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ABSTRACT

This study aims to develop, and examine a cogeneration system
for electric power, hydrogen, and ammonia production. A
modified Rankine cycle is configured to supply power. An
electrolyze unit and an ammonia synthesis reactor are used to
provide hydrogen and ammonia. The system is investigated from
technical and economic aspects. The inquiry outcomes disclose
that the reaction pressure and hydrogen to nitrogen molar ratio
have mainly affected the ammonia production rate increment.
The system energy and exergy efficiencies as well as the total unit
cost of the product are at about 50.47 %, 51.41 %, and 638.3
$/G], respectively. The results show that the exergy destruction
rate of the system is 89.797 MW. Moreover, 6.438 kg/h of
hydrogen and 6.528 kg/s of ammonia are attainable. The
sweeping sensitivity investigation on the economic aspect reveals
that the reaction pressure, input hydrogen molar ratio, and
hydrogen to nitrogen molar ratio have a positive effect on the
sum unit cost of the product's decrement. Finally, the
thermodynamic sensitivity examination outcomes affirm that
altering reaction temperature leads to technical inefficiencies in
the proposed cogeneration system.

Keywords: Exergoeconomic Analysis, Hydrogen, Thermodynamic Analysis, Ammonia, Cogeneration Plant,

Exergy Efficiency.

1. Introduction

Considering the current energy consumption
patterns indicates an increasing trend for the
near future. This increase is expected to be
44% in the upcoming years. A switch to
alternative fuels to avoid the unfavorable
therefore

outcomes of fossil fuels is

unavoidable [1, 2].

In cogeneration energy systems by increasing

the number of useful outputs, the system would
have higher efficiency and consequently
improved performance [3]. Recently, several
endeavors have been earmarked for the new
layout of cogeneration energy systems for the
production of useful commodities including
hydrogen and ammonia [4-7].

Ghaebi et al.[8] reviewed a state-of-the-art
design of a solid oxide fuel cell (SOFC)/gas
turbine integrated cycle plant with a biogas
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reforming cycle for hydrogen and electric power
cogeneration. A sensitivity study has been
conducted for the consequence of various
variables on the net electric power, energy and
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exergy efficiencies, rate of destructed exergy,
and the sum unit cost of products (SUCP) of the
entire plant. The outcomes showed that the
energy and exergy efficacies of the suggested
incorporated plant had increased compared to
the SOFC/gas turbine system by 23.3% and
28.2%, approximately. The obtained net electric
power and hydrogen generation rates are about
2726 kW and 0.075 kg/s, respectively.
Hashemian et al. [9] combined a PEM unit with
a solar/biomass-powered cogeneration energy
system to generate hydrogen and power. The
developed system was evaluated from advanced
thermodynamic and advanced thermoeconomic
aspects. As their results showed, the solar
thermal unit had the most feasibility to diminish
the total destructed exergy. Chitgar and Emadi
[10] developed a cogeneration system to
guarantee the request for electricity and
hydrogen. Moreover, after completing an
exergoeconomic investigation of the aimed
system, the optimum points of performance for
the plant were determined. The conclusions
pictured that the plant could supply 2.5 MW of
electricity and 1.8 kg/h of hydrogen. A new
cogeneration energy system was studied by
Musharavati et al. [11]. Thermodynamic-based
modeling was conceived and exergetic
appraisals were employed to assess the system.
Results revealed that the inefficient component
of the plant from the exergy destruction point of
view was linked to the equipment to receive
input energy. Jabari et al. [12] conducted a study
on the stand-alone cogeneration plant with
power production options and scrutinized its
implementation under various reference air
temperatures and different load levels. This new
cogeneration system is capable of generating 5.8
MW of power for large industrial sectors with a
low efficiency of 37%. Substituting natural gas
with biofuels in this offered plant resulted in
emissions mitigation. A new electricity and
hydrogen production plant was offered by
Soleymani et al. [13]. The submitted plant
examined two aspects of thermodynamics and
thermoeconomics. Also, the consequence of
several critical variables on the major
interpretation criteria was reckoned. The energy
efficiency of the integrated plant grew from
about 52.3% to 64.5%. Moreover, the exergy
efficiency improved from 50.5% to 64.6%. Cao
et al. [14] evaluated and compared a

cogeneration system with power and hydrogen
generation options with thermodynamic and
thermoeconomic characteristics. They reported
that the electrolyzer-absorption power cycle
passed the most satisfactory implementation.
Besides, a sweeping parametric evaluation was
brought out on the plant to investigate the
influence of the critical parameters on the
function of the system. Sattari Sadat [15]
introduced a system for hydrogen and electric
power  generation. Thermodynamic  and
thermoeconomic analyses were carried out. The
energy and exergy efficacies were calculated as
79.5% and 33.9%. Moreover, the SUCP of the
plant may be minimized with gas turbine output
pressure. Meantime, a thorough sensitivity
examination of the plant was conducted,
showing that the proffered cogeneration
system’s  exergetic efficiency may be
maximized with the compression ratio. Yilmaz
and Ozturk [16] submitted a novel integrated
system and developed it for hydrogen and
ammonia production. The developed plant was
scrutinized thermodynamically including energy
and exergy efficacies. The total energy and
exergy efficacies of that developed system were
at about 61.04% and 57.13%, respectively.
Parametric research was accomplished to
specify the influence of individual parameters
on the plant's execution. An exergy analysis for
the industrial-scale of the ammonia generation
plant is also studied elsewhere. Exergy
efficiency descriptions for the different elements
and unit processes were calculated. The vital
connection  between irreversibilities and
interpretation of the reactor was emphasized.
There are a few studies in the literature
focusing on the thermodynamic aspect of the
systems with ammonia production options,
without a comprehensive exergoeconomic
studies for cogeneration with ammonia
production. In this work, an original
cogeneration energy system is considered in
which a PEM unit, a Kalina cycle system, and
an ammonia synthesis unit are integrated for
hydrogen, power, and ammonia production.
The offered plant is scrutinized
comprehensively  from  multi-aspects. In
addition, a robust sensitivity analysis has been
conducted. The main objectives and the
novelties of the current study are as follows:
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e To propose a new cogeneration energy
system for hydrogen, ammonia, and
power generation, using a PEM and
synthesis reactor incorporated unit.

e To involve a Kalina cycle system (for
power production), an ammonia synthesis
reactor (for ammonia production), and a
PEM unit (for hydrogen production) for
designing purposes

e To  scrutinize the plant from
thermodynamic and thermoeconomic
views

e To conduct a comprehensive sensitivity
evaluation for the target plant

Nomenclature

Area

Specific exergy, kl/kg
Exergy rate, kW

Faraday constant

Gibbs free energy

Enthalpy, kJ. kg1

Interest rate, %
Pre-exponential factor, A/m’
Exchange current density, A/m’
Current Density, A/m’
Membrane thickness, m
Mass flow rate, kg/s
Mole/Lifetime

Pressure, bar

Heat

Universal gas constant, J/mol.K
Sum unit cost of the product
Entropy, kJ.kg™. K1
Temperature, K

Mole fraction

Elements cost, $

Cost rate of elemets, $/s
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Acronyms

cond  Condenser

CRF The factor of capital recovery
EES Engineering equation solver
HE Heat exchanger

H. Hydrogen

H.O Water

LHV  Low heating value, kl/kg
N System yearly work hours
NH; Ammonia

pr Product

read Reactor

th Thermal

tot Total

tur Turbine

Subscripts and superscripts

0 Reference condition
ch Chemical

CI Capital investment
com Compressor

D Destruction

fu Fuel

is Isentropic

LMTD Logarithmic mean temperature difference
mem Membrane

mix mixer

oM Operating and maintenance

ph Physical

W Power, kW

U Coefticient of heat transfer, kW /m?K
Greek symbols

n Efficiency

()] Maintenance factor

A Water content

o proton conductivity in

PEM, I/Qm
2. System Description

The proposed cogeneration system with its
components are illustrated in Fig. 1.. The plant
incorporates a Rankine cycle, an ammonia
synthesis unit, and a PEM electrolyzer for
electricity, ammonia, and hydrogen production.

2.1 Kalina cycle system (KCS)

This unit enclosed turbine, regenerator,
separator, condenser, electric generator, and
pump units. A part of the output water vapor
from the ammonia synthesis reactor infiltrates
the separator and then to the turbine, where a
portion of the operating fluid is gained at a
lower pressure (point 10). In the output of the
turbine, the operating fluid goes to the mixerl
and then enters the condenser at relatively
increased temperatures. The liquefied working
fluid in the condenser (point 2) is pumped to the
increased pressure of a regenerator via pump
(point 3). Finally, the operating fluid is returned
to the ammonia synthesis reactor (point 4) and
on the other side, power generated via the
turbine ends the electricity generation process.
Meanwhile, a percentage of the supplied
electricity by the turbine is utilized straightly
(DC electricity) and another share is employed
by the kit in the electrolyzer unit.
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2.2 Hydrogen production unit

In the unit that is linked to the ammonia
synthesis reactor, water is split by a PEM
electrolyzer into hydrogen and oxygen (point
29). The electrolyzer is functioned by the
power supplied by the plant. The extra
provided hydrogen is stored in the hydrogen
storage tanks (point 28).

2.3 Ammonia synthesis reactor

In mixer2, the provided hydrogen (point 13)
combines with nitrogen (point 14) and joins the
reactor of ammonia synthesis (point 22)
following crossing through four compressors
and three intercoolers. The pressure of the
initial mixture in the compressorl increases up
to 20 bar (points 15 and 16). Then the mixture
in intercooler 1 gives part of its heat to the
reactor and after that, it is cooled down to the
ambient temperature by the cooling water. This
process continues with the other compressors
and intercoolers (points 17 to 22). At point 22,
the mixture, which has experienced an increase
in pressure in each stage, finally reaches the
pressure of the ammonia synthesis reactor. The
outlet flow from the ammonia synthesis reactor

penetrates the condenser and the ammonia,
which is diverged from nitrogen and hydrogen
(point 25), is made (point 24).

The thermodynamic simulation Includes
energy and exergy studies, based on the first
law and second law of thermodynamics,
respectively. Furthermore, the exergoeconomic
study is conducted to include economic
aspects. To assure a reliable modeling of the
offered cogeneration energy systems, EES [17]
is applied as a robust thermodynamic modeling
software.  Following  assumptions  are
considered in the modeling process [18-20]:

o The steady-state limitations are accepted in

the modeling of the cogeneration system.

e An elimination is thought for any
pressure drop into the equipment like
pipelines, heat exchangers, and so on.

e The saturated vapor has been transferred
to the fluid exiting the condenser.

e Valves are considered as isenthalpic
processes.

e Kinetic and potential energy and exergy
modifications are neglected.

Other data for the modeling process are

listed in Table 1.
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Fig. 1. Schematic diagram of the cogeneration system.
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Table 1. The required input parameters for simulation of the proposed cogeneration systems [21-24]

Reference temperature, To(K) 298.15
Reference pressure, Po(bar) 1.01
Turbine inlet temperature, Ty, 7yz (°C) 140
Condensing final temperature, Tconpaps (°C) 50
NH:H:O fraction at vapor generator inlet X5 (%) 36
Hydrogen to nitrogen molar ratio, Ci 3
Hydrogen and nitrogen inlet pressure, Pi(bar) 1.013
Hydrogen and nitrogen inlet temperature, Ti(K) 298.15
Ammonia synthesis reaction pressure, Pre. (bar) 100
Ammonia synthesis reaction temperature, Tree

548
)
Turbines, pumps and compressors isentropic 85

efficiency, 15 (%)

Oxygen pressure, Py, (kPa) 101
Hydrogen pressure, Py, (kPa) 101
PEM Temperature, Teem (°C ) 80
Anode activation energy, Eac.(kJ/mol) 76
Cathode activation energy, E.u. (kJ/mol) 18
Membrane anode surface water, A, 14
Membrane cathode surface water, A, 10
Membrane thickness, D (um) 100
. 1.7
Anode pre-expotential factor , Jref % 105
Cathode pre-expotential factor, Jref 1'6103
Faraday constant, F (C/mol) 96486

The first law of thermodynamics is used for
every component of the plant. The mass and
energy balance equations for the steady-state
situations are given by [25]

Zminlet,k = Zmoutlet,k (1)

sz + Zminlet,khinlet,k =
Z moutlet,khoutlet,k + ZWk

Here, hi, Wk, and Qk show the enthalpy,

power, and heat transfer rate, respectively.

In order to have a better idea for the exergy
loss of the components and to improve the
second law efficiency, the exergy destruction
rates are also calculated using

Eph,i :m(hi - hy =Ty (s _So))’ 3)
Eeni = m[zyﬁm +RT, ZyilnyiJ - (&)

)

Here, Ecp; and Ep,p; are chemical and

physical exergies, each. Also, 0, s, and &;°™°

show the reference state, entropy, and standard
chemical exergy of the mixture. The quantity
of the standard chemical exergy for the
different mixtures are found in the literature
[26]. Thus, the total rate of exergy may be
written as

Etot,i = Eph,i + Ech,i (5)

Exergy destruction rate (ED,k), therefore,
can be written as

ED,k = Efu,k - Epr,k (6)

where Efu,k and Epr,k denote exergetic rates of
the fuel and product for the k" element of the
cogeneration energy system, sequentially.
Moreover, the destructed exergy rate may be
calculated via

. T ). . . .
ED,k = Z[l_-l-_o}gj _ch +Zk:Ek,in _Zk:Ek,out (7)

]

J
In addition, the exergy rates of the heat
transfer and work can be written as

. T,
Eq :Qj(l_f) (8)

£, =W ©)

The energetic and exergetic balance details
for all elements are given in Table 2.

Based on the logarithmic mean temperature
difference (AT, ) and the overall coefficient

of heat transfer (Uy) , the heat transfer area can
be calculated using

U AT uro (10)
where
AT, — AT
AT yrp =—2=2L
LMTD n AT, (11)
AT,

In addition, the overall heat transfer
coefficient for all heat exchangers is listed in
Table 3.
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Table 2. Mass and energy balance equations applied to each component of the system
Component  Mass and energy balance equations Exergy balance qquatipn '
KSC-Turbine  Wgsc_tur = Mis"e(he — hios) Epksc-rur = (E6 — E10) — Wksc-tur
s = mg + My, . o .
Separator ThoXs = heXs + 11X, Epsep = Es — (Eg + E1p)
. My = Mg + 1My, . e N
Mixer 1 rishy = Tflghg Y riohuy ' Epmix1 = (Eq + ElO) E,
Regenerator gK)SC—REG:m3 (hg = h3), Qksc—rrg = M7 (hy — ED,REG = (E'7 — Es) — (54 — E3)
8
Expansion : : :
\I;alve hg = hg Eppv = Eg — Eg
Condenser Q_KSC—COND:ml (hy = h2), Qksc—conp = Epconp = (E; — Eo) — (Eyo — Eqg)
myg(hyo - h(1}sl) o) ’
, m — . . . .
Pump Wpum = % Eppum = Wpum — (E3 — E3)
Mixer 2 s = Mz + M, ED,MixZ = (513 + E14) - E15

Compressor 1
Inter cooling 1
Compressor 2
Inter cooling 2
Compressor 3
Inter cooling 3

Compressor 4

Ammonia
Reactor

Condenser

PEM-HE

PEM-
Electrolyzer
PEM thermal
efficiency
Ammonia
synthesis
thermal
efficiency
System
efficiency

Myshys = m13h13 + My4hys
Mys(hies — i)

. . Ni<
ant—coollzm16(h16 — hy7),
Qs—np2 = 7:'137(}137 — h3g)
17 (higs — hq7)

. . Ni<
ant—coozz=m1s(h1s — hy9),
Qs—pp2 = m37(h37 — h3g)
My9(hz0s — Mio)

. . Nis
ant—cool3:Tn20(h21 — h30),
Qs-np2 = 7_7137(h37 — h3g)
My (hos — Raq

. . Nis
QReac:mgz(hzz — hy3),
QReac = mg(hs — hy)

Weomt =
Weomz =

Weoms =

Weoms =

Qcona=mM30(h3o — h31), QcOnd = My (hay —

hse)
Qpem-ne=M14(hy7 — hye),

See Appendix A

mPEM—HZ LHVHZ

NpPEM-th = 73 -
Whyet + Qpem—ne
. _ My LHVyus
Syn—th = = -
o My, LHVy, + Weomazsa
Mz LHVNuz + Mo LHVs + Wy
Nsys—th =

mHZLHVHZ + W(‘omlz"M

ED,Coml = WCOl’nl - (Elﬁ - E15)
ED,Int—Cooll = (Elé - 517) - (EQ—Intl)
ED,ComZ = WComZ - (E18 - E17)
ED,Int—CoolZ = (Ew - E19) - (EQ—IntZ)
ED,Com3 = WC0m3 - (Ezo - E19)
ED,Int—Cool3 = (Ezo - EZI) - (EQ—Int3)

ED,C0m4- = WCom4 - (Ezz - 521)

ED,Reac = (Ezz - E23) - (Es - E4)

Ep cona = (EQ—Cond + Ey3) — (Epy
+ E5s)

ED,PEM—HE = (E27 - Ezs)

Ep pem-Elec = Epem-prec — (E16 + E17

= Ey5)
7 _ Epem-no2
PEM—ex — |f -
Whyot + Epprm—nr
n _ ENH3
Syn—ex — .
ESyn—Hz
_ ENH3 + EPEM—HZ + WNet
Sys—ex —

Esvn_nz + Weomi234

Table 3. The overall heat transfer coefficient for all heat exchangers [27]

Component U (kW /m?K)
Regenerator 0.9
Condenser 1.1
Intercooler 1
Reactor 1.6
PEM heat exchanger 1
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Finally, for the net electricity output (Wnet):
Wnet = V\‘/TUR _WP - ZW comps — ZW intercoolers (12)

The exergoeconomic study is also used to
investigate the economic investigation and
conventional exergy simultaneously. In this
case, the production costs of the plant are
considered along with the produced exergy.
The root of this study is the concurrent
explanation of the cost balance (per exergy
unit) relation for each system element. The
balance of the cost rate relation of the element

k is reported as [28]
Cq k + ZC Z ot Cw,k + Zcout,k (13)

tot
where C denote the cost rate and Z refers to
the cost rate concerning capital investment and
maintenance. The cost rate is given by [29, 30]

C=cxE (14)
where ¢ shows the specific exergy cost in $/GJ.

Cost rate of the exergy destruction is also
defined as [31]

ump

359

Co =C- xEq, (15)

where Cp shows the fuel cost. The total cost
rate for the k" elements is defined as [32]

szI+OM — ZkC +ZkOM (16)
where
. 7, x@ xCRF
7 oom, :L (17)
N
Here,® and N show the factor of

maintenance and the plant annual working hours,
which are 1.06 and 7000 hours, respectively.
CREF is the capital recovery factor as
CRE Ir(Ir +2)"
Q+1r)" -1 (18)

“Ir” and “n” represent the interest rate and the
system lifetime, which are designated to be 0.12
and 20 years in the existing research. The cost
relations for all elements of the cogeneration
energy system are listed in Table 4.

Table 4. The cost equations applied to each component of the system [14, 33, 34]

Component Investment cost Cost balance Auxilary relations
KSC-Turbine Zapc—Tur = 4405 * (Wryr)®” Ce + Zksc-Tur = C10 Ce = C10
+ Cksc-Tur
Separator ZSEP = CS + ZSEP = C7 + Cﬁ Ce = C7
Mixer ZMIX =0 Cg + ClO + ZMIX = Cl =
Regenerator ZREG = 130(0 222)0-78 C3+ Cy+ Zpgg = Co + Cy c; =Cg
Expansion : ; ;
X\F;al\i; Zgy = 1145 x 1, Cg+Zgy = Cy
Condenserl Zconp = 130(— 155 58221)078 €1+ Cig + Zconp = C2 + Cio €1 =0¢p
. . . Cxsc— ¢
Pump Zpym = 3540 (Wpypm)®7* Cy + Cpum + Zpym = C3 GCTUR - A
. . . . . WKQ(‘.—THR WPIIM
Mixer 2 ZMiX = 0 C13 + C14 + ZMlX = (:15
Compressor 1 Zcom1 = 10167.5(Weom1)%*® Cis + Cer + Zcom1 = Cis
Inter cooling 1 Zint—cool1 = 2143 (A1nt—coorn) > Cao + Cus + Zint-coons C16 = C17
) =C31 +Cyy
Compressor 2 Zcomz = 10167.5(Weoma)*4° Ci7 4 Cez + Zcomz = Cis
Inter cooling 2 Zint—coolz = 2143 (Aint—cooiz) *>1* Cs2 + Cig + Zint—cool2 C1g = C19
) =C33+ Cpo
Compressor 3 Zcoms = 10167.5(Weomsz)*4® Ci9+ Ccs + Zcoms = Cao
Inter cooling 3 Zint—cool3 = 2143(A1nt—cool3)0'514 C34 * CZO * th cool3 C20 = C21
) =C35+ Cyy
Compressor 4 Zcoma = 10167.5(Weoma)®4® Cy1 + Cea + Zch4 =y,
Ammonia _ : Ca2 + CQ + Cs + Zreac
Reactor ZReac - 283(QReac) = CZ3 + C5
C23+ C36 + Zconpz . C23 = Ca4
Condenser 2 Zcondz = 2143(Aconaz) > = (o4 + (s C23 = C35
ApEM-HE Cre + Cop + Zppu-
PEM-HE 7 — 130(2BEM-HE\o7g 26 T (22 + ZpEM-HE | . Co = ¢
PEM-HE = ( 0.093 ) . . =Gyt o 12 = €13
PEM Zpgm-Elec = 3600 X 24 X 4 Ca7 + Cw.Net T ZPEM—Elec
Electrolyzer X MpEM-H2 = (g + Cyo
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Finally, the system sum unit product cost
(SUCP) based on recognized cost and exergetic
rates for the recommended cogeneration
energy system products can be expressed as
follows:
SUCP= CH2 +CNH3 +Ctur (19)

PEM + ENH 3reactor +WNet
Figure 2 plots the flowchart of the techno-

economic modeling in this work.

3. Verification of the developed model

To certify the ammonia synthesis unit

modeling, the fluctuation of the mole fraction
of ammonia with the reactor is compared with
the results in the literature [35], as can be seen
in Fig. 3.

There is an acceptable agreement between
the simulated ammonia synthesis predictions in
the current study and the literature [35].

In Table 5, the model development
validation in the present work and different
related works [36] [37] are given. It is seen that
there is less than a 5% error between the results
of the current work and the considered
literature.

e - - ———- Input Data and Assumptions

Energy Analysis
(energy efficiency and products
quantity)

Exergy Analysis
(exergy efficiency, total exergy
destruction rate)

Exergo-economic Analysis
(SUCP)

200 300 400 500

600 700 800 900

TReac X)

Fig. 3. Verification of the ammonia synthesis unit
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Table 5. Model validation between present works with Ref

Cycle Parameter Present work Reference Relative error (%)
(a) Sun et al. [36]
Vapor generator load Qy¢ (kW) 3964 3905 1.52
Net power output Wyzr (kW) 286.3 285.6 0.24
KCS Ammonia concentration at turbine
outlet Xron (%) 99.97 99.97 0
First-law efficiency 1;(%) 7.22 7.17 0.69
(b) Ahmadi et al. [37]
Electrolyzer temperature (°C ) 80 80 0
Water primary temperature (°C ) 25 25 0
Water pressure (kPa) 101 101 0
PEM Net output power (kW) 101 101.96 0.5
Energy efficiency (%) 3.75 3.6 4
Exergy efficiency (%) 23.1 22.7 1.7
Electrolyzer exergy efficiency (%) 57.15 56.34 1.4
Hydrogen production rate (kg/h) 1.197 1.2 0.2
4. Result and discussions efficiency, hydrogen and ammonia production
) rates, and SUCP of the system. Also, the
The modeling results for energy, exergy, and thermodynamic properties of each state of the
exergoeconomic provide a better perspective system were tabulated in Table 6.

on the overall thermal efficiency, exegetic

Table 6. Thermodynamic properties of the streams for the system.

. T P h s m
State Fluid (K) (bar) (kJ.km™1) (k. km L. K1) (kg.S™)

1 NHs-H,O 4132 20 607.5 2.203 42

2 NH;-HO 413.2 20 1710 5.147 5.601
3 NH;-H.O 413.2 20 437.7 1.75 36.4
4 Water 3334 20 78.41 0.7852 36.4

5 NH;-HO 392.2 20 317.5 1.487 42

6 NHs-H,O 348.5 3.197 1453 5.278 5.601
7 NHs-H,O 338.5 3.197 261.7 1.391 42

8 NH;-H.O 3232 3.197 3.762 0.6145 42

9 NHs-H,O 3234 20 6.056 0.6155 42
10 NHs-H,O 333.7 3.197 78.41 0.7909 36.4
11 Steam 4332 9 12175 35 40
12 Steam 393.2 9 9085 27.51 40
13 Hydrogen 298.2 1.013 0 130.6 1.512
14 Nitrogen 298.2 1.013 0 191.5 7.003
15 Reactants 298.2 1.013 0 145.8 8.515
16 Reactants 860 10.06 16583 157.9 8.515
17 Reactants 298.2 10.06 0 126.7 8.515
18 Reactants 636.9 31.73 9905 139.3 8.515
19 Reactants 298.2 31.73 0 117.2 8.515
20 Reactants 548.2 56.32 7293 130.1 8.515
21 Reactants 298.2 56.32 0 112.4 8.515
22 Reactants 548.2 100 7293 1254 8.515
23 Products 548.2 100 -19646 169.9 11.55
24 Ammonia 548.2 100 -36064 178.4 6.528
25 Hydrogen 298.2 100 0 92.38 0.1176
26 Water 298 1 1877 6.572 0.01597
27 Water 353 1 6023 19.34 0.01597
28 Hydrogen 353 1 9516 112.6 0.001788
29 Oxygen 353 1 1612 5.074 0.01417
30 Water 298.2 1 1889 6.61 7.188
31 Water 318.2 1 3396 11.5 7.188
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A parametric study should be conducted to
check for the effect of the decision variables to
glimpse the function of the exemplified plant,
the clear values of all influential variables
which are the results of the simulation of the
plant are delivered in Table 7. This Table
provides a detailed scene of the modeling
development of the plant. Thermal efficiency,
exergy efficiency, ammonia synthesis thermal
efficiency, SUCP, as well as the total exergy
destruction rate of the plant, is calculated to be
50.47%, 51.41%, 48.86%, 638.3 $/GJ, and
89897 kW, successively. In addition, the
provided hydrogen and ammonia rates by the
cogeneration plant are 6.438 kg/h and 6.528
kg/s, respectively.

Likewise, the exergy and exergoeconomic
values for different components are given in
Table 8. The maximum destroyed exergy rate
belongs to compressorl, thus more refinement
must be devoted to this element since the
maximum irreversibility and inefficiencies are
affiliated with it. The ammonia synthesis

Table 7. Performance parameters resulted from the evaluation of the proposed system.

reactor followed by compressr2 has the highest
exergy  destruction rate.  From  the
exergoeconomic aspect, the maximum exergy
destruction cost rate is related to the ammonia
synthesis reactor guiding that the exergy
destruction of this unit should be diminished.
Sensitivity analysis shows that the reactor
pressure is the most affecting parameter. Fig. 4
depicts the reactor pressure versus efficiencies,
SUCP, and provided ammonia rates of the
system. Increasing Pre.. from 50 to 400 bar has
increased energy efficiency and ammonia
production. The reason for this trend is that yus
increases, which causes an increase in the mass
flow rate of produced ammonia, which
ultimately increases energy efficiency. Also, it
can be seen that with the increase in reactor
pressure due to the increase in the work of the
compressors, the exergy efficiency and the
SUCP of the system decrease owing to the
increase in the reactor output exergy and

decrease in Cryy;--

Performance parameter value Performance parameter value
Ammonia Reactor heat 1oad, Qammo-Reac 12180 Cost per exergy unit of Turbine power, 182.4
(kW) crug ($/GJ) .

Inter cooling 1 duty, Qrne—coorr (KW) 2801 (Pll(}g/ilrl())gen production rate, Ty drogen 6.438
Inter cooling 2 duty, Qint—coorz (KW) 2070 PEM thermal efficiency, N, pem (%0) 2.122
Inter cooling 3 duty, Qint—coorz (KW) 1780 PEM exergy efficiency, ey pem (%0) 15.47
Condenser 1 load, Qcongs (KW) 10833 PEM exergy destruction, Ep, pgp, (KW) 1148

. Cost per exergy unit of hydrogen
Condenser 2 load, Qcongz (kW) 13239 production, Cyyarogen ($/G) 1146
Compressor 1 power, Wgomq (KW) 33461 Ammonia production rate, myys (kg/s) 6.528
Compressor 2 power, Wagmy (kW) 14308 Ammomil synthesis thermal efficiency, 48.86
Mth—Syn (A))
Compressor 3 power, Wgoms (KW) 6656 Ammome(l) Synthesis exergy efficiency, 50.23
nex—Syn (A’)
Compressor 4 power, Weoma (KW) 6656 rA;Z’mg;_lZyiyg:af)s is exergy destruction 55989
) . Cost per exergy unit of Ammonia

Turbine power, Wyyr (KW) 1443 production, Cs,n ($/G1) 655.3
Pump power, Wpyy (kW) 96.38 System thermal efficiency, N, —sys (%) 50.47
KSC thermal efficiency, 7, ksc (%) 11.06 System exergy efficiency, Nex—sys (%) 51.41
KSC exergy efficiency, ey ksc (%) 24.24 System exergy destruction rate, Ep, (kW) 89797
KSC exergy destruction, Ej, xsc (KW) 32659 Total SUCP of the system, SUCP ($/GJ) 638.3
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Table 8. Component cost rates and exergoeconomic factors for the proposed systems.
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. $ $ . $ . $
Components Exp (kW) CF"‘(G_]) cplk(G—]) CD,k(;) Zk(g)
KSC-Turbine 219.2 66.96 182.4 52.85 151938
Separator 70.18 66.13 66.96 16.71 0
Mixer 53.36 68.08 68.08 13.63 0
Regenerator 450.2 66.96 97.04 108.5 34877
Condenser 1 765.2 68.08 275.6 187.5 20098
Pump 96.38 182.4 443.1 8.754 19223
Compressor 1 20475 0 84.43 0 259829
Inter cooling 1 5464 63.4 251.5 1247 2150
Compressor 2 8167 133.9 340.7 3938 175778
Inter cooling 2 2195 1475 4414 11654 2246
Compressor 3 3233 259.2 611.3 3017 123613
Inter cooling 3 1188 3292 8106 14080 2337
Compressor 4 6656 259.2 611.3 3017 123613
Reactor 10386 550.2 1133 20570 730476
Condenser 2 1650 187.9 567 1116 11056
PEM-HE 10.57 13 37.23 0.049 180.9
PEM Electrolyzer 1138 181.8 1117 744.8 19.05
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Fig. 4. The effect of reactor pressure on the energy and exergy efficiencies, NH; production rate, and SUCP

Figure 5 shows the reactor temperature
effect on the efficiencies, SUCP, and
provided ammonia rates of the system. The
increase of Tra from 450 K to 650 K has
caused a decrease in energy and exergy
efficiencies and the amount of ammonia
production. The reason for this trend is that yus

decreases, which causes a decrease in the mass
flow rate of produced ammonia and ultimately
causes a decrease in yields. In addition, the
SUCP of the system has increased due to the
increase in the heat given to the cycle and the
subsequent increase in the cost of power
generation in the turbine (Cry,).
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Fig. 5. The effect of reactor temperature on the energy and exergy efficiencies, NH; production rate, and SUCP
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Fig. 6. The effect of input hydrogen molar ratio on the energy and exergy efficiencies, NH; production rate, and SUCP

Figure 6 illustrates the variations of input
hydrogen molar ratio with efficiencies, SUCP,
and provided ammonia rates of the system. It
can be seen that with incre2 from 1y, from
0.45 to 1.05 mol/s, the energy efficiency
remains constant. Since ywu; has remained
constant in the reaction and only had an
increase in the mass flow rate of ammonia,
which is equal to the increase in mass flow rate
at the reactor inlet, so the energy efficiency has
remained constant. In addition, the SUCP of
the system and the exergy efficiency have also
decreased slightly due to the very low increase
in the exergy of the reactor.

Figure 7 shows the ratio of hydrogen to
nitrogen with efficiencies, SUCP, and provided
ammonia rates of the system. It can be seen
that by increasing the ratio of hydrogen to
nitrogen up to 3.5, the energy efficiency
increases, and consequently decreases, so it can
be said that the number 3.5 is the optimal ratio
of hydrogen to nitrogen. In addition, ammonia
production and consequently the exergy
efficiency increase. In addition, the SUCP of
the system is reduced due to the higher
production of ammonia in  constant
thermodynamic conditions.
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Fig. 7. The effect of the ratio of hydrogen to nitrogen on the energy and exergy efficiencies, NH; production rate,
and SUCP

5. Conclusions

In the current study, a new cogeneration energy
plant for useful commodities such as ammonia,
and hydrogen as well as power production is
analyzed based on the first and second laws of
thermodynamics. Moreover, the plant's sum
unit cost of products (SUCP) is studied. To
achieve higher energy and exergy efficiencies
and the lowest SUCP and rate of total
destructed exergy, the plant has been satisfied
with the attentive configuration of the modified
Rankine cycle, ammonia synthesis reactor, as
well as PEM electrolyzer equipment. Likewise,
to investigate the significance of the pivotal
input configuration variables on the ammonia
production rate, and economic performance
criteria of the offered cogeneration energy
system, an exhaustive sensitivity breakdown is
conducted and discussed in detail. Besides, the
developed model validation has been done
using previous related works in the literature,
with a less than 5% error. In the sensitivity
analysis, several principal variables containing
the synthesis reactor's pressure, and its
temperature, the input hydrogen molar ratio,
and the hydrogen to nitrogen molar ratio are
deemed for fluctuations. Some noteworthy
concluding attributes of the current work are
stated as follows:

e The thermal efficiency, exergy
efficiency, ammonia synthesis thermal
efficiency, SUCP, as well as the total
exergy destruction rate of the plant are
calculated as 50.47%, 51.41%, 48.86%,
638.3 $/GJ, and 89897 kW, respectively.

e The provided hydrogen and ammonia
rates by the cogeneration plant are 6.438
kg/h and 6.528 kg/s.

e The maximum exergy destruction is
associated with compressorl.

e The maximum exergy destruction cost
rate is related to the ammonia synthesis
reactor.

e The synthesis reaction temperature
deviation on the overall efficiencies and
ammonia production rate of the offered
plant has a negative mark while by
synthesis reaction pressure changes,
ammonia production rate and energy
efficiency have a rising trend.

e Increasing the input hydrogen molar
ratio has a positive mark on the
economic performance and rate of the
provided ammonia by the plant.

e By changing the hydrogen-to-nitrogen
molar ratio economic operation criteria
have a descending tendency.
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Appendix A

Appendix A presents the thermodynamic modeling method of the PEM electrolyzer. The water

electrolysis process orders the following energy quantity [38]:

AH=AG+ TAS (A.1)
AG is known as Gibbs free energy, whereas TAS is the demanded thermal energy. Calculation of

the mass flow rate of hydrogen coming out of an electrolysis process is done by utilizing the

subsequent equation [39]:

. . J
mHZO,reacted = mHz,out = E (A.2)

F denotes the Faraday constant, and J signifies the density of the fluid.
In the PEM electrolyzer, hydrogen is provided by employing electricity that is generated by the
system or external source [40]:

Epower=JV (A.3)
The total voltage of the PEM electrolyzer, in this case, represents by V:
Viotal=Vo+Vacta+Vact,c+Vohm (A4)

Here Vi, Vi s Viee and Vo signify the reversible potential, activation overpotential in the anode
side, activation overpotential in the cathode side, and electrolyte ohmic overpotential, respectively.
The anode and cathode are shown by the subscripts a and c, each. Reversible potential shows itself as
[39]:

V, =1.23-85x10"° (Teem —298.15) (A.5)

Moreover, the membrane's local ionic conductivity can be written that way [39]:

o(2(x)-
exp(127 X(B—(l)g —%jj.(o.smx A(x)-0.33)

In this equation, x denotes the depth of the membrane from the cathode side to the membrane and
A(x) refers to the content of water at a location of x. A(x) may be calculated as:
X
ﬂ’(x)zﬂ“ca +(ﬂ’an 4 )T (A7)
Here, /represents the thickness of the membrane, and 1.,and 1.. denote water contents at the anode
side and cathode side of the membrane interface, respectively.

Besides, the total ohmic resistance may be written as [38]:
L

(A.6)

dx
Reem = | 777 (A.8)
o)
Ohmic overpotential can be computed relying on the Ohmic's Law as below [38]:
Hohm=JRPEM (A.9)
To calculate electrode activity the activation overpotential is employed [39]:
R 2+1 = R inh 4| 2 A.10
Teei =T E 0 23, AL 23y, TF 23, (A.10)
Jorefers to the density of the exchange fluid and is computed as [41]:
E ..
J _:J‘ref __acti
0i =i exp[ T J (A.11)

where ]ir “f exists as a pre-exponential factor and F...signifies the activation energy for the anode side
and cathode side.
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