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� The concept of a thermophysical
battery for storing thermal energy is
demonstrated.

� The battery provides heating and
cooling for stationary and mobile
applications.

� Energy storage mechanisms:
adsorption-desorption and
evaporation-condensation.

� Max. heating: 103 W/l and 65W/kg;
Max. Cooling: 78 W/l and 49W/kg.

� Novel adsorbents further enhance
performance for a compact and
lightweight system.
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Climate control applications in the form of heating and cooling account for a significant portion of energy
consumption in buildings and transportation. Consequently, improved efficiency of climate control sys-
tems can significantly reduce the energy consumption and greenhouse gas emissions. In particular, by
leveraging intermittent or continuous sources of waste heat and solar energy, thermally-driven energy
storage systems for climate control can play a crucial role. We demonstrate the concept of a thermophys-
ical battery, which operates by storing thermal energy and subsequently releasing it to provide heating
and cooling on demand. Taking advantage of the adsorption-desorption and evaporation-condensation
mechanisms, the thermophysical battery can be a high-power density and rechargeable energy storage
system. We investigated the thermophysical battery in detail to identify critical parameters governing
its overall performance. A detailed computational analysis was used to predict its cyclic performance
when exposed to different operating conditions and thermodynamic cycles. In addition, an experimental
test bed was constructed using a contemporary adsorptive material, NaX-zeolite, to demonstrate this
concept and deliver average heating and cooling powers of 900 W and 650 W, respectively. The maxi-
mum power densities and specific powers observed were 103W/l and 65W/kg for heating, and 78W/l
and 49W/kg for cooling, respectively, making the thermophysical battery competitive with the state-
of-the-art climate control systems that provide relatively lower power densities. Additionally, with
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further opportunities for development and innovation, especially in synthesizing novel adsorptive mate-
rials, the thermophysical battery can achieve significantly higher power densities. With its ability to func-
tion using thermal energy input while being compact and lightweight, the thermophysical battery offers
an option to address the energy challenges associated with the rising demand for climate control.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Current trends in energy use indicate a substantial increase in
global oil demand and greenhouse gas emissions by 2050. Cli-
mate control in the form of heating and cooling in households,
industrial and commercial buildings, accounts for more than
seventy-five percent of the total energy utilization [1]. Conse-
quently, buildings alone account for almost a third of the energy
consumption globally and are a significant source of carbon-
dioxide emission [1]. Meanwhile, the impact of climate control
on petroleum consumption in the transportation sector is also
significant, posing several global problems due to costs, oil secu-
rity [2,3] and emission of greenhouse gases and pollutants [4].
Therefore, to address the rise in energy consumption and emis-
sions, efficient and environmentally sustainable systems for cli-
mate or temperature control is desirable. Additionally, for
mobile applications such as vehicles, a compact and light-
weight strategy is desirable.

Energy-efficient and low-carbon heating and cooling mecha-
nisms can play a crucial role in addressing the rising demand for
energy. Technologies such as solar-thermal, combined heat and
power (CHP), heat pumps and thermal energy storage systems
can reduce emissions and oil consumption [1]. In particular, the
use of thermal energy storage technologies allow higher flexibility
by minimizing energy production at partial loads or sub-optimal
conditions, and shifting the energy demand over time to reduce
the impact of peak loads. It also mitigates the need for expensive
electrochemical energy storage. Similarly, the combination of ther-
mal energy storage and CHP can reduce the transmission and dis-
tribution losses and improve the reliability of energy supplies.
Thermal energy storage can facilitate a greater use of renewable
energy such as solar radiation, with the additional capability to
store thermal energy from waste heat sources over the course of
hours to months. Consequently, cost reductions and improved per-
formance are expected with low-cost thermal energy storage,
which will allow active solar thermal systems to play an important
role in realizing sustainable energy use.

Thermal energy storage has typically been carried out using
thermophysical, thermochemical or a combination of these mech-
anisms. The characteristic energy densities for these approaches,
however, are different. While the energy densities using thermo-
physical mechanisms such as sensible-heat [5] and latent-heat
[6–9] are generally low, thermochemical energy storage by way
of chemical reactions can provide significantly higher energy den-
sities [5,10]. Sorption-based energy storage, involving the interac-
tion of a gaseous adsorbate with a condensed medium, can either
be thermophysical (e.g., physisorption) or thermochemical (e.g.,
chemisorption) [11]. Consequently, sorption can provide a wide
range of energy densities with significantly lower heat losses,
superseding the performance of typical energy storage techniques
based on sensible-heat and latent-heat [10]. While chemisorption
can achieve high specific energy (O(MJ/kg)) [12], several practical
limitations [13,14] can impose challenges for its use in climate
control systems. On the other hand, while physisorption may offer
relatively lower energy densities, it is more easily incorporated in
sorption-based heat pumps and can take advantage of a wider
range of heat sources including solar energy.
For climate control, physisorption has been leveraged exten-
sively in sorption-based heat pumps, which are designed to oper-
ate cyclically with a continuous heat input [15–37]. However,
suffering from design and operational complexities, poor heat
and mass transfer, and low power densities, sorption heat pumps
have not gained wide acceptance. Therefore, more recent efforts
have focused on new sorption materials [32,38,39], additives to
enhance thermal transport properties [40,41], modified opera-
tional cycles [42] and innovative component designs [43] that
can enhance the overall power densities for heating and cooling.
Although some of the benefits of sorption-based climate control
systems have been recognized, they have remained bulky and
heavy, and the characteristic energy and power densities have
remained relatively low, limiting wider implementation of sorp-
tion for energy storage in many applications.

In this work, we present the concept of a ‘‘thermophysical
battery” based on physisorption, which can deliver both heating
and cooling by storing energy (Fig. 1). It is designed to store and
deliver thermal energy at relatively high power densities by
identifying high-capacity sorption-pairs, and optimizing its
design based on the choice of materials and operating condi-
tions. Like a rechargeable electric battery, the thermophysical
battery operates via charging and discharging mechanisms, and
consists of two terminals, which in this case are the hot and
cold terminals. The terminals are specifically designed to pro-
mote thermal transport, ensuring compactness and extraction
of maximum power. The thermophysical battery can function
with intermittent sources of heat and temporally-varying oper-
ating conditions.

Fig. 2 shows a comparison of thermophysical battery perfor-
mance with commercial climate control systems based on vapor
compression cycle (VCC), absorption (ABS) and adsorption (ADS)
mechanisms. The power density and specific power for the ther-
mophysical battery were obtained by normalizing the
experimentally-demonstrated heating and cooling power with
the total volume and mass of various components incorporated
in the terminals of the battery, respectively. Since the choice of
auxiliary components such as heat exchangers, pumps, fans, valves
and piping can vary significantly with the application, they were
not included in the calculation of power densities and specific
powers shown in Fig. 2. While the current study incorporates con-
temporary materials for experimental characterization, with the
inclusion of novel materials [44,45] and use of optimized and com-
pact designs, the power density and specific power can be
enhanced further (Fig. 2). This is particularly important for mobile
applications such as temperature control for vehicles and storage
and transportation of perishable cargo.

In the following sections, we elucidate several interesting
aspects of the thermophysical battery, including the analogies to
conventional electrochemical battery. In Section 2, we describe
the working principle, design and operation of the thermophysical
battery. In Section 3, we describe the experiments and computa-
tional model to characterize the overall performance. Section 4 dis-
cusses the performance results based on experiments and
computational simulations. Section 5 provides the cyclic perfor-
mance with different operational schemes, and Section 6 describes
the future potential of the thermophysical battery.



Fig. 1. A thermophysical battery consisting of hot and cold terminals designed to
facilitate thermal energy storage and on-demand release for climate control.

Fig. 2. Cooling and heating performance of the thermophysical battery (TPB)
compared to the commercially-available climate control systems based on vapor
compression cycle (VCC), absorption (ABS) and adsorption (ADS) mechanisms.
Power density and specific power of the TPB were calculated by normalizing its
performance with total mass and volume of materials incorporated in the hot and
cold terminals of the TPB (auxiliary components like external heat exchangers,
pumps, and piping were not considered). Projected performance of TPB was
calculated based on the use of novel materials and design improvements. Power
density and specific power of the commercial units were calculated using data on
overall performance, mass and volume for various systems (auxiliary components
were not included). More details are provided in supplementary information.
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2. Thermophysical battery for climate control

The thermophysical battery is designed to store or release heat.
Analogous to its electrochemical counterpart, it is operated with
charging and discharging mechanisms. However, unlike an electro-
chemical battery where the flow of electrons takes place in an
external circuit, the thermophysical battery enables thermal
transport. The underlying physical mechanisms for heat extraction
and generation are evaporation and adsorption, respectively, as
opposed to electrochemical reactions. These processes take place
in two different compartments or terminals, which are thermally
isolated to maintain significantly different temperatures or ther-
mal potentials (Fig. 3). As evaporation is endothermic and adsorp-
tion is exothermic, the corresponding compartments represent the
cold (low thermal potential) and hot (high thermal potential) ter-
minals of the thermophysical battery, respectively. The following
sections describe the design, operation and performance
characterization.
2.1. Working principle of a thermophysical battery

The terminals capable of providing a ‘‘thermal potential differ-
ence” are labeled as the adsorption bed unit (ABU) and the
evaporator-condenser unit (ECU) (Fig. 3). The ABU, facilitating
adsorption (discharge) and desorption (recharge) processes, is the
hot terminal. The ECU, facilitating evaporation (discharge) and
condensation (recharge) processes, is the cold terminal. The cyclic
operation, involving the charging and discharging processes, is car-
ried out by allowing directional flow of vapor molecules between
the ABU and ECU, analogous to the transport of ions between the
anode and cathode in an electrochemical battery.

A fully-charged thermophysical battery with the ABU and ECU
initially at thermodynamic states 1 and 3, respectively, is dis-
charged by allowing the transport of vapor from the ECU to
the ABU (Fig. 3). During discharge, heat is supplied to the ECU
matching the enthalpy of evaporation, and heat is released at
the ABU matching the enthalpy of adsorption. Consequently,
the ABU and ECU undergo transitions from states 1 to 2, and 3
to 4, respectively. This transition is facilitated by vapor transport
driven by a concentration gradient, allowing molecules to
migrate from the vapor-rich ECU to the vapor-deficient ABU. In
order to sustain this process, the ABU is designed to provide a
high vapor storage capacity. With both evaporation and adsorp-
tion processes taking place, vapor transport is sustained while
the concentration gradient is maintained. However, the vapor
transport will cease and the thermal potential difference will
reduce once the thermophysical battery is discharged com-
pletely. This corresponds to a vapor-saturated ABU (state 2),
and a depleted ECU (state 4).

The thermophysical battery is recharged by providing the heat
of desorption at the ABU, which results in vapor desorption and
its transport back to the ECU. The vapor entering the ECU con-
denses by releasing the heat of condensation. Consequently, during
recharge, the ABU and ECU undergo transitions from states 2 to 1,
and 4 to 3, respectively. The process is carried out until the ABU is
evacuated and the ECU is replenished, restoring the initial
conditions.

The working principle allows the thermophysical battery to
maintain its terminals at different thermal potentials during dis-
charge, providing a storage-based alternative for climate control.
A wide range of heat sources can be used for recharge, including
solar radiation, geothermal energy, combustion heat from coal or
natural gas, and exhaust or waste-heat from industries and auto-
mobiles. As a result, direct utilization of thermal energy eliminates
the inefficiencies associated with the use of electrically-driven heat
pumps, which pay significant penalty for the generation [46] and
distribution of electricity [47]. Like electrochemical batteries, the
performance of the thermophysical battery relies on the choice of
materials for energy storage. Furthermore, the performance quan-
tified by the heating and cooling powers, depends on the thermal
transport characteristics. The following sections describe the
design to maximize thermal transport and energy storage.



Fig. 3. The thermophysical battery is operated by cycling the ABU between the
thermodynamic states 1 and 2, and the ECU between states 3 and 4. A fully-charged
thermophysical battery consists of a dry ABU at thermodynamic state 1 and a
refrigerant-filled ECU at state 3. Battery discharge takes place with the ABU
undergoing adsorption, and the ECU undergoing evaporation, until the ABU is
saturated with the refrigerant at state 2, and the ECU is empty at state 4. The battery
is recharged by providing thermal energy or heat to ABU resulting in vapor
desorption. The heat generated due to condensation in ECU during recharge can be
rejected to the ambient. As a result, the ABU and ECU transition back from
thermodynamic states 2 and 4 to 1 and 3, respectively, concluding the recharge
process.
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2.2. Design and operation of the thermophysical battery

To facilitate heating or cooling of an enclosed space, the ther-
mophysical battery is interfaced with the enclosure and the ambi-
ent via heat exchangers or heat sinks (Fig. 4(a)). With the working
principle described above, the enclosure can be cooled by interfac-
ing it with the ECU, which allows heat extraction for the evapora-
tion of the refrigerant. Alternately, the enclosure can be heated by
interfacing it with the ABU, wherein the heat of adsorption can be
utilized. After discharge, the thermophysical battery is recharged
by supplying heat to the ABU (Fig. 4(b)). During recharge, the vapor
desorbed from the ABU is condensed and collected in the ECU by
rejecting the heat of condensation to the ambient.

The interfaces connecting the ABU and ECU with the enclosure
and the ambient represent the external thermal circuit. In this
regard, it is important to elucidate the role of two distinct fluids,
the ‘‘refrigerant” and the ‘‘coolant”, which serve different functions
in the thermophysical battery. The refrigerant undergoes evapora-
tion/condensation in the ECU, and adsorption/desorption in the
ABU. On the other hand, the coolant is simply a carrier of thermal
energy, which facilitates thermal transport between various com-
ponents of the system. In other words, the transport of the vapor-
ized refrigerant between the terminals of the thermophysical
battery is analogous to the flow of ions in an electrochemical bat-
tery, and the coolant flow transferring thermal energy is analogous
to the flow of electrons in the external circuit of the electrochem-
ical battery. Both the ABU and ECU have dedicated coolant lines or
thermal collectors (Fig. 4(c)). When the thermophysical battery is
being discharged, heat is transferred from the coolant to the evap-
orating refrigerant in the ECU, resulting in a decrease in the tem-
perature of the coolant exiting the ECU. On the other hand, due
to vapor adsorption in the ABU, heat is gained by the coolant. Con-
sequently, the temperature of the coolant exiting the ABU is higher.
For recharging, while the ABU can be heated using various means,
in this study it is carried out either by the electric heaters closely
coupled with the ABU or by flowing a coolant at high temperature
through the ABU.

Both ABU and ECU are designed to maximize vapor and thermal
transport and minimize overall volume. The ECU is constructed to
operate as an evaporator and condenser. In the current implemen-
tation, it simply consists of two helical coolant lines connected in
series and placed at different elevations within the ECU. The lower
helical line is submerged in the refrigerant pool while the upper
helical line is located in the vapor space. The submerged coolant
line is responsible for generating vapor during discharge, and the
elevated coolant line allows condensation of vapor during
recharge.

The ABU is designed to operate favorably during both the
adsorption (discharge) and desorption (recharge) processes. The
detailed design of the ABU with characteristic dimensions of the
sub-components is shown in Fig. 4(d). The ABU was constructed
using the contemporary adsorptive material NaX-zeolite. To pro-
mote vapor and thermal transport, the ABU consists of
uniformly-spaced thin ‘‘adsorbent stacks” (�2 mm), which are
interfaced with the coolant lines. The small spacing between con-
secutive stacks minimizes the ABU volume while allowing vapor
transport. The thickness and the density of the stacks were care-
fully chosen to provide maximum energy density while ensuring
unimpeded vapor and thermal transport across the stacks [48]. A
single stack of the ABU consists of two adsorption layers closely
interfaced on both sides of an aluminum fin. Each adsorbent layer
is a composite structure made by infusing NaX zeolite into porous
(porosity >0.9) copper foam. This minimizes resistance to thermal
transport across the adsorption layer, and maximizes heat conduc-
tion from the adsorbent to the aluminum fin. With this design, the
heat generated by the adsorbent is conducted across the adsorp-
tion layer to the aluminum fin, and then to the coolant lines made
from thin-walled copper tubing. The ABU stacks measure
160 mm � 80 mm � 4 mm, with each stack containing eight cavi-
ties of 10 mm diameter to interface with the coolant lines.
3. Performance characterization of thermophysical battery

A test bed was fabricated to demonstrate the operation of the
thermophysical battery and quantify its overall performance
(Fig. 5). The direction of coolant flow is marked by the arrows. To
demonstrate the concept, while the ABU was constructed using
NaX zeolite, the ECU was filled with deionized and deaerated water
as the refrigerant. The coolant or thermal carrier for this study was
water. Other options for a thermal carrier are ethylene glycol or a
mixture of water and ethylene glycol, which can operate over a lar-
ger temperature range without undergoing phase change. Addi-
tional information regarding the test bed and fabrication process
is provided in supplementary information. The ABU and ECU con-
structed for performance quantification are shown in Fig. 6.

3.1. Experimental characterization of battery operation

For experimental characterization, the ECU was connected to a
temperature controller to receive coolant at a constant tempera-
ture and the ABU was interfaced with an air heat exchanger to
facilitate heat transfer to the ambient. Starting with a fully-
charged thermophysical battery, the change in the thermal poten-
tials at the terminals was monitored in the experiments. The cool-
ant lines connected to the ABU and ECU were interfaced with
temperature sensors (Fig. 5) to quantify the total heat flow rate,
_Q . The total heating and cooling powers can be calculated using
the coolant temperatures and flow rate.



Fig. 4. (a) During discharge heat is absorbed in the ECU for evaporation and generated in the ABU due to adsorption. (b) During recharge heat is supplied to the ABU causing
desorption and heat is rejected in the ECU due to vapor condensation. (c) The ABU consists of multiple rows of ‘‘adsorbent stacks” interfaced with coolant lines and heaters,
while the ECU consists of helical tubing to facilitate coolant flow and evaporation/condensation processes. Cross-sectional views (section A-A) show details of the ABU and
ECU geometry. (d) Detailed geometric characteristics of ABU sub-components are shown.

Fig. 5. The experimental test bed constructed to demonstrate the concept of the
thermophysical battery. It incorporates several temperature (T), pressure (P) and
flow sensors (M) to study the overall performance. Apart from the ABU and ECU, a
recirculating heater was used as a temperature controller to provide coolant at
desired temperature to the ECU and an air-heat exchanger was used to dissipate
heat generated in the ABU to the ambient.

Fig. 6. The interior structures of ECU (left) and ABU (right) are shown. The ABU shown
interfaced with heaters for battery recharge. Each block consists of�100 adsorption stack
two sets of helical coils, each utilized either for condensation (during recharge) or evap
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_QABU ¼ qc
_VABUcpc TABU;OUT � TABU;INð Þ ð1Þ

_QECU ¼ qc
_VECUcpc TECU;OUT � TECU;INð Þ ð2Þ

Here qc and cpc are the density and specific heat capacity of the

coolant, respectively, and _V is the volumetric flow rate of the cool-
ant. Using the pressure and temperature sensors embedded in the
ABU and ECU, the average concentration of the vapor can be deter-
mined using the ideal gas law as,

qV ;ABU ¼ pABU=RgTABU ð3Þ

qV ;ECU ¼ pECU=RgTECU ð4Þ
Using the propagation of uncertainty [49], the errors in the

measurement of volumetric flow rate, temperature and pressure
were used to calculate the uncertainties in the heating and cooling
powers and the vapor densities. Details regarding the uncertainty
analysis are provided in supplementary information. In addition
to the demonstration of the concept, it is useful to study the effect
of several operational parameters on system performance, which
was carried out by a computational analysis, as discussed below.

3.2. Computational study of battery operation

The overall performance depends on the adsorption dynamics
in the ABU and evaporation in the ECU, which can be estimated
by studying the representative unit cells of the ABU and ECU
with the enclosure ceiling opened, is constructed as two blocks, with each block
s, each of which is interfaced with eight coolant lines. The ECU is shown consisting of
oration (during discharge) process.



Fig. 7. The computational analysis of evaporation in the ECU (a) is carried out by considering its representative unit cell (b), and the analysis of adsorption in ABU stack (c) is
carried out by considering an equivalent cylindrical geometry (d), which can be simplified as an axisymmetric geometry (e). Geometric parameters indicated in the figure are
provided in supplementary information.
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(Fig. 7). In the following sections, we describe the equations gov-
erning the performance of the battery.

3.2.1. Vapor and thermal transport in the ABU
The square-shaped unit cell of the ABU stack used in this

study is approximated with an axisymmetric geometry (Fig. 7)
by conserving the total mass of adsorbent per unit cell. This cap-
tures the multidimensional nature of transport during adsorption
within the stack more accurately. The characteristic dimensions
of the unit cell (Fig. 7) are provided in supplementary informa-
tion. Vapor transport in the stack is analyzed using the following
equation [48]

es
@Cs

@t
¼ esr � ðDsrCsÞ � _Cs ð5Þ

where Cs is the local vapor concentration, and _Cs is the local adsorp-
tion rate in the stack. es is the porosity and Ds is the vapor diffusivity
for intercrystalline diffusion between adsorbent crystals (see inset
in Fig. 8). _Cs is calculated using the linear driving force model
[50], to determine the adsorption rate within a single adsorbent
crystal. Accounting for the packing density of the adsorbent, _Cs is
predicted using the adsorption rate within a single crystal,
Fig. 8. Scanning electronic microscope (SEM) image of NaX-zeolite infused into
porous (>0.9) copper foam. The copper foam holds zeolite and enhances the thermal
conductivity for heat transfer. The inset shows high-magnification SEM indicating
intercrystalline voids that allow vapor transport via diffusion. The SEM images are
artificially colored to differentiate zeolite (grey) from copper (red). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
_Cs ¼ 15ð1� esÞDcðCeq � CcÞ=r2c ð6Þ
Here Dc represents the diffusivity of vapor inside a crystal

(intracrystalline) of an equivalent radius rc , characterized using a
vapor sorption analyzer (supplementary information). Cc is the
average concentration of adsorbed vapor in the crystal, and Ceq is
the equilibrium concentration of adsorbed vapor corresponding
to the local temperature, T , and pressure, p, surrounding the crys-
tal. Ceq can be obtained from the adsorption isotherm for a given
adsorbent-refrigerant pair. For this study, which incorporates the
zeolite NaX-water pair, the Dubinin–Radushkevich equation
[51,52] is used.

Ceq ¼ Co
eqexp �

bRT
bEo

ln
psat

p

� �" #2
8<:

9=; ð7Þ

Here Co
eq is the maximum adsorption capacity, Eo is the charac-

teristic adsorption energy and b is an isotherm constant called the
affinity coefficient. The vapor uptake or the mass of vapor adsorbed
per unit mass of adsorbent is given as x ¼ CeqM=qad, where M is
the molar mass of the refrigerant and qad is the dry density of
the adsorbent. The adsorption isotherm is characterized via ther-
mogravimetric analysis, as described in supplementary
information.

Assuming local thermal equilibrium between the adsorbent and
the vapor, the spatiotemporal variation in the stack temperature,
Ts, is calculated using the following equation. Here convection is
neglected compared to diffusion. Note that this is not generally
the case since adsorbents are typically poor thermal conductors.
However, when the adsorbents are packed in thermally-
conductivity porous materials, such as metallic or graphitic foams,
this assumption is valid. In this study, NaX zeolite is infused into a
highly porous copper foam matrix (Fig. 8). Stack-level thermal
transport is approximated as

qscps
@Ts

@t
¼ r � ksrTs þ _Cshad ð8Þ

Here qscps and ks denote the average heat capacity and thermal

conductivity, respectively. _Cshad is the rate of heat generation,
where had is the heat of adsorption. While the analysis of a unit cell
considers rate limitations within the stack, the transport across the
ABU also encounters bulk diffusion and advection resistances. Con-
sequently, these transport resistances can further delay adsorption
kinetics. For simplicity, the current study neglects these resistances
in comparison to transport limitations within a stack, which are
expected to be much higher.
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Taking into account the void volume in the ABU, the total
adsorption rate in the ABU, _Cb, is calculated as follows.

_Cb ¼
Z

_CsdVABU ð9Þ

Note that the computational model is applicable for analyzing

both recharge and discharge processes, wherein _Cb represents the
rate of adsorption or desorption.

In addition to the governing equations mentioned above, initial
and boundary conditions are necessary for the prediction of vapor
and thermal transport in the stacks. The ABU is initially at temper-
ature, Ts;i, and vapor pressure, pi, which corresponds to an
adsorbed phase equilibrium concentration, Ceq;i. The stacks are
then exposed to vapor, where either the vapor pressure in the

ABU, pb, or vapor flux supplied from the ECU, _Cb, is known, which
results in adsorption and heat generation in the ABU. Both pb and
_Cb are experimentally-controllable parameters. The heat generated
in the stacks during adsorption is carried away by the coolant in
the thermal circuit whose temperature, Tbc , is known and the over-
all thermal conductance, ðUAÞb, is evaluated using the existing cor-
relations for heat transfer coefficient [53]. Therefore, the
instantaneous rate of heat released from the ABU to the coolant
is given by

_QABU ¼ ðUAÞbðTs � TbcÞLM ð10Þ
ðTs � TbcÞLM is the characteristic (log-mean) temperature difference
between the ABU and the coolant, given by

ðTs � TbcÞLM ¼ ðTbc;o � Tbc;iÞ
ln ðTs � Tbc;oÞ=ðTs � Tbc;iÞ
� � ð11Þ

where Tbc;i and Tbc;o denote the inlet and outlet temperatures of the
coolant flowing through the ABU, respectively. In order to quantify
the temporal variation in temperature and pressure of the ABU via
computational analysis, these variables are spatially averaged using
stack volume, Vs.

TABU ¼
Z

TsdVs=Vs ð12Þ

pABU ¼
Z

Cs
bRTsdVs=Vs ð13Þ

Additionally, the extent of adsorbent use over time is deter-
mined by the spatially averaged net vapor uptake,

�x ¼
Z

ðxdVsÞ=Vs ð14Þ
3.2.2. Phase-change and transport in the ECU
Analysis of evaporation and thermal transport in ECU is car-

ried out by considering a representative unit cell (Fig. 7) wherein
the geometric parameters and thermophysical properties relevant
to the ECU are provided in supplementary information. During
discharge, the helical tubes of the evaporator submerged in a pool
of liquid facilitates evaporation of the surrounding liquid. On the
other hand, during recharge, the helical tubes surrounded by
vapor cause condensation. Since evaporation and condensation
processes in the ECU are induced by vapor adsorption and des-
orption processes in the ABU, respectively, the analysis of vapor
transport in the ECU is carried out knowing the total rate of
adsorption or desorption in the ABU. Assuming that phase change
in the ECU is not rate limiting compared to adsorption dynamics
in the ABU, the vapor transport limitations and temperature gra-
dients within the ECU are neglected. The temporal variation in
the temperature of the ECU, Te, is then calculated using the fol-
lowing equation,
qecpe
dTe

dt
¼ _QeV þ _Qec ð15Þ

where _QeV is the heat generation or absorption rate and _Qec is the
heat exchanged with the coolant flowing across the ECU. Volumet-
ric integration of the equation results in the following,

mecpe
dTe

dt
¼ _CbheV þ ðUAÞeðTec � TeÞLM ð16Þ

where mecpe is the time-varying total heat capacity of the ECU,
which includes the capacitance due to the refrigerant and metallic
components such as the coolant lines, ðUAÞe is the overall heat con-
ductance of the thermal circuit interfaced with the ECU evaluated
using existing correlations for heat transfer coefficient [53], and
Tec is the temperature of the coolant in the circuit. The instanta-
neous heat supplied by the ECU to the coolant during evaporation
or condensation is calculated using the following equation,

_QECU ¼ ðUAÞeðTe � TecÞLM ð17Þ
ðTe � TecÞLM is the log-mean temperature difference between the
ECU and the coolant, given by

ðTe � TecÞLM ¼ ðTec;i � Tec;oÞ
ln ðTec;i � TeÞ=ðTec;o � TeÞ
� � ð18Þ

where Tec;i and Tec;o denote the inlet and outlet temperatures of the
coolant flowing through the ECU, respectively. Like the ABU, initial
conditions are necessary for estimating the ECU performance. Ini-
tially, the ECU is assumed to be in thermal equilibrium with the
coolant and at saturation conditions corresponding to the coolant
temperature, Tec.

Eqs. (5)–(18) are utilized for performance prediction at different
operating conditions, which are listed in supplementary
information.

4. Results and discussion

The following sections describe the overall performance using
experiments and computational analysis. While the experiments
demonstrate the feasibility of this technology, they also identify
factors controlling the overall performance. The computational
analysis for predicting the performance of the thermophysical bat-
tery is compared with the experiments to show good agreement.
Subsequently, the computational model is used to gain further
understanding and predict performance during cyclic operation.

4.1. Vapor transport between ABU and ECU

A flow control valve (Fig. 5) is used to connect the ABU and ECU,
which can be closed completely to isolate the terminals of the ther-
mophysical battery.However, once thevalve is opened, vaporflow is
automatically initiated from the ECU to the ABU. Therefore, in this
context, the valve canbe considered as a variable resistor controlling
vapor flow, to extract desirable power. For the current implementa-
tion, it is important to determine factors driving vapor transport.

Fig. 9(a) and (b) shows the variations in the vapor pressure and
vapor density (Eqs. (3) and (4)), respectively, in the ABU and the
ECU as a function of time. The initial difference in vapor pressure
between the two terminals is evident, wherein both the ABU and
ECU are in thermal equilibrium with the ambient and the valve
is closed, blocking vapor transport completely. Initially the pres-
sure in the ABU is negligibly small, and the ECU is at the saturation
pressure of the refrigerant (water) corresponding to the coolant
temperature. Once the battery discharge is initiated with the open-
ing of the valve, the vapor phase experiences a large pressure gra-
dient in the first forty minutes of operation (Fig. 9(a)).
Consequently, the vapor molecules experience significant acceler-



Fig. 9. Temporal variation in (a) vapor pressure and (b) vapor density in the ABU and ECU, (c) thermal potential at the terminals (discrete points are from the experiments and
continuous lines are from the computational study), (d) rate of evaporation and net evaporation obtained from computational analysis, and inlet/outlet temperatures of the
coolant streams passing through the ABU (e) and ECU (f).

38 S. Narayanan et al. / Applied Energy 189 (2017) 31–43
ation while undergoing expansion during their transit from the
ECU to ABU. The pressure gradient between the terminals gradu-
ally decreases to become relatively small. Yet, vapor transport is
sustained with evaporation and adsorption processes continuing
to take place in the ECU and ABU, respectively. This is possible
due to the presence of a vapor density gradient (Fig. 9(b)), which
allows transport to continue via diffusion. In contrast, during
recharge it is expected that the vapor in the ABU will correspond
to a higher density compared to that in the ECU. Therefore, vapor
density gradient is important for sustaining vapor transport in both
directions. This indicates another important requirement to ensure
successful operation and extract maximum power – it is essential
to minimize the presence of any non-condensable molecules in the
battery. Non-condensable molecules can significantly decrease
vapor diffusivity, Ds, which will reduce vapor transport to
adversely affect the overall performance of the thermophysical
battery. The procedure used to remove non-condensable molecules
from the system is described in supplementary information.

4.2. Thermal potentials of ABU and ECU

The changes in thermal potentials of the ABU and ECUwith time
are obtained through experiments and computational analysis
(Fig. 9(c)). During discharge, the vapor is pulled away from the
ECU causing evaporation. Since the process is endothermic, the
ECU sustains evaporation with reduction in internal energy, which
results in a significant decrease in the ECU temperature. On theother
hand, vapor entering the ABU undergoes adsorption, resulting in the
release of energy, a large portion of which increases the internal
energy, and as a result the temperature of the ABU. The thermal
potential difference continues to rise while the internal energies of
the terminals change to support evaporation and adsorption pro-
cesses. However, once the rate of energy exchangedwith the coolant
lines becomes as significant as the rate of change in the internal
energies, the difference in thermal potentials will stop increasing
and subsequently show a decreasing trend, which was captured by
the experiments and the computationalmodel. The potential differ-
ence increases in the initial twentyminutes of operation, reaching a
maximum difference of 85 �C. Subsequently, there is a gradual drop
in the potential difference, due to the equalizing effect of the heat
exchanged between the coolant lines and the ABU and ECU, eventu-
ally returning them to the state of equilibrium or complete dis-
charge. While the computational predictions are generally in good
agreement with the experiment, the difference is mainly due to
the omission of thermal losses and inter-stack transport resistances
in the computational analysis. In addition, the computational anal-
ysis assumes thermal equilibrium between the vapor and solid
phases. These approximations and neglecting the thermal gradients
in vapor and solid phases make the model predictions ideal com-
pared to experiments. As a result, it can be seen that the temporal
variation in the predicted temperature difference is marginally fas-
ter and higher than the experiments.



Fig. 10. The overall performance of the thermophysical battery is shown as a
function of time with experimentally measured heating and cooling powers
(discrete points) and computationally predicted heating and cooling powers
(continuous line).
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The decrease in the thermal potential difference after twenty
minutes of operation is not due to the cessation of adsorption
and evaporation. In fact, these processes continue to take place,
as indicated by the computational analysis, which predicts the
evaporation rate as a function of time (Fig. 9(d)). Since vapor accu-
mulation between the terminals is negligible, the net evaporation
rate also represents the net adsorption rate. The initial adsorption
rate is low due to low vapor pressure or concentration in the ABU.
However, as the pressure in the ABU increases, there is a steep rise
in the adsorption rate, reaching a maximum value which is con-
trolled by the resistance to vapor transport between the terminals.
After twenty minutes of operation, while the thermal potential dif-
ference has already reached a maximum value and starts decreas-
ing, adsorption continues at a significant rate (Fig. 9(d)). Therefore,
the decrease in the thermal potential difference is due to the com-
bination of decreasing rate of heat generation and continuous heat
exchange with the coolant lines. Additionally, since substantial
mass transfer takes place between the two terminals (Fig. 9(d)),
the temperature variation is also affected by the variation in the
thermal capacitance of the ABU and the ECU.

4.3. Thermal transport in the coolant lines or thermal circuits

As mentioned before, the performance is experimentally char-
acterized by interfacing the ABU with an air heat-exchanger to
facilitate heat transfer from the ABU to the ambient air, and the
ECU is interfaced with a temperature controller which supplies
coolant at a desired temperature and flow rate. Consequently, the
temperature profiles of the coolant entering each terminal are dif-
ferent (Fig. 9(e) and (f)).

Due to the heat released during adsorption, the coolant at the
outlet is significantly warmer than the inlet of the ABU. Similarly,
since heat is absorbed for evaporation, the coolant exiting the
ECU is significantly colder than the inlet. The deviation of the cool-
ant temperatures from the ambient temperature can be main-
tained for a significant duration, allowing heat exchange, which
demonstrates the feasibility of this strategy for climate control.
For instance, in this case, while the ambient temperature is 20 �C,
the coolant exiting the ABU can continue to supply heat at temper-
atures exceeding 40 �C, and the coolant exiting the ECU can absorb
heat at temperatures under 15 �C for more than sixty minutes. For
both the ABU and ECU, the temperature change in the coolant from
inlet to outlet increases from zero to a maximum value, followed
by a gradual decrease back to zero. This temperature variation sus-
tained during operation depends on two important factors, which
are the rate of adsorption or evaporation, and the representative
thermal conductance of each circuit. Consequently, the
adsorbent-refrigerant pair and the coolant operating conditions
can be chosen to control the heating and cooling powers to match
the climate control demand.

4.4. Characterization of total heating and cooling power

The overall heating and cooling powers are measured in the
experiments and predicted by the computational model (Fig. 10).
The heating power is shown positive and cooling power is shown
negative to signify the direction of heat transfer supplied by the
thermophysical battery. With the current design and materials
incorporated in the battery, significant power (�1 kW) can be
delivered for climate control. In this case, the temporally averaged
heating power, which is delivered over 60 min at temperatures
exceeding 40 �C, is more than 900W. Similarly, the average cooling
power, which is delivered for more than 60 min at temperatures
under 15 �C, exceeds 650 W. The maximum heating and cooling
powers observed were 1300 W and 980W, respectively. While this
was obtained using the NaX-water pair, it can be further enhanced
by incorporating adsorbents with higher adsorption capacities.
Based on the total mass of adsorbent and vapor, the corresponding
time-averaged material-level specific heating and cooling powers
exceed 130 W/kg and 95W/kg, respectively. Based on the total vol-
ume of adsorbent stacks (i.e., with the inclusion of intercrystalline
porosity accounting for adsorbent packing density) the power den-
sities for heating and cooling exceed 85 W/l and 60 W/l, respec-
tively. The maximum power density and specific power observed,
taking into account the total mass and volume of all sub-
components incorporated in the ABU and ECU, for both cooling
and heating, are shown in Fig. 2.

Fig. 10 also shows that theheating andcoolingpowers areneither
equal nor symmetric. This is expected since the adsorption energy,
had, is much higher than the evaporation energy, heV , both of which
depend on the choice of adsorbent and refrigerant. There is also a
large difference in thermal capacitance of the ABU and ECU. Conse-
quently, the rates of energy produced or consumedat the two termi-
nals are different. Apart from the ABU and ECU, the heating and
cooling powers also depend on the temperature, overall conduc-
tance and capacitance of the thermal circuits interfaced with the
ABU and ECU. The resulting asymmetry due to all the factors com-
bined is captured in experiments and computational predictions.

An important aspect of the thermophysical battery operation is
its temporally varying performance, which includes the thermal
potential (Fig. 9(c)) and the power delivered (Fig. 10). As noted
before, this is due to the chosen operating conditions for the exper-
iments, wherein the vapor pressure in the ABU was allowed to
increase linearly with time (Fig. 9(a)). Instead, it is possible to con-
trol the power output from the ABU and ECU by implementing a
dynamically-controlled vapor flow mechanism. With the control
of vapor flow, the total useful duration of discharge can be
extended by delivering the required power for heating and cooling
at the desired temperature. In this regard, the subsequent section
quantifies the cyclic performance of the battery with the choice
of operational strategy.
5. Cyclic performance of thermophysical battery

Apart from the choice of the adsorbent-refrigerant pair and the
overall design of the sub-components, the cyclic performance also
depends on the operating conditions. We focus mainly on the per-
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formance of the ABU, which drives the process of phase-change
and vapor transport in the thermophysical battery. Based on the
mass of adsorbent incorporated in the current setup, a total heat-
ing capacity of 2 kWh is possible. In other words, with an average
thermal power of 1 kW, the thermophysical battery can be dis-
charged for a duration of 120 min.

As opposed to a linearly varying pressure (versus time), the
most common technique is the implementation of the thermody-
namic cycle for the sorption heat pump (Fig. 11(a)). The ABU is
cycled between states A1 and A2 via constant pressure and constant
vapor uptake processes. The ECU on the other hand is transitioned
Fig. 11. The thermophysical battery can be operated cyclically following (a) conventional
A1) and isothermal process (A1 to A2), wherein the charging and discharging processes
pressures along the saturated liquid line between states E3 and E4. The cyclic performan
respectively.
between states E3 and E4. With the overall operation based on this
thermodynamic cycle, the temporal performance (Fig. 11(c)) is pre-
dicted using the computational model discussed above. The first
half of the cycle indicates regeneration, wherein the ABU under-
goes desorption for 120 min. This is carried out by supplying heat
to the ABU from the coolant at 300 �C, while the ABU is maintained
at a constant pressure of �7400 Pa. The next half-cycle indicates
discharge, wherein the ABU undergoes adsorption for 120 min.
This is carried out by exposing the ABU to a constant vapor pres-
sure of �900 Pa, while maintaining the coolant flow through the
ABU at a constant temperature of 40 �C. While the cycle is carried
sorption heat pump cycle, or (b) consisting of an isobaric (A2 to A21), isosteric (A21 to
are indicated by the arrows. Meanwhile, the ECU is transitioned between different
ces corresponding to thermodynamic cycles in (a) and (b) are shown in (c) and (d),
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out by fixing the pressures and coolant temperatures, the ABU
temperature, vapor uptake, adsorption rate, and thermal power
vary with time, as shown in Fig. 11(c).

During the charging process from 0 to 120 min, the ABU
temperature is raised, resulting in desorption and a decrease in
the net vapor uptake, which transforms the thermophysical battery
from an initial thermodynamic state A2, which corresponds to low
temperature (40 �C) and high saturation (�0.3 kgwater/kgadsorbent) to
the final state A1, which corresponds to high temperature (300 �C)
and low saturation (�0 kgwater/kgadsorbent). During the discharge
process carried out from 120 to 240 min, the ABU temperature
decreases and the net vapor uptake increases due to exposure to
vapor, transforming it back from state A1 to A2.

During the transition between states A1 and A2, the variation in
the adsorption rate and power is also shown in Fig. 11(c). Here neg-
ative values indicate vapor desorption and the delivery of heat to
the ABU, and positive values indicate vapor adsorption and heat
released from the ABU to the coolant. It is clear that by maintaining
a constant vapor pressure in the ABU during adsorption and des-
orption, the overall performance is highly transient and a constant
heating or cooling power cannot be achieved. The adsorption rate
and discharge power attain a maximum value in the initial stages,
followed by a steep decrease. While this operational scheme may
be desirable for applications that require an initial surge in perfor-
mance, it may not be suitable for applications desiring a constant
power output.

As opposed to maintaining a constant pressure in the ABU, like
contemporary sorption cycles, it is possible to control the mass flux
entering the ABU with the use of the flow control valve. The ther-
mophysical battery can be operated based on a new thermody-
namic cycle (Fig. 11(b)), with a temporal performance shown in
Fig. 11(d).

The thermophysical battery is recharged by providing heat to
the ABU at a constant pressure, which transforms the ABU from a
low-temperature saturated state-A2 to a high-temperature dry
state-A21. As shown in the temporal performance, the recharge
process is carried out for a duration of 120 min, where the ABU
is exposed to vapor at �7400 Pa and coolant at 300 �C. The vapor
leaving the ABU undergoes condensation in the ECU, which is
maintained at state E3. During the recharge process, the ABU tem-
perature is increased gradually (Fig. 11(d)). As a result of the ther-
mally driven desorption process, the vapor uptake is reduced from
�0.3 kgwater/kgadsorbent to �0 kgwater/kgadsorbent. Higher desorption
rate and power during initial stages of recharge is due to the pres-
ence of a significant amount of adsorbed vapor in the ABU. Subse-
quently, the desorption rate and power diminish significantly.

Following the heating process, the ABU is isolated from the ECU
by closing the flow control valve completely. In addition, the ABU is
cooled down by transferring heat to the coolant at ambient tem-
perature (40 �C), which transforms it from a high-temperature
dry state-A21 to a low-temperature dry state-A2 (Fig. 11(b)). In this
case, the cooling process is carried out for 30 min, which brings the
ABU back to the ambient temperature (Fig. 11(d)). Due to a lack of
vapor supply from the ECU, the pressure inside the ABU reduces
significantly due to re-adsorption of trace amounts of vapor sur-
rounding the adsorbent material. The net energy rejected by the
ABU to the coolant during the cool down process is predominantly
sensible heat. The thermophysical battery can be stored at state A1

for extended durations without loss in performance. Note that in
comparison, it is significantly more challenging for conventional
techniques (e.g., energy storage via phase change materials and
sensible heat) to minimize loss in performance during storage.

The thermophysical battery is discharged when the valve
between the ABU and ECU is opened and dynamically controlled,
allowing evaporation and adsorption processes to take place at
the desired rate. Consequently, the ABU is exposed to a constant
vapor flux, transforming it from state A1 to A2 due to vapor adsorp-
tion (Fig. 11(d)). In this case, using the current test bed, the vapor
flux chosen for operation can generate a constant heating rate of
1 kW at the ABU. In this process, both the ABU and the ECU are
exposed to intermediate pressures that vary between the low pres-
sure limit and the condensation pressure. Specifically, the pressure
profile for constant vapor flux (Fig. 11 (d)) indicates that the ABU
pressure does not change appreciably for a significant duration
due to the continuous adsorption of vapor. However, once the
adsorbent approaches saturation conditions, there is a rapid rise
in pressure until the condensation pressure is reached. As expected
due to a constant mass flux, the vapor uptake increases linearly
with time. More importantly, it can be seen that the ABU generates
and supplies heat at a constant rate to the coolant. This operating
condition is reached within a few minutes of initiating discharge.
In addition, by maintaining steady coolant flow conditions, the
thermal potential of the ABU remains fixed during the discharge
process. In this case, the thermal potential of the ABU is main-
tained at 80 �C, while the coolant is circulated at 40 �C. Of course,
the steady thermal potential maintained in the ABU can also be
altered by changing the coolant flow rate, which will change the
overall thermal conductance of the coolant circuit.

While the thermophysical battery can be operated to provide a
wide range of powers and thermal potentials, the overall duration
of steady operation relies on the storage capacity of the adsorbent.
Consequently, while the performance in this study was quantified
using conventional adsorbents, such as zeolite NaX, we anticipate a
significant increase in the energy and power density with the use
of novel adsorbents and nanomaterials for enhanced thermal
transport [38,39,44,45]. This will promote the development of a
variety of systems for temperature control with a wide range of
energy storage capacities, and heating and cooling powers. As a
result, several applications such as climate control in buildings,
temperature control in vehicles and other mobile systems, and
storage of perishable goods and heat-sensitive materials can bene-
fit from this technology.
6. Conclusions

Thermal energy storage-based climate control offers a promis-
ing strategy to address the rising demand for energy. While allow-
ing higher flexibility in energy usage, it can facilitate greater use of
renewable energy with the ability to store solar energy and waste
heat for extended durations. The thermophysical battery, which
operates using adsorption/desorption and evaporation/condensa-
tion mechanisms, can successfully deliver climate control on-
demand by storing energy that can be captured from a wide range
of heat sources. It consists of hot and cold terminals, which can be
maintained at different thermal potentials. Based on the underly-
ing mechanisms of adsorption-desorption and evaporation-
condensation the hot and cold terminals are called the ABU and
ECU, respectively. Like a conventional electrochemical battery,
the thermophysical battery can operate cyclically via charging
and discharging processes. It is designed to store and deliver high
energy and power densities by leveraging high-capacity sorption-
pairs and optimizing the performance based on the choice of mate-
rials and operating conditions. Unlike a traditional heat pump, it
can be operated with intermittent heat sources to provide climate
control.

Using NaX-water pair, this study demonstrates heating in
excess of 900 W at temperatures exceeding 40 �C, and 650W of
cooling at temperatures less than 15 �C. The maximum heating
and cooling powers observed were 1300W and 980W, respec-
tively. This corresponds to power densities and specific powers of
103W/l and 65W/kg for heating, and 78W/l and 49W/kg for
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cooling, respectively, making thermophysical battery competitive
with the state-of-the-art climate control systems that provide
lower power densities.

Temporal performance characterization indicates that the
power and thermal potentials delivered at the terminals can vary
significantly in time. Consequently, we show that it can be oper-
ated following different operational strategies, allowing the supply
of heating or cooling power as desired by the application of this
technology. While it is possible to provide an initial surge in per-
formance, a steady performance with constant heating and cooling
power and thermal potential is also realizable. These operational
characteristics can be implemented with a simple flow control
mechanism to modulate vapor transport between the ABU and
the ECU.

While our initial study shows many interesting aspects related
to the performance of the thermophysical battery, there are several
opportunities for further study and development. While the cur-
rent system utilizes NaX zeolite, the use of novel adsorbents such
as metal-organic frameworks [45,54] and emerging zeolites [39]
can enhance the overall performance of the battery significantly.
The current design of the ABU is optimized for the use of NaX zeo-
lite without densification. The design of ABU and ECU can be tai-
lored and optimized to suit the integration of novel adsorbents
along with compaction strategies, which can result in higher
energy and power densities. This can be carried out by analyzing
and quantifying adsorption characteristics, vapor and thermal
transport at the material- and component-levels. On the system-
level, the development of feedback control strategies can modulate
the heating and cooling powers to meet the desired climate control
demands and improve the overall efficiency of operation. While
the current study demonstrates storage of thermal energy released
by resistive heating, interfacing the thermophysical battery with
other sources of energy such as waste heat from industries and
vehicular exhaust, solar radiation, and geothermal energy will be
very useful. With these improvements, the thermophysical battery
can be made environmentally sustainable with enhanced power
density for heating and cooling requirements for a wide range of
applications.
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