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Abstract

Thermocapacitive cycles are promising thermal and energy storage cycles us-
ing supercapacitors, which can achieve thermal efficiencies over 50% of the
Carnot limit. There is a lack of work investigating the use of thermoca-
pacitive effects in practical heat pumps. This paper explores the design of
thermocapacitive cells with higher temperature changes to be better suited
for heat pumping applications. To evaluate the cell designs on temperature
changes, pouch type cells are prototyped and modeled, and tested using a
micro-calorimeter. A peak adiabatic temperature span of a LiCl aqueous cell
is 2.7 °C. By arranging the cells in a cascade manner, the projected adia-
batic temperature span can reach up to 30 °C with a heating density of 15
kW m~3 and an energy storage density of 1.65 kWh m~3. Incorporating the
energy storage capabilities into heating and cooling devices can be benefi-
cial to building thermal management as energy storage becomes increasingly
important for energy system integration.
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Symbols

aC Volumetric Capacitance [F m~3]
A Area [em? or m?]
c Concentration [mol m~?]
C Capacitance [F]
p Specific Heat Capacity [Jg=teC™Y
C, Heat Capacity [J°eC™Y
D Diffusion Coefficient [m? s~1]
E Electric Field V]
F The Faraday Constant [C mol~Y]
h Convective Heat Transfer Coefficient — [W m=2 °C™1]
1 Current [A]
J Current Density [A m?]
J Species Flux [mol s~ m™?]
k Thermal Conductivity [Wm~! °C™1]
L Length [m]
mep Thermal Mass [J°C™Y
n or N Number of Cycles or Number of Electrons []
P Pressure [Pa]
q Charge [C]
q Area Normalized Heat Generation Rate [W m~—2]
Gy Volumetric Heating Density kW m~—3]
Q Electric Charge [C]
Qrot Total Heat Delivered [J]
Q Heat Generation Rate [W]
6 Average Heat Generation Rate [W]
R Resistance Q]
R The Universal Gas Constant [J mol~t °C~1]
ds Differential Entropy [J °C™1]
S Entropy or Source [J°C~! or mol s72 m~?]
t Time [s]
T Temperature [°C]
u Mobility [s mol kg~!]
U Overall Heat Transfer Coefficient [Wm=2 °C~}
14 Voltage or Volume [V or cm?]
w Work [J]
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Acronyms
Bi

CMC
COP

DSC

DI

DL

ED

EDL
EDLC
HVAC&R
THL
Nano-CT
MAE
OHL
SA:V
TCC
TCHP
TEG

VC

Greek Symbols

o
A
€
o

T

¢

Subscripts & Superscripts

amb
avg
c
case
cd
cell
chg

Mass Fraction

Charge

Biot Number

Carboxymethyl Cellouse
Coefficient of Performance
Differential Scanning Calorimetry
Distilled Water

Diffusion Layer

Energy Storage Density

Electric Double Layer

Electric Double Layer Capacitor

[kWh m—3]

Heating, Ventilation, Air-Conditioning, and Refrigeration

Inner Helmholtz Layer

X-Ray Nano Computed Tomography

Mean Absolute Error

Outer Helmholtz Layer
Surface Area to Volume Ratio
Thermocapacitive Cycle
Thermocapacitive Heat Pump
Thermoelectric Generator

Vapor Compression

Thermopower

Difference

Porosity or Electrical Permittivity
Electrical Conductivity
Tortuosity Factor

Potential

Ambient

Average

Cooling or Cold or Charging
Pouch Cell Case

Charge and Discharge

Cell

Charge

[mV °C~1]
[units vary]

[_

Ju

[Sm™
[_

]
]
]
[V]
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cycle Cycle

dischg Discharge
eff Effective
e Electron
elec Electrode
electrolyte Electrolyte
even Even Index Cells
f final
h Heating
H High
i Species i or initial
ion Ton
irr Irreversible
1 Liquid
L Low
m Migration
max Maximum
odd Odd Index Cells
out Output
rev Reversible
S Solid
sep Separator
span Temperature Span
th Thermal
tot Total
T Total
volume Volume
+ Positive Electrode
- Negative Electrode
00 Surrounding
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1. Introduction

The buildings’ sector accounts for more than 40% of the U.S. primary energy
usage, and nearly half of building energy usage is related to space cooling
and heating, water heating, and refrigeration [1]. The global need for air
conditioning and heat pumping systems is expected to significantly increase
in the next decade, driven by population growth, economic advancement, and
environmental factors [2, 3]. Vapor compression (VC) cycles are the most
widely used systems to provide cooling and heating. Recently, significant
research efforts have been made to transition to VC systems using natural
refrigerants. These systems generally require trade-offs in capacity, efficiency,
system pressure, and flammability [4]. Therefore, several research groups are
actively pursuing the development of new types of heat pumps beyond VCs
that can help reduce energy consumption and improve energy utilization in
the building sector [5].

Non-VC technologies have started to gain more attention as alternatives to
conventional heating and cooling systems due to their potential for superior
performance and the ability to use alternative refrigerants [6]. The next gen-
eration of high-performance thermal systems will utilize novel materials to
achieve superior levels of performance [7, 8]. Maximizing the functionality
of system hardware presents new opportunities for advancing thermal sys-
tems in addition to ongoing efficiency advancements. Hybridization strategies
present an unique opportunity to increase the utility of thermal devices while
simultaneously incorporating high-efficiency processes [9, 10].

Thermocapacitive cycles (TCCs) can enable a new generation of building
equipment, such as multifunctional heat pumps and storage devices. TCCs
are based on electric double layer capacitors (EDLCs), which are inherently
electrical energy storage devices [11]. Using porous electrodes, these devices
electrostatically bind ions to their surface, which absorbs and releases heat
[12]. Similar to caloric heat pumping devices [13], this phenomenon could be
used to develop an efficient heat pump through heating the cells in a cascade
manner and transferring heat to a circulating fluid.

Leveraging thermocapacitive effects, Lin et al. [11] designed a thermocapac-
itive heat engine for harvesting low-grade heat, which showed the maximum
power output of 31.9 W and 51.2% of the Carnot limit at the temperature
lift of 90 °C. Kundu and Fisher [14] experimentally assessed a thermocapaci-
tive power generation and electrical energy storage, which showed a Seebeck
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coefficient of —1.2 mV °C~! and an area-specific capacitance of 13 F cm™2.

Buckingham et al. [15] evaluated the performance of a thermocapacitive
power generation and energy storage device using superabsorbent hydrogel
materials. The maximum power density of the system was 95 mW m~2 and
capacitance density was 220 F cm™2 at the temperature lift of 20 °C. Zhao
et al. [16] showed that hybridized thermocapacitive power cycles with dye-
senitized solar cells have potentials to achieve the power density and thermal
efficiency of 149 W m~2 and 14.9%, respectively. Recently, Lao et al. [17] ex-
perimentally discussed the impacts of thermal voltage rise and self-discharge
on the fundamental limitations of thermocapacitive heat engines, and the
practical operational conditions toward high-efficiency low-grade heat har-
vesting.

Despite the significant promise of TCC technologies, a lack of work has been
done on using thermocapacitive effects for practical heat pumping applica-
tions. In regards to liquid-state thermocells [18, 19], science and engineer-
ing research institutes are mainly focused on thermocapacitive cell design for
waste heat recovery. Although James et al. [20] developed a proof-of-concept
prototype for thermocapacitive cooling, the analysis was based on commer-
cial supercapacitors that are not optimized for heat pumping and their main
focus was a system-level analysis. This was due to the lack of information on
the thermocapacitive cell design as well as the electrode/electrolyte materi-
als and porous structures of the commercial cells. Because capacitive devices
are the key elements for TCCs to achieve higher temperature lifts, there is
a critical need for investigating the influence of electrode/electrolyte com-
bination on thermocapacitive effects and the impacts of cell designs on the
system performance. Challenges that must be addressed include developing
designs with: (1) sufficient temperature lifts, (2) efficient heat recuperation,
and (3) ensuring material compatibility for long life.

Moreover, limited research has been done on incorporating energy storage
capabilities into cooling and heating devices. Supercapacitors used in the
TCCs have the potential to provide electrical energy storage densities as
high as 60-88 kWh m™3 [21, 22]. Their mechanism for storing energy is rapid
adsorption/desorption of electrolyte ions on the surface of carbon electrodes,
which is more suitable for faster demand responses than battery-type devices
[17]. Moreover, the TCC technologies can be a cost-competitive heat pump
and energy storage solution since supercapacitors can be manufactured with
relatively abundant electrode materials like activated carbon and aqueous
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electrolytes and can avoid supply chain issues associated with critical ma-
terials usage [23]. Incorporating electrochemical energy storage capabilities
into heat pumping applications could be useful for advancing building ther-
mal systems by enabling grid interactive buildings for next generation energy
system integration [24].

This paper explores the design of thermocapacitive cells with higher adiabatic
temperature changes to be better suited for heat pumping applications. To
evaluate the material choices and cell designs on the temperature changes,
pouch type cells were prototyped and modeled. The thermocapacitive cells
were manufactured with relatively abundant materials like activated carbon
and aqueous electrolytes. A micro-calorimeter was used to quantify the heat
generation rates and temperature changes of the prototyped cells. A mul-
tiphysics cell model was developed that incorporates thermal, electrochem-
ical, and fluid effects to aid in cell designs. A thermocapacitive heat pump
(TCHP) model was developed to explore potential system configurations to
find ones that have larger temperature spans and minimized heat losses.
Lastly, the findings of this work were compared with the performance of the
state-of-the-art electrochemical and caloric heat pumping as well as thermal
energy storage technologies. Future research and development opportunities
were discussed to advance the technology readiness level of the TCHP for
practical heat pumping.

2. System Description

Figure 1(A) describes the working principle of thermocapacitive heating and
cooling based on EDLCs. Slow charging of a thermocapacitive cell electro-
statically binds ions to their electrode surface, forming electric double layer
(EDL). The EDL consists of inner Helmholtz layer (IHL), outer Helmholtz
layer (OHL), and diffusion layer (DL). The IHL is a compact layer that
accumulates the counterions near the porous electrodes, whereas the OHL
and DL are the extension of the IHL that contains movable ions affected by
electrostatic forces and diffusion [25].

The formation of those layers decreases ionic configuration entropy (Sion)
due to the reduced disorder of ions within the bulk electrolyte. This is
counterbalanced by increasing the electrolyte entropy and cell temperature
(i.e., reversible heating) based on the second law of thermodynamics, i.e.,
dS = 0. Slow discharging of the cell desorbs ions from the electrode sur-
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face, decreasing the electrolyte entropy and cell temperature (i.e., reversible
cooling) [12].

Figure 1(B) shows a voltage-charge (V-q) diagram of an ideal TCHP cycle
consisting of four processes: adiabatic charging, heat rejection at constant
charge, adiabatic discharging, and heat absorption at constant charge. The
cell is adiabatically charged from state (1) to state (2), increasing temperature
and voltage. From state (2) to state (3), the cell rejects heat to hot thermal
reservoir at constant charge, which decreases the cell voltage due to the
voltage-temperature relationships within the cell [28]. From state (3) to state
@), the cell is isentropically discharged, decreasing temperature and voltage.
From state (4) to state (1), the cell absorbs heat from a cold thermal reservoir
at constant charge, increasing the cell voltage.

Figure 1(C) shows an operation principle for one cycle of a TCHP with
multiple cells. The cells transfer the heat to the forward x-direction by
alternating the charged and discharged cells as described below.

e Adiabatic charging (1) — (2)): Even index cells charge (cell heat up)
while odd index cells discharge (cell cool down).

e Heat rejection at gy (2 — (3)): Even index cells contact adjacent odd
cells with higher index to transfer heat in x-direction.

e Adiabatic discharging (3) — (@): Even index cells discharge (cell cool
down) while odd index cells charging (cell heat up).

e Heat absorption at ¢r, (4 — (1): Even index cells contact adjacent
odd cells with lower index to transfer heat in x-direction.

The system is based on fully solid-state regeneration using dynamic thermal
contacts, such as thermal diodes [26] or switches [27]. Those actuators could
selectively choose cells for heat exchange on either side. Hot and cold side
heat exchangers (i.e., heater and cooler) are placed at the opposite ends of
each secondary loop to harness the warmer fluid leaving the stack for heating
and the cooler fluid leaving the stack for cooling. Two liquid pumps are used
to drive fluid circulation. Electrical charge can be stored in the cells when
the heat pump is turned off and used it as needed.
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Figure 1: Thermocapacitive mechanism for multifunctional heat pumping and electrical
energy storage. (A) Slow charging of a thermocapacitive cell forms EDL consisting of IHL,
OHL, and DL. The formation of EDL electrostatically binds ions to the electrode surface,
which releases heat and increases electrolyte temperature (reversible heating). Whereas
slow discharging of the cell desorbs ions from the electrode surface, which absorbs heat
and decreases electrolyte temperature (reversible cooling). (B) A voltage-charge (V-q)
diagram of a TCHP cycle. (C) An operation principle for one cycle of a TCHP with
multiple cells. The cells transfer the heat to the forward x-direction by alternating the
charged and discharged cells. The system is based on fully solid-state regeneration using
dynamic thermal contacts, such as thermal diodes [26] or switches [27]. Those actuators
could selectively choose cells for heat exchange on either side. Electrical charge can be
stored in the cells when the heat pump is turned off and used it as needed.
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3. Methodology

3.1. Thermodynamics of thermocapacitive heating and cooling

For closed simple systems with given internal restraints, stable equilibrium
states can be characterized completely by two independently variable prop-
erties in addition to the masses of the particular chemical species initially
charged [29].

This means that a fundamental thermodynamic relation for the specific
or molar entropy is S = S(7,P,N), where N is chemical species. For
thermocapacitive cells, a fundamental thermodynamic relation of the form
S = S(T, P,Q) is chosen because N is equal to electric charge (Q). This
is because thermocapacitive effects induce an entropy change through the
changes in the number of electric charges (species) over the electrodes.

A total differential of dS can be expressed as Eq. (1).

oS oS oS
dS = | — dT'+ | == dP + | — d 1
<8T)P,Q (8P>T,Q (6Q>T,P ¢ 0

where S is entropy, T is temperature, and P is pressure. The heat capacity
of electrolyte at constant pressure and electric charge is defined as Cpq =

T <g_§“)PQ’ resulting in Eq. (2).
o9) = Cre 2
T )y T
For isentropic (dS = 0) and isobaric (dP = 0) processes, Eq. (1) becomes
Eq. (3).
T [0S
dT = — — dQ 3
CP,Q <8Q)T,P ( )

Employing a Maxwell relation [11], the adiabatic temperature change of elec-
trolyte during charging/discharging follows a thermodynamic identity as de-
scribed in Eq. (4):
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T [(oV

dl'= — | — | d 4
mep <8T)Q © (4)
where m (in g) is electrolyte mass, ¢, (in J g~ °C™1) is specific heat capacity
of electrolyte for a given pressure, and V' (in V) is the cell voltage. For aque-
ous electrolyte at moderate ion concentration, the change in heat capacity of

ion (cpq) is insensitive to the change in the number of ions (g), resulting in
Cpq R Cp at isobaric conditions [12].

Thermopower (yey, in mV °C™1) refers to an effective Seebeck coefficient
for electrochemical cells, which describes a material’s ability to generate an
oV

electric current from heat or vice versa [18]. aye, has been defined as (ﬁ)Q

[28]. Employing the definition of ayey, the time derivative of Eq. (4) becomes
Eq. (5).

ar
T rev]T 5
mey G = @ (5)
Qrev
The right-hand side of Eq. (5) is equivalent to reversible heat generation

rates (Qrey) [30]. For isothermal (dT' = 0) and isobaric (dP = 0) processes,
the change in entropy is calculated by Eq. (6).

AS = e AQ (6)

where AS (in J °C™!) is the change in entropy and AQ is the change in
electric charge.

3.2. Micro-calorimeter and calorimetry

Calorimetric experiments were performed to quantify the heat generation
rates and temperature changes of the prototyped cells during galvanostatic
cycling.

Figure 2(A) shows a photo of a micro-calorimeter which was capable of sens-
ing and quantifying heat transfer rate as low as 1 mW [31]. Figure 2(B) and
(C) illustrate a CAD drawing of the calorimeter showing a cross-sectional
view and exploded view of the stackup cell. The calorimeter was based on
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BiyTes thermoelectric generators (TEGs) (1261G-7L31-04CL; Custom Ther-
moelectric) as heat flux sensors. A 2x2 configuration of four TEGs (9 ¢cm?
of each, totaling 36 cm?) was used, where each TEG’s heat source faced
the cell and heat sink faced outwards. The cells were sandwiched between
two custom-designed Cu heat spreaders (busbars). Thermal grease (TC-
5600, Dow Corning) and calibrated springs (pressure of 137.9 kPa) were
used to minimize the contact resistance between the cell and each heat
spreader.

Figure 2(D) depicts a schematic of calorimetry and equivalent thermal circuit.
The entire unit was sealed in an aluminium heat sink that was submerged in
an isothermal temperature bath at 30 °C (7008 high precision bath, Fluke)
with 50:50 by volume ethylene glycol:deionized water. The electrochemi-
cal cycling was performed using a multichannel cycler (Arbin Instrument)
connected to the cells inside of the calorimeter. An Agilent 34970A data
acquisition (34970A, Keysight) was used to measure the currents, voltages,
and heat generation rates of the cells, with the time interval of nearly 1.5
S.

Prior to cell testing, the calorimeter was calibrated using a thin polyimide
resistive heater (Polyimide, Kapton) placed between the heat spreaders. A
linear relationship between TEG voltage outputs and heat generation rates
was obtained by providing a series of heating powers (0-32 mW) from an
electric heater and measuring the TEG voltage outputs at each electrode. It
was assumed that the electric heater has a thermal efficiency of 100%. A total
heat generation rate was assumed to be equal to the sum of heat transfer
rate at each TEG (see Supplemental Note S1 for details on the calorimeter
calibration).

The time constant of the calorimter refers to the characteristic time it takes
to reach thermal equilibrium of 63.2% after heat transfer is introduced. This
metric represents how quickly the temperature inside the calorimeter can be
stabilized [32]. For the prescribed galvanostatic current densities of 8.3-16.6
A m™2 the time required for a charging and discharging cycle (6-12 min)
is longer than the time constants of the calorimeter (2-7 min). This means
the calorimetric experiments are reasonable to assess the transient heat and
temperature profiles of thermocapacitive cells (see Supplemental Note S1 for
details on the time constant of the calorimeter).

The calculation of uncertainty propagation was performed using a linear
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Figure 2: Micro-calorimeter [31]. (A) A photo of the micro-calorimeter. (B) A CAD
drawing of the micro-calorimeter showing a cross-sectional view and (C) exploded view of
the stackup cell. (D) A schematic of calorimetry and an equivalent thermal circuit.

error propagation theory [33]. For example, the total uncertainty of a given
calculated value M is calculated by Equation 1.
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oM \? _
Em = Z (a_%fj) (Equation 1)

where €, is the total uncertainty of a given calculated value M and the
x; and €; are the uncertainties of each measured value and each absolute
uncertainty, respectively. The partial derivatives were analytically derived.
After input of sensor measurement uncertainties, the total uncertainties of
the calculated variables (Q, T') were calculated. The uncertainty of the total
heat generation rates (g4) was 0.4 mW (see Supplemental Note S1). The
uncertainties of the cell temperature (er) at U = 1, 5, and 100 W m~2 °C~!
are 0.2, 0.03, and 0.002 °C, respectively.

The methodologies for analyzing the heat generation rates of supercapacitors
from calorimetric experiments [34, 35, 36] were adopted in this study. The
heat generation rate (Q) is decomposed into irreversible (Qirr) and reversible
(Qrev) heat generation rates, as given by Eq. (7).

Q = Qirr + Qrev (7)
Qi is given by Eq. (8).
Qirr = E fi th (8)
cycle

where tq is charging and discharging time. Qe is calculated by Eq. (19).

Qrev = Q - Qirr (9>
As charging time-averaged Qe is given by Eq. (10).

1 (n_l)tcd +ic

érev = _/( Qrevdt (10)

tc nfl)tcd

where n is cycle number, ¢ is time, and subscript ¢ and cd correspond to
charging, and charging and discharging, respectively.
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Since the calorimeter was designed to quantify the heat fluxes from cells, an
equivalent thermal circuit was used to predict the temperature of the cells,
as shown in Figure 2(D). Conservation of energy was applied to a control
mass (i.e., cell), which becomes Eq. (11).
Q
T=T,+ — 11

+t oA (11)
where U is overall heat transfer coefficient, A is surface area of a cell, and T,
is surrounding temperature. The U was calculated by 1/U = 1/h+ Ly /ky +

Lo /ks, with h is convective heat transfer coefficient, L is thickness, and k is
thermal conductivity of cell material.

Eq. (11) was based on the lumped mass approximation (i.e., uniform cell
temperature) due to the low cell Biot number (Bi <« 1). Moreover, the
quasi-steady state approximation was used because of the low Bi and high
thermal diffusivity (D) of the cells (see Subsection 4.1). In this case, the
fast thermal responses can be in a state of dynamic equilibrium, and their
time derivatives can be close to zero.

3.3. Electrode preparation and pouch cell assembly

An ink slurry for porous activated carbon electrodes was prepared based on
the mass weight ratio of 80%:10%:10% by activated carbon (PO0198, MSE
Supplies):carbon black, acetylene, 50% (Thermo Fisher Scentific):Carboxymethyl
Cellulose (CMC) (Sigma-Aldrich). The slurry was suspended in deionized
water (Type IT), and was mixed using a centrifugal mixer (SpeedMixer, Flack-
Tek, Inc). A doctor blade was set to 50 pm and was used to cast the slurry
onto an aluminum foil current collector (50 pm thickness, MSE Supplies).
The mass loading of activated carbon electrode material was 10-14 mg cm 2.
The electrodes were then dried in a vacuum oven at 100 °C. After drying,
the electrodes were punched to the coated area of 24.1 cm? (43 mmx56 mm)
and were welded with 4 mm width aluminium taps (EQ-PLIB-ATC4, MTT).
A cellulose separator (20 pm thickness, Dreamweaver Gold) was sandwiched
by two fabricated electrodes for each cell, and the assembly was sealed dry
under vacuum, with 1 ml electrolyte added just prior to cell testing. Table 1
summarizes electrode-electrolyte compositions studied.
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Table 1: Material compositions for 24.1 cm? pouch type cells studied.

Electrode Solvent[Mass Fraction] Salt Concentration
AC-AC*  Water[1.0] NaClO, 5M
AC-AC  Water[1.0] CaCly 1M
AC-AC Water[lO] NH4H2PO4 1M
AC-AC Water[1.0] LiCl 1M
AC-AC  Water[0.5]/Ethanol[0.5] LiCl 1M
AC-AC  Water[0.07]/Ethanol[0.76] /Methanol[0.17]  LiCl 1M

a Activated Carbon-Activated Carbon.

3.4. Electrochemical characterization

A multichannel cycler (Arbin Instrument) was used to evaluate the electro-
chemical performance of the prototyped cells. The galvanostatic currents
were chosen between 20-40 mA, corresponding to the current densities of
8.3-16.6 A m~2. The surface area of the electrode material was used to
normalize the currents. The maximum upper and minimum lower cut-off
voltages of the cells were selected as 0-1.2 V, that was determined by the
range of current-voltage curves showing linear profiles during charging and
discharging. During galvanostatic cycling, constant currents were applied
to the cells until reaching the upper and lower cut-off voltages with 0.01 V
interval. The capacitance (C') of the prototyped cells is calculated using Eq.
(12).

It4

C=av

(12)

where [ is current, AV is discharge voltage drop (without IR drop), and ¢4
is discharge time.

The internal resistance of the cells (R) is obtained by the voltage difference
right after and before at the end of the charging step, as given by Eq. (13)
137].

R=—"C (13)
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3.5. X-ray nano-computed tomography and 3D image analysis

Samples were prepared by punching an electrode disk of approximately 1.5
mm in diameter, and were mounted on a stainless-steel dowel with coated
surface facing outward using fast-setting epoxy. The sample dowel was then
placed into a laser micro-machining system (A Series/Compact Laser Mi-
cromachining System, Oxford Lasers, Oxford, UK) to fabricate an electrode
pillar with a diameter of approximately 70 pm. The electrode pillar was
scanned based on a lab-based X-Ray Nano-Computed Tomography (Nano-
CT) system (Zeiss Xradia Ultra 810 X-ray microscope, Carl Zeiss, CA, USA).
The instrument was operated based on an isotropic voxel size of 128 nm and
a field of view of 64 pmx64 pm. A quasi-monochromatic X-ray beam with
an emission energy of 5.4 keV was used for scanning. 901 angular incre-
ment radiographs with an exposure time of 20 s were collected over 180°
rotation. The radiographs were automatically reference corrected, and were
manually center aligned. The corrected and aligned radiographs were re-
constructed using Zeiss Advanced Reconstruction Toolbox (Carl Zeiss, CA,
USA). The reconstructed 3D volume image was imported into Dragonfly’s
software (Comet Technologies Canada Inc., Montreal, Canada) [38] for image
post-processing.

The electrode porosity (€) is calculated by using Eq. (14).

Total Macropore Volume
€ =
Total Volume

Surface area to volume ratio (SA:V) is defined as Eq. (15).

Total Particle Surface Area
AV = 1
SANV Total Volume (15)

TauFactor software [39] was employed to calculate the tortuosity factor of
electrodes (7).

3.6. Specific heat capacity measurements

Differential scanning calorimetry (DSC) Q100 (TA instrument) was used to
measure the specific heat capacity of the pouch cell materials, including dry
activated carbon electrode, separator, and polymer cell case. The DSC Q100
operated in the temperature range from 16 °C to 80 °C, with heating at a
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rate of 2 °C min~! under nitrogen purging. The upper cut-off temperature

was determined based on the temperature limit of the cell case that melts
above 80 °C. The sample masses were 5-10 mg, which was prepared from a
dry pouch cell. The specific heat capacity of aqueous electrolyte was assumed
to be the same as that of water, which was calculated using CoolProp 6.4.3
[40]. The specific heat capacity of mixed electrolytes was calculated using
mixtures in REFPROP version 10.0 [41]. For example, the specific heat
capacity of a mixture with the mass weight ratio of 7%:76%:17% by water
and ethanol and methanol is 2.74 J g °C~L.

By mass-averaging the specific heat capacities of the cell materials, the effec-
tive specific heat capacity of the cell (¢, .q) is calculated by Eq. (16).

Cpeff = Z YiCp,i (16)

where y is mass faction of each material, and constituent i denotes elec (elec-
trode), electrolyte, case (pouch cell case), and sep (separator), respectively.
A digital scale (OHAUS Explorer Scale) with the accuracy of £0.0001 g was
used to measure the mass of each cell constituent.

3.7. Thermal diffusivity measurements

Average thermal diffusivities including activated carbon electrodes and a sep-
arator were measured using a Discovery Xenon Flash (DXF-500) instrument.
The sample masses were 5-10 mg, which was prepared from dry pouch cells.
The samples’ temperatures were recorded using a nitrogen-cooled infrared
detector (InSb sensor). The thermal diffusivities of a pouch cell case and
aqueous electrolyte were obtained from low-density polyethylene materials
[42] and CoolProp 6.4.3 [40], respectively.

By mass-averaging the thermal diffusivities of cell materials, the effective
thermal diffusivity of a cell (Dy,es) is calculated by Eq. (17).

Diyesr = Z YiDin i (17)

3.8. Modeling parts with assumptions

The cell model was developed using COMSOL Multiphysics software ver-
sion 6.1 [43] based on a porous electrode theory [44]. Table 2 summarizes
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Table 2: An equation set used for thermocapacitive cell and system modeling.

Model Expression Description

CellP %wL V-Ji =8, x6=0 * The one-dimensional Nernst-Planck
equation and charge conservation to
model the transport phenomena of
charged ions (¢) in electrolyte.

Ji = =Dy gV — Zitm i et Fe; Vi * A species flux (J;) governed by dif-
fusion (D) and electric migration
(um,i,eﬁ)-

S; = —%w * A source term (.5;) to model transient

EDL charging and discharging pro-
cesses in the potential difference across
the solid-liquid interface, w.
J=—0seiVs + F> . 2, * The Ohm’s law to model current
densities () flowing through the elec-
trolyte as well as electric potential field
(¢) driving those current densities.

(mep)egZe =V - (kVT) + PR+ aue IT+UA(T — Ty)  * A heat equation with irreversible

O Oree T (Qirr), reversible heat generation rates
(Qrev), and heat loss to the ambient
(Qamb)-
System®de YV = foa édt, W = foa 1vdt * Cell voltage and electric energy.

Toven = Tavg + (mQCCﬁ, Toaa = Tavg + (%’C'ZC)}; * Even index cells charging, odd index
cells discharging.

Tovg = % * Odd index cells contact adjacent
even cells with lower index.

Teven = Tavg + (ijcp)};, Toad = Tavg + (w?;;iﬁ * Even index cells discharging, odd in-

dex cells charging.
Tovg = % * Even index cells contact adjacent
odd cells with lower index.

Notes:

@ Subscript 1 denotes species i; (s) and (1) are solid and liquid phase, respectively.

b __ € . _ Dietr, _ e .1 _ 1 L L
Di,eﬁ_ ?Dh Um i,eff = 1%701 y Oeff = 205 7 = E‘i‘ Ti+ k:722

¢ a denotes charging or discharging time; I > 0 for charging, I < 0 for discharging.
4T ven, Toaq, and Tavg: temperatures for even and odd index cells; average temperatures.
¢ Qchg; Quischg: total heat delivered at charged and discharged states, respectively.

the governing equations of the cell model. Main assumptions were (i) one-
dimensional species transport, (ii) species flux governed by diffusion and
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electric migration, (iii) symmetric binary electrolyte, and (iv) homogeneous
volumetric heat generation rates within the electrodes.

The one-dimensional Nernst-Planck equation and effective medium theories
(i.e., macrohomogeneous volume averaging) were used to model the transport
phenomena of charged ions (¢;) in electrolyte. This physics interface was
selected due to the model capable of representing significant concentration
gradients of ionic species near electrodes [43]. It was assumed that diffusion
(Diefr) and electric migration (um;es) are dominant transport mechanisms
due to the zero flow velocities in the enclosed cells.

The capacitance of the cells was modeled using a source term (.S;) repre-
senting transient EDL charging and discharging processes in the potential
difference across the sold-liquid interface, w [44]. aC (in F m™3) is vol-
umetric capacitance that varies as a function of current density (j), which
was obtained by numerical fitting to the measured currents and voltages.
The Nernst-Planck equation was coupled with the Ohm’s law to describe
current densities flowing through the electrolyte as well as electric potential
field driving those current densities.

It was assumed that EDL processes are dominant mechanisms for storing
electric charges. This was because the prototyped electrodes were made of
activated carbon material, not made of transition metal oxide that could
introduce electrochemical reactions [45]. Moreover, the impacts of the inser-
tion of charged ions into the activated carbon electrodes were not explicitly
modeled. Instead, volumetric capacitance (aC') was used to model equivalent
capacitance capturing both the EDL and Faradaic processes [44].

A thermal model of the cells was developed based on a heat equation with
irreversible, reversible heat generation rates, and heat losses to the ambient.
The heat equation was coupled with the Nernst-Planck equation to capture
resistive heating and heat losses during galvanostatic cycling. The irreversible
heat generation rate is predicted by Eq. (18).

Qirr = IzR (18)

where R is cell ohmic resistance. The reversible heat generation rate is

modeled using the thermopower of supercapacitors, as expressed by Eq.
(19).
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Qrev = areV[T (19)

The heat loss to the ambient is predicted by Newton’s law of cooling, Eq.
(20).

Qamb = UA(T - Too> (20)

To assess the impacts of multiple cells on the overall temperature span, a
cascaded cell system model was developed based on Python [46]. Table 2
summarizes the governing equations of the model.

Depending on the operating conditions, the computation time of the mul-
tiphysics cell model was a few seconds to minutes, which could result in a
thermodynamic cycle simulation time of 10-20 min. To improve the cycle
computational efficiency, a lumped-element thermal model was used for each
cell model in the cascaded system. This results in the improvement of cycle
computational efficiency from 10-20 min to 1-10 s.

The main assumptions for the simplified cell model were (i) negligible self-
discharge, (ii) linear voltage profile, (iii) uniform cell temperature, and (iv)
cell temperature reaching rapid thermal equilibrium after contacting adjacent
cells. The reasons for the assumptions of the (iii) and (iv) were due to the
low cell Bi and high Dy, (see Subsection 4.1 for details).

Total heat generated and released at charged and discharged states are pre-
dicted by Eq. (21) and Eq. (22), respectively.

te
Qeng = / (IR + aye IT + UA(T — Tw)) dt, where I >0  (21)
0

tq
Quischg = / (I’R+ oueyIT + UA(T — Ty)) dt, where I <0 (22)
0

Cell temperatures at charged or discharged states are calculated by Eq.
(23).

T — Tavg + Qchg or dischg (23>
(mep et
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where T,y is average cell temperatures of adjacent cells that made contact
during the previous cycle stage. The initial 7}, was the same as an isother-
mal bath temperature of 30 °C and changed during charging-discharging
steps. Thyg is calculated by Eq. (24).

Toven + Toaa
Tavg — even 2 o] (24>
where T,,.n and T,qq are temperatures for even and odd index cells in contact,

respectively.

The log mean temperature difference is particularly useful when the tem-
perature difference across a fluid-based heat exchanger is not constant. A
TCHP heat exchanger is based on a fully solid-state regenerator that consists
of multiple cells arranged in series, where each cell has a uniform temper-
ature due to cell Bi < 1. In this case, the arithmetic mean temperature
can provide a reasonable approximation of the mean temperature when the
heated and cooled cells are in contact with each other.

3.9. Performance evaluation metrics

Temperature span is defined as Eq. (25).

AT1span = Th - TC (25>

where T}, and T are heated and cooled cell temperatures, respectively. When
predicting the overall ATy,,, of the cascaded system, T}, and T; are hot side
(right end) and cold (left end) cell temperatures, respectively. The Tj, is
initially the same as T, (ambient temperature) and rises through thermoca-
pacitive cycling.

Total heating delivered (Qyot, in J) from a cold cell to a hot cell is predicted
by Eq. (26).

Qtot = (mcp)effATspan (26)

where (mc,)es is heat capacity of a single cell. Volumetric heating density
(Gy, in kW m™3) is predicted from Eq. (27).
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Qtot

27
tcd V;/olume ( )

QV:

where V,oume is cell volume. Net electric work input (W, in J) is calculated
by the integral of irreversible heating over charging and discharging cycles,
as given by Eq. (28). This was based on the assumption that all electric
energy losses are converted into Joule heat.

tcd
Wioet = / I’ Rdt (28)
0

Coefficient of performance (COP) is defined as Eq. (29).

Qtot
COP = 29
Wnet ( )
Energy storage density (ED, in kWh m™3) is given by Eq. (30).
%
ED = 30
2‘/volume ( )

4. Results and Discussion

4.1. Pouch cell fabrication results

Figure 3(A) shows a 24.08 cm? (56 mmx43 mm) prototyped cell, which was
fabricated to fit between the calorimeter Cu heat spreaders having an area
of 36 cm?. Figure 3(B) illustrates a schematic of a cross-section view of the
cell. The entire cells are sealed with polymer cell cases (40 pm) to reduce the
heat loss to the ambient. The cell has a total thickness of ~640 pm including
an activated carbon electrode of nearly 250 pm, corresponding to the mass

loading of 13.5 mg cm™2.

Figure 3(C) shows the 3D and cross-section images of porous electrode’s mi-
crostructure measured from X-ray nano computed tomography (nano-CT).
The volume averaged porosity (e) is 0.4, and the surface area to volume
(SA:V) ratio is 1.5 pm™! (see Supplemental Note S2 for details). The aver-
aged pore size (1.5 pm) is smaller than the average thickness of the electrodes
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(250 pm), which validates the use of the porous electrode theory for the ca-
pacitor modeling [44]. The tortuosity factor (7) is 3.6, which decreases the
diffusion coefficient (D) and electrical conductivity (o) of the cells by a fac-
tor of nearly 10, predicted by Deg = (¢/7)D and oeg = (€¢/7)0, respectively
[44].

Figure 3(D) displays the breakdown of the thermal mass (mc,) of the pro-
totyped cells. The effective cell thermal mass (mc,)eg is nearly 5.5 J °C™1,
which is calculated from the measured mass (m) and specific heat capacities
(¢p) (see Figure S3 in Supplemental Note S3). The effective heat capacity
of the cells (cpe) is 2.7 J g1 °C~! by mass-averaging the measured specific
heat capacities of their constituents (Eq. (16)). Aqueous electrolyte accounts
for 74% of the total (mcp)er. This is due to 2-4 times higher ¢, of water (i.e.,
4.2 J g7t °C71) than that of the other cell materials.

Figure 3(E) shows that the effective thermal diffusivity (D) of the cells is
0.145 cm? s~! by mass-averaging the measured or calculated Dyys of the indi-
vidual materials (see Table S2 in Supplemental Note S3). The mass-averaging
approach was used because of the prototyped cells having simple layered ma-
terials which can be treated as a 1-D heat transfer problem. The Dy oq is
100 times higher than that of aqueous electrolyte due to those accounting for
porous electrode structures, but nearly 10 times lower than aluminium foils
because of the influence of activated carbon coated.

The prototyped cells have the low Bi of 0.01, which was calculated by hL./k.
h is convective heat transfer coefficient, L. is characteristic length, and k is
thermal conductivity. h was assumed to be 5 W m~2 °C~! representing the
condition of natural convection in air [47]. L. was 600 pm which was obtained
from the averaged thickness of the cells. k was 0.28 W m~! °C~! which was
obtained from literature representing an effective thermal conductivity for
the electrode materials soaked in the aqueous electrolyte [48].

Considering that the cells have Bi < 1 and high Dy, it is reasonable to
use the lumped-element model and the quasi-steady state approximation to
predict the cell temperature during cycling. In this case, the cell temperature
can assume to be uniform and rapidly changes in response to the change in
heat generation rates.

Figure 3(F) displays the cyclic voltammetry (CV) results experimentally
measured at various scan rates to understand the capacitive processes of

24

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



a symmetric cell with 1 M LiCl in water. Two electrode systems with an
anode and cathode were used to measure the cell voltage. IR compensation
was applied to the CVs. The symmetric shapes are observed and the shape
of the CV become more rectangular at lower scan rates. Those results in-
dicate that the cells follow clear capacitive processes during charging and
discharging. A deviated CV behavior from an ideal rectangular profile is due

(A) (B) Separator, 20 pym (C)

(Non-Woven Cellulose Nanofiber)

SA:V =1.5um™!

Current Collector, Electrode Mat., 250 um Cell Case, 40 pm 10 pm
20 um (Al Fail) (Activated Carbon) (Polyethylene) S

(E) (F)

— 10° i 10° 40
_ 015 | 201

T, 107 ; 107! &
g ZE oo

(mep)ese \: s <

< B
QT: 10724 «— — 11072 —20
740 4

0 1073 1073
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Figure 3: Pouch cell fabrication results. (A) An image of prototyped pouch cell with
24.08 cm? (56 mmx43 mm). (B) A schematic of a cross-section view of the cell. (C)
A X-ray nano-CT image showing a magnified slice of the activated carbon electrodes
showing 2D macro-pores (blue) and particles (red). The solid and liquid porosities (e,
1) and tortuosity (75, 1) of the electrode were calculated. (D) Breakdown of thermal
mass (mcp) of the cell using aqueous electrolyte. (E) Effective thermal diffusivity (Din efr)
and Biot number (Bi) of the cell using aqueous electrolyte. (F) Cyclic voltammetry (CV)
curves experimentally measured at different scan rates based on a symmetric cell with 1 M
LiCl aqueous electrolyte. The cell voltages were measured between two electrode systems
with an anode and cathode. IR compensation (R = 1.2 2 obtained from electrochemical
impedance spectroscopy of Supplemental Note S5) was applied to the CV curves.
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to the Faradaic processes and ohmic resistance. The Faradaic behaviors is
expected be arised from the interaction of Li*™ ion with anionic functional
groups of carboxymethyl cellulose (CMC) binder [35].

4.2. Temporal evolution of heat generation rate and temperature during gal-
vanostatic cycling

Figure 4 shows the temporal evolution of heat generation rate and tempera-
ture of the LiCl aqueous cell during galvanostatic charging and discharging
at 8.3 A m™2 (left) and 12.5 A m™2 (right) between 0-1.2 V. The results
show that the measured heat generation rates and temperature profiles at
each electrode immediately responded after transitioning from charging to
discharging steps (or vice versa). These results indicate that the calorimeter
can reasonably quantify the transient heat and temperature profiles of the
cells during cycling.

Figure 4(A) and (B) present the temporal evolution of the area-normalized
heat generation rates at the positive electrode (4, ), at the negative electrode
(¢—), and in the entire cell (¢r). The total heat generation rates are calculated
by the sum of the heat generation rates at each electrode. The measured heat
rates are oscillated during the galvanostatic cycling due to the change in total
reversible heat generation rates (¢t rev)-

The peak reversible gr e, decreases at the higher currents from 3.8 W m~2 to
1.6 W m~2 due to the faster charging and discharging processes leaving more
unused area and energy in the capacitive devices. This is indicated by the
reduced cell capacitance from 5.8 F to 3.5 F. Moreover, the faster charging
and discharging rates yield increase in irreversible aTm from 4 W m~2 to 7.4
W m~2 due to Joule heating that is caused by ohmic resistance of 13 € in
the capacitor.

The thermal behavior of each electrode in the LiCl aqueous capacitor occurs
in asymmetric manner. This leads to the LiCl cell cooling down as charging,
and heating up as discharging. As charging, Lit ions move to the nega-
tive electrode (gray markers) and they absorbs energy from surroundings to
overcome a potential barrier, resulting in electrolyte cooling [49]. Whereas,
Cl~ ions move to the positive electrode (orange markers), it forms EDL and
generates heat. Because the heat changes caused by the insertion of Lit
ions into the electrodes dominate the cell heating, cooling (heating) occurs
as charging (discharging).
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Figure 4: Calorimetry results. Galvanostatic cycling is performed at 8.3 A m~2 (left) and
12.5 A m~2 (right) between 0-1.2 V based on a symmetric cell with 1 M LiCl aqueous
electrolyte. (A) and (B) Each solid line represents the area-normalized heat generation
rates: total g (steelblue), positive electrode ¢ (orange), and negative electrode ¢_ (grey).
Total ¢ is sum of ¢4 and ¢_. Each ¢ consists of reversible (¢t yev) and irreversible (¢ i)
heat generation rates. (C) and (D) Time-dependent reversible heat generation rates. (E)
and (F) Projected cell temperature profiles in response to heat generation rates at different
overall heat transfer coefficients.
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Figure 4(C) and (D) illustrate that ¢r e, is symmetric exothermic and en-
dothermic processes. The heat energy produced during charging and dis-
charging cycles is recovered when the process is reversed. This phenomena
is originated from the redox reactions and ion adsoprtion/desoprtion pro-
cesses.

grrev can be linked to the thermopower of cells by Gryev = eviT. Qrey 1S
equivalent to an effective Seebeck coefficient (in mV °C™!) for electrochem-
ical cells, which describes a material’s ability to generate heat from electric
currents (or vice versa) through the entropy changes of the cells [18].

The decrease in the peak ¢r,e, at the higher currents from 3.8 W m™2 to
1.6 W m~2 corresponds to the decrease in the averaged oye, from —1.7 mV
°C~! to —0.65 mV °C~!. The negative sign reflects heat absorptions during
charging. Given the fact that the cell capacitance reflects the number of ions
involving with electrolyte entropy changes, the decrease in the cell capac-
itance from 5.8 F to 3.5 F at the higher currents yields the lower specific
entropy change (As) from 455 J kg™t °C~! to 1.7 J kg=! °C~! and thus
reduced the ¢t ey and agey.

Since the calorimeter was designed to quantify the heat fluxes from cells, an
equivalent thermal circuit was used to predict the temperature of the cells
(Eq. (11)). Figure 4(E) and (F) show the projected cell temperature profiles
in response to heat generation rates with different overall heat transfer coef-
ficients (U). When U is 1 W m~2 °C™!, the cell temperature span (AT,a,)
i 0.9°-2.7 °C. When U is 5 W m™2 °C™!| AT}, is 0.22 °C to 0.57 °C. Those
AT.pan are less than 0.03 °C when U is 100 W m~2 °C~!. The decrease in
ATgpan at U is a result of larger heat losses to the ambient.

4.3. Cell design factor parametric assessment

The influence of different electrolytes on the performance of the prototyped
cells is plotted in Figure 5(A). The mixed solvents were used to assess the
influence of organic solution on the change in electrolyte entropy [50]. The
measurements were taken at 8.3 A m~2. For direct performance comparison,

the average reversible heat generation rate (Q,.,) (Eq. (10)) and capacitance
(C) are normalized with each dry electrode mass (Mmepc) (see Table S3 and
Figure S4 in Supplemental Note S4 for details on the measured values and
anticipated temperature profiles).
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The comparison shows that the cell with 1 M LiCl aqueous electrolyte pro-

duces relatively both high Qrev mg.. and C mg!. This is primarily due
to the Faradaic processes involved in the LiCl device, enhancing the elec-
trolyte entropy change [49]. The cells with 1 M CaCl, in water show tradeoff
between their higher reversible heat and lower capacitance than the LiCl
aqueous cells. This is because CaCl, has a larger enthalpy of solution (—81.3
kJ mol™!) than that of the LiCl cell (—37 kJ mol~!), but cause nearly 60%

larger cell resistance (10.4 §2) and thus Joule heating.

The cells with mixed solvent electrolytes generally produce lower thermal and
electrochemical performance (orange shaded region) than those of the cells
with pure water solvent (steelblue shaded region). To be specific, the cells
with water/ethanol (the mass weight ratio of 50%/50%) electrolyte produce

comparable Q,., my!. to those of the cells with pure water solvent (steelblue
shaded region) but lower C'm_,! . This is a result of tradeoff between reduced
water content that decreases in cell capacitance by 33% and the increased
cell thermopower (specific entropy change) by 5%. The water/ethanol cell
temperature span is 0.62 °C higher than the pure water solvent cell due to
the reduced density and specific heat capacity of the solvent mixture relative

to pure water.

The cells using water/methanol /ethanol (the mass weight ratio of 7%:76%:17%)

electrolyte produces lower Q,,, m . and C' m. than the others. This is
because the significant reduced water contents decreases the ionic conductiv-
ity of the cells, which causes higher cell ohmic resistance and Joule heating.
For example, a LiCl cell resistance was increased from 6.5 €2 to 30 €2 when
changing the solvent from water to mixed solvents. Balancing water content
with the composition of a mixed-solvent electrolyte is crucial for improving
the performance of thermocapacitive cells, particularly in enhancing their

reverisble heat and capacitance.

Figure 5(B) shows the performance comparison of a LiCl aqueous cell between
the measured and modeled data at the current density of 12.5 A m=2 and U
of 5 W m=2 °C~!. For model validations, a symmetric cell with 1 M LiCl
aqueous electrolyte was used to assess the accuracy of the multiphysics cell
model. Two empirical parameters were obtained from calorimetry data: (i)
volumetric capacitance (aC' in F m™2) and (ii) aye,. For example, aC is
20.5 F m~2 at the current density of 12.5 A m~2, which corresponds to the
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volume of active materials in the electrode of 0.34 m? for a cell capacitance
of 3.5 F. ey is —0.65 mV °C~!, which corresponds to the area-normalized
reversible heat generation rate of 0.35 W m~2 (see Figure S6 in Supplemental
Note S6 for details on the results at different current densities). The mean
absolute errors (MAEs) of the heat and temperatures are 0.43 W m~2 and
0.03 °C, respectively. Since the modeled heat generation rates are based
on the isentropic processes, the deviations are primarily attributed to the
irreversible processes including heat losses to the ambient, ohmic heating,
and self-discharging [17].

Figure 5(C) shows the results of sensitivity analysis on ATy,,, with the range
of applied current densities. The blue and red markers with a dashline are the
measured and predicted ATy, respectively. The MAEs of ATg,.,s between
the average measured and predicted data is less than 0.01 °C, presenting good
agreement. Both measured and modeled ATy,,, decreases from 0.56 °C to
0.1 °C at higher currents. This is due to the faster charging and discharging
processes that leave more unused area and energy in the capacitive devices,
decreasing the cell capacitance from 5.8 F to 2.1 F. If the cell capacitance is
reduced by 63%, the cell temperature changes are decreased proportionally

by 64%.

Figure 5(D) details the breakdown of heat generation rates at the different
applied current densities. For each data point, the time-averaged heat gener-
ation rates are normalized with the cell area. The results show that the faster
charging and discharging yield increase in the time-averaged irreversible aTm
from 4 W m™2 to 7.4 W m~? and increase in the ratio of the irreversible §T7m
to the total ¢ from 58% to 96.5% due to enhanced Joule heating.

Figure 5(E) shows the influence on ATy, of aye, and (mcy)eg at 12.5 A m™2
and U of 5 W m™2 °C~!. The x-axis refers to (mc,)eg and y-axis corresponds
t0 (uev, Where the lower and upper bounds are determined based on £50%
variation of mc, and oye, from the prototyped LiCl cell (yellow marker). The
(e,t) denotes the prediction based on experiment data and theory. The color
contour represents ATg,,, at the charging time of 250 s, where the negative
sign refers to temperature drop and positive sign corresponds to temperature
lift.

To explain this plot, three different scenarios are illustrated by the black
arrows in Figure 5(E), which are discussed below:
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Figure 5: Cell design factor parametric assessment. (A) Performance comparison of the
prototyped cells with different electrolytes. (B) Model validation results: temporal evo-
lution of heat generation rate and cell temperature during galvanostatic cycling. (C)
Temperature span (ATgpn) as a function of applied current density (j). (D) Breakdown
analysis of area-normalized, time-averaged heat generation rates (¢) as a function of ap-
plied j. (E) The influence of thermopower (ayey) and effective thermal mass ((mcp)es) on
ATgpan. (F) Plot showing reported maximum temperature swings from various superca-

pacitors [49, 51, 52, 53, 54, 55, 56].
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(i) A change in aye, at a constant mec,: this corresponds to a vertical
movement relative to the yellow marker (reference case). The degree of
AT pan can be enhanced from 0.25 °C to 0.75 °C when improving ayey
by a factor of 2 for a given mc, of 2 J °C~. One of the most recently
characterized thermocapacitive cells used aqueous KySO, electrolyte
and carbon-MnO, electrodes to generate e, of 0.3-0.6 mV °C~! [52].
The Faradic reactions involved in the oxide electrode led to 1.3 times
higher oy, than that in the carbon electrodes, which improves ATy,.n
by a factor of 1.5.

(ii) A change in mc, at a constant aye,: this refers to a horizontal move-
ment in the graph. For instance, the AT},,, can be enhanced from 0.5
°C to 1 °C during 250 s when the cells have 3 times lower mc, than
that of the prototyped ones having 5 J °C~!. This can be achieved
by fabricating thinner electrodes, which requires additives to improve
electrolyte wetting [57]. Moreover, considering that aqueous electrolyte
accounts for nearly 80% of the cell mc,, the use of organic electrolytes
with 2 times lower density (e.g., propylene carbonate, 1.2 g cm™3) can
lower mc, by half and enhance AT}p,, by a factor of 2.

(ili) A change in both aye, and mec,: this relates to a diagonal movement
relative to the black marker. By reducing mc, and improving oye, by a
factor of 2, the cells can enhance ATy, from 0.25 °C to 1 °C. This can
be achieved by both fabricating thinner electrodes to reduce inactive
mc, and identifying the optimal combinations of electrolyte-electrode
pairings to improve Quey.

Figure 5(F) shows the impacts of U for selected cells and C' on ATyp,,. The
findings of this study are compared with the reported ATy,.ns of various
supercapacitive cells having low C' (< 100 F) [52, 56], medium C' (100-1,000
F) [49, 53], and high C' (> 1,000 F) [51, 54, 55].

The maximum temperature span of the LiCl cells is 2.7 °C when U =1 W
m~2 °C~!, which is higher than other cells designed less than 100 F. The
smaller ATy, of 0.13°-0.57 °C are due to heat losses when U is > 5 W m 2
°C~!. The comparison shows that cells can achieve higher AT pan of 1°-5.8
°C at increased capacitances. This is because the increased number of ions is
advantageous to achieve larger electrolyte AS. The highest reported change
in temperature is 5.8 °C based on a 720 F commercial Li-ion capacitor [49].
The lab fabricated EDLCs show temperature drops less than 1 °C due to
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those C' below 10 F (see Table S5 in Supplemental Note S7 for details on the
data points).

4.4. Prediction of cascaded cell system performance

A cascaded cell system model was used to evaluate the influence of multiple
cells on the overall temperature lifts. For model validations, a prototyped
symmetric cell with 1 M LiCl aqueous electrolyte was used to examine the ac-
curacy of the simplified cell model used in the heat pump system model.

Figure 6(A) summarizes the result of comparison between the projected
amount of reversible heat delivered (Qrev), C, and ATy, with calorime-
try data. The data was obtained from one charging and discharging cycle
based on a unit cell. Each parameter was normalized with each average ex-
perimental value. The U of 1 W m~2 °C~! was assumed to simulate the
well-insulated unit operating at ambient temperature. The MAEs of Q,ey,
C, and ATp,, are 0.04 J, 0.09 F, and 0.09 °C, respectively. This indicates
that the cell model can reasonably represent the performance of the thermo-
capacitive cell in the cascaded system (see Figure S7 in Supplemental Note
S6 for details).

Figure 6(B) shows a contour plot representing the influence of the number
of cells (Neen) and repeated cycles (Neyce) on the ATy,,,. The ranges of
Neen and Neyele are determined from an electrocaloric device with multiple
cells [27]. The cell geometries and material properties are obtained from the
prototyped LiCl cells. The peak ATy, is nearly 7 °C at 12.5 A m™2 when
the nine cell and cycles are used. This is because the larger regenerator with
the higher cycle frequency can deliver more heat from a cold to a hot side cell
than a unit cell, enhancing ATy,,,. For example, ATy,,, of the nine cascaded
cells is 2.2 times higher than that of the three cascaded cells.

Figure 6(C) displays the time evolution of the adiabatic ATy,., and cell
temperatures at 12.5 A m~2 based on the nine cells and cycles selected. The
ATgpan is monotonically increasing as a result of the movement of heat from
cold to hot cells during cycling. The peak adiabatic ATy, is found to be
nearly 2,500 s, corresponding to the last cycle. The increase in the ATp,,
per cycle is due to the increase in the temperature swing of a cold cell that
is contacted with a thermal reservoir of 30 °C as shown in the blue solid line
of the plot.
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Figure 6: Prediction of cascaded cell system performance. (A) Comparison of modeled
unit cell performance parameters with calorimetry data (each parameter is normalized
with each averaged experimental value). (B) ATipan of the cascaded cell system as a
function of the number of cells (Neen) and cycles (Neycle) at a fixed j of 12.5 A m=2. (C)
Time evolution of ATy,,, and temperature of the cell. (D) Temperature distribution of
the cascaded cells at the different Neycle. (E) ATgpan and energy storage density (ED) as
a function of volumetric heating capacity (¢v). (F) Predicted COP/COPcarnot and ¢y as
a function of j.
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Figure 6(D) presents that the cells in series are cycled through the cell fix-
ture between two reservoirs to gradually build up a temperature difference
between the reservoirs. The cold- and hot-side cell temperatures are shown
in the left and right end of the plots, respectively. It is clear that the hot cell
temperature increases significantly with relative to the cold cell for a given
current density. The larger magnitude of temperature distribution across
the cascaded cells can be achieved at the higher Ny when maintaining
adiabatic condition.

Figure 6(E) shows the influence of current density on the thermal and energy
storage performance of a nine cascaded cell system. Each marker represents
ATypan and energy storage densities (ED) respectively which are both a func-
tion of heating density (q¢y). It is clear that ATy, and ED decrease with
increasing heating density. This is a classic tradeoff between capacity and
temperature lift in caloric cooling and heating devices.

On the right end of the performance curve, the data shows the maximum ¢,
of 15 kW m~2 at the minimum ATypan of 5 °C and ED of 0.3 kWh m~3. On
the left end of the plot, slower charging/discharging will increase the overall
AT pan by up to 12.1 °C and ED of 0.83 kWh m~3. The decrease in capacity
at lower current densities is attributed to the increased cycling time which is
more significant than the rise in ATyp,,.

Higher ¢, can be achieved via higher current densities due to the reduced
cycling time, but it will also lower reversible heat. This is because faster
charging/discharging will yield an increase in Joule heating, thus reducing
the depth of charge/discharge of thermocapacitive cells (i.e., reduced ion
utilization). TCCs are based on electric double layer capacitors (EDLC),
which are inherently an energy storage device. For the key attributes of any
storage device, there is a trade-off between energy and power characteristics,
which is often represented by Ragone plots.

To improve both ¢, and AT,y , an ideal system would utilize cells with lower
ohmic losses and larger reversible heat at higher current densities. This
would reduce the cycling time and associated heat losses and increase the
heat delivered per cycle. For example, the TCHPs may provide a potential
¢y and ATy, increase of over 30% when the cell resistance is reduced by
50% and thermopower is enhanced by 50% with relative to the prototyped
cells.
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Figure 6(F) shows a performance map for a TCHP cycle in terms of the
second law efficiency (also called exergy efficiency, COP/COPcamot) as a
function of current density. The TCHP can achieve the highest second law
efficiency at the lowest current density. The expected peak COP/COP carnot
is 0.08 (i.e., COP of 2) based on prototyped LiCl aqueous cells (markers).
The drop in the system efficiency with increasing the current densities is
due to Joule heating, which accounts for 96.5% of total heating at 16.6 A
m~2.

The monotonic increase in ¢, at higher current densities is due to the greater
impacts of reduced cycling time than that of the decrease in ATy,,,. An
optimal current density would be the range of current densities from 8.3
A m~2 to 10 A m~2 that can achieve heating density of 6-8 kW m~2 with
relatively high COP/COP ¢amot of 0.1-0.3.

Classic trade-offs between efficiency and power density are often observed in
electrochemical refrigeration technologies [58, 59]. As mentioned, higher ¢,s
with higher currents will produce an increase in Joule heating and a decrease
in the depth of charge/discharge of the cells, decreasing COP/COP capot. On
the other hand, lower ¢,s with lower currents will produce larger reversible
heat and temperature spans, increasing COP /COP camor. Heat would be effi-
ciently transferred by absorbing heat when temperatures drop and releasing
it when temperatures rise.

The second law efficiency theoretically reaches up to 0.33 as long as the cell
achieves two-fold increases in both the aC and «,.,. Fabricating cells with
larger aC' and oy, would be possible due to the recent advancements in
supercapacitive cells. The ED of the supercapacitors can reach as high as
60-88 kWh m~2 [21, 22], which is 10 times higher than that of the prototyped
LiCl aqueous cells. This means the cell has potentials to enhance aC' by a
factor of 10. Moreover, an iron-based electrolyte design strategy using a
binary solvent and anion engineering produces a high e, of 3.73 mV °C™1
[50], which is 2-3 times higher than that of the prototyped ones.

4.5. Performance comparison of heat pumping and energy storage technolo-
gies

Figure 7(A) shows that the findings of this work have been compared with

the state-of-the-art caloric heat pumping technologies [27, 58, 60, 61, 62, 63,

64, 65, 66, 67, 68, 69]. The recent research on electrochemical heat pump-
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ing [59, 70] has also been included to enable direct performance comparison
with the TCHPs. Those comparisons are because the temperature change
in the thermocapacitive cell materials is induced solely through the applica-
tion of electrical potentials, analogous to electrocaloric and electrochemical
devices.

The performance comparison is based on three measures for caloric cool-
ing and heating [71]: The maximum ATipan max (x-axis), COP pax/COP carmot
(y-axis), and Gy max (color contour). The data shown for electrochemical
and caloric materials are typical values based on criteria: (i) measurement
taken of adiabatic temperature change and heating/cooling capacity on the
same system, (ii) measurement taken near ambient condition, (iii) reversible
material changes under the applied driving forces, (iv) chamber volume (or
associated geometry) explicitly reported, and (v) the data reported within
10 years. Superscripts (e) and (t) correspond to experimental and theoretical
results, respectively.

Although the performance of caloric systems might be varied under a range
of different operating conditions, the impact of changes in hot- and cold-side
temperatures, thermal boundary conditions, and the size of the system would
be less significant in caloric systems for the following reasons:

e The power densities of the reported caloric devices range from 10 to
1000 kW m~—3, but their system capacities are mostly less than 300
W. This means that the results are based on laboratory-scale measure-
ments, similar to those of thermocapacitive devices.

e The influence of cold and hot-temperatures on the performance of the
caloric device would be less significant than VC technologies. In VC
cycles, lower temperature lifts yield higher isentropic efficiency and re-
duced compressor power, allowing for high COPy,. Caloric heat pumps
are compressor-free systems that use liquid pumps to circulate heat
transfer fluids. The power of the liquid would not be affected by tem-
perature lifts.

e Measurements in the literature might be taken under “near-adiabatic
conditions” due to the use of thick acrylic end plates [59], insulation
layers [27], or a combination of these [62]. In addition, the difference
in the size of the caloric systems would be small, as indicated by the
chamber volumes in Table S6 of Supplemental Note S7. Given that the
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collective heat loss is proportional to the exterior area, the influence of
the difference in the size on the heat losses would be small.
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Figure 7: Performance comparison of heat pumping and energy storage technologies. Su-
perscripts (e) and (t) correspond to experimental and theoretical results, respectively (see
Table S6 and S7 in Supplemental Note S7 for details on the data). (A) Comparison of
COPax/COPcarnots ATspan,max, volumetric cooling/heating density (¢y max) of thermo-
capacitive, electrocaloric [27, 60, 61, 62, 63], ionocaloric [58], magnetocaloric [64, 65, 66],
elastocaloric [67, 68], thermoelectric [69], and electrochemical [59, 70] heating and cooling
devices. (B) Comparison of AT pan max; EDmax, and ¢y max of TCHPs and air-source heat
pump (ASHP) with thermal energy storage (TES) [72, 73, 74, 75, 76, 77].
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The TCHP has potential to achieve high second law efficiency while produc-
ing comparable ATy an max to the other caloric devices. Leveraging the pro-
totyped LiCl aqueous cells in a cascaded manner, the projected ATipan max
is 12 °C and ¢, is 15 kW m™3, both at the U of 1 W m~2 °C~!. This
AT pan,max i comparable to that of electrocaloric devices based on multilayer
capacitors [61, 62], higher than that of magnetocaloric devices showing 5.9-
11 °C [64, 65|, and superior than that in electrochemical devices showing
ATpan max less than 1 °C [59, 70]. If the aC and aye, of the LiCl cell can
be doubled, ATy anmax could theoretically be reached up to nearly 30 °C
with COP yax/COPcamot of 0.33 at 8.3 A m~2. Those projected performance
supersedes most of the other caloric and electrochemical heat pumps.

Although a magnetocaloric device using solid-state heat recuperation [66]
reported higher theoretical COP a/COPcamot of 0.54 and ATipan max Of
26 °C, their experimentally obtained efficiency is 0.08 (ATipanmax Of 4.6
°C) which is comparable to the performance using thermocapacitive cells
(COP max/COP oot 0f 0.08, AT panmax 0f 12 °C) as shown in Figure 7(A).
Most magnetocaloric refrigerators can go higher than 12 °C, but their

COP 1max/COP Garmot is less than 0.3 [66]. The TCHPs can be one of the alter-
native technologies which can achieve both high efficiency and temperature
spans at low current density and using relatively abundant materials like
activated carbon and aqueous electrolytes.

Future works are needed to improve the ¢, of the TCHPs to meet practical
size requirements. For example, the ¢, of 15 kW m~3 of the TCHP is nearly
17-20 times lower than 160-300 kW m™2 of elastocaloric heat pumping [68,
78], nearly 9.4 times lower than 140.6 kW m™ of electrochemical cooling
[59], and nearly 7.3 times lower than 110 kW m~3 of ionocaloric cooling [58].
One of the ways to produce higher ¢, is to improve the cell aC and ..
This will increase the number of ions that can be stored in each electrode
and the heat released or absorbed for each mole of ions separated. Faster
charging/discharging will also increase system capacity by reducing the cy-
cling time, but it will also increase irreversible ohmic heat generation. Hence,
it is important to operate the system utilizing cells with lower ohmic losses
and larger reversible heat. For example, ¢, can be doubled (30 kW m™3)
when the cell is operated at two-fold increase in charging/discharging rates
(16.6 A m~2) with the half-reduced cell ohmic resistance (6.5 €2).

Similar to other caloric heat pumping devices, COP would drop in cascaded
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cells when heat losses are significant [20]. By arranging the cells in a cascade
manner, the projected adiabatic temperature span can reach up to 30 °C,
corresponding to a COP of 3. When U > 5 W m~2 °C~!, the temperature
span of the cascaded system would decrease significantly by 2 °C, resulting
in a COP of 1. Hence, it is important to design a housing that thermally
seals the cascaded cells and reduces the dead thermal mass.

For the scaled-up systems, the performance estimates with liquid pumps and
controllers involved in the cyclic contact processes will have to be addressed in
details. The size of hot and cold side heat exchangers in each secondary loop
is important for achieving the high efficiency of heat exchange between the
cascade cells and secondary hydronic loop. Real-world building operation
involves dynamic loads. Future works could involve simulating impacts of
TCHP control strategies with system dynamics and optimizing for external
conditions such as temperature forecast, electricity price, and end grid carbon
intensity. Understanding how those factors impact the system performance
will be important to consider for practical applications at scale.

Figure 7(B) shows the performance comparison of heat pumping and energy
storage of the TCHP and air-source heat pump (ASHP) with thermal energy
storage (TES) systems. Multifunctional packaged ASHP integrated with
phase change materials (PCM) for combined heating and TES in buildings
have received increasing interest among researchers [79]. The technologies
used for the performance comparisons were R410A ASHP and paraffin wax
PCM [74, 75], R32 ASHP and paraffin PCM [77], R134a/R410A ASHP wa-
ter and paraffin mixture PCM [72], and general HP geometries and PCM
properties that were used for numerical simulations [73, 76].

For reasonable comparisons, the ¢,s for the ASHP and PCM systems were
obtained from the reported discharge power density, and the chamber vol-
umes were obtained from TES storage tank sizes including the volume of the
PCM materials. The data shown are typical values based on criteria: (i)
the systems consisting of both heat pump and PCM with supporting com-
ponents, (ii) measurement taken from both thermal energy storage (in kWh)
and ¢, on the same systems, (iii) TES storage tank volumes explicitly re-
ported, and (iv) the data reported within 10 years. Moreover, the amount
of energy stored was normalized with the TES storage tank volumes to de-
termine the range of ED. This is because the reported energy density of a
device can be varied on the same systems based on the applied currents or
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fluid mass flow rates [80].

Although achieving comparable AT an max for TCHPs relative to commer-
cially available heat pump systems is still challenging, thermocapacitive ef-
fects have a significant potential regarding heating power density. The ther-
mocapacitive cells store electrical energy electrostatically, which allows for
very rapid charging and discharging. The current generated when draining
the cell can just be used to provide heating. This is fundamentally different
from the ASHP with TES systems, where the heating power is limited by
the mass flow rate and thermal conductivity of PCM materials [81]. One of
the potential applications for the TCHPs could be a combination heat pump
system in residential buildings, that requires the large and rapid transitions
of refrigerant temperatures and heating capacity due to the combined space
and water heating loads [82].

Table 3 summarizes the comparison of TCHP to VC system combined with
energy storage. A methodology and data for predicting the economics of
TCHPs and VCs were adapted from James et al. [20]. The unit was assumed
to have a heating capacity of 1 kW and to have the capability to provide
heating and energy storage. The cost of supercapacitors could be as low as
8 $ kW' of electrical power [83]. Using the measured COP of 2 to convert
to thermal power, an estimated cost is 4 $ ngelating of heating (i.e., 8 $
kW~!/COP). The energy storage capacity can be estimated based on the
heating cost (in $ kW, .;..) and the energy cost of supercapacitor of 2,500

$ kWh~!. For example, a 1 kW TCHP would have a storage capacity of 1.6
Wh (4 $ kW X1 kWheating/2,500 $ kWh™1).

=T
heating
TCC cooling and heating are driven by supercapacitiors, and VC cooling and
heating are driven by mechanical compressors. For direct cost comparison,
the cost of a VC compressor was used instead of using all costs of the VC
components. The heating cost of the VC compressor of 90 $ kVV];elating was
combined with the costs of energy storage materials including PCM (3 $
kWh™!) and lithium ion battery (215 $ kWh™!) [84, 85]. The results show
that a VC system having 1 kW of heating and 1.6 Wh of energy storage would
have nearly 90 $ ngelatmg. The heating cost of the compressor accounts for
nearly 99% of the total costs of the VC systems when the energy storage
capacity is small. This means that the heating costs of TCHPs could be less
than those of VCs for small-scale heat pumping applications.

Although the projected performance of solid-regenerated TCHPs is higher

41

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.


kim junyoung
Highlight

kim junyoung
Highlight

kim junyoung
Highlight


Table 3: Comparison of TCHP to VC system combined with energy storage. The data of
solid-regenerated TCHP were obtained based on this study. The data of liquid-regenerated
TCHP, VC compressor + TES, and VC compressor + BES were adapted from James et

al. [20].
Reference ATpan (°C) ¢y (kW m™3)  COP/COPgamot (-)  Cost (§ kWi i)
(e,t)Solid-Regenerated TCHP 12 15 0.08 4
(t)Solid-Regenerated TCHP 30 16 0.32 4
(E)Liquid-Regenerated TCHP  0.24 0.58? 0.0004 29.6
(t)VC Compressor + TES ~60P 142.5¢ 0.22 90
(t)VC Compressor + BES ~60P 142.5° 0.22 90.3

Cost based on a system capable of providing 1 kW of heating and 11.8 Wh of energy storage.
(t)Theoretical predictions; (e,t)Testing components; (E)Testing full cycles.

2Based on total cell volume in James et al. [20].

PBased on single-stage cycles in Chakravarthy et al. [86].

°Based on R410A in El Fil et al. [6].

than that of a liquid-regenerated system, substantial work is still needed
to compete with conventional technologies. Enhancing ATipanmax for the
TCHPs requires (i) the optimization of the electrode microstructure and
composition to increase ion storage capacity and incorporate redox reactions
into the charge storage process [52], (ii) increase in the thermopower of en-
closed electrochemical cells by changing solvation entropy [50, 87, 88], and
(iii) optimization of system architectures to maximize heat transfers and in-
ternal heat recuperation for high-efficiency hybrid TCHP and storage. Given
the fact that the comparisons are based on the ED,,,, of the TCHPs that
are an order of magnitude lower than that of the ASHP and PCM energy
storage technologies, there are significant potential remains to improve the
performance of the TCHPs.

Increasing either the electrolyte wetting or the specific surface area of the
materials could lead to a higher-performing product. This is because the
higher number of ions that can be stored in electrodes produces larger ca-
pacitances and entropy changes. The use of electrocapillary effects [89], the
control of the particle size ratio of the electrodes [90], and the proper choice of
electrolyte-electrode pairing [16] will influence the degree of electrolyte filling
and wetting for thick and pressed electrodes. The larger specific surface area
can be achieved using electroplating [91], nanostructuring [92], and additive

42

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.


kim junyoung
Highlight

kim junyoung
Highlight


manufacturing [93]. Breakthroughs in both materials and cell designs would
allow thermocapacitive cells to enable usable heat pumping devices.

A distinctive characteristic of TCHP systems is to integrate energy storage
processes with heating and cooling components. Such hybridization strate-
gies are fundamentally different from most emerging heat pumping equipment
[5, 6] which are mostly single-function thermal devices for moving or trans-
ferring heat. By making use of multifunctional devices, the future cooling
and heating systems may provide increased utility and load flexibility [94].
This could be beneficial to advanced building cooling and heating and other
thermal management applications as energy storage becomes increasingly
important for energy system integration.

5. Conclusion

A major contribution of this paper is to investigate thermocapacitive cell
designs that enable larger adiabatic temperature spans for heat pumping ap-
plications. To this end, pouch type cells were prototyped and modeled, and
tested using a micro-calorimeter. The cell-level experimental results were
combined with the TCHP cycle model to evaluate the influence of multiple
cells on the overall temperature span. The following bullet items summa-
rize the conclusion of this study based on calorimetry and simulation re-
sults.

e The activated carbon based cells (24.08 ¢cm?) with 1 M LiCl aqueous
electrolyte produce higher reversible heat and capacitance than those
with other mixed solvent electrolytes. The cells have the averaged
pore size of 1.5 um, low Bi of 0.01, and high Dy, g of 0.145 cm? s71,
Based on the low Bi and Dy, g of the cells, the lumped-element model
and quasi-steady state approximation can be used to predict the cell

temperature.

e The measured ¢revS are symmetric exothermic and endothermic pro-
cesses. The heat energy produced during charging and discharging
cycles is recovered when the process is reversed. The peak reversible
g7 rev decreases from 3.8 W m~2 to 1.6 W m~2 at higher currents due
to the reduced capacitance from 5.8 F' to 3.5 F. This corresponds to the
decrease in the averaged e, from —1.7 mV °C~! to —0.65 mV °C~L.
The faster charging and discharging leave more unused area and en-
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ergy in the capacitive devices, decreasing the electrolyte As from 45.5
Jkg ' °C™! t0 1.7 J kg °C~! and thus reduced ¢t rey and cyey.

e The change in LiCl cell temperature is strongly affected by U values.
When U is 1 W m™2 °C™', ATy is 0.9°-2.7 °C. When U is 5 W m™2
°C™!, ATy pan is 0.57 °C to 0.22 °C. Those AT,y are less than 0.03 °C
when U is 100 W m~2 °C~!. The decrease in AT},., at higher U is a
result of larger heat losses to the ambient. The maximum temperature
span of 2.7 °C at the U of 1 W m~2 °C~! of the LiCl cells is higher
than that of other reported cells designed less than 100 F.

e The faster charging and discharging increase the ratio of Joule heating
to total heating from 58% to 96.5%. To reduce the Joule heating and
improve the ATy, of the cells, it is important to reduce the cell ohmic
resistance. Moreover, the cell provides a potential ATy, increase of
over 50% by reducing me, and improving e, by 50%, respectively.
This can be achieved by fabricating thinner electrodes [57], oxides elec-
trodes that involves Faradaic reactions [52], binary solvent and anion
engineering [50], and organic electrolytes having 2 times lower density.

e By arranging the nine prototyped LiCl cells in a cascade manner, the
TCHPs have a potential to produce comparable ATyp,, to other elec-
trochemical and caloric heat pumping technologies. The maximum
AT pan is 12 °C at the U of 1 W m™2 °C™!, and the ¢, is 15 kW m™3.
This ATipanmax is comparable to that of electrocaloric devices based
on multilayer capacitors [61, 62]. If the C' and e, of the cells were
doubled, the COP ax/COP camot could reach up to 0.33. The projected
performance supersedes those of the other caloric and electrochemical
heat pumps.

e Although achieving comparable ATy,.n max for TCHPs relative to com-
mercially available heat pump systems is still challenging, the thermo-
capacitive effects have a significant potential regarding heating power
density. This is because the TCHPs store electrical energy electrostat-
ically, which allows for very rapid charging and discharging as well as
delivering heat. One of the potential applications for the TCHPs could
be a combination heat pump system in residential buildings, which re-
quires the large and rapid transitions of refrigerant temperatures and
heating capacity [82].
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e The TCHPs could be beneficial to the development of advanced build-
ing cooling and heating systems as energy storage becomes increasingly
important for energy system integration. To advance the TCHP tech-
nologies, the recommended future research directions are (i) the opti-
mization of the electrode microstructure and composition to increase
ion storage capacity and incorporate redox reactions into the charge
storage process [52], (ii) increase in the thermopower of enclosed elec-
trochemical cells by changing solvation entropy [50, 87, 88|, and (iii)
optimization of system architectures to maximize heat transfers and
internal heat recuperation for high-efficiency hybrid TCHP and energy
storage.
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