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This study presents an in-depth thermodynamic and economic evaluation
of a hybrid geothermal energy system utilizing Kalina cycle technology for
multipurpose power generation. The system is designed to produce elec-
tricity and heating while supplying cooling, hydrogen, and freshwater. The
integrated system reaches a total energy efficiency of 47.6% and an exergy
efficiency of 44.2%. Raising the high pressure setting in the Kalina cycle to
4900 kPa reduces the exergy destruction cost rate to $1486.49 /h, the total
cost rate to $2464.12/h, and the capital investment rate to $922.12/h, com-
pared to the base pressure of 4000 kPa where these rates were $1912.08 /h for
exergy destruction and $3084.00/h for total cost and $1171.92/h for capital
investment. The exergetic assessment shows Turbine 2 and the Compres-
sor as the main contributors to system exergy destruction, with outputs of
2545.33 kW and 2353.09 kW, respectively. At a rate of 0.1524 kg/h the
system establishes two operational capabilities: hydrogen production and
a cooling output of 3498 kW. The research indicates that the combined
multigeneration system enhances resource utilization ofgeothermal energy
by maximizing energy efficiency and decreasing operational costs.
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1 Introduction

Global attention has increasingly turned toward re-
newable technologies due to rising resource consump-
tion and growing demands for environmental sustain-
ability. Among these alternatives, geothermal energy
stands out for its consistent energy supply, broad ac-
cessibility, and environmentally friendly energy produc-
tion [1]. Geothermal power plants, extracting Earth’s
internal heat, have become core renewable energy sys-
tems which produce both electricity and heat distribu-
tion. Regular power plants restrict their geothermal
resource utilization because they produce only a single
form of energy. The combination of multiple energy
output systems into single unit serves as a promising
approach to enhancing efficiency while cutting down
on waste production. These systems transform waste
heat from primary energy generation into secondary
energy forms which optimize the whole process perfor-
mance. A promising system links geothermal power
to Kalina cycle, using an ammonia-water mixture as
working fluid. Research have proven that this cycle
outperforms traditional Rankine cycles, specifically for
geothermal applications utilizing low to moderate tem-
perature heat sources [2]. Geothermal-based systems
that use the Kalina cycle enable various applications
including heating and cooling by absorption technolo-
gies, electrolysis hydrogen production and freshwater
desalination. These multigeneration systems demon-
strate high versatility by resolving multiple energy and
resource difficulties simultaneously [3]. While the tech-
nical potential of geothermal multigeneration systems
has been widely recognized, comprehensive thermo-
economic analyses of these systems remain limited.
Thermo-economic analysis is essential for evaluating
the efficiency and economic feasibility of multigenera-
tion systems, as it integrates thermodynamic modeling
with financial assessment to optimize their large-scale
implementation [4].

This review will examine geothermal multigen-
eration system research together with similar sys-
tems’ thermo-economic evaluations to identify prevail-
ing developments, current barriers, and unmet research
needs. Slusarczyk and Zidtkowski [5] evaluate low-
enthalpy geothermal resources for electricity genera-
tion using ORC and Kalina Cycle applications. The
researchers evaluated the thermodynamic operation of
both systems under geothermal conditions across a
temperature range of 100°C to 180°C. Research find-
ings show that Kalina Cycles yield 15% higher power
generation, especially when processing lower temper-
ature geothermal sources between 100°C-130°C. Un-
der matching geothermal conditions, the Kalina Cy-

cle generated an electrical efficiency of 10.5% while the
ORC achieved 8.2%. Hai et al. [6] conducted an ex-
tensive performance examination of an innovative com-
bined geothermal system which unites an enhanced Or-
ganic Rankine Cycle (ORC) with a dual-turbine Kalina
Cycle, together with reverse osmosis desalination and
supercritical CO, cycles. The single-flash geothermal
source enables this system to simultaneously produce
electricity, heat, and freshwater. The study carried out
energy and exergy analyses, as well as exergoeconomic
assessments. The base configuration produced a total
power output of 130.068 MW while reaching an energy
efficiency of 46.08% and an exergy efficiency of 56.04%,
along with heating load of 30.79 MW and freshwater
production of 44.97 kg/s.

Yuksel et al. [7] conducted a study to evaluate the
viability of geothermal-powered multigeneration facil-
ities which use the Kalina cycle to produce cooling,
electricity, and hydrogen. The system functions with
low-temperature geothermal resources through which
it combines reverse osmosis desalination with thermo-
electric generators. The study demonstrates an en-
ergy efficiency of 46.87% and an exergy efficiency of
44.13%. The greatest exergy destruction occurs within
the Kalina cycle, while the exergy efficiency for lig-
uid hydrogen production reaches 54.17%. Bahrami
and Rosen [8] conducted an exergoeconomic assess-
ment combined with multi-objective optimization of a
geothermal-powered zero-emission system for cooling,
electricity generation, and hydrogen production. The
system utilizes a half-effect absorption chiller together
with an Organic Rankine cycle (ORC) and a Proton
Exchange Membrane (PEM) electrolyzer. When oper-
ating at 80 °C source temperature, the system reaches
optimal exergy and energy efficiencies of 48% and
19.5%, respectively. Musharavati, Ahmadi and Khan-
mohammadi [9] analyzed a hybrid geothermal power
plant integrating an ORC with absorption refrigera-
tion and PEM electrolysis. Under ideal circumstances,
the system reached thermal and exergy efficiency rates
of 72% and 43.2% respectively. The optimal system
design obtained through multi-objective optimization
maximized electricity production at 4.8 MW while
minimizing the overall cost of clean hydrogen produc-
tion. Researchers found that this geothermal-based tri-
generation system is financially competitive and envi-
ronmentally safe, making it an effective approach for
geothermal multigeneration applications.

Ambriz-Diaz et al. [10] carried out a performance
appraisal of the low-emissions multi-generation system
based on geothermal cascade, using exergoeconomic
and exergoenvironmental assessments alongside energy
and exergy analyses. The highest hierarchical system
stage reached 83% for energy efficiency and 48% for
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exergy efficiency. The exergoeconomic evaluation re-
vealed that system electricity production had a cost
rate of $0.065 per kilowatt hour. Environmental analy-
sis results showed that facilities using this system pro-
duced 72% fewer carbon dioxide emissions compared to
those relying on conventional fossil fuels. Xu et al. [11]
analyzed the thermodynamic, exergoeconomic, and ex-
ergoenvironmental performance of a new geothermal
trigeneration system built to power a sports arena.
The implemented system achieved 78% thermal effi-
ciency with 42% exergy efficiency. Optimization anal-
ysis showed that the system could generate 5 MW
of electricity, 3 MW of cooling power, and 2 MW
of heating capacity, while achieving minimum hydro-
gen production costs of $0.09 per kilogram. Based on
exergoeconomic analysis, the total system capital ex-
penses can be recovered within 6.5 years which gener-
ates a net present value (NPV) of $2.3 million during
twenty years. The power plant developed by Kelem
and Yilmaz [12] utilizes geothermal resources to gen-
erate electricity while producing heat, freshwater, and
compressed hydrogen through their multi-energy pro-
duction features. The thermodynamic assessment to-
gether with economic modeling confirmed 70.1% energy
efficiency and 47.8% exergy efficiency. During opera-
tion, this system generates 4.6 kg of hydrogen and 560
liters of freshwater every day. Geothermal integration
for multi-use energy production proves both practical-
ity and sustainability through a 5.5-year short payback
period and favorable net present value calculations.

The review introduces multi-generation systems
based on renewable geothermal energy, examining tech-
nologies which enables power production, heating and
cooling, hydrogen generation and freshwater supply.
Although the combined use of Kalina cycle and ORC
and transcritical refrigeration and absorption refriger-
ation systems has received attention, a comprehensive
thermodynamic and thermoeconomic analysis of these
integrated systems is still lacking. This study is inno-
vative because it investigates hydrogen production to-
gether with freshwater generation by using geothermal
power alongside LNG heat sinks prioritizing sustain-
ability, operational efficiency and cost-effectiveness.
The combined method generates valuable performance
advantages for energy systems.

2 System Modeling and Descrip-
tion
Figure 1 presents the schematic diagram of the multi-

generation system configuration which the analysis fo-
cuses on. The schematic diagram provides an in-

depth view of the integrated energy system under
investigation. The main power generation relies on
geothermal methods that employ enhanced thermo-
dynamic cycles which operate in combination with
subsystem components. The system combines ele-
ments such as Kalina flash cycle, Organic Rankine
Cycle (ORC), LNG regasification, single-effect absorp-
tion refrigeration, transcritical refrigeration, Proton
Exchange Membrane (PEM) electrolyzer, and reverse
osmosis (RO) desalination. The multi-generation sys-
tem produces electricity, heating, cooling, hydrogen,
and water, thereby enhancing its overall sustainabil-
ity. It illustrates how subsystems interact through op-
erational relationships and introduces the evaluation
framework, based on thermoeconomic analysis, which
is used for performance evaluation in the following sec-
tions.

Evaluating system performance requires both ex-
ergy analysis and cost assessments of exergy destruc-
tion within each system component. Understanding
the costs associated with exergy destruction allows op-
timization of operational efficiency and economic per-
formance. System design becomes is enhanced by in-
tegrating the combination of exergy flow costs with
investment and operational costs within an economic
exergy analysis. The approach requires maintaining
balance between input and output expenses per com-
ponent by taking into account fuel expenses and the
costs of the produced outputs. Efficiency depends on
exergy destruction costs because lower exergoeconomic
factors indicate greater exergy losses and help guide
efforts to reduce expenses while improving system per-
formance. The equations used to analyze the system
from exergoeconomic point of view are as follows [4,13]:

Ci = CiEXi , (1)
C’W = CWw, (2)
C’q = chXq, (3)

Z (Cout EXout) k + Cw,ka
= Cq,k:EXq,k + Z (Cin EXin)k + Zy, (4)

. A F
5 = r X ¢ X CR 7 (5)
T
i (1+ )"
Fe—— 7
CR (I+i)—1° ©)
Cr
CFk = —, (7)
Ery
CD,k = CF,kED,k ) (8)
Z
fr - (9)

C Zi+Cpi



140

Hydrogen, Fuel Cell & Energy Storage 2(2026) 137-148

5 Turbine 1

lll 6

Expander |

X2
13 14
——
10 .,
2 7

Pump |
X3
8

Production
Well

Turbine

B = =eseeesncsarnenannenmnnn
'L. Separator

Mixer

Bea water
=] ]
Power supplied from: B2
1 and expander | st l l 0
Brine [ I
water I I
Dresalinated
water tank
52 ot

o

lExpmldcr 2

warer

PEM
Flectrolyzer

Pumip 2 B 1
LNG Tank I " nx4 16 ‘ine:: supplied from: 54} ; 53
Pump 3 Expander 2 [ [
1
20 -
E E U 21 Oxygen  Hydrogen
HX 6 Turbine 2 HX s
R S 12
S
— - — H
3 1 40
. 55
: 56 )
i Generator 3(‘f ‘35
1 [ 3L el
¥ S Compressor 1—=7 T
Condenser
28
27 32
@i Solution heat .
4 41 r +  exchanger Expansion
valve 3
g
2 29
Expansion
I Tamp 4 v';hr 2 33
30 Evaporator
Reinjcction 25 " 1
Well ¥ 34 G
Absorber | g
39 y
& 37 f | I 3
l Gas Caoler Expansion
valve 1

}

46 Evaporator

44

.
b3
lf—

Il

5
—
]
&=
=

Fig. 1. The Schematic of geothermal based multigeneration system

Table 1 presents key thermoeconomic system anal-
ysis formulas, which calculate energy conversion costs,
exergy destruction, and capital expenses. By integrat-
ing thermodynamic and economic calculations, the sys-
tem allows for continuous cost evaluations, enabling
performance-based strategies to minimize costs and im-
prove system accuracy from installation to operation.

The proposed system analysis distributes financial
costs through cost balance equations together with ex-
ergy flow cost rates to determine how system expenses
ought to be distributed across the whole system. The
established technique provides exact thermoeconomic
evaluations by optimizing performance and enabling
guided improvement decisions.

3 Results and Discussion

3.1 Validation of thermodynamic mod-
els

Kalina cycle validation. The Kalina cycle valida-
tion procedure involved comparing simulation results
obtained from the developed code with the published
data of Ji-chao and Sobhani [17]. The simulation
showed excellent agreement for key performance met-
rics such as temperature and enthalpy at various points,
as detailed in Table 3. Minor discrepancies observed
are attributed to differences in boundary conditions



Hydrogen, Fuel Cell & Energy Storage 2(2026) 137-148

141

and operating parameters; however, all results remain

within acceptable margins. This validation confirms tions.
that the simulation model reliably represents the actual

behavior of the Kalina cycle under the studied condi-

Table 1. Cost balance equations for system components formulated through thermoeconomic analysis [14—16]

Component

Function of purchase cost ($)

Heat exchanger

Turbine
Pump
Expander

Evaporator

Compressor

Gas cooler

Generator

Condenser

Expansion valve

PEM
RO

Zux = 2143 A%-514
Zturb = 4405 (I/i/turb)o'7
Zpump = 1120 (Wpump)**

Zixp = 3143.7 4 21743V

Zeova = 13974939

44.71my X Tf,omp X In (Tf,omp)

comp —

0.95— 7
AGC 0.78
Zao = 1300
Ge (0.93)

Zgen = 17500 (Agen )1
Zcon = 1773 mcond

Zexv = 114.5 Miexy
Zpem = 1000 (WPEM)

ZRO = NeNpCr + Npcp + 996(1h50)

comp

is

0.8

Table 2. Cost balance and auxiliary equations for the components of the analyzed system

Kalina cycle

Heat exchanger 1
Separator
Turbine 1

Expander 1
Heat exchanger 2
Mixer
Heat exchanger 3

Pump 1

Ci+ Cio + Zuxi = C7r + Ci
Cii + Zsep = Cs + Ch2

C’s + ann = Cﬁ + Cw,turbl

012 + ZExpl = 013 + Cw,Expl

C13 + Co + Znxz = C1a + Cho
Cs + Cra + Zmix = Cr

C7+ Cis + Zuxs = Cs + Cis

C'g = Zpumpl + Cs + C'w,pumpl

Cl1 = C2
C5 = C12
C5 = Cs¢
C12 = C13
C9 = C10
C7 = Cs8

Cw,pumpl = Cw,turbl

ORC cycle

Pump 2
Expander 2

Heat exchanger 4

ClS = Zpump2 + Cl7 + Cw,pume
C15 + Zexp2 = Ci6 + Cu, Exp2
C16 + C20 + Zuxa = C17 + Cn1

Cw,pump2 = Cw,Exp2
C15 = C16

Cie = C17

LNG system

Pump 3
Heat exchanger 5
Turbine 2

Heat exchanger 6

C’zo = ZpumpS + 019 + Ow,plltl)p3
Ca1 + Css5 + Zxs = Caa + Css
022 + Ztllrb2 = Cz:s + Cw,turb2
Ca3 + Cs + Zuxe = Caa + C4

Cw,pump3 = Cw,turb2
Co1 = Ca2, 55 =0
C22 = C23

C23 = C24

Transcritical refrigeration system

Evaporator 2
Compressor
Gas cooler

Evaporator 1

Expansion valve 1

Caa + Car + Zevaz = O30 + Cis
C.’39 + C.’w,comp + Zcomp = 040
Cu1 + Cuas + Zac = Caz + Cus
033 + 042 + Zeval = C'34 + C’43

C44 = C39, C47 =0
Ca1 = C42, 45 =0
C33 = C34

C43 = C44
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Table 2. (Continued)

Absorption refrigeration system

. . . . . . C C

Absorber C30 + C34 + C37 + Zaps = Cas + Css c3r =0, M = co5
Ex30 + Ex34

. . . . . . Cas — C Ca — C

Generator Cyo + Cor + den = Cy1 + Cos + C31 C40 = C41, — 28 .27 = — 31 .27
) ) ) } ) Exos — Exo7  Exsz1 — Exor
Condenser Cs1 4+ C35 + Zeond = C32 4 C36 €31 =32, c35 =0
SHX Ca6 4 Cas + Zsux = Car + Cag C28 = C29

Expansion valve 2 -
Pump 4

Expansion valve 3 -

RO Cuag + Zro + Cwro = Cs0 + Cs1
Cs2 4+ Cw,pEM + ZpEM = C53 + Cs4

PEM

C.V26 = Zpump4 + 025 + Cw,pump4

C29 = C30
Cw,pump4 = Cuw,turb2
C32 = C33
Cw,RO = Cuw,turb1, €49 = 51 = 0

Cw,PEM = Cuw,Exp, C52 = 0

Table 3. Kalina cycle validation with the results of Ji-chao and Sobhani’s work [17]

T (K) b (<J/kg)

Point  Ref. [17] Present work Ref. [17] Present work
22 637.5 637.5 2480 2480
23 460.07 460.03 2126 2126
24 460.07 460.03 2279 2279
25 460.07 460.03 741.1 741.1
26 320.44 320.53 134.5 135.1
27 320.8 321.2 134.5 135.1
28 381.43 381.56 1986 1986
29 380.97 381.86 1801 1803
30 308.2 308.2 —72.66 —72.61
31 310.44 31.51 —45.63 —45.58
32 324.51 324.53 14.69 14.69

3.2 Transcritical CO, cycle validation

Simulation data for the transcritical CO, cycle were
validated by comparing results reported by Wu et al.
[18]. The simulation produced thermal efficiency and
pressure-related performance results consistent with
those observed in the Kalina cycle validation. Small
differences, mainly at high temperature regions, arose
due to differing heat exchanger designs and working
fluid specifications used in each study’s model. Over-
all, the results demonstrate strong agreement, confirm-
ing the suitability of our simulation code for modeling
the transcritical CO, cycle. The comparison data are
summarized in Table 4.

Table 4. Transcritical cycle validation with the re-
sults of Wu et al.’s work [18]

Parameter  Present work Ref [18]
Qurr (kW) 453.83 436.36
Qurr (KW) 571.67 571.4
Wine (KW) 76.13 76.09
Wre (kW) 73.28 73.53
Weurn, (KW) 393.18 393.24

The following conditions were established during

combined cycle simulation:

e Exergy analysis is used to evaluate energy de-
struction under reference conditions defined by
ambient temperature and pressure.

e The heat exchangers and their connected pipes
experience no pressure reduction.

e Over time the system works at a steady state
while keeping its continuous process equilibrium.

e System performance and efficiency depends
on predetermined isentropic efficiency rates of
pumps, turbines, and expanders.

e System behavior remains unaffected by the
changes in energy between different cycle sections
because these effects are considered negligible.

The data in Table 5 confirm that the system effec-

tively generates electricity, hydrogen, and freshwater,
as well as providing heating and cooling, while main-
taining high overall energy efficiency and low emissions
— supporting its integration into smart renewable en-
ergy networks.



Hydrogen, Fuel Cell & Energy Storage 2(2026) 137-148 143

Table 5. Overall energy, exergy and economic exergy results for the multigeneration system

The amount of power produced by the Kalina cycle (kW)
The amount of power produced by the ORC cycle (kW)

Total system produced work (kW)
Overall exergy efficiency (%)
Electrical exergy efficiency (%)

Total exergy destruction of the system (kW)

Production cooling rate (kW)

Total cost rate of system exergy destruction ($/hr)
Total cost rate of system equipment ($/hr)
Overall economic exergy factor (%)

Total cost rate of the system($/hr)

Cooling unit production cost ($/GJ)

Unit cost of electricity production ($/GJ)

Total system unit cost ($/GJ)
Hydrogen production rate (kg/s)
Freshwater production rate (kg/s)

3289.6
2672.8
5962.4
32.04
11.65
24401.63
25549.12
1781.52
1095.84
39.14
2877.37
25.8
90.6
65.59
0.009
7.998

Table 6. Energy, exergy and exergoeconomic results in different components of the proposed system

Component Qor W (kW) Exp (kW) 1nex (%) Cp ($/hr) Zp ($/hr)
Turbine 1 3180.63 666.86 84.98 4.65 21.02
Turbine 2 8638.28 2545.33 79.4 148.96 57.61
Expander 1 257.72 69.54 80.96 0.48 1.59
Expander 2 2825.97 1178.09 72.56 261.42 946.99
Pump 1 144.54 25.96 84.35 0.39 1
Pump 2 52.53 13.09 77.18 8.5 0.99
Pump 3 315.49 166.95 48.39 13.76 3.55
Heat exchanger 1 25647.57 1076.32 87.36 5.03 1.84
Heat exchanger 2 5572.79 328.65 61.53 2.29 1.83
Heat exchanger 3 22353.86 674.57 73.71 9.19 1.57
Heat exchanger 4 19581.34 1201.73 29.78 81.52 2.24
Heat exchanger 5 19562.84 222.77 95.96 1.04 1.7
Heat exchanger 6 2584.39 150.4 50.76 0.7 1.61
Evaporator 1 6206.04 354.25 15.89 52.25 1.36
Evaporator 2 25549.91 737.18 70.4 93.92 28.71
Compressor 8638.28 2353.09 74.28 193.88 11.16
Gas cooler 19917.50 1220.24 12.9 152.56 9.16
Absorber 7702.8 353.43 16.53 44.34 0.47
Generator 8073.91 67.33 97.03 8.41 0.9
Condenser 6567.89 173.01 25.73 25.51 0.1
SHX 1517.33 45.23 72.78 5.97 0.2
Expansion valve 1 - 1286.03 - 163.86 -
PEM - 36.046 29.93 14.59 44625
RO - 73.54 36.45 100.9 10.5

A comprehensive breakdown of system component-
level results includes energy, exergy, and exergoeco-
nomic evaluations, is presented in Table 6.

The analysis highlights the locations of major sys-
tem inefficiencies and associated financial costs. The
highest exergy losses occur in Turbine 2, with 2,545.33
kW of exergy destruction, followed by the compressor
at 2,353.09 kW, corresponding to costs of $148.96/hr
and $193.88/hr, respectively. Turbine 1 demonstrates
strong performance with an exergy efficiency of 84.98%.

Heat Exchanger 4 and the Gas Cooler account for ex-
ergy losses of 1,201.73 kW and 1,220.24 kW, with ex-
ergy efficiencies of 29.78% and 12.9%, leading to eco-
nomic costs of $81.52/hr and $152.56 /hr, respectively.
The Generator and Heat Exchanger 5 operate at a
97.03% efficiency rate with low related cost. Expansion
Valve 1 exhibits an exergy destruction rate of 1,286.03
kW while producing no work, making it an optimal can-
didate for replacement with a more efficient expander
system. The obtained results provide guidance for en-
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gineers in optimizing system designs and developing
retrofit plans to improve both efficiency and economic
performance.

Figure 2 demonstrates the effects of cost rate and
the variations in the economic exergy factor with in-
creasing high pressure in the Kalina cycle. The sys-
tem performance improves substantially when the high
pressure rises from 4000 kPa to 4900 kPa because
both exergy destruction cost rate (Cges) and total
cost rate (Ciot) diminish. An increase in high pres-
sure in the Kalina cycle reduces Cyqes from $1912.08/h
to $1486.49/h while Ctot drops from $3084.00/h to
$2464.12/h. An increase in high pressure leads the
capital investment cost rate (Ziot) to decrease from
$1171.92/h to $922.12/h. The improved thermody-
namic operation of Expander 3, along with Compressor
functions and Heat Exchanger 4 performance, leads to
reduced exergy destruction and related costs when op-
erating at higher pressures. The system demonstrates
improved economic efficiency at higher pressures when
the economic exergy factor (ftot) registers a minor in-
crease from 39.03% to 39.35%. An increase in system
pressure enhances economic efficiency since the costs
related to product creation take precedence over ex-
ergy destruction expenses.
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Fig. 2. The effect of Kalina cycle high pressure on
the cost rates

According to Figure 3, the system costs decrease as
the pinch temperature difference (ATpinehux1) in Heat
Exchanger 1 becomes larger. Higher pinch tempera-
ture difference reduce exergy destruction across Heat
Exchanger 4, Expander 3 and the Compressor which to-
gether decrease their financial costs. A substantial de-
crease in the exergy destruction cost rates occurs when
operating the multi-generation system. The initial cap-
ital cost rate decreases primarily because Expander 3
requires less capacity when the pinch temperature dif-
ference is elevated. Further cost reductions and invest-

418 421 424 427 430 433 436 430 442 445
Ti1(K)

—@—7Ztot —E—Cdes —d—Ctot

Fig. 4. The effect of separator temperature on the
cost rates

Figure 4 illustrates how changes in the separator in-
let temperature of the Kalina cycle affect system cost
rates. As the inlet temperature increases, the initial
cost rate decreases, mainly due to lower costs associ-
ated with Expander 3. However, the exergy destruction
cost rate increases with higher temperatures, primarily
due to greater inefficiencies in Heat Exchanger 2, which
raises overall exergy destruction and associated costs.
Consequently, the total cost rate rises as the separa-
tor temperature increases. For instance, the total cost
rate increases from 2898.96 units at 418 °C to 2981.12
units at 445°C. In summary, while the initial cost
decreases with lower Expander 3 costs, the increased
exergy destruction from Heat Exchanger 2 results in a
higher overall cost, showing a dual effect of higher inlet



Hydrogen, Fuel Cell & Energy Storage 2(2026) 137-148 145

temperatures: reduced equipment costs but increased
exergy destruction and system costs.

An increase in the ammonia mass fraction in the
Kalina cycle improves both hydrogen and freshwater
outputs (Figure 5). A rise in ammonia mass fraction
enables the ORC to produce increased power which en-
hances improved PEM electrolyzer hydrogen produc-

Freshwater Rate (IKg/s)

0.65 0.7 0.75

§-— Water

tion from 0.01167 kg/s to 0.01943 kg/s. Similarly, the
RO desalination system produces more freshwater, in-
creasing output from 6.861 kg/s to 8.414 kg/s. These
gains enhance overall system performance but come at
the expense of higher costs and increased design com-
plexity.
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Fig. 5. The effect of mass fraction of ammonia on the amount of hydrogen and freshwater production rates

An increase in the absorber and condenser tempera-
tures results in lower coefficient of performance (COP)
in a single-effect absorption system according to Fig-
ure 6. When the absorber temperature is maintained
at 303 K while the condenser temperature increases
from 303 K to 313 K, the COP declines from 0.813 to
0.776. An increase in the temperature of either the ab-
sorber or the condenser results in corresponding COP
reduction. The increase in the solution circulation ra-
tio at elevated temperatures causes enhanced heat duty
in the generator and greater pump work, resulting in a
reduced COP.

System performance patterns are caused by the un-
derlying principles of thermodynamics. When the high-
pressure level in the Kalina cycle rises, the work out-
put of the turbine and the overall efficiency both im-
prove. This takes place because greater pressure en-
hances energy conversion efficiency in the cycle pro-
cess. Variations in the ammonia mass fraction also
significantly affect generating hydrogen and freshwa-
ter supply. Higher ammonia content enhances the per-

formance of the Kalina and ORC systems, providing
additional power to operate the PEM electrolyzer and
RO desalination unit. These interactions between the
subsystems in a multigeneration system maximize the
use of available resources. Since Turbine 2 and Com-
pressor handle most of the energy, the largest exergy
destruction is expected to occur in these components.
Examining these mechanisms helps researchers to iden-
tify improved strategies to optimize the system in the
future.

4 Conclusion

A geothermal system using the Kalina cycle has been
shown to provide heat, electricity, air conditioning, hy-
drogen, and freshwater with high productivity and low
cost. Under optimal conditions, the system achieves
a total efficiency of 47.6% and an exergy efficiency of
44.2%. Running the Kalina cycle at pressures between
4000 and 4900 kPa decreases exergy destruction cost to
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$1486.49/h and brings down the overall system cost to
$2464.12/h. A higher-pressure system results in lower
investment costs per hour (from $1171.92 to $922.12),
thereby improving the project’s economic efficiency.
Among all the equipment, the greatest exergy destruc-
tion resulted from the Compressor and Turbine 2, with
the values of 2545.33 kW and 2353.09 kW, respectively.
Alternatively, the Generator and Heat Exchanger 5
maintain exergy efficiency of 97.03%, contributing to
energy savings within the system. The sequences can
also supply 30,178 kW of electricity and 3498 kW of
cooling. Production of hydrogen at the plant is 0.1524

0.82

0.81

0.8

CcopP

0.79

0.78

0.77
302 304 306

kg/h, comparable to that of other geothermal multi-
generation facilities. Although clean hydrogen output
may be lower compared to other fuels, utilizing larger
or higher-temperature sources can enhance its contri-
bution to sustainability and increase its practical util-
ity. It can be used to power vehicles or help balance the
electricity grid. Overall, integrating the Kalina cycle
with geothermal energy and well-designed components
enables efficient energy recovery at a reasonable cost.
In the next phase, pilot-scale experiments will be con-
ducted to verify performance and fine-tune the model,
improving confidence in the system’s design.

308 310 312 314

Temperature (K)

=== T abs=303.Tcon=303-313
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Fig. 6. Effect of Absorber and Condenser Temperature Difference on COP

Nomenclature

Cles Exergy destruction cost rate $/h

Chot Total cost rate of the $/h
system
Ziot Capital investment cost rate $/h
Srot Economic exergy efficiency -
factor
P Pressure kPa
T Temperature K
T, Hydrogen production rate kg/s
Q Heat transfer rate kW
Nenergy ~ Emergy efficiency %
Nexergy  Exergy efficiency %
h Enthalpy kJ/kg
s Entropy kJ/kgK
W Power output kW

COP Coefficient of performance -
(for refrigeration)

V' Volumetric flow rate m®/h
or
Nm?®/h
m  Mass flow rate kg/s
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