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ABSTRACT

In this paper, a computer simulation was perfornied
analyze the integration of a hydrogen solid oxidel fcell
(SOFC) with a LiBr-water absorption system, for
simultaneous production of electricity, cooling amat water.

The exhaust gases from the SOFC are used to pdweer t

generator of the absorption system, where cookngbitained,
and also to produce hot water in a heat excharfgar.the
purpose of enhancing the energy utilization efficie of the
system, heat exchangers are also used to preleaedbtant
streams of the SOFC with the exhaust gases. A \stetade
mathematical model was developed to simulate
performance of the whole system under differentrafiey
conditions. The performances of the integrated ggneystem
and of the different subsystems are evaluated uditirent
operating conditions. Especially, the effect of di@sorption
system generation temperature was scrutinized deroto
determine optimum operating conditions.

NOMENCLATURE

CAT [K] Closest approach temperature

CcoP Coefficient of performanc
EFF [-] Heat exchanger efficiency
g [kJ/kmol] Specific Gibbs free energy
h [kJ/kmo] Specific molar enthalg
HHV  [kJ/kmol] Higher heating value

N [kmol/s] Molar flow

PER Primary energy ratio

0 [kw] Heat power

S [kJ/ kmolK] Specific molar entropy

Sg [kW/K] Rate of entropy generation due to irreveilgigs
T [°C, K] Temperature

w [kw] Electrical power

Special characters

1 [-] Efficiency
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Subscripts
Absorber
C Condenser
E Evaporator
eq In equilibrium
C Fuel cell
Generator
hw Domestic hot water
in Carried into the fuel cell
| Liquid
out Taken out of the fuel cell
Pump
ss Strong solution
Y Vapor
WS Weak solutiol
INTRODUCTION

Today's concerns regarding fossil fuels contributim
environmental pollution call for the utilization akew efficient
energy systems and energy conversion processesatibiap
with alternative fuels and renewable energy souraes
carriers. Under this scenario, fuel cells and h/ssistems have
emerged as promising thermodynamic systems foesitty all
of the above requirements. In fact, fuel cellsasolutely zero
emission devices when fuelled with pure hydrogeith whe
only by-product being water vapor [1].

In a fuel cell, the chemical energy of a fuel andbaidant is
converted directly into electrical energy. Althougiel cells are
not heat engines, heat is still produced and mastemoved
from a fuel cell power system. Various types ofl foells are
available, differentiated by the electrolyte usedicl, in turn,
depends on its operating temperature. Solid oxidg# €ells
(SOFC) are high temperature fuel cells that consfist solid
oxide metal electrolyte (typically yttria stabil@eirconia). At
the anode nickel cermet is usually used, while dhthode is
made of strontium doped with lanthanum manganite.



SOFCs have been identified as promising power geoer
devices due to their high electrical efficiencigmreover, since
SOFCs operate in the range of 600 to 1000 °C, taey be
easily combined with other thermal cycles to yieitpbroved
thermal efficiencies.

Though actual research efforts are focused on esioglls
and stack operation, simulations of global systdns the
simultaneous production of power, cooling and/aatimg from
a fuel cell are crucial to find optimal design aoferating
conditions. Studies similar to the type of integnatsystem
considered in this paper have been reported in. 8.

This paper presents results of a thermodynamicysisabf
the integration of a hydrogen solid oxide fuel ¢8IDFC) with
a LiBr-water absorption system, for
production of electricity, cooling and hot water.sfeady state
mathematical model was developed
performance of the whole integrated energy systechd the
different subsystems. The effects of the absorpsgatem
generation temperature and heat power were saetinin
order to determine optimum operating conditions.

CONFIGURATION AND DESCRIPTION OF THE
INTEGRATED SYSTEM

Figure 1 shows a schematic representation of tiegrated
energy system. It consists of a hydrogen solid exicel cell

(SOFC), a LiBr-water absorption system and threat he
exchangers (5 air and domestic hot water). The system can

simultaneously produce electricity, cooling and Wwater.
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Figure 1 Schematic representation of the integrated system.

The operating principle of the integrated system e
summarized as follows. The SOFC's fuel, pusgigipreheated
through the heat exchanger,tHEX) and fed into the SOFC
anode. Similarly air is preheated in the heat engka
(AIrHEX) and fed into the SOFC cathode. In the SQF&
chemical energy of the fuel gHand the oxidant (£in the air)
is converted into electrical energy and heat. Thighh
temperature exhaust gases from the SOFC are uga@heat
the reactants streams to the SOFC in order to imeptbe
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the simultargeou

to simulate the

thermodynamic efficiency of the SOFC. Then, the amt
gases are used to power the generator of the dlmsoghiller,
where cooling is obtained. Finally, the exhaustegakaving
the generator are used to produce hot water iraadxehanger.

The single effect LiBr-water absorption system [ein
considered is depicted schematically in Figure Zhe T
absorption system uses the pair lithium bromideswand its
major components are the absorber, generator, nerde
evaporator, solution heat exchanger, pump and tpareion
devices. The generator is powered with the hot esthgases
from the SOFC (stream 10 and 11 in Figure 1 arehsis 11
and 12 in Figure 2). Water is used as the extecoaling
medium in the absorber and condenser. Finally, edlter is
produced in the evaporator for the typical tempeeatevels
found in air-conditioning systems.
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Figure 2 Schematic representation of the absorption system.

SYSTEM MODELLING

A lumped steady state model has been developediér
analyze the performance of the integrated energyesy A
lumped parameter model considers a component @s@dr a
black box, so the actual dimensions of the comptnand
detailed transport processes inside them are ra@ntanto
account. These types of models are appropriatéhopresent
analysis since attention is not focused on the ¢eélitself or
the absorption system components, but rather on v
operating conditions affect the performance of thbole
system.

The mathematical model of the integrated systetmaised
on the application of global mass, species, enbajgnces and
simple heat and mass transfer equations. The fwipgeneral
assumptions have been considered for the wholemyshe
system operates at steady-state conditions, peeskops are
negligible except in the pumps and expansion deyitee heat
transfer between the exchangers and the surroumdisg
negligible, the SOFC's fuel consists of purgdtl atmospheric



conditions, the atmospheric air that enters the G@dnsists of

79% N, and 21% @ reactants and products of the SOFC can

be considered as ideal gases and their enthalpyeatrdpy
values are based on JANAF table references [7]s lalso
assumed that the values of the product gases #teg through
each of the heat exchangersktEX and AirHEX) are those for
which the temperature of the reactants at the ofl¢he SOFC
is the same (i.€l, = T,).

In the following sections the mathematical modals the
SOFC and absorption system are detailed. The peafoce of

the hot water heat exchanger is defined based en it

effectiveness in terms of temperatures:

max(Ty1—-T12,T14—T13)

EFFy,, = 1)

T11-Ti3

SOFC model

The SOFC is modeled as a control-volume systemhichw
fuel and oxidant streams enter and product gaseslée basic
assumptions for the SOFC are: the SOFC operateteatly-
state conditions, the pressure is constant, ath @ehcomplete
stoichiometric reaction takes place, the fuel delllocated
inside a thermal bath in order to maintain the r@esoperating
temperature, the outlet gas temperatures are égjtiaé SOFC
temperature, all heat transfer between the cell dsd
surroundings occurs through boundaries at the teatyre of
the fuel cell, the kinetic and gravitational potahtenergy
changes are negligible, and
thermodynamically reversible condition so the rateentropy
generation due to irreversibility’s is zero.

The electrochemical reaction that occurs within dmede
and cathode of the solid oxide fuel cell is deselibs follows:

H, +2.381-(0.21-0,+0.79 - N,) = )
H,0 + 1.881 - N, + Qp. + Wy, 2)
wherveC is the rate of work done by the fuel cell a(@,q is

the rate of heat transferred into the fuel cellnfrahe
surroundings.

Taking into account the previous
assumptions considered, the first and second
thermodynamics can be written as [8]:

NHz 'th| +N02 'h02|n+NN2'th|

in i in (3)
—Ny,o0 tho|out — Ny, - hy, |out + Qe — W =0
Nu, * i, |, + No, = So, |, + N, s, |,
Y : ch S (4)
_NH20 * SH20|0ut - NNZ * SN2|0‘u.t + T_fc‘l‘ Sg - 0

whereN is the molar flow rateh is the specific molar enthalpy,
s the specific molar entropyJi is the fuel cell absolute
temperature ancfg is the rate of entropy generation due to
irreversibility’s.

The previous equations can be simplified as:

NHZ “(hin — hout) + ch - ch =0 %)

954

reaction and the
law of

. Ofrc o
NH2 *(Sin — Sout) + T;C - Sg =0 (6)
whereh;, is the amount of enthalpy per mole of ¢arried into
the system by the reactant inflow ahg, is the amount of
enthalpy per mole of Htaken out of the system by the exhaust
stream containing the reaction products. The vhetad, and
Sout @re similar toh;, and h,, respectively. All these variables
can be determined by the following expressions:
hin = (hu, + 0.5 - hy, + 1.881 - th)m @
7
hour = (hu,o + 1.881 - th)out
Sin = (su, + 0.5 50, +1.881 'Swz)m -
8
Sout = (Suyo + 1.881 -sy,)
Assuming ideal, nondissipative operation, the qntro
generation is zero and substitution of eq. (6) i@pgives the
ideal power of the cell:

Wye = =Ny, - (Ah — Tf. - As) 9)
where Ah = h,,; — hy, and As = sy, — Sin  represent the
enthalpy and entropy change for the fuel cell ieact
respectively.

Inasmuch as the Gibbs free energy is givergbyh —T-s,
eq. (9) can be rewritten for isothermal operation:

ch = NHZ ' (gin - gout) = _NHZ -Ag (10)

Notice that the previous equation is valid providedt the
reactants and products streams are at the supperseérature
of operation of the cell. Since in this work thdl aoes not
operate isothermally (reactants are at a lower ézatpre than
the cell), eq. (10) is not valid and eq. (9) hasrbeised to
calculate the ideal power of the SOFC.

Once the ideal power is obtained, the maximum pbssi
efficiency when the process is reversible can befitated:

the SOFC operates under

Wpre  AR-TAs
nfc -

TNmgn T o (11)
For the isothermal hydrogen and oxygen reactiofotm
gaseous water, the teris is lower than zero, indicating that
heat is actually being lost from the fuel cell gyst However,
for the non-isothermal operation considered in thk, the
temperature of the reactants is lower than thahefproducts
and, under some conditions, the tetimicould be higher than
zero. Under these circumstances, eq. (9) physicalhyld
indicate that the fuel cell absorbs heat from thebiant and
converts it completely into electrical energy, wihfuel cell
efficiency higher than unity. This is of course paissible, so
operation at the supposed temperature of the ecelhat
achievable and the exit temperature of the prodwetsid be

lower [9].

Finally, it is noted that, in this work, the entmalchange
(Ah) used in egs. (9) and (11) is neither based onhipleer
heating value of the fuel nor on its lower heatiraue, but
rather on the actual enthalpy change for the faklreaction.



Absorption chiller model

The mathematical model of the absorption chillebésed
on the application of global mass, species andggniealances
and simple heat transfer equations. In formulating model
the following assumptions have been made: thegefant is
considered pure water, heat losses to the envirohrae
negligible, pressure drops are not consideredratail solution
conditions are assumed at the outlet of each ofdbe major
components (absorber, desorber, condenser andratapothe
temperature of the vapour leaving the desorberte(stain
Figure 2) is the saturation temperatufg) corresponding to
the pressure and concentration of the weak soletivering the
desorber (state 3), and the pumping process igtisgec.

For the solution heat exchanger a heat transfereimsed
on the effectiveness of the heat exchanger was tiseut

max(T3—T, T4 —Ts)

EFFys_ss = To—T,

(12)

For the generator, absorber, condenser and evapdhet
heat transfer is expressed by the closest apprescperature

(CAT):

CATG = min(le - T3eq, Tll - T4) (13)
CAT, = min(T; — Ty3,Tg — Ths) (14)
CAT; = min(Tyeq — T16, T — Tis) (15)
CATg = min(Tyg — To, Ty; — Tho) (16)

State equations used for the lithium bromide - wate
equilibrium and thermodynamic properties have been
calculated from McNeely [10]. The crystallizaticemperature
was calculated with the formulations of Péatek andnifar
[11]. The remainder model equations are not presehéere for
the sake of brevity, but they are described initifta similar
systems in [12, 13].

The mathematical model has been used to deterrhime t
thermodynamic state and the mass flow rates atyever
representative point in the thermodynamic cycle tbé
absorption system, as well as the heat flux in eheht
exchanger@;, Q4, Qc, O and Qyys_,,) and the power required
by the pump Idlp). The absorption system coefficient of
performance is obtained from eq. (17).
QE

COP = —
QctWp

17)

Efficiency of the combined system
The energy utilization coefficient for the combinggstem
is defined as the ratio of the useful energy exécdrom the
system (electrical, cooling and hot water produgtito the
energy of the fuel input (based on its higher imgatialue):
QE+Wrct+Qnw

PER = —
Ny, -HHVy,

(18)
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RESULTS AND DISCUSSION

The mathematical model described in the previogtige has
been programmed using Engineering Equation SolZ&S]
[14]. The model has been used to simulate and amalye
performance of an integrated hydrogen fuel celhvétLiBr-
water absorption system for combined productioelettricity,
cooling and hot water. The input parameters andabing
conditions considered for the analysis are indit@eTable 1.
The input data have been divided into three groups:
integration system data, specific data for the S@QRE specific
data of the absorption chiller.

Table 1. Operating conditions.

Parameters Values
Integrated syste
Fuel composition H, 100%
Air composition ﬁi %2//2
Inlet temperature of fuel and aif;(= Ts) 25°C
Operating pressure 100 kPa
Gases temperature variation to power absorptidiechi 25 0C
(AT =Ty~ Tiy)
Domestic hot water inlet temperatufies 15°C
Domestic hot water outlet temperatufes) 60 °C
Hot water heat exchanger efficien&HFny) 0.9
SOFC
Fuel utilization ratio 100%
Operating temperaturdf) 900 °C
Operating pressure 100 kPa
Absorption chiller
Generation temperaturé,j 95°C
Chilled water inle temperatureT;,) 12 °C
Chilled water outlet temperatur€;) 7°C
Congenser/absorber cooling water inlet temperature 30°C
(T13 - TlE)
Congenser/absorber cooling water outlet temperature 35 0
(T14 - Tle)
Closest approach temperatu@A[) in heat exchangers 5°C
Solution heat exchanger efficiend®HF y..«) 0.9
Pump isoentropic efficiency 1

Tables 2 and 3 show the direct results of the nategl
system and absorption system, considering theidatable 1
and a fuel molar flow rate of 1 mol/s.

It is known that for an absorption system, the GQfPeases
with increasing values of the evaporating tempeeatand
decreasing values of the absorption/condensatiopeeatures.
The evaporating temperature depends on the codliatgr
temperature required for a given application and tbe
difference between the cooling water and refrigeran
temperatures in the evaporat@ATg). The first one is a system
operating parameter and the second one is a laeafér design
parameter of the evaporator. Similarly, the
absorption/condensation temperatures depend orexteznal
sink temperature (usually water from a cooling tgwand the
closest approach temperatures in both componentis.then



clear that for a given application the value of @&T of the
different components should be reduced to a mininfiama
COP optimization.

Table - Thermc-fluid properties at each point of the integratestey

T(°C) N (mol/s) Composition (mol%)
1 25 1 H2: 100%
2 770 1 H2: 100%
3 25 2.381 02:21% N2: 79%
4 770 2.381 02:21% N2: 79%
5 900 2.881 H20: 34.7% N2: 65.3%
6 900 0.8215 H20: 34.7% N2: 65.3%
7 109 0.8215 H20: 34.7% N2: 65.3%
8 900 2.059 H20: 34.7% N2: 65.3%
9 10¢ 2.05¢ H20: 34.7% N2: 65.3¥
10 109 2.881 H20: 34.7% N2: 65.3%
11 84 2.881 H20: 34.7% N2: 65.3%
12 22 2.881 H20: 34.7% N2: 65.3¥
13 15 1.61 H20()): 100%
14 60 1.61 H20(l): 100%

Table 3. Calculated parametof the integration system (pmol/s of ).

Parametel Values
SOFC
Enthalpy change for the fuel cell reactidthy

Entropy change for the fuel cell reactiaxs)

-234409 (kJ/kmol)
-37.9 (kJ/kmol- K)

Electric power {.) 190 kW

Heat transfer rate to the ambie@) 444 .4 kW

Fuel cell efficiency i) 0.81
Absorption chiller

Evaporation/absorptiopressur 0.71 kP:

Condensation/generation pressure 7.38 kPa

Strong solution concentration 0.646

Weak solution concentration 0.575
Cooling power ;) 1.75 kW

COP 0.787
Integrated system

HHVy, 285830 kJ/kmol

H: heat exchanger efficiency K Fy,) 0.905

Air heat exchanger efficiencEFF,;,) 0.905

Hot water heating powet),,) 5.46 kW

PER 0.690

The performance of the absorption cycle is alstuanfced
by the generation temperature. Differing from thkeo three
temperatures which are practically fixed for a giepplication,
the generation temperature can be selected asakwiitg value
is lower than the heat source temperature level.

Figure 3 shows the effect of the generation tentpezaon
the absorption system COP, the absorber inlet teatyre and
the crystallization temperature at the absorbestinbnditions
(strong solution concentration and absorber pre3sitrcan be
seen that when the generation temperature incréasas4 to
100 °C, the COP varies from a low value of 0.76dfbps
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sharply for lower values of the generation tempegt to
values of around 0.785. However, for generationptenature
values higher than 95 °C the COP curve is relatiflat. With
respect to the absorber inlet temperature andrjystatlization
temperature, Figure 3 shows that the first oneciaes gently
with the generation temperature, but the secondi®rgghly
influenced by the generation temperature. Thisslrerease
of the crystallization temperature is due to theréase of the
strong solution concentration with the generatiemperature.
It can be seen that for generation temperaturesritinan 97 °C
the crystallization temperature is lower than thsaaber inlet
temperature.

The temperature range shown in the Figure 3 spaas t
practical generation temperatures for this appboat For
generation temperatures lower than 84 °C the oypbgation is
not possible and for values higher than 97 °C alysttion
occurs. The generation temperature value of 95RE was
chosen (see Table 1) leads to good COP values avigmall
margin to avoid crystallization.

| —coP  ---Tl6]  —-Toryst |
0.8 60
0.79 1550
| 50 v
Q 0.78- o
>
8 ] - 45 2
© 0774 g
] - 40 2
0.76 |35 2
0.75 30
84 88 92 96 100
T,(°C)

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

Figure 4 shows the effect of the gases temperatanation
to power the absorption chilleATg = T1o - T11) on the system
performance, considering a fuel molar flow ratelahol/s. It
can be seen that when increasing the gases temerat
variation to power the absorption chiller, the &liecpower of
the SOFC and the cooling power delivered by theomgdbi®n
chiller increase, while the hot water heating powemains
constant. Figure 4 also shows that wiAdiy increases, the fuel
cell efficiency increases from 88% to 100% andRiER of the
system increases from 74% to 82%.

When AT increases the temperature of the reactants at the
inlet of the SOFC decreases, as a result the entifalh) and
entropy (As) changes for the fuel cell reaction decreasexeSin
the variation of (F-As) is higher than that of &4h), the heat
released from the fuel cell to the surroundingsrefeses and
the ideal power of the cell increases until a 10ficiency is
reached. These particular conditions are for a rsive
adiabatic operation of the fuel cell. In this ams#dy increasing



ATg leads to higher values of PER because it is assuhs
the heat released from the fuel cell is dissip&teitie ambient.

N T
i e S 108,
5 0 L————- PER i
g 100 + 1o07%
a | =
0 F===== mem = e m o2 05
200 250 300 350 400
AT, (C)

Figure 4 Effect of the of the gases temperature variation to
power absorption chillerTg) on the system performance,
considering a fuel molar flow rate of 1 mol/s.

CONCLUSION

In this paper a mathematical model has been deséltp
simulate an integrated hydrogen fuel cell with @&rhivater
absorption system for the combined production etteicity,
cooling and hot water. The program and the matheaiat
model are divided into three modules:
absorption chiller module and the integrated systeodule.
Given the typical operating temperature conditimrsSOFCs,
domestic hot water demands and a LiBr-water abmorpt
chiller, the performance of the integrated systean de
evaluated. Once these temperature levels are fikedsffect of
the absorption system generation temperature aedg#ses
temperature variation to power the absorption ehitan be
scrutinized in order to determine optimum operatingditions.
It was shown that a generation temperature val8b6fC leads
to a high COP value with a small
crystallization. On the other hand, it was showat ihcreasing
the gases temperature variation to power the atisorphiller
results in higher electric powers, higher coolingwprs and
constant domestic hot water heating powers. Therggne
utilization coefficient for the integrated systenPER) is

expected to reach a maximum value of around 82% for

reversible adiabatic operation of the fuel cell.
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SOFC module,
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