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� Optimizing proposed system is determined.

� The subsystems are biomass unit, SRC, and PEM electrolyzer.

� Tri-objective optimization and economic analyses are applied.
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The purpose of this paper is focused on introducing a new layout of an electricity and liquid

hydrogen cogeneration power plant and evaluating its performance from the exergo-

economic and environmental stand points. The system is based on the combination of a

biomass gasification gas turbine cycle, a Rankine cycle, an electrolyzer unit, and a

hydrogen liquefaction cycle. A parametric model is firstly developed to study the sensitivity

of the system performance on the main design parameters (including biomass flow rate

_mbiomass, gas turbine inlet temperature TGT, compressor pressure ratio PR, and steam

turbine inlet pressure PSRCT). Afterward, the optimal operation of system is selected using

by a multi-objective optimization approach. The observations revealed that _mbiomass is the

most effective design parameter. The optimal design parameters are obtained as

_mbiomass ¼ 1.94 kg/s, TGT ¼ 1421 K, PR ¼ 5.52, and PSRCT ¼ 3886 kPa, which results in the

maximum electricity and hydrogen production of 3377 kW and 14.8 kg/h together with

minimum total cost rate of 86.61 $/h. At this condition, the optimal environmental index is

1.09 kgCO₂/kWh.
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Nomenclature

G0 Molar Gibbs free energy, J/mol

K Equilibrium constant

T Temperature, K, C

h
0

f Enthalpy of formation, kJ/kmol

S Specific entropy, kJ/kmol K
_Q Heat rate, kW
_m Mass flow rate, kg/s

H Specific enthalpy, kJ/kg

Ẇ Power, kW
_Ex Exergy rate, kW

R Universal gas constant, J/mol K

exCh Standard molar chemical exergy, kJ/mol
_Z Capital cost rate, $/h

N Component lifetime

ieff Interest rate

CRC Cost recovery coefficient

Abbreviations

HPP Hybrid power plant

GTC Gas turbine cycle

WHR Waste heat recovery

ORC Organic Rankine cycle

ERC Ejector refrigeration cycle

PEMEC Proton exchange membrane electrolyzer cycle

FC Fuel cell

GA Genetic algorithm

KC Kalina cycle

CCHP Combined cooling, heating and power

SRC Steam Rankine cycle

Greek symbol

z CO2 emission, kg/kWh

D Difference

h Efficiency, %
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Introduction

In the last decades, different factors leads to creation of a

unanimous sense in the human that there is serious need of

increasing the share of renewable resources in the global en-

ergy matrix [1e3]. These factors are mainly related to defects

of conventional primary energies [4] and forced the govern-

ments to invest in different areas of generating/storing

renewable-based energies [5]. From some of important these

factors it could be mentioned to the limitation in reserves of

conventional primary energies, significant reliance of the

current power plants on them, and their environmental

damages [6,7]. Although the renewable resources have

numerous benefits, their unpromising due to climatic changes

and other natural constraints are their big shortcomings. In

most cases, the bioenergy solves these deficiencies [8] and this

makes it as one of the most widely-used renewable resources

in power plants (through direct firing of biomass or the com-

bustion of syngas produced from biomass).

Producing/storing clean sustainable energies through effi-

cient instrument has become one of the prominent issues. In

this regard, hydrogen production throughwaste heat recovery

(WHR) approach in hybrid power plants (HPPs) is a trend topic

in the field of study. In HPPs there possibility of producing

different kinds of energies (electricity, heat, and cold) [9,10],

hydrogen [11], freshwater [12], etc. in an integrated system.

The configuration of such system is made of a prime mover

cycle and some bottoming cycles. Among different cycles, the

gas turbine cycle (GTC) is known as one of the conventional

power cycles which has widely been utilized as a mover cycle

due to its high heating potential in deriving some bottoming

cycles throughWHR from its exhaust gases. Also, the Rankine

cycle (RC) and its organic version (known as ORC), Kalina cycle

(KC), ejector refrigeration cycle (ERC), multi-effect desalina-

tion (MED) unit, proton exchange membrane electrolyzer

cycle (PEMEC), etc. have widely been employed as bottoming

cycles for producing different kinds of energies.
In one the most recent published works in this concept,

Wang et al. [13] performed a comprehensive study around a

novel HPP producing power, heat, and cold simultaneously.

They developed a robust techno-economic-environmental

model and applied an evolutionary multi-criteria optimiza-

tion approach. They presented the values of 106.04 V/kW

9.36 kg/kW as the optimal annual values of eco-

environmental indices. Ebrahimi-Moghadam and Farzaneh-

Gord [14] designed a CHP þ H2 trigeneration plant for using

in natural gas industry. The produced heat was used for nat-

ural gas preheating and the hydrogen was fed to natural gas

pipelines. Hence, their proposal could be considered as an

application of power-to-gas technology. Ebrahimi-Moghadam

et al. [15] evaluated the performance of combining three bot-

toming cycles (including an RC, an ERC, and a PEMEC) with a

RGTC (as prime mover cycle). They utilized energy, exergy,

exergo-economic, and exergo-environmental analyses for this

evaluation. The system's outputs was included 21.42 MW of

power, 26.81 MW of heating, 8.89 MW of cooling, and 11.96 kg/

h of hydrogen. Altinkaynak and Ozturk [16] introduced a new

CCHP (combined cooling, heating and power)þH2 multi-

generation system through coupling of two types of GTC, two

types of RC, an ejector refrigeration cycle, and a hydrogen

production/storage unit. They accomplished the thermody-

namics analyses to evaluate their proposal and obtained the

energetic and exergetic efficiencies of 44.69% and 42.03%,

respectively. Ebrahimi-Moghadam et al. [17] developed

comprehensive exergo-economic and exergo-environmental

models of a CCHP district energy system. They coupled arti-

ficial intelligence and genetic algorithm (GA) optimization

approaches and reached to optimum primary ratio of 76.9%.

Ding et al. [18] sought the optimal operation of a power and

freshwater cogeneration system. The system comprised of a

regenerative GTC (RGTC), a KC, and a HD desalination unit.

They considered exergetic efficiency and levelized total

emission as optimization objective functions and found their

optimum value as 0.4384 and 62,602 kg/kW, respectively.

Ahmadi et al. [19] proposed a HPP producing electricity, heat,
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and freshwater. The system layout was based on WHR from a

GTCby utilizing a HRSG (heat recovery steamgenerator) to run

a MED-TVC unit. Ebrahimi-Moghadam et al. [20] performed a

comprehensive thermodynamics-based sensitivity analysis to

investigate the effects of some key parameters in a CCHP HPP.

The system comprised a RGTC, a KC, and an ejector refriger-

ation cycle. Their results illustrated that the KChas low exergy

destruction.

Over the past decades, the global energy matrix insist on

the use of renewable energy resources in the energy produc-

tion sectors, which leads to have cleaner productions. The use

of solar- and bio-driven/assisted GTCs has attracted the at-

tentions of researchers in design of novel clean HPPs. In this

concept, Alirahmi et al. [21] sought the optimal design con-

ditions of a system with the ability of producing and storing

energy. The system was based on the combination of a solar-

driven GTC, a RC, a PEME hydrogen production unit, and a

CAES (compressed air energy storage) system. They applied

their investigations on Los Angeles (as case study) and

reached to 3313 ton/year CO2 release reduction. Al-Hamed and

Dincer [22] introduced a new multigeneration energy system

which uses natural gas and solar radiation as prime running

energy sources. They developed thermodynamics model of

their proposal and found that solar irradiance has a significant

effect on the system efficiency. Musharavati et al. [23]

analyzed a syngas-fired cogeneration systemwhich generates

electricity and freshwater. They combined artificial intelli-

gence and grey-wolf optimization approaches demonstrated

that total cost rate is 206.78 $/h in their proposal. Cao et al. [24]

introduced a new configuration of a hybrid power generation

systemwhichwas built by the combination of a biomass-solar

driven GTC with hydrogen post-firing, a RC, and a PEME unit.

Applying the GA (genetic algorithm) optimization method,

they reached to minimum electricity cost of 61.37 $/MWh and

CO2 emission of 0.4579 kg/kWh. In another work, Alirahmi

et al. [25] recovered the wasted heat of a biomass-fueled solar-

assisted GTC to run four sub-systems for producing power,

freshwater, and hydrogen. They proposed a robust optimiza-

tion approach aiming themaximization of exergetic efficiency

and minimization of cost rate, simultaneously. They found

the optimal objective functions as 26.7% and 224.1 $/h. Wang

et al. [26] designed a new layout of a cooling, heating, and

power trigeneration system based on the WHR from a solar-

assisted GTC to run a DWH (domestic water heater) and a

cooling/heating absorption cycle. Their results showed that

the energetic efficiency of the system is respectively 83.6% and

66% in the cooling and heating modes. Karimi et al. [27]

applied the WHR approach to exhaust gases of a GT-SOFC

cycle for generating some additional power in an ORC. At

the optimum conditions, their proposed CHP system gener-

ated 329 kWand 56 kWof power and heat, respectively. Nazari

and Porkhial [28] developed exergo-economic model and

optimization of a CCHP þ freshwater multigeneration energy

system. The system was composed of a solar-assisted

biomass-fired GTC, two RCs (including steam and organic

RCs), an ARC, and a MED unit. The findings demonstrated that

using natural gas instead of their studied biomass leads to

around 3 times increment in system's total production costs

(for a same system outputs). Shokouhi Tabrizi et al. [29]

studied feasibility of using a solar-based heat and power
cogeneration plant in natural gas industry. Their model con-

sists of thermodynamics and economic principles and they

concluded the payback period time is around 8 years based on

NPV (net present value) method.

Designing new eco-friendly HPPs based on the renewable

resources is an interesting topic which have attracted many

attentions in recent years. Relying on the available literature,

hydrogen is a clean fuel for near future and HPPs with

hydrogen production/storage units are under developing.

Also, the liquid hydrogen is the cleanest natural fuel which

limited researches have been conducted to produce it in HPPs.

On the other side, reviewing the available literature states that

limited researches have been conducted around the use of

hydrogen liquefaction cycles in the HPPs. In this context, most

of the previous papers have investigated only hydrogen gas

production and limited studies paid to modeling of the

liquefaction process after hydrogen production. Therefore the

necessity to such systems is still sensed in the field of study.

Hence, to address this gap, the following objectives/novelties

are sought in this study:

� Presenting a novel enviro-friendly HPP for simultaneous

production of the electricity and liquid hydrogen. For this, a

biomass-fueled GTC is considered as the mover cycle and

the Linde-Hampson cycle is used for liquefaction process.

� A detailed computational model is developed based on the

4E (energy, exergy, exergo-economic, and environmental)

principles and the effect of system's key parameters on the

assessment indices is studied applying a parametric study.

� Finally, the system's optimal operating condition is found

using by a robust optimization procedure based on the

combination of artificial neural network (ANN) and NSGA-

II (non-dominated sorting genetic algorithm) optimization

method.
Description of the system under investigation

Fig. 1 shows the proposed schematic of the biomass gasifica-

tion plant. The system includes three subsystems: biomass

unit, steam Rankine cycle (SRC), and hydrogen liquefaction

unit. As shown in Fig. 1, ambient air enters the gasifier as a

gasification agent after being compressed. Afterward, the

syngas produced in the gasifier enters the combustion

chamber and react with compressed air from compressor 1.

Combustion products with high temperatures are expanded

in the gas turbine to produce power.

The exhaust gases from the gas turbine still have a high

temperature, so SRC is utilized to restore the heat. Next, the

generated electric power by SRC is transferred into an elec-

trolyzer to produce hydrogen and oxygen. The introduced HPP

utilizes a PEME unit. The main benefits of the PEMEs over

alkaline and solid oxide electrolyzers are fast system

response, high current density, commercialization potential,

and high voltage efficiency.

The produced hydrogen is then compressed by a

compressor. The high-pressure hydrogen is split into two

flows. The hydrogen gas in recuperator 1 is cooled using cold

hydrogen vapor returning from the liquid hydrogen reservoir.

The remaining stream is passed through recuperator 2 in
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Fig. 1 e Schematic diagram of the proposed system to produce liquid hydrogen and power.
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which is cooled using returning nitrogen vapor from a pre-

cooler. The hydrogen flows are then combined and enter the

pre-cooler. Next, the hydrogen passes through the recuperator

3, cooled by hydrogen vapor from a liquid hydrogen reservoir.

The high-pressure hydrogen egressing the recuperator 3

passes through the hydrogen throttle valve and is trans-

formed into a two-phase state. Then the liquid hydrogen is

separated from the hydrogen vapor and stored in special

storage. The cycle represented in Fig. 1 includes a typical
Linde-Hampson stage and a pre-cooler stage that consumes

the liquid nitrogen.
Mathematical formulation

As mentioned, the problem under investigation is focused on

the evaluation of the introduced HPP from energy, exergy,

exergo-economic, and environmental points-of-view. Finally,
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the optimal operation of the proposal is found throughamulti-

objective optimization approach. Hence, the objective of this

section is focused on presenting details of these procedures.

Energy analysis

The energetic model is based on the firs-law of thermody-

namics. The final form of the energy balance equation for

steady state conditions is expressed as Eq. (1). As can be

inferred from this equation, calculating thermo-physical

properties of all flow streams is required for developing the

energetic model. Furthermore, the mass flow rate of flow

streams should be determined by applying the continuity

equation (Eq. (2)) [30]. X
in

�
_m

�
hþu2

2
þgz

��
in;k

!
þ
X

_Qk¼
 X

out

�
_m

�
hþu2

2
þgz

��
out;k

!

þ
X

_Wk

(1)

X
in

_min;k ¼
X

out
_mout;k (2)

In the above equations, the parameters of _m, h, u, g, and z

stand for mass flow rate, specific enthalpy, velocity, gravity

acceleration, and height of the flow streams in the system.

It is worth mentioning that some of the system compo-

nents need some auxiliary formula to develop those energetic

model. In the system under investigation, these components

are included gasifier, combustion chamber, and electrolyzer.

Gasifier
As noted before, utilizing a gasifier, the biomass is firstly con-

verted to syngas which is then used as the fuel in combustion

chamber of GTC. The gasifier is composed of four zones

including drying, pyrolysis, combustion (shift reaction), and

reduction (methanation reaction). The reaction within each of

these zones is assumed to be occurred in thermodynamics

equilibrium and written as the following equations [31]:

CþCO242CO (3)

CþH2O4COþH2 (4)

COþH2O4CO2 þH2 (5)

Cþ 2H24CH4 (6)

For predicting the composition of the syngas, the general

form of the gasification reaction for a biomass with general

chemical formula of CHaObNc is written as follows [32]:

CHaObNc þnH2OH2OþnairðO2 þ3:76N2Þ/n1H2 þn2COþn3CO2

þn4H2Oþn5CH4 þ n6N2 (7)

where, nH2O shows the biomass moisture content (is deter-

mined using Eq. (8)) and nair is the amount of inlet air (kilo-

moles of air per kilomoles of biomass). Also, the six

coefficients of n1 to n6 can be determined with applying the

molar balance for carbon, hydrogen, oxygen, and nitrogen in

the gasification reaction (are written in Eq. (9)) and also using

the methanation and shift reactions equilibrium constants
(are defined based on Eq. (10)) [33,34]. In the present work, the

wood is considered as the biomass.

MC¼ mass of water
mass of wet biomass

� 100

¼ 18nH2O

Mbiomass þ 18nH2O
� 1000 nH2O ¼ Mbiomass �MC

18� ð1�MCÞ (8)

8>><
>>:

Carbon balance : n2 þ n3 þ n5 ¼ 1
Hydrogen balance : 2n1 þ 2n4 þ 4n5 ¼ aþ 2nH2O

Oxygen balance : n2 þ 2n3 þ n4 ¼ bþ nH2O þ 2nair

Nitrogen balance : 2n6 ¼ cþ ð3:76� 2nairÞ
(9)

8>>>><
>>>>:

KMR ¼ PCH4�
PH2

�2 ¼ exp

�
� DG0

MR

RTg

�

KSR ¼ PCO2
� PH2

PCO � PH2O
¼ exp

�
� DG0

SR

RTg

� (10)

where, the parameters of MC, Mbiomass, DG0
MR, DG

0
SR, R, and Tg

are the moister content per mole of biomass, the biomass

molecular weight, change in the standard Gibbs free energy of

the reactions, the universal gas constant, and the gasifier

temperature, respectively.

Finally, the energy balance equation for the gasifier is

presented as:

h
0

f ;biomassþnH2O�h
0

f ;H2O
¼ n1

�
h
0

f ;H2
þDhH2

	
þn2

�
h
0

f ;COþDhCO

	
þn3

�
h
0

f ;CO2
þDhCO2

	
þn4

�
h
0

f ;H2O
þDhH2O

	
þn5

�
h
0

f ;CH4
þDhCH4

	
þn6

�
h
0

f ;N2
þDhN2

	
(11)

Combustion chamber
A complete combustion reaction between the produced syn-

gas in the gasifier and the compressed air from compressor is

occurred within the combustion chamber, which is written as

Eq. (12). Also, the energy balance equation for the combustion

chamber is described as Eq. (13).

ðn1H2 þn2COþn3CO2 þn4H2Oþn5CH4 þn6N2Þ
þ nairðO2 þ 3:76N2Þ/n1H2 þn2COþn3CO2 þn4H2O

þ n5CH4 þ n6N2

(12)

Xh
n
�
h
0

f þ Dh
	i

gasifier0s produced gases

þ
Xh

n
�
h
0

f þ Dh
	i

air
¼
Xh

n
�
h
0

f þ Dh
	i

products

(13)

Electrolyzer
The electrolysis operation is established based on the water

splitting reaction into its constituents, as expressed in Eq. (14).

In this equation, the total needed energy of the splitting re-

action is acquired based on the Gibbs free energy definition

(Eq. (15)) [35].

H2Oþ energy/H2

þ 1

2
O2 ;

8<
:H2O/2Hþ þ 2e� þ 1

2
O2 ; Anode side

2Hþ þ 2e�/H2 ; Cathode side

(14)

DG¼DH� TDS (15)
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where, the parameters of G, H, and S respectively denotes the

Gibbs free energy, enthalpy, and entropy, and the term TDS

refers to the needed thermal energy.

The hydrogen's molar flow rate ( _NH2 ) and required input

power to the electrolyer unit ( _WPEME) can be calculated using

the following equations, respectively [36].

_NH2
¼ J
2F

(16)

_WPEME ¼ JV (17)

In the above equations, J and F represents current density

and Faraday constant, respectively. Also, V represents the

voltage potential of the electrolyzer which is expressed as

follows [37]:

V¼V0 þ Vact;a þ Vact;c þ Vohm (18)

where, the required parameters for the determination of V is

tabulated in Table 1:

Other system components
As the energymodel of the other system components does not

include additional formulation, the final simplified form of the

energy balance and auxiliary equations of them are summa-

rized in Table 2.

As one energetic technical assessment index, the net

generated power of the systemunder investigation is definedas

follows:

_Wnet¼ _WGTþ _WSTþ _WTEG� _WCOMP1 � _WCOMP2 � _WCOMP3 � _WPU

(36)

Exergetic and exergo-economic governing equations

The main defect of the analysis based on the first-law of ther-

modynamics is that it does not considered the content which is

destroyed during energy conversion processes (it just pays
Table 1 e Details of the required parameters for calculating the

Item and equation

Reversible potential (the Nernst equation): V0

V0 ¼ 1:229� ½8:5 � 10�4ðTPEME � 298Þ�
Activation over-potential of the anode: Vactv;a

Vactv;a ¼ RT
F
sinh�1

�
J

2J0;a

�
; J0;a ¼ Jref;aexp

�
� Eactv;a

RT

�
Activation over-potential of the cathode: Vactv;c

Vactv;c ¼ RT
F
sinh�1

�
J

2J0;c

�
; J0;c ¼ Jref;cexp

�
� Eactv;c

RT

�
Ohmic over-potential of the electrolyte: Vohm

Vohm ¼ JRPEME8>>>>>>>>><
>>>>>>>>>:

RPEME ¼
ZD
0

dx
sPEMEðlðxÞÞ

sPEMEðlðxÞÞ ¼ ½0:5139lðxÞ � 0:326� � exp

�
1268

�
1

303
� 1
TPEME

��

lðxÞ ¼
�
la � lc

D

�
x þ lc
attentionto thefact that theenergy isconvertedfromoneformto

the other forms, without any creation or destruction). But in the

reality, something is lost during energy conversion reactions. To

cover thisdeficiency, the second-lawof thermodynamics should

be utilized. The concept of exergy, representing the highest

achievableamountofworkwithin theprocesses, isdefinedin the

second-law of thermodynamics. The rate of destroyed exergy

( _Jk) in component k during a process is expressed as [40]:

_Jk ¼
 X

in
_Exin;k

!
�
 X

out
_Exout;k

!
þ
�X

_ExQ;k

	
�
�X

_ExW;k

	
(37)

where, the parameters of _ExQ;k ¼
�
1�T0

Tk

�
_Qk and _ExW;k ¼ _Wk

respectively refers to the exergy rate due to heat transfer and

work. Also, in this equation, each of the inlet and outlet exergy

rates (i.e. _Exin;k and _Exout;k) are composed of two terms

including physical þ chemical exergies, and can be obtained

using the following equation [41]:

_Exk ¼ ½ _mððh� h0Þ � T0ðs� s0ÞÞ�k
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{ _Exph;k

þ
"
_m

 X
i
YiexCh;i þ RT0

X
i

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{
Yi ln Yi

!#
k

_Exch;k

(38)

where, s is specific entropy, ex is specific exergy, and subscript

“0” illustrates the reference thermodynamic conditions

(T0 ¼ 298 K and P0 ¼ 1.01 bar).

By utilizing Eq. (37) and applying mathematical simplifi-

cation operations, the final format of the exergy destruction

rate for all of the system components is tabulated in Table A1

in Appendix A. Also, as one exergetic technical assessment

index, the net generated power of the system under investi-

gation is defined as follows:

hex ¼
_Wnet þ _Ex18 þ _ExLiquid hydrogen

_Exbiomass þ _Ex35

(39)
electrolyzer's voltage potential [38,39].

Remark

TPEME is inlet temperature of electrolyzer.

J0;a and Eactv;a are pre-exponential factor and

activation energy of the anode.

J0;c and Eactv;c are pre-exponential factor and

activation energy of the cathode.

RPEME, sPEME, D and la and lc are overall resistance,

local ionic conductivity, membrane thickness, and

membrane anode and cathode surface water.
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Table 2 e The energy balance formula for some of the cycles’ components.

Component Equation Equation no.

Compressor 1 _WCOMP1 ¼ _m1ðh2 � h1Þ ; hCOMP1
¼ h2;s � h1

h2 � h1

(19)

Compressor 2 _WCOMP2 ¼ _m4ðh5 � h4Þ ; hCOMP2
¼ h5;s � h4

h5 � h4

(20)

Gas turbine _WGT ¼ _m7ðh7 � h8Þ ; hGT ¼ h7 � h8

h7 � h8;s

(21)

Evaporator _m8ðh8 � h9Þ ¼ _m14ðh11 � h14Þ (22)

Steam turbine _WST ¼ _m11ðh11 � h12Þ ; hST ¼ h11 � h12

h11 � h12;s

(23)

Thermoelectric generator _m15h15 þ _m12h12 ¼ _m16h16 þ _m13h13 þ _WTEG (24)

Pump _WPU ¼ _m13ðh14 � h13Þ ; hPU ¼ h14;s � h13

h14 � h13

(25)

Domestic water heater _m17ðh18 � h17Þ ¼ _m9ðh9 � h10Þ (26)

Compressor 3 _WCOMP3 ¼ _m21ðh22 � h21Þ ; hCOMP3
¼ h22;s � h21

h22;a � h21

(27)

Recuperator 1 _m23ðh23 � h25Þ ¼ _m33ðh34 � h33Þ (28)

Recuperator 2 _m24ðh24 � h26Þ ¼ _m37ðh38 � h37Þ (29)

Pre-cooler _m27ðh27 � h28Þ ¼ _m36ðh37 � h36Þ (30)

Recuperator 3 _m28ðh28 � h29Þ ¼ _m32ðh33 � h32Þ (31)

Expansion valve 1 h36 ¼ h35 (32)

Expansion valve 2 h30 ¼ h29 (33)

Separator _m30h30 ¼ _m31h31 þ _m32h32 (34)

Mixer _m20h20 þ _m34h34 ¼ _m21h21 (35)
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In the next step, the feasibility of constructing this pro-

posal is studied using by the exergo-economic model. As a

robust tool, the exergo-economic provides helpful informa-

tion about the cost of the system's productions through

bridging two common models of exergy and economic. This

model is based on the balance of the costs per unit exergy

which is written as Eq. (40) for component k [42]. X
in

_Cin;k

!
þ
�X

_CQ;k

	
þ _Zk ¼

 X
out

_Cout;k

!
þ
�X

_CW;k

	
(40)

where, the parameter _Ck shows the cost rate for component k,

which the indices of “in“, “out“, Q, and W refers to the inlet

streams, outlet streams, heat transfer, and power in compo-

nent k. Also, _Zk stands for the rate of capital cost and is defined

as follows [43,44]:

_Zk ¼ _Z
PEC

k þ _Z
O&M

k ¼ PECk � CRC�Ф ; _Ztot ¼
X

all components
_Zk

(41)

CRC¼ ieff �
" �

1þ ieff
�N�

1þ ieff
�N � 1

#
(42)

where, the parameters of PECk, CRC, Ф, ieff , and N denotes the

purchasing equipment cost for component k, cost recovery

coefficient, operating/maintenance (O&M) factor, rate of

effective interest, and system's life span, respectively.

By applying Eq. (40) and simplifying it, the final format of

the cost balance equation for all the system components is

reported in Table A2 in Appendix A.

As one economical assessment index, the levelized costs

of energy of the system under investigation is defined as

follows:
LCOE¼
_Zk

_ _
(43)
Wnet þ ExLiquid hydrogen

Environmental governing equations

The environmental impacts of the energy systems is another

issue which should be addressed in addition to its techno-

economic feasibility. Because the global warming phenome-

non caused by the greenhouse gases emissions is of the most

important international challenges. For this, in many coun-

tries, heavy taxes are levied on industries that emit excessive

amounts of greenhouse gases. Accordingly, the environ-

mental behavior of the proposed system is assessed by

defining the following criterion [45]:

zCO2
¼ _mCO2

_Wnet

(44)

Parametric study and optimization procedures

After developing the governing equations, a parametric eval-

uation is carried out to study the impact of some important

design parameters on the objective functions. Here, four

design parameters are considered including the biomass flow

rate _mbiomass, gas turbine inlet temperature TGT, compressor

pressure ratio PR, and steam turbine inlet pressure PSRCT. The

governing equations are solved through developing a

computational program in the EES (Engineering Equation

Solver) software.

Afterward, the optimal operating conditions are obtained

through a tri-objective robust optimization approach in the

MATLAB software (the EES outputs are coupledwithMATLAB).

The NSGA-II (Non-dominated Sorting Genetic Algorithm), an
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Table 3 e Information of the design parameters and
objective functions.

Design parameter Range

Lower Upper

_mbiomass (kg/s) 0.1 2

TGT (K) 1000 1500

PR 5 20

PSRCT (kPa) 2500 5000

Objective function Status

_Wnet (kW) Should be maximized

_mhydrogen (kg/s) Should be maximized

_Ztot ($/h) Should be minimized

Specification of the NSGA-II Value

Generations 300

Population 1000

Pareto front population fraction 0.35

Crossover probability 0.9
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evolutionary optimization tool which provides appropriate

results in the field of study [46], is used as the optimization

method and the net generated power ( _Wnet), produced liquid

hydrogen ( _mhydrogen), and total costs rate ( _Ztot) are considered
Fig. 2 e Schematic illustration of t
as three objective functions. The details of the design pa-

rameters and objective functions for the parametric study and

optimization procedures are presented in Table 3. It is worth

mentioning that the appropriate range of the design param-

eters is selected relying on the previous published papers and

also based on the widest range in which the system operation

is thermodynamically possible.

Fig. 2 is drawn for the sake of summarizing different steps

of the problem under investigation. This figure gives infor-

mation about the design, solution, and optimization steps.
Results and discussion

In this section, the efforts are focused on the presentation of

themodeling outputs, including the outputs of the parametric

sensitivity analysis and optimization process. Before it, the

validity of the developed model should be proven.

Validation

The validation of the modeling outputs is proven through the

comparison of them with reliable experimental works in the

field of study. For this, the outputs of the biomass gasification

and PEM electrolyzer are respectively compared with
he problem's different steps.

https://doi.org/10.1016/j.ijhydene.2022.01.110
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Fig. 3 e Validation of simulation of a) biomass gasification

b) PEM electrolyzer.

Fig. 4 e Effect of biomass mass flow rate on the, a) exergy effic

hydrogen mass flow rate.
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experiment data of Zainal et al. [47] and Ioroi et al. [48], and the

findings of the procedure is drawn in Fig. 3. This figure illus-

trates that the modeling outputs of this paper are accurate

enough.

Parametric study outputs

The effects of biomassmass flow rate on the exergy efficiency,

total cost rate, net generated electric power, and produced

liquid hydrogenmass flow rate are demonstrated in Fig. 4. It is

evident from Fig. 4b that the amount of generated electricity

by the system would uniformly rise (with a constant slope) by

increasing the biomass mass flow rate due to the higher mass

flow rate Brayton cycle (mass flow rate of point 7). This cul-

minates in the need for larger equipment and consequently

raised cost rates. In addition, by increasing this parameter, the

producedwork in SRC also increases, leading to a higher liquid

hydrogen mass flow rate.

The input temperature of the gas turbine is one of the

most significant parameters in gas turbine cycle design, and

the effect of this parameter is represented in Fig. 5. The

amount of net generated power by the system will increase

by raising the input temperature of the gas turbine due to the

higher energy of gases entering the turbine. In general,

increasing the input temperature of the gas turbine improves

efficiency. However, considering the existing limitations on

the material of the turbine blades, it is impossible to raise the

temperature over the limit. The cost function will rise with

higher slopes by increasing the temperature to values higher

than 1450 K.

One of the other essential parameters influencing the

performance of the system is the compressor's pressure ratio.

Fig. 6 illustrates the analysis of the effects of this parameter on

the defined system assessment indices. The temperature of

the air entering the combustion chamber is increased by

higher pressure ratios leading to raise power in the gas tur-

bine. Moreover, even though higher pressure ratios also in-

crease the compressor's power consumption, the turbine's
iency and total cost rate, b) net output power and liquid
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Fig. 5 e Effect of input temperature of the gas turbine on the, a) exergy efficiency and total cost rate, b) net output power and

liquid hydrogen mass flow rate.

Fig. 6 e Effect of pressure ratio on the a) exergy efficiency and total cost rate b) net output power and liquid hydrogen mass

flow rate.

Fig. 7 e Effect of steam turbine's input pressure on the a) exergy efficiency and total cost rate b) net output power and liquid

hydrogen mass flow rate.
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Fig. 8 e Results of all evaluations during 1000 generations

using genetic algorithm.

Table 4 e Objective functions and decision variable
values for TOPSIS point.

Item Parameter Value

Design parameters _mBiomass (kg/s) 1.94

TGT (K) 1421

PR (�) 5.52

PSRCT (kPa) 3886

Objective functions Ẇnet (kW) 3377
_Ztot ($/h) 86.61

_mHydrogen (kg/h) 14.80

Important results hex (%) 10.52

zCO₂ (kg/kWh) 1.09

LCOE ($/MWh) 26.3
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generated power dominates the compressor's power con-

sumption in lower pressure ratios. However, as this value

exceeds a specific value, the course will reverse, and the

exergy efficiency will be reduced. In addition, higher pressure

ratios increase the costs of the compressor and other utilities,
Fig. 9 e Pareto frontier of the net output power, liquid

hydrogen mass flow rate, and total cost rate as a result of

tri-objective optimization.
resulting in an increased total cost rate of the system. By

raising the pressure ratio, the mass flow rate in the Brayton

cycle and resultantly in SRC decreases, leading to lower

generated electricity in SRC and lower liquid hydrogen

discharge production.

The effects of variations of the steam turbine's input

pressure on the system's important outputs are demonstrated

in Fig. 7. By increasing the input pressure of the steam turbine,

the input enthalpy of the turbine is grown, which increases

the SRC power and produced hydrogen. However, the net

output power is not altered since the whole power of the SRC

is transferred into the liquefaction unit.

Optimization outputs

The outputs of the described three-objective optimization is

conducted in this section. Fig. 8 shows the three-dimensional

diagram for 1000 population. The Pareto optimal frontier,

which selects the points with the best rank, is represented in

Fig. 9 separately to have a better selection. In addition, the best

point chosen by the TOPSIS decision-making scale is illus-

trated in Fig. 9. The TOPSIS method is a standard technique in

multi-objective decision-making. According to this method,

numerous options and goalsmust be ranked based on optimal

points, their objective functions, or each one needs to be

ranked according to its performance value. In the TOPSIS

method, the criteria for calculating the order of optimal points

is that options should be as close as possible to the ideal op-

tion while as far away as possible from the ideal negative

option [49].

As the optimal values for each objective function in TOPSIS

point, the net output power is 3377 kW, the liquid hydrogen

mass flow rate is 14.80 kg/h, and the total cost rate is 86.61 $/h.

The optimization functions and variables for the TOPSIS point

are depicted in Table 4.

The scatter distribution for the investigated design pa-

rameters is demonstrated in Fig. 10. It is evident that all

optimal parameters for the input temperature of the gas tur-

bine are set to their maximal limit. This performance was

anticipated according to the results represented in Fig. 5.

Moreover, most of the optimal points for pressure ratio are

from 5 to 8.
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Fig. 10 e Scattered distribution of decision variables with population in Pareto frontier.
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Conclusion

Designing new configurations of HPPs based on the combi-

nation conventional thermodynamic cycles has become a

vital issue to have cleaner productions and stable grid, and

reach sustainably goals. Consequently, in this study, a new

power and liquid hydrogen HPP is introduced which com-

prises a biomass gasification gas turbine cycle, a Rankine

cycle, an electrolyzer unit, and a hydrogen liquefaction cycle.

A potent techno-economic-environmental parametric model

was built to evaluate the construction possibility of the

system.

After developing the governing equations, the effect of

changing the biomass flow rate _mbiomass, gas turbine inlet

temperature TGT, compressor pressure ratio PR, and steam

turbine inlet pressure PSRCT was studied on the defined per-

formance criteria. The outputs of this sensitivity analysis

revealed that the mass flow rate of the biomass is the most

effective design parameter.

At the second step, the optimal design parameters and the

corresponding value of the objective functions is selected

using by a multi-objective optimization approach. Applying

this procedure, the optimal design parameters are obtained as
_mbiomass ¼ 1.94 kg/s, TGT ¼ 1421 K, PR ¼ 5.52, and

PSRCT ¼ 3886 kPa, which results in the maximum electricity

and hydrogen production of 3377 kW and 14.8 kg/h together
with minimum total cost rate of 86.61 $/h. At this condition,

the optimal environmental index is 1.09 kgCO₂/kWh.

In this paper, the technical, economic, and environmental

feasibility of constructing the introduced HPP was demon-

strated. As some suggestions for future papers on this system,

thefollowingitemscanbedone: (1)Advancedexergyandexergo-

economic analyses. These analyses presents a deeper under-

standing from technical and economic points-of-view. (2) Eval-

uatingvariousmethods to improve theenvironmental condition

of theGTCwhichmakesthisproposalevenmoreenviro-friendly.

For example, injecting the vapor into combustion chamber and

utilizing intercooler and preheater may be helpful.
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