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ARTICLE INFO ABSTRACT
Keywords: A multi-generation system including power generation, domestic hot water, and H; production was designed for
Coal-fired boiler the waste recovery of a 150 MW coal-fired power plant. A high-temperature electrolyzer was integrated into the

Enriched air combustion

Exergy

High-temperature solid oxide electrolyzer
Supercritical ORC

Waste heat

present system to produce Hy. The second product of Oy from the electrolyzer was used to enrich the combustion
process. The required power for the electrolyzer was obtained from a bottoming organic Rankine cycle (ORC). In
this regard, a supercritical ORC was designed in which cyclopentane was used as the working fluid. The required
heat of the electrolyzer was obtained by a heat exchanger located in the combustion chamber to reach the
required temperature level. The designed system was analyzed by the energy and exergy method for different
temperatures and current densities. It is determined that it is available to produce Hy in an amount of 0.0739 to
0.0762 kmol/s for the optimal current densities at every single handled temperature. The energy efficiency of the
overall system was determined in the range of 27.19% and 27.36%. The exergy efficiency of the overall system
was determined in the range of 35.05% and 35.25%. An increase of 15.78-16.53% in energy efficiency was
achieved. This increase was achieved as 20.43-21.16% in the exergy efficiency.

way.

The use of waste heat is another effective way to obtain free energy
for the electrolyzer unit. Proton exchange membrane electrolyzer
(PEMEL), aided by waste heat, is profitable for Hy production [18-21]. In
the previous study of the author(s) which investigates the O, and Hj
production by the waste flue gases and its effects, it is conducted that the
integration of PEMEL to the coal-fired power plant increases the overall
efficiency as well as the boiler efficiency [22]. Feili et al. [20]. Designed
a novel trigeneration system including power generation, cooling, and
Hy production. The power generation was obtained by an ORC with
zeotropic mixtures, where cooling was obtained by the ejector refrig-
eration cycle, and Hy was produced by PEMEL. The maximum exergy
efficiency was reported as 42.46%, with an approximately Hy produc-
tion of 20 kg/h. Shaofu et al. [23] investigated a multi-generation en-
ergy system coupled with a CO; capture unit fed by the waste energy of a
typical industrial factory. In the study, they integrated a PEMEL into the
system resulting in Hy production of 0.0085 kg/s. The highest exergy
efficiency was reported as 43%. Jamali and Noorpoor [24] investigated
a multi-generation system including cooling, Hs production, and power

1. Introduction

There are many ways to improve the effectiveness of a coal-fired
boiler. The common ways are to improve the preheating combustion
technology [1-3], to improve the quality of the fuel by dewatering
process [4-6], or to use both [7-9]. Besides, the challenging way is to
increase the oxygen (Oz) amount of the air to obtain oxy-enriched
combustion (OEC) and oxy-fuel combustion for the higher efficient
combustion process [10-12]. In this aim, the production of O is the most
critical issue to be taken into consideration. Two standard methods,
namely distillation, and adsorption are usually used to obtain pure O,.
The electrolysis of water is also a beneficial method to obtain O3 since it
also produces a valuable fuel of Hs.

In comparison to other methods, electrolysis is more expensive since
it needs an external heat and electricity source. However, electrolysis
can be a more attractive solution when a free source supplies external
energy. Renewable energy sources such as solar [13], wind [14],
geothermal [15], or a hybrid of these [16,17] are widely used in this
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Nomenclature
D molecular or Knudsen diffusion coefficient
¥ effective diffusion coefficient

energy rate (kW)

specific flow exergy (kJ/kg)
exergy rate (kW)

Faraday’s constant

Gibbs energy (kJ)

specific enthalpy (kJ/kg)
specific molar enthalpy (kJ/mole)
exergy destruction rate (kW)
current density (A/m?)

exchange current density (A/m?)
mass rate (kg/s)

molar rate (kmole/s)

Pressure (kPa, bar, or atm)

heat rate (kW)

pore diameter (m)

universal gas constant (kJ/mole K)
specific entropy (kW/kgK)
temperature (K or °C)

Voltage (V)

work rate (kW)

molar fraction

exergy destruction ratio

SXRITSIHCRIIOVAISSTFTOTE G W

Greek symbols

7 pre-exponential coefficient (A/m?)
5 Thickness (m)

3 exergy efficiency (%), Lennard-Jones length, porosity
¢ tortuosity

n energy efficiency (%)

K Boltzmann’s constant

A coefficient of excess air

o collusion diameter (m)

T electrical conductivity (1/Qm)

Q diffusion collision integral
Subscripts

a anode

act activation

c cathode

cc combustion chamber
d destruction
f fuel
g generated
i inlet or i component
k k™ component
K Knudsen diffusion
l anode or cathode
0 outlet
ohm ohmic
P product or reactant
s isentropic
T value at a specified temperature
0 value at the reference state
Superscripts
ch chemical
f formation
I interface
h physical
Q exergy term related to heat
w exergy term related to work
0 standard or inlet condition
Abbreviations
ALL alkaline electrolyzer
APH air pre-heater
B boiler
C compressor
CB compressor block
Con condenser
GWP global warming potential
HB HTEL block
HE heat exchanger
HTEL high-temperature electrolyzer
LSM Laj_xSryMnO3
M mixing chamber
OB ORC block
TOP ozone deplation potentail
ORC organic Rankine cycle
P pump
T/G Turbine-generator group
YES Yttria Stabilized Zirconia

generation. The system was fed by the waste heat of the cement plant
and aided by solar energy. In the Hy production process, PEMEL was
used. It was reported in the study that it was available to produce 11.2
kg/h of Hy. Since a high-temperature solid oxide electrolyzer (HTEL)
needs relatively less power but more thermal energy, it is more suitable
to use an HTEL to evaluate the waste heat [25,26]. Zhao et al. [27]
investigated Hy production by HTEL. The external heat integration was
evaluated for different temperature scales in the study. The indicated
that internal heat generation was not sufficient to heat feedstock. The
study reported that 16% of the required power could be reduced by
using external heat sources. In the literature, limited studies are avail-
able on this topic, esp. on the waste heat of stack gases. Seyitoglu et al.
[28] investigated Hy production by coal gasification. They handled the
HTEL system fed by the Brayton cycle, the steam Rankine cycle (SRC),
the organic Rankine cycle (ORC). They reported the energy and exergy
efficiency of the system as 41% and 36.5%, respectively. The reported
Hy production changes between 1.7 and 2.4 kg/s for the handled
different coal types. Wang et al. [29] investigated the performance of
HTEL integrated into a marine diesel engine. The HTEL was fed by the

steam generated using the waste heat of the engine exhaust gases. The
lacking heat energy for the steam generation was obtained by an elec-
trical heater. The electrical power was obtained from an ORC plant in-
tegrated into the system. They conducted an Hj production of 0.431 kg/
s. Toklu et al. [30] investigated the HTEL performance fed by steam
generated using the stack gases of an undefined furnace. They indicated
it was possible to produce Hy up to 18 kg/h. Kowalczyk et al. [31]
investigated the Hy production through an HTEL fed by a high-
temperature nuclear reactor waste. They reported an Hy production of
4392 kg/h and a decrease of 26 % of nominal electric power where the
energy efficiency was increased from 50.59% to 55.83% by integrating
HTEL. Balta et al. [32] designed an HTEL system fed by the waste of the
Brayton cycle, conventional Rankine cycle, and ORC. They reported an
Hy production of 0.057 kg/s with an energy efficiency of 87% and
exergy efficiency of 88% in the HTEL. Mehrpooya et al. [33] developed a
new integrated process including power, heat, and Hy production. The
system was fed by the waste heat of the combustor. They used HTEL for
Hs production. In the study, the production of Hy was reported as 2.823
kg/h with the trigeneration system efficiency of 71.55%. Ishaq et al.
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Fig. 1. Flow diagram of the designed multi-generation system.

[34] proposed a new clean Hy production system fed by the waste heat of
cement slag. The new multi-generation system was formed of an elec-
trolysis unit, power generation (reheat Rankine) cycle, and hydrolysis
unit. Hy was produced by the Cu-Cu cycle. They reported that it was
available to produce 19.6 mol/s of Hy with an exergy efficiency of
31.8%. Wang et al. [35] conducted a thermodynamic analysis for H2
production by HTEL fed by engine waste heat. They reported that it was
available to produce 22.39 kg/h oh H2 with an electrical efficiency of
85.17% for HTEL. Zhang et al. [36] investigated the integration of HTEL
into methanol production fed by biomass (sawdust). Two different
models were handled in the system, including full conversion of carbon
and zero power exchange. Adding HTEL to biomass to the methanol
system made the system efficiency increase up to 13%. Hosseini [37]
investigated Hy production by an integrated system including gas tur-
bine and HTEL. In the system, biogas was used as fuel in the gas turbine,
and the waste heat of the gas turbine was used in HTEL. The study re-
ported that the increasing temperature of steam made the Hy production
drastically increase.

The conventional lignite-fired power plants are commonly based on
retro designs in which the energy losses are incredibly high. New
additional structures can still recover these losses. From this point of
view, the improvement of the combustion in the boiler and the addi-
tional power generation by bottoming ORC and Hj production for en-
ergy harvesting seem like the possible integration systems. This study
conducted a new multi-generation system design for Hy production by
integrating an HTEL system to a 150 MW coal-fired power plant. The

designed system was evaluated by the energy and exergy method to
measure the performance and find the optimum working conditions. The
novelty of this study lies in the two main aspects: First, an HTEL was
modeled in a higher sensitivity. The model was compared with the data
in the literature and showed more agreeable outputs with the experi-
mental literature. Second, the HTEL was integrated into a coal-fired
boiler system. So, the required heat was obtained from the boiler. The
electrolysis product of Oy was used to enrich the combustion. So, the
boiler’s combustion efficiency was increased, and the required fuel was
decreased. The other electrolysis product of Hy was stored as an energy
output of the system. The required electricity was obtained from a
bottoming organic Rankine cycle powered by the waste heat of the
boiler. Finally, all the processes mentioned above were combined in a
new design of a multi-generation system, including power, Hy as an
energy harvesting material, domestic heat, in conjunction with the
increased boiler efficiency.

2. System description

The novel system was designed to recover the waste heat of the stack
gases of the Seyitomer coal-fired power plant. The handled unit has an
air preheating system with an output temperature of stack gases ranging
between 285 and 305 °C [38,39]. Since there is still a large amount of
energy, a multi-generation system was considered. The multi-generation
system includes an HTEL block to produce Hj, an ORC block to generate
electricity for the HTEL, and a compressor block to store produced Hj.
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Table 1
The characteristic values of the existing boiler system.
Points T (°C) P (kPa) m (kg/s)
H,0 1 493.15 15,730.90 131.90
2 622.15 3,432.00 120.50
3 811.15 13,729.00 131.90
N 4 811.15 3,383.00 120.50
Coal - - 75.13

The flowchart of the designed system is given in Fig. 1.

The present boiler (B) was designed to evaluate the pulverized lig-
nites with low-calory. It includes the superheater, re-heater, econo-
mizer, and air pre-heater (APH). A heat exchanger (HE-I) is located in
the boiler’s combustion chamber to obtain the required high-
temperature (points 6 and 7) steam for the HTEL for the multi-
generation system. In the new design, the main structure of the boiler
system is protected. So, the output values (points 1 to 4) and the net
power generation (Wopiantner) do not change for the whole plant except
for the mass ratios. The corresponding values of the existing boiler
system are given in Table 1.

The used heat in the boiler for HTEL steam will affect the mass ratio
in the same amount. This issue will be included in evaluations of the
overall system. The stack gases are first in APH for the final heating of
combustion air (points 41-44), later sent to the ORC block.

The required power is obtained from an ORC power block fed by the
waste heat of the stack gases. ORC is designed as the supercritical cycle,
including four main components, namely condenser (Con), pump (P1),
turbine-generator group (T/G), and evaporator (HE-II). Cyclopentane is
used in the cycle as the working fluid since it is the most appropriate
refrigerant depending on the working conditions [40]. The cooling in
the condenser is made by the air (points 24 and 25), which some part
(point 28) is later used in the combustion process, and the other part
(point 26) is used for the preheating of HTEL steam in the heat
exchanger (HE-III).

HTEL block consists of a separator, a mixing unit, and the main
electrolyzer structure. HTEL is designed as the cathode-supported type
and consists of an anode layer (LSM-YSZ), a cathode layer (Ni-YSZ), an
electrolyte layer (YSZ), and two interconnect layers including fuel and
sweeping O3 channels. Pure H is obtained by separating process (point
12), where the remained Hy-H30 concoction (point 11) is sent to the
mixing unit (M—II). This concoction is mixed with the high-temperature
steam (point 7) from the boiler to form the primary feeding fuel of the

Table 2
Energy and exergy balances of the multi-purposed system.
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electrolyzer (point 8). If the heat generated by the HTEL is not sufficient,
the needed part is considered to be obtained from an electrical heater
(Wg). Pure Hy is sent to the compressor block (point 13) for the storage
process after it gives its heat energy to the combustion air in the heat
exchanger (HE-IV), where the produced O, is sent to a mixer to form the
enriched combustion air (point 9).

The compressor block is formed in five stages to decrease the
required power. The heat generated in the block is recovered to heat the
combustion air. In this regard, the Hy is compressed throughout points
13 to 23, where the combustion air is heated throughout points 29 to 40.

3. Thermodynamic analysis
The newly designed system is evaluated by exergy analysis in
conjunction with the continuity of mass and the first law of thermody-

namics. The mass, energy, and exergy balance equations for the steady-
state conditions are orderly given as follows:

> = i, =0 (¢))

QWY riuhi— Y mioh, =0 )

Ex ;= Eku 7E.x:V — Z <n’1,ex,-> — Z (m,,exo> 3
k

where Q is heat rate term, W is work term, m is the mass rate. i in-

k

dicates the inlet conditions and o indicates the outlet conditions.Exyy,

Ex,?, E'x;:, and ex respectively describe the destructed exergy, the exergy
of heat energy, the exergy of work and the specific exergy of flow, and
are given as[41]:

.0 7o\ -
Ex{ = (1 —?0) 0, 4
Ex, =W, (5)
ex; = ex!" +ex 6)

where ext" is the physical exergy term and is given by Eq. (7) or (8):
eﬁh = (hi - ho) - T()(Si - So) 2]

Compound Energy balances Exergy balances
B Qf —Qg + fihy + Mahy + Megheq —titshs —tighy —riizhy; = 0 Exf —Exg + myex; + maexy + MeqeXeq —MM3eX3 —IM4eXxs —Myex; = Exqp
APH tisohao + Mashas —tithay —tiashas = Qupnr 1M40€X40 + Tilg3eXas —Tiqy eXa1 —TageXas —ExXopy = EXqaptr
HE-I tigahea —mizhy + Qpppt = 0 Tga€Xeq —M7€X7 + E'foE 1 = Exqup1
HE-III mshs + Maghas —Meahea —Mephey —M2zha7 = QHE—III MseXs + MogeXa —Mlea€Xeq —Mlgy€Xey —Ma7€Xa7 *EXgpm = E‘xd‘HE 1
M-I mohg + Mg hgy —nig2hss =0 fgexo + Ma1exa —MazeXss = Exqur 1
P1 W — mgv(Py — Pg) g (exs —exo) + Wp1 = Exgpi

0.85 .
HED Qup-ir = (m44 (hasa — h45))0-98 —mg(h1o —hy) a4 (has —has) —g (ex10 —exg) + M = Exque-n

44 (haa —has 9 Ty d

T/G Wrye = mio(h1o —h11)0.97 Mo (ex10 —ex11) —Wryg = Exaryg
con Qeon = (m“ (11 — hg) )0‘98 —Titzq (has —haa) Exgcon = 11 (hg —h11) —Titzq (exa5 —ex24) + Q;O"
HTEL Wigre, + W + mghg —mohg —miiohio = Qurer W, + Wen + mgexs —tigexo —migexio 7EngTEL = ExqpraL
S miohio —mi1hin —mizhiz =0 Mugex1o —m1exi) —Mizex1z = Exqs
M-II myh; + mihyy —mghg =0 fizex; + myyexyy —mgexs = Exqy i1
HE-IV Qup-v = <m12(h12 —hi3) )0498 —zg(hao —has) itz (ex12 —eX13) —Titag (€Xag —eXag) + % = Exgpp-1v
CB mMyshis —mashas —Maohao —We = Qg Qcs

mizexi3 —Miazhexas —magexso —We - = Exqcp
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| _—— Cathode

Table 3 Table 4
Combustion balance of ash-free lignite for the base case [39,43]. Thermophysical properties of cyclopentane [51,52].
A= 1.68 and a = 0.02746 P T. Cp (kJ/ P (kg/ ODP*  GWP**
Reactant* Product* (kPa) 0 kgK) m?)
c 0.0113810 €Oz b 0.0108745 Cyclopentane 4520 2385  708.9 1.96 0 7
S 0.0001701 co ¢ 0.0005065 * relative to R11, **relative to CO,
N 0.0000120 SO, d 0.0001701
(6] 0.0012708 NO, e 0.0000120
H 0.0142992 Ny f 0.1734737
Moisture (H30) 0.0174991 [} g 0.0289500 | __—> Interconnect
H20(gaseous) h 0.0317983 \\“x %
=

*kmol/kg-lignite.

T;
exf" =Cp (T, — To—To'ln (—) ) (8)
To

If the process includes a chemical reaction in itself, then the chemical
term should be taken into account where is given by:

eXep = inexi.(-h + RuTOinln(xi) )

Here, h and s indicate respectively the enthalpy and entropy at a
particular state. c, is the specific heat of gas-phase flow. Subscript of
0 indicates the reference state conditions, taken as 25 °C and 1 atm in
this study. P is the total pressure of the stream, x; is the mole fraction,
and ex; ¢, standard chemical exergy of the i™ substance. The analysis was
built on the four main structures, namely the boiler (B), ORC block (OB),
HTEL block (HB), and compressor block (CB). The energy and exergy
balances of the designed multi-purposed system are given in Table 2.

3.1. Boiler

The boiler, in which low-calorific lignite with high moisture and ash
content is used, has a 150 MW capacity. The base (present) case was
determined by the in-situ measurements where the unmeasured values
were obtained from the mass balance of combustion reaction given by
Eq (1). The detailed information about the measurement equipment and
the used fuel can be seen in the authors’ previous studies [42,43].

Reactant Air

—N—
+1-a-(3.76:N, + 0,)

A~ HTEL

(C+H+N+5+0+HO0qu) +(02)

Here, the term “a” indicates the coefficient of combustion air for the
stoicheiometric condition, where ) indicates the coefficient of excess air.
The elemental analysis of the lignite and the data of the combustion
products for the base case are given in Table 3 [39,43].

The O, amount in the products is kept constant for the new system to
get the same combustions conditions for the new system. By doing so,
comparative situations are also formed. The new coefficient of excess is
determined, taking the O, obtained from HTEL into consideration for the
combustion process. In terms of reactants (R) and products (P), the heat
obtained from the combustion reaction is given by the following equa-
tion [44]:

0 = Zn@{] — hy — haog) — Zﬂ(ﬁ{, — hy — haos) an
R P

where, Qf describes the heat of fuel. n, }_l{), Ay, and haog are the mole
ratio, molar enthalpy of formation, molar enthalpy at the temperature T,
and molar enthalpy at 298 K, respectively. So, the exergy of the com-
bustion process can be obtained by the following equation [45-47]:

—— Electrolyte

I Anode
|~ Interconnect

R i LN

Fig. 2. Structure of the handled HTEL cell.

EX/: (1—

where T, indicates the temperature of the combustion chamber
assumed as adiabatic combustion temperature, and I describes the
exergy destruction rate and is given as in terms of generated entropy (Sy)
and reference state temperature (Ty = 298 K) [44]:

T .
T“) 0, -1 12)

I = Exyp =Ty, 13)

S, = Sp— Sk a4

where Sk and Sp respectively define the entropies of reactants and
products, which is calculated by the following equation [44]:

S = Zn'k (E;f(T7 Py) — RIn(xP) ); i = ProductorReactant (15)

Here, 57, R, X, and P are orderly absolute molar entropy of the Kt
component, the universal gas constant, mole ratio of the Kkt compound,
and total pressure of the flow. All the required data was obtained from
the Ref [48].

Product

-b-CO + C‘COZ + dNOz + e‘SOZ +f02 + gNz + h'HZO(gaxeau:) (10)

3.2. ORC power block

The stack gases have still more available energy after it was used for
the preheating of air in APH. Therefore, a supercritical ORC plant was
designed to evaluate this waste heat. Since most of the refrigerant fluids
have over-hanged saturated lines, the best choice would be to design the
cycle over the critical points if the heat source is appropriate [49,50]. At
the designing stage, the properties and kind of cooling fluid are the
crucial issues. Air cooling is considered in this study to obtain com-
bustion air with a higher temperature. The applicable temperature range
of the working fluid, the critical temperature and pressure of the
working fluid, and the environmental issues such as ozone depletion
potential (ODP) and global warming potential (GWP) are also the other
vital issues. In this study, cyclopentane was selected as the most
appropriate working fluid depending on the authors’ experiences [40].
The properties of cyclopentane are given in Table 4 [51,52].

In the analysis, the isentropic efficiencies for the pumps and turbine
were assumed as 85%, whereas the generator efficiency was taken as
97%. The parasitic losses were taken as 2% of the initial conditions for
both heat exchangers and pipes. The heat losses from the heat exchanger
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surfaces were assumed as 2% of the heat energy of the source. The outlet
temperature of stack gases was assumed as 130 °C considering the
condensation of SO-.

3.3. HTEL block

HTEL (solid oxide electrolyzer) is commonly used for H production,
depending on its higher efficiency. An HTEL decomposes water by using
a solid oxide electrolyte to produce Hp and O5 [53]. The schematic of the
handled HTEL cell structure is given in Fig. 2.

The reactions that occurred in the cathode, anode, and overall of an
HTEL are respectively given as follows:

H,0(g) +2¢ —Hy(g) + 0> (16)

ozgéoz (g) +2¢ a7
1

H,0(g)—Ha(g) +§02(8) 18

Total energy required for the decomposition (AH) in a HTLE, in-
cludes electrical energy (AG; Gibbs free energy) and heat energy (TAS)
[53]:

AH = AG+TAS 19)

where S is the entropy. Neglecting kinetic and potential energy
variation, as well as pressure drop and overpotentials due to crossover,
the operating voltage of HTEL can be calculated as follows [54]:

Virer = View + (Vaer + Veon + Vorn) (20)

where V., and V,,, are respectively the activation and concentration
overpotentials for both cathode and anode. V,, is the ohmic over-
potential for the cathode, anode, electrolyte, and interconnect layers.
The reversible voltage (V,.,) of each cell is given by Nernst equation
[55]:

P? P°
Vi = Vot X ( (”7 V”) ) @1

2F Pl o/ Pry

Here, R is the universal gas constant (=8.3145 J/molK), F is the
Faraday constant (=9.6485-10*C/mol). Py, P, and Py , are respec-
tively the partial inlet pressures, where P, is the reference pressure in
Pa (=101325 Pa). Vj is the standard potential and can be given by [56]:

Vo = 1.253 — 2.4516A-10*T (22)

3.3.1. Activation overpotential

Activation overpotential (V. ;) is defined by the activation polari-
zation for cathode and anode sides. In terms of subscript i, which defines
the cathode and anode, this polarization is calculated by Butler-Volmer
equation [55]:

FVieri 1 —a)nF Ve,
) )] e

where J is the current density, o is the charge transfer coefficient and
can be taken as 0.5 for water electrolysis [57], and n is the number of
transferred electrons (=2). Jy defines the exchange current density and
is given by [54]:

Eac W
Joi = 7i€XP< - R_Tt') 24

where y; and E,.; are respectively the pre-exponential coefficients,
and activation energy for cathode and anode sides. Finally, the activa-
tion overpotential is given as [54]:

RT
Vaert = ?sinh’l (L> (25)
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3.3.2. Concentration overpotential

Concentration overpotential is occurred with the diffusive trans-
portation of steam-Hy binary mixture and O, to/from the reaction
domain at the cathode and anode sides. Fick’s model can be used to
calculate the concentration overpotentials [58]. It is given for cathode
(Veon,c) and anode (Veon o) as:

_ __JRTS,
RT 2FD5F P
Veone = ﬁlﬂ 1++5‘”2 (26)

< pl
26Dy, 0Puy0

RT
Vows =S| (14

N

2F

1
JRTS, \° @)
4FDY Pl

where F, 5, and §, are respectively Faraday constant (=96485C/mol)
the thickness of the cathode and anode layer. P}, , P}, , and P;, are
respectively the partial pressures of Hy, steam, and O at the electrode
surfaces. D‘gﬁ and Diﬁ o are respectively the effective diffusion coefficient

of O, and H50. Dgf is given by [58]:

2

1o/ 1 )
= (28)
De'O[Z € <DOZ.M Do,

where {, &, Do,u and Do, are respectively porosity, tortuosity,
molecular and Knudsen diffusions of anode side. Do, x can be given by
the kinetic theory [59]:

4 8RT

Do,y ==r
. 3 ITM02

(29)

where r is pore radius and Mo, is the molecular weight of steam
(=31.999 kg/kmol). Assuming O is an ideal gas, Do, » can be given by
[55]:

Tj
Doy = 0.0026———— (30)

(Mo,)*Prs65,920,0,

where o, is the collision diameter of O and is given as 3.467 [55].
Qpo, is the diffusion collision integral. It can be calculated by the
following formulation [55]:

qQ, _ 106036 0193 1.03587 1.76474
PO ()01 exp(0.47635T7)  exp(1.529967") ' exp(3.894117")
(€3]
where T" is given by:
= (32)
€0,

where « (1.38066-10"22 J/K) is the Boltzmann’s constant. €0, is the
Lennard-Jones length, and is given as [55]:

0: _ 106.7 (33)
K

The cathode side can be calculated in a similar way as given by
following:

¢ < ! ! )
¢ N (34)
D;;f o & \Dmo-n, Dmox

where Dy,o_p, and Dy,ox are respectively molecular and Knudsen
diffusions of cathode side. Knudsen diffusion is given by:

(35)

where My, o is the molecular weight of steam (=18.015 kg/kmol).
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Fig. 3. Validation of the model.

Molecular binary diffusion can be given by Chapman-Enskog theory
[59]:

1\’ T3
Dy,0-n, = 0.00133 + ) —_— (36)
ot (MHZO My, ) Pry0i,0-1, @m0,
where My, is the molecular weight of hydrogen (=2.016 kg/kmol).,
T is the working temperature of HTEL, P is the reference pressure in
atm (=1 atm). oy,0-n, is collusion diameter of the binary mixture and is
given as the average collision diameter of Hy (oy, = 2.827) and steam
(UHgO = 2641) [59]:
on, + 00

OH,0-H, = f (37)

Qp 1,0, is the diffusion collision integral of the binary mixture and
can be calculated by Eq (31). However, the term T" is given by:
" kT

€H,0-H,

T

(38)

where ey,0_y, is the Lennard-Jones length of the binary mixture, and
is calculated in terms of the Lennard-Jones lengths of steam (en,0 =
k809.1) and Hj (e, = k+59.7) as following [55]:
€1,0 €H,

€H,0-H, _ (39)
K K X

3.3.3. Ohmic overpotential
The ohmic overpotential occurs due to electrical and ionic re-
sistances at electrode, electrolyte, and interconnect layers. It is given as:

Vohm = (‘% Hoetli2 f—) J (40)

where &, 8., 8, and §; are respectively the thicknesses of cathode,
electrolyte, anode, and interconnects. 7., 7., 7, and 7; represent the
electrical conductivities for cathode, electrolyte, anode, and in-
terconnects, respectively. The electrical conductivities can be calculated
in terms of temperature (T) by the following equations [60]:

4.2.107 —1200
= —_— 1
ot ) a

T, = 3.34-10“exp( (42)

. 7 —
o= 9.5T10 exp< 1;50) (43)

—10300)
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Table 5
The results of statistical evaluation of the model.

Tyre = 1023 K Tyre, = 1123 K

R? CoV RMSE R? CoV RMSE
Ref [25] 0.9940 0.7228 0.0599 0.9973 0.5029 0.0752
Ref [51] 0.9996 1.2366 0.0458 0.9976 0.4591 0.0715
Table 6
The properties of the HTEL block.
Property Unit Value Reference
Anode thickness, 5, m 17.5-10° [61]
Cathode thickness, 6. m 312.5.10°° [61]
Electrolyte thickness, &e m 12.5.10° [61]
Pore diameter, r pm 1.07 [54]
Porosity, ¢ - 0.3 [65]
Tortuosity, € — 5.0 [65]
Cell area m? 0.010 [25]
Cell active area, Ay m? 0.008 [25]
9.3.10° —1100
7, = ex 44
i T P\ —7 44

3.3.4. Validation

The obtained model is compared and validated with the data in the
literature. The same parameters in Ref [29] and Ref [61] are used for
this aim. The data presented by Ref [29] and [61] was obtained by the
matching method. The data given in the related studies was degraded
using Excel software. So, the obtained curves and given data are
matched by one-to-one correspondence. Later, the present model results
added the figure and compared statistically with the related literature
data. The validation of the model is given in Fig. 3.

The obtained results are evaluated by some statistical parameters
such as R? (percentage of absolute change), CoV (coefficient of varia-
tion), and RMSE (root mean square error) [62-64]. The statistical results
are given in Table 5.

According to Table 4, the model is agreeable with both Ref [29] and
Ref [61]. The handled model is more suitable than the simulation values
of Ref [29] and the experimental values of Ref [61]. At the higher cur-
rent density values, the difference between the present and Ref [25]
increases depending on the ohmic overpotential of interconnect layers.

3.3.5. Evaluation of overall HTEL block
The required electricity for the HTEL block is obtained from the ORC
block. For a single cell, the electricity need is calculated by:

Welec = JVureLAcen (45)
where Ay is the active area of the HTEL cell. The properties of the
HTEL block are given in Table 6.
The required cell number is calculated by:
Nt = W_HTEL _ WT/g—Wpl (46)
Wclcc Wclcc
Finally, the energy and exergy balance equations of the HB are as
follows:

Oup = tizhy — iz LHV — Wyggy, — Wy (47)

Exd.HB = nyex; — EXHTEL - WHTEL - WEH - % (48)
0
where LHV is the higher heating value of Hy (=240,000 kJ/kmol).
Exym is the exergy output of the HTEL block, and it can be defined as
maximum electricity generation ability when the HTEL is worked as a
fuel cell. So, it can be given as:
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Exup = VoJAcenNeen (49)

The energy and exergy efficiencies can respectively be given by:

g, LHV

== (50)
Whyrer + Wen + E7

Mup
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EXHTEL
EgrpL = ———————————— (1)
Whrer + Wey + Ex;

3.4. Compressor block

The required power for compressor block (W¢g) is calculated by
[44]:

kel
. Tig | (P, T
We = meﬁ |:(P0) -1 :| n (52)

where Cp is the specific heat (=14.4 kJ/kgK), 5¢ is the compressor
efficiency (=70%), and k is the isentropic exponent (=1.4). n indicates
the number of compression stages (taken as 5 in this study). The
compression ratio was calculated as 3.72, giving the minimum
compressor power requirement.

4. Results and discussions

The designed system aims to produce H; as a valuable fuel, improve
boiler efficiency using the produced O, for the enrichment of the com-
bustion air, and generate domestic hot water for internal heating pur-
poses. The designed system was then evaluated using the energy and

15870 4 r 120000
= % —=
15860 F 118000
15850 - -, - 116000
r 114000
15840 ~
s 112000 2
E 15830 - <
H —e—973K —+—1023K —e— 1123K 1223K —— 1323K [ 110000 %
S 15820 A H
g --0-- 973K --4-- 1023K --e- 1123K - 1223K --+- 1323K | 108000 g'
&
15810
r 106000
15800 - 104000
15790 4 —&_- F 102000
____~:__
15780 T T T T 100000
0 2000 4000 6000 8000 10000 12000
J(A/m?)
Fig. 5. Net Power outputs of the ORC and whole plant.
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Fig. 6. Variation of H; production and the required electricity.
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Fig. 7. Energy efficiency variation of the new design.

exergy analysis method for different parameters such as HTEL working
temperature and current density values to conduct the best choice.

In the study, the present characteristics of working conditions of the
boiler were tried to be kept constant. By doing so, it was aimed to pre-
vent the fundamental changes, which ultimately would affect the whole
plant from the economic and design points of view, in the other parts of
the plants (such as turbine, condenser, and heat exchangers) for the
steam side. In this regard, fuel consumption is the variable working
characteristic. The fuel consumption variation is given in Fig. 4.

According to Fig. 4, the fuel consumption increase with the increase
of current density and decrease of HTEL temperature. This is why the
increase in the current density causes an increase in the required power
of HTEL. Since the required power is generated from the waste heat of
stack gases and the main characteristics of the power plant (such as
temperature and pressure values) are preserved, a decrease in Oy pro-
duction occurs depending on this increase in the power consumption of
HTEL. So, the combustion efficiency decrease and fuel consumption
increase. The variation was recorded as ranging between 72.29 kg/s and
73.07 kg/s. This variation shows that it is available to save fuel in a
range of 2.74 to 3.78% compared to the present consumption (=75.13
kg/s). Related to this consumption, the net power generations of the
ORC and the whole plant are given in Fig. 5.

According to Fig. 5, the power generation ability of ORC (dashed
line) ranges between 15,781.51 kW and 15,806.76 kW. The generation
ability rate decrease with the increase of the current density. After 8,000
A/m?, the net power generations are very close to each other for the
handled temperatures. The net power generation values are relatively
higher for the lower current densities at the lower HTEL temperature.
This situation arises from the higher fuel consumption resulting in
higher stack gases volume and temperature. The whole plant power
generation (continuous line) decreases in contrast to the ORC. It changes
between 111,376.53 and 119,467.95 kW, where it is 124,777.26 kW for
the present status of the plant. The decrease rate for the 1023 K is higher
than the higher HTEL temperatures. The leading cause of this decrease is
the used heat energy in the combustion chamber for obtaining the
required heat of HTEL that directly affects the transferred energy to the
steam of the whole plant. For the net power generation of the plant,
there are breaking points at lower current densities, which change with
the increase of working temperatures. At higher temperatures, the
breaking points occur at higher current densities. After these breaking
points, the net power generation slightly changes since the internal heat
generation of HTEL is enough to split the water. The change of Hy
production rate and required electricity per unit Hp production is shown
in Fig. 6.

According to Fig. 6, H2 production (dashed line) decreases with the
increase of current density and increases with the increase of HTEL
temperature. According to Faraday’s law, Hz and O production should
increase. However, depending on the structural analysis in which the
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Table 7
The technical characteristics of the HTEL block.
Property Unit Value Reference
Cell operating pressure kPa 101.325 -
Cell operating temperature K 1123 -
Current density, J A/m? 5052 -
H,0 molar fraction % 90 [60]
0, molar fraction % 100 [60]
Steam utilization factor % 60 [65]
Calculated effective diffusion coefficientat  — 3.0202 -10° -
the anode,Dgj! 6
Calculated effective diffusion coefficientat  — 2.8002.10° -
the cathode,Dfl,
Anode activation energy, Eacia J/mol 120,000 [54]
Cathode activation energy, Eact.c J/mol 100,000 [54]
Coefficients for exchange current density A/m? 2.051-10° [54]
for the anode, y,
Coefficients for exchange current density A/m? 1.344 -10'° [54]
for the cathode, y.
H, production rate kmol/s 0.0748 -
O, production rate kmol/s 0.0374 -
Required heat, TAS kJ/mol- 37.6 -
Hy
Required electricity, Wgrgr (AG) kJ/mol- 211.0 -
Hy
Required energy, AH kJ/mol- 248.6 -
Hy
Cell number - 1645 -

present status and characteristics of the power plant are preserved, the
power requirement increase with the increase of current density. So, the
Hj and O, production decrease in the viewpoint of the generated power
from the waste heat of stack gases. The produced Hy changes between
0.0534 and 0.0918 kmol/s. According to these results, the produced O4
directly affects the boiler’s combustion phenomena and changes in the
same trend. The required electricity (continuous line) increases with the
decrease of HTEL temperature and increases with the current density as
appropriate to literature records. This requirement changes between
172.1 and 295.7 kW/mol-Hs. In light of these results, the new design’s
calculated energy and exergy efficiencies are given in Figs. 7 and 8.

According to Figs. 7 and 8, the energy and exergy efficiencies in-
crease up to a certain point with the increase of the current density for
all HTEL temperatures, and then it starts to decrease. These values in-
crease with the increase of HTEL temperature.

In this regard, peak points called optimum points occurs in the de-
signs. Even though the net power generation increases sharply until
these peak points (see Fig. 5) depending on the decrease of the internal
heat demand of HTEL, the required power of HTEL also increases. This
situation negatively affects the production of H2 (the harvesting mate-
rial with high energy quality). This is the leading cause of the increase in
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Table 8
The functional properties of the designed system.
Nokta Fluid T (K) P (kPa) n (kmol/s) h (kJ/kmol) s (kJ/kmolK) ex! (kW) exCh (kW)
m* (kg/s) h* (kJ/kg) s* (kJ/kgK)
0 H20 298.15 101.325 - 1,885.86 6.72 - -
(02} 8,672.32 205.03
H, 7,863.60 130.62
Air 8,662.19 194.38
Cyclopentane* —45.23 —-0.15
1 H,0* 493.15 15,730.9 131.11311 943.55 2.52 197.64 -
2 H,0* 622.15 3,432.0 119.78112 3,103.91 6.67 1,120.57 -
3 H,0* 811.15 13,729.0 131.11311 3,430.98 6.54 1,486.45 -
4 H,0* 811.15 3,383.0 119.78112 3,539.18 7.28 1,372.59 -
5a H.0 298.15 101.325 0.33881 1,885.86 6.72 46,336,0 -
5b H,0 298.33 107.70 0.33881 1.,895.66 6.75 46,440.9 -
6a H;0 309.12 105.55 0.00103 2,711.09 9.32 48.25 -
6b H,0 309.12 105.55 0.33778 2,711.09 9.32 48.25 -
7 H20 1,123.00 101.33 0.00103 77,067.16 237.48 6,380.90 9,500.00
8 H>0 1,123.00 101.33 0.00172 77,067.16 237.48 6,380.90 9,500.00
9 H, 1,123.00 101.33 0.00019 32,288.66 169.61 12,800.79 236,100.00
O 1,123.00 101.33 0.00052 35,694.53 247.54 14,346.63 3,970.00
10 H;0 1,123.00 101.33 0.00069 77,067.16 170.26 26,421.13 6,967.51
11 Hy 1,123.00 101.33 0.00122 32,288.66 169.61 12,800.79 234,993.74
H20 1,123.00 101.33 0.00069 77,067.16 170.26 26,421.13 8,892.39
12 Hy 1,123.00 101.33 0.00019 32,288.66 169.61 12,800.79 232,317.18
Hy 1,123.00 101.33 0.00103 32,288.66 169.61 12,800.79 236,100.00
13 H, 349.12 98.29 0.00103 9,337.94 135.13 130.80 236,100.00
14 Hy 509.84 365.62 0.00103 14,033.04 146.19 1,538.64 236,100.00
15 H, 349.12 365.62 0.00103 9,337.94 135.13 141.72 236,100.00
16 H, 509.84 1,360.11 0.00103 14,033.04 146.19 1,549.56 236,100.00
17 Hy 349.12 1,360.11 0.00103 9,337.94 135.13 152.64 236,100.00
18 H, 509.84 5,059.61 0.00103 14,033.04 146.19 1,560.49 236,100.00
19 Hy 349.12 5,059.61 0.00103 9,337.94 135.13 163.57 236,100.00
20 H, 509.84 18,821.75 0.00103 14,033.04 146.19 1,571.41 236,100.00
21 Hy 349.12 18,821.75 0.00103 9,337.94 135.13 174.49 236,100.00
22 Hy 509.84 70,016.93 0.00103 14,033.04 146.19 1,582.33 236,100.00
23 H, 349.12 70,016.93 0.00103 9,337.94 135.13 185.41 236,100.00
24 Air 298.15 109.84 1.10730 8,662.19 194.38 200.07 128.49
25 Air 329.12 107.65 1.10730 9,566.56 197.23 203.98 128.49
26 Air 329.12 106.57 0.89014 9,566.56 133.44 19,199.79 128.49
27 Air 318.15 104.44 0.89014 9,246.04 132.47 19,117.62 128.49
28 Air 329.12 106.57 0.21716 9,566.56 197.23 179.07 128.49
29 Air 332.77 104.44 0.21716 9,673.30 197.55 140.78 128.49
30 Air 332.77 104.44 0.04343 9,673.30 197.55 140.78 128.49
31 Air 336.12 102.35 0.04343 9,771.15 197.84 102.41 128.49
32 Air 332.77 104.44 0.04343 9,673.30 197.55 140.78 128.49
33 Air 336.12 102.35 0.04343 9,771.15 197.84 102.41 128.49
34 Air 332.77 104.44 0.04343 9,673.30 197.55 140.78 128.49
35 Air 336.12 102.35 0.04343 9,771.15 197.84 102.41 128.49
36 Air 332.77 104.44 0.04343 9,673.30 197.55 140.78 128.49
37 Air 336.12 102.35 0.04343 9,771.15 197.84 102.41 128.49
38 Air 332.77 104.44 0.04343 9,673.30 197.55 140.78 128.49
39 Air 336.12 102.35 0.04343 9,771.15 197.84 102.41 128.49
40 Air 336.12 102.35 0.21716 9,771.15 197.84 102.41 128.49
41 Air 541.70 101.33 0.21716 15,861.72 211.98 1,953.03 128.49
42 Enriched air 541.70 101.33 0.21768 15,910.87 212.10 1,967.27 128.46
43 Flue gas 747.28 101.33 - —8,629.81 54.22 - -
44 Flue gas 576.48 101.33 - —9,982.65 52.18 - -
45 Flue gas 403.15 101.33 - —11,298.23 49.44 - -
46* Cyclopentane 322.35 101.33 0.03202 0.00 0.00 1.75 -
47* Cyclopentane 324.53 4,739.58 0.03202 533.07 0.25 461.30 -
48* Cyclopentane 513.15 4,550.00 0.03202 40,799.00 93.38 12,959.51 -
49* Cyclopentane 368.11 105.55 0.03202 31,918.20 98.04 2,690.22 -

* values in mass rate (kg/s).

energy and exergy efficiencies. Besides, the Oz production also de-
creases, which negatively affects the combustion process. This does not
only means more fuel requirement but also means less power generation
from ORC depending on the quality of stack gases.

The highest energy efficiencies of the designed system are obtained
as 27.19%, 27.21%, 27.26%, 27.31%, and 27.36% for the HTEL tem-
perature of 973 K, 1023 K, 1123 K, 1223 K, and 1323 K, respectively.
The highest exergy efficiencies of the designed system are obtained as
35.03%, 35.05%, 35.12%, 35.17%, and 35.25% for the HTEL

10

temperature of 973 K, 1023 K, 1123 K, 1223 K, and 1323 K, respectively.
The highest energy and exergy efficiencies are obtained at the current
densities of 1855, 2837, 5052, 6895, and 8084 A/m? for the HTEL
temperature of 973 K, 1023 K, 1123 K, 1223 K, and 1323 K, respectively.

It is available to increase the energy efficiency between 15.78% and
16.53% compared to the plant’s present energy efficiency, which is
equal to 23.48% [22]. For the exergy efficiency, this range is recorded
between 20.43% and 21.16% compared to the plant’s present exergy
efficiency, which is equal to 29.09% [22]. The operating temperature is
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Table 9

The analysis results of the designed system.
Component E; (kW) Eo (kW) Q (kW) W (kW) Ex; (KW) Exo (kW) Exq (kW) 1 (%) € (%)
B 1,067,906.53 879543.23 —188,363.30 - 597,191.79 359,303.55 238,520.02 82.36 60.06
APH 98,318.64 96,123.66 —2,194.98 - 5,4030.15 29,207.11 24,830.41 97.77 54.06
HE-I 202.96 5,769.37 5,566.42 - 4,321.21 1,188.87 3,132.34 100.00 27.51
T/G 94,939.31 74,273.68 —3,626.82 17,038.81 30,156.78 6,260.15 6,869.99 82.45 77.22
Con 74,273.68 72,777.86 —1,495.82 —1,207.70 10,161.19 3,627.82 6,538.37 96.42 35.65
HE-II 95,611.08 93,698.86 —1,912.22 - 37,441.97 26,999.21 10,449.17 98.00 72.09
P1 23.10 1,080.43 —186.59 —1,243.92 23.10 1,080.43 187.21 85.00 84.95
HE-III 20,734.58 20,319.89 —414.88 -0.19 1,642.32 367.00 1,276.89 98.00 22.26
HE-IV 1,718.13 1684.65 —33.48 - 1,022.53 166.93 855.71 98.00 16.31
HB 5,769.37 17,966.79 —3,597.86 —15,795.29 1,188.87 13,711.35 3,284.87 83.32 80.73
CB 153,366.67 154,911.08 —2,826.81 —4,371.21 21,934.36 21,332.96 4,982.10 98.21 81.06
Overall system 514,046.77 21,664.18 —199,086.34 118,453.37 387,733.53 17,714.74 300,927.09 27.26 35.12

selected as 1123 K taking the most available conditions of the literature
into account. According to this selection, the technical details of the
HTEL block are given in Table 7.

The working conditions of the designed plant were determined using
the parameters given in Table 6. These parameters are given in Table 8.
According to these operating parameters, detailed energy and exergy
analysis were conducted. The results of the analysis of the designed plant
are given in Table 9.

According to Table 9, the energy and exergy efficiencies of the
overall system were respectively determined as 27.26 % and 35.12%.
These results mean an increase of 16.09% in energy efficiency and an
increase of 20.73% in exergy efficiency compared to the present status of
the plant. The energy efficiencies of the boiler, ORC block, and HTEL
block were respectively calculated as 82.36%, 16.52%, and 83.32%. The
exergy efficiencies of the boiler, ORC block, and HTEL block were
respectively calculated as 60.06%, 16.55%, and 74.18%. The consumed
fuel was determined as 72.68 kg/s with a decrease of 3.27% compared to
the present status. This reduction also means a decrease in the emissions
in the same amount. In this case, the annual produced H, was deter-
mined as 479.14 kmol considering an operating time of 6400 h per year.
The net electricity output of the plant was 118,453.37 kW, whereas the
domestic hot water production was 3,697.40 kW.

According to the analysis results, the optimal current densities were
determined as 1855, 2837, 5052, 6895, and 8084 A/m?> for the HTEL
temperature of 973, 1023, 1123, 1223, and 1323 K, respectively. Taking
a yearly working time of 6400 h for the plant, the produced Hy was
calculated as 473.16, 475.27, 479.14, 483.15, and 487.79 kmol for the
HTEL temperature of 973, 1023, 1123, 1223, and 1323 K, respectively.
The HTEL energy-exergy efficiencies were calculated as 84.35-78.69%,
84.03-77.13%, 83.32-74.18%, 82.60-71.21% and 81.92-68.09% for
the HTEL temperature of 973, 1023, 1123, 1223 and 1323 K, respec-
tively. The supplied net power from the ORC block for the electrolyzer
ranges between 15,781.51 and 15,806.76 kW with an energy efficiency
of 16.52% and an exergy efficiency of 16.55%. The utilization of the
waste heat of stack gases for power generation and the utilization of this
power for Hy production is the main factor that improves the energy and
exergy efficiency of the plant. The utilization of the other product of Oy
in the combustion air improves the boiler efficiency since it increases the
efficiency of the combustion process. This also decreases the fuel con-
sumption for the same outputs, increasing energy and exergy efficiency.
The waste heat recovery from the H2 storage system for the pre-heating
of combustion air also improves the combustion process, increasing
energy and exergy efficiency. The boiler energy efficiency were deter-
mined as 80.29%, 82.32%, 82.36%, 82.41% and 82.46% for the HTEL
temperature of 973, 1023, 1123, 1223 and 1323 K, respectively. The
exergy efficiencies were 60.07%, 60.06%, 60.06%, 60.05% and 60.05%
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in order. It means an increase of about 2% in the energy exergy effi-
ciencies compared to present status with an energy efficiency of 80.68%
and exergy efficiency of 58.91%. Finally, the recovery of the waste heat
from ORC block for the pre-heating of electrolyzer water and domestic
hot water also increases the energy and exergy efficiency with less
impact than the issues mentioned above. The domestic water energy was
calculated as 3,696.98, 3697.39, 3697.40, 3,697.34 and 3,696.96 kW
for the HTEL temperature of 973, 1023, 1123, 1223 and 1323 K,
respectively. The net power generation was determined as 118,640.39,
118,572.12, 118,453.37, 118.322.99, 118,183.62 kW for the HTEL
temperature of 973, 1023, 1123, 1223 and 1323 K, respectively.

5. Conclusions

A multi-generation system including power generation, domestic hot
water, and Hy production was designed for the waste recovery of a 150
MW coal-fired power plant. In this regard, a high temperature electro-
lyzer sourced by a supercritical ORC cycle was added to existing system.
Besides, the other product of O, was evaluated for the improvement of
combustion. The waste of the stack gases fed the ORC unit. The present
working conditions of the existing boiler were saved in the study. A
high-temperature electrolyzer was integrated into the present system to
produce Hj. The second product of Oz from the electrolyzer was used to
enrich the combustion process. The required power for the electrolyzer
was obtained from a bottoming ORC cycle. The study shows that it is
available to produce Hj as the energy harvesting material in an amount
ranging between 473.16 and 487.79 kmol with an energy efficiency of
up to 84.35% and exergy efficiency up to 78.69%. It also shows that it is
available to increase the boiler’s energy and exergy efficiencies by about
2% compared to present status with an energy efficiency of 80.68% and
exergy efficiency of 58.91%. It is available to obtain domestic hot water
with an energy value of up to 3,696.98 kW. Despite the decrease in the
power generation of about 4.92-5.28%, it is available to increase the
overall energy efficiency of the whole plant up to 27.36% and exergy
efficiency up to 35.25%.

The electrolyzer unit is a handy tool to improve the existing old-
fashion power plants since it produces Hy as the energy harvesting
material and O, as the improver of the combustion process. However,
the HTELs need more heat energy for their own internal needs. Ac-
cording to the knowledge of the authors, PEMEL is an alternative. In this
regard, a standard PEMEL has a more negligible effect than HTEL’s. So,
the authors offer PEMELs working under a relatively higher temperature
than standard PEMELs or solid oxide electrolyzers working under a
relatively lower temperature than HTELs.
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