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Energy, exergy, and eco-environment modeling of proton exchange 
membrane electrolyzer coupled with power cycles: Application in natural 
gas pressure reduction stations 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A system is proposed to produce power, 
heat, and hydrogen in NG PRSs 

• Robust energy, exergy, and eco- 
environment models are developed 

• Optimal outputs: 20.25 MW power, 
19.91 MW heat, and 11.96 kg/h 
hydrogen 

• The payback period is approximately 
6.77 years at the best conditions  
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A B S T R A C T   

This paper focuses on introducing a new configuration of a hybrid system for producing power and hydrogen 
together with pre-heating natural gas in PRSs. The configuration is based on regenerative Brayton, Rankine and 
proton exchange membrane electrolyzer cycles. Also, a heat exchanger is embedded for supplying the required 
heating load of NG pre-heating to prevent hydrate formation. A robust energy, exergy, and eco-environment 
mathematical model with real assumptions is developed to prove feasibility of the introduced system. To 
make the study applicable for different PRS capacities, the analyses are done for different equipment sizes during 
different months of year. The parametric study showed that design variables of the Brayton cycle and pressure of 
inlet NG are very effective parameters in the design of this proposal. 

Analyzing the results in different months illustrated that the best performance is achieved in January; so that, 
20.25 MW of power, 19.91 MW of heating load, and 11.96 kg/h hydrogen are produced for the optimum 
equipment variables in this month. At these conditions, the first- and second-law efficiencies and the levelized 
total costs rate are respectively obtained as 58.91%, 34.02%, and 7.03 $/GJ. Also, the payback period is 6.77 
years based on the NPV approach.   

1. Introduction 

Although the use of renewable energy resources has grown in the last 
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decade [1], but the energy image of the world is still framed in a context 
characterized by the serious need for fossil fuel resources, especially 
natural gas (NG) [2,3]. This is while the use of such fuels leads to serious 
concerns such as pollutant/greenhouse gases emission [4] and global 
warming phenomenon [5]. Accordingly, using new efficient technolo-
gies for the utilization of fossil fuels, such as designing new energy 
systems for recovering the wasted energies and producing hydrogen and 

freshwater, are as important challenges of nowadays [6,7]. 
The NG pressure reduction stations (PRSs) are one of the most 

energy-destructive places in the NG industry [8]. These stations are 
utilized for reducing the pressure of the NG transmission pipelines to be 
useable for industrial and residential customers. During the pressure 
reduction process in the NG PRSs, the NG temperature is also dropped 
significantly. As a result, in some months of the year, this decrease in 

Nomenclature 

Parameters and variables 
A area (m2) 
AS annual savings ($) 
c cost ($) 
ċ cost rate ($/y) 
Ċ levelized eco-environment cost rate ($/GJ) 
CPR compressor pressure ratio (− ) 
CRC capital recovery coefficient (− ) 
D thickness of membrane (μm) 
DR discount rate (%) 
E energy (kJ) 
ex specific exergy (kJ/kg) 
Ėx exergy rate (kW) 
F Faraday constant (C/mol) 
FC fixed costs ($) 
g gravitational acceleration (m/s2) 
h specific enthalpy (kJ/kg) 
ieff effective interest rate (%) 
IF inflation factor (− ) 
J current density (A/m2) 
LHV lower heating value (kJ/kg) 
m pollutant emission per unit burned fuel (gpollutant/kgfuel) 
ṁ mass flow rate (kg/h) 
n number of moles (kmol) 
N expected life span (y) 
Ṅ molar flow rate (kmol/s) 
NPV net present value ($) 
P pressure (bar) 
PEC purchase equipment cost ($) 
Q̇ heat transfer rate (kW) 
r rate of inflation (%) 
R gas constant (kJ/kmol.K) 
R universal gas constant (kJ/kmol.K) 
RDF real discount factor (− ) 
RIR real interest rate (%) 
s specific entropy (kJ/kg.K) 
t operating hours during a year (h/y) 
T temperature (K) 
u velocity (m/s) 
V voltage (V) 
Ẇ power (kW) 
z height (m) 

Greek symbols 
η first-law efficiency (%) 
ε second-law efficiency (%) 
Ф maintenance factor (− ) 
λ membrane surface water (1/Ω) 
λ molar fuel/air ratio (− ) 
τ combustion residence time (s) 
Ψ̇ exergy destruction rate (kW) 
σ ionic conductivity (− ) 

Abbreviations and subscripts 
0 environmental conditions 
3E energy, exergy, and eco-environment 
a anode 
AC air compressor 
act activation 
amb ambient 
AP air pre-heater 
c cathode 
ch chemical 
CC combustion chamber 
CHP combined heating and power 
CO carbone monoxide 
CO2 carbon dioxide 
CON condenser 
env environmental 
ex exergy 
EES engineering equation solver 
f fuel 
GA genetic algorithm 
GT gas turbine 
H2 hydrogen 
HEX heat exchanger 
HES hybrid energy system 
H2O water 
in inlet 
k equipment k 
net net value 
N2 nitrogen 
NG natural gas 
NOx nitrogen oxide 
ohm ohmic 
out outlet 
O2 oxygen 
O&M operating and maintenance 
ORC organic Rankine cycle 
ph physical (in exergy) 
P2G power-to-gas 
PEME proton exchange membrane electrolyzer 
PEMEC PEME cycle 
ph physical (in exergy) 
PRS pressure reduction station 
PU pump 
PZ primary zone of the CC 
RBC regenerative Brayton cycle 
RC Rankine cycle 
ref reference 
s isentropic 
SEP separator 
ST steam turbine 
VG vapor generator 
WHR waste heat recovery  
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temperature may lead to the freezing of NG, which is called NG hydrate 
formation [9,10]. Hence, before the pressure reduction process, a 
water-bath heater is used for pre-heating the NG to a certain tempera-
ture in order to prevent it from freezing [11]. The exhaust gases (EG) of 
heaters (which have a high heating capacity) are discharged into the 
atmosphere in most conventional water-bath heaters. This is while the 
heating potential of the EG can be recovered for different purposes 
namely energy improvement and costs/pollution reductions. Using 
turbo-expanders and thermodynamics cycles are the two methods to 
achieve the above-mentioned benefits. 

The available literature can be categorized into two groups of 
studies: (i) the studies around the performance improvement of the NG 
PRSs through pressure recovery by utilizing turbo-expanders or waste 
heat recovery (WHR) of conventional PRS heaters (PRSHs). (ii) the 
studies around designing novel hybrid energy systems (HESs) for use in 
PRSs instead of the conventional PRSHs. 

In the first category, in one of the most recent studies, Deymi- 
Dashtebayaz et al. [12] derived a water desalination unit and a 
turbo-expander through WHR of the PRSH’s flue gases for producing 
fresh water and some power. They developed exergo-economic model of 
the system and utilized the Genetic Algorithm (GA) for achieving the 
optimal working conditions. Rahmatpour and Shaibani [13] utilized the 
pressure recovery approach to produce some power in an NG PRS in 
Iran. They used techno-economic and environmental analyses to eval-
uate the system and obtained investment payback time of 7.7 and 15 
years based on the simple and discounted payback approaches, respec-
tively. and Yaxuan et al. [14] inserted a turbo-expander on the way of 
high-pressure inlet NG and generated some power and used a heat pump 
cycle for NG pre-heating process. Their results illustrated a daily ener-
getic and exergetic of 25% and 37.02% for their proposal. Saadat-Targhi 
and Khanmohammadi [15] applied the first- and second-law of ther-
modynamics to evaluate the performance of power generation by WHR 
of the PRSHs. They used a flash ORC (organic Rankine cycle) and a 
thermo-electric generator to achieve this goal. Applying the GA 
approach, they reached the optimum energetic efficiency and total 
exergy destruction of 67.16% and 45.08 kW, respectively. In another 
work conducted by the same authors [16], they investigated five 
different layouts of combining PRSH, flash ORC, and thermo-electric 
generator. In the best layout, the maximum generated power of the 
flash ORC and thermo-electric generator modules were 132 W and 11.5 
kW, respectively. Borelli et al. [17] recovered the energy of the pressure 
reduction process in the NG PRSs for the performance improvement 
purpose. They developed a dynamic model for analyzing the proposed 
method. Olfati et al. [18] utilized the first- and second-law of thermo-
dynamics for finding the most exergy destructive sources in four seasons 
of a year. They considered a certain NG PRS (with a nominal capacity of 
20000 SCMH) for their analyses and found that the best and worst 
exergetic efficiencies were 77% and 69%, which occurred in winter and 
summer, respectively. Neseli et al. [19] applied a WHR approach for 
producing electricity in a case study PRS in Turkey. They developed the 
first- and second-law of thermodynamics models and found the ener-
getic and exergetic efficiencies of 71.96% and 78.25%, respectively. 

In the second category, limited researches have been done in recent 
years. Golchoobian et al. [20] developed a HES based on the WHR in the 
PRSs. Their proposed system was comprised of some power and refrig-
eration cycles and a water desalination unit. They concluded that the 
payback period of their proposal is less than 5 years depending on 
different electricity prices. Razmi et al. [21] used Aspen software to 
analyze a new heat and power cogeneration biomass-based system. They 
compared three different biomass materials and concluded that 
municipal solid waste provides maximum efficiency of around 70%. 
Alirahmi et al. [22] introduced a solar-based HES for electricity and 
hydrogen generation which could be used in different energy production 
industries such as NG PRSs. Applying exergo-economic optimization, 
they found exergy efficiency and total cost rate of 60.4% and 117.5 
$/GJ, respectively. Shokouhi Tabrizi et al. [23] utilized the heating 

potential of a modified Brayton cycle (BC) to supply the required heating 
of the NG pressure reduction process in PRSs. They presented a detailed 
energetic, exergetic, and economic framework to assess the perfor-
mance. They applied the model to the Birjand PRS (in Iran) and reached 
4.87 million m3 fuel-saving compared with the current conventional 
system used in the station. Ebrahimi-Moghadam et al. [24] proposed a 
CHP plant for pre-heating the NG in PRSs together with producing 
electricity and developed a robust 4E model for evaluating their pro-
posal. Applying the GA optimization, they reached to optimal ACI1 of 
0.763. Kowsari et al. [25] sought the optimal operating condition of a 
tri-generation system (power, heat, and hydrogen) for use in the NG 
PRSs. They developed exergoeconomic and environmental models and 
applied them for six different NG PRSs in Iran as case studies. Among all 
case studies, the highest productions were 5315 kW of power and 
31.062 ton/y of hydrogen, while the lowest CO2 emission of 246.7 
ton/y. Li et al. [26] combined the use of a turbo-expander and an ORC 
for reducing the NG pressure and producing some power in the NG PRSs. 
They applied a thermo-economic optimization procedure and reached to 
42.23% reduction in the electricity generation cost. Ghaebi et al. [27] 
proposed two systems for producing hydrogen and electricity in the NG 
PRSs together with satisfying the required heating load of the NG 
pre-heating. The PEME (proton exchange membrane electrolyzer) was 
used to produce hydrogen in both systems. An RC was utilized for the 
power generation in the first system while an absorption cycle was used 
in the second one. They compared two systems and found that the first 
system had higher efficiency and lower production costs. Lo Cascio et al. 
[28] proposed a new HES for use in the NG PRSs which pre-heats the NG 
within the pressure reduction process, produces some heat (to be used in 
local users near PRS), and generates some electricity (to be used in city 
users). They concluded that their system could maximally recover 69% 
of waste energy. 

The literature around the field of the study illustrated that the re-
searches published in recent years on the improvement of NG PRSs have 
focused more on the development of HESs instead of conventional 
water-bath heaters. Because for a certain amount of fuel consumption, in 
addition to providing the required heat for the NG pre-heating, the 
production of various types of energy will be possible and water con-
sumption in water-bath heaters will also be eliminated. An overview of 
the presented literature indicates that the design and feasibility of using 
different arrangements of HESs in the NG PRSs (i.e. the second category 
in the above-reviewed literature) is an important issue that can lead to a 
reduction in energy consumption, costs, and pollution. Although some 
researches have been conducted in this area in recent years, but there 
are still gaps in the development of novel HESs based on the hydrogen 
production in the NG PRSs and the presentation of robust and compre-
hensive assessment models with real assumptions for approving the 
feasibility of their construction. Consequently, to fulfill the mentioned 
gap, the objectives and novelties of the present paper can be expressed as 
follows:  

• Introducing a new layout of a HES for use in the NG PRSs: The 
introduced system is used for satisfying the required heating demand 
of the NG pre-heating process in PRSs together with producing some 
electricity and hydrogen.  

• Utilizing the first- and second-law of thermodynamics and economic 
principles for verifying the feasibility of using the introduced system: 
Real assumptions and robust equations are applied to achieve this 
objective. 

• Conducting a sensitivity study for investigating the system perfor-
mance in different operating months during a year: The effects of 
some important systematic design variables are also investigated to 
make the results useable for different sizes and capacities. 

1 ACI: Annual Costs to Incomes. 
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2. Describing the problem and system operating strategy 

In the NG PRSs, the pressure of NG is significantly reduced for 
making the high-pressure NG from the main transmission pipelines 
useable in industrial/domestic consumers. This process is done utilizing 
regulators and the NG temperature drops sharply during this process. So 
that, the NG is frozen in some cold weather conditions (this phenomenon 
is called NG freezing or hydration formation). To prevent hydrate for-
mation, before the pressure reduction process, the high-pressure NG 
entering PRS should firstly pre-heated to a desirable temperature [29]. 
In the current NG PRSs, a large amount of NG is burned in indirect 
water-bath heaters for NG pre-heating. Furthermore, a large amount of 
water should be used in these types of heaters. 

The problem under investigation in this study is around proposing/ 
assessing a new HES for use in the NG PRSs instead of the conventional 
indirect water-bath heaters which have been used in most of PRSs. Also, 
a robust optimization is finally applied to reach the best operating 
conditions. In this study, a robust 3E (energy, exergy, and eco- 
environment) analysis is developed to assess the feasibility of con-
structing the proposed HES in the NG PRSs. To have an overview of the 
problem under investigation, a schematic sketch of these steps is 
depicted in Fig. 1 and further details are presented in the next sections. 

The proposal is based on the WHR from a RBC (re-heating Brayton 
cycle) for satisfying the required heating load in the NG PRSs together 
with producing some hydrogen as a clean fuel. Based on the mentioned 
contents, if a same amount of fuel is burned in the conventional PRS 
heaters and the HES proposed in the present study, in addition to 
providing the necessary heat for NG pre-heating, several benefits will be 
obtained, including: (i) eliminating water consumption used in indirect 
water-bath heaters which leads to energy and cost savings, (ii) selling 
the generated power in the RBC (as an income source for the proposal) 
which leads to cost saving, (iii) producing some hydrogen which can be 
blended with NG which leads to having a higher volume of gas and 
delivering a cleaner fuel to customers. 

As depicted in Fig. 2a, the introduced HES comprises a RBC (as 
primary runner cycle), a HEX (for NG pre-heating), a RC (for WHR and 
generating extra power), and a PEMEC (for producing hydrogen). In the 
RBC, the atmospheric inlet air is firstly compressed and then pre-heated 
to achieve more efficient combustion. The heating potential of the EG 
from the GT is maximally recovered through utilizing it for three pur-
poses including the NG pre-heating, running the RC, and pre-heating the 
inlet water of the PEME. All the generated power of the RBC is sold to the 
central power grid, while a part of the RC’s power is used for running the 
PEME. The produced hydrogen is blended with the NG or could be stored 
in a storage tank in case of surplus. In most of the NG PRSs, the NG pre- 
heating temperature is fixed at 38 ◦C to ensure the prevention of hydrate 
formation at any climatic conditions. But in this study, to make the 
system smarter, the NG pre-heating temperature (i.e. T9) is calculated 
based on the operating conditions using Eq. (1) [30]. Furthermore, since 
the inlet NG into the PRS has traveled a long distance in the NG trans-
mission pipelines, the ambient temperature affects it, and therefore to 
approach the real conditions, the inlet NG temperature (i.e. T8) is esti-
mated using Eq. (2) [31]. These two correlations were developed based 
on the experimental data and their accuracy was validated in the related 
references. Taking into account the above contents, there is no need to 
pre-heat the NG in some months of the year (in most conditions these 
months are within May to September) [32]. As a case study, the results 
of the modeling procedure are applied for Iran, and the average ambient 
temperature data in different months are presented in Fig. 2b. 

T9 =TNG,out = 9.83 + 3.24P8, ⋅P8 = PNG,in (1)  

T8 = TNG,in = 0.0084T2
amb + 0.03182Tamb + 11.403 (2)  

3. Parametric model 

As mentioned, a comprehensive 3E (energy, exergy, and eco- 
environment) analysis is developed to assess the feasibility of con-
structing the proposed HES in the NG PRSs. Details of the general 
mathematical formulation for each of these steps are presented in the 
following:  

(1) Energy analysis: This step starts with applying the first-law of the 
thermodynamics for each of the system equipment (Eq. (3)) [33]. 
Additionally, for some equipment, some auxiliary equations 
should also be used. For doing this analysis, the thermo-physical 
properties of all flow streams should be calculated based on the 
assumed input parameters. The outputs of this step are included 
the net generated power, the produced heating load, and mass 
flow rate of the produced hydrogen. In this work, a potent en-
ergetic model is developed based on variable system sizing (i.e. 
mass flow rate of working fluids) depending on the system’s 
working operation. It means that, unlike most of the previous 
studies, the mass flow rates of the working fluids are not 
considered to be fixed as input parameters and they are calcu-
lated within the thermodynamic model depending on the 
different design variables. 

(
∑

[

ṁ
(

h +
u2

2
+ gz

)]

in,k

)

+
∑

Q̇k =

(
∑

[

ṁ
(

h +
u2

2
+ gz

)]

out,k

)

+
∑

Ẇk

(3)    

(2) Exergy analysis: This step starts with applying the second-law of 
the thermodynamics for each of the system equipment (Eq. (4)) 
[34]. For doing this analysis, the inlet/outlet exergy rates of all 
flow streams should be calculated based on Eq. (5) [35]. This 
analysis gives information about the rate of destroyed exergy in 
the equipment (it determines how much of the input exergy is lost 
during energy conversion processes). 

(
∑

Ėxin,k

)

+

(
∑
[

1 −
T0

Tk

]

Q̇k

)⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞
ĖxQ

=

(
∑

Ẇk

)

+ Ψ̇ k

⏞̅̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅⏞
ĖxW

(4)  

Ėxk = [ṁ((h − h0) − T0(s − s0))]k

⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞
Ėxph,k

+

[

ṁ

(
∑

i
YiexCh,i + RT0

∑

i
Yi ln Yi

)]

k

⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞
Ėxch,k

(5)    

(3) Eco-environment analysis: This step gives information about 
whether the implementation of the introduced proposal is 
economically viable or not. The eco-environment formulation is 
expressed as Eqs. (6)–(9) [36,37]. In this study, a powerful eco-
nomic model is developed by calculating the purchasing equip-
ment cost (PEC) based on reliable correlations which are a 
function of the equipment working conditions. It is worth 
mentioning that these PECs are updated from the reference year 
(year of development) to the present year, using the CEPCI.2 Also, 
the effects of inflation and capital discount are also applied in the 

2 Chemical Engineering Plant Cost Index. 
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modeling. Furthermore, the tax of harmful gases released into the 
atmosphere is also taken into account, and therefore the pre-
sented economic analysis can also be called eco-environmental 
analysis. The output of this analysis is the calculation of the 
system’s total cost rates. 

ċtot =

(
∑

k

ċ

)

+ ċf + ċenv (6)  

ċk = ċPEC
k + ċO&M

k =(PECk ×CRC×Ф)×
CEPCI2019

CEPCIRY
; CRC= ieff

×

[ (
1 + ieff

)N

(
1 + ieff

)N
− 1

]

(7)  

ċf =

(

cf × ṁ10 ×LHV
)

× 3600 × t (8)  

ċenv =

[

cCO2 × ṁCO2 + cCOṁCO + cNOxṁNOx

]

× 3600 × t (9) 

To make the economic analysis even more valuable, as another 

useful result for the economic verification of the proposed HES, the net 
present value (NPV) is also calculated. This approach estimates the 
required time for recovering the initial investment and also the profit 
earned in each year during the system’s life span [38]. The payback 
period in the present investigation is determined based on the NPV 
method. In this way, unlike the simple payback period approach, the 
inflation and discount factors during all the years of the system’s life 
span are involved in the calculations. Hence, it is a dynamic payback 
period. 

NPV0 = − (FC × IF0 × RDF0)

NPVi = NPVi− 1 + (AS × IFi × RDFi) ; i = 1, 2,…,N (10)  

where, IF is the inflation factor and RDF returns to the real discount 
factor: 

IFi =
(

1 +
r

100

)− i
(11)  

RDFi =

(

1 +
RIR
100

)− i

(12)  

Fig. 1. Details of different steps in the modeling/optimization procedures.  
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Fig. 2. Outline of the introduced HES, (b) profile of the average ambient temperature at the studied NG PRS working months [31]; NG (natural gas), EG (exhaust 
gases), H2O (water or steam), H2 (hydrogen), O2 (oxygen). 
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RIR=DR − r (13)  

where, r, RIR, and DR respectively refer to the rate of inflation, real 
interest rate, and discount rate. 

Applying the above general formula for each of the system equip-
ment, the final simplified form of the 3E model of system equipment can 
be summarized as follows [39–41]. Also, some details are presented in 
the Supplementary Data File as some appendixes. 

Air compressor 

Energy  balance: ẆAC = ṁ1(h2 − h1)

Pressure  ratio: ηAC,s =
h2,s − h1

h2 − h1

Destroyed  exergy  rate: Ψ̇AC = ẆAC −

(

Ėx2 − Ėx1

)

Purchasing  equipment  cost: PECAC =

(
39.5 × ṁ1

0.9 − ηAC,s

)

× CPR × [ln(CPR) ]

(14) 

Heat exchanging equipment 

Energy  balances:

Q̇AP = ṁ2(h3 − h2) = ṁ5(h5 − h6)

Q̇HEX1 = ṁ7(h6 − h7) = ṁ8(h9 − h8)

Q̇VG = ṁ11(h7 − h11) = ṁ12(h12 − h15)

Q̇CON = ṁ13(h13 − h14) = ṁ16(h17 − h16)

Q̇HEX2 = ṁ25(h11 − h25) = ṁ18(h19 − h18)

Destroyed  exergy  rates:

Ψ̇AP =

(

Ėx5 − Ėx6

)

−

(

Ėx3 − Ėx2

)

Ψ̇HEX1 =

(

Ėx6 − Ėx7

)

−

(

Ėx9 − Ėx8

)

Ψ̇VG =

(

Ėx7 − Ėx11

)

−

(

Ėx12 − Ėx15

)

Ψ̇CON =

(

Ėx13 − Ėx14

)

−

(

Ėx17 − Ėx16

)

Ψ̇HEX2 =

(

Ėx11 − Ėx25

)

−

(

Ėx19 − Ėx18

)

Purchasing  equipment  costs: PECk = cref,k ×

(
Ak

100

)0.6

(15) 

Combustion chamber 

Combustion  reaction: λCH4 + (0.2059O2 + 0.7748N2 + 0.019H2O + 0.0003CO2)→yCO2 CO2 + yN2 N2 + yO2
O2 + yH2OH2O + yNONO + yCOCO

Molar  fuel − air  ratio: λ =
n10

n1

Energy  balance: ṁ3h3 + ṁ10 × LHVf = ṁ4h4 + (1 − ηCC)ṁ10 × LHVf

Destroyed  exergy  rate: Ψ̇CC =

(

Ėx3 + Ėx10

)

− Ėx4 −

[

Q̇CC

(

1 −
T0

TCC

)]

Purchasing  equipment  cost: PECCC =

⎛

⎜
⎜
⎝

25.6 × ṁ3

0.995 −
P4

P3

⎞

⎟
⎟
⎠[1 + exp(0.018T4 − 26.4) ]

(16)   

Gas turbine 

Energy  balance: ẆGT = ṁ5(h4 − h5)

Isentropic  efficiency: ηGT,s =
h4 − h5

h4 − h5,s

Destroyed  exergy  rate: Ψ̇GT =

(

Ėx4 − Ėx5

)

− ẆGT

Purchasing  equipment  cost: PECGT =

(
266.3 × ṁ4

0.92 − ηGT,s

)[

ln
(

P4

P5

)]

[1 + exp(0.036T4 − 54.4) ]

(17) 

Steam turbine 

Energy  balance: ẆST = ṁ13(h12 − h13)

Isentropic  efficiency: ηST,s =
h12 − h13

h12 − h13,s

Destroyed  exergy  rate: Ψ̇ST =

(

Ėx12 − Ėx13

)

− ẆST

Purchasing  equipment  cost: PECST = 3880.5 × Ẇ0.7
ST

(

1 +

(
0.05

1 − ηST,s

)3
)[

1 + 5exp
(

T12 − 866
10.42

)]

(18)   
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Pump   

4. Performance indices and input data 

For evaluating the performance of the proposed HES, three main 
performance indices are defined as first-law efficiency (η), second-law 
efficiency (ε), and levelized eco-environment total cost rate (Ċtot). The 
governing equations are developed as a computational code and solved 
in the Engineering Equation Solver (EES) software. To complete the 
modeling procedure and run the developed computational code, some 
input data should be considered based on the assumptions and system’s 
operating strategy presented in previous sections. The considered input 
data are summarized in Table 1. Additional details around the modeling 
procedure and also a flowchart of the solution procedure are presented 
in the Supplementary Data File. 

The amount of system productions and performance indices are 
calculated during different months of the year. Also, to make the results 
more applicable for different cases, the results are presented for different 
sizes of PRSs. To achieve this goal, the modeling is done for different 

values of the operating variables of the system’s most important 
equipment. For this, a base system is defined, and then the effects of 
operating variables of the system’s most important equipment are 

investigated. The widest range based on the technical and thermody-
namic possibility of the system design and commercial availability of the 
equipment is considered and listed in Table 2. Due to the multiplicity of 
results, the outputs are just plotted for the lower and upper bounds of the 
investigated range. 

η =
Total  produced  energy

Total  input  energy
=

Ẇnet + Q̇HEX1

⏞̅̅̅̅̅̅̅̅̅ ⏟⏟̅̅̅̅̅̅̅̅̅ ⏞
Q̇heating

+

(

ṁ22 × LHVH2

)⏞̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞
Ėhydrogen

ṁ10 × LHVf
(22)  

ε =
Total  produced  exergy

Total  input  exegy
=

Ẇnet

⏞⏟⏟⏞
Ėxpower

+

(

Ėx9 − Ėx8

)⏞̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅⏞
Ėxheating

+

(

Ėx22 + Ėx20

)⏞̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅⏞
Ėxhydrogen

Ėx1 + Ėx10 + Ėx18

(23) 

Energy  balances: ẆPU = ṁ14(h15 − h14)

Isentropic  efficiencies: ηPU,s =
h15,s − h14

h15 − h14

Destroyed  exergy  rates: Ψ̇PU = ẆPU −

(

Ėx15 − Ėx14

)

Purchasing  equipment  cost: PECPU = 2100

⎛

⎝ẆPU

10

⎞

⎠

0.26

×

(1 − ηPU,s

ηPU,s

)0.5

(19)   

Poroton exchange membrane electrolyzer 

Water  splitting  reaction: H2O + energy→H2 +
1
2
O2 ;

⎧
⎪⎨

⎪⎩

H2O→2H+ + 2e− +
1
2

O2 , Anode side

2H+ + 2e− →H2 , Cathode side

Hydrogen  molar  mass  flow  rate: ṄH2 =
J

2F
Input  power  to  the  electrolyzer: ẆPEME = JV

Voltage  potential  of  the  electrolyzer: V = V0 + Vact,a + Vact,c + Vohm

Reversible  potential: V0 = 1.229 −
[
8.5 × 10− 4(T24 − 298)

]

Activation  over − potential: Vactv,i =
RT
F

sinh− 1
(

J
2J0,i

)

, J0,i = Jref,iexp
(

−
Eactv,i

RT

)

; i = a, c

Ohmic  over − potential  of  the  electrolyte: Vohm = J ×

∫D

0

dx

[0.5139λ(x) − 0.326 ] × exp
[

1268
(

1
303

−
1

T24

)] ; λ(x) =
(

λa − λc

D

)

x + λc

Destroyed  exergy  rate: Ψ̇PEME =

(

Ėx24 + ẆPEME

)

−

(

Ėx20 + Ėx22

)

Purchasing  equipment  cost: PECPEME = 1000ẆPEME

(20) 

Separator 
Energy  balance: ṁ20h20 = ṁ21h21 + ṁ23h23

Destroyed  exergy  rate: Ψ̇SEP = Ėx20 −

(

Ėx21 + Ėx23

)

Purchasing  equipment  cost: PECSEP = 114.5 ×

(

ṁ20

)0.67
(21)   
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Ċtot =
Total  cost  rates

Total  produced  energy
=

ċtot

Ẇnet + Q̇heating + Ėhydrogen
(24)  

5. Optimization 

To reach the optimal system’s operating conditions and performance 
criteria, the GA (genetic algorithm) optimization method is used. The 
optimization in the present study is a multi-criteria optimization (MCO) 
problem with three objective functions. The majority of similar studies 
in the field of study used the optimization toolbox of Matlab software 
(which supports only two objective functions in the MCO) and therefore 
optimization of HESs with three objective functions is a new concept 
that only a limited number of recent studies have addressed it. The 
objective functions and optimization variables are respectively same as 
the defined performance indices and operating variables introduced in 
the previous section. Also, the optimization range of the optimization 
variables is the same as for operating variables. 

As mentioned in the previous section, the EES software is used for the 
parametric model. But the EES only supports single-objective GA opti-
mization method. Hence, the MCO should be done by linking the EES 
and Matlab. This procedure requires a long calculation time; to over-
come this defect, an ANN (artificial neural network) is trained in the 
present study. In this way, a randomly generated data file (containing 
the value of performance indices for different operating variables) is 
prepared in the EES and then is supplied to the ANN, where the math-
ematical relation between operating variables and performance indices 
is defined. The architecture of the designed ANN and its coupling with 
GA optimization method is schematically illustrated in Fig. 3. As it can 
be seen, the feed-forward network with 5 input parameters and 2 hidden 
layers (with 4 neurons inside each of them) is utilized for the re- 
modeling procedure in the ANN. 

6. Validation 

The introduced configuration in the present investigation is novel 
and has not been evaluated in the literature. Therefore, each of the sub- 
cycles is validated by comparing their outputs with a reliable recent 
investigation in the field. For this, the outputs of the developed model in 
this study are compared with the modeling outputs of Moghimi et al. (for 
RBC) [45] and Nemati et al. (for ORC) [46], and the experiment outputs 
of Ioroi et al. [47] (for PEMEC). The percentage of the relative deviation3 

and the mean absolute error (MAE)4 [48] are used for presenting the 
amount of differences. Based on Fig. 4a, the amount of minimum, 
maximum, and average relative deviation percentages for the RBC are 
0.0008%, 0.769%, and 0.282%; also these values respectively are 
0.019%, 0.751%, and 0.204% for the ORC. Also, based on Fig. 4b, the 
relative deviation percentage is within ±3% for the PEMEC. Also, the 
value of MAE is 0.092 (for RBC), 2.051 (for ORC), and 0.019 (for 
PEMEC). According to these contents, it is demonstrated that the 
modeling outputs of this investigation are valid and truthful. 

7. Results and discussion 

As mentioned in previous sections, the problem under investigation 
is done for different values of the operating variables during PRS’s 
working months. Hence, there would be so many samples for the pre-
sentation and due to the multiplicity of results, the outputs are just 
plotted for the lower and upper bounds of the investigated range which 
are presented in Table 2. 

The outputs of the modeling procedure for the base system condi-
tions are drawn in Fig. 5a, while Fig. 5b–f shows the impact of changing 
the equipment operating variables. 

Table 1 
The considered input data in the modeling procedure.  

Parameter Symbol Value Reference 

Reference temperature and 
pressure 

T0 and P0  289 K and 1.01 
bar 

[38] 

Isentropic 
efficiency of 

AC ηAC,s  86% 
GT ηGT,s  86% 
ST ηST,s  85% 
PU ηPU,s  80% 

Pressure drop 
within 

AP (air side) ΔPAP,air  5% 
AP (the EG 
side) 

ΔPAP,gas  3% 

CC ΔPCC  5% 
HEX 1 (the 
EG side) 

ΔPHEX1  5% 

Inlet temperature of CC T3  750 K [36] 
Thermal efficiency of CC ηCC  98% 
Fuel supply pressure P10  12 bar 
Temperature of PEM electrolyzer T34  353 K [42] 
Thickness of membrane D  100 μm 
Activation energy of anode and 

cathode 
Eactv,a and 
Eactv,c  

76 kJ/mol and 
18 kJ/mol 

Water content of anode and 
cathode 

λa and λc  14 1/Ω and 10 1/ 
Ω 

Pre-expotential factor of anode 
and cathode 

Jref,a and 
Jref,c  

1.7 × 105 A/m2 

and 4.6 × 103 A/ 
m2 

Faraday constant F  96486C/mol 
Cost and lower heating value of 

fuel 
cf and LHVf  2.5 $/GJ and 

50916.96 kJ/kg 
[43] 

Selling price of Power cpower  30 €/MWh 
Heat cheat  20 €/MWh 
hydrogen chydrogen  7 $/kg 

Releasing 
penalty 
coefficient of 

carbon 
dioxide 

cCO2  0.024 $/kgCO₂ [24] 

carbon 
monoxide 

cCO  0.02086 $/kgCO 

nitrogen 
oxide 

cNOx  6.853 $/kgNOx 

Reference cost 
of 

AP and HEXs 
1 and 2 

cref,AP ,

cref,HEX1 ,

cref,HEX2  

12000 $ [44] 

VG cref,VG  17500 $ 
CON cref,CON  8000 $ 

Operating hours during a year t  7000 h 
Expected life span of system N  25 y 
Operating and maintenance 

coefficient 
Ф  1.06 

Effective interest rate ieff  10% [40] 
Rate of discount DR  8% 
Rate of inflation r  5%  

Table 2 
The studied range and base value for operating variables of the system’s 
important equipment.  

Equipment operating variable Investigated range Base system 
value 

Compressor pressure ratio 5≤CPR≤10  10 
Gas turbine inlet temperature 1200 K≤GTIT≤1400 

K  
1300 K 

Vapor generator pressure 40 bar≤VGP≤60 bar  50 bar 
Vapor generator pinch-point 

temperature 
5 K≤VGPT≤15 K  15 K 

NG inlet pressure 55 bar≤NGIP≤65 bar  60 bar  

3 Relative  deviation =
Present  study− Reference  study

Reference  study  
4 Mean  absolute  error =
∑n

i=1
|Present  study− Reference  study|

n ; n  is  number  of  data  points 
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Fig. 3. Flowchart of optimization procedure through the combination of ANN and GA methods.  

Fig. 4. Validating the results of the modeling procedure in this study versus, (a) modeling results of Moghimi et al. (for RBC) [45] and Nemati et al. (for ORC) [46], 
(b) experimental results of Ioroi et al. [47] (for PEMEC). 
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Fig. 5. Changes in the HES productions and performance indices at PRS’s working months for, (a) the base system conditions, (b) different CPRs, (c) different GT 
inlet temperatures, (d) different VG inlet pressures, (e) different VG pinch-point temperatures, (f) different NG inlet pressures; [Ẇnet: Net sold power to grid (kW), Q̇h: 
Produced heating load (kW), ṁH2 : Produced hydrogen (kg/h), η: First-law efficiency (%), ε: Second-law efficiency (%), Ċtot: Levelized eco-environment total cost 
rate ($/GJ)]. 
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• Examination of the results indicates a sudden leap in the system’s 
productions and performance indices in April. In this month, the 
lowest heating load is required for the NG pre-heating process. 
Hence, most of the EG energy is spent on running the RC and hence 
the power generation and hydrogen production are increased. In 
contrast, in January, due to the cold ambient temperature, the heat 
of the EG is spent more on the NG pre-heating, and therefore the 
lowest level of system’s production during the year is achieved in this 
month.  

• Although changes in the CPR have a significant effect on the η and ε, 
the Ċtot is less sensitive to changes (selecting ACs with larger CPRs 
leads to significant increment in purchasing cost but when this cost 
increment was weighed against the system’s productions, it was 
observed that its effect was negligible). On the other hand, by 
comparing the results, it can be seen that the higher CPRs lead to an 
increase in the system productions, achieve higher efficiencies, and a 
slight change in levelized total costs rate.  

• Analyzing the results illustrated that the GTIT has the highest impact 
on the amount of pollutant emissions. So that, by keeping the other 
parameters constant, lower GTITs lead to lower emissions while it 
reduces the system’s productions.  

• Among the investigated equipment variables, the CPR is the most 
effective variable. Also, the NGIP is another important variable. 

Applying the optimization procedure for different values of the 
equipment operating variables during different months of the year, the 
Pareto optimal frontier is drawn as Fig. 6. All of the points on this figure 
could be selected as a possible optimum solution. Among all of these 
points, one point should be selected through a decision-making 
approach as the desirable optimum point. In this study, the LINMAP 
approach [49] is applied and the best performance indices are achieved 
in January for CPR = 9.86, GTIT = 1394.88 K, VGP = 39.71 bar, VGPT 
= 14.19 K, and NGIP = 65 bar. In these conditions, important thermo-
dynamic specifications of the different flow streams in the system are 

listed in Table 3. Applying the values of this table, the total generated 
power (i.e. ẆGT + ẆST − ẆAC − ẆPU) is calculated to be 20.68 MW, 
which 430 kW is supplied for use in PEME and the remaining part is sold 
to a central power grid. These values result in the production of 11.96 
kg/h hydrogen. Finally, as presented in Table 4, the best first- and 
second-law efficiencies and the levelized total costs rate are respectively 
obtained as 58.07%, 34.23%, and 6.87 $/GJ. 

The results of the exergy model for the best operating conditions are 
illustrated in Fig. 7. Based on this figure, as the prime mover cycle, the 
RBC is the main source of irreversibility with an exergy destruction rate 
of 37.99 MW at the best operating conditions. Afterward, the share of 
the NG heater, RC, and PEMEC in the total exergy destruction is 24.79%, 
0.93%, and 0.41%, respectively. Also, among all of the system equip-
ment, the CC and HEX2 have the highest and lowest contribution in the 

Fig. 5. (continued). 

Fig. 6. The Pareto optimal frontier.  
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total exergy destruction. The reason could be found in the scale of 
temperature or pressure variations, which is severe in the CC during the 
combustion reaction. 

Fig. 8a illustrates a graphical representation for the contribution of 
the system equipment in the rate of total purchasing equipment cost. 
Taking into account this Sankey graph, at the best conditions, 72.87% of 
the total PEC rate is due to the RBC, and the AC is the most expensive 
equipment in the HES. Another finding of this figure is that almost all 
PEC rate of the PEMEC is related to the electrolyzer and other equipment 
can be ignored. Fig. 8b gives information about the achieved profit 
during the system life span based on the NPV approach at the best 
operating conditions. Based on this figure, one year is assigned for the 
construction of the proposed HES and $5.66 million is required for the 
initial construction investment of this proposal (the year “0” in the time 
ax means is related to constructing and the system operates from the 
year “1”). This figure reveals that it must take 6.77 years from the 
construction of the project for the proposal to become profitable. This 
time could be considered reasonable for such a proposal. 

The remaining part of this section pays to compare the outputs of the 
present proposal with similar studies in the field of study. For this, two 
reliable recently published studies are selected (which were introduced 
in the literature review) and the performance indices are compared in 
Table 5. As it can be inferred, the first-law efficiency of the present study 
is 29.07% and 25.17% higher than that of for [25,27], respectively. This 
is because the WHR in the present study is efficiently done and reveals 
that the maximum possible heating potential of the exhaust gases is 
recovered. Also, this table demonstrates that the total cost of pro-
ductions is significantly lower in the present study compared to the 
other ones. The only deficiency of this study is its lower second-law 
efficiency; which is related to the nature of the proposed HES (exis-
tence of the exergy-destructive equipment in the prime mover cycle, 
such as CC and AC). Because the majority of the previous studies are 
based on the improvement of the existing conventional water-bath 
heaters in the NG PRSs (WHR from the heater without using mover 
cycle) but this study proposes an autonomous HES without any depen-
dence on the central grid. As a conclusion, this comparison revealed that 
the proposed HES has efficiently done its task with reasonable 
eco-environment performance. 

8. Conclusions, perspective, and limitations of the study 

Replacing conventional gas pre-heating methods at the NG PRSs with 
novel HESs is one way to use efficient technologies for updating the PRS 
situation. By designing and evaluating novel HESs, with a same prime 
fuel consumption, one can satisfy the heating requirement in the NG 
PRSs together with producing power and hydrogen. Accordingly, in this 
paper, the goal was to introduce a new layout of a HES based on the 
combination of RBC, RC, and PEMEC for simultaneous production of 
power and hydrogen in the NG PRSs. Also, a HEX was embedded for 
supplying the required heating load of NG pre-heating to prevent hy-
drate formation. A robust and detailed 3E (energy, exergy, and eco- 
environment) mathematical model with real assumptions was devel-
oped to prove the techno-economic-environmental feasibility of the 
introduced system. To make the study applicable for different PRS ca-
pacities, the analyses were done for different equipment sizes during 
different months of a year. The main general findings can be concluded 
as:  

• In April, a sudden leap in the system’s productions and performance 
indices occurs. In this month, the lowest heating load is required for 
the NG pre-heating process. In contrast, in January, due to the cold 
ambient temperature, the heat of the EG is spent more on the NG pre- 
heating, and therefore the lowest level of system’s production during 
the year is achieved in this month.  

• Variation of the CPR has a significant effect on the first- and second- 
law efficiencies. On the other side, it has a slight effect on the 

Table 3 
Main thermodynamic specifications of the flow streams in the system (for the 
best operating conditions).  

State no. State name P (bar)  T (K)  h (kJ/kg)  s (kJ/kg.K)  

1 Air 1.01 298 298.44 5.7 
2 Air 9.96 617.45 625.72 5.78 
3 Air 9.6 700 713.62 5.93 
4 EG 9.12 1394.88 1515.63 6.73 
5 EG 1.1 915.69 950.89 6.85 
6 EG 1.06 632.45 641.57 6.45 
7 EG 1.01 398.62 399.89 5.99 
8 NG 65 286.19 − 4676.3 9.36 
9 NG 61.75 304.04 − 4636.48 9.52 
10 NG 12 298 − 4650.05 10.33 
11 EG 1.01 321.79 322.35 5.77 
12 H₂O 39.71 384.43 466.13 1.42 
13 H₂O 0.04 303 430.16 1.44 
14 H₂O 0.04 303 125.04 0.43 
15 H₂O 39.71 303.33 130.06 0.44 
16 H₂O 1.01 293 83.3 0.29 
17 H₂O 1.01 305 133.5 0.46 
18 H₂O 1.01 298 104.22 0.36 
19 H₂O 1.01 353 334.34 1.07 
20 H₂O + O₂ 1.01 353 327.69 1.07 
21 H₂O 1.01 353 334.34 1.07 
22 H₂ 1.01 353 4722.62 55.86 
23 O₂ 1.01 353 321.85 6.56 
24 H₂O 1.01 353 334.34 1.07 
25 EG 1.01 321.76 322.32 5.77  

Table 4 
Main productions and performance indices of the system (for the best 
operating conditions).  

Evaluated item Optimal amount 

Total generated power, Ẇtot  20.68 MW 

Net sold power to grid, Ẇnet  20.25 MW 

Produced heating load, Q̇h  19.91 MW 

Produced hydrogen, ṁH2  11.96 kg/h 

First-law efficiency, η  58.07% 
Second-law efficiency, ε  34.23% 

Levelized total costs rate, Ċtot  6.87 $/GJ  

Fig. 7. Exergy destruction rate of the different sub-cycles and their share from 
total exergy destruction rate (for the best operating conditions). 
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levelized total costs rate (although the CPR has a significant impact 
on the purchasing cost but when this cost was weighed against the 
system’s productions, it was observed that its effect was slight).  

• Analyzing the results illustrated that the GTIT has the highest impact 
on the amount of pollutant emissions. So that, by keeping the other 
parameters constant, lower GTITs lead to lower emissions while it 
reduces the system’s productions.  

• Among the investigated equipment variables, the CPR is the most 
effective variable. Also, the NGIP is another important variable.  

• The best performance indices were seen in January and selecting the 
optimum equipment variables in this month results in the 20.25 MW 
of net power, 19.91 MW of heating load, and 11.96 kg/h hydrogen 

production. At these conditions, the first- and second-law efficiencies 
and the levelized total costs rate are respectively obtained as 58.91%, 
34.02%, and 7.03 $/GJ. Also, the payback period was 6.77 years 
based on the NPV approach.  

• The energy market outlook in the field of the NG-consumer industries 
goes toward the maximum use of energy losses through WHR of flue 
gases. In this concept, the expansion of the proposed HES in the 
present paper through the construction of a methanation (methane 
production) unit is a new, very attractive, and high-tech topic for 
future work. This could be considered as an applicable use of power- 
to-gas (P2G) technology. Applying the P2G technology in this HES, 
the carbon in the flue gases is also captured in the methanation unit 
and therefore the system can be considered as a clean sustainable 
development system with a near-zero pollution.  

• Like any other researches, there are some shortcomings/limitations 
in the present investigation. The analyses were based on the 
computer-developed computational code. Accordingly, an experi-
mental investigation would be required to assess the actual operation 
of the proposed HES. Another shortcoming in such analyses is that 
system response time and the startup/shutdown penalties were not 
included. 

Fig. 8. (a) Sankey graph showing the share of all the equipment in the total purchase cost rate, (b) Outputs of the NPV approach showing the system profit during its 
life span, (for the best operating conditions). 

Table 5 
Comparison between the outputs of this study with other studies.  

Study First-law 
efficiency 

Second-law 
efficiency 

Levelized total costs 
rate 

Kowsari et al. 
[25] 

29% 86% 17.43 $/GJ 

Ghaebi et al. 
[27] 

32.9% 47.9% 36.9 $/GJ 

This study 58.07% 34.23% 6.87 $/GJ  
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