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� A novel system with hydrogen production is designed for the waste heat recovery.

� An exergy efficiency increase of 8.49% for air enriched case is achieved.

� An exergy efficiency increase of 2.45% for air and fuel enriched case is achieved.

� A decrease about 2.35% in the fuel consumption is achieved.
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In this study, a multi-generation system is designed for the waste recovery of a 150 MW

coal-fired power plant. The waste heat from the boiler system of the power plant is recy-

cled in the power block with supercritical organic Rankine Cycle to obtain the required

energy for the proton exchange membrane electrolyzer block. Then, two different cases are

handled to utilize the products of the proton exchange membrane electrolyzer block. In the

first case, H2 is stored as an energy carrier to be used for external operations where O2 was

used for the enrichment of the combustion air. In the second case, H2 is used for the

enrichment of the fuel where O2 is used for the enrichment of the combustion air as in the

first case. It is determined that it is available to produce H2 in an amount of 0.0417

e0.0433 kmol/s. The energy efficiency of the overall system is determined as 25.37% and

24.05% where the exergy efficiency of the overall system is determined as 31.56% and

29.80% for the first and second cases, respectively.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Coal as an energy source has considerable use for power

generation despite its emissions to the environment. So that,

in Turkey, 22.4% of total electricity generation is provided by

coal-fired power plants inwhich lignitewith lowheating value
r.

ons LLC. Published by Els
is commonly used [1]. Since there is no chance to give up this

kind of plant with the old technologies, the new solutions are

urgently needed to improve the performances of these plants

for environmental issues. In this regard, the boiler seems the

most critical component to be improved from the environ-

mental point of view [2e4]. In this regard, the most effective

solutions is to improve the combustion process and/or to
evier Ltd. All rights reserved.
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evaluate the waste heat of the flue-gases since there is still a

lot of energy to use, even if temperature is not so high as

working fluid temperature [5,6]. There are limited solutions in

this aimwhich includemainly of the three ways. The first one

is to recuperate the components of the boiler such as nozzles

and heat exchangers. The second one is the flotation of the

fuel. The third one, which is the main aim of this study, is to

improve the combustion air for a better reaction.

Depending on the combustion nature, it is the best way to

increase the oxygen (O2) amount of the combustion air to

improve the process since it prevents the energy losses caused

by the excess air. In the combustion process, a considerable

amount of the produced energy is wasted to heat the nitrogen

(N2) of the combustion air. So, the increase in the amount of O2

would decrease the ratio of N2 in the combustion air. This

operation would also decrease the amount of required excess

air for a better mixing of fuel and air which means higher

efficiency [7,8]. In this regard, oxy enriched combustion (OEC)

and oxy-fuel combustion have attractedmore attention to the

higher efficient combustion process and lower emissions

[9,10]. Horbaniuc et al. [11], in their study, investigated OEC in

supercritical steam boilers and reported an increase of up to %

5 in the boiler’s efficiency. Tiwari et al. [12] reported a com-

bustion efficiency of 93.8% with an O2 rate of 31%. This means

an efficiency increase of about 5% for combustion efficiency.

Zhan et al. [13] reported an energy efficiency improvement of

2.2% for the boiler when the O2 volume in the atmosphere is

29%. Yu et al. [14] reported an increase in a rate of 6% in the

combustion efficiency when the O2 enriched air and standard

air are compared. However, the pure O2 is needed to obtain the

enriched combustion air. Two common methods, namely

distillation, and adsorption are usually used to obtain pure O2.

Electrolysis also can be taken into account as a method of

producing pure O2 although the main aim of the process is to

produce H2. The electrolysis way of H2 production mainly has

three kinds of technologies including alkaline electrolyzer

(AEL), proton exchange membrane electrolyzer (PEMEL) with

an acidic polymer membrane used as a solid electrolyte, and

high-temperature electrolyzer (HTEL) with a solid oxidizer

used as electrolyte [15].

However, in comparison to other methods, electrolysis is a

more expensive way since it needs an external heat and

electricity source. But, the production of H2 eas an efficient

energy carrier and attractive energy storage medium-makes

electrolysis more advantageous from the energy efficiency

point of view [16]. If the external energy need is satisfied by a

free source, then electrolysis would be more attractive for the

energy systems. The renewables are commonly used as free

energy sources, and several systems were conducted for this

aim in the literature. Bicer and Dincer [17] developed a new

hybrid system for H2 production using solar and geothermal

sources. They conducted energy and exergy efficiency up to

10.8% and 46.3%, respectively. The produced H2 was deter-

mined as 0.11 kg/h. Bamisile et al. [18] performed a new solar

Parabolic Trough Collector (PTC) integrated system for the

multi-generation purpose. One of the multi-generation prod-

ucts was H2 obtained through a PEMEL. They reported an H2

production rate of 0.9785 kg/h from the designed system. They

also reported a reduction of CO2 in the amount of 768.85 kg/h

based on using fuel oil. Safari and Dincer [19] investigated H2
andmethane (CH4) production through a comprised system of

a wind turbine, PEMEL, and a methanation unit. They con-

ducted a new design for CO2 capture by the methanation

process in which the produced H2 was used. They reported an

H2 production rate of 0.4131 kg/h which resulted in a CO2

capture of 2.176 kg/h. Balta et al. [20] investigated geothermal

energy based H2 production through the HTEL. They con-

ducted overall energy and exergy efficiency of 87% and 86%,

respectively. Besides, they reported the H2 production amount

as 573 mol/s with electricity consumption of 3.34 kWh. Omar

and Altinisik [21] simulated H2 production by electrolysis unit

integrated with a solar collector. According to the simulation,

it is available to produce H2 in the amount of 16 kg for the

selected region. Seyitoglu et al. [22] investigated H2 production

by coal gasification. They handled the HTEL system fed by the

Brayton cycle, the steam Rankine cycle (STR), an organic

Rankine cycle (ORC). They reported the energy and exergy

efficiency of the system as 41% and 36.5%, respectively. The

reported H2 changes between 1.7 and 2.4 kg/s for the handled

different coal types. Gokcek and Kale [23] designed a PEMEL H2

production system with a capacity of 125 kg/d. The handled

system was powered by wind and photovoltaic (PV) hybrid

system. Yilmaz et al. [24] designed a combined plant base on

concentrating solar collectors for poly-generation purposes.

One of the aims of the study was H2 production by PEMEL.

They reported an H2 amount of about 0.0682 kg/s with an

energy and exergy efficiency of 62.53% and 58.68%, respec-

tively. Fereidooni et al. [25] conducted a comprehensive study

on H2 production from PV station. They conducted an H2

production rate of 56 tons per month (August) by electricity

consumption of 3465 kWh. The studies showed that PEM cells

were profitable when they were used as thermolelectric

generator aided by waste heat [26e28]. It is also available to

evaluate the waste heat for H2 production. Lummen et al. [29]

investigated H2 production by the waste heat of condensing

steam. They used a PEMEL stack for this purpose. They con-

ducted that it was possible to obtain H2 production of 1.27 g

per unit steamwith a reduction of 30% inwaste heat rejection.

Nami et al. [30] proposed an integrated system for H2 and

power generation. The coupled the PEMEL with Turbine

ModularHeliumReactor/Organic Rankine Cycle (GTMHR/ORC)

system. They conducted an H2 production rate of 56.2 kg/h

with an exergy efficiency of 49.21%. Feili et al. [31] proposed a

novel trigeneration system working with waste heat of the

marine diesel engine. The trigeneration systemwas formed of

ORC, PEMEL and cooling cycle. They conducted that it was

available to achieve an exergy efficiency uo to 18.71% with an

H2 production of 0.33 kg/h. Thiyagarajan et al. [32] investigated

H2 production by the waste heat of exhaust gas of a com-

pressed ignition engine. In the study, they used the exhaust

gas in thermoelectric module to generate power. The gener-

ated power was then used in a PEMEL to produce H2. Finally,

the produced H2 was inducted to the engine to improve the

efficiency. They conducted a brake thermal efficiency

improvement of 10%.

In this study, a novel hybrid system was designed to

improve boiler efficiency. The system includes a PEMEL and an

ORC system integrated into a coal-fired power plant. Two

cases were handled in the study. For the first case, the pro-

ducedH2 is fed to the boiler system to enrich the fuel where O2
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is mixed with the air to enrich the combustion air. For the

second case, the produced H2 is stored in a high-pressure tank

to be evaluated for different aims where O2 is mixed with the

air to enrich the combustion air again. PEMEL is powered by an

ORC system to recover the waste heat of stack gases. The

designed system was evaluated by the energy and exergy

method to measure the performance. Finally, the system was

evaluated from an environmental point of view.
System description

Seyitomer coal-fired power plant serves to generate electricity

with its old-fashion technology. The plant has a capacity of

600 MW including four units in which one of the units is out of

order now. In this study, the latest built one has been into

consideration. The unit has an air preheating system with an

output temperature of flue gases ranging between 285 and

305 �C. Thereby, a large amount of waste heat is available to

recover. In this aim, a novel hybrid system was designed to

recover the waste heat and to improve boiler efficiency. The

flowchart of the designed hybrid system is given in Fig. 1.
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According to this hybrid system, the waste heat is used in a

supercritical-ORC unit to generate electricity which feeds a

PEMEL unit. The secondary product (O2) of PEMEL is used to

enrich the combustion air for improving the combustion ef-

ficiency where the main product (H2) is stored in a high-

pressured tank for an energy carrier (Case-I) or is used to

enrich the fuel for better combustion process (Case-II, dashed

line in Fig. 1). The new design consists of three main struc-

tures namely boiler group (BG), hydrogen electrolyzer group

(PEMEL Block), and ORC power block. BGmainly consists of air

preheater (APH) and boiler (B). The boiler includes four main

components namely the combustion chamber, heater, su-

perheater, and economizer. In this study, the effects on the

combustion chamber were handled and the operation condi-

tions were kept constant to observe the improvements. A

large part of the waste heat from BG is used in ORC where

remained small part is used for the heat demand of the elec-

trolyzer to obtain the required heat. ORC has four main

components namely evaporator (E), turbine group including

generator (T), condenser (Con), and pump (P1). The generated

electricity in ORC is used for the energy demand of the elec-

trolyzer. PEMEL block is mainly formed of heat exchanger (HE-
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1), proton exchange membrane electrolyzer stack (PEMEL),

compressor block (CB), separator (S), pump (P2), and storage

tanks. The compressor block is just used when the Case-I am

taken into account. In this case, the compressor block is

handled as five staged to decrease the required power. The

heat generated in the block is recovered to improve boiler

efficiency.
Table 1 e Elemental analysis of the Seyitomer lignite.

Compound wt% kmol/kg-lignite (af)

Base Case I Case II

C 13.66 0.0113810 0.0113810 0.0113810

S 0.54 0.0001701 0.0001701 0.0001701

N 0.03 0.0000120 0.0000120 0.0000120

O 4.07 0.0012708 0.0012708 0.0012708

H 2.86 0.0142992 0.0142992 0.0148940

Moisture 31.50 0.0174991 0.0174991 0.0174991

Ash 47.34 e e e
Thermodynamic analysis

Three main structures namely the boiler group, PEMEL, and

ORCwere taken into account for the thermodynamic analysis.

Then these structures were evaluated by the exergy method

taking the overall system into account. An exergy analysis is

conducted in conjunction with the continuity of mass and the

first law of thermodynamics. The mass, energy, and exergy

balance equations for the steady-state conditions are orderly

given as follows [33,34]:X
_mi �

X
_mo ¼ 0 (1)

_Q � _W þ
X

_mihi �
X

_moho ¼ 0 (2)

_Exd;k ¼ _ExQ
k � _ExW

k �
X�

_miexi

�
k

�
X�

_moexo

�
k

(3)

where _Q is heat rate term, _W is work term, _m is themass rate. i

indicates the inlet conditions and o indicates the outlet con-

ditions. _Exd;k, _ExQ
k ,

_ExW
k and ex respectively describe the des-

tructed exergy, the exergy of heat energy, the exergy of work

and the specific exergy of flow, and are given as:

_ExQ
k ¼

�
1�T0

T

�
_Qk (4)

_ExW
k ¼ _Wk (5)

exi ¼ exPh
i þ exCh

i (6)

where exPh
k is the physical exergy term and is given by:

exPh
i ¼ðhi �h0Þ � T0ðsi � s0Þ (7)

or

exPh
i ¼ cp

�
Ti �T0 �T0 , ln

�
Ti

T0

��
(8)

If the process includes a chemical reaction in itself, then

the chemical term should be taken into account where is

given by:

exch ¼
X
i

xiexi;ch þ RuT0

X
i

xilnðxiÞ (9)

here, h and s indicate orderly the enthalpy and entropy at a

certain state. cp is the specific heat of gas-phase flow.

Subscript of 0 indicates the reference state conditions which

are taken as 25 �C and 1 atm in this study. P is the total
pressure of the stream, xi is the mole fraction, and exi,ch
standard chemical exergy of the ith substance. So, energy ef-

ficiency (h), exergy efficiency (ε), and exergy destruction ratios

(y) are respectively given as:

h¼
_Eo;k

_Ei;k

(10)

ε¼1�
_Exd;k

_Exi;k

(11)

yk ¼
_Exd;k

_Exi;total

(12)

The chemical exergy values were obtained from Ref. [34].

The energy and exergy efficiencies of PEMEL block is calcu-

lated using the low heating value (LHV) and chemical exergy

values of H2 where they are taken as 240,000 kJ/kmol and

236,000 kJ/kmol, and are given as follows:

h¼ _nH2LHV
_WPEMEL

(13)

ε¼ _nH2exH2;ch

_WPEMEL

(14)

Boiler group-BG

The boiler group (BG) is formed of the boiler (B) and the air

preheater system (APH). In the thermodynamic evaluation of

BG, the output values of the real (measured) case were pre-

served to compare the case effectively. The handled unit of

Seyitomer plant is fed with the low-calorific lignite with high

moisture and ash content about 31.5% and 47.34% byweight in

order. The elemental analysis of the lignite is given in Table 1

[35].

As mentioned in the section system description, three

different cases were formed. The first case is the base case

which the process already goes on. The products of the base

combustion process were measured in-situ for the handled

steam cycle unit. The unmeasured values were determined

through Eq. (1) taking into account the mass balance. The
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þ l ,a , ð3:76,N2 þO2Þ
zfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflffl{Air

/b,COþ c,CO2 þ d,NO2 þ e,SO2 þ f,O2 þ g,N2 þ h,H2OðgaseousÞ
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(15)

Table 3 e Coefficients of combustion balance for ash-free
lignite.

Compound n (kmole/kg-lignite)

Base Case I Case II

Air l 1.680 1.671 1.668

a 0.0274623

CO2 b 0.0108745 0.0108745 0.0108745

CO c 0.0005065 0.0005065 0.0005065

SO2 d 0.0001701 0.0001701 0.0001701

NO2 e 0.0000120 0.0000120 0.0000120

N2 f 0.1734737 0.1725030 0.1722449

O2 g 0.0289500 0.0289500 0.0286229

H2O(gaseous) h 0.0317983 0.0317983 0.0323930
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technical characteristics of measurement equipment are

given in Table 2 [36].

Here, the term “a” indicates the coefficient of combustion

air for the stoicheiometric condition where l indicates the

coefficient of excess air.

In the second case (Case I), the obtained H2 from PEMEL is

stored as an energy carrier where O2 is fed to the boiler for the

enrichment of combustion air. In the third case (Case II), the

product H2 of PEMEL is fed to the boiler for the enrichment of

fuel where O2 is fed to the boiler for the enrichment of com-

bustion air as in Case I. In all cases, the excess air was kept the

same as in the base case for better comparison. In Case II, the

required air for the complete combustion process of H2 is

calculated with the assumption of 10% excess air. In this re-

gard, the molar rates of the reactants were calculated (see

Table 1) and the combustion reactions were formed according

to Eq. (1). The coefficients of combustion products are given in

Table 3.

In the terms of reactants and products, the heat obtained

from the combustion reaction is given by the following

equation [33]:

_Qf ¼
X
i

_n

 
h
f

0 �hT � h298

!
�
X
o

_n

 
h
f

o �hT � h298

!
(16)

where, _Qf describes the heat of fuel. _n, h
f

0, hT and h298 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 combustion process can be obtained by

the following equation [34,37]:

_Exf ¼
�
1� T0

Tcc

�
� I (17)
Table 2 e Technical data for measurement equipment [36].

Property IR Thermometer

Measurement range �30/900 �C

Sensitivity ±2 �C (�30…�5 �C)
±0.75 �C (�4.9…74.9 �C)
±0.75% mv (75…900 �C)

Solution 0.1 �C
where Tcc indicates the temperature of the combustion

chamber assumed as adiabatic combustion temperature. The

term.; I describes the exergy destruction rate and is given as in

terms of generated entropy (Sg) and reference state tempera-

ture (T0 ¼ 298 K) [33]:

I¼ _Exd;f ¼ T0Sg (18)

Sg ¼ So � Si þ
_Qf

Tcc
(19)

where, So, an Si respectively define the entropies of reactants

and products which is calculated by the following equation

[33]:

Sk ¼
X
o

_nk

�
sokðT;P0Þ�RulnðxkPÞ

�
(20)

Here, soi , Ru , xk and P are orderly absolute molar entropy of

the kth component, universal gas constant, mole ratio of the

kth compound, and total pressure of the flow.
Digital Thermometer Gas analyzer

�50/1000 �C O2 0e21%

CO 100,000 ppm maximum

NOx 4,000 ppm maximum

SO2 4,000 ppm maximum

Tmax 1000 �C
±0.7 �C (�50…900 �C)
±1 �C (900.1…1000 �C)

O2 ± 2%

CO ± 5%

NOx ± 5%

SO2 ± 5%

Temperature ± 2 �C
0.1 �C (�50…199.9 �C)
1 �C (200…1000 �C)

0.1 �C
1 (for emission measurement)
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Fig. 2 e T-s diagram of the proposed supercritical ORC

power block.
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Supercritical ORC power block

Since the temperature is very high at the outlet of the AHP,

there is so much energy waste that can be evaluated by many

kinds of processes. However, in the pursuant of the aim of the

handled design, the best practice is to generate electricity to

power the electrolysis unit which needs it too much to pro-

duce O2 and H2. By this process, the required energy for PEMEL

will not have been met by the electricity generated by the

main plant. Therefore, from the national aim of point, both

the planned operation of the plant will not be affected and the

waste energy will be recovered. For this aim, an ORC cycle was

designed to obtain the maximum power from the wastes. The

maximum efficiency from an ORC cycle can be obtained when

the turbine inlet conditions are set on the points closer to the

saturated line of the working fluids [38e40]. In this regard, the

selection of the working fluid is another important issue

where the physical properties of the cooling fluid (water at this

time), the applicable temperature range of the working fluid

(Tw,min and Tw,max), the critical temperature (Tcr) and pressure

(Pcr) of the working fluid and of course the environmental is-

sues such as ozone depletion potential (ODP) and global

warming potential (GWP) are on the issue. In this study, R601

(pentane) was selected as the most appropriate working fluid.

Although the flammability of R601 is higher, R601 can be

safely used in a closed system. The properties of R601 are

given in Table 4 [41,42].

Since most 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. Therefore,

depending on the temperature of the flue gases of the handled

unit, the power block was designed as supercritical ORC. The

temperature versus entropy change (T-s) diagram is given in

Fig. 2.

According to Fig. 2, the isentropic efficiencies for the

pumps and turbine were assumed as 85%where the generator

efficiencywas taken as 97%. The parasitic losseswere taken as

10% of the initial conditions of cycle steps and pressure drops

were calculated on this basis at the stage of the design. The

heat losses from the surfaces of the heat exchanger were

assumed as 2% of the heat energy of the source. The mass,

energy, and exergy balances for the supercritical ORC power

block are given in Table 5. In the designing stage, the available

minimum temperature of flue gases was assumed as 130 �C
taking the condensation possibility of SO2.

Proton exchange membrane electrolyzer-PEMEL

PEMEL is the most common type used for H2 production

depending on its higher efficiency, higher purity of H2, and

higher improvement and commercialization possibility. In the

last decades, proton exchange membrane (PEM) cells were
Table 4 e Thermophysical properties of R601 [41,42].

ODP* GWP** Pcr (kPa)

R601 0 0 3370

*Relative to R11, ** Relative to CO2 (100-year time horizon).
combined and PEMEL stacks were formed for larger H2 pro-

duction amounts. These kinds of stacks also enable PEM cells

to work at higher pressures which results in higher efficiency.

The technical properties of the PEMEL stack used in the study

are given in Table 6 [43].

Taking the properties given in Table 6, the H2 and O2 pro-

duction rates are calculated for the obtained power capacity

from the ORC power block. O2 is used for the enrichment of

the combustion air where the use of H2 is evaluated for two

cases. In the first case (Case I), H2 is stored in a tank as an

energy carrier under a pressure of 43,000 kPa offered in Ref

[43]. In the second case (Case II), H2 is fed to the boiler for the

enrichment of fuel to obtain a better combustion process

[44,45]. The energy and exergy balance equations of the PEMEL

group are given in Table 7.

The required power for compressor block ð _WCBÞ is calcu-

lated as follows [33]:

_WC ¼ _mCP
T19

hC

	�
Po

Pi

�k�1
k

�1



n (21)

where the specific heat (CP), compressor efficiency (hC), and

isentropic exponent (k) CP, hC, and k are respectively taken as

14.4 kJ/kg K, 70%, and 1.4. Also, n indicates the number of

compression stages and was taken as 5 in this study. The

compression ratio was calculated as 1.98 to give theminimum

compressor power requirement [33].
Results and discussions

The designed system was evaluated by the energy and exergy

analysesmethod. In this aim, the reference state was taken as
Tcr (�C) Tw,min (�C) Tw,max (�C)

196.55 �129.68 326.85
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Table 5 e Energy and exergy balances for ORC power block.

Compound Balance Equation

Energy Exergy

P1 _WP1 ¼ _m9nðP10 � P9Þ
0:85

_Exd; P1 ¼ _m9ðex9 � ex10Þ þ _WP1

E _QE ¼ ð _m7ðh7 � h8ÞÞ0:98� _m10ðh11 � h10Þ _Exd; E ¼ _m10ðh11 � h10Þ� _m10ðex11 � ex10Þ þ
_QE

T0

T/G _WT ¼ _m11ðh11 � h12Þ0:97 _Exd; T ¼ _m12ðex11 � ex12Þ� _WT

Con _QCon ¼ ð _m9ðh9 � h12ÞÞ0:98� _m13ðh14 � h13Þ _Exd; Con ¼ _m9ðh9 � h12Þ� _m13ðex14 � ex13Þ þ
_QCon

T0
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25 �C and 1 atm (1.01 bar). The thermodynamic properties of

the reference state for each fluid are given in Table 8.

Combustion process

The handled unit of Seyit€omer coal-fired power plant has an

installed capacity of 150MWelectricity generation.However, it

can not be operated under the design conditions depending on

theaging factors since it hasa longworkingperiod.Thecurrent

(Base case) status of the unit was measured in-situ [36]. The

related values were calculated for all handled cases according

to the combustion equation given in Section Boiler group-BG.

In these calculations, the measured values of the boiler

parameters such as the generated power, temperature of the

points1 to 4, and were kept constant appropriate to the base

case for a sensitive comparison. So, the consumed fuel was

determined in light of these calculations. The parameters of

the combustion process such as the released heat energy ð _Qf Þ,
released exergy ð _Exf Þ and exergy destruction ð _Exd;f Þ rates of

combustion process were calculated using the data given in

Ref. [46]. The results of the combustion process for each case

and the results are given in Table 9. According to Table 9, the

released heat energy and exergy of fuel increase depending on

the enrichment of combustion air. However, on the contrary

to energy and exergy values, the exergy destruction for Case-II

is higher than that of Case-I. The main cause of this issue is

the additional combustion of H2 in the boiler. Besides, the base

energy (low heating value-LHV) and exergy values were

calculated for the efficiency calculations. In this regard, the
Table 6 e Technical characteristics of the PEMEL stack
used in the design [43].

Property Unit Value

H2 production kg/s 0.4414

Capacity kg H2/d 1500

Lifetime h >60,000
Operating pressure (O2) kPa 101.325

Operating pressure (H2) kPa 2300
_Welect kWh/kg H2 46.6

Current density (J) A/m2 15000

Water requirement kg/s kg H2 1.59
_WP2 kW/kg H2 0.3
condensation temperature of the water content in the flue

gases was determined for the stoichiometric combustion

condition with the standard air. LHV and exergy values of the

coal are calculated as 7216.8 and 5824.2 kW/kg-coal,

respectively.

Results for H2 production and oxygen-enriched combustion
case - Case-I

In Case-I, the generated electricity is 15890.28 kW where

1897.19 kW of this energy is used in the auxiliary components

of the PEMEL block and itself. The remained part about

1993.10 kW is used in the PEMEL stack. The produced H2 and

O2 amounts are 0.0417 and 0.0209 kmol/s, respectively. The

thermodynamic properties of Case-I are given in Table 10.

According to the data given in Table 10, energy and exergy

analyses was conducted and the results were given in Table

11.

According to Table 11, the highest exergy destruction rate

belongs to the boiler group with a value of 261963.72 kW.

Evaporator, Turbine, PEM stack, and condenser follows the

boiler group with 19561.23, 6047.39, 3720.51, 2386.49 kW in

order. The exergy destruction ratios of the components for

Case-I are given in Fig. 3.

According to Fig. 3, the exergy destruction of boiler in-

cludes the 32.30% of the total exergy inlets to the overall

system. In other words, 35.83% of the fuel exergy is destructed

by the boiler group (B and APH). The exergy destruction ratio

of evaporator, turbine, PEM stack and condenser were recor-

ded as 2.68%, 0.83%, 0.51% and 0.33%, respectively. The total

exergy destruction ratio constitutes 67.30% of the exergy inlet

of the overall system. The energy and exergy efficiencies of

the components and the overall system for Case-I are given in

Fig. 4.

According to Fig. 4, the energy and exergy efficiencies of the

boiler were obtained as 84.50% and 60.54%, respectively. The

energy and exergy efficiencies for the turbine group are

orderly 82.45% and 76.47%. For the PEMEL stack, the energy

and exergy efficiencies were respectively calculated as 73.94%

and 73.41% in conformity of the values of Ref [43]. According to

the energy and exergy analyses, the energy and exergy effi-

ciencies of the ORC power block were determined as 15.59%

and 32.93%, respectively. For the electrolyzer block, these

values were calculated as 67.86% and 66.94% in order.

https://doi.org/10.1016/j.ijhydene.2020.11.253
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Table 8 e Thermodynamic properties of the ORC power
block.

Point Fluid _m (kg/s)
_n (kmole/s)

T (�C) P
(bar)

h (kJ/kg)
h (kJ/
kmole)

s (kJ/kg K)
s (kJ/

kmole K)

0 R-601* e 25.00 1.01 �25.90 �0.09

H2O* e 25.00 1.01 104.83 0.37

H2O e 25.00 1.01 1886.94 6.61

H2 e 25.00 1.01 7863.60 106.75

O2 e 25.00 1.01 8672.32 205.03

Enr. Air e 25.00 1.01 8662.25 198.55

Air e 25.00 1.01 8662.19 198.53

*Values are given for unit kg.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 7 5 5 8e7 5 7 2 7565
From the point of the overall system, the energy and exergy

efficiencies were respectively determined as 25.37% and

31.56%. The energy efficiency increases at a rate of 8.06% in

comparison to that of the base case with 23.48%. The increase

in exergy efficiency was recorded as 8.49% in comparison to

that of the base case with 29.09%.

Results for fuel and oxygen-enriched combustion case -
Case-II

In Case-I, the generated electricity is 15834.21 kW where

1312.42 kW of this energy is used in the auxiliary components

of the PEMEL block and itself. The remained part about

14521.79 kW is used in the PEMEL stack. The produced H2 and

O2 amounts are 0.0433 and 0.0216 kmol/s, respectively. The

thermodynamic properties of Case-I are given in Table 12.

According to the data given in Table 12, energy and exergy

analyses was conducted and the results were given in Table

13.

According to Table 11, the highest exergy destruction rate

belongs to the boiler group with a value of 252766.74 kW.

Evaporator, Turbine, PEM stack, and condenser follows the

boiler group with 19745.81, 6026.05, 3861.08, 2378.07 kW in

order. The exergy destruction ratios of the components for

Case-I are given in Fig. 5.

According to Fig. 5, the exergy destruction of boiler in-

cludes the 31.36% of the total exergy inlets to the overall

system. In other words, 34.98% of the fuel exergy is destructed

by the boiler group (B and APH). The exergy destruction ratio

of evaporator, turbine, PEM stack and condenser were recor-

ded as 2.73%, 0.83%, 0.53% and 0.33%, respectively. The total

exergy destruction ratio constitutes 66.70% of the exergy inlet

of the overall system. The energy and exergy efficiencies of

the components and the overall system for Case-I are given in

Fig. 6.

According to Fig. 4, the energy and exergy efficiencies of the

boiler were obtained as 84.49% and 61.52%, respectively. The

energy and exergy efficiencies for the turbine group are orderly

82.45%and 76.47%as inCase-I. For the PEMEL stack, the energy

and exergy efficiencies were respectively calculated as 73.94%

and 73.41%. According to the energy and exergy analyses, the

energy and exergy efficiencies of the ORC power block were

determined as 15.59% and 32.74%, respectively. For the elec-

trolyzer block, these values were calculated as 70.64% and

https://doi.org/10.1016/j.ijhydene.2020.11.253
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Table 9 e Technical characteristics of the combustion process and boiler group.

Property Unit Base Case Case- I Case-II

Fuel Consumption kg/s 75.21 75.06 73.44

Temperature combustion chamber �C 1034.20 1038.40 1053.80

Coefficient of excess air (l) e 1.680 1.670 1.668

Inlet temperature of flue gases (T6) �C 483.00 484.40 489.30

Outlet temperature of flue gases (T6) �C 291.10 293.22 296.18

Temperature of combustion air (T49) �C 249.10 251.16 253.07

Released heat energy of fuel ( _Qf ) kW/kg-coal 5059.90 5069.60 5181.40

Released exergy of fuel ð _Exf Þ kW/kg-coal 1878.6 1904.7 1995.80

Exergy destruction rate ð _Exd;f Þ kW/kg-coal 2029.20 2012.4 2021.30

Effectiveness of APH e 0.49

Effectiveness of boiler heat exchangers e 0.68

Auxiliary power consumption of the handled unit kW 2567.00

Net power generation kW 127433.10

Table 10 e Thermodynamic properties of Case-I.

Point Fluid _m (kg/s)
_n (kmole/s)

T (�C) P (bar) h (kJ/kg)

h (kJ/kmole)

s (kJ/kg K)
s ((kJ/kmole K)

1 H2O* 131.90 220.00 157.31 943.55 943.55

2 H2O* 120.50 349.00 34.32 3103.91 3103.91

3 H2O* 131.90 538.00 137.29 3430.98 3430.98

4 H2O* 120.50 538.00 33.83 3539.18 3539.18

5 Flue gases** e 484.36 e �8535.89 �8535.89

6 Flue gases** e 293.22 e �10053.31 �10053.31

7 Flue gases** e 292.92 e �10055.65 �10055.65

8 Flue gases** e 130.00 e �11300.97 �11300.97

9 R-601* 142.1075 27.00 0.74 �21.28 �21.28

10 R-601* 142.1075 31.15 44.44 �7.94 �7.94

11 R-601* 142.1075 220.00 40.00 636.71 636.71

12 R-601* 142.1075 110.90 0.82 501.09 501.09

13 H2O* 1581.3198 20.00 1.77 83.92 83.92

14 H2O* 1581.3198 31.00 1.37 129.92 129.92

15 H2O 0.0417 25.00 1.01 1886.94 1886.94

16 H2O 0.0621 43.08 1.01 3247.47 3247.47

17 H2O 0.0621 43.13 1.25 3251.15 3251.15

18 H2O 0.0621 80.00 1.13 6030.36 6030.36

19 H2 0.0417 80.00 23.00 9470.00 9470.00

20 H2 0.0417 40.00 23.00 8314.40 8314.40

21 H2 0.0417 108.12 45.54 11111.40 11111.40

22 H2 0.0417 40.00 45.54 8335.60 8335.60

23 H2 0.0417 108.12 90.17 10368.80 10368.80

24 H2 0.0417 40.00 90.17 8382.80 8382.80

25 H2 0.0417 108.12 178.55 10485.40 10485.40

26 H2 0.0417 40.00 178.55 8483.20 8483.20

27 H2 0.0417 108.12 353.53 10732.20 10732.20

28 H2 0.0417 40.00 353.53 8709.40 8709.40

29 H2 0.0417 108.12 700.00 11257.40 11257.40

30 H2 0.0417 40.00 700.00 9214.40 9214.40

31 H2O/O2 e 80.00 1.01 e e

32 H2O 0.0204 80.00 1.01 6030.36 6030.36

33 O2 0.0209 80.00 1.01 10299.20 10299.20

34 Air 16.4848 25.00 1.01 8662.19 8662.19

35 O2 0.0209 80.00 1.01 10299.20 10299.20

36 Enriched air 16.4086 26.80 1.01 8715.56 8715.56

37 Enriched air 16.4086 26.90 1.01 8718.44 8718.44

38 Enriched air 3.2817 26.90 1.01 8718.44 8718.44

39 Enriched air 3.2817 28.09 1.01 8753.01 8753.01

40 Enriched air 3.2817 26.90 1.01 8718.44 8718.44

41 Enriched air 3.2817 27.75 1.01 8743.17 8743.17

42 Enriched air 3.2817 26.90 1.01 8718.44 8718.44

43 Enriched air 3.2817 27.76 1.01 8743.37 8743.37
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Table 10 e (continued )

Point Fluid _m (kg/s)
_n (kmole/s)

T (�C) P (bar) h (kJ/kg)

h (kJ/kmole)

s (kJ/kg K)
s ((kJ/kmole K)

44 Enriched air 3.2817 26.90 1.01 8718.44 8718.44

45 Enriched air 3.2817 27.76 1.01 8743.63 8743.63

46 Enriched air 3.2817 26.90 1.01 8718.44 8718.44

47 Enriched air 3.2817 27.77 1.01 8743.88 8743.88

48 Enriched air 16.4086 27.82 1.01 8745.41 8745.41

49 Enriched air 16.4086 251.16 1.01 15340.58 15340.58

*Values are given in per kg, **h values are given in Dh ¼ h� h0.

Table 11 e Energy and exergy analysis results for Case-I.

Component _Ei (kW) _Eo (kW) _Q (kW) _W (kW) _Exi (kW) _Exo (kW) _Exd (kW)

B 1040197.35 879017.90 161179.45 e 598444.87 362270.59 236174.28

APH 113903.35 108217.14 �5686.21 e 53956.33 28147.81 25789.44

E 93478.51 91608.94 �1869.57 e 44254.67 24687.17 19561.23

Con 74233.28 72748.62 �1484.67 74.71 4668.76 2361.97 2386.49

P1 17.83 1073.59 �186.31 1242.08 17.83 1073.59 186.94

T 90481.29 71208.67 �3382.35 15890.28 25698.19 3749.16 6047.39

PEM 374.45 10347.09 �4020.46 13993.10 21.33 10280.43 3720.51

CB 143404.65 143883.85 �681.06 580.13 12302.37 12701.32 178.89

HE-I 176.01 172.57 �3.43 e 129.46 18.77 110.68

P2 201.65 201.88 �0.04 0.26 2.55 2.56 0.25

M 143009.69 143009.69 0.00 e 2214.34 2132.90 81.44

Overall system 541722.43 140009.45 �178493.55 127433.07 437188.20 140558.18 294237.54
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Fig. 3 e Exergy destruction ratios of the components for Case-I.
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69.69% in order. From the point of the overall system, the en-

ergy and exergy efficiencies were respectively determined as

24.05% and 29.80%. The energy efficiency increases at a rate of

2.45% in comparison to that of the base case with 23.48%. The

increase in exergy efficiency was also recorded as 2.45% in

comparison to that of the base case with 29.09%.
Additionally, if the single ORC power block is taken into

consideration for the recovery of waste heat, the increase in

energy and exergy efficiency of the overall system would be

recorded as 11.47% with an energy efficiency of 26.15% and an

exergy efficiency of 32.40%. Although the single ORC power

block addition gives amore efficient result, it has no impact on
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the emission reduction and combustion improvement from

the environmental side of the point.

Environmental evaluation

In case-I, in which just the combustion air is enriched

with the O2 product of PEMEL and the other product H2 is
Table 12 e Thermodynamic properties of Case-II.

Point Fluid _m (kg/s)
_n (kmole/s)

T (�C)

1 H2O* 131.90 220.00

2 H2O* 120.50 349.00

3 H2O* 131.90 538.00

4 H2O* 120.50 538.00

5 Flue gases** e 489.32

6 Flue gases** e 296.18

7 Flue gases** e 295.86

8 Flue gases** e 130.00

9 R-601* 141.6061 27.00

10 R-601* 141.6061 31.15

11 R-601* 141.6061 220.00

12 R-601* 141.6061 110.90

13 H2O* 1575.7401 20.00

14 H2O* 1575.7401 31.00

15 H2O 0.0433 25.00

16 H2O 0.0644 43.08

17 H2O 0.0644 43.13

18 H2O 0.0644 80.00

19 H2 0.0433 80.00

31 H2O/O2 e 80.00

32 H2O 0.0212 80.00

33 O2 0.0216 80.00

34 Air 16.1218 25.00

35 O2 0.0216 80.00

36 Enriched air 16.0302 27.16

49 Enriched air 16.0302 253.25

*Values are given in per kg, **h values are given in Dh ¼ h� h0.
stored as an energy carrier, the benefit from the coal

consumption is about 0.2% with a CO2 reduction of

40,275.20 kg per year. In Case-II, in which both the com-

bustion air and fuel are enriched, the benefit from the coal

consumption is about 2.35% with a CO2 reduction of

506,250.27 kg per year. The values of reduced emissions

are given in Table 14.
P (bar) h (kJ/kg)

h (kJ/kmole)

s (kJ/kg K)
s ((kJ/kmole K)

157.31 131.90 220.00

34.32 120.50 349.00

137.29 131.90 538.00

33.83 120.50 538.00

e e 489.32

e e 296.18

e e 295.86

e e 130.00

0.74 141.6061 27.00

44.44 141.6061 31.15

40.00 141.6061 220.00

0.82 141.6061 110.90

1.77 1575.7401 20.00

1.37 1575.7401 31.00

1.01 0.0433 25.00

1.01 0.0644 43.08

1.25 0.0644 43.13

1.13 0.0644 80.00

23.00 0.0433 80.00

1.01 e 80.00

1.01 0.0212 80.00

1.01 0.0216 80.00

1.01 16.1218 25.00

1.01 0.0216 80.00

1.01 16.0302 27.16

1.01 16.0302 253.25
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Table 13 e Energy and exergy analysis results for Case-II.

Component _Ei (kW) _Eo (kW) _Q (kW) _W (kW) _Exi (kW) _Exo (kW) _Exd (kW)

B 1028266.77 879017.90 �149248.86 e 588816.49 362230.56 226585.93

APH 112748.98 106041.65 �6707.33 e 53718.10 27514.78 26180.81

E 93148.67 91285.70 �1862.97 e 44352.13 24600.06 19745.81

Con 73971.35 72491.92 �1479.43 74.45 4652.29 2353.63 2378.07

P1 17.76 1069.81 �185.65 1237.70 17.76 1069.81 186.28

T 90162.03 70957.41 �3370.41 15834.21 25607.51 3735.94 6026.05

PEM 388.60 10738.03 �4172.37 14521.79 22.14 10668.86 3861.08

HE-I 182.92 179.09 �3.83 e 134.20 19.48 114.70

P2 209.27 209.50 �0.04 0.27 2.64 2.66 0.26

M 139872.97 139872.97 0.00 e 2170.69 2078.00 92.69

Overall system 529791.85 130000.08 �167030.89 127433.07 427559.82 127433.07 285171.68
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Fig. 5 e Exergy destruction ratios of the components for Case-II.

Fig. 6 e Energy and exergy efficiencies of the components for Case-II.
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Table 14 e Emission reduction (kg/y).

Emission Case-I Case-II

CO2 40,275.20 506,250.27

CO 1,875.86 23,579.17

NO2 44.53 559.72

SO2 629.85 7,917.02

Fuel 3,703,625.12 46,553,739.21

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 7 5 5 8e7 5 7 27570
Conclusions

A multi-generation system was designed for the waste re-

covery of a 150 MW coal-fired power plant. In this regard, the

waste heat from the boiler system of the power plant is

recycled in the supercritical ORC power block to obtain the

required energy for the PEMEL block. Then, two different cases

were handled to utilize the products of the PEMEL block. In the

first case (Case-I), H2 was stored as an energy carrier to be used

for external operations where O2 was used for the enrichment

of the combustion air. In the second case (Case-II), H2 was

used for the enrichment of the fuel where O2 was used for the

enrichment of the combustion air as in the first case. Finally,

the observed cases were analyzed by energy and exergy

methods. The H2 and O2 production amounts were respec-

tively calculated as 0.0417 and 0.0209 kmol/s for Case-I where

these amounts were respectively calculated as 0.0433 and

0.0216 kmol/s for Case-II. The energy efficiency of the overall

system was determined as 25.37% and 24.05% for Case-I and

Case-II, respectively. The exergy efficiency of the overall sys-

tem was determined as 31.56% and 29.80% for Case-I and

Case-II, respectively. The energy efficiency of the overall sys-

tem increase by about 8.06% and 2.45% for Case-I and Case-II,

respectively. The exergy efficiency of the overall system in-

crease by about 8.49% and 2.45% for Case-I and Case-II,

respectively. The CO2 emission reduction is 40,275.20 and

506,250.27 kg/y for Case-I and Case-II, respectively. The fuel-

saving is 3,703,625.12 and 46,553,739.21 kg/y for Case-I and

Case-II, respectively.
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Nomenclature

_E energy rate (kW)

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

h specific enthalpy (kJ/kg)

h specific molar enthalpy (kJ/kmole)

I exergy destruction rate (kW)
_m mass flow rate (kg/s)
_n molar rate (kmole/s)

P Pressure (kPa, bar, or atm)
_Q heat rate (kW)
Ru universal gas constant (kJ/kmole K)

s specific entropy (kW/kg K)

T temperature (K or �C)
_W work rate (kW)

x molar fraction

y exergy destruction ratio

Greek symbols

ε exergy efficiency (%)

h energy efficiency (%)

l coefficient of excess air

Subscripts

cc combustion chamber

d destruction

f fuel

g generated

i inlet or ith component

k kth component

o outlet

p product or reactant

s isentropic

T value at a specified temperature

0 value at the reference state

Superscripts

ch chemical

f formation

ph physical

Q exergy term related to heat

W exergy term related to work

o standard

Abbreviations

AEL alkaline electrolyzer

APH air preheater

B boiler

BG boiler group

C compressor

CB compressor block

Con condenser

HE heat exchanger

HTEL high-temperature electrolyzer

ORC organic Rankine cycle

P pump

PEM proton exchange membrane

PEMEL proton exchange membrane electrolyzer

T turbine group
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