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Abstract 
Low temperature geothermal resources are located in many areas and 
represent a high potential energy resource. One of the most common tech-
nologies, efficient and to exploit this type of resource is the binary cycle tech-
nology. Organic Rankine Cycle (ORC) is one of the main types of binary 
cycles. Electricity generation from low enthalpy geothermal energy using ORC 
is a talented technology. This paper addresses the design of binary cycle power 
plant utilizing one of the low temperature geothermal resource of temperature 
92˚C using four alternative working fluids: Butane, Isobutane, Pentane and 
1,1,1,3,3-Pentafluoropropan (R245fa). Bir Nabi is the well under considera-
tion which located in the Eastern desert, Egypt. Three operation parameters: 
geothermal temperature, reinjection temperature and geothermal flow rate are 
taken into consideration to analyze the performance of the power plant for 
different fluids. A performance analysis is conducted on ORC binary power 
plant using MATLAB programming to study the variation of output power 
and efficiency with the operation parameters. Also, the effect of these para-
meters on the area of ORC binary cycle power plant components; preheater, 
evaporator and condenser is presented. The geothermal resources tempera-
tures are in the range of 90˚C to130˚C, the mass flow rate of the geothermal 
fluid ranges between 10 kg/s and 50 kg/s and reinjection temperature ranges 
from 30˚C to 70˚C. The results indicate that, the highest output power and 
plant efficiency are obtained with Pentane. 
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1. Introduction 

Renewable energy demand is increasing according to the shortage of non-renewable 
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energy resources and their environmental problems. Therefore, electricity gen-
eration from the renewable energy sources has a vital importance since it serves 
as an optimal solution for energy and environmental issues. The biomass, solar, 
wind, geothermal and oceanic energy are used to tackle the energy crisis. The 
geothermal energy is a clean, continuous sustainable energy resource and the 
amount of energy [1] [2]. The low to medium temperature sources are used for 
thermal heating not in electrical energy generation. In order to generate electric-
ity from low to medium geothermal temperature sources and to increase the uti-
lization of thermal resources by recovering waste heat, binary technologies have 
been developed [3]. Over the world, the installed capacity of geothermal energy 
is divided into 48,493 MWt thermal and 117,740 GWh electrical in different 78 
countries; the top countries are China, USA, Sweden, Turkey and Japan. Cur-
rently, the geothermal binary power plants installed is about 800 MWe, 
representing 8% of the total geothermal power. The binary power plants are 
widely used types of geothermal power plant with 193 units in 17 countries [4]. 
Nowadays, the most common technology for utilizing low temperature geo-
thermal sources for electricity generation is binary cycle power plants. Binary 
plants are usually constructed in small integrated units of a few hundred kWe to 
a few MWe capacities [5]. Generally, there are two main types of a binary cycle 
which are the Organic Rankine Cycle (ORC) and the Kalina cycle. The ORC 
commonly uses hydrocarbons as the appropriate working fluid and Kalina uses 
water ammonia mixture [6] [7]. The ORC plant is more economical for geo-
thermal fluid temperature below 180˚C [3]. The main purpose of this work is to 
generate a power from low temperature geothermal resources using an ORC 
plant and compare the output power and efficiency for different working fluids. 
Also, sensitivity analysis of the output generated power to the variation of geo-
thermal temperature, reinjection temperature and geothermal flow rate is per-
formed. 

2. Geothermal Energy in Egypt 

Nowadays, it is required to increase the use of renewable energy in Egypt up to 
20% by 2020. Wind and solar energy are used recently. Geothermal energy till 
now not used for electricity production, the direct used is recently utilized. 
North eastern corner of African continent may possess geothermal resources. 
The Gulf of Suez is characterized with hot spring with different temperature. 
So, it is the most promising area of geothermal in Egypt. A number of 
geo-thermometric studies are enhanced for the geothermal water in Egypt. the 
previous research articles pointed out that Hammam Faraun area attains the 
highest recorded subsurface formation temperature (94.86˚C ) and heat flow 
(121.67 mW/m2) values among the other studied areas; the values that are in 
harmony with the average temperature (95˚C ) and heat flow (116 mW/m2) val-
ues obtained from the analysis of temperature data [8] [9]. The most common 
direct use are; district heating, aquaculture, agricultural applications, and swim-
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ming pools are already constructed along the eastern coastal parts of Gulf of 
Suez. 

The geothermal resources of Egypt can be classified as three main types; low 
enthalpy geothermal resources which are located mainly in the Western desert of 
Egypt, around the Gulf of Suez and in some locations in Sinai. The second type 
is medium enthalpy geothermal resources represented by some hot springs and 
geothermal targets around Gulf of Suez. The third type is high enthalpy geo-
thermal resources where geothermal anomalies encountered in the rift of de-
po-centres areas of the Gulf of Suez and Red Sea [8] [9] [10] [11]. 

3. Binary Cycle Power Plant Configuration 

To design a binary power plant, it is required to design its components which 
are preheater, evaporator, condenser, feed pump, turbine, generator and cooling 
tower. Figure 1 illustrates the desired binary cycle power plant scheme. The 
function of preheater is to provide a sufficient heat to raise the organic fluid to 
its boiling point. The evaporator is used for evaporating the boiled working fluid 
[12] [13]. The pressurized vapour steam of organic fluid expands in the turbine 
and leads to rotation of the rotor. The rotational kinetic energy is converted to 
electricity using the rotor connected to a generator. The thermal energy from the 
organic fluid is converted to electrical energy through the generator. The con-
denser condenses the working fluid vapor steam out from turbine due to the 
transfer of its heat to the cooling water for changing its phase to a liquid state 
before entering the feed pump [14] [15]. 

Selection of Working Fluid 

For binary power cycles design, the main challenges of the ORC are the choice of 
an appropriate working fluid. A common characteristic of all working fluids 
used in binary cycle power plant is their low boiling point [16] [17]. They also 
have critical temperatures and pressures lower than water. In order to give a 
representative review of the organic working fluids that can be used in a geo-
thermal binary power plant, three hydrocarbons (Butane, Isobutane and Pen-
tane) and one synthetic refrigerant (R245fa) are tested. The thermodynamic 
properties such as critical temperature, critical pressure, etc., of the working flu-
id strongly influence the performance of the system. These properties are not the 
only criteria to be taken into account during the selection of a working fluid; 
other key criteria include the impact of the working fluid on total system cost, 
health safety and environmental impacts [18] [19]. The thermodynamic, envi-
ronmental and health properties of some of the working fluids considered best 
for low temperature reservoir binary plants are shown in Table 1 [2].  

4. Thermodynamic Modeling 

The design of a geothermal binary plant needs to take into account the particular 
type of thermodynamic cycle, pump, turbine, heat exchanger, condenser, and  

https://doi.org/10.4236/epe.2017.912051


D. M. Atia et al. 
 

 

DOI: 10.4236/epe.2017.912051 817 Energy and Power Engineering 
 

 
Figure 1. Configuration of geothermal binary cycle power plant. 
 
Table 1. Thermodynamics health and environmental properties of some candidate 
working fluids. 

Fluid Formula 
Critical 
temp. 
(˚C) 

Critical 
pressure 

(bar) 

Molar 
mass 

(kg/kmol) 
Toxicity Flammability ODP1 GWP2 

Butane C4H10 150.8 37.18 58.12 Low Very high 0 3 

Isobutane i-C4H10 135.9 36.85 58.12 Low Very high 0 3 

Pentane C5H12 193.9 32.40 72.15 Low Very high 0 3 

R245fa C3H3F5 154.0 36.51 134.0 Low Non-flam 0 1030 

1: ozone depletion potential; 2: global warming potential. 

 
cooling system. The energy analysis based on the first and second laws of ther-
modynamics is evaluated for different organic working fluids under diverse 
working conditions. A thermodynamic model of the conceptual design is devel-
oped using MATLAB program. The thermodynamic heat balance is given as 
[20]: 

( )2 1 1 2tur sh h h hη= − −                         (1) 

( )5 4 5 4s ph h h h η= + −                         (2) 

where, h2 is the turbine input enthalpy, h1 is enthalpy of the working fluid, ηtur is 
the turbine efficiency, h2s is isentropic enthalpy of the working fluid after the 
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turbine, h4 is the condenser outlet enthalpy, h5 is the enthalpy of organic fluid 
entering the evaporator (kJ/kg), h5s is the enthalpy of the working fluid assuming 
isentropic process, ηp is the pump efficiency. The outlet temperature of the 
cooling water is calculated from the inlet cooling temperature, which is in-
creased by raising the temperature of the cooling water in the condenser as [20]: 

co ci deltaT T T= +                              (3) 

where Tco is the outlet cooling temperature, Tci is the inlet cooling temperature 
and Tdelta is the increase of inlet water temperature in the condenser caused by 
heat transfer between the cooling water and the working fluid. Evaporator mass 
balance equation and Preheater mass balance equation are given by [21] [22]: 

( ) ( ). .
1 6b pb a b wfm C T T m h h− = −                      (4) 

( ) ( ). .
6 5b p b r wfm C T T m h h− = −                      (5) 

where .
bm  is the brine mass flow rate (kg/s), Cpb is the specific heat of brine 

(kJ/kg K), and .
wfm  is the working fluid flow rate, Tb is the brine temperature, 

Tr is the reinjection temperature. h5 and h6 are the enthalpy of preheater and 
evaporator respectively. The relationship between the mass flow of the working 
fluid and the mass flow of the cooling water is given by mass balance equations. 
Cooling water mass flow is given by [21]: 

( ) ( ). .
2 4cw pw co ci wfm C T T m h h− = −                     (6) 

where .
cwm is the cold water flow rate (kg/s), Cpw is the specific heat of cold water 

(kJ/kg K). The condenser is used to condensate the steam leaving the turbine. It 
exchanges the heat between the cooling fluid cycle and the working fluid vapour. 
Condensing temperature determination [21]: 

( ) ( ). .
4 5cw pw cond ci wfm C T T m h h− = −                    (7) 

where and Tcond is the temperature of condensation (K). Heat rejected from the 
working fluid to the cooling water in the condenser (Qc) is calculated using en-
thalpies of inlet and outlet parameters of the working fluid in the condenser [2]: 

( ).
2 4c wfQ m h h= −                             (8) 

The output power of the plant can be calculated using the following equations 
[2]: 

net t p fw w w w= − −                            (9) 

( ).
1 2t wfw m h h= −                           (10) 

( ).
5 4p wfw m h h= −                           (11) 

f f fw p η=                              (12) 

The power used by the fan to move air through the cooling system (Qt) is 
given by: 

( ).
t g p a rQ m C T T= −                            (13) 
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Electric power produced in the turbine, which is lowered by parasitic losses, is 
called net power. Net power is the total electric power produced by the power 
plant which can be sent to a network for use .Where Wnet is the net power output 
of power plant, Wt is the power produced by turbine, Wp is the power used by all 
pumps in cycle and Wf is the power used by cooling fans, pf is fan power, ηf is 
the efficiency of the fan motor, ṁg is geothermal flow rate. The system efficiency 
(ηnet) for an ORC system is defined as [19]: 

net
net

t

w
Q

η =                           (14) 

The required area for the plant component can be calculated after the heat 
transfer for different component. Preheater area can be calculated according to 
[2]: 

 
QA

U LMTD
=                          (15) 

( ) ( )( )
( )( ) ( )( )

5 4

5 4log
b r

b r

T T T T
LMTD

T T T T
− − −

=
− −

                 (16) 

where Tb is the temperature of geothermal leaving the evaporator. Evaporator 
area can be calculated according to [2]: 

( ) ( )( )
( )( ) ( )( )

1 5

1 5log
a b

a b

T T T T
LMTD

T T T T
− − −

=
− −

                  (17) 

Condenser area can be calculated according to [2]: 

( ) ( )
( ) ( )( )
2

2log
co cond a

co cond a

T T T T
LMTD

T T T T
− − −

=
− −

                (18) 

where U is the overall heat transfer coefficient (˚C/m2), A is the heat transfer 
area (m2), and LMTD is the Logarithmic Mean Temperature Difference (˚C ). 

5. Results and Discussion 

Bir Nabi in the Eastern desert, Egypt of temperature 92˚C is used as the well un-
der test [22]. A sensitivity analysis of the binary cycle output power is presented 
for the variation of geothermal temperature, geothermal flow rate and reinjec-
tion temperature for the four alternative working fluids; Butane, Isobutane, 
Pentane and R245fa. These results are obtained on the basis of a constant am-
bient and condensation temperatures of 26˚C and 30˚C, respectively. To make 
the comparison meaningful, some parameters for heat source sink and power 
plant components have been selected as fixed values. Table 2 gives the initial 
condition and the assumptions for the plant design. 

Table 3 shows the output power and efficiency for the selected four working 
fluids calculated at geothermal temperature of 92˚C, reinjection temperature of 
70˚C and geothermal flow rate of 20 kg/s. It was found from Table 3 that, Pen- 
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Table 2. Assumptions for heat source sink and power plant component. 

The temperature of the geothermal water 92˚C 

The temperature of the cooling water 20˚C 

The pinch temperature difference in both heat exchangers 5˚C 

Isentropic efficiencies for the turbine 80% 

Isentropic efficiencies for the pump 75% 

Generator efficiency 96% 

Water pump efficiency 75% 

Turbine outlet quality 90 

 
Table 3. ORC plant results. 

Working fluid material Total power (kW) Effeciency (%) 

Butane 185 10 

Isobutane 180.5 9.7 

Pentane 213 11.5 

R245fa 176 9.5 

 
tane meets our demand, giving the highest output power of approximately 213 
kW and the highest thermal efficiency of 11.5%. On the other hand, R245fa 
yielded the lowest power output and the lowest efficiency. 

Figure 2 shows the variation of the net power output with geothermal tem-
perature for the four working fluids at geothermal flow rate and reinjection 
temperature of 20 kg/s and 70˚C respectively. It is shown that, the output power 
of the cycle is directly proportional with the geothermal temperature. Output 
power is positively correlated with geothermal temperature as this temperature 
increases the plant output power increases for all fluids. Also the pentane pro-
duces the highest power while the R245fa produce the lowest output power and 
the output power of Butane, Isobutane and R245fa are closer to each other espe-
cially for low geothermal temperature. 

Figure 3 shows the variation of power output over a reinjection temperature 
range of 30˚C to 70˚C for different working fluids. The analysis is carried out 
using geothermal temperature and geothermal flow rate of 90˚C and 20 kg/s, 
respectively. The reinjection temperature varies from 30˚C to 70˚C at keeping 
the other condition of the plant constant. For the different geofluid, it is clear 
that, the relation between output power and Tr is negative correlated. 

Figure 4 illustrates the variation of power output with geothermal flow rate 
for the used working fluids over a geothermal flow rate of 10 - 50 kg/s at geo-
thermal temperature and reinjection temperature of 90˚C and 70˚C, respective-
ly. More mass flows into a plant results in a larger amount of heat that is availa-
ble to be converted into work. The Pentane produces the highest power while 
the R245fa produces the lowest output power. The output power of Butane,  
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Figure 2. Variation of net power output with geothermal temperature for different working fluids. 

 

 
Figure 3. Variation of net power output with reinjection temperature for different working fluids. 

 

 
Figure 4. Variation of net power output with geothermal flow rate for different working fluids. 
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Isobutan and R245fa are very closer to each other especially for low geothermal 
flow rate. 

The variation of evaporator, preheater and condenser area with variation of 
geothermal temperature are given in Figure 5, Figure 6 and Figure 7. This re-
veals that, the heat exchanger area will be increased with the increase of the 
amount of heat transfer rate. The surface areas of these components exponen-
tially increase with increasing geothermal temperature as seen in these figures. 
The heat exchangers designed area in case of Pentane is smaller than in case of 
R245fa working fluid. The difference of the heat transfer areas occurs because 
these cycle designs need different heat duty of the heat exchangers. Each heat 
exchanger design has a different overall heat transfer coefficient and logarithmic 
mean temperature difference (LMTD), which are the main factors affecting the 
heat exchanger. Each one of the working fluids has different thermodynamic 
properties; different areas of heat exchangers, evaporator and condenser are re-
quired. 

The variation in the working fluid flow rate with geothermal fluid temperature 
is indicated in Figure 8. When the geothermal fluid temperature increases the 
working fluid flow rate is increased and larger quantity of working fluid passes 
through the fixed evaporator area. This causes an increase in the exit tempera-
ture of the working fluid from the evaporator and thus an increase in the level of 
working enthalpy parameter. 

Figure 9 illustrates the variation of working fluid flow rate with the reinjec-
tion temperature. This flow rate is reduced with increasing reinjection tempera-
ture due to the reduction of amount of heat transfer rate with increasing reinjec-
tion temperature according to the energy balance equations. 

 

 
Figure 5. Evaporator area variations for different geothermal temperature. 
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Figure 6. Preheater area variations for different geothermal temperature. 

 

 
Figure 7. Condenser area variations for different geothermal temperature. 

 

 
Figure 8. Working fluids flow rate variations for different geothermal temperature. 

 
The calculated area of condenser and evaporator at different reinjection tem-

perature for the four working fluids are shown in Figure 10 and Figure 11, re-
spectively. These figures indicate that, as the reinjection temperature increases 
the area is reduced due to the reduction of the amount of heat transfer rate 
through evaporator and condenser. 
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Figure 9. Working fluids flow rate variations for different reinjection temperature. 

 

 
Figure 10. Condenser area variations for different reinjection temperature. 

 

 
Figure 11. Evaporator area variations for different reinjection temperature. 
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Figure 12. Working fluid flow rate variations for different geothermal flow rate. 

 

 
Figure 13. Condenser area variations for different geothermal flow rate. 

 

 
Figure 14. Preheater area variations for different geothermal flow rate. 
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Figure 15. Evaporator area variations for different geothermal flow rate. 

 
Figure 12 gives the variation of working fluid flow rate with geothermal flow 

rate variation. The variation of condenser, preheater and evaporator areas with 
the variation of geothermal flow rate are shown in Figure 13, Figure 14 and 
Figure 15, respectively. These figures reveal that, the area of these components 
increases with increasing the geothermal flow rates. 

6. Conclusion 

This paper proposed a design of ORC binary power plant for low temperature 
geothermal. The well under test is found in the Eastern desert of Egypt of tem-
perature 92˚C. Four working fluids are used; one is a refergant R245fa and the 
others are hydrocarbons; Butane, Isobutane and Pentane. Among the four dif-
ferent fluids, Pentane has the best performance over the others. To evaluate the 
performance of ORC binary plant, a sensitivity analysis was done based on va-
rying geothermal temperature, reinjection temperature and geothermal flow 
rate. These parameters were taking into consideration to study their effects on 
output power, net efficiency of the plant, and plant component design (prehea-
ter, evaporator and condenser area). Moreover, the effect of dependency of the 
flow rate of working fluid was studied on geothermal temperature and reinjec-
tion temperature. An increase in geothermal reservoir temperature and flow rate 
results in an increase of the total heat transfer rate and the produced output 
power and the efficiency of the plant. In contrast, an increase in reinjection 
temperature results in a decrease of the total heat transfer rate, the produced 
output power and the efficiency of the plant. 
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