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Highlights 
 

➢ A flash-binary geothermal-based system is proposed for power generation. 
➢ Zeotropic mixtures as the working fluid are used for performance improvement.  
➢ Thermodynamic, exergoeconomic, and optimization assessments were performed.  
➢ The system led to generating 3841 kW net power with 61.09% exergetic efficiency. 
➢ The optimum payback and exergetic efficiency were obtained to be 3.26 years and 62.15%, respectively. 

 

Article Info   Abstract 

In this paper, a geothermal system is combined with an organic Rankine cycle to generate power. 
The zeotropic mixture is utilized to improve the organic Rankine cycle performance. The mass, 
energy, exergy, and exergoeconomic analysis is applied to evaluate the proposed system 
performance, in which the system led generated 3841 kW net power with 61.09% exergetic 
efficiency and 3.55 years of payback period. Then, a parametric study is performed to obtain the 
effect of vapor generator temperature and zeotropic mixture’s mass fraction on the proposed 
system’s main performance criteria. Based on the parametric study results, the mass fraction 
variation influences the net power generation, energy and exergetic efficiencies, and the payback 
period is higher than the evaporation temperature in the vapor generator unit while, the exergy 
destruction is influenced by the evaporation temperature higher than the zeotropic mixture mass 
fraction. Also, the net present value is estimated for three different geofluid and electricity sale 
prices. Increasing the electricity price about 22% with the same geofluid price decreases the payback 
period by about 23% and improves the system profit by about 54.7%. Finally, applying a multi-
objective optimization refers to obtaining the payback and exergetic efficiency by about 3.26 years 
and 62.15%, respectively. 
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Nomenclature 

𝑐  Cost per exergy unit [$. 𝐺𝐽−1] 𝑡  Time [𝑠] 

CRF Capital Recovery Factor  𝑇  Temperature [𝐾] 

𝐶𝑜𝑛𝑑  Condenser  𝑇𝑢𝑟  Turbine 

𝑒  Exergy [𝑘𝐽. 𝑘𝑔−1] 𝑉𝐺  Vapor Generator 

�̇�    Exergy flow [𝑘𝑊] �̇�  Power [𝑘𝑊] 

𝐸𝑉  Expansion Valve 𝑍  Investment cost of components [$] 
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�̇�𝑥     Exergy flow [𝑘𝑊] Subscript and abbreviations 

ℎ  Enthalpy [𝑘𝐽. 𝑘𝑔−1] cr Critical  

K Interest rate [%]  D Destruction  

�̇�  Mass Flow Rate [𝑘𝑔. 𝑠−1] 𝐸𝑙𝑒𝑐  Electrical 

𝑀 M Molar Mass [𝑔. 𝑚𝑜𝑙𝑒−1] en Energy  

Mix  Mixer  ex Exergy  

𝑁𝑃𝑉  Net Present Value [$] 𝑖𝑛  Inlet 

O&M Operation and Maintenance is Isentropic  

OFC Organic Flash Cycle PPT Pinch Point Temperature [K] 

ORC Organic Rankine Cycle sep Separator  

P  Pressure [kPa] 𝑜𝑢𝑡  Outlet 

PEC Purchased Equipment Cost [$]  0  Dead State 

𝑃𝑢  Pump 1,2,3, …  State Point 

𝑄  Heat [𝑘𝐽] Greek symbols 

𝑠  Entropy 𝑘𝐽. 𝑘𝑔−1. 𝐾−1 𝜂  Efficiency 

ST Steam Turbine φ Maintenance Factor 

 

1. Introduction 
Fossil fuels prepare over 60-70% of the power system's 

required energy to supply power demand [1]. These fuel 

reservoirs are limited and contain environmental pollution 

such as global warming, CO2 emission, etc [2]. Hence, the 

researchers introduce renewable energy reservoirs as a 

substitution of fossil fuels for power systems. Solar, wind, 

ocean waves, and geothermal energies are the most famous 

renewable energies. But, except for the geothermal system, 

all these energies performance is highly influenced by 

climate conditions[3], [4]. Therefore, the geothermal energy 

can provide sustainable resources for power systems. The 

geothermal reservoir with a temperature range of below 90 

˚C is considered a low-temperature reservoir, between 90 

to 150 ˚C is a moderate-temperature reservoir, and higher 

than 150 ˚C is a high-temperature reservoir [5]. Primary 

geothermal fluid was dry-steam, and this kind of 

geothermal fluid is sacred, while most of the discovered 

geothermal reservoirs were moisture-steam [6]. The use of 

appropriate subsystems is more critical to achieve high 

performance and lower costs in renewable renewable-

based power systems. Geothermal energy is a heat source 

in many countries, but it has never been investigated for the 

implementation of a poly-generation plant, containing 

branched GAX cycle and electrolysis. In [26] a high-

efficiency multigeneration system with Sabalan geothermal 

power system (Savalan) including a single flash cycle, a 

branched GAX cycle and an electrolysis is represented and 

investigated from a thermodynamic and exeroeconomic 

point of view. Finally, a two-objective optimizing by total 

unit cost of product (TUCP) and energy performance as 

objectives is used achieving the optimal conditions. Luo et 

al. [7] compared binary and single-flash geothermal power 

system performance from exergetic assessment at China's 

six different geothermal power systems. Their results 

indicated that the binary system presented a higher 

performance for geothermal fluid which contained less 

than 130 ˚C, and the single-flash system is proper for 

higher temperature geothermal fluid. Yari [8] investigated 

the different configurations of the binary high-temperature 

geothermal system from energy approach and showed that 

the flash-binary arrangement presented higher 

performance.  Also, higher performance was achievable by 

adding an ORC subsystem with a regenerative and internal 

heat exchanger. Pasek et al. [9] studied a flash-binary 

geothermal system, which supplied an ORC subsystem. 

They examined different organic substances to select the 

best working fluid. Their results revealed that the i-Pentane 

provides the highest net output power and thermal 

efficiency. Mosharavati et al. [10] compared two 

configurations of a flash-binary geothermal system. The 

geofluid extracted and ran an ORC and absorption cooling 

system as a subsystem in the first proposed scenario. In the 

second scenario, the geofluid exited at two stages. The first 

one is the same as the first proposed scenario. The second 

part referred to reverse osmosis unit and a turbine applied 

at reverse osmosis brined water. Their results indicated 

that the second scenario produced 70.85 kW net power and 

presented 20.16% exergetic efficiency more than the first 

scenario, while the first scenario contained lower electricity 

cost rate. Mosaffa and Zareei [11] presented different 

arrangements for organic flash cycle, and they studied the 

heat recovery from the flash-binary plant. According to 

results, use of 2-phase expander along with a single-flash 

organic flash cycle improved the net power about 36.7%. 

Seyyedvalilu et al. [12] proposed three different hybrid 
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system configurations driven by the binary geothermal 

system and compared their performance from exergy and 

exergoeconomic assessment. Their results revealed that the 

double-effect absorption heat transformer system prepared 

57.38% exergetic efficiency with sum unit cost production 

of 0.04636 $/kWh. Guzovic et al. [13] studied a moderate-

temperature geothermal power system performance by 

adding subsystems in Croatia. They compared utilizing an 

ORC and a Kalina cycle as geothermal subsystems and 

showed that using the ORC system represented 2225 kW 

power while using the Kalina cycle represented 2101 kW 

power.  The ORC subsystems contained a phase-change 

procedure in the heat exchanger system, which happens in 

a fixed temperature and considers significant exergy 

destruction and temperature mismatch. For minimizing 

the exergy destruction, the zeotropic fluids utilization as the 

working fluid of ORC subsystems can be helpful [14]. The 

zeotropic fluids include two organic fluids that have various 

vaporization temperatures. So, during the phase-change, 

the temperature doesn’t hold constant, and the exergy 

destruction and the temperature mismatch in the heat 

exchanger considerably decrease [15]. Li et al. [16] studied 

an ORC system, where pure fluids are compared with 

zeotropic fluids. Their obtained results indicated that 

efficiency of their suggested system considerably is 

improved by using the zeotropic fluids with an internal heat 

exchanger. Wang et al. [17] investigated the solar Rankine 

cycle, where various zeotropic fluids and mass fractions are 

considered. They showed that the system performance by 

adding superheating and internal heat exchanger improved 

considerably. Zhao et al. [18] represented an experimental 

comparison of the zeotropic and pure substance 

performance at the ORC system. They showed that the 

zeotropic fluid of R245fa-R152a with the mass fraction of 

0.7-0.3 represent higher thermal performance compared to 

pure R245fa. proposes a new hybrid system based on a 

binary-geothermal system to generate power, cooling 

capacity, freshwater, and hydrogen. This system includes 

an internal integration of the organic Rankine cycle and 

ejector refrigeration cycle with zeotropic working fluids, 

proton exchange membrane electrolyzer, and reverse 

osmosis desalination unit. The system is analyzed by 

developing a precise model in the Matlab software, and 

then a multi-objective grey wolf optimization is employed 

to optimize the proposed system performance. The net 

present value, payback period, and sum unit cost of 

products are considered the system's economic 

performance criteria to study the system's feasibility for 

investment. Results indicate that the Isobutene-R114 

provides the best net output power, and the R12-R114 

combination has the best cooling performance. Also, the 

R12-R114 reports the best overall performance as the 

organic Rankine cycle working fluid. 

 
1.1. Main contribution and novelties 

As visualized in prior studies, the flash-binary system 

was a hot-spotted configuration of the geothermal power 

system. Also, the ORC system was a proper choice to restore 

the wasted energy of the geothermal power system, 

especially with zeotropic working fluid. Hence, this paper 

proposes a single flash-binary geothermal power system 

accompanying an ORC subsystem to produce power from a 

moderate-temperature geothermal. The energy, exergy, 

and exergoeconomic study and analysis is conducted to 

evaluate the proposed system’s performance. Also, the 

following novelties are considered in this paper: 

• Selection of zeotropic solution as ORC subsystem to 

improve its performance. 

• Studying different zeotropic solutions and selecting 

Neopentane and R124 as dry-type ORC working fluids 

that are no need to be superheated. 

• Conducting a parametric study to investigate the effect 

of some main parameters on system performance. 

• Consider three different scenarios to apply the net 

present value and evaluate the profitability and 

payback period. 

The rest of this paper can be categorized as follows. In 

section 2, we  describe the proposed system. In Section 3, 

the mass, energy, exergy and exergeoeconomic equation 

that governs all components is discussed and mathematical 

modeling is expressed. In section 4 the results and 

discussion are presented and Section 5 Comprehensive 

energy, exergy, and exergoeconomic analysis have been 

performed to evaluate the proposed system performance . 

The conclusion is also stated in section 6. 

2. System description 
Fig. 1 shows the schematic diagram of proposed 

system. The geofluid is extracted from underground and 

enters the expansion valve. 1 (state. 1). The geofluid 

becomes a two-phase fluid in the expansion valve and is 

referred to separator tank (state. 2). Inside the separator 

tank, the vapor part of geofluid is extracted and led to steam 

turbine (state. 3), and the liquid portion is led to vapor 

generator unit (state. 4). The steam is expanded in the 

turbine and generates power then enters Cond. 1 unit to 

cool down (state. 5). In the Cond. 1 unit, the geofluid 

becomes saturated liquid and is led to the mixer unit (state. 

6). On the other hand, the separator outlet liquid part 

enters the ORC vapor generator unit and transfers heat to 

the ORC subsystem. Then, it crosses the expansion valve. 2 

(state. 8). In the expansion valve. 2, the geofluid turns into 
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two-phase fluid and enters the mixer. The expansion valve. 

2 and Cond. 1 outlet flows are mixed in the mixer and brined 

underground (state. 9). In the ORC subsystem, the 

zeotropic solution, in which the physical properties of the 

utilized substances are demonstrated in Table 1, reaches a 

saturated vapor state and enters the ORC turbine (state. 

10). Then, it is expanded in the ORC turbine and generates 

power. The ORC turbine outlet flow is led to Cond. 2 unit 

(state. 11), and cooling process is conducted on it. The 

zeotropic solution leaves the Cond. 2 unit at a saturated 

liquid state and enters the pump (state. 12). The zeotropic 

solution is pressurized in the pump to reach the vapor 

generator inlet pressure and then enters the vapor 

generator to complete the cycle (state. 13). 

 

 
 

Fig. 1. Schematic diagram of the proposed system. 

 

Table 1. The main characteristics of the fluids employed in this work. 

Fluid 𝐓𝐜𝐫 [𝐊] 𝐏𝐜𝐫 [𝐤𝐏𝐚] 𝐌𝐌 [𝐠. 𝐦𝐨𝐥−𝟏] 

Neopentane 433.74 3196 72.15 

R124 395.43 3624.30 136.48 
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The following assumptions are considered to analyze 

the proposed system:  

1. All components are in steady state [19]. 

2. Changes in kinetic and potential energies are 

negligible [19]. 

3. The pressure drop in cycle pipe line and heat 

exchangers does not considered [19]. 

4. All components are adiabatic and there is no heat 

lost to ambient [19]. 

5. All turbines and pumps work at certain isentropic 

efficiencies [20].  

6. Throttling process at expansion valve assumed 

constant enthalpy [21]. 

Also, some main input parameters for the steady-state 

simulation is tabulated at Table 2

 
Table 2. Some main input parameters and assumptions. 

Parameter symbol Value unit 

Reference temperature T0 293.15 [K] 

Reference pressure P0  101 [kPa] 

Geothermal fluid mass flow rate ṁ(1) 30 [kg. s−1] 

Geothermal fluid enthalpy h(1) 1000. [kJ. kg−1] 

Geothermal fluid pressure P(1) 1200000000 [kPa] 

Steam turbine inlet pressure P(2) 550 [kPa] 

Steam turbine isentropic efficiency ηis,ST 85. [%] 

ORC turbine isentropic efficiency ηis,Tur 85. [%] 

ORC pump isentropic efficiency ηis,Pump 85. [%] 

Pinch point temperature difference of the condenser  ΔTPPT,Cond 10 [K] 

Pinch point temperature difference of the vapor generator ΔTPPT,VG 15. [K] 

 

3. Mathematical modeling 
In this section, the mass, energy, exergy and 

exergoeconomic equation that governed on all component 

are discussed. 

 
3.1. Mass and energy balance 

The mass and energy1balance relations at the1steady-

state with neglecting the kinetic1and1potential energies 

change, could be written as [22]: 

 

∑ �̇�𝑖𝑛 = ∑ �̇�𝑜𝑢𝑡 (1) 

�̇� − �̇� = ∑ �̇�𝑜𝑢𝑡ℎ𝑜𝑢𝑡 − ∑ �̇�𝑖𝑛ℎ𝑖𝑛 (2) 

�̇� is the mass flow rate of working fluid, �̇� and �̇� are 

the net rate of inlet heat and output work, respectively and 

ℎ indicate the specific enthalpy. 

 

3.2. Exergy balance 

The exergy balance at the steady steady-state is given 

by [22]: 

�̇�𝑄 − �̇� = ∑ �̇�𝑜𝑢𝑡𝑒𝑜𝑢𝑡 − ∑ �̇�𝑖𝑛𝑒𝑖𝑛 + �̇�𝐷 (3) 

where �̇�𝐷 determines the exergy destruction rate. Also, 

�̇�𝑄 the net exergy transfer that can be calculated by [22]:  

 

�̇�𝑄 = ∑ �̇� (1 −
𝑇0

𝑇
) (4) 

in which 𝑇 denotes the temperature. As well, 𝑇0 refers 

to the dead-state temperature. The exergy low can be 

presented as follows [22]:  

 

𝑒 = ℎ − ℎ0 − 𝑇0(𝑠 − 𝑠0) (5) 

in which, 𝑠 denotes the specific entropy. Furthermore, 

the mass, energy and exergy balance of each component for 

considered cases of study are illustrated at Table 3.
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Table 3. The mass, energy, and exergy balance equations of proposed system components.  

Component Mass balance  Energy balance Exergy balance 

Expansion valve 1 ṁ1 = ṁ2 ṁ1h1 = ṁ2h2 ĖD
EV,1=Ė1 − Ė2 

Separator  ṁ2 = ṁ3 + ṁ4 ṁ2h2 = ṁ3h3 + ṁ4h4 ĖD
Sep

=Ė2 − (Ė3 + Ė4) 

Steam turbine ṁ3 = ṁ5 ẆST = ṁ3h3 − ṁ5h5 

= (ṁ3h3 − ṁ5h5s)ηis,ST 

ĖD
ST = (Ė3 − Ė7) − ẆST 

Condenser 1 ṁ14 = ṁ15, ṁ5 = ṁ6 Q̇Cond,1 = ṁ5h5 − ṁ6h6 

= ṁ15h15 − ṁ14h14 

ĖD
Cond,1 = (Ė5 − Ė6) 

−(Ė15 − Ė14) 

Mixer  ṁ9 = ṁ6 + ṁ8 ṁ9h9 = ṁ6h6 + ṁ8h8 ĖD
Mixer= (Ė6 + Ė8) −

Ė9 

Expansion valve 2 ṁ7 = ṁ8 ṁ7h7 = ṁ8h8 ĖD
EV,2=Ė7 − Ė8 

Vapor generator ṁ4 = ṁ7, ṁ13 = ṁ10 Q̇VG = ṁ4h4 − ṁ7h7 

= ṁ10h10 − ṁ13h13 

 ĖD
VG = (Ė4 − Ė7) −

(Ė10 − Ė13) 

Turbine ṁ10 = ṁ11 ẆTur = ṁ10h10 − ṁ11h11

= (ṁ10h10 − ṁ11h11s)ηis,Tur 

ĖD
Tur

= (Ė3 − Ė7) − ẆTur 

Condenser 2 ṁ11 = ṁ12, ṁ16 = ṁ17 Q̇Cond,2 = ṁ11h11 − ṁ12h12 

= ṁ17h17 − ṁ16h16 

ĖD
Cond,2 = (Ė11 − Ė12) 

−(Ė17 − Ė16) 

Pump ṁ12 = ṁ13 ẆP = ṁ13h13 − ṁ12h12 

= (ṁ13h13s − ṁ12h12) 
/ηis,Pump 

 ĖD
Pump

= ẆPump −

(Ė13 − Ė12) 

 
3.3. Exergoeconomic analysis 

The exergy and energy analysis represent the 

thermodynamical statement of systems performances. In 

reality, the energy and exergy approaches do not illustrate 

the appropriate definition of proposed system performance 

so, the economic analysis along with exergy analysis 

perform a brief statement of system performances and all 

power systems required a exergoeconomic analysis to 

represent a real statement of systems performance. 

Therefore, at this study, exergoeconomic analysis was 

performed. In this section, we represented a 

comprehensive exergoeconomic analysis of proposed 

system. The exergoeconomic analysis is based on applying 

economic equations on exergy balance for each component. 

The cost-balancing equation can be expressed as [23]: 

�̇�𝑃 = �̇�𝐹 + �̇�𝐶𝐿 + �̇�𝑂𝑀 (6) 

where 

�̇� = 𝑐�̇� (7) 

�̇�𝑃 is total cost of system product, �̇�𝐹 is the total cost of 

production, �̇�𝐶𝐿 is the fixed-cost associated with fixed 

investment and �̇�𝑂𝑀 represent the operation and 

maintenance cost. In order to evaluate the unit cost of input 

and output exergy flows (�̇�𝑥𝑖𝑛  ‚�̇�𝑥𝑜𝑢𝑡), the power (�̇�𝑥𝑤) and 
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heat transfer (�̇�𝑥𝑞), the following equations are utilized 

[24]:  

 

�̇�𝑖𝑛 = 𝑐𝑖𝑛�̇�𝑖𝑛 = 𝑐𝑖𝑛(�̇�𝑖𝑛𝑒𝑖𝑛) (8) 

�̇�𝑜𝑢𝑡 = 𝑐𝑜𝑢𝑡�̇�𝑜𝑢𝑡 = 𝑐𝑜𝑢𝑡(�̇�𝑜𝑢𝑡𝑒𝑜𝑢𝑡) (9) 

�̇�𝑤 = 𝑐𝑤�̇�𝑤 = 𝑐𝑤(�̇�𝑤𝑒𝑤) (10) 

�̇�𝑞 = 𝑐𝑤�̇�𝑞 = 𝑐𝑞(�̇�𝑞𝑒𝑞) (11) 

in which, the 𝑐𝑖𝑛, 𝑐𝑜𝑢𝑡, 𝑐𝑤 and 𝑐𝑞 are the average costs 

in the exergy unit ($ /𝑀𝑊ℎ). 

Also, the cost of exergy destruction of each component 

can be expressed as [23]: 

 

�̇�𝐷‚𝑖 = 𝑐𝑃‚𝑖�̇�𝐷‚𝑖   (𝑖𝑓 �̇�𝐹‚𝑖 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑣𝑎𝑙𝑢𝑒) (12) 

The total cost for component 𝑖 is sum of the capital cost 

(�̇�𝐶𝐿) and the operation and maintenance (�̇�𝑂𝑀) cost [23]: 

�̇�𝑖 = �̇�𝐶𝐿 +  �̇�𝑂𝑀 (13) 

The total cost of each unit can be evaluated as [24]:  

 

�̇�𝑖 =
𝐶𝑅𝐹 × 𝜑

𝑁 × 3600
× 𝑍𝑖 (14) 

which 𝑍𝑖 is the purchasing fixed cost of system 

components, 𝑁 is the annual runtime of each component 

and assumed 7000 hours, 𝜑 is the maintenance factor and 

is 1.06 and 𝐶𝑅𝐹 is the capital recovery factor, which can be 

calculated from following equation [24]:  

 

𝐶𝑅𝐹 =
𝐾(1 + 𝐾)𝑛

(1 + 𝐾)𝑛 − 1
 (15) 

in (15), K is the interest rate and assumed 0.15 and n is 

the expected life-time for the component part of the 

proposed system and assumed 20 yrs.  

And total cost of the system can be expressed as [23]: 

 

�̇�𝑡𝑜𝑡 = Ʃ�̇�𝑝 (16) 

The relative cost difference (𝑟𝑖) for the 𝑖𝑡ℎ system is 

calculated as [23]:  

 

𝑟𝑖 =
(𝑐𝑃‚𝑖 − 𝑐𝐹‚𝑖)

𝑐𝐹‚𝑖

 (17) 

To evaluate the relative importance of each component 

of the system from the exergoeconomic view point, the 

exergoeconomic factor is defined as follows [23]:  

 

𝑓𝑖 =
�̇�𝑖

(�̇�𝑖 + �̇�𝐷‚𝑖)
 (18) 

All available costs data are for different years and 

should be updated to recent costs so, the recent costs 

estimated from reference year as following equation [23]:  

 

Cost of target year= cost of reference yare× 
𝑐𝑜𝑠𝑡 𝑖𝑛𝑑𝑒𝑥 𝑜𝑓 𝑡𝑎𝑟𝑔𝑒𝑡 𝑦𝑒𝑎𝑟

𝑐𝑜𝑠𝑡 𝑖𝑛𝑑𝑒𝑥 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑦𝑒𝑎𝑟
 

(19) 

The NPV factor is one the most important economic 

index that represent the profitably and payback period and 

it should be considered in economic analysis of proposed 

system. The NPV exchange the future prices by considered 

interest rate to present prices which is led to indicate the 

economic performance of designed system and calculated 

by following expression [24]: 

 

𝑁𝑃𝑉𝑛 = −𝑇𝐶𝐼 + ∑ 𝑌(1 + 𝑖)−𝑛

𝑛

𝑛=0

 (20) 

where i is the interest rate that considered as 15% 

and n is the economic lifetime of the proposed system 

which is assumed 20 years. Also, Y represents the net cash 

flow at the end of nth year that is presented as follows [24]:  

 

𝑌 = 𝐴𝐼 − (𝐶𝑂&𝑀 + 𝐶𝑓) (21) 

AI is the annual income, CO&M is the 

operation/maintenance costs, and Cf is the fuel cost. These 

terms are defined as follows [23]: 

 

𝐴𝐼 = 𝑐𝑒𝑙𝑒𝑐 × 𝑡𝑦𝑒𝑎𝑟 × �̇�𝑛𝑒𝑡 (22) 

𝐶𝑂&𝑀 = 0.06 × 𝑃𝐸𝐶 (23) 

𝐶𝑓 = 0 (24) 

The payback period defined as the minimum time that 

NPV become greater than zero and estimated as [24]:  

 

𝑃𝑃 = 𝑚𝑖𝑛 {𝑛: 𝑁𝑃𝑉(𝑛) > 0} (25) 

The cost-balance, cost function and auxiliary 

equations of each component are presented at Table 4.
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Table 4. Cost function, cost balance and auxiliary equations for Case-I components.  

Components Cost functions Cost balance 
Auxiliary 

equations 

Expansion valve 1 
PECEV,1 = 114.5 × ṁ1 

Ċ1 + ŻEV,1 = Ċ2 − 

Separator  
PECSep = 0 

Ċ2 + ŻSep = Ċ3+Ċ4 c4 = c3 

Steam turbine PECST = 3880.5 ×  ẆST
0.7

(1 +

(
0.05

0.92−ηis,ST
)

3

) (1 + 5 × 2.71
(T3−866)

10.42 )  

Ċ3 + ŻST

= Ċ5 + ĊW,ST 
c3 = c5 

Condenser 1 

PECCond,1 = 8000 (
ACond,1

100
)

0.6

 

Ċ5 + Ċ14

+ ŻCond,1 = Ċ6

+ Ċ15 

c14 = 0, c5 = c6 

Mixer  
PECMixer = 0 

Ċ6 + Ċ8

+ Ż𝑀𝑖𝑥𝑒𝑟 = Ċ9 

− 

Expansion valve 2 
PECEV,2 = 114.5 × ṁ7 

Ċ7 + ŻEV,2 = Ċ8 − 

Vapor generator 
PECVG = 17500 (

AVG

100
)

0.6

 
Ċ4 + Ċ13

+ ŻVG = Ċ10 + Ċ7 
c4 = c7 

Turbine 
PECTur = 4750(ẆTur)

0.75
 

Ċ10 + ŻTur

= Ċ11 + ĊW,Tur 
c10 = c11 

Condenser 2 

PECCond,2 = 8000 (
ACond,2

100
)

0.6

 

Ċ11 + Ċ16

+ ŻCond,2 = Ċ12

+ Ċ17 

c16 = 0, c11 = c12 

Pump 
PECPump = 200(ẆPump)

0.65
 

Ċ12 + ŻPump

+ ĊW,Pump = Ċ13 
− 

 
3.4. Performance criteria 

In this section, the performance criteria of the 

proposed cases of study have been studied. The net power 

production at the ORC subsystem and whole system is 

calculated as: 

�̇�𝑁𝑒𝑡,𝑂𝑅𝐶 = �̇�𝑇𝑢𝑟 − �̇�𝑃𝑢𝑚𝑝 (26) 

�̇�𝑁𝑒𝑡 = (�̇�𝑆𝑇 + �̇�𝑇𝑢𝑟) − �̇�𝑃𝑢𝑚𝑝 (27) 

Also, the energy and exergetic efficiency of ORC 

subsystem and whole system are estimated from following 

equations: 

 

𝜂𝑒𝑛,𝑂𝑅𝐶 =
�̇�𝑁𝑒𝑡,𝑂𝑅𝐶

�̇�(4) × (ℎ(4) − ℎ(7))
 (28) 

𝜂𝑒𝑛 =
�̇�𝑁𝑒𝑡

�̇�(1) × (ℎ(1) − ℎ(9))
 (29) 

𝜂𝑒𝑥,𝑂𝑅𝐶 =
�̇�𝑁𝑒𝑡,𝑂𝑅𝐶

�̇�(4) − �̇�(7)

 (30) 

𝜂𝑒𝑥 =
�̇�𝑁𝑒𝑡

�̇�(1) − �̇�(9)

 (31) 

 

4. Results and discussion 
4.1.Results validation  

The mass, energy, exergy, and exergoeconomic 

analysis are applied to all study cases via ESS code. Before 

presenting the obtained results, the flash separator tank’s 

simulation is validated with Wang et al. [25]. The flash 

separator tank simulation’s results are compared with Ref. 

[25], and illustrated in Fig. 2, which are in good accuracy 

and validated the conducted simulation.
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Fig. 2. The validation of flash cycle simulation with Wang et al. [25]. 

 
4.2. Parametric study 

This section studies the effect of zeotropic solution’s 

mass fraction and vapor generator evaporation 

temperature variation on the ORC and proposed system 

exergy destruction, net output power, energy, exergetic 

efficiencies, and the payback period. 

4.2.1. The ORC subsystem and proposed 

system exergy destruction 

The effect of zeotropic mixture mass fraction and 

vapor generator evaporation temperature on the ORC and 

proposed system exergy destruction are shown in Figs. 3a 

and 3b, individually. The exergy destruction of the ORC 

subsystem increases when the mass fraction of neopentane 

in the zeotropic mixture reaches 0.1. Then decreases it until 

the fraction of 0.6, and finally, the exergy destruction 

increases for the mass fraction of higher than 0.6. This ORC 

exergy demolition is attended by deliberate various vapor 

generator evaporation temperatures. Besides, growing the 

vapor generator evaporation temperature decreases the 

ORC subsystem exergy devastation, and this flow is acted 

for the different mass fractions. So, the mass fraction of 0.1 

and 365 K evaporation temperature present the maximum 

exergy destruction, and the 0.6 and 381 K mass fraction and 

evaporation contribute the minimum exergy destruction 

for the ORC subsystem. The total exergy destruction of the 

proposed system trend with zeotropic solution’s mass 

fraction and vapor generator evaporation temperature is 

the same with the ORC subsystem. But, the minimum 

exergy destruction is presented by mass fraction of 0.5, with 

the highest considered evaporation temperature. 

Comparing the ORC subsystem and proposed system 

exergy destruction variation with the zeotropic solution’s 

mass fraction and vapor generator evaporation 

temperature demonstrates that these parameters influence 

the ORC subsystem exergy destruction higher than the 

system total exergy destruction. So that, the maximum and 

minimum exergy destruction dissimilarity  in the ORC 

subsystem is about 33.79%, while in the total exergy 

destruction, this difference is about 17.6%. 

 

 



           

99 
 

 
Fig. 3a. Effect of zeotropic solution’s mass fraction on the ORC subsystem exergy destruction. 
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Fig. 3b. Effect of zeotropic solution’s mass fraction on the proposed system exergy destruction. 

4.2.2. The net output power 

The net output power of the ORC subsystem, by 

assuming constant evaporation temperature in the vapor 

generator, first increases then decreases through the 

increasing of the Neopentane concentration. But the 

maximum net output power is presented by different mass 

fractions at different evaporation temperatures. At the 

evaporation temperature of 365 K, the maximum ORC 

subsystem net output power is generated at the mass 

fraction of 0.4. In comparison, at 381 K, the maximum net 

power is generated at the mass fraction of 0.1. On the other 

hand, increasing the vapor generator evaporation 

temperature at the different mass fractions presents 

different trends. So that the net power increases by 

increasing the evaporation temperature at the mass 

fraction of 0 to 0.1. While for higher mass fractions, 

increasing the evaporation temperature decreases the net 

power. The overall results of increasing the mass fraction 

and evaporation indicate that the maximum net power is 

presented at the mass fraction of 0.4 and 365 K evaporation 

temperature, and the minimum net power is presented by 

the mass fraction of 1 and 381 K evaporation temperature. 

The total net power of the proposed system at the constant 

evaporation temperature, by increasing the mass fraction of 

Neopentane in the zeotropic solution increases then 

decreases. But, the peak point of power generation at the 

various evaporation temperature is different and follows 

the ORC subsystem trend. Focusing on the obtained results 

demonstrates that the minimum net total output power 

belongs to the mass fraction of 1 and 381 K evaporation 

temperature. The maximum net output power is 

represented by the mass fraction of 0.4 and 365 K 

evaporation temperature. More details of mass fraction and 

evaporation temperature variation on net output power are 

shown in Figs. 4a and 4b. 
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Fig. 4a. Effect of zeotropic solution’s mass fraction on the ORC subsystem’s net output power 

 

Fig. 4b. Effect of zeotropic solution’s mass fraction on the proposed system total net output power. 

 

4.2.3. Energy efficiency 

The energy efficiency of the ORC subsystem at the 

constant evaporation temperature decreases by increasing 

the Neopentane mass fraction in the zeotropic solution to 

0.1. Then, the energy efficiency increases by increasing the 

mass fraction until 0.6 and drops again for the higher mass 

fraction. This trend contains all considered evaporation 

temperature but, the second part of energy efficiency 

decline’s slope decreases by increasing the evaporation 

temperature. Also, based on obtained results which are 
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illustrated in Fig. 5a, the maximum ORC subsystem’s 

energy efficiency belongs to the mass fraction of 0.6 and 

381 K evaporation temperature, and the mass fraction of 0.1 

and evaporation temperature of 365 K presents the 

minimum energy efficiency. On the other hand, for 

constant mass fraction, increasing the vapor generator’s 

evaporation temperature leads to improving the energy 

efficiency of the ORC subsystem. Hence, higher 

evaporation temperature presents higher energy efficiency. 

The overall analysis of mass fraction and evaporation 

temperature variation effect on the ORC subsystem’s 

energy efficiency demonstrates the maximum, and the 

minimum energy efficiency belongs to mass fraction and 

evaporation temperature of 1 and 381 K, 0.1 and 365 K, 

respectively. Fig. 5b shows the effect of zeotropic solution 

mass fraction and vapor generation’s evaporation 

temperature on the total energy efficiency of the proposed 

system. Increasing the Neopentane mass fraction in the 

zeotropic solution to 0.1 decreases the energy efficiency and 

improves it up to the mass fraction of 1, and this trend 

contains all evaporation temperatures. On the other hand, 

increasing the evaporation temperature in the vapor 

generator by assuming the constant mass fraction increases 

the total energy efficiency of the proposed system. Also, the 

maximum energy efficiency is presented by the mass 

fraction and evaporation temperature of 1 and 381 K, 

respectively. The minimum energy efficiency is obtained at 

the mass fraction of 0.1 and 365 K evaporation 

temperature. 

 

 

Fig. 5a. Effect of zeotropic solution’s mass fraction on the ORC subsystem energy efficiency. 
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Fig. 5b. Effect of zeotropic solution’s mass fraction on the total energy efficiency of proposed system. 

 

4.2.4. Exergetic efficiency 

Fig. 6a shows the effect of vapor generator 

temperature and zeotropic mixture mass fraction variation 

on the ORC subsystem exergetic efficiency. By assuming 

constant evaporation temperature in the vapor generator, 

the exergetic efficiency increases by increasing the 

Neopentane mass fraction of 0.5 then decreases for the 

higher mass fraction. This trend is performed for 

considered evaporation temperature dominance. Besides, 

for the constant mass fraction, the exergetic efficiency 

increases by increasing the evaporation temperature. This 

phenomenon is because the ORC subsystem's net power 

generation increases by increasing the mass fraction then 

decrease. Besides, the exergy destruction decreases by 

increasing the evaporation temperature for the constant 

mass fraction. On the other hand, the exergy destruction of 

the ORC subsystem first increases then reduces by 

increasing the mass fraction. So, overlapping the net output 

power trend with exergy destruction leads to obtaining the 

maximum exergetic efficiency of the ORC subsystem at the 

mass fraction of 0.5 and 381 K evaporation temperature. 

Also, the minimum ORC subsystem exergetic efficiency is 

presented by the mass fraction of 0 and 365 K evaporation 

temperature. The total exergetic efficiency trend is the same 

as the ORC subsystem’s exergetic efficiency as shown in Fig. 

6b, in which by increasing the mass fraction, the total 

exergetic efficiency increases until the mass fraction of 0.5 

then decreases. Also, the total exergetic efficiency increases 

by increasing the vapor generator’s evaporation 

temperature. The maximum and minimum total exergetic 

efficiency are presented by the same mass fraction and 

evaporation temperature. The differences between the ORC 

and total exergetic efficiency trend are that the slope of total 

exergetic efficiency variation with evaporation temperature 

is sharper than the slope of ORC subsystem exergetic 

efficiency, and the total exergetic efficiency declines slower 

than the ORC exergetic efficiency for the mass fraction of 

higher than 0.5. 
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Fig. 6a. Effect of zeotropic solution’s mass fraction on the ORC subsystem exergetic efficiency. 

 
Fig. 6b. Effect of zeotropic solution’s mass fraction on the total exergetic efficiency of the proposed system. 
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4.2.5. The payback periods 

The variation of the payback period with the mass 

fraction of the zeotropic mixture and the variation of the 

vapor generator temperature is shown in Figure 7. The 

payback period for different evaporation temperature 

decreases with growing the Neopentane portion in the 

zeotropic mass fraction then increases. For the higher 

evaporation temperature, the payback period decline slope 

decreases, and the rising slope increases. Also, the turning-

point of the payback trend is performed at the lower mass 

fraction for higher evaporation temperature. On the other 

hand, increasing the evaporation temperature decreases 

the payback period for the constant mass fraction. But this 

trend is corroborated until the mass fraction of 0.2. Then, 

for the higher mass fraction, the payback period first 

declines and then increases by growing the evaporation 

temperature. These decline and rise are acted in the higher 

slope for the extreme mass fraction. The overall results of 

this section indicate the minimum payback period belongs 

to the mass fraction of 0.4 with 365 K evaporation 

temperature, and the maximum payback period is 

bestowed to the mass fraction of 1 and 381 K evaporation 

temperature. 

 
Fig. 7. Effect of zeotropic solution’s mass fraction on the proposed system payback period. 

 
4.3. The Sankey diagrams 

The Sankey diagram presents useful data about the 

system’s exergy flow. Hence, the Sankey diagram of 

proposed configurations is illustrated. Fig. 8 shows the 

Sankey diagram of the proposed system. The geofluid 

carries 6752 kW exergy flow and enters the expansion 

valve, which leads to 412 kW exergy destruction. Then, the 

geofluid enters the flash separator tank and provides 3392 

kW exergy for the steam turbine. In the steam turbine, 

2900 kW power is generated, and 493 kW exergy flow is 

destructed. On the other hand, 2051 kW exergy flow enters 

to vapor generator. The vapor generator presents 552 kW 

exergy destruction, and the rest of the exergy is transferred 

to the ORC subsystem and second expansion valve. In the 

ORC subsystem, the vapor generator provides 1157 kW 

exergy flow for the ORC turbine. The ORC turbine 

generates 1000 kW power and destroys 157 kW exergy flow. 

The overall Sankey diagram of the case I indicate that the 

vapor generator, first expansion valve, and steam turbine 

contain the highest exergy destruction. Also, the total 

exergy destruction of the proposed system is obtained by 

about 2297 kW, and 47 kW exergy flow brine to 

underground. 
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Fig. 8. The Sankey diagram of the proposed system. 

 
4.4. The Net Present Value estimation 

The NPV estimation leads to evaluating the proposed 

system’s payback period and profitably in the designed 

lifetime. Also, it shows the financial roadmap of the 

system's economic performance. Hence, in this section, the 

NPV of the proposed system is estimated for three different 

geofluid and electric sale prices. Fig. 9 shows the NPV of the 

proposed system for the three different scenarios of 

geofluid and electricity sale prices. In the first scenario the 

geofluid and electricity sale prices is considered 1.3 $/GJ 

and 0.09 $/kWh, respectively. At these prices, the proposed 

system’s payback period is obtained by about 3.55 years and 

the system presents 6.14 M$ net profit. At the second 

scenario the geofluid and electricity sale prices are assumed 

1.9 $/GJ and 0.07 $/kWh, respectively. Considering these 

prices lead to obtain the payback period longer than the 

system’s lifetime. Subsequently, at the 20 years system life 

time, the proposed system does not present any profit and 

provides 6.03 M$ lost. In the third scenario, the geofluid 

price is considered 1.3 $GJ and the electricity sale price is 

assumed 0.11 $/kWh. At this sale and incoming prices 

scenario, the payback period is obtained about 2.73 years 

with 9.50 M$ net profit during the 20 years system’s life 

time. Also, the comparison of first and third scenarios 

results demonstrates that increasing the electricity sale 

prices about 22% leads to decreasing the payback period by 

about 23% and presents 54.7% more net profit, which is 

considerable progress in the system viability.  
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Fig. 9. The NPV of proposed system for three different price’s scenarios. 

 

5. Optimization 
Comprehensive energy, exergy, and exergoeconomic 

analysis have been performed to evaluate the proposed 

system performance. The proposed system presents 3841 

kW net power with 61.09% exergetic efficiency, and by 

considering the 1.3 $/GJ geofluid price and 0.09 $/kWh 

electricity sale price, the payback period is obtained about 

3.55 years at the base condition of system operation. Hence, 

a multi-objective optimization based on the MOPSO 

method is conducted to obtain the optimum condition of 

system performance. The separator inlet pressure, ORC 

subsystem vapor generator temperature, and the zeotropic 

mixture mass fraction are selected as the decision-maker 

parameters. The payback period with exergetic efficiency is 

considered the cost function of optimization. Applying the 

MOPSO method to the proposed system leads to 

performing the Pareto-frontier of the optimum states, in 

which the scatter distributions of the decision-maker 

parameters are shown in Fig. 10. Then, the LINMAP code 

is applied to the Pareto-frontier to select the best optimum 

point. The LINMAP code result indicates that 62.15% and 

3.26 years are the best optimum states of the proposed 

system's exergetic efficiency and payback period, 

respectively. Also, the optimization results are presented in 

Fig. 11 with more details. 
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Fig. 10. The scatter distributions of the decision-maker parameters. 

 
Fig. 11. The Pareto-frontier and optimization results. 

 

6. Conclusion 
In this paper, a geothermal power system was 

proposed to generate power. Also, an ORC subsystem with 

the zeotropic working fluid was employed to recover the 

geothermal system waste energy and generate more power. 

Comprehensive mass, energy, exergy, and exergoeconomic 

analysis were applied to evaluate the proposed system. 

Then, a parametric study was performed to study the effect 

of vapor generation and the zeotropic mass mixture’s mass 
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fraction on the main performance criteria of the proposed 

system. The net present value was estimated for three 

different price scenarios to evaluate the proposed system's 

exergoeconomic performance. Finally, a multi-objective 

optimization based on the MOPSO method was applied to 

obtain the optimum condition of the proposed system 

performance. All conducted studies led to the following 

conclusions: 

• The vapor generator, steam turbine, and expansion 

valve include the highest exergy destruction among the 

employed units in the proposed system. 

• Increasing the vapor generator operational 

temperature decreases the exergy destruction for all 

zeotropic mixture mass fractions. 

• Increasing the vapor generator evaporation 

temperature increases the net output power in the 

lower mass fraction while, for the mass fraction of more 

than 0.1 the net power generation decreases. So that, 

the maximum net power is presented by the mass 

fraction of 0.5 and 365 K evaporation temperature. 

• The evaporation temperature’s rise improves the 

thermal and exergetic efficiencies. Specially the ORC 

subsystem exergetic efficiency. 

• Increasing the electricity sale price from 0.09 $/kWh to 

0.11 $/kWh by assuming constant geofluid price 

improves the payback and system profit during the 

designed lifetime considerably. 

• Applying the multi-objective optimization improves 

the system payback period and exergetic efficiency by 

about 8.14% and 1.06 compare to base condition, 

respectively.  

For future work, the performance and improvement 

potential of each component of the organic flash Rankine 

cycle (ORFC) can be investigated by conventional 

exergy/exergoeconomic and advanced 

exergy/exergoeconomic analysis. 
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