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ABSTRACT: Geothermal-solar hybrid power generation has been widely recognized as a promising application within
the realm of renewable energy, as such hybridization mitigates solar intermittency while enhancing the utilization
of medium-temperature geothermal resources, thus enabling effective energy complementarity. To quantitatively
investigate its performance enhancement over single-source systems, this study constructs and analyzes three Organic
Rankine Cycle (ORC) based plants with a capacity of approximately 500 kW: a standalone solar ORC, a standalone
geothermal ORC, and a hybrid geothermal-solar ORC system. A comprehensive analysis encompassing both design-
point and annual off-design operations is conducted, followed by an economic assessment using key metrics. The
Lhasa-Yangbajing region in Tibet, China, is selected as the case study due to its abundant geothermal resources and high
solar irradiation, providing a representative testing scenario for hybrid energy utilization. At the design point, thermal
efficiencies are 12.61% (solar), 6.66% (geothermal), and 9.14% (hybrid). Annual simulation results reflect the impact
of solar intermittency, with power generation of 707.26, 4383.3, and 3488.9 MWh, respectively, demonstrating the
hybrid system’s ability to balance output and stability. Economically, the specific investment costs are 6997.22, 3268, and
4978.4 USD/kWe, and the levelized costs of electricity (LCOE) are 14.09, 1.06, and 2.13 USD/kWh for the solar,
geothermal, and hybrid systems. The hybrid configuration offers a favorable trade-off, significantly improving upon
the geothermal-only efficiency while drastically reducing costs compared to the single solar system, confirming its
substantial integrated application potential.
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1 Introduction

Electricity serves as a critical foundation for modern industry and societal functioning. In 2022,
global electricity generation grew by approximately 2.3%, reaching a total of 29,074 TWh [1]. However,
alongside escalating societal and industrial development, the gap between energy demand and supply
continues to widen globally [2,3]. This pressing challenge underscores an urgent need to transition the
power sector towards green and low-carbon alternatives [4,5]. Enhancing the efficiency of electricity
production and developing novel power generation technologies from renewable sources have therefore
become imperative [6,7].

Addressing the growing demand for new energy exploitation, the Organic Rankine Cycle (ORC) has
garnered significant attention as a flexible and clean power generation technology [8-10]. Its ability to
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utilize low-boiling-point organic working fluids [11,12] allows it to be effectively adapted to heat sources
with diverse thermodynamic characteristics for efficient power conversion [13,14]. This positions ORC as a
particularly advantageous solution for harnessing renewable resources such as solar [15,16] and geothermal
energy [17,18]. For the solar ORC, Shi et al. [19] proposed a solar thermal power system based on a parabolic
trough collector-ORC platform using R245fa, and the experimental results showed that bypass control
stabilizes output at 110~130 W, while system performance is significantly influenced by load conditions
and weather variations. In the study of Ren et al. [20], a high-temperature direct steam generation solar
power system utilizing a cascade organic Rankine cycle was conducted, which enabled steam generation at
310°C~370°C and achieved a maximum thermal efficiency of 32.85%, potentially offering improved cost-
effectiveness compared to conventional direct steaming generation (DSG) plants. For the geothermal ORC,
Chitgar et al. [21] conducted a multi-objective optimization of three ORC configurations (basic, parallel,
and series) in a geothermal desalination system, and the results showed that the parallel configuration
significantly enhances system performance compared to the basic design, with power generation and
freshwater production increasing by approximately 150% and 60%, respectively. Liu et al. [22] conducted a
comparative evaluation of SORC and RSORC systems driven by geothermal, and the results indicated that
R134a achieves the highest net power output and lowest investment cost under most operating conditions,
while the RSORC configuration with a recuperator significantly enhances the power output of dry working
fluids and reduces parasitic power consumption.

Building upon the extensive research into solar and geothermal ORC applications, a clear synergistic
complementarity between these two resources has been identified [23,24]. The efficiency of geothermal plants
is often constrained by the moderate temperature of geothermal fluids (typically 100°C~230°C). Conversely,
concentrated solar thermal systems can achieve significantly higher temperatures (200°C~500°C) [25,26],
offering a potential means to elevate the cycle inlet temperature and thus the performance of a geothermal
plant. Meanwhile, the intermittency of solar energy due to diurnal and weather cycles can be mitigated by the
continuous, baseload output of geothermal resources. Furthermore, the global distribution of these resources
provides a practical foundation for hybrid systems: regions with high solar insolation, such as Australia,
the southwestern United States, western China, and northern Africa, frequently coincide with areas rich
in geothermal potential [27]. Given these advantages, research and application of geothermal-solar hybrid
power systems have expanded rapidly [28]. This development was notably demonstrated by the successful
commissioning of the first commercial application at the Stillwater plant in Nevada, USA, in 2015 [29], and
the corresponding research was carried out [30,31]. Liet al. [32] proposed a novel solar-enhanced geothermal
power generation system based on compound parabolic concentrators, whose net power output reaches 7 to
20 times that of a standalone geothermal system, fully demonstrating the significant advantages of the hybrid
power generation approach. Cardemil et al. [33] evaluated the solar-assisted single/double-flash geothermal
systems by thermodynamic modeling and the results showed that using solar heat for superheating yields
higher power efficiency (0.23~0.29 kWe/kWth) than for evaporation, enabling over 20% additional power,
3% higher exergy efliciency, and 16%~19% reduced geothermal fluid consumption, supporting sustainable
reservoir utilization. Shoaei et al. [34] conducted the 4E optimization on a hybrid system by using Non-
Dominated Sorting Genetic Algorithm second version (NSGA-II), and the optimal energy efficiency and
exergy efficiency were reported with 50.59% and 25.44%, respectively. In the thermo-economic analysis on
hybrid system of Boukelia et al. [35], the levelized cost of electricity (LCOE) was evaluated with a value of
10.42 ¢/kWh by using ammonia.

Due to the promising performance of geothermal-solar hybrid power generation, numerous studies
have investigated its thermodynamic and economic aspects. Typically, these studies establish a hybrid
system based on a geothermal ORC core and report its efficiency gains over the standalone geothermal
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plant. However, a comprehensive comparative analysis among hybrid, single geothermal, and single solar
ORC systems is often lacking, leaving the extent of performance improvement offered by hybridization
insufficiently quantified.

Herein, this study constructs and models three representative ORC-based power plants with a capacity
of approximately 500 kW: one geothermal-driven, one solar-driven, and one hybrid-driven, to quantitatively
evaluate the thermodynamic and economic advantages of geothermal-solar hybridization in ORC-based
power generation, based on the central hypothesis that integrating high-temperature solar thermal energy
with a medium-temperature geothermal source can simultaneously enhance system efficiency, mitigate
power output fluctuations, and achieve more favorable economic performance than standalone systems.
Their performances are systematically compared using a representative working fluid through design-point
thermodynamic analysis, annual oft-design performance simulations under realistic resource conditions,
and a comprehensive thermo-economic assessment based on specific investment cost and the LCOE.
The Lhasa-Yangbajing region in Tibet, China, characterized by abundant geothermal resources and high
solar irradiation, is selected as a representative case study for evaluating geothermal-solar hybrid energy
utilization.

2 Methodology
2.1 Power System

ORC is always considered an effective routine to support the power generation process for solar or
geothermal. The ORC system mainly consists of four parts, the pump, the evaporator, the expander, and
the condenser, as shown in Fig. 1. The organic working fluids flow through the pump, and then enter into
the evaporator to complete the heat absorption from the heat source (solar or geothermal). After that, the
working fluids with high pressure and high temperature would drive the expander for power generation.
Finally, the working fluids would be cooled in the condenser.

Evaporator

Cooling water
Figure 1: Schematic diagram of the ORC system.

For the heat source concern in this work, the geothermal and solar energy are simultaneously intro-
duced. To compare the system performance, the geothermal, the solar and the geothermal-solar hybrid
supported ORC modeling are established. The geothermal ORC system and solar ORC system are operated
with the single heat source. In the geothermal-solar hybrid ORC system, the organic working fluid will be
sequentially heated by geothermal energy and solar energy in two evaporators connected in series.
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For the organic working fluids concern, the safety, environmental friendliness, flexibility and thermody-
namic properties are comprehensively considered. The R1233zd(E) with the critical temperature of 165.6°C
and the critical pressure of 35.7 bar is selected in the system [36,37], and the corresponding properties are
summarized in Table 1.

Table 1: Properties of the employed working fluids.

Critical Point Critical Point ASHREA Safety
T P1 DP
Name ype Temperature (°C) Pressure (bar) GWP100 O Classification
R1233zd(E) Isentropic 165.6 35.7 1 0 Al

Note: ASHRAE: American Society of Heating, Refrigerating and Air-Conditioning Engineers; Global Warming
Potential (GWP100); Ozone Depletion Potential (ODP).

2.2 Mathematic Modeling

In order to evaluate the system performance, the system mathematical model is developed, and the
thermodynamic and economic characteristics are simultaneously considered, which would be furtherly
analyzed based on the software of MATLAB R2019b.

For the solar power system, the parabolic trough solar collector is employed, the incident sunlight is
reflected by the parabolic mirror and concentered at a focus line where mounted an absorb tube. The incident
solar energy Qsolincident> the absorbed solar energy Qso1.abs by Eqs. (1) and (2). The solar collection efficiency
Hsol,col could be calculated by Eq. (3):

Qsol,incident =DNI-A (1)
Qsol,abs =DNI-A- Hopt — Qloss (2)
Nsol,col = M (3)

Qsol,incident
where A and DNI represent the aperture area of solar collector and the direct nominal solar irradiation,
respectively; #opr and Qo5 denote the optical efficiency and heat loss of the solar collector, respectively.

Correspondingly, the utilized solar energy Qo] can be computed by Eq. (4). For the geothermal power
system, and the stable utilized geothermal energy Q,c, can be evaluated by Eq. (5):

Qsol = Myt (heva,out,sol - heva,in,sol) (4)
Qgeo = Mwf (heva,out,geo - heva,in,geo) (5)
where the my is the mass flowrate of the organic working fluids, and the Ay, oyt and the hey, in are the inlet
and outlet specific enthalpy of heat exchanger.

For the power modelling, the pump consumption Wyymp and output of expander Wexpander could be
calculated by Eqs. (6) and (7):

Wpump = Myt (hZS - h2) /ﬂme,pump Hise,pump = Mwf (hZS - h2) Hme,pump (6)

Wexpander = Myf (h3 - h4s) Nme, expHise, exp = Mwf (h3 - h4s) Hme, exp (7)

where #me pump and #me exp are the mechanical efficiency of the pump and the expander, respectively. i, and
hys are the state enthalpy with the ideal conversion of the pump and the expander, respectively.
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For the system total net power output, consumption of pump and output of expander are included, as
computed by Eq. (8). Apart from the pump, the parasitic power consumption W, (with the ratio of 5%) is
also need to be considered.

Whet = Wexp ander — Wpump - Wpara (8)

Considering the system overall performances, the first law of thermodynamics is employed, the system
energy efficiency 7y, ¢y as the basic evaluation criteria can be expressed as follows:

Wnet
Qsol,abs + Qgeo

9)

Wth,sys =

In order to complete the techno-economic analysis on the solar, geothermal and hybrid system, the
specific investment cost (SIC) and the LCOE [38] are introduced by Eqs. (10) and (11):

SIC = Cinvest,device (10)

net

N
C
Cinvest (fannuity + fins,ann) + Z (1?_?;4»«
n

LCOE = 1)
Wnet ‘n

where the Cipyest, device is the total cost of the employed devices, and the Cipyest, and Cogm represent the capital
investment and the annual operation & maintenance cost (with 4% of Cipyest), the finsann is the insurance
rate with 1%; n and N are the system lifetime with 30 years and the present year, respectively; r is the discount
rate with 6%; fannuity represents the investment recovery rate, calculated by Fq. (12) with the interest rate i
with 4.2%.

i(1+i)"
fannulty - (1 N i)n _1 (12)

The initial invest of the power system include the cost of ORC devices and the cost of solar field Cojar
and geothermal field Cg,, and the cost of ORC devices insist of the cost of expander Ceyp, pump C,p and
heat exchangers Gy, which could be evaluated by Fqs. (13)-(16).

Cinvest = Cinvest,device + Csolar + Cgeo = Cpp + Cexp + Che + Csolar + Cgeo (13)
Cop = (9840 x (0.25Wp,) ) x 15 x 15 (14)
Cexp = (820 x W5 —19000) x 1.5 x 1.5 x 1.6 (15)
Che = 235 x Q%7 (16)

2.3 Resources Distribution

Benefited by the geological characteristics, the geothermal resources are abundant in Tibet, China,
as shown in Fig. 2a [39,40]. The famous Yangbajing geothermal well is located in Lhasa, Tibet, and the
temperature of the outlet geothermal fluids would reach over 150°C. By referring the Yangbajing geothermal
power system in Western China [41], the local solar resources are considered for system evaluation with
the annual direct irradiation of 6400 MJ/m?, and the hourly-step DNI profile is shown in Fig. 2b, which are
referred by the software of System Advisor Model (SAM). The abundant renewable resources of geothermal
and solar energies provide the energy fundament for their hybrid utilization.
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2000 4000 6000 8000
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Figure 2: (a) Geothermal distribution, (b) Solar energy in Lhasa.

3 Results and Discussion
3.1 Designate System Operation Analysis

Based on the local resources in Lhasa, the geothermal-ORC, solar-ORC, and hybrid-ORC configuration
are established, and the designate system capacity are aimed at 500 kW. The corresponding parameters
are summarized in Table 2. For the geothermal ORC, the brine temperature with 145°C referencing the
Yangbajing geothermal field, requiring a 7510 kW heat input at a 70°C evaporation temperature. The
solar ORC employs parabolic trough collectors with thermal conductive oil (240°C), needing a 3970 kW
input at a 120°C evaporation temperature. The hybrid system synergistically combines both sources at half
their standalone inputs (3755 kW geothermal and 1985 kW solar), operating at an optimized evaporation
temperature of 90°C to efficiently utilize the complementary thermal profiles.

Table 2: Operation parameter of the geothermal, solar and hybrid system.

Geothermal-ORC Solar-ORC Hybrid-ORC
Temperature of heat source/°C 145 240 145/240
Heat input/kW 7510 3970 3755/1985
Evaporation temperature/°C 70 120 90
Inlet temperature of expander/°C 120 180 207
Isentropic efficiency of pump 80% 80% 80%
Isentropic efficiency of expander 80% 80% 80%

According to designate operating parameters, the T-s diagrams are carried out in Fig. 3, which depict the
operational cycles for the three systems under design conditions. Compared to the geothermal and hybrid
cycles, the solar ORC operates at a higher temperature, which creates a greater temperature differential during
evaporation. This leads to significant irreversible heat transfer losses. Consequently, despite utilizing a higher-
grade heat source, the standalone solar system exhibits lower overall energy utilization efficiency than both
the geothermal and hybrid configurations.

Under the design conditions, the operational performance of the three systems is presented in Fig. 4.
Both the geothermal and solar ORC systems achieve the target power output of 500 kW, with thermal
efficiencies of 6.66% and 12.61%, respectively. Owing to the higher temperature of the solar heat source, the
solar ORC operates at a higher permissible evaporation temperature, resulting in a significantly superior
thermal efficiency compared to the geothermal system. The hybrid system delivers a power output of
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524.60 kW, slightly exceeding the design target. Its thermal efficiency is 9.14%, which lies between that of the
two standalone systems, reflecting the integrated performance achieved through source complementarity

and parameter optimization.
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Figure 3: T-s diagram. (a) Geothermal power system, (b) Solar power system, (¢) Geothermal-solar hybrid system.
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Figure 4: System performance comparison on designate condition.

In ORC systems, the evaporation temperature is a key parameter influencing system performance.
As shown in Fig. 5, both the net power output and thermal efficiency of all three systems increase with
rising evaporation temperature. This trend occurs because a higher evaporation temperature reduces the
temperature difference during heat exchange with the heat source, thereby decreasing irreversible losses and
improving the utilization of thermal energy. Since all three systems employ R1233zd(E) as the working fluid,
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they exhibit similar thermal efficiencies at the same evaporation temperature. However, due to its larger
designed heat input, the geothermal ORC achieves a higher power output under identical conditions.
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Figure 5: Effect of the evaporation temperature on system performance. (a) Power generation, (b) Thermal efficiency.

3.2 The Annual System Operation Analysis

The performance of solar-integrated power generation systems under fluctuating solar radiation is a key
focus of investigation. In this section, the solar field is modeled based on the solar conditions in the Lhasa
region to analyze the annual operational performance of both the solar ORC and the hybrid ORC systems.
For the system operation strategy in this work, the superheating temperature in evaporation process of the
ORC system would be reduced with the decreasing solar collection. When the superheat drops below 0°C,
the ORC system ceases operation. Besides, in the hybrid power generation system, solar energy only supplies
heat for the superheating part of the working fluid. Therefore, even if the solar heat collection is 0 kW, the
ORC system can still maintain continuous operation with the support of geothermal energy. A comparative
assessment of the yearly operating results for all three systems is subsequently conducted.

Fig. 6 presents the annual instantaneous solar thermal collection efficiency. Overall, the collection
efficiency is higher during summer and autumn, reaching nearly 70%. In contrast, it significantly deteriorates
in winter due to changes in solar altitude angle. The annual average collection efficiency for the system is
49.77%.
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Figure 6: The annual instantaneous solar thermal collection efficiency.
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Based on the solar thermal requirements of the solar and hybrid ORC systems under design conditions,
a solar collector field was designed using a DNI of 850 W/m?. The required collector areas were determined
to be 10,496 and 5248 m? for the standalone solar and hybrid systems, respectively. The annual solar heat
collection, contrasted with the stable geothermal input of approximately 7510 kW, is presented in Fig. 7,
indicating that while the geothermal input remains constant, the total thermal energy input for the solar-
integrated systems exhibits significant dynamic fluctuation due to solar intermittency. Crucially, since the
power block capacity is fixed, there is a maximum limit on the usable solar heat even during periods of high
insolation. Consequently, the instantaneous total thermal input varies between 0~3970 kW of the design
capacity for the solar ORC and between 3755~5740 kW for the hybrid system.

9000 Geothermal-ORC
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z
> 3000
o
2 O !
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s L j
S 6000 ]
% o -~
&5 3000 IH
g2 o0
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0 2000 4000 6000 8000

Time/h

Figure 7: Comparison of heat input of the heat source across the established configurations.

As shown in Fig. 8, the power generation response of the systems aligns closely with the fluctuating
energy inputs from Fig. 7. The hourly power output is stable at 500 kW for the geothermal ORC, fluctuates
between 0 and 500 kW for the solar ORC, and ranges from 356.74 to 524.60 kW for the hybrid system. For
the hybrid configuration, its nighttime operation is guaranteed by a stable geothermal baseload, providing
a minimum output of 356.74 kW, while higher daytime power generation is achieved by integrating the
higher-grade solar heat.

Based on the annual simulation results, the thermodynamic performance of the three systems is
summarized in Table 3. The annual power generation for the geothermal, solar, and hybrid ORC systems is
4380.3, 707.26, and 3488.9 MWh, with corresponding annual average thermal efficiencies of 6.66%, 7.62%,
and 9.41%, respectively.
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Figure 8: Comparison of power generation across the established configurations.

Table 3: The annual system operation performance.

Geothermal-ORC Solar-ORC Hybrid-ORC
Power generation/MWh 4380.3 707.26 3488.9
Thermal efficiency/% 6.66 7.62 9.41

3.3 The Economic Analysis

To further evaluate the performance of the hybrid ORC, a thermo-economic analysis is conducted using
the specific investment cost and LCOE models, with initial investment costs detailed in Table 4.

Table 4: Initial ingestion of the system.

Cost Unit
Solar field [33] 250 USD/m?
Geothermal field [40] 100 USD/kWhth
Expander [41,42] (820 x W28 ~19,000) x 1.5 x 1.5 x 1.6 USD/kWhe
Pump [41,42] (9840 x (0.25W)*°) x 1.5 x 1.5 USD/kWhe
Heat exchanger [41] 235 x Q73 USD/kWhth

The initial investment costs for key system components are compared in Fig. 9. The results indicate total
capital costs of 1527, 3269.73, and 2440.08 kUSD for the geothermal ORC, solar ORC, and hybrid systems,
respectively. Notably, the solar collector field constitutes a major cost factor, accounting for over half of the
total expense in the solar ORC system. By integrating the lower-cost geothermal component, the hybrid
system achieves a significant reduction in overall capital investment.
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Figure 9: Cost of the crucial device.

The thermo-economic analysis results for the three systems are presented in Fig. 10. In terms of specific
investment cost, the values are 3268, 6997.22, and 4978.4 USD/kWe for the geothermal, solar, and hybrid ORC
systems, respectively. The solar ORC demonstrates significantly weaker economic performance compared to
the geothermal system, a finding further corroborated by the LCOE results of 1.06, 14.09, and 2.13 USD/kWh
for the respective systems. Overall, the hybrid system exhibits a clear advantage when considering both
thermo-dynamic efficiency and economic metrics. While the geothermal system is constrained by its low-
temperature heat source, limiting efficiency gains, the solar ORC suffers from intermittency and the high
capital cost of its collector field. The latter’s economics could potentially be improved through the integration
of thermal storage in future work.
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Figure 10: The comprehensive tech-economic result. (a) Specific investment cost, (b) LCOE.

4 Conclusions

In this work, three ORC systems (solar, geothermal, and hybrid) are conducted. The system opera-
tion under designate and off-designate conditions are compared, and a corresponding thermo-economic
assessment is carried out. The main conclusions are summarized as follows:

(1) By considering the geothermal and solar energy with 145°C and 240°C, the thermal efficiency of
the solar-ORC, geothermal-ORC, and hybrid ORC are 12.61%, 6.66%, 9.14%, respectively, with the
corresponding evaporation temperature at 120°C, 70°C, 90°C.
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(2) Based on the varying solar radiation, the annual power generation of the solar, geothermal, and hybrid
ORC systems is 707.26, 4383.3, and 3488.9 MWh, respectively. This result highlights the complementary
role of geothermal in mitigating solar intermittency.

(3) The thermo-economic analysis yields specific investment costs of 6997.22, 3268, and 4978.4 USD/kWe
and LCOE of 14.09, 1.06, and 2.13 USD/kWh for the solar, geothermal, and hybrid systems, respec-
tively. The hybrid configuration presents a favorable trade-off, demonstrating significant application
potential.

The proposed hybrid ORC system can be modularly scaled by adjusting geothermal and solar heat inputs
according to local resource availability, enabling flexible deployment in regions with medium-temperature
geothermal resources and high solar irradiation. Existing geothermal plants can be retrofitted with solar
thermal fields to enhance performance without major modifications to the power block, reducing technical
and financial barriers. From a policy perspective, the results support integrating geothermal-solar hybrid
systems into renewable energy incentive schemes and long-term power planning, while future work should
focus on thermal energy storage integration, advanced off-design control, and life-cycle environmental
assessment to further enhance system performance and sustainability.
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