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Abstract
Sudden change on earth’s climate, which is a result of an increase in CO2 in the atmosphere, is mainly
caused by burning of fossil fuels for various energy services. However, for the energy services to be
favourable to the environment, there should be a balance with the environmental protection, and we can
call that “Sustainable Innovative Development”.
“EXPLORE Polygeneration” initiative will serve as an important tool to promote the application of
renewable technologies extending to the future sustainable energy engineering field. This paper is intended
in investigating a suitable fuel supply for the microturbine based micro CHP system available at the
Division of Heat and Power Technology, KTH, Sweden; for a site called “Alema Farm PLC”, Bishoftu,
Ethiopia.
Though there is a large biomass energy resource and a huge potential to produce hydroelectric power in
Ethiopia, the modern energy sector is very small and the energy system is mainly characterized by biomass
fuel supplies and household energy consumption. The nation’s limited biomass energy resource is believed
to have been depleting at an increasingly faster rate.
Of the many and surplus amount of renewable energy resources available in and around Alema Farm
PLC, poultry litter and pig’s manure are selected to be the two main energy sources for the CHP system
available in the lab, after passing through different conversion techniques. However, after considering
some basic properties like: Energy content and Bulk Density of the fuel, Moisture content , Ash
characteristic, Tar content, Fuel logistics, Local storage, Fuel feeder system, and Magnitude of GHG
Reduction; poultry litter is found to be the most convenient to produce a syngas with a Downdraft
atmospheric gasifier available in the HPT lab.
Finally, For the problems caused by the nature of the poultry litter by itself and the methods used in the
conversion process, the 40 TRIZ principles of TRIZ inventive principles is used and some major points
are recommended.
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1 INTRODUCTION
Economies can only survive in the long term if continuous innovative developments in every aspect are
guaranteed. Increasing the innovative strength of every system is therefore vitally important. For this
reason, out of the many other aspects, innovations in the stream of energy are becoming increasingly
valuable, on a global manner.
As every move we make and every activity we do is related to our environment, one way or the other, with
the innovative developments we are trying to bring, we put our environment at risk or favour. Meaning,
the strategies we pursue, in order to bring the innovative developments we dreamed of, have a great effect
on our environment.
The only way that our innovative developments could be favourable to the environment is; if we are trying
to gratify our innovative developments without distressing the upcoming generation’s ability in every
aspect, it could be resource utilization or environmental protection way. Therefore, we always have to try
to bring a balance between our innovative developments and environmental protection, and we can call
this “Sustainable Innovative Development”.
Sudden change on earth’s climate like; global warming, rapid melting of glaciers, rise of sea level, loss of
biodiversity, severe drought, cyclones and hurricanes are all results of an increase in CO2 in the
atmosphere. According to the National Oceanic and Atmospheric Administration's (NOAA) 2006 report,
CO2 concentrations in the atmosphere increased from approximately 280 ppm in pre-industrial times to
382 ppm, about a 36% increase in one and a half century. Relatively speaking, this may be a big change in
the history of the earth’s climate. This increase in CO2 emission is mainly caused by burning of fossil fuels
for various energy services used in the modern society. That is why; today our world needs a considerable
revolution towards a Sustainable Innovative Development.
In addition to Sustainable Innovative Development, despite the varied and overall development and
modernization strategies that have been pursued in the stream of energy, many energy transformation
processes are still highly inefficient in the sense that they mostly concentrate upon one energy service,
instead of using the available energy fully to supply different services at the same time.
“EXPLORE Polygeneration” is a wide project being held at KTH, at the Division of Heat and Power
Technology. It is a stepwise growing demonstration case covering, from a system perspective, both the
production and use of energy and all the dynamic relations in between. The concept of simultaneous
transformation of basic energy sources through polygeneration is the next logical step to take towards a
significant higher yield from the basic energy source. The multidimensional and interdisciplinary research
and educational platform “EXPLORE", covers all major climate- and energy-related research in a global
perspective.
Moreover, the “EXPLORE Polygeneration” initiative will serve as an important tool to promote the
application of renewable technologies extending to the future sustainable energy engineering field by
taking advantage of the facilities available at the Division of Heat and Power Technology (KTH/HPT).
Therefore, “EXPLORE Polygeneration” is an excellent project, to resolve the mentioned two crucial
problems, consequences of Innovative Developments in the stream of energy, sustainability and
efficiency.
The microturbine available for this project is ET10, a microturbine based micro CHP system, available at
the Division of Heat and Power Technology. The gas turbine system included in this system is based on a
truck turbocharger and is externally fired from a burner that operates with atmospheric combustion. The
residual heat is recovered by a large heat exchanger connected to a water circuit. Extensive electronics are
implemented to monitor the system performance and a PLC with custom software is used to ensure
smooth operation at 160,000 rpm. The whole assembly is fitted inside a standard, 2 m long container with
theoretically the only connections required being fuel input, cold water input, hot water output and
electricity network access.
-9-

“EXPLORE Polygeneration” comprises many Sub-systems and phases. Each of the sub-systems can be
seen as work packages, with the workload further divided into work tasks addressing specific issues. These
work tasks are then chopped into sub-projects sized to be suitable for MSc theses. Fuel supply
investigation is one of the many work packages enclosed in this wide project called “EXPLORE
Polygeneration, Work Package 19”.
The system, microturbine, was initially designed to operate on natural gas and, in the first phase, it has
been tested for a fuel of biological origin, biogas. This gaseous fuel is supplied from pressurized cylinders
and mixed using a series of flow controllers. At this stage, second phase, further refinement is going to be
put on each of the sub-systems to allow the use of gasified biomass as an energy carrier. Thus, this work
package, “Work Package 19”, is specifically aimed at investigating good ways to use locally available
gasified biomass in an externally fired microturbine.
The availability, physical and chemical property of the gasified biomass to be used as an energy carrier
depends on the nature of the specific place at which the study is to be held. In addition, I am a distance
student doing this project from Ethiopia, on a distance basis. Therefore, in order to accomplish my study
I have selected a specific place called “Alema Farm PLC”, Bishoftu, Ethiopia.
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1.1 Objectives
As this work package is one part, sub-system, of the wide project “EXPLORE Polygeneration”, its general
objective is to provide the required input to other work packages, like design, that uses the output of this
project. This achievement modifies the gas turbine ET 10 to operate on gasified biomass, and use it as a
prime mover for the production of electricity and recover waste heat to provide a variety of energy
services.
The specific objective of this Work Package, “Fuel Supply investigation”, is to describe how the selected
locally available gasified biomass can be fed into the combustion system of an externally fired
microturbine, by taking into account the:






Fuel logistics,
Local storage,
Fuel feeder system,
Combustor and
Composition of combustion gases in relation to heat exchangers and chimney downstream the
combustion.
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2 PERFORMANCE OF WORK
In order to achieve what is intended in the objective, here are some of the main activities that will be
performed:
 Gathering literature review about gasified biomass
 Collecting all the necessary data about the selected geographical region of investigation
 Define one preferred fuel and one alternative fuel and describe why they are selected.
 Describe the fuels with respect to available annual quantity, logistics, storage, combustion
principles and composition of flue gas.
 Define technical conflicts that must be avoided or accepted.
 Using “theory of innovative problem solving” (TIPS, TRIZ) to propose work-around to these
conflicts.
 Compare solutions with respect to Strength-Weakness, Opportunities-Threats (SWOT)
 Write a report describing the fuel supply in the selected region and the findings, technical
conflicts and the proposed work-around, for the preferred fuel and the alternative fuel. Illustrate
the results e.g. with statistics, price comparisons, photos etc.
 Propose how further work ought to be carried out.
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3 MICRO-CHP SYSTEMS
For general application, energy appears in different forms. These forms typically include some
combination of: heating, ventilation, and air conditioning, mechanical energy and electric power. Often,
these forms of energy are produced by a heat engine. However, according to the second law of
thermodynamics, heat engine’s maximum efficiency is limited by Carnot’s principle. It always produces a
surplus of low-temperature heat which is commonly referred to as a "waste heat".
To make efficient use of energy, the "waste heat" must be used purposefully. And it can be put to a good
use by a system called “Combined Heat and Power (CHP)” system or sometimes called “Cogeneration”.
Micro-CHP system is an energy producing system involving the simultaneous generation of thermal
(steam or hot water) energy between 3kW and 18 kW and electric energy between 1kW and 5kW by using
a single primary heat source (Disenco Energy plc, 2006). By this way, Micro-CHP systems are able to
increase the total energy utilization of primary energy sources. Most of the time, this system is used for
home and small commercial building operations.
In traditional power plant, delivering electricity to consumers, about 30% of the heat content of the
primary heat energy source reaches the consumer, although the efficiency can be 20% for very old plants
and 45% for newer gas plants. In contrast, a CHP system converts 15%–42% of the primary heat to
electricity, and most of the remaining heat is captured for hot water or space heating. Totally, as much as
90% of the heat from the primary energy source goes to useful purposes when heat production does not
exceed the demand (Wikipedia, 2010a). However, when heat production exceeds the demand, a way to
avoid it is to reduce the fuel input to the CHP plant. Moreover, CHP is most efficient when the heat can
be used on site or very close to it.
Micro-CHP engine systems are currently based on several different technologies:
 Internal Combustion Engines
 Stirling Engines
 Steam Engines
 Microturbines

3.1 Microturbine
3.1.1 Definition
A Microturbine is a gas turbine which incorporates all the components and represents all the
characteristics of a gas turbine. It is becoming widespread for CHP application. And it is used for
generating electricity, primarily, but having smaller power output when compared with a gas turbine.
Typical microturbines produce between 30 kW and 250 kW of electric power (PERC, 2010). The exhaust
heat from the microturbine can be used for water heating, space heating, drying processes or absorption
chillers, which create cold for air conditioning from heat energy instead of electric energy, Microturbinebased CHP system. Microturbines can also be used in automotive applications such as buses. Moreover,
microturbine is a recent development and is still being developed in many cases.
Microturbine operates with different fuels, but mostly with natural gases delivered at pressures exceeding
55 psi (379 kpa), may go as high as 90 psi (629 kpa), for driving the small turbine that powers the electric
generator (Kolanowski, 2004). However, due to some reasons like: unstable natural gas prices, action
toward carbon emissions regulation, and excess risk from dependence on a single fuel sources, we are
forced to look for an alternatives (Capstone Turbine Corporation, 2010). An alternative fuel source,
attractive from both environmental and economic perspective is a renewable fuel source, biomass.
Though, biomass is a low-pressure gas, it can be boosted with centrifugal or scroll-type compressors and
used (Kolanowski, 2004).
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The electrical output of the microturbine is a high-frequency AC (1500–4000 Hz, 3-phase). The voltage is
rectified and inverted to a normal 3-phase 50 or 60 Hz. Virtually, all microturbines are installed with
recuperators to achieve 28–30% electric efficiency. Unrecuperated microturbines generally run at 14–17%
efficiency (LHV) (Kolanowski, 2004). However, the efficiency of the microturbine can also be increased
by utilizing the waste heat, either in a combined-cycle with a waste heat boiler and a steam turbine or in a
combined-heat-and-power system, though; a further possibility is the recuperative air heating in the gas
turbine itself.
Of the many others, one advantage of a microturbine is the ultra-low emissions that it emits. The
disadvantage is that the small size of the compressor and turbine wheels limits the component efficiency,
holds down the pressure ratio and prevents the turbine wheel from being internally cooled. Thus, the
efficiency of a microturbine is well below that of a reciprocating engine, 14% vs. 40% (Kolanowski, 2004).

3.1.2 Components of Microturbine
A microturbine comprises components like: a combustion chamber (combustor), a heat exchanger, a
turbocompressor (turbocharger), a generator and a lubrication system, with recuperator as an optional
component. In addition, for biomass to be used as a fuel source, an integration of the microturbine with
biomass gasifier, atmospheric gasifier, is required.
Here are some of the major components of a microturbine:
3.1.2.1 Combustor
A combustor or combustion chamber is one of the components of the microturbine, where combustion
of the fuel-air mixture takes place to elevate the temperature of the exhaust air from the compressor,
which finally expands in the turbine to drive the compressor and the electrical generator. The heat
transfer, heating of the compressed exhaust air from the compressor, takes place through different
mechanisms, accordingly with the type of the microturbine.
For a directly fired microturbine, the heat transfer takes place by burning the fuel with the compressed air
in the combustor directly, the combustion gases are in direct contact with the moving parts of the
machine. However, for an externally fired microturbine, the combustor is replaced by a heat exchanger
and a burner; in case of using recuperation, the recuperator becomes part of the heat exchanger, the
combustion gases do not pass through the moving parts of the machine (Kautz et al., 2009).
3.1.2.2 Heat Exchanger
The high temperature heat exchanger is the key to the success in the externally fired gas turbine. It is
required to transfer heat from the heat source, combustion chamber, to the working fluid of the
microturbine. The higher temperature the heat exchanger can provide the higher the system efficiency will
be (Al-attaba et al., 2006).
Though, there are different types of heat exchangers, the main issue is how to build or select a heat
exchanger that can withstand the stresses caused by the working conditions, considering a reasonable
building cost. In addition, issues like: ability and ease of future expansion, Clean-ability, maintenance and
repair and others are also considered.
With the nickel-based super alloys heat exchanger, the turbine inlet temperature could reach 800-825°C
and in many projects they are using an additional natural gas combustor to raise the temperature up to
around 1100°C to increase the cycle efficiency (Al-attaba et al., 2006). However, ceramic heat exchangers
can reach such a high turbine inlet temperature with a long operational life time, but the production cost
of these heat exchangers are very high which takes a very long payback time, but this option might be
economical in the future with further developments for the ceramic heat exchangers technology to reduce
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its costs (Al-attaba et al., 2006). We can calculate the power transferred to the air through the heat
exchanger using the equation below:
Q = ma * Cp * (Δ Ta)

(3.1)

3.1.2.3 Turbocharger
Turbocharger is a name given for a compressor and turbine mounted on a single shaft as an electrical
generator. The main construction of the turbocharger is the impeller of turbine and the impeller of
compressor which are placed on the same shaft, supported with two bearings. The compressor is taking
the rotating torque from radial flow turbine which is placed in the exhaust of the engine, expanding the
high speed exhaust gases. This main construction of the turbocharger is typically the same with the main
construction of one shaft micro gas turbine, or we can call it the heart of the microturbine.
A truck turbocharger can be used to build a microturbine, for the advantage that a turbocharger is very
cheap comparing with the microturbine engine.
In truck turbochargers, the compressor air pressure is about 3 bar absolute and the air flow rate is
assumed to be low because the turbocharger is not expected to run in full speed, due to the low turbine
inlet temperature, so air flow rate will be around 0.12 kg/s (Al-attaba et al., 2006).
3.1.2.4 Generator
Generator is a component of the microturbine that converts mechanical energy obtained from the
rotating shaft of the turbine to electric current, usually by rotating a conductor in a magnetic field, thereby
generating current through electromagnetic induction. This sort of generator produces an alternating
current (AC).
Thought, generators are made in a wide range of sizes, from very small machines with a few watts of
power output to very large central-station generators providing 1000 MW or more, generators used for
microturbines typically produce between 30 kW and 250 kW of electrical power (PERC, 2010).
3.1.2.5 Lubrication System
Lubrication system is a secondary system used to lubricate and cool the turbocharger’s bearings. However,
this doesn’t mean that it is not important. Our turbocharger depends totally on the lubrication system,
because the rotating shaft is totally floating on the oil film which is also acting like a damping system to
eliminate the vibrations. The modern microturbine engines are using air bearings with no oil.
The main components of the lubrication system are:
 High pressure automotive oil gear pump
 Driving electrical motor
 Oil cooling unit.
3.1.2.6 Recuperator
The recuperator is a heat exchanger, transferring heat from the hot turbine exhaust gas to the colder
compressed air in a heat exchanger between compressor and combustor. Almost all microturbines require
recuperators to achieve desirable system thermodynamic efficiency. Before the compressed air enters the
combustor, the exhaust gas is reduced to near compressor discharge temperature and the compressor
discharge air is heated to near turbine exhaust gas temperature. The heat added to the compressed air
reduces the amount of fuel required to raise the temperature to that required by the turbine and the
thermal efficiency increases (Kolanowski, 2004). Recuperators are difficult to design and manufacture
because they operate under high pressure and temperature differentials.
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3.1.2.7 Atmospheric gasifier
While using biomass as a fuel source, an integration of the microturbine with biomass gasifier,
atmospheric gasifier, is required. And the type of an atmospheric gasifier used varies with: the types of
fuels, the efficiency level we want to operate in, expenses and others. Below, some of the gasifiers used are
discussed.
Generally, two principal types of gasifiers have come into view, namely (Naik-Dhungel, 2007):
 Fixed Bed Gasifiers and
 Fluidized Bed Gasifiers
Major characteristic of these gasifiers is discussed below:
Fixed Bed Gasifiers
Fixed Bed Gasifiers typically have a fixed grate inside a refractory-lined shaft. The fresh biomass fuel is
typically placed on top of the pile of fuel, char, and ash inside the gasifier. A further classification is based
on the direction of air, oxygen, flows (Naik-Dhungel, 2007). Based on the direction of air flow, fixed bed
gasifiers are classified as:
 Downdraft Gasifier
 Updraft Gasifier and
 Crossflow Gasifier
In Downdraft Gasifier: air flows down through the bed and leaves as biogas under the grate. Whereas, in
Updraft Gasifier: air flows up through the grate and biogas are collected above the bed and for the case of
Crossflow Gasifier: air flows across the bed, exiting as biogas. Schematics of the primary section of the
fixed bed gasifier types are shown in Figure 3.1.

Figure 3.1: Fixed Bed Gasifier Types (Bain, 2006)
Fixed bed Gasifiers are usually limited in capacity, typically used for generation systems that are able to
produce less than 5 MW (Naik-Dhungel, 2007). The physics of the refractory-lined shaft reactor vessel
limits the diameter and thus the throughput. Though, developers have identified a good match between
fixed bed gasifiers and small-scale distributed power generation equipment, the variable economics of
biomass collection and feeding, coupled with the gasifier’s low efficiency, make the economic viability of
the technology particularly site-specific. The typical physical characteristics of this Fixed Bed Gasifier are
clearly shown in Table 3.1.
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Table 3.1: Typical physical characteristics of a Fixed Bed Gasifier (GasNet, 2010)
Parameter
Fixed Bed, Downdraft
Fuel size (millimeter)

10.16-101.6

Fuel ash content (% weight)

<6

Operating temperature (°C)

787.8 -1398.9

Control

Simple

Turn-down ratio

4:1

Construction material

Mild steel + refractory

Capacity (MWthermal)(biomass tons/day)

<5 (<30)

Start-up time

Minutes

Operation attention

Low

Tar content (g/MJ product gas)

< 0.516

Heating value* (MJ/m3) HHV
4.87
*The value is measured based on STP (Standard temperature and pressure).
Due to the difference in the direction of air flow of the different types of Fixed Bed Gasifiers, their
methods of operation differs too, and this results in different advantages and disadvantages. A major
comparison between these different types of Fixed Bed Gasifiers is clearly shown in Table 3.2.
Table 3.2: Comparison of Fixed Bed Gasification Technologies (Naik-Dhungel, 2007)
Types of Gasification

Operation

Advantages

Disadvantages

Downdraft

Updraft

Crossflow

Biomass is introduced from
the top and moves
downward. Oxidizer (air) is
introduced at the top and
flows downward. Syngas is
extracted at the bottom at
grate level.
Tars and particulate in the
syngas are lower, allowing
direct use in some engines
without cleanup. The grate is
not exposed to high
temperatures.

Biomass is introduced from
the top and moves
downward. Oxidizer is
introduced at the bottom
and flows upward. Some
drying occurs. Syngas is
extracted at the top.
Can handle higher –
moisture biomass. Higher
temperatures can destroy
some toxins and slag
minerals and metals. Higher
tar content adds to heating
value.
Higher tar content can foul
engines or compressors.
The grate is exposed to
high temperatures and must
be cooled or otherwise
protected.

Biomass is introduced from
the top and moves
downward. Oxidizer is
introduced at the bottom and
flows across the bed. Syngas
is extracted opposite the air
nozzle at the grate.
Simplest of designs. Stronger
circulation in the hot zone.
Lower temperatures allow the
use of less expensive
construction materials.

Biomass must be very dry (<
20% moisture content). The
syngas is hot and must be
cooled if compression or
extensive cleanup is required.
About 4 -7 % of the carbon is
unconverted and remains in
the ash.
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More complicated to operate.
Reported issues with slagging.
High levels of carbon (33%)
in the ash.

Fluidized Bed Gasifiers
Fluidized bed gasifiers utilize the same gasification processes and offer higher performance than fixed bed
systems, but with greater complexity and cost. Similar to fluidized bed boilers, the primary gasification
process takes place in a bed of hot inert materials suspended by an upward motion of oxygen deprived
gas. As the amount of gas is augmented to achieve greater throughput, the bed will begin to levitate and
become fluidized. Sand or alumina is often used to further improve the heat transfer. Notable benefits of
fluidized bed devices are their high productivity (per area of bed) and flexibility. Fluidized bed gasifiers can
also handle a wider range of biomass feedstocks with moisture contents up to 30 % on average (NaikDhungel, 2007). The schematic of this Fluidized Bed Gasifier is shown in Figure 3.2.

Figure 3.2: Fluidized Bed Gasifier (Bain, 2006)
There are three stages of fluidization that can occur on the gasifier depending on the design: bubbling,
recirculating, and entrained flow. At the lower end of fluidization, the bed expands and begins to act as a
fluid. As the velocity is increased, the bed will begin to “bubble.” With a further increase in airflow, the
bed material begins to lift off the bed. This material is typically separated in a cyclone and “recirculated” to
the bed. With still higher velocities, the bed material is entrained. The typical physical characteristics of
this Fluidized Bed Gasifier are clearly shown in Table 3.3.
Table 3.3: Typical Characteristics of a Fluidized Bed Gasifier (GasNet, 2010)
Parameter
Fluidized Bed
Fuel size (millimeter)

0-20.32

Fuel ash content (% weight)

<25

Operating temperature (°C)

732.2 -954.4

Control

Average

Turn-down ratio

3

Construction material

Heat-resistant steel

Capacity (MWthermal)(biomass tons/day)

5 and up(>30)

Start-up time

Hours

Operation attention

Average

Tar content (g/MJ product gas)
Heating value*

(MJ/m3)

< 0.86

HHV

5.62

*The value is measured based on STP (Standard temperature and pressure).
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Generally speaking, Fixed Bed Gasifiers are typically simpler, less expensive, and produce a lower heat
content syngas. Whereas, Fluidized Bed Gasifiers are more complicated, more expensive, and produce a
syngas with a higher heating value (Naik-Dhungel, 2007).

3.1.3 Types of Microturbine
Based on the firing of the gas turbine, microturbine can be of two types. These two categories are:
 Externally or Indirectly fired Microturbine
 Directly fired Microturbine
3.1.3.1 Externally or Indirectly fired Microturbine
The externally or indirectly firing of the gas turbine means that the combustion chamber is not directly
connected to the gas turbine, therefore, the combustion exhausted gases are not inserted directly to the
turbine and not in direct contact with the turbine’s impeller. Rather, the combustion process here is used
for heating up a compressed fluid, commonly air, using a high temperature heat exchanger, and then the
fluid is expanded in the turbine producing a high rotary speed shaft power (Al-attaba et al, 2006).
Both the indirectly and directly fired microturbines are similar in concept and both are explained
thermodynamically by the Brayton cycle. In the indirect fired open Brayton cycle; first, the working fluid is
drawn by the compressor and compressed. Then, the working fluid passes through a heat exchanger for
heating up. After heating up, it expands through the turbine, and finally, either discharged directly to the
environment from the turbine or returned back to the compressor after a cooling process (Al-attaba et al.,
2006).
The externally fired gas turbine, EFGT, has the advantage of freedom in choosing the fuel source. The
fuel sources could be liquid, gas or even solid types, like: coal and biomass fuels. Though, this advantage is
also available in the Rankine steam cycle, the rankine steam cycle has a lower thermodynamic efficiency
compared with the Brayton cycle which has a higher temperature of the working fluid in the inlet of the
turbine with a lower pressure compared with steam temperature and pressure in Rankine cycle (Al-attaba
et al., 2006).
The externally fired gas turbine cycle can be divided in to two types:
 The open cycle externally fired gas turbine.
 The closed cycle externally fired gas turbine.
In the open cycle, the working fluid is discharged to the combustion chamber as a heat and oxygen supply
for the combustion process, or discharged to the environment after decreasing its temperature in a heating
or drying process. However, in the closed cycle, the working fluid is returned back to the compressor after
a cooling process (Al-attaba et al., 2006).
3.1.3.2 Directly fired Microturbine
The direct fired gas turbine, DFGT, has a higher thermodynamic efficiency compared with the externally
fired gas turbine because of the higher temperature of the combustion gases in the turbine’s inlet.
However, on the other hand, direct fired gas turbine can only deal with the clean liquid or gas fuels along
with the fuel compressing and injecting equipments which is not necessary in the externally fired gas
turbine. The direct fired gas turbine can use the solid fuels like biomass or coal after gasification process
only after an intensive cleaning process for the producer gas (Anheden, 2000).
Generally, in comparison with the directly fired gas turbine, the externally fired gas turbine sets less
stringent requirements with respect to composition and cleaning of the combustion gas, as far as, the
combustion gases do not pass through the turbine. In addition, EFGT also has the advantage of the
preheated air, the utilization of the waste heat from the turbine in a recuperative process, and the
advantage of allowing burning alternative, non-standard fuels, for instance biogenic fuels. The smaller unit
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size also enables decentralized units appropriate for the biomass output from farms and agricultural
processing units.

3.2 Sources of Energy for Microturbines
There are different sources of energy, source of fuel, for microturbine to drive the small turbine that
powers the electric generator. Broadly, we can divide these energy sources in to two. These are:
 Non-Renewable energy sources, and
 Renewable energy sources

3.2.1 Non-Renewable energy sources
Non-Renewable energy sources are sources of energy which are found naturally, not produced or
generated by human beings (Wikipedia, 2010b). These energy sources have the highest consumption rate
in our day to day activities. Most of our systems or machines today, industrialized society, are designed to
fit for these energy sources, as well as microturbine. Quantitatively speaking, over 85% of the energy used
in the world is from non-renewable sources (Connexions, 2009). Non-Renewable energy sources are also
known for their higher heating values.
However, since these energy sources exist in a fixed amount and due to their high consumption rate, they
are being consumed much faster than nature can create them and they also have higher environmental
effect, climate change. From fuels that are grouped under this energy source, fossil fuels and nuclear
power are the major ones.
Fossil fuels are compounds of the chemical elements carbon and hydrogen. Fossil fuels were formed
millions of years ago, during the Carboniferous Period, from the remains of plants and animals. As the
plants and animals that inhabited the swamps died, they were buried under sand and mud which stopped
them from decaying. Over time, more sediment covered the remains and pressure, together with heat,
turned them into natural gas, coal and oil deposits. These three are the main types of fossil fuels.
However, there are also other like: oil shale and tar sands, but less-used. Fossil fuels are mostly found deep
underground. Since the Industrial Revolution, we have come to rely on fossil fuels as our main source of
energy. Today, fossil fuels are used in power stations to generate electricity.
Natural gas, one of the fossil fuels, is a gas that occurs naturally underground and piped to the surface
through wells drilled into the underground rock. It is a mixture of gases, the most common being methane
(CH4) and it can be processed into propane and other types of fuels. It is usually not contaminated with
sulfur and is therefore the cleanest burning fossil fuel. All natural gas fuels are highly flammable and
odorless, so for safety reason, natural gases are mixed with chemicals to give a noticeable smell before
being sent to consumers. It can be stored and shipped in pressurized containers.
The use of natural gas is growing rapidly and is commonly used in homes to cook food and heat water,
and compressed natural gas can power specially designed vehicles. Natural gas is the main energy source
for microturbines. It can also be used as a source of hydrogen gas by reforming process.
The other fossil fuel is coal, which is a solid hydrocarbon that we excavate from underground, just as we
mine for minerals. During the formation of coal, carbonaceous matter was first compressed into a spongy
material called "peat," which is about 90% water (Connexions, 2009). As the peat became more deeply
buried, the increased pressure and temperature turns it into coal. Coal is easy to transport, usually in large
containers aboard ships or in special cars on trains. Coal is the most abundant fossil fuel in the world with
an estimated reserve of one trillion metric tons.
Coal is mainly used for electricity production and sometimes for heating and cooking in less developed
countries and in rural areas of developed countries. The burning of coal results in significant atmospheric
pollution. The sulfur contained in coal forms sulfur dioxide when burned. Harmful nitrogen oxides, heavy
metals, and carbon dioxide are also released into the air during coal burning. The harmful emissions can
be reduced by installing scrubbers and electrostatic precipitators in the smokestacks of power plants.
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The third one is oil, also known as petroleum or crude oil. It is a thick black liquid hydrocarbon found in
reservoirs, hundreds to thousands of feet below the surface, and extracted by drilling wells deep into the
underground rock and then inserting pipes. Once extracted, crude oil can be refined to various products.
These include gasoline, diesel, jet fuel, home heating oil, asphalt, and oil burned for electrical power. Oil
products are sent from refineries through pipelines directly to their consumers, or are delivered in large
tanks aboard trains, trucks, or tanker ships.
Oil is the main source of power for vehicles, in the form of petrol or diesel. The burning of oil releases
atmospheric pollutants such as sulfur dioxide, nitrogen oxides, carbon dioxide and carbon monoxide.
These gases are smog-precursors that pollute the air and greenhouse gases that contribute to global
warming. However, it is a preferred fuel source over coal. An equivalent amount of oil produces more
kilowatts of energy than coal. It also burns cleaner, producing about 50 % less sulfur dioxide than coal
(Connexions, 2009).
The other non-renewable source of energy is Nuclear power. Nuclear power originates from nuclear
reactions which results in mass reduction that is converted to energy. Specifically speaking, from the
atoms of the chemical element uranium, which is found in certain types of rock.

3.2.2 Renewable energy sources
Renewable energy sources are sources of energy that describe a wide range of naturally occurring,
replenishable within a short period of time and infinite energy sources (Mourelatou, 2001). In its various
forms, it derives directly from the sun, or from heat generated deep within the earth. Renewable energy
sources include: Solar energy, Wind energy, Hydropower, as well as geothermal energy and energy from
plants and animals, Biomass energy or biofuel. Though, there are many others like: Hydrogen and Ocean
energy, the previous five are sources used most often.
In 2008, around 19% of the global total energy consumption was from renewable energy, with 13%
coming from traditional biomass, mainly used for heating, and 3.2% from hydroelectricity. New renewable
(small hydro, modern biomass, wind, solar, geothermal, and biofuels) accounted for another 2.7% and are
growing very rapidly (Wikipedia, 2010c). Renewable energy sources are also seen as an alternative source
of energy that are renewable, will never run out , and will not contribute to the climate change as that of
non-renewable energy sources, produce little or no pollution or greenhouse gases. In other word, they
overcome the problems of non-renewable energy.
Below, some of the most often used renewable energy sources are discussed clearly.
3.2.2.1 Solar Energy
The sun is our most powerful source of energy. It is a result of nuclear reaction called fusion. Sunlight, or
solar energy, is commonly used for heating, lighting and cooling homes and other buildings, generating
electricity, water heating, and a variety of industrial processes. It works by trapping the sun's rays into solar
cells where this sunlight is then converted directly into electricity or hits solar thermal panels to convert
sunlight to heat water or air (Orloff, 2010).
Most forms of renewable energy come either directly or indirectly from the sun. For example, heat from
the sun causes the wind to blow, contributes to the growth of trees and other plants that are used for
biomass energy, and plays an essential role in the cycle of evaporation and precipitation that makes
hydropower possible. Therefore, we can say, solar energy is a starting point for other renewable energy
sources too.
In addition to its renewability, it also doesn’t cause water or air pollution, because there is no chemical
reaction from the combustion of fuels. However, it doesn’t produce energy at nighttime and cloudy days,
as far as, the sun is not shining and it can be very expensive to construct (Orloff, 2010).
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3.2.2.2 Biomass Energy
Biomass is the amount of organic material made from plants and animals and stores solar energy by the
process of photosynthesis in the presence of sunlight. Plants absorb the sun's energy in a process called
photosynthesis. The chemical energy in plants gets passed on to animals and people that eat them. So, in
general term, the word biomass is used to describe all organic carbon-containing materials produced by
photosynthesis in plants. Biomass is the only carbon source that is renewable and it can, directly or
indirectly, be converted to biofuels of different forms. Therefore, Biomass Energy is the fuel energy that
can be derived directly or indirectly from biological sources, biomass.
Biomass has been a major source of energy ever since people first began burning wood to cook food and
warm themselves against the winter chill, prior to the discovery of fossil fuels like coal and petroleum.
And wood is still the most common source of biomass energy. There are also other sources of biomass,
like: food crops, grasses and other plants, agricultural and forestry waste and residue, organic components
from municipal and industrial wastes, and even methane gas harvested from community landfills (West,
2010).
Generally speaking, biomass is a complex mixture that encompasses organic materials like: carbohydrates,
fats, and proteins, along with small amounts of minerals, such as sodium, phosphorous, calcium, and iron.
If we take plants as an example; the main components are carbohydrates, approximately 75% on dry
weight, and lignin, approximately 25%, which can vary with plant type (Answers, 2010). The
carbohydrates are mainly cellulose or hemicelluloses fibers, which impart strength to the plant structure,
and lignin, which holds the fibers together. Some plants like: potatoes, sunflower, corn, and soybeans;
also store starch and fats as sources of energy, mainly in seeds and roots (Answers, 2010).
Biomass derived fuels, biofuels, could be of solid, liquid, or gaseous forms. Liquid fuels can be used
directly in the existing road, railroad, and aviation transportation network stock, as well as in engine and
turbine electrical power generators. Solid and gaseous fuels can be used for the production of electrical
power from purpose-designed direct or indirect turbine-equipped power plants.
Renewability and less environmental pollution are the major advantages of using biomass as a source of
fuels or chemicals. However, difficulty of handling, less efficiency, larger area requirement and lack of
portability for mobile engines are some of the major limitations of solid biomass fuels and to address
these issues, research is being conducted to convert solid biomass into liquid and gaseous fuels (Answers,
2010).
A) Sources of Biomass Energy
Of its nature, biomass appears in two major forms: wet or dry. These two major forms of biomass have
different sources. Though, wood is the most common source of biomass energy, especially in the
developing countries, there are also other sources, from which biomass energy could be derived. The four
distinct and common sources of biomass energy are:
 Wood materials, includes: wood or bark, sawdust, timber slash, and mill scrap;
 Energy crops, such as poplars, willows, switchgrass, alfalfa, prairie bluestem, corn (starch), and
soybean (oil);
 Municipal waste, such as waste paper and yard clippings; and
 Agricultural wastes, such as corn stalks, straw, seed hulls, sugarcane leavings, bagasse, nutshells,
and manure from cattle, poultry, and hogs.
Below, some of the sources of biomass energy are discussed in short:
Poultry Litter
Poultry, generally, stands for any domestic fowls, such as: meat chickens (broilers), egg laying chickens
(layers), turkeys, ducks, geese, guinea fowls or pheasants; which are raised for their meat or eggs, primarily.
All poultry ranks high nutritionally. It's classified as a complete protein, is a good source of calcium,
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phosphorus and iron and contains riboflavin, thiamine and niacin. Poultry litter is a solid waste material
discharged from the body of poultry, particularly feces. It is composed of undigested food, bacteria and
water, and discharged from the body through the anus. In addition, it also contains feathers, and spilled
feed.
The chemical composition of litter is highly variable due to differing fowl species, diets, bedding retention
times and other farm management practices. Below, a sample poultry litter analysis is shown in Table 3.4.
Table 3.4: Poultry litter analysis (New South Wales Department of Primary Industries, 2004)
Characteristics
Average
Range
pH

8.1

6.0-8.8

Electric conductivity* (dS/m)

6.8

2.0-9.8

Dry matter (%)

75

40-90

Nitrogen N (% of dry matter)

2.6

1.4-8.4

Phosphorous P (% of dry matter)

1.8

1.2-2.8

Potassium K (% of dry matter)

1.0

0.9-2.0

Sulphur S (% of dry matter)

0.6

0.45-0.75

Calcium Ca (% of dry matter)

2.5

1.7-3.7

Magnesium Mg (% of dry matter)

0.5

0.35-0.8

Sodium Na (% of dry matter)

0.3

0.25-0.45

Carbon C (% of dry matter)

36

28-40

Weight per m3 (kg)

550

500-650

* Electric conductivity is a measure of salinity, measured as a 1:5 suspension in water.
Traditionally, Poultry litter is used as a fertilizer. Comparing to other manures, the fertilizing value of
poultry litter is excellent, but it is less concentrated than chemical fertilizers, giving it a relatively low value
per ton. This makes it uneconomical to ship long distances. Instead, it is used on nearby farms. In
addition, these days, it is also used as a livestock feed as a cost-saving measure compared with other
feedstock materials, particularly for beef animals.
Though it is in smaller scale, some countries use poultry litter as a biomass energy source. They use the
poultry litter as a fuel to heat the broiler houses for the next batch of poultry being grown thus removing
the need for LPG gas or other fossil fuels. Some companies are also developing gasification technologies
to utilize poultry litter as a fuel for electrical and heating applications, along with producing valuable byproducts including activated carbons and fertilizers.

Manure from Cattle
The term manure from cattle is used to refer to excreta of cattle like: cows, sheep, pigs and others, and
usually consisting of feces and urine; with or without litter such as straw, hay, or bedding. Because of its
nitrogen, phosphate and other nutrients content, it has been used for centuries as a fertilizer for farming,
as it improves the soil structure, aggregation, so that the soil holds more nutrients and water, and becomes
more fertile. However, its composition varies greatly depending upon the animals that produce it. For
instance, sheep manure is high in nitrogen and potash, and pig manure is relatively low in both. Often the
manure is reinforced with additions of superphosphate to make it a better balanced fertilizer and to reduce
the loss of nitrogen as ammonia.
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Like poultry litters, manure from cattle could also be considered as a source for biomass energy. However,
as manure from different cattle may have different qualities, physical and chemical properties, it should
pass through different conversion technologies, so as to derive biofuels of different types and forms.
Anaerobic digestion is considered as one of the most cost-effective alternatives for converting manure
from cattle to biofuel. Especially, biogas plant processing swine manure have acted as an income source at
the pig farms in some countries since it produces renewable energy (methane) and valuable digested
residues that can be used as liquid fertilizer and soil conditioner.
B) Biomass Conversion Technologies
Biomass conversion refers to the process of converting biomass into energy that will in turn be used to
generate electricity and/or heat or others too. As far as, biomass could be in dry or wet form. To use this
biomass as an energy source, there are different routes to go through. Moreover, with today’s
requirements for efficiencies, low cost, and low emissions, the conversion of biomass is in most cases still
highly challenging. Therefore, the choice of conversion technology depends on the form that biomass
appear in, property and quantity of the biomass, the desired form of the energy, environmental standards,
economic conditions and project-specific factors.
For example, Dry biomass can be used as a fuel for gas turbines in different ways. It can be gasified or
pyrolysed for internal combustion or it can be used as an external heat source. This heat source can be
used to replace the combustor, to preheat the combustion air, or eventually to feed a primary reformer to
yield hydrogen for the gas turbine (Ruyck et al., 2004). Wet biomass also goes under different energy
conversion processes, to be used as an energy source.
The two principal technologies used to convert biomass into a usable fuel form, solid, liquid or gaseous,
are: Biochemical conversion and Thermo-chemical conversion. Below, these two principal categories are
discussed.
I.

Biochemical Conversion

As far as biomass is a natural material, many highly efficient biochemical processes have been developed
in nature to break down the molecules of which biomass is composed. And many of these biochemical
conversion processes can be harnessed (Answers, 2010), so as to use biomass as an energy source.
Biochemical conversion is the transformation, breaking down, of biomass molecules through
intermediates. These intermediates could be enzymes of bacteria or other microorganisms. In most cases,
microorganisms are used to perform the conversion process. The major conversion techniques, grouped
under this biochemical conversion are: Anaerobic digestion and Fermentation.
Anaerobic Digestion
Anaerobic Digestion is a biological process that occurs naturally when microorganisms break down
biodegradable materials, organic materials, in the absence of oxygen (Wikipedia, 2010d). Almost any
organic material can be processed with anaerobic digestion, including waste paper and cardboard, grass
clippings, leftover food, industrial effluents, sewage and most of the time, animal wastes. The digestion
process takes place in an airtight container, known as a digester.
The digestion process begins with bacterial hydrolysis of the input materials in order to break down
insoluble organic polymers such as carbohydrates into simple sugar, amino acids, and fatty acids, which
make them available for other bacteria. Next, Acidogenic, fermentative, bacteria breakdown the remaining
components further, i.e., the sugars and amino acids are converted into carbon dioxide, hydrogen,
ammonia, and organic acid. In the third stage, acetogenic bacteria convert the resulting organic acids into
acetic acid, along with additional ammonia, hydrogen, and carbon dioxide. Finally, methanogens convert
these products to methane and carbon dioxide [16]. The detailed process is shown in Figure 3.3.
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Figure 3.3: The key process stages of anaerobic digestion (Wikipedia, 2010d)
There are three principal products of anaerobic digestion. These are: biogas, digestate and waste water
(Wikipedia, 2010d). Biogas is the gaseous mixture obtained from this conversion technology, anaerobic
digestion, and it can be used for energy generation since more than 85% of the potential oxidation energy
of the organic substrate is retained in the biogas (Kheshgi, 2000). Though, the gaseous composition of
biogas depends on the routes employed for the production and the type of biomass used, it is mainly
composed of methane and carbon dioxide with a small amount of water vapor, hydrogen and trace
hydrogen sulfide. The average values for these compositions are shown in Table 3.5.
Table 3.5: Typical composition of biogas (Wikipedia, 2010d)
Matter
%
Methane, CH4

50-75

Carbon dioxide, CO2

25-50

Nitrogen, N2

0-10

Hydrogen, H2

0-1

Hydrogen sulfide, H2S

0-3

Oxygen, O2

0-2

Most of the biogas is produced during the middle of the digestion, i.e., after the bacterial population has
grown, and tapers off as the decayed material is exhausted. The gas produced by this process is normally
stored on top of the digester in an inflatable gas bubble form or extracted and compressed in gas holder
cylinders.
The methane constituted in the biogas can be burned to produce heat and/or electricity. The methane
produced is usually used for a reciprocating engine or microturbine, and often, in a cogeneration
arrangement where the electricity and waste heat generated are used to warm the digesters or to heat
buildings (Wikipedia, 2010d). Excess electricity can be sold to suppliers or put into the local grid. Unless a
leakage appears, Biogas does not contribute to the greenhouse gas (GHG) emissions to the atmosphere
because the gas is not released directly into the atmosphere and the carbon dioxide produced comes from
an organic source with a short carbon cycle (Wikipedia, 2010d). However, due to some other toxic
products like hydrogen sulphide, it requires treatment or 'scrubbing' to refine it for use as a fuel.
Hydrogen sulphide is a toxic product formed from sulfates in the raw biomass and is released as a trace
component of the biogas. National environmental enforcement agencies such as the U.S. Environmental
Protection Agency or the English and Welsh Environment Agency put strict limits on the levels of gases
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containing hydrogen sulfide, and if the levels of hydrogen sulfide in the gas are high, gas scrubbing and
cleaning equipment, such as amine gas treating, will be needed to process the biogas within regionally
accepted levels. An alternative method to this is by the addition of ferrous chloride FeCl2 to the digestion
tanks in order to inhibit hydrogen sulfide production (Wikipedia, 2010d).
The second output from anaerobic digestion is “Digestate”. It is the solid remnants of the original input
material to the digesters that the microbes cannot use and also consists of the mineralized remains of the
dead bacteria within the digesters. It can come in three forms: fibrous, liquor or a sludge-based
combination of the two fractions (Wikipedia, 2010d).
Though, digestate typically contains elements such as lignin that cannot be broken down by the anaerobic
microorganisms. It may also contain ammonia that is phytotoxic and will hamper the growth of plants if it
is used as a soil improving material. For these two reasons maturation or composting stage may be
employed after digestion (Wikipedia, 2010d).
The final output from anaerobic digestion systems is waste water. This water originates from the moisture
content of the original waste that was treated and water produced during the microbial reactions in the
digestion systems. This water may be released from the dewatering of the digestate or may be implicitly
separate from the digestate (Wikipedia, 2010d).
The wastewater exiting the anaerobic digestion facility will typically have elevated levels of Biochemical
Oxygen Demand and Chemical Oxygen Demand. Therefore, further treatment of the wastewater is often
required. This treatment will typically be an oxidation stage where air is passed through the water in a
sequencing batch reactors or reverse osmosis unit (Wikipedia, 2010d).
Fermentation
We know that, biomass is a mix of many organic materials like: carbohydrates, fats, proteins and other.
For example, plants are composed of three basic components: lignin, cellulose and hemicelluloses. And
lignin serves as a sort of “glue” giving structural strength for the biomass fibers. Hemicelluloses and
cellulose polymers are the basic building blocks of the fibers. In order to breakdown the hemicelluloses
and cellulose to sugars, the basic structural of the biomass must be attacked. Once the structure of the
biomass is disrupted, the hemicelluloses and cellulose can be converted to sugars enzymatically
(Agbontalor, 2007). And this is done by the help of the process called by fermentation.
Though fermentation has many definitions; fermentation under this concept is: a biochemical conversion,
the breaking down, of the basic components of a biomass, specifically: hemicelluloses and cellulose
polymers, into a relatively simple substance in order to release sugars, which can finally be used as a fuel
source, in the absence of oxygen by the help of micro-organisms, that could be yeasts, bacteria or fungi
(Agbontalor, 2007).
There are two basic approaches of biomass breakdown to sugars, fermentation. The first one is, acid
hydrolysis with a variety of low acid-high temperature or high acid-low temperature conditions being
suitable to both breakdown the structure of the biomass and release free sugars. And the second one is:
enzymatic hydrolysis after some sort of pretreatment which allows enzymatic attack of the polymers
(Agbontalor, 2007).
The acid hydrolysis is regarded as the most technologically mature method of sugar release from biomass.
However, the second approach eliminates the need for large quantities of acid although, commercial
cellulose enzyme costs are currently high and enzyme attack of the hemicelluloses and cellulose polymers
can be slow (Agbontalor, 2007).

-26-

II.

Thermo-chemical Conversion

Thermo-chemical conversion is the other principal technologies used to convert biomass, so as to use
biomass as an energy source. It is a technology that transforms solid biomass to gas and then converted to
biofuels, i.e., by breaking down the organic building blocks of biomass, partial oxidation, to carbon mono
oxide and hydrogen gases. The major conversion techniques, grouped under this thermo-chemical
conversion are: Combustion, Gasification and Pyrolysis.
Combustion
The most common utilization method of solid fuel biomass is direct combustion. It is employed,
especially, in the developing countries where a bulk of biomass is used in unprocessed form by rural
households in traditional and inefficient devices: for cooking, space heating and lighting (Agbontalor,
2007). The applications employed range from the three-stone fire to the sophisticated biomass burning
boilers, which are used nowadays and known for their better efficiency and less emission. Generally,
combustion can be defined as: an exothermic chemical reaction in which the biomass fuel is burned with
excess air to produce a hot high-pressure steam that is used to generate power.
Today, a great effort at improving the efficiency of use of biomass as energy source, for this conversion
method, is being employed. And the new technique discovered so far is called co-firing. It refers to the
practice of introducing biomass as a supplementary energy source in high-efficiency boiler. A co-firing of
biomass with other fuel can be advantageous with regard to cost, efficiency and emissions (Agbontalor,
2007).
Boilers today burn a variety of fuels and continue to play a major role in industrial process heating,
commercial and institutional heating, and electricity generation. Boilers are differentiated by their
configuration, size, and the quality of the steam or hot water produced.
Gasification
Biomass gasification is the other thermo-chemical conversion process. In this process, solid or liquid
biomass is heated at high temperature, >700°C, with a controlled amount of oxygen and/or steam to
produce a low or medium calorific value gas, called synthesis gas or syngas. This gas has H2 and CO as
major constituents (Wikipedia, 2010e). However, the gas composition depends upon the starting moisture
content of the biomass raw material. In addition to the above mentioned gases, CO2 primarily, and some
low molecular weight alphatic hydrocarbons are also produced (Agbontalor, 2007). The heating value of
syngas generally comes from CO and hydrogen produced by the gasification process. Depending on these
carbon and hydrogen contents and the gasifier’s properties, the heating value of the syngas, can range
anywhere from 100 to 500 Btu/cubic foot (3.726 - 18.629 MJ/m3n) (10 to 50 % that of natural gas) (NaikDhungel, 2007).
The gasification process includes several steps. The general process steps are (Wikipedia, 2010e):
1. Pyrolysis (or devolatilization): it is the primary conversion process where thermal decomposition
of the biomass, in a controlled minimal amount or absence of oxygen environment, takes place to
produce gases, liquids (tar), and char. Pyrolysis releases the volatile components of the biomass
feed at around 1100°F (593.33oC) through a series of complex reactions. Biomass fuels are an
ideal choice for pyrolysis because they have so many volatile components (70% to 85% on dry
basis, compared to 30% for coal).
2. Combustion: this process occurs as the volatile products, the leftover tars and some of the char
reacts with oxygen to form carbon dioxide and carbon monoxide, which provides heat for the
subsequent gasification reactions. The basic chemical reaction is:
(3.2)
Where letter “C” represents carbon containing organic compounds
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3.

Steam reforming: this process occurs as the leftover char reacts with carbon dioxide and steam to
produce carbon monoxide and hydrogen, via the reaction
(3.3)

4. In addition, the reversible gas phase water gas shift reaction reaches equilibrium very fast at the
temperatures in a gasifier. This balances the concentrations of carbon monoxide, steam, carbon
dioxide and hydrogen.
(3.4)
In coal gasification, pure oxygen or oxygen-enriched air is preferred as the oxidant because the resulting
syngas produced has a higher heating value, and the process is more efficient. In biomass gasification,
oxygen is generally not used because biomass ash has a lower melting point than coal ash, and because the
scale of the plants is generally smaller (Naik-Dhungel, 2007).
The synthesis-gas or syngas produced, passing through the above process steps, can be cleaned, filtered,
and then burned in a gas turbine in simple or combined-cycle mode, comparable to biogas produced from
an anaerobic digester. In smaller systems, the syngas can be fired in microturbines, reciprocating engines,
Stirling engines, or fuel cells (Naik-Dhungel, 2007).
Biomass gasification offers certain advantages over directly burning the biomass, direct combustion. These
advantages are (Naik-Dhungel, 2007).








A gaseous fuel is more versatile than a solid fuel. It can be used in boilers, process heaters,
turbines, engines and fuel cells, distributed in pipelines, and blended with natural gas or other
gaseous fuels.
The gas produced can be cleaned and filtered to remove contaminant chemical compounds
before it is burned. In addition, the high-temperature combustion, in the gasification process,
refines out corrosive ash elements such as chloride and potassium, allowing clean gas production
from otherwise problematic fuels.
Gasification can be designed to handle a wide range of biomass feedstock, from woody residues
to agricultural residues to dedicated crops, without major changes in the basic process.
Gasification can be used to process waste fuels, providing safe removal of biohazards and
entrainment of heavy metals in non-reactive slag.
A gaseous fuel can be used in a high-efficiency power generation system, such as a gas turbinecombined cycle or fuel cells, provided it is cleaned of contaminants. Moreover, when equipment
is added to recover the heat from the turbine exhaust, system efficiencies can increase to 80%.

In addition to the system discussed so far, gasification can also be accomplished using chemicals or
biologic action (e.g. anaerobic digestion).

Pyrolysis and Hydrothermal
Pyrolysis, one of biomass conversion technologies under thermo-chemical conversion, is sometimes called
carbonization or dry distillation. It is the irreversible thermo-chemical reaction that starts by reheating to a
high temperature, which is above 1800C, in the absence of oxygen or controlled minimal intake, to start it
and to trigger endothermic and exothermic reactions. Biomass produces, as a product of the pyrolysis
process under normal conditions, a mixture of complex and highly variable fuel gases, liquid and charcoal.
The gaseous fuel released from pyrolysis of wood includes four main gas components: H2, CO, CH4 and
CO2 (Agbontalor, 2007).
According to Girard et al. (2005), the process of carbonization follows the general scheme of:
 Between 100 OC and 170 OC: all loosely bound water is evaporated.
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 Between 170 OC and 270 OC: gases containing CO2, CO4 and condensable vapors are developed,
which form pyrolysis oil upon cooling.
 Between 270 OC and 280 OC: an exothermic reaction starts, which can be detected by the
spontaneous generation of heat and rising temperature. Once the carbonization process has
entered the exothermic phase, no more outside heating is required.
There are several types of pyrolysis processes with different heating rates. Namely, slow pyrolysis and fast
pyrolysis. Slow pyrolysis, carbonization or torrefaction, is used to produce a coal-like material while, fast
pyrolysis is used to produce a liquid similar to crude oil. The production of charcoal has been the main
focus of pyrolysis. However, the demand for the byproducts like acetic acid, methanol, acetone,
production of fuel gas, liquid (tars), various pyroligneous acids, bio-oils etc. has also been popular in the
past (Agbontalor, 2007).
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4 GENERAL COMPANY PROFILE
4.1 Company overview
Alema Farm PLC is one of the largest nongovernmental agricultural private companies in Ethiopia.
Ethiopia is a country located in the horn of Africa with a landmass of 1.1 million square kilometers and a
total population of 85.5 million, in which almost 85% of the population living in rural areas. United
Nation Development program [UNDP, 2010] ranked Ethiopia 157th in the human development index,
with an average annual income of 120 US$ per capita and about 40% of the population lives below
poverty line (UNDP, 2010).
The company is located in a town called Bishoftu (Debre Zeit), 47 km from the capital city Addis Abeba,
south east direction. Bishoftu is located in the Eastern Shewa Zone of the Oromia region (Figure 4.1), and
has a latitude and longitude of 8°45′N 38°59′E 8.75°N 38.983°E with an elevation of 1920 meters.
Bishoftu is the administrative center of Ada’a Chukala district, one of the 180 districts in the Oromia
Region of Ethiopia. Bishoftu is also one of the towns, major urban center, found in Ada’a Chukala district
and a market center for most agricultural commodities produced in the district (Wikipedia, 2010f;
Wikipedia, 2010g).
Ada’a Chukala district covers an estimated area of 1,635.16 square kilometers. A survey of the land in the
district shows that 51% is arable or cultivable, 6.4% pasture, 7.4% in community, regional and natural
forests, and the remaining 34.8% is considered degraded or otherwise unusable (Wikipedia, 2010g). The
majority of the population lives in the rural part of the district. The agro-ecology in the district is best
suited for diverse agricultural and animals production. There are a number of rivers and crater lakes that
are being used for irrigated agriculture, particularly for horticultural crops production. Livestock
production is an integral part of the production system. Production of cattle, sheep, goat and poultry is a
very common practice and there is an existing market-oriented production system. There is also a fast
growing smallholder dairy production system with a strong milk marketing cooperatives which involves
over 800 smallholder dairy farmers (ILRI et al., 2005).
Bishoftu is a resort town, known for its seven crater lakes, covering a total area of 140 square kilometers
of land, from the Ada’a Chukala district’s 1,635.16 square kilometers. Though Bishoftu is an urban center,
it is also known for its agricultural, poultry and dairy products; and these days, flower farm, horticulture, is
widely put into practice. Including Alema Farm; Genesis Farm and many other private owned agricultural
companies are situated in the town (Wikipedia, 2010f; Wikipedia, 2010g).
Alema Farm PLC covers a total of 10 hectares (0.1 square kilometers) of land area, but not all at the same
places, at 10 different locations. It is involved in producing chicken and chicken products, pig (pork)
products and animal feed for the company and outside users. It started to operate officially in the year
1992. The main customers of the company are local inhabitants and large hotels found in Addis Abeba,
like Hilton and others (ILRI et al., 2005).
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Figure 4.1: Location of the town Bishoftu (Debre Zeit) (Ethiopia guide, 2010)

4.2 Mission and Vision
The missions of Alema Farm PLC are (Amdemariam, 2010):
 To produce a good quality and healthy protein products from chickens, pigs and cattle and,
 To produce a good quality feed for animals
In Ethiopia, there is a lack of protein products and we know that the major protein source for human
beings is meat. Considering this scarcity of protein products, the company has planned to achieve the
visions below in the long-term (Amdemariam, 2010):
 To have a better breed of broilers, layers and pigs, so that a good quality of protein is produced.
 To satisfy the lack of protein in the country.

4.3 Products and Byproducts
The company is involved in producing variety of products. Mainly, chicken and chicken products, pig
(pork) products, few cattle and cattle products, butchery products like: mortadella and sausage, and animal
feed for its own company and outside users are the major products of the company. Generally, the
production can be grouped into two major groups, which are: protein source animals like chickens, pigs
and cattle production and production of feed for those animals (Amdemariam, 2010).
Due-to these varieties of products, the production process consists many and different steps and it also
has different types of byproducts. To clearly see the products and the byproducts, let’s see some of the
production process step by step.
Let’s start with the chickens and chicken products. There are two breeds of chickens in the company; the
broilers and the layers. Every year, putting their lifecycle into consideration, there will be a total of 450,000
chickens in the company. From the total, the broilers cover around 250,000 of it and the layers cover the
remaining 200,000 (Amdemariam, 2010).
The layers are of two types: the layer parents and the layer farms. The layer parents are fertilizable egg
layers, whereas, the layer farms are table egg layers. The fertilizable eggs are brought to the hatching
machine in the company, to keep the lifecycle of the chickens going. The table eggs are brought to the
market, for customers.
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The broilers also have two types: the broiler parents and the broiler farm. The broiler farms are used for
chicken meat production, whereas, the broiler parents are used for their lifecycle to continue.
The byproduct, excrete, of these chickens, the layers and the broilers, is called “Poultry Litter”. Around
8990 tons (17980000 lbs) of poultry litter is collected every year from the layers and broilers farm. From
the total, the broilers give around 1005 tons (2010000 lbs) and the layers excrete around 7985 tons
(15970000 lbs) of poultry litter. This poultry litter is sold for local farmers at 400 birr/ truck (3.45 dollar/
ton) (taking 1 truck ≈ 7 tonnes and 1birr ≈ 0.06dollar, as per November 2010 currency) for farmland
fertilization (Amdemariam, 2010; XE Currency Converter, 2010).
The pigs are grouped into three: fatteners (adult pigs), sow (birth giving, female pig) and piglets (young
pigs). There are around 2,000 pigs in the company. Around 1400 of them are fatteners, 300 sows and the
remaining 300 are piglets. The pigs in the company are known, mainly, for their pork production
(Amdemariam, 2010).
The byproduct, excrete, of the pigs is called “manure”. Around 3600 kg of pig’s manure is excreted every
day (Notice: 3 piglets = 1 adult pig (manure), amount of pig manure/pig/day = 2 kg). The manure is
mainly used for biogas production and the left-out from the biogas production is used for farmland
fertilization (Amdemariam, 2010).

4.4 Energy supply and management
Ethiopia has an energy policy document drafted in 1994. The policy document encourages the use of
indigenous resources and renewable energy. The Ministry of Water and Energy (MWE) is an organization
responsible concerning all energy issues at this time, the development of energy resources, implementation
strategies and polices (MWE, 2011a; Guta, 2012).
The country’s energy use is mainly based on two main categories (MWE, 2011a):
 Traditional energy sources like: fire wood, agricultural and animal wastes (biomass fuels) which
covers around 90% of the total energy amount consumed;
 Modern energy sources, mainly products of petroleum and electricity accounting for the
remaining 10%.
Most traditional energy sources are used for cooking in household and lighting, and thus energy
consumption is dominated by the domestic sector. Biomass energy covers over 90% of the total energy
consumption. Thus, it is available and affordable to majority of the people, mostly rural homes (MWE,
2011a).
From the modern energy sources, petroleum products are the second main sources of energy for the
country, covering nearly 90% of the modern energy sources. Majority of the petroleum products are used
for the transportation and agricultural sectors. Hydropower contributes significantly to the electricity
generation representing about 90% of the total electricity generation (MWE, 2010; MWE, 2011a).
Generally speaking, the household sector accounts for around 88% of the total energy consumed in the
country, while industry and transport sectors account 4% and 3% respectively; the remaining 5% is by
others (World Bank, 2008). Hence, we can say Ethiopia’s energy system is mainly characterized by
biomass fuel supplies and household energy consumption. The Fuel use by sector in the country is clearly
shown in Table 4.1.
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Table 4.1: Fuel use by sector (MWE, 2011)
Energy / Fuel type [%]
Sector
Biomass
Petroleum
Electricity
Household
98.6
1.1
0.3
Service
94.3
1.3
4.4
Industry
75.7
17.3
7.0
Transportation

100

Agriculture

100

Currently, Ethiopia has a total of 2060 MW installed electricity generating capacity; out of which the 1842
MW actual installed capacity is from hydroelectric plants and expected to increase around a total of 3812
MW in year 2013. This electricity production covers only about 10% of national energy demand.
According to the World Bank only an estimated 12% of the Ethiopian population has access to electricity.
Only 2% of the rural but 86% of the urban residents has access to electricity, indicating a greater need for
substantial investments in the power system (World Bank, 2008; UN, 2007; MWE, 2010; MWE, 2011b;
Meder, 2011).
However, Ethiopia has great energy resources potential. Moreover, the country is one of the few African
countries with the potential to produce hydroelectric power and even called the water tower of Africa
(Mail and Guardian, 2010). It is taking this advantage that hydropower is the major and almost the only
electric energy source for the country. In addition, Ethiopia also has significant oil and gas reserves which
are not being exploited. Table 4.2 shows the energy resource potential in the country.
Table 4.2: Energy resources potential of Ethiopia (MWE, 2011)
Energy Resource
Exploitable Potential
Woody biomass

767 million tons

Crop residue and Animal waste

38 million ton/ year

Hydropower

45,000 MW

Solar

5-6.5 kWh/m2/day

Wind

3.5-5.5 m/s

Geothermal

5,000 – 7,000 MW

Coal

70 million tons

Natural gas*
198.24 billion Cubic Meter
*The value is measured based on NTP (Normal temperature and pressure).
The electric power is provided by a government corporation, operating most of the country's power
systems, called Ethiopian Electric Power Corporation, EEPCo. Due to the higher demand of electricity
followed by an accelerated development in the country, the power supply becomes intermittent. Though,
a large enough and stable supply of electricity is a must for industrial development and economic growth
of the country.
As far as Bishoftu is one of the towns in the country, the town gets hydroelectric power from EEPCo.
Likewise, in the company, there are many resources which could be used for producing energy, both
renewable and nonrenewable. The main, can even be said the only nonrenewable energy source is the
imported diesel fuel, which can be found from any of the fuel stations in the town.
Different types of renewable energy sources are found in the company. In addition to the hydroelectric
power provided by EEPCo, being the major one, the poultry litter and the pig’s manure can also be taken
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as a source of energy, after going through different conversion techniques. Moreover, as far as the town,
district, is rich in biomass resources; other different sources, from neighbor companies, could also be
used.
Due to the intermittency of electric power supply in the country, the company uses a generator that
operates by diesel fuel as a backup power producer. In addition, biogas from the manure of pigs is used to
cover some part of the electricity demand in the company (Amdemariam, 2010).
The company needs around 85 MWh of electricity per month and pays around 46,000 birr
(2796.94dollars, as per November 2010 currency) to EECP and 10,000 birr (606.69 USD dollars, as per
November 2010 currency) for diesel every month, to satisfy its electricity need (XE Currency Converter,
2010).
As we can see, the modern energy sector is very small and Access to energy resources and technologies in
rural Ethiopia and towns like Bishoftu is especially constrained. Physical and economic access to biomass
resources is deteriorating because resources are exploited beyond their carrying capacity and traditionally,
resulting in higher household expenditures of labor, time or cash (Teferra, 2001). Therefore, the major
issues concerning the energy are known to be: inadequate energy supply, the impact of rising price of
petroleum imports on trade and foreign exchange availability, low energy efficiency in all sectors and lack
of access and/or unavailability to modern energy sources in rural areas.

4.5 The potential quantities in energy amounts of biomass
and use
As described in the previous paragraphs, Biomass is the main source of energy in Ethiopia, covering 90%
of the total sources at national level. Its production and usage is increasing with population growth and
food availability. The importance of the sector is expected to continue, despite a gradual reduction in the
proportion of biomass energy in the national energy balance. This is because biomass continues to provide
the basic energy required for cooking, particularly in rural areas.
As clearly shown in table 4.1 biomass energy is primarily used in the household and services sectors. In
the household sector, biomass is used as the main source of energy for cooking, baking and as source of
lighting. It is mainly used for cooking in the service sectors, which includes commercial services such as
hotels and restaurants, bakeries and social service establishments such as schools, colleges, and hospitals.
In the industry sectors, biomass fuels are used for thermal energy production in the sugar and tea agroindustries. Even if the share is very small, biomass energy is also used in the transport sector as ethanol
fuel produced from sugar factories blend with gasoline. A 5% blend to gasoline (E5) fuel came into effect
in Addis Ababa in September 2008 and this level has been raised to 10% (E10) since 2010 (Lulie et al.,
2012).
Wood, charcoal, crop residues, and cattle dung are the more commonly used biomass fuels in Ethiopia,
wood being the most important biomass fuel in the household and service sectors. Wood is collected by
household users in rural areas, but purchased in urban areas. Charcoal is mainly used for cooking in urban
households. Crop residues and cattle dung are important fuels for cooking in the rural areas, together they
account for about a fifth of the total biomass energy consumed in the household sector. Ethanol is
produced from sugar cane molasses in two sugar factories in Ethiopia (Lulie et al., 2012).
Biomass energy uses have increased both in terms of aggregate amounts and in the diversity of fuels. The
energy demand for cooking in the household and service sectors is growing 6% annually. According to
estimates made by a recent study, the potential supply of biomass fuel in the country is nearly 990 Millions
of tons, excluding Addis Ababa and Somalia. Woody biomass covers around 95% of the total potential
supply; with animal dung and crop residues covering nearly 3% and 2% of the total respectively. The
regional distribution shows that Oromia supplies about 40% of biomass resources at national level,
followed by SNNP and Amhara regions which supplies 24% and 15% respectively. Remaining regions
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own insignificant share of national biomass fuel resources. The detailed potential supply of biomass in
Millions of tons is shown in Table 4.3 (Guta, 2012; Lulie et al., 2012).
Table 4.3: Potential supply of biofuel (millions of tons) (MWE, 2010)
Woody
Woody Biomass
Crop
Animal
Region
biomass
annual yield
residue
Dung
stocks
Tigray
30.99
0.08
0.86
2.09
Amhara
138.89
5.84
6.24
7.43
Oromiya
373.34
19.90
10.96
10.62
SNNP
227.95
10.10
5.67
4.01
Afar
21.64
1.44
0.12
2.64
Benshangul
76.61
3.53
0.21
0.18
Gambela
69.16
3.32
0.08
0.12
Dire Dawa
0.06
0.03
0.04
0.04
Harari
0.09
0.01
0.05
0.02
Total
938.73
44.26
24.23
27.15
Share
0.95
0.02
0.03

Total

Share

33.95
152.55
394.92
237.63
24.41
77.00
69.36
0.13
0.15
990.10
1

0.03
0.15
0.40
0.24
0.02
0.08
0.07
10-4
2(10-4)
1.00

The nation’s limited biomass energy resource is believed to have been depleting at an increasingly faster
rate due to the high biomass fuel demand and inefficient usage of it in the rural areas with rapid growth of
the population. This is resulting in a very fast deforestation, soil erosion and habitat destruction, which are
causes for frequent drought, famine and general environmental degradation in the country. The wood fuel
resource base is reported to be declining at 1.4% annually. However, Agricultural residue availability is
increasing due to increased production. Beside, the share of crop residues, dung and charcoal from the
total biomass energy supply is increasing gradually as access to wood becomes constrained.
Production of liquid bio-fuels has increased considerably in the recent past and is expected to increase
tenfold in the coming five years (to 195 million liters). Production of vegetable oils for fuel may be
realized in the next five years from commercial and small holder producers. Domestic bio-digesters are
being promoted in four regional states of the country too. In addition, there is potential to produce energy
from urban solid and liquid waste for thermal energy and for power generation. Studies have been
completed for this purpose for landfill and liquid waste sites in Addis Ababa and seven other cities in
Ethiopia (Lulie et al., 2012).
Though, biomass is not used as an energy source to the level it should be in Alema Farm PLC, there is
little hope. The company mainly uses biogas as a fuel for boiling water. The boiled water has many
purposes: for removing chicken’s feather from their body after slaughtering them and at the time of
butchery, for pigs. However, there is no trial to use the poultry litter as an energy source, except using it as
a fertilizer (Amdemariam, 2010).

4.6 The total supply of poultry litter, manure from cattle and
pig and its use
Ethiopia is a country with a numerous livestock. Moreover, agricultural residue, animal dung and poultry
litter availability is increasing in the country due to the increased production; resulting in an increase of the
biomass energy use both in terms of aggregate amounts and in the diversity of fuels. As clearly mentioned
in the previous paragraphs, these biomass energy resources are supplied through self collection in the rural
area and by purchase in urban area and the resources could be directly utilized for basic energy needs or
transformed into invaluable renewable energies. The approximate livestock number in Ethiopia is shown
in Table 4.4.
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According to a recent study made in the country, Cattle dung meets 14% of the total household biomass
fuel supply. Cattle dung is an important source of fuel particularly in the Amhara, Tigray and Oromiya
regional states where it provides 23% of the total biomass energy supplied in Amhara and Tigray and 15%
in Oromiya. In some zones the dependence on dung as fuel is even higher: for example, 43% in Arsi
(Oromiya) and 25% in Debub Wello (Amhara) (Lulie et al., 2012).
Hence, this large resource is principally sufficient to provide feedstock for a large number for family size
biogas digester. Domestic biogas plants are now promoted in four regional states (Oromiya, Amhara,
SNNP and Tigray). A total of 1300 domestic biogas digesters have been installed by mid 2011. The plan is
to install 14,000 units by 2015. Bio-digesters are also promoted in larger institutions such as cattle and
chicken farms and institutions catering for large groups of people (such as universities) (Adamu et al.,
2012).
Table 4.4: The approximate livestock number in the country (Central Statistical Agency,
2010/2011)
Type
Ethiopia
Oromia
East Shewa
Cattle
53,382,194
22,958,489
1,031,652
Sheep
25,509,004
8,815,290
320,326
Goats
22,786,946
7,531,445
475,393
Horses
2,028,233
1,176,301
14,861
Donkeys
6,209,665
2,617,107
255,548
Mules
385,374
181,381
5,338
Camels
1,102,119
326,069
*
Poultry
49,286,932
18,762,281
962,232
Beehives
5,130,322
2,761,204
13,764
*= Statistically not significant
Though, there is no clear figure on the number of pigs in the country, it is believed that significant
numbers of pigs also exist.
Since Bishoftu is located in the Eastern Shewa Zone of the Oromia region, the town is very rich in
biomass resources; specifically, there is a larger amount of animal dung and poultry litter. Furthermore, as
mentioned before, in Alema Farm PLC, the 8990 tons/year (49260.274 lbs/ day) of poultry litter and the
3600 kg/day (7936.64 lbs/ day) of pig’s manure can also be taken as a source of energy, after going
through different conversion techniques.
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5 EXPLORE POLYGENERATION
5.1 Introduction
This chapter deals with the general overview of the wide project called “EXPLORE Polygeneration”. The
vision, the objectives, the approach used and the different demonstration facilities will here be discussed
in detail. In addition, tasks done so far, the remaining tasks and also the main concerns of this work
package will be shown clearly.

5.1.1 The Explore Vision
EXPLORE Polygeneration is a unique umbrella project and at the same time a stepwise growing
demonstration case covering, from a system perspective, both the production and use of energy and all
the dynamic relations in between. The polygeneration and energy source flexibility perspective is necessary
to have, since in a near future the user can sometimes be a producer and vice versa. Energy storage (heat,
cold and electricity) will be a key component in this, to be able to level out effect peaks related to a highly
varying demand (Robért, 2009).
The modern society will need to drastically change its view towards a more sustainable behaviour in a
global environment. It is today an accepted fact by most scientists that global warming is enhanced by the
increased CO2 in the atmosphere, and that a large part of the drastic increase of CO2 over the last 100
years comes from burning of fossil fuels for various energy services used in the modern society. At the
same time it is also clear that many energy transformation processes, could be on the “generation side" or
on the “user side”, are highly inefficient in the sense that they mostly concentrate upon one energy service
only, instead of using the available energy fully to supply different services like: power, heat, cooling, clean
water, transportation fuel, pellets and others at the same time (Robért, 2009).
The concept of simultaneous transformation of basic energy sources through polygeneration is the next
logical step to take towards a significant higher yield from the basic energy source. The multidimensional
and interdisciplinary research and educational platform, “EXPLORE", covers all major climate-related
and energy-related researches in a global perspective (Robért, 2009).

5.1.2 Explore polygeneration demonstration unit
It is the vision of the Explore Polygeneration demonstration facility to combine research knowledge in the
technical areas of cycle analysis, combustion, gasification, fuel cells, turbo-machinery, clean water, district
and distributed heating and cooling, pelletization, hydrogen production etc to create a modular small-scale
demonstration unit that for one of the first times demonstrates the versatility and challenges of such a
system, at the same time as it allows for detailed component studies and improvements by the individual
researchers, who thereafter can demonstrate these improvements in the overall polygeneration cycle. The
plant will also allow for new scientific studies related to areas which cannot be studied just theoretically,
for example dynamic behaviour of a complete (although small-scale) polygeneration plant (Robért, 2009).
The demonstration unit per se is thus a means for different researchers, research teams and research areas
in a combined effort to demonstrate the significant potential that exists at KTH in the energy service
supply chain and through this bring in more interest (and thus funding) from the community for the
various component studies performed at KTH, at the same time as it clearly demonstrates the research
challenges remaining before full-scale efforts of such polygeneration units can be developed and used for
the benefit of mankind (Robért, 2009).
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5.1.2.1 Objectives
The EXPLORE Polygeneration initiative will serve as an important tool to promote the application of
renewable technologies extending to the future sustainable energy engineering field. The present main
objective of this initiative is to develop a polygeneration platform demonstration unit taking advantage of
the facilities, industrial partners and experience gained during the development in different research
projects at the Division of Heat and Power Technology (KTH/HPT). This research knowledge includes
the areas of cycle analysis, combustion, gasification, turbo machinery, clean water, district heating and
cooling, fuel cell, hydrogen production, etc. The first implementation will rely on the use of biomass and
to make operational as soon as possible, serving as a beacon of the advantages brought by the Explore
approach (Robért, 2009).

5.1.3 Approach
The feasibility of the ambitious objectives made in the EXPLORE Polygeneration project regarding
demonstration units, the approach used, will focus on using as much as possible resources already
available within KTH. The material resources considered include various components that can be
included in polygeneration systems, either already available on site or that can be obtained from industrial
partners. The human resources that can be used in the project comprise students interested in doing an
MSc project in the field of energy as well as the numerous PhD students already enrolled at KTH-HPT
whose thesis would benefit from the inclusion of their specific research topic in Explore. These resources
are often under-used with great benefits possible by implementing them in a large-scale and multidisciplinary project such as Explore (Robért, 2009).
In this chapter, different demonstration facilities will be described in detail. The focus here is to identify
the work that has to be done in order to bring the entire demonstration unit operational. Each of the subsystems can be seen as work package, with the workload further divided into work tasks addressing
specific issues. These work tasks are then chopped into sub-projects sized to be suitable for MSc theses.
The amount of work required to carry out each work task is highly variable, with some requiring only a
few days of work and others where several MSc projects would be needed (Robért, 2009).
The tentative timeline proposed below will follow a project deployment in three phases. In the first phase,
a basic polygeneration system will be implemented using an externally fired gas turbine system provided
by industrial partner Compower. This system is designed to be operated on natural gas and has been
tested with biogas; it is with these fuels that the system will be operated initially, first phase. The gas
turbine unit might be connected to energy services to use the residual heat (thermal energy storage,
absorption cooling, membrane distillation). However, the first phase of the project has already been done;
so, phase two and the final phase, phase three of the project, are only left. A succinct description for some
of the works done in the first phase is presented below (Robért, 2009).
The second phase will involve the adaptation of the system developed in the first phase to the use of
gasified biomass as energy source. This will require an extensive amount of work to investigate the effect
of this change on each of the sub-systems. From this extensive amount of work, a basic description of the
amount of work required for some topics, especially topics affected by and affect the fuel supplied, are
presented below. Moreover, some parts of the works that should be accomplished at this phase are
considered for work package, fuel supply investigation (Robért, 2009).
The third and final phase will cover the inclusion of the research work carried out by PhD students in the
KTH-HPT division into the Explore project. This part of the project is not described below and no
tentative time plan is provided.
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5.2 Biomass-Powered Gasturbine Based Ploygeneration
This demonstration unit is the one that has been delivered to the KTH-HPT at the beginning of 2010.
The general concept is to use a gas turbine as a prime mover for the production of electricity. Ultimately,
the objective is to use gasified biomass as the fuel and recover waste heat to provide a variety of energy
services. However, available gas turbine hardware is designed for high heating value fuels (methane, liquid
hydrocarbons) and the adaptation of such a device to a low heating value fuel like syngas is a monumental
task. This demonstration facility is therefore planned to be implemented in a stepwise fashion. First by
operating a gas turbine on biogas, then connecting into downstream energy services and finally adapting
the whole system for the use of gasified biomass. It has already been tested with biogas; in phase one
(Robért, 2009).
The overall demonstration facility design is presented below, with a basic and subsequent description of
the amount of work required for topics of this phase, phase two. In addition, a highlight of some topics
covered so far in phase one, about biogas, is presented.

5.2.1 Design
The design of this polygeneration facility is based on the Compower ET10 microCHP. The gas turbine
system included in this unit is based on a truck turbocharger and is externally heated from a burner that
operates with atmospheric combustion. The burners and fuel valves used are commercially available, to
save on development costs. The residual heat is recovered by a large heat exchanger connected to a water
circuit. Extensive electronics are implemented to monitor the system performance and a PLC with custom
software is used to ensure smooth operation at 160’000 rpm. The whole assembly is fitted inside a
standard 8’ container; with theoretically the only connections required being fuel input, cold water input,
hot water output, and electricity network access. A picture of the gas turbine module is given in Figure 5.1.

Figure 5.1: Gas turbine sub-system of the Compower CHP unit. This assembly includes the fuel
valve, burner, primary heat exchanger, gas turbine and generator (Photographer unknown).

The main components that the container contains and configuration of the Micro CHP unit are shown in
Figure 5.2.
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Figure 5.2: The Micro CHP configuration (The Exheat project, 2010)

Since this system is designed to be operated on natural gas and the only fuel of biological origin for which
it is tested is biogas, the commissioning and initial operation of the facility was carried out using one of
these. These gaseous fuels are supplied from pressurized cylinders and mixed using a series of flow
controllers, a sub-system referred to as the “mixing panel”. At this stage, further refinements to the subsystems will be implemented to allow the use of gasified biomass as an energy carrier. This fuel will be
obtained from one of the three gasifiers available in the laboratory, which will be described further on the
topics below. The waste heat left over after the gas turbine will be used for various energy services thanks
to the hot water circuit provided by the Compower unit. This energy stream, with a nominal maximum
power of 15-20 kW at 85oC, will first be fed to a thermal energy storage facility. The use of storage will
eventually enable the use of devices requiring more than 20 kW of thermal power for shorts period of
time in a batch type of operation. The energy services currently considered for the first implementation of
this polygeneration system include absorption cooling and membrane distillation for pure water. A
schematic representation of the system is provided in Figure 5.3 (Robért, 2009).

Figure 5.3: Representation of the baseline configuration of the first Explore polygeneration
demonstration facility, a biomass powered gas turbine with waste heat recovery. The gas mixing
station will be design to allow the simulation of various biogas and gasified biomass mixtures
(Robért, 2009).
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5.2.2 Fuel supply
Several energy carriers have been considered from the onset of the Explore polygeneration project, with a
clear emphasis on the combustion of hydrocarbon fuels from biological origin. For the first and second
phase of the experimental implementation, the two routes to be used for energy supply are biogas and
syngas from biomass gasification. The biogas is obtained from a fermentation or digestion process and is
composed mostly of methane (CH4) and CO2. This technique is relatively common nowadays and it is
possible to buy biogas commercially (Robért, 2009).
On the other hand, syngas is the result of a thermo-chemical process, the partial oxidation of biomass.
The composition of this fuel is more complex, it usually involves the presence of CH4, CO2, CO, H2 and
N2, with the typical volume fraction of these compounds varying strongly according to the type of
gasification used. The process of biomass gasification has been used extensively for a long time; however
the fuel is typically used at the production site and no distribution network currently exists for syngas of
biological origin. Moreover, because of the high variability of the possible syngas compositions, the
availability of local syngas production sources will be a key advantage in ensuring the practical relevance of
the polygeneration system considered here. For the experimental implementation, this syngas will come
from one of the biomass gasifiers available in the laboratory or from the mixing of pure gases in cylinders
using a custom built mixing station (Robért, 2009).
5.2.2.1 Biogas supply
The simplest way to supply power to the system will be to buy biogas compressed in cylinders and simply
connect them to the Compower unit. In the Stockholm region, biogas produced by sewage digestion at
Hammarby Sjöstadsverket is available commercially. Through KTH and IVL involvement in the project, it
might be possible to secure biogas directly from the production plant without intermediaries. This would
enable the testing of several gas composition as well as eventual access to gases on which a varying
amount of cleaning and purification has been performed, allowing the investigation of the effect of these
parameters on the system operation (Robért, 2009).
Biogas Characterization
Characterization for the biogas is obtained following different generation routes (sewage digestion, landfill
gas, agricultural and domestic residue, etc) including identification of critical parameters such as
composition, presence of contaminants and heating value. Investigation of the necessary cleaning and
eventual purification steps, theoretical and experimental investigation of the combustion characteristics of
biogas streams with different levels of purity and cleanliness, is required before these gas streams can be
used in polygeneration systems (Robért, 2009). However, as described in the previous paragraphs, this part
of the project was completed in phase one.
5.2.2.2 Gas mixing panel from bottles
The ability to generate gas mixtures of arbitrary composition will be necessary in this part of the project
for two reasons. The first is to investigate the performance of the system when using a wide variety of
gaseous mixtures as fuel supply. This will reveal the applicability of the system to exploit different fuel
streams that might not be available for testing in the laboratory. For example, different types of gasifiers
yield drastically different gas compositions as do different routes employed for the production of biogas.
The second reason is probably the most critical: in the event that the gas cleaning operation implemented
on the biomass gasifiers used in the project fail to provide a gas clean enough to allow operation in the gas
turbine, the mixing panel will be the only mean available to test the system performance using syngas
(Robért, 2009).
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Gas Mixing Panel Conception and Realisation
This part of the project involves the conception of a gas mixing panel capable of simulating a wide range
of gaseous fuels mixtures representative of the output from mainstream gasification and biogas
production systems. For this, at least 5 gas streams (H2, CH4, N2, CO, CO2) will need to be combined
using flow-controllers piloted by a real-time computer program. Ideally, it should also be possible to add a
controlled amount of water vapour to the heated mixture to provide a more realistic approximation of
real-life fuels of biological origin. The system should be able to provide at least 30 to 50 kW of thermal
power when simulating low heating value syngas, to allow for the implementation of the components
currently available as well as leaving a margin for future expansion (Robért, 2009).
The main tasks to accomplish include the design of the system (plumbing, valves, flow controllers, etc.),
the safety assessment to ensure compliance with local regulations, the programming of the computer
software controlling the equipment and the actual assembly of the hardware. The software task will be
extensive and will most conveniently be implemented in the LabView environment. This part of the
project will require a substantial budget (200-300 kSEK) and will demand frequent contact with suppliers,
contractors and consultants. However, these tasks will not be covered in this work package (Robért,
2009).
5.2.2.3 Downdraft atmospheric gasifier
The small-scale atmospheric downdraft gasifier currently available in the HPT lab requires extensive
modifications before it can be connected to the Compower unit and integrated in the polygeneration
facility discussed here. A photograph of the gasifier in its current form is provided in Figure 5.4. In its
current state of operation this facility can only be operated in batch mode, with a period of stable
composition in the gas output limited to 40 minutes and no steady-state for temperature. The cleaning
systems implemented are also minimalist and by far insufficient to allow the use of the syngas produced in
the sensitive compact heat exchange of the Compower unit (Robért, 2009).

Figure 5.4: Downdraft atmospheric gasifier and its cleaning system in their current state of
operation (Photographer unknown).

The task of modifying the gasifier necessitates a large amount of work and is intended to be carried out by
a team of MSc students, working in close collaboration, with an aptitude for laboratory work and a will to
get their hands dirty with some hands-on learning. The task of upgrading this facility to a state suitable for
connection with the Compower CHP unit involves several sub-tasks that enable the use of this gasifier for
-42-

purposes not considered in its initial design. The major sub-tasks to be accomplished in the project are
described below (Robért, 2009).
A) Modification of Air Intake
The oxidant required for the gasification reaction to take place is currently sucked in the gasifier enclosure
by a fan located downstream of the cleaning system. This arrangement is not suitable for long term
operation because the progressive increase in the temperature of the exhaust gases as the equipment heats
up limits the duration of the runs to prevent damage to the suction fan. Another problem is that the fan
offers a limited range of flow rates and a slow response time, limiting control over the critical parameter
that is the air-to-fuel ratio. An alternative configuration would be to provide the oxidizing agent (air in this
case) with a slight over pressure and carefully monitor the flow rate using a flow controller, allowing active
control of the air-to-fuel ratio. This approach requires the implementation of additional safety precautions
because from the overpressure follows the risk of toxic gas leaks from the main vessel, which will have to
be monitored. This sub-task of the project includes the design and fabrication of this air supply system as
well as the associated safety measured and software control system (Robért, 2009).
B) Modification of Solid Fuel Supply
This gasifier uses pelletized biomass as fuel. In its current mode of operation, this fuel is placed in the
main reaction vessel once before it is closed and ignited. To enable long operating runs, the fuel must be
added continuously and its level in the reaction chamber monitored to establish the burning rate. Another
feature that will be implemented in this sub-project is the electric ignition of the fuel, removing the need
to open the reactor and insert an open flame to initiate the reaction. Some work has already been done in
this sub-project with most of the hardware required for automated fuel supply already available. An early
version of the control software written in LabView is also ready. The sub-tasks that remain are the
completion of the assembly of the fuel supply system and its calibration. The fuel level monitoring and
ignition systems must be designed from scratch and in such a way to allow these operations to be done in
a fully automated mode of operation (Robért, 2009).
C) Implementation of Output Gas Cleaning System
The syngas currently supplied by this gasifier is unsuitable for operation inside the Compower CHP unit
considered for this facility. Its high particulate content, the presence of tars and alkali metal compounds
would ensure that the primary heat exchanger of the externally fired gas turbine becomes clogged in
minutes, definitely ruining the machine. In order for our industrial partner Compower to authorize us to
operate their unit on syngas, we must demonstrate safe and reliable operation. This necessitate the
implementation of an entirely new cleaning line because the one currently fitted on the gasifier offers only
limited efficiency and not being cooled suffers for decreased performance in tar removal as the operation
time increases. This cleaning system also has to cool the syngas since the Compower unit can only accept
fuels with a maximum temperature of 450C. Several different routes for gas cleaning can be imagined and
therefore the first duty of this sub-task of the project will be the identification of the most suitable
technique to use. In the early development of this polygeneration facility, the quick and easy technique
considered was a series of 2 to 3 wet scrubbing stages, although it has the disadvantage of producing
polluted waste water. The technique selected will then have to be implemented with proper diagnostic
means to allow real-time performance monitoring of the cleaning system (Robért, 2009).
D) Implementation of Data Acquisition and Control System
The final sub-project relative to the gasifier system involves the realization of complete control software
for all of the sub-systems described in the previous paragraphs. This task will require the implementation
of a large number of sensors throughout the system (temperature, pressure, gas composition) to monitor
in real-time the system performance. This data will be fed to a computer program, most likely written in
LabView, which enables the operator to set the operating parameters and verify the results of the different
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subsystems. The safe operation of the gasifier will have to be a prime concern in the development of these
systems with several redundant and automated safety measures to prevent accidents (Robért, 2009).
5.2.2.4 Fluidized bed atmospheric gasifier
An atmospheric fluidized bed gasifier, named GENA, has recently been donated to the Chemical
Processes division at KTH by the Swedish company “TPS Termiska Processer AB”, who is scaling down
its research activities. This unit would provide significant advantages if included in the polygeneration
facility because it has already been used extensively and is known to function in a very stable manner for
extended periods of time (many operation runs have lasted well over 24 hours at TPS). Additionally, most
of the subsystems that need to be added to the Downdraft atmospheric gasifier are already present in this
more advanced research unit, namely continuous fuel supply system and output gas cleaning (using
ceramic candle filters). This hot cleaning technique is very effective for solid particulates but does not trap
tars and is of limited effectiveness against alkali compounds. The presence of the highly energetic tars can
be an advantage if the syngas can be burned before they condense, but depending on the application
additional cleaning steps might need to be implemented (Robért, 2009).
The unit was delivered from TPS in loose parts and since this gasifier has been taken out of commission,
two years ago, some parts were damaged or lost. Moreover, the entire data acquisition and control systems
are either not functional or obsolete. Even though it is not going to be covered in this work package, the
bulk of works, sub-tasks, required to bring this gasifier to an operational state are to design then fabricate
the missing parts and a support frame for the whole assembly. Additionally, the whole facility will have to
be instrumented and the control software written taking into account the appropriate safety procedure.
Since this hardware belongs to the Chemistry Department and no formal cooperation agreement has been
reached yet, the actual work that can be done on this facility remains to be negotiated (Robért, 2009).
A) System Construction
In this sub-task of the project the whole system will have to be considered, from the fuel supply to the gas
cleaning system. The parts available will be accounted for and then drawn in CAD software to perform a
virtual assembly of the gasifier. The missing parts will be identified and designed, then fabricated either
locally or through an external supplier. This project also covers the planning of the laboratory space
required for the unit as well as the actual assembly of the system. Consultancy services from people
involved in the design and operation of the gasifier at TPS will be available. This project might be headed
by the KTH Chemical Processes laboratory, under Klas Engvall (Robért, 2009).
B) Instrumentation and Control and Safety Systems
The instrumentation of the installation involves the connection of fuel level, temperature, pressure, gas
flow rates and composition gauges. These sensors will then have to be connected to suitable data
acquisition and logging hardware. Some of these instruments will require the development of custom
signal conditioning electronics and some other will need to be designed from scratch. Using these data
inputs, a control software with graphical user interface for the whole facility will have to be designed and
implemented, most likely again using the LabView environment. This control system will have to take into
account safety requirements and include features for the rapid quenching of the reactor if needed (Robért,
2009).

5.2.3 Prime mover – Compower Unit (CPU)
The prime mover initially intended to be used in the polygeneration facility discussed here is a Combined
Heat and Power (CHP) unit supplied by the company Compower AB, model ET10 microCHP. A picture
of the core component is presented in the above picture and a description of this gas turbine based system
is also given in the previous sections. Here will be discussed the works, sub-tasks, that has been done and
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to be done on this machine to integrate it in the Explore polygeneration demonstration unit, at first using
biogas as fuel and later using gasified biomass (Robért, 2009).
5.2.3.1 Fuel valve
The fuel valve fitted on the Compower unit is a commercial product, manufactured by the company Karl
Dungs GmbH & Co. KG. It receives a signal from the burner and opens or closes the flow of gas to
achieve the conditions requested in the burner. This component was designed to be operated with natural
gas and has been operated with biogas in the prototypes developed by Compower, with only minimal
adjustments. However, the consequences of these changes in the nature of the fuel that passes through
the valve has largely unknown consequences on the performance and the limits of operation of the device
(Robért, 2009).
Fuel Valve Assessment with Different Fuels of Biological Origin
The Dungs fuel valve will have to be characterized for the various fuels considered in this project. The
characteristic flow response as a function of pressure drop and valve opening is provided by the
manufacturer only for natural gas, similar information will have to be obtained for biogas and syngas
mixtures of various compositions. The issue of cleanliness of the gas supplied through the valve will also
have to be addressed. This will involve the investigation of the device operation, reliability, eventual
damages and safety issues following the presence of contaminants (tars, solid particulates) likely to be
encountered in the gas supplied by the gasifiers available for this project. In order to be able to control the
valve directly regardless of the commands sent by the burner, which might not be appropriate when
syngas is used as fuel for instance, the communication between these two components will have to be
understood. This requires the reverse-engineering of the communication protocol between the burner and
the fuel valve. Electronics and software means allowing the interception and replacements of the messages
between the two devices then have to be implemented. Collaboration with the valve manufacturer will
have to be initiated to investigate the possibility of being mandated to perform this characterisation of the
device for various fuels (Robért, 2009).
5.2.3.2 Burner
The burner used is built by the Swedish company Bentone (Enertech AB). Similarly to what was the case
for the fuel valve, the burner is a commercial product designed for natural gas. Therefore a careful
assessment of its current capabilities and the implementation of eventual modifications will be needed to
ensure that this component can be used safely and reliably with biogas and syngas of varying quality
(Robért, 2009).
Burner Assessment with Different Fuels of Biological Origin
The first task in this part of the project will be the detailed characterization of the Bentone burner in its
default configuration, as it exited the factory. This will require the understanding of the communications
protocols with the fuel valve and load regulation hardware, to allow independent control of the
operational parameters when operating the device with fuels for which it was not designed. The other
issues to address will be the identification of eventual modifications to be implemented on the burner to
enable operation with Low Heating Value (LHV) fuels such as syngas. A main concern will be the change
in aerodynamic inside the burner resulting from the considerably higher flow rate required to maintain
power levels when using a LHV fuel. Modification in the fuel inlet and mixing system might be necessary,
as well as measures to prevent sensor fouling or damage from dirty fuels. Collaboration with the valve
manufacturer will have to be initiated to investigate the possibility of being mandated to perform this
characterisation of the device for various fuels (Robért, 2009).
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5.2.3.3 Control systems
The Compower unit will be delivered in an operational state for a CHP unit, capable of simultaneous
production of both electricity and hot water. The control system of the installation allows for two modes
of operation: either maximizing the electricity production or matching the heat output requirement and
producing whatever electricity possible in the process. However, these two “dumb automated” modes of
regulation will not be suitable for the application considered here where the requirements of the research
call for high flexibility in the way each component can be controlled (Robért, 2009).
Interface with the Compower Unit Control Systems
This part of the project will be essentially software in nature, since the Compower unit is expected to be
delivered sufficiently instrumented to allow basic control and regulation. However, the implementation of
additional sensors and actuators is not excluded to add new features to the installation. The main objective
of this project is to provide an interface to the Compower ET10 microCHP installation from which the
overall system control for the whole polygeneration facility can obtain information on the operation
conditions and specify target parameters. Some reverse-engineering might be required for this task, but a
high degree of cooperation is expected from Compower AB (Robért, 2009).

5.2.4 Energy services
As it is mentioned in the EXPLORE vision, the polygeneration system described in the project is
intended to provide a wide range of energy services. In the initial implementation of the system, only three
will be supplied: electricity, heating and cooling. The latter two will be connected to the system with the
intermediary of a thermal energy storage unit, which will enable thermal loads to exceed the nominal
capacity of the CHP unit for “high intensity bursts” type of operation (Robért, 2009).

5.2.5 Connections, logistics and safety
This section deals with the work related to the connection of the various systems together as well as the
management of the overall facility. The former are little more than plumbing tasks, with only minimal
calculations required for sizing the different components. However, the latter will require a substantial
amount of work to ensure optimal placement of the different facilities in the laboratory and compliance
with the numerous safety regulation applicable to such a complex system (Robért, 2009).
5.2.5.1 Connection fuel source to prime mover
The fuel sources discussed previously will require the connection used to supply the prime mover to be
versatile enough to accommodate their different characteristics. Biomass will probably not pose particular
problems but syngas will require special care. The high hydrogen content implies that special precautions
must be taken regarding leakage, and when this fuel will be obtained from a gasifier the high temperature
of the stream will complicate the situation. This task therefore involves the investigation and
implementation of technical measured to ensure that the fuels available are conditioned at a temperature,
pressure and flow rate suitable for using the various prime movers considered. In addition to the actual
piping work, this might require the sizing of pressurization means and temporary gas storage for high
power burst operation (Robért, 2009).
5.2.5.2 Connection prime mover to downstream services
This task will involve the design and dimensioning of the pipe network used to supply the residual heat
recovered from the gas turbine to the downstream services. This will require fluid mechanics and heat
transfer calculations to ensure the proper sizing of the pumps and minimize the heat losses in the system.
At this point, the overall approach for this connection is largely undefined; it will be up to the person
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responsible for this task to define, in accordance with the resources available, the appropriate system
configuration (Robért, 2009).
5.2.5.3 Floor occupation and service availability
The interconnection of the numerous sub-systems described above will require careful planning of the
laboratory floor-space occupation. This will ensure that sufficient room is available for the operation of
the facilities and that the connections required (electricity, water, exhaust, etc) for each sub-system are
available close to where they are located. This task will essentially involve the 3D representation of the
laboratory space using suitable CAD software. The person in charge will then be responsible to establish
contacts with the leader for each sub-project to define the space and connection requirements of the
different facilities. Using this information, an optimal floor occupation plan will be defined and used for
the step-by-step deployment of the complete polygeneration facility (Robért, 2009).
5.2.5.4 Safety procedures
To ensure compliance with safety regulations, first the potential dangers associated with this facility must
be listed and then addressed. Three types of dangers are foreseen here: high temperatures, flammable
substances and toxic gases. Each of these will require the identification of well delimited danger zones and
the implementation of appropriate safety measures to ensure compliance and safety of the personnel
present in the laboratory. This project will require extensive documentation of safety certification process
as well as frequent contacts with the instances responsible for this certification and eventual external
consultants brought in for advice (Robért, 2009).

5.2.6 System modeling and analysis
The theoretical and numerical modelling of the demonstration facilities developed within the Explore
project will be an important component of the work foreseen. This will serve both to validate these
models with realistic experimental data and to guide future experimental developments or refinement of
the facilities to reach specific goals regarding process efficiency and versatility. Several researchers within
the Explore collaboration are active in the field of system modelling and analysis and it will be left to them
to define specific issues that need to be addressed for the externally-fired gas turbine based polygeneration
demonstration facility (Robért, 2009).
As far as this work package is concerned with investigating and describing how the selected locally
available gasified biomass, syngas, can be fed into the combustion system of the externally fired
microturbine; by considering the Fuel logistics, Local storage, Fuel feeder system, Combustor,
Composition of combustion gases (presence of contaminants) in relation to heat exchangers and chimney
downstream the combustion and heating value, it necessitates all the cleaning and eventually purification
steps required before these gas streams can be fed into the combustion system, considering all the
components that are affected by the selected type of fuel, syngas. For this reason, from all the topics, subtasks and sub-systems, described in the previous paragraphs, this work package, “Fuel Supply
Investigation”, takes in to account, considers, topics related to and components affected by the fuel,
syngas, supplied only (Robért, 2009).
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6 METHODOLOGY
Generally speaking, economies can only survive in the long term if continuous innovative developments
in every aspect are guaranteed. Increasing the innovative strength of every system is therefore vitally
important. Likewise, innovations in the stream of energy are also becoming increasingly valuable, on a
global manner. Due to this, many new and highly advanced looking technologies has passed theories and
become real, introduced to this society of modern time.
However, as every move we make and every activity we do is related to our environment, one way or the
other, with the innovative developments we are trying to bring, we put our environment at risk or favour.
Meaning, the strategies pursued, in order to bring the innovative developments, have a great effect on our
environment.
The only way that our innovative developments could be favourable to the environment is; if we are trying
to gratify our innovative developments without distressing the upcoming generation’s ability in every
aspect, it could be resource utilization or environmental protection way. Therefore, we always have to try
to bring a balance between our innovative developments and environmental protection, and we can call
this “Sustainable Innovative Development”.
In order to bring a balance between our innovative developments and the environment, different problem
solving methodologies are being pursued. Of the many others, the TRIZ inventive principles are the well
known solutions for this kind of contradiction, of course not only this contradiction. So, implementing
some of these inventive principles, selectively, can bring an optimum solution to our problem. And the
selection, optimization, can be done by comparing the alternative solutions with respect to their StrengthWeakness, Opportunities-Threats, SWOT analysis. Now, let’s see what TRIZ and SWOT analysis means.
What is TRIZ?
TRIZ (Teoriya Resheniya Izobretatelskikh Zadatch) (Russian) is a problem-solving, analysis and
forecasting tool based on logic and data derived from the study of patterns of invention in the global
patent literature, not on the spontaneous and intuitive creativity of individuals or groups. It is the acronym
for the "Theory of Inventive Problem Solving” (TIPS), In English, and was developed by Soviet engineer
and researcher Genrich Altshuller and his colleagues, between 1946 and 1985. The approach involves
identifying generalisable problems and borrowing solutions from other fields. TRIZ practitioners aim to
create an algorithmic approach to the invention of new systems, and the refinement of old systems
(Wikipedia, 2010h; Barry et al., 2010).
Basic principles of TRIZ
The basic principle in TRIZ is that almost all inventions are reiterations of previous discoveries already
made in the same or other fields, and the problems can be reduced to contradictions between two
elements and the contradictions should be eliminated. Here, the goal is to achieve a better solution than a
mere trade-off between the two elements, and the belief is that the solution almost certainly already exists
somewhere in the patent literature (Wikipedia, 2010h).
In TRIZ, the first step is to define a problem in terms of the ideal solution. Then, the problem is analyzed
into its basic, abstract constituents according to a list of 39 items matrix, and reframed as a contradiction
between two of these constituents. By contradiction we mean, the one we are seeking to achieve, row, and
the one that we do not want, column. The list of these 39 items matrix, things which have been identified
as being able contradicts one another, are listed in an Appendix 1.
Next, using a contradiction matrix based upon large-scale analysis of patents, a series of suggested abstract
solutions is offered, helping the analyst find creative practical solutions (Wikipedia, 2010h; Creatingminds,
2010). So, use any of the suggested or the entire list of TRIZ 40 Principles to help overcome the
-48-

contradiction identified, actually, any principles that might help to resolve the contradiction can be used.
Figure: 6.1, shows the steps and Appendix 2 shows the list of the 40 principles of TRIZ.

Typical Problem
(Contradiction)

Abstractize!

Specific
Problem

Altshuler Matrix
40 Inventive
Principles
76 Standards

CREATIVE
SOLUTION eliminate root
contradiction

Typical Solution

Concretize!

Trial & Errors

Specific
Solution

Figure: 6.1 TRIZ process for creative problem solving (Wikipedia, 2010h)
Generally, TRIZ recognizes two categories of contradictions, namely:


Technical contradictions and



Physical contradictions

Technical contradictions are the classical engineering "trade-offs”. The desired state can't be reached
because something else in the system prevents it. In other words, when something gets better, something
else gets worse. And Physical contradictions, which are also called "inherent" contradictions, are situations
in which one object or system has contradictory, opposite requirements (Barry et al., 2010).
As far as the 40 TRIZ principles are known solutions to solve contradictions, using them in new problems
can bring innovative solutions.
What Is SWOT analysis?
SWOT is an acronym for Strengths, Weaknesses, Opportunities and Threats. It is the culmination of
much internal analysis and external research. Strengths and weaknesses are internal aspects; whereas,
Opportunities and threats look at the main environmental issues, external (Wikipedia, 2010i).
A SWOT analysis must first start with defining the desired objective. Then, identifying the internal and
external factors that are favorable and unfavorable to achieve that objective is followed, for all the
proposed possible solutions. Finally, a comparison is made between all possible solutions with respect to
Strength-Weakness, Opportunities-Threats, from the objective point of view. And based upon the
comparison result between the alternative solutions, the optimum one is selected.
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7.1 Introduction
As shown in Chapter 4, in addition to the hydroelectric power provided by the EEPCo, the 3600 kg/day
(7936.64 lbs/ day) of pig’s manure and the 8990 tons/year (49260.274 lbs/ day) of poultry litter found in
the company can also be used as a source of energy, after going through different conversion techniques.
Moreover, since the town, district, is rich in different types of biomass resources like: cattle’s manure,
wood from the forest and others; alternative biomass types could also be considered as a source of energy.
However, as far as the main concern here is to select a type of raw biomass appropriate for producing a
gasifier product gas, syngas, being suitable for the microturbine (ET10 microCHP); only the most suitable
one should be selected according to the specification of the microturbine and other conditions. In making
the comparison and choice: availability of the biomass nearby, in the company, and sufficiency of the
amount are some of the criteria.
Since the district is rich in different types of raw biomass, availability in surplus amount will not be a
problem. However, when talking about the availability of the biomass nearby, the two most favorable
ones are the pig’s manure and poultry litter. So, based on these criteria, the next comparison falls between
the pig’s manure and poultry litter only. And the next step should be comparing these two raw biomass
types based on the reliability of the syngas produced and their suitability for the microturbine (ET10
microCHP).

7.2 Syngas production
As described in chapter three, the feedstock for these processes is typically a higher heating value material
such as coal, and as a result, gasification systems built for manure management purposes are not very
common. However, both poultry litter and pig’s manure are suitable for producing the low or medium
heating value gasifier product gas, which can then be processed to a synthesis gas or syngas, suitable for
the microturbine.
The composition of the gasifier product gas is more complex and usually contains H2 and CO as main
combustible components and considerable amounts of CO2, CH4 and N2. The typical volume fraction of
these compounds, which determines the quality or reliability of the syngas produced, varies strongly
according to the type of gasification and raw biomass used.

7.2.1 Biomass gasifiers available in the laboratory
The first parameter that determines the reliability of the syngas produced is the type of gasifier used. In
the laboratory, at the Division of Heat and Power Technology, KTH, the two types of atmospheric
gasifiers available to produce the syngas from raw biomass are the Downdraft atmospheric gasifier and
Fluidized bed atmospheric gasifier.
As described in Chapter 5, if we try to see and compare the weaknesses of both gasifiers, the small-scale
atmospheric downdraft gasifier currently available in the laboratory can only be operated in a batch mode
and no steady-state for temperature. However, due to the extensive additional work required to make the
fluidized bed atmospheric gasifer operative, because of its many missing parts; the most suitable gasifier is
the Downdraft atmospheric gasifier, with the current situation.
In addition, comparing their strength, as described in chapter three, though Fixed Bed Gasifiers produce a
lower heat content syngas, they are typically simpler, less expensive, and are most suitable for small to
medium scales application.
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7.2.2 Selection of the raw biomass
The second main parameter, in addition to the gasifier, that determines the reliability of the syngas
produced is the type of raw biomass used. The characteristics of the raw biomass have to be evaluated
and the most suitable one should be selected, pig’s manure or poultry litter.
Hence, the syngas produced can be classified as good or bad according to the following properties of the
raw biomass.
A) Energy content and Bulk Density of the fuel
For any fuel, the higher the energy content and bulk density of the fuel, the smaller is the gasifier volume,
since for one charge one can get power for longer time. Therefore, a fuel with a higher energy content and
density is our preference.
The main combustible components of syngas are H2 and CO and the heating value of the syngas generally
comes from these gases, in addition to the gasifier’s properties. Since the gasifier used is the same, no
significant changes in the basic process, the determinant factor will be only the concentration of those
gases.
Generally speaking, poultry litter has good fuel properties compared with conventional fuels. Juan et al.
(2002) found that, on average, the massif energy of the poultry litter “dry samples” was 14 447 kJ/kg and
for “wet samples” decreased linearly with increasing water content. However, pig’s manure has greater
energy content than that of the poultry litter, on dry bases. The average higher heating value for pig’s
manure is around 19.5 MJ/kg (Kyoung, 2009).
Regarding the bulk density, as described in Chapter 3, poultry litter has a weight (kg) per m3 of 550, on
average. Like that of the energy content, pig’s manure has also a greater value of weight per volume. On
average, a liquid pig’s manure with a moisture content of 93% has a density being around 1000 kg/m3
(Livestock Engineering Unit et al., 2005).
Since the quality of the gas produced is measured by its heating value, the higher the heating value the gas
produced has the better the fuel is, pig’s manure is more preferable from this perspective. In addition,
concerning the bulk density, pig’s manure is again preferable over that of the poultry litter, as far as pig’s
manure has a better bulk density value.
So, generally speaking, based on these two criteria, we can say pig’s manure is a more preferable one.
B) Moisture content
Generally, all biomasses have a high percentage of moisture. As clearly shown in chapter three of this
document, due to the difference in appearance and some other properties like moisture content of
biomasses, different conversion technologies are used.
In gasification, this high moisture content of biomasses reduces the efficiency of power generation by
requiring heat input to bring the biomasses to operating temperature and evaporate the water. The higher
moisture content the raw biomass has, the more heat input will be required and the more complicated the
system will be. Moreover, in gasification, generally desirable moisture content for fuel is less than 20%
(Rajvanshi, 1987).
The moisture content of raw biomass depends on its type, origin and treatment. So, while using
conversion technologies like gasification, it is desirable to choose a biomass with low moisture content, to
reduce the heat loss for its evaporation before gasification; or some pretreatment of the biomass is
required. Moreover, besides impairing the gasifier heat budget, high moisture content also puts load on
cooling and filtering equipment by increasing the pressure drop across these units because of condensing
liquid.
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The average moisture content for poultry litter is around 25%, whereas, manure from pigs contain too
much moisture, which is around 90% on average bases (Chastain et al., 2003).
So, because of this property, it is very difficult to use pig’s manure for gasification process, before
pretreatment, which complicate the process; whereas, a simple pretreatment, drying, can be applied to
poultry litter to use it for gasification. Therefore, from this perspective, using poultry litter is more
preferable than pig’s manure.
C) Ash characteristic
The mineral content in the fuel that remains in oxidized form after complete combustion is usually called
ash. The ash content of a fuel and the ash composition have a major impact on a trouble free operation of
a gasifier.
Many researches show that the ash content and the ash composition recovered from the gasification of
swine solids is higher than the ash recovered from the gasification of poultry litter (Zering, 2006; Frazier,
2004). So, from the amount of ash produced point of view, it is preferable to gasify poultry litter than pig’s
manure.
D) Tar content
The other property which makes the syngas produced to be called as good or bad is the tar content. Tar is
one of the most unpleasant constituents of the gas as it tends to deposit in some part of the microturbine,
causing sticking and troublesome operations. It is a product of a highly irreversible process taking place in
the pyrolysis zone. The physical property of tar depends upon temperature and heat rate and the
appearance of the raw material used.
Research works have previously been performed in the area of removing or burning tar in the gasifier so
that relatively tar free gas comes out. Thus the major effort has been devoted to cleaning this tar by filters
and coolers. A well-designed gasifier should put out less than 1 g/m3 of tar. Usually it is assumed that a
downdraft gasifier produces less tar than other gasifiers, like fluidized bed gasifires. However because of
localized inefficient processes taking place in the throat of the downdraft gasifier it does not allow the
complete dissociation of tar. More research effort is therefore needed in exploring the mechanism for tar
breakdown in downdraft gasifiers (Rajvanshi, 1987).
As different studies show, tar (i.e. polyaromatic hydrocarbons) produced from the gasification of poultry
litter is less than that of swine manure gasification (Kyoung, 2009). So, as far as the one with less amount
of tar is preferable, from the two available raw biomass types, the choice falls on poultry litter and it can
be said that it is better to use poultry litter than that of pig’s manure.
Under the above subtitles, the gasifiers available in the lab to produce the syngas from the available raw
biomasses and some properties of those available raw biomasses, which makes the syngas produced to be
called as good or bad, were clearly described, to compare and make the right choice from the available
alternatives.
Moreover, a gasifier by itself is very fuel specific and it is modified around a fuel. Therefore, the
gasification should be modified based on the type of biomass used, as far as poultry litter and pig’s manure
have different properties like: fuel logistics, local storage, fuel feeder system and others. And even, these
properties affect the volume fraction of the compounds in the syngas. Therefore, in the evaluation of the
biomasses, these issues should also be considered.

-52-

Fuel logistics
Ease for transportation is one quality of a good fuel. Generally, liquid fuels have great advantage of high
energy density for storage and transportation, and ease of handling. Though, the raw biomasses chosen
are solid and semi-solid, since the resources are located in the company; transportation of the raw biomass
will not be considered.
However, if there is a plan to use this large amount of biomass resources available in other places, out of
the company, some mechanism should be prepared. Generally, to transport a biomass over longer
distances, the raw biomass should preferably be converted into a form that is suitable for bulk handling.
In addition, a transportation mechanism for the leftovers, from the gasification process, should also be
put in to consideration.
Local storage
The methods applied to store the biomasses can significantly reduce some of the nutrients found in the
biomass. For example, if the poultry litter produced is stored in an uncovered pile, extra moisture will be
added from rain. As a result, the litter weighs more, attracts more flies, has a stronger odor, and almost a
third (30 %) of the total nitrogen will be lost. Therefore, uncovered piles are not recommended for longterm storage of poultry litter (Chastain et al., 2001).
In Alema Farm PLC, barns are used to house the chickens at all time of the year. Due to this, the poultry
litter produced is quite dry and is only removed periodically from the bran. When cleaning occurs, the
manure is scraped out of the houses and hauled outside where it is either composted or stockpiled
(Amdemariam, 2010).
Regarding the pig’s manure, the generated manure is washed out from the houses using water, and is
collected in a sump to produce a biogas. Then, the left over from the biogas production is pumped
outside for storage in an earthen lagoon. Once in the lagoon, the solids in the manure settle out, leaving
liquid manure that can be pumped out of the lagoon for spray application to the surrounding fields. The
solids accumulated on the bottom of the lagoon are dredged out a few times a year, and are also applied
directly to the surrounding fields. Both the solid and the liquid that are removed from the lagoon have a
high nutrient content, and help to replace the nutrients lost from the soil during the cropping process
(Amdemariam, 2010).
Though using the poultry litter and the pig’s manure as a fertilizer is an acceptable practice, accumulation
of the poultry litter outside and the pig’s manure in open earthen storage lagoons, or even the direct
application to agricultural land has social and environmental problems. Moreover, the direct application
could even result in the excessive concentrations of some of the nutrients contained in the litter and
manure. However, several advanced technologies are currently available in reducing the environmental
impacts of these wastes, like gasification and bio-digester technologies.
Fuel feeder system
Generally, due to the difference in the requirements of the feeder system of different conversion
technologies; each biomass needs to be pre-treated for being used and only some are most suitable for
specific type of conversion techniques. Moreover, as mentioned in the above paragraphs, though it is
possible to produce syngas from both poultry litter and pig’s manure; because of the difference in their
physical and chemical properties, the efforts put to produce the syngas vary.
As described previously, generally, the gasification process requires a feedstock that is dry, and has
moisture content less than 20%. Liquid, slurry and even semi-solid manures are not suitable for use in a
gasification process, from the effort put and expense point of view. As a result, swine manure cannot be
used as a feedstock for a gasifier before losing that large amount of moisture. This would add cost and
complexity to the manure management process, and would likely not be feasible. However, chicken
manure is typically very dry, and is much better suited to the gasification process.
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On the other hand, bio-digester technology is suitable for swine and some cattle manure, whereas, the
higher concentration of fine solids in the poultry manure can cause problems in a digester and is better
suited to other treatment methods like gasification.
Magnitude of GHG Reduction
Generally speaking, any biomass conversion technology, including gasification, is an effective method of
reducing Green House Gas (GHG) emissions. However, the magnitude of the reduction varies based on
the chemical and physical processes involved.
As described in Chapter 3, if we compare bio-digester and gasifier systems, bio-digester systems are
designed to augment methane production from the anaerobic decomposition of the manure, i.e. to
produce biogas. The biogas is then reacted with oxygen in a combustion process that converts the
methane to CO2 and H2O before it is released to the atmosphere (Langmead, 2003).
The gasification process takes place in a closed system. Through a reducing reaction involving heat and
pressure, organic material that is fed into the gasifier is converted primarily into a gas made up of CO and
H2. If properly controlled, neither the gasification process nor the combustion of the resulting syngas
generates any significant quantities of GHGs. Under ideal conditions, the gasification process is effective
at virtually eliminating all GHG emissions from the manure.
Considering the Strength, Weakness, Opportunities and Threats of the properties and characteristics of
the gasifier and the raw biomasses mentioned in the above paragraphs, though, pig’s manure has a better
energy content and higher bulk density than poultry litter; due to its higher moisture content of nature, it
makes it less preferable for gasification process when comparing with poultry litter. This is because, the
higher moisture content of the pig’s manure is not suitable for use in a gasification process, from the
effort put and expense point of view; whereas, poultry litter is typically very dry, and is much better suited
to the gasification process. In addition, considering the amount of ash and tar (hydrocarbon) produced in
the gasification process, it is still the poultry litter that is preferable. Moreover, Table 7.1 and Table 7.2
below give a clear view of the SWOT matrix for the raw biomasses.
Table 7.1: SWOT matrix for pig’s manure
Environmental
External opportunities
Factors
 the smaller is the
gasifier volume
Own Specific
 higher quality syngas
Factors
produced
Own strengths
 Very Good heating value
 Higher bulk density
Own weaknesses
 very high moisture content
 more heat input required
 higher condensing liquid during
gasification
 relatively higher ash content
 relatively higher tar produced
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External threats
 Reduced efficiency of power
generation
 more complicated system
 less suitable for gasification
 higher evaporation before
gasification
 impairing the gasifier heat
budget
 higher load on cooling and
filtering equipment
 increased pressure drop across
the units
 higher trouble during operation
of the gasifier
 higher sticking and troublesome
operations
 cannot be used as a feedstock
before losing large amount of
moisture

Table 7.2: SWOT matrix for poultry litter
Environmental
External opportunities
Factors
 Better efficiency of power generation
 complicated system
Own Specific
 more suitable for gasification
Factors
 lesser evaporation before gasification
 lesser impairing of the gasifier heat
Own strengths
budget
 lesser moisture content
 lesser load on cooling and filtering
 Lesser heat required to dry
equipment
 Lesser condensing liquid during
 decreased pressure drop across the
gasification
units
 relatively lower ash content
 lesser trouble during operation of the
 relatively lower tar produced
gasifier
Own weaknesses
 lesser sticking and troublesome
operations
 relatively lesser heating value
 can be used as a feedstock after
 lesser bulk density
losing small amount of moisture

External threats
 the bigger is the
gasifier volume
 lesser quality
syngas produced

However, regarding properties like fuel logistics and local storage, both have comparable effect. Meaning,
since the resources are located in the company; logistics of the raw biomass is not a problem and though,
using the poultry litter and the pig’s manure as a fertilizer is an acceptable practice, storage of the poultry
litter outside and the pig’s manure in open earthen storage lagoons, or even the direct application to
agricultural land has social and environmental problems.
Beside, though any biomass conversion technology, including gasification, is an effective method of
reducing Green House Gas (GHG) emissions; under ideal conditions, the gasification process is effective
at virtually eliminating all GHG emissions from the manure.

7.3 Production of syngas from poultry litter
Generally, there are different approaches to potential energy generation from poultry litter. These
approaches includes: Direct Combustion, Co-firing, Anaerobic Digestion, Gasification, Pyrolysis and
Liquefaction. Though, a comparison between some of these approaches should be made, the main
concern here is to produce a syngas from the poultry litter, through gasification technology. So, in this
report, a brief description of the gasification technology is provided.
In gasification of poultry litter, heat, steam, and pressure are used to convert organic materials into
gasification product gas, mainly consisting of carbon oxide, hydrogen, nitrogen, volatile organic
compounds (VOCs), which can be used for the production of either electric power, or be processed to
syngas which can be used for producing a variety of fuels and chemicals.
The gasifier chosen for this process is a throated downdraft gasifier, which was originally designed in
1996/1997 by Marick International and modified in the past years (Connor, 2003). In its current state of
operation, this facility can only be operated in batch mode, with a period of stable composition in the gas
output limited to 40 minutes and no steady-state for temperature.
This gasifier uses pelletized biomass as a fuel, with a maximum operational capacity of ~75 kg/h of wood
(nominal throughput is 55-60 kg/h), and a typical efficiency of 80%. Char and ash are removed by riddling
of the reduction zone and this is removed from the base of the unit at the end of a run. The gasifier is
double skinned to allow the exiting hot gases to preheat the incoming air, thereby improving the thermal
efficiency of the gasifier (Connor, 2003).

-55-

According to many studies done so far, since wood and poultry litter have almost equivalent average
density values, we can assume similar nominal throughputs which is 55-60 kg/h as an operational capacity
for the gasifier.
Since the gasifier has some requirements, for the poultry litter to be used in the gasifier, it should meet
those requirements. Meaning, the poultry litter should first be pre-treated to be used in the gasification
process. So, the first thing to do is to raise the poultry litter on a concrete floor so that unnecessary
materials like the bran, feathers and others, which are found mixed with the poultry litter, can be separated
easily.
The next pre-treatment is regarding the feeding system. Since the gasifier operates in a batch mode, the
poultry litter should be pelletized to the right density and size that fits the gasifier and provides a good
quality producer gas.
After separating the unnecessary materials and pelletizing of the poultry litter, the next thing to do before
the gasification process is drying the poultry litter to the moisture level that is acceptable, which is 20% or
less moisture.
Once after the pretreatments are over, the next step is the gasification process. It has been considered that
the nominal mass flow rate for the poultry litter is around 55 kg/hr and the gasifier operates in a batch
mode with a period of a stable composition in the gas output limited to 40 minutes.
Considering the dried pelletized poultry litter with an energy content of 14 447 kJ/kg, on average, and
taking the typical operational efficiency of the gasifier to be 80%; from the 55 kg/hr flow rate of the
poultry litter, the gasifier can produce a thermal power of 176.57 kW, using the equation: Q = mw × Cv (55
kg/hr × 14 447 kJ/kg × 0.8 × 1/3600 hr/sec). Moreover, from the currently available 931.02 kg/hr of
poultry litter, we can imagine how much thermal power can be produced.
The first step in the gasification of poultry litter is pyrolysis. In this process, thermal decomposition of
the poultry litter with a controlled minimal amount of atmospheric air, currently sucked in the gasifier
enclosure by a fan located downstream of the cleaning system, takes place to produce gases, tar, and char.
Pyrolysis releases the volatile components of the poultry litter at around 1100°F (593oC) through a series
of complex reactions.
The second step in the gasification process is Combustion. In the Combustion process, the char, the
leftover tars and the volatile products produced in the pyrolysis process are combusted with oxygen to
form CO and CO2, generating heat for gasification. As mentioned, currently the air is sucked in the
gasifier enclosure by a fan located downstream of the cleaning system.
Finally, gasification process takes place where the leftover char reacts with CO2 and steam to produce CO
and H2. Hydrogen and carbon-monoxide are the desired product gases, and they can be directly fired in a
gas turbine for power generation or used in chemical synthesis.
Generally speaking, biomass gasification processes generate contaminants in the exit gases that are
generally referred as tar and particulate matter. Specifically, gasification of poultry litter produces increased
levels of inorganic nitrogen and sulfur product gases like: NOx, ammonia, acid gas, and hydrogen sulfide,
when compared to other biomasses like wood. So, as shown in the representation of the baseline
configuration of the first Explore polygeneration demonstration facility (Figure 5.3), once after the
gasification process takes place, the syngas produced passes through the gas cleaning system, before being
used in the burner; so that the contaminants are removed or reduced to a level that is acceptable, to
preserve the life of the burner and to minimize an air pollution.
Though, a laboratory test is required: to measure and determine the compositions and properties of the
contaminants at the exit gas of the gasification, and to study the influence of various parameters like:
superficial velocity, pellet density, and fuel moisture on the quality of the producer gas and char/ash
products; generalized ideas can be given from different studies made so far.
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As different studies have shown, the main contaminants of poultry litter gasification are: particulate
matter, carbon monoxide, hydrocarbons, oxides of nitrogen and sulfur product gases. In an efficient
gasifier there is very little unburned carbon or char in the fly-ash that is separated from the producer gas
or the ash that is removed from the bed. When these products exceed local standard levels, they become
pollutant emissions that must be controlled through good combustion practices and, in some cases,
emissions control devices (Antares Group Incorporated et al., 1999).
If the producer gas doesn’t exceed local standard level or after cleaning the contaminants, the producer
gas will be ready to be used in the burner. As described in chapter five, the burner and the fuel valves used
are commercially available, to save on development costs. The burner which is currently available at the
lab operates with an atmospheric combustion having an estimated thermal power of 28 kW, thermal
power from the burner, and the efficiency of the burner can be set to 90%. Moreover, the heat from the
burner goes to the heat exchanger to operate the externally heated truck turbocharger gas turbine system.
It is known that the performance of the gas turbine depends mostly on the design of the high
temperature heat exchanger; and the higher temperature it can handle, the higher the efficiency of the
system. Therefore, in our case, the heat exchanger shall heat the compressed input air for the turbine to
8000C. The air mass flow is 100 g/s and the pressure increase is 3:1. So heating this amount of air to
8000C with a suitable burner is what is needed. Moreover, the heat exchanger should be of low cost,
suitable for rural areas as small power generation unit. So, the development cost of the heat exchanger
should be considered as a major factor.
The residual heat is recovered by a large heat exchanger connected to a water circuit. The waste heat left
over after the gas turbine will be used for various energy services thanks to the hot water circuit provided
by the Compower unit.

7.4 Alternative approach to energy generation from poultry
litter
7.4.1 Anaerobic digestion
As described in chapter three, Anaerobic Digestion is a biological process that happens naturally when
microorganisms break down biodegradable materials in the absence of oxygen, to produce methane,
carbon dioxide, and other organic compounds. Anaerobic digestion is not limited to manure products
and can be applied at any site that produces organic materials. However, the efficiency of conversion of
manure to methane gas depends on many factors such as quality of manure, retention time in digester, and
temperature of the digester. If manure sits in a pit for 4-5 months before it is utilized, some of the
methane producing potential will be lost, making it critical to utilize the manure soon after production
(Flora et al., 2006).
There are four general steps in the anaerobic digestion of animal wastes. These are: Hydrolysis
(liquefaction) of animal manure by bacteria into soluble organic compounds; Acidogenesis (fermentation)
or bacterial breakdown of the remaining components further; Acetogenesis (acid production) or
conversion of decomposed matter to organic acids; and finally, Methanogenesis (biogas production) or
conversion of the organic acids to methane and carbon dioxide gas. Depending on the waste feedstock
and the system design, biogas is typically 50–75% methane. The produced biogas can be used to fuel
internal combustion engines that run generators and produce electricity, or stored in microturbines or fuel
cells after scrubbing (Flora et al., 2006).
Anaerobic digestion can be operated in the mesophilic range (temperature of 20–45ºC) with a retention
time of 15 to 30 days or in the thermophilic range (temperature > 45ºC) with a retention time of 12 to 14
days. Thermophilic digestion systems offer higher methane production and better virus and pathogen
reduction, but require greater energy input and higher cost of operation compared to mesophilic systems
(Flora et al., 2006).

-57-

Several studies on the anaerobic digestion of poultry litter have been reported and shown that anaerobic
digestion of poultry litter is technically feasible. However, considering the requirements of the feeder
system, which is affected by the physical and chemical properties of the litter, poultry litter is more
suitable for some other conversion technologies. Moreover, the higher concentration of fine solids in the
poultry litter can cause problems in the digester and is more suited to other treatment methods like
gasification.
In addition, as described in the previous paragraphs, though any biomass conversion technology is an
effective method of reducing Green House Gas emissions; the magnitude of the reduction varies based on
the chemical and physical processes involved. Meaning, it varies for gasification and anaerobic digestion.
From this point of view, under ideal conditions, the gasification process is effective at virtually eliminating
all GHG emissions from the manure.

7.5 Alternative approach to utilization of poultry litter
As it is known, poultry litter has been traditionally spread on the land as a fertilizer. Although this is an
acceptable practice, it can result in excessive concentrations of the nutrients contained in the litter (Scott,
1997). Moreover, using the raw poultry litter as a fertilizer is to waste the renewable energy that could have
been produced from it; as far as, the left over after the poultry litter gasification (ash) can also be used as a
fertilizer (“two birds by a single stone!”). According to studies made so far, beside the higher energy
content, one of the more notable results of the low moisture downdraft gasification test was that the
resulting ash product had an excellent quality (Reardon et al., 2001). This is because the ash retains many
of its original nutrients.
This ash is rich in chemicals and can be used as a fertilizer, enabling a reduction in the excessive
concentrations that can rise when fresh litter is spread on the land (Scott, 1997). Though applying the ash
to crop soil will increase the organic matter which improves the soil’s water holding capacity and fertility, a
soil analysis is important to determine the appropriate balance of N-P-K and Ca for the desired crop, and
although poultry litter contains many of the valuable macronutrients found in expensive commercial
fertilizers, the NPK ratios may not be ideally suited to the soil nutrient needs (Reardon et al., 2001).

7.6 Problems related to poultry litter gasification
Comparing with other available biomass sources of energy, though poultry litter is the most preferable
one, for producing a gasifier product gas, syngas, being suitable for the microturbine; there are some
problems that occur with relation to its use as an energy source.
Some of the reasons for these problems are the nature of the poultry litter by itself and the others are the
methods used in the conversion process of the poultry litter. In order to convert and use the poultry litter
as an energy source, these problems need to be resolved. So, in the paragraphs below, these problems are
identified and described as a contradiction between two ideas, so that the TRIZ inventive principles can
be applied to resolve the problems.
It is shown that, for any fuel, the higher the energy content and bulk density of the fuel, the smaller is the
gasifier volume; and this is a very good quality of one fuel, since for one charge one can get power for
longer time. Moreover, from a storage and handling point of view, a pelletized poultry litter with a higher
density utilizes a lesser storage area and requires a lesser effort than that of a lower density. However, the
high-density litter pellet could also result in a slow flame front propagation rate, which leads to high
pyrolysis temperatures and significant CO2 concentration in the produced gas, resulting in need of some
other additional system or mechanisms like emission control. This indicates more combustion and poor
gasification.
The moisture content is the most variable component of litter that must be managed to control efficiency
and emissions. As described before, the poultry litter has an average value of moisture content being 25%,
as received; and with the current storage system of the company, since the poultry litter is scraped out of
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the houses and hauled outside, the moisture content could even increase. However, in gasification,
generally desirable moisture content for fuel is less than 20%.
The quality of the gasification will also be improved with having less amount of moisture content. This is
because: the calorific value decreases linearly with increasing water content, and the increase in the
moisture content also decreases the flame front propagation rate by impairing the gasifier heat budget.
Besides, the high moisture content also promotes volatile species that are not completely burned,
unburned gases, into the flue gas and this increases emission. Moreover, the higher moisture content
could also put load on cooling and filtering equipment by increasing the pressure drop across these units
because of condensing liquid. On the other hand, higher moisture content lowers the flame temperature,
and this reduces NOx generation. In addition, drying the poultry litter too much results in the formation
of high dust.
Odor is the other serious challenge to poultry litter conversion. Be it wet or dry, poultry litter has a
persistent odor which is very difficult to get rid of. In the company, since the poultry litter is scraped out
of the houses and hauled outside, it forms a very bad odor. If no measure is made to this, it will have a
serious environmental impact.
The other most significant problems leading to the development and subsequent scale up of poultry litter
gasification is gas cleaning for particulate and organic contaminants, prior to use in power generation
applications. Moreover, since the tar levels are significant from small-scale gasifiers, additional
investigation for the necessary cleaning and eventual purification is required before the gas is used in the
power generation applications. As described earlier, the main contaminants of poultry litter gasification
are: particulate matter, ammonia, hydrogen sulphide, alkali metals and tar compounds. If no cleaning is
made to the particulate matters, the presence of tars and alkali metal compounds would ensure that the
primary heat exchanger of the externally fired gas turbine becomes clogged in minutes.
The cleaning systems implemented so far are minimal and by far insufficient to allow the use of the syngas
produced in the sensitive compact heat exchange of the Compower unit. Moreover, the cleaning system
also has to cool the syngas, since the Compower unit can only accept fuels with a maximum temperature
of 450C. This necessitates the implementation of an entirely new cleaning system.
Since poultry litter is very high in nitrogen and ash, fuel-bound nitrogen readily converts to ammonia at
higher temperature. The chemical NOx contribution to air pollution is the most important aspect to
consider when designing an air pollution control strategy for poultry litter. So, it is very important to
reduce chemical NOx precursors in the fuel gas, which are significant in poultry litter producer gas, before
delivery to a burner (Antares Group Incorporated et al., 1999).
In addition, the challenge with gasification of poultry litter is the presence of potassium in the product ash
and its tendency to volatilize at gasification temperatures >600°C (Antares Group Incorporated et al.,
1999).

7.7 Solutions for
gasification

the problems related to poultry litter

As clearly described in the above subtitle, “Problems related to poultry litter gasification”, there are some
problems that occur with relation to the use of poultry litter as an energy source and these problems need
to be resolved. Here, the concepts of TRIZ inventive principles, the 40 TRIZ principles, are applied to
resolve some of those problems identified and described as a contradiction between two ideas.
Different studies have shown that a higher pyrolysis rate doesn’t occur with the lower density poultry
litter, which produces improved quality gas. Meaning, the low-density pellets can improve gasification
quality by increasing the pyrolysis propagation rate. So, in order to resolve problems like: the high
pyrolysis temperature and significant CO2 concentration in the produced gas, one of the most suitable
solutions is to use a low-density pellet for gasification. Though, the suitability for storage and handling
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should also be put in to consideration. Moreover, sufficient bed mass is also important to promote an
effective gasification, bearing in mind that the low-density pellet reduces combustion.
On the other hand, to obtain all the advantages mentioned for using a higher density pellet of poultry
litter, it is clear that we need to use a poultry litter pellet with a higher density. So, to resolve these
contradicting ideas and to work out the problems related with the pellet density, a comparison between
these two ideas should be made and the more advantageous one should be selected and if possible
modified.
Considering these two contradicting ideas and Looking into the list of TRIZ 40 principles for solution,
Periodic action is recommended. Meaning, it is preferable to use the poultry litter with low-density pellet
and make some modification on it, so as not to lose all the advantages those could have been achieved
with using the higher density pellet.
So, to resolve the problems related with the pellet density, a poultry litter with low-density pellet shall be
used as a solution; and a small die-piston pelletizer can be used to make this low-density pellet, 16,000 to
50,000 psi (2.32 to 7.25 Pa). Besides, in addition to reducing pellet density it will be important to increase
the fresh fuel head above the pyrolysis zone, to promote conduction and flame front propagation. By this
way, most of the problems can be resolved and syngas with a good quality and that requires less effort can
be made.
Due to the problems related with high moisture content, the poultry litter should be dried to the level that
is possible, which is less than 20% moisture. However, the problems related with drying the poultry litter
too much has to also be put in to consideration. Meaning, there should be a balance between these two
contradicting ideas. Similarly, looking into the list of TRIZ 40 principles for solution, Parameter change is
recommended to manage the moisture content to control efficiency and emissions.
Drying the poultry litter can primarily be achieved by supplying hot air or superheated steam which can be
produced from electricity. However, since the consumption of electricity is significantly high, drying can
also be done by solar; though solar drying is dependent on the climate. The steam can also be produced in
steam plants using poultry litter and what is called Self-service from the list of TRIZ 40 principles or diesel
as fuel in direct combustion systems. In doing so, both the requirement by the gasifier and the quality of
the gasification will be improved.
As some literatures have shown, poultry litter burns best and create less dust when dried to 15% to 20%
moisture (Antares Group Incorporated et al., 1999).
Despite the fact that storage of the poultry litter outside is an easy job and storage cost saving, whether
the poultry litter is wet or dry, odor is a serious challenge for it’s being scraped out of the houses and
hauled outside. From the list of TRIZ 40 principles for solution, Preliminary anti-action is recommended
to resolve the problem.
Meaning, after collecting the poultry litter from each house, if the litter is to be stockpiled for more than 1
or 2 days before any application, the litters should be stored in a storage hall environment conditioned to
maintain negative pressure to avoid the release of noxious odors to the atmosphere; or at least, it should
be covered with a tarp and located away from other activities until it will be utilized.
Different solutions can be proposed for the problems related with the gas cleaning for particulate and
organic contaminants of poultry litter based power generation. Most of the contaminants can be
eliminated or at least reduced at the time of conversion, by having a controlled gasification and/or by
using some catalysts and this is called Preliminary anti-action, from the list of TRIZ 40 principles.
Based on that, the gas production module designed for the poultry litter must have ammonia and chemical
NOx reduction prior to the burner application, since NOx is the most important aspect to consider when
designing an air pollution control for poultry litter. To do so, the catalytic conversion strategies based on
upstream catalytic ammonia conversion can be used. If the NOx is reduced before the burner, it is
possible to achieve very low NOx emissions from a typical engine system with a standard 3-way catalytic
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converter. As some studies have shown, with this method, NOx emissions attainment is possible with 98%
reduction in fuel gas ammonia and 25% improved engine efficiency (Reardon et al., 2001).
The increased tar level is due to poor feedstock specification and poor design. This apparent tar problem
can be resolved by careful control of the gasifier reduction zone and smooth continuous gasifier
operation. With this method, a significant amount of tar level can be reduced. Moreover, by achieving
such low tar levels, the gas conditioning system can be greatly simplified and significant cost savings can
be made. Finally, a small back-pulsable ceramic filtration system can be implemented to remove the
remaining particulates and trace organics, leaving a tar and particulate free gas. The use of this ceramic
filtration offers the advantages of a continuous process, which is self-cleaning and therefore lowers
maintenance costs (Connor, 2003).
The remainder of the producer gas is passed through a water scrubber to cool the gas to 450C and remove
residual particulates after the cyclone. The moist gas is then cooled further to remove condensate, passed
through a gas buffer tank prior to use in the engine, which is a Preliminary action.
Finally, although, onset of potassium evolution occurs as low as 600°C, temperature control is very
important in the regards (Antares Group Incorporated et al., 1999).
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8 CONCLUSION
The reliability of the syngas produced depends on the type of the gasifier and the raw biomass used. Based
on that:
 Downdraft atmospheric gasifier is chosen for it is typically simpler, less expensive, and most
suitable for small to medium scales application.
 Though, pig’s manure has better energy content and higher bulk density, the poultry litter is
chosen for its less moisture content, ash and tar (hydrocarbon) produced in the gasification
process, based on the SWOT matrix.However, since both biomasses are found in the company,
logistics is not an issue.
Storage of the poultry litter outside and the pig’s manure in open earthen storage lagoons, or even the
direct application to agricultural land has social and environmental problems. However, using the leftover
from the gasification process is like “two birds by a single stone!”
Though, poultry litter is also technically feasible for an anaerobic digestion, it is more suitable for some
other conversion technologies like gasification.
To conquer the problems caused by the nature of the poultry litter by itself and the conversion process,
the 40 TRIZ principles are used. The way-outs recommended are:
 Use a poultry litter with low-density pellet, made from a small die-piston pelletizer and being
dried to 15 to 20% of moisture. In addition, the fresh fuel head above the pyrolysis zone should
be increased to promote conduction and flame front propagation.
 Use the upstream catalytic ammonia conversion to reduce the ammonia and the chemical NOx
prior to the burner application in the gas production module.
 Make a careful control of the gasifier reduction zone and smooth continuous gasifier operation to
reduce the tar level. In addition, a small back-pulsable ceramic filtration system can be
implemented to remove the remaining particulates and trace organics, leaving a tar and particulate
free gas.
Finally, after collecting the poultry litter from each house, if the litter is to be stockpiled for more than 1
or 2 days before any application, the litters should be stored in a storage hall environment conditioned to
maintain negative pressure to avoid the release of noxious odors to the atmosphere and to avoid the rise
of moisture which could cause a problem in handling and gasification process; or at least, it should be
covered with a tarp and located away from other activities until it will be utilized.
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9 FUTURE WORK
As described in chapter five of this paper, the general objective of this phase, second phase, is to modify
the gas turbine ET10 to operate on gasified biomass. The task of modifying the gasifier includes
modification of the air intake, solid fuel supply, gas cleaning system and others. However, the specific
objective of this work package is investigation of the fuel supply and the feeding method into the system.
By doing so, it provide the required input to other work packages that should be accomplished in the
future.
Beside, in the future, the implementation of this project on the other stations and finding a better biomass
type and a better use of this gasified biomass should also be put in to consideration.
Moreover, to make the pelletized biomass easier for transportation and usage, a way to supply the syngas
from pressurized cylinder should have to be looked forward.
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APPENDIX 1: LIST OF THE 39 TRIZ CONTRADICTION MATRIXES
(Creatingminds, 2010)

Undesired result (Conflict)

Feature To Change

1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

2

3

4

15, 8, 29, 34

5

6

7

29, 17, 38, 34
10, 1, 29, 35

8, 15, 29, 34

35, 30, 13, 2
15, 17, 4

35, 28, 40, 29
2, 17, 29, 4

2, 28, 13, 38

35, 8, 2, 14
29, 30, 4, 34

26, 7, 9, 39

19, 14

1, 7, 4, 17

29, 30, 34

8, 1, 37, 18

18, 13, 1, 28

17, 19, 9, 36

28, 10

19, 10, 15

10, 36, 37, 40

13, 29, 10, 18

35, 10, 36

35, 1, 14, 16

8, 10, 29, 40

15, 10, 26, 3

29, 34, 5, 4

21, 35, 2, 39

26, 39, 1, 40

13, 15, 1, 28

1, 8, 40, 15

40, 26, 27, 1

1, 15, 8, 35

7, 29, 34
1, 18, 36, 37

15, 9, 12, 37

10

12
10, 14, 35, 40

1, 35, 19, 39

8, 10, 19, 35

13, 29, 10, 18

13, 10, 29, 14

26, 39, 1, 40

10, 17, 4

1, 8, 35

1, 8, 10, 29

1, 8, 15, 24

28, 10

1, 14, 35

13, 14, 15, 7

39, 37, 35

19, 30, 36, 2

10, 15, 36, 28

5, 34, 29, 4

11, 2, 13, 39

1, 18, 35, 36

10, 15, 36, 37

15, 35, 36, 37

6, 35, 36, 37

1, 15, 28, 4

28, 10, 1, 39

2, 18, 37

24, 35

7, 2, 35

34, 28, 35, 40

13, 28, 15, 19

6, 18, 38, 40

35, 15, 18, 34

28, 33, 1, 18

18, 21, 11

10, 35, 40, 34

35, 10, 21

35, 4, 15, 10

35, 33, 2, 40

2, 38

13, 28, 15, 12

10, 15, 36, 25 10, 15, 35, 37 6, 35, 10

35, 24

6, 35, 36

13, 14, 10, 7

5, 34, 4, 10

7, 2, 35

35, 15, 34, 18 35, 10, 37, 40

37

2, 11, 13

39

28, 10, 19, 39 34, 28, 35, 40 33, 15, 28, 18 10, 35, 21, 16

2, 35, 40

22, 1, 18, 4

15, 14, 28, 26

3, 34, 40, 29

9, 40, 28

10, 15, 14, 7

14, 4, 15, 22

3, 17, 19
1, 10, 35
15, 19, 9

9, 14, 17, 15

10, 2, 19, 30

36, 35, 21
34, 15, 10, 14

33, 1, 18, 4

8, 13, 26, 14

10, 18, 3, 14

10, 3, 18, 40

10, 30, 35, 40

13, 17, 35

3, 35, 5

19, 2, 16

19, 3, 27

14, 26, 28, 25

13, 3, 35

35, 34, 38
3, 35, 39, 18

35, 38

39, 3, 35, 23

22, 35, 32

15, 19, 9

34, 39, 40, 18 35, 6, 4

2, 28, 36, 30

35, 10, 3, 21

19, 1, 32

2, 35, 32

19, 32, 16

19, 32, 26

2, 13, 10

10, 13, 19

26, 19, 6

12, 28

15, 19, 25

35, 13, 18

8, 15, 35

16, 26, 21, 2

19, 9, 6, 27

35, 39, 19, 2

14, 22, 19, 32

1, 35, 32

32, 30

32, 3, 27

23, 14, 25

12, 2, 29

19, 13, 17, 24

22, 10, 35

29, 14, 2, 40

36, 37
19, 38

8, 36, 38, 31

19, 26, 17, 27

1, 10, 35, 37

15, 6, 19, 28

19, 6, 18, 9

7, 2, 6, 13

6, 38, 7

15, 26, 17, 30 17, 7, 30, 18

35, 6, 23, 40

35, 6, 22, 32

14, 29, 10, 39

10, 28, 24

35, 2, 10, 31

10, 24, 35

10, 35, 5

1, 26

26

30, 26

10, 20, 37, 35

10, 20, 26, 5

15, 2, 29

30, 24, 14, 5

26, 4, 5, 16

10, 35, 17, 4

2, 5, 34, 10

35, 6, 18, 31

27, 26, 18, 35

29, 14, 35, 18

15, 14, 29

2, 18, 40, 4

15, 20, 29

3, 8, 10, 40

3, 10, 8, 28

15, 9, 14, 4

15, 29, 28, 11

17, 10, 14, 16 32, 35, 40, 4

3, 10, 14, 24

32, 35, 26, 28

28, 35, 25, 26

28, 26, 5, 16

32, 28, 3, 16

26, 28, 32, 3

26, 28, 32, 3

32, 13, 6

28, 32, 13, 18

28, 35, 27, 9

10, 28, 29, 37

2, 32, 10

28, 33, 29, 32 2, 29, 18, 36

32, 28, 2

22, 21, 27, 39

2, 22, 13, 24

17, 1, 39, 4
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22, 1, 33, 28

27, 2, 39, 35

22, 23, 37, 35 34, 39, 19, 27 21, 22, 35, 28 13, 35, 39, 18

19, 22, 15, 39

35, 22, 1, 39

17, 15, 16, 22

17, 2, 18, 39

22, 1, 40

17, 2, 40

30, 18, 35, 4

35, 28, 3, 23

28, 29, 15, 16

1, 27, 36, 13

1, 29, 13, 17

13, 1, 26, 12

16, 40

13, 29, 1, 40

35

25, 2, 13, 15

6, 13, 1, 25

1, 17, 13, 12

1, 17, 13, 16

18, 16, 15, 39 1, 16, 35, 15

2, 27, 35, 11

2, 27, 35, 11

1, 28, 10, 25

3, 18, 31

15, 13, 32

16, 25

25, 2, 35, 11

1, 6,15, 8

19, 15, 29, 16

35, 1, 29, 2

1, 35, 16

35, 30, 29, 7

15, 16

15, 35, 29

26, 30, 34, 36

2, 36, 35, 39

1, 19, 26, 24

26

14, 1, 13, 16

6, 36

34, 25, 6

1, 16

27, 26, 28, 13

6, 13, 28, 1

16, 17, 26, 24

26

2, 13, 15, 17

2, 39, 30, 16

29, 1, 4, 16

2, 18, 26, 31

28, 26, 18, 35

28, 26, 35, 10

14, 13, 17, 28

23

17, 14, 13

35, 13, 16

35, 26, 24, 37

28, 27, 15, 3

18, 4, 28, 38

30, 7, 14, 26

10, 26, 34, 31 10, 35, 17, 7

2, 6, 34, 10

15, 17, 27

17, 32, 13, 38 35, 6, 38

30, 6, 25

15, 35, 2

26, 2, 36, 35

7

16, 35, 38

36, 38

10, 18, 39, 31 1, 29, 30, 36

3, 39, 18, 31

10, 13, 28, 38 14, 15, 18, 40

30, 16

2, 22

26, 32

7, 18, 23
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12, 18, 28, 31
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18, 13, 34
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1

34, 9
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35, 36, 37, 32

27, 13, 1, 39

11, 22, 39, 30

28, 10

2, 35

13, 35

15, 32, 1, 13

18, 1

28, 15, 10, 36

10, 37, 14

14, 10, 34, 40

35, 3, 22, 39

2, 35, 24

25, 10, 35

35, 37, 10, 2

10, 37, 36, 5

27, 4, 29, 18

28, 19, 34, 36

APPENDIX 1 (cont.)
Undesired result (Conflict)

Feature to Change

14
1 28, 27, 18, 40
2 28, 2, 10, 27
3 8, 35, 29, 34
4 15, 14, 28, 26
5 3, 15, 40, 14
6 40
7 9, 14, 15, 7
8 9, 14, 17, 15
9 8, 3, 26, 14
10 35, 10, 14, 27
11 9, 18, 3, 40
12 30, 14, 10, 40
13 17, 9, 15
14
15 27, 3, 10
16
17 10, 30, 22, 40
18 35, 19
19 5, 19, 9, 35
20 35
21 26, 10, 28
22 26
23 35, 28, 31, 40
24
25 29, 3, 28, 18
26 14, 35, 34, 10
27 11, 28
28 28, 6, 32
29 3, 27
30 18, 35, 37, 1
31 15, 35, 22, 2
32 1, 3, 10, 32
33 32 40, 3, 28
34 11, 1, 2, 9
35 35, 3, 32, 6
36 2, 13, 28
37 27, 3, 15, 28
38 25, 13
39 29, 28, 10, 18
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5, 34, 31, 35
2, 27, 19, 6
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1, 40, 35
6, 3
2, 10, 19, 30
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19, 10, 32, 18
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2, 6, 34, 14

4, 6, 2
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32, 3, 27, 15
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15, 32, 35

30, 10, 40
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19, 35, 10
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10, 26, 35, 28

35

35, 28, 31, 40

29, 3, 28, 10

29, 10, 27

19, 35, 39

2, 19, 4, 35

28, 6, 35, 18

1, 16, 36, 37

19, 18, 36, 40
19, 13, 39

21

30, 6

3, 19, 35, 5

13, 27, 10, 35

20

19, 18, 36, 40

32, 30, 21, 16

2, 19,6

32, 35, 19

28, 35, 6, 18

19, 24, 3, 14

19, 15, 3, 17
32, 1, 19

32, 35, 1, 15

2, 15, 19

16

2, 14, 17, 25

16, 6, 19

19, 38, 7

1, 13, 32, 15

28, 27, 3, 18

10

20, 10, 28, 18

3, 35, 10, 40

16

27, 16, 18, 38

10

28, 20, 10, 16

3, 35,31

35, 28, 21, 18

3, 17, 30, 39

19, 1, 26, 17

1, 19

35, 38, 19, 18

34, 23, 16, 18

2, 14, 17, 25

21, 17, 35, 38
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13, 1
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10, 19

35, 20, 10, 6

4, 34, 19
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6, 3,10, 24
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36, 23
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10, 35, 29, 39
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26, 32, 27

10, 16, 31, 28

24, 34, 28, 32
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32, 2
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13, 32, 2

35, 31, 10, 24

32, 26, 28, 18

32, 30
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35, 38, 18, 16

22, 15, 33, 28

17, 1, 40, 33

22, 33, 35, 2

1, 19, 32, 13

1, 24, 6, 27

10, 2, 22, 37

19, 22, 31, 2

21, 22, 35, 2

33, 22, 19, 40

22, 10, 2

35, 18, 34

35, 33, 29, 31

15, 22, 33, 31

21, 39, 16, 22

22, 35, 2, 24

19, 24, 39, 32

2, 35,6

19, 22, 18

2, 35, 18

21, 35, 2, 22

10, 1, 34

10, 21, 29

1, 22

3, 24, 39, 1

27, 1,4

35, 16

27, 26, 18

28, 24, 27, 1

28, 26, 27, 1
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27, 1, 12, 24

19, 35

15, 34, 33

32, 24, 18, 16 35, 28, 34, 4

35, 23, 1, 24

29, 3, 8, 25

1, 16, 25

26, 27, 13

13, 17, 1, 24

1, 13, 24

35, 34, 2, 10

2, 19, 13

28, 32, 2, 24

4, 10, 27, 22

4, 28, 10, 34

12, 35

11, 29, 28, 27

1

4, 10

15, 1, 13

15, 1, 28, 16

15, 10, 32, 2

15, 1, 32, 19

2, 35, 34, 27

32, 1, 10, 25

2, 28, 10, 25

13, 1, 35

2, 16

27, 2, 3, 35

6, 22, 26, 1

19, 35, 29, 13

19, 1, 29

18, 15, 1

15, 10, 2, 13

35, 28

3, 35, 15

2, 17, 13

24, 17, 13

27, 2, 29, 28

20, 19, 30, 34

10, 35, 13, 2

35, 10, 28, 29

6, 29

13, 3, 27, 10

3, 27, 35, 16

2, 24, 26

35, 38

19, 1, 16, 10

35, 3, 15, 19

1, 13, 10, 24

35, 33, 27, 22 18, 28, 32, 9

3, 27, 29, 18

26, 2, 19

8, 32, 19

2, 32, 13

28, 2, 27

23, 28

35, 10, 18, 5

35, 33

35, 13

35, 20, 10

28, 10, 29, 35

28, 10, 35, 23

13, 15, 23

10, 4, 28, 15
19, 29, 39, 25

25, 24, 6, 35

6, 9
35, 10, 2, 18

20, 10, 16, 38

35, 21, 28, 10 26, 17, 19, 1

35, 10, 38, 19

19, 35, 16

1
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1

27

28

3, 11, 1, 27

2 10, 28, 8, 3
3 10, 14, 29, 40
4 15, 29, 28
5 29, 9
6 32, 35, 40, 4
7 14, 1, 40, 11
8 2, 35, 16
9 11, 35, 27, 28
10 3, 35, 13, 21
11 10, 13, 19, 35
12 10, 40, 16
13
14 11, 3
15 11, 2, 13
16 34, 27, 6, 40
17 19, 35, 3, 10
18
19 19, 21, 11, 27
20 10, 36, 23
21 19, 24, 26, 31
22 11, 10, 35
23 10, 29, 39, 35
24 10, 28, 23
25 10, 30, 4
26 18, 3, 28, 40
27
28 5, 11, 1, 23
29 11, 32, 1
30 27, 24, 2, 40
31 24, 2, 40, 39
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33 17, 27, 8, 40
34 11, 10, 1, 16
35 35, 13, 8, 24
36 13, 35, 1
37 27, 40, 28, 8
38 11, 27, 32
39 1, 35, 10, 38
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10, 1, 35, 17

35, 22, 1, 39
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6, 13, 1, 32

2, 27, 28, 11

19, 15, 29

1, 10, 26, 39

25, 28, 17, 15

2, 26, 35

1, 28, 15, 35

28, 32, 4

10, 28, 29, 37 1, 15, 17, 24

17, 15

1, 29, 17

15, 29, 35, 4

1, 28, 10

14, 15, 1, 16

1, 19, 26, 24

35, 1, 26, 24

17, 24, 26, 16

14, 4, 28, 29

32, 28, 3

2, 32, 10

1, 18

15, 17, 27

2, 25

3

1, 35

1, 26

26

26, 28, 32, 3

2, 32

22, 33, 28, 1

17, 2, 18, 39

13, 1, 26, 24

15, 17, 13, 16

15, 13, 10, 1

15, 30

14, 1, 13

2, 36, 26, 18

14, 30, 28, 23

10, 26, 34, 2

26, 28, 32, 3

2, 29, 18, 36

27, 2, 39, 35

22, 1, 40

40, 16

16, 4
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15, 16

1, 18, 36

2, 35, 30, 18

23

10, 15, 17, 7

25, 26, 28

25, 28, 2, 16

22, 21, 27, 35

17, 2, 40, 1

29, 1, 40

15, 13, 30, 12
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15, 29

26, 1

29, 26, 4

35, 34, 16, 24

10, 6, 2, 34

35, 10, 25

34, 39, 19, 27

2, 19, 22, 37

30, 18, 35, 4

35

1, 31

2, 17, 26

10, 28, 32, 25 1, 28, 35, 23

2, 24, 35, 21

35, 13, 8, 1

32, 28, 13, 12

34, 2, 28, 27

15, 10, 26

10, 28, 4, 34

3, 34, 27, 16

10, 18

35, 10, 23, 24 28, 29, 37, 36 1, 35, 40, 18

13, 3, 36, 24

15, 37, 18, 1

1, 28, 3, 25

15, 1, 11

15, 17, 18, 20

26, 35, 10, 18

36, 37, 10, 19

2, 35

3, 28, 35, 37

6, 28, 25

3, 35

22, 2, 37

2, 33, 27, 18

1, 35, 16

11

2

35

19, 1, 35

2, 36, 37

35, 24

10, 14, 35, 37

28, 32, 1

32, 30, 40

22, 2, 1, 35

35, 1

1, 32, 17, 28

32, 15, 26

2, 13,1

1, 15, 29

16, 29, 1, 28

15, 13, 39

15, 1, 32

17, 26, 34, 10

13

18

35, 24, 30, 18

35, 40, 27, 39

35, 19

32, 35, 30

2, 35, 10, 16

35, 30, 34, 2

2, 35, 22, 26

35, 22, 39, 23

1, 8, 35

23, 35, 40, 3

3, 27, 16

3, 27

18, 35, 37, 1

15, 35, 22, 2

11, 3, 10, 32

32, 40, 28, 2

27, 11, 3

15, 3, 32

2, 13, 28

27, 3, 15, 40

15

29, 35, 10, 14

3

3, 27, 16, 40

22, 15, 33, 28

21, 39, 16, 22

27, 1, 4

12, 27

29, 10, 27

1, 35, 13

10, 4, 29, 15

19, 29, 39, 35

6, 10

35, 17, 14, 19

17, 1, 40, 33

22

35, 10

1

1

2

25, 34, 6, 35

1

10, 20, 16, 38

28, 32, 1, 24

10, 26, 24

1

30, 14, 7, 26

35, 37, 10, 2

32, 19, 24

24

22, 33, 35, 2

22, 35, 2, 24

26, 27

26, 27

4, 10, 16

2, 18, 27

2, 17, 16

3, 27, 35, 31

26, 2, 19, 16

15, 28, 35

11, 15, 32

3, 32

15, 19

35, 19, 32, 39

19, 35, 28, 26

28, 26, 19

15, 17, 13, 16

15, 1, 19

6, 32, 13

32, 15

2, 26, 10

2, 25, 16

1, 35, 6, 27

2, 35,6

28, 26, 30

19, 35

1, 15, 17, 28

15, 17, 13, 16 2, 29, 2, 29, 27, 28

35, 38

32, 2

12, 28, 35

10, 2, 22, 37

19, 22, 18

1, 4

19, 22, 31, 2

2, 35, 18

26, 10, 34

26, 35, 18

35, 2, 10, 34

19, 17, 34

21, 22, 35, 2

21, 35, 2, 22

35, 22, 1

2, 19
2, 35, 34, 27

3, 1, 32

32, 15, 2

32, 2

32

16, 34, 31, 28 35, 10, 24, 31 33, 22, 30, 40

19, 35, 16, 25
19, 35, 16

28, 2, 17

28, 35, 34

7, 23

35, 3, 15, 23

2

28, 10, 29, 35

35, 10, 28, 24

35, 18, 10, 13

35, 10, 18

28, 35, 10, 23

35, 33

35

13, 23, 15

10,1, 34, 29

15, 34, 33

32, 28, 2, 24

10, 21, 32

32

27, 22

24, 34, 28, 32 24, 26, 28, 18 35, 18, 34

35, 22, 18, 39

35, 28, 34, 4

4, 28, 10, 34

32, 1, 10

35, 28

6, 29

18, 28, 32, 10

24, 28, 35, 30

13, 2, 28

33, 30

35, 33, 28, 31

3, 35, 40, 39

29, 1, 35, 27

39, 29, 25, 10

2, 32, 10, 25

15, 3, 29

3, 13, 27, 10

3, 27, 29, 18

8, 35

13, 29, 3, 27

32, 3, 11, 23

11, 32, 1

27, 35, 2, 40

3,5 2, 40, 26

27, 17, 40

1, 11

13, 25, 8, 24

13, 35, 1

27, 40, 28

11, 13, 27

1, 35, 29, 38

28, 24, 22, 26

3, 33, 39, 10

1, 13, 17, 34

1, 32, 13, 11

13, 35, 2

27, 35, 10, 34

26, 24, 32, 38

28, 2, 10, 34

10, 34, 28, 32

26, 28, 10, 36

4, 17, 34, 26

1, 32, 35, 23

25, 10

26, 28, 18, 23

10, 18, 32, 39

2, 25, 28, 39

35, 10, 2

35, 11, 22, 31

2, 5,13, 16

35, 1, 11, 9

2, 13, 15

12, 26, 1, 32

15, 34, 1, 16
7, 1,4, 16

22, 10, 1

28, 33, 23, 26 26, 28, 10, 18
3, 33, 26

6, 35, 25, 18

24, 35, 2

26, 2, 18

4, 17, 34, 26

1, 35, 12, 18

24, 2

25, 13, 2, 34

1, 32, 35, 23

2, 25, 28, 39

2, 5,12

10, 2, 13

25, 10

35, 10, 2, 16

1, 35, 11, 10

1, 12, 26, 15

35, 11, 32, 31

1, 13, 31

15, 34, 1, 16

1, 16, 7, 4

35, 5, 1, 10
2, 26, 10, 34

15, 10, 2

1, 6

20, 19, 30, 34

26, 24, 32

26, 24, 32, 38

22, 19, 29, 40

22, 19, 29, 40

33, 3, 34

22, 35, 13, 24

19, 1, 31

2, 21, 27, 1

2

22, 35, 18, 39

27, 26, 1

6, 28, 11, 1

8, 28,1

35, 1, 10, 28

32, 26, 12, 17

1, 34, 12, 3

15, 1,28

35, 1, 13, 11

34, 35, 7, 13

1, 32, 10

1

27, 34, 35

35, 28, 6, 37

15, 10, 37, 28

15, 1, 24

12, 17, 28

34, 21

35, 18

15, 29, 37, 28

22, 19, 29, 40

19, 1

27, 26, 1, 13

27, 9, 26, 24

1, 13

29, 15, 28, 37

22, 19, 29, 28

2, 21

5, 28, 11, 29

2, 5

12, 26

1, 15

15, 10, 37, 28

28, 26, 10, 34 28, 26, 18, 23 2, 33

2

1, 26, 13

1, 12, 34, 3

1, 35, 13

27, 4, 1, 35

15, 24, 10

34, 27, 25

1, 10, 34, 28

35, 22, 18, 39

35, 28, 2, 24

1, 28, 7, 19

1, 32, 10, 25

1, 35, 28, 37

12, 17, 28, 24

35, 18, 27, 2

18, 10, 32, 1

22, 35, 13, 24

-72-

5, 12, 35, 26
5, 12, 35, 26

The numbers 1 to 39, the left most column and the above most raw, are the list for the items of the 39
TRIZ Contradiction Matrix (Creatingminds, 2010). Here in the table below, the numbers are defined,
what they are standing for:
1

Weight of moving object

14

Strength

27

Reliability

2

Weight of stationary object

15

28

Measurement accuracy

3

Length of moving object

16

29

Manufacturing precision

4

Length of stationary object

17

Duration of action by a moving
object
Duration of action by a stationary
object
Temperature

30

External harm affects the object

5

Area of moving object

18

Illumination intensity * (jargon)

31

6

Area of stationary object

19

Use of energy by moving object

32

Object-generated harmful
factors
Ease of manufacture

7

Volume of moving object

20

Use of energy by stationary object

33

Ease of operation

8

21

Power * (jargon)

34

Ease of repair

9

Volume of stationary
object
Speed

22

Loss of Energy

35

Adaptability or versatility

10

Force

23

Loss of substance

36

Device complexity

11

Stress or pressure

24

Loss of Information

37

12

Shape

25

Loss of Time

38

Difficulty of detecting and
measuring
Extent of automation

13

Stability of the object's
composition

26

Quantity of substance/the matter

39

Productivity *
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APPENDIX 2: LIST OF THE 40 PRINCIPLES OF TRIZ (TRIZ 40
Principles, 2010)
No
1

TRIZ 40 Principles
Segmentation

2

Taking out

3

Local quality

4

Asymmetry

5

Merging

6

Universality

7

Nested doll

8

Anti-weight

9

Preliminary anti-action

10

Preliminary action

11

Beforehand cushioning

12

Equipotentiality

13

The other way round

Definitions
 Divide an object into independent parts.
 Make an object easy to disassemble.
 Increase the degree of fragmentation or segmentation.
 Separate an interfering part or property from an object, or single out the
only necessary part (or property) of an object.
 Change an object's structure from uniform to non-uniform,
 Change an external environment (or external influence) from uniform to
non-uniform.
 Make each part of an object function in conditions most suitable for its
operation.
 Make each part of an object fulfill a different and useful function.
 Change the shape of an object from symmetrical to asymmetrical.
 If an object is asymmetrical, increase its degree of asymmetry.
 Bring closer together (or merge) identical or similar objects, assemble
identical or similar parts to perform parallel operations.
 Make operations contiguous or parallel; bring them together in time.
 Make a part or object perform multiple functions; eliminate the need for
other parts.
 Place one object inside another; place each object, in turn, inside the other.
 Make one part pass through a cavity in the other.
 To compensate for the weight of an object, merge it with other objects that
provide lift.
 To compensate for the weight of an object, make it interact with the
environment (e.g. use aerodynamic, hydrodynamic, buoyancy and other
forces).
 If it will be necessary to do an action with both harmful and useful effects,
this action should be replaced with anti-actions to control harmful effects.
 Create beforehand stresses in an object that will oppose known undesirable
working stresses later on.
 Perform, before it is needed, the required change of an object (either fully or
partially).
 Pre-arrange objects such that they can come into action from the most
convenient place and without losing time for their delivery.
 Prepare emergency means beforehand to compensate for the relatively low
reliability of an object.
 In a potential field, limit position changes (e.g. change operating conditions
to eliminate the need to raise or lower objects in a gravity field).
 Invert the action(s) used to solve the problem (e.g. instead of cooling an
object, heat it).
 Make movable parts (or the external environment) fixed, and fixed parts
movable.
 Turn the object (or process) 'upside down'.
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APPENDIX 2 (cont.)
14

Spheroidality - Curvature

15

15. Dynamics

16

Partial or excessive actions

17

Another dimension

18

Mechanical vibration

19

Periodic action

20

Continuity of useful action

21

Skipping

22

*Blessing in disguise*
or *Turn Lemons into
Lemonade*

23

Feedback

24

'Intermediary'

25

Self-service

 Instead of using rectilinear parts, surfaces, or forms, use curvilinear ones;
move from flat surfaces to spherical ones; from parts shaped as a cube
(parallelepiped) to ball-shaped structures.
 Use rollers, balls, spirals, domes.
 Go from linear to rotary motion, use centrifugal forces.
 Allow (or design) the characteristics of an object, external environment, or
process to change to be optimal or to find an optimal operating condition.
 Divide an object into parts capable of movement relative to each other.
 If an object (or process) is rigid or inflexible, make it movable or adaptive.
 If 100 percent of an object is hard to achieve using a given solution method
then, by using 'slightly less' or 'slightly more' of the same method, the
problem may be considerably easier to solve.
 To move an object in two- or three-dimensional space.
 Use a multi-story arrangement of objects instead of a single-story
arrangement.
 Tilt or re-orient the object, lay it on its side.
 Use 'another side' of a given area.
 Cause an object to oscillate or vibrate.
 Increase its frequency (even up to the ultrasonic).
 Use an object's resonant frequency.
 Use piezoelectric vibrators instead of mechanical ones.
 Use combined ultrasonic and electromagnetic field oscillations.
 Instead of continuous action, use periodic or pulsating actions.
 If an action is already periodic, change the periodic magnitude or frequency.
 Use pauses between impulses to perform a different action.
 Carry on work continuously; make all prts of an object work at full load, all
the time.
 Eliminate all idle or intermittent actions or work.
 Conduct a process , or certain stages (e.g. destructible, harmful or hazardous
operations) at high speed.
 Use harmful factors (particularly, harmful effects of the environment or
surroundings) to achieve a positive effect.
 Eliminate the primary harmful action by adding it to another harmful action
to resolve the problem.
 Amplify a harmful factor to such a degree that it is no longer harmful.
 Introduce feedback (referring back, cross-checking) to improve a process or
action.
 If feedback is already used, change its magnitude or influence.
 Use an intermediary carrier article or intermediary process.
 Merge one object temporarily with another (which can be easily removed).
 Make an object serve itself by performing auxiliary helpful functions
 Use waste resources, energy, or substances.
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APPENDIX 2 (cont.)
26

Copying

27

Cheap short-living objects

28

Mechanics substitution

29

Pneumatics and hydraulics

30

Flexible shells and thin
films

31

Porous materials

32

Color changes

33

Homogeneity

34

Discarding and recovering

35

Parameter changes

36

Phase transitions

37

Thermal expansion

38

Strong oxidants

39

Inert atmosphere

40

Composite materials

 Instead of an unavailable, expensive, fragile object, use simpler and
inexpensive copies.
 Replace an object, or process with optical copies.
 If visible optical copies are already used, move to infrared or ultraviolet copies.
 Replace an inexpensive object with a multiple of inexpensive objects,
comprising certain qualities (such as service life, for instance).
 Replace a mechanical means with a sensory (optical, acoustic, taste or smell)
means.
 Use electric, magnetic and electromagnetic fields to interact with the object.
 Change from static to movable fields, from unstructured fields to those having
structure.
 Use fields in conjunction with field-activated (e.g. ferromagnetic) particles.
 Use gas and liquid parts of an object instead of solid parts (e.g. inflatable, filled
with liquids, air cushion, hydrostatic, hydro-reactive).
 Use flexible shells and thin films instead of three dimensional structures
 Isolate the object from the external environment using flexible shells and thin
films.
 Make an object porous or add porous elements (inserts, coatings, etc.).
 If an object is already porous, use the pores to introduce a useful substance or
function.
 Change the color of an object or its external environment.
 Change the transparency of an object or its external environment.
 Make objects interacting with a given object of the same material (or material
with identical properties).
 Make portions of an object that have fulfilled their functions go away (discard
by dissolving, evaporating, etc.) or modify these directly during operation.
 Conversely, restore consumable parts of an object directly in operation.
 Change an object's physical state (e.g. to a gas, liquid, or solid.)
 Change the concentration or consistency.
 Change the degree of flexibility.
 Change the temperature.
 Use phenomena occurring during phase transitions (e.g. volume changes, loss
or absorption of heat, etc.).
 Use thermal expansion (or contraction) of materials.
 If thermal expansion is being used, use multiple materials with different
coefficients of thermal expansion.
 Replace common air with oxygen-enriched air.
 Replace enriched air with pure oxygen.
 Expose air or oxygen to ionizing radiation.
 Use ionized oxygen.
 Replace ozonized (or ionized) oxygen with ozone.
 Replace a normal environment with an inert one.
 Add neutral parts, or inert additives to an object.
 Change from uniform to composite (multiple) materials.
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