Iranian Journal of Hydrogen & Fuel Cell 1(2022) 53-68

Iranian Journal of

. HYDROGEN
Iranian Journal of  FUEL" CELL

HYDROGEN

\'

FUEL® CELL

Thermodynamic and exergoeconomic evaluation of waste heat recovery for

hydrogen production in a CCHP system

Armin Emamifar”

Mechanical Engineering Department, Ayatollah Boroujerdi University, Boroujerd, Iran

Article Information

Abstract

Article History:

Received:
02 Mar 2022

Received in revised form:

13 Apr 2022
Accepted:
26 Apr 2022

Keywords

Kalina cycle
PEM electrolyzer
multigeneration

exergoeconomic analysis

This study presents the energy, exergy, and economic evaluation of recovering energy
from a modified Kalina power-cooling system to provide heating and hydrogen.
An ORC is employed to use the waste heat of the Kalina cycle, and the generated
power is transmitted to a PEM electrolyzer for hydrogen production. Furthermore,
the waste heat of the separator outlet is recovered through a new heat exchanger to
provide heating. The results show that the proposed system can produce 317 kW
power, 714.7 kW cooling, 50.3 kW heating, and 4.491 kg/h hydrogen. Moreover,
the exergoeconomic analysis indicates that the PEM electrolyzer, the cascade heat
exchanger, and the vapor generator have the highest cost rate among the system
components. Additionally, a parametric study was performed on the system to
investigate the variation of some key parameters, including the maximum operating
pressure, separator II pressure, ammonia mass fraction in a basic solution, and pinch
point temperature difference in the cascade heat exchanger for the thermodynamic
and economic performance of the system.

1. Introduction

growth, growing energy demand, depletion of fossil

fuels, and attention to environmental impacts [1-3].

In recent decades, the use of renewable energies and
the recovery of waste energies have been increasing-
ly studied due to industrial development, population
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Hydrogen is clean energy that can be produced from
water by electrolyzers. Moreover, hydrogen creates

high energy and has the potential to be a promising
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energy carrier. Many studies have been done to make
hydrogen by introducing more efficient and more eco-
nomical thermodynamic systems [4, 5]. Kianfard et
al. [6] used geothermal energy to drive a dual fluid
ORC. The power generated by the high-pressure tur-
bine of the ORC was used to run a RO distillation unit
and a PEM electrolyzer to produce distilled water and
hydrogen. The mass flow rate of hydrogen and dis-
tilled water obtained was 15.9 kg/h and 205.1 m®/h,
respectively. Nami et al. [7] used the waste heat of
a gas turbine modular helium reactor in an ORC to
generate power for hydrogen production and investi-
gated the effect of several significant parameters on
the system performance. They found that significant
hydrogen can be produced through the waste heat
recovery of the GTMHR by an ORC. The hydrogen
production rate and exergy efficiency were reported
at 56.2 kg/h and 49.21%, respectively. Yosaf and Oz-
can [8] coupled an advanced absorption power sys-
tem with a PEM electrolyzer for hydrogen production;
their results demonstrated that their system could pro-
duce 1.5 kg hydrogen and 4.59 kg oxygen per day at
maximum cycle temperature. They used an ejector to
utilize more water vapor in the turbine and generate
more power. The energy and exergy efficiencies ob-
tained were 5.9% and 17.8 %, respectively. Moreover,
their results showed that the turbine and the PEM elec-
trolyzer had a higher cost rate than other system com-
ponents. Nami et al. [9] employed an ORC to recover
the waste heat of a molten carbonate fuel cell. The
power generated by the ORC turbine was used to drive
a PEM electrolyzer for hydrogen production. They re-
vealed that more than 10 kg/h of hydrogen could be
produced by the proposed system in some cases.

Bamisile et al. [10] presented a multigeneration sys-
tem in which a concentrated photovoltaic system was
integrated with an absorption system, a Kalina cycle,
and a PEM electrolyzer. The presented system could
produce electricity, a cooling effect, hot water, hot
air, and hydrogen. The effect of the Kalina cycle was
also investigated. The results showed that integration

of the Kalina cycle could increase the system exer-
gy efficiency from 68.73% to 70.08%. Kursun and
Okten [11] used a photovoltaic thermal system and a
flat plate solar collector to produce heat energy which
was then converted to electrical energy through a Ran-
kine cycle with ammonia working fluid. The electrical
energy was delivered to a PEM electrolyzer for hy-
drogen production. Their results indicated that using
the concentrated photovoltaic system can increase
hydrogen production from 0.02 kg/h to 0.3 kg/h. Ni
et al. [12] investigated the energy and exergy perfor-
mance of a PEM electrolyzer and reported the effect
of operating temperature, current density, electrolyzer
thickness, and electrode catalytic activity on system
performance. They concluded that a thin PEM electro-
lyte and higher operating temperatures can maximize
the energy efficiency of the plant.

Ahmadi et al. [13] studied hydrogen production by
coupling an ocean thermal energy conversion system
with a solar-enhanced PEM electrolyzer. After passing
a solar collector, the warm seawater provided heat en-
ergy for an ORC which used pure ammonia as work-
ing fluid. The electrical power generated by the ORC
turbine was delivered to a PEM electrolyzer for hy-
drogen production. The energy efficiency, exergy effi-
ciency, and hydrogen production rates obtained were
36%, 22.7%, and 1.2 kg/h, respectively. Sun et al.
[14] investigated hydrogen production using a solar
transcritical carbon dioxide power cycle to supply the
required electrical energy for a PEM electrolyzer. Be-
cause an LNG was used in the condenser, a refrigera-
tion heat exchanger was inserted in the cycle. The sys-
tem’s cold energy and hydrogen production rates were
reported as 2.1 L/s and 11.52 kW, respectively. Fan
et al. [15] studied the combination of a dual pressure
ORC and PEM electrolyzer for power and hydrogen
production. They used zeotropic mixtures in the ORC
as working fluid and reported the maximum hydrogen
production, energy efficiency, and exergy efficiency as
0.37 kg/h, 16.67%, and 58.14%, respectively.
Musharavati et al. [16] investigated the exergy and



Iranian Journal of Hydrogen & Fuel Cell 1(2022) 53-68 55

exergoeconomic analysis for a hybrid system consist-
ing of a low-grade ORC, an absorption system, and
a PEM electrolyzer. They showed that 77% of total
exergy destruction was produced in the generator,
heat exchanger, and PEM electrolyzer. Furthermore,
the energy and exergy efficiencies of the system ob-
tained were 41% and 50%, respectively. Chitgar and
Moghimi [17] presented a hybrid system that em-
ployed a solid oxide fuel cell and a gas turbine as the
main source of energy. Additionally, a Kalina cycle,
an ORC, and an LNG turbine were used to recover
the waste heat and produce hydrogen and freshwater.
They applied exergy and exergoeconomic analysis to
the system and considered different objective func-
tions in the genetic algorithm for system optimization.
In the present paper, the Kalina power-cooling cy-
cle proposed by Wang et al. [18] was first modified
by adding an ORC to the cycle to produce power by
recovering the waste energy of the cycle. Then, the
power generated by the ORC was delivered to a PEM
electrolyzer for hydrogen production. Next, the water
entering the PEM electrolyzer was pre-heated by ab-
sorbing some waste heat from the Kalina cycle. An
additional heat exchanger was also placed in the out-
let of the separator II to provide heating to increase
the system’s efficiency. Lastly, energy, exergy, and
exergoeconomic analysis were carried out to evaluate
the thermodynamic and economic performance of the
system.

2. System description

Fig. 1 illustrates the schematic diagram of the pro-
posed multi-generation system, which is a modified
system based on the cycle proposed by Wang et al.
[18]. The presented system consists of a CCHP sub-
system based on the Kalina cycle, an ORC, and a PEM
electrolyzer. In the Kalina cycle, the working fluid is

an ammonia/water mixture that leaves the vapor gen-

erator in two-phase conditions after absorbing heat
from the heat source. First, the two-phase ammonia/
water solution enters separator I, where the solution is
separated into ammonia-rich vapor and a weak ammo-
nia/water solution. The ammonia-rich vapor expands
in the turbine to generate power. Next, the turbine out-
let in a second phase condition enters into the sec-
ond separator to achieve a richer ammonia vapor. This
high-temperature rich ammonia vapor delivers some
heat to the ORC and passes through a heat exchanger
before entering the condenser.

In the condenser, the ammonia vapor is first con-
densed into a saturated liquid. Then, the liquid passes
through an expansion valve and enters the evaporator
to achieve the desired cooling effect. The weak am-
monia/water solution exiting separator II has a high
temperature, so it is passed through a heat exchanger
to reach the required heating effect. Next, the weak
solution mixes with the outlet stream of the evapora-
tor and enters condenser II. The condensed solution
is pumped to the regenerator to recover some ener-
gy from the weak solution outlet of separator I and
then enters the vapor generator. The ORC subsystem
uses Isobutane as a working fluid. In the cascade heat
exchanger, the liquid working fluid absorbs the waste
heat from the Kalina cycle and becomes saturated va-
por. Next, the saturated vapor expands in the turbine to
produce power. The turbine outlet stream is condensed
in the condenser, and the saturated liquid is pumped to
the cascade heat exchanger. Finally, the power gener-
ated by the ORC is delivered to a PEM electrolyzer to
supply the required energy for hydrogen production.

3. Mathematical modeling

This section presents the required equations for the
simulation of the proposed system. The following as-
sumptions are made to simplify system modeling:
-The system operates at a steady state.
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- The pressure losses through the pipes and compo-
nents are negligible.

- The isenthalpic process is considered in the expan-
sion valves.

- The rich vapor and the weak solution outlets from
the separators are saturated vapor and saturated liquid,
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respectively.

- The outlet streams of all condensers are saturated
liquid.

- The air consists of 79% nitrogen and 21% oxygen.
Thermodynamic modeling is carried out by applying

PEM electrolyzer
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Fig. 1. Schematic diagram of the proposed system.

the mass balance, the energy conservation, and the
exergy balance equation for each system component.

D =Y i, =0 (M
Sk = s+ > 0= W =0 2
ZQ'k [1—?j+2miex,. :ngexe +ZW+Ex[ 3)

Where, Ex,, is the exergy destruction rate. Moreover,
>Q (11—) and > w are the exergy associated with-
heat transfer and power, respectively. The physical

and chemical exergies are defined as follows:

exphz(h—ho)—To(s—so) “)
ex, =y xex, +RT,> x Inx, ®)
ex = e.xph + ex,, (6)

Where, x| and ex, denote the molar fraction and
standard chemical exergy of each component, respec-
tively. For the ammonia/water mixture, the chemical
exergy can be calculated as follows:

0 (]
echNH echH()
€y =| v+ = (=) 7
I:MNH3:| I:MHZO:| ()
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Where, M, and M, , are the molecular weights of
ammonia and water, respectively, and y indicates the
mass fraction of ammonia [19]. Applying fundamen-
tal equations (1-3) to all components of the proposed

system, the energy and exergy equations for different
components of the Kalina and ORC subsystems are
given in Table 1.

Table 1. Exergy and Exergy Cost Balance Equations for the System Components

Component

Energy equation

Exergy equation

Kalina Turbine

Separator [

Vapor generator

HTR

Separator I1

Condenser 1

Condenser 11

Heater

Pump

Pre-heater

Throttling valve 1

Throttling valve II

Evaporator

Cascade heat exchanger

ORC turbine

ORC condenser

ORC Pump

er = me (hé ‘hm)

mshs = mghg +mshy

QVa or—generator — I’i’l4 (h5 - h4)
P! 8

Ovapor—generator = Msource (124 = Ios)
Oprrr = ity (hy —hg) = rivy (hy —hy)
myohy = ny by + 1y hy,

Ocond =iy (I = hy) = tityg (yy = I
Ocondrr = 1 (g =hs) = iy (s =y )

QHeater =1y, (h12 —hyg ) =my, (h33 - hsz)

W pump =1 (Ps ‘Pz)/p”p
W pump = tzhs =ty hy
ty = ity

Otteater = 3 (M = Ig) = rinyg (37 = )
g = I

h23 =hyy

Qre =y (hlé _h17) = mref (h29 _hzg)

QCas =my, (hll _h13) = Mope (hZI _hzo)
WORC—tur = Mopc (h21 —hy, )
QORC—cund = Mopc (hzz - h23)
OQorC-cond = ’h34 (h35 - h34)
WORC—pump = mozec (on - P23 ) / P,
W, = Mppe (hzs - hzo)

pump

Ex6 = Exlo +W,

turl + ED,turl

Exs = Exg + Ex; + ED,Sepl

EX4 + Ex24 = EXS + Ex25 + ED7Vapor7generator

Exy + Exy = Exy + Exy + Epy e
Exy = Exy) + Ex, + ED,SepII
Ex] + Exzé = Exz + Ex27 + ED,Condl
Exm + Ex30 = Ex15 + Ex3] + ED,CondH

Ex\y + Exyy) = Exig + Exy3 + Ep peqrer

Ex2 = Ex3 - WPump + ED,Heater

Exj3 + Exyg = Exy + Exyy + ED,Prefheater
ExlS = Ex19 + ED,VI
Ex23 = Ex24 + ED,VII
Exi + Exyg = Exiy + Exyo + Ep
Exy + Exyy = Exyy + Exy + Epy ¢y

Exyy = Exy +Worc—ur T Ep orc-nr

Exyy + Exyy = Exy3 + EX3s + Ep ope—cona

Exy3 = Exo0 = Worc—pump T Ep,oRC—Pump
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4. PEM electrolyzer modeling

The total energy required for the electrolyzer can be
obtained as follows [7, 10, 12]:

AH =AG +TAS (8)

Where, DG and TDS are the Gibbs free energy and the
required thermal energy, respectively. The PEM elec-

trolyzer voltage can be calculated as follows:

V= Vo 4 Vo + Vs Vo ©
Where, V represents the reversible potential, V
denotes the ohmic overpotential, and V_ —and V_
refer to the activation overpotential of the anode and
cathode, respectively. The electrical energy input to
the PEM electrolyzer is related to the PEM voltage

through the following relation:

— Ty (10)

electric —

Where, J is the current density. Moreover, the mass
flow rate of the produced hydrogen can be obtained
as follows:

L (11)

Where, F indicates the Faraday constant. The required
equations for calculating the PEM electrolyzer volt-
age are presented in Table 2. According to the energy
and exergy equations for each component, the overall
energy and exergy efficiency of the system can be ob-

tained as follows:

n _ T - W;mmp + Qm/‘ + Qheat + ”th LH VH2 (12)
overe! mza (h24 - hzs )
(13)
B er - Wpump + (Ex16 - Ex,, ) + (Ex12 —Ex,q ) + mHz ex,,
771] Joveral
Ex,,

Table 2. Electrochemical Equations for the PEM Electrolyzer
[12, 13, 20, 21]

Parameter Equation
Nernst o
Voltage Vo =1.229-8.5x107" (Tpgy, —298)

/act a= ESinh_l /
< F 2J4.

E
Anode Over-J = Jzef exp| ——=bd
potential ’ RT

“act,a

g :76(k]/kmol),J;ef:1.7><105(Am’2)

Cathode
Overpoten-

E, .
Jo,c = Jcref BX]{){ act,c ]
tial

RT

Eyepe =18(kJ /hmol),J 7 = 4.6x10° (4m™)
Vonm = JRpgas

D dx
Rppy =

0 Cppuy I:ﬁ.(x)]

Ohmic Over- 5, [4(x)]=[0.51394(x)-0.326] exp|:1268(
potential

1

303

Ay = A
D

A(x)= X+,

5. Exergoeconomic analysis

In order to properly evaluate the system performance,
an economic analysis should also be carried out. Ex-
ergoeconomic is a useful method that yields the cost

per unit exergy for the system product streams. The
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cost balance and appropriate auxiliary equation are
applied to each system component in the exergoeco-

nomic analysis.

3 Coi+Co=2.C +Cp+2Z, (14)

C =cEx (15)

Where, C is the cost rate. The q and w indexes refer
to the thermal exergy and power associated with the
cost rates. Moreover, ¢ is the cost per unit of exergy.
Also, Zk denotes the total system cost rate, including
investment, operation, and maintenance costs for each
component of the system.

Z, T

Where, ¢ and N are the operation and maintenance
factor and annual operation hours, respectively. Cost
functions for the system components are displayed in
Table 3. The parameter CRF denotes the capital recov-

ery factor and can be calculated as:

crp = )" (17)
(1+i) -1

Where, 1_indicates the interest rate and n refers to the
plant’s operation years. The specific cost of the fuel
exergy (cg, ) and the product exergy (c,, ) for each

component can be obtained as follows:

Cps
c,, =1k (18)
P.k Exp’k

Cra
C =—_ (1 9)
F ok Ex,,

Moreover, the cost associated with exergy destruction
can be expressed as:

CD,k = CF,kExD,k (20)

Furthermore, the exergoeconomic factor that indicates
the contribution of non-exergetic costs to the total cost
of each component is defined as follows:

Z,

=776,

e2y)

The total cost rate for each subsystem is a summation
of the operation and maintenance cost rate and the ex-
ergy destruction cost rate. Accordingly, the total cost

rate of the system can be calculated as:
(22)

C = CKalina + CORC + CPEM = Z Zk + Z CD,k

total

The cost balance equations and the needed auxilia-
ry equations for each component of the system are
displayed in Table 4.

Table 3. Cost Functions for the System Components [6, 8, 17]

Component Cost function ($)
) . \0.75
Turbine 4750(#,,, )
_ 0.41
Pump 3500 (WPump)
Electrolyzer 1000 (WPEM )

HTR,HXE,Condenser 309.14( 4y )"

. 0.67
Sepal‘atOI' 280.3 (mSepemtorfinlet )
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Table 4. Exergy Cost Balance Equations for the System : : ; :
C37+Cy pert + Zppu = Ch,

Components
Component Exergy cost balance equations PEM CW, PEM CW’ORC_,W
Cs +Zpy =Cro+Copr Weem Worc-ur
Kalina Turbine Cs = Cio
o o Cascade heat exch Cii+Cyg+Zgys = Ci3 +Cy
- ascade heat exchanger
Cs+Zgpp = Cs +C; g
Separator | _
Ce =Cy
o ) . Cor+Zore-ur = Co2 + Gy orC-tur
C4 + C24 + ZVg = CS + C25 ORC turbine €y =Cpy
Vapor generator _
Crq =G5

.. .. sz + C34 +Zope—cond = C23 + C35
Cy+Cy+ Zyypp = Cs + Gy .

HTR 6 e, ORC condenser ¢35 =0
S . Clo +Z Sepll = ¢, +Cp, Co3 + Gy orc—Pump T Zorc-prump = Cao
eparator . .
C1 =Cp ORC Pump CW,ORC—Pump _ CW,ORC#W
. . . . . WORC —Pump WORC —tur
C+Co+Zoguar =C,+Cyy
Condenser | -0
Cy7 =
Cis + G0+ Zegpar = Cis + G5
Condenser I1 . .
¢y =0 6. Results and discussion

Cio + G5y + Z ey = Cig + G55
Heater

‘2 = As Energy, exergy, and exergoeconomic analysis were

L . . carried out for the proposed system. The input data

Cjz * G pump + Zpump = G used in the calculations are presented in Table 5. EES

Pump Co Pump _ @ software was employed to perform all thermodynam-

Wpump er ic computations. The verification of the Kalina cycle

was accomplished using the data reported in Ref [18].

Cps +Cs + Zpro poater = Cia + Cs7 A comparison of some key parameters (see Table 6)

Pre-heater 3 =y indicates a good coincidence with a maximum differ-

ence of 2.28%. Additionally, the obtained voltage of

: . the electrolyzer was compared with the experimental

Trottling valve | “1s =19 results of the Ref [12] to verify the PEM electrolyz-

. s er modeling. As can be observed from Fig. 2, a good
Trottling valve II 23 24

agreement exists between the two results.

Cio+Cos+Zpy,, =Ci7+Cy

Evaporator _
Ge =7
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Table 5. The Input Parameters of the System [3, 6, 12, 17,

18,22

Parameter

Value

Condenser cooling water input tem-

perature

Mass flow rate of heat source
Temperature of heat source
Pressure of heat source

Kalina turbine inlet temperature
Kalina turbine inlet pressure
Kalina turbine back pressure

Concentration of basic solution

Temperature difference in HTR

Evaporator pressure

Evaporator outlet temperature

Temperature difference in cascade heat

exchanger

ORC condenser pressure

PEM temperature

act,a

E

act,c

Faraday constant

Ambient temperature
Ambient pressure

Turbine isentropic efficiency

Pump isentropic efficiency

Compressor isentropic efficiency

Maintenance factor

Discount rate
System lifetime

Operating hours per year

298 (K)

88.24 (kg/s)
474 (K)
1.5 (bar)
453 (K)
20 (bar)

7 (bar)
0.28
10 (K)

0.7 (bar)
288 (K)
10 (K)

3.713 (bar)
353 (K)
14

10

50 (um)
76 (kJ/mol)

18 (kJ/mol)
96490 (C/mol)
293.15 (K)

1 (bar)
85%

70%
85%
1.06
0.14

15 (years)

7300

Table 6. Comparison of Kalina Cycle Parameters with Ref
(18]

Parameter Present model Ref [18] Error (%)
results (kW)  model results
(kW)

38.28 37.63 1.72
turbine

: 1.79 1.75 2.28
WPump

75.53 75.12 0.54

Qref

13.83 13.72 0.87
M,

5.46 5.40 1.11
My

Cell potential (V)

@ Present study

05 —Meng et al

0 I I 1 I I
0 1000 2000 3000 4000 5000 6000

Current density (A/m?)

Fig. 2. Verification of the PEM electrolyzer simulation.

Table 7 represents the calculated parameters related to
the energy and exergy of the proposed system. As dis-
played in Table 5, the presented system can produce a
net power of 317 kW through the Kalina cycle. More-
over, 714.7 kW of the cooling load and 50.3 kW of
the heating load can be achieved from the system. Ad-
ditionally, by recovering the waste heat in the ORC,
263.6 kW of power can be generated to produce 4.491
kg/h of hydrogen through the PEM electrolyzer.
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Table 7. Energy and Exergy Parameters of the Proposed

System

Parameter Value
Wiatina (W) 317
Wore (kW) 263.6
O, (kW) 714.7
Ohear (KW) 50.3
vy, (kg/hr) 4.491
Noverar (7°) 30.46

22.04

Uiis ,Overal (%)

Table 8. Exergoeconomic Results for the Proposed System

The exergoeconomic results for different compo-
nents of the system are reported in Table 8. As can
be observed, the Kalina turbine and the ORC turbine
have the highest exergoeconomic factor, which indi-
cates that the investment costs of these components
are higher than the cost related to exergy destruction.
Moreover, the heat exchangers and the separators have
a lower exergoeconomic factor which shows that the
costs related to exergy destructions are more prom-
inent in these components. Besides, as can be found
in Table 8, the vapor generator, the cascade heat ex-
changer, and the PEM electrolyzer have higher val-
ues of Zk +CD’k , which illustrates that more attention
should be paid to these components.

Component E,, (kW) 7,8/ h) Cpi($/h) Z,+C,,(8/h) S (%)
Kalina Turbine 43.46 8.712 3.671 70.35
12.383
Vapor Generator 3394 1.663 19.08 20.743 8.01
HTR 89.07 0.931 13.77 14.701 6.33
Condenser | 47.81 1.158 4.04 5198 22.22
Condenser 11 196.3 0.7841 16.44 172241 4.55
Evaporator 22.32 0.8312 1.874 2.7052 30.73
Heater 8.49 0.075 0.71 0.785 9.62
Pre heater 40.75 0.2569 3.41 3.6669 6.99
Separator | 100.9 0.019 8.49 0.22
8.509
Separator 11 10.48 0.01045 0.885 0.8954 1.16
Pump 3.26 0.2364 0.31 0.5464 43.12
PEM 117.5 6.231 19.98 26.211 23.77
Cascade heat exchanger 234 0.6791 19.6 20.2791 3.34
ORC turbine 47.05 7.67 6.84 1451 52.84
ORC condenser 30.9 1.53 4.496 2542
6.026
ORC pump 3.11 0.25 0.53 31.94

0.78
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Fig. 3 shows the effect of the maximum pressure of
the Kalina cycle on the total system performance. By
increasing the maximum pressure, the mass flow rate
of the vapor exiting the separator | decreases. As a re-
sult, the enthalpy drop across the turbine also increas-
es, which leads to an increase in the Kalina turbine’s
power. An upward trend can be observed in the out-
put power after increasing the pressure in separator I
from 18 bar to 28 bar, and the quality of the ammonia
solution entering separator Il decreases, which caus-
es a decrease in the mass flow rate of the saturated
ammonia vapor generated in separator II. Conversely,
increasing the maximum pressure of the Kalina cycle

increases the ammonia mass fraction in the ammonia

1400 |

1200 | —#—\W_Kalina
—=—W_ORC
——Q ref

Q heat
——m H2

o
S
=3

W and Q (kW)
g
m H2 (kg/hr)

18 20 22 24 26 28
P max (bar)

(a)

vapor outlet of the separator II. Hence, the specific
enthalpy of the ammonia solution entering the evap-
orator decreases. The increase of enthalpy difference
through the evaporator overcomes the decrease in the
ammonia mass flow rate and the refrigeration capacity
increases. Furthermore, reducing the ammonia mass
flow rate exiting separator Il decreases the heat trans-
fer to the ORC, decreasing the ORC output power.
Therefore, the hydrogen production decreases; how-
ever, the heating capacity increases due to the increase
in the mass flow rate of the saturated liquid exiting the
separator 1. As can be observed from Fig 3.b, the total
cost rate of the system decreases when the maximum

pressure of the Kalina cycle increases.

80 —e—CKalina
= —=—CORC
)
= 60 f ——CPEM
8 < —A—Ctotal
a0 |
4
3
" M»
4
0 . . . .
18 20 22 24 26 28

P max (bar)

(b)

Fig. 3. Effect of variations of maximum pressure of the Kalina cycle on a) thermodynamic performance of the cycle, b) total cost

rates.

Fig. 4 represents the effect of the pressure in separator
II on the total system performance. By increasing the
pressure in separator 11, the quality and specific enthal-
py of the ammonia solution exiting the Kalina turbine
increases, which leads to a decrease in the output pow-
er of turbine I. Moreover, by increasing the quality of
the ammonia solution entering separator II, the mass
flow rate of the saturated ammonia vapor generated in
separator Il increases. However, decreasing the mass
fraction of ammonia leads to a decrease in the refriger-
ation capacity of the system. As can be seen from Fig.
2b, the ORC output power and H2 production increase
as the pressure in separator II increases. This is be-

cause increasing the pressure in separator II increases
the specific enthalpy of the saturated vapor generat-
ed in separator II. Therefore, the heat transferred to
the ORC increases, which leads to an increase in the
output power of the ORC turbine. Furthermore, the
heating capacity decreases by decreasing the mass
flow rate of the saturated liquid solution exiting the
separator II. Although increasing the pressure in sep-
arator Il causes a decrease in the total cost rate of the
Kalina cycle, the increase in the total cost rate of the
ORC and PEM electrolyzer is dominant. Hence, the
total cost rate of the system increases when the pres-

sure in separator II increases.
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Fig. 4. Effect of variations of pressure in separator II on a) thermodynamic performance of the cycle, b) total cost rates.

The effects on the total system performance of varying
the ammonia mass fraction of the basic solution are
illustrated in Fig. 5. By increasing the ammonia mass
fraction of the basic solution, the mass flow rate of
ammonia vapor exiting separator I and, consequently,
the mass flow rates of the outlet streams of separator
II increase. Moreover, by increasing the heat transfer
to the ORC, the output power of the ORC turbine, the
rate of hydrogen production, the refrigeration capac-
ity, and the heating capacity of the system increase.

W and Q (kW)
g

200

—e—W _Kalina
—m—W_ORC
—4—Qref 4.46
Qheat
= H2

m H2 (kg/hr)

25

30 35
Y (%)

()

However, due to low pressure in the condenser, the
temperature at the Kalina condenser decreases so that
a cooling system will be needed to perform conden-
sation at higher ammonia mass fractions of the basic
solutions. Therefore, ammonia mass fractions higher
than 0.28 are not recommended for the proposed con-
ditions. The total cost rate of the system remains al-

most constant due to little change in the total system

performance.
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Fig. 5. Effect of variations of ammonia mass fraction of basic solution on a) thermodynamic performance of the cycle, b)
total cost rates.



Iranian Journal of Hydrogen & Fuel Cell 1(2022) 53-68 65

Fig. 6 represents the effect of the pinch point tempera-
ture difference in the cascade heat exchanger on the
system performance. As shown in Fig. 4a, variations
of DT, do not change the Kalina cycle power, refrig-
eration capacity, or heating capacity of the system
because the heat transferred from the Kalina cycle to
the ORC is waste energy. Therefore, the performance
of the Kalina cycle remains constant. On the other
hand, increasing the DT, decreases the heat transfer
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500 ——Qref

§ Qheat E
£ ——mH2 a3 g
o 400 =
= 8]
E z
z E

10 12 14 16 18 20
AT pinch (°C)

(a)

to the ORC, which reduces the output power and the
hydrogen production rate, slightly increasing the to-
tal cost rate of the system. Increasing the DT, causes
to decrease in the maximum temperature of the ORC.
Hence, the performance of the ORC declines, and the
cost rates of the ORC cycle increase. Furthermore, the
cost rate of the Kalina cycle and the PEM electrolyzer
remain constant, so increasing the ORC cost rate in-

creases the cost rate of the system.
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Fig. 6. . Effect of variations of pinch point temperature difference in the cascade heat exchanger on a) thermodynamic perfor-
mance of the cycle, b) total cost rates.

7. Conclusion

This study evaluated the recovery of the waste energy
of a Kalina power-cooling system to provide heating
and hydrogen production. Using the waste heat of the
Kalina cycle, an ORC was employed to produce the
power required for hydrogen production by a PEM
electrolyzer. Moreover, the waste heat of the separator
II outlet was also recovered by another heat exchanger
to provide heating. The most important results of this
study can be summarized as follows:

*  The system produced 317 kW power, 714.7 kW
cooling, 50.3 kW heating, and 4.491 kg/h hydro-
gen.

*  The PEM electrolyzer, the cascade heat exchang-

er, and the vapor generator have the highest cost
rate among the system components.

* Increasing the pressure in separator Il and the
ammonia mass fraction in the basic solution
increases the hydrogen production rate. However,
the hydrogen production ratedecreases as the
maximum operating pressure of the cycle and
pinch point temperature difference in the cascade
heat exchanger increase.

» Total cost rate of the system increases as the
maximum operating pressure of the cycle and
pinch point temperature difference in the cascade
heat exchanger increase.

*  The generated power, the cooling effect, and the
heating effect increase as the maximum pressure
of the cycle and ammonia mass fraction in the

basic solution increase.
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Nomenclature

c Cost per unit exergy ($/GJ) Greek letter

¢ Cost rate ($/h) n Energy efficiency

CRF m Exergy efficiency

Capital recovery factor

cond Condenser A(x) water content at location x in the membrane
)

acta activation energy in anode (kJ) A, water content at the anode-membrane inter-

face w 5

E,.. activation energy in cathode (kJ) A water content at the cathode-membrane inter-
face w 5

Ex Exergy rate (kW) y Ionic conductivity (s/m)

ex Specific exergy (kJ/kg) Subscripts

F Faraday constant (C/mol) act Activation

f Exergoeconomic factor ch chemical

G Gibbs free energy (J/mol) D destruction

h Specific enthalpy (kJ/kg) H, Hydrogen

HTR high-temperature recuperator H,0 Water

HEX Heat exchanger O, Oxygen

J Current density (A/m2) ph Physical

I, exchange current density (A/m2) sat Saturation

Jff pre-exponential factor (A/m2) tur Turbine

LHV Low heating value

m Mass flow rate (kg/s)

N Annual plant operation hours (h)

ORC Organic Rankine cycle

P Pressure (bar)

S Specific entropy (kJ/kgK)

T Temperature (K)

A% Voltage (V)

7 Cost rate of components ($/h)

v, reversible potential (V)

Vs anode activation overpotential (V)

Ve cathode activation overpotential (V)

Vomn ohmic overpotential (V)

; net power of the Kalina cycle (kW)
Waina

net power of the ORC cycle (kW)
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