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A B S T R A C T   

The potential of thermochemical adsorption heat storage technology for battery electric vehicle (EV) cabin 
heating was explored in this study. A novel modular reactor with multiple adsorption units was designed with 
working pair SrCl2-NH3. Numerical models of the proposed system were built, and the system was sized to meet 
the heating requirement for ambient temperatures ranging from − 5–10 ◦C for 1 ~ 2 h. The simulation results 
showed the system can satisfy the required supply air temperature by initially activating 6 adsorption units and 
activating new units once detecting lower air temperature than required. It was found that the final global 
conversion of adsorption reaction was 0.62–0.67, indicating a relatively stable system performance over ambient 
temperatures. To supply a heating power of 1.3 kW for 1 h at an ambient temperature of 5 ◦C, the designed 
storage system had an adsorbent mass of 16.37 kg in 12 adsorption units. More adsorption units were needed for 
lower ambient temperatures, such as 23 adsorption units needed to supply a heating power of 2.4 kW at − 5 ◦C 
ambient condition. It was found that the overall system energy density was 73.8 kWh/m3, whereas the material 
energy density was 169.4 kWh/m3. This work also demonstrates the importance of considering adsorption dy-
namics when assessing the performance of an adsorption system and demonstrates the benefits of a modularly 
designed adsorption reactor for cabin heating.   

1. Introduction 

The transition to electric passenger vehicles will play a crucial 
element in decarbonising the transport sector, with several countries, 
such as the UK, having recently brought forward a ban on sales of new 
fossil-fuelled vehicles to 2030 [1]. However, concerns about range 
variability depending on climate and high vehicle costs remain barriers 
to the uptake of battery electric vehicles (EVs). Reducing vehicle energy 
consumption to improve driving range or reduce battery capacity re-
quirements remains an essential field of research. 

When electric motors replacing internal combustion engines (ICEs) 
are entirely powered by onboard batteries, the limited battery capacity 
reduces the driving distance of EVs. In cold climates, the absence of 
waste heat generated by ICEs for EV cabin heating necessitates the 
consumption of energy from batteries, further reducing driving range. 
The positive temperature coefficient (PTC) heater is universally used in 
commercial EVs, but its low coefficient of performance (COP) of 0.9 to 
0.95 [2] results in a 50–60% loss of driving range [3,4]. Although heat 
pump is a relatively new option with higher COP, a reversible vapour 

compression heat pump system can still reduce a 10–15% driving range 
of EVs [5]. Additionally, the heating performance of traditional heat 
pump systems declines significantly with ambient temperature dropping 
[2]. For instance, when the ambient temperature dropped from 0 ◦C to 
− 10 ◦C, the heating COP of an R134a heat pump system was reduced by 
12.1%, and the cabin temperature fell from 23 ◦C to 11.5 ◦C [6]. 
Therefore, enhancing the battery capacity and cutting the electricity 
consumption of climate control devices [4] are the main approaches to 
extend the mileage without sacrificing passenger comfort. Using thermal 
energy storage (TES) devices offers a promising approach to provide 
cabin thermal management and improve driving distance of EVs. TES 
devices can be charged by external energy sources and supply heat to 
EVs without consuming onboard battery energy. This approach sepa-
rates the heat source from batteries, allowing a greater proportion of 
battery power to be available for driving, thereby improving the driving 
range and overall performance of EVs. 

The TES technologies, including sensible heat storage [7], latent heat 
storage [8], and thermochemical heat storage [9]–[13], have all been 
proposed as potential solutions for EV cabin climatisation. Sensible or 
latent heat storage can offer relatively more steady heat charging/ 
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discharging over the time but lower energy density compared to ther-
mochemical storage. In order to achieve reasonably compact storage 
unit, sensible or latent storage materials with high charging tempera-
tures (over 500 ◦C) were proposed and studied for such application 
[7,8], which nevertheless requires rigorous heat preservation and 
insulation. It was found that a substantial heat loss (13–50%) of the total 
charged heat can occur during a 12-hour standstill period. 

Thermochemical adsorption-based energy storage, which stores en-
ergy as chemical potential, provides higher energy density with minimal 
loss due to its temperature-independent storage mechanism. The 
adsorption reaction involves the interaction of a gaseous adsorbate with 
a solid adsorbent, accompanied by vast amounts of heat extraction for 
decomposition or desorption (energy charging) and heat release for 
synthesis or adsorption (energy discharging). The processes can be 
based on either thermophysical or thermochemical sorption [14]. Due to 
its advantage of being low grade heat-driven heat pumping/refrigera-
tion process with high energy density and minimum loss during storage, 
adsorption cycles have been recognised as a promising alternative for 
automobile cabin climatisation: adsorption heat pump cycles utilise the 
waste heat from engine exhaust gas or coolant water in internal com-
bustion engine vehicles (ICEVs) to provide air conditioning (AC) [15]– 
[18]; adsorption thermal storage system provides cabin heating or 
cooling in EVs without consuming electricity from onboard batteries 

[9]–[13]. 
Compared to thermophysical adsorption working pairs, such as the 

NaX zeolite – water pair [12], the zeolite SAPO-34 (AQSOATM FAM-Z02, 
Mitsubishi Plastic Inc.) – water pair [13], and the CPO-27(Ni) metal-
–organic framework (MOF) – water pair [18] that have been studied for 
automobile cabin heating and cooling, thermochemical working pairs 
generally have larger heat storage capacities [19]. Additionally, 
compared to water adsorption, metal halide-ammonia thermochemical 
adsorption can operate and provide heating and cooling over a wider 
temperature range. In addition to air conditioning, metal halide- 
ammonia adsorption can be used for refrigeration in trucks [20] and is 
a superior option for heat pumping in cold regions, especially during 
winter when ambient temperature drops below 0 ◦C. Gardie et al. [11] 
studied the operation of a MnCl2-NH3 working pair sorption thermal 
storage system for EV cabin heating and cooling. For an ambient tem-
perature of − 10 ◦C, a sorption system that met the heating requirement 
of output fluid temperature of 35 ◦C and output power of 2 kW was 
studied. The specific energy density for heating was found to be 0.186 
kWh/kg for reactive material and 0.090 kWh/kg for the whole system, 
and it had a system energy density of 92 kWh/m3. 

Wang et al. [21] theoretically evaluated the equilibrium perfor-
mance of different metal halide-NH3 working pairs in sorption and 
resorption cycles for EV cabin heating and cooling, as they assumed the 

Nomenclature 

A cross-sectional area of the reactor (m2) 
cp specific heat capacity (J/(kg K)) 
Eα activation energy of adsorption (J/mol) 
h heat transfer coefficient (-) 
k pre-exponential factor of Arrhenius (1/s) 
l layer length (m) 
m mass (kg) 
ṁ mass flow rate (kg/s) 
M kinetic coefficient (-) 
p overall heating power (kW) 
p’ heating power of a single adsorption unit (kW) 
pave average overall heating power (kW) 
P reactor pressure (Pa) 
Pc adsorption constraint pressure (Pa) 
Peq equilibrium pressure (Pa) 
Q heat (J) 
R gas constant (J/(mol K)) 
t time (s) 
T temperature (K) 
Teq equilibrium temperature (K) 
UA overall heat exchange coefficient (W/K) 
Ug gravimetric energy density (kWh/kg) 
Uv volumetric energy density (Wh/m3) 
V volume (L) 
w layer width (m) 
x global conversion (-) 

Greek letters 
φ mass ratio (-) 
ΔHR reaction enthalpy (J/mol) 
ΔS reaction entropy (J/(mol K)) 
λ thermal conductivity (W/(m K)) 
δ thickness (m) 

Subscripts 
ads adsorption 
air air 

amb ambient 
cond condenser 
des desorption 
evap evaporator 
f fluid 
f, in inlet fluid 
f, out outlet fluid 
fw between fluid and reactor 
h heating periods 
n number of the adsorption unit’s layer 
n,a number of activated adsorption units 
r reactant 
res response 
res, max maximum allowable response 
rs reactor stack 
sorb sorbent 
total total condition of the system 
w wall of reactor 
wr between reactor wall and reactor 

Abbreviation 
AC air conditioning 
Al-Si aluminium silicon 
COP coefficient of performance 
ENG expanded natural graphite 
ENG-TSA expanded natural graphite treated with sulfuric acid 
EVs electric vehicles 
Exp experiment 
HEVs hybrid electric vehicles 
ICEs internal combustion engines 
ICEVs internal combustion engine vehicles 
MOF metal–organic frameworks 
PCM phase change material 
PTC positive temperature coefficient 
SCP specific cooling power 
Sim simulation 
TES thermal energy storage  
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sorption and resorption storage units were charged from the electrical 
grid when the EV battery was charged. They concluded that when the 
resorption high-temperature salt was the same as the sorption salt, the 
resorption cycle had a similar performance to the sorption cycle during 
wintertime but better performance during summertime. However, 
because resorption ACs require two adsorbent reactors, taking up more 
onboard space for installation, which makes them comparatively more 
suitable for e.g. passenger EVs. Jiang et al. [9] investigated adsorption 
heat storage using CaCl2-NH3 working pair and the composite adsorbent 
of CaCl2 mixed with expanded natural graphite (ENG) matrix for EV 
cabin heating and cooling. To achieve the heating power requirement of 
2.5 kW for 3 h in winter, it was found that the extra mass and volume for 
the sorption system required ranged from 72 kg and 0.060 m3 to 44 kg 
and 0.033 m3 at evaporation temperatures of − 15 ◦C and 10 ◦C 
respectively, which has limited influence on cruising mileage. This 
produced an energy density range of 125–227 kWh/m3 (system-based) 
and a specific energy range of 0.104–0.170 kWh/kg (system-based). By 
assuming that 30% of battery electricity is consumed by conventional 
vapour compression heating, it was calculated that a maximum saved 
mileage of 100 km could be achieved by the proposed sorption AC 
system. An et al. [22] researched the optimal chemical working pairs for 
EV sorption AC in different temperature zones in China to work out the 
suitability of different working pairs for climate conditions. Focusing on 
energy density of the working pairs with varying temperatures, they 
concluded that MnCl2 was the best for cold temperature zones and CaCl2 
was the best for warmer temperature zones. For a temperature zone 
requiring no cooling in summer and moderate heating in winter, a mix of 
CaCl2 and MnCl2 was found to be the optimum. This mix utilised the 
higher energy density of CaCl2 at the higher evaporation temperatures 
and utilised the stable energy density of MnCl2 at lower evaporation 
temperatures. The authors theoretically investigated the impact on the 
driving range, but only in summer conditions in a warm temperature 
zone, where it was found that CaCl2 sorption AC extended the range of 
an EV by 9.4–37.7% compared with conventional AC. Zhang et al. [10] 
studied a two-adsorber beds resorption storage system based on CaCl2/ 
MnCl2-NH3 working pair for EV battery thermal management and cabin 
heating. The energy storage density was experimentally investigated as 
0.097 kWh/kg (material-based), and the driving range in winter could 
be increased by 25.8% − 61.4% by implementing this combined cabin & 
battery thermal management strategy. 

Previous studies have highlighted the potential of adsorption storage 
systems as a promising alternative of EV cabin climatisation for 
increasing driving range. Although sorption AC has a relatively larger 
volume and mass than conventional AC, studies have shown that the 
extra weight of the adsorption system has minimal impact on the vehi-
cle’s driving range and does not outweigh its benefits of consuming zero 
energy from the battery [9]. However, there remains a significant lack of 
research to gain practical insights. Previous studies have primarily 
focused on meeting energy requirements and selecting suitable working 
pair. Little attention has been given to the dynamic performance of such 
systems in terms of meeting power and response time requirements and 
stable heating or cooling output for EV cabin, and there is little effort on 
the optimisation of the adsorption reactor design to improve the power 
density and energy efficiency of the adsorption storage. Due to the na-
ture of the thermochemical adsorption process, the discharge power 
delivered by the adsorption storage can vary significantly over time, 
providing an initial surge of power followed by attenuating power. To 
address this issue, modulating the adsorbate vapour transport [12] or 
varying the heat transfer fluid flow (air flow to deliver the heating/ 
cooling power to the cabin) [11] was proposed and investigated for a 
steady performance with constant heating and cooling power and 
thermal potential. Although a simple flow control mechanism can 
effectively regulate the heating power and temperature, it was found 
that it would negatively impact the storage capacity, energy density, and 
therefore the overall efficiency of the system [23]. It is also critical to 
note that previous studies have only evaluated the performance of 

sorption storage systems where a lumped mass of sorbent material in-
teracts with adsorbate gas continuously over a long journey. However, 
for real-world driving scenarios with multiple short journeys, a consid-
erable amount of energy would be lost to the sensible heating of the 
large reactor mass (including solid adsorbent materials and metallic 
components) as each time the vehicle starts a short journey with a few 
hours’ intervals, because the entire reactor mass would need to be 
heated up from ambient temperature to the heat output temperature. 

To address the abovementioned challenges and questions, this study 
introduces a novel modular reactor design for an adsorption thermal 
storage system for EV cabin heating in the UK climate. Instead of using a 
single sorption bed with a large volume bulk of sorbent, dividing it into 
multiple modular adsorption units enables a unique control strategy 
developed in this work, which controls the amount of adsorbent that 
interacts with the adsorbate gas rather than imposing constraints on the 
gas flow and working pressure. As a result, energy loss due to the sen-
sible heating load of the entire reactor is minimised, as only the required 
amount of reactor mass is heated. Furthermore, individually controlled 
small modular units offer enhanced control over temperature and power 
output, enabling more stable thermal management of EV cabin. This 
work aims to thoroughly investigate the dynamic performance of the 
proposed adsorption heat storage reactor and demonstrate its efficient 
capability of providing stable and desirable heating output with zero 
consumption of EV onboard batteries, thereby providing insights into its 
real-world implementation. 

2. Theory and method 

2.1. Working principle 

A simple adsorption system consists of two vessels, a solid–gas 
reactor containing solid adsorbent material and a condenser/evaporator 
for adsorbate gas, as shown in Fig. 1. 

During the charge process, the reactor bed is heated (Qdes), leading to 
the desorption of the adsorbate gas from the solid adsorbent. The 
adsorbate gas is condensed in the connected condenser by the removal of 
condensation heat (Qcond). The valve between the two vessels is then 
closed, enabling heat to be stored for long periods. The heat discharge 
process is initiated by opening the valve; the liquid adsorbate in the 
evaporator is evaporated by ambient heat (Qevap), and is adsorbed by the 
solid adsorbent in the reactor. The two processes are driven by the 
pressure difference between the two vessels. The adsorption heat (Qads) 
is generated and exchanged with the heat transfer fluid for heating. 

For the EV cabin heating application explored in this work, a fully 
charged adsorption storage system consists of adsorption reactor and 
evaporator. The desorption heat required for charging can be supplied 
by low-grade waste heat recovered from industrial plants or harnessing 
heat generated in solar farms. Depleted adsorption units or the entire 
adsorption reactor can be detached for recharging and replaced with a 

Fig. 1. Schematic of basic adsorption system configuration.  
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fully charged sorption reactor. Alternatively, the adsorption units can be 
directly electrically heated by using off-peak electricity from the 
municipal power grid, coinciding with the charging of EV batteries. 
While this option offers a more convenient charging solution, it may not 
be the most environmentally sustainable choice if the power grid is not 
completely decarbonised. 

2.2. Adsorption material 

Previously, MnCl2 and CaCl2 have been investigated as ammonia 
adsorption materials for electric vehicle cabin thermal management. 
However, recent studies have shown that SrCl2-(8–1)NH3 is a promising 
working pair [24,25] for utilising and storing relatively lower temper-
ature heat sources for spacing heating due to its relatively lower 
desorption temperature requirement compared to MnCl2⋅(6–2)NH3 and 
higher specific energy storage capacity compared to both MnCl2⋅(6–2) 
NH3 and CaCl2⋅(8–4)NH3. Therefore, the designed system can be 
charged using low-grade heat below 100 ◦C [26], such as solar thermal 
from flat plate solar collectors and industrial waste heat. The composite 
material of SrCl2 in an ENG matrix with an adsorbent bulk density of 
800 kg/m3 and a mass ratio between SrCl2 and ENG of 2:1 was used to 
improve the heat and mass transfer properties. The thermal conductivity 
of 2.4 W/(m K) was taken from a study by Jiang et al. [27]. 

The reversible reaction equation for the studied working pair of 
SrCl2-NH3 [28] is shown in Eq. (1): 

SrCl2 • 8NH3(solid) + 7ΔHR ↔ SrCl2 • NH3 (solid) + 7NH3(gas) (1) 

This solid–gas thermochemical adsorption is mono-variant. The re-
action equilibrium pressure can therefore be calculated from tempera-
ture using van’t Hoff equation, Eq. (2): 

ln(Peq) = −
ΔHR

RT
+

ΔS
R

(2) 

where Peq is equilibrium pressure (Pa), ΔHR is reaction enthalpy (J/ 
mol), R is gas constant (J/(mol K)), T is adsorbent temperature (K), and 
ΔS is reaction entropy (J/(mol K)). 

Fig. 2 shows the P-T diagram of the reaction in equilibrium. In real- 
world applications, a temperature/pressure deviation from equilibrium 
condition must be created to drive the adsorption/desorption reaction. 
During energy charge, the desorbed ammonia is condensed by ambient 
heat at, for example, 25 ◦C, which gives a condensation pressure of 
about 10 bar and SrCl2⋅(8–1)NH3 equilibrium temperature of 90 ◦C. 
However, the desorption temperature should be higher than 90 ◦C to 
create a pressure difference between desorbed ammonia and conden-
sation pressure. Similarly, during discharge, the discharge temperature 
should be lower than 73.5 ◦C so that a pressure difference is created, 
driving the adsorption of evaporated ammonia at 5 ◦C. 

2.3. Proposed adsorption system design 

Fig. 3 shows the schematic of the proposed system modular design 
modelled in this work. The adsorption reactor stack consists of multiple 
modular adsorption units, each layer of which can be independently 
controlled by an individual valve to produce heat when required. These 
adsorption units can be utilised sequentially to avoid the consumption of 
substantial sensible heat at the onset of energy discharge and to achieve 
a rapid temperature increase of the supply air. The initiation of the 
adsorption reaction in each modular unit is controlled by opening the 
corresponding valve between that modular unit of the reactor and the 
evaporator. The implementation of such a value control has been pre-
viously studied and demonstrated to enable precise control over the flow 
of working gas passing through selected layers of the unit [29]. 

To minimise the mass of extra components, such as heat exchangers, 
the air was chosen as the heat transfer fluid to be supplied directly to the 
cabin. The air to the reactor stack was selected to comprise a mix of 30% 
fresh air and 70% recirculated cabin air to improve thermal performance 
while providing adequate ventilation for passengers [30]. The relative 
humidity of the input air was set to the UK winter average of 88% [31] at 
all ambient temperatures considered. 

3. Mathematical modelling and analysis 

The dynamic performance of the proposed system was evaluated 
using a numerical simulation. The kinetic behaviour of the reaction and 
the heat transfer of the system were modelled with the following 
conditions.  

• There is negligible heat transfer between modular adsorption units 
since there is no direct contact between units.  

• The initial system temperature is equal to the ambient temperature.  
• The inlet air temperature of the modular adsorption unit is equal to 

the outlet air temperature of the previous unit in the stack, 
neglecting the heat loss of the air due to the very short flowing dis-
tance between two units.  

• Air is only directed through activated modular adsorption units such 
that the supply air entering the vehicle cabin is the outlet air from the 
most recently activated layer, which can be achieved by using an 
effective valve-controlled system as reported in work [29].  

• The evaporator side was modelled at constant pressure for all layers 
throughout the adsorption process, considering the evaporator 
temperature can be maintained at a constant value.  

• There is no pressure drop between evaporator and reactor [32]. 

Fig. 2. P-T diagram of SrCl2-NH3 working pair.  
Fig. 3. Schematic diagram of the proposed modular adsorption system during 
energy discharging process. 
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3.1. Kinetic model 

The adsorption reaction is driven by the pressure difference between 
equilibrium conditions and reactor conditions. At the beginning of the 
adsorption reaction, reaction rate is high due to large pressure differ-
ences, but it slows down as equilibrium is approached [33]. A kinetic 
model developed by Huang et al. [34] for SrCl2⋅(8–1)NH3 adsorption 
was used in this work, as given in Eq. (3) 

dx
dt

= koexp(
− Eα

RT
)(1 − x)M

(
Pc − Peq

Peq
) (3) 

where x is the global conversion of the adsorption process, a value 
between 0 and1, representing the ratio of the mass of adsorbate that is 
actually adsorbed by the sorbent to the maximum mass of adsorbate that 
can be adsorbed; T is the adsorbent temperature, Pc is the adsorption 
constraint pressure which is the evapouration pressure of ammonia in 
the evaporator. The values of the coefficients used were k0 = 0.019, Eα =
6921, and M = 2.96. The thermodynamic equilibrium pressure Peq was 
calculated Eq. (2). 

3.2. Heat transfer model 

The modular adsorption unit was modelled, and the heat transfer 
process is schematically shown in Fig. 4. Eqs (4), (5), and (6) are the used 
energy balance equations among air, reactor wall, and reactant (adsor-
bent material). 

For the heat transfer fluid: 

mf cp,f
dTf

dt
= ṁf cp,f (Tf ,in − Tf ,out) − (UA)fw(Tf − Tw) (4)  

(UA)fw =
A

1
hf
+

δw/2
λw

(5) 

where mf is the mass of heat transfer fluid, ṁf is the mass flow rate of 
heat transfer fluid, cp,f is the specific heat capacity of the fluid, Tf is the 
fluid temperature, Tf, in is the inlet fluid temperature, Tf, out is the outlet 
fluid temperature, (UA)fw is the overall heat exchange coefficient be-
tween heat transfer fluid and reactor wall, Tw is reactor wall tempera-
ture, hf is the heat transfer coefficient of air, A is the cross-sectional area 
of the reactor, δw and λw are the thickness and thermal conductivity of 
the reactor wall, respectively. 

For the reactor wall: 

mwcp,w
dTw

dt
= (UA)fw(Tf − Tw) − (UA)wr(Tw − Tr) (6)  

(UA)wr =
A

δr/2
λr

+
δw/2

λw

(7) 

where (UA)wr is the overall heat exchange coefficient between the 
reactor wall and the reactant, Tr is the reactant temperature, δr and λr are 
the thickness and thermal conductivity of the reactant, respectively. 

For the reactant: 

mrcp,r
dTr

dt
= (UA)wr(Tw − Tr)+ nNH3 ΔHR

dx
dt

(8) 

where nNH3 is the total mole number of adsorbed ammonia gas. 
The lumped heat capacity of reactants includes the heat capacity of 

ENG, SrCl2, and transient amount of adsorbed NH3, as shown in Eq. (9): 

mrcp,r = mENGcp,ENG +mSrCl2 cp,SrCl2 (Tr)+ xmNH3 cp,NH3
(9) 

where mNH3 is the total mass of adsorbed ammonia gas. 
The temperature of the air was calculated to be the average of the 

inlet and outlet temperature, as shown in Eq. (10): 

Tf =
Tf ,in + Tf ,out

2
(10) 

The heating power of a single adsorption unit n can be calculated as 
Eq. (11): 

p’
n = ṁf cp,f

(
Tfn,in − Tfn,out

)
(11) 

where Tfn,in and Tfn,out is the inlet and outlet temperature of unit n. 
For the first adsorption unit, 

p′
1 = ṁf cp,f (Tf 1,in − Tf 1,out) (12) 

When n greater than 1, because Tfn,in is assumed to be equal to the 
outlet air temperature of the previous unit Tf(n-1),out, the Eq. (11) can be 
expressed as Eq. (13): 

p′
n = ṁf cp,f (Tf (n− 1),out − Tfn,out) (13) 

The heating power of n units is a cumulative value from unit 1 to unit 
n, shown as Eq. (14): 

pn = p′
1 + p′

2 +⋯+ p′
n (14) 

The average overall heating power can be calculated by Eq. (15): 

pave =

∫
pn,adt
ttotal

(15) 

where pn,a is the cumulative heating power of the activated adsorp-
tion units, and ttotal is the total operating time of the system. 

3.3. System design parameters and performance analysis 

The heating system used in vehicles is to keep the cabin air tem-
perature between 21 and 25 ◦C, and should have a heating response time 
(time taken to reach the minimum required supply air temperature) of 2 
min. The heating power requirement for vehicle cabin heating varies 
depending on ambient temperatures, as presented in Table 1. 

To achieve the abovementioned heating requirement, the adsorption 
heat storage system was designed with the parameters given in Table 2. 
A layer with a width of 0.15 m and a length of 0.25 m was used. The mass 
of SrCl2 in each layer was 0.34 kg, corresponding to the mass required 
for reaction with 15 mol of ammonia. 

Fig. 5 illustrates the performance analysis framework for the pro-
posed system. The investigation focused on the system’s dynamic per-
formance in terms of the supply air temperature, heating power output, 
global conversion, and energy density of the adsorption storage system. 
This work explored the system’s performance at ambient temperatures 
ranging from − 5 to 10 ◦C and conducted sensitivity analyses on design 
dimensions to assess their impact on system performance. 

3.4. System control 

A control strategy was used to determine when and which modular 
adsorption unit should be activated for ammonia adsorption. To ensure 
that the air temperature reaches 21 ◦C within the required response 
time, it is necessary to activate multiple modular units simultaneously at 
the start of the heating period. Because the system recirculates air, it is 

Fig. 4. Heat transfer schematics of air and reactant.  

Table 1 
Steady-state output power requirements [35].  

Ambient temperature, Tamb (◦C) − 5 0 5 10 

Heating power (kW)  2.4  1.7  1.3  0.8  
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challenging to determine the initial number of units required to achieve 
the desired temperature. Therefore, a trial-and-error approach was 
employed. After the initial units were activated, the next unit was 
activated when the outlet air temperature fell below 21 ◦C. 

A second control strategy was also proposed and examined. Instead 
of a predetermined initial number of modular adsorption units, the 
supply air temperature was monitored and checked at regular intervals 
(15 s / 50 s / 100 s). When this temperature fell below 21 ◦C, an addi-
tional adsorption unit was activated. 

4. Results and discussion 

The adsorption storage system was studied at an ambient tempera-
ture range of − 5–10 ◦C for heating periods of 1 and 2 h. The supply air 
temperature, heating power, global conversion of adsorption and energy 
storage density were obtained and analysed. The impact of surface area 
of modular adsorption unit (0.040–0.123 m2) and SrCl2 mass 
(0.113–0.555 kg) in each unit on the system performance was also 
investigated by modelling the system for a heating period of 1000 s. 

4.1. Supply air temperature 

According to the predetermined layer control strategy, 6 adsorption 
units were activated simultaneously at the beginning of the heating 

period at the ambient temperature of 5 ◦C. It reached the target tem-
perature of 21 ◦C by 64.5 s, as shown in Fig. 6. On the other hand, if the 
second control strategy was used, only the sampling time of 15 s could 
satisfy the requirement of heating response time of 120 s, which took 
115 s to heat the air to more than 21 ◦C. However, it produced an 
overshoot temperature of 26.9 ◦C, exceeding the acceptable temperature 
range of 21–25 ◦C. This indicated that the short sampling time interval 
overestimated the number of adsorption units required. Comparatively, 
sampling times of 50 s and 100 s did not lead to temperature overshoot, 
the maximum supply air temperature reached was within the acceptable 
temperature range, however, the response time is longer than 120 s for 
the supply air to reach 21 ◦C. 

For all control strategies, a total of 7 modular adsorption units were 
activated by 800 s, indicating that the control strategy has little impact 
on the total number of unit used over the entire heating period but only 
affect the response time of the heating system. It was then decided that 
the system should use a predetermined number of adsorption units 
activated simultaneously (first control strategy) to provide quick heating 
for vehicle cabin. 

When 6 adsorption units were activated simultaneously at the 
beginning of heating, the initial outlet fluid temperature increased from 
an ambient temperature of 5 ◦C to a peak temperature of 22.4 ◦C. The 
maximum temperature of the reactor was 68.4 ◦C, and the maximum 
temperature of the reactor wall was 49.2 ◦C. After the initial tempera-
ture increase, it was found that one more adsorption unit had to be 

Table 2 
Design parameters of adsorption heat storage reactor for EV cabin heating.  

Parameter Value 

Air temperature range, Tf,out (◦C) 21–25 
Maximum allowable response timea, tres,max (s) 120 
Heat transfer fluid channel thickness, δf (m) 0.02 
Wall thickness, δw (m) 0.002 
Modular unit width, w (m) 0.15 
Modular unit length, l (m) 0.25 
Mass of SrCl2 per modular unit b, msrcl2 (kg) 0.34 
Mass ratio of salt to ENG, φr (-) 2:1 
Specific heat capacity of ENG, cp, ENG (kJ/ (kg K)) 0.61 
Bulk density of reactant, ρr (kg/m3) 800 
Thermal conductivity reactant, λr (W/(m K)) 2.4 
Density of wallc, ρw (kg/m3) 8000 
Thermal conductivity of wallc, λw (W/(m K)) 15 
Specific heat capacity of wallc, cp, w (kJ/ (kg K)) 0.468 
Reaction enthalpy, ΔHR (J/mol) 41,431 
Reaction entropy, ΔS (J/mol/K) 228.8 
Mass ratio of fresh air to recirculated air, φair (-) 3:7  

a Time required to reach a minimum output temperature of 21 ◦C. 
b Required mass of SrCl2 for adsorption of 15 mol of ammonia per layer. 
c Wall material used was stainless steel-316. 

Fig. 5. The framework of performance analysis of the proposed adsorption storage system.  

Fig. 6. Supply air temperature for different control strategies, Tamb = 5 ◦C.  
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activated approximately every 534 s to sustain a temperature output 
within the required range. For a heating period of 1 h, 12 adsorption 
units in total were required to maintain a heating power of 1.3 kW and 
supply air temperature between 21 and 25 ◦C, as shown in Fig. 7. The air 
mass flow rate was 0.242 kg/s. The supply air to the cabin had a peak 
temperature of 23.9 ◦C. 

As the supply air to the cabin was taken from the latest activated 
adsorption unit, a slight temperature drop of 0.5 ◦C occurred whenever a 
new unit at ambient temperature was activated. This drop could be 
avoided by taking the air from the previous adsorption unit until the 
temperature of the new unit exceeds the previous unit. However, this 
would require extra temperature sensors and a more complex control 
strategy. As the heat released from the adsorption reaction declined with 
time, the air temperature at the outlet of each activated unit decreased, 
but a temperature jump was achieved whenever a new unit was acti-
vated because of the usage of recirculated air, as can be seen in Fig. 7. 

4.2. Heating power 

Fig. 8 presents the heating power in the energy discharge process of 
the adsorption storage, including the overall heating power and heating 
power of the selected adsorption units, for a heating period of 1 h at the 
ambient temperature of 5 ◦C. The average overall heating power ach-
ieved is 1.3 kW. As a new unit was activated, there was a drop in overall 
heating power caused by the low initial power output of the newly 
activated adsorption reaction and the energy consumption by the initial 
sensible heating load of the adsorption unit. The heating power of each 
individual adsorption unit behaved similarly to the power profile of Unit 
1, having a peak power output of 0.20–0.22 kW. In the figure, the 
heating powers of Units 4, 7, and 10 are cumulative values, including the 
sum of the power output from previously activated units. 

The output temperature and power fluctuations is less than 0.5 ◦C 
and 0.22 kW, respectively, indicating a high level of heating supply 
stability. This stability surpasses that of previous works [10,12,13], 
which encountered output temperature and power fluctuations 
exceeding 10 ◦C and 0.5 kW, respectively. 

The required heating power changed with the ambient temperatures. 
Table 3 displays the required system sizes and output parameters at an 
ambient temperature range of − 5–10 ◦C for a heating time of 1 h. The 
airflow rate and number of modular units of the adsorption system were 
adjusted for each ambient temperature to achieve the requirement of 
output temperature and power. 

Fig. 9 exhibits the system heating power at different ambient tem-
peratures. The results demonstrated that the required heating power 
could be achieved at the entire ambient temperature range of − 5–10 ◦C. 

The response time was longer at lower ambient temperatures due to the 
increased sensible heat load but remained well below the necessary 
response time of 120 s. At lower ambient temperatures, as shown in the 
figure, the frequency of activating a new adsorption unit was higher to 
maintain the temperature of the supply air within the required range. 

4.3. Global conversion and system energy density 

Global conversion is defined as the ratio of the adsorbent reacted 
with ammonia to the total adsorbent in the adsorption units [36]. Fig. 10 
shows the evolution of global conversion of the whole system as well as 
selected individual adsorption units. The initially activated units have a Fig. 7. Air temperature using the first control strategy, Tamb = 5 ◦C.  

Fig. 8. Heating power of the adsorption storage system, Tamb = 5 ◦C.  

Table 3 
System requirements and performance for different ambient temperatures.  

Ambient temperature (◦C) − 5 0 5 10 

Heating power requirement (kW) 2.4 1.7 1.3 0.8 
Total modular unit number (-) 23 16 12 7 
Air flow rate (kg/s) 0.290 0.249 0.242 0.202 
Response time (s) 76 65.5 64.5 44  

Fig. 9. System heating power at different ambient temperatures.  
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high global conversion at the end of the heating period of 0.8, as 
exemplified by Unit 1 and Unit 4 in the figure. However, Unit 10, acti-
vated at 2280 s, only reached a global conversion of 0.43 at the end of 
the heating period of 1 h. The global conversion of the whole system 
reached 0.64 at the end of the heating period. 

Although the adsorbent material exhibited a gravimetric energy 
density of 211.8 Wh/kg, the overall energy density of the adsorption 
storage reactor was reduced to 79.2 Wh/kg when the mass of the 
metallic components of the reactor was taken into account. Table 4 
provides an overview of various TES systems that have been studied for 
automotive cabin climatisation, including some results from this work. 
Comparing this system’s material energy density to TES systems previ-
ously studied (as shown in Table 4), it is 1.6 times higher than the NaX 
Zeolite-Water system [12] and nearly comparable to other sorption 
systems that use SAPO-34-Water [13] or CaCl2-NH3 [9] as working 
pairs. However, when considering the volume of the container and 
airflow channel, the volumetric energy density of this multi-modular 
system decreased from 169.4 kWh/m3 for the material only to 73.8 
kWh/m3, which is 2.7 times lower than that of a single-bed sorption 
system [9]. These findings emphasise the importance of accounting for 
the volume and mass of the entire stack when reporting energy density 
and highlight the trade-off between volumetric energy density and sta-
ble heating supply in the multi-module design. 

As the ambient temperature increases from − 5 ◦C to 10 ◦C, the 
gravimetric and volumetric energy density of the adsorption system 
both improved by about 9.4% due to the reduced sensible heating load, 
and the global conversion at the end of the heating time grew by 7.2% 
from 0.62 to 0.67. This is a notable result as the system has a relatively 
stable energy efficiency over the ambient temperatures of − 5–10 ◦C. 
Compared to this, vapour compression heat pumps suffer a dramatic 
reduction in heating capacity and COP at low ambient temperatures. 

When expanding the heating periods from 1 h to 2 h at an ambient 
temperature of 5 ◦C, the total required heating capacity was doubled to 
2.6 kWh, however, the adsorption unit number only increased by 66.7% 
to 20 layers. This was a result of the higher global conversion of the 
initially reacted layers by the end of 2 h heating period. The global 
conversion for a heating period of 2 h was 21.7% higher than for a 
heating time of 1 h, leading to a 20.0% and 19.3% increase in gravi-
metric energy density and volumetric energy density, respectively. For 
journeys shorter than 1 h, the final global conversion will be even lower 
than 0.64, making it essential that the valves can be closed at the end of 
the heating period to prevent energy loss. These partially reacted units 
could then be used for the next heating cycle or fully recharged. 

These results indicate that the final global conversion was lower than 
the values obtained in other studies focused only on meeting energy 

demand requirements. Modelling dynamics process of adsorption is then 
crucial since not all expected adsorption reactions can be proceeded 
within a given heating time. Thus the needed scale of adsorption system 
is larger than the calculated value by only considering energy storage 
capacity of adsorption system. 

4.4. Impact of size of adsorption unit 

The impact of surface area of adsorption unit (heat transfer surface) 
and mass of SrCl2 in each unit on the adsorption system performance 
were investigated by modelling a system with 7 units and an airflow rate 
of 0.242 kg/s at the ambient temperature of 5 ◦C. In this analysis, the 
mass of SrCl2 per unit ranged between 0.113 and 0.555 kg. Because of 
the used constant adsorption material density and mass ratio of SrCl2 to 
ENG, the volume of adsorbent material was the same at the same salt 
mass. The heat transfer surface area of the unit varied from 0.04 m2 to 
0.1225 m2, as presented in Table 5. The ratio between unit length and 
width for this analysis was kept constant at 1:1. Due to the constant 
value of airflow channel height, a larger unit surface area leads to a 
larger air channel volume. 

Fig. 11 shows the impact of adsorption unit dimensions on the 
volumetric power density of adsorption system over a period of 1000 s. 
The volumetric power density of adsorption system is directly propor-
tional to heat transfer capacity and inversely proportional to system 
volume. Hence there is a dilemma in designing unit area since a larger 
heat transfer surface area can amplify heat transfer while also expanding 
the overall system volume. The results in Fig. 11 indicated that a small 
surface area would be favourable as the reduced total volume out-
weighed any benefits of increased heat transfer. At the same SrCl2 mass 
of 0.18 kg, an area enlarged from 0.04 m2 to 0.0625 m2 decreased the 
power density by 24% (from 143.3 kW/m3 to 115.7 kW/m3). On the 
other hand, with higher SrCl2 mass, the advantage of smaller unit areas 
in high power density was fading away. This is because a smaller surface 
area will add more thickness under the same mass addition of SrCl2 and 
get more adverse effects of heat transfer reduction. Hence, the power 
density of smaller layer areas was more sensitive to changes in the 
thickness of SrCl2 per adsorption unit. 

For each surface area, there was an optimum mass of SrCl2 per unit at 
which the enhanced heat transfer from less SrCl2 thickness and larger air 
channel was balanced with higher energy output from the adsorption 
reaction. The peak power density of the adsorption unit from the di-
mensions tested was 143.3 kW/m3 with a unit area of 0.04 m2 and 0.18 
kg of SrCl2 per unit. The optimum power density was higher than that of 
the design in Table 2 because the average power output was limited to 
1.3 kW, resulting in a low power density of 74.3 kW/m3. However, these 
results show that higher power densities are possible if higher heating 
power is required. The power output could be further increased by 
increasing the mass flow rate of air. The energy density of the system 
with varying dimensions followed a similar trend to power density, with 
a smaller layer area having better performance at a lower mass of SrCl2 
per unit. 

Fig. 12 shows the global conversion of the adsorption system after 
1000 s with varying unit surface areas and mass of SrCl2 per unit. With 
given surface area, less SrCl2 inside each adsorption unit means thinner 
adsorbent layer, the final global conversion is higher because there is 
less stored energy which discharges relatively quicker with better heat 
transfer. Under the same mass of SrCl2 per unit, with a larger surface 
area and better heat transfer between adsorbent and air, a lower 
adsorption temperature and pressure are needed, therefore, the 
adsorption reaction is quicker according to the kinetic equation, Eq. (3), 
leading to a higher global conversion rate. In this case, for example, 
when using 0.18 kg SrCl2 per adsorption unit, even though using 0.1225 
m2 surface area leads to a higher final global conversion (0.71) 
compared to that of using 0.04 m2 surface area (0.56), the overall system 
volume is too large causing a lower power (energy) density as can be 
seen in Fig. 11. 

Fig. 10. Global conversion profile, Tamb = 5 ◦C.  
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Table 4 
Overview of TES systems studied for vehicle cabin climatisation.  

TES Type Application Ref. Storage Material Required Charge 
Temperature 

Discharge Output 
Temperature 

Ambient Discharge 
Time 

Heating/ 
Cooling 
Capacity 

Mass Volume Energy Density COP Study 
Type 

Materials Beds Beds Gravimetric Volumetric 

◦C Mode ◦C ◦C Hours kWh kg L Wh/kg kWh/m3 

Solid 
Media 

EVs [7] Nickel-Chromium 
Alloy 

850 Heating 60 − 10 0.5 2.5 22.5 - - - - - Exp 

Silicon Carbide 725 13.8 142.5b 187.3b 

PCM [8] Aluminium-Silicon 
Alloy 

600 Heating 56–57 − 10 3.95–4.4 5.8–6.1 18.8 32 40.2 225b 179b – Exp 

Adsorption [9] CaCl2-NH3 within 
ENG matrix 

120 Heating 25a 10 3 7.5 – 44 33 170b 197b 0.82 Sim 
− 15 72 60 104b 125b 0.34 

[10] CaCl2-NH3 and 
MnCl2 –NH3 

within ENG-TSA 
matrix 

165 Heating 40a – 1 1.7 6 – 5.69 97.3b – 0.994 Exp 

[11] MnCl2 –NH3 within 
ENG matrix 

100 Heating 35a − 10 2 4 3.5 – – 186b 92b – Sim 
Cooling 15a 40 93b 45b 

[12] NaX Zeolite - 
Water 

300 Heating 40a 20 1 0.9 5 20 11.86 130d 85e – Exp & 
Sim Cooling 15a 0.65 95d 60e 

This 
Study 

SrCl2-NH3 within 
ENG matrix 

90 Heating 21–25 5 1 1.3 6 16.4 17.5 211.8c 73.8b 0.64g Sim 
2 2.6 10 27.3 29.2 254.1c 88.6b 0.78g 

HEVs [13] SAPO-34 - Water 95 Heating 40a 10 0.5 0.68 3.3 9 15.3 215.6c – – Exp & 
Sim Cooling 20a 35 0.5 0.55 177.5c 

ICEVs [15] Mixture of CaCl2 

and MnCl2 - NH3 

within ENG-TSA 
matrix 

210–240 Cooling – 30 0.5 4 – 240 316.5 300d – 0.3 Exp & 
Sim 

[16] CaCl2-NH3 and 
MnCl2 - NH3 

within ENG matrix 

157.2–128.4 Cooling − 10 30 45 1.8 – 80 – – – – Exp 
− 20 1 1.9 1.4 Sim 

[17] Silica Gel - Water 90 Cooling – 28 0.56 0.51 2 86f – – – 0.34 Exp & 
Sim 

[18] CPO-27(Ni) - 
Water 

130 Cooling 12a 30 0.25 2.4 5.4 – – 440b – 0.47 Exp & 
Sim  

a Designed output temperature, not the actual output temperature from experiments or simulations. 
b Energy density of the total thermal storage tank or sorption bed, including thermal storage materials and its container. 
c Energy density of sorbent. 
d Powers density (W/kg) of total materials, including sorbent and vapour. 
e Power density (W/kg or kW/m3) of sorbent. 
f Mass of the total system. 
g Final global conversion of adsorption reaction.[7891011121315161718]. 
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5. Recommendations for further work 

The potential of a modular designed thermochemical adsorption heat 
storage system to meet temperature, power, and response time re-
quirements for EV cabin heating has been explored. This work focused 
on the modular reactor design and the dynamic adsorption performance. 
For a more comprehensive analysis of system performance, it is neces-
sary to consider the volume and mass of evaporator, valves, and fan. 
Further work should aim to optimise design dimensions not covered in 
this study, such as ratio of layer width and length, wall thickness, and air 
channel. 

The feasibility of a practical realisable, cost-effective design for the 
modular reactor with independently controlled adsorption units, as 

described in this work, requires further exploration. The control strategy 
of the system can be further refined by adjusting the mass flow rate of air 
to achieve the desired output temperature and heating power. Addi-
tionally, the recirculation ratio of air may significantly impact system 
performance and warrants further investigation. 

The proposed design offers a solid foundation for improving cycle 
performance. While battery waste heat is insufficient to fulfil cabin 
thermal management requirements independently, additional research 
could explore integrating battery thermal management with the cabin 
heating system, potentially improving both cabin heating performance 
and battery performance. For example, battery waste heat could be used 
as evaporation heat input, resulting in higher heating power and 
increased energy density for the adsorption cycle. Furthermore, this 
study does not address evaporator defrosting, so the potential utilisation 
of waste battery heat or a small percentage of adsorption heat to defrost 
the evaporator deserves further examination. 

6. Conclusion 

This work studied the potential of using thermochemical adsorption 
heat storage for EV cabin heating, providing an alternative to current 
state-of-the-art technology. The proposed system consumes minimal 
battery electricity and can be charged using low-grade renewable heat 
and/or industrial waste heat. 

The adsorption system was studied for heating periods of 1 and 2 h at 
the ambient temperature range of − 5–10 ◦C to reflect the practical 
system performance at the typical operating conditions of a vehicle. By 
focusing on adsorption kinetics in this work, the major conclusions are:  

• For an adsorption system with 12 modular adsorption units, an 
average heating power of 1.3 kW and supply air temperature range of 
22–23.9 ◦C with a response time of 64.5 s can be achieved for the 
heating periods of 1 h at an ambient temperature of 5 ◦C.  

• The efficiency of the adsorption system was stable with varying 
ambient temperatures, with an increase of final global conversion 
from 0.62 to 0.67 as the ambient temperature varied from − 5–10 ◦C.  

• Modelling adsorption dynamics is crucial since not all expected 
adsorption reactions can proceed within a given heating time. The 
power density of an adsorption unit can theoretically reach 143.3 
kW/m3, while 74.3 kW/m3 is enough for the system to achieve the 
required heating power of 1.3 kW. Hence, higher heating power is 
possible if required.  

• The power and energy densities of the system have similar varying 
trends as varying dimensions of adsorption unit, with a smaller unit 
heat transfer surface area and lower mass of SrCl2 per unit having 
better performance. The response time and energy density for a 
smaller unit area were more sensitive to changes in the mass of SrCl2 
per unit. 
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Table 5 
Unit surface area and air channel volume.  

Unit length 
(m) 

Unit width 
(m) 

Unit surface area 
(m2) 

Airflow channel volume 
(L)  

0.20  0.20  0.0400  0.80  
0.25  0.25  0.0625  1.25  
0.30  0.30  0.0900  1.80  
0.35  0.35  0.1225  2.45  

Fig. 11. Average power density of adsorption system over first 1000 s at 
different unit surface area and salt mass, Tamb = 5 ◦C. 

Fig. 12. Global conversion of adsorption system with different surface area of 
adsorption unit after 1000 s, Tamb = 5 ◦C. 
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