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Abstract

The research presents a new power generation system which combines
geothermal power with solar capabilities, providing a sustainable and ef-
ficient energy production solution. The system relies on an evacuated tube
collector (ETC) to heat geothermal fluid before it is used in various sub-
systems. Raising the temperature is crucial for enhancing the operational
efficiency of various subsystems within the system. The multigeneration
setup consists of five coordinated units, including an ORC electricity gener-
ator that produces power while also supplying energy for two subsystems:
double-effect absorption cooling and domestic thermal heating to meet en-
ergy demand. The integrated system operates PEM electrolyzers alongside
hydrogen production and operates reverse osmosis units to generate freshwa-
ter through desalination process. The study results indicate that increasing
the solar energy received by the collector significantly enhances the overall
system performance. As solar energy increases, both the power output and
the collector outlet temperature improve. The system’s performance effi-
ciency directly depends on outlet collector temperature, which affects both
hydrogen and freshwater production rates. Raising the solar radiation inten-
sity makes the ETC produce more energy and exergy, leading to enhanced
overall system operation. Among the tested working fluids, R600 exhibits
the best performance, producing 55.16 kg/day of hydrogen and delivering
1.451 kg/s of freshwater – outperforming other fluids in both categories.
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1 Introduction

The method of providing energy has emerged as a sig-
nificant global issue today. The heavy reliance of indus-
trialized nations on fossil fuels and their overconsump-
tion not only depletes vast underground reserves ac-
cumulated over centuries but also leads to severe envi-
ronmental pollution. The growing energy demand, lim-
ited fossil fuel reserves, and their harmful environmen-
tal consequences – particularly global warming – have
accelerated the shift toward clean energy sources [1].
Energy sources can be categorized into three types:
traditional fossil fuels, nuclear power, and renewable
energies, with the latter – such as solar and geother-
mal – distinguished by their capacity for natural re-
plenishment. The primary motivations for shifting to-
wards renewable energy lies in its potential to miti-
gate environmental issues. Emissions of pollutants such
as carbon monoxide, nitrogen oxides, and greenhouse
gases are major contributors to air pollution and global
warming – problems increasingly recognized as serious
global threats. In recent years, industrial development
has significantly increased the release of these harmful
emissions [2].

Undeniably, renewable energies are crucial for the
future of global energy systems. Unlike nuclear tech-
nologies, which pose challenges such as radioactive
waste management, renewables are technologically sim-
pler and more environmentally sustainable. Future en-
ergy systems must undergo fundamental and structural
reforms, prioritizing the use of carbon-free sources –
such as wind, solar, and geothermal energy – alongside
carbon-neutral alternatives like biomass. Furthermore,
to maximize the effective use of naturally available
energy sources, researchers have been exploring tra-
ditional energy production technologies and replacing
them with advanced, high-efficiency systems. Among
these, cogeneration systems have emerged as a promis-
ing solution to address the identified challenges [3]. In
recent years, cogeneration systems have been increas-
ingly adopted across various consumer sectors, maxi-
mizing the efficiency of primary fuel use and demon-
strating high operational effectiveness. This not only
reduces environmental impact but also contributes to
the conservation of fuel resources [4]. It is notewor-
thy that when cogeneration systems are combined with
renewable energy sources like solar power, they can
serve as effective alternatives to conventional systems,
offering a clean and cost-effective solution. Recently,
a plethora of studies has been undertaken in the area
of multigeneration systems utilizing renewable energy
sources.

Mokhtari and Haqiqati [5] investigated an Organic

Rankine Cycle (ORC) system designed for electricity
generation, utilizing ground source heat combined with
flat plate collectors (FPC) as the primary sources of
thermal energy. For energy tank, a hydrogen system
consisting of a fuel cell and a proton electrolyte mem-
brane (PEM) electrolyzer was utilized. The results re-
vealed that the evaluated cycle has a payback period
of 6.32 years and a levelized cost of electricity (LCOE)
of $0.26 per kWh. Additionally, from an environmen-
tal standpoint, the system is expected to decrease CO2

emissions by 583.3 tons annually. Forghani et al. [6] ex-
amined a multigeneration cycle that combines solar and
geothermal energy to meet the needs for fresh water,
heating, cooling, and electricity. Their design utilized
geothermal wells, flat plate collectors (FPC), and pho-
tovoltaic (PV) panels to supply the necessary heat and
power. The research indicated that the objective func-
tion improved by 14.38%, 54.61%, and 59.78% when
solar energy, geothermal energy, and a hybrid of both
were utilized, respectively, compared to the baseline
scenario.

Ren et al. [7] enhanced a combined cooling, heat-
ing, and power (CCHP) system by integrating solar
electricity, geothermal energy, and solar thermal en-
ergy to meet the energy demands of three different
types of buildings. Their findings indicated that the
electrical load tracking approach outperformed other
control strategies in terms of effectiveness. Further-
more, Alirahmi et al. [8] investigated Combined Cool-
ing, Heating, and Power (CCHP) systems integrated
with parabolic solar collectors and geothermal energy
for hydrogen production, aiming to improve overall sys-
tem efficiency. Their results showed that at the optimal
operating point, the system achieved a total unit cost
of 129.7 $/GJ and an exergy efficiency of 29.95%.

Additionally, Zarei et al. [9] optimized a hybrid so-
lar Combined Cooling, Heating, and Power (CCHP)
system, revealing that the incorporation of booster
compressors into the cooling subsystem significantly
improves overall system performance. Their findings
indicated that the integration of a booster compres-
sor significantly improves system effectiveness, demon-
strating a 96.34% increase in the coefficient of perfor-
mance (COP), a 55.1% boost in exergy efficiency, and
a 121.9% rise in net output power. Additionally, the
improved system contributed to environmental sustain-
ability by preventing the emission of 2,504 kg of car-
bon dioxide annually. Calise et al. [10] evaluated the
performance of two hybrid systems that integrated ei-
ther evacuated flat-plate solar collectors or photovoltaic
(PV) technology with geothermal energy. For compari-
son purposes, the systems were assessed based on their
ability to generate electricity as well as provide heat-
ing and cooling. The systems were comprised of ORC,
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ARC, a biomass auxiliary heater, along with electric
and thermal storage systems to accommodate varia-
tions in the solar system. The photovoltaic (PV) sys-
tem exhibited a shorter payback period compared to
the evacuated flat plate collectors. Yilmaz and Sen [11]
conducted a comprehensive study on the feasibility of
energy consumption and costs for a combined solar and
geothermal multigeneration plant. Their analysis iden-
tified optimal exergy and energy efficiencies of 43.5%
and 19.5%, respectively.

Based on the review of previous studies and the
identified research gaps, the main originality of this
study lies in the integration of an Evacuated Tube
Solar Collector (ETSC) into the system design – a
component that has received limited attention in ear-
lier research. This paper investigates Thermoelectric
Generators (TEGs) as an innovative power generation

method which operates without requiring traditional
energy supply systems. It also distinguishes itself by
focusing on double-effect absorption chillers, a com-
ponent that has been underrepresented in existing re-
search, in contrast to the extensive attention given to
single-effect absorption chillers in the literature.

2 System Description

The proposed system, illustrated in Figure 1, comprises
a low-grade geothermal resource, EVTSCs, an ORC
cycle, a reverse osmosis system, a double-effect absorp-
tion refrigeration system and a proton exchange mem-
brane electrolyzer. This cycle aims to generate heat,
electricity, freshwater, cooling, and hydrogen. The
temperature of the low-grade geothermal fluid is ele-
vated by the ETSC when exposed to solar radiation.

Fig. 1. The multigeneration system suggested in this study.

The hot geothermal fluid is first directed to the
ORC evaporator where it serves as the heat source
for the steam cycle. At point 2, the working fluid ab-
sorbs thermal energy from the geothermal steam via

a steam generator, producing vapor to drive the tur-
bine. The hot water exiting the steam generator at
point 3 retains residual thermal energy, which is subse-
quently utilized to operate the generator of a double-
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effect absorption cooling system. Following this stage,
the produced steam is used to preheat the feed water
for a PEM electrolyzer at point 40 through a domes-
tic water heater (DWH). The geothermal fluid is finally
channeled into the reinjection well. Simultaneously, the
electricity generated by the ORC cycle and TEG unit
supplies power to a reverse osmosis desalination system
and the PEM electrolyzer, enabling the production of
both freshwater and hydrogen for various applications.

Thermodynamic analysis relies on specific assump-
tions. The assumptions made regarding the system in
question are as follows:

• Geothermal hot water is presumed to be clean
and free from contaminants.

• It is presumed that all turbines, pumps, con-
densers, and valves function as adiabatic systems.

• Heat loss from the system boundaries is consid-
ered negligible.

• The system functions under steady-state condi-
tions.

• Variations in potential and kinetic energy, along
with pressure reductions in pipes and heat ex-
changers, are disregarded.

• The outlet from the absorber and both outlets
from the desorber are assumed to be in equilib-
rium.

• It is assumed that solar radiation is consistent
and uniform.

The necessary equations to model the system are
introduced as follows:

∑
ṁin −

∑
ṁout =

dmcv

dt
, (1)

Q̇− Ẇ +
∑
in

ṁin

(
hin +

V 2
in

2
+ gZin

)
−
∑
out

ṁout

(
hout +

V 2
out

2
+ gZout

)
=

dEcv

dt
, (2)

ĖxQ+
∑
in

ṁinexin=
∑
out

ṁoutexout + ĖxW +ĖxD , (3)

m and ṁ represent mass and mass flow rate. In this
regard, in and out indices represent the inlet and out-
let of the volume control. Moreover, Ẇ , Q̇, E and t
display the work rate, heat transfer rate, energy and
time. Moreover, h, v, g and Z represent enthalpy,
speed, gravitational acceleration and height, respec-
tively. Furthermore, ĖxD is the exergy destruction
rate, ĖxQ is the exergy rate of heat, ĖxW is the ex-
ergy rate of work and ex is the specific exergy.

The equations used to model the solar collector are:

The ETCs efficiency can be expressed as [12]:

ηETC = 0.536− 0.824(TETC − T0)

Gb

− 0.0069(TETC − T0)
2

Gb
, (4)

TETC =
Tin + Tout

2
, (5)

in which TETC is the mean temperature of the ETC col-
lector. The amount of the heat absorbed by the ETC
collector is expressed as:

QETC=NETC ηETC Gb AETC = cpmE(Tin − Tout) (6)

where NETC is the number of the ETC modules, AETC

is the area of ETCs mE is the water mass flow rate of
the ETC.

The energy and power transferred, along with the
rate of exergy loss for each component in the suggested
multigeneration system, can be assessed using the en-
ergy and exergy balance equations listed in Table 1.

3 Results and Discussion

In this research, the temperature of the geothermal
resource fluid is enhanced by integrating an Evacu-
ated Tube Collector (ETC) with a surface area of
140m2. This system supports multiple outputs, includ-
ing power generation, freshwater production, freshwa-
ter heating, and hydrogen generation. A key outcome
of this setup is the elevation of the outlet water temper-
ature from the ETC collector, which is achieved by har-
nessing solar energy. Figure 2 illustrates the variations
in the exit water temperature of the ETC based on the
solar radiation received by the collector. The system
is analyzed for varying total energy outputs from the
ETC collector, ranging from 30 kW to 90 kW. The
results show that the temperature of the geothermal
resource (initially at 360 K) increases to 401.1 K and
436.8 K as the energy output from the ETC collector
rises from 30 kW to 90 kW, respectively. It is evident
that a rise in energy generated by the solar collector
positively impacts the collector’s outlet temperature.

Figure 3 illustrates the distribution of energy and
exergy from the solar radiation that strikes the ETC
collector, with solar radiation ranging between 300
and 900W/m2. At a solar radiation intensity of
900W/m2, the total energy and exergy are calculated
to be 127.4 kW and 92.5 kW, respectively. Conversely,
at solar radiation at 300W/m2, the calculated total en-
ergy and exergy are 42 kW and 32.2 kW, respectively.
It is evident that the exergy is lower than the energy
due to exergy losses caused by increased entropy, which
reduces the useful work that can be extracted from the
energy.
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Figure 4 illustrates the impact of the total energy
output from the solar collector on the power output in
the ORC cycle and the overall system. As previously
mentioned, the solar collector increases the tempera-
ture of the geothermal fluid and provides the essen-
tial energy required for the subsystem. The graphs
demonstrate that as the generated energy increases
from 30 kW to 90 kW, both the power output from
the ORC system and the overall system’s power gener-
ation also rise. Specifically, when the solar collector’s
energy production increases from 30 kW to 90 kW, the
power output from the ORC cycle grows from 56.29 kW
to 67.38 kW, while the total power generation rate in-
creases from 35.87 kW to 86.31 kW. The overall power
generation is influenced by the net power produced in
the ORC cycle and the TEG unit’s contribution.

Figure 5 demonstrates the effect of the collector out-
let temperature on the hydrogen and freshwater pro-
duction rates. The results indicate that as the outlet
temperature of the collector increases, both the hydro-
gen and freshwater production rates rise. This rise can
be explained by the reality that elevated outlet tem-
peratures facilitate more energy transfer to the ORC
cycle, thereby improving the production rates of both
hydrogen and freshwater. It is clear that as the collec-
tor outlet temperature rises from 430 K to 530 K, the
hydrogen production rate increases from 17.19 kg/day
to 43.28 kg/day, and the hydrogen production rate goes
up from 0.8084 kg/s to 1.285 kg/s. This demonstrates
that a 23.2% increase in temperature leads to a 151.7%
surge in hydrogen production and a 58.9% increase in
freshwater production.

Table 1. Energy balance equations and exergy destruction rates for every element of the suggested system.

Parts equations of energy balance equations of exergy destruction rate

Solar collector ṁ1h1 + Q̇u = ṁ2h2 ĖxD,col = Ėxsun + Ėx1 − Ėx2

ORC evaporator Q̇eva,ORC = ṁ2(h2 − h3) = ṁ6(h6 − h9) ĖxD,eva,ORC = Ėx2 + Ėx9 − Ėx3 − Ėx6

ORC turbine Ẇt,ORC = ṁ6(h6 − h7) ĖxD,t,ORC = Ėx6 − Ẇt,ORC − Ėx7

ORC TEG Q̇TEG,ORC = ṁ7(h7 − h8) = ṁ10(h11 − h10) ĖxD,TEG,ORC = Ėx7 + Ėx10 − Ėx8 − Ėx11

ORC pump Ẇp,ORC = ṁ8(h9 − h8) ĖxD,p,ORC = Ẇp,ORC − Ėx8 + Ėx9

DEARC-High
desorber

Q̇Hdes,DEARC = ṁ3(h3 − h4)
Ėxd,DEARC,Hdes =
Ėx3 + Ėx24 − Ėx4 − Ėx25 − Ėx28

DEARC-High
condenser

Q̇Hcond,DEARC = ṁ28(h28 − h29) Ėxd,Hcond,DEARC = Ėx28 − Ėx29

DEARC-Solution
heat exchanger 1

Q̇SHX1,DEARC = ṁ15(h15 − h16) =
ṁ13(h14 − h13)

Ėxd,SHX1,DEARC = Ėx13+Ėx15−Ėx14−Ėx16

DEARC-Solution
heat exchanger 2

Q̇SHX2,DEARC = ṁ25(h25 − h26) =
ṁ23(h24 − h23)

Ėxd,SHX2,DEARC = Ėx23+Ėx25−Ėx24−Ėx26

DEARC-Low
condenser

Q̇Lcond,DEARC =
ṁ18h18 + ṁ30h30 − ṁ19h19 = ṁ31(h32 − h31)

Ėxd,Lcond,DEARC =
Ėx18 + Ėx30 + Ėx31 − Ėx19 − Ėx32

DEARC-Evaporator Q̇eva,DEARC = ṁ21(h21−h20) = ṁ35(h36−h35) Ėxd,eva,DEARC = Ėx20 + Ėx35 − Ėx21 − Ėx36

DEARC-Absorber
Q̇Abs,DEARC = ṁ21h21 + ṁ17h17 − ṁ12h12 =
ṁ33(h34 − h33)

Ėxd,Abs,DEARC =
Ėx21 + Ėx17 + Ėx33 − Ėx12 − Ėx34

DEARC-Pump 1 Ẇp1,DEARC = ṁ12(h13 − h12) Ėxd,p1,DEARC = Ẇp1,DEARC + Ėx12 − Ėx13

DEARC-Pump 2 Ẇp2,DEARC = ṁ22(h23 − h22) Ėxd,p2,DEARC = Ẇp2,DEARC + Ėx22 − Ėx23

PEM ẆPEM = ṁ42h42 − ṁ43h43 − ṁ44h44 ĖxD,PEM = Ėx42 + ẆPEM − Ėx43 − Ėx44

DWH Q̇DWH = ṁ4(h4 − h5) = ṁ40(h41 − h40) ĖxDWH = Ėx4 + Ėx40 − Ėx5 − Ėx41

RO ẆRO = ṁ37h37 − ṁ38h38 − ṁ39h39 ĖxD,RO = Ėx37 − Ėx38 − Ėx39

COP COP =
Q̇eva,DEARC

Q̇Hdes,DEARC + Ẇnet,DEARC

Thermal efficiency ηth,tot =
ẆORCẆTEG + Q̇cooling + Q̇DWH + ṁ43HHVH2

− ẆPEM + ṁ38h38 − ẆRO

Q̇u + ṁ1h1

Exergy efficiency ηex,tot =
ẆORC + ẆTEG + Ėxcooling + Ėx43Ėx44 + Ėx41 − Ėx40 + Ėx38

Ėxin,sun + Ėx1
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Fig. 2. The influence of the solar collector’s total energy on the temperature at the collector outlet.

Fig. 3. The effect of solar intensity on the distribution of energy and exergy.

Fig. 4. The impact of the overall energy from the solar collector on the power output generated in the ORC
cycle and the entire system.

Figure 6 compares five different working fluids used in the ORC cycle with respect to hydrogen and fresh-
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Fig. 5. The effect of collector outlet temperature on the value of hydrogen and freshwater production rates.

water production rates. The five working fluids an-
alyzed include n-pentane, R245fa, R134a, Isobutane,
and R600. The results show that R600 yields the high-
est production rates for both hydrogen and freshwater
among the fluids tested. This increased performance is
attributed to the higher energy output generated by the
ORC cycle when utilizing R600 as the working fluid.

Fig. 6. Evaluation of five distinct working fluids
regarding their rates of hydrogen and freshwater
production.

4 Conclusion

The research develops a multigeneration platform
which produces electricity, hydrogen, and freshwater,
while also providing heating and cooling solutions to
meet the growing demand for integrated sustainable
energy technologies. The Evacuated Tube Collector
(ETC) serves as the primary thermal energy source
by heating the geothermal fluid. The integrated sys-
tem comprises several essential subsystems, including
an Organic Rankine Cycle (ORC) for electricity gen-
eration, a double-effect absorption refrigeration system
for cooling, a domestic water heater for thermal needs,

PEM electrolyzers for hydrogen production, and re-
verse osmosis (RO) desalination units for freshwater
management. The results indicate that increasing the
energy input into the collector system not only raises its
outlet temperature but also enhances the overall power
generation capability of the system. The collector op-
erates at maximum efficiency in both energy perfor-
mance and exergy efficiency when solar intensity rates
are higher, resulting in improved performance across
all subsystems. The production rates of both hydrogen
and freshwater increase as the outlet temperature of the
collector rises, as thermal conditions have a significant
impact on these output values. The analysis revealed
that R600 outperforms the other tested substances due
to its superior thermodynamic properties for hydrogen
and freshwater production. The research indicates that
R600 holds great potential for use in future multigener-
ation systems. Overall, the proposed system positions
itself as an effective solution for optimizing renewable
energy resources by integrating multiple energy services
into a single, cohesive system.
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