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ABSTRACT

A pyroelectrochemical cell (PEC) is a “self-charging” power cell that uses a porous,
pyroelectric material as the separator of an electrochemical double layer capacitor (EDLC).
To-date, the fundamental physics of the PEC has been demonstrated through experiment
and finite element simulation, however no investigation of cell design and/or operational
parameters has been done. This work proposes an equivalent circuit model of the PEC that
supports rapid investigation of the coupled design-and-operation space of this joint energy
harvesting and storage device. The model is validated against experimental open circuit
potential measurements with good agreement. Circuit model elements for equivalent
series resistance and pyroelectric current source are directly related to cell design pa-
rameters including separator thickness, porosity, and material properties, and electrolyte
conductivity. An investigation into the effects of these variables on PEC energy density
reveals the importance of minimizing separator porosity, as well as minimum values of py-
roelectric coefficient and electrolyte conductivity necessary to meet Internet of Things (IoT)
benchmarks. The circuit model’s low-frequency RC time constant, representing charge
redistribution and double layer capacitance of small pores, has a significant impact on
PEC energy storage, with optimum values determined by the thermal cycling rate of the
cell. Overall, this work demonstrates an effective means of designing PEC devices for a

wide variety of IoT applications.
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NOTATION AND SYMBOLS

dT/dt temporal time gradient

E electric field

AT temperature change

I pyroelectric current

R, series resistance

Ry high-frequency resistance
CPE; high-frequency double layer constant phase element
R; low-frequency resistance
CPE, high-frequency double layer constant phase element
Q capacitive value of a CPE

« ideality of a CPE
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n number of electrons transferred
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IE conduction current density
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k geometric fitting factor
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CHAPTER 1

INTRODUCTION

The rapid expansion of the Internet of Things (IoT) has created a critical need for sus-
tainable, autonomous, low-power sensing devices, particularly in environments without
reliable access to conventional power grids. IoT devices often rely on ambient energy
sources such as solar, thermal, or kinetic energy to achieve autonomy [12,29,30]. How-
ever, existing energy harvesting technologies face significant limitations including limited
efficiency, high system complexity, reliance on auxiliary energy storage, and sensitivity
to environmental conditions [28,40]. These challenges highlight the necessity for alterna-
tive approaches capable of consistently providing reliable power for self-sustaining IoT
systems.

A pyroelectrochemical cell (PEC) is a novel device concept for self-charging IoT devices
that directly converts ambient thermal energy to stored electrochemical energy [21]. The
PEC uses a porous, pyroelectric material as the separator of an electrochemical cell. A
pyroelectric material harvests thermal energy in the form of a temperature change with
time (dT/dt). Temporal temperature gradients produce changes in the polarization of
a pyroelectric that induce an electric field within the material (Figure 1.1a). When inte-
grated into an electrochemical cell, the electric field of the pyroelectric separator drives ion
movement from one electrode to the other, charging the cell in open circuit condition.
Figure 1.1b-e illustrates a PEC with a porous pyroelectric separator integrated into an
electrochemical double layer capacitor (EDLC). In its resting state, the PEC stabilizes with
an initial ion distribution and a negligible electric field (E = 0) (Figure 1.1b, c). Upon
heating, the pyroelectric field drives cations and anions toward their respective electrodes,
increasing charge density in the electric double layers at the electrode-electrolyte interface
(Figure 1.1d, e). In our previous work, we validated the fundamental physics of the PEC

and showed that repeated application of a thermal cycle can produce a net increase in
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open circuit potential (OCP) [21]. We demonstrated that changes in thermal cycling rate
(dT /dt) and temperature range (AT) produce different outcomes in OCP, as predicted by

the constitutive equations of pyroelectricity.

a dT/dt =0 b
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Figure 1.1. PEC overview. a) Conceptual illustration of a pyroelectric material. A change in
temperature with time, dT/dt, induces an electric field, E, in the material due to changes
in dipole alignment and the generation of surface charges. b, c) PEC in its resting state
showing the full cell schematic (b) and close-up view of EDLC pores (c). d, e) A change
in dipole alignment and the generation of an electric field within the separator (d) induces
ion movement within the cell, charging the EDLC (e). Diffuse layer ions are not shown in
(c, e) for simplicity. f) “Real-world” applications of the PEC experiencing dT/dt include
vehicle sensing, flight monitoring, and agricultural sensing.

Despite demonstrating conceptual feasibility, the current PEC prototype has yet to un-
dergo formal optimization to achieve practical performance levels required for real-world
IoT applications. Typical IoT devices require between 50 and 500 y] per measurement and
data transmission event [4,6,41]. Current experimental PEC performance remains below
practical benchmarks, achieving only 2.51 i ]/ cm? (20-30-20) and 12.3 u] /cm? (20-50-20),
far from the IoT energy bechmark of 100 ] /cm? [21]. Consequently, further exploration is
essential for bridging the gap between existing capabilities and practical energy demands.

The objective of this thesis is to use lumped parameter-based modeling to explore

the coupled design and application space of the PEC. In our previous work, we used
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a porous polyvinylidene difluoride-barium titanate (PVDF-BT) separator and activated
carbon electrodes to fabricate a demonstration PEC device [21]. The device was tested over
three different temperature cycles (20-30-20°C, 20-50-20°C, 20-10-20°C), and a COMSOL
Multiphysics simulation used to verify the fundamental physics of the device. In practice,
a wide range of PEC designs may be achieved by varying, e.g. pyroelectric separator
material, thickness, and porosity; electrode capacity; and electrolyte conductivity. Like-
wise, the range of possible “real-world” thermal charging scenarios is more extensive than
experimentally tested to-date. Figure 1.1f provides examples of potential IoT applications
of the PEC in: (i) vehicle sensing (thermal charging with vehicle start-up) [3]; (ii) flight
monitoring (thermal charging with altitude) [27]; and (iii) agricultural sensing (thermal
charging with diurnal temperature fluctuations)[34]. Each scenario presents different val-
ues of dT/dt (= 5s-12h) and AT (few°C to several 10’s of°C) affecting PEC energy harvest-
ing and storage. Before embarking on the fabrication of PECs for these applications, it is
worthwhile to probe the design space through simulation to identify preferred approaches
for coupling cell design parameters and application. Lumped parameter models provide
a means of rapidly exploring PEC designs to increase thermal-to-electrochemical energy
conversion in different thermal charging scenarios.

The remainder of this thesis is structured as follows. Chapter 2 introduces the de-
veloped equivalent circuit model. Chapter 3 outlines the experimental methods used for
parameter extraction. Chapter 4 presents validation results comparing the circuit model to
experimental OCP data. Chapter 5 conducts an exploration of performance based on the
developed model. Finally, Chapter 6 summarizes key insights and proposes directions for

future research.



CHAPTER 2

MODEL

The equivalent circuit model developed in this thesis builds upon established super-
capacitor models to represent both energy storage and ion transport processes in the PEC

[13,16,25,26,31].

2.1 The Equivalent Circuit

Figure 2.1a and b illustrate the equivalent circuit model used to represent the PEC.
The model consists of a modified Randle’s circuit representing the EDLC and a current
source, I, representing the pyroelectric separator. The modified Randle’s circuit consists
of a series resistance (Rs) and two parallel RC branches representing high-frequency (R;,
CPE;) and low-frequency (R, CPE;) behavior. Capacitive elements are represented as
constant phase elements (CPEs), with impedance governed by associated values of Q and
«. High-frequency behavior is governed by charge transfer resistance and double layer
capacitance of large pores. Low-frequency behavior is governed by complex factors which
may include diffusion, charge redistribution, leakage, and double layer capacitance in
small pores [13,16, 18,19, 23, 25,26, 31, 33].

The direction of the current source I, can be varied to simulate different orientations of
pyroelectric separator polarization with respect to the supercapacitor anode and cathode.
When I, is directed to increase cell voltage upon heating, the circuit model represents the
pyroelectric separator in “cathode-facing” (“aiding”) orientation [21]. When I, is directed
to decrease cell voltage upon heating, the circuit model represents the pyroelectric separa-
tor in “anode-facing” (“hindering”) orientation. The equivalent circuit model reduces to a
simple EDLC simulation when I, = 0. In this case, the circuit model simulates the “ther-
mal” response of the cell, with changes in cell voltage arising from temperature-dependent
values of circuit elements without pyroelectric contributions. This is equivalent to heating

and/or cooling an EDLC with a non-pyroactive separator, or conducting electrochemistry



measurements with a pyroactive separator at constant temperature.

a CPE, CPE; | CPE; CPE;
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Figure 2.1. a) Equivalent circuit model of the PEC based on a modified Randle’s circuit (Rs,
Ry, Ry, CPEy, and CPE;) and a pyroelectric current source (I). b) Physical representation
of how the circuit fits into the cell as well as the cell’s geometric configuration (Ls, L.,
and As). c¢) The conduction (J.) and displacement (J;) current densities caused by the
pyroelectric electric field (E) moves ions through pores in the separator. d) The ions are
stored in the double layer at the electrode-electrolyte interfaces with a Debye screening
length of d.

Together, these circuit elements provide a detailed representation of the PEC’s dynamic
behavior, capturing both fast and slow processes essential for energy storage.

A critical distinction in our PEC model compared to classical supercapacitors is the in-
clusion of a pyroelectric current source (I,) at the center of the circuit. Unlike conventional
pyroelectric models, in the PEC, the pyroelectric separator’s electric field directly drives
ionic transport through its porous structure and toward the electrodes (Figure 2.1c). This
mechanism enables the direct conversion of thermal energy into stored electrochemical

energy as ions move to the electrode-electrolyte double layer interfaces (Figure 2.1d). This
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operational principle arises due to the separator’s immersion in electrolyte, maintaining
an open circuit condition rather than the traditional short-circuit condition used in stan-
dard pyroelectric setups [7, 11]. Incorporating this current source accurately captures the
unique functionality of the PEC, where thermal energy conversion directly facilitates ion

movement and enhances electrochemical energy storage.

2.2 Theory

Each element in the equivalent circuit model (Figure 2.1a) corresponds to a specific
physical or behavioral characteristic of the PEC (Figure 2.1b). Many of these elements
have established theoretical equations derived from mathematical models or experimen-
tal observations that allow for the calculation of their expected values based on existing

research.

2.2.1 Resistances
There are three primary resistances that need to be calculated (see Fig 2.1): the series
resistance, the high-frequency charge transfer resistance, and the low-frequency diffu-
sion/leakage resistance. The series resistance (Rs) is primarily influenced by the electrolyte
as it permeates through the porous separator and electrode. To facilitate independent op-
timization of the separator and electrode parameters, the total series resistance is modeled
as the sum of two distinct resistive components, representing the physical separation of

these regions within the cell:

L. L,

R. —
oA, + oA’

2.1)

where L, represents the thickness of the electrodes encompassing the electrolyte, excluding
the separator and current collectors, and Ls accounts for the separator thickness. The term
o denotes the ionic conductivity of the electrolyte, while A, and As correspond to the
cross-sectional surface area of the porous electrodes and separator. In our experimental
case, the PEC was a porous PVDF-BT separator with 0.5MNa,SO; electrolyte.

The high-frequency charge transfer resistance (R) represents the fast acting resistance
at the electrode-electrolyte interface, and while it can be calculated by an equation, some

variables require observation to characterize it fully. Known constants such as the univer-
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sal gas constant (Ry), absolute temperature (T), and Faraday’s constant (F) exist within the
charge transfer resistance equation. Certain experimental values - such as the exchange
current (ip), determined from fitting the PEC’s cyclic voltammetry (CV) data, and the
expected number of electrons transferred (1), estimated based on the electrode reactions -
are also needed to solve the equation directly:

R,T

Ry =—-. 2.2
! nFio ( )

Calculating low-frequency diffusion/leakage resistance (R») is inherently complex due
to various non-idealities in the system, such as manufacturing defects, power management
inefficiencies, and electrolyte properties [13, 16, 18,23, 25, 26,31, 33]. At least one study ran
by Kang et al. requires the knowledge of activation energies within the cell at various
temperatures to understand how this resistance changes with temperature [19]. Rather
than being derived from a single variable, this low-frequency resistance is typically ob-
served as the result of a combination of these factors, and can significantly impact the
performance of supercapacitors. Although it is non-trivial to calculate R, directly, its

effects on performance can be quantified through experimental observations.

2.2.2 Capacitances

The circuit uses Q to represent the capacitive effect of constant phase elements (CPEs)
rather than C for capacitance because the PEC exhibits an inherent non-ideal behavior.
While C is traditionally used for ideal capacitors that follow simple relationships between
charge and voltage, real-world supercapacitors, such as the PEC, exhibit deviations from
this ideal behavior and require the use of a more nuanced solution in estimating capac-
itances, especially around the double layer [14,37], in order to observe proper fitting be-
tween model and experimental data. The use of constant phase elements accounts for these
non-idealities within the element’s impedance. The impedance of a CPE is Zg = m,
where Q is the capacitance given by Equation 2.3 or Equation 2.6. Here, a ranges from 0
to 1, with 0 representing the impedance of a perfect resistor and 1 representing a perfect
capacitive impedance [8]. As such, all non-ideal capacitances in this thesis are denoted by

Q to reflect the non-ideal characteristics of the device, while C will be used when assuming

ideal capacitive conditions.
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Within our circuit, there are two capacitances that make up the total capacitance of
the PEC: high-frequency and low-frequency double layer capacitance. The high-frequency
double layer capacitance (Q;) reflects the capacity to store charge in the electric double
layer at the interface of the electrolyte and the active electrode layer for quick time periods.
This high-frequency capacitance is calculated similarly to static plate capacitances using
the material properties of the electrolyte and thickness of the double layer. We use the
dielectric permittivity of the electrolyte (e.), the active surface area of the electrode (A¢,act),

and Debye screening length for the double layer thickness (4) in our equations,

. €eAe,acl‘

Q === 23)

. Eeka
d=\ /ZeZNAI’ (2.4)

where k;j, is the Boltzmann constant, T is absolute temperature, e is the elementary charge,

Ny is Avogadro’s number, and I is the ionic strength of the electrolyte.

The low-frequency double layer capacitance (Q7), also referred to as distributed dou-
ble layer capacitance or pseudocapacitance, represents the charge storage capability of
the electrode material itself and is associated with diffusion control of the ions through
micropores in the electrode [35,42]. As noted by Guo et al. [15], this low-frequency capaci-
tance serves as a metric for evaluating the charge storage capability of electrode materials,
particularly in the context of optimizing supercapacitor performance. In this analysis, the
low-frequency capacitance is estimated using gathered data from cyclic voltammetry (CV).
The expected value of low-frequency capacitance is derived by subtracting the calculated
high-frequency capacitance from the experimentally measured total capacitance of the

supercapacitor,

Q2 = Qrotar — Q1- (25)

The total capacitance can be calculated from the CV plot where the sum of the charge
and discharge areas (A, A;) is divided by the scan rate (v) and the voltage window (AV)
[25],



Ac+Ad

Qtotul = W (2-6)

2.2.3 Pyroelectric Current Source
The total pyroelectric current (I;) generated by the separator upon experiencing a tem-
perature change is the sum of the conduction current density (J.) and the displacement

current density (J;), multiplied by the separator surface area, As (Equation 2.7):

Ip = (Je + Ja) As (2.7)

A, is a function of the surface area of the cell, A, and s (Equation 2.8):

As = A(1— ) (2.8)

J. (Equation 2.9) is governed by the electric field, E, that arises when the pyroelectric

separator dipoles shift their alignment due to a temperature change, dT (Equation 2.10):

J. = Eko (2.9)
E= ”S—T (2.10)

The parameter k in Equation 2.9 is a fitting factor that accounts for the screening effect
of ions within the pores of the pyroelectric separator. During heating and cooling, mobile
ions migrate and accumulate at the interfaces around and within the porous separator,
particularly along pore walls and outer edges. This accumulation creates a localized charge
distribution that counteracts the pyroelectric field, reducing the net driving force for ion
migration as illustrated in Figure 2.2[2, 20].

While theoretical models of pyroelectric fields in solid-state materials assume an un-
screened response, the presence of an electrolyte introduces additional complexities due
to electrostatic interactions, charge redistribution, and pore geometry effects. A k value
of 2.4 x 1078 was determined through fitting the equivalent circuit model to experimental
data, providing the best agreement across electrochemical techniques. However, k is not

derived from first principles. Further investigation is needed to characterize the effects of
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a - Micropore

Pore Walll === E-Field

Figure 2.2. A simplified illustration of ions passing through a a) micropore versus a b)
nanopore and how the screening affects ion movement through the pore. The farther from
the pore wall, the lower the electric field becomes and the less influence it has on ion
movement.
temperature, electrolyte conductivity, and separator geometry on k. Future work should
aim to characterize the dependence of k on these parameters and develop a more direct
method for calculating it from material properties rather than relying solely on empirical
fitting.

Equation 2.10 assumes that the temperature is spatially uniform throughout the pyro-
electric material and that the material is in open circuit condition [38].

J4 in Equation 2.11 arises from the electrical displacement (dD) (Equation 2.12) within

the pyroelectric separator and is a function of the rate of change of temperature:

dD
Ja = T (2.11)
dD = e,dE + pdT (2.12)

For small values of dT/dt (i.e. less than 10°C/s), |; becomes negligible and the pyro-

electric current is dominated by the conduction current, J..



CHAPTER 3

PARAMETER EXTRACTION

Initial parameters for the equivalent circuit model were extracted from EIS, CV, and
amperometry measurements. Details of these experimental measurements are described
in [21]. The experimental PEC consisted of commercially-available activated carbon elec-
trodes (90 pm thickness) and copper current collectors. The separator was porous PVDF-
BT (60 pum thickness, 65% porosity). Electrodes and separator were saturated with 0.5M
NaySOy electrolyte. EIS (0.1 Hz-100 kHz) and CV measurements (100 mV /s, 0-250 mV)
were conducted at 20°C and 50°C static temperatures. Amperometry experiments were
conducted by heating the cell between 20°C and 50°C while maintaining a constant cell
voltage of 120 mV. Amperometry experiments were conducted with the pyroelectric sepa-
rator in “cathode-facing” (“aiding”) orientation and “anode-facing” (“hindering”) orienta-
tions. Amperometry experiments were also conducted with a non-pyroelectric (Celgard)
separator to measure “thermal” (non-pyroelectric) effects.

Equivalent circuit model simulations were implemented in MATLAB. Least squares
fitting was used to obtain the best agreement between simulation and experimental data
across EIS, CV, and amperometry measurements. Table 3.1 provides equivalent circuit
model parameters that achieve a best fit with the experimental PEC across all measure-
ments and temperatures while Table 3.2 provides a summary of the geometric, mate-
rial, and electrical properties extracted for each element. Parameters were either directly
measured or derived based on experimental data and known material properties of the
PEC.. Figure 3.1 provides the corresponding best fit curves for EIS (Figures 3.1a, b), CV
(Figure 3.1c), and amperometry (Figure 3.1d) measurements. Capacitive and resistive
circuit values in Table 3.1 are specified at 20°C and 50°C. These values produce EIS and
CV curves at their respective temperatures. Pyroelectric current is absent in EIS and CV

simulations (i.e. I, = 0 in Figure 3.1a-c). Euclidean distance error calculations for EIS and
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CV fits confirm that the equivalent circuit model simulations closely match experimental
data, with deviations remaining within 2% at both high and low temperatures. Amper-
ometry simulations were used to extract I,. Linear interpolation was used to account for
changing values of Rs, Ry, Ry, CPE;, and CPE; as the cell temperature was varied from
20-50-20°C. Euclidean distance error calculations for amperometry indicate 4.60% error
for the “thermal” fit, 3.86% error for the “hinder” fit, and 11.45% error for the “aid” fit. The
relatively large error for the “aid” fit is attributed to experimental artifacts producing an

unexplained drop in Ai around the maximum cell temperature (Figure 3.1d).

a

Imaginary (Qi)

20 40 60 80 100 120 140 160

C Real (Q) d
40
50°C
30
—~ 20 | o
< o e
24 | 20C . i
§ 0 f o... °. = " .o .
5 é % < 8 r 4 Thermal &
© -10 ". .o" 6 .' — ....o.
20 A A1 o™ TN,
-30 : : g [Js*”  Hinder e TUENES
0 100 200 0 20 40 60
Voltage (mV) Time (min)

Equivalent Circuit . ‘ ‘ Experimental s

Figure 3.1. Equivalent circuit model best fit with experimental PEC. a) EIS fit at 20°C and
50°C. b) CV fit at 20°C and 50°C. c¢) Amperometry fit for a 20-50-20°C temperature cycle.
Experimental results adapted from [21].

The inclusion of the pyroelectric current (I,) in the table highlights its behavior during
the thermal cycling process. The value of 6.53 ;A represents the reversible nature of the
current, where an increase in temperature from 20°C to 50°C results in a positive response,

and a return to 20°C yields a symmetrical negative effect.
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Table 3.1. List of circuit elements and their values at 20°C and 50°C.

Circuit element 20

R. (O) 1423 1025
Ry (Q) 2000 937
Q;(S/s") 00073 0.0070

g 0.520 0.368
R, (Q)) 1000 845
Q,(S/s") 00143 0.0137
X 0.793  0.522
I, (uA)

Table 3.2. List of parameters, extracted values, and affected equivalent circuit elements.

Parameter

Value(s) (20°C/50°C)

Element Affected

L,
Ls
A
I
o
i
p
Ys
€e
€s

90 um
60 um
36 cm?
1.5 mol /L
0.0133/0.012 S/m
0.00126/0.00297 A
59 uC/m*K
65%
70/60.24
11

Rs
R
Rs, I




CHAPTER 4

MODEL VALIDATION

The equivalent circuit model’s ability to represent PEC behavior was validated by
comparing circuit model OCP simulations vs. experimental measurements and an ex-
isting COMSOL model [21]. Unlike EIS, CV, and amperometry measurements, OCP ex-
perimental data was not used for equivalent circuit model parameter extraction. OCP
measurements thus provide an independent assessment of the equivalent circuit model’s
ability to represent PEC device physics under thermal cycling conditions. OCP simulations
using the equivalent circuit model were conducted using ideal capacitors in place of CPEs,
allowing us to solve standard RC circuit differential equations in the time domain. To
the best of our knowledge, OCP simulations of supercapacitors incorporating CPE-based
equivalent circuit models have not been reported. While various methods exist for de-
termining effective capacitances from CPEs [10,17], these approaches typically rely on
frequency-domain data and are tailored to specific circuit configurations that differ from
our own. As a result, directly incorporating CPEs into time-domain OCP simulations
remains incompatible within our current modeling framework. Therefore, from this point
on, we will refer to the high- and low-frequency capacitances as ideal capacitances C;
and G, respectively. Electrolyte conductivity, o, affecting I, and R (see Equations 2.1
and 2.7-2.10), was treated as temperature-dependent using the general equation of ionic
conductivity and temperature-dependent diffusivities of Na™ and SO42~ ions [9, 36].

Figure 4.1a compares OCP simulations using the equivalent circuit model and COM-
SOL Multiphysics vs. experimental measurements for a 20-30-20°C thermal cycle. The
nominal time for one thermal cycle was 40 min [21]. Due to slight differences in the thermal
cycle time between equivalent circuit model, COMSOL simulation, and experiment, OCP
results in Figure 4.1a are normalized by number of cycles. OCP is plotted as “AOCP (mV)”

to account for the small, non-zero starting OCP for the experimental cell [21]. The effect of
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starting OCP on equivalent circuit model predictions of AOCP is explored in-depth in the
Supporting Information within Appendix A (Figure S1, S2).

Figure 4.1a shows that the equivalent circuit model produces the expected rise and
fall in OCP in response to a thermal input. The equivalent circuit model provides better
agreement with experimental results vs. the COMSOL simulation when considering the
magnitude of AOCP. This is likely due to the COMSOL simulation neglecting diffusion
resistance and leakage current, both of which are accounted for in the equivalent circuit
model. All three curves in Figure 4.1a show a net increase in AOCP after four cycles, with
the equivalent circuit model again displaying better agreement with experimental results
vs. the COMSOL simulation.

Differences in the shapes of OCP profiles in Figure 4.1a can be explained by comparing
COMSOL, equivalent circuit model, and experimental AOCP results vs. their thermal
inputs for a single cycle (Figure 4.1b). COMSOL AOCP values track the simulated tem-
perature profile exactly, as expected for a flat plate model. The equivalent circuit model
thermal input was approximated as a sinusoidal temperature change. This difference in
thermal input explains some of the differences in AOCP curve shapes observed in Figure
4.1a. The equivalent circuit model follows its temperature profile with a small degree of
lag which we attribute to the RC time constant of the model. Differences in temperature
profile vs. AOCP for the experimental cell may be due to a number of factors, including
location of temperature measurement (i.e. water bath vs. the pyroelectric separator itself)
and/or leakage and diffusion effects.

The equivalent circuit model’s ability to predict changes in OCP for varying dT/dt
inputs is plotted in Figure 4.1c, where “1x” refers to the dT /dt rate associated Figure 4.1a,
and “2x and “0.5x” are twice and half this rate, respectively. The equivalent circuit model
predicts that a 1x rate cycle repeated two times, or a 2x rate cycle repeated four times,
would produce the same AOCP as a one cycle at 0.5x rate. This is consistent with the
constitutive equations of pyroelectrics, which predict net energy harvested dependent on
AT rather than dT/dt. Figure 4.1d plots equivalent circuit model predictions of AOCP
for three different temperature changes: 20-30-20° C, 20-50-20°, and 20-80-20° C (1x rate).
The results are consistent with increasing AT producing greater PEC energy harvesting

and storage. We note that the rate predictions of the equivalent circuit model (Figure 4.1c)
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differ somewhat from those of the COMSOL simulation (for details see [21]). We attribute
these differences to the equivalent circuit model more accurately representing real-world
RC time constants of a porous electrode vs. the flat plate approximation of the COMSOL

simulation.
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Figure 4.1. Model validation: a) A comparison of experimental, COMSOL Multiphysics
simulation, and equivalent circuit model AOCP for a 20-30-20°C thermal cycle repeated
four times. b) Single-cycle comparison of part (a) results with associated temperature
profiles. c¢) Equivalent circuit model AOCP predictions for the same AT (20-30-20°C)
but different dT/dt rates. The “1x” rate corresponds to the results shown in (a) and (b).
d) Equivalent circuit model AOCP predictions for the same dT/dt rate but different AT

values.



CHAPTER 5

MODEL-BASED PERFORMANCE
EXPLORATION

The exploration of the PEC focuses on its energy density by analyzing the noted vital
design parameters and material properties. Using the equivalent circuit model and exper-
imental data, we assess how variations in parameters (noted in Table 5.1) affect the PEC’s
energy density.

Tabel 5.1 lists the cell design parameters explored, which include: separator thickness
L, separator porosity 7, electrolyte conductivity o, separator pyroelectric coefficient p,
and separator relative permittivity €;. Design parameters were changed one at time, with
all other parameters held constant at the “experimental cell” values specified in Table 5.1.
Experimental cell values of Ls, s, p,and €, are as reported in [21]. The experimental
cell value of o was derived from EIS measurements of R;, and found to agree well with

literature 0.5 M Na,SOy [39].

Table 5.1. Parameter exploration

Parameter Experimental Cell Circuit Model Range Circuit Element Affected

Ls 60 um 1-500 pm R
Vs 65% 20-80% Rs, I
(o 0.0133 S/m 0.0001-0.1 S/m Rs, Ip
p 59 uC/m?K 1-1000 uC/m?K I
€s 11 1-1000 I

The “circuit model range” column of Table 5.1 lists the range over which cell design pa-
rameters were varied in the equivalent circuit model. Separator design parameters (Ls, 7s)
were varied over a larger range than commonly used in commercial electrochemical cells to
account for the dual functionality of the separator as ion conductor and pyroelectric energy

harvester. Data from previous studies indicates that supercapacitor separators have been
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fabricated with s ranging from 10% to 90% [1]. The range of ¢ values is typical of aqueous
and organic electrolytes reported in literature [22]. Separator pyroelectric coefficient and
permittivity were varied over ranges typically reported for pyroelectric materials [5, 7].
Equivalent circuit model elements affected by the design parameters in Table 5.1 include
I, and R;.

Circuit element values not affected by the design parameters listed in Table 5.1 (Ry, R»,
C1, C2) were kept constant at the values listed in Table 3.1. All capacitors were treated as
ideal (a1, ap = 1).

For each value of a cell design parameter in Table 5.1, the associated values of equiv-
alent circuit model elements I, and R were calculated. AOCP was simulated based on a
20-30-20 °C temperature change (40 min thermal cycle). Energy density for one thermal
cycle normalized by area, U4 was then calculated based on the cycle time, ¢, and the total

cell impedance, Z (Equation 5.1):

1 [t AOCP?
uA_Z/o St (5.1)

5.1 Cell Design Parameters
Figure 5.1a examines the influence of separator thickness (L;) and electrolyte conduc-
tivity (0) on PEC energy density. Both parameters contribute to the series resistance, R;
(Equation 2.1). With a separator porosity of 65% (Table 5.1, “experimental cell” value),
PEC energy density exhibits greater sensitivity to ¢ than to L;. This is likely due to the
dual effect of ¢ on enhancing both the conduction current density, J. (Equation 2.9), and
reducing Rs (Equation 2.1), thereby improving ion transport efficiency throughout the
separator and the entire cell. The design implications of Figure 5.1a are twofold: (1)
high-conductivity aqueous electrolytes are preferred for optimal PEC performance, and (2)
area-based energy density remains largely unaffected by variations in Ls, meaning higher

Ls values can be accommodated without significant energy loss.
For the experimental PEC, the estimated electrolyte conductivity ranged from 1.14 to
2.81 mS/m, with a MacMullin number between 5 and 12. These values, calculated using
methods outlined by Landesfeind et al., are comparable to those found in many existing

supercapacitors [22,24]. However, further improvements could be achieved through elec-
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trolyte selection or separator engineering strategies that enhance ¢ without compromising
mechanical stability or increasing leakage.

Figure 5.1b illustrates the effects of €; and p on PEC energy density. Data points
corresponding to specific pyroelectric materials (ZnO, PVDF, NaNO,, PVDF-BT, LiTaOs3,
PZT) are indicated on the 2D surface plot and are further set out in Table 5.2. Separator
materials with high p and low s provide the highest values of energy density. This is
due to the PEC utilizing the generated electric field, E, rather than the displacement field
of the pyroelectric while in open circuit condition. The pyroelectric coefficient (p) plays a
central role in determining the strength of the electric field generated within the separator
in response to temperature changes. The coefficient, p, directly influences the amount of
current in the circuit as seen in Equations 2.7-2.10.

The separator’s relative permittivity (es) influences the electric field distribution and,
consequently, the generated current. For slow cycle times, where electrical displacement is
negligible, the primary factor is the electric field (E), which is inversely proportional to €;.
Higher €, values reduce E by more effectively screening the polarization effects that drive
charge separation, leading to less efficient ion transport. As a result, materials with high
permittivity require greater pyroelectric coefficients to compensate for this screening effect.
This limitation is particularly evident in PZT, a strong pyroelectric material whose high
permittivity diminishes its effective field within the PEC, despite its favorable pyroelectric
coefficient.

Separator porosity (s) governs R (Equation 2.1) and I, (Equations 2.7 and 2.8). Figure
5.1c indicates that PEC energy density is improved when the areal fraction of separator
active material is increased (i.e. smaller <), despite the corresponding increase in R;.
Manufacturing considerations are also important when designing a pyroelectric separator
for the PEC. Many high-performing pyroelectric materials are rigid and brittle, requiring
extra engineering to form them into suitable (i.e. flexible and porous) separators for the
PEC. The improvement in PEC energy density with lower separator porosity is likely a
benefit for separator manufacturing for many pyroelectric materials.

Figure 5.1d compares the magnitude of each design variable’s effect size on PEC energy
density. Data points correspond to the average value of each variable range in Table 5.1;

bar lengths correspond to the full “circuit model range”. L is not included due to its
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negligible effects as illustrated in Figure 5.1a. It is seen that -5 has the least effect on PEC
energy density, with separator material properties, most notably p, having a much more
significant impact on cell energy density.

The red dashed line in Figure 5.1d corresponds to the low-power IoT application en-
ergy density benchmark of 100 pJ/cm?. Overall energy density values in Figure 5.1d are
low compared to the target as they are based on the experimental cell of Kowalchik et
al. [21], with one variable at a time design adjustments. Circuit model design parameter
exploration that supports multi-variable optimization is expected to greatly improve the
energy density values of Figure 5.1d, and is the subject of future work. At this early stage
of circuit model-based parameter exploration, it is encouraging to see that PEC energy
densities well exceeding the IoT benchmark can be achieved with the current experimental
cell if higher p separator materials are implemented.

As shown in Figure 5.1d, by finding a material with higher p (around and above
500 uC/m?2-K, on the higher end of the explored range in Table 5.1), the model predicts
energy densities well above the 100 p1J /cm? benchmark while utilizing a AT of 10 °C. Such
materials exist including PZN-PT and PMN-PT single crystals and a few bulk ceramics,
while many thin films and polymers composites come close to this threshold [32]. The
pyroelectric coefficient requirement can be lower for larger AT ranges. These results bring
the PEC much closer to the 100 uJ/cm? benchmark and the generally accepted range
of 50 to 500 pJ per thermal cycle for a given IoT data logging and transmission event,
showing that the optimization strategy has the opportunity to enhance energy harvesting

capabilities.

Table 5.2. A comparison of known pyroelectric materials and their calculated energy
densities within the equivalent circuit model. Pyroelectric coefficients and permittivities
were supplied by [7,21].

Material  p(uC/(m’K)) e Up(uJ/cm?)

PVDF — BT 59 11 3.52
PVDF 27 9 1.91
PZT 380 290 6.35
LiTaO3 176 47 4.35
ZnO 94 11 0.99

NaNO; 40 4 6.41
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Figure 5.1. Parameter exploration. a) 2D surface plot illustrating the effects of Ls and ¢ on
PEC energy density. b) 2D surface plot of p vs. €; effects on PEC energy density. c) Increase
in PEC energy density with decreasing <ys. d) Effect sizes of the design variables explored
in Table 2. Dashed line: low-power IoT application benchmark.

By comparing all these parameters and assessing their relative impacts on the energy
density, we can prioritize the design changes that will most significantly enhance PEC
performance. First, priority should be given to selecting a separator with an increased py-
roelectric coefficient and a decreased relative permittivity, with the pyroelectric coefficient
acting as the more influential factor. Next, optimizing the conductivity of the electrolyte is

crucial, while carefully considering the cell geometry (such as porosity and cross-sectional
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area), as this is hypothesized to affect the fitting factor used by the model. Finally, adjust-
ments to the overall length and thickness of the cell, though less impactful, should still be

evaluated and minimized where necessary to further improve performance.

5.2 Thermal charging rate

Circuit elements C; and Ry govern the high-frequency behavior of the PEC with an RC
time constant 1< 0.15 s. Circuit elements C; and R; govern the low-frequency behavior
of the PEC. Their associated time constant 7, is the primary factor determining the overall
time constant of the cell.

Table 5.3 and Figure 5.2 explore the effects of C, Ry, and 12 on PEC energy density for
thermal cycles of 30 s to 24 h. For any given thermal cycle length, there is an optimum
value of T, that maximizes energy density. This is shown in Figure 5.2a for the case of
a 40 min thermal cycle, which reaches a maximum energy density at 7> ~ 205 min. For
all thermal cycle lengths listed in Table 5.3, a T, value ~ 3-5x the thermal cycle length
maximizes energy density within the circuit. At this value, leakage effects are reduced
while limiting overall cell impedance, Z (Equation 5.1). In low-power applications, an
extended time constant allows the EDLC to gradually accumulate and maintain energy
harvested through temperature changes.

Low-frequency branch simulations further indicate that optimum values of 7, are best
achieved with small values of C; and large values of R; (Figure 5.2b). In EDLC equivalent
circuit models, C; represents capacitive charge storage predominantly within micropores.
At a first approximation, PEC electrodes with smaller quantities of micropores and higher
leakage resistance are suggested for maximizing energy density. Optimum values of C;
are still larger than C; for all simulations. The small value of C; vs. C; in Table 3.1 indi-
cates that overall PEC capacitance is dominated by high-frequency, fast-charging surfaces
represented by Ci. The larger capacitance C; may not be fully utilized due to the slow

charging behavior of the low-frequency branch.

5.3 A Note on Temperature Difference
The temperature dependence of different elements should be noted for the importance

of this optimization process. Large-temperature windows are typically desired for the ba-
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Table 5.3. Optimum values of 7, and R; (with corresponding U,4) for varying thermal
cycle lengths.

Thermal Cycle (53 Ry (kQ) Uy (uJ/cm?)

30s 2.0 min 8.7 315.18
1 min 2.7 min 11.5 305.27
15 min 57.8 min 247 313.45
40 min 204.9 min 880 302.48
3h 9.0h 2310 309.55
12h 36.3h 9326 309.93
24 h 83.8h 21544 313.38

Q

2
UA (udlecm®)

. R, (1)
T, (min)
0 100 200 300
U, (pdicm?)

Figure 5.2. Low-frequency RC simulations for a 40 min thermal cycle length. a) Effect
of 7» on cell energy density. A maximum value of Uy is reached at a 7> of 205 min. b)
Low-frequency RC branch parameters and their effect on U4 for a 40 min thermal cycle.

sics of pyroelectric technology to work. However, one must also take into consideration the
fact that certain PEC elements will be hindered by the more significant differences (namely,
a smaller double layer capacitance, higher high-frequency charge transfer resistance, and
higher leakage current). Between these, the positive impact of the temperature increase
far outpaces the negative impact to these elements. Double layer capacitance, for example
(Equation 2.3 and 2.4), theoretically only drops around 40 uF over a temperature change of
100. One must find the balance between how much the pyroelectric material can provide

and how much the rest of the cell can store within the bounds of a specified temperature



difference without the real-world materials breaking down due to excessive heat.
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CHAPTER 6

CONCLUSION

This work proposed and developed an equivalent circuit model for the PEC, integrat-
ing a modified Randle’s circuit and a current source to model the pyroelectric energy har-
vesting mechanism. The model successfully emulates the open-circuit potential response
of a PEC subjected to thermal cycling, aligning well with experimental data and providing
valuable insight into the interplay between energy harvesting and storage processes within
the device. By leveraging circuit-based modeling, this research establishes a foundation
for optimizing PEC designs and exploring its potential as a sustainable energy harvesting
technology.

Findings from this study highlight the critical impact of material selection on PEC
performance. Specifically, pyroelectric coefficient (p), electrolyte conductivity (¢), and
separator permittivity (e;) were found to be key parameters influencing energy density.
Maximizing p and ¢ while minimizing €; enhances energy harvesting efficiency by increas-
ing the strength of the internal electric field and improving ion transport within the elec-
trolyte. Other parameters, such as separator thickness (Ls) and porosity (7s), demonstrated
secondary influence on area-based energy density, suggesting that moderate variations in
these values do not significantly affect performance. Additionally, achieving high leakage
resistance (R») is crucial for maintaining a sufficiently long relaxation time constant (1),
particularly in applications with extended thermal cycles.

Despite the model’s successes, it carries certain limitations that warrant further inves-
tigation. One primary limitation is the use of a fitting factor (k) in the pyroelectric field
equation (Equation 2.10), which is currently treated as an empirical parameter rather than
derived from first principles. This restricts the model’s predictive accuracy, as the physical
dependence of k on separator properties—such as pore structure, tortuosity, and dielectric

behavior—remains unclear. Future research should focus on refining the characterization
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of k by establishing a theoretical framework that links it directly to measurable physical
properties of the separator. Doing so would enhance the model’s ability to predict PEC
behavior under a wider range of conditions without relying on empirical adjustments.

The incorporation of energy density calculations alongside cell characterization sim-
ulations (EIS, CV, amperometry, and OCP) provides a comprehensive means of linking
the PEC’s energy harvesting and storage capabilities. Our approach allows for a quanti-
tative assessment of performance across different design configurations, offering a clearer
pathway for targeted improvements. Future work should expand upon these results by
performing a multi-variable optimization of the PEC, considering both material properties
and operational conditions to maximize energy output.

Ultimately, this research represents a step forward in the development of PECs as a
viable technology for sustainable energy harvesting. Continued advancements in model-
ing and experimental validation will enable more precise control over device performance,
facilitating the transition from prototype to practical implementation. By addressing cur-
rent limitations and refining the predictive power of the equivalent circuit model, future
studies can help unlock the full potential of PECs for real-world low-power applications,

particularly in autonomous IoT devices that require reliable, off-grid energy sources.



APPENDIX A

SUPPLEMENTARY INFORMATION

Effect of Starting OCP
Equivalent circuit model OCP simulations used in this work are all based on a starting
cell OCP of 0 mV. The effect of starting OCP on AOCP for a thermal cycle is shown in Figure
S1 for two different values of R,. Low-frequency branch resistance has been attributed to
EDLC leakage current and charge redistrbution effects. In Figure Sla, a “low” R; value
of 950 () prevents the cell from achieving an OCP > 1.5 mV at the end of a 20-30-20 °C
thermal cycle. In Figure S1b, a “high” R, value of 1 G() enables higher final values of OCP.
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Figure S1. Effect of starting OCP on PEC thermal charging. Simulations were conducted
with three values of starting OCP (0 mV, 1 mV, and 2 mV) with R, =950 () (a) and Ry =1
GQ (b).
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Peak vs. Mid-Cycle AOCP

All AOCP and U4 values reported in the manuscript are based on a full thermal cycle.
These values could also be extracted at the cycle peak, before the temperature returns to
its initial value. Extracting AOCP at the peak vs. end of a thermal cycle will affect the
magnitude of U4, however we do not expect it to affect the outcomes of the model-based
parameter exploration performed in section 5. Figure S2 provides AOCP simulation results
for a 20-30-20 °C thermal cycle with p = 59 uC/m2K (“1x pyro coefficient”) and p =
118 uC/m?K (“2x pyro coefficient”). The resulting scaling factor of AOCP is seen to be
approximately the same whether AOCP is taken as the start-to-peak value or start-to-end

value of the thermal cycle.

0 5 10 15 20 25 30 35 40 45
Time (min)

X pyro coefficient 2x pyro coefficient

Figure S2. OCP simulation for one thermal cycle (20-30-20 °C) with p = 59 nC/ m2K (“1x
pyro coefficient”) and p =118 nC/m?K (“2x pyro coefficient”).
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