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Abstract

Recently, discussions about energy and global warming have significantly
increased the focus on renewable energy. One of the suitable options for
this purpose is the use of multigeneration systems with solar and geother-
mal energy sources. In this research, a multigeneration system for hydrogen,
cooling, heating and power production based on the organic Rankine cycle,
absorption chiller cycle dryer, and the proton exchange membrane (PEM)
electrolyzer is investigated from thermodynamic and thermoeconomic points
of view. In the organic Rankine cycles (ORC), a thermoelectric generator
(TEG) unit is applied instead of a condenser, and different working fluids
are tested to study their performance on the system. All the simulations
are carried out using the Engineering Equation Solver (EES) software. The
impact of different factors on the efficiency of the multigeneration system
is investigated. The system’s energetic efficiency is measured at 41.58%,
while its exergetic efficiency stands at 25.61%, according to the findings.
Moreover, by using the TEG unit, 466.4 kW extra power is obtained. Fur-
thermore, the system can generate 493.1 kg/day hydrogen. From an exergy
destruction perspective, the solar collector and the PEM electrolyzer ex-
hibit the highest amounts. Finally, it is demonstrated that the geothermal
temperature and turbine inlet temperature positively impact the system’s
performance, while collector inlet temperature leads to a decrease in per-
formance.
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1 Introduction

Multigeneration systems refer to systems that produce
more than three outputs [1]. In addition to generat-
ing power, cooling and heating, these systems can also
facilitate several other energetic processes, such as the
production of chemicals, hydrogen, ethanol, biodiesel,
fertilizers, and drinking water. These systems are uti-
lized in power plants or units with high energy demand.
It should be noted that the design of these systems is
tailored to their specific application and location re-
quirements. These systems are also proposed as a solu-
tion to mitigate global warming, which is one of the fun-
damental challenges of the last century. The Rankine
cycle is utilized to generate power within these systems.
The absorption refrigeration system is employed to pro-
vide cooling, utilizing waste heat from this system to
produce fresh water. Additionally, the electrolyzer is
used to generate hydrogen, with the system supplying
the necessary power for water electrolysis. Indeed, hy-
drogen production serves as a method to store the sys-
tem’s generated power during the day for use at night
when sunlight is insufficient. Multigeneration systems
offer benefits such as improved energy efficiency, re-
duced heat losses, lower operational expenses, mini-
mized greenhouse gas emissions, enhanced resource uti-
lization, increased dependability, and decreased net-
work losses. These systems enhance the overall effi-
ciency of the unit while lowering operating costs. In
conventional power plants using fossil fuels, energy ef-
ficiency is typically less than 40%, with heat losses ex-
ceeding 60%. However, in conventional power plants
that simultaneously produce electricity and heat, en-
ergy efficiency can reach about 60%. In contrast, multi-
generation systems, utilizing waste heat, can achieve
efficiencies of up to 80% [2, 3]. In power plants em-
ploying multigeneration systems, unlike conventional
power plants, waste heat from electricity production is
utilized for heating and cooling units, eliminating the
need for additional fuel. Consequently, multigeneration
systems exhibit lower energy consumption and operat-
ing costs compared to conventional systems when gen-
erating the same products. As mentioned, due to re-
duced fuel consumption for producing the same prod-
ucts, multigeneration systems emit fewer greenhouse
gases compared to conventional systems.

Choosing the most suitable energy source is cru-
cial for a sustainable energy system. Several key crite-
ria must be considered when selecting the right energy
source [4]. Among these criteria, we can mention abun-
dance, local availability, reasonable price, reliability,
safety and compatibility with the environment. Solar
energy is the primary source among renewable energies,

as it is the fundamental driver of natural cycles related
to other renewables such as wind, water, biomass and
ocean. Converting solar energy into desired forms of
energy using suitable equipment is desirable [5]. Solar
radiation concentrating collectors, such as solar towers
with heliostat fields and parabolic collectors such as
solar dishes, are typically utilized for thermodynamic
cycles in power generation and heat engines such as
Stirling engines, owing to the high temperatures they
can achieve [6, 7]. Due to the advantages of the multi-
generation systems, they have garnered the attention
of many researchers. Various types of prime movers
can be utilized in these systems. In their study, Tash-
toush et al. [8] used the Transient System Simulation
Tool (TRNSYS) software to evaluate the transient per-
formance of a 7 kW solar ejector cooling system utiliz-
ing R134a as the refrigerant. During peak solar radia-
tion and the highest ambient temperature, the system
achieved an overall efficiency of at least 0.32. The effi-
ciency of the solar collector ranged from 0.52 to 0.92,
while the overall efficiency varied between 0.32 and
0.47.

Yilmaz [9] conducted research on the thermody-
namic performance of a recently developed cogenera-
tion system utilizing solar energy. The system was de-
signed to generate hydrogen, electricity, heat, cooling,
and potable water. The findings revealed that the sys-
tem achieved an overall energy efficiency of 78.93% and
an exergy efficiency of 47.56%. Furthermore, the sys-
tem produced hydrogen at a rate of 0.04663 kg/s and
fresh water at a rate of 0.882 kg/s. Islam et al. [10]
conducted a study comparing the energy and exergy
aspects of a multigeneration system with two different
setups. One setup combined the output of thermal gen-
erators with parabolic solar collectors, while the other
setup incorporated thermoelectric generators between
the solar heat exchanger and the first organic Rank-
ine cycle. The incorporation of thermoelectric devices
in the second arrangement enhances the energy and
overall efficiency of both the multigeneration system
and the initial organic Rankine cycle. Additionally, the
first organic Rankine cycle in system 2 experienced a
significant improvement in the amount of net work pro-
duced. The findings indicated that increasing the mass
flow rate of solar heat transfer fluid notably enhances
the output of turbines and thermoelectric generators.

In their study, Colakoglu and Durmayaz [11] devel-
oped a solar gas turbine-based multigeneration system
and conducted multi-objective optimization consider-
ing energy, exergy, and environmental aspects. This
system integrated a gas turbine cycle with a solar tower
axis, a Kalina cycle, an organic Rankine cycle, a sin-
gle effect absorption refrigeration cycle, an electrolyzer,
and two domestic water heaters. The results indicated
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that the proposed system achieved energy and exergy
efficiencies of 55.57% and 39.45%, respectively.

Haghighi et al. [12] conducted a thermodynamic
assessment of a multigeneration system that includes
electrical energy, cooling, drinking water, sanitary wa-
ter, and hydrogen. The system is based on a solid ox-
ide fuel cell and incorporates a gas turbine, a biomass
combustion subsystem, an organic Rankine cycle, an
ejector refrigeration cycle, a desalination subsystem,
and an electrolysis subsystem. Under standard design
conditions, the system demonstrated a net electrical
power of 4392 kW, a cooling load of 164.2 kW, and
achieved total energy and exergy efficiencies of 77.58%
and 47.14%, respectively. Furthermore, the produc-
tion rates for drinking and sanitary water and hydro-
gen were 53.27, 52.50, and 0.7695 moles per second,
respectively.

In their study, Cioccolanti et al. [13] conducted a life
cycle assessment of a small-scale cogeneration power
plant. The plant included a 50 square meter parabolic
collector solar field, a 3 cubic meter oil storage tank, a
3.5 kW organic Rankine power plant, and a 17 kW ab-
sorption chiller. Their research indicated that selecting
the appropriate working fluid and solar field size can
significantly optimize the power plant. The system’s
outputs are limited to heating, cooling, and electrical
power.

In their study, Saleem et al. [14] used TRYNSYS
software to model an energy system. They evaluated
15 different working fluids and used REFPROP soft-
ware to calculate their chemical properties. The find-
ings indicated that ammonia provides the highest en-
ergy yield. Additionally, the research suggests that in
large-scale energy systems, using batteries for energy
storage may be limited due to significant limitations.
To enhance overall efficiency, integrating a refrigera-
tion unit into the co-production system would be more
advantageous.

To validatethe simulation of a new power plant
model, Uche et al. [15] conducted experimental tests
on a small multigeneration unit utilizing renewable en-
ergies. The system generated electricity through so-
lar photovoltaics and a wind turbine, produced fresh
water through desalination, and provided sanitary hot
water using solar collectors. This power plant was en-
gineered specifically for off-grid operation and utilized
traditional energy storage systems.

Sohani et al [16] conducted research to deter-
mine the optimal operating conditions for a Solar-
Geothermal Multigeneration System, capable of simul-

taneously generating hydrogen, fresh water, electricity,
and heat. The study reported a 14.4% increase in an-
nual electricity production, a 16.1% increase in heat
production, a 13.5% increase in hydrogen production,
and a 14.3% increase in fresh water production. Addi-
tionally, the average annual exergy efficiency improved
by 5.2% and energy efficiency by 3.0%.

Upon investigating the previous studies, it was
noted that most of them utilized only one ORC cy-
cle, with TEG applications being rare. Therefore, in
this study, two ORC systems and two TEG units are
employed to generate additional power. This system’s
novelty lies in replacing two ORC condensers with two
TEG units to produce extra electricity.

2 System Description

Solar energy and geothermal energy are the primary
renewable energy sources for the proposed multigener-
ation system. The system integrates two organic Rank-
ine cycles (ORC) for power generation, a single-effect
absorption refrigeration cycle for cooling, a heat ex-
changer for heat production and dry air for product
drying, and a Proton Exchange Membrane (PEM) elec-
trolyzer for hydrogen production. Solar energy powers
one of the ORCs, while geothermal energy powers the
other. Additionally, geothermal energy is enhanced by
utilizing solar energy for additional heating. It is note-
worthy that in ORC cycles, a Thermoelectric Gener-
ator (TEG) unit is utilized instead of condensers to
generate additional power. A detailed illustration of
the analyzed system can be found in Figure 1.

In one phase of the process, the Therminol VP1
working fluid is heated by solar energy as it passes
through the solar collector. Subsequently, it moves into
the steam generator and economizer of the ORC cycle,
where it transfers its heat to the n-pentane working
fluid of the organic Rankine cycle. The n-pentane fluid
undergoes work in the ORC turbine, converting it into
electricity through the power generator. As a result, it
meets the necessary cooling demands via the absorp-
tion chiller cycle. In the second part of the system,
the geothermal fluid is heated using solar energy, and
then it enters the superheater of another ORC cycle
to generate power with the ORC turbine. The power
generated by the ORC turbines and the TEG units is
used for residential buildings and for hydrogen produc-
tion in the PEM electrolyzer. Dry and hot air, heated
by the solar working fluid, is employed in the dryer to
dehydrate a moist product.
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Fig. 1. The integrated multigeneration system is depicted in the schematic, which combines solar and
geothermal energy sources.

The system uses the following basic equations for
conducting thermodynamic analysis [17].∑
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ṁoutexout + ĖxW +ĖxD , (3)

Ėxph =
∑
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[
(hin − hout) − T0(sin − sout)

]
. (4)

In an economic analysis, the entire system’s cost
balance is expressed as shown in reference [18].

Ċp,tot = ĊF,tot + ŻCI
tot + ŻO&M

tot , (5)

The cost balance indicates that the product cost
rate of system (Ċp,tot) is equal to the sum of the fuel

cost rate (ĊF,tot), the initial capital investment cost

rate (ŻCI
tot), and the operating and maintenance cost

rate (ŻO&M
tot ). The cost rate of each component is [19]:

Żk =
Zk ϕCRF

τ
, (6)

in which Zk shows the cost per component, ϕ repre-
sents the maintenance factor and its amount is 1.06. N
is the number of operating hours of the system. Capital
recovery factor is described as:

CRF =
ir(1 + ir)n

(1 + ir)n − 1
. (7)

In this equation i and n show the interest rate and the
lifetime of the system, respectively, and are equal to 0.1
and 20 [20]. The collector yields power that is valuable
and equivalent to:

Qu = ncpncsFRAap

[
S − Ar

Aap
UL(Tr,i − T0)

]
. (8)

The equation above is employed to determine the ex-
ergy of the solar collector.

Ėxs = AapGb

[
1 +

1

3

(T0
Ts

)4
− 4

3

(T0
Ts

)]
. (9)
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The formula below can be used to calculate the power
produced by the TEG unit.

ẆTEG = ηTEG Q̇cold , (10)

ηTEG = ηCarnot

[
(1 + ZTm)0.5 − 1

(1 + ZTm)0.5 −
(

Tcold

Thot

)] (11)

ZTm =
S2σT

Ktot
. (12)

The thermodynamic equations for the different parts
of the multigeneration system are listed in Table 1.

Table 1. The proposed system’s energy balance equations and exergy destruction rate for each component
need to be determined.

Component Energy balance equations Exergy destruction rate equations

PTC collector ṁ14h14 + Q̇u = ṁ10h10 ĖxD,PTC = Ėxsun + Ėx14 − Ėx10

ORC steam
generator

Q̇sg,ORC = ṁ10(h10 − h11 = ṁ17(h17 − h22) Ėxd,sg,ORC = Ėx10 + Ėx22 − Ėx11 − Ėx17

ORC Economizer Q̇eco,ORC = ṁ11(h11 − h12 = ṁ21(h22 − h21) Ėxd,eco,ORC = Ėx11 + Ėx21 − Ėx12 − Ėx22

ORC1 turbine Ẇt,ORC1 = ṁ17(h17 − h18) ĖxD,t,ORC1 = Ėx17 − Ẇt,ORC1 − Ėx18

ORC2 turbine Ẇt,ORC2 = ṁ4(h4 − h5) ĖxD,t,ORC2 = Ėx4 − Ẇt,ORC2 − Ėx5

ORC1 TEG Q̇TEG,ORC1 = ṁ18(h18−h19) = ṁ23(h24−h23) ĖxD,TEG,ORC1 = Ėx18 + Ėx23 − Ėx19 − Ėx24

ORC2 TEG Q̇TEG,ORC2 = ṁ5(h5 − h6) = ṁ8(h9 − h8) ĖxD,TEG,ORC2 = Ėx5 + Ėx8 − Ėx6 − Ėx9

ORC1 pump Ẇp,ORC1 = ṁ20(h21 − h20) ĖxD,p,ORC1 = Ẇp,ORC1 − Ėx20 + Ėx21

ORC2 pump Ẇp,ORC2 = ṁ6(h7 − h6) ĖxD,p,ORC2 = Ẇp,ORC2 − Ėx6 + Ėx7

SEARC-Generator Q̇gen,SEARC2 = ṁ19(h19 − h20) Ėxd,gen,SEARC =Ėx19+Ėx27−Ėx20−Ėx28−Ėx31

SEARC-Condenser Q̇cond,SEARC = ṁ31(h31−h32)=ṁ39(h40−h39) Ėxd,cond,SEARC = Ėx31 + Ėx39 − Ėx32 − Ėx40

SEARC-Solution
heat exchanger

Q̇SHX,DEARC = ṁ28(h28 − h29) =
ṁ26(h27 − h26)

Ėxd,SHX,SEARC = Ėx28 + Ėx26 − Ėx29 − Ėx27

SEARC-Evaporator Q̇eva,SEARC = ṁ33(h34−h33) = ṁ35(h36−h35) Ėxd,eva,SEARC = Ėx33 + Ėx35 − Ėx34 − Ėx36

SEARC-Absorber
Q̇abs,SEARC = ṁ30h30 + ṁ34h34 − ṁ25h25 =
ṁ37(h38 − h37)

Ėxd,abs,SEARC =
Ėx30 + Ėx34 + Ėx37 − Ėx25 − Ėx38

SEARC-Pump Ẇp,SEARC = ṁ25(h26 − h25) Ėxd,p,SEARC = Ẇp,DEARC + Ėx25 − Ėx26

PEM ẆPEM = ṁ41h41 − ṁ42h42 − ṁ43h43 ĖxD,PEM = Ėx41 + ẆPEM − Ėx42 − Ėx43

Preheater Q̇ph = ṁ12(h12 − h13) = ṁ1(h2 − h1) Ėxph = Ėx1 + Ėx12 − Ėx2 − Ėx13

Drying process
(ṁairhair)in + (ṁprodhprod)in +
(ṁwaterhwater)in = (ṁairhair)out +
(ṁprodhprod)out + (ṁwaterhwater)out + Q̇loss

Ėxd,dry = (ṁairexair)in + (ṁprodexprod)in +
(ṁwaterexwater)in − (ṁairexair)out −
(ṁprodexprod)out − (ṁwaterexwater)out +
Q̇loss(1 − T0

Tavg
)

COPen COPen =
Q̇eva,SEARC

Q̇gen,SEARC + Ẇnet,SEARC

COPex COPex =
Q̇eva,SEARC(1 − T0

Teva
)

Q̇gen,SEARC(1 − T0
Tgen

) + Ẇnet,SEARC

Thermal efficiency ηth,tot =
Ẇnet + Q̇cooling + ṁ42HHVH2 − ẆPEM

Q̇u + ṁ1h1

Exergy efficiency ηex,tot =
Ẇnet + Ėxcooling + Ėx42 + Ėx43

Ėxin,sun + Ėx1
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Additionally, Table 2 presents the essential equa-
tions for analyzing the system’s cost functions.

Table 2. Cost functions for each system compo-
nent [21–23].

Component Purchase cost ($)

PTC Solar collector ZPTC = 240Aap

Heat exchangers ZHX = 130( A
0.093

)0.78

Preheater Zph = 1397(Aph)0.89

Turbine Zt = 4405(Ẇt)
0.7

Pump Zp = 1120(Ẇp)0.8

Expansion valve Zexv = 114.5ṁexv

Generator Zdes = 17500(Ades)
0.514

Condenser Zcond = 1773ṁcond

TEG ZTEG = 1500ẆTEG

PEM ZPEM = 1000ẆPEM

Table 3 provides the cost balance equations and
auxiliary equations for calculating the cost rate of ex-

ergy flows and the exergy unit price of each flow.

3 Results and Discussion

The system simulation is based on the following as-
sumptions:

1. The proposed systemis expected to operate under
constant conditions.

2. The assumption is that there is no pressure drop
across the evaporator, condenser, and all heat ex-
changers.

3. The condenser’s output fluid is assumed to be in
the saturated liquid state.

4. It is assumed that the efficiency of the pump and
turbine is isentropic.

5. All components studied in the system are treated
as control volumes.

6. Air is assumed to behave asan ideal gas.
7. The geothermal working fluid is assumed to be

water.
8. Solar radiation is assumed to be uniform and

steady-state.

Table 3. Cost balance relations and deriving auxiliary equations for each component of the system.

Component Cost balance equation Auxiliary equation

PTC Solar collector Ċsun + Ċ14 + ŻPTC = Ċ10 c14 = c10 , csun = 0

Steam generator Ċ10 + Ċ22 + Żsg,ORC = Ċ11 + Ċ17 c10 = c11

Economizer Ċ11 + Ċ21 + Żeco,ORC = Ċ12 + Ċ21 c11 = c12

Preheater Ċ12 + Ċ1 + Żph = Ċ13 + Ċ2 c12 = c13

ORC1 turbine Ċ17 + Żt,ORC1 = Ċ18 + Ċw,t,ORC c17 = c18

ORC2 turbine Ċ4 + Żt,ORC2 = Ċ5 + Ċw,t,ORC c4 = c5

ORC1 TEG Ċ18 + Ċ23 + ŻTEG1 = Ċ19 + Ċ24 c18 = c19, c23 = 0

ORC2 TEG Ċ5 + Ċ8 + ŻTEG2 = Ċ6 + Ċ9 c5 = c6, c8 = 0

ORC1 pump Ċ21 = Żp,ORC1 + Ċ20 + Ċw,p,ORC cw,p,ORC = cw,t,ORC

ORC2 pump Ċ7 = Żp,ORC2 + Ċ6 + Ċw,p,ORC cw,p,ORC = cw,t,ORC

SEARC-Generator Ċ19 + Ċ27 + Żgen,SEARC = Ċ20 + Ċ28 + Ċ31

c19 = c20 ,

Ċ28 − Ċ27

Ėx28 − Ėx27

=
Ċ31 − Ċ27

Ėx31 − Ėx27

SEARC-Condenser Ċ31 + Ċ39 + Żcond,SEARC = Ċ32 + Ċ40 c31 = c32, c39 = 0

SEARC-Evaporator Ċ33 + Ċ35 + Żeva,SEARC = Ċ34 + Ċ36 c33 = c34, c35 = 0

SEARC-Absorber Ċ30 + Ċ34 + Ċ37 + Żabs,SEARC = Ċ25 + Ċ38 + Ċ31

c37 = 0 ,

Ċ30 + Ċ34

Ėx30 + Ėx34

= c25

SEARC-SHX Ċ26 + Ċ28 + ŻSHX,SEARC = Ċ27 + Ċ29 c28 = c29

SEARC-Pump Ċ26 = Żp,SEARC + Ċ25 + Ċw,p,ORC cw,p,DEARC = cw,t,ORC

PEM Ċ41 + Ċw,PEM + ŻPEM = Ċ42 + Ċ43 cw,PEM = cw,t,ORC, c43 = 0
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To model the multigeneration system, specific in-
put data parameters are selected for simulation. Ta-
ble 4 presents the input parameters used for system
modeling.

Table 4. Parameters for the present study’s model-
ing need to be input [24–27].

Parameters Unit Value

Teva
◦C 5

Tcond
◦C 34

Tabs
◦C 40

Tgen
◦C 80

P4 (kPa) 3500
P6 (kPa) 700
P17 (kPa) 4700
P20 (kPa) 400

ηt,ORC − 85
ηp,ORC − 85

Collector inlet temperature ◦C 100
Solar intensity W/m2 850

Width of collector m 5.76
Length of collector m 12.27

Table 5 presents a comparison of the operational
characteristics of the proposed multigeneration system
and lists the related results.

Table 5. The general simulation results for the pro-
posed system.

Parameters Unit Value

ηen % 41.58
ηex % 25.61

Ẇt,ORC1 kW 461.9

Ẇt,ORC2 kW 227.6

ẆTEG1 kW 138.2

ẆTEG2 kW 328.2
COPen − 0.8103
COPex − 0.3484
Qcooling kW 1544
ṁH2

kg/day 493.1

Ėxd,tot kW 55702

The exergy destruction rates for the main parts of
the system are depicted in Figure 2. The figure illus-
trates that the PTC collector and PEM electrolyzer ex-
ibits the highest exergy loss rates, respectively. In solar
systems, a significant portion of the solar radiation’s
exergy is transferred to the environment as thermal
waste from solar collectors. One contributing factor
to the high inefficiency of solar systems is the substan-
tial temperature differential between the fluid entering
the panel and its surface temperature.

In Figure 3, the exergy destruction rates within the
components of the ORC1 cycle are illustrated. It is evi-
dent that the generator, economizer, and TEG unit ex-
hibit the highest exergy destruction rates among these

components, all categorized as heat exchangers. Irre-
versibilities primarily occurin heat exchangers with sig-
nificant temperature differences between the inlet and
outlet streams.

Fig. 2. Rate of exergy destruction for the primary
equipment in the system under investigation.

Fig. 3. The exergy destruction rate in the different
equipment of the ORC 1.

Figure 4 compares six different ORC cycles applied
in the proposed system in terms of overall power gener-
ation and hydrogen production rate. The studied work-
ing fluids include n-pentane, R245fa, R134a, R236fa
and R600. The primary reason for selecting these work-
ing fluids is their zero ODP, indicating they are environ-
mentally benign. Table 6 lists some of the thermody-
namic properties of these fluids. The results show that
among the studied working fluids, R600 achieves the
highest power generation of 1159.5 kW and the high-
est hydrogen generation rate of 494.7 kg/day. More-
over, the lowest level of power and hydrogen output
are observed with R245fa working fluid. The power
for PEM electrolyzer is entirely supplied by the ORC
cycle-generated power, making the selection of a work-
ing fluid crucial for maximizing both power and hydro-
gen production.

Figure 5 illustrates the relationship between the
temperature of geothermal water and the rates of power
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and hydrogen production. An increase in the geother-
mal water temperature correlates with higher rates of
power and hydrogen production. Elevated geother-
mal water temperature enhances energy transfer to
the ORC 2 cycle, resulting in increased power produc-
tion in the ORC 2 turbine and TEG. The increased
power production of the system results in a higher to-
tal power output and a corresponding increase in hy-
drogen production from the PEM electrolyzer. It is
evident that a 50 ◦C rise in geothermal water tempera-
ture causes a 34.5% increase in total power production
and a 12.7% increase in hydrogen production. As the
geothermal temperature increases from 378 K to 423 K,
the power production rate shows a linear progression
from 1208 kW to 1625 kW. In contrast, the hydrogen
production rate initially decreases from 488.4 kg/day
to 475.9 kg/day before increasing to 536.4 kg/day. The
turning point for the hydrogen production rate hap-
pens around 388 K. It is noteworthy that the hydrogen
production pressure is set at 1 atmosphere. The fluc-

tuation in hydrogen production rate is attributed to
changes in the mass flow rate of ORC 2, which is not
constant and is determined by solving an energy equa-
tion in the superheater.

Fig. 4. Comparing various organic Rankine cycle
(ORC) working fluids based on their total power
output and rate of hydrogen production.

Table 6. Thermodynamic properties of the studied working fluids.

Working fluid Tc(
◦C) Pc (MPa) ODP GWP ASHRAE safety group

n-Pentane 196.55 3.37 0 20 A2

R141b 204.15 4.21 0.086 700 A1

R236fa 125 3.2 0 9810 A1

R134a 122 4.05 0 1430 A1

R245fa 154.01 3.65 0 1030 B1

R600 152 3.79 0 4 A3

Fig. 5. The temperature of geothermal water influ-
ences the production of power and hydrogen.

In Figure 6, the total power and hydrogen produc-

tion rate are depicted in relation to the collector inlet
temperature. According to the data shown, raising the
temperature of the solar collector led to a decline in the
output variables. This was attributed to a decrease in
the initial heat transfer to the sub cycles. During this
cycle, a reduction in mass flow rate would result in
decreases in both net power and the rate of hydrogen
production, resulting in a downward trajectory for the
system’s output values. For instance, with a change in
collector inlet temperature from 353 K to 423 K, the
power generated by the system decreases from 1581
kW to 1385 kW, and the rate of hydrogen production
decreases from 521.8 kg/day to 480.9 kg/day.

In Figure 7, changes in the collector inlet tempera-
ture are shown to affect the exergy efficiency and total
cost rate of the system. As the collector inlet tempera-
ture increases, the system’s exergy efficiency decreases,
while the total cost of the system rises. Higher col-
lector inlet temperatures result in reduced power out-
put, leading to lower output values, reduced system effi-
ciency, increased exergy destruction, and consequently,
a higher total cost rate.
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Fig. 6. Effect of collector inlet temperature on the
total power and the hydrogen production rate.

Fig. 7. Impact of the exergy efficiency and total
cost rate change with variations in collector inlet
temperature.

The turbine inlet temperature is incredibly impor-
tant. When high-temperature and high-pressure fluids
enter the system, it generally leads to an increase in
power output. This process involves converting pres-
sure energy into kinetic energy to drive the turbine
blades. The changes in thermal efficiency and exergy
efficiency due to variations in turbine inlet temperature
are illustrated in Figure 8. Converting pressure energy
into kinetic energy is necessary to move the turbine

blades. In the case of ORC 2, a shift in the tempera-
ture at point 4 from 403 K to 503 K results in a 10.7%
increase in energetic efficiency and a 20.15% increase in
exergetic efficiency. The jump in the figure occurs due
to the power production rate generated by the ORC 2
turbine and TEG. Various factors influence the TEG’s
performance, one of which is its inlet temperature. At
approximately 460 K, there is a noticeable increase in
the power produced by TEG 2. This increase results
from the rise in the TEG’s inlet temperature, causing
a shift in the graph’s trend.

Fig. 8. The effect of changes in thermal efficiency
and exergy efficiency due to changes in turbine inlet
temperature.

In Figure 9, the impact of adjustments in net power
and hydrogen production rate as a result of variations
in the ORC 1 turbine inlet temperature is illustrated.
According to the charts, elevating the turbine inlet
temperature leads to an increase in both total power
and hydrogen production rates. When the turbine in-
let temperature is raised, a greater amount of energy is
transferred to the turbine, consequently allowing for in-
creased power generation by the turbine blades. More-
over, more power is produced in the ORC 1 TEG unit
by increasing turbine inlet temperature, which will in-
crease the total power. On the other hand, PEM elec-
trolyzer is completely dependent on the total amount
of power produced by the system. Therefore, higher
amount of power production by the system will result
in the higher amounts of hydrogen produced by the



28 Hydrogen, Fuel Cell & Energy Storage 1(2025) 19–30

PEM electrolyzer. The total power output increases
from 1308 kW to 1635 kW as the turbine inlet tem-
perature rises from 500 K to 600 K. Additionally, the
rate of hydrogen production rises from 468.8 kg/day to
524.5 kg/day during this temperature increase.

Fig. 9. The effect of changes in net power and hy-
drogen generation rate due to variation in turbine
inlet temperature.

4 Conclusions

Investigations are currently underway to analyze the
energy, exergy, and exergoeconomic elements of a
multi-generation system powered by solar and geother-
mal sources. Utilizing EES software, the system is un-
dergoing examination to understand the influence of
different parameters on its efficiency. The analysis has
revealed that the system boasts an energy efficiency of
41.58% and exergy efficiency of 25.61%. Overall, the
system produces a total power output of 1155.9 kW,
with the majority being generated by the turbine of
ORC 1. Upon examination of the exergy destruction
of individual components, it was found that the pri-
mary sources of exergy loss are the solar collector, PEM
electrolyzer, and ORC 1. Within the ORC 1 cycle, the
generator and economizer exhibit the highest rates of
exergy destruction.

Among the six different working fluids investigated
for the ORC cycles, R600 displays the most advanta-
geous performance for power generation and hydrogen
production.
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