretreatment used.

The general service water usage is mainly  for plant wash-down  and miscellaneous low-
volume usages and is not directly related to plant load.

Potable water usage can be based on the normal number of plant personnel plus an al-
lowance for visitors and special work crews.

The cycle makeup quantity is based on boiler blowdown and evaporative losses plus 
steam used for soot blowing and fuel oil atomization. Losses due to demineralizer regen-
eration must be accounted for in the demineralizer design and supply water requirements. 
The cycle makeup  quantity  estimate given does not include the water requirements for 
chemical cleaning.

Flue gas desulfurization (FGD) system requirements should take into consideration the 
use of recycled water for meeting some of the makeup demand.

Additional service water water may be required if wet sluicing is used for bottom ash han-
dling. Ash transport system makeup  is based on recycling as much water as possible and 
is about 2% of the flow in a  20% by weight storage and pumping capacity for fire water 
requirements [Stumm, 1970].
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4.4.3.3  High-Purity Water

In the context of this discussion, high-purity water is synonymous with cycle makeup. The 
service water system allows for an amount equal to 1.5% of the steam flow plus soot blow-
ing requirements. This is a maximum number; the actual normal boiler makeup in a well-
maintained facility should be less than 0.5% plus soot blowing requirements. A small 
amount of high-purity water is also required for makeup to the closed auxiliary  cooling sys-
tem and for use in the laboratory; however, these requirements are insignificant when con-
sidering overall demand [Drbal, 1996].

During preoperational alkaline and acid cleaning of the preboiler and the boiler and in sub-
sequent periodic boiler acid cleanings, there is a short-term demand for large quantities of 
high purity water. This can amount as much as 500,000 gal (1,890 m3) in 1 or 2 days. A 
significant portion of such demands must be met from storage or by outside purchase.

4.4.4  Water Usage Variations

Except for general service water and potable water, all plant water usage should be more 
or less directly  proportional to unit load. But in actual operation, certain usages such as the 
following are not proportional because of plant operating procedures [Drbal, 1996]:

• Circulating water pumps and ash sluice pumps are generally  not throttled with load; flow 
variations tend to be step changes as the number of pumps in services are varied.

• Boiler blowdown may be at a constant rate.
• Circulating water evaporation rate shows significant variation with meteorological condi-

tions.
• The quality of the raw water can significantly  affect water usage in the condenser cooling 

system.
• The degree of plant wastewater reuse can have a significant effect on plant water re-

quirements.

These variations must be considered in the plant design for all of the parameters and con-
ditions specific to that particular design.

4.4.5  Water Mass Balance

One of the initial project design activities should include development of the plant water 
mass balance. Water mass balances incorporate both water supply  and wastewater reuse 
and disposal considerations. Water mass balances are normally developed for various 
conditions such as operating loads and meteorology, and to satisfy  both design and per-
mitting needs. Plant water mass balances are very helpful for the sizing of water supply 
and treatment facilities and are essential to developing integrated plant water and waste-
water systems. These water mass balances can become complex with the integration of 
wastewater reuse, especially for zero discharge design plants. 

4.5  Treatment Processes

Water treatment processes range in complexity from simple sedimentation to multiple-bed 
ion exchange demineralization. This section defines various treatment processes, de-
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scribes the basic chemical and physical reactions involved, and discusses their applicabil-
ity to power plants.

4.5.1  Sedimentation and Clarification

4.5.1.1  Settling

For many power plant uses, it is essential the water be practically free from suspended 
matter. This may be achieved by simple settling (sedimentation) in relatively large bodies 
of water, such as lakes or reservoirs that allow significant detention times.

Comparatively  few water users, however, have the space required for effective settling by 
such means. Moreover, periodic weather disturbances and organic growths such as algae 
usually necessitate supplementary provisions to ensure clean water at all times. This has 
to the development of equipment that clarifies the water more rapidly and with greater as-
surance of the end result by chemical coagulation and the use of equipment to facilitate 
separation and removal of coagulated solids.

4.5.1.2  Coagulation

Chemical coagulation is the gathering of suspended matter present in a finely divided or 
colloidal state into large and more rapidly  settling particles. To effect such chemical coagu-
lation, various compounds are used, the most common being aluminum sulfate, 
Al2(SO4)3. Others are sodium aluminate, Na2Al2O4; ferrous sulfate, Fe2SO4; ferric sul-
fate, Fe2(SO4)3; and ferric chloride, FeCl3. When ferrous sulfate is used as a coagulant, 
oxygen or an oxidizing agent such as chlorine must be present to convent the ferrous salt 
to the ferric form [Drbal, 1996].

These coagulants produce a jelly-like spongy mass of floc with enormous area per unit of 
volume, which entraps and binds together the small particles of silt, organic matter, and 
even bacteria. The enlarged precipitate thus formed has many times the settling rate of the 
finer particles it has many times the settling rate of the finer particles it has entrapped, thus 
accelerating fine particle separation. In this process, only  suspended solids are affected; 
hardness is not removed.

Alum, as aluminum sulfate it generally  called, is most effective as a coagulant in the pH 
range of 5.7 to 8.0. However, it is often used satisfactorily in higher pH ranges, especially 
in conjunction with lime softening. Coagulation with alum, ferrous or ferric sulfates, and fer-
ric chloride consumes alkalinity. The alkalinity required may be naturally present in the wa-
ter as bicarbonates and carbonates. When alkalinity is not present in sufficient amount, 
alkaline chemicals such as lime [Ca(OH)2], soda ash [NaCO3], or caustic soda [NaOH], 
must be added. When sodium aluminate is used, free carbon dioxide is reduced and alka-
linity is increased [Stumm, 1970].

The dissociation of alum to form gelatinous aluminum hydroxide liberates sulfuric acid 
which reacts with the alkalinity to form CaSO4, the overall reaction being as follows:
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Al2(SO4)3 + 3Ca(HCO3)2 → 2Al(OH)4 + ↓ 3CaSO4 + 6CO2↑

The iron coagulants usually function best in the higher pH ranges, where hydroxide is  pre-
sent. Typical coagulation reactions for ferric chloride, FeCl3, and ferric sulfate, Fe2(SO4)3, 
in lime-treated water are the following:

2FeCl3 + 3Ca(OH)2 → 2Fe(OH)3↓ + 3CaCl2
Fe2(SO4)3 + 3Ca(OH)2 → 2Fe(OH)3↓ + 3CaSO4

The sodium aluminate reaction is the following: 

Na2Al2O4 + 2CO2 + 4H2O → 2Al(OH)3↓ + 2Na (HCO3)

Activated silica, bentonite clays, powdered activated carbon, and organic polymers (polye-
lectrolytes) are examples  of additives used in the clarification process to enhance sus-
pended solids removal. Clays and activated carbon are weighting agents  used to enhance 
the sedimentation process by producing heavier floc particles, thus improving the settling 
characteristics  of the floc. Coagulant aids, such as  polyelectrolytes, are used to further ag-
glomerate the coagulated particles to increase the size, the settling rate, and the stability 
of floc produced by aluminum or iron coagulants. Polyelectrolytes can be either synthetic 
or natural and are typically classified by their charge as either anionic, cationic, or nonionic 
[Blood, 1981].

To realize their full potential and to be effective, these coagulating chemicals and coagu-
lant aids must be used in properly designed treating equipment. The equipment must pro-
vide rapid and thorough mixing of coagulant and coagulant aid with the water, subsequent 
slow stirring to afford particle growth, and a zone of quiescence to permit coagulated solids 
to separate from the water. These functions may be accomplished in separate steps by the 
use of a flash mixing tank, a flocculation tank, and a clarifier unit as  shown schematically 
on Fig. 220; or they may be combined in a single unit, as in a solids contact unit. Fig. 221 
and 222 illustrate some of the different types of clarification units commonly used. For 
most power plant applications, the slurry recirculation type of unit is preferred for the 
treatment flexibility it offers, especially for softening applications [Sanks, 1978].
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Fig. 220: Schematic diagram of coagulation process in a water treatment plant
[Sanks, 1978]
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Fig. 15-3. Schematic diagram of coagulation process in a water 
treatment plant. (From Sanks, R. L. 1978. Water Treatment Plant 
Design. Ann Arbor Science Publishers, Inc., Ann Arbor, Michigan.) 

Unlike other forms of chemical reactions where chemical 
dosage requirements can be calculated with considerable 
accuracy, coagulant requirements cannot always be accu-
rately predicted because of the many variables in water 
characteristics such as kind and amount of suspended solids, 
color variations, and similar physical considerations. How-
ever, past experience with similar applications will usually 
serve to establish basic design concepts and equipment siz-
ing. Laboratory tests ("jar tests") performed on each water 
supply under consideration are often beneficial to establish 
the most effective and economical coagulant dosages. 

15.5.2 Aeration 

When applied to water treatment, "aeration" is the mixing of 
air and water so gaseous substances are transferred into or 
out of the water. For example, oxygen is added to water by 
aeration for oxidation of the iron, manganese, and to a lesser 
extent, organic matter in the water. Aeration of water super-
saturated with carbon dioxide, hydrogen sulfide, or other 
volatile compounds allows the concentration of these chemi-
cals to be reduced to the equilibrium point. 

Aeration can be accomplished by a variety of methods. 
The methods most commonly used for treatment of fresh-
water are waterfall aeration and spray aeration. Waterfall 
aeration is usually accomplished by directing water down-
flow countercurrent to air upflow. The efficiency of waterfall 
aeration is improved by causing the water to be spread into 
thin sheets or films, increasing the contact time and the area 
of water exposed per unit volume of air. 

Spray aeration consists of spraying water through nozzles 
to effect contact with the air. Nozzle design and spray pres-
sure are important parameters to maximize the surface area 
of the water available for air contact. Spray aeration is fre-
quently used in conjunction with waterfall aeration. 

A variation of the waterfall aerator employs a design that 
creates a jet action effect by discharging the raw water 
through multiple distribution orifices into an aspirating 
chamber, resulting in an excess of air being sucked into 
contact with the water. 

Another method of aeration is the bubble or diffusion 
method, which can be accomplished by pumping air into the 
water through distribution devices such as perforated pipes 
or porous plates. This method of aeration offers the potential 
for high efficiency because bubbles of air rising through the 
water are continually exposed to fresh liquid surfaces, maxi-
mizing water surface per unit of air. 

Mechanical aeration may also be used. One approach 
employs motor-driven impellers that stir the surface of the 
water being treated to increase the amount of water exposed 
to the atmosphere. Another variation of mechanical aeration 
is the use of a submerged mixer located directly above an air 
diffuser, which is typically located at the bottom of an aera-
tion tank. Mechanical aerators have their greatest application 
in the treatment of wastewater. 

Aeration as a treatment process should be evaluated crit-
ically to determine what can be accomplished and at what 
cost. The economics of alternative treatment programs to 
accomplish the same objective should be compared. In gen-
eral, ground water sources are much more apt to be treatable 
by aeration than surface water sources. 
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Fig. 15-4. Typical sludge blanket type solids contact unit. Fig. 221: Typical sludge blanket type solids contact unit
[Drbal, 1996]
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Fig. 15-3. Schematic diagram of coagulation process in a water 
treatment plant. (From Sanks, R. L. 1978. Water Treatment Plant 
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Unlike other forms of chemical reactions where chemical 
dosage requirements can be calculated with considerable 
accuracy, coagulant requirements cannot always be accu-
rately predicted because of the many variables in water 
characteristics such as kind and amount of suspended solids, 
color variations, and similar physical considerations. How-
ever, past experience with similar applications will usually 
serve to establish basic design concepts and equipment siz-
ing. Laboratory tests ("jar tests") performed on each water 
supply under consideration are often beneficial to establish 
the most effective and economical coagulant dosages. 

15.5.2 Aeration 

When applied to water treatment, "aeration" is the mixing of 
air and water so gaseous substances are transferred into or 
out of the water. For example, oxygen is added to water by 
aeration for oxidation of the iron, manganese, and to a lesser 
extent, organic matter in the water. Aeration of water super-
saturated with carbon dioxide, hydrogen sulfide, or other 
volatile compounds allows the concentration of these chemi-
cals to be reduced to the equilibrium point. 

Aeration can be accomplished by a variety of methods. 
The methods most commonly used for treatment of fresh-
water are waterfall aeration and spray aeration. Waterfall 
aeration is usually accomplished by directing water down-
flow countercurrent to air upflow. The efficiency of waterfall 
aeration is improved by causing the water to be spread into 
thin sheets or films, increasing the contact time and the area 
of water exposed per unit volume of air. 

Spray aeration consists of spraying water through nozzles 
to effect contact with the air. Nozzle design and spray pres-
sure are important parameters to maximize the surface area 
of the water available for air contact. Spray aeration is fre-
quently used in conjunction with waterfall aeration. 

A variation of the waterfall aerator employs a design that 
creates a jet action effect by discharging the raw water 
through multiple distribution orifices into an aspirating 
chamber, resulting in an excess of air being sucked into 
contact with the water. 

Another method of aeration is the bubble or diffusion 
method, which can be accomplished by pumping air into the 
water through distribution devices such as perforated pipes 
or porous plates. This method of aeration offers the potential 
for high efficiency because bubbles of air rising through the 
water are continually exposed to fresh liquid surfaces, maxi-
mizing water surface per unit of air. 

Mechanical aeration may also be used. One approach 
employs motor-driven impellers that stir the surface of the 
water being treated to increase the amount of water exposed 
to the atmosphere. Another variation of mechanical aeration 
is the use of a submerged mixer located directly above an air 
diffuser, which is typically located at the bottom of an aera-
tion tank. Mechanical aerators have their greatest application 
in the treatment of wastewater. 

Aeration as a treatment process should be evaluated crit-
ically to determine what can be accomplished and at what 
cost. The economics of alternative treatment programs to 
accomplish the same objective should be compared. In gen-
eral, ground water sources are much more apt to be treatable 
by aeration than surface water sources. 
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Fig. 15-4. Typical sludge blanket type solids contact unit. 
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Fig. 15-5. Typical slurry recirculation type solids contact device. (From Infilco Degremont, Inc. Used with 
permission.) 

15.5.3 Softening 

Most Ca and Mg compounds form scale or sludge when 
water is heated or concentrated by evaporation. Because 
water is frequently used as a heat exchange medium, the 
importance of Ca and Mg removal for such water uses is 
obvious. 

Softening of water is the process of reducing or removing 
the Ca and Mg content. This is accomplished by two basic 
methods—chemical treatment and ion exchange. 

In chemical treatment softening, the reagents most com-
monly used are lime [in the form of quicklime, CaO, or 
hydrated lime, Ca(OH)2], soda ash [Na2C03], and to a lesser 
extent, sodium hydroxide [NaOH]. Ion exchange softening 
uses cation-type resin. 

15.5.3.1 Lime Softening. The main purpose of lime soft-
ening is to reduce the Ca and Mg hardness associated with 
carbonate and bicarbonate alkalinity. In addition, lime soft-
ening removes any carbon dioxide dissolved in the raw 
water. These reductions can lower the total dissolved solids 
and the alkalinity of the treated water. The chemical reac-
tions associated with lime softening are as follows: 

C02 + Ca(OH)2 -» CaCOj-l + H20 (15-12) 

Ca(HC03)2 + Ca(OH)2 -> 2CaC03l + 2H20 (15-13) 

Mg(HC03)2 + Ca(OH)2 -> CaC03i + MgC03 + 2H20 (15-14) 

MgC03 + Ca(OH)2 -> CaC034 + Mg(OH)24 (15-15) 

15.5.3.2 Lime-Soda Ash Softening. When water has less 
M-alkalinity expressed as CaC03 than the sum of calcium 
and magnesium expressed as CaC03, the water contains 
noncarbonate hardness: calcium and/or magnesium ions as-
sociated with nonalkalinity anions such as chlorides, sul-
fates, or nitrates. Noncarbonate hardness is not reduced by 
lime softening; however, lime-soda ash softening reduces 
both carbonate and noncarbonate hardness. The following 
equations show the reactions associated with noncarbonate 
hardness reduction. Carbonate hardness reduction equations 
are as shown in the preceding section. 

CaS04 + NajCO., -> CaC03l + NajSC^ (15-16) 

CaCL + Na2C03 -» CaC03i + 2NaCl (15-17) 

MgS04 + Ca(OH)2 + Nnf.03 

Mg(OH)24 + CaC03i + N82804 

Mg(Cl)2 + Ca(OH)2 + NajCO;, 
-» Mg(OH)2-l + CaC03i + 2NaCl 

(15-18) 

(15-19) 

It is notable that although removal of noncarbonate hardness 
does reduce calcium and magnesium levels, the effect on 
total dissolved solids will vary based on the original water 
composition because sodium is being added in an amount 
equivalent to the noncarbonate hardness being removed. 

15.5.3.3 Caustic Soda (NaOH) Softening. Caustic soda is a 
common name for sodium hydroxide (NaOH). Caustic soda 
softening is a variation of the combined lime-soda ash soft-
ening treatment process. The basic reactions are as follows: 

Ca(HC03)2 + 2NaOH -> 
CaC03l + NajCO;, + 2H20 

Mg(HC03)2 + 4NaOH 
-» Mg(OH)2i + 2Na2C03 + 2H20 

(15-20) 

(15-21) 

The sodium carbonate formed in the above reactions is avail-
able for further reaction for noncarbonate hardness removal 
as shown in Eqs. (15-16) through (15-19). 

The choice between lime-soda ash softening versus caus-
tic soda softening is usually based on differential chemical 
costs versus capital costs. The capital costs of the chemical 
storage and feed equipment for lime-soda ash softening are 
typically higher. However, it is not uncommon for the daily 
chemical costs of caustic soda softening to be three to four 
times higher than the daily chemical costs of lime-soda ash 
softening. The smaller the treatment flow rate, the smaller 
the chemical dosage necessary, the more likely that caustic 
soda softening is cost effective. 

15.5.3.4 Sodium Cycle Ion Exchange. Sodium cycle ion 
exchange consists of passing raw water through a sodium ion 
exchange resin bed that has been regenerated with sodium 
chloride (NaCl). Sodium ion exchange resins are insoluble 

Fig. 222: Typical slurry recirculation type solids contact device
[Drbal, 1996]

Unlike other forms of chemical reactions where chemical dosage requirements can be cal-
culated with considerable accuracy, coagulant requirements cannot always be accurately 
predicted because of the many variables in water characteristics such as kind and amount 
of suspended solids, color variations, and similar physical considerations. However, past 
experience with similar applications will usually serve to establish basic design concepts 
and equipment sizing. Laboratory tests (“jar tests”) performed on each water supply under 
consideration are often beneficial to establish the most effective and economical coagulant 
dosages [Drbal, 1996].

4.5.2  Aeration

When applied to water treatment, “aeration” is  the mixing of air and water so gaseous sub-
stances are transferred into or out of the water. For example, oxygen is added to water by 
aeration for oxidation of the iron, manganese, and to a lesser extent, organic matter in the 
water. Aeration of water supersaturated with carbon dioxide, hydrogen sulfide, or other 
volatile compounds allows the concentration of these chemicals  to be reduced to the equi-
librium point.

Aeration can be accomplished by a variety of methods. The methods most commonly used 
for treatment of freshwater are waterfall aeration and spray aeration. Waterfall aeration is 
usually accomplished by directing water downflow countercurrent to air upflow. The effi-
ciency of waterfall aeration is improved by causing the water to be spread into thin sheets 
or films, increasing the contact time and the area of water exposed per unit volume of air.

Spray aeration consists of spraying water through nozzles to effect contact with the air. 
Nozzle design and spray pressure are important parameters to maximize the surface area 
of the water available for air contact. Spray aeration is  frequently used in conjunction with 
waterfall aeration.

A variation of the waterfall aerator employs a design that creates a jet action effect by dis-
charging the raw water through multiple distribution orifices into an aspirating chamber, re-
sulting in an excess of air being sucked into contact with the water.
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Another method of aeration is the bubble or diffusion method, which can be accomplished 
by pumping air into the water through distribution devices such as perforated pipes or po-
rous plates. This method of aeration offers the potential for high efficiency because bub-
bles of air rising through the water are continually exposed to fresh liquid surfaces, maxi-
mizing water surface per unit of air.

Mechanical aeration may be used. One approach employs motor-driven impellers that stir 
the surface of the water being treated to increase the amount of water exposed to the at-
mosphere. Another variation of mechanical aeration is the use of a submerged mixer lo-
cated directly above an air diffuser, which is typically located at the bottom of an aeration 
tank. Mechanical aerators have their greatest application in the treatment of wastewater.

Aeration as a treatment process should be evaluated critically to determine what can be 
accomplished and at what cost. The economics of alternative treatment programs to ac-
complish the same objective should be compared. In general, ground water sources are 
much more apt to be treatable by aeration than surface water sources [Blood, 1981].

4.5.3  Softening

Most Ca and Mg compounds from scale or sludge when water is heated or concentrated 
by evaporation. Because water is frequently used as a heat exchange medium, the impor-
tance of Ca and Mg removal for such water uses is obvious.

Softening of water is the process of reducing or removing the Ca and Mg content. This is 
accomplished by two basic methods - chemical treatment and ion exchange.

In chemical treatment softening, the reagents most commonly used are lime [in the form of 
quicklime, CaO, or hydrated lime, [Ca(OH)2], soda ash [Na2CO3], and to a lesser extent, 
sodium hydroxide [NaOH]. Ion exchange softening uses cation-type resin [Stumm, 1970].

4.5.3.1  Lime softening

The main purpose of lime softening is to reduce the Ca and Mg hardness associate with 
carbonate and bicarbonate alkalinity. In addition, lime softening removes any carbon diox-
ide dissolved in the raw water. These reductions can lower the total dissolved solids and 
the alkalinity of the treated water. The chemical reactions associated with lime softening 
are as follows [Drbal, 1996]:

CO2 + Ca(OH)2 → CaCO3↓ + H2O
Ca(HCO3)2 + Ca(OH)2 → 2CaCO3↓ + 2H2O

Mg(HCO3)2 + Ca(OH)2 → CaCO3↓ + MgCO3 + 2H2O
MgCO3 + Ca(OH)2 → CaCO3↓ + Mg(OH)2↓

283



4.5.3.2  Lime - Soda Ash Softening

When water has less M-alkalinity expressed as CaCO3 than the sum of calcium and mag-
nesium expressed as CaCO3, the water contains noncarbonate hardness; calcium and/or 
magnesium ions associated with nonalkalinity anions such as chlorides, sulfates, or ni-
trates. Noncarbonate hardness is not reduced by lime softening; however, lime-soda ash 
softening reduces both carbonate and noncarbonate hardness. The following equations 
show the reactions associated with noncarbonate hardness reduction. Carbonate hard-
ness reduction equations are as shown in the preceding section [Drbal, 1996].

CaSO4 + Na2CO3 → CaCO3↓ + Na2SO4
CaCl2 + Na2CO3 → CaCO3↓ + 2NaCl

MgSO4 + Ca(OH)2  + Na2CO3 → Mg(OH)2↓ + CaCO3↓ + Na2SO4
Mg(Cl)2 + Ca(OH)2  + Na2CO3 → Mg(OH)2↓ + CaCO3↓ + 2NaCl

It is  notable that although removal of noncarbonate hardness  does reduce calcium and 
magnesium levels, the effect on total dissolved solids will vary based on the original water 
composition because sodium is being added in an amount equivalent to the noncarbonate 
hardness being removed.

4.5.3.3  Caustic Soda (NaOH) Softening

Caustic soda is a common name for sodium hydroxide (NaOH). Caustic soda softening is 
a variation of the combined lime - soda ash softening treatment process. The basic reac-
tions are as follows [Drbal, 1996]:

Ca(HCO3)2 + 2NaOH → CaCO3↓ + Na2CO3 + 2H2O
Mg(HCO3)2 + 4NaOH → Mg(OH)2↓ + 2Na2CO3 + 2H2O

The choice between lime - soda ash softening versus caustic soda softening is usually 
based on differential chemical costs versus capital costs. The capital costs of the chemical 
storage and feed equipment for lime - soda ash softening are typically higher. However, it 
is  not uncommon for the daily chemical costs of caustic soda softening to be three to four 
time higher than the daily chemical costs  of lime - soda ash softening. The smaller the 
treatment flow rate, the smaller the chemical dosage necessary, the more likely that caus-
tic soda softening is cost effective.

4.5.3.4  Sodium Cycle Ion Exchange

Sodium cycle ion exchange consists of passing raw water through a sodium ion exchange 
resin bed that has been regenerated with sodium chloride (NaCl). Sodium ion exchange 
resins are insoluble granular substances that have sodium radials in their molecular struc-
ture. These resins exchange sodium ions for the calcium and magnesium ions in the solu-
tion in contact with them without apparent modification in their physical appearance and 
without deterioration. The ion exchange softening reactions are characterized by the fol-
lowing [Stumm, 1970]:
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Ca[Salts] + Nax-[Resin] → Nax[Salts] + Ca-[Resin]
                                  soluble        insoluble           soluble       insoluble

Mg[Salts] + Nax-[Resin] → Nax[Salts] + Mg-[Resin]
                                  soluble        insoluble           soluble       insoluble

Essentially, all the hardness in the influent water is replaced with sodium ions. A hardness 
effluent of < 2 mg/L is common. To generate the ion exchange resin, an 8% to 10% solu-
tion of NaCl is  passed over the resin, which converts the resin back to the sodium form as 
follows [Stumm, 1970]:

Mg-[Resin] + Ca-[Resin] + NaCl → Nax-[Resin] + MgCl2 + CaCl2

4.5.4  Filtration

Water filtration is the process of separating suspended and colloidal impurities from the 
water by passage through a porous medium. A bed of granular filter material or media is 
used in most power plant applications. A number of mechanisms are involved in the filtra-
tion process. Some of these mechanisms are physical, and some are both chemical and 
physical.

A filter may be defined simply as a device consisting of a tank, a means of supporting a 
working filter bed within the tank, suitable filter media, and necessary piping, valving, and 
control. Filters are designed for the following [Blood, 1981]:

• Gravity flow, with natural head of water above the filter bed and low point of discharge at 
the filter bottom providing the pressure differential needed to move the water through the 
filter bed.

• Pressure units, which, as their name implies, are operated on line, under service pres-
sure, filtering the water as it flows through the tank on its way to service or storage.

Gravity units are the simplest in design of the filters, with pressure filters being more so-
phisticated in engineering design and operation.

Filters  are classified in a number of different ways. A common classification is by type or 
kind of filter medium to be employed, such as sand, anthracite coal, activated carbon, 
dual- or even multilayered media, diatomaceous earth, fabric, or porous membranes. An-
other distinction is  direction of flow - upflow or downflow. Also, they are sometimes de-
scribed hydraulically as the “slow rate” or “rapid rate” type [Drbal, 1996].

Additional discussions in this section address filtration classified as granular media, acti-
vated carbon, cartridge, and ultrafiltration.

4.5.4.1  Granular Media Filtration

As the water to be treated is passed through a filter bed of granular media, the suspended 
solids are collected or retained in the voids within the media. The retained suspended sol-
ids decrease the void volume, which helps remove additional suspended solids but in-
crease the pressure loss across the filter bed.
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The selection of a granular media filtration system is normally determined by which filter 
type provides the desired performance at the least cost. Table 65 lists most of the basic 
variations available [Drbal, 1996].

Table 65: Basic Granular Media Filter Variations
[Drbal, 1996]

                         
                                                 Pressure Filters                      Gravity Filters

                                           Upflow# Downflow     #              Downflow

           Types of operation
             Automatic                 X                    X                                   X
             Manual                     X                    X                                   X

           Types of media
             Sand                        X                    X                                   X
             Coal                                               X                                   X
             Multimedi                                       X                                   X

           Types of backwash
             Water wash                                    X                                   X
             Air-water wash         X                    X                                   X

The quality of filter effluent water is a function of the filter medium type, size, and depth. In 
general, the finer the filter medium size, the better the water quality produced, but the 
head loss increase. The most commonly used granular filter media are silica sand and an-
thracite coal. Garnet sand is also used as a bottom layer in some mixed media filter de-
signs [Drbal, 1996].

When a single-filter medium such as sand or coal is backwashed, the bed becomes 
graded with the finest material on top and the coarser material at the bottom. For a down-
flow filter, this  causes the influent water to contact the finest grained material first. Upflow 
operation allows the influent water to contact the coarsest grade material first, resulting in 
a more even loading of the entire filter bed and longer service runs.

To provide downflow filters a coarse-to-fine graded bed effect similar to that from upflow 
filters, dual- or multimedia beds  are utilized. Dual- media filters usually consist of silica 
sand and anthracite coal media. The coal is selected so that the coarser coal material is 
still less dense than the silica sand [Drbal, 1996]. Therefore, after backwashing, the 
coarser coal medium remains on top of the sand medium. The addition of a layer of garnet 
sand, which is more dense than silica sand, gives an even more distinct coarse-to-fine flow 
path. The use of dual- and triple-media filters typically increases  run lengths and produces 
better quality water then single-medium filters.
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Filters  may be designed for either manual or automatic operation. Automatic filters receive 
their signal for backwash from controllers actuated by pressure differential across the filter 
bed, by timers, or by turbidity breakthrough determined by a turbidimeter placed in the filter 
effluent line.

Gravity filters

Gravity filters are usually employed for municipal applications and on some industrial ap-
plications where large quantities of filtered water are required. Public health agencies  tend 
to prefer gravity equipment since gravity filters cannot be overloaded as easily as can 
pressure filters, and gravity filters are open at the top so the operator can observe the filter 
during operation, including backwash.

Gravity filters normally use 8 to 12 ft (2.4 to 3.7m) high tanks with definite preference for 
the higher shell heights  of 10 to 12 ft (3.1 to 3.7m) to prevent operation of any part of the 
filter bed under negative head. Negative head operation can have the disadvantage of re-
leasing of dissolved air in the form of bubbles that may accumulate in the filter bed and 
cause air binding [Drbal, 1996].

Gravity filter tanks are constructed of steel or concrete. Concrete tanks are usually rectan-
gular; steel tanks are round of rectangular. Fig. 223 represents a typical rectangular gravity 
filter.

Conventional filter rates are usually 2 to 4 gpm/ft2 of filter bed cross-sectional area (1.4 to 
2.7 l/(s x m2)) with 3 gpm/ft2 (2.0 l/(s x m2)) being a commonly selected criterion for power 
plant service. For potable water service, regulatory requirements may establish the filtra-
tion rate limits.

The end of gravity filter runs is usually determined by head loss or pressure loss devel-
oped across filter bed, and backwashing is  initiated on the basis. Water quality deteriora-
tion (turbidity breakthrough) can also be used. When pressure loss  is  the determining crite-
rion, it is  usually recommended that filters  be backwashed when the pressure loss builds 
up to about 8 to 10 ft of water (24 to 30 kPa) above the original pressure differential across 
the filter at the beginning of the run. Backwash should be adequate in quantity and time to 
ensure good bed cleansing [Drbal, 1996].
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Fig. 223: Typical rectangular gravity filter
[Drbal, 1996]
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where large quantities of filtered water are required. Public 
health agencies tend to prefer gravity equipment since grav-
ity filters cannot be overloaded as easily as can pressure 
filters, and gravity filters are open at the top so the operator 
can observe the filter during operation, including backwash. 

Gravity filters normally use 8 to 12 ft (2.4 to 3.7 m) high 
tanks with definite preference for the higher shell heights of 
10 to 12 ft (3.1 to 3.7 m) to prevent operation of any part of the 
filter bed under negative head. Negative head operation can 
have the disadvantage of releasing dissolved air in the form 
of bubbles that may accumulate in the filter bed and cause air 
binding. 

Gravity filter tanks are constructed of steel or concrete. 
Concrete tanks are usually rectangular; steel tanks are round 
or rectangular. Figure 15-6 represents a typical rectangular 
gravity filter. 

Conventional filter rates are usually 2 to 4 gpm/ft2 of filter 
bed cross-sectional area (1.4 to 2.7 L/s per rn2) with 3 gpm/ft2 

(2.0 L/s per m2) being a commonly selected criterion for 
power plant service. For potable water service, regulatory 
requirements may establish the filtration rate limits. 

The end of gravity filter runs is usually determined by 
head loss or pressure loss developed across the filter bed, and 
backwashing is initiated on this basis. Water quality deterio-
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Fig. 15-6. Typical rectangular gravity filter. (From Infilco Degremont, Inc. Used with permission.) 



Pressure filters

Three basic types of pressure filters  are vertical downflow, horizontal downflow, and verti-
cal upflow. Each has its  advantages and particular merits  for general filtration purposes. 
Vertical and horizontal downflow pressure filter units are the “work horses” of the filtration 
field and typically provide reliable service.

In a vertical downflow filter, unfiltered water enters  the top of the filter tank and flows 
downward through the bed of filter medium, wherein the suspended matter is  removed. 
The filtered water is collected at the bottom of the tank and delivered to service. A typical 
vertical downflow pressure filter is shown in Fig. 224.

Fig. 224: Typical vertical downflow filter
[Drbal, 1996]

As the same implies, a horizontal downflow filter deploys the filter tank in a horizontal posi-
tion. Otherwise, the operation of the filter is identical to that of the vertical type. By using 
the filter tank in a horizontal position, a larger bed area is  obtained, thus increasing the 
flow rate available from a given tank size. The horizontal filters are normally 7 to 10 ft (2.1 
to 3.1 m) in diameter and are 8 to 30 ft (2.4 to 9.1 m) long [Blood, 1981].

Backwashing

Proper filter backwashing is perhaps the most important part of good filter operation pro-
cedure, since good bed cleansing is required for continuously successful service cycles. 
Backwashing should expand the filter bed about 20% to 40%. The backwash flow rates 
employed to obtain this expansion vary with temperature; in the winter when water is 
colder and more viscous, lower flow rates lift the filter beds more effectively.
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ration (turbidity breakthrough) can also be used. When pres-
sure loss is the determining criterion, it is usually recom-
mended that filters be backwashed when the pressure loss 
builds up to about 8 to 10 ft of water (24 to 30 kPa) above the 
original pressure differential across the filter at the beginning 
of the run. Backwash should be adequate in quantity and 
time to ensure good bed cleansing. 

PRESSURE FILTERS. Three basic types of pressure filters 
are vertical downflow, horizontal downflow, and vertical 
upflow. Each has its advantages and particular merits for 
general filtration purposes. Vertical and horizontal downflow 
pressure filter units are the "work horses" of the filtration 
field and typically provide reliable service. 

In a vertical downflow filter, unfiltered water enters the 
top of the filter tank and flows downward through the bed of 
filter medium, wherein the suspended matter is removed. 
The filtered water is collected at the bottom of the tank and 
delivered to service. A typical vertical downflow pressure 
filter is shown in Fig. 15-7. 

As the name implies, a horizontal downflow filter deploys 
the filter tank in a horizontal position. Otherwise, the opera-
tion of the filter is identical to that of the vertical type. By 
using the filter tank in a horizontal position, a larger bed area 
is obtained, thus increasing the flow rate available from a 
given tank size. The horizontal filters are normally 7 to 10 ft 
(2.1 to 3.1 m) in diameter and are 8 to 30 ft (2.4 to 9.1 m) long. 

BACKWASHING. Proper filter backwashing is perhaps the 
most important part of good filter operating procedure, since 
good bed cleansing is required for continuously successful 
service cycles. Backwashing should expand the filter bed 
about 20% to 40%. The backwash flow rates employed to 
obtain this expansion vary with temperature; in the winter 
when water is colder and more viscous, lower flow rates lift 
the filter beds more effectively. 

Surface washers, either of the rotary design or stationary 
type, are used in many plants. The jets, directed at high 

Fig. 15-7. Typical vertical downflow pressure filter. 

velocity down onto the surface of the filter medium, break up 
hardened mats and help prevent mud balls from building up. 
Rotary washers, to be suitably applied, require filter shapes 
that minimize space not reached by the jets. With stationary 
washers, this design consideration is of less concern. 

Some manufacturers have employed the use of a separate 
air distribution manifold in the lower section of a filter tank 
to bubble air through a filter bed during the backwash and 
bed cleansing operation. The use of air with water is known 
as an air-water system. Air-water systems have been effec-
tive in improving operations at some plants. Air-water wash 
has been most effectively used where the quantity of precipi-
tate is large, and good agitation of the bed is needed to 
dislodge coatings that have built up on the medium. 

15.5.4.2 Activated Carbon. The use of activated carbon 
pressure filters is typically warranted when adsorption is 
needed to remove impurities such as chlorine, organics, hy-
drogen sulfide, or constituents causing tastes and odors. 

Typical applications for activated carbon filter media for a 
power plant include potable water polishing filtration to 
improve taste and odor and polishing filtration in front of a 
cycle makeup treatment demineralization system to remove 
chlorine or organics. The importance of reducing chlorine 
and organics in the demineralization system influent water is 
that both these impurities degrade resin performance, reduc-
ing ion exchange capacity. Some reverse osmosis mem-
branes are also sensitive to chlorine. 

It is generally preferred to avoid the use of activated 
carbon media for roughing filtration. As the activated carbon 
medium surface and interior pores are coated with suspended 
solids, the medium's adsorption capability and, therefore, its 
ability to remove impurities, is reduced significantly. The 
activated carbon medium removal efficiency should be mon-
itored to note any removal capability loss. As a general rule, 
the activated carbon medium should be replaced every 12 to 
24 months. 

15.5.4.3 Cartridge Filtration. Cartridge filtration typi-
cally uses filter elements or cartridges mounted in a pressure 
vessel. The filter cartridges are sheet or wound fiber material 
supported by screens or perforated plate made of stainless 
steel or plastic. Cartridge filters are usually restricted to 
polishing service because they foul quickly in roughing ser-
vice and the replacement cost is high. A typical application is 
the essentially complete removal of suspended solids in 
cycle makeup demineralizer influent water that has already 
been filtered using granular media. Wound cotton or melt-
blown polypropylene fiber cartridges are good choices for 
this service. Some of the newer cartridges are being devel-
oped with the fiber porosity graded large to small. This 
design offers longer service life than single-size fiber car-
tridges. 

15.5.4.4 Ultraflltration. Ultrafiltration (UF) is a filtration 
process where the water being filtered is passed through a 
molecular sieve-type membrane. UF membranes are very 



Surface washers, either of the rotary design or stationary type, are used in many plants. 
The jets, directed at high velocity down onto the surface of the filter medium, break up 
hardened mats and help prevent mud balls from building up. Rotary washers, to be suita-
bly applied, require filter shapes that minimize space not reached by the jets. With station-
ary washers, this design consideration is of less concern.

Some manufacturers have employed the use of a separate air distribution manifold in the 
lower section of a filter tank to bubble air through a filter bed during the backwash and bed 
cleansing operation. The use of air with water is known as an air-water system. Air-water 
systems have been effective in improving operations at some plants. Air-water wash has 
been most effectively used where the quantity of precipitate is large, and good agitation of 
the bed is needed to dislodge coatings that have built up on the medium [Drbal, 1996].

4.5.4.2  Activated Carbon

The use of activated carbon pressure filters is typically warranted when adsorption is 
needed to remove impurities such as chlorine, organics, hydrogen sulfide, or constituents 
causing tastes and odors.

Typical applications for activated carbon filter media for a power plant include potable wa-
ter polishing filtration to improve taste and odor and polishing filtration in front of a cycle 
makeup treatment demineralization system to remove chlorine or organics. The impor-
tance of reducing chlorine and organics in the demineralization system influent water is 
that both these impurities degrade resin performance, reducing ion exchange capacity. 
Some reverse osmosis membranes are also sensitive to chlorine.

It is  generally preferred to avoid the use of activated carbon media for roughing filtration. 
As the activated carbon medium surface and interior pores are coated with suspended sol-
ids, the medium’s adsorption capability and, therefore, its ability to remove impurities, is 
reduce significantly. The activated carbon medium removal efficiency should be monitored 
to note any removal capability loss. As a general rule, the activated carbon medium should 
be replaced every 12 to 24 months [Stumm, 1970].

4.5.4.3  Cartridge Filtration

Cartridge filtration typically uses filter elements or cartridges mounted in a pressure vessel. 
The filter cartridges are sheet or wound fiber material supported by screens or perforated 
plate made of stainless steel or plastic. Cartridge filters are usually restricted to polishing 
service because they foul quickly in roughing service and the replacement cost is high. A 
typical application is the essentially complete removal of suspended solids in cycle 
makeup demineralizer influent water that has already been filtered using granular media. 
Wound cotton or meltblown polypropylene fiber cartridges are good choices for this serv-
ice. Some of the newer cartridges are being developed with the fiber porosity graded large 
to small. This design offers longer service life than single- size fiber cartridges [Drbal, 
1996].
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4.5.4.3  Ultrafiltration

Ultrafiltration (UF) is a filtration process where the water being filtered is passed through a 
molecular sieve-type membrane. UF membranes are very similar to reverse osmosis 
membranes. One notable difference is that reverse osmosis  membranes reject the major 
portion of dissolved solids. UF membranes reject colloidal and high-molecular-weight dis-
solved organic solids  such as  humic and fulvic acids, viruses, and bacteria, but do not re-
ject dissolved ionic constituents such as calcium, magnesium, sulfate, and chloride 
[Stumm, 1970].

Reverse osmosis  membrane materials  have been used to develop UF membranes. Other 
polymeric film-forming substances have also been used. Membrane configurations are 
similar as well. Spiral wound, tubular, and hollow fiber UF systems are available.

Pretreatment requirements to reduce suspended solids loading to UF membranes are 
similar to those required for the reverse osmosis membranes.

4.5.5  Iron / Manganese Removal

Iron and manganese exist in nature in both the soluble (Fe2+ and Mn2+) and relatively in-
soluble (Fe3+ and Mn4+) oxidation states. The insoluble or precipitated iron and manga-
nese are readily removed like other suspended solids by both clarification and filtration. 
Iron and manganese in either oxidation state can become chelated with organic matter, 
which makes removal more difficult [Blood, 1981].

The basic treatment methods used for iron and manganese removal are oxidation/filtration 
and chemical precipitation/filtration, using combinations of the treatment processes de-
scribed previously. The selection of the basic process and sequence is dependent on the 
concentrations and characteristics of the iron and manganese contaminants.

Ion exchange materials remove iron and manganese in the water being treated. The proc-
ess is limited to handling waters from which air has been excluded so that oxidation does 
not occur. Some oxidized iron and manganese almost invariably precipitate, impairing the 
function of the ion exchange resin.

Specially processed greensand zeolite resin with a manganese dioxide coating can be 
used to remove iron and manganese by oxidation. In this  process, the raw water is passed 
through special zeolites that are contained in a vessel and operate as a filter. The zeolites 
are regenerated with potassium permanganate, which may be fed continuously to the inlte 
water to keep the manganese-zeolite continuously regenerated. This process is limited by 
economics to applications  where are water usage is small or where the iron and manga-
nese contents are low but essentially complete removal is required [Blood, 1981].

4.5.6  Demineralization

Demineralization is the removal of dissolved ionic impurities that are present in water. 
Demineralized water is commonly produced by one or a combination of the following proc-
esses [Drbal, 1996]:
• Ion exchange
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• Membrane desalination
• Thermal desalination

The method selected to produce demineralized water depends on the quality of the influ-
ent water, the required quality of the effluent water, the availability of resources such as 
regenerant chemicals, and wastewater treatment and disposal requirements. The econom-
ics of the processes that produce acceptable effluent quality must be evaluated to deter-
mine the most cost-effective method for a specific application.

Makeup water quality recommendations developed by the Electric Power Research Insti-
tute (EPRI) provide guidelines for determining the required quality of cycle makeup.

4.5.6.1  Ion Exchange Process

Ion exchange demineralization is one of the most important and widely applied processes 
for the production of high-purity water for power plant services, and it is accomplished us-
ing resins that exchange one ion for another. Cation resins are solid spherical beads with 
fixed negatively charged sites and exchangeable positively charged sites. Anion resins are 
solid spherical beads that have fixed positively charged sites and exchangeable negatively 
charged sites. In their regenerated state for demineralization application. Cation resins are 
in the hydrogen form and anion resins are in the hydroxide form. The reactions of the resin 
beads with dissolved impurities in the water are represented by the following [Drbal, 1996]:

Cation resin:   R-H+ + C+          R-C+ + H+                
                             2R-H+ + C2+          R2-C2+ + 2H+     

    Anion resin:    R+OH- + A-          R+A- + OH-  
                              2R+OH- + A2-          R2+A2- + 2OH- 

                              where

                                     R=resin matrix and fixed charge site;
                                     C=cations such as Ca2+, Mg2+, and Na+; and 
                                     A=anions such as HCO3

-, Cl-, and SO4
2-.

The hydrogen ions (H+) displaced from the cation resin react with the hydroxide ions (OH-) 
displaced from the anion resin. The net effect is that dissolved ions are removed from the 
water and replaced by pure water (H2O).

The ion exchange resins are contained in ion exchange pressure vessels. The ion ex-
change resin in the vessels is referred to as  the resin bed. This process of exchanging dis-
solved impurities is cyclic. When a resin bed site is exchanged with a dissolved ion, the 
site becomes “exhausted” and cannot remove other impurities without releasing an impu-
rity. Exhausted resins must be regenerated to return the resin beads to the original hydro-
gen form for cations and hydroxide form for anions  before further ion exchange can take 
place [Blood, 1981].
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similar to reverse osmosis membranes. One notable differ-
ence is that reverse osmosis membranes reject the major 
portion of dissolved solids. UF membranes reject colloidal 
and high-molecular-weight dissolved organic solids such as 
humic and fulvic acids, viruses, and bacteria, but do not 
reject dissolved ionic constituents such as calcium, magne-
sium, sulfate, and chloride. 

Reverse osmosis membrane materials have been used to 
develop UF membranes. Other polymeric film-forming sub-
stances have also been used. Membrane configurations are 
similar as well. Spiral wound, tubular, and hollow fiber UF 
systems are available. 

Pretreatment requirements to reduce suspended solids 
loading to UF membranes are similar to those required for 
the reverse osmosis membranes. 

15.5.5 Iron/Manganese Removal 

Iron and manganese exist in nature in both the soluble (Fe2+ 

and Mn2+) and relatively insoluble (Fe3+ and Mn4+) oxida-
tion states. The insoluble or precipitated iron and manganese 
are readily removed like other suspended solids by both 
clarification and filtration. Iron and manganese in either 
oxidation state can become chelated with organic matter, 
which makes removal more difficult. 

The basic treatment methods used for iron and manganese 
removal are oxidation/filtration and chemical precipitation/ 
filtration, using combinations of the treatment processes de-
scribed previously. The selection of the basic process and 
sequence is dependent on the concentrations and characteris-
tics of the iron and manganese contaminants. 

Ion exchange materials remove iron and manganese in the 
water being treated. The process is limited to handling waters 
from which air has been excluded so that oxidation does not 
occur. Some oxidized iron and manganese almost invariably 
precipitate, impairing the function of the ion exchange resin. 

Specially processed greensand zeolite resin with a man-
ganese dioxide coating can be used to remove iron and 
manganese by oxidation. In this process, the raw water is 
passed through special zeolites that are contained in a vessel 
and operate as a filter. The zeolites are regenerated with 
potassium permanganate, which may be fed continuously to 
the inlet water to keep the manganese-zeolite continuously 
regenerated. This process is limited by economics to applica-
tions where the water usage is small or where the iron and 
manganese contents are low but essentially complete re-
moval is required. 

15.5.6 Demineralization 

Demineralization is the removal of dissolved ionic impuri-
ties that are present in water. Demineralized water is com-
monly produced by one or a combination of the following 
processes: 

• Ion exchange 
• Membrane desalination 
• Thermal desalination. 

The method selected to produce demineralized water de-
pends on the quality of the influent water, the required qual-
ity of the effluent water, the availability of resources such as 
regenerant chemicals, and wastewater treatment and dis-
posal requirements. The economics of the processes that 
produce acceptable effluent quality must be evaluated to 
determine the most cost-effective method for a specific ap-
plication. 

Makeup water quality recommendations developed by 
the Electric Power Research Institute (EPRI 1990) provide 
guidelines for determining the required quality of cycle 
makeup. 

15.5.6.1 Ion Exchange Process. Ion exchange demineral-
ization is one of the most important and widely applied 
processes for the production of high-purity water for power 
plant services, and it is accomplished using resins that ex-
change one ion for another. Cation resins are solid spherical 
beads with fixed negatively charged sites and exchangeable 
positively charged sites. Anion resins are solid spherical 
beads that have fixed positively charged sites and exchange-
able negatively charged sites. In their regenerated state for 
demineralization applications, cation resins are in the hydro-
gen form and anion resins are in the hydroxide form. The 
reactions of the resin beads with the dissolved impurities in 
the water are represented by the following: 

Cation resin: R^H+ + C+ ^ R~C+ + H+ 
2R-H+ + C2+ ^ R^C2+ + 2H+ 

Anion resin: R+OH" + A" ^ R+A" + OH-
2R+OH" + A2" ^ R+A2~ + 20H-

where 

R = resin matrix and fixed charge site; 

  = cations such as Ca2+, Mg2+, and Na+; and 

A = anions such as HCOj, Cl~, and SOj2. 

The hydrogen ions (H+) displaced from the cation resin 
react with the hydroxide ions (OH~~) displaced from the 
anion resin. The net effect is that dissolved ions are removed 
from the water and replaced by pure water (H20). 

The ion exchange resins are contained in ion exchange 
pressure vessels. The ion exchange resin in the vessels is 
referred to as the resin bed. This process of exchanging 
dissolved impurities is cyclic. When a resin bed site is ex-
changed with a dissolved ion, the site becomes "exhausted" 
and cannot remove other impurities without releasing an 
impurity. Exhausted resins must be regenerated to return the 
resin beads to the original hydrogen form for cations and 
hydroxide form for anions before further ion exchange can 
take place. 

Cation resins are commonly regenerated with a strong 
acid solution of either sulfuric or hydrochloric acid. Sulfuric 
acid does not present the fuming problems associated with con-
centrated hydrochloric acid and is easier to handle (material 
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similar to reverse osmosis membranes. One notable differ-
ence is that reverse osmosis membranes reject the major 
portion of dissolved solids. UF membranes reject colloidal 
and high-molecular-weight dissolved organic solids such as 
humic and fulvic acids, viruses, and bacteria, but do not 
reject dissolved ionic constituents such as calcium, magne-
sium, sulfate, and chloride. 

Reverse osmosis membrane materials have been used to 
develop UF membranes. Other polymeric film-forming sub-
stances have also been used. Membrane configurations are 
similar as well. Spiral wound, tubular, and hollow fiber UF 
systems are available. 

Pretreatment requirements to reduce suspended solids 
loading to UF membranes are similar to those required for 
the reverse osmosis membranes. 

15.5.5 Iron/Manganese Removal 

Iron and manganese exist in nature in both the soluble (Fe2+ 

and Mn2+) and relatively insoluble (Fe3+ and Mn4+) oxida-
tion states. The insoluble or precipitated iron and manganese 
are readily removed like other suspended solids by both 
clarification and filtration. Iron and manganese in either 
oxidation state can become chelated with organic matter, 
which makes removal more difficult. 

The basic treatment methods used for iron and manganese 
removal are oxidation/filtration and chemical precipitation/ 
filtration, using combinations of the treatment processes de-
scribed previously. The selection of the basic process and 
sequence is dependent on the concentrations and characteris-
tics of the iron and manganese contaminants. 

Ion exchange materials remove iron and manganese in the 
water being treated. The process is limited to handling waters 
from which air has been excluded so that oxidation does not 
occur. Some oxidized iron and manganese almost invariably 
precipitate, impairing the function of the ion exchange resin. 

Specially processed greensand zeolite resin with a man-
ganese dioxide coating can be used to remove iron and 
manganese by oxidation. In this process, the raw water is 
passed through special zeolites that are contained in a vessel 
and operate as a filter. The zeolites are regenerated with 
potassium permanganate, which may be fed continuously to 
the inlet water to keep the manganese-zeolite continuously 
regenerated. This process is limited by economics to applica-
tions where the water usage is small or where the iron and 
manganese contents are low but essentially complete re-
moval is required. 

15.5.6 Demineralization 

Demineralization is the removal of dissolved ionic impuri-
ties that are present in water. Demineralized water is com-
monly produced by one or a combination of the following 
processes: 

• Ion exchange 
• Membrane desalination 
• Thermal desalination. 

The method selected to produce demineralized water de-
pends on the quality of the influent water, the required qual-
ity of the effluent water, the availability of resources such as 
regenerant chemicals, and wastewater treatment and dis-
posal requirements. The economics of the processes that 
produce acceptable effluent quality must be evaluated to 
determine the most cost-effective method for a specific ap-
plication. 

Makeup water quality recommendations developed by 
the Electric Power Research Institute (EPRI 1990) provide 
guidelines for determining the required quality of cycle 
makeup. 

15.5.6.1 Ion Exchange Process. Ion exchange demineral-
ization is one of the most important and widely applied 
processes for the production of high-purity water for power 
plant services, and it is accomplished using resins that ex-
change one ion for another. Cation resins are solid spherical 
beads with fixed negatively charged sites and exchangeable 
positively charged sites. Anion resins are solid spherical 
beads that have fixed positively charged sites and exchange-
able negatively charged sites. In their regenerated state for 
demineralization applications, cation resins are in the hydro-
gen form and anion resins are in the hydroxide form. The 
reactions of the resin beads with the dissolved impurities in 
the water are represented by the following: 

Cation resin: R^H+ + C+ ^ R~C+ + H+ 
2R-H+ + C2+ ^ R^C2+ + 2H+ 

Anion resin: R+OH" + A" ^ R+A" + OH-
2R+OH" + A2" ^ R+A2~ + 20H-

where 

R = resin matrix and fixed charge site; 

  = cations such as Ca2+, Mg2+, and Na+; and 

A = anions such as HCOj, Cl~, and SOj2. 

The hydrogen ions (H+) displaced from the cation resin 
react with the hydroxide ions (OH~~) displaced from the 
anion resin. The net effect is that dissolved ions are removed 
from the water and replaced by pure water (H20). 

The ion exchange resins are contained in ion exchange 
pressure vessels. The ion exchange resin in the vessels is 
referred to as the resin bed. This process of exchanging 
dissolved impurities is cyclic. When a resin bed site is ex-
changed with a dissolved ion, the site becomes "exhausted" 
and cannot remove other impurities without releasing an 
impurity. Exhausted resins must be regenerated to return the 
resin beads to the original hydrogen form for cations and 
hydroxide form for anions before further ion exchange can 
take place. 

Cation resins are commonly regenerated with a strong 
acid solution of either sulfuric or hydrochloric acid. Sulfuric 
acid does not present the fuming problems associated with con-
centrated hydrochloric acid and is easier to handle (material 
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similar to reverse osmosis membranes. One notable differ-
ence is that reverse osmosis membranes reject the major 
portion of dissolved solids. UF membranes reject colloidal 
and high-molecular-weight dissolved organic solids such as 
humic and fulvic acids, viruses, and bacteria, but do not 
reject dissolved ionic constituents such as calcium, magne-
sium, sulfate, and chloride. 

Reverse osmosis membrane materials have been used to 
develop UF membranes. Other polymeric film-forming sub-
stances have also been used. Membrane configurations are 
similar as well. Spiral wound, tubular, and hollow fiber UF 
systems are available. 

Pretreatment requirements to reduce suspended solids 
loading to UF membranes are similar to those required for 
the reverse osmosis membranes. 

15.5.5 Iron/Manganese Removal 

Iron and manganese exist in nature in both the soluble (Fe2+ 

and Mn2+) and relatively insoluble (Fe3+ and Mn4+) oxida-
tion states. The insoluble or precipitated iron and manganese 
are readily removed like other suspended solids by both 
clarification and filtration. Iron and manganese in either 
oxidation state can become chelated with organic matter, 
which makes removal more difficult. 

The basic treatment methods used for iron and manganese 
removal are oxidation/filtration and chemical precipitation/ 
filtration, using combinations of the treatment processes de-
scribed previously. The selection of the basic process and 
sequence is dependent on the concentrations and characteris-
tics of the iron and manganese contaminants. 

Ion exchange materials remove iron and manganese in the 
water being treated. The process is limited to handling waters 
from which air has been excluded so that oxidation does not 
occur. Some oxidized iron and manganese almost invariably 
precipitate, impairing the function of the ion exchange resin. 

Specially processed greensand zeolite resin with a man-
ganese dioxide coating can be used to remove iron and 
manganese by oxidation. In this process, the raw water is 
passed through special zeolites that are contained in a vessel 
and operate as a filter. The zeolites are regenerated with 
potassium permanganate, which may be fed continuously to 
the inlet water to keep the manganese-zeolite continuously 
regenerated. This process is limited by economics to applica-
tions where the water usage is small or where the iron and 
manganese contents are low but essentially complete re-
moval is required. 

15.5.6 Demineralization 

Demineralization is the removal of dissolved ionic impuri-
ties that are present in water. Demineralized water is com-
monly produced by one or a combination of the following 
processes: 

• Ion exchange 
• Membrane desalination 
• Thermal desalination. 

The method selected to produce demineralized water de-
pends on the quality of the influent water, the required qual-
ity of the effluent water, the availability of resources such as 
regenerant chemicals, and wastewater treatment and dis-
posal requirements. The economics of the processes that 
produce acceptable effluent quality must be evaluated to 
determine the most cost-effective method for a specific ap-
plication. 

Makeup water quality recommendations developed by 
the Electric Power Research Institute (EPRI 1990) provide 
guidelines for determining the required quality of cycle 
makeup. 

15.5.6.1 Ion Exchange Process. Ion exchange demineral-
ization is one of the most important and widely applied 
processes for the production of high-purity water for power 
plant services, and it is accomplished using resins that ex-
change one ion for another. Cation resins are solid spherical 
beads with fixed negatively charged sites and exchangeable 
positively charged sites. Anion resins are solid spherical 
beads that have fixed positively charged sites and exchange-
able negatively charged sites. In their regenerated state for 
demineralization applications, cation resins are in the hydro-
gen form and anion resins are in the hydroxide form. The 
reactions of the resin beads with the dissolved impurities in 
the water are represented by the following: 

Cation resin: R^H+ + C+ ^ R~C+ + H+ 
2R-H+ + C2+ ^ R^C2+ + 2H+ 

Anion resin: R+OH" + A" ^ R+A" + OH-
2R+OH" + A2" ^ R+A2~ + 20H-

where 

R = resin matrix and fixed charge site; 

  = cations such as Ca2+, Mg2+, and Na+; and 

A = anions such as HCOj, Cl~, and SOj2. 

The hydrogen ions (H+) displaced from the cation resin 
react with the hydroxide ions (OH~~) displaced from the 
anion resin. The net effect is that dissolved ions are removed 
from the water and replaced by pure water (H20). 

The ion exchange resins are contained in ion exchange 
pressure vessels. The ion exchange resin in the vessels is 
referred to as the resin bed. This process of exchanging 
dissolved impurities is cyclic. When a resin bed site is ex-
changed with a dissolved ion, the site becomes "exhausted" 
and cannot remove other impurities without releasing an 
impurity. Exhausted resins must be regenerated to return the 
resin beads to the original hydrogen form for cations and 
hydroxide form for anions before further ion exchange can 
take place. 

Cation resins are commonly regenerated with a strong 
acid solution of either sulfuric or hydrochloric acid. Sulfuric 
acid does not present the fuming problems associated with con-
centrated hydrochloric acid and is easier to handle (material 
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similar to reverse osmosis membranes. One notable differ-
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Cation resins are commonly regenerated with a strong acid solution of either sulfuric or 
hydrochloric acid. Sulfuric acid does not present the fuming problems associated with con-
centrated hydrochloric acid and is easier to handle (material selection). Consequently, sul-
furic acid is frequently the recommended regenerant for cation resins. Anion resins are 
commonly regenerated with a sodium hydroxide solution. As can be seen from the regen-
eration reactions listed below, regeneration is the reverse reaction to the impurity ex-
change reactions [Drbal, 1996].

Cation resin:   2R-C+ + H2SO4        2R-H + C2+SO42-                
                regeneration  R2-C2+ + H2SO4          2R-H+ + C2+SO42-

Anion resin:    R+A- + NaOH          R+OH- + Na+A-  
                regeneration  R2+A2- + 2NaOH         2R+OH- + Na2+A2-  

Dissolved gases such as oxygen or free carbon dioxide are usually removed by degasifi-
cation. Oxygen is removed by vacuum degasification. Carbon dioxide can be removed by 
either vacuum degasification or forced draft degasification. A vacuum degasifier is a 
packed tower in which the water is sprayed and the gases are removed to a low level by 
maintaining a vacuum in the tower. Fig. 225 is  a schematic representation of a typical two-
stage vacuum degasifier. A forced draft degasifier is a packed tower in which the water is 
sprayed down the column and the carbon dioxide is removed by air that is  blown up the 
column. A typical forced draft degasifier is shown schematically in Fig. 226 [Drbal, 1996].

Fig. 225: Schematic of typical two-stage vacuum degasifier
[Drbal, 1996]
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react with the hydroxide ions (OH~~) displaced from the 
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The ion exchange resins are contained in ion exchange 
pressure vessels. The ion exchange resin in the vessels is 
referred to as the resin bed. This process of exchanging 
dissolved impurities is cyclic. When a resin bed site is ex-
changed with a dissolved ion, the site becomes "exhausted" 
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take place. 
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precipitate, impairing the function of the ion exchange resin. 
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passed through special zeolites that are contained in a vessel 
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potassium permanganate, which may be fed continuously to 
the inlet water to keep the manganese-zeolite continuously 
regenerated. This process is limited by economics to applica-
tions where the water usage is small or where the iron and 
manganese contents are low but essentially complete re-
moval is required. 
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ties that are present in water. Demineralized water is com-
monly produced by one or a combination of the following 
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regenerant chemicals, and wastewater treatment and dis-
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the Electric Power Research Institute (EPRI 1990) provide 
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plant services, and it is accomplished using resins that ex-
change one ion for another. Cation resins are solid spherical 
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beads that have fixed positively charged sites and exchange-
able negatively charged sites. In their regenerated state for 
demineralization applications, cation resins are in the hydro-
gen form and anion resins are in the hydroxide form. The 
reactions of the resin beads with the dissolved impurities in 
the water are represented by the following: 

Cation resin: R^H+ + C+ ^ R~C+ + H+ 
2R-H+ + C2+ ^ R^C2+ + 2H+ 

Anion resin: R+OH" + A" ^ R+A" + OH-
2R+OH" + A2" ^ R+A2~ + 20H-

where 

R = resin matrix and fixed charge site; 

  = cations such as Ca2+, Mg2+, and Na+; and 

A = anions such as HCOj, Cl~, and SOj2. 

The hydrogen ions (H+) displaced from the cation resin 
react with the hydroxide ions (OH~~) displaced from the 
anion resin. The net effect is that dissolved ions are removed 
from the water and replaced by pure water (H20). 

The ion exchange resins are contained in ion exchange 
pressure vessels. The ion exchange resin in the vessels is 
referred to as the resin bed. This process of exchanging 
dissolved impurities is cyclic. When a resin bed site is ex-
changed with a dissolved ion, the site becomes "exhausted" 
and cannot remove other impurities without releasing an 
impurity. Exhausted resins must be regenerated to return the 
resin beads to the original hydrogen form for cations and 
hydroxide form for anions before further ion exchange can 
take place. 

Cation resins are commonly regenerated with a strong 
acid solution of either sulfuric or hydrochloric acid. Sulfuric 
acid does not present the fuming problems associated with con-
centrated hydrochloric acid and is easier to handle (material 
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selection). Consequently, sulfuric acid is frequently the recom-
mended regenerant for cation resins. Anion resins are com-
monly regenerated with a sodium hydroxide solution. As can 
be seen from the regeneration reactions listed below, regenera-
tion is the reverse reaction to the impurity exchange reactions. 

Cation resin 2R~C+ + H2S04 ^ 2R~H + CJSO|-
regeneration: R _ c 2 + + ^ _ 2 R _ H + + c 2 + S Q 2_ 

Anion resin R+A" + NaOH ^ R+OHr + Na+A~ 
regeneration: ^ . + ^ ^ _ 2 R + Q H _ +  ^ 

Dissolved gases such as oxygen or free carbon dioxide are 
usually removed by degasification. Oxygen is removed by 
vacuum degasification. Carbon dioxide can be removed by 
either vacuum degasification or forced draft degasification. 
A vacuum degasifier is a packed tower in which the water is 
sprayed and the gases are removed to a low level by main-
taining a vacuum in the tower. Figure 15-8 is a schematic 
representation of a typical two-stage vacuum degasifier. A 
forced draft degasifier is a packed tower in which the water is 
sprayed down the column and the carbon dioxide is removed 
by air that is blown up the column. A typical forced draft 
degasifier is shown schematically in Fig. 15-9. 

Determination of whether a degasifier is to be used and 
the type of degasifier used depends on the amount of C02 
produced following cation exchange and the effluent water 
quality (dissolved oxygen content) required. For moderate to 
large concentrations of carbon dioxide, it is more economical 
to remove the C02 by degasification than by anion exchange. 
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Fig. 15-9. Schematic of typical forced draft degasifier. 

ION EXCHANGE RESINS. Cation resins are commercially 
available in strong-acid and weak-acid forms. Strong-acid 
cation resins can remove all cations in the influent water 
whereas weak-acid cation resins generally are restricted to 
the removal of hardness associated with carbonate alkalinity. 

Anion resins are commercially available in strong-base 
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Fig. 15-8. Schematic of typical two-stage vacuum degasifier. 



Fig. 226: Schematic of typical forced draft degasifier
[Drbal, 1996]

Determination of whether a degasifier is to be used and the type of degasifier used de-
pends on the amount of CO2 produced following cation exchange and the effluent water 
quality (dissolved oxygen content) required. For moderate to large concentrations of car-
bon dioxide, it is  more economical to remove the CO2 by degasification than by anion ex-
change.

ION EXCHANGE RESINS

Cation resins are commercially available in strong-acid and weak-acid forms. Strong-acid 
cation resins can remove all cations in the influent water whereas weak-acid cation resins 
generally are restricted to the removal of hardness associated with carbonate alkalinity.

Anion resins are commercially available in strong-base and weak-base forms. Strong-base 
anion resins are capable of removing both weakly dissociated and strongly dissociated ac-
ids. Weak-base anion resins primarily provide removal of the strongly dissociated acids 
(such as hydrochloric, sulfuric, and nitric) and have only limited capability for removal of 
weakly dissociated acids [Drbal, 1996].

Cation and anion resins have different affinities for the different dissolved ions. Conse-
quently, the cation and anion resins display a selectivity series for dissolved ions. Listed 
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selection). Consequently, sulfuric acid is frequently the recom-
mended regenerant for cation resins. Anion resins are com-
monly regenerated with a sodium hydroxide solution. As can 
be seen from the regeneration reactions listed below, regenera-
tion is the reverse reaction to the impurity exchange reactions. 

Cation resin 2R~C+ + H2S04 ^ 2R~H + CJSO|-
regeneration: R _ c 2 + + ^ _ 2 R _ H + + c 2 + S Q 2_ 

Anion resin R+A" + NaOH ^ R+OHr + Na+A~ 
regeneration: ^ . + ^ ^ _ 2 R + Q H _ +  ^ 

Dissolved gases such as oxygen or free carbon dioxide are 
usually removed by degasification. Oxygen is removed by 
vacuum degasification. Carbon dioxide can be removed by 
either vacuum degasification or forced draft degasification. 
A vacuum degasifier is a packed tower in which the water is 
sprayed and the gases are removed to a low level by main-
taining a vacuum in the tower. Figure 15-8 is a schematic 
representation of a typical two-stage vacuum degasifier. A 
forced draft degasifier is a packed tower in which the water is 
sprayed down the column and the carbon dioxide is removed 
by air that is blown up the column. A typical forced draft 
degasifier is shown schematically in Fig. 15-9. 

Determination of whether a degasifier is to be used and 
the type of degasifier used depends on the amount of C02 
produced following cation exchange and the effluent water 
quality (dissolved oxygen content) required. For moderate to 
large concentrations of carbon dioxide, it is more economical 
to remove the C02 by degasification than by anion exchange. 
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Fig. 15-9. Schematic of typical forced draft degasifier. 

ION EXCHANGE RESINS. Cation resins are commercially 
available in strong-acid and weak-acid forms. Strong-acid 
cation resins can remove all cations in the influent water 
whereas weak-acid cation resins generally are restricted to 
the removal of hardness associated with carbonate alkalinity. 

Anion resins are commercially available in strong-base 
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WATER 
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Fig. 15-8. Schematic of typical two-stage vacuum degasifier. 



below is a representative selectivity series  for commonly used strong-acid cation resins 
and strong-base anion resins with the ion having the greatest affinity for the resin at the 
top and the ion having the least affinity for the resin at the bottom of the list [Drbal, 1996].

Selectivity of Strong-Acid Cations and Strong-Base Anion Resins
                             Cations                                                    Anions
                   ______________________________________________________
                     Calcium (Ca2+)                                       Sulfate (SO4

2-)

                     Magnesium (Mg2+)                                 Chloride (Cl-)
                     Ammonium (NH4+)                                  Bicarbonate (HCO3

-)

                     Potassium (K+)                                        Silica (exchanges as HSiO3
-)

                     Sodium (Na+)                                           Hydroxide (OH-)
                     Hydrogen (H+)

The relative selectivity of the ions determines the exchange chemistry of the resin bed. 
Fig. 227 represents a cation and anion resin bed during a service cycle. As seen in the 
“partially exhausted” resin bed, since the affinity of the cation resin for the calcium ion is 
greater than for the other cations shown, the upper layer of cation resin will be occupied 
predominantly by calcium ions. Since magnesium is next in the selectivity series, the layer 
of resin below the calcium layer will be occupied predominantly by magnesium ions. The 
lowest layer will be occupied predominantly by sodium ions, for which the resin has the 
least affinity.

Fig. 227: Cation and anion resin bed during a service cycle
[Drbal, 1996]
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and weak-base forms. Strong-base anion resins are capable 
of removing both weakly dissociated and strongly dissoci-
ated acids. Weak-base anion resins primarily provide re-
moval of the strongly dissociated acids (such as hydro-
chloric, sulfuric, and nitric) and have only limited capability 
for removal of weakly dissociated acids. 

Cation and anion resins have different affinities for the 
different dissolved ions. Consequently, the cation and anion 
resins display a selectivity series for dissolved ions. Listed 
below is a representative selectivity series for commonly 
used strong-acid cation resins and strong-base anion resins 
with the ion having the greatest affinity for the resin at the top 
and the ion having the least affinity for the resin at the bottom 
of the list. 

Selectivity of Strong-Acid Cation and Strong-Base Anion Resins 
Cations Anions 

Calcium (Ca2+) 
Magnesium (Mg2+) 
Ammonium (NH^) 
Potassium (K+) 
Sodium (Na+) 
Hydrogen (H+) 

Sulfate (SO*-) 
Chloride (Cl~) 
Bicarbonate (HCO^) 
Silica (exchanges as HSiOj) 
Hydroxide (OH") 

The relative selectivity of the ions determines the exchange 
chemistry of the resin bed. Figure 15-10 represents a cation 
and anion resin bed during a service cycle. As seen in the 
"partially exhausted" resin bed, since the affinity of the 
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Fig. 15-10. Cation and anion resin bed during a service cycle. 

cation resin for the calcium ion is greater than for the other 
cations shown, the upper layer of cation resin will be occu-
pied predominantly by calcium ions. Since magnesium is 
next in the selectivity series, the layer of resin below the 
calcium layer will be occupied predominantly by magne-
sium ions. The lowest layer will be occupied predominantly 
by sodium ions, for which the resin has the least affinity. 

As the service run continues, the incoming calcium, 
which has the greatest affinity, replaces the first available 
magnesium-held site. The displaced magnesium and the in-
coming magnesium displace sodium-held sites. The sodium 
ions move farther down the resin bed and are exchanged by 
the unexhausted hydrogen form resin. As illustrated in the 
"approaching exhaustion" view, the band of each ion grows 
in depth during the service run in proportion to the relative 
concentration of the ion in the influent water. In the "ex-
hausted" view, all of the available hydrogen exchange sites 
of the resin have been exchanged and the resin bed must be 
regenerated. At the point of exhaustion, ions, primarily so-
dium, break through into the effluent as they are exchanged 
for an ion of higher affinity. This breakthrough of undesir-
able ions is called "leakage." 

This same description of the service runs applies to the 
anion resin bed with the selectivity series determining the 
position of the layers of ions. Since bisilicate has the lowest 
affinity, it is the predominant ion to break through when an 
anion exchanger exhausts. 

A wide variety of ion exchange resins have been de-
signed, with different resin structures offering different ad-
vantages. For example, some resins have increased cross-
linkage to improve resistance to oxidation and osmotic 
shock. Other resins have greater porosity to lessen irrevers-
ible organic fouling from waters containing organic mate-
rials. The type of resin selected must be determined based on 
the constituents in the water. Table 15-8 is a compilation of 
some of the resins available from various resin manufac-
turers illustrating differences in resin characteristics. 

As a rule, water containing strong oxidizers, such as free 
chlorine, damages ion exchange resins. If these oxidizers are 
present in high concentrations, treatment is required to con-
vert or remove the oxidizers prior to ion exchange. 

The capacity of a resin is a rating of the ion removal 
capability of the resin and is reported in kilograms of ions per 
cubic foot (kilograms per cubic meter) of resin. The capacity 
that can be obtained from a resin is a function of the type of 
resin selected, the constituents in the influent water, the 
regenerant dosage [pounds of regenerant per cubic foot (ki-
lograms per cubic meter) of resin], and for anion resins, the 
temperature of the regenerant solution when silica is to be 
regenerated from the bed. The regenerant dosage rate is a 
function of the leakage rate that can be tolerated from the ion 
exchange bed. Each resin manufacturer has characteristics 
curves for each resin product used to determine resin capac-
ity and regenerant dosages based on a specific water anal-
ysis. Many water treatment design engineers use proprietary 
procedures that incorporate additional factors into the resin 



As the service run continues, the incoming calcium, which has the greatest affinity, re-
places the first available magnesium-held site. The displaced magnesium and the incom-
ing magnesium displace sodium-held sites. The sodium ions  move farther down the resin 
bed and are exchanged by the unexhausted hydrogen form resin. As illustrated in the “ap-
proaching exhaustion” view, the band of each ion grows in depth during the service run in 
proportion to the relative concentration of the ion in the influent water. In the “exhausted” 
view, all of the available hydrogen exchange sites of the resin have been exchanged and 
the resin bed must be regenerated. At the point of exhaustion, ions, primarily sodium, 
break through into the effluent as  they are exchanged for an ion of higher affinity. This 
breakthrough of undesirable ions is called “leakage” [Blood, 1981].

The same description of the service runs applies to the anion resin bed with the selectivity 
series determining the position of the layers  of ions. Since bisilicate has the lowest affinity, 
it is the predominant ion to break through when an anion exchanger exhausts.

A wide variety of ion exchange resins have been designed, with different resin structures 
offering different advantages. For example, some resins have increased cross-linkage to 
improve resistance to oxidation and osmotic-shock. Other resins have greater porosity to 
lessen irreversible organic fouling from waters containing organic materials. The type of 
resin selected must be determined based on the constituents in the water. Table 66 is a 
compilation of some of the resins available from various  resin manufacturers illustrating 
differences in resin characteristics.

As a rule, water containing strong oxidizers, such as free chlorine, damages ion exchange 
resins. If these oxidizers are present in high concentrations, treatment is required to con-
vert or remove the oxidizers prior to ion exchange.

The capacity of a resin is  a rating of the ion removal capability of the resin and is reported 
in kilograms of ions  per cubic foot (kilograms per cubic meter) of resin. The capacity that 
can be obtained from a resin is a function of the type of resin selected, the constituents in 
the influent water, the regenerant dosage [pounds  of regenerant per cubic foot (kilograms 
per cubic meter) of resin], and for anion resins, the temperature of the regenerant solution 
when silica is to be regenerated from the bed. The regenerant dosage rate is  a function of 
the leakage rate that can be tolerated from the ion exchange bed. Each resin manufac-
turer has characteristics curves for each resin product used to determine resin capacity 
and regenerant dosages based on a specific water analysis. Many water treatment design 
engineers use proprietary procedures that incorporate additional factors into the resin rat-
ing process to more accurately reflect plant operating conditions and experience. Operat-
ing experience has shown that use of these procedures  often results  in a more reliable 
long-term estimation of resin capacities, especially for some anion resins. However, the 
manufacturer’s  curves may be used to compare products and to develop preliminary de-
sign information.
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Table 66: Comparison of Resin Types and Applications
[Drbal, 1996]
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Table 15-8. Comparison of Resin Types and Applications 
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Remarks 
Matrix Structure 

Dow Mitsubishi 
(Dowex) (Diaion) Purolite 

Rohm & Haas Sybron 
(Amberlite) (lonac) 

Strong-Acid Cation Resins 

Styrene-DVB 8% 
crosslinkage 

Styrene-DVB 10% 
crosslinkage 

Styrene-DVB 20% 
crosslinkage 

Macroporous 
DVB 

Premium quality strongly acidic cation exchange HCR-S 
resin. The quality of this resin is such that it can HCR-W2 
be used in standard operation as well as where 
there is a need for premium-grade gel cation 
exchange resin. 

This is a sulfonic acid cation exchange resin, which HGR 
gives greater resistance to oxidation than the 8% HGR-W2 
DVB-type cation resins. 

Superior physical stability and resistance to — 
oxidation. Can be expected to provide at least 
three times greater resistance to oxidation than 
conventional gel-type cation-exchange resins. 

Provides excellent osmotic shock and oxidative MSC-1 
degradation resistance in water treatment 
applications, including hot process softeners. 

SK-1B 

SK 110 

C-100 IR-120 plus C-249 
IR-130 C-298 

C-100-10 IR-122 
IR-132 

C-150 IR-200 

PK-228 — 

Weak-Acid Cation Resins 

C-250 
C-299 

CFP-100 

Acrylic-DVB Recommended for dealkalization of water for steam 
flooding or cooling tower applications as well as 
adjunct to strong-acid cation in deionization 
processes. Very high capacity. 

Strong-Base Anion Resins 

CCR-2 WK-10 C-105 IRC-84 CC 

Styrene-DVB Standard crosslinkage; usually used for the SBR 
treatment of waters that are essentially free of 
organic materials that might be irreversibly held 
by the resin. 

Styrene-DVB Chemically the same as the above resin but lower SBR-P 
crosslinkage to give a better diffusion rate with 
large organic molecules. 

Styrene-DVB Best organic fouling resistance. Recommended for MSA-1 
highest purity water production in mixed beds. 

Acrylic-DVB Differs from styrene-DVB resins in that it has an — 
acrylic structure and is more hydrophilic, hence 
more resistant to organic fouling. It is 
recommended for treating water having a record 
of producing severe organic fouling problems for 
conventional strongly basic anion-exchange 
resins. 

SA 10A A-600 IRA-400 

SA-12A A-400 IRA-402 

PA-312 A-500 IRA-900 

A-850 IRA-458 

ASB-1 

ASB-1P 

A-641 

Intermediate or Weak-Base Anion Resins 

Acrylic-DVB Has an unusually high capacity for large organic 
molecules. Used for deacidification, deionization, 
and desalination of water when the removal of 
strong mineral acids and sorption of organics is 
desired. 

Styrene-DVB Has excellent resistance to oxidation. Also has high 
exchange capacity and exceptional resistance to 
organic fouling. Often used because of the long 
operating life that can be expected. 

Epoxy amine High capacity, high regenerant utilization efficiency. 
Stability to oxidation provides long-term low 
rinse requirements, making resin ideal in three 
bed systems. Good organic acid removal. 

MWA-1 

WGR-2 

IRA-68 

WA-30 A-100 IRA-94 

IRA-47 

A-375 

AFP-329 

A-305 



ION EXCHANGE METHODS

Three primary methods are used to accomplish the ion exchange operation: fixed bed, 
fluidized bed, and continuous bed.

With the fixed bed method, the inlet solution to be treated flows through the vessel. The 
ion exchange resin is not moved during the exhaustion; therefore, the resin remains a 
compact (unexpanded) bed or column during the service run. Following exhaustion, the 
resins are regenerated.

With the fluidized bed method, the inlet solution to be treated flows upward in the vessel. 
The ion exchange resin bed is  fluidized by the upward flow. The fluidized bed allows pas-
sage of suspended solids and results in less efficient contact. This process  is used when 
suspended solids  in the inlet solution are not removed. For high-purity cycle makeup 
treatment systems, the influent water is treated to ensure low suspended solids and flui-
dized beds are not employed.

The continuous bed method is similar to be fixed bed method in that the solution to be 
treated flows down and the resin bed is compacted. However, for the continuous method, 
a main vessel and a regeneration vessel are required. Small slugs of exhausted portions 
of the bed from the main vessel are removed to the regeneration vessel, and simultane-
ously, a slug of regenerated resin is returned to the main vessel. Although the resin slugs 
are transferred on an intermittent basis, the transfer is  frequent and of short duration, so 
that the vessel service cycle is  considered continuous. The continuous method is  applica-
ble for water treatment. However, compared to the fixed bed method, the continuous 
method is more complex, the capital costs for the control system are higher, the ion ex-
change resin is subject to greater attrition or wear and tear because of the frequent resin 
transfers. The fixed bed is predominantly selected as the preferred method of ion ex-
change, and the discussions that follow are based on the fixed bed method [Stumm, 
1970].

When the resin in the fixed bed process becomes exhausted, it must be regenerated. 
Normally, the regeneration process is  performed in the exchanger vessel; however, sluic-
ing of the resin to a separate vessel(s) for regeneration is  possible. Typically, “in-place” re-
generation is employed with a de-mineralizer providing cycle makeup, and “external” re-
generation is employed with condensate polishing systems. The two predominant in-place 
regeneration methods are cocurrent and countercurrent regeneration. With cocurrent re-
generation, both the service (process) water and the regenerant solution are applied to the 
resin bed in downflow direction. With countercurrent regeneration, the direction of the serv-
ice (process) water flow is opposite to the direction of the regenerant solution flow. The 
service flow in a countercurrent regenerated vessel can be either downflow or up flow. 
Downflow service flow is the most commonly encountered technique, and for the sake of 
simplicity, is assumed in further discussions of countercurrent regenerated exchanger ves-
sels in this section.

In theory, countercurrent operation offers benefits  over cocurrent regeneration operation. 
Fig. 228 illustrates an important difference between the ionic distribution of cocurrent and 
countercurrent cation resin beds. For both cocurrent and countercurrent regeneration 
processes, the distribution of ions upon bed exhaustion is similar. The difference lies  in the 
regeneration. For cocurrent regeneration systems, hydrogen ion displace calcium, magne-
sium, and sodium ions from the top to the bottom of the resin bed. Complete removal of 
the ions is accomplished only if excessive levels of regenerant are used. In the service 
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run, some of the residual sodium ions left at the bottom of the bed following regeneration 
are displaced by hydrogen ions produces in the upper bed during the exchange process. 
Consequently, some sodium leakage occurs [Drbal, 1996].

Fig. 228: Difference between typical ionic distribution for cocurrent and countercurrent re-
generation processes

[Drbal, 1996]

After countercurrent regeneration, the residual ions are in the top of the bed, with the bot-
tom of the bed being fully converted to hydrogen form. Consequently, there is little residual 
sodium present in the bottom of the bed to allow sodium leakage to occur during the serv-
ice cycle, which creates  the potential for countercurrent regeneration to offer reductions in 
ion leakage at lower regenerant levels compared to cocurrent regeneration. In practice, 
however, the performance advantages of countercurrent regeneration depend on the qual-
ity of the slow rinse water and how well the resin bed is held in place during the upflow re-
generation and rinse process. If the resin bed is  not maintained as  a packed bed during 
the regeneration process, channelling can occur, resulting in improper contact between the 
regenerant solution and the resin bed [Drbal, 1996]. Another problem with the resin bed 
becoming fluidized is that movement of the resins can occur within the bed; consequently, 
the resin at the bottom which is the most highly regenerated becomes mixed with resin 
from the top, thus negating the advantage of countercurrent regeneration. Several meth-
ods have been developed by equipment supplier to minimize these problems.

The regeneration sequence for in-place cocurrent regeneration of either a cation or an an-
ion exchanger is basically a four-step process consisting of backwashing, regenerant ap-
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The continuous bed method is similar to the fixed bed 
method in that the solution to be treated flows down and the 
resin bed is compacted. However, for the continuous 
method, a main vessel and a regeneration vessel are required. 
Small slugs of exhausted portions of the bed from the main 
vessel are removed to the regeneration vessel, and simul-
taneously, a slug of regenerated resin is returned to the main 
vessel. Although the resin slugs are transferred on an inter-
mittent basis, the transfer is frequent and of short duration, so 
that the vessel service cycle is considered continuous. The 
continuous method is applicable for water treatment. How-
ever, compared to the fixed bed method, the continuous 
method is more complex, the capital costs for the control 
system are higher, and the ion exchange resin is subject to 
greater attrition or wear and tear because of the frequent 
resin transfers. The fixed bed is predominantly selected as 
the preferred method of ion exchange, and the discussions 
that follow are based on the fixed bed method. 

When the resin in the fixed bed process becomes ex-
hausted, it must be regenerated. Normally, the regeneration 
process is performed in the exchanger vessel; however, 
sluicing of the resin to a separate vessel(s) for regeneration is 
possible. Typically, "in-place" regeneration is employed 
with a demineralizer providing cycle makeup, and "exter-
nal" regeneration is employed with condensate polishing 
systems. The two predominant in-place regeneration 
methods are cocurrent and countercurrent regeneration. With 
cocurrent regeneration, both the service (process) water and 
the regenerant solution are applied to the resin bed in a 
downflow direction. With countercurrent regeneration, the 
direction of the service (process) water flow is opposite to 
the direction of the regenerant solution flow. The service 
flow in a countercurrent regenerated vessel can be either 
downflow or upflow. Downflow service flow is the most 
commonly encountered technique, and for the sake of sim-
plicity, is assumed in further discussions of countercurrent 
regenerated exchanger vessels in this chapter. 

In theory, countercurrent operation offers benefits over 
cocurrent regeneration operation. Figure 15-13 illustrates an 
important difference between the ionic distribution of cocur-
rent and countercurrent cation resin beds. For both cocurrent 
and countercurrent regeneration processes, the distribution 
of ions upon bed exhaustion is similar. The difference lies in 
the regeneration. For cocurrent regeneration systems, hydro-
gen ions displace calcium, magnesium, and sodium ions 
from the top to the bottom of the resin bed. Complete re-
moval of the ions is accomplished only if excessive levels of 
regenerant are used. In the service run, some of the residual 
sodium ions left at the bottom of the bed following regenera-
tion are displaced by hydrogen ions produced in the upper 
bed during the exchange process. Consequently, some so-
dium leakage occurs. 

After countercurrent regeneration, the residual ions are in 
the top of the bed, with the bottom of the bed being fully 
converted to hydrogen form. Consequently, there is little 
residual sodium present in the bottom of the bed to allow 
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Fig. 15-13. Difference between typical ionic distribution for cocurrent 
and countercurrent regeneration processes (simplified for illustrative 
purposes). 

sodium leakage to occur during the service cycle, which 
creates the potential for countercurrent regeneration to offer 
reductions in ion leakage at lower regenerant levels com-
pared to cocurrent regeneration. In practice, however, the 
performance advantages of countercurrent regeneration de-
pend on the quality of the slow rinse water and how well the 
resin bed is held in place during the upflow regeneration and 
rinse process. If the resin bed is not maintained as a packed 
bed during the regeneration process, channelling can occur, 
resulting in improper contact between the regenerant solu-
tion and the resin bed. Another problem with the resin bed 
becoming fluidized is that movement of the resins can occur 
within the bed; consequently, the resin at the bottom which is 
the most highly regenerated becomes mixed with resin from 
the top, thus negating the advantage of countercurrent regen-
eration. Several methods have been developed by equipment 
suppliers to minimize these problems. 

The regeneration sequence for in-place cocurrent regen-
eration of either a cation or an anion exchanger is basically a 
four-step process consisting of backwashing, regenerant ap-
plication, slow rinse, and fast rinse. Regeneration of a mixed 
bed exchanger follows essentially the same basic steps; how-
ever, the regenerant process is more complicated due to 
having both cation and anion resins in the same vessel. 

The regeneration sequence for in-place countercurrent 
regeneration of either a cation or anion exchanger is ba-
sically a four-step process consisting of partial backwashing, 
regenerant application, slow rinse, and fast rinse. As dis-
cussed earlier, the successful operation of the countercurrent 



plication, slow rinse, and fast rinse. Regeneration of a mixed bed exchanger follows es-
sentially the same basic steps; however, the regenerant process is more complicated due 
to having both cation and anion resins in the same vessel.

The regeneration sequence for in-place countercurrent regeneration of either a cation or 
anion exchanger is  basically a four-step process consisting of partial backwashing, regen-
erant application, slow rinse, and fast rinse. As discussed earlier, the successful operation 
of the countercurrent design is dependent on holding the resin bed in place during the up-
flow regenerant and slow rinse application. Several methods, as listed below, have been 
developed in the attempt to maintain a packed bed during the countercurrent regeneration 
of a downflow service vessel [Drbal, 1996]:

• Water block - blocking downward flow of water in an upflow regeneration cycle.
• Air block - blocking air flow to hold the bed in place during the regenerant and slow rinse 

steps.
• Inert granule packed column - inert granules  fill the freeboard of the vessel, thus allowing 

no bed movement. With this design, to perform a full backwash when the pressure drop 
across the bed becomes excessive, the resin must be sluiced from the exchanger. This 
requires resin sluice equipment and a resin backwash vessel.

• Water bag -  a water-filled rubber bag to hold the resin in place during regeneration.

As previously indicated, the cation resin can be regenerated using either sulfuric acid or 
hydrochloric acid. If sulfuric acid is  used, precautions must be taken to prevent calcium 
sulfate precipitates  from being trapped in the resin bed. The solubility of calcium sulfate is 
low; this, coupled with the presence of excess acid and the common sulfate anion, can re-
sult in calcium sulfate precipitation during regeneration. To minimize the effects  of this  pre-
cipitation on the resin bed, the acid solution flow rate must be sufficiently high to ensure 
that the spent regenerant is  removed from the vesel while the precipitated calcium sulfate 
particles are still minute and can be readily removed from the bed. To minimize further the 
potential for trapping these precipitates  in the resin bed, application of the dilute sulfuric 
acid regenerant solution is  often designed such that concentration of the sulfuric acid solu-
tion progressively increases during regeneration. Typically, the sulfuric acid solution is ap-
plied in three steps: first at 2%, then at 4%, and finally at 6% [Stumm, 1970].

The use of hydrochloric acid for regeneration avoids the calcium sulfate precipitation prob-
lem because the chlorides eluted from the bed are very soluble. However, hydrochloric 
acid is more expensive and the handling problems are much greater with hydrochloric 
acid. As a result, sulfuric acid is the more commonly used acid for cation regeneration.

The contact time for the cation regenerant step is typically 20 to 30 min. This  contact time 
is  important to ensure that the cation resin is exposed to the regenerant acid for enough 
time to allow the regenerating exchange process to approach completion.

For the anion resin regeneration, silica elution is different and causes  the most frequent 
regeneration problems. If improperly regenerated, only a portion of the silica will be eluted 
during the regeneration, wich an eventual silica accumulation in the resin that decreases 
the resin capacity and increase the silica leakage. Proper silica elution from strong-base 
anion resins can usually be achieved by applying the caustic solution at 120°F (49°C) and 
by providing long regenerant contact times. The contact time for the dilute caustic solution 
should be from 60 to 90 min and typical caustic solution strengths  are 3% to 5%; conse-
quently, the caustic solution flow rate is low [Stumm, 1970].

300



Normally, cation resins and anion resins are contained in separate vessels. However, 
mixed bed exchanger vessels can be provided to contain a mixture of cation and anion 
resins. Mixed bed exchangers  are generally limited to “polishing” applications  downstream 
of a series of individual cation and anion exchangers. In this service, the mixed bed pro-
vides additional ion exchange of any ionic leakage from the upstream exchangers. The 
mixed bed exchangers  generally are designed to produce high-quality effluent and are not 
designed for a large ion loading.

ION EXCHANGE EQUIPMENT

Ion exchange vessels  are typically vertical cylindrical pressure vessels  with either dished 
or elliptical heads. Ion exchanger vessels are constructed of carbon steel and are of 
welded construction.

The vessel interiors are lined for corrosion resistance. Several lining materials can be 
used, but natural rubber is  frequently selected because of its long history of successful 
use. The internals  for the ion exchange vessels are dependent on the design of the regen-
eration process. Except when hydrochloric acid is the regenerant, vessel internals of 316 
stainless steel give good performance. Polyvinyl chloride (PVC) internals are also often 
supplied and have given satisfactory performance [Blood, 1981].

To prevent channeling and ensure uniform contact of the inlet water and the regenerants 
with the resin bed, the design and placement of the distributors with the resin bed, the de-
sign and placement of the distributors in the vessel are critical. For in-place cocurrent re-
generation, an inlet distributor, regenerant distributor, and underdrain system are required. 
If the vessel is a mixed bed exchanger, a regenerant interface collector is also required.

Fig. 229 shows a typical cocurrent regenerated demineralizer exchanger vessel. The inlet 
distributor at the top of the exchanger evenly distributes the inlet flow in the service mode 
and collects the backwash flow and distributes the fast rinse flow in the regeneration 
mode. The regenerant distributor is  located slightly above the resin bed and evenly distrib-
utes the regenerant solution and the slow rinse water during regenerant application. The 
underdrain system collects the treated water flow in the service mode and distributes  the 
backwash water and collects the regenerant solution, slow rinse water, and fast rinse wa-
ter in the regeneration mode. For mixed bed exchangers, a regenerant interface collector 
is  installed to collect the regenerant solution flows and the slow rinse flow instead of these 
flows being collected by the undersdrain system [Drbal, 1996].
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Fig. 229: Typical cocurrent regenerated demineralizer exchange vessel
[Drbal, 1996]

For in-place countercurrent regeneration of a downflow service demineralizer exchanger, 
an inlet distributor, regenerant collector, and an underdrain system are required. The inlet 
distributor is  located at the top of the exchanger, evenly distributes the inlet flow in the 
service mode, and collects the backwash flow and distributes  the fast rinse flow in the re-
generation mode. The regenerant collector is just below the top of the resin bed and col-
lects  the regenerant solution and the slow rinse water, and distributes  the partial backwash 
water in the regeneration mode. The underdrain system collects the treated water flow in 
the service mode and distributes the regenerant solution, the slow rinse water, and the full 
backwash water (when required) in the regeneration mode [Drbal, 1996]. 

Ion exchange vessels are sized based on both hydraulics and the quantity of resin re-
quired for a service run. Selection of the vessel dimensions is an iterative process. The 
minimum allowable diameter of the vessel can be determined based on hydraulic loading 
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Fig. 15-14. Typical cocurrent regenerated demineralizer exchange 
vessel. 

backwash flow and distributes the fast rinse flow in the 
regeneration mode. The regenerant collector is just below 
the top of the resin bed and collects the regenerant solution 
and the slow rinse water, and distributes the partial backwash 
water in the regeneration mode. The underdrain system col-
lects the treated water flow in the service mode and distrib-
utes the regenerant solution, the slow rinse water, and the full 
backwash water (when required) in the regeneration mode. 

Ion exchange vessels are sized based on both hydraulics 
and the quantity of resin required for a service run. Selection 
of the vessel dimensions is an iterative process. The mini-
mum allowable diameter of the vessel can be determined 
based on hydraulic loading [gpm/ft2 (L/sec — m2)]. The 
quantity of resin can be determined based on the ionic load-
ing of the water, the capacity of the resin, the gross through-
put required from a service run, and the volumetric loading 
[gpm/ft3 (L/sec — m3)]. Once the volume of resin is deter-
mined, the height of the resin bed is calculated based on the 
vessel diameter, and must be greater than the minimum bed 
depth. The height of the exchanger is determined based on 
the design bed expansion (percentage of the resin bed depth) 

required for the resin. The required hydraulic loading, vol-
umetric loading, minimum bed depth, and minimum bed 
expansion values should be selected based on the resin man-
ufacturer's data. 

Table 15-9 lists ranges for these design criteria, based on 
fixed bed exchangers regenerated cocurrently. Actual design 
should consider the specific resin manufacturer's recom-
mended design criteria. 

When sizing a demineralization system, the net capacity 
required for use must be considered. Since some of the 
demineralized water is actually used to regenerate the demi-
neralizer, that portion of the production must be deducted 
from the gross water produced per regeneration to obtain the 
net production. An additional factor in system sizing is the 
service/regeneration cycle. The hydraulic capacity of the 
system must consider the regeneration period during which 
the exchanger is not producing demineralized water. System 
design criteria often include a 24-h cycle, with 3 to 6 h of the 
cycle in regeneration mode and the remainder of the cycle in 
service mode. 

15.5.6.2 Membrane Desalination Process. Three mem-
brane processes are commercially available for desalination 
of brackish water: reverse osmosis, electrodialysis, and elec-
trodialysis reversal. 

REVERSE OSMOSIS. As related to water solutions, osmosis 
occurs when two solutions of different ionic concentrations 
are separated by a semipermeable membrane. The mem-
brane allows only water molecules to cross the membrane 
barrier. Water will flow from the lower concentration side to 

Table 15-9. Guidelines for Sizing Ion-Exchange Vessels 

Type of Ion 
Exchanger 

Cation Exchanger 
Weak acid resin 
Strong acid 
Resin 

Anion Exchanger 
Weak base resin 
Strong base 
Resin 

Mixed bed exchanger 

Hydraulic 
Loading3 

(gpm/ft2) 

5-10 
5-15 

5-10 
5-15 

5-20 

Volumetric 
Loading 
(gpm/ft3) 

2-4 
2-5 

2-4 
2-5 

2-5 

Minimum 
Bed Depthb 

(ft) 

3 
3 

3 
3 

4c 

"Excessive hydraulic loading can result in channeling through the resin bed, 
increasing leakage and consequently reducing service ran lengths. The minimum 
hydraulic loading is a general guideline for economical design; however, many 
acceptable designs for high TDS waters will result in hydraulic loadings of less than 
5 gpm/fft 
The maximum bed depth preferred is 6 ft. The resin manufacturer should be 
consulted if bed depths in excess of 6 ft are considered. 
cAt least 2 ft each of cation and anion resin are required. If an inert resin is supplied, 
the inert resin volume is in addition to the 4-ft minimum cation and anion bed depth 
requirement. 
Note: The bed depth expansion area, called vessel freeboard, allows the resin to 
expand during backwash. It is usually recommended that all exchangers be designed 
with 100% freeboard even though manufacturers may permit a lower bed expansion 
rate. 



[gpm/ft2 (l/( s x m2))]. The quantity of resin can be determined based on the ionic loading 
of the water, the capacity of the resin, the gross throughput required from a service run, 
and the volumetric loading [gpm/ft3 (l/( s  x m3))] [Drbal, 1996]. Once the volume of resin is 
determined, the height of the resin bed is calculated based on the vessel diameter, and 
must be greater than the minimum bed depth. The height of the exchanger is determined 
based on the design bed expansion (percentage of the resin bed depth) required for the 
resin. The required hydraulic loading, volumetric loading, minimum bed depth, and mini-
mum bed expansion values should be selected based on the resin manufacturer’s data.

Table 66 lists ranges for these design criteria, based on fixed bed exchangers regenerated 
cocurrently. Actual design should consider the specific resin manufacturer’s recommended 
design criteria.

Table 66: Comparison of Resin Types and Applications
[Drbal, 1996]

                                                 Hydraulic                     Volumetric                Minimum
    Type of Ion                            Loadinga                       Loading                Bed Depthb

    Exchanger         (gpm/ft2)                       (gpm/ft3)                      (ft)

    Cation Exchanger
         Weak acid resin                  5-10                                2-4                          3
         Strong acid                         5-15                                2-5                          3                                                 
         Resin

    Anion Exchanger
         Weak base resin                 5-10                                2-4                          3
         Strong bse                          5-15                                2-5                          3                                                 
         Resin

    Mixed bed exchanger              5-20                                2-5                          4c

aExcessive hydraulic  loading can result in channeling through the resin bed, increasing leakage and con-
sequently reducing service  run lengths. The minimum hydraulic loading is a general  guideline for economi-
cal  design; however, many acceptable designs for high TDS waters will result in hydraulic loading of less 
than 5 gpm/ft2.
b The maximum bed depth preferred is 6 ft. The resin manufacturer should be consulted if bed depths in 
excess of 6 ft are considered.
c At least 2 ft each of cation and anion resin are required. If an inert resin is supplied, the inert resin volume 
is in addition to the 4-ft minimum cation and anion bed depth requirement.

Note: The bed depth expansion area, called vessel freeboard, allows the resin to expand during backwash. It 
is usually recommended that all exchangers be disigned with 100% freeboard even though manufacturers 
may permit a lower bed expansion rate.
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When sizing a demineralization system, the net capacity required for use must be consid-
ered. Since some of the demineralized water is  actually used to regenerate the demineral-
izer, that portion of the production must be deducted from the gross water produced per 
regeneration to obtain the net production. An additional factor in system sizing is the 
service/regeneration cycle. The hydraulic capacity of the system must consider the regen-
eration period during which the exchanger is  not producing demineralized water. System 
design criteria often include a 24-h cycle, with 3 to 6 h of the cycle in regeneration mode 
and the remainder of the cycle in service mode [Drbal, 1996].

4.5.6.2  Membrane Desalination Process

Three membrane processes are commercially available for desalination of brackish water; 
reverse osmosis, electrodialysis, and electrodialysis reversal.

REVERSE OSMOSIS.

As related to water solutions, osmosis occurs when two solutions of different ionic concen-
trations are separated by  a semipermeable membrane. The membrane allows only water 
molecules to cross the membrane barrier. Water will flow from the lower concentration side 
to the higher concentration side until equilibrium is achieved. The resulting difference in 
the height of the liquid columns represents the osmotic pressure. Reverse osmosis occurs 
when sufficient pressure is applied to the higher concentration side to reverse the flow of 
water. Fig. 230 provides a schematic representation of osmosis and reverse osmosis. 

Fig. 230: Theory of osmosis and reverse osmosis
[Drbal, 1996]
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the higher concentration side until equilibrium is achieved. 
The resulting difference in the height of the liquid columns 
represents the osmotic pressure. Reverse osmosis occurs 
when sufficient pressure is applied to the higher concentra-
tion side to reverse the flow of water. Figure 15-15 provides a 
schematic representation of osmosis and reverse osmosis. 

The osmotic pressure required to reverse the direction of 
water flow increases as the concentration of the brine in-
creases. During the reverse osmosis process, water flows to 
the area of lower concentration and the high-concentration 
solution becomes more concentrated. To overcome the in-
creased concentration, additional pressure is required to con-
tinue the reverse osmosis process. For example, normal os-
motic pressure of seawater is about 385 psia (2,654 kPa), but 
to achieve reasonable product flow rates, about 765 psia 
(5,274 kPa) is required to achieve a 50% conversion. Addi-
tional pressure beyond 765 psia (5,274 kPa) will further 
increase the process flux (the amount of product discharged 
per unit of membrane area). In the reverse osmosis process, 
the dissolved ions concentrate on the high-pressure side of 
the membrane, and purified water passes through the mem-
brane to create a product stream on the low-pressure side. 

The semipermeable membranes are very sensitive to con-
taminants and impurities, and proper pretreatment of reverse 
osmosis feedwater is essential to prevent membrane fouling. 
A reverse osmosis system, therefore, usually consists of two 
parts: pretreatment equipment to filter and chemically condi-

A. OSMOSIS - NORMAL FLOW FROM LOW-
CONCENTRATION SOLUTION TO HIGH-CONCENTRATION 
SOLUTION. 

PRESSURE 

CONCENTRAT 
SOLUTION 

SEMIPERMEABLE 
MEMBRANE 

ED      » -RESH WATER 

B. REVERSE OSMOSIS - FLOW REVERSED BY APPLICA-
TION OF PRESSURE TO HIGH-CONCENTRATION 
SOLUTION. 

Fig. 15-15. Theory of osmosis and reverse osmosis. 

tion the water, and a group of reverse osmosis modules to 
reduce the concentration of dissolved solids. 

Typical dissolved solids rejection rates range from 90% to 
98%, depending on such factors as the water temperature, 
ionic concentration, ionic distribution, and the system oper-
ating pressure. 

The two basic types of reverse osmosis membrane mate-
rials are asymmetric and thin-film composite. Asymmetric 
membranes consist of a very thin, dense surface layer with a 
microporous substructure. The substructure is designed to 
provide support for the surface skin without impeding per-
meate flow. Cellulose acetate and aromatic polyamides are 
the most common asymmetric materials. Cellulose acetate 
membranes are susceptible to annealing and a reduction in 
flux if operated at higher temperatures. The membranes are 
also prone to hydrolysis at extreme pH but are relatively 
insensitive to chlorine. Aromatic polyamide membranes are 
more resistant to hydrolysis, but more sensitive to chlorine 
than cellulose acetate membranes. Both are subject to com-
paction. 

Like asymmetric membranes, thin-film composite mem-
branes consist of a very thin, dense surface layer with a 
microporous substructure. In the asymmetric membranes, 
these layers are created simultaneously out of the same 
polymer. In a composite membrane, these layers are pro-
duced separately, which increases both the flexibility and 
complexity of the membrane design and construction. 

The best reverse osmosis membrane would offer high 
flux, high rejection rates, high chlorine resistance, high foul-
ing resistance, and a strong, durable composition, as well as 
allow for a wide range of variation in operating temperature, 
pressures, and pH. Membrane advances continue to broaden 
the acceptable operating limits, prolong membrane life, 
lower installation and operating costs, and improve the re-
covery and rejection rates for reverse osmosis systems. 

Proper pretreatment of reverse osmosis feedwater is es-
sential in the prevention of membrane fouling. Membrane 
cleaning frequency serves as a general guide for evaluating 
the effectiveness of the pretreatment system. A cleaning 
frequency of more than once a month indicates inadequate 
pretreatment. Types of fouling that can be prevented or 
reduced by pretreatment include the following: 

• Membrane scaling, 
• Metal oxide fouling, 
• Plugging, 
• Colloidal fouling, and 
• Biological fouling. 

Once fouling occurs, the membranes must be cleaned. 
Table 15-10 lists a number of cleaning solutions. Thorough 
cleaning will remove most foulants; however, membranes 
must be cleaned before irreversible fouling occurs. 

The four types of reverse osmosis element configurations 
are plate and frame, tubular, hollow fiber, and spiral wound. 

Figure 15-16 illustrates a plate and frame module which 



The osmotic pressure required to reverse the direction of water flow increases as the con-
centration of the brine increases. During the reverse osmosis process, water flows to the 
area of lower concentration and the high-concentration solution becomes more concen-
trated. To overcome the increased concentration, additional pressure is required to con-
tinue the reverse osmosis process. For example, normal osmotic pressure of seawater is 
about 385 psia (2,654 kpa), but to achieve reasonable product flow rates, about 765 psia 
(5,274 kpa) will further increase the process flux (the amount of product discharged per 
unit of membrane area). In the reverse osmosis process, the dissolved ions concentrate 
on the high-pressure side of the membrane, and purified water passes through the mem-
brane to create a product stream on the low-pressure side [Blood, 1981]. 

The semipermeable membranes are very sensitive to contaminants and impurities, and 
proper pretreatment of reverse osmosis feedwater is essential to prevent membrane foul-
ing. A reverse osmosis  system, therefore, usually consists of two parts: pretreatment 
equipment to filter and chemically condition the water, and a group of reverse osmosis 
modules to reduce the concentration of dissolved solids. 

Typical dissolved solids rejection rates range from 90% to 98%, depending on such factors 
as the water temperature, ionic concentration, ionic distribution, and the system operating 
pressure.

The two basic types of reverse osmosis membrane materials are asymmetric and thin-film 
composite. Asymmetric membranes consist of a very thin, dense surface layer with a mi-
croporous substructure. The substructure is designed to provide support for the surface 
skin without impeding permeate flow. Cellulose acetate and aromatic polyamides are the 
most common asymmetric materials. Cellulose acetate membranes are susceptible to an-
nealing and a reduction in flux if operated at higher temperatures. The membranes are 
also prone to hydrolysis at extreme pH but are relatively insensitive to chlorine. Aromatic 
polyamide membranes are more resistant to hydrolysis, but more sensitive to chlorine than 
cellulose acetate membranes. Both are subject to compaction [Stumm, 1970].

Like asymmetric membranes, thin-film composite membranes consist of a very thin, dense 
surface layer with a microporous substructure. In the asymmetric membranes, these layers 
are created simultaneously out of the same polymer. In a composite membrane, these lay-
ers  are produced separately, which increases both the flexibility and complexity of the 
membrane design and construction.

The best reverse osmosis membrane would offer high flux, high rejection rates, high chlo-
rine resistance, high fouling resistance, and a strong, durable composition, as well as allow 
for a wide range of variation in operating temperature, pressure, and pH. Membrane ad-
vances continue to broaden the acceptable operating limits, prolong membrane life, lower 
installation and operating costs, and improve the recovery and rejection rates for reverse 
osmosis systems.

Proper pretreatment of reverse osmosis feedwater is essential in the prevention of mem-
brane fouling. Membrane cleaning frequency serves as a general guide for evaluating the 
effectiveness of the pretreatment system. A cleaning frequency of more than once a month 
indicates inadequate pretreatment [Drbal, 1996]. Types of fouling that can be prevented or 
reduced by pretreatment include the following:

• Membrane scaling,
• Metal oxide fouling,
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• Plugging,
• Colloidal fouling, and 
• Biological fouling.

Once fouling occurs, the membranes must be cleaned. Table 67 lists a number of cleaning 
solutions. Thorough cleaning will remove most foulants; however, membranes must be 
cleaned before irreversible fouling occurs.

Table 67: Typical Chemical Cleaning Solutions
[Drbal, 1996]

The four types of reverse osmosis element configurations are plate and frame, tubular, hol-
low fiber, and spiral wound. 

Fig. 231 illustrates a plate and frame module which consists  of a plate and frame assembly 
enclosed in a sealed pressure vessel. The plate and frame is one of the oldest reverse 
osmosis devices. Although it is conceptually simple, the high capital costs  involved in con-
struction contribute to making the plate and frame configuration most suitable of process 
applications characterized by low flow rates and high-value products [Drbal, 1996].

Fig. 232 shows a tubular membrane device. Also one of the earliest reverse osmosis con-
figurations, tubular arrangements  use a design much like a shell and tube heat exchanger, 
with the semipermeable membrane lining the tube walls. The membrane packing density is 
the lowest of the four configurations. By allowing turbulent flow down the tubes, the device 
offers a high resistance to fouling. For this  reason, tubular devices have been used in sev-
eral applications to process wastewater with difficult suspended and colloidal solids.
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Table 15-10. Typical Chemical Cleaning Solutions 
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X 
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X 

X 
X 
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consists of a plate and frame assembly enclosed in a sealed 
pressure vessel. The plate and frame is one of the oldest 
reverse osmosis devices. Although it is conceptually simple, 
the high capital costs involved in construction contribute to 
making the plate and frame configuration most suitable for 
process applications characterized by low flow rates and 
high-value products. 

Figure 15-17 shows a tubular membrane device. Also one 
of the earliest reverse osmosis configurations, tubular ar-
rangements use a design much like a shell and tube heat 
exchanger, with the semipermeable membrane lining the 
tube walls. The membrane packing density is the lowest of 
the four configurations. By allowing turbulent flow down the 
tubes, the device offers a high resistance to fouling. For this 
reason, tubular devices have been used in several applica-

tions to process wastewaters with difficult suspended and 
colloidal solids. 

The hollow fiber configuration, depicted in Fig. 15-18, 
consists of a bundle of porous hollow fibers. The external 
wall of each fiber is lined with a semipermeable membrane, 
with the fiber providing the necessary support for the mem-
brane. The configuration is also similar to a shell and tube 
design. Feed water flows through the shell side and the 
system pressure drives water molecules through the mem-
brane and into the fibers. The product stream is retrieved 
from the tube side, and the reject stream continues out the 
shell side. Hollow fiber devices offer the highest membrane 
packing densities of the four configurations. Hollow fiber 
applications require extensive pretreatment to remove all 
suspended and colloidal solids in the feedstream because the 
devices are particularly susceptible to fouling, and once 
fouled, are difficult to clean. 

The spiral wound configuration consists of sheets of brine 
transport material, product transport material, and membrane 
material, sealed on three of four sides and rolled around 
a perforated tube. As the brine flows longitudinally down 
the element, the system pressure causes the water to pass 
through the membrane into the product transport layer and 
flow spirally toward the center of the element. As the product 
reaches the center, it flows out the unsealed side and through 
the tube perforations, allowing the product flow to exit the 
element out either end of the tube. The brine continues to 
flow longitudinally down the element through spacers that 
form the brine transport layer. A unique advantage of spiral 
wound systems is the ability to place several elements to-
gether in a single-pressure vessel. Spiral wound elements are 
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Fig. 15-16. RO plate and frame configuration. 



Fig. 231: RO plate and frame configuration
[Drbal, 1996]
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Fig, 15-17. Tubular RO configuration. 

more resistant to fouling and are easier to clean than hollow 
fiber elements. Somewhat more space is required for spiral 
wound systems than for corresponding hollow fiber applica-
tions. A typical spiral wound system configuration is shown 
in Fig. 15-19. 

Reverse osmosis has been used on its own or in combina-
tion with other treatment systems in many applications for 
effective, economical water treatment. 

ELECTRODiALYSis. Electrodialysis is a membrane process 
employed to selectively remove dissolved ionized acids, 
bases, and salts from one stream into another using ion-
selective membranes in conjunction with an applied direct 

current electric field. Two types of thin membranes are used: 
anode-selective and cathode-selective. The anode-selective 
membrane is selectively permeable to anion and low-
molecular-weight anionic organics. The cathode-selective 
membrane is selectively permeable to cations and low-
molecular-weight cationic organics. The membranes are 
alternately placed in an electrodialyzer which is configured 
like a plate and frame heat exchanger. 

An electrodialyzer is shown schematically in Fig. 15-20. 
The electrodialyzer consists of alternating series of cationic 
and anionic membranes separated by flow distribution gas-
kets. The electrodialyzer is bounded on one end by an 
anode compartment and anode electrode, and the other end 
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Fig. 15-18. Hollow fiber configuration. (From DuPont. Used with permission.) 

Fig. 232: Tubular RO configuration
[Drbal, 1996]

The hollow fiber configuration, depicted in Fig. 233, consists of a bundle of porous  hollow 
fibers. The external wall of each fiber is lined with a semipermeable membrane, with the 
fiber providing the necessary support for the membrane. The configuration is also similar 
to a shell and tube design. Feed water flows through the shell and tube design. Feed wa-
ter flows through the shell side and the system pressure drives water molecules through 
the membrane and into the fibers. The product stream is retrieved from the tube side, and 
the reject stream continues out the shell side [Stumm, 1970]. Hollow fibers devices offer 
the highest membrane packing densities of the four configurations. Hollow fiber applica-
tions require extensive pretreatment to remove all suspended and colloidal solids in the 
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consists of a plate and frame assembly enclosed in a sealed 
pressure vessel. The plate and frame is one of the oldest 
reverse osmosis devices. Although it is conceptually simple, 
the high capital costs involved in construction contribute to 
making the plate and frame configuration most suitable for 
process applications characterized by low flow rates and 
high-value products. 

Figure 15-17 shows a tubular membrane device. Also one 
of the earliest reverse osmosis configurations, tubular ar-
rangements use a design much like a shell and tube heat 
exchanger, with the semipermeable membrane lining the 
tube walls. The membrane packing density is the lowest of 
the four configurations. By allowing turbulent flow down the 
tubes, the device offers a high resistance to fouling. For this 
reason, tubular devices have been used in several applica-

tions to process wastewaters with difficult suspended and 
colloidal solids. 

The hollow fiber configuration, depicted in Fig. 15-18, 
consists of a bundle of porous hollow fibers. The external 
wall of each fiber is lined with a semipermeable membrane, 
with the fiber providing the necessary support for the mem-
brane. The configuration is also similar to a shell and tube 
design. Feed water flows through the shell side and the 
system pressure drives water molecules through the mem-
brane and into the fibers. The product stream is retrieved 
from the tube side, and the reject stream continues out the 
shell side. Hollow fiber devices offer the highest membrane 
packing densities of the four configurations. Hollow fiber 
applications require extensive pretreatment to remove all 
suspended and colloidal solids in the feedstream because the 
devices are particularly susceptible to fouling, and once 
fouled, are difficult to clean. 

The spiral wound configuration consists of sheets of brine 
transport material, product transport material, and membrane 
material, sealed on three of four sides and rolled around 
a perforated tube. As the brine flows longitudinally down 
the element, the system pressure causes the water to pass 
through the membrane into the product transport layer and 
flow spirally toward the center of the element. As the product 
reaches the center, it flows out the unsealed side and through 
the tube perforations, allowing the product flow to exit the 
element out either end of the tube. The brine continues to 
flow longitudinally down the element through spacers that 
form the brine transport layer. A unique advantage of spiral 
wound systems is the ability to place several elements to-
gether in a single-pressure vessel. Spiral wound elements are 
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Fig. 15-16. RO plate and frame configuration. 



feedstream because the devices are particularly susceptible to fouling, and once fouled, 
are difficult to clean.

Fig. 233: Hollow fiber configuration
[Stumm, 1970]

The spiral wound configuration consists of sheets of brine transport material, product 
transport material, and membrane material, sealed on three of four sides and rolled around 
a perforated tube. As the brine flows longitudinally down the element, the system pressure 
causes the water to pass through the membrane into the product transport layer and flow 
spirally toward the center of the element. As the product reaches the center, it flows out the 
unsealed side and through the tube perforations, allowing the product flow to exit the ele-
ment out either end of the tube [Drbal, 1996]. The brine continues to flow longitudinally 
down the element through spacers that form the brine transport layer. A unique advantage 
of spiral wound systems is the ability to place several elements  together in a single-
pressure vessel. Spiral wound elements  are more resistant to fouling and are easier to 
clean than hollow fiber elements. Somewhat more space is required for spiral wound sys-
tems than for corresponding hollow fiber applications. A typical spiral wound system 
configuration is shown in Fig. 234.

Reverse osmosis  has been used on its own or in combination with other treatment sys-
tems in many applications for effective, economical water treatment.
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Fig, 15-17. Tubular RO configuration. 

more resistant to fouling and are easier to clean than hollow 
fiber elements. Somewhat more space is required for spiral 
wound systems than for corresponding hollow fiber applica-
tions. A typical spiral wound system configuration is shown 
in Fig. 15-19. 

Reverse osmosis has been used on its own or in combina-
tion with other treatment systems in many applications for 
effective, economical water treatment. 

ELECTRODiALYSis. Electrodialysis is a membrane process 
employed to selectively remove dissolved ionized acids, 
bases, and salts from one stream into another using ion-
selective membranes in conjunction with an applied direct 

current electric field. Two types of thin membranes are used: 
anode-selective and cathode-selective. The anode-selective 
membrane is selectively permeable to anion and low-
molecular-weight anionic organics. The cathode-selective 
membrane is selectively permeable to cations and low-
molecular-weight cationic organics. The membranes are 
alternately placed in an electrodialyzer which is configured 
like a plate and frame heat exchanger. 

An electrodialyzer is shown schematically in Fig. 15-20. 
The electrodialyzer consists of alternating series of cationic 
and anionic membranes separated by flow distribution gas-
kets. The electrodialyzer is bounded on one end by an 
anode compartment and anode electrode, and the other end 

Ä ' 

! ££  

Fig. 15-18. Hollow fiber configuration. (From DuPont. Used with permission.) 



Fig. 234: Spiral wound element configuration
[Drbal, 1996]

ELECTRODIALYSIS

Electrodialysis  is a membrane process employed to selectively remove dissolved ionized 
acids, bases, and salts from one stream into another using ion selective membranes in 
conjunction with an applied direct current electric field. Two types of thin membranes are 
used: anode-selective and cathode-selective. The anode-selective membrane is selec-
tively permeable to anion and low molecular weight anionic organics. The cathode-
selective membrane is  selectively permeable to cations and low-molecular-weight cationic 
organics.  The membranes are alternately placed in an electrodialyzer which is configured 
like a plate and frame heat exchanger [Drbal, 1996].
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Fig. 15-20. Electrodialyzer flow schematic. (From Ionics, Inc. Used 
with permission.) 

by a cathode compartment and cathode electrode. Alternat-
ing gaskets are hydraulically connected by flow distribution 
headers such that flow channels bound by these gaskets form 
alternately diluting or concentrating compartments. 

By application of an electric current to the electrodes, 
feed solutions containing dissolved ions are alternately strip-
ped or concentrated, depending on the location of the cat-
ionic and anionic permeable membranes relative to the an-
ode and cathode. 

The diluting makeup stream is fed to the diluting com-
partments of the electrodialyzer, and the concentrate makeup 
stream is fed to the concentrating compartments. The dilut-
ing stream becomes deionized, with the dissolved solids 
being moved to the concentrate stream. 

The electric field in the electrodialysis process is uni-
directional. As a result, the membranes in this process are 
subject to scaling and fouling from the precipitation of cal-
cium salts. Pretreatment of the feedwater and the concentrate 
makeup streams is required to prevent membrane scaling and 
fouling. 

ELECTRODIALYSIS REVERSAL. The electrodialysis reversal 
process is the same as the electrodialysis process and re-
quires the same equipment, but the electrodialysis reversal 
process features an automatic periodic reversal of current 
and flow every 15 to 20 min. The reversal of the current 
causes a reversal in the direction of ion transport, which 
redissolves precipitated salts from the membrane surface. 
Consequently, the electrodialysis reversal process does not 
require the addition of chemicals to prevent membrane foul-
ing and scaling. 

COMPARISON OF MEMBRANE PROCESSES. The electrodialy-
sis and electrodialysis reversal processes are applicable only 
for brackish water. Generally, waters with a TDS above 
10,000 ppm are not candidates for either electrodialysis or 
electrodialysis reversal. These processes remove ionized 
salts from nonionized components but do not remove non-
ionized components such as organic substances, colloids, 
and silica. Power consumption by the electrodialyzers is 
about 5 kWh/1,000 gal (1.3 kWh/m3) of product water per 
1,000 ppm total dissolved solids (TDS) reduced. Typical 
pumping power requirements are about 3 kWh/1,000 gal (0.8 
kWh/m3) of demineralized water. Feedwater temperature 
and pressure limits for both processes are 115° F (46° C) 
and 50 psig (345 kPa), respectively. Typical dissolved solids 
removal efficiency of both electrodialysis processes is 
around 90% to 92% of the total dissolved solids in the 
feedwater. The effluent from these processes requires further 
treatment by ion exchange to meet power plant makeup 
water quality requirements. 

The reverse osmosis process is applicable for both brack-
ish water and seawater. The process removes both ionized 
and nonionized compounds. Power consumption ranges 
from 6 to 8 kWh/1,000 gal (1.6 to 2.1 kWh/m3) of product 
water for brackish waters and from 35 to 40 kWh/1,000 gal 
(9.2 to 10.6 kWh/m3) product water for seawater. Installation 



An electrodialyzer is shown schematically in Fig. 235. The electrodialyzer consists of alter-
nating series of cationic and anionic membranes separated by flow distribution gaskets. 
The electrdialyzer is bounded on one end by an anode compartment and anode electrode, 
and the other end by a cathode compartment and cathode electrode [Drbal, 1996]. Alter-
nating gaskets are hydraulically connected by flow distribution headers such that flow 
channels bound by these gaskets form alternately diluting or concentrating compartments. 

Fig. 235: Electrodialyzer flow schematic
[Drbal, 1996]

By application of an electric current to the electrodes, feed solutions containing dissolved 
ions are alternately stripped or concentrated, depending on the location of the cationic and 
anionic permeable membranes relative to the anode and cathode.

The diluting makeup stream is fed to the diluting compartments of the electrodialyzer, and 
the concentrate makeup stream is  fed to the concentrating compartments. The diluting 
stream becomes deionized, with the dissolved solids being moved to the concentrate 
stream.

The electric field in the electrodialysis process is unidirectional. As a result, the mem-
branes in this process are subject to scaling and fouling from the precipitation of calcium 
salts. Pretreatment of the feedwater and the concentrate makeup streams is required to 
prevent membrane scaling and fouling [Drbal, 1996].
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by a cathode compartment and cathode electrode. Alternat-
ing gaskets are hydraulically connected by flow distribution 
headers such that flow channels bound by these gaskets form 
alternately diluting or concentrating compartments. 

By application of an electric current to the electrodes, 
feed solutions containing dissolved ions are alternately strip-
ped or concentrated, depending on the location of the cat-
ionic and anionic permeable membranes relative to the an-
ode and cathode. 

The diluting makeup stream is fed to the diluting com-
partments of the electrodialyzer, and the concentrate makeup 
stream is fed to the concentrating compartments. The dilut-
ing stream becomes deionized, with the dissolved solids 
being moved to the concentrate stream. 

The electric field in the electrodialysis process is uni-
directional. As a result, the membranes in this process are 
subject to scaling and fouling from the precipitation of cal-
cium salts. Pretreatment of the feedwater and the concentrate 
makeup streams is required to prevent membrane scaling and 
fouling. 

ELECTRODIALYSIS REVERSAL. The electrodialysis reversal 
process is the same as the electrodialysis process and re-
quires the same equipment, but the electrodialysis reversal 
process features an automatic periodic reversal of current 
and flow every 15 to 20 min. The reversal of the current 
causes a reversal in the direction of ion transport, which 
redissolves precipitated salts from the membrane surface. 
Consequently, the electrodialysis reversal process does not 
require the addition of chemicals to prevent membrane foul-
ing and scaling. 

COMPARISON OF MEMBRANE PROCESSES. The electrodialy-
sis and electrodialysis reversal processes are applicable only 
for brackish water. Generally, waters with a TDS above 
10,000 ppm are not candidates for either electrodialysis or 
electrodialysis reversal. These processes remove ionized 
salts from nonionized components but do not remove non-
ionized components such as organic substances, colloids, 
and silica. Power consumption by the electrodialyzers is 
about 5 kWh/1,000 gal (1.3 kWh/m3) of product water per 
1,000 ppm total dissolved solids (TDS) reduced. Typical 
pumping power requirements are about 3 kWh/1,000 gal (0.8 
kWh/m3) of demineralized water. Feedwater temperature 
and pressure limits for both processes are 115° F (46° C) 
and 50 psig (345 kPa), respectively. Typical dissolved solids 
removal efficiency of both electrodialysis processes is 
around 90% to 92% of the total dissolved solids in the 
feedwater. The effluent from these processes requires further 
treatment by ion exchange to meet power plant makeup 
water quality requirements. 

The reverse osmosis process is applicable for both brack-
ish water and seawater. The process removes both ionized 
and nonionized compounds. Power consumption ranges 
from 6 to 8 kWh/1,000 gal (1.6 to 2.1 kWh/m3) of product 
water for brackish waters and from 35 to 40 kWh/1,000 gal 
(9.2 to 10.6 kWh/m3) product water for seawater. Installation 



ELECTRODIALYSIS REVERSAL

The electrodialysis reversal process is the same as the electrodialysis  process and re-
quires the same equipment, but the electrodialysis reversal process features an automatic 
periodic reversal of current and flow every 15 to 20 min [Blood, 1981]. The reversal of the 
current causes a reversal in the direction of ion transport, which redissolves precipitated 
salts  from the membrane surface. Consequently, the electrodialysis  reversal process does 
not require the addition of chemicals to prevent membrane fouling and scaling. 

COMPARISON OF MEMBRANE PROCESSES

The electrodialysis and electrodialysis  reversal processes are applicable only for brackish 
water. Generally, waters with a TDS above 10,000 ppm are not candidates for either elec-
trodialysis or electrodialysis  reversal. These processes remove ionized salts from nonion-
ized components but do not remove nonionized components such as organic substances, 
colloids, and silica. Power consumption by the electrodialyzers is about 5 kWh/1,000 gal 
(1.3 kWh/m3) of product water per 1,000 ppm total dissolved solids (TDS) reduced. Typical 
pumping power requirements are about 3 kWh/1,000 gal (0.8 kWh/m3) of demineralized 
water. Feedwater temperature and pressure limits for both processes are 115℉ (46℃) and 
50 psig (345 kPa), respectively [Stumm, 1970]. Typical dissolved solids removal efficiency 
of both electrodialysis processes is  around 90% to 92% of the total dissolved solids in the 
feedwater. The effluent from these processes requires further treatment by ion exchange 
to meet power plant makeup water quality requirements.

The reverse osmosis process is applicable for both brackish water and seawater. The 
process removes both ionized and nonionized compounds. Power consumption ranges 
from 6 to 8 kWh/1,000 gal (1.6 to 2.1 kWh/m3) of product waters  and from 35 to 40 kWh/
1,000 gal (9.2 to 10.6 kWh/m3) product water for seawater. Installation of hydroturbines or 
similar energy recovery equipment to recover the energy of the high-pressure reject water 
can reduce the energy consumption by up to 30%. Dissolved gases such as carbon diox-
ide permeate through the membrane; consequently, the reverse osmosis  product water 
may require degasification. Typical dissolved solids removal efficiency of reverse osmosis 
membranes range from 95% to 98% of the total dissolved solids in the feedwater, depend-
ing on the type of membrane and the feedwater constituents. The effluent treatment by ion 
exchange to meet power plant makeup water quality requirements [Stumm, 1970].

Since the electrodialysis processes do not remove organics or silica and the reverse os-
mosis process does, reverse osmosis is  generally the more frequently applied membrane 
process for upstream treatment of ion exchange equipment supply water.

REVERSE OSMOSIS DESALINATION

Reverse osmosis  plant configurations vary with feedwater quality and desired product wa-
ter recovery. A single-stage system is  shown in Fig. 236. Feedwater passes through a car-
tridge filter, and a high pressure pump boosts it to the desired pressure. The feedwater en-
ters a manifold and is evenly distributed to all membranes operating in parallel. Deionized 
water is produced on the free side of the membrane and the resulting concentrated brine 
is rejected from the membranes for disposal [Drbal, 1996].
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Fig. 236: Single-stage reverse osmosis system
[Drbal, 1996]

Reverse osmosis  systems can be brine staged to increase product recovery. With brine 
staging, brine from the first stage is collected and piped to the second-stage modules. 
More than two stages can be used in brine staging.

Reverse osmosis systems can also be product-staged to increase product water purity. 
With product staging, the product water from the first stage is  collected and repumped to a 
second stage for additional deionization. The brine from the second stage can be passed 
back to the first stage to increase overall water recovery.

Selection of a system configuration is based on raw water quality and desired product wa-
ter quality. Design of the system must be determined by economic evaluation. Design of 
system energy efficiency and water recovery rate must be optimized. The operation of the 
reverse osmosis  feedwater high-pressure pumps accounts  for the majority of the energy 
consumption of the process. Typically, these pumps are electric driven. However, if a 
source of steam is available, steam turbines can be coupled to the pump shafts to drive 
the pump. Reverse osmosis systems are custom designed for each installation [Stumm, 
1970].

4.5.6.3  Thermal Desalination Process

Thermal desalination is a process based on using heat to vaporize a portion of the fluid 
(brackish water or seawater) treated. The vapor is subsequently condensed as pure water. 
Basically, there are three commercially available technologies by which thermal desalina-
tion can be accomplished; multiple effect distillation, multistage flash evaporation, and va-
por compression. The thermodynamic principles of operation for the processes are the 
same; the processes vary in the method and operating conditions used to accomplish the 
desalination.

The heat of vaporization of water varies with the liquid temperature. The relation of water 
temperature to the heat of vaporization and the pressure at which water boils is shown in 
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of hydroturbines or similar energy recovery equipment to 
recover the energy of the high-pressure reject water can 
reduce the energy consumption by up to 30%. Dissolved 
gases such as carbon dioxide permeate through the mem-
brane; consequently, the reverse osmosis product water may 
require degasiflcation. Typical dissolved solids removal effi-
ciency of reverse osmosis membranes ranges from 95% to 
98% of the total dissolved solids in the feedwater, depending 
on the type of membrane and the feedwater constituents. The 
effluent from the reverse osmosis process typically requires 
further treatment by ion exchange to meet power plant 
makeup water quality requirements. 

Since the electrodialysis processes do not remove or-
ganics or silica and the reverse osmosis process does, reverse 
osmosis is generally the more frequently applied membrane 
process for upstream treatment of ion exchange equipment 
supply water. 

REVERSE OSMOSIS DESALINATION. Reverse osmosis plant 
configurations vary with feedwater quality and desired prod-
uct water recovery. A single-stage system is shown in Fig. 
15-21. Feedwater passes through a cartridge filter, and a high-
pressure pump boosts it to the desired pressure. The feedwa-
ter enters a manifold and is evenly distributed to all mem-
branes operating in parallel. Deionized water is produced on 
the free side of the membrane and the resulting concentrated 
brine is rejected from the membranes for disposal. 

Reverse osmosis systems can be brine staged to increase 
product recovery. With brine staging, brine from the first 
stage is collected and piped to the second-stage modules. 
More than two stages can be used in brine staging. 

Reverse osmosis systems can also be product-staged to 
increase product water purity. With product staging, the 
product water from the first stage is collected and repumped 
to a second stage for additional deionization. The brine from 
the second stage can be passed back to the first stage to 
increase overall water recovery. 

Selection of a system configuration is based on raw water 
quality and desired product water quality. Design of the 
system must be determined by economic evaluation. Design 
of system energy efficiency and water recovery rate must be 
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optimized. The operation of the reverse osmosis feedwater 
high-pressure pumps accounts for the majority of the energy 
consumption of the process. Typically, these pumps are elec-
tric driven. However, if a source of steam is available, steam 
turbines can be coupled to the pump shafts to drive the pump. 
Reverse osmosis systems are custom designed for each in-
stallation. 

15.5.6.3 Thermal Desalination Process. Thermal desalina-
tion is a process based on using heat to vaporize a portion of 
the fluid (brackish water or seawater) treated. The vapor is 
subsequently condensed as pure water. Basically, there are 
three commercially available technologies by which thermal 
desalination can be accomplished: multiple effect distilla-
tion, multistage flash evaporation, and vapor compression. 
The thermodynamic principles of operation for the processes 
are the same; the processes vary in the method and operating 
conditions used to accomplish the desalination. 

The heat of vaporization of water varies with the liquid 
temperature. The relationship of water temperature to the 
heat of vaporization and the pressure at which water boils is 
shown in Fig. 15-22. At atmospheric pressure, water remains 
in the liquid state below 212° F (100° C); however, if the 
pressure is reduced, water vaporizes at a lower temperature. 

The information in Fig. 15-22 is for pure water; adjust-
ments to the boiling point curve must be made for dissolved 
solids content. Figure 15-23 shows the boiling point curve 
for water-sodium chloride solutions. Seawater averages 
3.5% salt; therefore, at atmospheric conditions, seawater 
boils at 213° F (100.5° C). The salts in seawater do not vol-
atilize at these low temperatures; consequently, only water 
vaporizes. The difference of 1° F (0.5° C) between pure water 
and seawater is called the boiling point rise. The boiling 
point rise must be used to adjust the boiling point curve 
provided in Fig. 15-22. 

Evaporation processes rely on the physical state change 
of water to separate the water from the salt. All commercial 
thermal desalination processes operate under a vacuum to 
reduce the energy required for vaporization. The seawater 
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Fig. 15-21. Single-stage reverse osmosis system. 
Fig. 15-22. Water boiling point versus heat of vaporization and 
pressure. 



Fig. 237. At atmospheric pressure, water remains in the liquid state below 212℉ (100℃); 
however, if the pressure is reduced, water vaporizes at a lower temperature [Drbal, 1996].

Fig. 237: Water boiling point versus heat of vaporization and pressure
[Drbal, 1996]

The information in Fig. 237 is for pure water; adjustments to the boiling point curve must 
be made for dissolved solids content. Fig. 238 shows the boiling point curve for water-
sodium chloride solutions. Seawater averages 3.5% salt; therefore, at atmospheric condi-
tions, seawater boils  at 213℉ (100.5℃). The salts in seawater do not volatilize at these 
low temperatures; consequently, only water vaporizes. The difference of 1℉ (0.5℃) be-
tween pure water and seawater is called the boiling point rise. The boiling point rise must 
be used to adjust the boiling pint curve provided in Fig. 237 [Drbal, 1996].

Fig. 238: Nacl concentration versus boiling point of water
[Drbal, 1996]
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of hydroturbines or similar energy recovery equipment to 
recover the energy of the high-pressure reject water can 
reduce the energy consumption by up to 30%. Dissolved 
gases such as carbon dioxide permeate through the mem-
brane; consequently, the reverse osmosis product water may 
require degasiflcation. Typical dissolved solids removal effi-
ciency of reverse osmosis membranes ranges from 95% to 
98% of the total dissolved solids in the feedwater, depending 
on the type of membrane and the feedwater constituents. The 
effluent from the reverse osmosis process typically requires 
further treatment by ion exchange to meet power plant 
makeup water quality requirements. 

Since the electrodialysis processes do not remove or-
ganics or silica and the reverse osmosis process does, reverse 
osmosis is generally the more frequently applied membrane 
process for upstream treatment of ion exchange equipment 
supply water. 

REVERSE OSMOSIS DESALINATION. Reverse osmosis plant 
configurations vary with feedwater quality and desired prod-
uct water recovery. A single-stage system is shown in Fig. 
15-21. Feedwater passes through a cartridge filter, and a high-
pressure pump boosts it to the desired pressure. The feedwa-
ter enters a manifold and is evenly distributed to all mem-
branes operating in parallel. Deionized water is produced on 
the free side of the membrane and the resulting concentrated 
brine is rejected from the membranes for disposal. 

Reverse osmosis systems can be brine staged to increase 
product recovery. With brine staging, brine from the first 
stage is collected and piped to the second-stage modules. 
More than two stages can be used in brine staging. 

Reverse osmosis systems can also be product-staged to 
increase product water purity. With product staging, the 
product water from the first stage is collected and repumped 
to a second stage for additional deionization. The brine from 
the second stage can be passed back to the first stage to 
increase overall water recovery. 

Selection of a system configuration is based on raw water 
quality and desired product water quality. Design of the 
system must be determined by economic evaluation. Design 
of system energy efficiency and water recovery rate must be 
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optimized. The operation of the reverse osmosis feedwater 
high-pressure pumps accounts for the majority of the energy 
consumption of the process. Typically, these pumps are elec-
tric driven. However, if a source of steam is available, steam 
turbines can be coupled to the pump shafts to drive the pump. 
Reverse osmosis systems are custom designed for each in-
stallation. 

15.5.6.3 Thermal Desalination Process. Thermal desalina-
tion is a process based on using heat to vaporize a portion of 
the fluid (brackish water or seawater) treated. The vapor is 
subsequently condensed as pure water. Basically, there are 
three commercially available technologies by which thermal 
desalination can be accomplished: multiple effect distilla-
tion, multistage flash evaporation, and vapor compression. 
The thermodynamic principles of operation for the processes 
are the same; the processes vary in the method and operating 
conditions used to accomplish the desalination. 

The heat of vaporization of water varies with the liquid 
temperature. The relationship of water temperature to the 
heat of vaporization and the pressure at which water boils is 
shown in Fig. 15-22. At atmospheric pressure, water remains 
in the liquid state below 212° F (100° C); however, if the 
pressure is reduced, water vaporizes at a lower temperature. 

The information in Fig. 15-22 is for pure water; adjust-
ments to the boiling point curve must be made for dissolved 
solids content. Figure 15-23 shows the boiling point curve 
for water-sodium chloride solutions. Seawater averages 
3.5% salt; therefore, at atmospheric conditions, seawater 
boils at 213° F (100.5° C). The salts in seawater do not vol-
atilize at these low temperatures; consequently, only water 
vaporizes. The difference of 1° F (0.5° C) between pure water 
and seawater is called the boiling point rise. The boiling 
point rise must be used to adjust the boiling point curve 
provided in Fig. 15-22. 

Evaporation processes rely on the physical state change 
of water to separate the water from the salt. All commercial 
thermal desalination processes operate under a vacuum to 
reduce the energy required for vaporization. The seawater 
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Fig. 15-21. Single-stage reverse osmosis system. 
Fig. 15-22. Water boiling point versus heat of vaporization and 
pressure. 

Water Treatment 495 

226 

u_ 222 

2 
z 
  

218 

214 

210 
0 5 10 15 20 25 

NaCI SOLUTION STRENGTH, PERCENT BY WEIGHT 

Fig. 15-23. NaCI concentration versus boiling point of water. 

boiling point temperature is defined by the evaporator vac-
uum pressure. An inherent characteristic of evaporation is 
that the principal form of energy input is thermal energy, 
usually steam. The performance ratio of an evaporation pro-
cess is the measure of the efficiency of heat use. The perfor-
mance ratio is defined as the pounds of product water pro-
duced per 1,000 Btu of heat input. 

THERMAL DESALINATION PRETREATMENT REQUIREMENTS. Dur-
ing evaporation, the salt content of the water being evapo-
rated increases. As the salt content increases, the potential 
for scale formation also increases. Two types of scale are 
nonalkaline, or hard scale, and alkaline, or soft scale. For 
seawater, the nonalkaline scale that usually forms is calcium 
sulfate, which is difficult to remove. The most common 
alkaline scales formed are calcium carbonate and magne-
sium hydroxide, which can be removed chemically. Scale 
formation is also a function of solution temperature. As 
seawater temperature increases, the solubilities of both hard-
and soft-scale-forming constituents decrease, resulting in 
increased scale formation potential. Figure 15-24 shows the 
relationship of hard scale to seawater temperature and con-
centration. 

Soft scale formation can be controlled to some degree 
with chemicals. Calcium sulfate scale cannot be effectively 
controlled chemically. The chemicals do not eliminate scale, 
but do inhibit scale formation on the tube surfaces. Selection 
of operating conditions at points below the scale saturation 
point can also be used to minimize scale formation. Since 
neither chemical feed nor careful control of the operating 
point completely limits the formation of scale, periodic 
chemical cleaning of the heat transfer surfaces is required to 
maintain the design heat transfer coefficient. 

MULTIPLE-EFFECT DISTILLATION. Multiple-effect distilla-
tion units consist of a heat rejection section (condenser) and 
heat recovery (evaporative) sections. Each heat recovery 
section is called an effect and is essentially a shell and tube 
heat exchanger. In each effect, energy is recycled to boil 
water. Multiple-effect distillation units receive heat from an 
outside source and utilize energy from the vapor produced in 
the preceding effect to vaporize water in the subsequent 
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Fig. 15-24. Solubility of calcium sulfate in seawater. 

effect. A thin film of feedwater is formed by spraying the 
feedwater over the heat exchange tubes. This device is called 
a falling film evaporator. The evaporator tubes can be ar-
ranged either horizontally or vertically. A flow schematic of 
a horizontal falling film multiple effect distillation process is 
shown in Fig. 15-25. 

MULTISTAGE FLASH EVAPORATION. A flow schematic of a 
once-through multistage flash (MSF) evaporation process is 
shown in Fig. 15-26. Steam is used to heat the feedwater to 
the required operating temperature and to power a steam jet 
air ejector. The steam jet air ejector is an aspirating device 
that creates a vacuum within the evaporation chambers and 
removes any noncondensable gases that may collect in the 
system. Each stage in the MSF unit is operated at a different 
pressure and temperature. 

The feedwater to the multistage flash process must be 
chemically treated for scale control to operate at high tem-
perature. Because of the high cost of chemicals for scale 
control, a brine-recirculating MSF plant was developed and 
is shown in Fig. 15-27. 

A multistage flash plant consists of a long rectangular-
shaped metal vessel. The vessel is divided with vertical 
plates to form a series of individual stages. At the top of each 
stage is a tube bundle, beneath which is a product collection 
tray. The flashed steam condenses on the tube bundle and 
drops into the product collection tray that is sloped to the end 
of the stage, where the product water discharges into a 
collection trough that runs the length of the vessel. The 
collection trough is sealed at each stage to prevent vapor 
passage. 



Evaporation processes  rely on the physical state change of water to separate the water 
from the salt. All commercial thermal desalination processes operate under a vacuum to 
reduce the energy required for vaporization. The seawater boiling point temperature is  de-
fined by the evaporator vacuum pressure. An inherent characteristic of evaporation is  that 
the principal form of energy input is thermal energy, usually steam. The performance ratio 
of an evaporation process is the measure of the efficiency of heat use. The performance 
ratio is defined as the pounds of product water produced per 1,000 Btu of heat input.

THERMAL DESALINATION PRETREATMENT REQUIREMENTS

During evaporation, the salt content of the water being evaporated increases. As  the salt 
content increase, the potential for scale formation also increases. Two types of scale are 
nonalkaline, or hard scale, and alkaline, or soft scale. For seawater, the nonalkaline scale 
that usually forms is calcium sulfate, which is  difficult to remove. The most common alka-
line scales formed are calcium carbonate and magnesium hydroxide, which can be re-
moved chemically. Scale formation is  also a function of solution temperature. As seawater 
temperature increases, the solubilities of both hard and soft-scale-forming constituents  de-
crease , resulting in increased scale for formation potential. Fig. 239 shows the relation-
ship of hard scale to seawater temperature and concentration [Blood, 1981].

Fig. 239 Solubility of calcium sulfate in seawater
[Blood, 1981]
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boiling point temperature is defined by the evaporator vac-
uum pressure. An inherent characteristic of evaporation is 
that the principal form of energy input is thermal energy, 
usually steam. The performance ratio of an evaporation pro-
cess is the measure of the efficiency of heat use. The perfor-
mance ratio is defined as the pounds of product water pro-
duced per 1,000 Btu of heat input. 

THERMAL DESALINATION PRETREATMENT REQUIREMENTS. Dur-
ing evaporation, the salt content of the water being evapo-
rated increases. As the salt content increases, the potential 
for scale formation also increases. Two types of scale are 
nonalkaline, or hard scale, and alkaline, or soft scale. For 
seawater, the nonalkaline scale that usually forms is calcium 
sulfate, which is difficult to remove. The most common 
alkaline scales formed are calcium carbonate and magne-
sium hydroxide, which can be removed chemically. Scale 
formation is also a function of solution temperature. As 
seawater temperature increases, the solubilities of both hard-
and soft-scale-forming constituents decrease, resulting in 
increased scale formation potential. Figure 15-24 shows the 
relationship of hard scale to seawater temperature and con-
centration. 

Soft scale formation can be controlled to some degree 
with chemicals. Calcium sulfate scale cannot be effectively 
controlled chemically. The chemicals do not eliminate scale, 
but do inhibit scale formation on the tube surfaces. Selection 
of operating conditions at points below the scale saturation 
point can also be used to minimize scale formation. Since 
neither chemical feed nor careful control of the operating 
point completely limits the formation of scale, periodic 
chemical cleaning of the heat transfer surfaces is required to 
maintain the design heat transfer coefficient. 

MULTIPLE-EFFECT DISTILLATION. Multiple-effect distilla-
tion units consist of a heat rejection section (condenser) and 
heat recovery (evaporative) sections. Each heat recovery 
section is called an effect and is essentially a shell and tube 
heat exchanger. In each effect, energy is recycled to boil 
water. Multiple-effect distillation units receive heat from an 
outside source and utilize energy from the vapor produced in 
the preceding effect to vaporize water in the subsequent 

  

I 
rr   
2 
CO 
  
5 
g 
z   
I 
z 
  
Ü z     

3.5 

3.0 

2.5 -

2.0 

1.5 

1.0 

0.5 

GYPSUM 
CaSCV 2H20 

- \ \ 
\ ANHYDRITE \ 
\ CaS04 \ 

_ \ 

\  
REGION OF A \ \ \ 
ANHYDRITE \   

SUPERSATURATION ^ y 

NORMAL RANGE FOR 
DISTILLATION PLANT 

OPERATION " " 

i i i 

HEMIHYDRATE 
CaS04«   20 

ik V \ Y \ 

\ 

1 ^ 4 ^ 
1 1 

u 100 150 200 250 300 350 

TEMPERATURE, °F 

Fig. 15-24. Solubility of calcium sulfate in seawater. 

effect. A thin film of feedwater is formed by spraying the 
feedwater over the heat exchange tubes. This device is called 
a falling film evaporator. The evaporator tubes can be ar-
ranged either horizontally or vertically. A flow schematic of 
a horizontal falling film multiple effect distillation process is 
shown in Fig. 15-25. 

MULTISTAGE FLASH EVAPORATION. A flow schematic of a 
once-through multistage flash (MSF) evaporation process is 
shown in Fig. 15-26. Steam is used to heat the feedwater to 
the required operating temperature and to power a steam jet 
air ejector. The steam jet air ejector is an aspirating device 
that creates a vacuum within the evaporation chambers and 
removes any noncondensable gases that may collect in the 
system. Each stage in the MSF unit is operated at a different 
pressure and temperature. 

The feedwater to the multistage flash process must be 
chemically treated for scale control to operate at high tem-
perature. Because of the high cost of chemicals for scale 
control, a brine-recirculating MSF plant was developed and 
is shown in Fig. 15-27. 

A multistage flash plant consists of a long rectangular-
shaped metal vessel. The vessel is divided with vertical 
plates to form a series of individual stages. At the top of each 
stage is a tube bundle, beneath which is a product collection 
tray. The flashed steam condenses on the tube bundle and 
drops into the product collection tray that is sloped to the end 
of the stage, where the product water discharges into a 
collection trough that runs the length of the vessel. The 
collection trough is sealed at each stage to prevent vapor 
passage. 



Soft scale formation can be controlled to some degree with chemicals. Calcium sulfate 
scale cannot be effectively controlled chemically. The chemicals  do not eliminate scale, but 
do inhibit scale formation on the tube surfaces. Selection of operating conditions at points 
below the scale saturation point can also be used to minimize scale formation. Since nei-
ther chemical feed nor careful control of the operating point completely limits  the formation 
of scale, periodic chemical cleaning of the heat transfer surfaces is required to maintain 
the design heat transfer coefficient.

MULTIPLE-EFFECT DISTILLATION

Multiple-effect distillation units consist of a heat rejection section (condenser) and heat re-
covery (evaporative) sections. Each heat recovery section is called an effect and is essen-
tially a shell and tube heat exchanger. In each effect, energy is recycled to boil water. 
Multiple-effect distillation units receive heat from an outside source and utilize energy from 
the vapor produced in the preceding effect to vaporize water in the subsequent effect. A 
thin film of feedwater is formed spraying the feedwater over the heat exchanger tubes. 
This  device is called a falling film evaporator. The evaporator tubes can be arranged either 
horizontally or vertically. A flow schematic of a horizontal falling film multiple effect distilla-
tion process is shown in Fig. 240 [Stumm, 1970].

Fig. 240 Horizontal falling film multiple-effect distillation
[Stumm, 1970]

MULTISTAGE FLASH EVAPORATION

A flow schematic of a once-through multistage flash (MSF) evaporation process is  shown 
in Fig. 241. Steam is  used to heat the feedwater to the required operating temperature and 
to power a steam jet air ejector. The steam jet air ejector is an aspirating device that cre-
ates a vacuum within the evaporation chambers and removes any noncondensable gases 
that may collect in the system. Each stage is the MSF unit is operated at a different pres-
sure and temperature.

The feedwater to the multistage flash process must be chemically treated for scale control 
to operate at high temperature. Because of the high cost of chemicals for scale control, a 
brine-recirculating MSF plant was developed and is shown in Fig. 242.
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MECHANICAL VAPOR COMPRESSION. The mechanical vapor 
compression (MVC) process operates on the "heat pump" 
principle and requires a tube bundle, a mechanical vapor 
compressor, an inlet feedwater heat exchanger, and a vac-
uum pump. Figure 15-28 shows a schematic of a MVC unit. 
The incoming feedwater is chemically pretreated for scale 
control and then passes through an inlet feedwater heat 
exchanger, where the heat in the discharged brine and prod-
uct water streams is recovered. From the inlet heat ex-
changer, the feedwater is piped to an auxiliary condenser, 
where noncondensable gases are removed by means of a 
vacuum pump. 

The feedwater is mixed with recirculated brine and 
sprayed on the outside of a bundle of tubes at a rate sufficient 
to create a thin continuous liquid film. The compressor pro-

vides, through its suction, a pressure lower than the equilib-
rium pressure of the brine. Consequently, part of the brine 
evaporates. The vapor passes through a mist eliminator and 
is compressed by the compressor and discharged to the in-
side of the tubes. There it condenses, supplying the latent 
heat required for the evaporation of the brine film flowing 
over the tubes. 

The tube bundles may be arranged horizontally or ver-
tically. Up to three stages can be supplied for operation with 
a single vapor compressor. For multiple-stage MVC units, 
the compressor withdraws the vapor from the last stage, 
compresses it, and delivers it to the first stage where it is 
condensed. The vapor from the first stage flows into the 
second stage and condenses, delivering its latent heat to the 
brine film flowing over the tubes in this stage. 
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Fig. 15-26. Typical flow schematic of a once-through multiple stage flash evaporator (MSF) plant. (From Sasakura Engineering Company. Ltd. Used 
with permission.) 



Fig. 241 Typical flow schematic of a once-through multiple stage flash evaporator (MSF) 
plant

[Drbal, 1996]

Fig. 242 Typical flow schematic of brine recirculating multiple-stage flash evaporator 
(MSF) plant
[Drbal, 1996]

A multistage flash plant consists of a long rectangular shaped metal vessel. The vessel is 
divided with vertical plates to form a series of individual stages. At the top of each stage is 
a tube bundle, beneath which is a product collection tray. The flashed steam condenses on 
the tube bundle and drops into the product collection tray that is sloped to the end of the 
stage, where the product water discharges into a collection trough that runs  the length of 
the vessel. The collection trough is sealed at each stage to prevent vapor passage [Drbal, 
1996].
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MECHANICAL VAPOR COMPRESSION. The mechanical vapor 
compression (MVC) process operates on the "heat pump" 
principle and requires a tube bundle, a mechanical vapor 
compressor, an inlet feedwater heat exchanger, and a vac-
uum pump. Figure 15-28 shows a schematic of a MVC unit. 
The incoming feedwater is chemically pretreated for scale 
control and then passes through an inlet feedwater heat 
exchanger, where the heat in the discharged brine and prod-
uct water streams is recovered. From the inlet heat ex-
changer, the feedwater is piped to an auxiliary condenser, 
where noncondensable gases are removed by means of a 
vacuum pump. 

The feedwater is mixed with recirculated brine and 
sprayed on the outside of a bundle of tubes at a rate sufficient 
to create a thin continuous liquid film. The compressor pro-

vides, through its suction, a pressure lower than the equilib-
rium pressure of the brine. Consequently, part of the brine 
evaporates. The vapor passes through a mist eliminator and 
is compressed by the compressor and discharged to the in-
side of the tubes. There it condenses, supplying the latent 
heat required for the evaporation of the brine film flowing 
over the tubes. 

The tube bundles may be arranged horizontally or ver-
tically. Up to three stages can be supplied for operation with 
a single vapor compressor. For multiple-stage MVC units, 
the compressor withdraws the vapor from the last stage, 
compresses it, and delivers it to the first stage where it is 
condensed. The vapor from the first stage flows into the 
second stage and condenses, delivering its latent heat to the 
brine film flowing over the tubes in this stage. 
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Fig. 15-26. Typical flow schematic of a once-through multiple stage flash evaporator (MSF) plant. (From Sasakura Engineering Company. Ltd. Used 
with permission.) 

Water Treatment 497 

JET EJECTOR 

PRODUCT 

CONDENSATE 
PUMP 

BRINE • 

HEAT RECOVERY SECTION 

RECIRCULATING 
BRINE 

~JL 
ANTISCALANT HEAT REJECTION 

SECTION 

COOLING WATER 
(SEAWATER) PUMP 

^ 11 BRINE PRODUCT PUMP 
PUMP 

COOLING 
WATER 
REJECT 

BRINE 
BLOWDOWN 

Fig. 15-27. Typical flow schematic of brine recirculating multiple-stage flash evaporator (MSF) plant. (From Sasakura Engineering Company, Ltd. 
Used with permission.) 

The MVC production capacity is limited by vapor com-
pressor design technology. The largest MVC units that have 
been installed are 0.5 million gal per day (0.02 m3/s); conse-
quently for large water production requirements, MVC is not 
considered because the number of units required is too great. 

As stated earlier, the efficiency of thermal desalination 
processes is measured in terms of a performance ratio which 
is defined as the pounds of product water produced per 1,000 
Btu of heat input. For a given application, the performance 
ratio can be chosen over a wide range, with low-efficiency 
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Fig. 15-28. Typical flow schematic of mechanical vapor compression (MVC) plant. (From IDE Technologies. Used with permission.) 



MECHANICAL VAPOR COMPRESSION

The mechanical vapor compression (MVC) process  operates on the “heat pump” principle 
and requires a tube bundle, a mechanical vapor compressor, an inlet feedwater heat ex-
changer, and a vacuum pump. Fig. 243 shows a schematic of a MVC unit. The incoming 
feedwater is  chemically pretreated for scale control and then passes through an inlet 
feedwater heat exchanger, where the heat in the discharged brine and product water 
streams is recovered [Stumm, 1970]. From the inlet heat exchanger, the feedwater is 
piped to an auxiliary condenser, where noncondensable gases are removed by means of a 
vacuum pump.

Fig. 243 Typical flow schematic of mechanical vapor compression (MVC) plant
[Stumm, 1970]

The feedwater is mixed with recirculated brine and sprayed on the outside of a bundle of 
tubes at a rate sufficient to create a thin continuous liquid film. The compressor provides, 
through its  suction, a pressure lower than the equilibrium pressure of the brine. Conse-
quently, part of the brine evaporates. The vapor passes through a mist eliminator and is 
compressed by the compressor and discharged to the inside of the tubes. There it con-
denses, supplying the latent heat required for the evaporation of the brine film flowing over 
the tubes.

The tube bundles may be arranged horizontally or vertically. Up to three stages can be 
supplied for operation with a single vapor compressor. For multiple-stage MVC units, the 
compressor withdraws the vapor from the last stage, compresses it, and delivers it to the 
first stage where it is  condensed. The vapor from the first stage flows into the second 
stage and condenses, delivering its latent heat to the brine film flowing over the tubes in 
this stage.
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The MVC production capacity is limited by vapor com-
pressor design technology. The largest MVC units that have 
been installed are 0.5 million gal per day (0.02 m3/s); conse-
quently for large water production requirements, MVC is not 
considered because the number of units required is too great. 

As stated earlier, the efficiency of thermal desalination 
processes is measured in terms of a performance ratio which 
is defined as the pounds of product water produced per 1,000 
Btu of heat input. For a given application, the performance 
ratio can be chosen over a wide range, with low-efficiency 
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Fig. 15-28. Typical flow schematic of mechanical vapor compression (MVC) plant. (From IDE Technologies. Used with permission.) 



The MVC production capacity is limited by vapor compressor design technology. The larg-
est MVC units  that have been installed are 0.5 million gal per day (0.02 m3/s); conse-
quently for large water production requirements, MVC is not considered because the num-
ber of units required is too great [Blood, 1981].

As stated earlier, the efficiency of thermal desalination processes is measured in terms of 
a performance ratio which is defined as the pounds of product water produced per 1,000 
Btu of heat input. For a given application, the performance ratio can be chosen over a 
wide range, with low-efficiency plants  at low capital cost and high-efficiency plant at high 
capital cost. An economic evaluation of feasible designs is required to determine the opti-
mum design. Typical effluent quality from thermal desalination facilities is 20 mg/L of TDS 
or less.

Typically, thermal desalination is cost competitive with reverse osmosis  only when seawa-
ter must be desalinated. For brackish water supplies, unless a very cheap source of steam 
is available, thermal desalination is not cost competitive.
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