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ABSTRACT 

The following paper is based off the research published by Brady Bokelman, Efstathios 

Michaelides, and Dimitrios Michaelides in the Energies Journal titled A Geothermal-Solar 

Hybrid Power Plant with Thermal Storage. The purposed of this research is to explore the 

possibility of using butane or pentane as a secondary fluid in a geothermal-solar hybrid power 

plant. This paper will look at variations in power produced as well as the heat energy needed to 

produce such powers with geothermal fluid entering the system primarily at 160 °C but also the 

lower range of 140 °C. The power plant design operates in two modes: first, as a binary 

geothermal power plant operating in a subcritical Organic Rankine Cycle; second, as a hybrid 

geothermal-solar power plant operating as a supercritical cycle with the solar energy providing 

the extra heat. This solar heat energy will be stored in molten salts as thermal storage to be later 

used in the early evening. This second mode allows for the plant to produce up to nine times the 

power that the first mode produces and at a higher efficiency (16.8%). The constant flow of 

geothermal brine and heat storage in the molten salts allows this plant to constantly produce 

power at exergetic efficiencies higher than 30%. 

 INTRODUCTION 

Global demand to move away from fossil fuels and towards renewable sources of energy 

is growing daily. The Earth itself is constantly in a cooling process giving off heat, a rate of 44 

TW, but is cooling in terms of “geological time scales” [1] so there is an abundant amount of 

geothermal heat to be of use making it a renewable source of energy to support global energy 

demand [4]. There are regions across the globe that fall along fault lines are geothermally active 

areas, however, most of the “prime geothermal resources” [1] have already been utilized. 

Although most of the high-temperature, high-enthalpy sources are already in use, using Organic 



 

Rankine Cycles (ORCs), which account for the most geothermal power growth [5], gives the 

opportunity to use less “ideal” geothermal resources. Not only do ORCs have a higher thermal 

efficiency than flashing units, they also do not have as much environmental impact mostly 

because they do not emit non-condensable gases [3]. Because of ORCs it is possible to utilize 

geothermal resources all over the globe. The downside to using geothermal sources is, just as 

nuclear power plants do, they generate a constant amount of energy which does not account for 

the energy demand curve depicted in Figure 1. Also, shown in Figure 1 is the effectiveness of 

using solar energy during some of the more “peak” demand hours.  

  

 

Figure 1. Effect of the Duck Curve on the demand of power generation when solar energy 

supplies different fractions of the total annual energy consumed. Data from [2] 

Because of this cycle of power demand there needs to be some way to create variable amount 

of energy using a geothermal resource for these to be a viable option. This paper looks at the 

possibility of a hybrid power plant operating in two modes. The first mode is a purely ORC 

geothermal mode for the hours of lower power demand, and the second is a hybrid ORC 

geothermal-solar mode using thermal energy storage. The thermal energy storage in the second 



 

mode will be converted into greater amounts of electricity to account for times of higher energy 

demand, usually in the afternoon and late evening. This method allows for the constant use of the 

geothermal working fluid while accounting for the fluctuating demand of society. Using the 

thermal energy storage units for collection of solar radiation energy allows for the system to 

superheat the secondary fluid allowing this cycle to still operate in a single-phase vapor turbine 

expansion. The overall benefits of using this style of geothermal-solar hybrid power plant are: 

1. The proposed unit generates renewable power that may be contracted and dispatched 

when generated and avoids the adverse effects of the duck curve.  

2. The power of the unit is significantly augmented at times of peak power demand, a very 

attractive feature for any renewable energy unit.  

3. The addition of superheat in the supercritical cycle avoids the two-phase turbine 

expansion.  

4. The thermal efficiency of the superheat cycle is significantly higher than the efficiencies 

of comparable solar thermal units and geothermal subcritical ORC units. 

The following sections of this paper go over the systems of this geothermal-solar power plant 

and its two operational modes. Also, the governing equations for the power generation for both-

modes, area of the solar collectors, and the mass of salts can be found within the proceeding 

sections. Lastly, the calculations conducted along with results and conclusion can be found 

further into the final sections of this paper. 

SYSTEM DESCRIPTION 

The system described in the previous section operates in two modes. 



 

1. When there is no ability to utilize solar energy, usually nighttime, or when the electricity 

demand is low, Winter months, the plant operates as a geothermal binary plant. This 

system will use pentane as the working fluid at subcritical vapor state produced by a 

counter-current heat exchanger. Butane was chosen as the secondary fluid as its critical 

temperature is close to that of the geothermal resources (140-170 °C) that can be used 

with this function of plant. Geothermal resources at these temperatures exist globally 

making this a viable option for many countries. 

2. During peak power demand hours, the plant will operate at supercritical pressures. Extra 

heat will be added to the working fluid after passing through the counter-current heat 

exchanger via solar irradiance. The solar irradiance energy is collected in parabolic 

collectors and stored as heat in a tank of molten salts. This form of heat storage allows for 

the power plant to operate for several hours in the peak energy demand hours typically in 

the afternoon and early evening. 

The system design for the proposed hybrid geothermal-solar power plant can be found in 

Figure 2. The first mode of the system is the cycle in the upper section of the diagram. The pump 

will take the working fluid from the condenser and increase the pressure to a subcritical value. 

The fluid will then evaporate in the counter-current heat exchanger with geothermal brine 

supplying heat. The vapor will then expand within the turbine driving a generator that produces 

power. The lower section of the diagram depicts the second mode of this system. This cycle will 

operate with a larger pump to raise the pressure of the butane to a supercritical pressure. The 

geothermal fluid is not capable of raising the working fluid much higher than critical temperature 

(Tcr = 151.98 °C, Pcr = 3.796 MPa) so this system uses solar irradiance to increase the enthalpy 

further. At these higher temperatures and pressures the expansion inside the turbine does not pass 



 

through the saturation region meaning there is no formation of liquid droplets, so it maximizes 

isentropic efficiency of the turbine. Both turbines in Figure 2 are mechanical drive generators 

that produce electric power. Keep in mind the calculations for this paper are based on two 

independent cycles shown in Figure 2 although it is possible to share equipment within cycles. 

 

Figure 2. Two modes of operation for the hybrid geothermal-solar power plant [1] 

The additional enthalpy added to the working fluid comes via an energy storage system 

utilizing molten salts. This method gives benefit because it allows the power system to operate in 

the second mode after sunset in the early evening when there is still high demand for electrical 

power. It also protects the ORC from fluctuations of irradiance caused by position of the sun or 

clouds. The geothermal fluid is constantly supplied at steady state while the plant is operating. 

 The calculations for the supercritical cycle use the selected pressure of 5 MPa because 

they are all much higher than the critical pressure (Pcr = 3.796 MPa) to guarantee the cycle stays 



 

away from the critical region. The pressure of the condenser for butane and pentane in both 

modes is 0.3269 MPa and 0.0972 MPa, respectively, and a temperature of 35 °C. 

GOVERNING EQUATIONS 

1. Mode 1, Non-Peak Hours 

In the first mode the cycle operates as an optimized subcritical ORC. The mass flow rate 

of the working fluid can be found using the heat balance in the part of the heat exchanger. Since 

the fluid enters the heat exchanger as compressed liquid the heat exchanger has a “pinch point” 

of minimum temperature difference, ΔT, occurs. This heat balance helps find the mass flow rate 

of the working fluid and can be found using the expression: 

�̇�𝑤𝑓 =  
�̇�𝑔𝑓[ℎ𝑔𝑓(𝑇𝑔𝑖)−ℎ𝑔𝑓(𝑇𝑠𝑎𝑡+∆𝑇)]

ℎ𝑤𝑓(𝑇𝑒)−ℎ𝑤𝑓(𝑇𝑠𝑎𝑡)
    (1) 

Where �̇�𝑤𝑓 is the mass-flow rate of the working fluid; �̇�𝑔𝑓 is the mass-flow rate of the 

geothermal brine; h denotes the enthalpy property for both fluids with subscript wf and gf 

denoting working fluid and geothermal fluid respectively; Tgi is the temperature of the 

geothermal fluid entering the heat exchanger; Tsat is the saturation temperature of the working 

fluid at the given pressure; ΔT is the difference in temperature of the two fluids at the pinch 

point. 

The produced vapor is fed into the turbine where the maximum specific work that may be 

obtained is equal to the exergy of the vapor: 

𝑤𝑚𝑎𝑥 =  𝑒1 − 𝑒0 =  ℎ1 − ℎ0 − 𝑇0(𝑠1 − 𝑠0)   (2) 

Where h denotes enthalpy; s the entropy; and the subscripts 1 and 0 represent the states of 

the fluid exiting the heat exchanger and at environmental conditions respectively. 



 

Using organic fluids means that the fluid will exit the turbine at a different temperature 

than the environment meaning the maximum specific work will not be achieved. The power 

produced by the organic fluid turbine is: 

�̇� = �̇�𝑤𝑓𝑤𝑠𝜂𝑇        (3) 

Where ws is the isentropic work and 𝜂𝑇 is the efficiency of the turbine. 

The net power produced in the cycle includes the specific work of the turbine and pump: 

�̇�𝑓 = �̇�𝑤𝑓(𝑤𝑠𝜂𝑇 −
𝑤𝑝

𝜂𝑝
)      (4) 

Where wp is the isentropic pump work; and 𝜂𝑃 is the pump efficiency. 

2. Mode 2, Peak Hours 

The second mode of operation has the working fluid from the condenser is pressurized to 

a supercritical pressure. The working fluid enters the heat exchanger and exits as a supercritical 

fluid. The mass flow rate of the working fluid is found using the energy balance of the entire heat 

exchanger using equation 5: 

�̇�𝑤𝑓 =  
�̇�𝑔𝑓[ℎ𝑔𝑓(𝑇𝑔𝑖)−ℎ𝑔𝑓(𝑇𝑔𝑒)]

ℎ𝑤𝑓(𝑇𝑤𝑖)−ℎ𝑤𝑓(𝑇𝑤𝑒)
    (5) 

Where Ti and Te indicate the inlet and outlet temperatures respectively. Geothermal fluid 

and working fluid are denoted by subscripts g and w respectively. 

The rate of heat needed to raise the temperature of the working fluid from Twe to the 

temperature TwH, the highest temperature in the cycle, is: 

�̇�𝑠 =  �̇�𝑤𝑓[ℎ𝑤𝑓(𝑃𝐻, 𝑇𝑤𝐻)ℎ𝑤𝑒(𝑃𝐻, 𝑇𝑤𝑒)]     (6) 



 

Where the enthalpies, denoted by h, are augments of the specific state points denoted by the 

pressure and temperatures at peak exit conditions.  

Since this mode is only used for a limited time of day, t, the total heat removed from the 

molten salts is: Q = t�̇�𝑠. This heat is supplied by solar irradiance through the solar collectors to 

the molten salts. IF the collector efficiency is ηC, and the storage system loses a fraction, ηst, of 

heat to the environment, then the total incident solar energy to the collectors is: 

𝐴𝜂𝑐  ∫ (�̇�𝑑𝑡) =  
𝑡�̇�𝑠

1−𝜂𝑠𝑡

𝑑𝑎𝑦

0
 ➔ 𝐴 =  

𝑡�̇�𝑠

(1−𝜂𝑠𝑡)𝜂𝐶 ∫ (�̇�𝑑𝑡)
𝑑𝑎𝑦

0

    (7) 

Where �̇� is the insolation (usually in W/m2) and varies day to day; A is the total area of the 

parabolic solar collectors and the integral is over daylight hours.  

Using local solar data, equation 7 can be used to calculate the necessary area of the solar 

collectors for a potential hybrid power plant to be utilized. The following calculations 

determined the area of the collectors based on the average insolation of a ten day period in July 

(July 8th to July 17th) when power demand is typically at a maximum. To avoid fluctuations in 

insolation, the five-year average of the data for those days was used. This data was obtained 

using the National Renewable Energy Laboratory (NREL) [7] using the data from Yuma, 

Arizona, where the insolation values are similar to those of Mexico and Central America. The 

net power for mode two is the same as mode one found in Equation 4.   

RESULTS AND DISCUSSION 

 Table 1 summarizes the operational conditions of the geothermal-solar hybrid power 

plant in both modes. The parameters and equipment efficiencies are values that are commonly 

met in similar geothermal and solar scenarios. 



 

Table 1. Conditions of the geothermal-solar hybrid power plant. 

Working Fluid Butane/Pentane 

Temperature of geothermal brine 140-160 °C (liquid because of high pressure) 

Condenser Temperature, T0 35 °C 

Turbine efficiency, ηT 85% 

Pump efficiency, ηP 82% 

Pinch point temperature difference (mode 1), ΔT 10 °C 

Minimum temperature difference (mode 2) 10 °C 

Fraction of heat lost in molten salts tanks, ηd 10% 

Solar collector efficiency, ηC 75% 

Daily hours of operation in mode 2 6 h (21,600 s) 

 

The properties of the butane used in the calculations to follow were obtained from the 

software package REFPROP [6]. The conditions used in this table are on the conservative side. 

For example, turbine efficiencies can go up to 88% and the minimum temperature difference 

could be as low as 3 °C. This information implies that the operation of the power plant may be 

able to be optimized even further for greater power production. Also, the condenser temperature 

value (35 °C) assumes that water is available to be used as coolant.  

Operation in Mode One: 

 As stated previously, when the plant is operating at non-peak hours, the unit operates as a 

subcritical binary geothermal power plant. Once the working fluid is determined, the cycle 

conditions can be optimized by picking the ideal saturation pressure and temperature for 

evaporating the working fluid. The mass flow rate for the butane is equivalent to having 1 kg/s of 

geothermal brine counter-flowing in the heat exchanger. Figure 3 depicts the power produced by 

the subcritical binary cycle when the working fluid is butane with geothermal brine entering the 

system at either 140 or 160 °C (the theoretical endpoints to the temperatures).  

 



 

 
Figure 3. Power optimum for Tgi 140 and 160 °C with butane 

Operation in Mode Two: 

 When the system operates in the second mode, the working fluid is at a supercritical 

pressure and exits the heat exchanger as a supercritical fluid. Even though the secondary fluid 

exits the heat exchanger at higher temperatures it still has a lower enthalpy than the subcritical 

vapor in the first mode. This implies there is a higher mass flow rate of the working fluid in the 

second mode than the first. The enthalpy of the working fluid increases when it absorbs heat 

from the molten salts. This combination of higher enthalpy and mass-flow rate creates an overall 

higher generation of power. Figure 4 depict the power produced and the rate of heat required 

from solar irradiance with the geothermal brine entering the heat exchanger at 160 °C and a 

pressure of 5 MPa when butane is the working fluid. It is worth noting that the trend in Figure 4 

is very similar to that of Tgi = 140 °C (413 K), however, it is not included to avoid confusion 

within the figure. 

0

10

20

30

40

50

60

70

70 90 110 130 150

W
o

rk
, k

W

Tsat , °C

160 °C

140 °C



 

 
Figure 4. Power produced and rate of heat by solar irradiance at  

Mode 2 with Tgi = 160 °C using butane 

 Comparing Figures 3 and 4 it shows that as much as three times the power is produced in 

the supercritical cycle with solar irradiance mode 2 versus that of the subcritical cycle in mode 1 

when using butane. This same trend also occurs when using pentane. Something else worth 

noting is how the solar heat supplement is very significant. A reason for this significant increase 

in power is because there is no boiling of the working fluid all the enthalpy of the geothermal 

brine is spent raising the temperature of the working fluid in the counter-flow heat exchanger. 

Another key point worth noting is that because of the assumed 10 °C difference in the heat 

exchanger, and using Equations 1 and 5, the mass flow rate in mode 2 is 1.45 kg/s for every 1 

kg/s of geothermal fluid, whereas the mass flow rate is 0.80 kg/s in mode 1 for butane. When 

comparing the power production of the two modes it is observed that the power produced may be 

significantly increased by the addition of solar energy, the rate of heat supplied by the solar 

irradiance and geothermal fluid are the in the same order of magnitude, and the power produced 

by the second mode would be welcome to the power grid during peak demand hours. Using the 

solar data of Yuma, AZ obtained by the NREL [7] the area of the solar collectors could be 
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calculated. Figure 5 depicts the required area of the solar collectors in order to heat the butane to 

a specific temperature. 

 

Figure 5. Solar Collector area in mode 2 operation per kg/s of geothermal brine mass flow rate. 

 The molten salts need to supply the heat to the cycle for time period, t. This mass can be 

calculated using Equation 8. 

𝑚𝑠𝑎𝑙 =  
�̇�𝑠𝑜𝑙∗𝑡

𝑐Δ𝑇𝑠𝑎𝑙
      [8] 

Where c is the specific heat of the salts and ΔTsal is the allowed temperature difference for the 

molten salts during heat transfer to the cycle. For Solar Salt, c = 1.482 kJ/kgK. Figure 6 shows 

the mass of salts needed (per 1 kg/s of geothermal brine) as a function of the upper temperature 

in the cycle. Figure 6 is critical in sizing the heat exchanger to maximize efficiency. 
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Figure 6.  Mass of salts needed per 1 kg/s of geothermal brine (ΔTsal = 100 K) using butane 

Analyzing the data shown in Figure 6 one can notice that the required mass of salts is 

significantly higher when the geothermal brine is entering the system at 140 °C in comparison to 

when it is at 160 °C. The rest of the data following this section will compare the effectiveness of 

using butane versus pentane to produce this power. Both samples will compare using a 

geothermal brine entering at a temperature of 160 °C and the secondary fluid is at 5 MPa. 

Using the daylight amount of insolation, Figures 7 and 8 shows the daily temperature the 

working fluids attains during the period of high air-conditioning demand in the area, from May 

1st to October 31st. This data, as stated earlier, is an average over 5 years. It can be observed that 

although there is solar energy variability the temperature of the butane falls in a range 451 K- 

484 K while the pentane ranges from 465 K– 485 K during this season. It can also be observed 

that the temperature gradually decreases in the later months. This is because during these 

Autumn months the amount of daylight is decreasing and therefore less energy can be absorbed 

into the molten salts. 
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Figure 7. Daily temperature of butane in the operation of the ORC in mode 2 

 
Figure 8. Daily temperature of pentane in the operation of the ORC in mode 2 

Using the average daily insolation in the area and the total heat absorbed by the molten 

salts, the power produced by the cycle in the second mode during the same period as above, May 

1st to October 31st. Figures 9 and 10 depicts the power produced by the geothermal-solar hybrid 

power plant for 1 kg/s of geothermal fluid when the temperatures in Figures 7 and 8 are obtained. 

Using a constant solar collector area of 350 m2 it is observed that the power produced of butane 
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falls in a range of 151-100 kW whereas the pentane power production falls in the range of 325-

275 kW. 

 
Figure 9. Daily power generated by the ORC in mode 2 using butane. 

 
Figure 10. Daily power generated by the ORC in mode 2 using pentane. 

It is worth stressing that the calculations and results of Figures 4, 9, and 10 pertain to 1 

kg/s of the geothermal brine. Typically, geothermal wells produce mass flow rates near 60-80 

kg/s and usually from more than one well. A full-scale version of this power plant would use 

much more solar energy production and produce significantly more power. This effectively 

means that the geothermal source could produce up to 80 times the value it produces with 1 kg/s 

of geothermal brine. This means that if there were to be a geothermal source producing 80 kg/s 

then the power plant using butane would produce about 5.1 MW of power during non-peak 
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demand and 13.8 MW during peak demand hours. However, using pentane seems to be the more 

viable option because, using the same 80 kg/s of geothermal brine, it would produce about 5.5 

MW of power during non-peak demand and up to 30 MW during peak demand hours. 

CONCLUSIONS 

A geothermal-solar power plant that utilizes low-temperature geothermal brine can 

supply up to nine times more power than an optimized subcritical ORC unit. This verifies the 

legitimacy of having a supercritical cycle using extra energy from solar collectors. A geothermal-

solar hybrid plant is the best option to fit the power demands throughout the day. Also, 

comparing the power produced by both working fluids it is evident that pentane is the better 

working fluid for this situation in comparison to using butane. The overall power production 

shown in Figure 10 is greater than double that of the power produced by butane shown in Figure 

9. Essentially, this reconfirms the validity of using this style of geothermal-solar hybrid power 

plant. This type of power plant is very enticing to locations where there is relatively high solar 

irradiance and the existence of low-temperature geothermal resources. 
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