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This study presents a thermodynamic assessment of a multigeneration sys-
tem designed to produce power, cooling, heat, hydrogen, and freshwater.
The system integrates the Organic Rankine Cycle, a single-effect absorption
refrigeration system, a heat pump, a PEM electrolyzer, and a reverse osmo-
sis (RO) unit. It leverages solar energy from two types of solar collectors,
geothermal energy, and energy from a PVT (photovoltaic-thermal) collec-
tor as its primary energy sources. First, the relevant thermodynamic and
thermoeconomic equations for the proposed system are introduced. The
entire system is then analyzed using EES (Engineering Equation Solver)
software. The system’s performance is evaluated, and the impact of various
parameters on the effectiveness of the multigeneration system is studied.
The examination of exergy destruction in the primary cycles reveals that
the evaporator in the ORC cycle experiences the highest exergy destruction
rate, at 1526 kW. Furthermore, increasing the collector area and solar radia-
tion of the solar collector results in higher rates of freshwater and hydrogen
production. Additionally, an increase in the ORC turbine inlet tempera-
ture enhances freshwater and hydrogen production rates, as well as boosts
turbine and TEG unit power generation. Finally, the assessment of vari-
ous working fluids in the ORC cycle demonstrates that n-hexane exhibits
the best performance in terms of efficiency and hydrogen and freshwater
production rates.
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1 Introduction

Fossil fuels and the process of industrialization have ef-
fectively addressed numerous challenges and driven sig-
nificant progress in society for over two centuries. They
have played a pivotal role in enhancing transportation,
providing lighting, and contributing to advancements
in agriculture, urban development, and overall quality
of life. The availability of reliable and powerful energy
sources has been key to the rapid expansion of indus-
tries, the improvement of transportation systems, and
the growth of urban centers, shaping the modern world
as we know it today. In 1859, the introduction of com-
mercial fossil oil marked the beginning of a new era
in the energy industry. It led to the widespread adop-
tion of internal combustion engines, which became the
dominant power source, replacing animals, human la-
bor, turbines, waterwheels, windmills, steam engines,
and steam turbines. At the time, the use of commercial
fossil oil was viewed as environmentally beneficial, as
it replaced whale oil, significantly reducing the demand
for whale hunting and the whaling industry, thus hav-
ing positive effects on whale populations and the envi-
ronment. As a result, climate change emerged as a sig-
nificant issue, affecting not only whale populations but
the entire planet. The primary sources of greenhouse
gas (GHG) emissions are fossil fuels and industrial ac-
tivities, which contribute to the Earth’s atmosphere
trapping more heat than is typical, leading to global
warming and other environmental challenges.

Energy plays a crucial role in driving the economic
advancement of societies and has a profound impact
on the environment and human life. It can be broadly
categorized into non-renewable sources, such as oil,
gas, coal, and wood, and renewable sources, includ-
ing wind, solar, geothermal, and biogas. Currently,
researchers are focusing on developing multigeneration
systems powered by renewable energy sources to create
more efficient and sustainable energy systems. These
systems aim to provide various forms of energy, such
as power, heat, and cooling, while minimizing environ-
mental impact and enhancing resource utilization.

In a study by Atiz et al. [1], research was carried out
to explore the utilization of integrated geothermal en-
ergy from a low-temperature thermal source and evac-
uated tube solar collectors for electricity generation.
The system they proposed showed the best efficiency in
terms of power and energy, achieving 6.92% and 21.06%
efficiencies, respectively. Kerme et al. [2] examined a
multiple energy production system based on a linear
parabolic solar collector. Their findings revealed that
the solar collector and reverse osmosis water softener
were the primary contributors to exergy destruction in

the system. In a similar vein, Abdolalipouradl et al. [3]
conducted a thermodynamic analysis to compare two
novel trigeneration setups that integrated power gener-
ation, hydrogen production, and heating, all utilizing
geothermal energy. Their study focused on optimizing
the performance of these systems in terms of energy
efficiency and overall sustainability. Their findings in-
dicated that the exergy efficiency and hydrogen geen-
ration were optimized at a specific temperature of the
cogeneration cycle evaporator in the case of the organic
Rankine-based system, while the efficiency increased
for the Kalina-based cogeneration cycle. In another
study, Abdolalipouradl et al. [4] analyzed the thermo-
dynamics of a novel hybrid system utilizing Sablan
geothermal wells and the cold energy from liquefied
natural gas. They employed a genetic algorithm to
optimize the cycle, and the results demonstrated that
the net power, thermal efficiency, and exergy were
30,610 kW, 29.16%, and 56.92%, respectively. Hu et
al. [5] examined the thermal economic optimization of
a geothermal solar hybrid energy system. The research
demonstrated that the new method improved electric-
ity generation, lifetime electricity generation, and net
present value (NPV) efficiency by 3 to 17 and 14 per-
cent, respectively. Golshanzadeh et al. [6] conducted
a comprehensive study on the exergy, energy, and eco-
nomic and environmental evaluation of a multigenera-
tion system producing electricity and freshwater. This
system utilized wind and solar energy as its primary
energy sources. The results indicated that increased
levels of solar radiation and wind energy significantly
influenced the total exergy, work output, and fresh-
water production of the system. Maali and Khir [7]
undertook an examination of the energy and exergy
of a hybrid organic Rankine cycle (ORC) power plant
integrating both solar and geothermal energy. Their
findings identified the steam generator as the primary
source of irreversibility in the system, followed by the
air-cooled condenser and the turbine. Through the op-
timization process, the study achieved a 10.35% im-
provement in exergy efficiency during winter and a 6%
enhancement during summer.

Prajapati and Shah [8] undertook a research project
focused on generating hydrogen (H,) using a combina-
tion of geothermal and solar power, both of which are
key sustainable energy sources. Additionally, the study
included a comparative evaluation of various geother-
mal power plants (GPPs) to assess the output rates
and costs associated with hydrogen production.

Kaufmann et al. [9] presented an experimental char-
acterization of a novel fully reversible HTHP /ORC test
rig, designed specifically for use in geothermal com-
bined heat and power (CHP) plants. The test rig oper-
ates with a 200 kW hot water heating circuit as its heat
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source and utilizes a fully reversible 20 kW twin-screw
machine that functions as both a compressor and an
expander. The HTHP system is capable of handling
thermal loads of up to 110 kW, with heat sink out-
let temperatures reaching as high as 120 °C, making it
an ideal choice for geothermal CHP applications. Dur-
ing the conducted temperature lifts, which ranged from
25K to 57K, coefficients of performance (COP) varied
between 6.4 and 3.0. In ORC operation, net electric
thermal efficiencies between 5% and 6% were achieved
across different heat source mass flow rates and tem-
peratures ranging from 110°C to 130°C.

Nazari et al. [10] conducted a comprehensive review
of research on the applications of geothermal sources
in absorption chillers. This review explored the fac-
tors affecting the performance of geothermal absorption
chillers, as well as hybrid and polygeneration systems
that integrate these chillers. The findings revealed that
the efficiency of absorption chillers using geothermal
sources is influenced by various factors, such as system
configuration, operating conditions, geofluid mass flow
rate, and the components used in the system.

Tanbar et al. [11] conducted a thermodynamic and
economic assessment of two Organic Rankine Cycle
(ORC) systems: the Binary Cycle-Organic Rankine
Cycle (BC-ORC) and the Recuperator (BC-ORCR).
They utilized low global warming potential (GWP)
refrigerants, including R1233zd (E), R1224yd (Z),
R1234ze (Z), R1234ze (E), R1243zf, and R1234yf, in
conjunction with air- and water-cooled condensers.
The findings indicate that the BC-ORCR system em-
ploying a water-cooled condenser with R1233zd (E)
achieved the highest net output power of 2213 kW and
a system efficiency of 10.14%. This system is capable
of supporting up to 65% of the electricity demand for
the Ulumbu and Ruteng substations.

Bedakhanian et al. [12] conducted an in-depth in-
vestigation into the thermodynamic optimization of a
geothermal system that integrates a fuel cell unit for
energy storage during peak demand periods. This in-
novative system was designed to concurrently generate
cooling, electricity, hydrogen, and freshwater by utiliz-
ing an absorption chiller, reverse osmosis, a PEM elec-
trolyzer, and two double Organic Rankine Cycles. The
optimal configuration of the proposed geothermal sys-
tem demonstrated an exergy efficiency of 73.17% and
an energy efficiency of 25.25%, while operating at a
cost rate of $74.36 per hour. The economic analysis in-
dicated that the ORC1 unit and the PEM electrolyzer
represented the highest costs among the system com-
ponents.

Through an examination of prior research, it is ev-
ident that geothermal energy has primarily been uti-
lized as the sole energy source in many earlier studies.

In some instances, it has been paired with PTC collec-
tors. Additionally, the implementation of thermoelec-
tric generator (TEG) units in place of the condenser
in organic Rankine cycle (ORC) systems remains a
topic of significant interest among researchers. Conse-
quently, this study proposes the integration of geother-
mal energy and photovoltaic-thermal (PVT) solar col-
lectors as the energy sources for the system, while uti-
lizing a TEG unit in lieu of the ORC condenser to
generate supplemental power.

2 System Modeling and Descrip-
tion

Figure 1 displays the schematic of the renewable en-
ergy system under investigation. This system inte-
grates both solar and geothermal energy sources and
is composed of several key components: a heat pump,
an organic Rankine cycle (ORC), an absorption refrig-
eration system, thermal energy storage, a proton ex-
change membrane (PEM) electrolyzer, and a reverse
osmosis (RO) water desalination subsystem. The sys-
tem’s outputs include electricity generation, freshwater
production, heating, cooling, and hydrogen generation.

In Figure 1, the schematic illustrates an organic
Rankine cycle utilizing isobutane as the working fluid,
powered by medium-high temperature geothermal wa-
ter. The geothermal water exits the production well at
point 10, is pumped, and then enters the evaporator of
the organic Rankine cycle at point 11. After heat trans-
fer occurs within the ORC, the working fluid moves to
Heat Exchanger 1, where it transfers heat before being
sent back to the reinjection well. Heat Exchanger 1 is
responsible for heating the water used for electrolysis in
the system. In the evaporator, the working fluid of the
organic Rankine cycle (ORC) is heated before flowing
to the turbine at point 16. It exits at point 17, where it
releases its heat to the generator of the absorption re-
frigeration system. A thermoelectric generator (TEG)
unit replaces the ORC condenser to generate additional
power. Isobutane enters the TEG at point 18, moves to
the pump at point 19, where its pressure is increased,
and then re-enters the evaporator for further heat ab-
sorption. The solar thermal system heats up and stores
hot water in thermal energy storage, ensuring that the
heat pump can operate continuously, even during pe-
riods of low solar radiation. Given that the system
is located in a residential area with a consistent de-
mand for heating, cooling, and electricity, continuous
operation is essential. The integration of geothermal
energy, coupled with a thermal energy storage system,
ensures uninterrupted power generation and the pro-
vision of cooling, heating, and hot water. The elec-
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tricity required for the entire system is supplied by the
combined output from the organic Rankine cycle tur-
bine, thermoelectric generator (TEG) unit, and solar
photovoltaic-thermal (PV/T) collectors. This electric-
ity not only sustains the operation of the system but

Power from:
Solar PV-Turbine-TEG

also powers the PEM electrolyzer and reverse osmo-
sis (RO) desalination unit, facilitating the production
of hydrogen and freshwater to meet the needs of the
residential area.
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Fig. 1. The diagram of proposed multigeneration system

The thermodynamic analysis of the system has
been conducted by examining mass balance, en-
ergy balance, energy and exergy efficiency equa-
tions, and exergy loss. The following assumptions
have been considered for the analysis: Compres-
sors, Expansion valves, pumps, and turbines op-
erate adiabatically.

The variations in potential and kinetic energy,
along with exergy terms, are considered minimal.
The processes maintain a steady state and involve
steady flow.

Since there is no chemical reaction between the

refrigerant and absorbent, only physical exergy is
considered, while chemical exergy is excluded.
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The energy and exergy balance equations of the pro-
posed multigeneration system can be used to determine

the heat and power flow, as well as the exergy loss rates
for each piece of equipment, as outlined in Table 1.

Table 1. Energy conservation equations and the rate of exergy loss for each part of the proposed system.

Equipment Energy balance equations

Exergy destruction rate equations

PV/T collector ahs + Qu = mihy

EXD,PVT = EXsun + EXz - Exl

TES Ores = U(Ty —To)

Exqres = Exi — Exo — Exq

Compressor Woeomp = me(h7 — he)

EXD,cornp - Wcomp + EXG - EX7

Condenser 2 Qc = mz(hr — hg)

E'xd’c = EX7 — EXS

Pump 1 Wp1 = mio(hi1 — hio) E'XD,pl = Wpl — Exi0 + Ex11
Pump 2 Wy = 1h19(hao — hio) Exp p2 = Wpa — Exq9 + Exag
Pump 3 Wy = 1ha7(has — har) Exp p3 = Wp3s — Exar + Exog
Pump 4 Wpa = mz(ha — h3) Exp ps = Wps — Exz + Exy
HX1 Qux1 = miz2(hiz — hiz) = mas(his — hia) Exp ux1 = Exi2 4+ Ex14 — Ex13 — Exgs

ORC evaporator

Qeva,ORC = 111 (h11 — h12) = mue(his — h2o)

Exp eva,0rc = Ex11 + Ex20 — Ex12 — Ex16

ORC turbine Wt,ORC = 1h1e(h16 — hi7)

Exp t,orc = Ex16 — Wiorc — Exi17

ORC TEG

QrEG,0rRC = 118 (h1g — h1g) = 121 (h2e — ha1)

Exp TtEG,0RC = ExX18 + Ex21 — Ex19 — ExX22

ARS Generator Qars,c = mis(his — his)

Exq ars,c = Ex174+Ex29 —Ex18 —Ex23 —Ex30

ARS Condenser Qars,c = 1ma3(has — hoa)

EXd,ARS,C = Ex23 — Exo4

ARS Evaporator QARS,eva = 1has(has — has)

Exq,ARS,eva = Ex25 — Exa6

ARS Absorber

QARS,abs = Mashae + mizahss — marhar

Exq,ARs,abs = Ex26 + Exa2 + Exar

ARS HX QARS,HX2 = 1hgo(hso — ha1) = rag(hag — has) EXd,ARS,HXl = Exog + Exz0 — Exag — Exs;
PEM Weem = (rhashis — mashas — mzahsa) Exp,pev = Exi5 + Weem — Exss — Exas
RO Wro = (Thashss — sehss — arhar) EXD,RO = Exss — Exse — Exar

3 Results and Discussions

The simulation of the multigeneration system requires
selecting specific input parameters, which are detailed
in Table 2.

To ensure the reliability of the obtained results, a
comprehensive verification process is conducted. Veri-
fying two subsystems is sufficient to confirm the accu-
racy of the proposed multigeneration system. Accord-
ingly, the verification focuses on the ORC cycle and
the RO desalination subsystem. The ORC cycle is val-
idated using the studies conducted by Zhao et al. [13]
and Tzivanidis et al. [14] under identical operating con-
ditions. Detailed results are presented in Table 3.

Based on the initial simulation data, the pro-
posed system achieves energy and exergy efficiencies
of 10.29% and 36.77%, respectively. The ORC tur-
bine and PV/T solar collector generate 1834 kW and
59.06 kW of power, respectively. Incorporating a TEG
unit into the ORC cycle adds an additional 111.8 kW
of power. The cooling system exhibits energetic and
exergetic COPs of 0.54 and 0.22, respectively. Over-
all, the system is capable of producing 796.8 kg/day

of hydrogen and 5.52 kg/s of freshwater. Figure 2 de-
picts the exergy loss rates across different components
of the organic Rankine cycle. The results reveal that
the evaporator and turbine exhibit the highest exergy
losses within the cycle. Exergy degradation in the evap-
orators is primarily driven by significant temperature
differences between the inlet and outlet flows, while
irreversibilities in the heat exchangers are largely influ-
enced by these temperature disparities.

Pump, 105.4
TEG, 132.3 (W)

(kW)

Turbine, 193.1
(kW)

Evaporator,
1526 (kW)

Fig. 2. The rate of exergy destruction varies among
the different components of the organic Rankine cy-
cle
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Table 2. Input parameters for the modeling of the present study

Parameters ‘ Unit ‘ Value
PV/T
Dimensions m 1.31 x 2.175 x 0.18
Area m? 2.85
Cell dimensions m 0.125 x 0.125
Maximum temperature °C <134
Sun Temperature °C 5800
Solar radiation intensity W /m? 800
PV/T modules total area m? 85
Heat Pump
Working fluid: Isobutane
Inlet temperature of the turbine, 7§ °C 9.5
Outlet temperature of the turbine, 77 °C 75
Compressor isentropic efficiency % 85
RO
Recovery ratio, RR - 0.3
Number of elements, ne - 7
Number of pressure vessels, n, - 42
Seawater salinity, X ¢ g/kg 43
ORC
Working fluid: Isobutane
Inlet temperature of the turbine,Ti¢ °C 145
Inlet pressure of the turbine, Pig kPa 1500
Isentropic efficiency of Turbine % 85
Isentropic efficiency of Pump % 80
Absorption refrigeration system
Temperature of Evaporator, Teva °C 5
Temperature of Condenser, Teon °C 40
Temperature of Absorber, Taps °C 35
Temperature of Generator, Tges °C 100
PEM
Pu,, Po, atm 1
Eact,a kJ/mOl 76
Eact e kJ /mol 18
Aa - 14
Ae - 10
D mm 50
Jre A/m? 1.7 x 10°
Jret A/m? 4.6 x 10°
Table 3. Thermal efficiency validation results for the PVT solar collector area enhances power generation
the present study and references [13,14]. from the collector, thereby increasing the overall power
Wioulstorg flus) | Posseat cudly || Bek L2 || 1Rt 12 output of the sys:tem.. However, it is worth noting thz?t
Pentane 19.49 19.10 19.36 the power contribution of the PVT solar collector is
Cyclopentane 5949 2236 22.62 comparatively lower than that of the other two compo-
Tsopentane 18.95 1891 19.2 nents. A threefold increase in the PVT collector area
Toluene 21.26 21.08 21.35 results in a 3.77% rise in hydrogen production and a
1.85% rise in freshwater production within the system.
Figure 3 illustrates the impact of the PVT collector Figure 4 displays the impact of changing solar ra-
area on the freshwater and hydrogen production rates diation on the PVT collector and its impact on the
of the system. The proposed system incorporates three freshwater and hydrogen production rates. As so-
power generation components: the PVT solar collector, lar radiation intensifies, the hydrogen production by

the TEG unit, and the ORC cycle turbine. Expanding the PEM electrolyzer increases from 787.4 kg/day to
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803.1kg/day, while the freshwater production by the
RO unit rises from 5.493 kg/s to 5.548 kg/s. These
improvements are attributed to the enhanced power
output of the PVT solar collector under higher solar
radiation, which drives greater production efficiency in
both subsystems.
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Fig. 3. The influence of the PVT solar collector to-
tal area on the amount of hydrogen and freshwater
produced by the system
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Fig. 4. The influence of PVT solar radiation on the
quantity of hydrogen and freshwater produced by
the system

Figure 5 illustrates the relationship between the
ORC turbine inlet temperature and the power output

from both the turbine and the TEG unit. As the tur-
bine inlet temperature increases, the power generated
by both components rises. The elevated inlet fluid tem-
perature enhances the turbine’s output power and driv-
ing force, resulting in an increase in turbine power from
1420 kW to 1817 kW. Similarly, the power produced by
the TEG unit grows significantly, rising from 71.5 kW
to 393.3 kW.
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Fig. 5. The power produced by the turbine and
TEG influenced by the turbine inlet temperature

Figure 6 illustrates the effect of the ORC turbine in-
let temperature on hydrogen production by the PEM
electrolyzer and freshwater production by the RO de-
salination unit. As the turbine inlet temperature in-
creases, both hydrogen and freshwater generation rates
show a consistent upward trend. Specifically, as the
inlet temperature rises from 400 K to 450 K, the
hydrogen production rate increases from 600 kg/day
to 909.3kg/day, while the freshwater production rate
grows from 4.82 kg/s to 5.903 kg/s.

The performance of the system with different work-
ing fluids in the ORC cycle is illustrated in Figures 7
and 8. Five working fluids — Isobutane, Neopentane, n-
Hexane, n-Octane, and R134a — were analyzed for their
compatibility with the operating conditions of the ORC
cycle. Figures 7 and 8 reveal that n-Hexane achieves
the highest energetic and exergetic efficiencies, while
R134a exhibits the lowest performance in both met-
rics. A similar trend is observed in the hydrogen and
freshwater generation rates, with n-Hexane producing
the highest and R134a the lowest outputs. The supe-
rior turbine power generation associated with n-Hexane
accounts for these enhanced rates. Thus, it can be con-
cluded that using n-Hexane as the working fluid in the
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ORC cycle of the multigeneration system offers optimal

performance.
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Fig. 6. The influence of turbine inlet temperature on the rate of hydrogen and freshwater production
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Fig. 7. The influence of various working fluids on the system’s energy and exergy efficiency

4 Conclusions

This study presents a thermodynamic analysis of a
multigeneration system designed to generate power,
heat, cooling, hydrogen, and freshwater. The system
under investigation is based on the organic Rankine
cycle, a single-effect absorption refrigeration system, a
heat pump, a PEM electrolyzer, and a reverse osmo-

sis (RO) unit. It utilizes two distinct solar collectors —
geothermal energy and a photovoltaic-thermal (PVT)
collector — as its primary energy sources. Initially, the
governing equations, along with the thermodynamic
and thermoeconomic equations for the proposed sys-
tem, are presented. The system is then analyzed using
EES software. Its performance is evaluated, and the in-
fluence of various parameters on the effectiveness of the
multigeneration system is investigated. The key find-
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Fig. 8. The influence of various working fluids on the rates of hydrogen and freshwater production

ings from the analysis and simulation of the system are
summarized as follows:

e The exergy destruction analysis of the primary
cycles shows that in the ORC cycle, the evapora-
tor exhibits the highest exergy destruction rate,
at 1526 kW. Increasing the solar collector area
leads to higher freshwater and hydrogen produc-
tion rates in the system.

e Higher solar radiation leads to increased hydro-
gen and freshwater production rates.

An increase in the ORC turbine inlet temperature leads
to higher hydrogen and freshwater generation rates, as
well as greater turbine and TEG unit power genera-
tion. The evaluation of various working fluids in the
ORC cycle shows that n-hexane offers the best perfor-
mance in terms of efficiency, as well as hydrogen and
freshwater production rates.
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