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Abstract 

The main source of geothermal energy is the heat flow from the mantle beneath the Earth’s 
surface, generated by the gradual decay of radioactive isotopes in the Earth‘s crust. A hot spring 
is produced by the emergence of geothermally heated groundwater flowing out to the Earth’s 
surface.  

The Chinyunyu hot spring is located about 90km east of Lusaka, Zambia. Water from the spring 
has been artificially channeled into a large excavated pool which is used as a bathing place. Since 
the undiluted spring water at the source is too hot for comfortable bathing, it is mixed with 
surface water to reduce the temperature.  

There is potential for electricity generation from the Chinyunyu hot spring. Even the most recent 
proposed survey by the Japanese International Corporation Agency (JICA) in conjunction with 
the Geological Survey Department in the Ministry of Mines, Energy and Water Development 
(MMEWD), could not progress beyond the planning stage due to lack of funds. Notable among 
interest groups in geothermal energy was Kalahari GeoEnergy Limited, a private company 
registered in Zambia. Even though the objective of Kalahari GeoEnergy Limited was to explore 
and, if viable, develop geothermal energy resources to produce electrical power in Eastern and 
Southern Africa, the company concluded that the Chinyunyu Hot Spring was not viable for 
electricity generation without drilling any test wells and reaching for higher temperatures.  

The overall purpose of this study is to evaluate the benefits of the current use of the geothermal 
energy from the Chinyunyu Hot Spring, and also to explore some technically and economically 
feasible future applications. The study recommends electrical power generation by a binary cycle, 
with the assumption that drilling for larger mass flow and higher temperatures can be done. 
Results show that a net power capacity of 233 kWe is technically feasible with minimum 
environmental impact. However, the expected capital cost in the order of USD 3.4 million and 
specific cost of $14,500/kWe can hardly be justified without support mechanisms.  
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1 Introduction 

Current trends in energy supply and use are patently unsustainable economically, 

environmentally and socially [1]. Despite the growth in low-carbon sources of energy, fossil fuels 

remain dominant in the global energy mix. This is supported by subsidies that amounted to $523 

billion in 2011, up almost 30% in 2010 and six times more than subsidies to renewables [2]. 

Fossil fuels, which include oil, coal and natural gas, will continue to meet most of the world’s 

energy needs for a long time in the foreseeable future. Fossil fuels represented 81% of the 

primary fuel mix in 2010 and are projected to remain the dominant sources of energy through 

2035, although their share in 2035 is expected to vary markedly. The trends projected in the New 

Policies Scenario have direct implications for climate change because of the large contribution of 

fossil fuels to the total anthropogenic greenhouse-gas emissions (around 60% in 2010). 

Preliminary International Energy Agency (IEA) estimates indicate that global CO2 emissions 

from fossil fuel combustion reached a record high of 31.2 gigatonnes (Gt) in 2011, an increase of 

1 Gt, or 3.2%, in 2010 [2]. 

 

In response to the gloomy picture painted by the negative impact of fossil fuel emissions on the 

environment and the ensuing consequences of global warming, there is an increasing demand on 

society to develop renewable energy sources and to utilize energy sustainably. The rapid increase 

in renewable energy development is not only buttressed by falling technology costs, rising fossil 

fuel prices and carbon pricing, but also by continued rising subsidies: from $88 billion globally in 

2011, and is expected to rise to nearly $240 billion in 2035 [2]. Renewable energy is energy that 

comes from resources which are continually replenished such as sunlight, wind, rain, tides, waves 

and geothermal heat [3]. Sustainable energy is therefore, the sustainable provision of energy that 

meets the energy needs of the present without compromising the ability of future generations to 

meet their energy needs [4].    

 

Geothermal energy is renewable energy available as heat from underground sources, ranging 

from the shallow subsurface to reservoirs of hot water, steam, and rock deep beneath the Earth’s 

surface. This heat energy source could be used for generating electricity and providing direct heat 

for numerous applications such as space and district heating; water heating; aquaculture; 

horticulture; and industrial processes. Geothermal energy is classified as a renewable resource, 

where ‘renewable’ describes a characteristic of the resource: the energy removed from the 

resource is continuously replaced by more energy on time scales similar to those required for 
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energy removal and those typical of technological/societal systems. Consequently, geothermal 

exploitation is not a “mining” process [5]. 

 

Zambia has more than eighty (80) hot springs spread out in different parts of the country [9]. If 

these renewable energy resources are utilized using the current technologies, especially for 

electricity production, they present a unique opportunity of providing solutions to the lack of or 

limited access to electricity being experienced in rural areas. The development of geothermal 

power generating plants in areas with hot springs, which are in most cases remote areas, would 

ensure access to electricity by the local communities without having to construct power lines 

linked to the national grid. 

 

The Chinyunyu Hot Spring was selected for this study with the view of exploring possible 

utilization of the heat energy from the hot water spring. Currently, the hot water of about 60°C 

is just gushing out from the ground and flowing away forming a stream. In the chapters that 

follow, typical methods which are used elsewhere in the geothermal energy field are studied with 

a view of finding relevant application to this case study. Limitations and special considerations 

for each proposed method would be explored before making a recommendation of the best 

method for the utilization of the geothermal energy from the Chinyunyu Hot Spring. 
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2 Energy Situation in Zambia 

Zambia is a country located in the southern central part of the African Continent between 

latitudes 8°S and 18°S and longitudes 21°E and 33°E. The country has a tropical climate 

modified by altitude with a wide range of energy resources such as woodlands and forests, 

hydropower, coal, wind and geothermal. Oil and natural gas are the only energy sources whose 

exploration has not yielded positive results yet and are currently being imported mainly from the 

Middle East. 

2.1 Primary Energy Supply 

According to the IEA 2009 source, Zambia has a total primary energy supply of 7,856 kilotonnes 

of oil equivalent (ktoe) from various sources as shown in Fig. 1 [6]. 

 
Figure 1: Total Primary Energy Supply for Zambia, 2009 

 

 
 

2.2 Electric Power Generation 

Hydroelectric plants represent 99.69 percent of electricity generation in the country. Thermal 

(oil) electricity generation accounted for 0.30% while coal and peat accounted for only 0.01% of 

the total electricity generation of 10,308 GWh in 2009 [7]. Fig. 2 shows the graphical 

representation of the total electricity power generation in Zambia. 
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Figure 2: Total Electricity Generation in Zambia, 2009 

 
  

2.3 Biomass 

Biomass energy is the form of energy from organic matter such as wood fuel (firewood and 

charcoal), agricultural waste, forestry waste, industrial or municipal organic waste, energy crops 

and animal waste [8]. Biomass energy, particularly wood fuel and charcoal, contributes 

significantly to both rural and urban household energy requirements for cooking and heating. 

According to the 2007 records in Ministry of Mines, Energy and Water Development 

(MMEWD), 60.9% of urban households used firewood for cooking and 24.3% used charcoal 

while only 13.8% used electricity. In rural areas, 87.7% of total households used firewood for 

cooking, and 9.5% used charcoal while only 1.5% used electricity [8]. Figures 3 and 4 below 

illustrate the two scenarios. 

Figure 3: Urban Households Energy Use for Cooking 

 

Figure 4: Rural Households Energy Use for Cooking 

 
 

Coal and Peat - 0.01%
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Hydro - 99.69%

Firewood
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Electricity
13.8%

Others 1%

Firewood
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Electricity
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Others 1.3%
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Even though Zambia has a favourable tropical climate for woodlands and forests, the rate of 

deforestation to meet the energy demand as shown in the figures 3 and 4 is too high. If not 

matched with an equivalent rate of planting trees, the prevailing rate of deforestation may result 

in adverse environmental effects such as climate change, soil erosion and desertification. Other 

effects include the destruction of natural habitats and traditional lifestyle, and the destruction of 

valuable sink for some environmental pollutants. Figure 5 shows stacks of bags of charcoal for 

sale at John Howard Market, a common scenario in all residential centres in Lusaka and other 

towns in Zambia. 

Figure 5: Stacks of Bags of Charcoal for Sale 

  

2.4 Oil and Coal 

Zambia has no discovered oil reserves yet. All the oil requirements such as petrol or gasoline, 

diesel, kerosene, grease and jet fuel that contributes about 7.6% of the primary energy sources 

has to be imported. Much infrastructure has been erected to support the importation and 

refining of crude oil and distribution of the refined petroleum products throughout the country. 

The transport sector is the biggest consumer taking about 53% of the petroleum products 

followed by the mining industry at 27% [8]. 

The country has proven coal deposits estimated to be over 30 million tons [8]. However, despite 

these large reserves, the contribution of coal to the total energy supply in the country has 

immensely declined over the years due to the lack of capitalization in the industry and the 

government privatization policy that led to the near collapse of the country’s biggest coal 

consumers (the mining and manufacturing industries) in the late 1990s. 
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2.5 Renewable Energy Sources 

The contribution to the total national energy supply by renewable energy sources other than 

hydro power still remains insignificant.  However, the Government of the Republic of Zambia 

(GRZ) through the National Energy Policy of 2008 is promoting private sector participation in 

the development of renewable energy sources that include solar (thermal and photovoltaic); 

mini/micro-hydro; biomass (agricultural waste, forestry waste, industrial/municipal organic 

waste, energy crops and animal waste); geothermal and wind. 

Information on wind, geothermal, solar, and types of biomass such as agricultural waste, forestry 

waste, industrial/municipal organic waste, energy crops and animal waste is not readily available. 

However, there are quite some activities in the development of these renewable sources of 

energy with evidence of solar panels being seen on roofs in many rural homes. 
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3 Geothermal Resource 

3.1 Introduction 

A geothermal resource can be defined as a reservoir inside the Earth from which heat can be 

extracted economically (cost wise less expensive than or comparable with other conventional 

sources of energy such as hydroelectric power or fossil fuels) and utilized for generating electric 

power or any other suitable industrial, agricultural or domestic application [20]. It is estimated 

that about 40% of the geothermal energy is from the heat flow from the earth’s core and mantle 

while about 60% is generated by the gradual decay of radioactive isotopes in the earth’s 

continental crust [12]. This heat moves from the core to the earth’s surface through rocks by 

means of conduction and convection. The average temperature gradient (geothermal gradient) in 

the shallowest parts of the earth’s crust is around 30°C/km. However, conductive gradients of 

up to 60°C/km could be encountered due to variations in thermal conductivity of different strata 

below the earth’s surface [13].  

 

The most viable geothermal resources are generally found around volcanically active areas often 

located close to tectonic plates’ boundaries [13]. Earth's crust is broken into huge plates that 

move apart or push together at about the rate our fingernails grow. Convection of semi-molten 

rock in the upper mantle helps drive plate tectonics. Fig. 6 shows tectonic plate boundaries with 

areas of high temperature circled with a red marker [15]:  

 
Figure 6: World Map of Tectonic Plate Boundaries 
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The renewable energy resource potential from geothermal heat is enormous and if harnessed 

could solve completely the current world energy resource shortfall. However, it is not easy to 

access this resource and a lot of research is going on to enhance access to geothermal resources 

and their conversion to other useful forms of energy such as electrical energy at lower costs.    

Fig. 7 shows a schematic view of an ideal geothermal system [12]. 

 

Figure 7: Schematic View of an Ideal Geothermal System 

 
 

A typical geothermal system shown in Fig. 7 clearly demonstrates the whole cycle from rainy 

water seeping through the soil and rocks underground to the magmatic intrusion where water 

heated by the hot rock is conveyed through cracks to the earth’s surface in the form of steam or 

hot spring to complete the water cycle.  

3.2 Geothermal Resource World Outlook 

The world potential of geothermal energy resource has not been fully ascertained as estimates 

keep increasing with inventions of new technologies used in harnessing this energy resource and 

discoveries of new sites with additional geothermal energy potential. The high temperature 

geothermal resources which could readily be utilized for electricity generation are found in 

relatively fewer places compared to the low temperature geothermal resources. Electricity 

production is the most desirable use of geothermal resources due to the ease with which 
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electrical energy could be transmitted over long distances and thereafter be converted to many 

different forms of energy. While low temperature geothermal resources have been developed for 

space heating and cooling, hot spring bathing, food preparation, aquaculture, greenhouses and 

industrial processes, a lot of research is being carried out in many parts of the world to enable 

the utilization of the relatively lower temperature geothermal resources for electricity production. 
 
According to a 2012 Geothermal Energy Association (GEA) report, there was about 11,224 MW 

installed capacity of electrical energy generation using geothermal power plants in 24 countries 

around the world as shown in Table 1 [12]. 

Table 1: Countries Generating Geothermal Power as of May 2012 

No. Country Installed 
Capacity (MW) 

1 United States of America 3,187 
2 Philippines 1,904 
3 Indonesia 1,222 
4 Mexico 958 
5 Italy 883 
6 New Zealand 768 
7 Iceland 661 
8 Japan  535 
9 Costa Rica 208 
10 El Salvador 204 
11 Kenya 202 
12 Nicaragua 124 
13 Russia 82 
14 Turkey 93 
15 Papua New Guinea 56 
16 Guatemala 52 
17 Portugal 29 
18 China 24 
19 France 16 
20 Ethiopia 7 
21 Germany 7 
22 Austria 1 
23 Australia 1 
24 Thailand 0.3 

TOTAL 11,224.3 
 
According to the International Energy Agency Report, about 78 countries in 2010 were utilizing 

geothermal energy for direct heat applications such as geothermal heat pumps (GHPs); space, 

greenhouse and aquaculture pond heating; agricultural drying; industrial uses; bathing and 

swimming; cooling; and snow melting. The total worldwide installed capacity for 2010 was about 

50,583 MWth, with a total thermal energy usage of about 438,071 TJ/yr as shown in Table 2 [13]: 
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Table 2: World Installed Capacity and Utilization for Direct Use in 2010 

Category 2010 Installed Capacity 
(MWth) 

2010 Utilization (TJ/yr) 

Geothermal Heat Pumps 35,236 214,782 
Space Heating 5,391 62,984 
Green House Heating 1,544 23,264 
Aquaculture Pond Heating 653 11,521 
Agricultural Drying 127 1,662 
Industrial Uses 533 11,746 
Bathing and Swimming 6,689 109,032 
Cooling/Snow Melting 368 2,126 
Others 41 956 
Total GEA Countries 24,107 183,312 
Worldwide Total 50,583 438,071 

 

3.3 Geothermal Resource Availability in Zambia 

The eastern and northern parts of Zambia fall within a region of earthquakes and volcanic 

activity as shown in Fig. 8 [16]: 

Figure 8: Great East African Rift Valley 
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It is for this reason that Zambia has more than eighty (80) documented hot springs. Several 

surveys have been conducted by the Geological Survey Department of the Ministry of Mines, 

Energy and Water Development among other organizations over the years to discover and 

ascertain the viability of geothermal resources for possible development. After taking into 

consideration several factors such as accessibility and geothermal potential, seven sites (hot 

springs) which include Kapisya, Chinyunyu, Lubungu, Kasho, Lupiamanzi, Chikowa and Chongo 

were selected for possible pilot demonstration projects. To date, only the Kapisya Hot Spring 

has been developed while studies on the Chinyunyu Hot Spring have not been concluded [16].   

The Kapisya Hot Spring, located in Nsumbu on the shores of Lake Tanganyika in Northern 

Province, was explored for geothermal electricity production [8]. This was done by DAL spA of 

Italy in conjunction with the Geological Survey Department in Zambia whereby two (2) 120kW 

turbo electricity generators were installed in 1987. However, this geothermal power plant has 

never been utilized as power transmission lines were not constructed to the communities in 

Nsumbu due to insufficient funds. The plant has been handed over to ZESCO but still it is in a 

disused condition since its installation in 1987. 

The survey on the Chinyunyu Hot Spring carried out by the Japanese International Corporation 

Agency (JICA) in conjunction with the Geological Survey Department in the Ministry of Mines, 

Energy and Water Development also could not progress beyond the planning stage due to lack 

of funds. The scope of the project was to consider the development of a health resort and the 

possible construction of a geothermal power plant to produce electricity to the local community. 

Away from these setbacks, there is some hope that the geothermal energy sector would be 

revived in Zambia with the signing of an agreement in March 2011 between the Government of 

the Republic of Zambia (GRZ) and Kalahari GeoEnergy Limited, a private company registered 

in Zambia, to explore eighteen (18) hot spring sites and if viable develop geothermal energy 

resources to produce electrical power [9]. Currently, Kalahari GeoEnergy Limited has settled for 

the Lochinvar Hot spring in Monze District in the Southern part of Zambia as the most viable 

geothermal resource for electricity generation. 

3.4 Properties of a Geothermal Resource 

A property is a characteristic of a system and its value is independent of the history of the 

system. Some thermodynamic properties could be measured directly or indirectly, such as 

Pressure (P), Temperature (T), Volume (V), Specific Heat at Constant Pressure (cp) and Specific 



 

12 
 

Heat at Constant Volume (cv). Other properties such as Specific Enthalpy (h) are derived 

properties defined by mathematical combinations of other properties. It is important to note that 

the value of a property is unique at a fixed state of the geothermal resource [17]. 

When a geothermal fluid comes into contact with the underground hot rock or magma, its 

temperature and pressure increase. These two thermodynamic properties are used to define the 

thermodynamic state of a single phase fluid. However, cases where the geothermal fluid occurs 

in both liquid and vapour states, temperature and pressure are dependent on enthalpy or the 

vapour quality (x), being the mass ratio of the vapour to the total mixture of the geothermal 

fluid. 

All geothermal fields differ from one another. However, depending upon certain common 

characteristics, these can broadly be classified into the following categories [20]:  

(i) vapor-dominated, 

(ii) hot water, 

(iii) geopressured, 

(iv) hot dry rock (HDR), and 

(v) magma. 

The Chinyunyu Hot Spring falls under the hot water category. The temperature of hot-water 

reservoirs varies from 60 to 100 °C and they occur at depths ranging from 1500 to 3000 m. Fig. 

9 is a schematic representation of a hot water geothermal field and the reference curve represents 

the variation of the boiling point of the pure water with depth. As shown in Fig. 9, a hot water 

geothermal field could develop in the absence of a cap rock, if the thermal gradients and the 

depth of the aquifer are adequate to maintain a convective circulation. When the cap rock is 

absent, the temperatures in the upper part of the reservoir cannot exceed the boiling point at 

atmospheric pressure, since with the convective rise; the water loses pressure and also becomes 

mixed with the cool groundwater [20]. 
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Figure 9: Conceptual model of a hot water geothermal system 

 
 

 

According to Gupta and Roy [20], hot water systems have been classified into several subtypes 

depending on the temperature, chemistry and the structure of the reservoir. The following is a 

brief description of various subtypes: 

(i) Systems characterized by low-to-moderate temperatures (50 - 150 °C) and producing 

water with a chemical composition similar to the regional surface and shallow ground 

waters. 

(ii) Systems characterized by the presence of partly non-meteoric water. Such systems usually 

occur in deep sedimentary basins.  
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(iii) Systems characterized by the presence of brine of very high salinity. The chemistry can 

vary considerably from one field to another. The Salton Sea (California) and the Red Sea 

brine pools belong to this subtype and have very differing bulk chemistry of the 

sediments and the associated rocks, probably attributable to the difference in brine 

composition. 

(iv) Systems characterized by the presence of natural cap rocks. Geothermal fields at Cerro 

Prieto (Mexico) and Salton Sea (Califomia) have cap rocks constituted by fine-grained, 

low-permeability sediments. 

(v) Systems characterized by the creation of their own self-sealing cap rocks. These cap 

rocks are formed through chemical alteration and deposition of sediments near the 

surface where the temperature decreases suddenly. Wairakei (New Zealand) and 

Yellowstone Park (Wyoming) are typical examples. 

 

The chemical properties of the geothermal resource also need to be analyzed. The earth’s crust is 

composed of various types of rock, some of which contain radioactive isotopes such as uranium 

(U-235, U-238), thorium (Th-232) and potassium (K-40) [18]. The heat released by these nuclear 

reactions may be responsible for the natural heat that reaches the earth’s surface. These chemical 

components provide vital clues for assessing the reservoir characteristics that are crucial in the 

pre-drilling exploration of the geothermal resource development [19].  

 

Therefore, a thorough understanding of the physical and chemical properties of the geothermal 

fluid is necessary in deciding on the feasibility of a power plant project or direct use project. It 

may be difficult to obtain thorough information without drilling wells, but a good exploration 

program should give reasonable estimates for these properties. All the same, the ultimate 

exploration tool is the drilling of deep wells based on the findings of the scientific surveys.  
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4 Geothermal Resource Development 

4.1 Introduction 

Most of the world’s geothermal fields exploited today have commonly been discovered through 

surface expressions, such as hot springs in areas associated with volcanic or recent tectonic 

activity. Typically, springs are sampled and the geochemical analysis results are used to estimate 

the maximum temperatures of fluids in the subsurface. The areas with the highest geochemically 

derived temperatures are further explored in detail and eventually developed. However, some 

geothermal fields have been found even though there were no obvious surface manifestations; 

generally, by exploration drilling for some other resource, for example, in a sedimentary basin; or 

by drilling heat flow holes on a regular grid. Other areas are inferred to have a high geothermal 

potential on the basis of known heat flow data. To explore such areas and reservoirs in more 

detail and better establish their potential and extent, both geological and geophysical methods are 

usually applied [21]. 

4.2 Resource Development 

Different authors have named varied stages or phases in geothermal resource development but 

with generally the same underlying principles. Originally, geothermal exploration was ordinarily 

used to detect hot water or steam reservoirs in a hot and highly permeable environment. 

However, the concept of Enhanced Geothermal System (EGS) has slightly modifies this 

concept, as fluid pathways can be enhanced or even generated by specially developed stimulation 

methods. EGS is a new approach taken by geothermal power technology whereby hydrothermal 

reservoirs are developed for commercial use without depending on the naturally occurring 

convection of hydrothermal reservoirs. 

 

The scientific tools that are now available and routinely used for geothermal prospecting allow 

for better characterization of the geothermal resource before undertaking the costly phase of 

deep well drilling. By defining the subsurface nature of the field, a more reliable determination of 

drilling sites can be made, increasing the probability of a successful discovery well and of a 

successful field development campaign [18]. Typically, the Energy Sector Management 

Assistance Program (ESMAP) technical report of 2012 elaborated that a geothermal resource 

development project comprise the preliminary survey, exploration, test drilling, project review 

and planning, field development, construction, start-up and commissioning and, operation and 

maintenance phases as detailed in the next sections [10]: 
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4.2.1 Preliminary Survey 

During the preliminary survey, available literature and data on a geothermal area of interest is 

studied. If no geothermal master plan studies are available, developers may conduct their own 

reconnaissance work that includes review of geological ground studies to select the areas where 

they would apply for exploration concessions. Once the concession is granted, a pre-feasibility 

study is initiated to explore the likelihood of the existence of a commercial geothermal reservoir 

and to estimate its exploitable potential. If viable, application for rights to explore and develop 

the geothermal resource is made to obtain access through lease or concession from the land 

surface and subsurface owners. It is also at this stage that a complete Environmental Impact 

Assessment (EIA) is usually required. The institutional and regulatory framework of the country 

is studied to evaluate the conditions for obtaining permits and licenses for project development, 

operation, and power connectivity to customers. The possibility of establishing a Power 

Purchase Agreement (PPA) with the relevant utility company is considered at this stage. The 

preliminary survey is a very important phase where the rationale and the need for the project in 

question is assessed and established while at the same time, justifying the investments needed for 

the exploration and test drilling phases. 

4.2.2 Exploration 

The exploration phase begins as soon as the set conditions of the preliminary survey phase are 

met. This phase consists of surface level surveys to further confirm the preliminary resource 

assessment and may take up to two years to complete. The exploration may include some or all 

of the following exploration methods. 

4.2.2.1 Geochemical Exploration 

Samples are taken from the existing hot spring and their chemical composition analyzed. The 

results of the analysis are used to estimate the temperature of the fluid at the depth of the 

reservoir and an estimation of the fluid’s origin and recharge within the geothermal reservoir, 

thereby indicating the degree of permeability within the reservoir rock structure. 

4.2.2.2 Geological Exploration 

This method involves taking samples of rocks, sediments, and lava either from the surface or 

obtained by core drilling to disclose the type of heat source and to estimate its location and 

potential. 
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4.2.2.3 Geophysical Exploration 

There are several methods that could be used under geophysical exploration to measure the 

conductivity or resistivity of subsurface rocks. The Transient Electro Magnetic (TEM) and the 

Magneto Telluric (MT) methods are the most commonly used today. These two methods 

complement each other since the MT shows results at great depth while the TEM shows results 

at shallow depth and resolves the telluric shift problem of the MT method. The Geophysical 

Exploration with Bouguer gravity measurements complements MT and TEM measurements by 

measuring anomalies in the density distribution of subsurface rocks. These measurements permit 

the identification of large geological structures with boundaries related to tectonic features that in 

turn may lead to faults and fractures. Results of geophysical exploration, used in combination 

with geological data, can lead to the location of the heat source and provide targets for the test or 

exploration drilling. 

4.2.2.4 Temperature Gradient Holes 

Under this method, shallow and slim boreholes are drilled; usually less than 500 meters deep and 

less than 15 centimeters (cm) in diameter, and the increase in temperature with depth is 

measured. The standard temperature gradient worldwide is around 30°C for each additional 

kilometer in depth. Gradient holes also allow the collection of additional samples of fluids for 

chemical analysis. It is common to drill three to five gradient holes as part of the exploration 

plan for a geothermal Greenfield, especially in areas with no signs of recent volcanism. 

4.2.2.5 Seismic Exploration 

This is a geothermal method that uses ‘waves’ from the Earth’s surface to map subsurface 

structures like faults and cracks, which are important conduits for hot steam and fluids. By using 

directional drilling methods and targeting at least one subsurface fault, it is possible to hit more 

than one fault and thereby increase or even multiply the steam or fluid production of the 

geothermal well. Seismic exploration is more effective within sedimentary basins than in volcanic 

areas, where the best hydrothermal resources are found. 

 

After completing the exploration stage, the results from the new surveys are interpreted with the 

old information to develop a preliminary reservoir model. Reservoir properties such as 

permeability, flow parameters, temperatures, thickness, and area extent are also estimated. 

Volumetric resource assessment is then carried out using probabilistic simulations. The pressure 

response is used for lumped parameter modeling of the reservoir to predict the future response 

of the reservoir during utilization. 
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4.2.3 Test Drilling 

This is the last phase of the exploratory phases. Under this phase, a drilling program is designed 

aimed at confirming the existence, exact location, and potential of the reservoir. Usually a set of 

three to five slim holes of diameter under 15 cm are drilled for reservoir confirmation, 

temperature and chemistry, and such wells could be drilled to 1,500 meters. Drilling plans have 

to be revised regularly during the drilling activity due to results from well testing. Drilling full size 

wells of diameter over 20 cm require mobilizing heavy equipment of several hundred tons which 

is transported in many dozen containers. New wells might have to be “stimulated” after drilling 

in order to remove any mud or other material that clog cracks or faults in the rocks. The purpose 

of stimulation is to increase permeability and volume flow of the geothermal fluids or steam into 

the borehole. Interference tests between the different boreholes would show if and how the 

wells are interconnected. This gives scientists a clearer picture of the potential, shape and size of 

the reservoir in the subsurface, as well as a clearer understanding of the potential for premature 

cooling of production wells. Directional drilling, a cost intensive technology from the oil and gas 

industry, can hit multiple fractures in the same well, thereby increasing or even multiplying the 

well output. 

4.2.4 Project Review and Planning 

This phase includes the evaluation of all existing data by the developer, including new data from 

the exploratory phases. The results from the test drillings would enable the project developer to 

finish his feasibility study, including all financial calculations; the conceptual engineering for all 

components to be built; and the drilling program. In this phase, the project developer determines 

the most economically advantageous project size and the investments necessary. Costs for the 

feasibility study will have included all costs from the Preliminary Survey to Test Drilling phases, 

plus a contingency for all financial, legal, and environmental negotiations, permits, desk-top and 

engineering work necessary to move the project into the construction phase. 

 

Geothermal is different from other energy generation technologies, such as coal, gas, or 

hydropower, because it is not possible to do a power production feasibility study until the 

potential of the geothermal reservoir has been proven by drilling. Similarly, the supply of fuel 

(geothermal energy) is linked intrinsically to the development of a power plant. The cost and risk 

intensive test drillings could be seen as part of the preparation of the project feasibility study, 

which explains the general reluctance of private companies to develop geothermal projects from 

the first phase. 

 



 

19 
 

Having completed the financial and technical feasibility study for the power project, the 

developer usually enters into a Power Purchase Agreement (PPA) with the relevant utility 

company or other power consumers. The PPA and concession agreement will specify the 

revenue stream as well as obligations and risk allocation. The completed feasibility study and 

PPA then allow the developer to approach financiers. 

4.2.5 Field Development 

This phase marks the beginning of the actual development of the power project and consists of 

drilling production and reinjection wells, and partially constructing the pipelines to connect the 

wells to the plant. For a utility size geothermal project, a commonly used rule of thumb is that 

every successful production well will provide enough steam or fluid to produce 5 MW of 

electrical power in the power plant. However, even in well-explored areas, approximately 20 

percent of all drilled wells turn out to be dry or too weak to utilize. This reduces the actual 

average output of every drilled well to 4 MW. In addition to production wells, reinjection wells 

must be drilled to return the geothermal fluids to the reservoir. Reinjection of geothermal fluids 

produces pressure support to the reservoir. However, reinjection must be undertaken in 

locations where it will not lead to cooling of the geothermal reservoir. This requires knowledge 

of the underground flow patterns, which is gained through construction of the conceptual and 

numerical models of the reservoir and from the numerical reservoir analysis. Design of 

production and reinjection strategies is studied initially through reservoir simulation. 

 

The time needed to drill a geothermal well depends on the well’s depth, its geology (rock) and 

the capability of the drilling rig used. Shallow fracture areas will require extra cementing to fix the 

well casings (steel pipes) to the surrounding formations to prevent fluid leakage. In volcanic 

environments, drilling a 2km deep well with a commercial diameter will take 40 to 50 days, on 

average. The drilling process itself consists of alternating phases of drilling and well casing 

construction and cementing, until the top of the resource is reached. Once the well penetrates 

the geothermal reservoir, permeable slotted liners are used to prevent rocks and debris from 

getting into the wellbore. In addition to casings, materials required for geothermal drilling 

include drill pipes, drill bits, chemicals to add to the drilling fluid or mud, cement, fuel, tools for 

directional drilling, wellheads, and valves. 

4.2.6 Construction 

This phase comprises installation of a system of steam pipelines from the well heads to the 

power plant and back for the re-injection of fluids; the separators; the power plant with the 
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turbine, generator, and the ‘cold end’, which consists of a condenser that might be either air or 

water cooled. After utilization (expansion) of the steam, the cooled geothermal fluids are usually 

re-injected into the reservoir to be reheated and to maintain the pressure or avoid reservoir 

depletion. The electricity generated would be sent to a substation and from there to the 

transmission grid. 

4.2.7 Start-up and Commissioning 

The Start-up and commissioning of the power plant is the final phase before the plant starts 

regular operation. This phase usually involves resolving many technical and contractual issues 

with the supplier of the plant. The power plant engineering and construction company, often an 

Engineering Procurement and Construction (EPC) contractor, gets its performance guarantees 

returned as soon as the plant passes the minimum performance conditions defined in the 

contract. In many countries, however, the industry standard is to return performance bonds at 

the end of the warranty period. 

4.2.8 Operation and Maintenance 

Operation and Maintenance (O&M) could be divided into the O&M for the steam field (wells, 

pipelines, and infrastructure) and the O&M of the power plant (turbine, generator, cooling 

system, and substation). Proper maintenance of all facilities is crucial to ensure availability for the 

power plant, and to ensure steady steam production from the geothermal wells.  

4.3 Determination of Likely Use of a Geothermal Resource 

Generally, the use of a geothermal resource is determined by the available resource temperature. 

Resources with high temperatures are primarily utilized for electrical power generation while 

those with lower temperatures are utilized for space, greenhouse and aquaculture pond heating; 

agricultural drying; industrial uses; bathing and swimming; cooling; and snow melting. Other 

factors that require consideration in the determination of the optimal use of a geothermal 

resource include the type (whether hot water or steam), flow rate, chemical composition, 

pressure of the geothermal fluid and depth of the reservoir. 

Geothermal resources vary in temperature from 50°C to 350°C, and can either be dry, mainly 

steam, a mixture of steam and water or just liquid water. Hydrothermal fields are often classified, 

based on inferred temperature at a depth of 1 km, into high, medium, and low temperature 

fields. High temperature fields are those where a temperature of 200°C or more is reached at a 

depth of 1 km; and low temperature fields are those in which the temperature is below 150°C at 

the same depth. High temperature fields are all related to volcanism whereas low temperature 
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fields draw heat from the general heat content of the crust and from the heat flow through the 

crust. Another temperature subdivision has been proposed, an intermediate or medium 

temperature system between the two main categories. Medium temperature fields have 

temperatures between 150°C and 200°C and they too could be utilized for electrical power 

generation by binary power plants. Following a similar resource classification based on 

temperature, Table 3 summarizes their most likely uses and the technologies involved [10]. 

 

Table 3: Types and Uses of Geothermal Resources 

No. Resource Type Based 
on Temperature 

Geographical and Geological 
Location Resource Use and Technology 

1 High: >200°C 
Globally around boundaries of 
tectonic plates, on hot spots and 
volcanic areas. 

Power generation with 
conventional steam, flash, double 
flash, or dry steam technology. 

2 Medium: 150°C - 200°C 
Globally mainly in sedimentary 
geology or adjacent to high 
temperature resources. 

Power generation with binary 
power plants, e.g., ORC or Kalina 
technology. 

3 Low: <150°C 

Exist in most countries (average 
temperature gradient of 30°C/km 
means that resources of about 
150°C can be found at depths of 
about 5 km). 

Direct uses (space and process 
heating) and, depending on 
location and power tariff offered, 
power generation with binary 
power plant. 
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5 Chinyunyu Hot Spring 
The Chinyunyu hot water spring is situated near the Great East Road (T4) within easy reach of 

the capital city Lusaka, and is one of the best-known springs in Zambia. The main spring shown 

in Fig. 10 is situated on the eastern slope of the Chinyunyu Valley, about 100m north of the 

Great East Road. 

  

Figure 10: Chinyunyu Hot Spring - Main Spring 

 
 

Water from the spring has been artificially channeled into an excavated pool which is used as a 

bathing place, shown in Fig. 11.  
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Figure 11: Excavated Pool used for Bathing 

 

 

Since the undiluted spring water at the source is too hot for comfortable bathing, it is mixed with 

surface water to reduce the temperature. 

A second spring that used to be located 300 m south of the main road is almost dry nowadays, as 

shown in Fig. 12.  

 

5.1 Characteristics of the Chinyunyu Hot Spring 

The spring occurs in an area underlain by basement rocks, on an extension of the young faults 

which define the margins of the Mwapula re-entrant on the southern side of the Luano Valley. A 

small amount of odourless gas is emitted from the springs. The springs are slightly radioactive, 

with a radiation level about 1.5 times the local background [22]. 
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Figure 12: Chinyunyu Hot Spring - Second Spring 

 

 

5.1.1 Chemical Considerations 

Chemical data of hot water and steam discharges serve as useful indicators of the feasibility of 

further exploration. Together with structural information from geological, hydrological and 

geophysical methods, they can guide decision making on subsurface exploration by drilling. 

Chemical analysis of fluids extracted from depth by drilling provides valuable information on 

flow patterns of subsurface fluids. Chemical geothermometers, which relate the fluid chemistry 

and reservoir temperature, are routinely used in the assessment of the energy potential of a 

geothermal prospect [20]. The waters circulating in high-enthalpy geothermal areas contain 

variable solute concentrations, which depend on temperature, gas content, heat source, rock 

type, permeability, age of the hydrothermal system and fluid source [38]. Cations (e.g., sodium, 

potassium, lithium, calcium, magnesium, rubidium, cesium, manganese and iron), anions (e.g., 

sulfate, chloride, bicarbonate, fluoride, bromide and iodide) and neutral species (e.g., silica, 

ammonia, arsenic, boron and noble gases) are the most common species constituting the waters. 
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As indicated in Table 4, the results of the chemical analyses of water samples taken at different 

times differ widely. This may be due, in part, to variation of the chemical composition of the 

water at different sampling points. Samples taken from the main pool, for example, are probably 

diluted and contaminated with soap and detergents. The samples collected in March 1971 and 

February 1972 were from the same spring eye, and are similar in composition, although there is a 

higher concentration of most constituents in the later sample [22]. 

 
Table 4: Water Composition of Chinyunyu Hot Spring 

 
 
Although the Chinyunyu spring has been sampled on a number of occasions by different people, 

probably at different points so that the analyses are not directly comparable with each other, the 

observed large variations in the ratio of sulphate to chloride are probably real. A possible 

explanation of the considerable variations in the ratio between these two major constituents is 

that they are of different origin. For example, if much or all of the chloride were of deep mantle 

origin, periodic injection of small amounts of chloride-rich brine could result in marked changes 

in the chloride/sulphate ratio [22]. 

5.1.2 Geothermometric Temperature Calculations 

Geothermometers are subsurface temperature indicators derived using temperature dependent 

geochemical or isotopic composition of hot spring waters and other geothermal fluids under 

certain favorable conditions. The equilibrium between common minerals or mineral assemblages 

and a given water chemistry is temperature dependent. Therefore, these parameters or ratios of 

parameters can serve as geothermometers. It is worth noting that all geothermometers have 

limitations. Therefore, the temperature indicated by the geothermometer is not necessarily the 

maximum temperature of the water, but the temperature at which mineral and water phases were 

last in equilibrium [39]. 

 

 

Date 
Mineral Concentration in Milligrammes per Litre (mg/l) Temp 

(°C) 

Discharge 

(litre/sec) Ca Mg Na K CO3 Cl SO4 SiO2 Li 

Oct. 1959 6 3 128 4 36 50 180 - - - - 

Nov. 1969 29 5 510 57 0 11 1050 - - - - 

Nov. 1969 18 5 320 18 60 150 480 - - - - 

Mar. 1971 7 2 84 5 36 36 104 32 - 63 6 

Feb. 1972 8 5 120 5 54 54 130 40 0.1 61 - 
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Na–K Geothermometer 

A commonly used geothermometer where geothermal waters are known to come from high-

temperature environments (>180 ℃, up to about 200 ℃) is the atomic ratio of sodium to 

potassium (Na/K). The ratio decreases with an increase in temperature. The most commonly 

used equation is that given by Fournier [40]: 

 

𝜃(℃) = 1217

log�𝑁𝑎𝐾 �+1.483
− 273.15        (5.1) 

where, Na and K are measured in parts per million (ppm). 

Inserting average values from the 1971 and 1972 data in Table 4 into eqn. 5.1, knowing 

that𝟏𝒎𝒈/𝒍 = 𝟏𝒑𝒑𝒎, the subsurface temperature for Chinyunyu Hot Spring is: 

𝜃(℃) = 1217

log�1025 �+1.483
− 273.15 =  𝟏𝟔𝟐.𝟔𝟒℃  

 

Na–K–Ca Geothermometer 

The Na–K–Ca geothermometer was developed by Fournier and Truesdell [41] to overcome the 

problem of anomalously high computed temperatures using the Na/K method, as noted above. 

The empirical equation is given by: 

 

𝜃(℃) = 1647

log�𝑁𝑎𝐾 �+𝛽�log��𝐶𝑎
𝑁𝑎�+2.06�+2.47

− 273.15      (5.2) 

where, Na, K and Ca are measured in mg/kg or in ppm. 

Since the subsurface temperature is expected to be above 100℃, β = 1
3
  for Na waters, and 

y>100 ℃. Therefore, using the average values from the 1971 and 1972 data in Table 4 into eqn. 

5.2, the Chinyunyu Hot Spring subsurface temperature is; 

𝜃(℃) = 1647

log�1025 �+13�log��
7.5
102�+2.06�+2.47

− 273.15 = 𝟏𝟏𝟏.𝟗𝟎℃  

 

Silica Geothermometer 

The subsurface temperatures can be estimated using the following relationship for equilibrium 

with the Quartz (max. steam loss) silica polymorphs in the temperature range, 0 – 250 ℃ [42]: 

 

θ(℃) = 1522
5.75−log(SiO2) − 273.15        (5.3) 

where SiO2 concentrations are given in ppm. 
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Inserting average values from the 1971 and 1972 data in Table 4 into eqn. 5.3, the subsurface 

temperature for Chinyunyu Hot Spring is: 

θ(℃) = 1522
5.75−log(36) − 273.15 = 𝟖𝟗.𝟕𝟖℃  

 

5.1.3 Mathematical Modelling of the Reservoir 

Mathematical modelling has been helpful in solving two-phase flow, convection patterns and 

other problems concerning the dynamics of the reservoir under certain simplified assumptions. 

Simple mathematical modelling basically consists of the formulation of continuity equations of 

mass, momentum and energy for each phase and the reduction of this system of equations to 

two non-linear partial differential equations. The final simplified equations, whose solution is 

sought, have two unknown dependent variables. These variables can be chosen from fluid 

pressure, temperature, enthalpy, and water saturation.  The properties of steam and water under 

varying conditions are known quite accurately and are published in steam tables. These, and 

other derived properties, such as flash and steam dryness, are extensively used in geothermal well 

measurements [20]. 

 
Donaldson [43] considered one dimensional vertical flow of water and heat in a porous medium 

involving compressed water with the boundary conditions: at the top of the system ( Z = 0 ), the 

temperature is 𝜃1; and at the base ( Z = Z2 ), the temperature is 𝜃2 and a mass flow rate per unit 

area is specified as 𝑀. The analytical solution for temperature assuming constant 

permeability 𝑘, thermal conductivity 𝐾, and heat capacity of water 𝑄𝑊 is given by: 

𝜃 = 𝜃1 + (𝜃2 − 𝜃1)
1−𝑒𝑥𝑝�−𝑀𝑄𝑊𝑍

𝐾 �

1−𝑒𝑥𝑝�−𝑀𝑄𝑊𝑍2
𝐾 �

       (5.4) 

The fraction  𝑀𝑄𝑊
𝐾

  indicates the relative importance of convection in comparison with 

conduction. With convection becoming more dominant, the value of the fraction increases.   

 

For the Chinyunyu Hot Spring, the following parameters are used: θ1 = 61℃; θ2 = 162.64℃ 

(computed from eqn. 5.1), Z2 = 3000 m, M = 3200J/kg℃, K = 3.2W/m℃ and different 

values for the fraction  MQW
K

  of 0.0003/m, 0.001/m, and 0.003/m. Table 5 shows the 

temperature profile for the Chinyunyu Hot Spring using different values of the  𝑀𝑄𝑊
𝐾

 fraction. 

The higher the value of the fraction, i.e., convective heat transfer being more dominant than 

conduction, the higher the resource temperatures obtained much closer to the Earth’s surface. 
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Table 5: Temperatures computed for one-dimensional steady-state vertical flow of compressed 
water (modified from Gupta and Roy [20]) 

No. DEPTH 

(m) 
TEMPERATURE (oC); 
𝐌𝐐𝐖
𝐊

= 𝟎.𝟎𝟎𝟎𝟑/𝐦 

TEMPERATURE 

(oC); 𝑴𝑸𝑾
𝑲

= 𝟎.𝟎𝟎𝟏/𝒎 

TEMPERATURE 

(oC); 𝑴𝑸𝑾
𝑲

= 𝟎.𝟎𝟎𝟑/𝒎 

1 0 61 61 61 
2 200 70.9743 80.38956 106.8644 
3 400 80.36774 96.26438 132.0354 
4 600 89.21416 109.2616 145.8495 
5 800 97.54539 119.9028 153.4308 
6 1000 105.3915 128.6151 157.5916 
7 1200 112.7806 135.7481 159.875 
8 1400 119.7394 141.5881 161.1282 
9 1600 126.293 146.3695 161.816 
10 1800 132.4649 150.2842 162.1934 
11 2000 138.2775 153.4893 162.4006 
12 2200 143.7515 156.1134 162.5143 
13 2400 148.9067 158.2618 162.5767 
14 2600 153.7617 160.0208 162.6109 
15 2800 158.334 161.4609 162.6297 
16 3000 162.64 162.64 162.64 

 

5.2 Possible use of the Chinyunyu Hot Spring 

Based on information in Table 3, the Chinyunyu Hot Spring whose average temperature is about 

61°C could be utilized for applications such as: 

i. Swimming, bathing and balneology; 

ii. Space heating and cooling including district energy systems; 

iii. Greenhouse, soil heating, and agricultural drying; 

iv. Aquaculture pond and raceway water heating; 

v. Industrial applications such as mineral extraction, and, 

vi. Electric power generation. 
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However, some of the listed applications could be ruled out when the climatic condition of the 

country is considered.  The high plateau on which Zambia is located ensures that the country has 

a moderate climate. Table 6 below shows the weather averages for Zambia. The warmest average 

maximum temperature is 31°C in October and the coolest average minimum temperature is 

10°C in June and July [23]. 

Table 6: Weather Average data for Zambia 

Month 

Average 
Minimum 

Temperatures 
(°C) 

Average 
Maximum 

Temperature 
(°C) 

Average 
Temperature 

(°C) 

Average 
Sunlight 
Hours/ 

Day 

Average 
Number of 
Days with 

Frost 

Average 
Precipitation/ 
Rainfall (mm) 

January 17 26 21.5 5.0 0 218 

February 17 26 21.5 5.1 0 196 

March 16 26 21 6.5 0 106 

April 15 26 21 8.6 0 21 

May 12 25 19 9.1 0 4 

June 10 23 17 8.9 0 0 

July 10 23 17 9.2 0 0 

August 12 26 19 9.7 0 0 

September 15 29 22 9.5 0 0 

October 18 31 25 9.0 0 15 

November 18 29 24 6.8 0 91 

December 17 27 22 5.6 0 186 

 

Considering the temperature profile shown in Table 6, it is clear that the Chinyunyu geothermal 

resource would not necessarily be valuable for space heating applications such as (ii) and (iv). 

Constructing a district heating system would not be justified as there are only two or three 

months that are relatively cold, while the rest of the year is warm to hot. This also applies also to 

the use of the geothermal resource for greenhouses, soil heating, or aquaculture ponds and other 

types of water heating.  

Therefore, this leaves us with the possible use of the Chinyunyu geothermal resource for 

agricultural drying; industrial uses; bathing, swimming and balneology. Nevertheless, with the 

application of EGS, it is also arguably possible to utilize the Chinyunyu Hot Spring for electric 

power generation using low-temperature binary cycle systems. The plausible applications are 

evaluated in detail further in this section.  
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5.2.1 Agricultural Drying 

Table 7 provides maximum safe operating temperatures based on the type of grain to be dried 

and its end use. Excessively high temperatures can reduce germination, milling quality, or 

damage the grain, resulting in a downgrading of the product. It is important to use an accurate 

thermometer to check the actual operating temperature of the grain dryer [24]. 

Table 7: Maximum Drying Temperatures 

Commodity Maximum Drying Temperatures 
Seed or Malting (°C) Commercial Use (°C) Feed (°C) 

Wheat 60 65 80 - 100 
Oats 50 60 80 - 100 

Barley 45 55 80 - 100 
Rye 45 60 80 - 100 
Flax 45 80 80 - 100 

Canola 45 65 - 
Peas 45 70 80 - 100 

Mustard 45 60 - 
Sunflowers 45 50 - 

Lentils 45 - - 
 

The resource temperature of the Chinyunyu Hot Spring is ideal for seed drying and commercial  

applications as could be seen from the required temperatures in Table 7. However, considering 

the current farming activities in the Chinyunyu area and the associated need for drying farm 

produce, there would be insufficient justification on investing in the construction and 

development of an agricultural drying system. 

5.2.2 Industrial Uses 

Geothermal resources could be used in mineral extraction, timber drying, fruit and vegetable 

dehydration and textile industries. For example, in the United States, gold is extracted using a 

process called heap leaching in which a cyanide solution is sprayed over the ore. The heat of 

geothermal resources allows the process to continue even in the winter, when the ore would 

otherwise be frozen solid. This method of mineral extraction, used primarily in Nevada, has 

resulted in higher rates of gold recovery. In Italy, geothermal energy has been used for centuries 

to process boron into boric acid. Geothermal heat also is used to dry lumber and to dye fabrics 

such as silk and wool. With reference to the Chinyunyu Hot Spring, it is clear that almost all the 

above mentioned applications would not require geothermal heat energy due to the already 

favourable climate prevailing in Zambia. Further, there are no mining activities being carried out 

around the Chinyunyu Hot Spring area to utilize it for mineral extraction as is the case in 

Nevada. 
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5.2.3 Bathing, Swimming and Balneology 

The resource temperature for the Chinyunyu Hot Spring is ideal for this application. It is for this 

reason that as mentioned in Chapter 4.0, a pond was dug where the hot water collects and some 

people from the nearby communities including some tourists are bathing. While some take an 

ordinary bath, others believe the water has some medicinal value and healing power to the 

various ailments they may be suffering from. 

For this application, there would be no major investment apart from constructing a swimming 

pool with a few other facilities. During the summer when the air temperatures are above 30°C, 

the geothermal resource swimming facilities would not be much utilized as people would require 

bathing in relatively cooler water of about 25°C. As such, bathing and swimming would be 

seasonal and not the best way to utilize the hot spring. Further, the water from the Chinyunyu 

spring is not suitable for sauna (steam bath) due to the emission of an odourless gas and is also 

slightly radioactive [22]. 

5.2.4 Electric Power Generation 

By and large, Electric Power Generation would be the best use of the Chinyunyu geothermal 

resource as the current demand for electric power is higher than the supply. The national 

electricity utility company, the Zambia Electricity Supply Corporation Limited (ZESCO), carries 

out massive load shedding in many parts of the country at every peak demand period in order to 

preserve the generators. Further, electricity could easily be connected to the national grid as 

Chongwe town which is the nearest urban centre connected to the national grid is only about 

40km away from the Chinyunyu area.  

Based on the findings in sections 5.1.2 and 5.1.3, this study therefore makes recommendation 

that electric power generation is the best method for the utilization of the Chinyunyu geothermal 

resource and will seek to analyze this choice in detail in the chapters that follow. Electric power 

generation would be made viable by the recent Enhanced Geothermal Systems (EGS) 

technologies where binary technology using the Kalina Cycle or Organic Rankine Cycle (ORC) is 

now available that can utilize geothermal resources with temperatures as low as 74 °C, as stated 

by Chandrasekharam [19]. This involves the assumption that the Chinyunyu Hot Spring resource 

temperature would improve from the current 61°C at the surface to temperatures between 90°C 

and 163 °C after drilling deep production wells and as computed in Chapter 5.1.2. With the 

average temperature gradient (geothermal gradient) in the shallowest parts of the earth’s crust of 

around 30°C/km, drilling deep production wells at Chinyunyu Hot Spring would certainly 
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increase the resource temperature as well as the flow rate. Heat loss would be reduced as the 

geothermal fluid would flow straight up to the surface and not meandering through clogged 

faults and cracks in the rocks as the case may be at present. Some operating examples of low-to-

medium resource temperature binary cycle geothermal power plants [19] are given in Table 8.  

 

Table 8: Small Geothermal Plants Currently In Operation in Various Countries [19] 

No. Power Plant 
Name 

Resource 
Temperature 

(°C) 
Country Site 

Power   
Capacity    

(MW) 
1 Amadee Geo. 104 USA California 2 

2 Fang GT Demo 
Plant 

116 Thailand Fang <1 

3 Bouillante 160 France Guadeloupe 4 

4 Copahue power 
stat. 166 Argentina Neuquén 

prov. 1 

5 Empire geother. 
project 137 USA Nevada 5 

6 Nagqu 110 China Tibet 1 

7 Pico Vermelho 200 Portugal Azores 3 

8 Kirishima hotel 127 Japan S Kyushu <1 

9 Wabuska 104 USA Nevada 2 

6 Geothermal Power Generation Systems 
There are several types of power generation systems being used to convert geothermal energy to 

electricity. The resource temperature and the state of the geothermal fluid, whether dry steam, 

mixture of steam and liquid or liquid dominated, is a critical determining factor in the choice of 

the power generation system to be adopted. In this chapter, the commonly used geothermal 

power generation systems such as the single flash steam, double flash steam, dry steam and 

binary cycle power plants as depicted by Di Pippo [18] will be discussed with special 

consideration of the most appropriate method for the Chinyunyu Hot Spring.  

6.1 Single-Flash Steam Power Plants 

This is the most commonly used technology in geothermal electrical power production as shown 

in Appendices 1 and 2. The term single-flash denotes that the geothermal fluid has undergone 

the flashing process only once. Flashing is a process whereby the geothermal fluid is transformed 

from a pressurized liquid to a vapour-liquid mixture due to the reduction of pressure to levels 
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below the saturation pressure at that particular temperature. The flashing process may occur 

anywhere from the production well to the inlet of the cyclone separator.  

6.1.1 Energy Conversion Process Description 

Di Pippo in his book on Geothermal Power Plants [18] diagrammatically illustrates the single-

flash steam power plant as shown in Fig. 13. 

Figure 13: Schematic Drawing of a Single –Flash Power Plant 

 
 

The geothermal fluid moves from the Production Wells (PW) through the flow monitoring and 

control equipment, i.e., the Wellhead Valve (WV) and Silencer (S), to the Cyclone Separator (CS). 

In the cyclone separator, the fluid is flashed and the steam is separated from the liquid. The 

liquid from the CS flows back to the Injection Well (IW) through Water Pipes (WP). This is an 

important step because if not taken the steam would cause scales and/or corrosion of pipes and 

turbine components hence leading to premature component failure. The steam is collected from 

the centre of the cyclone separator through a standpipe and is directed through Steam Pipes (SP) 

to the Power House (PH) past a Ball Check Valve (BCV). When the distance from the cyclone 

separator to the power house is long, a Moisture Remover (MR) could be placed before the 

power house to capture and remove any fine moisture droplets that may have formed due to 

condensation within the steam transmission pipelines. The steam then proceeds through the 

Control & Stop Valve (CSV) to the Turbine/Generator (T/G). From the Turbine, the steam is 

condensed using a Condenser (C).  
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Gases such as carbon dioxide and hydrogen sulfide exist with the natural steam and do not 

condense at the temperatures in the condenser. If not removed, these gases increase the overall 

pressure in the condenser and lower the turbine power output. As such, steam-jet ejectors with 

after-condensers (SE/C) and/or vacuum pumps are used to remove these gases. A Condensate 

Pump (CP) is used to pump the cooled geothermal fluid through the Cooling Tower (CT) to the 

Injection Well (IW). The cooling water that circulates with the help of a Cooling Water Pump 

(CWP) is usually obtained from the cooling tower that also re-circulates a portion of the 

condensed steam after it has been cooled by partial evaporation in the presence of a moving air 

stream. This means that geothermal flash-steam plants do not need a significant supply of 

cooling water, a major advantage in areas that are arid. A small amount of fresh water is needed, 

however, to provide for replacement of tower blow down. 

6.1.2 Thermodynamics of the Energy Conversion Process 

The field of science dealing with the relationships of heat, work, and properties of systems is 

called thermodynamics [27]. The analysis presented here to demonstrate the thermodynamic 

energy conversion processes is based on fundamental thermodynamic principles, such as the 

First Law of Thermodynamics as could be found in many books on Thermodynamics such as 

those by Moran and Shapiro [26], by Çengel and Boles [25] and by Chih Wu [27].  

The First Law of Thermodynamics states that: 

 

“When any closed system is taken through a cycle, the net work done on the system is proportional to the 

net heat taken from the surrounding. [33]” 

 

Or simply stated, 

 

“Energy can neither be created nor destroyed.” 

 

The energy conversion processes undergone by the geothermal fluid are shown in a 

thermodynamic state diagram in which the fluid temperature is plotted on the ordinate and the 

fluid specific entropy is plotted on the abscissa. A temperature-entropy diagram for the single-

flash plant is shown in Fig. 14. 
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Figure 14: Temperature-entropy state diagram for single-flash plants 
 

 
 

Process 1 -2:  Flashing process 

As discussed in Chapter 6.1, the flashing process begins at state 1 close to the saturation curve 

with the geothermal fluid under pressure. Neglecting any change in the kinetic or potential 

energy of the fluid, the flashing process is assumed to occur at constant enthalpy and no work is 

done. Thus the enthalpy at point 1 is equal to the enthalpy at point 2 as illustrated in the 

equation below: 

 

ℎ1 = ℎ2          (6.1) 

 

Process 2 – 3: Separation process 

The separation process is assumed to occur at constant pressure once the flashing process has 

taken place. The quality or dryness fraction, x, of the mixture that forms after the flashing 

process at point 2 can be found using the equation below: 

 

𝑥2 = ℎ2−ℎ3
ℎ4−ℎ3

          (6.2) 
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Equation 6.2 gives the steam mass fraction of the mixture and is the amount of steam that goes 

to the turbine per unit total mass flowing into the separator. 

 

Process 4 – 5: Turbine expansion process 

Assuming no heat loss from the turbine and neglecting the changes in kinetic and potential 

energy of the fluid entering and leaving the turbine, the work produced by the turbine per unit 

mass of steam flowing through it is given by: 

 

𝑤𝑡 = ℎ4 − ℎ5          (6.3) 

 

The maximum possible work would be generated if the turbine operated isentropically. The 

process shown from 4–5s is the ideal process. The isentropic turbine efficiency, 𝜂𝑡 , as the ratio 

of the actual work to the isentropic work, is given by, 

 

ηt = h4−h5
h4−h5s

          (6.4) 

 

The isentropic efficiency of a turbine is affected by the amount of moisture that is present during 

the expansion process; the higher the moisture, the lower the efficiency. The power developed 

by the turbine is given by, 

 

Ẇt = ṁswt = x2ṁtotalwt        (6.5) 

 

Equation (5) represents the gross mechanical power developed by the turbine. The gross 

electrical power will be equal to the turbine power multiplied by the generator efficiency: 

 

Ẇe = ηgẆt          (6.6) 

 

The net salable power could be obtained by subtracting from equation (6) all auxiliary power 

requirements for the plant. The auxiliary power requirements may include all pumping power, 

cooling tower fan power, and station lighting. 

 
Since geothermal turbines generally operate in the wet region, and that the isentropic efficiency 

of a turbine is affected by the amount of moisture that is present during the expansion process, it 

then becomes necessary to account for the degradation in performance. This effect can be 
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quantified by using the Baumann rule [28] which says that a 1% average moisture causes roughly 

a 1% drop in turbine efficiency. Adopting the Baumann rule, the isentropic efficiency for a 

turbine operating with wet steam to be given by: 

 

ηtw = ηtd ∗ �
𝑥4+𝑥5
2

�         (6.7) 

 

where the dry turbine efficiency, ηtd, may be conservatively assumed to be constant at, say, 85%: 

 

ηtd = 0.850          (6.8) 

 

From Fig. 14, it is clear that the quality at point 5 (turbine outlet) depends on the turbine 

efficiency. The state of the geothermal fluid at point 5 is determined by solving equation (4) 

using the turbine efficiency and the fluid properties at point 5s, the ideal turbine outlet state, 

which are easily calculated from the known pressure and entropy values at state 5s. The ideal 

outlet enthalpy is found from: 

 

h5s = h6 + [h7 − h6] ∗ �𝑠4−𝑠6
𝑠7−𝑠6

�       (6.9) 

 

where the entropy term, by itself, gives the fluid outlet dryness fraction for an ideal turbine. 

When the Baumann rule is incorporated into the calculation, the following working equation 

emerges for the enthalpy at the actual turbine outlet state: 

 

h5 =
h4−𝐴�1−

h6
h7−h6

�

1+ 𝐴
h7−h6

          (6.10) 

 

where the factor A is defined as 

 

𝐴 = 0.425(h4 − h5s)         (6.11) 

 

These equations are based on the assumption that the entering steam is a saturated vapor, i.e., 

the quality at the turbine inlet, 𝑥4, is equal to one. If the inlet is wet as may be the case for the 

double-flash system, then equation (10) would be modified as follows: 
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h5 =
h4−𝐴�𝑥4−

h6
h7−h6

�

1+ 𝐴
h7−h6

    (for 𝑥4 < 1)     (6.12) 

 

Process 5 – 6: Condensing process 

For a surface-type condenser, the First Law of thermodynamics leads to the following equation 

that relates the required flow rate of cooling water, ṁ𝑐𝑤, to the steam flow rate, 𝑥2ṁ𝑡𝑜𝑡𝑎𝑙:  

 

ṁ𝑐𝑤 = 𝑥2ṁ𝑡𝑜𝑡𝑎𝑙 �
ℎ5−ℎ6
ĉ∆𝑇

�        (6.13) 

 

where ĉ is the assumed constant specific heat of the cooling water (≈1 Btu/lbm∙ºF or 4.2 

kJ/kg∙K) and ∆T is the rise in cooling water temperature as it passes through the condenser. 

For a direct-contact condenser with the vessel assumed to be perfectly insulated (see Fig. 15), the 

appropriate equation is: 

 

ṁ𝑐𝑤 = 𝑥2ṁ𝑡𝑜𝑡𝑎𝑙 �
ℎ5−ℎ6

ĉ[𝑇6−𝑇𝑐𝑤]
�        (6.14) 

 

                                     Figure 15: Direct-contact condenser 
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Process 7 -8: Cooling tower process 

The cooling tower is designed to accommodate the heat load from the condensing steam. With 

reference to Fig. 16 (mechanically induced-draft cooling tower), the steam condensate that has 

been pumped from the condenser is sprayed into the tower where it falls through an air stream 

drawn into the tower by a motor-driven fan at the top of the tower. The ambient air enters with 

a certain amount of water vapor, determined by its relative humidity, and picks up more water 

vapor as the condensate partially evaporates. The evaporation process requires heat that comes 

from the water itself, thereby dropping its temperature. 

 

Figure 16: Cooling tower schematic 

 
 

The internal process involves the exchange of both heat and mass between the air and the water. 

The following First Law equation describes the overall operation of the tower, excluding the fan 

and assuming steady flow and overall adiabatic conditions: 
 

ṁ7ℎ7 − ṁ8ℎ8 = ṁ𝑑ℎ𝑑 −ṁ𝑎ℎ𝑎 + ṁ𝑏ℎ𝑏      (6.15) 
 

Since both the entering and leaving air streams contain water in the vapor phase in different 

percentages, there are two other equations needed to analyze the process, namely; mass 

conservation of water and mass conservation of air. The conservation equations are: 
 

ṁ7 + ṁ𝑤𝑎 = ṁ8 + ṁ𝑏 + ṁ𝑤𝑑  (Conservation of water)  (6.16) 
 

ṁ𝑎𝑑 = ṁ𝑎𝑎     (Conservation of dry air)  (6.17) 
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where the terms ṁ𝑤𝑎 and ṁ𝑤𝑑 represent the water content of the incoming and leaving air 

streams, respectively. These can be found from the specific humidity, 𝜔, of the air streams: 

 

ṁ𝑤𝑎 = 𝜔𝑎ṁ𝑎          (6.18) 

 

and, 

 

ṁ𝑤𝑑 = 𝜔𝑑ṁ𝑑          (6.19) 

 

Equations (15) to (19) are used with the properties of steam, water and moist air, either in 

tabular, graphic (psychrometric chart), or electronic form to determine the various flow rates 

needed for given design conditions. Cooling towers are also characterized by two other 

parameters: the range and the approach. The range is the change in water temperature as it flows 

through the tower, namely, 𝑇7 − 𝑇8, with reference to Fig. 16; the approach is the difference 

between the water outlet temperature and the wet-bulb temperature of the incoming air, namely, 

𝑇8 − 𝑇𝑤𝑏.𝑎. Since the ideal outlet water temperature is the wetbulb temperature of the incoming 

air, the approach is a measure of how closely the tower approaches ideal performance, i.e., zero 

approach or 𝑇8 − 𝑇𝑤𝑏.𝑎. Cooling towers for geothermal power plants are much larger in cooling 

capacity than for conventional fossil or nuclear power plants of the same power rating. Since the 

cooling tower must be sized to reject the heat of condensation of the geothermal steam, we can 

examine the ratio of that heat, �̇�0, to the power output of the plant, Ẇ𝑒. 

 

The First Law of thermodynamics says that the net heat added to the cycle must equal the 

network delivered by the cycle, or in terms of thermal and mechanical power, 

 

�̇�𝑖𝑛 − �̇�𝑜 = Ẇ𝑒         (6.20) 

 

Also for a cyclic plant, we can define the thermal efficiency, ηtℎ as follows: 

 

ηtℎ = Ẇ𝑒
�̇�𝑖𝑛

          (6.21) 
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Binary geothermal plants have thermal efficiencies in the range of 10–13%. Fossil-fired, 

combined steam-and-gas-turbine plants typically have thermal efficiencies of 50–55%, coal-fired 

plants are about 35–40% efficient, and nuclear plants about 33–35% efficient. Thus, the rate of 

heat discharged per unit power generated for the conventional types of plants are, on average, 

0.9, 1.7 and 1.9, respectively, whereas a typical geothermal binary plant discharges 7.7 units of 

waste heat for each unit of useful power output. Thus, a 50 MWe geothermal binary plant must 

have a cooling tower 8.5 times larger in cooling capacity than that for a typical 50 MWe 

combined cycle plant [18]. 

 

Although flash-steam plants are not cyclic in operation and the thermal efficiency given in 

equation (21) is not applicable, the waste heat can nevertheless be calculated using:  

 

�̇�𝑂 = 𝑥2ṁ𝑡𝑜𝑡𝑎𝑙[ℎ5 − ℎ6]        (6.22) 

 

for the single-flash plant described above.  

 

The general qualitative conclusion regarding the relative size of the cooling systems for flash-

steam plants in comparison to conventional plants is the same as for a binary plant, namely, they 

are larger than cooling systems at conventional plants of the same power rating. For example, a 

5-cell cooling tower used for a 30 MWe geothermal flash plant could easily accommodate a 250 

MWe state-of-the-art combined cycle plant. 

 

Utilization efficiency 

The performance of the entire plant may be assessed using the Second Law of Thermodynamics 

by comparing the actual power output to the maximum theoretical power that could be 

produced from the given geothermal fluid. This involves determining the rate of exergy carried 

into the plant with the incoming geothermal fluid.  

 

The specific exergy, 𝑒, of a fluid that has a pressure, 𝑃, and a temperature, 𝑇, in the presence of 

an ambient pressure, 𝑃0, and an ambient temperature, 𝑇0, is given by: 

 

𝑒 = ℎ(𝑇,𝑃) − ℎ(𝑇0,𝑃0) − 𝑇0[𝑠(𝑇,𝑃) − 𝑠(𝑇0,𝑃0)]     (6.23) 
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When this is multiplied by the total incoming geothermal fluid mass flow rate, the maximum 

theoretical thermodynamic power or the exergetic power is obtained as shown below: 

 

Ė = ṁ𝑡𝑜𝑡𝑎𝑙𝑒          (6.24) 

 

The ratio of the actual net power to the exergetic power is defined as the utilization efficiency or 

the Second Law (exergetic) efficiency of the plant: 

 

ηu = 𝑊𝑛𝑒𝑡
Ė

          (6.25) 

 

6.2 Double-Flash Steam Power Plants 

The double-flash steam plant is an improvement on the single-flash design in that it can produce 

15–25% more power output for the same geothermal fluid conditions. The power capacity of 

existing double-flash plants ranges from 4.7 to 110 MW, and the average power output is about 

32 MW per unit [18]. Compared to the single-flash steam plants, the double-flash plants are 

more complex, costly and require more maintenance. However, the extra power output often 

justifies the installation of such plants. Double-flash plants are fairly numerous as shown in 

Appendices 1 and 2. 

 

A double-flash plant is similar to a single-flash plant; and only the new features of the second 

flash process imposed on the separated liquid leaving the primary separator in order to generate 

additional steam will be discussed here.  

 

6.2.1 Energy Conversion Process Description 

The diagrammatical representation of the Double-flash system process layout is as shown below 

in Fig. 17. 
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Figure 17: Simplified double-flash power plant schematic 

 
 

In the Cyclone Separator (CS), the geothermal fluid is flashed once and the steam is separated 

from the liquid. The steam is dried and sent to the turbine for expansion. Instead of the liquid 

from the cyclone separator flowing directly to the Injection Well (IW) as in single-flash plants, 

the liquid after the first step flash process passes through a Flasher unit (F) for a second step 

flash. In the flasher unit, the pressure is decreased further and some more steam is produced and 

separated. The secondary steam at relatively low pressure is sent to the Low Pressure Turbine 

section while the remaining liquid is finally channeled to the injection well.  

The auxiliary components and the balance-of-system details for the double-flash steam plant are 

basically the same as for the single-flash process.  

 

6.2.2 Thermodynamics of the Energy Conversion Process 

The temperature-entropy (T-S) diagram in Fig. 18 shows the separate energy conversion 

processes involved in the double-flash steam plant.   
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Figure 18: Temperature-entropy diagram for double-flash plant with dual admission turbine 

 

Processes 1 – 2 and 3 – 6: Flash and separation processes 

The two separate flash processes, 1–2 and 3–6, are analyzed in the same way as the flash process 

for the single-flash plant in Section 6.1.2. Each flashing process generates a fractional amount of 

steam given by the quality, 𝑥 of the 2-phase mixture. Each flash is followed by a separation 

process. The governing equations are as follows: 

 

ℎ1 = ℎ2          (6.26) 

 

𝑥2 = ℎ2−ℎ3
ℎ4−ℎ3

          (6.27) 

 

ℎ3 = ℎ6          (6.28) 

 

𝑥6 = ℎ3−ℎ7
ℎ8−ℎ7

          (6.29) 
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The mass flow rates of the produced steam and the remaining liquid (brine) for the high- and 

low-pressure stages are found from: 

 

ṁℎ𝑝𝑠 = 𝑥2ṁ𝑡𝑜𝑡𝑎𝑙 = ṁ4 = ṁ5       (6.30) 

 

ṁℎ𝑝𝑏 = (1 − 𝑥2)ṁ𝑡𝑜𝑡𝑎𝑙 = ṁ3 = ṁ6       (6.31) 

 

ṁ𝑙𝑝𝑠 = (1 − 𝑥2)𝑥6ṁ𝑡𝑜𝑡𝑎𝑙 = ṁ8       (6.32) 

 

ṁ𝑙𝑝𝑏 = (1 − 𝑥2)(1− 𝑥6)ṁ𝑡𝑜𝑡𝑎𝑙 = ṁ7      (6.33) 

 

These mass flows will be used to calculate the power generated from the two stages of turbine 

expansion, the amount of waste liquid to be disposed of, and the heat that must be rejected 

through the condenser and ultimately from the cooling tower. 

 

Processes 4 – 5, 9 – 10: HP- and LP-turbine expansion processes 

The HP-stages of the turbine may be analyzed according to the methodology used for the single-

flash turbine, namely: 

 

wℎ𝑝𝑡 = ℎ4 − ℎ5         (6.34) 

 

ηhpt = h4−h5
h4−h5s

          (6.35) 

 

Ẇhpt = ṁhpswhpt = x2ṁtotalwhpt       (6.36) 

 

The actual outlet state from the high-pressure section of the turbine must be found using the 

Baumann rule as follows: 

 

h5 =
h4−𝐴�𝑥4−

h6
h7−h6

�

1+ 𝐴
h7−h6

          (6.37) 
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where the factor A is defined as 

𝐴 = 0.425(h4 − h5s)         (6.38) 

 

The mass flow through the turbine must be increased at this point because the low-pressure 

steam from the flasher is admitted to the steam path and joins the partially expanded high-

pressure steam at state 5. The partially expanded steam is at state 5, the low-pressure steam is at 

state 8 (saturated vapor), thus the mixed steam ready to enter the low-pressure turbine stages is 

at state 9. The First Law of thermodynamics and conservation of mass enables finding the steam 

properties of the mixed state 9:  

 

ṁ5ℎ5 + ṁ8ℎ8 = (ṁ5 + ṁ8)ℎ9       (6.39) 

 

or 

h9 = 𝑥2h5+(1−𝑥2)𝑥6h8
𝑥2+(1−𝑥2)𝑥6

          (6.40) 

 

The low-pressure turbine may now be analyzed as follows: 

w𝑙𝑝𝑡 = ℎ9 − ℎ10         (6.41) 

 

Ẇlpt = ṁ9(ℎ9 − ℎ10) = (ṁ5 + ṁ8)(ℎ9 − ℎ10)     (6.42) 

 

h10 =
h9−𝐴�𝑥9−

h11
h12−h11

�

1+ 𝐴
h12−h11

         (6.43) 

 

𝐴 = 0.425(h9 − h10s)        (6.44) 

 

h10s = h11 + [h12 − h11] ∗ � 𝑠9−𝑠11
𝑠12−𝑠11

�       (6.45) 

 

ηlpt = h9−h10
h9−h10s

          (6.46) 
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The total power generated is the sum of the power from each turbine: 

Ẇtotal = Ẇhpt + Ẇlpt        (6.47) 

 

The gross electrical power is found from: 

Ẇe,gross = ηgẆtotal         (6.48) 

 

Process 10 – 11: Condensing and cooling tower processes; utilization efficiency 

The condensing and cooling tower processes, and the utilization efficiency analysis presented in 

section 6.1.2 may be used for the double-flash plant too, provided the mass flow rate is changed 

to the sum of the high pressure and low pressure steam flows. The exergy of the incoming 

geothermal fluid is found in the same way as for the single-flash plants. 

6.3 Dry-Steam Power Plants 

Dry-steam power plants are the simplest and historically the first used type of geothermal power 

systems. The dry-steam concept uses readily available steam pressurized and superheated inside 

the Earth and streaming out from the geothermal source directly to drive a turbine [29]. Their 

history goes back to 1904 when Prince Piero Ginori Conti built and operated a tiny steam engine 

using the natural steam jets that issued from the ground at Larderello in the Tuscany region of 

Italy. Since the geothermal fluid consisted solely of steam, it was fairly easy to hook up a 

mechanical device to take advantage of the available energy. Although the Conti’s engine only 

generated enough electrical power to illuminate five light bulbs in his factory, it was the 

springboard for larger geothermal plants. 

 

Dry-steam plants are simpler and less expensive compared to the flash-steam plants as there is 

no geothermal brine to separate. According to DiPippo [18], there are only two major dry-steam 

fields in the world – Larderello in Italy and the Geysers in northern California, U.S.A., where 

there are 61 units of this type in operation in May 2007, about 12% of all geothermal plants in 

the world. Dry-steam plants account for 2,471 MW installed or nearly 26% of the total 

geothermal worldwide capacity. The average dry-steam unit has a rating of just over 40 MW [18]. 

See Appendices 1&2 for more details. 
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6.3.1 Energy Conversion Process Description 

In a dry steam plant, the steam from the production well controlled by the well valve passes 

through a Particulate Remover (PR) and a Moisture Remover (MR) before entering the turbine. 

In the powerhouse, the configuration is essentially the same as a single-flash steam plant. The 

turbines are single-section units with impulse-reaction blading, either single-flow for smaller units 

or double-flow for larger units (say, 60 MW or greater). Fig. 19 shows a schematic representation 

of a dry-steam power plant layout [18].  

 

Figure 19: Simplified schematic flow diagram for a dry steam plant 

 
 

The condensers can be either direct-contact (barometric or low-level) or surface-type (shell-and-

tube). For small units, it is often advantageous to arrange the turbine and condenser side-by-side, 

rather than the typical condenser-below-turbine arrangement seen in most power plants [18]. 

6.3.2 Thermodynamics of the Energy Conversion Process 

The thermodynamic processes undergone by the steam are shown in Fig. 20.  

 

Process 1 -2: Turbine expansion process 

The wells produce saturated steam (or often slightly superheated steam) as the starting point 

(state 1) on the saturated vapor curve. If the steam is superheated, point 1 merely moves slightly 

to the right. The turbine expansion process 1–2 generates somewhat less power output than the 

ideal isentropic process 1–2s.  
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Process 2 – 3: Condensing process 

Heat is rejected to the surroundings in the condenser via the cooling water and the analysis of 

the operation is the same as for the single-flash system or any other steam plant.  

 

Figure 20: Temperature-entropy diagram for dry steam plant with saturated steam at turbine inlet 

 

Turbine expansion process – Analysis 

The work done by the turbine per unit mass of steam flowing through it is given by:  

 

w𝑡 = ℎ1 − ℎ2   ,       (6.49) 

 

assuming an adiabatic turbine and neglecting the changes in kinetic and potential energy of the 

fluid entering and leaving the turbine. The maximum possible work would be generated if the 

turbine operated isentropically. The isentropic turbine efficiency, ηt, is the ratio of the actual 

work to the isentropic work, namely, 

 

𝜂𝑡 = ℎ1−ℎ2
ℎ1−ℎ2𝑠

          (6.50) 

 

The power developed by the turbine is given by 

 

Ẇt = ṁs𝑤s = ṁ𝑠(ℎ1 − ℎ2) = ṁ𝑠𝜂𝑡(ℎ1 − ℎ2𝑠)     (6.51) 
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The gross electrical power will be equal to the turbine power times the generator efficiency: 

 

Ẇe = 𝜂𝑡Ẇt          (6.52) 

 

The net power is this amount reduced by all parasitic loads including condensate pumping 

power, cooling tower fan power, and station lighting. Adopting the Baumann rule to account for 

the degradation in performance of a wet steam turbine, we find 

 

ηtw = ηtd ∗ �
1+𝑥2
2
�         (6.53) 

 

where the dry turbine efficiency, ηtd, may conservatively be taken to be constant at 85%: 

 

ηtd = 0.850          (6.54) 

 

The thermodynamics properties at state 2 are determined by solving eqn. (6.50) using the turbine 

efficiency and the fluid properties at state 2s, the ideal turbine outlet state, which are easily 

calculated from the known pressure and entropy values at state 2s. The ideal enthalpy is found 

from 

 

h2s = h3 + �hg − h3� ∗ �
𝑠1−𝑠3
𝑠𝑔−𝑠3

�       (6.55) 

 

where the entropy term gives the fluid outlet dryness fraction for an ideal turbine. 

When the Baumann rule is incorporated into the calculation, the following working equation 

emerges for the enthalpy at the actual turbine outlet state: 

 

h2 =
h1−𝐴�1−

h3
hg−h3

�

1+ 𝐴
hg−h3

          (6.56) 

 

where the factor 𝐴 is again defined as 

 

𝐴 = 0.425(ℎ1 − ℎ2𝑠)         (6.57) 
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These equations assume that the turbine inlet steam is saturated. If the inlet is superheated (as 

often happens after a period of operation), then a more complex algorithm must be followed. 

First, the portion of the expansion process that occurs in the superheated region is analyzed 

using the dry turbine expansion efficiency of 85%. Then when the steam enters the wet region, 

the remaining expansion is analyzed using the same equations given above. 

 

The location of the state point where the expansion passes through the saturated vapor curve is 

found by trial-and-error iterations. The calculation method is outlined below with the aid of 

Figure 21. Three isobars are shown: 𝑃1 is the inlet steam pressure, 𝑃2 is the condenser pressure, 

and 𝑃4 is the pressure at which the expansion enters the wet region (unknown). Since we assume 

that the dry turbine efficiency is known and constant for the process 1–4, we may write:  

 

𝜂𝑑 = ℎ1−ℎ4
ℎ1−ℎ4𝑠

          (6.58) 

 

Figure 21: Dry and wet turbine expansion processes for superheated inlet steam. 

 

 

Both ℎ4 and ℎ4𝑠 depend on 𝑃4  which is what we are trying to determine. The first step is to 

guess a value for 𝑃4. Then ℎ4 is found directly from Steam Tables, and ℎ4𝑠 may be calculated from  
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ℎ4𝑠 = ℎ𝑓 + 𝑥4𝑠ℎ𝑓𝑔 = ℎ𝑓 + �𝑠1−𝑠𝑓
𝑠𝑓𝑔

� ℎ𝑓𝑔      (6.59) 

 

where the enthalpy of saturated liquid and the enthalpy of evaporation at 𝑃4 are given by ℎ𝑓 and 

ℎ𝑓𝑔 respectively. With ℎ4 and ℎ4𝑠 now both determined for the assumed value of 𝑃4, the turbine 

efficiency is calculated from eqn. (6.58) and compared to 0.85. Unless the calculated efficiency is 

equal to 0.85, it is necessary to try another pressure value and repeat the calculations until 

agreement is reached. Then the specific power output from the dry expansion is  

 

𝑤𝑡𝑑 = ℎ1 − ℎ4         (6.60) 

 

and the specific power output from the wet expansion is 

 

𝑤𝑡𝑤 = ℎ4 − ℎ2         (6.61) 

 

where a process similar to that outlined earlier will lead to the value of ℎ2. 

 

As with all thermodynamic modeling of complex processes, this must be viewed as an 

approximation. It is known that steam can enter the wet region and remain in the vapor phase, 

out of thermodynamic equilibrium, for a portion of the full process. The locus of states where 

the first liquid droplets appear is called the Wilson line. It is generally accepted that the line of 

95% dryness fraction is the limit for steam to persist in a state of metastable equilibrium [30]. 

Given this uncertainty together with the fact that the dry steam expansion in the steam turbine is 

usually a very small part of the total expansion, it is often acceptable to treat the entire expansion 

process as taking place in the wet region and to use the analysis given at the beginning of this 

section, i.e., eqns. (6.49 – 6.57).  

 

Condensing and cooling tower processes; utilization efficiency 

The governing equations for the condenser and cooling tower processes, as well as the utilization 

(exergetic) efficiency of the dry-steam geothermal plant are the same as for the flash-steam plants 

considered above.  
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6.4 Binary Cycle Power Plants 

According to the IEA Technology Roadmap report of 2011, electrical power generation units 

using binary cycles constitute the fastest-growing group of geothermal plants. Binary Cycle 

Power Plants are able to use low to medium temperature resources which are more prevalent 

than high temperature resources. Binary plants, using a Kalina Cycle or an Organic Rankine 

Cycle (ORC) typically operate with geothermal resource temperatures varying from as low as 

73°C (at Chena Hot Springs, Alaska) up to 180°C [1]. Doubtless, binary plant technology would 

be the most appropriate for the Chinyunyu Hot Spring electrical power generation project. 

Binary plants utilize a secondary working fluid, usually an organic fluid (typically n-pentane) with 

a low boiling point and high vapor pressure at low temperatures as compared to steam. The 

working fluid is operated through a conventional Rankine Cycle: the geothermal fluid yields heat 

to the working fluid through heat exchangers, where the working fluid is heated and vaporized.  

 

Binary cycle geothermal power plants are the closest in thermodynamic principle to conventional 

fossil or nuclear steam plants in that the working fluid undergoes an actual closed vapor cycle. 

The working fluid, chosen for its appropriate thermodynamic properties, receives heat from the 

geothermal fluid, evaporates, expands through a prime-mover, condenses, and is returned to the 

evaporator by means of a feed pump [18]. By selecting suitable working fluids, binary systems 

can be designed to utilize geothermal fluids with temperatures well below 100°C. However, such 

low temperatures would severely impact the financial viability of projects, depending on their 

location, their direct use options, and the power tariff offered. Competing with the above 

mentioned Organic Rankine Cycle (ORC) plants, another binary system, the Kalina cycle, utilizes 

a water-ammonia mixture as the working fluid. This technology was developed in the 1990s and 

is used commercially, particularly in Iceland and Japan. Binary power plants are also commonly 

used as bottoming units. In these applications, the binary plant utilizes the waste fluids coming 

from the separators as well as the residual heat from a main power plant [32].  

 

Today binary plants are the most widely used type of geothermal power systems with 162 units 

in operation in 17 countries as of May 2007, generating 373 MW of power. They constitute 32% 

of all geothermal units in operation but generate only 4% of the total power. Thus, the average 

power rating per unit is small, only 2.3 MW/unit, but units with ratings of 7–10 MW are coming 

into use with advanced cycle design. Several binary units recently have been added to existing 

flash-steam plants to recover energy from hot, waste brine [18]. See Appendices 1 and 2 for 

more statistics. 
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6.4.1 Energy Conversion Process Description 

As could be seen in Fig. 22, the geothermal fluid is pumped from the Production Wells (PW) 

with Pumps (P) that is set below the flash depth determined by the reservoir properties and the 

desired flow rate. The geothermal fluid then passes through Sand Removers (SR) which sieves 

off the sand to prevent scouring and erosion of the piping and the heat exchanger tubes. There 

are two steps in the heating-boiling process, conducted in the Preheater (PH) where the working 

fluid is brought to its boiling point and in the Evaporator (E) from which it emerges as a 

saturated vapor. The geothermal fluid is kept at a pressure above its flash point for the fluid 

temperature to prevent the breakout of steam and non-condensable gases that could lead to 

calcite scaling in the piping. Furthermore, the fluid temperature is not allowed to drop to the 

point where silica scaling could become an issue in the preheater or in the piping towards the 

injection wells downstream of it [18]. 

 

Figure 22: Simplified schematic of a basic binary geothermal power plant 

 

 

6.4.2 Thermodynamics of the Energy Conversion Process 

The thermodynamic processes undergone by the working fluid are shown in Fig. 23, a pressure-

enthalpy, P-h diagram [18]. This type of diagram is most often used for refrigeration and air 

conditioning cycles, but could also be applied to geothermal binary cycles. 
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Figure 23: Pressure-enthalpy diagram for a basic binary plant 

 

 

Process 1 – 2: Turbine analysis 

The analysis of the binary cycle turbine is the same as for steam turbines. Fig. 24 shows the 

schematic representation of the turbine for which the process analysis is made.  

 

                                         Figure 24: Turbine-generator for binary cycle 

 
 

Assuming an adiabatic turbine and neglecting the changes in kinetic and potential energy of the 

fluid entering and leaving the turbine, the power is found from  

 

Ẇt = ṁ𝑤𝑓(ℎ1 − ℎ2) = ṁ𝑤𝑓𝜂𝑡(ℎ1 − ℎ2𝑠)      (6.62) 
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where 𝜂𝑡 is the isentropic turbine efficiency, which is a known quantity. For a given working 

fluid, the thermodynamic properties can easily be found from tables or correlations for whatever 

design parameters are chosen. The desired turbine power output will then determine the required 

working fluid mass flow rate. 

 

Process 2 – 3: Condenser Analysis 

Shell-and-tube condensers are always used for binary cycles. The basic energy balance equation is 

the same as for condensers in flash or dry steam plants. Fig. 25 gives a schematic representation.  

 

                                           Figure 25: Condenser with cooling water 

 
 

The heat that must be rejected from the working fluid to the cooling medium is given by: 

 

�̇�𝑐 = ṁ𝑤𝑓(ℎ2 − ℎ3)         (6.63) 

 

The cooling medium could either be water or air as the case might be. The relationship between 

the flow rates of the working fluid and the cooling water is: 

 

ṁ𝑐𝑤(ℎ𝑦 − ℎ𝑥) = ṁ𝑤𝑓(ℎ2 − ℎ3)       (6.64) 

 

Or 
 

ṁ𝑐𝑤ĉ(𝑇𝑦 − 𝑇𝑥) = ṁ𝑤𝑓(ℎ2 − ℎ3)       (6.65) 
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since the cooling water may be taken as having a constant specific heat ĉ for the small 

temperature range from inlet to outlet. To dissipate the required amount of waste heat, a cooling 

tower with a specified range, 𝑇𝑦 − 𝑇𝑥, will need a mass flow rate determined by eqn. (6.65). 

 

Feed pump analysis 

Using the same kind of assumptions as for the other components, the power imparted to the 

working fluid by the feed pump is given by: 

 

Ẇ𝑝 = ṁ𝑤𝑓(ℎ4 − ℎ3) = ṁ𝑤𝑓𝜂𝑝(ℎ4𝑠 − ℎ3)      (6.66) 

 

where, 𝜂𝑝 is the isentropic pump efficiency. 

 

Heat exchanger analysis: preheater and evaporator 

The analysis of the heat exchanger where the geothermal brine transfers thermal energy to the 

working fluid for preheating and evaporation in the binary cycle is another straightforward 

application of the principles of thermodynamics for energy and mass conservation. Refer to 

Figure 26 for the schematic representation of the heat exchanger layout.  

 

                                    Figure 26: Preheater and evaporator for the binary cycle. 

 
 
 

It is necessary to assume that the heat exchangers are well-insulated so that all the heat transfer is 

between the geothermal brine and the working fluid, without any thermal losses to surroundings.  
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Applying again the overall considerations, we also assume that the flow is steady and that the 

differences in potential energy and kinetic energy are negligible across the entry and exit points. 

Considering the entire heat-exchange package as a closed thermodynamic system, the governing 

equation is: 

 

ṁ𝑏(ℎ𝑎 − ℎ𝑐) = ṁ𝑤𝑓(ℎ1 − ℎ4)       (6.67) 

 

If the brine had low dissolved gases and solids content and could be considered as pure water, 

the left-hand side of the equation (6.67) may be replaced by the average specific heat of the brine 

ĉ𝑏 multiplied with the temperature drop:  

 

ṁ𝑏ĉ𝑏(𝑇𝑎 − 𝑇𝑐) = ṁ𝑤𝑓(ℎ1 − ℎ4)       (6.68) 

 

The following resulting equation may therefore be used to find the required brine flow rate for a 

given set of cycle design parameters; or otherwise the working fluid flow rate and consequently 

the possible power output for the given cycle design parameters can be found if the available 

brine flow is known:  

 

ṁ𝑏 = ṁ𝑤𝑓
ℎ1−ℎ4

ĉ𝑏(𝑇𝑎−𝑇𝑐)         (6.69) 

 

Figure 27 shows a Temperature-Heat transfer diagram (T-Q diagram) which is an important tool 

for designing the heat exchangers in addition to Fig. 26. The abscissa in eqn. 6.69,  ĉ𝑏(𝑇𝑎 − 𝑇𝑐), 

represents the total amount of heat that is passed from the brine to the working fluid. The 

preheater (PH) provides sensible heat to raise the working fluid to its boiling point, state 5 with 

the evaporation occurring from 5–1 along an isotherm for a pure working fluid.  

 

The place in the heat exchanger where the brine and the working fluid experience the minimum 

temperature difference is called the pinch-point, and the value of that difference is designated the 

pinch-point temperature difference, Δ𝑇𝑝𝑝. 
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Figure 27: Temperature-heat transfer diagram for preheater and evaporator. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
State points 4, 5 and 1 should be known from the cycle specifications: state 4 is the compressed 

liquid at the outlet from the feed pump; state 5 is the saturated liquid at the evaporation pressure; 

and state 1 is the saturated vapor, the same as the turbine inlet condition. Thus, the two heat 

exchangers may be analyzed separately as follows:  

 

Preheater: ṁ𝑏ĉ𝑏(𝑇𝑏 − 𝑇𝑐) = ṁ𝑤𝑓(ℎ5 − ℎ4)     (6.70) 

 

Evaporator: ṁ𝑏ĉ𝑏(𝑇𝑎 − 𝑇𝑏) = ṁ𝑤𝑓(ℎ1 − ℎ5)     (6.71) 

 

 

Overall cycle analysis 

The cycle performance can be assessed by the First Law using the thermal efficiency:  

 

𝜂𝑡ℎ = Ẇnet
�̇�𝑃𝐻/𝐸

          (6.72) 

 

Evaporator (E) 

Pre-Heater (PH) 

Working Fluid (ṁ𝑤𝑓) 

Q (kJ) 

T
°C

 

Δ𝑇𝑝𝑝 

a 

b 

c 

1 5 

4 
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Since the net power of the cycle is the difference between the thermal power input and the 

thermal power rejected, this formula may be rewritten as 

 

𝜂𝑡ℎ = 1 − �̇�c
�̇�𝑃𝐻/𝐸

= 1 − ℎ2−ℎ3
ℎ1−ℎ4

        (6.73) 

 

The heat rejection ratio as derived from eqn. (6.20) and eqn. (6.21) is: 

 
�̇�c
Ẇnet

= 1
𝜂𝑡ℎ

− 1          (6.74) 

 

These formulae apply to the cycle, not the plant. If the net cycle power is used to supply plant 

auxiliary power needs such as well pumps, cooling tower fans and station lighting, then all these 

parasitic loads must be subtracted from the net cycle power to obtain the net plant power. Since 

binary cycles tend to have thermal efficiencies in the 10–13% range, any further reduction in net 

power can have a serious impact on plant performance. 

 

Another measure of cycle and plant performance can be obtained using the Second Law in the 

form of the utilization efficiency, 𝜂𝑢, which is defined as the ratio of the actual net plant power 

to the maximum theoretical power obtainable from the geothermal fluid in the reservoir state: 

 

𝜂𝑢 = Ẇnet
Ė𝑟𝑒𝑠

= Ẇnet
ṁ𝑏[(ℎ𝑟𝑒𝑠−ℎ0)−𝑇0(𝑠𝑟𝑒𝑠−𝑠0)]

       (6.75) 

 

where 𝑇0 is the dead-state temperature (e.g., the local wet-bulb temperature if a water cooling 

tower is used), and ℎ0 and 𝑠0 are the enthalpy and entropy values for the geothermal fluid 

evaluated at the dead-state pressure and temperature (usually approximated as the saturated 

liquid values at  𝑇0).  

6.4.3 Working Fluid Selection 

The working fluid used in the Organic Rankine Cycle (ORC) power plants should evaporate at 

atmospheric pressures and should have a low boiling point. These are two very important criteria 

that a potential working fluid should satisfy. General considerations for the proper selection of 

the working fluid are: it should be non-corrosive, non-flammable and should not react or 

dissociate at the pressures and temperatures at which it is used [19]. There are also many 

constraints on that selection that relate to the thermodynamic properties of the fluids as well as 
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considerations of health, safety, and environmental impact. The accuracy of thermo-physical 

properties is essential for cycle and component design. Possible working fluids are related to 

alkane hydrocarbons, alcohols, and heterocyclic compounds. In addition, mixtures of pure fluids 

may act as working fluids, particularly mixtures that exhibit a non-isothermal evaporation. 

Consequently, it is possible to approach the temperature profile of the geothermal fluid with a 

suitable working fluid regarding the heat transfer. These mixtures are called zeotrope mixtures. 

Ammonia–water or propane–butane mixtures are zeotrope fluids [21].  

 

The working fluids suitable for binary cycles offer a lower boiling point than water as basically 

used in fossil power plants. The low boiling point is needed to generate vapor from heat sources 

with temperatures below 200 ◦C. A general characterization of different working fluids can be 

expressed according to their saturation vapor curves in the temperature–entropy diagram, as 

shown in Fig. 28. 

 

Figure 28: Temperature–entropy diagram showing saturation vapor curves of different working fluids 

 

A ‘‘wet’’ fluid has a negative slope of its saturation vapor curve. When expanding saturated vapor 

in an expansion machine, the state obtained is always located in the two-phase region. Water and 

ammonia, for example, are typical ‘‘wet’’ fluids. A ‘‘dry’’ fluid, such as isobutene, has a positive 
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slope of the saturated vapor curve. After expanding saturated vapor from a “dry” fluid, its end 

state is always located in the superheated region. If the saturated vapor curve does not show any 

slope, the fluid is called isentropic [21].  

 

Fig. 29 below shows the T-S cycle diagram of the non-recuperated ORC system installed at the 

Chena Hot Springs site in Alaska [37]. Judging from this application, it would be most probable 

that R134a could be the preferred working fluid for the Chinyunyu Hot Spring as well, 

considering the prevailing low resource temperatures. However, the challenge would arise from 

the design of the heat sink as the required low temperature cooling water in the case of Chena 

power plant of about 4.4°C [37] would be impossible to attain considering the weather in 

Zambia with average temperatures of about 25°C. 

 

Figure 29: T-S Cycle Diagram for the Chena Hot Springs Power Plant, adapted from [37] 

 
 

Table 9 lists some chemical substances that could be used as working fluids and their relevant 

thermodynamic properties, with pure water being included for comparison purposes. Clearly all 

of the candidate fluids have critical temperatures (Tc) and pressures (Pc) far lower than water. 

Furthermore, since the critical pressures are reasonably low, it is feasible to consider supercritical 

cycles for the hydrocarbons. This allows a better match between the brine cooling curve and the 

working fluid heating-boiling line, reducing the thermodynamic losses in the heat exchangers. 

Various mixtures of these fluids have also been studied for use in geothermal binary plants [18]. 
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  65 

  37 

  10 
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Table 9: Thermodynamic properties of some candidate working fluids for binary plants 

Fluid Formula Tc (°C) Pc (MPa) 
Ps @ 300K  

(MPa) 
Ps @ 400K  

(MPa) 
Propane C3H8 96.95 4.236 0.9935 N/A 
i-Butane i-C4H10 135.92 3.685 0.3727 3.204 
n-Butane C4H10 150.8 3.718 0.2559 2.488 
i-Pentane i-C5H12 187.8 3.409 0.09759 1.238 
n-Pentane C5H12 193.9 3.240 0.07376 1.036 
Ammonia NH3 133.65 11.627 1.061 10.3 

Water H2O 374.14 22.089 0.003536 0.24559 
 

Mixtures as working fluids can lead to a better match of the temperature profile between the 

geothermal fluid and the working fluid within the evaporator and therefore, to a higher cycle 

efficiency. In general, mixtures can be distinguished according to their vapor–liquid equilibrium 

behavior. When evaporating a zeotropic mixture its temperature increases during isobaric 

evaporation for any proportion of the constituents (non-isothermal evaporation). During 

evaporation, the composition of the vapor and the liquid phase changes continuously. This 

temperature slide allows for better temperature matching in the evaporator [21]. 

 

There are other aspects to be considered in selecting the working fluid. The working fluid should 

be thermally stable in the long-term within the range of operational temperatures. With reference 

to the components of a binary cycle, the fluid needs to be noncorrosive and compatible with the 

materials and substances used such as sealing materials and lubricating oil respectively. The fluid 

should be nonflammable or at least of low flammability and non-explosive. Furthermore, the 

fluid should be nontoxic and should have a high threshold limit value that allows humans to be 

close to the plant for a long time without adverse health effects.  

 

From an environmental point of view, the selection of fluids is governed by environmental 

legislation in many countries. In any case, the fluid should have no ozone depletion potential and 

also its greenhouse potential should be as low as possible. Apart from thermodynamic, health-

related and environmental aspects, also the market availability and the costs of the working fluid 

need to be considered [21].  

 



 

64 
 

6.5 Technical Analysis of a Binary Cycle Power Plant for Chinyunyu  

For the proposed Chinyunyu geothermal power plant, the refrigerant R134a can be selected as a 

promising working fluid due to the following reasons:  

a) Better match for low temperature geothermal resources.  

b) Readily available and widely used in HVAC equipment.  

c) R134a is a low cost fluid.  

 

Assumed parameters:   

i) The geothermal fluid flow rate would be increased from the current 6 liters per second to 

some higher values through drilling of multiple production wells and re-injection. The 

achieved brine flow rate would be enough to deliver a working fluid flow rate of about 

 ṁ𝒘𝒇 = 𝟏𝟓 𝐤𝐠/𝐬  

ii) After deep well drilling of about 400 meters the geothermal resource temperature would 

be improved to about 𝐓𝐚 = 𝟑𝟔𝟖.𝟏𝟓 𝐊 (𝟗𝟓°𝐂)  (expected geothermal temperatures 

between 80.36°C and 132.04°C as shown in chapter 5.1.3), and through application of 

Enhanced Geothermal System (EGS) techniques.  

iii) Pressure losses in all heat exchangers and piping will be assumed negligible. 

iv) The turbine inlet working fluid temperature (evaporator exit) is 𝐓𝟏 = 𝟑𝟒𝟗.𝟏𝟓 𝐊 (𝟕𝟔°𝐂)  

v) Pinch-point temperature difference 𝚫𝐓𝐩𝐩 = 𝟓 𝐊  

vi) The turbine isentropic efficiency 𝛈𝐭 = 80%. 

vii) Feed pump isentropic efficiency 𝛈𝐩 = 75%. 

viii) Brine specific heat capacity ĉ = 𝟒.𝟏𝟖𝟔 𝐤𝐉
𝐤𝐠

 

 

From Appendix 4 and thermodynamic tables, the working fluid data is as follows; 

i) At point 1, temperature T1 = 349.15 K, entropy s1 = 1.6899 kJ
kg.K

 , pressure P1 =

2.416 MPa , enthalpy of the saturated vapour 𝐡𝟏 = 𝟒𝟐𝟗.𝟎𝟒 𝐤𝐉
𝐤𝐠

  

ii) At point 2s, the isentropic turbine outlet state s2 = s1 = 1.6899 kJ
kg.K

 , T2 = 303.15 K ,  

P2 = Psat = 0.7702 MPa ; 

Thus, by interpolating, h2s = 407.28 kJ/kg 

Therefore at point 2, temperature T2, and pressure P2, enthalpy is: 

𝐡𝟐 = h1 − ηt(h1 − h2s) = 429.04 − 0.8(429.04 − 407.28) = 𝟒𝟏𝟏.𝟔𝟑 𝐤𝐉
𝐤𝒈
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As assumed above the turbine isentropic efficiency is 80% 

i.e.,  𝛈𝐭 = h1−h2
h1−h2s

= 429.04−411.63
429.04−407.28

= 𝟎.𝟖𝟎  

 

iii) At point 3, temperature T3 = 303.15K, pressure P3 = 0.7702 MPa, specific volume 

v3 = 0.00084213 m3

kg
, and enthalpy of the saturated liquid 𝐡𝟑 = 𝟐𝟒𝟏.𝟕𝟐 kJ

kg
  

 

iv) At point 4, pressure P4 = 2.416 MPa. To find other parameters, the liquid is assumed to 

be incompressible from point 3 to point 4, with the isentropic pump outlet pressure 

P4s = P4 

Therefore,  

h4s = h3 + v3(P4s − P3) = 241.72 + 0.00084213 ∗ (2416 − 770.2)  

h4s = 𝟐𝟒𝟑.𝟏𝟏 𝐤𝐉/𝐤𝐠 , and 

𝐡𝟒 = h3 + (h4s−h3)
ηp

= 241.72 + (243.11−𝟐𝟒𝟏.𝟕𝟐)
0.75

= 𝟐𝟒𝟑.𝟓𝟕 𝐤𝐉/𝐤𝐠  

 

v) At point 5, the saturated liquid at P5 = P4 = P1 = 2.416 MPa ; temperature 𝐓𝟓 = 𝐓𝟒 =

𝐓𝟏 = 𝟑𝟒𝟗.𝟏𝟓 𝐊 and enthalpy 𝐡𝟓 = 𝟑𝟏𝟒.𝟗𝟒 𝐤𝐉/𝐤𝐠 

 

Using eqn. 6.62, the turbine power output is: 

Ẇ𝐭 = ṁwf(h1 − h2) = 15 kg
s
∗ (429.04 − 411.63 ) kJ

kg
= 𝟐𝟔𝟏.𝟏𝟓 𝐤𝐖  

Assuming electrical generation efficiency ηg = 98%  the electrical power generated, Ẇ𝐠 ,  from 

the plant is: 

Ẇ𝐠 = ηg Ẇ𝐭 = 0.98 ∗ 261.15 = 255.93kW ≈ 𝟐𝟓𝟔 𝐤𝐖  

Using eqn. 6.63, the heat rejected into the condenser is: 

�̇�𝐜 = ṁwf(h2 − h3) = 15 ∗ (411.63 − 241.72) = 𝟐,𝟓𝟒𝟖.𝟔𝟓 𝐤𝐖  

The work input for the feed pump is given by eqn. 6.66; 

Ẇ𝐩 = ṁwf(h4 − h3) = 15 ∗ (243.57 − 241.72) = 𝟐𝟕.𝟕𝟓 𝐤𝐖  

Heat transferred to the working fluid Q̇IN  is: 

�̇�𝐢𝐧 = ṁwf(h1 − h4) = 15 ∗ (429.04 − 243.57) = 𝟐,𝟕𝟖𝟐.𝟎𝟓 𝐤𝐖  

Net power output for the system would be: 

Ẇ𝐧𝐞𝐭 = Ẇt −Ẇp = 261.15 − 27.75 = 𝟐𝟑𝟑.𝟒 𝐤𝐖  
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The net cycle thermal efficiency is:  

𝛈𝐭𝐡 = 1 − h2−h3
h1−h4

= 1 − 411.63−241.72
429.04−243.57

= Ẇ𝐧𝐞𝐭
�̇�𝐢𝐧

= 0.0839 ≈ 𝟖.𝟒%  

 

Using Fig. 27 for analyzing and calculating the mass flow rate of the brine; 

Application of the first law of thermodynamics to the evaporator; 

ṁbĉb(Ta − Tb) = ṁwf(h1 − h5)  

Using Fig. 27, 𝐓𝐛 = T5 + 5K = 349.15 + 5 = 𝟑𝟓𝟒.𝟏𝟓 𝐊 (𝟖𝟏°𝐂) 

 

Thus we can find the brine flow rate: 

ṁ𝐛 = ṁwf(h1−h5) 
ĉb(Ta−Tb) = 15(429.04−314.94)

4.186(368.15−354.15)
= 𝟐𝟗.𝟐𝟏 𝐤𝐠/𝐬  

Brine outlet temperature, Tb could be obtained from; 

ṁbĉb(Tb − Tc) = ṁwf(h5 − h4)  

𝐓𝐜 = Tb −
ṁwf(h5−h4)

ṁbĉb
=  354.15 − 15∗(314.94−243.57)

29.21∗4.186
= 𝟑𝟒𝟓.𝟑𝟗 𝐊 (𝟕𝟐.𝟐𝟒°𝐂)  

Assuming each production well would have the same brine flow rate as is the present one at 

Chinyunyu Hot Spring, i.e., 6kg/s, then the total number of new deep production wells, Nw, to 

be drilled would be;  

Nw = 29.21
6

= 4.9 wells ≈ 𝟓 𝐰𝐞𝐥𝐥𝐬  

 

The mass flow rate of the condenser cooling water is given by eqn. 6.65, assuming  𝐓𝐲 =

𝟑𝟏𝟎 𝐊 (𝟑𝟔.𝟖𝟓°𝐂) and 𝐓𝐱 = 𝟑𝟎𝟎 𝐊 (𝟐𝟔.𝟖𝟓°𝐂) 

ṁcwĉ(Ty − Tx) = ṁwf(h2 − h3)  

ṁ𝐜𝐰 = 15(411.63−241.72)
4.186(310−300)

= 𝟔𝟎.𝟖𝟗 𝐤𝐠/𝐬  

 

At the brine entrance to the heat exchanger, temperature 𝐓𝐚 = 𝟑𝟔𝟖.𝟏𝟓 𝐊 (𝟗𝟓°𝐂) and 

entropy 𝐬𝐚 = 𝟏.𝟐𝟓𝟏𝟒 𝐤𝐉
𝐤𝐠.𝐊

 , and enthalpy 𝐡𝐚 = 𝟑𝟗𝟖.𝟓𝟑 𝐤𝐉
𝐤𝐠

   

Finally, the utilization (exergy) efficiency for a dead-state temperature 𝐓𝟎 = 𝟐𝟗𝟖.𝟏𝟓 𝐊 (𝟐𝟓°𝐂), 

entropy 𝐬𝟎 = 𝟎.𝟑𝟔𝟑𝟖𝟒𝟏 𝐤𝐉
𝐤𝐠.𝐊

 and enthalpy 𝐡𝟎 = 𝟏𝟎𝟑.𝟗𝟑 𝐤𝐉
𝐤𝐠

  can be obtained using eqn. 6.75; 

𝛈𝐮 = Ẇnet
ṁb[ha−h0−T0(sa−s0)]

= 233.4
29.21[398.53−103.93−298.15(1.2514−0.363841)]

= 𝟎.𝟐𝟕 = 𝟐𝟕%  
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6.6 Advanced Geothermal Energy Conversion Systems 

There are some geothermal resources that require more sophisticated energy conversion systems 

than the basic ones considered earlier in this chapter. Furthermore, energy conversion systems 

have evolved to fit the needs of specific developing fields by integrating different types of power 

plant into a unified, complex enterprise. Some of the advanced systems for geothermal power 

generation have already achieved commercial status by improving the efficiency of resource 

utilization while others are in various stages of development but hold promise to meet future 

geothermal power needs [18]. 

 

The world is striving to develop as much renewable energy as is feasible to cope with growing 

demand and to meet environmental standards. One way to gain support for renewables is to 

combine them with conventional energy sources so as both to extend the life of the exhaustible 

resources and to create new applications for renewables in the existing marketplace. Hybrid 

power plants combine two different sources of energy in a single plant so as to achieve higher 

overall utilization efficiencies than separate plants. One way to do this is to combine fossil and 

geothermal energy inputs in such a way as to yield a plant that outperforms two individual state-

of-the-art plants, one using the fossil fuel and one a pure geothermal plant. Several proposed 

hybrid designs of this general type will be examined in this section. 

 

6.6.1 Fossil-superheat systems 

In 1924, a Frenchman named P. Caufourier had proposed a hybrid power system in which hot 

water from a geothermal spring would be flashed successively to generate steam and a fossil-fired 

superheater would raise the steam temperature prior to its admission to a multi-pressure turbine. 

This system today would be called a 4-stage flash-steam plant with fossil superheating; a 

schematic of the system is shown in Fig. 30. Note that the waste brine was put to use in 

therapeutic baths, making this plant not only hybrid but multi-use as well. Using reasonable 

assumptions, a thermodynamic analysis was carried out that showed the hybrid plant was capable 

of very high resource utilization efficiency, 65.3%, while the bulk of the output came from the 

geothermal contribution. A fossil-fuel effective efficiency can be defined as: 

 

𝜂𝑓𝑓 = Ẇhyb−Ẇgeo

�̇�𝑓𝑓
         (6.76) 
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Figure 30: Caufourier’s 4-stage flash plant with fossil superheating 

 

 

The numerator in eqn. 6.76 is the total hybrid plant power output minus the output that could be 

obtained by using the geothermal fluid by itself, in this case in an individual 4-stage flash-steam 

process. The denominator is the thermal input from burning the fossil fuel. For a hybrid plant to 

make thermodynamic sense, it must be capable of producing more than two separate, state-of-

the-art plants using the same input from the two energy sources. Thus, this proposal from 1924 

failed that test with regard to the fossil fuel usage. The analysis ignored the benefits of the hot 

water used in the baths. 

 

Another promising method to provide superheat to geothermal steam is by means of solar 

energy, a much more environmentally benign method than burning fossil fuels. A combination 

of a flash-steam system in which the steam line is passed through a parabolic solar collector to 

impart about 100°C of superheat before entering the turbine is enough to produce 4 MW of 

additional power above the base case of 20 MW for a pure geothermal flash plant. Besides 

offering thermodynamic advantages, the proposal appeared to have economic merit as well [18].  

 

6.6.2 Geothermal-preheat system 

The idea is to use hot geothermal liquid as the heating medium in the feedwater heaters of a 

conventional fossil-fired power plant, thereby supplanting some of the extraction steam in a 

regenerative Rankine cycle. This would allow more power to be generated in the plant since the 

previously extracted steam would now be available to flow through the turbines. If the 
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geothermal fluid by itself was of low potential for use in a flash-steam plant, this would allow it 

to be used effectively in the hybrid system. It is evident that the geothermal resource must be 

located close to the site of the fossil plant for this hybrid scheme to be practical.  

 

6.6.3 Geopressure-geothermal hybrid systems 

The feasibility of geopressured geothermal plants turns strongly on the resource characteristics: 

the pressure must be high enough, the fluid hot enough, and most importantly from an 

economic viewpoint, there must be sufficient dissolved methane. In such case both the heat 

energy of the geothermal source as well as the combustion of the released methane can be 

utilized for power generation.  

 

The solubility of methane in water solutions depends on pressure, temperature, and salinity. The 

solubility increases with pressure and decreases with temperature. Furthermore, if the fluid is 

heavily mineralized, as is expected for these brines, the solubility decreases with increasing 

salinity. Lastly, the presence of other non-condensable gases reduces the solubility of methane. 

Thus, the conditions need to be especially favorable for a geopressured resource to be 

commercially viable, and so far these conditions have not been found anywhere.  

 

Meanwhile, there needs to be more work done in characterizing the resources, in optimizing the 

technology and economy including the development of more efficient but lower cost binary 

cycles, in conducting detailed financial analyses, and in clarifying legal and political issues 

including ownership of subsurface mineral rights [18]. 
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7 Exergy Analysis 
The concept of exergy (sometimes known as availability), is the measure of the maximum useful 

work that can be done by a system interacting with an environment which is at a constant 

pressure, 𝑃0 and temperature, 𝑇0 . Exergy analysis is governed by the Second Law of 

thermodynamics, which is essentially a statement given by Planck [33], and it states: 

 

“It is impossible to construct a system which will operate in a cycle, extract heat from a reservoir, and do 

an equivalent amount of work on the surrounding.” 

 

It is worth mentioning that exergy is not a thermodynamic property. Exergy analysis is confined 

to open systems operating in steady state, which are the applications encountered in all types of 

power plants, including geothermal power plants when operating at non-transient conditions. 

Exergy analysis is particularly suited for furthering the goal of more efficient resource use and 

process optimization, since it enables the locations, types, and true magnitudes of losses and 

wasted energy to be determined. The information obtained could be used for redesigning power 

plant components from an efficiency point of view, to reduce sources of inefficiency in existing 

systems, and evaluate system economics.  

 

As alluded to in the thesis introduction, this study is based on a geothermal hot spring where 

water is naturally flowing forming a stream. As such, exergy analysis will be based on researched 

data from literature since there is insufficient experimental data for the Chinyunyu Hot Spring to 

be utilized in this analysis.  

 

A system may receive or discharge fluids from or to the surroundings, and exchange heat and 

work with the surroundings as illustrated in Fig. 31. This idealized overall process is based on the 

assumption that all processes taking place within the system must be perfectly reversible and that 

the state of all fluids being discharged from the system are in thermodynamic equilibrium with 

the surroundings. The condition of a fluid being in equilibrium with the surroundings is referred 

to as the “dead state” as the fluid has no more potential to do work relative to the surroundings. 
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Figure 31: System Interaction with Surroundings 

 

 

7.1 Exergy of a fluid in steady-flow open systems 

A simple system with only two channels, an inlet and an outlet that can undergo a steady, open 

process with negligible effects of kinetic and potential energy would be described by the 

following equations:  

 

�̇�0 − Ẇ = ṁ(ℎ2 − ℎ1)        (7.1) 

 

−ṁ(𝑠1 − 𝑠2) − �̇�0
𝑇0

= 0        (7.2) 

 

Solving eqn. (7.2) for �̇�0 and substituting into eqn. (7.1), one obtains: 

 

Ẇ = ṁ[ℎ1 − ℎ2 − 𝑇0(𝑠1 − 𝑠2)]       (7.3) 

 

Finally, with the exit state 2 identified as the dead state, the maximum power output could be 

determined from: 

 

Ẇ𝑚𝑎𝑥 = ṁ[ℎ1 − ℎ0 − 𝑇0(𝑠1 − 𝑠0)]       (7.4) 
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This maximum output is given a special name, exergy, Ė =  Ẇ𝑚𝑎𝑥 = m ∗ 𝑒1. The expression in 

brackets is the specific exergy, 𝑒: 

 

𝑒1 = ℎ1 − ℎ0 − 𝑇0(𝑠1 − 𝑠0)        (7.5) 

 

This equation may be used to find the specific exergy of any fluid stream at a temperature 𝑇1 and 

pressure𝑃1, relative to a given set of ambient conditions 𝑇0 and 𝑃1.  

 

7.2 Exergy for heat transfer 

The exergy 𝐸𝑄 associated with the transfer of a quantity of heat 𝑄 from a system at a 

temperature 𝑇 to another system at some lower temperature within an environment having a 

dead-state temperature 𝑇0 is given by: 

 

𝐸𝑄 = �1 − 𝑇0
𝑇
�𝑄         (7.6) 

 

where the factor in brackets is actually the Carnot efficiency for an ideal thermal energy 

conversion cycle operating between 𝑇 and  𝑇0.  

 

7.3 Exergy for work transfer 

Work transfer between a system and its surrounding is always associated with exergy transfer. 

When there is no dissipative phenomenon, the maximum work that a system can deliver is equal 

to the amount of work done as shown by eqn. (7.7). 

 

𝐸𝑊 = 𝑊          (7.7) 

 

Both eqn. (7.6) and eqn. (7.7) may be written as rate equations involving the thermal power or 

mechanical power, respectively. Then the exergy calculated from a rate equation will be the rate 

of exergy transfer, or exergetic power. 
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7.4 Exergy efficiencies and applications to geothermal plants 

According to DiPippo [18], there are two approaches in defining efficiencies based on exergy, 

sometimes called Second Law efficiencies or utilization efficiencies, namely: 

 

i. “Brute-force” exergy efficiency for any particular system is defined as the ratio of the 

sum of all output exergy terms to the sum of all input exergy terms. 

ii. “Functional” exergy efficiency for any particular system is defined as the ratio of the 

exergy associated with the desired energy output to the exergy associated with the 

energy expended to achieve the desired output. 

7.4.1 Exergy efficiencies for turbines 

In the turbine, the incoming fluid at, say point 1 (refer to Fig. 24), drives a set of blades to rotate 

a shaft, thereby producing work output. The exergy accounting equation for the turbine is: 

 

∆Ė𝑡 = ṁ(𝑒1 − 𝑒2) −Ẇ        (7.8) 

 

Or when quantities are expressed per unit mass flow through the turbine, eqn. (7.8) becomes: 

 

∆𝑒𝑡 = 𝑒1 − 𝑒2 − 𝑤         (7.9) 

 

Therefore, the Second Law or exergy efficiencies may be expressed as: 

 

𝜂𝑡,𝐵𝐹
𝑥𝑔 = 𝑒𝑤+𝑒2

𝑒1
= 𝑤+𝑒2

𝑒1
    (brute-force)    (7.10) 

 

𝜂𝑡,𝐹𝑈𝑁
𝑥𝑔 = 𝑒𝑤

𝑒1−𝑒2
= 𝑤

𝑒1−𝑒2
   (functional)    (7.11) 

 

The isentropic turbine efficiency is the ratio of the actual work to the work obtainable from an 

isentropic (reversible and adiabatic) expansion process: 

 

𝜂𝑡 = 𝑤
𝑤𝑠=𝑐𝑜𝑛𝑠𝑡

= ℎ1−ℎ2
ℎ1−ℎ2𝑠

= ℎ1−ℎ2
ℎ1−ℎ2+(ℎ2−ℎ2𝑠)

      (7.12) 
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7.4.2 Exergy efficiencies for heat exchangers 

In a heat exchanger, heat is transferred from a hotter fluid (stream a-b) to a cooler fluid (stream 

1–2) as shown in Fig. 32. 

 

Figure 32: Heat exchanger 

 
 

 It is assumed that the exchanger is perfectly insulated. The shell-and-tube type of heat exchanger 

occurs in binary geothermal plants as preheaters, evaporators, superheaters and condensers, and 

in flash and dry steam plants as condensers. 

 

The mass flow rates of each fluid are the same entering and leaving the heat exchanger. The ratio 

of the two flow rates is found from the First Law as follows: 

 

ṁ1(ℎ2 − ℎ1) = ṁ𝑎(ℎ𝑎 − ℎ𝑏)       (7.13) 

 

We have noted that there is no work transfer and that all of the heat transfer takes place within 

the heat exchanger without crossing the system boundary. 

 

The brute-force exergy efficiency is given by: 

 

𝜂𝑒𝑥𝑐,𝐵𝐹
𝑥𝑔 = ṁ1𝑒2+ṁ𝑎𝑒𝑏

ṁ1𝑒1+ṁ𝑎𝑒𝑎
         (7.14) 

 

Functional exergy efficiency for heat exchangers is given by: 

 

𝜂𝑒𝑥𝑐,𝐹𝑈𝑁1
𝑥𝑔 = ṁ1(𝑒2−𝑒1)

ṁ𝑎(𝑒𝑎−𝑒𝑏)
         (7.15) 
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Alternatively, as shown in Fig. 32 the brine at state b is simply disposed of by means of 

reinjection back into the formation with no further use made of it, in which case we might use 

the following definition: 

 

𝜂𝑒𝑥𝑐,𝐹𝑈𝑁2
𝑥𝑔 = ṁ1(𝑒2−𝑒1)

ṁ𝑎𝑒𝑎
         (7.16) 

 

7.4.3 Exergy efficiencies for flash vessels 

All geothermal flash-steam plants generate vapor from the compressed or saturated liquid 

geothermal fluid. Fig. 33 shows a typical flash tank and the temperature-entropy diagram for the 

flash processes: 

Figure 33: Flash vessel and process diagram. 

 
 

It is assumed that the vessel is perfectly insulated and that the throttle operates at constant 

enthalpy. The quality, 𝑥2, of the two-phase mixtures at state 2 is given by: 

 

𝑥2 = ℎ2−ℎ3
ℎ4−ℎ3

= ℎ1−ℎ3
ℎ4−ℎ3

         (7.17) 

 

The specific entropy at state 2 is then found from: 

 

𝑠2 = 𝑠3 + 𝑥2(𝑠4 − 𝑠3)        (7.18) 

  

The Second Law efficiencies for this system using the brute-force and functional forms are given 

as: 
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𝜂𝐹𝑉,𝐵𝐹
𝑥𝑔 = ṁ3𝑒3+ṁ4𝑒4

ṁ1𝑒1
         (7.19) 

 

And, 

 

𝜂𝐹𝑉,𝐹𝑈𝑁
𝑥𝑔 = ṁ4𝑒4

ṁ1𝑒1
         (7.20) 

 

While eqn. (7.19) follows directly from the brute-force definition, eqn. (7.20) expresses the ratio 

of the flow rate of exergy of the steam generated to that of the incoming liquid.  

 

7.4.4 Exergy efficiencies for compressors 

Geothermal plants use gas or vapor compressors to operate pneumatic devices and some 

condensing plants have compressors to remove non-condensable gases. The primary purpose of 

a compressor is to increase the pressure of the fluid. In both cases, the Second Law theoretical 

analysis is the same; though the implementation of the analysis may differ. 
 

Fig. 34 is a schematic presentation of a compressor.  

 

Figure 34: Gas Compressor 

 
 

It is assumed to operate adiabatically and irreversibly. The isentropic efficiency 𝜂𝑐 is defined in a 

manner similar to that for a turbine. In order to give a value less than one, the compressor 

isentropic efficiency is the ratio of the ideal, isentropic work to the actual work as shown in the 

equation below:. 

 

𝜂𝑐 = ℎ2𝑠−ℎ1
ℎ2−ℎ1

          (7.21) 
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where the state 2s refers to the ideal outlet state that would follow an isentropic process from 

state 1. 

 

The specific loss of exergy during the process is given by: 

 

∆𝑒𝑐 = 𝑒1 + |𝑤𝑐| − 𝑒2         (7.22) 

 

where the absolute magnitude of the work is shown, the emphasis is that it is an exergy input. 

The Second Law efficiencies are defined as follows: 

 

𝜂𝑐,𝐵𝐹
𝑥𝑔 = 𝑒2

𝑒1+�𝑒𝑤𝑐�
= 𝑒2

𝑒1+|𝑤𝑐|        (7.23) 

 

And, 

 

𝜂𝑐,𝐹𝑈𝑁
𝑥𝑔 = 𝑒2−𝑒1

�𝑒𝑤𝑐�
= 𝑒2−𝑒1

|𝑤𝑐|         (7.24) 

 

7.5 Exergy efficiencies for the Chinyunyu geothermal plant components 

Getting parameters from chapter 6.5 and from the R134a property tables in the appendix, the 

governing exergy analysis for the proposed binary cycle at the Chinyunyu site can be developed. 

Considering the climatic conditions in Zambia, dead-state temperature was taken to be 25°C.  

 

Exergy efficiencies for the turbine 

Turbine work per unit mass, wt is; 

wt = Ẇt
ṁwf

= 261.15
15

∗ kJ
s
∗ s
kg

= 17.41 kJ
kg

  

 

e1 = h1 − h0 − T0(s1 − s0) = 429.04 − 234.55 − 298.15(1.6899 − 1.1199) =

24.5445 kJ
kg

  

e2 = h2 − h0 − T0(s2 − s0) = 411.63 − 234.55 − 298.15(1.708 − 1.1199) = 1.7380 kJ
kg

  

 

∆et = e1 − e2 − wt = 24.5445 − 1.738 − 17.41 = 5.3965 kJ
kg
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ηt,BF
xg = wt+e2

e1
= 17.41+1.738

24.5445
= 0.6385  

 

ηt,FUN
xg = wt

e1−e2
= 17.41

24.5445−1.738
= 0.7634  

 
The Brute-Force exergy loss in the turbine was about 36% and could be attributed to lack of 

superheating of the working fluid leading to having a liquid-vapour mixture at turbine exit, as 

well as other internal losses. The functional efficiency is also lower than the isentropic efficiency. 

 

Exergy efficiencies for the Preheater and Evaporator 

Using Figs. 23 and 31 and extracting data obtained from chapter 6.5, also assuming there is no 

work transfer and that all of the heat transfer takes place within the heat exchanger without 

crossing the system boundary; The specific exergy values for the working fluid (R134a) required 

for the following analysis are:  
 

e3 = h3 − h0 − T0(s3 − s0) = 241.72 − 234.55 − 298.15(1.1435 − 1.1199) = 0.1337 kJ
kg

  

e4 = h4 − h0 − T0(s4 − s0) = 243.57 − 234.55 − 298.15(1.1495 − 1.1199) = 0.1983 kJ
kg

   

e5 = h5 − h0 − T0(s5 − s0) = 314.94 − 234.55 − 298.15(1.3631 − 1.1199) = 7.8799 kJ
kg

  

 

The specific exergy values for the brine (assumed to have the same properties as pure water) 

required for the following analysis are: 
 

ea = ha − h0 − T0(sa − s0) = 398.53 − 103.93 − 298.15(1.2514 − 0.3638) =

29.9713 kJ
kg

  

eb = hb − h0 − T0(sb − s0) = 339.847 − 103.93 − 298.15(1.089 − 0.3638) =

19.7103 kJ
kg

  

ec = hc − h0 − T0(sc − s0) = 303.138 − 103.93 − 298.15(0.984 − 0.3638) = 14.3043 kJ
kg

  

 

The specific exergy values for the cooling water required for the following analysis are:  

ex = hx − h0 − T0(sx − s0) = 111.7 − 103.93 − 298.15(0.39 − 0.3638) = 0.0293 kJ
kg

  

ey = hy − h0 − T0�sy − s0� = 153.9 − 103.93 − 298.15(0.5285 − 0.3638) = 0.8769 kJ
kg
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Preheater 

The brute-force exergy efficiency is given by: 

 

ηPH,BF
xg = ṁwfe5+ṁbec

ṁwfe4+ṁbeb
= 15∗(7.8799)+29.21∗14.3043

15∗(0.1983)+29.21∗19.7103
= 0.9262  

 

Functional exergy efficiency for heat exchangers is given by: 

 

ηPH,FUN1
xg = ṁwf(e5−e4)

ṁb(eb−ec)
= 15∗(7.8799−0.1983)

29.21∗(19.7103−14.3043)
= 0.7297  

  

The brute-force and the first functional efficiency indicate a reasonably high performance. As 

shown in Fig. 32 read together with Fig. 27, the brine at state b is simply disposed of by means 

of reinjection back into the formation with no further use made of it, in which case the second 

functional efficiency would be used as below: 

 

ηPH,FUN2
xg = ṁwf(e5−e4)

ṁbeb
= 15∗(7.8799−0.1983)

29.21∗19.7103
= 0.2001  

The second functional efficiency is very poor because no exergetic value attributed to the brine 

as it leaves the unit. 

 

Evaporator 

The brute-force exergy efficiency is given by: 

 

ηE,BF
xg = ṁwfe1+ṁbeb

ṁwfe5+ṁbea
= 15∗(24.5445)+29.21∗19.7103

15∗(7.8799)+29.21∗29.9713
= 0.9499  

 

Functional exergy efficiency for evaporator is given by: 

 

ηE,FUN1
xg = ṁwf(e1−e5)

ṁb(ea−eb)
= 15∗(24.5445−7.8799)

29.21∗(29.9713−19.7103)
= 0.8340  

 

The brute-force and the first functional efficiency also indicate a high performance. For the 

evaporator, the second functional efficiency does not apply since the brine immediately passes to 

the preheater.  
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Condenser 

The brute-force exergy efficiency is given by: 

 

ηC,BF
xg = ṁwfe2+ṁcwex

ṁwfe3+ṁcwey
= 15∗(1.738)+60.89∗−0.0293

15∗(0.1337)+60.89∗ 0.8769
= 0.4384  

 

The first and second functional exergy efficiencies for the condenser are given by: 

 

ηC,FUN1
xg = ṁwf(e2−e3)

ṁcw(ey−ex)
= 15∗(1.738−0.1337)

60.89∗(0.8769+0.0293)
= 0.4361  

  

ηC,FUN2
xg = ṁwf(e2−e3)

ṁcwey
= 15∗(1.738−0.1337)

60.89∗0.8769
= 0.4507  

 

All the three exergetic efficiencies for the condenser are quite poor indicating that the condenser 

parameters need further investigations and possibly redesigning and optimization.  
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8 Environmental Aspects 
Geothermal energy is an environmentally friendly energy resource when compared with 

conventional fuels, primarily because no combustion takes place during the energy conversion 

and power production processes. The use of geothermal energy for power production and other 

direct uses, while replacing tons of coal or oil fuels, effectively contribute to a reduction in 

greenhouse gas emissions by a large number of tons of CO2-equivalent every year.  

 

Geothermal fields do have a certain environmental footprint by releasing some CO2, HS, and 

other gasses dissolved in the brine fluid, however, they typically produce only about one-sixth 

amount of CO2-equivalent than a natural gas fired electrical generating power plant, and close to 

none of the nitrous oxide or sulfur-bearing gases. Binary-cycle power plants, which are the most 

widely used type for low-temperature resource utilization worldwide, make use of the extracted 

geothermal fluid very effectively from pollution point of view, neither emitting any polluting 

gases to the atmosphere nor liquid discharge at the surface.  

 

Geothermal fluids containing dissolved gases, minerals and salts are usually re-injected into the 

reservoir at depths well below the groundwater aquifers thereby preventing atmospheric and 

groundwater pollution. Re-injecting geothermal fluids replenishes the water table in the reservoir 

and minimizes hazards such as land subsidence due to continuous, large-scale, withdrawal of 

fluids. Nevertheless, as with any other source of energy, the utilization of geothermal energy for 

power generation also involves certain types of negative environmental interaction such as noise 

pollution, fresh water withdrawal and local thermal pollution, drilling activities might affect the 

local environment in an unpredictable way, etc., although on a much smaller scale than any other 

type of industrial activity [20].   

 

The proposed Chinyunyu project would be using a binary cycle plant operating at comparatively 

low temperatures, thus avoiding any flashing or gas release from the extracted geothermal fluid. 

The waste brine after the heat exchanger can again be applied for balneology activities and the 

increased mass flow would allow for a considerable extension and improvement of the existing 

bathing pool, thus enlarging also the social benefits for the local population and triggering a 

growth of tourism to the area.  
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9 Economic Analysis 
As is common with most renewable energy technologies, geothermal energy projects also have 

high capital costs and low operational costs. These costs vary from one project to another due to 

the size, the quality of the geothermal fluid and location of the geothermal resource. Also, the 

specific development cost (cost per installed kW) for a small unit is invariably more expensive 

than that for a larger unit due to economies of scale. Comparative advantage and cost 

implications play a fundamental role in the selection of which renewable energy technology to 

develop. As mentioned in chapter 2, Zambia is endowed with a lot of renewable energy sources 

such as woodlands for wood fuel and rivers for hydropower generation. With the relative lower 

cost of construction of hydropower plants with electricity generation capacity in hundreds of 

megawatts, successive governments have been reluctant in investing in any geothermal power 

developments. 

Due to uncertainties in the prediction of geothermal field life, well life and the probability of 

drilling an unsuccessful well, the cost of developing a geothermal power plant could be an 

estimate with considerable deviation. The Chinyunyu Hot Spring which is the case study of this 

thesis has not been explored thoroughly as stated in the thesis introduction. As such, it is 

assumed that the drilling process would be successful and temperatures high enough to operate a 

binary geothermal power plant would be attained. In this regard, the capital expenditure (capex) 

in the construction of a geothermal power plant would be composed of estimates of the 

following parameters: 

i. Projected exploration costs, 

ii. Proposed plant capacity (MW), 

iii. Turbine and generator costs, 

iv. Steam requirements, 

v. Number and respective depths of production and injection wells to be drilled and the 

cost thereof, 

vi. Total length of pipes and the cost thereof, and 

vii. Number of separators, pumps, condensers, cooling towers, buildings, roads and 

other auxiliaries or supporting activities with their associated costs.  

According to Kubik [36], labor and material costs are estimated to account for 40% each of the 

total project construction costs. Labor costs can increase by 10% when a resource is remotely 

located. In addition to raw materials and labor, the choice of power plant size is a key factor in 
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determining the ultimate cost of a plant. For example, using a single 50-MWe plant instead of 

multiple 10-MWe plants can decrease the power plant costs per kilowatt by approximately 30–

35% for binary systems. The installed cost per kilowatt for a 100-MWe flash steam plant can be 

15–20% less than that of a 50-MWe plant. As an example, refer to Table 10 for a review of 

capital costs associated with typical turnkey geothermal-electric projects.  

 

Table 10: Breakdown of current capital costs (2005) for typical turnkey geothermal electric projects [36]  

Type* Concept 
Component 

Total Exploration 
and 

Confirmation 

Drilling     
(1.5–3 km 

depth) 

Surface 
Facilities and 
Infrastructure 

Power Plant 

1 USD/kWe 475 1,275 350 1,225 3,325 
% capex 14% 38% 11% 37% 100% 

2 USD/kWe 30 1,275 350 1,225 2,880 
% capex 1% 44% 12% 43% 100% 

3 USD/kWe 25 1,008 300 1,175 2,508 
% capex 1% 40% 12% 47% 100% 

4 USD/kWe 24 800 274 1,782 2,880 
% capex 1% 28% 10% 61% 100% 

5 USD/kWe 205 – 560 750 – 1,500 205 – 750 1,215 – 2,240 2,205 – 3,750 
% capex 10 – 15% 20 – 40% 10 – 20% 40 – 60% 100% 

6 USD/kWe 275 – 425 750 – 1,700 245 – 850 1,500 – 2,600 3,400 – 4,300 
% capex 8 – 12% 20 – 40% 10 – 20% 40 – 60% 100% 

7 USD/kWe 530 3,350 1,350 4,720 9,950 
% capex 5% 34% 14% 47% 100% 

 
*Type: 

1. Greenfield project, 40MWe single-flash power plant, 200ıC, wells to 2 km depth 
2. Expansion project, 40MWe single-flash power plant, 200ıC, wells to 2 km depth 
3. Expansion project, 4 x 25MWe single-flash power plant (100MWe), wells to 2.2 km depth 
4. Expansion project, 25MWe single-flash power plant, wells at 1.8 km depth on average 
5. Greenfield project, 10 – 50MWe condensing power plants 
6. Greenfield project, 10 – 20MWe binary cycle power plants 
7. Greenfield project, ~4MWe binary cycle power plant, low temperature, wells to 2,750m depth 

 

Other considerations to be made in the development process of a geothermal power plant is that 

the demand for electricity fluctuates according to season, day of the week, time of the day, 

among other factors. Some fluctuations are predictable while others are random. The utilization 

rate (capacity factor) of the geothermal power plant has a large effect on its economy and may be 

a function of some peculiar local electrical market conditions rather than the availability of the 

resource. Operating only for covering peak loads of power demand would decrease the capacity 

factor and jeopardize the financial viability of the geothermal power project.  
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Base-load operation with high capacity factor is possible and should be preferable for geothermal 

plants, contrary to the highly variable nature typical for the more established renewable energy 

sources such as wind and solar energy.  

 
The capital cost or expenditure could also be referred to as fixed costs. Fixed costs are those 

costs that are not influenced by the amount of power actually generated, e.g. the initial capital 

cost of the power station, while variable costs are those costs that are dependent on the amount 

of power generated and the time of operation, e.g. coal or diesel fuel costs. Therefore, generation 

options such as hydro, coal-fired steam, gas turbine, diesel engine and geothermal each involves 

a different balance of fixed costs and variable costs. 

 

In view of the above, Table 11 presents the expected costs for establishing a 261 kW gross 

output binary cycle power plant at the Chinyunyu Hot Spring site, from feasibility studies to 

commissioning. The plant parameters are derived from the technical analysis in section 6.5, while 

the economy variables are based on the data from Table 10, type 7. The total capital cost would 

be approximately USD 3.4 million, resulting in a specific cost of around $14,500/kWe.  

 

Table 11: Cost of construction for the proposed Chinyunyu Power Plant 

ACTIVITY COST for 261kW (USD) TOTAL (USD) 
Exploration and confirmation 530.00 * 261 138,330.00 
Drilling 3,350.00 * 261 874,350.00 
Surface facilities and infrastructure 1,350.00 * 261 352,350.00 
Power plant 4,720.00 * 261 1,231,920.00 
   
Sub Total  2,596,950.00 
Add 30% contingency 30% * 2,577,050.00 779,085.00 
  3,376,035.00 
 

It is clear that the costs are prohibitive. Unfortunately, a project of this scale cannot be justified 

economically unless governmental support mechanisms as well as preferential prices for the 

produced electricity are in place.  

 

Note:  
Contingency is meant to cover additional expenses that would apply to the local conditions such 
as payments to expatriates and importation of other construction materials and equipment that 
may not be available locally in addition to the actual power plant.  
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10 Conclusions and Recommendations 
Possible applications of the Chinyunyu Hot Spring geothermal energy resource were explored 

from available literature, taking into account limitations and other special considerations for each 

type of use. The methods considered include swimming, bathing and balneology, space heating 

and cooling, greenhouse soil heating, agricultural drying, aquaculture pond, mineral extraction, 

and electric power generation. After disqualifying the less viable applications, electric power 

generation has been recommended as the highest impact potential usage of the Chinyunyu 

geothermal resource and as the most valuable option as far as sustainable energy engineering is 

concerned. Although the current resource temperature is about 61°C with a mass flow limited to 

6 l/s, the recommendation to use the Chinyunyu Hot Spring for electric power generation has 

been based on the geothermometer computations that have shown that the sampled minerals 

were in equilibrium at subsurface temperatures of between 90°C and 163°C. Mathematical 

modelling of one dimensional vertical flow of water and heat in porous medium involving 

compressed water also showed that temperatures of between 80°C and 132°C, suitable for 

power generation, could be obtained by drilling to depths of only about 400m.  

 

A study of available geothermal electrical power generation methods has revealed that a Binary 

Cycle power system using an Organic Rankine Cycle with R134a as the working fluid is the most 

applicable technology for the Chinyunyu geothermal project. With the available Enhanced 

Geothermal Systems technologies, it was reasonable to make assumptions that the surface 

resource temperature would be improved to 95°C with a brine flow rate of 29.21 kg/s. 

Thermodynamic calculations have shown that it is possible to generate 233 kW net electrical 

power output with a cycle thermal efficiency of 8.4%. The expected capital cost for the 

construction of this geothermal power plant would be about USD 3,376,035.00.  

 

Having technically shown that electrical power generation is possible at Chinyunyu Hot Spring, it 

is recommended that future activities be directed to deep well drilling to validate or invalidate the 

technical parameters assumed for this study. Further research is also required in the detailed 

design and optimization of the most appropriate power plant for the Chinyunyu Hot Spring and 

it is recommended that special attention be paid to the cooling system design due to the relatively 

hot climatic conditions prevailing in Zambia.  
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Appendices  
 

Appendix 1: Geothermal power plants: by number of units for each type of plant [38] 
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Appendix 2: Summary of geothermal power plants: by number of units and installed MW [38] 
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Appendix 3:  R134a Pressure-Enthalpy Diagram 

 

Source:  http://www.ohio.edu/mechanical/thermo/property_tables/R134a/ph_r134a.html

http://www.ohio.edu/mechanical/thermo/property_tables/R134a/ph_r134a.html


 

92 
 

Appendix 4: R134a Saturation Table 
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R134a Saturation Table: Cont’d 
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