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ARTICLE INFO ABSTRACT

Keywords: Employing suitable subsystems to reach high efficiency and low cost in renewable-based power plants is more
Branched GAX cycle crucial. The geothermal energy heat source is located in many countries, but this has never been investigated to
Geothermal energy run a multi-generation system, including a branched GAX cycle and an electrolyzer. In this path, a high-efficient

Multi-generation
Exergoeconomic
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multi-generation system powered by a Sabalan (Savalan) geothermal power plant consisting of a single flash
cycle, a branched GAX cycle, and an electrolyzer is presented and scrutinized from thermodynamic and exer-
goeconomic viewpoints. In the end, a two-objective optimization, by using the Total Unit Cost of Product (TUCP)
and energy efficiency as objectives, is utilized to find the optimum operating conditions. Critiques and studies of
variables reveal that the produced hydrogen rate remains unchanged at 5.655 kg/h by changing the degassing
value and temperature of the generator, condenser 2, and evaporator. By increasing the flash tank pressure from
5.2 bar to 7 bar, the cooling and heating loads rise about 108.4%, while the net electricity falls from 3977 kW to
3506 kW. Interestingly, the TUCP has a minimum value at the evaporator temperature of 273 K and condenser 2
temperature of 322.3 K. The optimization results indicate the values of the produced hydrogen rate and net
electricity with 5.85 kg/h and 4187 kW are more than those of the base case. Also, the optimal values are 7.046
$/GJ, 36.82%, and 65.42% for the TUCP and energy and exergy efficiencies, respectively.

of the countries which has focused on utilizing geothermal energy. Ex-
perts believe that by 2050, 10% of energy demand will be met using
geothermal energy, which is comparable to the current value of 0.2%
[10].

The typical temperature range of geothermal energy sources is 30-
220 °C. It is important to note that as a geothermal source is used
more frequently, its available temperature is decreases [11]. Hence, the
goal of next-generation geothermal systems is to use low-temperature
resources. Geothermal energy sources are classified based on
geothermal production well temperature [12]. High-temperature sour-
ces have temperatures above 150 °C, while medium-temperature sour-
ces work in the temperature range of 90-150 °C, and below 90 °C are
known as low-temperature sources. In most geothermal sources across
the world, the outflow water is liquid. However, it can also be in the
superheated and/or saturated states [12]. Using underground water to
generate power and heat is the common method to utilize geothermal
energy, specifically in cold regions. In addition, the efficiency of this
system is higher than that of the power generation system [13].

1. Introduction

Nowadays, with increasing energy consumption due to population
growth and industrial development, the world is facing the problem of
running out of available fossil fuels [1,2]. Therefore, to deal with such a
problem, researchers and designers have been obliged to use renewable
energies [3,4]. The burn of fossil fuels results in environmental damage,
including Greenhouse Gas (GHG) emissions, climate change, and global
warming. Renewable energies such as solar, wind, fuel cell, biomass,
and geothermal are desirable alternatives to fossil fuels, which can be
used in various applications such as generating cold, heat, electricity,
fresh water, and hydrogen [5-8]. Therefore, the development of
geothermal energy can drastically decrease energy consumption and the
negative environmental consequences of fossil fuels. There are a lot of
geothermal springs wherever volcanoes are active, especially in the
United States and China [9]. Geothermal energy is one of the well-
established resources for thermodynamic systems. Also, Japan is one
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Nomenclature

Parameters and variables
A Area (m?)

c Cost per exergy unit ($/GJ)
C Cost rate ($/yr)

D Membrane thickness (pm)
D, Degassing value (-)

Ex Exergy rate (kW)

F Faraday constant (c/mol)
fr Exergoeconomic factor (-)

h Enthalpy (kJ/kg)

I Interest rate (%)

J Current density (A/m?)

m Mass flow rate (kg/s)

NN Annual number of hours (h)

n, Components expected life (years)
P Pressure (bar)

Q Heat transfer rate (kW)

R Universal Gas Constant (J/kg.K)
e Relative cost difference (-)

s Specific entropy (kJ/kg.K)

T Temperature (K)

v Voltage (V)

w Power (kW)

Z Equipment purchase cost ($)

VA Investment cost rate of components ($/yr)
Acronyms

ARC Absorption Refrigeration Cycle
CRF Capital Recovery Factor

COP Coefficient of Performance

DWH Domestic Water Heater

ERC Ejector Refrigeration Cycle

EES Engineering Equation Solver
EUF Energy Utilization Factor

GAX Generator Absorber Heat Exchanger

FBGC Flash-Binary Geothermal Cycle
GAXA  GAX Absorber
GAXG  GAX Generator

GHG Greenhouse Gas
GTO Geothermal Technologies Office
LMTD  Logarithmic Mean Temperature Difference

LNG Liquefied Natural Gas

ORC Organic Rankine Cycle

PEME Proton Exchange Membrane Electrolyzer
PSO Particle Swarm Optimization
RHX Refrigerant Heat Exchanger
RO Reverse Osmosis

SGPP Sabalan (savalan) Geothermal Power Plant
TEG Thermoelectric Generator
TUCP Total Unit Cost of Product
Subscripts

0 Environmental state

a Anode

abs Absorber

act Activation

c Cathode

CI Capital Investment

cond Condenser

D Destruction

eva Evaporator

EV Expansion Valve

F Fuel

FT Flash tank

gen Generator

HE Heat exchanger

in Inlet

is Isentropic

L Loss

net Net

OM Operating and maintenance
out Outlet

P Product

pu Pump

ref Reference

tur Turbine

Greek symbols

Nenergy Energy efficiency

Nexergy Exergy efficiency

A Content of water at a distance
@r Maintenance factor (%)

o Local ionic conductivity of the membrane

Major researches have been carried out on geothermal energy sys-
tems in operating multi-generation cycles, some of which are mentioned
here. Nami and Anvari Moghaddam [14] evaluated a cold, heat, and
power poly-generation system using geothermal energy. Their system
included an Absorption Refrigeration Cycle (ARC), a Domestic Water
Heater (DWH), and an Organic Rankine Cycle (ORC). The results
showed that the payback period takes about 4.6 years, and the exergy
efficiency was 49.6% in the base operating conditions. Ambriz-Diaza
etal. [15] presented a tri-generation system based on geothermal energy
using ORC, ARC, and dehydrator and analyzed it from advanced exergy
and exergoeconomic outlooks. They calculated 8.54 $/h, 7.78 $/h, and
3.52 $/h as the costs of production for electricity, refrigeration, and
dehydration, respectively. To achieve an innovative geothermal-driven
multi-generation system, Parikhani et al. [16] used the Kalina cycle,
Liquefied Natural Gas (LNG), DWH, and an electrolyzer. They calculated
the energy and exergy efficiencies 62.74% and 33.82%, respectively.
Zare and Takleh [17] proposed two new systems with a geothermal
source for simultaneous production of cold, heat, and power. They used
energy and exergy analysis to obtain the results and conducted a

comparative study. In a similar study, two new systems based on
geothermal energy were proposed by Takleh and Zare [18], which were
a combination of ORC, Ejector Refrigeration Cycle (ERC), and heater.
Their presented system was designed for the summer and winter sea-
sons. In summer, power and refrigeration are produced, and in winter,
power and heat are generated. Gnaifaid and Ozcan [19] applied ther-
modynamic and economic analysis combined with multi-objective
optimization for a system based on the Flash-Binary Geothermal Cycle
(FBGC), ARC, and Reverse Osmosis (RO) desalination and showed that
in the optimal state, exergy efficiency and system cost equal to 58% and
242 $/h, respectively. The system suggested by Ansari et al. [20] was
able to produce six products. They used the ORC to generate power and
the ARC to generate cold and also assumed the geothermal source
temperature to be 573 K. Their results showed that the system exergy
efficiency could grow up to 71.6%. Based on the electricity generation in
the thermoelectric generator (TEG) [21,22], this unit can be used
replacement for the condenser in the geothermal driven systems [23].
Furthermore, hydrogen energy has attracted much attention as a
green energy carrier in the recent years. There are various methods to
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Fig. 1. Schematic of the SGPP-based multi-generation system.

produce hydrogen, but water electrolysis is a promising one especially if
renewable energy sources provide its necessary power [24]. Proton
Exchange Membrane Electrolyzer (PEME) has many advantages, such as
easy design, maintenance and operation [25]. Demir and Dincer inves-
tigated a solar-based gas turbine-PEME system [26]. A combined gas
turbine-ORC-PEME system for electricity, steam and hydrogen produc-
tion is studied by Nami and Akrami [27]. They claimed that the costs of
their generated steam, hydrogen, and power are 20.6 $/ton, 3.97 $/kg,
and 4.81 cent/kWh, respectively. Boyaghchi et al. [28] assessed a
biomass-fueled multi-generation with the integration of a PEME and an
ORC. Their obtained results showed that an overall thermal efficiency of
77% is achievable. Cao et al. [29] presented a multi-generation system
involving a flash binary cycle, a Kalina cycle, an ARC, and a PEME. They
used the ARC for the evaporator to refrigerate at -13 °C and also found
that as the geothermal water temperature ascends, the exergy efficiency

increases.

In practical thermal systems, optimization design problems usually
contain two or more conflicting objectives. Hence, Pareto front can offer
more reasonable solutions for those opposite objectives. Feili et al. [30]
employed the NSGA-II optimization method to optimize their combined
cooling, heating, and power system. They selected the Total Unit Cost of
Product (TUCP), energy efficiency, and exergy efficiency as the objec-
tives. Their three-objective optimization showed that optimal energy
efficiency, exergy efficiency, and TUCP equal 61.61%, 44.46%, and 0.63
$/kWh, respectively. Cao et al. [31] used the NSGA-II optimization
method in the Engineering Equation Solver (EES) software for opti-
mizing the multi-generation system powered by geothermal energy,
which consists of hydrogen and fresh water production units. They
employed R123/R1234ze(e), R123/R1234yf, R600/R1234ze(e), and
R600/R1234yf as working fluids and compared the results of
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optimization to select the best working fluid. According to their results,
R123/R1234ze(e) showed the highest cooling, hydrogen, freshwater
production rates, and energy efficiency. Also, the maximum power
generation and exergy efficiency belong to R600/R1234ze(e). The par-
ticle swarm optimization (PSO) algorithm is a population-based algo-
rithm that is applied to various problems. This optimization method
explores the domain of a cost function by setting the particles’ trajec-
tories [32]. Zhou et al. [33] proposed a power generation system pow-
ered by geothermal energy and did optimization using the PSO
algorithm.

In geothermal energy-based multi-generation systems, researchers
have used conventional absorption and ejector refrigeration cycles to
generate cooling. However, limited attention has been paid to the GAX
(Generator-Absorber Heat Exchanger) absorption refrigeration cycle,
which branched GAX cycle is one of the cooling cycles based on the GAX
In the branched GAX cycle, which is a modified single-effect ARC, a
solution of water and ammonia, which is environmentally friendly and
has a variable boiling point, can be used as the working fluid. The
variability of the boiling point in solutions, which is actually due to the
concentration variability in the components, causes the proximity of
temperature graphs in heat exchangers and reduces the exergy loss. The
branched GAX cycle also has better performance in comparison with the
conventional ARCs [34]. Using the branched GAX cycle in the multi-
generation system was commenced by Ref. [35], in which the pro-
posed system was able to produce electricity in the ORC, cooling in the
branched GAX cycle, and distilled water in the desalination system.
Their proposed system was able to generate electricity, cooling, heating,
and freshwater. Their results revealed that the highest energy and
exergy efficiencies occur using the Isopentane as a working fluid in the
ORC, with 79.78% and 33.56%, respectively.

Mohammadi et al. [36] used a gas turbine cycle, ORC equipped with
a heat exchanger, branched GAX cycle, and cascade refrigeration cycle
to propose a new multi-generation system to generate electricity and
cooling. The designed system was started using pure methane fuel. They
used thermodynamic, thermoeconomic, and environmental analysis to
report their results and then conducted a comparative study between the
multi-generation system and the gas turbine power generation system.
The results displayed that the multi-generation system has higher energy
and exergy efficiencies than the gas turbine power generation system.
Also, carbon dioxide emissions of 24,185 tone/yr was reported. In
another study, Pourpasha et al. [37] investigated a novel power and
refrigeration cogeneration system using the high-temperature ORC with
R143a as the working fluid, the low-temperature ORC with water as the
working fluid, and the branched GAX cycle. They considered the source
temperature to be 703 K and studied the proposed system from ther-
modynamic and exergoeconomic viewpoints. Their results in basic
operating conditions indicated that evaporator with 0.685 MW and
pump with 0.0008 MW have the highest and lowest exergy loss among
the proposed system components.

The literature survey on geothermal-based multi-generation systems
has shown that the available cooling systems are ARC and ERC [38-42].
These cooling systems have a lower coefficient of performance (COP)
compared with the branched GAX cycle [34]. Also, the branched GAX
cycle has been studied separately and has been used in very limited
multi-generation systems. Other points which are seen by surveying
literature review are 1) lack of employing PEME next to branched GAX
cycle, 2) lack of appealing the branched GAX cycle to produce heating,
and 3) lack of applying multi-objective optimization in the branched
GAX cycle. Therefore it can be argued that utilizing the branched GAX
cycle as a subsystem of geothermal energy is a good idea to reach high
cooling capacity. Besides, cooling production is essential due to global
warming and production complexity. It is important to note that using
fossil fuels to provide the required energy in Iran is a widespread tech-
nology, which leads to the production of greenhouse gases. It is worth
noting that eighteen locations with geothermal energy possibilities have
been determined in Iran. One of them is Sabalan (Savalan) geothermal

Energy Conversion and Management 268 (2022) 115996

power plant (SGPP), which is located in Meshkinshahr city [43].

In light of the above discussion, a new multi-generation configura-
tion working with a single flash cycle, a branched GAX cycle, and an
electrolyzer, powered by SGPP, is proposed in this paper. The proposed
system is capable of producing generate electricity, cooling, heating,
and hydrogen simultaneously. The branched GAX cycle is used in the
saturated liquid part of the flash tank outlet, which has high thermo-
dynamic properties and mass flow rate, leading to increased cooling and
heating outputs. The electricity is generated in a single flash cycle, and
part of it is used to drive the electrolyzer to produce hydrogen. For
scrutinizing the performance of the proposed system, thermodynamic
and exergoeconomic outlooks are used, and then two-objective opti-
mization, by using the TUCP and energy efficiency as objectives, is
utilized to find the optimum operating conditions. Considering the
emphasis on determining the novelties and innovations in an academic
study, the most distinguished points of this paper are summarized
below:

Evaluation of a novel multi-generation system benefiting from
Sabalan (Savalan) geothermal power plant source in a novel appli-
cation that has not been studied yet.

Simultaneous generation of three forms of energy (i.e., electricity,
heating, and cooling), as well as one different energy-based product
(i.e., hydrogen) via a modified and efficient multi-generation system.
Incorporating of a branched GAX cycle in the saturated liquid part of
the flash tank outlet to produce the cooling and heating.

Applying thermodynamic and exergoeconomic outlooks to evaluate
the system performance.

Conducting a two-objective optimization for reaching optimum
working conditions.

e Making a comparison with similar works that are powered by
Sabalan (Savalan) geothermal power plant.

2. System description

Fig. 1 illustrates the supposed multi-generation system powered by
SGPP. The presented system includes a single flash cycle, a branched
GAX cycle, and an electrolyzer, which is able to produce electricity,
cooling, heating, and hydrogen. As can be seen, liquid water is extracted
from the production well (state 1) and is passed through EV1. Then it
goes to the flash tank as a two-phase flow (state 2). After passing through
the flash tank, the saturated vapour (state 3) is directed to the turbine to
produce electricity and is then condensed at 30 °C (state 4 to state 5). On
the other hand, the saturated liquid (state 7) is used as a heat source to
run the branched GAX cycle through the generator (state 7 to state 8)
and electrolyzer via the heat exchanger (state 8 to state 9). Condensing
water is pumped by pump 1 to reinjection pressure (state 5 to state 6),
and states 6 and 9 are finally reinjected into the injection well.

According to Fig. 1, the branched GAX cycle consists of the gener-
ator, evaporator, condenser, rectifier, a Refrigerant Heat Exchanger
(RHX), GAX Generator (GAXG), GAX Absorber (GAXA), two pumps, and
two expansion valves. The saturated rich solution is ejected from the
absorber and is pumped to the low-temperature side of the generator. In
the generator, the solution absorbs heat from state 7. This solution is
boiled in the generator and produces vapour with a high ammonia
concentration. Vapour and liquid are delivered to the low-temperature
side and high-temperature side of the generator, respectively. The
weak solution is ejected from the generator and is passed through EV2,
GAXA, and pump 2, and is finally entered into the GAXG. Having left the
generator, the vapour ammonia passes through the rectifier and goes
towards condenser 2 to undergo the condensing process. It is important
to note that the saturated liquid goes back to the generator from the
rectifier. Then, condensing ammonia passes through RHX and EV3,
respectively, and goes to the evaporator to produce cooling. The liquid
refrigerant absorbs heat in the RHX and vaporizes. Finally, it goes into
the absorber to complete the cycle. Ultimately, the electrolyzer is
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Table 1

Details of mass, energy, and exergy relations for the proposed system components.
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Component

Mass equation

Energy equation

Exergy destruction

Condenser 1

My = Mo, My = Mis

Qcona1 =4 (hg — hs)
sQeonar = M1 (h11 — hio)

-, condl

Exp = (Exq — Exs) —(Ex1;1 — Exio)

= (EX3 —Ex4) W
Exj = Exy-(Ex; + Exs)

Ext” = Exy-Ex,

E;J;“l:wpul - (Ex;, 7E'x5>
. HE . . . .
Exp, = (Exg — Exo) —(Exss — Exs7)

Exf)m&abs = (Ex7 7E'x8)—(E'x14 + + Exi6 + Ex12 + Exa6 +
Exsg —EX27 —Ex17 —EX15 —EXog —Exo3 —EX3s

Turbine ms = my Wir=m4(h3 —hy),
Nisar = (hs — h4)/(hs — has)
FT My =My + ms mohy = myh; + mzhs
EV1 m = nmy h1 =hy
Pumpl ms = e Wi =mis (he — hs),
Nispun = (hes — hs)/(hs — hs)
HE Ty = Mg, Mgy = ritg Qup=mig(hs — ho)
Qup = Mg (hss — ha7)
Absorber s + Moz = Mz + Mo, Qubstotat = Mishis +1ita3has +aghag —titaghas —i2h1a —Mishis,
MisX1s + Maskos = Qabs = Qubs cotal —Qavaitabies
MhaXiz o MaoXze Qups =Ttz (hss — hss)
GAXA n:126 + Tf‘l24L_ = Mus + M2av, Quyaitable = Tishus + Titzayhaay —Toshas —Maarhar,
M2eX26 + M24r X241 =
MisX1s + MaayXaay
Generator - Qgen,wml = niehie + Mighis —Mizhis —Mazhyy —Mizhyy,
Qgen = Qgen.znml *Q:equired:
Qgen=mt7(h7 — hg)
GAXG My7 +Masv + Mg + M7 = Qrequirea = Mi6h1s +
Mie + MasL, Masy hosy —Mazhay —Masvhosy —mMizhis —mizhg,
Ma7X27 + MasyXasy +
mi3xi3 + MizXi7 =
Mi6X16 + Ma2sLX25L
RHX Myg = Mgg, Mz = Mia3

Condenser 2 g = Myg, M3y = M3 Qeongz =118 (h1g — h1o)

+Qeonaz = Maa(hs2 — har)

Evaporator Mgy = Mgy, Maq = Mgz Qeya=T22 (hgy — h21)
+Quva = nitz3(hss — haa)
Rectifier my7 + Mg = s, Qrece=ri130 (h30 — hao)
MuzXiy +usXis =MeX1s Q. = nuchis —tinshiy —mushis
Pump2 Mas = M7 Wiuz=titz7 (h27 — has ),
Nispuzss = (hazs — hae )/ (h27 — hae)
Pump3 Mog = My Wpua=ag (hag — h12),
Nispuzes = (hass —h12)/(hag — hi2)
EV2 Mg = fys his = his
EV3 My = My hyy = hy
Separation M3 + Myo = Mizg Myshas + Maohge = Maghso
0,
PEME M43 + My = M3g See PEME section

) ) ) ) Tie — T . RHX . . . .
Qrrx=m19(h19 — h20), Qrrx = M22(h23 — ha2), €rux = L Exp = (Exig — Exao) —(Exzs — Exzz)

T19 - T22

Exf;"dz = (Ex1g — Ex19) — (Exzy — Ex31)

Bxp = (Exz1 — Exag) —(Exsq — Exss)

ExereCt = (Exlﬁ *Ex17 - Exls) *(Exso - Eng)

e ) )
Bxy =W 7<Exz7 7Ex26)

L oou3 s . .
EXPD =Wpus — (Exzs *Exlz)
- EV2 ; ;.

Exp = = Ex14-Exis

. EV3 . .

Ex;,~ = Ex20-Exx

sep.0z

ExpP™ = Exag —(Exas + Exao)

- PEME . . . .
Ex,  =Wpemg + Exzo — (EX43 +Ex4o>

operated using one-tenth of the electricity generated by the turbine and
water to produce O, (state 43) and Hy (state 42). The operation of the
mentioned subsystem has been thoroughly examined in previous papers
[44-46].

EES software is used to find the properties of working fluids at each
state [47], and modelling of the proposed system is done beneath as-
sumptions [48-50]

o All components and their passing streams are in a steady-state.

e Pressure drops in all components are neglected.

e Pure water is exploited from the geothermal production well.

e Working fluids have saturated conditions at the flash tank, evapo-
rator, absorber, and condensers outlet.

e Expansion valves operate at the enthalpy constant conditions.

e Isentropic efficiency is used in the turbine and pumps modeling. (see
Table 5)

e Degassing value is assumed 0.30 and is defined as D, = (x12 —X14).

A few points to keep in mind, the first point is cooling water tem-
perature, which is below 30 °C. Forasmuch as the SGPP is located in
Meshkinshahr city, which is one of the cold cities in Iran. Being near the
high Sabalan (Savalan) Mountains, it enjoys a moderate mountainous

climate. So, the temperature below 30 °C throughout the year for
cooling water is available. The second point is selecting operational
conditions for the proposed system components. It is worth noting that
production well properties (state 1) are chosen based on the real data
(see Table 5). Moreover, other properties are selected based on the
previous literature and system operation. For instance, the pressure of
the flash tank is chosen as 5.2-7 bar to satisfy the required temperature
of state 14. The temperature outlet in the branched GAX cycle (state 14)
is about 415 K. It should be noted that the temperature of state 7 must be
more than the temperature of state 14. Mass flows are calculated based
on the mass flow of the SGPP.

3. Mathematical modeling

With regards to the importance of PEME, this unit is introduced with
details as follows:

3.1. PEME modeling

One-tenth of electricity generation in the turbine is devoted to the
electrolyzer. So, related reactions for the cathode and anode sides and
overall form are defined as below [51]:
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Table 2
Equipment purchase cost for the system components.
Component Cost equations ($) CEPClgef Ref.
Heat exchangers Zpgs = 30800 + 750 x (Apg)*® CEPCLogs = 325 [54]
Turbine Zur = 6000 X (W)™ CEPCl310 = 550.8 [55]
Flash tank Zpr = 4.34 x CprlogCrr=3.4974+0.4485 x1ogVir+0.1074 log? Ver CEPCln16 = 541.7 (561
Vir = %D2 (La+ Lg), Ly = 7Dy, Ly = 4.5D;,D = 3D,
4xAip.o. 4 PL—Pvyos5
Dyp= (—2)°% Ap =, V, = 0.069x (Y
= (—) » =y Ve ( ” )
Pump 1 Zp = 1120 x (Wpul)o-a" CEPCl3010 = 550.8 (571
Pumps 2,3 Zpuz3 = 3450 x (Wpu2,3)0'7 CEPCl310 = 550.8 (58]
PEME Zpgme = 1000 X Wegyg CEPCly010 = 550.8 (501
EVs Zgy =1145xm CEPCI5p00 = 394.1 [60]
H,0—2H" +0.50, +2e” (Anode side reaction) (¢}
Table 3
Auxiliary equations and exergy cost rate balances for the presented system . .
v eq &y P 4 2H" + 2e~ —H,(Cathode side reaction) (2)
components.
Component Cost rate balance Auxiliary equation H,0 + energy—H, + 0. SOz(Overall reaction) 3)
Condenser . 1 =C . €4=Cs,€10=0 .
1 ZC.S +Cu=Cs + Cro + e The hydrogen production rate can be calculated as follows [50]:
condl
Turbine C4 + Cwar=Cs + Z C3=C4 . J
- ST e T B Ny, = == 4
C7 +C3 =Ca + Zpr C7=C3 2F
EV1 Cy=C1 +Z - .
2T T B Here, F and J are expressed as Faraday constant and current density,
Pump 1 C6=Cs + Zya + Cwpu Cwpu1l =Cw.aur respectivel
. P . vely.
HE Co + C35=Cs + C37 + Co=Cs,c37=0 P y. . . .
. The required electricity to drive the electrolyzer is equal to [50]:
Absorber Crz + C13 + Co6 + c35=0, .
C36=Co3 + Cag + C15 +  (Ca3 + C15)/(Ex23 + Ex15)=C12/ Ex12 WeeMme = 1([;“ =JIxV (5)
Cas + Zaps (Cog + C15)/(Exzs + Ex15)=C13/ Ex13
C13/ Ex13=Ca6/ Exa6 Here, V is the voltage of the electrolyzer and can be calculated by
GAXA Ca6 + Coar, = Coav + (Caar —(Caav + C15))/(ExaqL —(Exaay + [50]:
Ci1s + Zaxa Ex15))= (Ca6 —(Coav +
C15))/(Bxas — (Exaav + Exis)) V = Vi + Vaeta + Vaete + Vorm (6)
Generator Cs + C14 + C16=C7 + cy=cg,
Car + Cus + Cuy + Zgen (€16 —C13)/(Ex1s —Ex13)= where Vo, Vaca, Vacie, and Vguy are the reversible potential, anode-side
(€14 —C13)/(Ex14 —Ex13) activation potential, activation potential of cathode-side, and ohmic
GAXG Ci6 + Casp = Cosy + (Cas. —(Casv + Ciz + Co7 + potential, respectively.
Cis + Co7 + C17 + C17))/(Exas. —(Exasy + Exiz + Exzr + The reversibility potential can be calculated as follows [50]:
Zeaxc Ex17))= (C16 —(Casv + C13 + Co7 + .
C17))/(Ex16 —(Exasv + Exiz + Exaz + Vo =1.229 — 8.5 x 107 (Terme — 298) @
Ex17))= . . o . .
. L . i) Anode-side and cathode-side activation potential can be calculated
RHX Coo + Ca3=C19 + C22 +  C19=C20 by 150
Zrux y [501:
Condenser - a0 =C ’ €18=C19,€31=0
Cjw + C32=C13 + C31 + 18=C19, 31 R X Teeme . . 4 J .
2 Zeond2 Vaei = F sinh RN 8
Evaporator  Cp, + C34=Ca; + Cs3 +  €21=C22,€33=0 0
Z, . . . .
- R L where Jy; is the current density of electrolyzer exchange and is obtained
Rectifier C3p + C18 + C17=C16 + €18=C19,C20=0 £ 50 .
Cao + Zreet (C18 —C16)/(Ex18 —Ex16)= rom [50]:
(C17 —C16)/(Ex17 —Ex16) Eoii
Pump 2 Cor=Cas + Zpuz + Cwpu2=Cw.ur Joi = Jiref x exp( - —) ,i=ac )
. R x Tppme
Cwpu2
Pump 3 Cos=Cua + Zpus + CW pu3 =Cw,qur And the ohmic potential is expressed as [50]:
Cwpus
EV2 ClSZCH + ZEVZ - Vonm =T X Repme (10)
EV3 ) Cn=Coo +Zpv2 - Here, Rppy is ohmic resistance and is defined as [50]:
Separation  Cy3 + Cao=Csg + Zepo,  C43=Cd0
0, L
PEME ¢42 + C3.9:C41 + Cw.PEME=Cw tur, C42=C39 Reeme = / dx 1D
Zpeme+Cw PEME OPEME [}‘(X) }

0

Here, [M(x)] and oppve [M(x) | indicate the amount of water at distance
x and the local unique coefficient of conductivity, respectively, and can
be calculated from the following equations [50]:
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3.2. Thermodynamic investigation

Balancing equations of mass and energy are defined based on the
relations beneath.

Z m,',, = Z muur
Q - W = Z moul(haut) - Z min (hm)

Exergy analysis is a crucial and qualitative strategy to investigate
thermodynamic systems. The exergy equation is expressed as:

EQ -+ Z minein = EW + Z mz)uleﬂut +ED

With regards to the above relations and Fig. 1, Table 1 shows the

14

(15)

(16)
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Table 4
Comparison of COP with Refs. [70-72].

Parameter  Reference  Current Relative Operating conditions
study error (%)
Yari et al. [70] Toa(K) = 278.15Tgn(K) =
COP 1.103 1.098 0.45 436.45Tona(K) =
Udayakumar [71] 313.15D, =5
COP 1.08 1.098 1.66
Herold et al. [72]
COP 1.10 1.098 0.18
Table 5
Input data.
Parameter Value Ref.
Sabalan (Savalan) geothermal power plant
Pressure of geothermal water,P; (bar) 12 (48]
Enthalpy of geothermal water,h; (kJ/kg) 1000 (48]
Mass flow rate of geothermal water,m, (kg/s) 45 (48]
Flash tank pressure, Ppr(bar) 5.2-7 assumed
Turbine expansion ratio, ERy,, 120 [48]
Turbine isentropic efficiency, ;; ,,r (%) 85 (48]
Pumpl isentropic efficiency, ;5,1 (%) 85 (48]
Branched GAX cycle
Generator temperature, Tge(K) 400-420 assumed
Condenser 2 temperature, Tgonaz (K) 308-328  assumed
Evaporator temperature, Teyq(K) 270-280 assumed
Degassing value, Dy 0.2-0.37  assumed
The effectiveness of heat exchanger, egrux 0.8
[58,73]
Pumps 2&3 isentropic efficiency, 7 py2.3 (%) 50 (58,731
Condenser, absorber, rectifier, and evaporator inlets water 298 (58,731
temperature, Ti, (K) e
The vapor quality of the two-phase solution leaving the 0.94 (58.73]
evaporator, QUyyt eyq 2%
Ammonia mass fraction of the rectifier outlet, Xour rect 0.995 58,73]
28,73
PEM electrolyzer unit
PEME temperature, Tpgye (K) 353 [45]
Anode pre-expotential factor,Ji¥ (A.m~2) 1.7x10° [45]
Anode activation energy, Eqq (kJ.mol 1) 76 [45]
Faraday constant, F (C.mol™!) 96,486 [45]
Membrane thickness, D (pm) 100 [45]
Cathode pre-expotential factor, J& (A.m~2) 4.6x10° [45]
Cathode activation energy, Eqc (kJ.mol™) 18 [45]
< (1. Y )AMembrane cathode surface water, 10 [45]
2 (1.2 1)AMembrane anode surface water, 14 [45]
Economic parameters for cost evaluation
Annual operational hours, NN (hour) 7000 [74]
Unit cost of geofluid exergy,C; ($/GJ) 1.3 [74]
Maintenance factor,¢, 1.06 (74]
Annual interest rate, I, (%) 15 [74]
Lifetime of the systems,n;(years) 20 (741
NSGA-II algorithm
Probability of mutation 0.01 -
Probability of crossover 0.8 -
Maximum number of generation 150 -
Population size 200 -

equations of the mass, energy, and exergy for each component of the
proposed system.
The first law of thermodynamics provides a suitable benchmark for
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the evaluation of system performance, which is Energy efficiency.
Therefore, for the proposed system, with the ability to generate elec-
tricity, heating, cooling, and hydrogen, energy efficiency can be
expressed as below:

Wnez + Qc()r)lirlg + leetltiilg + mypLH VHz

= 17
myhy — mghs — nighy an

nenergy

here, Wy, Qcogling, and Qheaﬁ,,g denote pure electricity, cooling load,
and heating load, and are defined as below:

Woer = Waar — Wit = Wi — Wiz — Wee 18)
O = Qheating = 3¢ (has — has) (19)
Oora = Qcoaling = 1mze(has — hag) (20)

Also, for the branched GAX cycle, the Energy Utilization Factor
(EUFgax) can be defined as below:

O.ovting + Cheating

EUFgay = = - : @1
Qgen + WpuZ + Wpu3
Likewise, exergy efficiency can be expressed as:
By = e B v 22)

Exl — EXG - EXQ
3.3. Exergoeconomic investigation

The cost balance relation for the system components is presented as
below [52]:

Cq.k = Z Cins+Zi = Cop + Z Couk (23)

here C'q_k and C‘w_k denote cost rate of heat exchange and output

electricity, and Cinx and Co.x indicate the cost rate of inlet and outlet
flows for the k™ component

Cost rate, unit cost, and exergy are related together via beneath
equation [52]:

Ck = CkEXk (24)

For the k™ component, the relative cost difference is defined as
below:

Iy = (CP.k - CF,k)/CF.k (25)

For the k™ component, the exergoeconomic factor is:

fo=af (204201 26)
in which the cost rate of the total input stream is [52]:
. . . 365 x 24
2 =7+ 7" = CRF x % X 7, 27)

where Z is the total cost for the k™ component, ;" and Z; are the
cost rate of the operating and maintenance and investment for the Kkt
component, ¢, is the maintenance factor, NN is the annual operating
hours, and CRF is the capital recovery factor defined as [52]:

L(1+1)"

CRF ="
(IT+1)" =1

(28)
In the relation above, I, and n, are interest rate and system life.
Additionally, to translate the calculated values regarding 2021 for

the k" component into real values, CEPCI, which is defined below, is

applied [53]:

(29)

. . ( CEPCI
Zioo = Zy <A>

CEPCI, ref ,year
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Table 6

Thermodynamic properties and exergoeconomic outcomes for each state of the proposed system at the base case.
State T(K) P(bar) h(kg/KT) s(kg/KIK) m(kg/s) X Ex(kW) ¢($/h) ¢($/kWh)
1 461.1 12 1000 2.653 45 - 9720 45.49 0.00468
2 425 5.2 1000 2.707 45 - 8996 45.69 0.005079
3 425 5.2 2749 6.821 7.676 - 5541 28.14 0.005079
4 302.8 0.04167 2163 7.163 7.676 - 261.1 1.326 0.005079
5 302.8 0.04167 124.3 0.432 7.676 - 19.59 0.0995 0.005079
6 302.8 5.2 124.8 0.4319 7.676 - 23.41 0.2532 0.01082
7 425 5.2 640.4 1.861 37.32 - 3455 22.46 0.006502
8 415.2 5.2 597.9 1.76 37.32 - 2995 19.47 0.006502
9 415.1 5.2 597.8 1.76 37.32 - 2994 19.47 0.006502
10 298.2 1.012 104.8 0.3669 748 - 1869 0 0
11 303.2 1.012 125.8 0.4365 748 - 1998 27.8 0.01391
12 309.8 4.784 -75.28 0.3887 3.598 0.5111 36485 565.5 0.0155
13 353 15.48 123.5 0.9849 3.598 0.5111 36560 566.1 0.01548
14 418.2 15.48 489.4 1.823 2.795 0.2111 12154 186.6 0.01536
15 381.4 4.784 489.4 1.851 2.795 0.2111 12130 186.7 0.01539
16 353 15.48 1426 4.57 1.453 0.9877 28790 445.3 0.01547
17 353 15.48 123.5 0.9849 0.0218 0.5111 221.5 5.946 0.02684
18 340.4 15.48 1383 4.445 1.431 0.995 28555 441.7 0.01547
19 313.2 15.48 187.3 0.6622 1.431 0.995 28458 440.2 0.01547
20 285.3 15.48 53.41 0.2146 1.431 0.995 28457 440.2 0.01547
21 276.2 4.784 53.41 0.2225 1.431 0.995 28454 440.2 0.01547
22 278.2 4.784 1198 4.343 1.431 0.995 28333 438.3 0.01547
23 303.3 4.784 1332 4.809 1.431 0.995 28326 440.4 0.01555
24L 353 4.784 167.9 1.038 2.456 0.2785 398.2 170.1 0.427
24V 353 4.784 1535 5.393 0.289 0.9304 88.54 37.81 0.385
25L 381.4 15.48 265.4 1.356 3.542 0.3654 614.6 773.3 1.258
25V 381.4 15.48 1550 4.898 0.7465 0.9432 470.5 591.9 0.864
26 353 4.784 164.9 1.038 0.6287 0.2785 3514 54.41 0.01548
27 353.4 15.48 167.4 1.042 0.6287 0.2785 3515 54.57 0.01553
28 310.2 15.48 -72.65 0.3929 3.598 0.5111 36489 566.2 0.01552
29 298.2 1.012 104.8 0.3669 0.6189 - 1.546 0 0
30 333 1.012 250.7 0.8295 0.6189 - 6.444 0 0
31 298.2 1.012 104.8 0.3669 18.38 - 45.91 0 0
32 320.4 1.012 198 0.6681 18.38 - 106.8 5.618 0.05261
33 298.2 1.012 104.8 0.3669 23.11 - 57.73 0 0
34 281.2 1.012 33.97 0.1222 23.11 - 106.1 5.309 0.05004
35 298.2 1.012 104.8 0.3669 7.632 - 19.06 0 0
36 343 1.012 292.5 0.9533 7.632 - 117.1 9.986 0.08526
37 298.2 1.012 104.8 0.3669 0.01404 - 0.03507 0 0
38 353.2 1.012 335 1.075 0.01404 - 0.3009 1.513 5.027
39 353.2 1.012 119.5 0.3788 0.01644 - 3.03 0.3473 0.1146
40 353.2 1.012 335 1.075 0.003977 - 0.08524 0.114 1.337
41 353.2 1.012 335 1.075 0.01802 - 0.3861 1.626 4.212
42 353.2 1.012 4723 55.81 0.001571 - 183.4 21.02 0.1146
43 353.2 1.012 50.8 0.1566 0.01247 - 1.591 0.2333 0.1466

With consideration of the discussion above, for the presented system,
the cost equation of each system’s component is given in Table 2.

The heat transfer area is computed based on the Logarithmic Mean
Temperature Difference (LMTD) method as follows:

Oy
Ay =—-""—— 30
* Uy X ATy 30
AT, — AT,
ATy = % 31

ATp

Table 3 illustrates auxiliary relations and exergy cost rate balances
for the presented system components

As illustrated in Table 3, the cost per exergy unit of cooling water
(c10andcsp) are usually assumed to be zero in the energy systems pow-
ered by Sabalan (Savalan) geothermal power plant [43,48].

Finally, the Total Unit Cost of Product (TUCP) is defined as:
Cwpet + Caa + Cag + Ca

TUCP = —

Woer + Exas + Exzg + Exyp

3.4. Optimization

Numerous optimization mechanisms are used in energy systems to

achieve optimal performance points [61-63], but NSGA-II is the most
important [64]. A random search mechanism is used in this optimization
method to optimize problems, specifically time optimization [65].
NSGA-II is a popular multi-objective optimization algorithms since it has
three benefits: a rapid and non-dominated sorting method, a fast
crowded distance estimation procedure, and a simple crowded com-
parison operator [66]. To achieve optimum working conditions in
thermodynamic cycles, NSGA-II is used [67]. In this way, the EES and
MATLAB software is coupled to accomplish two-objective optimization
for recognizing the best performance of the presented system and
optimal operating conditions. Table 5 shows the five decision variables
and their ranges which are assumed to optimize the presented system.
Meanwhile, Fig. 2 shows the flowchart of the NSGA-II suitably.

4. Validation

The accuracy of thermodynamic simulation of the studied sub-
systems, namely single flash geothermal cycle, electrolyzer unit, and
branched GAX cycle, is needed to be first scrutinized. To fulfill this
importance, when flash cycle pressure changes between 100 kPa and
600 kPa, the power generation of the cycle is compared with that for
Ref. [68]. As seen in Fig. 3(a), the obtained outcomes via this verifica-
tion confirm the accuracy of modeling the single flash cycle.
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Fig. 4. (a-b): Effect of flash tank pressure on the presented system outputs.

On the other hand, as a key subsystem, the electrolyzer is validated at
80 °C, and the simulation outcomes are compared with an experimental
work by Ioroi et al. [69] and are shown in Fig. 3(b).

To validate the branched GAX cycle, the obtained COP from
modeling is compared with those for Refs. [70-72] in Table 4. According
to Table 4, the highest relative error with 1.66% is for validation of
Udayakumar [71]. It is important to note that operating conditions for
all three papers are alike.

5. Results and discussion
5.1. Parametric study

Inspecting the influence of different variables on the thermodynamic
system’s essential outputs can provide vital views for designers in

experimental projects. Taking this into consideration, the effects of
evaporator temperature, generator temperature, condenser 2

10

temperature, flash tank pressure, and degassing value (D,) as five
design/operational parameters on net electricity, cooling and heating
loads, produced hydrogen rate, energy and exergy efficiencies, Energy
Utilization Factor of branched GAX cycle (EUFgax), and Total Unit Cost
of Product (TUCP) for the presented system are scrutinized. Thereby,
when the influence of one of the five variables on the proposed system’s
essential outcomes is studied, the rest of them have identical values
(equal to the values in Table 5).

The input data for the presented system are given in Table 5.

To calculate the thermodynamic properties and exergoeconomic
outcomes for each state of the base conditions is used input data from
Table 5. Thereby, Table 6 shows these outcomes.

5.1.1. Effect of flash tank pressure on the presented system outputs

One of the critical variables in the single flash geothermal cycle is
flash tank pressure, whose impacts on the eight essential outcomes of the
presented system in the pressure range 5.2-7 bar are demonstrated in
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Fig. 5. (a-b): Effect of generator temperature on the presented system outputs.

Fig. 4(a-b). Notably, the most conspicuous influence of the rising pres-
sure by passing through the constant enthalpy process (in the EV) is the
decrease in the quality of the working fluid [75]. Therefore, with
increasing flash tank pressure, the inlet quality in the flash tank (x2)
decreases, and consequently, mz and m; decrease and increase, respec-
tively. Obviously, with increasing flash tank pressure, ms and Wer
decrease. It means that increasing flash tank pressure is led to a decline
in net electricity, as displayed in Fig. 4(a). It should be noted that the
required electricity to run the PEME is supplied by the turbine power. It
means that the produced hydrogen rate has a decreasing trend with
increasing flash tank pressure. On the other hand, with raising flash tank
pressure, the properties of the generator inlet (state 7) increase, result-
ing in an increment in mass flow rate at the branched GAX cycle, which
is the logic behind the improvement of cooling and heating loads.
Numerically, as can be seen in Fig. 4(a), the highest cooling and heating
loads are at the flash tank pressure of 7 bar, with 3941 kW and 3447 kW,
respectively. On the opposite side, the maximum produced hydrogen
rate and net electricity are calculated at the flash tank pressure of 5.2

11

bar, with 3977 kW and 5.579 kg/h, respectively.

Despite increasing heat transfer in the generator and cooling and
heating loads, due to their identical effect, the Energy Utilization Factor
of the branched GAX cycle remains constant and equal to 1.924. As can
be seen in Fig. 4(a), energy efficiency can rise with increasing flash tank
pressure. On the contrary, exergy efficiency has a decreasing trend.
Quantitatively speaking, energy and exergy efficiencies at the flash tank
pressure of 7 bar are equal to 52.55% and 60.84%. From the exer-
goeconomic outlook, the production costs of cooling and heating loads
are more dominant than the cost of the other two products, which means
that TUCP rises with the increasing pressure of the flash tank. According
to Fig. 4(b), numerically, the lowest TUCP is obtained at the flash tank
pressure of 5.2 bar, which is equal to 7.417 $/GJ.

5.1.2. Effect of generator temperature on the presented system outputs
Fig. 5(a-b) depicts the trend of the presented system outputs
regarding generator temperature as a variable. With the increase of
generator temperature, electricity generation in the turbine remains
constant. It is worth noting that the produced hydrogen rate entirely
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Fig. 6. (a-b): Effect of evaporator temperature on the presented system outputs.

depends on electricity generation in the turbine. Thus, the produced
hydrogen rate does not have any changes. On the other hand, decreasing
mass flow rate in the branched GAX subsystem occurs by increasing the
generator temperature. It means that the consumption of power in
pumps 2 and 3 and cooling and heating loads is reduced. That is why the
net electricity has an increasing trend with an increment of the gener-
ator temperature. Numerically, as can be seen in Fig. 5(a), the highest
cooling and heating loads are obtained at the generator temperature of
400 K, with 4588 kW and 4281 kW, respectively. On the opposite side,
the maximum net electricity is calculated at the generator temperature
of 420 K, with 4036 kW.

When the heat transferred to the presented system is constant and
loads of cooling and heating fall, the energy efficiency and Energy Uti-
lization Factor of the branched GAX cycle see a reduction by rising the
generator temperature. However, the exergy efficiency entirely depends
on net electricity, and that is why it has an increasing trend. According
to Fig. 5(b), numerically, at the generator temperature of 400 K, the
highest energy efficiency and Energy Utilization Factor of the branched

12

GAX cycle are obtained, with 53.08% and 1.966, respectively. In
contrast, the maximum exergy efficiency is achieved at the generator
temperature of 420 K with 65.58%. TUCP has a decreasing trend with an
increment of generator temperature due to reducing system productions
such as cooling and heating loads, which have an impressive influence
on the presented system costs. Quantitatively speaking, minimum TUCP
is obtained at the generator temperature of 420 K, with 7.33 $/GJ.

5.1.3. Effect of evaporator temperature on the presented system outputs
The effects of evaporator temperature on system outcomes are dis-
played in Fig. 6(a-b). Similar to the generator temperature, with the
increasing evaporator temperature, electricity generation in the turbine
and produced hydrogen rate remain constant, while the mass flow rate
passing through the branched GAX cycle increases and causes an
increment in cooling load. Net electricity and heating load are reduced
by an increment of evaporator temperature. Therefore, when the
evaporator temperature goes up from 270 K to 280 K, the cooling load
increases from 1251 kW to 1718 kW, while heating load and net
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Fig. 7. (a-b): Effect of condenser 2 temperature on the presented system outputs.

electricity fall from 1504 kW to 1417 kW and from 4036 kW to 4034 kW,
respectively.

As can be seen in Fig. 6(a), with increasing evaporator temperature,
increasing the cooling load has a keener trend in comparison with the
reduction of net electricity and heating load. Therefore, having constant
heat input, energy efficiency and Energy Utilization Factor of the
branched GAX cycle go up by the rising evaporator temperature. Ac-
cording to Fig. 6(b), at the evaporator temperature of 280 K, the highest
values for energy efficiency and Energy Utilization Factor of the
branched GAX cycle obtain as 33.86% and 1.964, whereas their mini-
mum values are equal to 32.12% and 1.729 at the evaporator temper-
ature of 270 K, respectively. Moreover, at the evaporator temperature of
270 K and 280 K, the highest and lowest exergy efficiencies are 66.01%
and 65.04%, respectively. Interestingly, TUCP has a minimum value at
the evaporator temperature of 273 K, which may be caused by the
opposite trend between the cost of cooling load and the costs of net
electricity and heating load. As a quantitative outcome, the lowest TUCP
is equal to 7.35 $/GJ.
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5.1.4. Effect of condenser 2 temperature on the presented system outputs

The influence of condenser 2 temperature on the key presented
system outputs is displayed in Fig. 7(a-b). As previous variables (i.e.,
temperatures of generator and evaporator), electricity generation in the
turbine and produced hydrogen rate remain intact. Also, raising the
temperature of condenser 2 from 308 K to 328 K has a reverse effect on
net electricity and cooling load and causes a decrement in cooling load
and net electricity. It is important to note that the total heat transfer in
the absorber is the aggregate of the heating load and available heat
transfer in the absorber. By increasing condenser 2 temperature, the
available heat transfer in the absorber is reduced and leads to the
heating load enhancement, and numerically, when the condenser 2
temperature grows up from 308 K to 328 K, the heating load boosts from
1357 kW to 1576 kW. According to Fig. 7(a), the highest net electricity
and cooling load are achieved when the condenser 2 temperature is 308
K, with 4035 kW and 1862 kW, respectively.

It is worth mentioning that the produced hydrogen rate is constant
with the increasing temperature of condenser 2, while the heat input to
the presented system decreases. As can be seen in Fig. 7(a), the
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Fig. 8. (a-b): Effect of degassing value on the presented system outputs.

decreasing trend of cooling load and net electricity is more dominant
than the increasing heating load and leads to decreasing energy effi-
ciency and Energy Utilization Factor of the branched GAX cycle, as
shown in Fig. 7(b). Notwithstanding reducing net electricity, exergy
efficiency increases slightly, which is due to more reduction of input
exergy. Quantitively speaking, when condenser 2 temperature goes up
from 308 K to 328 K, exergy efficiency rises from 65.11% to 65.22%,
while energy efficiency decreases from 34.25% to 32.48%. Fig. 7(b)
reveals that the TUCP has a minimum value at the condenser 2 tem-
perature of 322.3 K, which equals 7.348 $/GJ.

5.1.5. Effect of degassing value on the presented system outputs

The effect of degassing value on the key presented system outputs is
shown in Fig. 8(a-b). Degassing value is one of the most important
variables to investigate the proposed system based on the branched GAX
cycle, which is defined as the difference in concentration between rich
and weak solutions. Similar to the previous variable, electricity gener-
ation in the turbine and produced hydrogen rate remain unchanged, in
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which the produced hydrogen rate is equal to 5.655 kg/h, as shown in
Fig. 8(a). The increment of degassing value means that the passed mass
flow rate through the evaporator, absorber, pump 2, and pump 3 in-
creases, while the mass flow rate passing the generator does not have
any changes, which leads to an increasing trend for heating and cooling
loads and decreasing trend for net electricity. Numerically, when the
degassing value goes up from 0.2 to 0.37, cooling and heating loads rise
by 86.36% and 9.22%, and the net electricity is reduced to 4033 kW.
Based on Eq. (21), the Energy Utilization Factor of the branched GAX
cycle entirely depends on cooling and heating loads. Referring to Fig. 8
(a), these outputs have an increasing trend with an increment of
degassing value and lead to an increased Energy Utilization Factor of the
branched GAX cycle from 1.533 to 2.192. Also, the energy efficiency has
a behavior similar to the mentioned output and can grow from 30.69%
to 35.54%. On the contrary, exergy efficiency is slightly reduced with
increasing degassing value. From the exergoeconomic viewpoint, the
production costs of cooling and heating loads are more dominant than
the cost of the other two products, which means that TUCP rises with an
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Fig. 9. Pareto optimal frontier obtained by two-objective optimization.

Table 7

Decision variables and main outcomes of the proposed system.
Parameters Basemode  Optimal mode
Decision variables
Flash tank working pressure, Ppr (bar) 5.2 5.58
Evaporator temperature, Te,q (K) 278 265.3
Condenser 2 temperature, T;onaz (K) 313 326
Generator temperature, Tge, (K) 418 418.5
Degassing value, Dy 0.30 0.357
Main outcomes
Produced hydrogen rate,myz(kg/h) 5.65 5.44
Heating load,Qpeqting (kW) 1638 2122
Cooling load,Qcgoling (kW) 1432 1658
Net electricity, Wpe: (KW) 4034 3878
Energy efficiency,/eperg, (%) 33.56 36.82
Exergy efficiency,oyerg, (%) 65.11 65.42
Overall exergy fuel rate,E'x?mI(kW) 6702 6610
Overall exergy production rate,Exfml(kW) 4364 4324
Overall exergy loss rate,Exioral(kW) 1921 203.7
Overall exergy destruction rate,E'x;)[al(kW) 2146 2082
Overall investment cost rate,Zy.q($/h) 123 25.57
Overall cost rate of exergy destruction,C‘gtﬂl ($/h) 8.25 23.99
Overall cost rate of exergy loss rate,C',t_oml($/h) 32.96 109.7
Overall cost rate of exergy fuel rate,C‘?ml(!S/h) 25.77 8.05
Overall cost rate of exergy production rate,C;f’ml(ﬁi/h) 115.8 108.1
Total unit cost of product, TUCP($/GJ) 7.37 7.046

increment of degassing value. According to Fig. 8(b), numerically, the
lowest and highest TUCP are obtained at degassing values of 0.2 and
0.37, which are equal to 7.314 $/GJ and 7.438, respectively.

5.2. Optimization results

The objectives should be conflicting in two-objective optimization.
In light of this, the two-objective optimization is taken energy efficiency
and TCUP into account. Multi-objective optimization leads to the Pareto
frontier. Fig. 9 illustrates the related Pareto frontier. The technique for
order of preference by similarity ideal solution (TOPSIS) is one of the
decision-making approaches [32,76]. It is used in this study to select the
best optimal solution attained from the NSGA-II multi-objective opti-
mization. The distance between the ideal solution and other solutions on
the Pareto frontier and also the distance between the non-ideal solution
and other solutions are considered as the main terms to specify the final
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optimal solution. In this regard, optimum values are 7.046 $/GJ and
36.82% for TUCP and energy efficiency.

Calculation of the outcomes of two-objective optimization and
comparing them with the obtained outcomes of the base case can pro-
vide a helpful signal for designers to demonstrate the importance of
optimization effects and determine the intended working conditions.
Owing to this, Table 7 indicates the presented system outputs in the base
and optimized conditions. Outcomes show that values of produced
hydrogen rate, net electricity, and overall exergy production rate in the
base case are more than optimal mode, which are equal to 5.65 kg/h,
4034 kW, and 4364 kW, respectively. However, the TUCP of the pro-
posed system in the optimal mode is smaller than in the base case. Also,
high cooling and heating loads and energy and exergy efficiencies are
obtained in the optimal mode, which are equal to 1658 kW, 2122 kW,
36.82%, and 65.42%, respectively.

Exergy destruction rate related to apiece component is an imperative
output in exergy investigation. Accordingly, estimating this outcome
and finding solutions to decrease it should be taken into account in the
new system’s design. Fig. 10 illustrates the exergy flow diagram in op-
timum conditions. As can be seen in Fig. 10, the total input exergy to the
presented system is equal to 6601 kW, of which the overall exergy
production rate, overall exergy destruction rate, and overall exergy loss
rate are equal to 4324 kW (65.42% of total input exergy), 2082 kW
(31.50% of total input exergy), and 203.7 kW (3.08% of total input
exergy), respectively. The exergy production rate of electricity with
3878 kW (58.67% of total input exergy) is more than other exergy
productions. Moreover, the highest exergy rate destruction occurs in the
turbine, which is equal to 746.4 kW (11.29% of total input exergy).

5.3. Comparison with SGPP-based multi-generation systems

In previous studies, many researchers have used existing data for
SGPP to propose and scrutinize new multi-generation systems. Ther-
modynamic and thermoeconomic approaches are used mainly to
examine these systems. In most cases, producing cooling in such systems
has not been paid attention to; indeed, the main aim of the proposing
SGPP-based systems is electricity generation. Meanwhile, cooling pro-
duction next to the producing electricity, heating, and hydrogen is more
important due to climate change and global warming. Thanks to the
more ability of the branched GAX cycle to produce cooling and the
ability to operate by a heat source temperature over 150 °C, it can be
used as a subsystem of SGPP. Owing to this, in this section, key outcomes
of the proposed system are compared with the proposed system by Cao
et al. [77]. Their offered system is based on the SGPP and is able to
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Fig. 10. Exergy flow diagram of the multi-generation system at optimum conditions.

Table 8
Comparing key outcomes of the proposed system with work by Cao et al. [77].
Parameters Work by Cao et al. Current
[77] study
Operating conditions
Pressure of geothermal water,P; (bar) 12 12
Enthalpy of geothermal water,h; (kJ/kg) 1000 1000
Mass flow rate of geothermal 45 45
water,m (kg/s)
Flash tank pressure, Ppr(bar) 5.5 5.5
Turbine expansion ratio, ERy,r 120 120
Turbine isentropic efficiency, 11;; o, (%) 85 85
Pump isentropic efficiency, 7, (%) 85 85
PEME temperature, Tpgye (K) 353 353
Unit cost of geofluid exergy,C; ($/GJ) 1.3 1.3
Key outcomes
Produced hydrogen rate,my»(kg/h) 4.52 5.47
Freshwater production rate,mpw(m®/h) 97.62 -
Heating load, Qhearing (kW) - 2260
Cooling load,Qcofing (kW) - 1976
Net electricity, We: (kW) 4310 3893
Energy efficiency,/energ, (%) 14.00 38.59
Exergy efficiency,,yerg, (%) 46.09 64.00
Overall exergy destruction rate,Extgm kw) 4341 2197
Overall investment cost rate,Z;y,q($/h) 196.4 114.1
Overall cost rate of exergy destruction,Cgml 20.18 8.5
$/h)
Total unit cost of product, TUCP($/GJ) 8.15 7.486
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produce electricity and fresh water. Table 8 shows the results of the
comparison with similar operating conditions. As can be seen in Table 8,
the number of the products in this study is more than the proposed
system by Cao et al. [77], which is led to reaching high energy and
exergy efficiencies and low TUCP. The energy efficiency of the current
study is equal to 38.59%, while this value in the Ref. [77] is 14%.
Moreover, exergy efficiency is 17.91%-points higher than the Ref. [77].
As illustrated in Table 8, values of overall exergy destruction rate,
overall investment cost rate, overall cost rate of exergy destruction, and
Total Unit Cost of Product in the current study obtain as 2197 kW, 114.1
$/h, 8.5 $/h, and 7.486 $/GJ, while these values in work by Cao et al.
[77] are equal to 4341 kW, 196.4 $/h, 20.18 $/h, and 8.15 $/GJ,
respectively.

6. Conclusions

A novel multi-generation system powered by Sabalan (Savalan)
geothermal power plant is proposed based on the single flash cycle, a
branched GAX cycle, and an electrolyzer, which is able to generate
electricity, hydrogen, heating, and cooling. The main thermodynamic,
exergoeconomic, and optimization outcomes can be summarized as:

e Produced hydrogen rate remains unchanged at 5.655 kg/h by vari-
ation of the temperature of the generator, condenser 2, and evapo-
rator as well as degassing value.

e By increasing flash tank pressure from 5.2 bar to 7 bar, the cooling
and heating loads improve about 108.4%, while the net electricity
falls from 3977 kW to 3506 kW.
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TUCP has a minimum value at the condenser 2 temperature of 322.3
K and evaporator temperature of 273 K.

The optimal values are 7.046 $/GJ and 36.82% for TUCP and energy
efficiency.

e At the optimum conditions, the total input exergy to the presented

system is equal to 6601 kW, of which the overall exergy production
rate, overall exergy destruction rate, and overall exergy loss rate are
equal to 4324 kW (65.42% of total input exergy), 2082 kW (31.50%
of total input exergy), and 203.7 kW (3.08% of total input exergy),
respectively.
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