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ABSTRACT

In this research, thermodynamic and exergic analyses have been carried out on a combined
cooling, heating and power cogeneration system that includes a solid oxide fuel cell and a
single-effect lithium bromide absorption chiller. Results indicate that by increasing the
system inlet air flow rate, the overall efficiency of the hybrid system is reduced, due to the
reduction of the cell’s working temperature and exhaust gases temperature; while an increase
in the working pressure of the system has no effect on its efficiency. The results also show
that by raising the temperature of exhaust gases, the rate of exergy destruction diminishes,
while the rate of exergy loss in the hybrid system increases. In the absorption chiller cycle,
the maximum exergy destruction rate occurs in the generator, and the minimum rate is
achieved in the pressure-reducing valve, between the evaporator and the condenser. Also, in
the fuel cell cycle, the highest exergy destruction rate occurs in the heat exchanger of the
inlet air to the cell, and the lowest exergy destruction rate occurs in the two water pumps.
Moreover, the entropy generation rate and the exergy destruction rate of the fuel cell cycle
are higher than those of the chiller cycle.

Keywords: Solid oxide fuel cell; absorption chiller; entropy; exergy.

INTRODUCTION

Cogeneration Systems are systems that can generate several forms of energy using a primary
source of energy. These systems, if properly designed and operated, can save energy, because
it is more efficiency compare to a single system of electricity and heat. Reducing emissions,
lower noise and high efficiency are the main benefits of cogeneration systems [1]. This
equipment consists of three main components: primary actuator, thermal recovery and a
cooling system. Primary actuators in these systems often include gas turbines
(microturbines), internal combustion engines, sterilizing motors and fuel cells. Having a
reliable, low-cost, and affordable energy production system has introduced the use of fuel
cells as an important candidate [2].

6088


https://doi.org/10.15282/jmes.13.4.2019.23.04

J. Pirkandi et. al / Journal of Mechanical Engineering and Sciences 13(4) 2019 6088-6111

In fuel cell, hydrogen produces electrical power during a series of electrochemical
reactions with oxygen, is one of the best alternatives for generating energy in cogeneration
systems. Fuel cells due to high efficiency, non-emission of environmental pollutants, high
power potential, lack of moving parts, lack of vibration and low noise are the desirable
equipment for energy production. One of the most important and useful types of fuel cells is
a solid oxide fuel cell. The high operating temperature of these fuel cells (800 to 1000 degrees
Celsius) has led to the use of various fuels, such as natural gas. In addition, the heat generated
in this type of fuel cell is of high quality and can be used in most of the cogeneration systems

[3].

One of the uses of solid oxide fuel cells is the combination of these types of cells with
different types of absorption chillers [4]. Absorption chillers are devices that require a high
temperature heat source to generate refrigeration. If cheap energy sources are available
(temperatures range 100 to 200 degrees Celsius), these types of chillers are very economical.
Absorption chillers are widely used in residential and commercial buildings as a source of
cooling products in air-conditioned systems. In absorption systems, heat from a heat source
(hot water or steam) should be transferred into generator. The use of a solid oxide fuel cell
makes the hot gases from the outlet able to supply the generator's heat [3]. The fuel cell used
in this type of hybrid system, in addition to providing the heat required by the generator, can
also provide part of the electrical power and the hot water of the building. The schematic of
a hybrid system consisting of a solid oxide fuel cell and an absorbing chiller of lithium
bromide is shown in Figure 1, its efficiency is estimated at 87%.
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Figure 1. A view of solid oxide fuel cell and absorption chiller combined cycle.
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In recent years, many scientific studies have been conducted on the Simultaneous production
of electricity, heat and refrigeration. Reviews and researches show that hybrid fuel cell and
chiller absorption systems have been less studied and more research has been done on other
systems such as gas turbine and chiller absorption.

Velumani et al. [5] proposed and analyzed a CHP hybrid system for a 230kW demand
building. The system investigated the coupling of a 200 kW Solid Oxide Fuel Cell stack, 30
kW Microturbine and a single effect Absorption cooling system providing 55 kW for air
conditioning using water chillers. Ozcan et al. [6] presented assessment of thermodynamic
performance through exergy and energy analysis for heating, cooling and power hybrid
system. In this research parametric study is performed for impact of system parameters and
environmental condition on performance of hybrid system. Ranjbar et al. [7] presented novel
tri-generation hybrid system based on a solid oxide fuel cell (SOFC). This hybrid system
includes a generator-absorber heat exchanger for cooling and a heat exchanger for the heating
process. The influences of current density and inlet flow temperature on several variables are
investigated. Zhao et al. [8] used flue gas exhausted for heating of water exhausted from the
steam turbine is used for cooling achieved by a single-effect lithium bromide absorption
chiller and evaluated system performance by Aspen Plus process simulator. Chitsaz et al. [9]
modeled and analyzed exergo-economic of a tri-generation system based on a solid oxide
fuel. In this study, effects of current density, inlet flow temperature and fuel utilization factor
are investigated on several variables include unit cost of the electrical power, unit cost of the
cooling, unit cost of the heating and total unit cost of the products. Moussawi et al. [10]
selected and designed tri-generation system based on solid oxide fuel cell (SOFC) for
domestic applications. The system was founded on three stages including: the energy
simulation of residential building, the system’s prime mover—SOFC, and the trigeneration
recovery system ensuring the maximum coverage of heating, cooling, and domestic hot water
loads respectively. Jing et al. [11] evaluated from different perspectives the feasibility of
solid oxide fuel cell based combined cooling heating and power (SOFC-CCHP) applications.
On the other hand, simulated operations of the natural gas fuelled SOFC-CCHP systems for
several locations. Jing et al. [12] developed hybrid system based on SOFC-CCHP and
operation optimization model using the Mixed Integer Non-linear Programming approach.
The model provides two capacity sizing options of the fixed size, and the optimal sizing.
Qinlong Hou et al. [13] investigated a distributed energy system based on solar methanol
reforming SOFC which combine GT-ST power generation system with AHP-AR and the
performance analysis of SOFC integrated system is carried out which reveals the affinity of
solar energy and chemical energy.

This paper has introduced a hybrid system based on solid oxide fuel cell and lithium
bromide single-effect absorption chiller for cogenerating cooling, heating and electricity.
First, the considered hybrid system and its auxiliary equipment have been described and then
full thermodynamic and exergic analyses have been performed for all the considered cycle
components. Contrary to most previous research works, in this paper, the computations
pertaining to fuel cell have been carried out separately for three different areas, including the
computations related to the reforming, electrochemical, and thermal sections. Also, the
absorption chiller used in this research has been completely modelled and all its components
have been analyzed. Then, through a parametric study of the mentioned hybrid system, the
effects of the molar flow rate of system inlet air, working pressure ratio of compressor and
the temperature of exhaust gases on the working temperature of fuel cell, overall system
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efficiency, and on the rates of exergy destruction and loss in the system have been
investigated. Finally, an optimal operating state has been presented for the proposed system.

INTRODUCING THE PROPOSED SYSTEM

The schematic of the hybrid system studied in this research has been depicted in Figure 2.
The proposed system consists of a solid oxide fuel cell stack with internal reforming, an
afterburner chamber, an air compressor, a fuel compressor, two water pumps, four
recuperators and a single-effect lithium bromide absorption chiller. The ambient air coming
into the system is compressed first by the air compressor and after passing through the first
thermal recuperator and getting heated, it enters the cathode section of the fuel cell at a high
temperature. Also, the fuel used in the system is compressed first by the fuel compressor,
preheated in the second recuperator and then sent to the anode section of the fuel cell. The
electrochemical reactions taking place within the cell generate electricity and thermal energy.
The leftover air and fuel then enter the afterburner chamber and are combusted there. The
exhaust gases from the afterburner, which have high temperature and energy, are conveyed
toward the four mentioned system recuperators. After preheating the cell inlet air and fuel,
these gases enter two other heat recuperators. The main function of the last two recuperators
is to produce hot water for the absorption chiller generator and also for the heating systems.
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Figure 2. Schematic of solid oxide fuel cell and absorption chiller.

6091



Thermodynamic and exergic modelling of a combined cooling, heating and power system based on solid
oxide fuel cell

ASSUMPTIONS

Some assumptions have been considered in modelling and analyzing of hybrid systems:

Gas leakage from inside the system to the outside has been ignored.

The fuel used in the system is natural gas (methane).

A stable fluid flow has been considered in all the cycle components.

Changes in kinetic energy and potential are neglected.

The behavior of all gases in the cycle is assumed to be ideal gas.

Within the fuel cell, the distribution of pressure, temperature and chemical

components has been disregarded.

o The temperature of the anode and cathode outlets is the same and equal to the working
temperature of the cell.

o For the cells of the fuel cell, a constant voltage has been considered

o It has been assumed that the fuel inside the fuel cell converts to hydrogen through
internal reforming.

o The refrigerant (water) is assumed to be saturated liquid at the outlet of condenser
and saturated vapor at the outlet of evaporator.

o The solution of lithium bromide is assumed to be at dilute solution at the outlet of
absorber and is located at the temperature of the absorber.

o The output temperature of the refrigerant and solution from the generator is equal to
the generator temperature.

o The pipeline pressure drop from the output of the chiller generator to the inlet of the
pump is 7%.

o The cooling water of the chiller directly enters the condenser after passing through
the absorber.

o The reference values for the ambient are 25 °C temperature and 1 bar atmospheric
pressure and 50% concentration.

GOVERNING EQUATIONS

Firstly by employing the existing equations, the performances of all the components of the
hybrid system are defined and then under stable conditions, the above system is reviewed
and analyzed.

Absorption Chiller

The absorption chiller is made up of four important components including a generator, a
condenser, an evaporator and an absorber. Absorption chillers use water as a cooling fluid
and lithium bromide as an absorber. By reducing the pressure within the evaporator to one-
hundredth of an Atmosphere (complete vacuum), the water inside evaporates at temperature
5.4 °C. The evaporation process, due to its endothermic nature, cools a portion of the
remaining water inside the evaporator to lower than 5.4 °C. In order to use the cooling
generated in the evaporator, a coil can be installed inside it. Since water boils at 5.4 °C when
the pressure is 0.01 atm, the temperature of cold water in cooling and ventilation systems can
be lowered to 5.6 °C. The water vapor produced in the evaporator goes to the absorber and is

6092



J. Pirkandi et. al / Journal of Mechanical Engineering and Sciences 13(4) 2019 6088-6111

absorbed by the lithium bromide solution. As this process continues, the lithium bromide
solution becomes diluted and can no longer absorb the water [14]. To solve this problem, the
diluted solution of lithium bromide is pumped to the generator and, there, it is indirectly
heated by the hot water. This heating causes the lithium bromide solution to boil, thereby
releasing the water vapor from it. The concentrated lithium bromide solution is conveyed to
the absorber so that it can again absorb more water vapor. The water vapor thus extracted in
the generator enters the condenser unit and is condensed there. This condensed water is sent
back to the evaporator to restart the process, and thus a closed cycle is formed. The energy
balance equations for the single-effect absorption chiller components, shown in Figure 2, are
as follows:

Generator
The generator’s main function is to heat the dilute solution of lithium bromide and to extract
the water vapor from it [14].
OQen™ mshys+maghyg - mysh;s (1)
Qyen=m17¢p(T15- T7) 2
In the above equation, Qgen is the heat transferred to the generator from the warm water
produced in the third recuperator.

Condenser
The main function of the condenser is to cool and condense the water vapor produced.
O .ona = M20h29 - maohsg 3)
O ona = M36¢p(T37 - T36) (4)

In the above equation, Qcond denotes the amount of heat transferred by the condenser to the
cooling water in the cycle. Normally, the cooling water is circulated in the cycle by means
of a cooling tower. This water enters the absorber and then the condenser at a temperature of
30 °C and after absorbing heat from the condenser, leaves it at a temperature of 35 °C [14].

Evaporator

The evaporator is mainly used to produce cooling energy in the absorption cycle.
0,,, =m32hsz;-m3hs; (%)
0,,, =m33¢,(T33 - Tsy) (6)

In the above equation, Qeva denotes the amount of heat transferred from the water in the
cooling system to the evaporator. This water usually enters the evaporator at temperature 12-
13°C and leaves it at 6-7 °C. This water is ordinarily used in fan coil or air conditioning units
for building cooling [8].

Absorber
This unit absorbs the water vapor produced in the evaporator [14].
O s = Maghsgtmszshzy - myzhys (7
O b = M36C,(T36 - Tss) (8)

In the above equation, Qabs is the amount of heat transferred from the absorber to the cooling
water. As it was pointed out in the section related to condenser, this water enters the absorber
at temperature 35 °C and after cooling the lithium bromide solution there, it goes to the
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condenser to absorb heat again. Cooling the lithium bromide solution increases its water
vapor absorption capacity [14].

Pump
The pump is used to convey the diluted lithium bromide solution from the absorber to the
generator [8].
Wp=my, 0,4 (P24 - Py3 )/77p 9
Wp=my3 (hza — hy3) (10)
In the above equation, W, represents the mechanical work done by the pump. Considering
the above equations, in this section, the performance coefficient of the chiller is expressed

as:
Qeva

COPchiller = 0. +W, (ll)
gen P
Also, the exergic efficiency of the chiIIer is obtained through Equation. (12):
v (17
l//chiller: (12)

[Qge,,-( : —Th) )
In this equation Ty, is the average temperature of the cold source (in the evaporator) and Th is
the average temperature of the hot source (in the generator).

Fuel Cell
The equations pertaining to fuel cell have been presented in three parts, including the
electrochemical, thermal, and thermodynamic equations. The reversible voltage of fuel cell
is obtained by Nernst equation (Equation (13)) [15]
R, T Hy 02
PH20

To compute the actual cell voltage, the Iosses associated with the cell, including the activation
voltage loss (V,.;), ohmic voltage loss (V,;.,,) and the concentration voltage 10ss (V.onc)
should be determined and used in Equation. (14) to get the real cell voltage (V..;;) [15]:

Vcell =E- (Vact+V0hm+Vconc) =E- AVloss (14)
The chemical reactions taking place in a fuel cell are exothermic processes. The amount of
heat transfer in a process is obtained by writing the thermodynamic equation between
reactants and the resulting products. The heat released from the chemical reaction in the fuel
cell can be calculated according to Equation. (15) [15]:

0 .= ZTAS - IAV 5 (15)

The net leftover heat from the chemical reactions in the fuel cell is obtained from Equation.
(16):

(13)

] ] . Qnet: Qel_ec (16)
Some of this net residual heat is spent to raise the temperature of cell’s internal and exhaust
gases (Q') and some of it is released to the surrounding (Qy;r)-

Qnet_ Q qurr (17)

Qne, (ghs - 7t7h7) gn+ (ishz-fighg)cq QSW (18)

In real situations, the chemical processes within a fuel cell always lose some heat to the
surrounding environment. By considering this process as an ideal one, it is assumed that the
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fuel cell used is internally adiabatic and that the net residual heat is spent to raise the
temperature of cell’s internal and exhaust gases (Q").
QeleC=ZTAS - IA Vl()ss (19)

Q =Ahc.in +Ahc40ut+Ahaiin+Aha.out (20)

An iterative algorithm has been used to compute the temperature of the fuel cell’s exhaust
gases, and the convergence criterion has been considered as Equation. (21) [15].

0, = Q,Q—',Q| <0.01 (21)

After determining the temperature of exhaust gases, the energy balance equation can be used
to calculate the rates of heat losses in the fuel cell.

(shstighs) = O, soretWsorc + (izh; + iighs) (22)

By knowing the fuel utilization coefficient (Uy), the power generation capacity of the fuel

cell (Wsorc) and the net residual heat remaining from cell reactions (Qg,,), the electrical
and the thermal efficiencies of the fuel cell are obtained from Equations. (23) and (24),
respectively.

— WSOFC
Netec.soFC — ipxLHV < Uy (23)

— Qloss.SOFC

Ninsorc = i< LHV Uy (24)
Also, the entropy generation rate, exergy destruction rate and the exergic efficiency of the
fuel cell are obtained according to the following equations [15]:

< S G4 S S G4 S Otoss.
Seensorc = (757 1g55)-(11353+71655) + % (25)
Epsorc=E;+Es-E; - Eg - EQ - Wsorc (26)
_ WSOFC
Y'soFC™ Byt kg ks (27)

Compressor

Since isentropic efficiency is dependent on pressure ratio, and a variable pressure ratio has
been considered in this modelling, instead of isentropic efficiency, polytropic efficiency
(Mp.cq) is used here for the compressor (Equation. (28)), and the temperature of exhaust air is
obtained from Equation. (29) [15].

ka-1

(r Aca) kq
Nisca™ . kka-l (28)
(Vp.ca) a:pfj
T -
7 = (e 29)

Using the calculated exhaust air temperature and knowing the temperature and mass flow
rate of inlet air, the work done by the compressor is computed according to Equation. (30).

Wca = ha (hZ - hl) (30)
Also, the entropy generation rate, exergy destruction rate and the exergic efficiency for the
compression process are obtained according to the following equations [15]:

Sgen.ca :ha- (52 - EI) (31)
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ED.ca:Wca - (Eg - E]) (32)
_ErEy
ca Wea (33)

In this research, the same temperature has been considered for system inlet air and fuel, and
the compressor pressure ratios are such that they provide sufficient working pressure for the
fuel cell.

Afterburner
Since only a portion of the air and fuel that enter the system are used up in the fuel cell, it is
necessary to have an afterburner chamber for the cycle. The exhaust gases from the fuel cell,
including water vapor, carbon dioxide, hydrogen, methane and carbon monoxide in the anode
section and unused oxygen and nitrogen in the cathode, react together in the afterburner
chamber according to the following equations:
CO +50,-C0O; , Hyt;0,—H0 , CH;+20,-CO,+2H,0 (34)
All the above reactions are exothermic and they raise the temperature of the gases exiting the
afterburner chamber. By writing the energy conservation equation and considering the
chamber efficiency, the temperature of exhaust gases can be determined from the following
equation [15]:
nzh7 + nghg — nohg — QLoss,ab: 0 (35)
In the above equation, Qioss.ab denotes the heat losses from the afterburner chamber and its
quantity depends on chamber efficiency (nab), coefficient of fuel utilization in the fuel cell
(Ur) and the thermal value of fuel (LHV) [15].
Quossab= Tia X (1- Uf) % (1- nap) * LHV (36)
The entropy generation rate, exergy destruction rate, and the exergic efficiency for the
afterburner chamber are determined according to the following equations [15]:

Sgen,ab: N9S9 — 11757 — NgSs + Q;U.Ys:.a/; (37)
ED.ab:E7+E8'E9-EQYab (38)

_ _k
Yo =1, (39)

Recuperators
In this research, four external recuperators, which are supplied by the hot exhaust gases from
the fuel cell, have been used for raising the temperature of air and fuel that come into the cell
and also for providing the warm water needed by the chiller and the heating system. Based
on the efficiency or the performance coefficient of recuperators, the temperatures of exhaust
gases from the first and second recuperators are determined according to Equation. (40) and
Equation. (41), respectively [15].

Ereq,l = LT (40)

Ty -T;

Ereq,2 = o (41)

By considering the efficiencies of the third and fourth recuperators, the following equations
are used to compute the useful thermal load in these recuperators. Also, by using Equation.
(43), the amount of warm water needed for the cooling system can be calculated [15].

Qreq,3 = &req,3 -7;112(%12 - EB) (42)
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Qreq3= 7.lwater'zp;(Tm ‘_T15) (43)
Qreqs = éreqs 172(hy3 - hyy) (44)
Qreqs = nwater-zp (T, - o) (45)

The entropy generation rate, exergy destruction rate, and the exergic efficiency for the first
recuperator can be obtained from the following equations [15]:

Senreqt = 12 (53 — 55) - ft10(510 - 511) (46)

Epreqi = (Er-E11) - (E3-E5) (47)
— E3'E2

g E (48)

Modelling the Pumps
For providing the water pressure in the third and fourth recuperators, two pumps have been
used in order to supply the pressure needed by the cooling and heating system. The work
done by the third pump is obtained based on the following equation [15]:

W wpt = Nwater.Va4.(P15 - P14) (49)
Also, the entropy generation rate, exergy destruction rate and the exergic efficiency for the
pumps are obtained according to the following equations [15]:

. . S’gen.w,il = hw.]' (S15 - S14) (50)
ED.wpI: VI/W])] - (E15 - E14) . (51)
Papr = % (52)

wpl

System Modelling
In this section, by considering the whole hybrid system as a control volume, the electrical,
thermal, overall, and exergic efficiencies are obtained from the following equations [15]:

_ W'net
Netec (.nf + hg) XLHV (53)
Q eq4
= —_—— A 4
Nthe m [+ i) XLHV (5 )
_ Wnet+Qreq4 (55)
ﬂchp ('n_ o+ i) <XLHV
Wert Qe O O,
n = ‘w ~eva oL nelec+77the+ ; . - (56)
cchp—(ng+ i) XLHV (ng+ ivg) xLHV
; . e
— Wnet+Qeva(1 - T_b) T Ey (57)
nexergy.tot Ej+E;j+Ep

ni¢ is the flow rate of fuel entering the fuel compressor and 7; is the flow rate of fuel entering
the afterburner.

SOLUTION ALGORITHM
The governing equations for the components of the absorption chiller and fuel cell cycles

have been modelled in the EES software program. In the first part of this program, the
information related to the fuel cell cycle (e.g., working pressure ratio of compressor, cycle
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inlet air flow rate, temperatures of turbine inlet gases, fuel cell specification, etc.) and the
absorption chiller cycle (e.g., temperatures of evaporator, condenser, absorber, generator,
etc.) are entered into the program. Then the computations pertaining to the whole hybrid
cycle are carried out by guessing an initial working temperature for the fuel cell, and the
iterative procedure continues until the set convergence conditions are satisfied (Figure 3).

Start
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Figure 3. Algorithm for the hybrid system.
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The constant values used for the mentioned hybrid system have been given in Table 1.

Table 1. Constant system input values.

Assumed Assumed
Parameter Parameter
value value
Pump’s efficiency 95 Evaporator <10 Teva< 4
(%) temperature (Teva) [°C]
Afterburner 95 Condenser <39 Teond < 33
chamber’s temperature (Tcond)
efficiency (%) [°C]
Generator’s 95 Absorber temperature | <39 Taps< 33
efficiency (%) (Tans) [°C]
The air-gas 80 Generator temperature | <135 Tgen< 65
recuperator’s (Tgen) [°C]
efficiency (%)
The water-gas 85 Condenser water inlet Tcond -8
recuperator’s temperature [°C]
efficiency (%)
Compressor’s 81 Condenser water outlet Teond -3
isentropic temperature [°C]
efficiency (%)
Turbine’s 84 Evaporator water inlet Teva+8
isentropic temperature [°C]
efficiency (%)
Pressure loss of air- 4 Evaporator water Teva+3
gas recuperators outlet temperature [°C]
(%)
Pressure loss of 4 Generator water inlet Tgen+18
water-gas temperature [°C]
recuperators (%)
Pressure loss of 5 Generator water outlet Tgen +8
afterburner (%) temperature [°C]
Pressure loss of 3 Absorber water inlet Teond -8
chiller components temperature [°C]
(%)
Qeva (KW) 300 Absorber water outlet Teond -3

temperature [°C]
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RESULTS AND DISCUSSION

Validation

In this section, the research findings of Rabah Gomri [14] have been used to verify the
obtained results. In [14], two single-effect and double-effect absorption chillers have been
explored and analyzed from a thermodynamic perspective. For validating the present
research results, a single-effect absorption chiller has been modelled with the same inputs
considered in Rabah Gomri’s research; and the results obtained in the two works have been
compared with each other. It should be mentioned that in this modelling, the same working
temperature has been assumed for the absorber and the condenser. Also, the cooling water of
the considered cycle enters the absorber and the condenser units of the chiller from the
cooling tower. The results obtained for the hot water lithium bromide single-effect absorption
chiller have been presented in Table 2. This table contains the performance coefficients of
the mentioned chiller at several generator temperatures and four different evaporator
temperatures. By comparing between the findings of Rabah Gomri and the results obtained
from the present modelling, the validity of the results obtained in this research can be easily
confirmed.

Table 2. Comparison of the coefficient of performance for the hot water lithium bromide
single effect absorption chiller at Tcong = 33 °C.

Teva=6 [OC] Teva=4 [OC]
Results Results of Results Results
1;99” of t Error of of Error
["Cl Gomri presel? (%) Gomri present (%)
[14] wor [14]  work
75 0.75 0.784 45 0.74 0.7604 2.7
85 0.77 0.791 2.7 0.76 0.7785 2.4
95 0.77 0.787 2.2 0.76 0.7786 2.4
105 0.76 0.785 3.2 0.75 0.7777 3.7
Teva= 10 [OC] Teva=8 [OC]
Results Results Results
E;g of Rgigslzsngf Error of of Error
Gomri work (%) Gomri present (%)
[14] [14] work
75 0.78 0.817 4.7 0.77 0.802 4.1
85 0.79 0.812 2.7 0.775 0.801 3.3
95 0.78 0.805 3.2 0.775 0.796 2.7
105 0.775 0.799 3.1 0.77 0.792 2.8
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Parametric Analysis of the Absorption Chiller

Considering the important role of the absorption chiller in this hybrid system, the results
obtained from the modelling of this chiller are analyzed in this section. Figure 4 shows the
effects of generator, evaporator and condenser temperatures on chiller performance
coefficient. In this figure, the solid lines and the dashed lines indicate condenser temperatures
of 33 and 39 °C, respectively. According to this figure, the performance coefficient of the
chiller increases with the rise of evaporator temperature and reduction of condenser
temperature. For a specific evaporator temperature and condenser temperature, there is a
minimum generator temperature at which the chiller performance coefficient is a maximum.
As it is shown in Equation. (11), with the exchanged heat in the evaporator being constant, it
can be concluded that the increase in performance coefficient is due to the reduction in the
amount of exchanged heat in the absorption chiller generator. The results indicate that for the
vaporization temperature of cooler in the ranges of 4-10 °C and the working temperature of
condenser in the range of 33-39 °C, the maximum performance coefficient of the single-effect
absorption chiller falls in the range of 0.75-0.81.

0.85

0.5¢ P T = 4[°C]
0.45 ’,' ! Tom = 6°C] 1
—E T = 8[°C] 7

0.35f —o— Ty, = 10[°C] 4

0.3 L L L L L L
60 70 80 90 100 110 120 130 140

Tgen
Figure 4. Performance coefficient of chiller versus generator temperature at condenser
temperatures of 33 and 39 °C.

Figure 5 shows the effects of generator and condenser temperatures on the amount of
heat transfer in the cycle components. Solid lines and dashed lines indicate condenser
temperatures of 33 and 39 °C, respectively. As it is shown, in all the cases, the thermal load
of the evaporator has not changed and has remained at constant values of 300 and 200 kW,
respectively. The results indicate that the thermal loads of the generator and absorber
diminish with the rise of generator temperature. There is @ minimum generator temperature
at which Qgen and Qans have their minimum values; and if that temperature goes up, these two
parameters keep their constant values. The results also show that there is little variation in
the thermal load of condenser with respect to generator temperature. As it is observed in
Figure 4, by raising the condenser temperature, the thermal loads of the generator and the
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absorber are reduced. In achieving these results, the evaporator temperature has been
assumed at 4 °C.
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Figure 5. The thermal load of chiller components versus generator temperature at condenser
temperatures of 33 and 39 °C.

Parametric Analysis of the Hybrid System

In order to better understand the operating conditions of the examined hybrid system, the
effects of different parameters on its performance have been analyzed in the following
sections. Figures 6-9 show the effects of the molar flow rate of compressor inlet air on the
overall efficiency of the hybrid system, fuel cell’s working temperature and on the rates of
exergy destruction and exergy loss in the hybrid system at three different compressor pressure
ratios. It should be mentioned that in these analyses, the temperature of the hybrid system’s
exhaust gases has been assumed as 200 °C.

The effect of the molar flow rate of hybrid system inlet air on system’s overall
efficiency has been illustrated in Figure 6. The overall efficiency refers to the efficiency of
the combined cooling, heating and power system. As it is observed, with the increase in the
flow rate of air entering the system, its overall efficiency diminishes. The main reason for
this is the increase in the amount of work consumption by the air compressor and also the
cooling of the fuel cell. As it is shown in Figure 7, the increase in the flow rate of system
inlet air has a cooling effect on the fuel cell and reduces its working temperature. This, in
turn, reduces the power output of the fuel cell and diminishes the efficiency of the hybrid
system. The temperature of gases exiting the fuel cell cycle has a considerable influence on
the performance of absorption chiller. By lowering the temperature of the exhaust gases from
the fuel cell’s afterburner, the amount of thermal energy transferred in the recuperators is
reduced. This will lower the amount of heat entering the generator of the absorption chiller
and substantially decrease the system’s cooling load. Additionally, this will also reduce the
thermal load of the heating system.

The findings indicate that the increase of compressor pressure ratio has little effect
on the efficiency of the hybrid system. The increase of compressor pressure ratio not only
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raises the temperature of exhaust gases from the compressor, but it also increases the amount
of work consumption in the system. In this way, the increase of compressor pressure ratio
will reduce the amount of electric power generated in the hybrid system and increase the
amount of heat accumulated in the third and fourth recuperators. Such increases and
decreases are almost equal, and this causes the overall efficiency of the system to remain
constant.
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Figure 6. Molar flow rate of hybrid system inlet air versus overall system efficiency.
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Figure 7. Molar flow rate of hybrid system inlet air versus the working temperature of fuel
cell.
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Figures 8 and 9 respectively display the effects of the molar flow rate of system inlet
air on the rates of exergy destruction and exergy loss in the system. As it can be seen, the
rates of exergy destruction and exergy loss in the system go up with the increase in the flow
rate of system inlet air. This is mainly caused by the reduction in the sum of the electrical
power and the heating and cooling loads generated in the system. Conversely, the
investigations show that at a constant inlet air flow rate, the rates of exergy destruction and
exergy loss in the system will go up by increasing the compressor pressure ratio. According
to the obtained results, it is better to operate the introduced hybrid system at minimum
working pressure and inlet air flow rate.
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Figure 8. Molar flow rate of system inlet air versus rate of exergy destruction.
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Figure 9. Molar flow rate of system inlet air versus rate of exergy loss.
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In this section, the effect of the temperature of exhaust gases from the hybrid system
stack has been studied by considering the parameters of system inlet air flow rate and
compressor pressure ratio. Figure 10 shows the effect of the temperature of exhaust gases
from the hybrid system on its overall efficiency. According to this figure, the overall
efficiency of the system diminishes with the increase in the temperature of exhaust gases;
and the main reason for this is the lack of sufficient heat absorption in the third and fourth
recuperators and the reduction in the heating and cooling capacities of the hybrid system. As
it is observed, an increase in the temperature of exhaust gases from 360 to 480 °K will reduce
the overall efficiency of the hybrid system by 15-20%. The results indicate that an increase
in the system inlet air flow rate further cools the fuel cell and lowers the temperature of
exhaust gases from it, thereby reducing the overall system efficiency. As it is shown, the
maximum efficiency of the hybrid system is about 64%.
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Figure 10. Temperature of exhaust gases from the hybrid system versus the overall system
efficiency.

Figures 11 and 12 respectively illustrate the effects of the temperature of exhaust gases from
the hybrid system stack on the rates of exergy destruction and exergy loss. As it is shown,
with the rise in the temperature of exhaust gases, the rate of exergy destruction diminishes,
while the rate of exergy loss increases. The main reason for the increased rate of exergy loss
is the wasting of a large portion of thermal energy from the stack of the hybrid system. And
the decline in the rate of exergy destruction is mainly due to the reduced level of heat transfer
in system recuperators.
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Figure 11. Temperature of exhaust gases from the hybrid system versus the rate of exergy
destruction.
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Figure 12. Temperature of exhaust gases from the hybrid system versus the rate of exergy

loss.

Figure 13 shows the effect of the temperature of exhaust gases from the hybrid system on its
overall efficiency at three different pressure ratios. As observed, the rise in the system’s
working pressure doesn’t have a significant influence on the overall efficiency of the hybrid
system; and for the three different working pressures, the same reduction of system efficiency
can be seen with the rise in the temperature of exhaust gases.
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Figure 13. Temperature of exhaust gases from the hybrid system versus overall system
efficiency at three different pressure ratios.

By examining the results obtained from the different working conditions of the hybrid
system, the output results of the system in the optimal state have been extracted and reported
in Table 3. In this condition, the temperature of exhaust gases is 400 K, compressor pressure
ratio is 4.5, and the molar flow rate of compressor inlet air is 200 kmole/h.

Table 3. Different performance parameters of the hybrid system in the optimal operating

conditions.
Parameter Assumed value
Fuel cell temperature [K] 1221
Absorber temperature [K] 306
Condenser temperature [K] 306
Generator temperature [K] 348
Evaporator temperature [K] 285
Qeva [KW] 205
COP 0.8245
Net generated power (KW) 402
Electrical efficiency (%) 24.74
Thermal efficiency (%) 19.34
Total efficiency (%) 44.09
Exergy efficiency (%) 59.89
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The reduction of entropy generation in heating systems is an important issue and should be
investigated. Figure 14 shows the variation of entropy generation rate for each component of
the absorption chiller. As it is observed, the highest entropy generation rate belongs to the
generator and then the absorber, and the lowest rate is associated with the pressure-reducing
valve between the evaporator and the condenser. Also, Figure 15 displays the exergy
destruction rate for each chiller component. Similar to the entropy generation rate, the highest
exergy destruction rate occurs in the generator, and the lowest rate in the pressure-reducing
valve between the evaporator and the condenser.
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Figure 14. Variations of entropy generation rate in chiller components.
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Figure 15. Variations of exergy destruction rate in chiller components.

We now discuss the rates of entropy generation and exergy destruction in the fuel cell
cycle. As it is observed in Figures 16 and 17, the highest entropy generation rate occurs in
the fuel cell, and the highest exergy destruction rate in the heat exchanger for fuel cell inlet
air. The findings also show that the lowest rates of entropy generation and exergy destruction
occur in the two water pumps. The results indicate that the fuel cell cycle has greater entropy
generation and exergy destruction rates than the chiller cycle.
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Figure 16. Variations of entropy generation rate in the components of fuel cell cycle.
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Figure 17. Variations of exergy destruction rate in the components of fuel cell cycle.

CONCLUSIONS

The findings of the present research have been summarized as follows:

The performance coefficient of the chiller increases with the rise of evaporator
temperature and the reduction of condenser temperature. For a specific evaporator
temperature and condenser temperature, there is a minimum generator temperature at
which the chiller performance coefficient is maximized. The results show that for an
evaporation temperature of coolant in the range of 4-10 °C and working temperature
of condenser in the range of 33-39 °C, the minimum performance coefficient for the
single-effect absorption chiller is in the range of 0.7-0.81.

By increasing the flow rate of air entering the system, its overall efficiency is reduced.
This mainly occurs due to the increase in the amount of work done by the air
compressor and also the cooling of the fuel cell. With the rise in the flow rate of
system inlet air, the rates of exergy destruction and exergy loss in the system increase.
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oxide fuel cell

Increasing the working pressure of the system has little effect on the efficiency of the
hybrid system; and for all the three working pressures, the same efficiency reduction
Is achieved by raising the temperature of exhaust gases.

The overall efficiency of the hybrid system diminishes with the rise in the temperature
of exhaust gases. The main cause of this is insufficient heat absorption in the third
and fourth recuperators and the reduction in the heating and cooling capacities of the
hybrid system. The findings indicate that by increasing the temperature of exhaust
gases from 360 to 480 K, the overall efficiency of the hybrid system is reduced by
15-20%. With the rise in the temperature of exhaust gases, the rate of exergy
destruction in the hybrid system diminishes, while the rate of exergy loss increases.
The main reason for the increase in the rate of exergy loss is the wasting of a large
portion of thermal energy from the stack of the hybrid system.

The findings related to the absorption chiller show that the highest entropy generation
rate occurs in the generator followed by the absorber, and the lowest rate takes place
in the pressure-reducing valve between the evaporator and the condenser. Also, the
highest exergy destruction rate occurs in the generator, and the lowest rate in the
pressure-reducing valve between the evaporator and the condenser.

The results related to the fuel cell cycle indicate that the highest entropy generation
rate occurs in the fuel cell, and the highest exergy destruction rate takes place in the
heat exchanger for fuel cell inlet air. The findings also show that the lowest rates of
entropy generation and exergy destruction occur in the two water pumps.

The results indicate that the fuel cell cycle has greater entropy generation and exergy
destruction rates than the chiller cycle.
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