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Abstract

Combined cooling, heating and power (CCHP) systems are characterized by a substantially higher energy-
utilization efficiency compared to standalone systems. In this study, an integrated system comprising a solid-
oxide fuel cell (SOFC), hot-water storage tank (HWST) and absorption refrigeration (AR) cycle is considered.

The SOFC model was developed in Aspen Plus®. It was used to determine the thermodynamic properties of the
exhaust gas that was then used to provide heat for the HWST and to drive the AR cycle. Thermodynamic models
for the AR cycles were developed in Engineering Equation Solver, considering LiBr-H,0 and NH,-H,0O as working
fluids. The sensitivity analysis of a number of SOFC output parameters has been carried out. The most optimal
case was characterized with the coefficient of performance (COP) and CCHP efficiency of 0.806 and 85.2% for

the LiBr-H,0 system, and 0.649 and 83.6% for the NH,-H,O system, respectively. Under such optimal operating
conditions, the SOFC was characterized by the net electrical efficiency of 57.5% and the net power output of 123.66
kW. Data from the optimal solution were used to perform the thermodynamic study and sensitivity analysis to
assess the influence of different absorption cycle operating conditions and to identify possible applications for
the considered integrated systems.
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Introduction

With the rising global mean temperature, which is pri-
marily caused by global warming, the heating and cooling
profile is forecasted to change. The demand for cooling is
expected to approximately be the same as that for heating
by 2030 [1]. For this reason, innovative concepts that com-
bine the production of cooling, heating and power from one
energy source, which are known as tri-generation or com-
bined cooling, heating and power (CCHP) plants, are being
developed [2]. Compared to standalone generation sys-
tems, a tri-generation system is characterized primarily by
a higher total efficiency, reduced fuel and energy costs, and
lower greenhouse-gas emissions. A tri-generation system
generally includes the prime mover, the heat-recovery
system, the cold-production system, and the management
and control system.

The most common prime movers utilized in
tri-generation systems are gas or steam turbines,
internal-combustion or Stirling engines and high-
temperature fuel cells, such as a solid-oxide fuel cell
(SOFCQ) [3, 4]. A micro-gas turbine (MGT) is considered as
one of the best existing primary movers for application in
combined systems [5]. Vera et al. [6] considered an MGT in-
tegrated with an organic Rankine cycle (ORC) for combined
heat and power generation based on biomass gasification.
This system was then used as a basis for the development

of a tri-generation system, which included an NH,-H,0
adsorption chiller, by El-Sattar et al. [7, 8]. Although the
overall efficiency of the CCHP system was reported to be
42-47%, the net electrical efficiency was only 20-22% with
the ORC. The study by Ozcan and Dincer [9] showed that
using the SOFC as the prime mover can increase the net
electrical efficiency of the tri-generation system based on
biomass gasification to 36.5% while achieving high CCHP
efficiency (42.2%). The SOFC is a high-temperature fuel
cell that typically operates at 600-1000°C and converts the
chemical energy of a fuel, such as carbon monoxide, me-
thane or other hydrocarbons and energy vectors, such as
hydrogen, into electrical energy [10]. The main advantages
of the SOFC over other prime movers are its high electrical
efficiency (50-60%) and the high temperature of the ex-
haust gas that can be further used for heating purposes
or/and cooling purposes by passing hot gases via an ab-
sorption refrigeration (AR) cycle. Despite these advantages,
the current literature indicates that such tri-generation
systems have not been thoroughly evaluated. Sulaiman
et al. [11] examined the thermodynamic performance of
the integration of the SOFC fuelled by methane and the
ORC system for cooling, heating and power production.
Their work has shown that the tri-generation system
can result in a 3-25% point increase in exergy efficiency
compared to the standalone power-cycle system. Yu et al.
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[12] presented a tri-generation system based on the SOFC
fuelled by natural gas and a double-effect LiBr-H,0 absorp-
tion chiller. The system can achieve a total efficiency of at
least 84%. Zhao et al. [13] proposed an integrated SOFC-
CCHP system that was fuelled by coke oven gas containing
a large amount of hydrogen. The SOFC operated at 6-13 bar
and was integrated with a gas turbine. The flue gas at the
exit of the heat-recovery steam generator, which produced
steam for a steam Rankine cycle, was used for district
heating. The latent heat of the steam leaving the steam
turbine was used for cooling in a single-effect LiBr-H,0
absorption chiller. Such a tri-generation system was char-
acterized by the electrical efficiency of the SOFC of >60%.
The total electrical efficiency and the total efficiency of the
SOFC-CCHP system were about 70% and 90%, respectively.
Venkataraman et al. [14] proposed a system that integrates
the SOFC fuelled by hydrogen and the NH,-H,0 system in
a truck to produce cooling for food refrigeration (trans-
portation storage) and electricity to power truck auxiliary
devices. The excess electricity was assumed to charge the
truck’s battery. The considered systems were coupled with
thermal oil and a gas-oil heat exchanger in which the oil
was heated to the temperature required by the desorber.
That study demonstrated that the SOFC with a power
output of <10 kW was sufficient to provide cooling for
small (0.7-ton), medium (12-ton) and large (40-ton) trucks,
considering a maximum temperature inside the refriger-
ation cabinet of -20°C. Elmer et al. [15] experimentally
investigated a tri-generation system based on the SOFC
fuelled by natural gas, LiBr-H,O system and hot-water cy-
linder. The SOFC was connected to the natural-gas grid and
to the electricity grid to export electricity. The exhaust gas
from the SOFC supplied heat to the AR system via a liquid-
desiccant system feeding hot flue gases to a hot-water cy-
linder. Due to the technical issue with the SOFC, the study
was performed using empirical data for the SOFC and
liquid-desiccant systems. Nevertheless, the study demon-
strated that the integration of a 1.5- and a 2-kW SOFC with
AR and a hot-water cylinder resulted in a total efficiency of
the tri-generation system of 68.9 and 71.1%, respectively.
The economic assessment of such a system, however,

Air

indicated that it was only feasible if additional incentives,
such as feed-in tariffs, were considered. This was mainly
due to a high capital cost of the SOFC and the necessity for
replacing the fuel-cell stack every 5 years. Hou et al. [16]
presented a distributed energy system based on a solar
methanol-reforming SOFC that combined gas turbine-
steam turbine (GT-ST) power-generation system with ab-
sorption heat pump-absorption regeneration (AHP-AR).
The results showed that the efficiency of the SOFC, total
electrical efficiency and total efficiency were 35%, 66% and
90%, respectively.

The AR systems that are mostly considered for integra-
tion with the SOFC are based on NH,-H,0 and LiBr-H,0
working fluids. However, the SOFC-CCHP systems consid-
ering these AR systems have not been directly compared
in the current literature. Therefore, this study aims to com-
pare the performance of the SOFC-CCHP systems based on
the NH,-H,0 and LiBr-H,0 working fluids and to determine
the optimum application. To achieve this, the SOFC is inte-
grated with a hot-water storage tank (HWST) and AR system
using a different pair of working fluids. The optimal output
parameters of the SOFC, which was modelled in Aspen
Plus®, for AR systems are determined. The thermodynamic
assessment is then performed using Engineering Equation
Solver (EES) to evaluate the performance of the LiBr-H,0
and NH,-H,0 absorption cycles under different operating
conditions. Finally, the sensitivity analysis is performed to
evaluate the effect of the key parameters of AR on the tri-
generation system performance. The LiBr-H,0 and NH,-H,0
systems are compared and analysed.

1 Model development and validation
1.1 The SOFC model

A SOFC model used in this study was developed by Hanak
et al. [17] based on the work presented by Zhang et al. [18].
This model has been revised to incorporate the electro-
chemical model of Doherty et al. [19] and enables the util-
ization of different fuels. The thermodynamic model has
been described in detail by Hanak et al. [17]. The schematic
diagram of the SOFC is shown in Fig. 1.
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Fig. 1: Schematic diagram of a solid-oxide fuel cell
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The considered electrochemical model utilizes the
Nernst equation, which is defined in Equation (1) to de-
termine the reversible Nernst voltage. Furthermore, to
account for the irreversibilities in the SOFC, the Ohmic
(Vohmic) [20], activation (Vactivation) [21] and concentration
(Vactivation) [22] losses are determined in Equations (1)—(4),
respectively. Finally, Equation (5) is used to estimate the
actual voltage (V) of the SOFC.
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V = VNernst — (Vohmic + VActivation + VConcentration) (5)

In Equations (1)-(4), Ag is the molar Gibbs free energy of
formation at 1 bar (J/mol); Teyg and Tsorc are the averages
of the temperatures between the SOFC inlet and outlet
streams and the SOFC operating temperature, respect-
ively (K); F is the Faraday constant (96 485 C/mol); Ry is
the molar gas constant (8.314 J/mol K); P; is the partial
pressure (bar) of gaseous component i; Py is the reference
pressure (1 bar); p; is the resistivity term (Qm) that is a
function of temperature [23]; D is the mean diameter of
a cell (m); t; is the cell component thickness (m); ka and
k¢ are pre-exponential factors (A/m? and are 2.13 x 108
and 1.49 x 10, respectively; m is the slope and is equal to
0.25; Ex and E¢ are activation energy (J/mol) with values
of 110 000 and 160 000, respectively; Psorc is the SOFC
operating pressure (Pa); fof is the effective diffusion co-
efficient (m?%s); y? is the mole fraction of gaseous compo-
nentiin bulk flow; j is the current density (A/m?. A, B and
do, are constants [19]; and wy is the interconnection width
(0.009 m). The SOFC model has been validated with the
data presented by Veyo et al. [24-26], Zhang et al. [19] and
Doherty et al. [18] (see the online Supplementary Data).
The input data for the SOFC model used in this study are
presented in Table 1.
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1.2 The AR model

Thermodynamic models for AR cycles have been devel-
oped using EES, as it comprises built-in external libraries
for LiBr-H,0 and NH,-H,0. In each of the considered AR
systems, the HWST has been implemented for waste-heat
utilization. The AR models have been developed consid-
ering the following assumptions [27, 28]:

+ the system is in steady state;

* temperature variations in the evaporator, condenser,
absorbent and generator are negligible;

« the throttling devices are adiabatic;

« the pressure drop and heat loss to the environment in all
components and connecting pipes and fittings are negligible;

+ the refrigerant leaving the condenser and the evapor-
ator is considered to be saturated liquid and saturated
vapour, respectively;

« the temperature difference between the outlet and inlet
of heat-rejection devices is 5°C (for both absorber and
condenser);

+ the temperature approach between the outlets of the heating
circuit and the generator solution/refrigerant is 10°C;

+ the temperature approach between the evaporator inlet
and cooling air supply (to the cooling application) is 5°C;

+ the temperature decrease through the condenser is as-
sumed to equal to 4°C (for NH,-H,0);

+ the equilibrium at high and low pressure corresponds
to the temperature and mass fraction of the NH,-H,0
solution in the condenser and evaporator, respectively
(for NH,-H,0);

Table 1: Input data for the SOFC simulation in Aspen[18, 19]
Plus®

Parameter Value
Fuel-inlet composition (%))
CH, 81.3
C,H, 2.9
C.H, 0.4
CH, 0.2
N, 14.3
CoO 0.9
Fuel flow rate (kg/s) 0.0056
Lower heating value of natural gas (MJ/kg) 38.45
Cell operating pressure (bar) 1.08
Power output (kW, DC) 120
Active area (m? 96.1
Cell-exhausts temperature (°C) 910
Inlet air temperature (°C) 630
Inlet fuel temperature (°C) 200
DC-to-AC inverter efficiency (-) 0.92
Overall fuel-utilization factor (-) 0.85
S/C ratio (-) 2.5

Temperature difference between the outlet of the 10
cold and hot streams in the recuperator (°C)
SOFC thermal losses (%) 2
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Fig. 2: Schematic diagram of the LiBr-H,O system

« negligible difference between the molar and mass frac-
tion of the ammonia-water mixture (for NH,-H,0); and

« the vapour quality of the evaporator outlet (state 13) is
0.975 (for NH,-H,0).

1.2.1 The LiBr-H,0 system
A single-effect LiBr-H,O system, the thermodynamic model
for which has been developed in EES, is presented in Fig. 2.
The AR system is integrated with the SOFC. Since exhaust
gas leaves the SOFC at a high temperature (>180°C), which
depends on the operating conditions of the SOFC, it is ne-
cessary to reduce its temperature to meet the temperature
requirements of the generator in the LiBr-H,0 system. This
is achieved in the gas—-water heat exchanger (GWHX) where
heat from the exhaust gas is used to heat up the water in a
storage tank. The exhaust gas leaves GWHX at state 17 and
transfers its remaining thermal energy to the generator at
the required temperature. It is then released into the en-
vironment at state 18. Heat is removed from the condenser
and the absorber using ambient air, which enters the con-
denser and the absorber at states 11 and 15, respectively. The
cooling effect is produced in the evaporator and is used to
cool the return air at state 13. The resulting colder air is sup-
plied to the cooling or refrigeration application at state 14.
The input parameters to the LiBr-H,0 model, the
thermodynamic equations and constraints for which are
presented in Table 2, are:

« mass flow rate and temperature of flue gases leaving
the SOFC;
+ supply and return temperature of the HWST (water,,

water_);

(=)

15 l1 6
Heat rejection

* the temperature of components in the internal loop,
including absorber (state 1), condenser (state 8) and
evaporator (state 10);

* inlet temperatures of the external coils, including the
condenser (state 11) and absorber (state 15), which are
equal to the assumed ambient air temperature;

 the temperature approach for the generator (between
states 18 and 4) and evaporator (states 14 and 10);

« the temperature difference between the inlet and outlet
of the absorber (states 15 and 16) and condenser (states
11 and 12);

« pump efficiency; and

« the effectiveness of the heat exchangers.

1.2.2 The NH,-H,O system

Fig. 3 shows the integration of the NH,-H,0O system with
the SOFC. As in the case of the LiBr-H,O system, the tem-
perature of the SOFC exhaust gas has been reduced in the
GWHX to meet the requirement of the generator. The ex-
haust gas leaves the GWHX at state 14 and transfers its
remaining thermal energy to the generator at the required
temperature. It is then released into the environment at
state 15. Heat is removed from the condenser and the ab-
sorber using ambient air, which enters the condenser and
the absorber at states 16 and 20, respectively. The cooling
effect is produced in the evaporator and is used to cool the
return air at state 18. The resulting colder air is supplied to
the cooling or refrigeration application at state 19. In con-
trast to the LiBr-H,0O system, the NH,-H,O system needs
a rectifier as the superheated vapour leaving the gener-
ator at state 8 comprises water droplets that need to be
removed before entering the condenser at state 10.
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Table 2: Equations and constraints for the LiBr-H,0 model
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Model equations

High-side pressure

Phigh = Psat(ts) = P2 = P3 = pa = Ps = p7 = Ps

Low-side pressure

Plow = Dsat (t10) = P1 = Ps = P9 = P10

Enthalpy at the condenser outlet

hg = hwater(t& p8)

Enthalpy at the evaporator outlet

th = hsteummpws (tIO, plO)

Enthalpy at the generator outlet

h7 = Nsteam_1aPws(t7, P7)

Effectiveness of GWHX

tsorc—t17

EGWHX = tsorc —twater,out

Heat-transfer rate of SOFC (equal to that of HWST)

Qsorc = Msorc - CPsorc - (tsorc — t17) = Qtank

Effectiveness of the generator heat exchanger

tiy—tig
tiy—ty

EGHX =

Temperature approach between flue gas outlet
and generator outlet

ATappg = tig —ta

Heat supplied to generator component

Qg = sorc - CPsorc - (t17 — tig) = My - hy + s -hg — M3 - hs

Weak and strong concentration of LiBr-H,O

Xweak = Xriprm,o0 (t1,p1) = X1 =Xo = X3

Xstrona = XTiRYHﬁO (t4, D4) = X4 = XS = X6

Enthalpy at state 4

ha = hyigrm,o(ts, Xa)

Mass flow rate of the strong solution

my - Xy = Mg - X, M1 = My = M3, Mg = Ms =y

Refrigerant mass flow rate

Yh7:}’i’l3—]’i’l4, m7:m8:m9:m10

Heat capacities of the strong- and
weak-solution streams

C2 = Yi’lz - Cp2 and C4 = Th4 - CPs

Specific heat for each stream

cp, and cp,4 are determined by external EES routine for
LiBr-H,0

Maximum heat-transfer rate

Qmax = Cmin . (t4 - tZ) ) Cmin = min{CZ, C4}

Actual heat-transfer rate

Quctual = €sHx * Qmax

Outlet temperatures at states 3 and 5

ty =t + Qmal and  tg = t, — Quma
Cy Cy

Enthalpy at states 3and 5

hs = hyigm,0 (t3,p3) and hs = hyg,0(ts, ps)

Enthalpy at states 6 and 9

hs = h5 and hg = hg

Enthalpy at state 2

Yi’lg'h2+7i’I4-h4fﬁ’I3'h37]"n5-h5IO

Heat-transfer rate at the absorber, condenser
and evaporator

Qq = 1o - hio + T - he — 1y - hy
Q =1y - (hy — hg)

Qe = 1o - (10 — ho)

Required pump work within solution cycle

W, = M(P2—p1)
p P1

Density at state 1

p1 = pLizri0 (t1,P1)

p1 1s obtained from an external EES routine for LiBr-H,0

Coefficient of performance (COP) of the system

Efficiency of combined cooling and power plant
(CCP) and
combined cooling, heating and power
plant (CCHP)

COP = -2
Qy+Wp
_ QN — Qe+No+Qugne
NCCP = g THV and nccup = P LAV

Model constraints

Minimum allowable generator temperature

tGmin =2 - tc — te

Critical LiBr-H,0 concentrations for the weak and

strong solutions [29]

0.0809+t; +61.341
X1 = *1(1)3

__ 0.0809xt3+61.341
XC4 1%0
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Fig. 3: Schematic diagram of the NH,-H,O system

The input parameters to the NH,-H,0 model, the
thermodynamic equations and constraints for which are
presented in Table 3, are:

« mass flow rate and temperature of flue gases leaving
the SOFC;

 supply and return temperature of the hot-water storage
tank (water, , water_);

 the temperature of components in the internal loop,
including the absorber (state 1), condenser (state
11) and evaporator (state 12);

* inlet temperatures of the external coils: condenser
(state 16) and absorber (state 20), which are equal to the
assumed ambient air temperature;

« the temperature approach for the generator (between
states 18 and 7) and evaporator (states 14 and 10);

« the temperature difference between the inlet and outlet
of the absorber (states 20 and 21) and condenser (states
16 and 17);

« pump efficiency; and

« the effectiveness of the heat exchangers.

1.2.3 Validation of the AR models

The thermodynamic models for the LiBr-H,O and NH,~
H,0 systems were validated using the data presented
in the literature. The LiBr-H,0 model was validated
using data presented by Rubio-Maya [30] and the NH,-
H,0 model was validated using data presented by Keith
et al. [31]. The input parameters used to validate the AR
models are listed in Table 4. Validation of the AR models
focused only on the internal loop of the AR cycles, as
the reference data (temperature, pressure, flow rates)
are independent of the external loop. The coefficient of
performance (COP) was used as the key performance

)
20F ¢21

Heat rejection

indicator to assess the performance of the AR system.
As the comparison model did not consider the heat re-
covery from the rectifier, the heat-transfer rate in the
rectifier was included in the COP calculations, as shown
in Equation (6):

cop— L 6)
Qg +Qr+W,y

Table 5 reveals the performance prediction of the models
developed in this work and its comparison with the ref-
erence data. Overall, the prediction of both AR models
was found to be close to that reported in the literature.
The prediction of the LiBr-H,O model is consistent with
that presented by Rubio-Maya et al. [30]. The difference
in the COP and the generator heat-transfer rate re-
sulted from the calculation method used in this work.
Namely, this work assumed that the temperature of the
vapour refrigerant was in equilibrium with the con-
centration of the weak LiBr solution. On the contrary,
the reference model assumed that the generator-outlet
temperatures of the weak LiBr solution and refrigerant
were the same. Moreover, the difference in the pressure
and LiBr concentration were due to different sources of
thermodynamic properties used in this work and in the
reference model.

The prediction of the NH,-H,0 model developed in this
work was observed to closely reflect the prediction of the
model presented by Keith et al. [31]. The largest deviation
was observed for the rectifier heat-transfer rate, which was
<5% lower than that in the reference model. Similarly to
the LiBr-H,0 system, this can be associated with different
sources of thermodynamic properties used in this work
and in the reference model.
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Table 3: Equations and constraints for the NH,-H,0 model

Matuszny et al.

Model equations

Heat applied to the generator from the external circuit

Qg=mS~hg+n.’l5~h57m4'h4

Mass fraction of vapour at state 10

Y10 = YNH;H,0(t105 P10guess» Q0 = 1)

High-side pressure at state 11 (calculations involve iterative
technique)

P11 = PNHsH,0(t11, X11, Q11 = 0)

Converged value of p, , fixes other high pressures inside a system

P11 = P2 = P3 = P4 = Ps = Pe = Pg = P9 = P10

Enthalpy of liquid solution at state 11

h11 = hnmas,o(tia, X11, Q11 = 0)

Mass fraction of liquid and vapour

X12 = XNH;H,0(t12, P12, Q12 = 0)

Y12 = YNtsH,0(t12, P12, Q12 = 1)

Enthalpy of liquid and vapour solutions

h121 = hnpan,o (f12,X12, Q2 = 0)

h12y = hnpg,0(t12, Y12, Q12 = 1)

Enthalpy before and after the expansion valve

hll = h12

Enthalpy equality between liquid and vapour solution

f _ hu—hi,
1 hip1—hioy

Actual mass fraction at state 12

X11—1
X12,qctual = 1+ “T

Low-side pressure in the system (the new value of p , is used in a
repeat loop of calculations to find a new estimate for a mass
fraction at state 12)

P12 = PNH;H,0(t12, X12,actual, Q12 = 0)

Convergence criteria

P12 =Pp1=p7

Mass fractions and enthalpy for the known outlet temperature of
the absorber

X1 = XNH,H,0(t1,P1,Q1 = 0)

h1 = hnw,n,0(t1, X1, Q1 = 0)

Applying mass-fraction equilibrium for a rich solution (x, = x,= x,=x,)
as well as assuming that the mass fraction of a dripped solution
is in equilibrium with an incoming rich solution (x, = x,), the
temperature and enthalpy at state 9

to = tnH,H,0(P9, X9, Qo = 0)

hg = hnp,m,0(te, X9, Qs = 0)

Since t, = t,, the mass fraction of the vapour solution at state 8

Y8 = YNH;H,0(ts, P8, Qs = 1)

hg = hnm,n,0(ts, ys, Qs = 1)

Mass-fraction equality exists for a weak solution (x,= x,=x,)

X5 = XNH;H,0(ts, Ps, Qs = 0)

hs = hnw,n,0(ts, Xs, Qs = 0)

Converged mass fraction of liquid solution at state 12 is in equilibrium
with the vapour solution leaving the evaporator (x,,=y,.). With that
equality and assumption, that vapour quality at this state is 0.975

t13 = tnm,H,0(P13, Y13, Qi3 = 0.975)

his = hnw,m,o0(t13, y13, Qi3 = 0.975

Mass flow rates in a system (o is the mass fraction of ammonia
in liquid or vapour state)

Zm:Zm and Zrh-w:zrimw

out n out

Mass flow-rates equality for rich, weak and refrigerant solutions

My =my =Mms =My
Ms = Mg = My

mlO = mll = thz = m13

Relation governing the mass balance around the generator that
links the heat input to the generator with mass fractions

ﬁ’l4-X4+ﬁ’19~X9 =m8~y8+7’i’15~X5
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Table 3: Continued

Model equations

Mass and energy balance for the rectifier

g - hg + My - hy — M3z - h3 — g - hg — Ty - h1o =0
Mg = Mg + My

Qr:m8'h8_m10‘h10_m9‘h9

Mass balance for the absorber

Mg + 1y =1y =f - 1ys, f= 2o

Xg4—Xs

Heat-transfer rate for the rectifier

Q =1y -cpy- (t3 — t)

Specific heat of the NH,-H,0O solution

cp2 = Xz - cpnus + (1 — X2) - CPu2o

Enthalpy at state 6

he = hxm,m,0(te, X6, Qs = 0)

Energy balance for the SHX

M3 -hs +Ms -hs —my -hy — Mg -hg =0

Heat-transfer rate for the remaining absorption refrigeration
components

Qq =tz - iz + 1y -y — 1y -y
Q: =g - (h1o — 1)
Q. =1y - (h13 — hyp)
Qsix = M3 - (hg — hs)

Solution pump work

sz(pzfplyul-%l-moo

U1 = Unn,n,0(t1,p1, Q1 = 0)

COP of the system - &
Y COP = G,

Efficiency of the CCP and CCHP —— m%;?filv and necup = %
Model constrains
Restriction in a mass fraction Ax=X1—Xs >0
Table 4: Process conditions as input to the AR systems
Parameter LiBr-H,0 NH3-H,0

Symbol Value Symbol Value
Absorber temperature (°C) t, 35.5 t, 40
Condenser temperature (°C) t, 39.8 t, 40
Inlet cooling temperature of absorber and condenser t,=t. 25 t=1, 25
Evaporator temperature t, 8.6 t, -10
Generator-outlet temperature t, 84.8 t; 124
Mass flow rate of weak solution (kg/s) m, - m, 1
Effectiveness of generator and solution heat exchanger €oux = Eonx 0.707 € = Conx 0.8
Effectiveness of evaporator and gas-water heat exchanger €k 0.64 €k 0.64
Evaporator cooling load (kW) Q, 201.29 - -
Difference in mass fraction between strong and weak solutions - - Ay 0.1
Vapour quality at the evaporator outlet Q,, - Q,, 0.975
Temperature approach for generator Aapp,g 10 Aapp,g 10
Temperature difference for condenser and absorber AT = AT, 5 AT = AT, 5
Water-storage-tank inlet/outlet temperature waterin/ Cwaterout 40/90 taterin’ Corater out 40/90
Pump efficiency p 0.95 p 0.95

2 Results and discussion

The SOFC model was used to generate 15 cases by varying
the fuel utilization between 75% and 95% and the current
density between 100 and 300 mA/cm? (Table 6). The output

from the SOFC model was used as an input to the considered
AR systems. The combined results were used to examine
the COP of cold production and CCHP efficiency of the in-
tegrated system. For each of the considered AR systems,
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Table 5: Validation of LiBr-H,0O and NH,-H,0 models

LiBr-H,0

NH3-H,0

Keith et al. [31] ARD%

This work

Rubio-Maya et al. [30] ARD%

This work

Parameter

0.06
0.90
0.00
0.07
0.07
0.38
0.50
1.09
1.34
0.20
0.95
0.52
4.93
0.90

1.555
0.288

1.556
0.2906

4.35
0.

0.00735

0.007030
0.001118
0.696600
0.782300
0.085660
0.599200
0.533600
247.9000
211.2000
201.3000
256.4000
0.785200

High-side pressure (MPa)
Low-side pressure (MPa)

18

0.00112

5.71
5.01

0.

0.65900
0.74500

Rich-solution mass flow rate (kg/s)
Weak-solution mass flow rate (kg/s)

Refrigerant mass flow rate (kg/s)

0.858

0.8574
0.1529
0.3986
0.2986

0.153

40
07

0.08600
0.59960
0.53070
247.470
213.370
201.300

259.550

0.3971
0.2971
275.8
157.2
147.2

0.

LiBr or NH, concentration in strong solution (-)

0.55
0.17
1.02
0.00
1.21
1.25

LiBr or NH, concentration in weak solution (-)

Absorber heat-transfer rate (kW)

272.8
159.3
147.5

Condenser heat-transfer rate (kW)
Evaporator heat-transfer rate (kW)
Generator heat-transfer rate (kW)

Coefficient of performance (-)

284.2
0.445

286.9
0.4473

0.77550

45
256

42.78

Rectifier heat-transfer rate (kW)
SHX heat-transfer rate (kW)

258.3
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the most optimal operating conditions of the SOFC, which
yield the highest CCHP efficiency, have been determined.
The results for the most favourable operating conditions of
the AR systems were used to perform the sensitivity ana-
lysis to evaluate the effect of the operating conditions on
the AR-system performance. Different cooling applications
were also investigated to determine the required evaporator
temperature and corresponding COP for each cooling and
refrigeration application for both considered AR systems.

2.1 SOFC performance

The performance of the SOFC under varying operating con-
ditions is presented in Table 6, including the thermodynamic
performance and the characteristics of the SOFC exhaust
gas (state 15 in Fig. 1). This analysis revealed that Case 6,
in which the SOFC operated with a fuel-utilization factor of
0.85 and a current density of 100 mA/cm?, was characterized
with the highest net power output and the electrical effi-
ciency of 123.66 kW and 57.5%, respectively. In Cases 6-15, an
increase in the current density resulted in a reduction in the
net power output and, subsequently, the electrical efficiency
of the SOFC. Conversely, an increase in the fuel-utilization
factor at constant current density led to an increase in the
SOFC power output and, subsequently, electrical efficiency.
Because fuel utilization of >85% can be difficult to achieve,
Case 6 was considered in further analysis. It also needs to be
emphasized that the lower the current density, the higher
the SOFC area required. This will subsequently lead to a
higher capital cost of the SOFC. The economic assessment is
out of the scope of this work. Moreover, determination of the
optimum operating conditions for the combined SOFC-AR
system needs to consider the CCHP performance.

2.2 Integrated-system performance

As the models developed in this work were shown to ac-
curately represent both LiBr-H,0 and NH,-H,0O systems,
these were used to assess the performance of the AR inte-
grated with the SOFC and HWST.

Table 7 presents the performance of the integrated LiBr-
H,0 system. The best operating conditions for the AR cycle
and the integrated system have been observed in Case 6 that
is characterized by a COP of 0.8058 and CCHP efficiency of
85.2%. It can be observed that Case 1, for which the tempera-
ture and mass flow rate of the exhaust gas from the SOFC
were higher than those in Case 6, achieved similar COP and
CCHP efficiency. This indicates that the performance of the
considered integrated system is not significantly influenced
by a SOFC exhaust-gas temperature >150°C. Conversely, if
the temperature of the SOFC exhaust gas fell to <150°C, the
performance of the AR cycle and the integrated system was
substantially affected. This can be clearly seen in Case 5 in
which the exhaust-gas temperature is 123.3°C and the cor-
responding COP and CCHP efficiency are 0.3869 and 72.2%,
respectively. Moreover, the minimum generator-outlet tem-
perature for the integrated LiBr-H,0 system is 71°C. This

120z Atenige 60 uo Jasn wopbury palun ayl 1o Awepedy aousjeq Aq Z9vyy09/8ZE/v//819111e/80/woo dnoolwapeoe//:sdiy wWoll papeojumoq



Clean Energy, 2020, Vol. 4, No. 4

338

Downloaded from https://academic.oup.com/ce/article/4/4/328/6044462 by Defence Academy of the United Kingdom user on 09 February 2021

¢eeLo 16950 968¢€0 80'6 g£'ec 96'Ce LVETT STL £'ect S [eUISIBN
LYEL O 798%°0 T0€EL0 08'¥¢C 96°€E LV'ES 7664 (Oh 74 C¢9eT ST
vSvL0 8%05°0 9.0 vive cvee 18°1S SS¥8 SvL L'8ET i4% 1004
8%9/°0 $5¢S0 €/SL°0 70'¥¢C vL1e 7S1S 6068 1'SL 9'1¥1 el
ceLL 0 1¢vS0 €89/4°0 ST'ec €1'0¢ SL'6Y VASRXS) 8'SL SP1 Ccl
v6/LL°0 LL65°0 4740 ¢C'81 ¥S'¥e AN 6%'0TT YL €8¢l 14
SEBL0 6550 084£°0 9¢g'¢Ce SL'8¢C £e'87 T0'86 99, T'6vl T a8eIaAy
SL6£°0 69450 €984°0 08'T¢C [ YAVAS IAWAY ¥'c0t 9'/LL PST (0)5
97080 ¢C6S0 ce6L°0 SL°0C 91'9¢ €L'Sy 9/°90T 88/ 091 €
10¢8°0 66090 68640 YA ve'ac 9¢'Sy LO'TIT 708 6°/91 6
S6¢8°0 ¢85S0 £S08°0 98'CC LE°8¢C 8C'€S L¥'C0T 9S8 8'¢6l 4
T¥€8°0 89C9°0 T€08°0 €961 Yrve Sichaid €e'S1T 78 8LLT 8
SLEBO T0%9°0 95080 6C'81 1/CC IS¢y 7S6TT 1'S8 L'16T L
9/¥%8°0 69950 L1080 8¢V I¥'0¢ S¥'09 89°L6 16 S'1S¢ 1 rewndo
¥¢S8°0 S959°0 8508°0 69°/T S6°'TC 81°¢Cy 99°'¢Ct 1'68 e 9 rewndo 1soN
(=) 42U (=) b (=) da00 (m2)°D (ma) °o (my) SMHY () °N (O) " (0.) 1 asen sI91owWered
w2sAs O°H-IGIT po1eIS8a1UL 8} JO SDURULIONS] :/ S[qBL
YL6L  SS¥8 6068 [S€6  10'86 w20l L0TIT  €ESTT $S6LT  99°€cl  [¥€ll  6¥OLT 9490  [¥T0L 8946 (m) mdino emod 19N
TviE g6t STh s'ep 9'sh i, [18 L€S 9'ss 'S s vIs L6h Iy S'sh (%) £ous1OYJ3 [RIINOD[ 12N
SOT 50T 90T 90’1 [0T [0T 60'T o't 4% ST 0T 90T 80'T Tt [Tt (D.851/(2)) 189y dywads
2940 T9L0 1940  T9/0 09/ 652°0 510 SSL°0 €520 6v£°0 190 0920 854°0 520 0520 (-) uonoey ssew ‘N
€020 1020 8610  S6L0 1610 981°0 7450 1910 410 210 861°0 061°0 081°0 €91°0 €ET0 () uonoey ssew °Q
S100 /100 8T00 0200 2200 ¥20°0 €00 €00 500 950°0 8100 2200 820°0 9800 2500 () uonoely ssew 0°H
6100 1200 €200 SO0 8200 €00 0%0°0 %00 9500 0£0°0 £20°0 820°0 €00 900 $90'0 () uonoey ssew ‘0D
790 £50 €50 8%°0 €50 6€°0 0£°0 92°0 120 (10 £€5°0 €50 $£°0 920 810 (s/33) 3181 moyy sseN
80T 80T 80T 80'T 80'T 80T 80T 80'T 80'T 80'T 80'T 80'T 80'T 80°T 80'T (req) amssa1q
€81z €S%¢ €€ 8T TSC 6492 £'90¢ 6'€€E vTLE Tty 5T8t T¥ee 982 §8/E  S'8ES (Do) armeradwa,
s1oyowered indino HJOS Pa1d9[es 10j SNSAY
00€ 08z 092 0¥z (144 002 091 0¥t ozt 00T 081 081 081 081 08t (uro/vu) Kysusp jusLInD
$80  S8°0 580 $8°0 80 80 $8°0 80 80 80 60 60 $8°0 80 SL0 (-) 103083 uonEZIIN-]oNI
s1oyoweied a[qeLiEA
ST 1 €T zt T ot 6 8 L 9 S z aseo/191oWereq

s1o1owered ndino pajds[ss 10§ SINSAI UOTIR[NWIS DIOS :9 d[qeL



means that, in Case 5, the AR cycle operates under mar-
ginal conditions with a generator-outlet temperature (t,) of
71.5°C. Since Case 6 achieved the most optimal operating
conditions among the considered cases, it will be used in
further analysis of the integrated LiBr-H,0 system.

The performance of the integrated NH,-H,O system is
presented in Table 8. The best performance of the NH,-
H,0 system has been observed in Case 1, for which the
COP was 0.6571. Yet, considering the combined heat and
power (CHP) efficiency of the integrated NH,-H,O system,
which comprises the SOFC and the GWHX, Case 6 has been
shown to yield the best performance, with a COP equal to
0.6490 and CCHP efficiency of 83.6%. Therefore, Case 6 is
considered in further analysis of the integrated NH,-H,O
system. Similarly to the integrated LiBr-H,O system, if
the temperature of the SOFC exhaust gas fell to <150°C,
the performance of the NH,-H,O cycle and the integrated
system was substantially affected. In Case 5, in which
the exhaust-gas temperature was 123.3°C, the COP and
CCHP efficiency of the integrated NH,-H,0 system were
only 0.1466 and 69.6%, respectively. It can be noted that
the same operating conditions of the SOFC resulted in
the most optimum case for both considered AR systems,
enabling a direct comparison.

2.3 Effect of absorber and condenser
temperature on integrated-system performance

In the considered AR cycles, heat rejection takes place in the
absorber and the condenser, with both units being cooled
using ambient air. The effect of the operating temperature
of these unit operations on the performance of the AR cycles
and the integrated systems was assessed by varying the initial
value (35.5°C for the absorber and 39.8°C for the condenser) by
+15%. The effects of the absorber temperature on the COP and
heat-transfer rate in the evaporator and the generator for the
integrated LiBr-H,0 and NH_-H,O systems are shown in Fig. 4.
In both AR cycles, an increase in the absorber temperature re-
sulted in a decrease in the COP, leading to subsequent reduc-
tions in the CCHP efficiency and the heat-transfer rates in the
evaporator and the generator. Importantly, for each 5% vari-
ation in the absorber temperature, the COP changed by +0.7%
and +1.1% for the LiBr-H,0 system and the NH,-H,O system,
respectively. In the NH,-H,O system, a sharp drop in the COP
was observed when the absorber temperature was equal to
the condenser temperature (39.8°C). It also needs to be high-
lighted that the CCHP efficiency was not as significantly influ-
enced by the absorber temperature as was the CHP efficiency.
Yet, operation at lower absorber temperatures, which depend
on the inlet temperature of the cooling air, would result in
maximizing the overall system efficiency.

Furthermore, the effect of the absorber temperature on
the concentration of weak and strong solutions in both in-
tegrated systems is presented in Fig. 5. For the LiBr-H,0
system (Fig. 5a), an increase in the absorber temperature
led to a nearly linear increase in the solution concentration.
Consequently, the solution concentrations were shown to

Table 8: Performance of the integrated NH,-H,O system

necenp (—)
0.8364
0.8273
0.8201
0.8142
0.8079
0.7984
0.7811
0.7715
0.7552
0.7520
0.7422
0.7307
0.7094
0.6954
0.6962

COP (—) ncer(—)

Qe (kW)
14.26
20.00

Q, (kW)
21.89
30.34

22.63

QHWST (kW)

42.18

Nel (kW)

123.66

t;(°C)

t,, (°C)
211.4
2515

Case

Parameters

0.6405
0.5465
0.6227
0.6069
0.5604
0.5882
0.5687
0.5508
0.5308
0.5703
0.5112
0.4914
0.4688
0.4472

0.6490
0.6571
0.6391
0.6270
0.6406
0.6136
0.5984
0.5821
0.5642
0.4984
0.5450
0.5243
0.5022
0.4780
0.1466

89.6

6
1
7
8
2
9

Most optimal

97.68 60.45

119.54

97.8

14.53

42.51

85.1

191.7

Optimal

15.35
18.19
15.58
15.70
16.19
16.28

12.31

24.35

177.8 82.4 115.33 44.65
193.8

167.9
160

28.27

53.28
45.26

102.47

85.6

25.24
26.04
27.59

28.59

111.07

80.4

45.73

106.76

8.8
77.6

76.6

47.51

102.41

154

10
11
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48.33

98.01

149.1

Average

24.39

39.12
49.75

74.4 110.49

138.3
145

4
12
13

16.49
16.72

29.96

93.57

75.8
75.1

31.55

51.54
51.81
53.47
32.96

89.09
84.55

141.6

Poor

16.38
16.35

32.23
33.74

23.11

74.5

138.7
136.2
1233

14
15

79.94
113.47

74.0

0.5432

3.493

71.5

5

Marginal
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Fig. 4: Absorber-temperature influence on the COP and evaporator/generator heat-transfer rates for (a) the integrated LiBr-H,O system and (b) the

integrated NH,~H,O system

gradually approach the crystallization limit. It needs to be
emphasized, therefore, that the absorber temperature in the
LiBr-H,O system needs to be carefully monitored to prevent
the precipitation of LiBr crystals. The inverse correlation
was observed for the NH,-H,0O system (Fig. 5b), as an in-
crease in the absorber temperature resulted in a reduction
in the solution concentration. This can be associated with
the increased volatility of NH, at higher temperatures.

A variation in the condenser temperature has been
shown to influence the performance of both integrated
systems in a similar manner as does a variation in the ab-
sorber temperature. Namely, for each 5% variation in the
condenser temperature, the COP changed by +0.5% and
+1.2% for the LiBr-H,0 system and the NH,-H,O system, re-
spectively, as shown in Fig. 6. However, the opposite trends
for the concentration of strong solutions were observed. In
the LiBr-H,O system, a 5% increase in the condenser tem-
perature resulted in a decrease in the LiBr concentration in
the strong solution from 0.6183 to 0.6160. Conversely, in the
NH,-H,O system, a 5% increase in the condenser tempera-
ture resulted in an increase in the NH, concentration in
the strong solution from 0.4579 to 0.4610. A variation in the

condenser temperature resulted only in variation in the
concentration of the strong solution, as the high pressure
in the AR cycle is dictated by the saturation temperature
in the condenser that, in turn, influences the rich-solution
concentration. It is important to emphasize that, in the
NH,-H,O system, the COP is more significantly influenced
when the temperature of the condenser falls below the
temperature of the absorber. The effect of the condenser
temperature on the CCHP efficiency is small, as in the case
of the absorber temperature. This is because the cooling
output in the evaporator accounts for ~10% of the total
output of the integrated system (Table 8). Nevertheless,
in both integrated systems, the condenser temperature
should be maximized to avoid challenges with solution
crystallization (LiBr-H,0) and volatility (NH,-H,0).

2.4 Effect of evaporator temperature on
integrated-system performance

The evaporator is a key unit operation in the AR system, as
it produces the cooling effect. Therefore, a sensitivity ana-
lysis was performed to evaluate the effect of the evaporator
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Fig. 5: Absorber-temperature influence on the solution concentration for (a) the integrated LiBr-H,0 system and (b) the integrated NH,-H,O system

temperature on the performance of the integrated sys-
tems. It is important to emphasize that the evaporator
temperature is dictated by the working fluid used in the
AR cycle, as, depending on its composition, the minimum
evaporator temperature can be determined. For the LiBr-
H,O system, the evaporator temperature needs to be kept
>0°C to avoid freezing of the water. Fig. 7 reveals the effect
of the evaporator temperature on the performance of the
integrated LiBr-H,O system. It has been shown that a 1°C
decrease in the evaporator temperature results in a reduc-
tion in the COP and CCHP efficiency of 0.6% and 0.13%,
respectively. The decrease in the evaporator temperature
also resulted in a subsequent increase in the LiBr concen-
tration in both strong and weak solutions. The substantial
concentration difference was shown to be maintained at
all evaporator temperatures considered in this sensitivity
analysis. This implies that no operational issues should
occur in the LiBr-H,0 system.

Conversely to the LiBr-H,0 system, the NH,-H,O system
can operate with negative evaporator temperatures, pro-
viding a cooling effect at substantially lower temperat-
ures. Therefore, the sensitivity analysis was performed by
varying the evaporator temperature between -20°C and
20°C. The effect of the evaporator temperature on the per-
formance of the integrated NH,-H,O system is shown in

Fig. 8. The sensitivity analysis has revealed the near-linear
correlation between the evaporator temperature and the
performance of the integrated NH,-H,O system. A 1°C re-
duction in the evaporator temperature resulted in a sub-
sequent reduction in the COP and CCHP efficiency by 1.1%
and 0.7%, respectively. Such a drop in the performance
is sharper than that in the integrated LiBr-H,O system.
Moreover, comparing the results for both considered in-
tegrated systems, it can be concluded that the perform-
ance of the integrated NH,-H,O system (i.e. COP of 0.665
at 10°C) is inferior to the integrated LiBr-H,O system (i.e.
COP of 0.815 at 10°C) for evaporator temperatures >0°C.
However, the benefit of the former integrated system is
that it can operate with negative evaporator temperatures.
Nevertheless, it is important to highlight that the COP of
the NH,-H,O system decreases from 0.554 at 0°C to 0.341 at
-20°C, leading to a subsequent reduction in the CCHP effi-
ciency from 82.3% to 79.6%. Therefore, the selection of the
integrated system will depend on the cooling application
and the evaporator temperature requirement.

2.5 System-pressure analysis

Each considered AR cycle comprises two pressure levels
that are determined from the desired operating conditions
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Fig. 7: Effect of the evaporator temperature on the COP and solution concentrations in the integrated LiBr-H,O system

of the specific AR cycle. Namely, a high-pressure side is de-
termined by the saturation temperature of the condenser
and a low-pressure side is influenced by the saturation
temperature of the evaporator. A sensitivity analysis has

been performed by varying the operating temperature by
+15% to determine the influence of the operating tempera-
ture of the condenser and the evaporator on the system
pressure. The results for the integrated LiBr-H,O system
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and the integrated NH,-H,O system are presented in increase of 1.5% (the LiBr-H,0O system) and 3% (the NH_-
Fig. 9a and 9b. For both considered systems, a decrease in H,O system). In contrast, a 5% increase in the condenser
the evaporator temperature (low-pressure side) resulted in temperature (high-pressure side) resulted in a pressure
a small reduction in the pressure. Namely, a 5% increase increase of 11% and 6% in the LiBr-H,O system and the
in the evaporator temperature resulted in a pressure NH,-H,0 system, respectively. Importantly, the pressure at
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the low-pressure side of the AR cycles was shown to be
more stable within the considered temperature range and
would remain constant for a specific cooling application.
Conversely, the condenser temperature is influenced by
ambient conditions, which could be subject to seasonal
variability. This implies the importance of maintaining the
condenser temperature at the optimal operating point, es-
pecially for the NH,-H,0 system. This is because excessive
pressure can result in system failure and toxic NH, release.

2.6 Heat-exchanger analysis

The integrated system comprises three main heat ex-
changers: (i) the GWHX, which recovers high-grade heat
from the SOFC exhaust gas for HWST and conditions the
exhaust gas to meet the temperature required by the AR
cycle; (ii) the generator heat exchanger (GHX) in which heat

from the SOFC exhaust gas is transferred to the AR cycle;
and (iii) the solution heat exchanger (SHX), which preheats
the weak solution in the LiBr-H,0 system (or strong solu-
tion in the NH,-H,O system) by exchanging heat with the
return solution from the generator. All heat exchangers
were modelled using a specified heat-exchanger effective-
ness. This parameter has been varied between 0 (no heat
transfer) and 1 (maximum heat transfer) for the SHX to
assess the influence of the heat-exchanger effectiveness
on the integrated-system performance. For the GWHX
and GHX, the effectiveness has been varied by +15% (5%
interval) with respect to the initial values in Table 4.

Fig. 10 reveals that that effectiveness of the SHX has a
significant impact on the COP, especially in the NH,-H,0
system. This analysis confirmed the need for the SHX in
the AR cycles. The COP in the systems without the SHX
was 16% and 31% lower for the LiBr-H,O system and the
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NH,-H,O system, respectively, as compared to that in the
systems with the SHX at an effectiveness of 0.8. It is im-
portant to emphasize that the effectiveness of the SHX
had a small influence on the CCHP efficiency. An increase
in the SHX effectiveness from 0.8 to 0.95 resulted in a
CCHP efficiency increase from 85.2% to 85.3% for the in-
tegrated LiBr-H,O system and 83.7% to 84.3% for the in-
tegrated NH,-H,O system. Such an increase would not be
justified from an economic standpoint, as it would need an
increase in the heat-transfer area of the SHX, leading to a
higher capital cost. The performance of the integrated sys-
tems was shown to be more influenced by the variation in
the effectiveness of the GHX and the GWHX. In the latter
case, an increase in the effectiveness resulted in a mar-
ginal variation in the COP in the LiBr-H,0O system and a
decrease in the COP in the NH,-H,O system (i.e. a 10% in-
crease in the effectiveness from 0.640 to 0.704 resulted in a
COP decrease from 0.649 to 0.638). However, such a change
in the GWHX resulted in 0.7-0.8% increase in the CCHP
efficiency in both systems, because more heat was trans-
ferred from the SOFC exhaust gas to the HWST. In turn,
the temperature of the SOFC exhaust gas at the inlet to
the generator in the AC cycles was lower, influencing the
COP. Furthermore, a nearly linear correlation between the
GHX effectiveness and the performance of the integrated
system was observed. Namely, a 10% increase in the GHX
effectiveness from 0.8 to 0.88 resulted in an increase in
the COP of the LiBr-H,0 system and the NH,-H,O systems
by 0.6% and 0.7%, respectively. In this vein, the CCHP effi-
ciency increased by 0.7% and 0.3%, respectively.

2.7 Industrial applications

A cooling effect produced in the evaporator of the AR cycle
is absorbed by an external coil that supplies cold air to
the specific cooling or refrigeration application. Each ap-
plication is characterized not only with different storage-
temperature requirements, but also with specific relative
humidity associated with the specific product attributes.
These parameters determine the temperature difference
that is a design parameter for a refrigeration system. It rep-
resents the difference between the temperature of return
air from the cooling application, which can be assumed to
be the same as the storage temperature under steady-state
conditions, and the evaporator temperature. To assess the
feasibility of using the considered integrated systems, the
following product classes have been distinguished based
on the evaporator temperature [32, 33]:

« frozen products (-35°C to -7°C);
 low-temperature (LT) products (-6°C to 0°C);

» medium-temperature products (0°C to 7°C); and
 high-temperature (HT) products (7°C to 16°C).

Considering different cooling and refrigeration products,
and thus the required evaporator temperature, the per-
formance of the considered integrated systems has been
assessed in terms of the COP and evaporator heat-transfer
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rate. Fig. 11b reveals that the NH,-H,0 system can meet
the requirements for all considered cooling and refriger-
ation applications. However, a substantial drop in the COP
has been observed for the very LT applications (i.e. frozen
products). Application of the integrated LiBr-H,O system
(Fig. 11a) has been restricted to HT and MT products to
avoid freezing of the refrigerant to <0°C. Given its higher
COP, the integrated LiBr-H,0 system would be preferred
over the integrated NH,-H,0 system for all cooling applica-
tions that require an evaporator temperature of >0°C. The
latter system, however, will be preferred for applications
that require an evaporator temperature of <0°C. However,
with a very low heat-transfer rate in the evaporator
operating at very low temperatures, this system can be
limited to refrigeration applications with a small capacity
(i-e. defined by the total volume occupied by the products)
such as refrigeration trucks or small-scale cold rooms. The
large-scale application may be limited by the capacity and
capital cost of the SOFC, and therefore further economic
evaluation is required.

3 Conclusion

This study aimed to assess the performance of AR sys-
tems integrated with the HWST and the SOFC. The thermo-
dynamic models for the LiBr-H,0 and NH,-H,0O systems have
been developed in EES and integrated with the SOFC model
developed in Aspen Plus®. The most optimal operating con-
ditions of the integrated system resulted in the COP and the
CCHP efficiency of 0.806 and 85.2% for the LiBr-H,O system
and 0.649 and 83.6% for the NH,-H,O system, respectively.
Under the optimal operating conditions, a net electrical ef-
ficiency of 57.5% and a net power output of 123.66 kW from
the SOFC has been obtained. The most optimal case has
been used to carry out a sensitivity study. The outputs of
the sensitivity study have revealed that:

 increasing the heat-rejection temperature led to a
lower COP in both AR systems. A drop equal to ~1% was
observed for each 5% temperature growth in both AR
models;

* in the LiBr-H,O system, attention must be paid to the
absorber and generator temperatures to avoid the
precipitation of LiBr crystals that can occur at high
operating temperatures;

+ the evaporator temperature showed an almost linear
correlation with the COP of the AR systems. A decrease
0f0.6% and 1.1% per 1°C temperature drop was observed
for the LiBr-H,0O and NH,-H,0 systems, respectively;,

+ the pressures within a system are determined by the
evaporator and condenser temperatures. The high-
pressure side was shown to be more sensitive to the
temperature changes than the low-pressure side.
Approximately +11% pressure change for the LiBr-H,0
system and +6% in the NH,-H,O system for each 5%
temperature variation was observed. This indicated the
need for monitoring of the condenser temperature;
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Fig. 11: The COP and evaporator heat-transfer rate for different cooling and refrigeration applications of (a) the integrated LiBr-H,O system and (b)

the integrated NH,-H,O system

+ the heat-exchanger effectiveness for the main heat ex-
changers of the integrated system has been analysed.
The effectiveness of the SHX had the largest influence
on the AR-cycle performance. A comparison has been

made between the COP with and without the SHX and a
drop in the COP of 16% for the LiBr-H,O system and 31%
for the NH,-H,0 system has been observed, implying
the importance of the SHX; and
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+ the application of the integrated LiBr-H,O system is re-

stricted to applications that require cooling to >0°C.

Overall, this study has revealed that the integrated LiBr-
H,O system will be characterized by better performance
than that of the integrated NH,-H,O system for all cooling
applications that require an evaporator temperature of
>0°C. For refrigeration applications that require cooling
to <0°C, the integrated NH,-H,O system will be preferred.
Further work should be carried out to compare the eco-
nomic performance of the considered systems and to con-
sider AR systems using alternative working fluids.
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Nomenclature

Symbols

m Mass flow rate (kg/s)

n Molar flow rate (kmol/s)

Q Heat-transfer rate (kW)

w Work input to the pump (kW)
¢ Heat capacity (W/°C)

f Circulation ratio

F Faraday constant (C/kmol)

h Specific enthalpy (kJ/kg)

I Current density (mA/cm?)

N, Electricity production from SOFC (kW)
p Pressure (MPa)

Q Vapour quality

@)

Steam/carbon ratio

Temperature (K)

Temperature (°C)

Cell voltage (V)

Fuel-utilization factor

Specific volume (m?/kg)

Composition of LiBr-H,0/NH,-H,0 solution
Mass fraction of liquid NH, solution

Mass fraction of vapour NH, solution
Heat-transfer/heat-exchanger effectiveness
Efficiency

Density (kg/m?)

Mass fraction of NH, in liquid or vapour state

Eo s oS Xx XS EgCTHR
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