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installed in vehicles are discussed in detail followed by different ACS thermodynamic cycle modeling.
Also, equilibrium uptake and uptake rate of commonly used working pairs in ACS are summarized. The
proper ACS thermodynamic cycle with capability of integration with vehicles' Engine Control Unit (ECU)
is developed and it is validated against two sets of experimental data reported in the literature. The
Keywords: realistic input data in agreement with light-duty vehicles are introduced to the model as the base-case
Adsorption cooling system condition to produce 2 KW cooling power. Sensitivity of ACS specific cooling power (SCP) and coefficient
Vehicle air con'd tioning of performance (COP) are studied with respect to the input parameters. According to the results, the SCP
Thermodynamic cycle .. . . . . .
Fully dynamic modeling anq COP of the base-case ACS :.ir.e maximized at IQ—1§ min cycle times and adsorption to desorption time

ratio (ADTR) of one. In addition, the results indicate that the adsorber bed overall heat transfer
conductance and mass have the highest and the lowest effects on the SCP, respectively. Also, the results
show that during the operation of ACS, the heating and cooling fluids, coolant fluid and chilled water
mass flow rates do not change the SCP and COP after specific values. As a result, variable speed pumps
are required to adjust these mass flow rates to reduce feeding pump powers. Finally, the results indicate
that the engine coolant cannot provide enough heat for the adsorber bed desorption process under
different operating conditions. Therefore, a portion of the exhaust gas of the engine is recommended to
be utilized during the desorption process.

© 2015 Elsevier Ltd. All rights reserved.
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Nomenclature

A heat transfer surface area (m?)

A/C-R  air conditioning and refrigeration

ACS adsorption cooling system

ADTR adsorption to desorption time ratio

a; constants

b; constants

c heat capacity of solid materials (J/kg K)
Cp heat capacity at constant pressure (J/kg K)
cop coefficient of performance

Ds solid-side mass diffusivity (m?/s)

Dy pre-exponential constant (m?/s)

Eq activation energy (J/mol)

Ahgs  enthalpy of adsorption (J/kg)

ATy log mean temperature difference (K)
HTS heat transfer fluid

hgg enthalpy of vaporization (J/kg)

ICE internal combustion engine

M molar mass (kg/mol)

m mass (kg)

m mass flow rate (kg/s)

P pressure (mbar)

Qotal total heat transfer (J)

q heat transfer rate (W)

Ry average radius of adsorbent particles (m)
Ry universal gas constant (J/mol K)

scp specific cooling power (W/kg dry adsorbent)
10} adsorbate uptake (kg/kg dry adsorbent)

T temperature (K)

t time (s)

Teycle cycle time (s)

U overall heat transfer coefficient (W/m? K)
VCRC vapor compression refrigeration cycle
Subscripts

adsorbateadsorbate

adsorbent adsorbent particles
bed adsorber bed

chilled chilled water
cf cooling fluid
cond condenser
coolant coolant fluid
cooling cooling process
eq equilibrium state
evap evaporator
heating heating process
hf heating fluid

i in

lig. liquid phase
max maximum

min minimum

0 out

sat saturation

vaporous vaporous phase

1. Introduction

Vapor compression refrigeration cycles (VCRC) are the most
popular air conditioning and refrigeration (A/C-R) systems used in
residential and industrial buildings, chemical and process engineer-
ing, and the automotive sector. Annually, A/C systems of light duty
vehicles in the US consume about 40 billion liters of fuel [1]. To
maintain the cabin temperature within the acceptable thermal
comfort temperature range, 20-23 °C [2], a compressor of VCRC
installed in a typical medium size sedan consumes up to 5-6 kW of
the power that the internal combustion engines (ICE) generates. This
power is equivalent to the required power for a 1200-kg sedan
cruising at 56 km/h [1]. Moreover, approximately 70% of the total fuel
energy released in the ICE is wasted through the engine coolant and
exhaust gases [3]. A prominent replacement of VCRC is adsorption
cooling systems (ACS) in which adsorber beds replace the compres-
sor. ACS take advantage of sorption phenomenon in which a fluid
(adsorbate) is adsorbed at the surface of a porous solid material
(adsorbent). Common working adsorption pairs used in ACS include:
zeolite-water, silica gel-water and activated carbon-methanol. Most
of these materials are environmentally friendly, non-toxic, non-
corrosive, and inexpensive [4]. Moreover, ACS are quiet and easy to
maintain because they do not have any moving parts, except valves
[5]. Thus, ACS are ideal candidates for applications where waste-heat
or low-grade thermal energy (~100°C) is available. However,
commercialization of ACS faces major challenges; namely: (i) low
specific cooling power (SCP), (ii) low coefficient of performance
(COP), and (iii) high adsorber bed to adsorbent mass ratio which
result in heavy and bulky system. The focus of this study is on light-
duty vehicle applications and the following provides the pertinent
literature to ACS designed and built for vehicles A/C-R applications.

In 1929, Hulse [6] built the first commercial silica gel-sulphur
dioxide ACS and installed it in a freight car refrigeration system to

carry fish and meat all over the US. The designed system was able
to keep the freezer room temperature as low as —12 °C with
minimum moving and control parts, and has the capability of
working at car idle time. This ACS consisted of two adsorber beds,
an air-cooled condenser and two gas burners to supply high
temperature gas for the desorption process. With the advent of
compressors and emergence of VCRC, ACS were forgotten for
several decades; however, due to VCRC high energy consumption,
negative environmental impacts and stringent government emis-
sion regulations, ACS have been reconsidered from 1990s. Feasi-
bility of VCRC replacement with ACS in electric vehicles (EVs) was
analytically investigated by Aceves [7]. According to his calcula-
tions, during a 60 min driving cycle, the A/C system should be able
to bring the cabin temperature down from the hot soak (43 °C) to
the comfort (25 °C and 60% relative humidity) conditions within
the first 15 min. As a result, Aceves' calculations showed that the
maximum required cooling power is 2 KW and to keep the cabin
temperature constant, the A/C system should continuously supply
1.5 kW cooling power. Finally, Aceves concluded that the mass of
VCRC could be up to 20% lighter than that of ACS. It should be
noted that, in Aceves' analysis, the COP of 2.2 was assumed for the
vehicles' VCRC; however, the COP of vehicles' VCRC is between
1.0-1.6 in real applications [8-10]. Suzuki [3] assessed the possi-
bility of using the ACS for automobile A/C applications and studied
the effects of adsorber bed overall heat transfer conductance, UA
(W/K), on the SCP of zeolite-water ACS. Suzuki reported that the
engine coolant at the inlet of the radiator and the engine exhaust
gas at the outlet of the piston compartment were at 95 °C and
400-600 °C, respectively; and these temperatures were enough for
regeneration of the adsorber beds. Suzuki, also, mentioned that
the power generated in a compact vehicle with a 2000 cc ICE were
about 10.8 and 35-50 kW at the idle and city driving (60 km/h)
conditions, respectively [3]. As such, one can conclude that the
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amount of heat dissipated through the engine coolant and the ICE
exhaust gas during the idle and city driving conditions are equal to
7.5 and 24.5-35 kW, which is equivalent to 70% of fuel released
energy. Accordingly, the COP of an ACS with 2 kW cooling power
should be at least 0.27 (=2 kKW (max. cooling load)/7.5 kW (avail-
able waste heat at the idle condition)) and 0.057 (=2 kW (max.
cooling load)/35 kW (available waste heat at the city driving
condition)). Thus, one can conclude that: (i) the COP of ACS is
not important in vehicle applications where the ICE waste-heat is
utilized, and (ii) a fraction of the ICE waste heat suffices to run an
ACS to meet the A/C needs of a vehicle. As such, our focus in this
study will be on the SCP and adsorber bed to adsorbent mass ratio
of ACS for vehicle applications.

Zhang et al. [11-15] proposed non-equilibrium lumped-body
and 3D numerical models for a two-adsorber bed, zeolite-water
ACS for automobile waste heat recovery. They studied the effects
of different parameters such as heat transfer fluid (HTF) inlet
temperature, evaporation and condensation temperatures, cycle
time, and overall heat transfer conductance on the SCP and COP of
ACS. They concluded that the SCP is more sensitive to the variation
of operating conditions, namely, evaporation, condensation and
regeneration temperatures, than the COP. In both Suzuki's [3]| and
Zhang's [11-15] models, the evaporator and condenser physical
properties were not included in the modeling and it was assumed
that the evaporator and condenser are perfect heat exchangers
with infinite overall heat transfer conductance.

Jiangzhou et al. [16] and Lu et al. [17] built a locomotive waste
heat driven, single-adsorber bed, zeolite 13X-water ACS to produce
4 kW cooling power with a SCP and COP of 19 W/kg dry adsorbent
and 0.25, respectively. In their system, 140 kg of zeolite was packed in
a 260-kg steel adsorber bed with 10-12 W/m? K overall heat transfer
coefficient; the low overall heat transfer coefficient resulted in a low
heat transfer rate and, consequently, low SCP of 19 W/kg dry ads-
orbent. Christy and Toossi [18] studied the feasibility of installing a
four-adsorber bed, activated carbon-ammonia ACS on containerships
and heavy-duty vehicles. Their analysis showed that to drive a
compressor of refrigerated trailers, a 25-kW auxiliary diesel engine
annually consumed about 4500-60001 of diesel fuel and emitted
29 kg of carbon monoxide if the A/C system only worked during 50%
of the duty cycle. In their adsorber bed design, they determined that
if the waste heat is directly supplied from the exhaust pipe, the
maximum allowable backpressure on the exhaust gas along the
exhaust line should be less than 10 kPa. To prevent increasing the
backpressure, the inner diameter of HTF line inside the adsorber bed
should be between 12.7 and 15.24 cm (5-6 in.) [18]. Also, they tried
to build a prototype ACS; however, their system failed due to
ammonia leakage.

Lambert and Jones [19,20] studied the viability of using ACS for
automotive A/C applications and proposed a conceptual design for an
activated carbon-ammonia ACS. To reduce the backpressure on the
exhaust gas line, they suggested using a phase-change material (PCM)
heat storage tank to transfer heat from the exhaust gas to HTF and
storing heat for running the ACS after shutting off the engine. Wang
et al. [21-25] designed a two-adsorber bed, consolidated activated
carbon/CaCl,—ammonia ACS to produce ice in fishing boats. The
exhaust gas of the boats' diesel engine was utilized to regenerate the
adsorbent particles and to prevent corrosion of the adsorber beds and
condenser in contact with the salt water, Wang et al. [21-25] proposed
using heat pipes. The added heat pipes increased the ACS performance,
however, the overall mass of the system also increased. Therefore,
using heat pipes is not recommended for light-duty vehicles' A/C
applications. De Boer et al. [2,26] built and installed a two-adsorber
bed, silica gel-water ACS with 2-kW cooling power for the first time in
a compact car, Fiat Stilo. Their analysis showed that the engine coolant
was sufficient to meet the A/C needs of the cabin if the COP of ACS was
greater than 0.5. However, in the final product, they added a heat

exchanger to use the ICE exhaust gas as well. In their setup, each
adsorber bed was filled with about 3 kg of silica gel and the adsorber
bed to adsorbent mass ratio was 4.2 which indicated that each
adsorber bed was 12.6 kg. The 86 kg total mass of their system greatly
exceeded the 35 kg limit set by the car manufacturer [2].

Narayanan et al. [27,28] recently proposed the idea of an
adsorption-based thermal battery for EVs' A/C application. The 2-
kWh single-adsorber bed thermal battery was regenerated by electric
heaters when the EV's batteries were being charged to produce
cooling power for the on-duty vehicle. However, Narayanan et al
[27,28] did not discuss about the total weight of the thermal battery
and its advantages instead of adding extra Li-ion battery packs for
running the conventional VCRC. One can conclude from the literature
review that bulkiness and weight of the current designs are the main
challenges facing the commercialization of ACS.

Developing an accurate thermodynamic model that includes the
heat and mass transfer phenomena in the adsorber bed, evaporator
and condenser, and accurately predicts the behavior of ACS under
various operating conditions is the first step toward designing a
mobile ACS with optimum footprint and weight. The proposed model
should provide (i) high convergence rate to find the optimized
operating conditions of the system within a short time, and (ii)
possibility of integrating with the vehicles' Engine Control Unit (ECU).
In this paper, different thermodynamic models are compared against
each other and required information about different working pairs is
summarized. The nominated thermodynamic model is verified
against two sets of experimental data available in the literature
and, finally, effects of different parameters are studied on the SCP and
COP of silica gel-water ACS for light-duty vehicle A/C applications.

2. Thermodynamic cycle of ACS

An ACS works based on two main processes: heating-desorption—
condensation and cooling-adsorption-evaporation. When repeating

a
Qi Qipd Qe+ Qiba

Adsorber
beds

Evaporator
Condenser

Expansion

] : T
Tevap Tcond Tads Treg

Fig. 1. (a) Schematic of main parts in a waste heat-driven two-adsorber bed ACS,
and (b) thermodynamic processes in an ACS [29].
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these processes, ACS produces intermittent evaporative cooling
power during each cycle. To produce continuous cooling power,
more than one adsorber bed can be used. Fig. 1a depicts a typical ACS
including adsorber beds, condenser, expansion valve, and evaporator.
As shown in Fig. 1a, the ACS is similar to a VCRC, except that the
adsorber beds replace the compressor.

Fig. 1b shows the thermodynamic cycle of an ACS which is
divided into two subcycles: (i) adsorbent cycle (on the right-side),
and (ii) adsorbate cycle (on the left-side). As shown in Fig. 1b,
thermodynamic processes in the adsorbent cycle are: (1) isosteric
heating (ih); process 1-2, (2) isobaric desorption (ibd); process 2-
3, (3) Isosteric cooling (ic); process 3'-4’, and (4) isobaric adsorp-
tion (iba); process 4'-1. Isosteric and isobaric processes refer to
constant specific volume and pressure processes, respectively.

During step 1-2, adsorbent-adsorbate pair through an isosteric
process absorbs heat in amount of Q;;, from an external heat source.
In this step, temperature and pressure of the adsorber bed increase
due to the adsorbate desorption from the adsorbent particles. This
process is continued until the pressure of the adsorber bed reaches
the pressure of the condenser. At this time, the inlet valve to the
condenser is opened. In step 2-3', the external heat source con-
tinuously heats the adsorber bed (Q;;4) during an isobaric desorption
process and the adsorbate leaves the adsorber bed and is condensed
inside the condenser during an isobaric cooling process (step 2-3).
After heating the adsorber bed up to the point 3’ which is the
maximum temperature of the cycle, the valve between the adsorber
bed and the condenser is closed and during an isosteric cooling
process (step 3'-4"), the adsorbent loses its heat (Q;.) in contact with
a heat sink. In step 3-4, the adsorbate inside the condenser passes
through the expansion valve and enters to the evaporator. During
step 4-1, the adsorbate absorbs heat in amount of Q. from the
environment of interest and converts to the vapor. At the same time,
the entrance valve to the adsorber bed is opened and the adsorbent
adsorbs the vapor adsorbate during an isobaric adsorption process
(step 4'-1) and releases its heat (Q;pq).

To simulate the ACS thermodynamic cycle, different assumptions
and simulations have been reported in the literature. Yong and
Sumathy [30] reviewed and categorized the available mathematical
models in the ACS thermodynamic cycle modeling. However, there is

Table 1
Different ACS lumped-body models reported in the literature.

no conclusive evidence on what model is superior. We categor-
ized the mathematical models into three main groups: (i) analyti-
cal models, (ii) lumped-body models, and (iii) geometry-depen-
dent models. Analytical models are the simplest and fastest method
in design and analysis of ACS performance. In these models, the first
law of thermodynamics is used to analytically evaluate the SCP and
COP of ACS such as models reported by Aceves [7], Christy and Toossi
[18] and Lambert and Jones [19,20]. The analytical models cannot
predict the cycle time and the status each process. To solve these
limitations, lumped-body models were proposed. These models are a
combination of the first law of thermodynamics and mass transfer
equations. They consist of ordinary differential equations to increase
the accuracy of the model and can predict the cycle time, SCP, and the
ACS status during each process. Geometry-dependent models are a
combination of heat and mass transfer equations, and spatial para-
meters. The governing equations are mainly partial differential
equations and the finite element, finite volume and finite difference
methods are used to discretize and solve the set of equations. Further
information about geometry-dependent models can be found else-
where, e.g. [12,15,31-42]. Although these models are suitable to
study the heat and mass transfers through the adsorber bed in detail,
the computing time and complexity of analysis do not permit the
integration of these models with the on-duty vehicle A/C system. In
this study, we focus on lumped-body models to find a reliable model
with short computing time. To this end, we classified ACS lumped-
body models into three subgroups as summarized in Table 1.

As shown in Table 1, quasi-steady state models have some
limitations and cannot predict the cycle time and SCP of ACS. The
ACS dynamic modeling with perfect condenser and evaporator are
more flexible; however, they cannot estimate the effects of con-
denser and evaporator on the COP and SCP of ACS. Also, Restuccia
et al. [63] experimentally showed that the condenser and evapora-
tor pressures are not constant during the desorption and adsorption
processes (processes 2-3’' and 4'-1 in Fig. 1b) because the condenser
and evaporator pressures vary with the adsorbate flow rate, for
example the condenser pressure is higher at the start of the
desorption process than the end of the desorption process. There-
fore, the ACS dynamic modeling with perfect condenser and
evaporator is not a complete model and should be modified. To

ACS lumped-body models Governing equations Advantages Limitations Used by
Quasi-steady state e 1st law of e Quick method e Time-independent e Cacciola and
thermodynamics e Estimates maximum e Cannot predict the cycle time and SCP Restuccia [43]
e Equilibrium evaporative cooling energy e Hajji and
adsorbate uptake and COP Khalloufi [44]
e Sharafian and
Bahrami [29]
Dynamic modeling with perfect e 1st law of e Predicts adsorbate uptake rate, e Perfect condenser and evaporator with e Sakoda and
condenser and evaporator thermodynamics cycle time, COP, and SCP infinite heat transfer conductance Suzuki
e Equilibrium e Captures trend of e Constant condenser and evaporator [45,46]
adsorbate uptake experimental data pressures e Tiansuwan
e Adsorbate uptake rate e High convergence rate e Overestimating the results et al. [47]
e Saha et al.
[48,49]
e Wu et al. [50]
Fully dynamic modeling e 1st law of e Predicts adsorbate uptake rate, e Requires a large number of inputs to e Chua et al.
thermodynamics cycle time, COP, and SCP the model [51]
e Equilibrium e Variable condenser and e Ref. [52-62]
adsorbate uptake evaporator pressures
e Adsorbate uptake rate e High convergence rate

heat transfer equations

Condenser and evaporator e Good accuracy
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solve these limitations, ACS fully dynamic thermodynamic cycle is
proposed.

3. ACS governing equations

In this section, governing equations for an ACS fully dynamic model
are developed. In addition, different working pairs' characteristics
were included in this modeling to develop a comprehensive model for
the ACS sizing and rating under different operating conditions.

3.1. Mathematical modeling

The governing equations of the ACS fully dynamic thermody-
namic cycle are summarized in Table 2.

To find the adsorbent particles temperature, adsorbate uptake
rate, and heating fluid and condenser coolant outlet temperatu-
res during the isosteric heating and isobaric desorption processes,

Egs. (1)-(3) and Egs. (2)-(8) should be solved simultaneously.
Similarly, Egs. (11)-(13), and Eq. (5) and Egs. (12)-(17) should be
solved simultaneously during the isosteric cooling and isobaric
adsorption processes. The total amount of heat transfer to/removal
from the adsorber beds, condenser and evaporator are calculated
from Eqgs. (20)-(23), and the COP and SCP of ACS are determined
using Eqs. (24) and (25), respectively.

3.2. Working pairs’ characteristics

Silica gel-water, activated carbon-methanol, activated carbon-
ethanol, and zeolite-water are conventional working pairs in ACS.
To increase the adsorbate uptake rate in ACS, a wide range of com-
posite adsorbent materials have been developed recently; how-
ever, limited information about the adsorbate uptake rate has been
reported in the literature which is an important parameter in ACS
thermodynamic cycle modeling. In this section, performance par-
ameters and thermo-physical properties are presented for well-

Table 2
Governing equations on ACS fully dynamic thermodynamic cycle modeling.

Process in Fig. 1b Governing equation (Eq. no.)

Isosteric heating (Step 1-2 Mpeq AT adsorbent
g (Step ) Madsorbent [Cadsorben[ +Cplig. adsorbate®@max +Cbedﬁeb[ % = UbedAbedATLm,bed (1)
adsorben
AT — Thi—Two
LM.bed = T — Togermom \
ln( hri adsorhmr) 2
Thyo = Tadsorbent
1 Co by (Thgi = Thro) = UbeaAbed ATiu bed
(3)
Isobaric desorption (Step 2-3' Mpeq | AT agsorb dw
P ( p ) Madsorbent [Cadsorbent + Cp,liq. adsorbate® + Cbedie} %rent - mﬂdsﬂrbent?Ahuds
Madsorbent t t
= UbedAbed AT 1M bed (4)

do  15D; 15Dq0 ( E, ) k

= (Weg— ) = ———€XP | — 5 ) (weqg — ) = k1 exXp(— ) (Weqg — @

de RIZ? ( - ) R}E P Ry Tadsorbent ( “ ) ! P Tﬂdsﬂrbent ( e ) (5)

Condensation (Step 2-3 w
1 ( p ) - madsorbentﬁ[hfg, adsorbate @ Tona + Cp.vaporous adsarbate(Tadsorbent - Tcand)} - UmndAcondATLM.mnd

dT,
= McondCeond dcznd (6)

Tcoalﬂnt,i - Tconlant.u

ATy cona =
: Teond — Tcootant.o
In (et —ptene) (7
mcoolantcp.coolant (Tcoolant,o - Tcoolant,i) = UcondAcondATLM,mnd (g)
Heating and condensation heat transfer rates Gheating = M Cp.r (Thri = Thyo) 1( 0)
Geond = mcoalﬂntcp.conlant (Tcoalnnt,i - Tcaﬂlant.u) ( )
i i -4 Mped | dT adsorn
Isosteric cooling (Step 3'-4') Madsorbent [Cadsorbenr +Cplliq. adsorbate@min +Cbedﬁ} %rm = UpedAped AT M bed (11)
adsorbent
ch a7 ch‘o
ATLM’bEd = Teri — Tadsorbent
In (T:j o— Tnd)urhcm) (}g)
mffcp.cf (T::f,i - ch.u) = UbedAbEdATLM.bed ( )
Isobaric adsorption (StED 4-1 ) Madsorbent | Cadsorbent + Cp lig. adsorbate® + Cbedm:‘:f:m} Potsorpent
dw
mudsurbenta [Ahuds - Cp,vupomus adsorbate (Tadsarbent - Teval] )}
= UbeaAbea AT 1u1 bed (14)
. B dw
Evaporatlon (StEP 4 ]) - madsorbentﬁ [hfg. adsorbate @ Teyap — Cp.liq. adsorbate (Tcond - Tevap)} + UevapAevapATLM.evap
ATevap
= mevapcevap‘ df (1 5)
T i — T
AT evap = Cm”]e-i;:ﬂed: f;}:::dﬁ
InFe—ge=) (16)
TWepitied Cp.chitted (Tchitedi — Tehitied.o) = UevapAevap AT M evap (17)
Cooling and evaporation heat transfer rates Qcooling = T Cpef (Teri = Tepo) (}8)
Gevap = Mchilied Cpchilled (Tenittedi — Tehitied.o) (19
Total heat transfer to adsorber beds, condenser and evaporator Quotal heating = Gheating dt()) (20)
Jsteps (1-2)+(2-3")
Q[otal cooling = - f QCooling dt(,’) (21)
steps 3 —4)+(4 —1)
annd = {Jcond dt(]) (22)
step (2-3)
Qevap = evap dt()
evap Jstep a1y evap (23)
Performance of ACS evap
COoP= 7Q - (24)
total heating
SCP=—T"P__(W/kg) (25)

Madsorbent Teycle
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Table 3

Equilibrium adsorbate uptake and enthalpy of adsorption of different working pairs in ACS.

Working pair Equilibrium equation Enthalpy of adsorption (J/kg) Constant parameters Ref. no.
Zeolite 4A-water In(P) = a(w)+1 b@) _ pin mbar, T in K Ahggs = B (o) ap=14.8979, bo= —7698.85 [43]
adsorbent aorbae a,=95.408, b; =21498.1
a,=—636.66, b= —184598.0
a3=1848.8, b3=512605.0
a(w) = Ao+ a0+ a0 + a3 0> R,=8.314 ]J/mol K
b(w) = bg+byw+byw? +b3w? Madsorbate=0.018 kg/mol
Zeolite 13X-water In(P) = a(w) + 1 l’ﬂw; -, P in mbar, T in K Ahggs = mb(“’) ap=13.4244, bo= —7373.78 [43]

a(w) = Ay + Ay 0+ Ay 0° + a3 0>

b(w) = bg+biw+byw? +bsw?

Act. carbon-methanol

In(P) = a(w) + 2

Tadsorbent”

P in mbar, T in K

a(w) = Ao+ ay 0+ a0 + a3 >
b(w) = bg+byw+byw? +b3w?®

Act. carbon-ethanol wt @ 2l .
Weq = WoEXP [7A {Tadsorbem In (Pi‘ — '“"‘“f"ﬂ")} } Tin K

Peond or evap

RD silica gel-water

AhagsMagsorbate

K‘]EXD( RuTqdsrobent )P . :
—w Pin mbar, T in K

K AhggeM,
1+ | Koex, 'ads Magsorbate | p
{ om P\ RuTsgsrobent

Weq =

R,
Ahads =M.

= 1/n b
sapte- ()] s

Ahggs=2693 K] /kg

4y =110.854, by =6722.92
a,=—731.76, b,=5624.47
a3=1644.8, b3= —3486.7
Ru—8.314 Jjmol K
Madsorbate=0.018 kg/mol

b(w) ao=20.3305, by= — 6003.58 [43]
a,=6.53035, b;=6315.16
a,=—16.6841, b,= —26058.7
a3=52.3793, b;=40537.9
R,=8.314 ]/mol K
Madsorbare=0-032 kg/mOI

d
adsorbate

w0=0.797 kg/kg [64]
A=1.716 x 10~ K2

a=6.717, b=9.75

n=2, E=138 kJ/kg

T.=789.15K

Ko=7.3 x 10~ " mbar~! [65]
wm=0.45 kg/kg
n=12
.=8.314 J/mol K
Madsorbate=0.018 kg/mol

Silica gel/CaCl,~water Koo (Ah ", ) Ahggs =2760 kj/kg Ko=2.0 x 10~ '° mbar~ [57,66]
emKoexp { S o) T . .
Weq = —++ P in mbar, T in K wm=0.8 kg/kg
[1+ koo (gt ) || n=11
R,=8.314J/mol K
Mudsorbare:O-Ols 1(g/l‘l'101
Table 4
Constant parameters in the LDF model (Eq. (5)) for adsorbate uptake rate modeling.
LDF model: ¢ = ];? (weq—w) = 1i“%ﬂexp ( 7ﬁ) (weq — @) = k1 eXP(— 12 ) (weg — )
Working pair Constant parameters Ref. no.
Dyo (m?/s) Rp (m) Eq (J/mol) kq (1/s) kz (K)
Zeolite 4 A-water 1.31x107° 4.0x10°6 5660 1228.12 680.7 [70,71]
Zeolite 13X-water - - 7530 4.004 x 102 905.8 [11]
Act. carbon-methanol - - 8131 7.35x 1073 978 [72]
Act. carbon-ethanol 11/15x 1.8 x 10~ 12 6.5x10°° 14,100 3.046 x 10~© 1696 [64]
RD silica gel-water 2.54%x 104 17x1074 42,000 1318 x 10° 5051.7 [45,57,73]
Silica gel/CaCl,-water 2.54x 104 1.74 x 104 42,000 1.258 x 10° 5051.7 [57,73]

known working pairs, namely, zeolite 4A-water, zeolite 13X-
water, activated carbon-methanol, activated carbon fibers—etha-
nol, silica gel-water, and silica gel/CaCl, (SWS-1)-water. The equi-
librium adsorbate uptake by various adsorbent materials and the
enthalpy of adsorption of different working pairs are summarized
in Table 3.

The information summarized in Table 3 only provides the
equilibrium adsorbate uptake by the adsorbent particles whereas
in the ACS thermodynamic cycle modeling, adsorbate uptake rate
is required because ACS is a dynamic system in which adsorbent
particles cannot be fully saturated or dried out during a cycle.
Different models for the adsorbate uptake rate have been reported
for various boundary conditions and geometries. Ruthven et al.
[67,68] provided analytical solutions for the adsorbate uptake rate
by zeolite and other microporous materials which, in some cases,

are not easy to use. To this end, Glueckauf [69] proposed a
simplified model, called linear driving force (LDF) model, for the
adsorbate uptake rate of the adsorbent particles. Table 4 shows a
summary of the constant parameters in the LDF model, Eq. (5), to
calculate the adsorbate uptake rate of different adsorbent par-
ticles.

Further information required for thermo-physical properties of
working pairs, such as heat capacity, enthalpy of vaporization and
saturation pressure, as a function of temperature are tabulated in
Table 5.

3.3. Solution method

To solve the set of differential equations simultaneously, an in-
hose code is developed using the FORTRAN language. The Runge-
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Table 5
Thermo-physical properties of working pairs in ACS modeling.

863

Ref. no.

Material Thermo-physical properties®
Water Cp. lig. water = 5 x 107°T> —0.0465T2 4 13.476T +2884.0 (J/kg K)
Cp, water vapor = 0.0006T% —0.0426T +1824.1 (J/kg K)
hg water = — 7.1T2 +2620.4T +2.2866 x 10° (J/kg)
Psat., water = €Xp (20'5896*&?'26) (mbar)
Methanol Cp, lig. methanol = 6A3T+287»8 (J/kg K)
Cp, methanol vapor = 2.4016T+657.21 (J/kg K)
g, methanol = — 10.7T? +5203.4T +5.5415 x 10° (J/kg)
Psat.. methanol = EXP(20,84—@) (mbar)
Ethanol Cp, lig. ethanot = 10.99T —701.5 (J/kg K)
Cp. ethanol vapor = 1.635 x 107 4T% —0.1391T2 +42.3T - 2981.0 (J/kg K)
Ryg ethanot = — 6.531T% +2858.0T +6.526 x 10° (J/kg)
Psat.. ethanol = €XP (20-272*46%-7'0) (mbar)
Zeolite Cp, zeolite = 836.0 (J/kg K)

Activated carbon Cp, act. carbon = 920.0 (J/kg K)

Silica gel Cp, silica gel = 924.0 (J/kg K)

Fitted to the data in Ref. [74]
Fitted to the data in Ref. [74]
Fitted to the data in Ref. [74]
[43]

Fitted to the data in Ref. [75]

Fitted to the data in Ref. [75]
Fitted to the data in Ref. [75]

[43]

Fitted to the data in Ref. [75]
Fitted to the data in Ref. [75]

Fitted to the data in Ref. [75]
Fitted to the data in Ref. [75]

[11]
[76]
[57]

¢ Temperature unit in the relationships is in kelvin.

Table 6

Operating conditions in experiments conducted by Grisel et al. [77] and Freni et al. [78].

Reference

Grisel et al. [77]

Freni et al. [78]

System specifications

Adsorbent grain size (mm)

Mass of adsorbent per bed (kg)

Metal mass of adsorber bed (kg)

Adsorber bed heat transfer surface area, Ayeq, (m?)
Adsorber bed heat transfer coefficient, Upeq, (W/m? K)
Adsorber bed heat transfer conductance, UpegApeq, (W/[K)
Heating fluid mass flow rate to adsorber bed (kg/s)
Cooling fluid mass flow rate to adsorber bed (kg/s)
Metal mass of condenser (kg)

Water mass of condenser (kg)

Condenser heat transfer surface area, Acong, (mM?)
Condenser heat transfer coefficient, Ucong, (W/m? K)
Condenser heat transfer conductance, UcongAcond, (W/K)
Coolant water mass flow rate to condenser (kg/s)
Metal mass of evaporator (kg)

Water mass of evaporator (kg)

Evaporator heat transfer surface area, Aeyqp, (m?)
Evaporator heat transfer coefficient, Ueyqp, (W/m?K)
Evaporator heat transfer conductance, UeyapAevap, (W/K)
Chilled water mass flow rate to evaporator (kg/s)

2-bed silica gel-water ACS
0.2-1.0

8.7

84

Not reported

Not reported

450

0.27 (16.2 L/min water)
0.25 (15.2 L/min water)
3.5 (assumed)

Not reported

Not reported

Not reported

1000

0.23 (13.8 L/min water)
3.5 (assumed)

Not reported

Not reported

Not reported

1666

0.18 (11.0 L/min water)

Single-bed silica gel-water ACS
0.25-0.425

0.437

4.3

1.66

40.0

66.4

0.118 (7.08 L/min water)
0.254 (15.24 L/min water)
35

15

0.2719

500.0

136.0

0.15 (9.0 L/min water)

136.0
0.137 (8.22 L/min water)

Kutta-Fehlberg method (RKF45) is adopted because the differen-
tial terms in the governing equations of the ACS fully dynamic
modeling are only time-dependent. In the present model, a
marching time step of 0.1 s is used and the relative error difference
between two consequent iterations at each time step is set at
109, respectively. Also, the absolute error difference between the
results at the end of two consequent cycles is set at 10~ 3.

4. Results and discussion

In this section, the accuracy of ACS fully dynamic modeling in
prediction of SCP and COP are investigated against the available
data in the literature. Next, base-case operating conditions are
defined to supply 2 kW of cooling power for a light-duty vehi-
cle under nominal operating conditions. Then, parametric study is
conducted to investigate the effects of different parameters on the
performance of ACS installed in a light-duty vehicle.

4.1. Comparison of the model against the experimental data

The information required as inputs to the ACS fully dynamic
model is summarized in Table 6. These data are extracted from
two sets of experimental data reported by Grisel et al. [77] and
Freni et al. [78]. It is noteworthy to mention that some of these
data have not been reported in Ref. [77,78] and were provided by
the corresponding authors in our communications.

Fig. 2 shows the validation of the developed model with the
experimental data reported by Grisel et al. [77]. The uncertainty in
the data measurements has not been reported by Grisel et al. [77].
Fig. 2a shows the effects of different cycle times on the SCP and
COP of ACS. As shown in Fig. 2a, the model followed the same
trend as the experimental data with the average relative differ-
ences of 10% and 7% for the SCP and COP, respectively. In Fig. 2a,
our modeling indicates that the maximum SCP occurs at the cycle
time between 10 and 15 min which is in agreement with the
experimental data. Fig. 2b and c shows the comparison of the
present model with the experimental data for various heating and
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Fig. 2. Comparison between the ACS fully dynamic model and the experimental
data reported by Grisel et al. [77]. Variation of SCP and COP vs. (a) cycle time,
(b) heating fluid inlet temperature, (c) cooling fluid inlet temperature, and
(d) chilled water inlet temperature.

cooling fluids inlet temperatures. The average relative differences
for the SCP and COP in Fig. 2b are 10.9% and 12.9%, and for those in
Fig. 2c are 6.3% and 5.2%, respectively. Fig. 2d depicts the effects of
the chilled water inlet temperature on the SCP and COP of the ACS.
It can be seen in Fig. 2d that the model predicts the experimental
data with good accuracy.

The comparison between the model and the experimental data
reported by Freni et al. [78] is shown in Fig. 3. The uncertainty of
10% was reported in the measurements of the experimental data
[78]. In Fig. 3a, the model shows a good agreement with the
experimental data. In Fig. 3a, the average relative differences
between the predicted SCP and COP with the experimental data
are 13% and 3%, respectively. Similar to Fig. 2a, Fig. 3a indicates
that the SCP is maximized at the cycle time of 10 min. Fig. 3b and c
depicts the variation of SCP and COP for various heating and
cooling fluids inlet temperatures. The predicted SCP and COP by
the model follow the same trend as the experimental data with a
reasonable accuracy.
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Fig. 3. Comparison between the ACS fully dynamic model and the experimental
data reported by Freni et al. [78]. Variation of SCP and COP vs. (a) cycle time,
(b) heating fluid inlet temperature, and (c) cooling fluid inlet temperature.

4.2. Base-case model

The ACS designed for a light-duty vehicle A/C system should be
able to supply 2 kW of cooling power using the available heat
sources in the vehicle, namely, the engine coolant and the exhaust
gas of the ICE [2,26]. In the case of using the exhaust gas of the ICE,
backpressure along the exhaust line should not increase. For
example, the maximum allowable backpressure for diesel engines
with powers less than 50, 50-500, and above 500 kW should be
40, 20, and 10 kPa, respectively [79]. To reduce the difficulty of
using the exhaust gas of the ICE, the engine coolant is selected as a
primary heat source with temperature of 90 °C [26]. The base-case
operating conditions as input to our ACS fully dynamic model are
summarized in Table 7.

The performance of ACS at the base-case operating conditions
is summarized in Table 8. The analysis conducted by De Boer et al.
[2] showed that to use solely the engine coolant to regenerate the
adsorber beds, the COP of system should be greater than 0.5. As
shown in Table 8, the designed ACS for a light-duty vehicle A/C
applications has the SCP of 185 W/kg and the COP of 0.55 which is
in agreement with De Boer et al. [2] analysis.

4.3. Parametric study

In this section, effects of different salient parameters are
investigated on the SCP and COP of ACS. These analyses assist
(i) to specify important parameters in the ACS, (ii) to size the
system properly, and (iii) to determine the best performance of
ACS under different operating conditions.

Fig. 4a shows the effects cycle time on the SCP and COP. It can be
seen in Fig. 4 that the SCP is maximized at the cycle time of 10-
15 min. By increasing the cycle time from 5 to 10 min, the SCP and
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Table 7
Base-case operating conditions applied in the ACS fully dynamic model.

Parameter Value Ref. No.

Working pairs Silica gel-water -

Mass of adsorbent per bed (kg) 5.0 Calculated

Metal mass of adsorber bed (kg) 5.0 Calculated

Adsorber bed heat transfer surface 3.2 Calculated
area, Apeq, (M?)

Adsorber bed heat transfer 100.0 [78]

coefficient, Upeq, (W/m? K)
Heating fluid mass flow rate to
adsorber bed (kg/s)

0.2 (12 L/min water) [26]

Cooling fluid mass flow rate to 0.2 (12 L/min water) [26]
adsorber bed (kg/s)

Metal mass of condenser (kg) 1.5 Calculated

Condenser heat transfer surface area, 0.77 Calculated
Acondv (mZ)

Condenser heat transfer coefficient, 500 [78]
Ucond' (W/mz K)

Coolant water mass flow rate to 0.2 (12 L/min water) [26]
condenser (kg/s)

Metal mass of evaporator (kg) 15 Calculated

Evaporator heat transfer surface area, 0.77 Calculated
Aevap, (M?)

Evaporator heat transfer coefficient, 1000 [78]
Uevupv (W/l‘l‘l2 K)

Chilled water mass flow rate to 0.13 (8 L/min water) [26]
evaporator (kg/s)

Heating fluid inlet temperature (°C) 90 [26]

Cooling fluid inlet temperature (°C) 33 [26]

Coolant fluid inlet temperature (°C) 33 [26]

Chilled water inlet temperature (°C) 15 [26]

Cycle time (min) 10 Assumed

Adsorption to desorption time ratio 1.0 Assumed
(ADTR)

Table 8

Performance of the proposed ACS for a compact vehicle A/C system under the base-
case operating conditions.

Parameter Value

Evaporative cooling power, Qeyap 2.04 kW 555.16 kJ
Condensation power, Qgona 219 kW 588.15 kJ
Total heating power, Qual heating 10.96 kW 101113 kJ
Total cooling power, Qrotal heating 10.86 kW 960.35 kJ
COP, Eq. (24) 0.55

SCP, Eq. (25) 185.0 W/kg

COP increase by 19% and 42%, respectively. Whereas, by increasing
the cycle time from 10 to 30 min, the SCP reduces from 185 to 164 W/
kg (11%) and the COP increase from 0.55 to 0.68 (24%). Fig. 4b depicts
the effects of different adsorption to desorption time ratios (ADTR)
and cycle times on the SCP and COP. Fig. 4b serves as the
characteristic curves of the designed ACS. As shown in Fig. 4b, the
highest values for the SCP and COP under a constant cycle time are
achieved at the ADTR of one. In addition, Fig. 4b indicates that the
maximum SCP and COP are obtained at the cycle times more than
10 min. From Fig. 4b, it can be concluded that the highest SCP and
COP of the designed ACS can be accomplished by 2-adsorber bed ACS
(ADTR of one) and the cycle times between 10 and 20 min. It should
be noted that each ACS has its own characteristic curves and its
performance may maximize at different ADTRs such as data reported
by Sapienza et al. [80].

Fig. 5 shows the effects of normalized adsorber bed mass and
overall heat transfer conductance on the SCP and COP. The
adsorber bed mass (dead mass) in vehicles is an important
parameter that should be minimized. Fig. 5a indicates that by
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Fig. 4. Variation of SCP and COP as a function of (a) cycle time, and (b) ADTR and
cycle time (other parameters are at the base-case operating conditions).

Q

250 0.65

200 {1 > L 0.55
(=2}
< 150 4 v
= S o 045 &
o 100 A S~ 8]
@ T~< 0.35

50 { =——SCP S~ e
- = COP (Mpegdbase-case = 5 kg
0 . ; . . . . . . 0.25
o 1 2 3 4 5 6 7 8 9
(Mpeq) / (Mpeg)base-case

b 300 0.7

250 - L 0.6
D 200 1 Los
2 150 04 3
S 100 | e
@ 50 ——sCP | 0.3

(Uped Apea)base-case = 320 WIK - = COP
0 . : . . 0.2
0 1 2 3 4 5

(Ubed Aved) / (Uvea Avealbase-case

Fig. 5. Variation of SCP and COP as a function of (a) normalized adsorber bed mass,
and (b) normalized adsorber bed overall heat transfer conductance (other para-
meters are at the base-case operating conditions).

increasing the normalized adsorber bed mass from 1 to 8, the SCP
and COP reduce from 185 to 133 W/kg (28%) and from 0.55 to 0.3
(46%), respectively.

Fig. 5b shows that the SCP is more sensitive than the COP to the
overall heat transfer conductance variations. By increasing the
normalized adsorber bed overall heat transfer conductance from
1 to 4, the SCP increases by 51%, whereas the COP increases
only 7.5%.

Effects of heating fluid inlet temperature on the variations of
SCP and COP are shown in Fig. 6a. Although the engine coolant has
high temperature, Fig. 6a depicts that the low engine coolant
temperature at the cold start-up results in very low SCP and COP.
Fig. 6a also indicates that by increasing the heating fluid inlet
temperature from 70 to 95 °C, the SCP linearly increases by 127%
and the COP increases by 20%, respectively.
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Fig. 7. Variation of SCP and COP as a function of (a) cooling fluid inlet temperature,
and (b) normalized cooling fluid mass flow rate (other parameters are at the base-
case operating conditions).

Fig. 6b shows the effects of normalized heating fluid mass flow
rate on the performance of ACS. It can be seen in Fig. 6b that the
SCP and COP do not vary significantly by normalized heating fluid
mass flow rates greater than 0.75.

Fig. 7 displays the effects of cooling fluid inlet temperature and
normalized mass flow rate on the SCP and COP. In a vehicle, the
cooling fluid which flows through the adsorber bed and condenser
during the adsorption and condensation processes, respectively, comes
from an auxiliary radiator which is cooled down by the ambient air
[26]. The auxiliary radiator is different from the engine radiator to
prevent any interference with the engine cooling process. Therefore, in
Fig. 7, it is assumed that the cooling fluid inlet temperature to the
adsorber bed and coolant inlet temperature to the condenser have the
same temperature and mass flow rate. As shown in Fig. 7a, the SCP
linearly decreases from 275.7 to 52.9 W/kg (80%) and the COP reduces
from 0.62 to 0.3 (50%) by increasing the cooling fluid inlet temperature

Menited / (Menitea)base-case

Fig. 9. Variation of SCP and COP as a function of (a) chilled water inlet temperature,
and (b) normalized chilled water mass flow rate (other parameters are at the base-
case operating conditions).

from 25 to 45 °C. Comparing Figs. 7 and 6a indicates that for the
designed silica gel-water ACS, the SCP and COP are more sensitive to
the cooling fluid than the heating fluid inlet temperature. Fig. 7b
shows that the SCP and COP remain constant for the normalized
cooling fluid mass flow rates greater than one; the SCP and COP
increases only 8% and 2.4% by increasing the normalized cooling fluid
mass flow rate from 1 to 4.

The importance of sizing or rating of appropriate condensers
and evaporators with proper overall heat transfer conductance is
depicted in Fig. 8. As shown in Fig. 8a, by increasing the normal-
ized condenser overall heat transfer conductance from 0.2 to 1, the
SCP and COP increases by 72% and 38.6%, respectively. However,
for the normalized condenser overall heat transfer conductance
greater than 1, the SCP and COP do not change considerably.

Fig. 8b shows the effects of the normalized evaporator overall
heat transfer conductance on the performance of ACS. It can be seen
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in Fig. 8b that the SCP increases from 130 to 185 W/kg (42.6%) and
the COP increases from 0.47 to 0.55 (17.8%) by increasing the nor-
malized evaporator overall heat transfer conductance from 0.2 to 1. It
should be noted that higher overall heat transfer conductance may
result in adding weight to the ACS which should be included in the
analysis. Fig. 8 indicates that having a well-designed adsorber bed
with proper heat and mass transfer characteristics is not the sole
factor in ACS to achieve high SCP and COP.

Fig. 9a demonstrates the effects of chilled water inlet tempera-
ture on the SCP and COP. As shown in Fig. 9a, increasing the chilled
water inlet temperature from 5 to 20 °C increases the SCP and COP
by 105% and 40%, respectively. The cabin temperature thermal
comfort temperature range is about 20-23 °C [2]. As a result, the
chilled water inlet temperature to the evaporator within the range
of 15-20 °C results in achieving the SCP and COP of 185-224 W/kg
and 0.55-0.6, respectively.

Fig. 9b depicts the effects of normalized chilled water mass
flow rate on the SCP and COP. Fig. 9b indicates that the SCP and
COP do not increase effectively for the normalized chilled water
mass flow rates greater than one whereas the SCP and COP
increases by 139% and 216% by increasing the normalized chilled
water mass flow rate from 0.2 to 1.

According to the parametric study, important parameters in the
sizing of ACS, which are fixed after building the ACS, are the
adsorber bed, condenser and evaporator mass and overall heat
transfer conductance (Figs. 5 and 8). Among these parameters,
adsorber bed mass has the lowest and adsorber bed overall heat
transfer conductance has the highest effects on the SCP. However,
the adsorber bed mass should be minimized to reduce the dead
mass in vehicles. The cycle time is the other parameter that should
be calculated to maximize the SCP under specific operating
conditions, see Fig. 4a. Other parameters are the heating and
cooling fluids, and chilled water inlet temperatures and mass flow
rates (Figs. 6, 7, and 9). According to Figs. 6, 7, and 9, the variable
speed pumps are required to adjust the heating and cooling fluids,
and chilled water mass flow rates. Although, these mass flow rates
do not change the SCP and COP after specific values, their proper
adjustments benefit to reach the acceptable SCP and COP with less
feeding pump powers. The heating and cooling fluid inlet tem-
peratures to the adsorber bed are fixed by the engine coolant and
environment temperatures, respectively. Therefore, these para-
meters are not under the user control. The only parameter, that
significantly changes the SCP and is under the user control, is the
chilled water inlet temperature to the evaporator, see Fig. 9a. By
adjusting the chilled water mass flow rate, the chilled water inlet
temperature to the evaporator can be regulated.

Finally, the parametric study shows that under some operating
conditions, the COP of ACS becomes less than 0.5 which indicates
the engine coolant may not be sufficient for the regeneration of
the adsorber bed during the desorption process. Therefore,
depending upon the environmental conditions, a portion of the
exhaust gas of the ICE can be used during the desorption process.

5. Conclusion

In this study, the performance of a 2 kW waste-heat driven ACS
for light-duty vehicle A/C applications was studied through ther-
modynamic cycle modeling. The results showed that the SCP and
COP of the ACS were maximized for the cycle times between 10
and 15 min and the ADTR of one. In addition, the results indicated
that among the adsorber bed, condenser and evaporator, the
adsorber bed overall heat transfer conductance and mass have
the highest and the lowest effects on the SCP, respectively. More-
over, the results showed that the heating and cooling fluids,
coolant and chilled water mass flow rates had not considerable

effects on the SCP and COP after specific values. These mass flow
rates had to be adjusted in order to reducing the feeding pump
powers. Finally, the results showed that for the regeneration of the
adsorber beds during the desorption process, the engine coolant
was not sufficient and the exhaust gas of the ICE had also to be
utilized to achieve the required cooling power under different
operating conditions.
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