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Performance analysis of a novel expansion valve and control valves
designed for a waste heat-driven two-adsorber bed adsorption
cooling system
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H I G H L I G H T S

• New ideas for the expansion and control valves of adsorption cooling systems are proposed.
• A two-bed silica gel/CaCl2-water adsorption cooling system is built to test the new ideas.
• The control valves are 10.5 kg lighter than other available designs in the literature.
• The control valve arrangements result in 50% less parasitic power consumption in one cycle.
• A check valve with cracking pressure of 3.5–7 kPa is proposed for the expansion valve.
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A B S T R A C T

Two new ideas for the expansion valve and control valves of an adsorption cooling system (ACS) for vehicle
air conditioning applications are suggested to reduce its weight and parasitic power consumption, and
simplify its control system. A check valve with cracking pressure of 3.5–7 kPa is proposed for the ex-
pansion valve and a combination of low cracking pressure check valves and solenoid valves with an
innovative arrangement is proposed for the control valves. These new designs are installed on a two-
adsorber bed silica gel/CaCl2-water ACS and tested under different operating conditions. These designs
result in reducing the total mass of the ACS up to 10.5 kg and the parasitic power consumption of the
control valves by 50%. The results show that the expansion valve and control valves operate effectively
under the heating and cooling fluid inlet temperatures to the adsorber beds of 70–100 °C and 30–40 °C,
respectively, the coolant water inlet temperature to the condenser of 30–40 °C, and the chilled water
inlet temperature to the evaporator of 15–20 °C. Also, an ACS thermodynamic cycle model is developed
and compared against the experimental data for prediction and further improvement of the ACS per-
formance. The results of the numerical modeling show that by increasing the adsorber bed heat transfer
coefficient and surface area, the specific cooling power of the system increases up to 6 times.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Waste heat-driven driven adsorption cooling systems (ACS) are po-
tential energy efficient replacements for vapor compression refrigeration
cycles (VCRC) in vehicles’ air conditioning (A/C) applications. An ACS
utilizes a low grade thermal energy to generate cooling power re-
quired in a vehicle. Approximately 70% of the total fuel energy released
in an internal combustion engine (ICE) is wasted as heat that is dissi-
pated through the engine coolant and exhaust gas [1]. An ACS can use
this wasted heat to provide cooling in vehicles and drastically reduce
the vehicle’s fuel consumption and carbon footprint.

An ACS uses an adsorbent–adsorbate working pair, where the
adsorbate, such as water or methanol, is adsorbed and desorbed from
the surface of the adsorbent, such as zeolite, silica gel, or acti-
vated carbon, in a waste heat-driven cycle. Most of these materials
are nontoxic, noncorrosive, and inexpensive [2] making ACS a safe
and environmentally friendly technology. An ACS operates more
quietly than a VCRC and is easier to maintain because its only moving
parts are valves [3]. However, current ACS are limited in their use-
fulness for commercial vehicle applications, specifically light-
duty vehicles, because of their bulkiness and heavy weight which
are due to the low thermal conductivity of adsorbent materials and
the low mass diffusivity of adsorbent–adsorbate pairs. These prop-
erties result in a low coefficient of performance (COP = cooling
energy/input energy) and low specific cooling power (SCP = cooling
energy/(adsorbent mass × cycle time)). In vehicle applications, the
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mass of auxiliary systems should be minimized. Therefore, the SCP
becomes an important parameter in a mobile ACS design [4].

Sharafian and Bahrami [5] conducted a comprehensive literature
review on the feasibility of ACS installation in light-duty vehicles, dif-
ferent ACS thermodynamic cycle modeling, and practical examples of
ACS installed in vehicles such as a refrigerated rail car with two-
adsorber bed silica gel-sulphur dioxide ACS [6], a locomotive with waste
heat-driven single-adsorber bed zeolite 13X-water ACS [7,8], and a
fishing boat with waste heat-driven two-adsorber bed consolidated ac-
tivated carbon/CaCl2-ammonia ACS for ice production [9–13]. These
examples were successful ACS installed in vehicle applications where
the weight and footprint of the ACS were not problematic. For light-
duty vehicle A/C applications, de Boer et al. [14–17] built and installed
a two-adsorber bed silica gel-water ACS with 2-kW cooling power on
a compact car, Fiat Grande Punto. In their setup, each adsorber bed was
filled with 3 kg of silica gel with the adsorber bed to adsorbent mass
ratio (AAMR) of 4.2 kgmetal/kgdry adsorbent. The 86 kg total mass of their
system exceeded the 35 kg limit set by the car manufacturer [14]. From
the data reported in Refs. [14,15], one can conclude that the mass of
the two adsorber beds loaded with adsorbent material was 31.2 kg (2
adsorber beds × (3 kgdry adsorbent + 4.2 kgmetal/kgdry adsorbent × 3 kgdry adsorbent))
which made only 36% of the total mass of the system. The condenser,
evaporator, expansion valve, piping and control valves contributed the
remaining 64% of the ACS total mass. This shows that the mass of all
components not only adsorber beds became important for vehicle A/C

applications. Table 1 shows the details of different waste heat-driven
ACS including adsorber bed type, working pairs, and number and type
of control valves.

The valves installed on an ACS for vehicle applications should
be automated. It can be seen in Table 1 that the best choice for the
valves installed between the adsorber beds, and condenser and evap-
orator are check valves. These valves have no power consumption
and operate by the pressure difference between the two sides of the
valve. Also, Table 1 indicates that electrically actuated ball valves
and solenoid valves are installed on the most of ACS experiments
to control the heating and cooling systems automatically. Sole-
noid valves are lighter than electrically actuated ball valves and have
faster response. However, they have higher electricity power con-
sumption than electrically actuated ball valves. Our analysis showed
that the power consumption and complexity of control valves have
been overlooked in the literature and there is no information or strat-
egy to minimize the parasitic power consumption of the valves.

In ACS stationary applications that used water as the refriger-
ant, an inverse U-bend tubing was employed as an expansion valve.
However, the constant height of the U-bend tubing limited its op-
erating range. For vehicle applications, where the A/C system
experiences different ambient temperatures, this type of expan-
sion valves cannot operate effectively. To this end, we proposed a
new design for the expansion valve of an ACS to meet the require-
ments of a well-designed ACS for vehicle applications.

Table 1
Performance analysis of different finned tube adsorber beds reported in the literature.

Ref. no. Adsorber bed type Working pairs Control valves on adsorber beds Control valves on
heating/cooling sys.

[18] 1 SS 304 annulus tube HEX Consolidated natural graphite + zeolite
13X/water

4 electrically actuated valves 4 electrically actuated valves

[19] 2 annulus tube HEX Consolidated zeolite/water 4 pneumatic vacuum valves 8 electrically actuated valves
[20–26] 2 plate-tube HEX Act. carbon/ammonia 4 check valve 12 valves
[27,28] 2 shell and tube HEX Act. carbon/methanol 4 magnetic vacuum valves 10 hand ball valves
[29] 4 shell and tube HEX Act. carbon/ammonia 14 valves 16 valves
[30–34] SS simple tube Consolidated act. carbon/ammonia No valve No valve
[35–38] Plate HEX Consolidated act. carbon/ammonia 4 check valves + 2 solenoid valves 4 three-way valves
[39] 4 plate HEX Silica gel/water 8 solenoid valves 20 solenoid valves
[40,41] 4 plate fin HEX Silica gel/water 10 pressure relief valves 16 valves
[42–44] 2 plate fin HEX Silica gel/water No valve 11 solenoid valves
[45] 2 plate fin HEX Silica gel/water 4 solenoid valves Manual hand ball valves
[46] 1 flat-tube HEX with corrugated fins Silica gel/water No valves 4 three-way valves
[47–49] 1 aluminum finned tube HEX Consolidated activated carbon/ammonia 4 check valves 10 shut-off valves
[50] 1 SS finned tube HEX Silica gel/methanol 2 hand ball valves 4 three-way valves
[51–53] SS Cylindrical double finned tube HEX Zeolite 13X/water 3 manual vacuum valves 4 manual hand ball valves
[7,8] 1 finned tubes HEX Zeolite 13X/water 4 vacuum valves 3 check valves
[54] 1 SS finned tube HEX silica gel + CaCl2 (SWS-1L)/water 2 vacuum valves 2 three-way valves
[55] 2 Aluminum finned tube HEX AQSOA FAM-Z02/water 4 check valves + 1 hand ball valve –
[56–58] 2 finned tube HEX Silica gel/water 1 solenoid vacuum valve 11 solenoid valves
[59] 1 SS finned tube HEX Coated hydrophobic Y zeolite

(CBV-901)/methanol
2 vacuum valves 2 three-way valves

[60] 2 finned tube HEX Silica gel/water 1 solenoid vacuum valve 11 solenoid valves
[61–64] 2 finned tube HEX Act. carbon + CaCl2 (1:4)/ammonia 4 hand ball valves Hand ball valves
[65] 1 aluminum finned tube HEX Silica gel + CaCl2 (SWS-1L)/water 2 vacuum valves 2 three-way valves
[66] Finned tube HEX Silica gel + CaCl2/water No valve –
[14–17] 2 Aluminum finned tube HEX Silica gel/water 4 check valves 4 three-way valves
[67–69] 1 aluminum finned tube HEX LiNO3-Silica KSK/water 2 vacuum valves 4 solenoid valve + 4 check valves
[70,71] 28 finned tube with 2.5 mm fin spacing Silica gel + LiCl/water 1 solenoid vacuum valve 11 solenoid valves
[72–74] 2 aluminum finned tube HEX Silica gel + LiCl/methanol

Silica gel/water
1 solenoid vacuum valve 11 solenoid valves

[75] 2 aluminum finned tube HEX AQSOA FAM-Z02/water 4 electrically actuated valves Solenoid valves
[76,77] 8 HEX with aluminum fins + steel pipes Expanded graphite + CaCl2/ammonia

Expanded graphite + BaCl2/ammonia
4 valves
1 solenoid vacuum valve

8 valves
11 solenoid valves

[78] 1 carbon steel finned tube HEX Expanded graphite + NaBr/ammonia 2 valves 4 valves
[79] 4 SS shell and aluminum finned tube HEX Silica gel/water 8 electrically actuated valves 16 electrically actuated valves
[80] 2 finned tube HEX Expanded graphite + CaCl2/ammonia No valve 3 three-way valves
[81] 2 copper finned tube HEX Zeolite 13X + CaCl2/water 6 solenoid valves 10 solenoid valves

SS, stainless steel.
HEX, heat exchanger.
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In the present study, two ideas are proposed for the expansion
valve and control valves of an ACS for vehicle A/C applications to
simplify the control system, and reduce the total mass of the ACS
and the parasitic power consumption of the control valves. As a
proof-of-concept demonstration, a two-adsorber bed silica gel/
CaCl2 ACS is designed and built to test these ideas. To evaluate the
functionality of the expansion and control valves, parametric studies
are performed under different operating conditions. An ACS ther-
modynamic cycle model is also developed and compared against
the experimental data for prediction and further improvement of
the ACS performance. Finally, additional modifications to improve
the performance of the ACA are proposed.

2. ACS thermodynamic cycle

The thermodynamic cycle of an ACS is comprised of two main
steps: heating–desorption–condensation and cooling–adsorption–
evaporation. With a single adsorber bed, an ACS generates
evaporative cooling power intermittently. To produce a continu-
ous cooling power, one must use more than one adsorber bed. Fig. 1a
depicts a schematic of a typical two-adsorber bed ACS comprised
of two adsorber beds, a condenser, an expansion valve, and an
evaporator.

Fig. 1b shows the thermodynamic processes in an ACS which is
divided into two subcycles: (i) an adsorbent cycle (on the right side),
and (ii) an adsorbate cycle (on the left side). As shown in Fig. 1b,
the adsorbent cycle includes four steps: (1) isosteric heating (ih);
process 1–2, (2) isobaric desorption (ibd); process 2–3’, (3) isosteric
cooling (ic); process 3’–4’, and (4) isobaric adsorption (iba); process
4’–1. Isosteric processes occur at constant specific volume and iso-
baric processes occur at constant pressure. The adsorbate cycle

shown in Fig. 1b includes three steps: (1) isobaric condensation in
the condenser; process 2–3, (2) isenthalpic process in the expan-
sion valve; process 3–4, and (3) isobaric evaporation in the
evaporator; process 4–1.

During step 1–2, the adsorbent-adsorbate pair absorbs heat of
Q ih from an external heat source in an isosteric process. 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 pres-
sure of the condenser and the inlet valve to the condenser is opened.
In step 2–3’, the external heat source continuously heats the adsorber
bed (Q ibd ) during an isobaric desorption process, the adsorbate leaves
the adsorber bed, and is condensed inside the condenser through
an isobaric cooling process (steps 2–3). Upon reaching the point 3’,
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 temperature of the adsorbent is
reduced by dissipating the heat of Q ic through a heat sink. In steps
3–4, the adsorbate inside the condenser passes through the expan-
sion valve and enters to the evaporator. During steps 4–1, the
adsorbate absorbs the heat of Q evap from the environment of inter-
est and evaporates. At the same time, the valve between the
evaporator and the adsorber bed is opened and the adsorbent
adsorbs the vaporous adsorbate through an isobaric adsorption
process (step 4’–1) and releases heat of Q iba .

3. Experimental study

An ACS with more than 60 different components was designed
and built to test the proposed ideas. Fig. 2a–c shows a schematic
of the two-adsorber bed waste heat-driven ACS along with photos
of the system components. The ACS equipped with four tempera-
ture control systems (TCS) to control the adsorption and desorption
temperatures in the adsorber beds, and the condensation and evap-
oration temperatures in the condenser and evaporator, respectively.
As shown in Fig. 2a, valves V1–V4 are installed before and after the
adsorber beds to control the adsorption and desorption processes,
and eight valves (V5–V12) are installed on the TCSs (TCSHF and TCSCF)
to intermittently heat and cool adsorber beds 1 and 2.

Silica gel/CaCl2 adsorbent material was prepared with combin-
ing chromatography-grade commercial silica gel with irregular-
shaped grains (0.5–1.0 mm) and average pore diameter of 5.7 nm
(SiliaFlash N60, Silicycle Inc.) with 30% wt. CaCl2. Two heat ex-
changers, as shown in Fig. 2d, were designed and built based on the
results of Sharafian et al. [83] to be packed with the silica gel/
CaCl2 composite adsorbent. Type T thermocouples (Omega, model
#5SRTC-TT-T-36-36) with accuracy of 0.75% of reading and pres-
sure transducers (Omega, model #PX309-005AI) with 0–34.5 kPa
operating range and ±0.4 kPa accuracy were used to monitor and
record the temperature and pressure variations in each compo-
nent of the ACS over time.

Four check valves, V1–V4, were installed to reduce the weight
and electrical power consumption of the ACS, and to simplify its
control system. The check valves between the adsorber beds and
the condenser, and the adsorber beds and the evaporator must have
a low cracking pressure. An ACS which uses water as the refriger-
ant operates between 1 and 8 kPa, therefore any pressure drop
between the adsorber beds and the condenser or the adsorber beds
and the evaporator reduces the system performance. In this study,
the check valves (Generant, model #DCV-375B-S) have a cracking
pressure of less than 250 Pa, have no power consumption, and are
durable and inexpensive.

To control the heating and cooling of the adsorber beds, eight
solenoid valves, V5–V12, (StcValve, model #2W160-1/2-3-V with
14 W power consumption and #2WO160-1/2-3-V with 30 W powerFig. 1. (a) Schematic and (b) thermodynamic cycle of a two-adsorber bed ACS [82].
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consumption) with a maximum operating temperature of 120 °C
and a total power consumption of 176 W were installed. The sole-
noid valve arrangements for the heat transfer fluid header and
collector of the ACS are displayed in Fig. 3.

As shown in Fig. 3, solenoid valves V5, V7, V10, and V12 are nor-
mally closed and solenoid valves V6, V8, V9, and V11 are normally
open. To desorb adsorber bed 1, heating fluid comes from TCSHF,
enters the header, passes through valve V6, and goes to adsorber
bed 1, as shown in Fig. 3a, and then returns from adsorber bed 1,

passes through valve V8, and returns to TCSHF, as shown in Fig. 3b.
For the adsorption process in adsorber bed 2, cooling fluid comes
from TCSCF, passes through valve V9, and enters adsorber bed 2. Then,
it returns from adsorber bed 2, passes through valve V11, and returns
to TCSCF. When the solenoid valves are not energized, TCSHF and TCSCF

are connected to adsorber beds 1 and 2, respectively. When the so-
lenoid valves are energized, the flow directions of heating and cooling
fluids are switched, and TCSHF and TCSCF are connected to adsorber
bed 2 and 1, respectively.
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Fig. 2. (a) Schematic of a two-adsorber bed ACS, (b–c) ACS components: 1 – adsorber beds, 2 – condenser, and 3 – evaporator, and (d) custom-built heat exchanger located
inside the adsorber beds.
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With this design, valves V1–V8 are controlled with only a relay
switch, which in turn is controlled automatically using a LabVIEW
program, and the power consumption of valves V1–V8 for one cycle
reduces by 50%. Also, check valves V1–V4 operate automatically,
without power consumption, actuated by the pressure gradients
between the adsorber beds, and the condenser and the evapora-
tor. The total mass of the eight solenoid valves and four check valves
is about 7 kg (8 × 0.815 kg + 4 × 0.115 kg). If electrically or pneu-
matically actuated ball valves were used, the total mass of eight
valves and four check valves of the same size would be 17.5 kg
(8 × 2.130 kg + 4 × 0.115 kg) which is 10.5 kg (2.5 times) heavier than
the design in this study.

The expansion valve of a refrigeration system prevents the va-
porous refrigerant in the condenser from flowing to the evaporator,
and creates a pressure difference between the condenser and evap-
orator that is set by the refrigerant saturation pressure. Therefore,
the expansion valve of an ACS that uses water as the refrigerant (ad-
sorbate) differs from those of designed for conventional VCRCs that
use commercial refrigerants such as chlorofluorocarbons (CFCs),
hydrochlorofluorocarbons (HCFCs), and hydrofluorocarbons (HFCs).
Among ACS experiments for stationary applications, a reverse U-bend
tube was used as the expansion valve such as the one reported in
Ref. [84]. The problem associated with a reverse U-bend tube in an
ACS that uses water as the refrigerant is its fixed height. To create
a pressure drop of 5 kPa between the condenser and evaporator, the
height of such a reverse U-bend is about 50 cm which is not prac-
tical for light-duty vehicle A/C applications and limits the operating
range of the ACS. In this study, to resolve the issue of U-bend tube
for vehicle applications and design an expansion valve for a wide
range of operating conditions, a check valve (Generant, model #CV-
250B-S-1) with a cracking pressure of 3.4–6.9 kPa is proposed.

Fig. 4 shows the positions of the condenser and evaporator, and
the expansion valve located between them. The condensed refrig-
erant (adsorbate) is accumulated at the outlet of the condenser and
before the expansion valve. As such, the hydrostatic pressure balance
for the fluid between the condenser and evaporator is used to relate
Pcond and Pevap to the cracking pressure of the check valve (Pcracking):

P P Pgh ghcond evap evap cracking− − >+ρ ρ (1)

Eq. (1) shows that the expansion valve connects the condenser
to the evaporator only if the sum of the left-side terms becomes
larger than the cracking pressure of the check valve, Pcracking . As such,
the term ρgh in Eq. (1) created by the accumulation of liquid re-
frigerant (adsorbate) at the outlet of the condenser guarantees that
no vaporous refrigerant passes through the expansion valve. Such
a compact expansion valve can effectively operate in a vehicle where

operating conditions vary significantly and vibrations are abun-
dant. The other specifications of the designed ACS and the operating
conditions are summarized in Table 2.

4. Numerical modeling

A dynamic lumped-body model was developed for the ACS ther-
modynamic cycle to predict the performance of the system and further
improve the design. The energy balance on the adsorber bed during
the isosteric heating (process 1–2 in Fig. 1b) is expressed as follows:

m c c c
m

m
adsorbent adsorbent p liq adsorbate max bed

bed

adsorbe

+ +, . ω
nnt

adsorbent

bed bed LM bed

dT
dt

U A T

⎡
⎣⎢

⎤
⎦⎥

= Δ , (2)

where madsorbent is the mass of dry adsorbent and m
m

bed
adsorbent is the AAMR.

In Eq. (2), Tadsorbent is the adsorbent particles temperature and ωmax

is the maximum adsorbate uptake at the adsorbent temperature and
evaporator pressure, see Fig. 1b. Ubed and Abed are the overall heat
transfer coefficient and heat transfer surface area of the adsorber
bed, respectively. ΔTLM bed, defines the adsorber bed log mean tem-
perature difference (LMTD) between the adsorbent particles and
heating fluid:

ΔT
T T

T T
T T

LM bed
hf i hf o

hf i adsorbent

hf o adsorbent

,
, ,

,

,
ln

=
−

−
−

⎛
⎝⎜

⎞
⎠⎠⎟

(3)

where Thf i, and Thf o, are the heating fluid inlet and outlet tempera-
tures. Eq. (4) gives the heating fluid outlet temperature during the
isosteric heating process:

�m c T T U A Thf p hf hf i hf o bed bed LM bed, , , ,−( ) = Δ (4)

where �mhf is the heating fluid mass flow rate. During the isobaric
desorption (process 2–3’ in Fig. 1b), the energy balance on the

Pcond

Condenser

Pevap

Evaporator

Pbed 2

hevap

Pbed 1

Expansion 
valve

h

Fig. 4. Schematic of the proposed expansion valve for a waste heat-driven ACS.

Table 2
Specifications and operating conditions of the ACS built in this study.

Parameter Changed values

Working pairs Silica gel/CaCl2-water
Mass of adsorbent per adsorber bed (kg) 1.15
Metal mass of adsorber bed (kg) 2.8
Adsorber bed heat transfer surface area,

Abed (m2)
0.235

Adsorber bed heat transfer coefficient, Ubed

(W/m2K)
20.0

Heating fluid mass flow rate to adsorber
bed (kg/s)

0.058 (4.1 L/min of silicone oil)

Cooling fluid mass flow rate to adsorber
bed (kg/s)

0.062 (4.1 L/min of silicone oil)

Heat capacity of silicone oil (kJ/kgK) 1.8
Metal mass of condenser (kg) 1.9
Condenser heat transfer surface area, Acond

(m2)
0.1444

Condenser heat transfer coefficient, Ucond

(W/m2K)
250

Coolant water mass flow rate to condenser
(kg/s)

0.036 (2.16 L/min of water)

Metal mass of evaporator (kg) 1.9
Evaporator heat transfer surface area, Aevap

(m2)
0.072

Evaporator heat transfer coefficient, Uevap

(W/m2K)
250

Chilled water mass flow rate to evaporator
(kg/s)

0.02 (1.2 L/min of water)

Heating fluid inlet temperature (°C) 90
Cooling fluid inlet temperature (°C) 30
Coolant fluid inlet temperature (°C) 30
Chilled water inlet temperature (°C) 15
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adsorber bed and the adsorbate uptake rate by the adsorbent par-
ticles are expressed as follows:

m c c c
m

m
adsorbent adsorbent p liq adsorbate bed

bed

adsorbent

+ +⎡
, . ω

⎣⎣⎢
⎤
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dt
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ω Δ Δ ,

(5)

d
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p
eq

ω ω ω= −( )15
2 (6)

The first and second terms in the left-hand side of Eq. (5) rep-
resent the sensible and latent heats, respectively. Eq. (6) gives the
adsorbate uptake rate, d

dt
ω , which is a function of the solid-side mass

diffusivity, Ds , the average radius of the adsorbent particles, Rp , and
the equilibrium adsorbate uptake of the adsorbent particles, ωeq.
The solid-side mass diffusivity is expressed as D E R Ts a u adsorbent0 exp −( ),
where Ds0 is the pre-exponential constant, Ea is the activation
energy, and Ru is the universal gas constant. In this study, the ad-
sorbent material is silica gel/CaCl2 and the constant values of Ds0 ,
Ea , and Rp are 2.54 × 10−4 m2/s, 42.0 kJ/mol, and 0.375 × 10−3 m, re-
spectively [85,86]. Eq. (7) gives the equilibrium water uptake by silica
gel/CaCl2 [85,86]:
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(7)

where P, Madsorbate and Δhads are the operating pressure in mbar, the
molar mass of adsorbate, and the enthalpy of adsorption, respec-
tively. For silica gel/CaCl2-water, Δhads, K0, ωm, and n are equal to
2760 kJ/kg, 2.0 × 10−10 mbar−1, 0.8 kg/kg, and 1.1, respectively [85,86].
The energy balance on the condenser is expressed by Eqs. (8)–(10):

− +m
d
dt
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cond cond LM cond cond cond
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�m c T T U A Tcoolant p coolant coolant o coolant i cond cond LM, , , ,−( ) = Δ ccond (10)

where Tcoolant i, and Tcoolant o, are the coolant fluid inlet and outlet tem-
peratures to the condenser and hfg is the enthalpy of vaporization
during the condensation process. The set of Eqs. (3)–(10) should be
solved simultaneously to find the adsorbent particles tempera-
ture, adsorbate uptake rate, heating fluid outlet temperature, and
adsorber bed LMTD, as well as the condenser and coolant fluid outlet
temperatures during the isobaric desorption and condensation pro-
cesses. The amounts of heat transfer to the adsorber bed from the
heat source during the isosteric heating and isobaric desorption pro-
cesses, and the heat removal from the condenser during the
condensation process are calculated as follows:

� �q m c T Theating hf p hf hf i hf o= −( ), , , (11)

� �q m c T Tcond coolant p coolant coolant i coolant o= −( ), , , (12)

Eqs. (13)–(15) express the energy balance during the isosteric
cooling (process 3’–4’ in Fig. 1b). This process is similar to the isosteric
heating process except the cooling fluid replaces the heating
fluid.

m c c c
m

m
adsorbent adsorbent p liq adsorbate min bed

bed

adsorbe

+ +, . ω
nnt

adsorbent

bed bed LM bed

dT
dt

U A T

⎡
⎣⎢

⎤
⎦⎥

= Δ , (13)

ΔT
T T

T T
T T

LM bed
cf i cf o

cf i adsorbent

cf o adsorbent

,
, ,

,

,
ln

=
−

−
−

⎛
⎝⎜

⎞
⎠⎠⎟

(14)

�m c T T U A Tcf p cf cf i cf o bed bed LM bed, , , ,−( ) = Δ (15)

where ωmin is the minimum equilibrium adsorbate uptake in the
ACS thermodynamic cycle at the end of the isobaric desorption
process and is calculated at the adsorber bed temperature and con-
denser pressure, see Fig. 1b. The energy balance on the adsorber bed
during the isobaric adsorption (process 4’–1 in Fig. 1b) is ex-
pressed as follows:

m c c c
m

m
adsorbent adsorbent p liq adsorbate bed

bed
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+ +⎡
, . ω

⎣⎣⎢
⎤
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− −

dT
dt

m
d
dt

h c

adsorbent

adsorbent ads p vaporous adsorba
ω Δ , tte adsorbent evap

bed bed LM bed

T T

U A T

−( )[ ]
= Δ , (16)

The governing equations during the evaporation process are sum-
marized in Eqs. (17)–(19):

− − −m
d
dt

h c T Tadsorbate fg adsorbate T p liq adsorbate condevap

ω
, @ , . eevap

evap evap LM evap evap evap
evapU A T m c

dT
dt

( )⎡⎣ ⎤⎦

+ =Δ , (17)

ΔT
T T

T T
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LM evap
chilled i chilled o

chilled i evap
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,
, ,

,

,
ln

= −
−

oo evapT−
⎛
⎝⎜

⎞
⎠⎟

(18)

�m c T T U A Tchilled p chilled chilled i chilled o evap evap LM, , , ,−( ) = Δ eevap (19)

Eqs. (6) and (14)–(19) should be solved simultaneously to find
the adsorbent particles temperature and chilled water outlet tem-
perature during the isobaric adsorption and evaporation processes,
respectively. The heat removal from the adsorber bed during the
isosteric cooling and isobaric adsorption processes as well as heat
transfer to the evaporator during the evaporation process are cal-
culated as follows:

� �q m c T Tcooling cf p cf cf i cf o= −( ), , , (20)

� �q m c T Tevap chilled p chilled chilled i chilled o= −( ), , , (21)

Eqs. (22)–(25) give the total amount of heat transfer to/removal
from the adsorber beds, condenser and evaporator:

Q q dt Jtotal heating heating

steps

= ( )
−( )+ − ′( )
∫ �

1 2 2 3
(22)

Q q dt Jtotal cooling cooling

steps

= ( )
′− ′( )+ ′−( )
∫ �

3 4 4 1
(23)

Q q dt Jcond cond

step

= ( )
−( )

∫ �
2 3

(24)

Q q dt Jevap evap

step

= ( )
−( )

∫ �
4 1

(25)

Accordingly, the COP and SCP of the ACS during one cycle are
calculated:
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COP
Q

Q
evap

total heating

= (26)

SCP
Q

m
W kgevap

adsorbent cycle

= ( )
τ

/ (27)

where τcycle in Eq. (27) is the cycle time.
To solve the set of differential equations simultaneously, the

Runge–Kutta–Fehlberg method (RKF45) was adopted because the
governing equations in the ACS thermodynamic modeling were only
a function of time. In the in-house code, the marching time step
was set at 0.1 s and the relative error difference between two con-
sequent iterations at each time step was set at 10−9. Also, the absolute
error difference between the results at the end of two consequent
cycles was set at 10−3.

5. Results and discussion

5.1. Base-case operating condition

Fig. 5 shows the performance of the ACS with a new expansion
valve and control valves at the cycle time of 30 min and the base-
case operating conditions summarized in Table 2. Fig. 5a shows the
inlet and outlet temperatures of the heating and cooling fluids before
and after adsorber beds 1 and 2 as they are alternately heated and
cooled for desorption and adsorption, respectively. Fig. 5 shows that
control valves V5–V12 can repetitively direct the heating and cooling
fluids to the adsorber beds. The pressures of the adsorber beds, Pbed ,1

and Pbed ,2, corresponding to adsorption and desorption are shown
in Fig. 5b. It can be seen in Fig. 5b that the pressures of the adsorber
beds vary between the condenser and evaporator pressures, Pcond

and Pevap , where condensation and evaporation processes occur. Also,

Fig. 5b indicates that whenever one of the adsorber beds under-
goes the adsorption process, it is automatically connected to the
evaporator via valves V1 or V3 and because of refrigerant evapo-
ration in the evaporator, the chilled water outlet temperature, Tchilled o, ,
reduces. Fig. 5b also indicates that the expansion valve can provide
the required pressure drop between the condenser and evapora-
tor under the base-case operating conditions.

5.2. Parametric study

In this section, the performance of the ACS is studied under dif-
ferent operating conditions. In order to verify the numerical
modeling, the SCP of ACS calculated from the numerical modeling
is compared against that of calculated from the experimental data.
Fig. 6 shows the effect of cycle time on the SCP of the ACS. As shown
in Fig. 6, by increasing the cycle time from 20 to 30 min, the SCP
increases by 177% from 3.3 to 9.15 W/kg. However, the SCP of ACS
gradually reduces after the cycle time of 30 min because the ad-
sorbate uptake capability of adsorbent particles reduces by increasing
the cycle time. Fig. 6 shows that the model is capable of predict-
ing the SCP of ACS with a good agreement for cycle times less than
30 min which are of the interest of vehicle applications [87].

Fig. 7 shows the effects of the heating and cooling fluid inlet tem-
peratures on the SCP of the ACS. As shown in Fig. 7a, increasing the
heating fluid inlet temperature to the adsorber beds from 70 to
100 °C increases the SCP from 0.7 to 14.8 W/kg. Increasing the tem-
perature of the heating fluid to the adsorber beds during desorption
causes faster heat transfer to the adsorbent material and, conse-
quently, the rate of desorption of the adsorbate from the adsorbent
material increases, and more adsorbate is desorbed. Accordingly,
the drier adsorbent material adsorbs more adsorbate from the evap-
orator during the adsorption process. Therefore, higher cooling power

(a)

(b)

Fig. 5. The ACS performance under the base-case operating conditions summarized in Table 2. (a) Inlet and outlet temperatures of heating and cooling fluids pumped to
the adsorber beds, and (b) operating pressures of the adsorber beds, condenser and evaporator, and chilled water inlet and outlet temperatures in the evaporator.
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(or SCP) is generated. In contrast, Fig. 7b shows that by increasing
the cooling fluid inlet temperature from 30 to 40 °C, the SCP of the
ACS reduces from 9.2 to 4.0 W/kg because higher adsorbent tem-
perature during the adsorption process reduces the adsorbate uptake
capacity of the adsorbent. Fig. 7 also depicts that the numerical mod-
eling predicts the SCP of the ACS with good accuracy.

The effects of the coolant fluid inlet temperature circulated in
the condenser on the SCP of ACS are shown in Fig. 8a. The SCP of
the ACS decreases when the coolant fluid inlet temperature

increases because of the increase in the condenser pressure and,
as a result, lower amount of adsorbate condenses inside the con-
denser and adsorbent material dries less. Therefore, within a constant
cycle time, lower adsorbate is desorbed from the adsorbent mate-
rial and the adsorption capability of the adsorbent material during
the adsorption process reduces. Fig. 8b demonstrates the effects of
the chilled water inlet temperature flowing through the evapora-
tor on the SCP of the ACS. As shown in Fig. 8b, by increasing the
chilled water inlet temperature from 15 to 20 °C, the SCP of the ACS
increases from 9.2 to 14.2 W/kg, i.e., a 54% increase, because the ad-
sorbate uptake capability of the adsorbent material increases with
the increasing the evaporator pressure during the adsorption process.
Fig. 8 also displays that the numerical modeling is capable of pre-
dicting the SCP of the ACS with good accuracy.

5.3. Further improvement of the ACS

The parametric study indicates that the ideas proposed for the
expansion and control valves of a waste heat-driven ACS can suc-
cessfully operate under different operating conditions corresponding
to what a light-duty vehicle A/C system experiences. However, the
SCP of the designed ACS is not high enough because of low overall
heat transfer conductance, UbedAbed, of the adsorber beds and, con-
sequently, low heat transfer rate to the adsorbent material. Also,
the evaporator and condenser designs should be changed to in-
crease the evaporation and condensation rate. Using the verified
numerical modeling, as an example, one can study the effects of an
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Fig. 6. Effects of cycle time on the SCP of the ACS. The operating conditions are kept
constant at the base-case operating conditions summarized in Table 2.
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Fig. 7. Effects of (a) heating fluid and (b) cooling fluid inlet temperatures to the
adsorber beds on the SCP of the ACS. The other operating conditions are kept con-
stant at the base-case operating conditions summarized in Table 2.
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Fig. 8. Effects of (a) coolant fluid and (b) chilled water inlet temperatures pumped
to the condenser and evaporator, respectively, on the SCP of the ACS. The other op-
erating conditions are kept constant at the base-case operating conditions summarized
in Table 2.
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adsorber bed with higher heat transfer rate. To this end, reducing
the fin spacing of the adsorber bed to increase the overall heat trans-
fer coefficient, Ubed, and increasing the adsorber bed heat transfer
surface area, Abed, are practical solutions. Fig. 9 shows the SCP of the
ACS with improved overall heat transfer conductance versus dif-
ferent cycle times. As shown in Fig. 9, increasing Ubed from 20 to
70 W/m2K, and Abed from 0.235 to 2.8 m2 result in the SCP of 83–
96 W/kg within the cycle time 10–40 min.

6. Conclusion

In this study, new designs for the expansion valve and control
valves of a waste heat-driven two-adsorber bed ACS were pro-
posed and tested on a two-adsorber bed silica gel/CaCl2-water ACS.
The performance of the system was experimentally investigated
under different operating conditions. The results showed that the
expansion valve and control valves operated effectively in the system
while the mass of the system was reduced by 10.5 kg and electric-
ity power consumption of control valves was reduced by 50%. Also,
a numerical model was developed and compared against the ex-
perimental data. The numerical results showed a good agreement
with the experimental results under a wide range of operating con-
ditions. The validated numerical model showed that by increasing
the adsorber bed overall heat transfer coefficient and heat trans-
fer surface area, the SCP of the ACS could be improved up to 6 times.
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Nomenclature

A Heat transfer surface area [m2]
A/C Air conditioning
ACS Adsorption cooling system
AAMR Adsorber bed to adsorbent mass ratio [kgmetal/kgdry adsorbent]
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 [m2/s]
Ds0 Pre-exponential constant [m2/s]
Ea Activation energy [J/mol]
Δhads Enthalpy of adsorption [J/kg]
ΔTLM Log mean temperature difference [K]
hfg 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]
Qtotal Total heat transfer [J]
�q Heat transfer rate [W]
Rp Average radius of adsorbent particles [m]
Ru Universal gas constant [J/mol·K]
SCP Specific cooling power [W/kgdry adsorbent]
ω Adsorbate uptake [kg/kgdry adsorbent]
T Temperature [K]
t Time [s]
τcycle Cycle time [s]
U Overall heat transfer coefficient [W/m2·K]
VCRC Vapor compression refrigeration cycle

Subscripts
adsorbateAdsorbate
adsorbentAdsorbent 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
liq. Liquid phase
max Maximum
min Minimum
o Out
sat Saturation
vaporous Vaporous phase
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