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ABSTRACT 

In this paper, a computer simulation was performed to 
analyze the integration of a hydrogen solid oxide fuel cell 
(SOFC) with a LiBr-water absorption system, for the 
simultaneous production of electricity, cooling and hot water. 
The exhaust gases from the SOFC are used to power the 
generator of the absorption system, where cooling is obtained, 
and also to produce hot water in a heat exchanger. For the 
purpose of enhancing the energy utilization efficiency of the 
system, heat exchangers are also used to preheat the reactant 
streams of the SOFC with the exhaust gases. A steady state 
mathematical model was developed to simulate the 
performance of the whole system under different operating 
conditions. The performances of the integrated energy system 
and of the different subsystems are evaluated under different 
operating conditions. Especially, the effect of the absorption 
system generation temperature was scrutinized in order to 
determine optimum operating conditions. 

NOMENCLATURE 
 
CAT [K] Closest approach temperature 
COP  Coefficient of performance 
EFF [-] Heat exchanger efficiency 
g [kJ/kmol] Specific Gibbs free energy 
h [kJ/kmol] Specific molar enthalpy 
HHV [kJ/kmol] Higher heating value 
��  [kmol/s] Molar flow 
PER  Primary energy ratio 
��  [kW] Heat power 
s [kJ/ kmolK] Specific molar entropy 
���  [kW/K] Rate of entropy generation due to irreversibility’s 
T [ºC, K] Temperature 
��  [kW] Electrical power 
 
Special characters 
η [-] Efficiency 

 
Subscripts 
A  Absorber 
C  Condenser 
E  Evaporator 
eq  In equilibrium 
fc  Fuel cell 
G  Generator 
hw  Domestic hot water 
in  Carried into the fuel cell 
l  Liquid 
out  Taken out of the fuel cell 
P  Pump 
ss  Strong solution 
v  Vapor 
ws  Weak solution 

 
INTRODUCTION 

Today's concerns regarding fossil fuels contribution to 
environmental pollution call for the utilization of new efficient 
energy systems and energy conversion processes compatible 
with alternative fuels and renewable energy sources and 
carriers. Under this scenario, fuel cells and hybrid systems have 
emerged as promising thermodynamic systems for achieving all 
of the above requirements. In fact, fuel cells are absolutely zero 
emission devices when fuelled with pure hydrogen, with the 
only by-product being water vapor [1]. 

In a fuel cell, the chemical energy of a fuel and an oxidant is 
converted directly into electrical energy. Although fuel cells are 
not heat engines, heat is still produced and must be removed 
from a fuel cell power system. Various types of fuel cells are 
available, differentiated by the electrolyte used which, in turn, 
depends on its operating temperature. Solid oxide fuel cells 
(SOFC) are high temperature fuel cells that consist of a solid 
oxide metal electrolyte (typically yttria stabilized zirconia). At 
the anode nickel cermet is usually used, while the cathode is 
made of strontium doped with lanthanum manganite. 
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SOFCs have been identified as promising power generator 
devices due to their high electrical efficiencies. Moreover, since 
SOFCs operate in the range of 600 to 1000 ºC, they can be 
easily combined with other thermal cycles to yield improved 
thermal efficiencies. 

Though actual research efforts are focused on single cells 
and stack operation, simulations of global systems for the 
simultaneous production of power, cooling and/or heating from 
a fuel cell are crucial to find optimal design and operating 
conditions. Studies similar to the type of integration system 
considered in this paper have been reported in Refs. [2-6]. 

This paper presents results of a thermodynamic analysis of 
the integration of a hydrogen solid oxide fuel cell (SOFC) with 
a LiBr-water absorption system, for the simultaneous 
production of electricity, cooling and hot water. A steady state 
mathematical model was developed to simulate the 
performance of the whole integrated energy system and of the 
different subsystems. The effects of the absorption system 
generation temperature and heat power were scrutinized in 
order to determine optimum operating conditions. 
 

CONFIGURATION AND DESCRIPTION OF THE 
INTEGRATED SYSTEM 

Figure 1 shows a schematic representation of the integrated 
energy system. It consists of a hydrogen solid oxide fuel cell 
(SOFC), a LiBr-water absorption system and three heat 
exchangers (H2, air and domestic hot water). The system can 
simultaneously produce electricity, cooling and hot water. 

 

 

Figure 1 Schematic representation of the integrated system. 

 
The operating principle of the integrated system can be 

summarized as follows. The SOFC's fuel, pure H2, is preheated 
through the heat exchanger (H2HEX) and fed into the SOFC 
anode. Similarly air is preheated in the heat exchanger 
(AirHEX) and fed into the SOFC cathode. In the SOFC, the 
chemical energy of the fuel (H2) and the oxidant (O2 in the air) 
is converted into electrical energy and heat. The high 
temperature exhaust gases from the SOFC are used to preheat 
the reactants streams to the SOFC in order to improve the 

thermodynamic efficiency of the SOFC. Then, the exhaust 
gases are used to power the generator of the absorption chiller, 
where cooling is obtained. Finally, the exhaust gases leaving 
the generator are used to produce hot water in a heat exchanger. 

The single effect LiBr-water absorption system being 
considered is depicted schematically in Figure 2. The 
absorption system uses the pair lithium bromide-water and its 
major components are the absorber, generator, condenser, 
evaporator, solution heat exchanger, pump and two expansion 
devices. The generator is powered with the hot exhaust gases 
from the SOFC (stream 10 and 11 in Figure 1 and streams 11 
and 12 in Figure 2). Water is used as the external cooling 
medium in the absorber and condenser. Finally, cold water is 
produced in the evaporator for the typical temperature levels 
found in air-conditioning systems. 

 

 
Figure 2 Schematic representation of the absorption system. 

 

SYSTEM MODELLING 
A lumped steady state model has been developed in order to 

analyze the performance of the integrated energy system. A 
lumped parameter model considers a component as a lump or a 
black box, so the actual dimensions of the components and 
detailed transport processes inside them are not taken into 
account. These types of models are appropriate for the present 
analysis since attention is not focused on the fuel cell itself or 
the absorption system components, but rather on how the 
operating conditions affect the performance of the whole 
system. 

The mathematical model of the integrated system is based 
on the application of global mass, species, energy balances and 
simple heat and mass transfer equations. The following general 
assumptions have been considered for the whole system: the 
system operates at steady-state conditions, pressure drops are 
negligible except in the pumps and expansion devices, the heat 
transfer between the exchangers and the surroundings is 
negligible, the SOFC's fuel consists of pure H2 at atmospheric 
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conditions, the atmospheric air that enters the SOFC consists of 
79% N2 and 21% O2, reactants and products of the SOFC can 
be considered as ideal gases and their enthalpy and entropy 
values are based on JANAF table references [7]. It is also 
assumed that the values of the product gases flow rates through 
each of the heat exchangers (H2HEX and AirHEX) are those for 
which the temperature of the reactants at the inlet of the SOFC 
is the same (i.e. T2 = T4). 

In the following sections the mathematical models for the 
SOFC and absorption system are detailed. The performance of 
the hot water heat exchanger is defined based on its 
effectiveness in terms of temperatures: 

���	
 = �
���������,��������

�������
 (1) 

 
SOFC model 

The SOFC is modeled as a control-volume system to which 
fuel and oxidant streams enter and product gases exit. The basic 
assumptions for the SOFC are: the SOFC operates at steady-
state conditions, the pressure is constant, an ideal and complete 
stoichiometric reaction takes place, the fuel cell is located 
inside a thermal bath in order to maintain the desired operating 
temperature, the outlet gas temperatures are equal to the SOFC 
temperature, all heat transfer between the cell and its 
surroundings occurs through boundaries at the temperature of 
the fuel cell, the kinetic and gravitational potential energy 
changes are negligible, and the SOFC operates under 
thermodynamically reversible condition so the rate of entropy 
generation due to irreversibility’s is zero. 

The electrochemical reaction that occurs within the anode 
and cathode of the solid oxide fuel cell is described as follows: 

�� + 2.381 · �0.21 · "� + 0.79 · ��� →
��" + 1.881 · �� + ��&' + ��&'

  (2) 

where ��&' is the rate of work done by the fuel cell and ��&' is 
the rate of heat transferred into the fuel cell from the 
surroundings. 

Taking into account the previous reaction and the 
assumptions considered, the first and second law of 
thermodynamics can be written as [8]: 
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  (4) 

where ��  is the molar flow rate, h is the specific molar enthalpy, 
s the specific molar entropy, Tfc is the fuel cell absolute 
temperature and ��� is the rate of entropy generation due to 
irreversibility’s. 

The previous equations can be simplified as: 

��(� · �ℎ+, − ℎ012� + ��&' − ��&' = 0 (5) 

��(� · �3+, − 3012� +
4�56

�_&'
− ��� = 0 (6) 

where hin is the amount of enthalpy per mole of H2 carried into 
the system by the reactant inflow and hout is the amount of 
enthalpy per mole of H2 taken out of the system by the exhaust 
stream containing the reaction products. The variables sin and 
sout are similar to hin and hout, respectively. All these variables 
can be determined by the following expressions: 

ℎ+, = 8ℎ(� + 0.5 · ℎ-� + 1.881 · ℎ.�:
+,

ℎ012 = 8ℎ(�- + 1.881 · ℎ.�:
012

  (7) 

3+, = 83(� + 0.5 · 3-� + 1.881 · 3.�:
+,

3012 = 83(�- + 1.881 · 3.�:
012

  (8) 

Assuming ideal, nondissipative operation, the entropy 
generation is zero and substitution of eq. (6) into (5) gives the 
ideal power of the cell: 

��&' = −��(� · 8∆ℎ − <&' · ∆3: (9) 
where ∆ℎ = ℎ012 − ℎ+, and ∆3 = 3012 − 3+, represent the 
enthalpy and entropy change for the fuel cell reaction, 
respectively. 

Inasmuch as the Gibbs free energy is given by g = h – T·s, 
eq. (9) can be rewritten for isothermal operation: 

��&' = ��(� · �=+, − =012� = −��(� · ∆= (10) 

Notice that the previous equation is valid provided that the 
reactants and products streams are at the supposed temperature 
of operation of the cell. Since in this work the cell does not 
operate isothermally (reactants are at a lower temperature than 
the cell), eq. (10) is not valid and eq. (9) has been used to 
calculate the ideal power of the SOFC. 

Once the ideal power is obtained, the maximum possible 
efficiency when the process is reversible can be formulated: 

>&' =
?� 56

�.� @�·∆	
= ∆	��·∆A

∆	
 (11) 

For the isothermal hydrogen and oxygen reaction to form 
gaseous water, the term ∆s is lower than zero, indicating that 
heat is actually being lost from the fuel cell system. However, 
for the non-isothermal operation considered in this work, the 
temperature of the reactants is lower than that of the products 
and, under some conditions, the term ∆s could be higher than 
zero. Under these circumstances, eq. (9) physically would 
indicate that the fuel cell absorbs heat from the ambient and 
converts it completely into electrical energy, with a fuel cell 
efficiency higher than unity. This is of course not possible, so 
operation at the supposed temperature of the cell is not 
achievable and the exit temperature of the products would be 
lower [9]. 

Finally, it is noted that, in this work, the enthalpy change 
(∆h) used in eqs. (9) and (11) is neither based on the higher 
heating value of the fuel nor on its lower heating value, but 
rather on the actual enthalpy change for the fuel cell reaction. 
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Absorption chiller model 
The mathematical model of the absorption chiller is based 

on the application of global mass, species and energy balances 
and simple heat transfer equations. In formulating the model 
the following assumptions have been made: the refrigerant is 
considered pure water, heat losses to the environment are 
negligible, pressure drops are not considered, saturated solution 
conditions are assumed at the outlet of each of the four major 
components (absorber, desorber, condenser and evaporator), the 
temperature of the vapour leaving the desorber (state 7 in 
Figure 2) is the saturation temperature (T3eq) corresponding to 
the pressure and concentration of the weak solution entering the 
desorber (state 3), and the pumping process is isoentropic. 

For the solution heat exchanger a heat transfer model based 
on the effectiveness of the heat exchanger was used; then: 

���
A�AA = �
������� ,����B�

�����
 (12) 

For the generator, absorber, condenser and evaporator the 
heat transfer is expressed by the closest approach temperature 
(CAT): 

CD<E = min8<I� − <JKL , <II − <M: (13) 

CD<N = min�<I − <IJ, <O − <IM� (14) 

CD<P = min8<QKL − <IO, <R − <IS: (15) 

CD<T = min�<IR − <U, <IQ − <IV� (16) 

State equations used for the lithium bromide - water 
equilibrium and thermodynamic properties have been 
calculated from McNeely [10]. The crystallization temperature 
was calculated with the formulations of Pátek and Klomfar 
[11]. The remainder model equations are not presented here for 
the sake of brevity, but they are described in detail for similar 
systems in [12, 13]. 

The mathematical model has been used to determine the 
thermodynamic state and the mass flow rates at every 
representative point in the thermodynamic cycle of the 
absorption system, as well as the heat flux in each heat 
exchanger (��E , ��N, ��P , ��T 	and	��
A�

) and the power required 
by the pump (��Z). The absorption system coefficient of 
performance is obtained from eq. (17). 

C"[ = 4�\
4�]^?� _

 (17) 

 
Efficiency of the combined system 

The energy utilization coefficient for the combined system 
is defined as the ratio of the useful energy extracted from the 
system (electrical, cooling and hot water production) to the 
energy of the fuel input (based on its higher heating value): 

[�` =
4�\^?� 56^4�ab

.� @�·((c@�
 (18) 

 

RESULTS AND DISCUSSION 

The mathematical model described in the previous section has 
been programmed using Engineering Equation Solver (EES) 
[14]. The model has been used to simulate and analyze the 
performance of an integrated hydrogen fuel cell with a LiBr-
water absorption system for combined production of electricity, 
cooling and hot water. The input parameters and operating 
conditions considered for the analysis are indicated in Table 1. 
The input data have been divided into three groups: the 
integration system data, specific data for the SOFC and specific 
data of the absorption chiller. 

 

Table 1. Operating conditions. 

Parameters Values 

Integrated system  

Fuel composition H2 100% 

Air composition 
O2 21%, 
N2 79% 

Inlet temperature of fuel and air (T1 = T3) 25 ºC 

Operating pressure 100 kPa 

Gases temperature variation to power absorption chiller 
(∆T = T10 - T11) 

25 ºC 

Domestic hot water inlet temperature (T13) 15 ºC 

Domestic hot water outlet temperature (T14) 60 ºC 

Hot water heat exchanger efficiency (EFFhw) 0.9 

SOFC  

Fuel utilization ratio 100% 

Operating temperature (Tfc) 900 ºC 

Operating pressure 100 kPa 

Absorption chiller  

Generation temperature (T4) 95 ºC 

Chilled water inlet temperature (T17) 12 ºC 

Chilled water outlet temperature (T18) 7 ºC 

Condenser/absorber cooling water inlet temperature 
(T13 = T15) 

30 ºC 

Condenser/absorber cooling water outlet temperature 
(T14 = T16) 

35 ºC 

Closest approach temperature (CAT) in heat exchangers 5 ºC 

Solution heat exchanger efficiency (EFFws-ss) 0.9 

Pump isoentropic efficiency 1 

 
Tables 2 and 3 show the direct results of the integrated 

system and absorption system, considering the data in Table 1 
and a fuel molar flow rate of 1 mol/s. 

It is known that for an absorption system, the COP increases 
with increasing values of the evaporating temperature and 
decreasing values of the absorption/condensation temperatures. 
The evaporating temperature depends on the cooling water 
temperature required for a given application and on the 
difference between the cooling water and refrigerant 
temperatures in the evaporator (CATE). The first one is a system 
operating parameter and the second one is a heat transfer design 
parameter of the evaporator. Similarly, the 
absorption/condensation temperatures depend on the external 
sink temperature (usually water from a cooling tower) and the 
closest approach temperatures in both components. It is then 
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clear that for a given application the value of the CAT of the 
different components should be reduced to a minimum for a 
COP optimization. 

 
Table 2. Thermo-fluid properties at each point of the integrated system 

 T (ºC) ��  (mol/s) Composition (mol%) 

1 25 1 H2: 100% 

2 770 1 H2: 100% 

3 25 2.381 O2: 21%  N2: 79% 

4 770 2.381 O2: 21%  N2: 79% 

5 900 2.881 H2O: 34.7%  N2: 65.3% 

6 900 0.8215 H2O: 34.7%  N2: 65.3% 

7 109 0.8215 H2O: 34.7%  N2: 65.3% 

8 900 2.059 H2O: 34.7%  N2: 65.3% 

9 109 2.059 H2O: 34.7%  N2: 65.3% 

10 109 2.881 H2O: 34.7%  N2: 65.3% 

11 84 2.881 H2O: 34.7%  N2: 65.3% 

12 22 2.881 H2O: 34.7%  N2: 65.3% 

13 15 1.61 H2O(l): 100% 

14 60 1.61 H2O(l): 100% 

 
 

Table 3. Calculated parameters of the integration system (per mol/s of H2). 

Parameters Values 

SOFC  

Enthalpy change for the fuel cell reaction (∆h) -234409 (kJ/kmol) 

Entropy change for the fuel cell reaction (∆s) -37.9 (kJ/kmol·K) 

Electric power (��&') 190 kW 

Heat transfer rate to the ambient (��&') 444.4 kW 

Fuel cell efficiency (ηfc) 0.81 

Absorption chiller  

Evaporation/absorption pressure 0.71 kPa 

Condensation/generation pressure 7.38 kPa 

Strong solution concentration 0.646 

Weak solution concentration 0.575 

Cooling power (��T) 1.75 kW 

COP 0.787 

Integrated system  

��d(�  285830 kJ/kmol 

H2 heat exchanger efficiency (���(�) 0.905 

Air heat exchanger efficiency (���e+f) 0.905 

Hot water heating power (��	
) 5.46 kW 

PER 0.690 

 
The performance of the absorption cycle is also influenced 

by the generation temperature. Differing from the other three 
temperatures which are practically fixed for a given application, 
the generation temperature can be selected as long as its value 
is lower than the heat source temperature level. 

Figure 3 shows the effect of the generation temperature on 
the absorption system COP, the absorber inlet temperature and 
the crystallization temperature at the absorber inlet conditions 
(strong solution concentration and absorber pressure). It can be 
seen that when the generation temperature increases from 84 to 
100 ºC, the COP varies from a low value of 0.76 (it drops 

sharply for lower values of the generation temperature) to 
values of around 0.785. However, for generation temperature 
values higher than 95 ºC the COP curve is relatively flat. With 
respect to the absorber inlet temperature and the crystallization 
temperature, Figure 3 shows that the first one increases gently 
with the generation temperature, but the second one is highly 
influenced by the generation temperature. This sharp increase 
of the crystallization temperature is due to the increase of the 
strong solution concentration with the generation temperature. 
It can be seen that for generation temperatures lower than 97 ºC 
the crystallization temperature is lower than the absorber inlet 
temperature.  

The temperature range shown in the Figure 3 spans the 
practical generation temperatures for this application. For 
generation temperatures lower than 84 ºC the cycle operation is 
not possible and for values higher than 97 ºC crystallization 
occurs. The generation temperature value of 95 ºC that was 
chosen (see Table 1) leads to good COP values with a small 
margin to avoid crystallization. 

 

 

Figure 3 Effect of the generation temperature on COP, 
absorber inlet temperature and crystallization temperature at the 

absorber inlet conditions. 

 
Figure 4 shows the effect of the gases temperature variation 

to power the absorption chiller (∆TG = T10 - T11) on the system 
performance, considering a fuel molar flow rate of 1 mol/s. It 
can be seen that when increasing the gases temperature 
variation to power the absorption chiller, the electric power of 
the SOFC and the cooling power delivered by the absorption 
chiller increase, while the hot water heating power remains 
constant. Figure 4 also shows that when ∆TG increases, the fuel 
cell efficiency increases from 88% to 100% and the PER of the 
system increases from 74% to 82%. 

When ∆TG increases the temperature of the reactants at the 
inlet of the SOFC decreases, as a result the enthalpy (-∆h) and 
entropy (-∆s) changes for the fuel cell reaction decreases. Since 
the variation of (-Tfc·∆s) is higher than that of (-∆h), the heat 
released from the fuel cell to the surroundings decreases and 
the ideal power of the cell increases until a 100% efficiency is 
reached. These particular conditions are for a reversible 
adiabatic operation of the fuel cell. In this analysis, increasing 
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∆TG leads to higher values of PER because it is assumed that 
the heat released from the fuel cell is dissipated to the ambient. 

 

 

Figure 4 Effect of the of the gases temperature variation to 
power absorption chiller (∆TG) on the system performance, 

considering a fuel molar flow rate of 1 mol/s. 

 

CONCLUSION 
In this paper a mathematical model has been developed to 

simulate an integrated hydrogen fuel cell with a LiBr-water 
absorption system for the combined production of electricity, 
cooling and hot water. The program and the mathematical 
model are divided into three modules: SOFC module, 
absorption chiller module and the integrated system module. 
Given the typical operating temperature conditions for SOFCs, 
domestic hot water demands and a LiBr-water absorption 
chiller, the performance of the integrated system can be 
evaluated. Once these temperature levels are fixed, the effect of 
the absorption system generation temperature and the gases 
temperature variation to power the absorption chiller can be 
scrutinized in order to determine optimum operating conditions. 
It was shown that a generation temperature value of 95 ºC leads 
to a high COP value with a small margin to avoid 
crystallization. On the other hand, it was shown that increasing 
the gases temperature variation to power the absorption chiller 
results in higher electric powers, higher cooling powers and 
constant domestic hot water heating powers. The energy 
utilization coefficient for the integrated system (PER) is 
expected to reach a maximum value of around 82% for 
reversible adiabatic operation of the fuel cell. 
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