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Abstract

Supercapacitors (SCs), also known as ultracapacitors or electrochemical double-layer capacitors
(EDLCs), have emerged as a remarkable class of energy storage devices that bridge the gap between
conventional capacitors and batteries. These devices exhibit exceptional power density and long
lifecycle, making them well-suited for a wide range of applications, from powering portable electronics
to enabling rapid energy storage and release in various industrial systems. Unlike batteries, SCs store
energy through the physical sepatation of charges at the electrode-electrolyte intetface, leading to rapid
charging and discharging capabilities. However, SCs are not without their challenges, notably leakage
current and self-discharge, which can impact their long-term performance and practical utility. As the
demand for energy-efficient and responsive power solutions intensifies, a thorough understanding of
SCs’ behavior, coupled with accurate modeling techniques, becomes imperative. This thesis delves into
this intricate realm, offering insights, models, and practical applications that collectively contribute to
harnessing the potential of SCs across diverse domains.

In the realm of energy storage and power management, this thesis presents a cohesive exploration of
SCs’ behavior and its practical implications through a series of five interrelated research papers.
Focusing on the context of charging and discharging within seties-connected SC modules under
varying load conditions, the research advances an innovative exponential model that elegantly captures
complex behaviors with less than 4% simulation error over extended time frames (31 days).

The initial study introduces an improved exponential equivalent circuit model (ECM) that elegantly
characterizes the charging and discharging dynamics of series-connected SC modules. Leveraging a
single-variable leakage resistance (VLR) approach, the model adeptly accounts for diverse self-
discharge mechanisms. Unlike existing literature ECMs, this ECM’s simplicity and accuracy render it
suitable for real-world applications in both short and long terms. The investigation extends to the
modeling of multiple SC energy storage modules, providing insights into the behavior of SCs within
varying configurations.

Expanding into the domain of Internet of Things (IoT) applications, the research highlights the
significance of energy storage devices for wireless sensor nodes. Acknowledging the limitations of
traditional batteries, the study advocates for SCs as a viable solution. A refined exponential model is
then proposed as a novel approach to predict the discharge behavior of disposable printed flexible
SCs, ensuring concordance with experimental findings. This approach involves employing an
innovative method to model the non-linearity of self-discharge in printed SCs, effectively capturing
this phenomenon. This ECM’s adaptability and alignhment with measured self-discharge results offer a
promising avenue for optimal IoT device performance.

Confronting the challenges of leakage current and self-discharge in SCs, the thesis presents a
comprehensive framework. By proposing practical exponential ECMs, the study encapsulates non-
linear leakage and self-discharge phenomena. The empirical basis of these ECMs allows accurate
prediction of discharge behaviors over extended periods, thereby holding potential for widespread
practical application. A linear correlation was identified among the variables governing the exponential
function of the equivalent parallel resistance (EPR) within the SC’s ECMs and the capacitance. The
precision of the proposed ECMs was substantiated over an extended duration of 31 days, employing
a diverse array of four distinct methodologies.

The thesis also takes a statistical turn by conducting a meticulous analysis of experimental parameters
across printed SCs. Employing established ECMs, the research unveils statistical distributions and
correlations, empowering safer operation, and more informed decision-making. Monte Catlo
simulation technique unveils the long-term performance of SCs, offering insights into consistency and
aiding in risk assessment. The conducted statistical analysis has revealed a normal distribution pattern
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for all the parameters characterizing the printed SCs. Additionally, this thesis presents a methodology
to ascertain the upper limit of potential standard deviation (std) in capacitance values across SCs within
a module, aiming to ensure the seamless operation of the module without encountering malfunctions.
Furthermore, an observed linear correlation has been established between the maximum potential std
of capacitance values among SCs and the cumulative voltage stored within the module.

Finally, the exploration expands to the activation of irreversible visual indicators (IVIs) through printed
SCs, highlighting the potential of diverse monomer systems. The interplay of activation potential,
coloration efficiency, and initial voltage underscores the feasibility of fully activating IVIs through
series-connected SCs.

In summary, this thesis intricately weaves together five research papers to construct a comprehensive
narrative about the behavior, modeling, and application of SCs. From exponential models to statistical
analyses and practical implementations, this work contributes to the broader understanding of SC
dynamics and their potential within contemporary energy storage systems and IoT applications. The
results-driven approach solidifies SCs' impact as a versatile energy storage device, emphasizing real-
world performance, and evidence-based decisions.
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1- INTRODUCTION

The quest for efficient and reliable energy storage solutions has gained paramount importance in the
face of growing global energy demands and the increasing adoption of renewable energy sources.
Among various energy storage technologies, supercapacitors (SCs) have emerged as a promising option
due to their exceptional power density, rapid charge and discharge capabilities, and extended lifecycle
compared to conventional batteries. These attributes make SCs particularly attractive for a wide range
of applications, including powering Internet of Things (IoT) devices, wearable electronic devices, and
renewable energy systems.

However, despite their numerous advantages, SCs are not without challenges. One of the significant
drawbacks is their susceptibility to leakage current and self-discharge, which can lead to performance
degradation over time and hinder their long-term reliability. Addressing these issues is of utmost
importance for the practical and widespread adoption of SCs in real-world applications.

The current state-of-the-art in SC modeling involves complex equivalent circuit models (ECMs) that
attempt to capture the intricate electrochemical processes occurring within these energy storage
devices. While these models provide valuable insights, they often suffer from computational
complexity, making them impractical for real-time simulations and long-term performance predictions.
Thus, there is a growing demand for simplified yet accurate models that can represent the behavior of
SCs under varying load conditions and extended petiods of operation.

In light of these challenges, this Ph.D. thesis embarks on a journey to develop improved exponential
models for characterizing the charging and discharging behavior of series-connected SC modules.
These models aim to strike a balance between simplicity and accuracy, allowing for practical
implementation and enabling their use in both short-term and long-term applications. The proposed
models leverage a single variable leakage resistance (VLR) with an exponential current/voltage profile
to effectively model different self-discharge mechanisms of SCs. By incorporating experimental results
and electrical parameters of printed SCs, the thesis explores the behavior of different energy modules
and compares the performance of the proposed exponential models with existing literature-reported
models.

Furthermore, this thesis delves into the challenges faced in IoT applications where SCs are employed
as enetgy storage options for powering autonomous wireless sensor nodes. The uncertainty of dynamic
leakage current behavior during repeated charging and discharging in IoT scenarios is thoroughly
investigated. An improved simplified exponential model is presented to simulate the non-linear
discharge behavior of fabricated printed flexible SCs over an extended period (31 days). The model is
well adapted to experimental self-discharge results, offering a more accurate representation of SC
behavior in IoT applications.

To complement the modeling efforts, this research explores statistical analysis techniques to assess the
performance of printed SCs and predict their behavior over time. The statistical analysis of
experimental parameters for multiple SCs using proposed ECMs helps identify key statistical
distributions, providing insights into capacitance variations within an energy storage module. This aids
in ensuring safe operation and optimal performance. Monte-Catlo simulation technique is employed
to predict long-term charge and discharge behavior, offering valuable information for performance
evaluation, design validation, and risk assessment.
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Additionally, this thesis explores the utilization of printed SCs to activate Irreversible Visual Indicators
(IVIs) based on different electrochromic monomers. The key parameters influencing the activation of
IVIs and the potential of using series-connected SCs for full activation are thoroughly explored. These
findings contribute to the understanding of printed SCs’ applicability in visual indicators and other
energy-harvesting applications.

1.1- AIMS AND SCOPE OF THE THESIS

The main research questions of this Ph.D. thesis are:

1. How can we develop an accurate exponential model to predict the charging, discharging, leakage
current, and self-discharge behavior of series-connected SC modules, considering both short-term and
long-term performance in various IoT applications?

2. Can an empirical exponential equivalent circuit model effectively capture the complex interactions
between leakage current, self-discharge, and nonlinear behavior in SCs, and how well does it compare
with existing models?

3. Through statistical analysis, how can we estimate and predict the dynamic leakage current and self-
discharge behavior during repeated charging and discharging for IoT applications, ensuring safe
operation and determining energy storage module performance with an acceptable standard deviation
range?

4. What is the impact of different monomer systems and key parameters on the activation of
Irreversible Visual Indicators (IVIs) based on printed SCs, and can series-connected SCs achieve full
activation of IVIs, thereby enabling irreversible visual indicators for various applications?

Below is also a succinct summary outlining the content of each publication:

In Publication I, we propose a simple equivalent circuit model for SC energy modules, utilizing
experimental parameters of printed SCs. The model incorporates the equivalent seties resistance (ESR)
and an exponential equation to represent non-linear leakage current and self-discharge. The model
successfully predicts the performance of different energy modules, showcasing its potential for real-
world applications.

Publication II introduces an improved simplified exponential model to simulate the dynamic self-
discharge effects of printed SCs over a month-long period. The proposed model exhibits high accuracy
and matches well with experimental results. It addresses the uncertainty of leakage current behavior
during repeated charging and discharging in IoT applications, making it valuable for IoT device power
management strategies.

In Publication III, we propose a simplified equivalent circuit model based on experimentally
identified parameters of SCs. The model accurately represents the discharge and self-discharge
behavior of electrochemical double-layer capacitors (EDLCs) type SCs over an extended period. The
study also presentes three sub-ECMs, offering a straightforward approach for predicting SC behavior
with reasonable accuracy.

Publication IV focuses on a comprehensive statistical analysis of experimental parameters for printed
SCs, employing previously proposed equivalent circuit models. The statistical distributions and
descriptive statistics indicate normal distributions for various SC parameters. Additionally, we
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introduce a statistical method to determine the maximum potential standard deviation in capacitance
within an energy storage module, ensuring safe operation and predicting energy window ranges.

Publication V explore the activation of Irreversible Visual Indicators (IVIs) based on printed SCs
with different monomer systems. The study identifies key parameters influencing IVI activation and
their dependence on series-connected SCs. The results highlight promising monomer systems for IVI
activation and potential applications in the smart label market.

In conclusion, this Ph.D. thesis presents a comprehensive study that addresses critical challenges in SC
modeling, IoT applications, statistical analysis, and activation of IVIs. The proposed exponential
models, combined with statistical techniques, offer valuable insights into the behavior and performance
of SCs, empowering researchers and engineers to make informed decisions and unlock the full
potential of these energy storage devices in practical applications. The knowledge gained from this
research contributes to advancing the field of energy storage and opens up new avenues for efficient
and sustainable energy solutions.

1.2- STRUCTURE OF THE THESIS

This thesis comprises seven chapters and is augmented by five peet-reviewed publications. Chapter 1
delineates the thesis' objectives, its structure, and offers an overarching introduction to the subject.
Chapter 2 elucidates the fundamental operational principles of supercapacitors, contrasting them with
alternative energy storage methods, and surveys various supercapacitor types. This chapter also covers
the materials employed in supercapacitors and the printing techniques utilized for producing printed
supercapacitors. Moving to Chapter 3, a brief description of the device fabrication and characterization
methods utilized in this research is provided.

Chapter 4 encompasses the modeling of supercapacitors, covering both the equivalent circuit models
(ECMs) documented in existing literature and those proposed within this thesis. The principal results
and discoveries are discussed in Chapter 5. Chapter 6 presents a summary and conclusion of the thesis,
coupled with a discussion on potential avenues for future research. Chapter 7 includes all the references
cited within the thesis. The publications are appended at the end of the thesis.

1.3- AUTHORS’ CONTRIBUTION

Through collaborative efforts with fellow researchers, the articles referenced in this thesis have been
published, outlining the author's specific contributions as outlined below:

Publication I, II, III and IV: Hamed Pourkheirollah: Conceptualization, Methodology, Software,
Validation, Formal analysis, Investigation, Data curation, Writing original draft, Visualization. Doctor
Jari Keskinen: Conceptualization, Methodology, Resources, Writing — review & editing. Professor
Matti Mintysalo: Conceptualization, Methodology, Resources, Writing — review & editing,
Supervision. Professor Donald Lupo: Resources, Writing — review & editing, Supervision, Project
administration, Funding acquisition.

Publication V: This work has two main authors as Elin Howard and Hamed Pourkheirollah
collaborated equally on all parts of this work. The author contributed to planning the experiments,
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fabricating the samples, and conducting the measurements. The author also shared an equal role on
performing the characterization, analyzing the data and writing the first version of the manuscript.
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2- BACKGROUND

This chapter commences with an exploration of the indispensability of energy storage systems. We
embark on a thorough review of the merits and demerits inherent in both SCs and batteries.
Subsequent to this analysis, we elucidate the fundamental principles underpinning the operation of
SCs, providing a foundational understanding of their operational mechanism.

Our inquiry then extends to the different applications that harness the potential of SCs, accompanied
by a categorization of their diverse types. Furthermore, we delve into a meticulous examination of the
materials integral to SC composition, underscoring their pivotal role in optimizing overall device
efficiency and performance.

As we conclude this chapter, our focus turns towatrds the convergence of printing technologies and
the realm of manufacturing printed SCs. This review opens the gateway to further exploration in
subsequent chapters, laying a robust groundwork for deeper comprehension.

2.1 ENERGY STORAGE SYSTEMS

The depletion of fossil fuels, combined with the detrimental impact of their CO2 emissions, climate
change, and global warming, has driven extensive research into renewable energy sources such as solar,
radio frequency, bio-energy, mechanical vibration, and wind [1]. However, due to the intermittent
nature of these resources, energy storage systems are of paramount importance in the efficient
utilization of harvested energy from renewable sources [2]. In addition to the advent of renewable
energy generation technologies, the rising demand for portable power has also underscored the
significance of efficient electrical energy storage [3].

Besides, from an environmental perspective, the imperative to reduce energy consumption is evident.
Nevertheless, it is noteworthy that effective energy management practices can significantly mitigate
associated drawbacks [4]. Energy management entails the decoupling of energy utilization from its
immediate production, instead enabling its storage for subsequent utilization [5,0].

Energy storage systems act as energy buffers and serve the critical function of optimally storing the
clean energy generated and supplying it to the system when there is a high demand for power or when
the primaty energy soutce is unavailable [7]. A notable example lies within the realm of the energy
autonomous Internet of Things (IoT's), where seamless interconnectivity among a multitude of objects
is achieved through ubiquitous, inexpensive, thin, and flexible wireless sensor networks (WSNs) [8].
WSNs are networks consisting of spatially distributed autonomous sensors to monitor physical or
environmental conditions, such as temperature, sound, pressure, etc., and to cooperatively pass their
data through the network to a main location. The reliable operation and functionality of these
interconnected systems rely heavily on effective energy storage capabilities [9].

Furthermore, with the increasing adoption of integrating energy harvesting and storage devices to
achieve self-powered flexible, stretchable, and wearable electronic devices and power systems [10-13],
and the proliferation of interconnected self-charging smart devices for various applications like
healthcare, security, and smart home automation systems, the research interest in energy storage
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systems continues to grow [14-16]. This has led to a rising need for cost-effective and environmentally
friendly energy storage solutions. The primary objective of these systems is to store energy obtained
from diverse sources and provide instantaneous electrical power as per the system's requirements. Key
criteria for designing energy storage systems include high specific power and energy density, fast
charging capabilities, reliability, low power dissipation, safety, and long lifespan [17,18].

Supercapacitors (SCs), also known as electric double-layer capacitors (EDLCs), have received
significant research attention as potential forms of environmentally friendly energy storage
technologies [19,20]. Despite having larger capacity than regular capacitors, SCs have been analyzed
and modeled in a similar manner. They have emerged as a key component in energy storage systems,
and extensive studies have been conducted over the past decade to understand and optimize their
performance [21]. Specifically, in recent years, there has been a focused effort to develop and explore
the potential of the SCs in energy storage systems [22].

SCs offer several unique promising characteristics that make them suitable for energy harvesting and
storage applications. They exhibit large specific power density, high efficiency, fast charge and
discharge times, minimal heating losses due to the small equivalent series resistance (ESR), and long
lifespan in terms of charge/discharge cycles and overall duration [23-25]. ESR represents the internal
resistance of the SC. This includes the resistance of the electrolyte, electrodes, and any other internal
components that contribute to the overall resistance. These attributes make them highly desirable for
integration into energy storage systems and hybrid energy systems alongside batteries [12].

2.2 SUPERCAPACITOR VS. BATTERY

Batteries and SCs both serve as electrical energy storage systems. The key distinction lies in the
methods they employ to store energy. SCs store energy in the form of an electric field [26]. They consist
of two electrodes separated by an electrolyte. Applying a voltage across the electrodes results in the
accumulation of positive and negative charges on the surfaces of the electric double layers, leading to
the formation of electric fields that span between the electrodes. This electric field stores the energy,
and it can be quickly discharged when needed [26]. To explain further, in SCs, ions are only required
to diffuse solely through the electrolyte towards the electrode surface, without the need to penetrate
the electrode itself. For this reason, SCs have the ability to charge and discharge at a faster rate, making
them capable of serving as high-peak power energy storage devices. Moreover, owing to the absence
of electrochemical reactions, SCs often exhibit significantly longer cycle lives compared to batteries.

On the other hand, batteties store energy in a chemical form. They typically contain one ot more
electrochemical cells, which consist of two electrodes (an anode and a cathode) separated by an
electrolyte [27]. During charging, a chemical reaction takes place, converting the electrical energy into
chemical potential energy. When the battery is discharged, the chemical reactions reverse, converting
the stored chemical energy back into electrical energy [28].

It is also worth mentioning that SCs of EDLC type are energy storage devices that utilize the electric
double-layer formed at the electrode-clectrolyte interface for energy storage through electrostatic
charge accumulation. On the other hand, pseudocapacitors, another type of SCs, involve redox
Faradaic reactions at the electrode-electrolyte interface, in addition to the double-layer capacitance, to
store energy. This unique characteristic gives pseudocapacitors higher energy densities and better
performance, making them an attractive choice for various energy storage applications. In other words,
while both EDLCs and pseudocapacitors are types of SCs, their energy storage mechanisms differ,
with pseudocapacitors employing redox reactions in addition to the double-layer capacitance.
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Hence, in summary, SCs of the EDLC type, store energy by creating an electric field, while batteries
store energy through chemical reactions. In other words, in ideal citcumstances, SCs of the EDLC type
rely solely on electrostatic processes for charging and discharging, without involving reduction-
oxidation (redox) Faradaic reactions between the electrodes and electrolyte [29]. Accordingly, these
kind of SCs exhibit capacitive behavior at the interfaces between the electrodes and electrolytes,
resulting in the absence of direct current conduction between the two components. The absence of
Faradaic reactions occurring at the electrode-electrolyte interface leads to a reduction in the maximum
energy density of these type of SCs [30]. As a consequence, SCs have a lower energy storage capacity
per unit weight compared to batteries [31]. Conversely, the surface storage mechanism observed in
SCs enables rapid charging and discharging processes, thereby enhancing their power performance
capabilities. In contrast, the operation principle of batteries is founded on chemical reduction and
oxidation processes between the ions and the bulk electrode materials [32]. Consequently, in batteries,
both the charging and discharging rate can be constrained by the diffusion of charges within the
electrodes and the occurrence of redox reactions. Likewise, within batteries, the occurrence of Faradaic
reactions during charge and discharge processes induces swelling in the active materials [33]. This
swelling phenomenon imposes limitations on the cycle life of batteries, typically restricting it to a few
thousand cycles at most [34].

SCs offer a compelling alternative to batteries in various applications, thanks to their disposability,
safety, and long lifespan. Compared to conventional capacitors, SCs possess larger capacitance values
and higher energy density. Nevertheless, batteries still possess significantly higher energy density in
comparison to SCs. SCs also exhibit other superior characteristics such as higher power density, lower
internal resistance, increased charge/discharge efficiency allowing frequent charging and discharging
at high current densities, shorter charging time, recyclability, operating effectively within a wide
temperature range, and longer cycle life when compared to batteries [30,35]. These attributes make
them highly suitable for a wide range of applications.

Rechargeable battery approaches like NiMH and Li-ion have been widely used as primary energy
storage devices due to their high energy density and low self-discharge [36]. However, the aging process
during charge-discharge cycles leads to an increase in internal resistance and a decrease in capacity over
time, limiting the lifetime of many applications [37]. They are also limited by low chatrge/discharge
rates, and safety concerns associated with the use of toxic or problematic materials, as well as relatively
high cost of flexible Li-ion batteries [38]. Additionally, batteries may experience disruptions in their
power delivery capabilities under high current loads due to their low power density. High current rates
and transient load conditions also negatively impact the cycle life of rechargeable batteries, often
necessitating their replacement after 1-2 years. These limitations can restrict the practical applications
of rechargeable batteries [39]. In contrast, SCs can be used in high current rate and transient load
conditions which offer significantly higher energy density than conventional capacitors and provide a
promising alternative for energy storage systems technology, despite having relatively lower energy
density compared to batteries. On the other hand, SCs also provide a promising alternative by allowing
the harvesting of energy from ambient sources like wind, light, or temperature gradients.

Moreover, SCs can be manufactured using non-toxic materials, ensuring safety and stability while
minimizing environmental impact [40]. Their flexibility, especially when fabricated through printing
techniques, enables their integration into energy-autonomous flexible and wearable electronic systems,
such as electronic skin [41,42]. As a result, SCs hold great promise as next-generation energy storage
devices for future electronic systems.

As an illustration, energy storage devices are primarily characterized by their energy and power
capabilities for a load, typically depicted through Ragone plot [43]. The Ragone plot serves as a tool
for comparing the performance of various energy storage systems. In a Ragone plot (Fig. 1), the y-axis
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represents specific energy (Wh/kg), while the x-axis represents specific power (W/kg). The diagonal
lines in the graph represent time constants detived from the ratio of energy density to power density.

This plot allows for the visualization and comparison of enetgy storage systems based on these two

parameters.
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Fig. 1. Ragone plot for different energy storage systems. Reprinted from [22] with permission.

Table 1 presents a comprehensive comparison of the primary distinctions between SCs and batteries,
while Table 2 provides a comparative analysis of the characteristic features exhibited by SCs, batteries,

and capacitors.

Table 1. Comparison between batteries and supercapacitors [44].

Parameter

Battery

Supercapacitor

Storage mechanism

Chemical

Physical or surface redox reactions

Power limitation

Reaction kinetics,
mass transport

Electrolyte conductivity

chemical reversibility

Energy storage High (bulk) Limited (surface atea)
Charge rate Kinetically limited High, same as discharge
Cycle life limitations Mechanical stability, Side reactions
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Table 2. Comparison among selected electrochemical energy storage technologies [44].

Characteristics Capacitor Supercapacitor Battery
Specific energy (W h kg-1) <0.1 1-10 10-100
Specific power (W kg-1) >10,000 500- 10,000 < 1000
Charge time 10-6 to 10 -3 s to min 1-5h
Discharge time 10-6 to 10 -3 s to min 0.3- 3h
Coulombic efficiency (%) about 100 85-98 70-85
Cycle-life almost infinite > 500,000 about 1000

Fig. 2 illustrates the schematic representation highlighting the distinctions in energy and power density,
as well as charge and discharge rates between batteries and SCs. In the canvas of energy storage, SCs
resemble a small jug with a wide spout, symbolizing high power density - quickly delivering energy
when needed (Fig. 2a). In contrast, batteries are akin to a large gallon with a narrow spout, representing
high energy density - storing more energy for extended use, but a lower power density. On the other
hand, the disparity between SCs and batteries is evident in their charge and discharge characteristics as
shown in Fig. 2b. SCs showcase rapid energy transfer due to their inherent design, making them
suitable for applications requiring quick bursts of power. While batteries demand more time for their
chemical processes during charge and discharge cycles, and they provide a relatively constant voltage
output throughout these phases. These visuals encapsulate the trade-off between SCs' swift energy
exchange and batteries' steadier, longer-lasting energy delivery.

. Time  Charge
Discharge Time
Battery . Rechargeable batteries
[Supercapacitor z
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Fig. 2. Schematic representation of the distinctions in (a) energy and power density (teprinted from [45] with
permission), and (b) charge and discharge rates between batteries and supercapacitors.
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2.3 BASIC PRINCIPLES OF SUPERCAPACITORS

This section delves into the fundamental principles of EDLC SCs, as these specific SC types were
manufactured, characterized, modelled, subjected to statistical analysis, and utilized in an application
within this thesis. Section 2.5 will cover the explanation of the other SC types, Pseudocapacitors and
hybrid capacitors. An EDLC type SC, comprises two electrodes featuring porous microstructures, that
possess a significant surface area. These electrodes are separated by a liquid electrolyte and separator
layer. Fig. 3 and 4 illustrate the fundamental operational mechanism of a SC. The energy storage
mechanism of SCs primarily relies on the electrostatic separation of charge from the electrolytic ion
sorption occurring on the electrode surface [46]. In fact, the accumulation of negative and positive ions
at the interfaces, induced by Coulombic forces, is a result of the electronic charges present on the
electrode surfaces. This process operates through a highly reversible mechanism. In other words, as
shown in Fig. 4, upon application of an external voltage, the device undergoes a process in which an
electric double layer is established and the storage of charges in SCs occurs within double layers at the
interface between the active electrode and the electrolyte [47]. The double layer formed on each
electrode essentially functions as a plate capacitor, wherein the distance between the charged layers is
on the order of molecular dimensions [48]. As a result, SCs are capable of storing a significantly higher
amount of energy compared to conventional capacitors.

Electric double layers

Separator

So0C0eD00D /

Electrolyte Electrolyte

Electrode Electrode

Current collector Current collector

Fig. 3. Operational principle of a supercapacitor.
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Fig. 4. Charge and discharge mechanism in a supercapacitor. a) charging, and b) discharging.

Fig. 3 and 4 clearly demonstrate the formation of two capacitors, each positioned between the
electrolyte and the corresponding electrode. The capacitance of each capacitor can be computed using
the following formula:

C=6E&A/d @

In the provided equation, the telative dielectric constant (€;) represents the relative dielectric constant
of the insulating material, while €y denotes the dielectric constant of vacuum. The area (A) corresponds
to the surface area of the conducting surfaces, including the rough electrode and the adjacent ionic
layer, which can be conceptually regarded as two plates of a capacitor. The capacitance is enhanced by
this substantial surface area provided by the porous electrode material. Lastly, the parameter d signifies
the distance between the charge layers. In this particular scenatio, the value of d represents the distance
between charges in electrodes and electrolyte, which is significantly small, in the order of a
few angstroms (0.3—0.8 nm) [49]. Accordingly, the capacitors exhibit a high capacitance, approximately
in the range of 10-20 pF/cm? [50].

As already mentioned, within each SC, there exist two capacitors located at the surfaces of the
electrodes. The two capacitors in a SC are connected in seties, and the total capacitance (C) of the SC
can be calculated by utilizing the capacitances of the individual capacitors, Ci and Ca, through the
following equation:

1/C=1/C1+1/Co — C= (C1 X C)/(C1+C3) )

C1 and C; represent the capacitance values of the double layer at each respective electrode. In theoty,
the values of C; and Cz can be determined through calculations based on electric double-layer models.
Due to the variation in double layer ions between the positive and negative electrodes, the double
layers and consequently the capacitances of the electrodes are not identical, even in cases where the
electrode structure is symmetric [51]. In other words, this disparity arises due to the ability of smaller
ions to occupy positions in closer proximity to the electrode surface. Therefore, the capacitance values
of Ci and Cz often differ, even in cases where the electrodes are identical and symmetric. This
discrepancy in capacitance can reach up to a twofold difference.

Numerous theories have been proposed to serve as the foundation for the microscopic structure
modeling of an electric double layer. Helmholtz's discovery in 1853 led to the proposal of the double-
layer model in 1874, which describes capacitive characteristics at the interface between a solid
conductor and a liquid ionic conductor. The model assumes uniform charge distribution at the
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electrode-electrolyte interface, resembling a conventional capacitor [52,53]. However, the poor
conductivity of the electrolyte prevents even charge distribution, resulting in an overestimated
capacitance value. Nonetheless, the model effectively illustrates the energy storage principle of SCs in
a simple and intuitive manner, making it a classic representation in the field.

Gouy proposed the model of side charge dispersion distribution in solution in 1910, and Chapman
conducted a detailed mathematical analysis of this model in 1913. The model considers the spatial
distribution of charge in the electrolyte, known as the diffusion layer [51-53]. However, the model
overestimates the capacitance value because it assumes that ions are point charges and can approach
the electrode-electrolyte interface infinitely close.

Stern presented an enhanced model building upon the Gouy and Chapman double-layer model that
includes a compact layer and a diffusion layer in the double electric layer at the electrode-solution
interface [51-53]. The model suggests that the electric double layer capacitance can be understood as a
series combination of the capacitance of the compact layer and the capacitance of the diffusion layer.

Subsequently, Graham developed the metal-solution interface model, wherein he divided the compact
layer into two distinct layers: the inner Helmholtz layer and the outer Helmholtz layer [51-53]. This
can be attributed to the fact that the most prevalent cations are typically smaller in size compared to
commonly encountered anions, thereby allowing them to retain their solvation shells. The three basic
electrochemical models of a SC are shown in Fig. 5 schematically.

In spite of all that, it is worth noting that electrochemical models, while offering high accuracy, tend
to exhibit low computational efficiency.
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Fig. 5. Schematic of three basic electrochemical models of the supercapacitor: (a) Helmholtz model, (b) Gouy-
Chapman model, (c) Stern model (combined model). Adapted from [53].

2.4 APPLICATIONS OF SUPERCAPACITORS

SCs exhibit significant benefits including a high magnitude of power density, an extensive operational
temperature range, and a prolonged lifespan characterized by millions of cycles as opposed to
thousands observed in batteries. Moreover, SCs are capable of handling rapid fluctuations in energy
levels, rendering them highly suitable as auxiliary or primary energy storage devices for a wide range of
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applications including uninterrupted power supplies, quick start mechanisms, peak pulse power
systems, fast charging, and memory backup applications [54-57]. SCs can also enhance the quality of
electric power by mitigating voltage fluctuations, theteby safeguarding electronic devices against
potential damage [58]. Given that voltage disturbances typically have a relatively short duration, the
limited energy capacity of a SC is not a significant concern.

Besides, in order to achieve a sustained operational lifetime in industrial applications like self-powered
energy harvesting wireless sensor networks (WSNs), energy autonomous Internet of Things (IoT)
devices, as well as flexible and wearable electronics, SCs have been proposed as the primary energy
storage system [59-62]. A potential approach to enhance the eco-friendliness of powering connected
objects in IoT systems is the replacement of primary and secondary batteries with energy harvesting
techniques, such as utilizing light, electromagnetic radio frequency (RF), or kinetic energy and
subsequently storing the harvested energy in thin, flexible, and non-toxic SCs [63,64]. SCs are also
utilized as the primary energy storage devices in several other applications, such as switched-mode
power supplies, system on a chip (SoC) design, and Bluetooth Low Energy (BLE) technology [65-67].
A SoC refers to an integrated circuit (IC) that incorporates most or all the components of a complete
computer system or other electronic system onto a single chip. BLE, is a wireless communication
technology designed for short-range communication between devices. It is a power-efficient version
of the classic Bluetooth technology, optimized for applications where low power consumption and
intermittent communication are crucial. The approach of powering these systems using SCs is
motivated by the limitations of conventional power methods, which often involve challenges such as
wiring to power outlets or the reliance on batteries that necessitate frequent recharging or replacement.
Furthermore, typically microcontrollers utilized in embedded systems are engineered to minimize
energy consumption, making SCs a promising choice as an energy storage solution for such
applications [68].

Other research works have also explored the combination of SCs with rechargeable batteries to
optimize energy storage capabilities. For instance, recently, there have been reports on the emerging
trend of combining lithium-ion batteries with SCs in a hybrid configuration, serving as an advanced
energy storage system [69,70]. This hybrid system demonstrates suitability for various applications,
including toys, drones, and low-cost microelectronics devices [71]. It offers notable advantages such
as higher power density, fast charging, and extended lifespan. However, it is important to note that
this configuration also presents certain disadvantages, including power discontinuity and the need for
power matching, as well as the challenges associated with synchronizing it with a feedback system [71].

The anticipated expansion of the worldwide SC market in the forthcoming years can be attributed to
the increasing need for SCs across diverse applications [72]. Modern society is characterized by the
widespread prevalence of portable and flexible electronics, including smartwatches, cameras, phones,
and various other smart devices. SCs hold great potential as the main energy storage system to
effectively power these smart devices, thereby playing a crucial role in their operation. There have also
been repotts of integrating flexible SCs with wearable textiles and sensors, enabling the power supply
for electronic devices in the context of wearable technology [61,73,74]. Furthermore, the integration
of SCs with energy harvesters, such as organic photovoltaic (OPV) modules or piezoelectric
transducers, offers the capability to store harvested energy efficiently [75-78].

In addition, incorporating SCs in electric vehicles (EVs) to capture and store kinetic energy generated
through regenerative braking could contribute to enhanced vehicle fuel efficiency [69,70,79]. In order
to improve efficiency in EVs, the power level may become too high to directly charge batteries; hence,
having the advantage of the combination of batteries and SCs could be a practical solution to address
this issue [79]. Besides, in order to compensate for the fluctuations inherent in renewable energy
sources like wind or solar power, an intermittent energy storage system is necessary to equalize the
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energy levels and maintain a consistent power supply. Currently, approximately 20 to 30% of wind
turbines ate outfitted with a SC-based pitch control system [80].

Overall, SCs can be regarded as the optimal solution when there is a requirement for short-duration
operation, outstanding cycle lifetime, reliable performance, and a wide temperature range.

Fig. 6 illustrates a schematic representation of the diverse applications of SCs across various fields.
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Fig. 6. An overview of several applications of supercapacitors across diverse domains. Reprinted from [81]
with permission.

The broad range of available capacitance values for commercially accessible SCs, as some of them
demonstrated in Table 3, reflects the necessity to cater to the diverse energy capacity demands in

different applications.
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Table 3. Commercial supercapacitors and their manufacturer-specified feature values [22].

Manufacturer Voltage | Capacitance ESR (m€) Energy Density Power Density
™) ®) (W h kg-1) (Kw kg-1)
Cellergy 2.7-5.5 0.5-470 - - -
Toxus 2.3-128 100-5000 0.22-16.8 3.7-6.4 6.3-34
Maxwell 22,27 10-3000 0.24-700 0.91-9.1 1.4-24
Technologies
Murata 4.2-5.5 0.035-1 40-300 - -
Manufacturing
Nanoramic 2.5 - 110-160 - -
Laboratories
Nec Tokin 2.7,3.8 350-2300 0.01-0.3 4.2 3.5-6.1
Nippon Chemi- 2.5-7.5 1-3000 0.4-13.2 4 4.9-6.5
Con
Panasonic 2.3-2.7 2.5-100 0.01-0.3 5 0.0035-0.29
Paper Battery 2.7-16 0.1-5000 - - -
Company
Skeleton 2.85,3 300-3400 0.14-1.7 5.4-8.4 17.1-45
Technologies
Yunasko 2.7 400-3000 0.08-0.25 4.2-6.2 7.1-41
ZapGo 2.7-3 - - 5-10 -
LS Mtron 2.7-3 100-3000 0.23-9 5.9 0.9-2.4

2.5 TYPES OF SUPERCAPACITORS

In the early stages of SC technology development, there was some lack of clarity in terminology, and
the distinctions between ultracapacitors, SCs, hybrid capacitors, and pseudocapacitors were not well-
established. However, over time, as research and development in the field progressed, a more clear and
consistent nomenclature emerged. Today, the distinctions between these energy storage devices are
better defined:

- Ultracapacitors and SCs are often used interchangeably to describe high-capacitance, low-energy-
density devices that store energy electrostatically, typically using double-layer capacitance (EDLC).

- Pseudocapacitors are a distinct type of SC that store energy through fast and reversible faradaic redox
reactions at the electrode-electrolyte intetface.

- Hybrid capacitors combine aspects of both SCs and batteries, offering a balance between energy
density and power density, typically by combining EDLC and pseudocapacitive behavior.

This clarity in nomenclature is crucial for the understanding and development of energy storage
technologies, and it reflects the progress made in the field to distinguish and define these devices more
precisely. Fig. 7 depicts the graphical representation of diverse categorizations of SCs. The classification
scheme is predicated on the utilization of distinct material compositions in the fabrication of SC
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devices including activated carbon, graphene, or conducting polymers as positive and negative
electrodes of an electrochemical cell. Additionally, the classification accounts for the structural
configuration, which can either be symmetric or asymmetric. The term "symmetric" is used to describe
a structural configuration wherein the positive and negative electrodes of a device exhibit similar
characteristics and compositions.

2.5.1 ELECTRIC DOUBLE-LAYER CAPACITORS

EDLCs exhibit a symmetrical configuration and are commonly constructed using two carbon
electrodes that are identical in nature. Activated carbon (AC) is the most commonly employed
electrode material in EDLCs [82]. However, alternative materials such as catbon nanotubes and
graphene have also been utilized in some instances [83,84]. These materials possess favorable
characteristics such as ready availability, cost-effectiveness, a significant surface area, and a porous
structure, enabling them to achieve a higher specific capacitance when compared to electrostatic
capacitors [85]. Table 4 presents a comparative analysis of the energy density and power density of the
EDLC SCs utilizing various carbon-based electrode materials.
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Fig. 7. Classification of supercapacitors. Adapted from [53].
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Table 4. Characteristics of specific energy and power densities achieved utilizing diverse electrode materials

[47].
Carbon material Energy density Power Density Electrode Capacitance
(Wh.kg-1) (kW.kg-1) (F.g-1)
Carbon fiber cloth 2-36 5to 11 3.5 to 60
Activated carbon 5to 25 10 to 40 50 to 125
Carbon nanofiber 10 to 20 5to 20 50 to 100
Templated catbon 5 to 60 5 to 40 30 to 150
Carbon nanotube 0.5 to 40 30 to 1000 12 t0 120
Graphene 20 to 70 40 to 250 100 to 200

2.5.2 PSEUDOCAPACITORS

Pseudocapacitors are comprised of an electrode constructed from conducting polymers like polyaniline
or polypyrrole, or metal oxides such as lithium cobalt oxide (LiCoO2), ruthenium oxide (RuO2), nickel
oxide (NiO), or manganese dioxide (MnO2) [86]. Pseudocapacitance arises from reversible fast
reduction-oxidation (redox) reactions occurring in proximity to, or directly at the surface interface
between a material and the electrolyte, enabling efficient charge storage [29]. Pseudocapacitors exhibit
a greater energy density in comparison to EDLCs [87]. Conductive polymers, such as polyaniline or
polypyrrole, can be utilized either on both electrodes or on a single electrode in conjunction with
another electrode comprised of activated carbon [88]. Polyaniline demonstrates a charge density of
approximately 140 mAhg-1, slightly lower than that achieved by metal oxides like LiCoO2 but
significantly higher than carbon-based devices that typically offer around 15 mAhg-1 [89].

2.5.3 HYBRID CAPACITORS

Hybrid capacitors are commonly referred to as asymmetric SCs due to their distinctive characteristics.
These SCs employ active electrode materials that combine the mechanisms of electric double-layer
capacitance and pseudo capacitance, thereby integrating the benefits of both processes [90,91]. Hybrid
capacitors exhibit a combination of non-Faradaic (electric double-layer) and Faradaic (battery-type)
behavior [91]. A notable illustration is the lithium-ion capacitor, which incorporates a positive electrode
composed of high surface area activated carbon and a negative electrode containing a lithium ion-
containing material [92]. These capacitors possess the capability to store energy that is approximately
5-10 times higher than that of conventional EDLCs [93]. Additionally, they demonstrate a prolonged
cycle life, indicating their ability to endure repeated charge and discharge cycles without significant
performance degradation [94].
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2.6 MATERIALS USED IN SUPERCAPACITORS

The utilization of materials in the fabrication of SCs is determined by the specific requirements and
intended purposes of the device. The fundamental constituents of SCs encompass various
components, including electrodes, electrolytes, separators, current collectors, and the substrate(s) onto
which these materials are deposited (see Fig. 3). The preference lies in employing recyclable, non-toxic,
abundant, and low-cost materials in the fabrication of SCs.

2.6.1 ELECTRODES

Electrodes are fabricated using materials that exhibit high conductivity. In the context of SCs, it is
advantageous to utilize materials possessing a high surface area as electrodes. This is due to the fact
that capacitance is directly proportional to the surface area, making materials with larger surface areas
more conducive to achieving higher capacitance values [95]. Carbon electrodes such as carbon
nanotube, carbon fiber, carbon aerogel, graphene and AC exhibit notable characteristics, including
high porosity, surface areas reaching up to 3000 m?g™", and capacitance values of around 588 Fg™ [96].
Additionally, other materials such as carbon black, conducting polymers, and transition metals have
also found application in this domain [88,97,98]. AC is a widely employed electrode material in SCs as
it is an economically viable option that can be fabricated using relatively cost-effective raw materials,
resulting in low manufacturing expenses [99]. Moreover, AC possesses the fundamental prerequisites
as an electrode material, characterized by a notable specific surface area (SSA) ranging from 1000 to
2500 m2/g [100]. SSA refers to the sutface atea per unit mass of a material and represents the amount
of material available for interactions with other substances, and it plays a significant role in processes
such as adsorption, chemical reactions, and the electrical properties of materials. Besides, AC exhibits
exceptional chemical and thermal compatibility and stability with the electrolyte utilized within the
system, along with commendable electrical conductivity [99].

From a microstructural perspective, AC materials can be regarded as assemblies comprised of graphene
layers exhibiting structural defects [101]. The raw materials employed for AC production can include
various sources such as wood, coal, coconut shells, oil, or polymers [102]. The predominant choice of
raw material for manufacturing AC grades intended for SC applications is primarily focused on coconut
shells [103]. The synthesis AC involves a sequential process wherein the raw materials undergo
carbonization, which entails heat treatment under an inert atmosphere [104]. Subsequently, the
carbonized materials are activated through methods such as steam or carbon dioxide treatment at
elevated temperatures, leading to the development of a porous structure [103,104]. In order to ensure
desirable electrical properties and prolonged lifespan in SCs, it is imperative for the AC to exhibit a
high degree of purity [105]. This entails maintaining an ash content below 1% and limiting the
concentration of halogens and iron to below 100 parts per million (ppm) [106,107]. The activation
process enhances the SSA and pore volume of the AC, leading to the formation of micropores (with
diameters less than 2 nm), mesopores (with diameters ranging from 2 to 50 nm), and macropores (with
diameters exceeding 50 nm) [108].

34



In addition to possessing a high surface area, the pore diameter of electrodes plays a crucial role in
attaining high capacitance levels in SCs [109]. Although the behavior of ions in micropores is not fully
comprehended, it is generally observed that if the pores are too small, ions cannot penetrate them
[110]. Consequently, the surface area inside the micropores may not contribute to an increase in
capacitance. Previous studies have indicated that in order to effectively utilize all available pores, the
pore size in electrodes should be approximately twice the size of the ions involved [26]. As a result, the
ions are able to move unhindered into and out of the pores, facilitating efficient charge storage and
leading to high-capacity retention. For this reason, the size and distribution of pores in electrodes play
a crucial role in enabling high capacitance values to be achieved in SCs. Pyun et al. conducted a study
whete they reported that the performance of EDLCs is influenced by the distribution of pore sizes
[111]. They found that electrodes with smaller pore sizes exhibit a higher time constant due to slower
ion penetration into the pores, in contrast to electrodes with larger pore sizes.

In general, a larger pore size promotes enhanced ion flow between the electrode and electrolyte.
Conversely, a smaller pore size increases the SSA. Ideally, the pore size should be sufficiently large to
facilitate effective ion diffusion while also providing a substantial surface area.

2.6.2 ELECTROLYTE

The enetgy storage capacity in SCs is governed by two primary factors: the electrochemical window of
the electrolyte, dictating the uppermost voltage limit, and the capacitance, predominantly reliant on the
electrode properties. The energy storage capacity demonstrates a direct proportionality to the square
of the applied voltage [112]. Consequently, the choice of electrolyte significantly influences the energy
density of SCs. In a word, the selection of electrolyte plays a significant role in determining the
properties of SCs, including capacitance, temperature range, and voltage range [113].

The electrolyte is composed of solvents and ions, with aqueous and organic electrolytes being the most
prevalent types. In general, the selection of an electrolyte type relies on the intended application.
Aqueous electrolytes are cost-effective and simpler to fabricate compared to organic electrolytes, which
necessitate an inert atmosphere during the fabrication process. Aqueous electrolyte solutions
encompass potent acidic and basic substances, including sulfuric acid (H2SO4), potassium hydroxide
(KOH), as well as neutral salts such as sodium chloride (NaCl) and potassium chloride (KCl) [114-
118]. On the other hand, propylene carbonate and acetonitrile ate frequently employed as predominant
organic electrolyte solvents [119,120], whereas tetracthylammonium tetrafluoroborate is the prevailing
salt compound commonly utilized [121].

The conductivity of the electrolyte has a direct impact on the ESR of the SC [122]. A rise in ionic
conductivity leads to a reduction in the ESR of the device. Aqueous electrolytes in SCs often exhibit
relatively high conductivity [123], which enhances the current output capability of the device. The ionic
conductivity of aqueous electrolytes can vary depending on their concentration. For instance,
electrolytes such as H2SO4 (sulfuric acid) and KOH (potassium hydroxide) can achieve ionic
conductivities exceeding 500 mS cm-1 [124]. In the case of NaCl (sodium chloride)-based solutions,
the ionic conductivity typically falls around 100 mS cm-1 [117]. These high conductivities enable
efficient ion mobility within the electrolyte, facilitating enhanced performance in SCs. On the other
hand, organic electrolytes typically exhibit ionic conductivity ranging from 10 to 60 mS cm-1 [125].

Furthermore, the voltage window of the SC, which constrains the cell voltage and the energy storage
capacity of the device, is determined by the properties of the electrolyte [126]. Aqueous electrolytes
exhibit a working voltage window ranging up to around 2 V [127], while organic electrolytes offer a
broader range, typically spanning from 2.5 V to 4 V [128]. Due to their higher maximum voltage
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capability, organic electrolyte SCs are often favored by manufacturers. Despite organic electrolytes
being predominantly used by commercial SC manufacturers, there is a higher prevalence of
publications in research and development focusing on aqueous electrolytes. The prevalence of aqueous
electrolytes in SC research and development can be attributed to several reasons. Firstly, aqueous
electrolytes are advantageous due to their low cost, non-toxicity, and non-flammability compared to
organic solvents. Secondly, the use of organic solvents and ionic liquids requires special handling
conditions to prevent moisture-induced performance degradation and increased self-discharge. Hence,
the utilization of water-based electrolytes in SCs leads to lower manufacturing costs [129].

The accessibility of electrolyte ions to electrode pores is enhanced by reducing the ion size, which is
evident. However, the larger organic ions are unable to penetrate small pores as effectively as ions
present in aqueous electrolytes, leading to a decrease in specific capacitance when organic electrolytes
are utilized [130]. Regarding the advantages of organic electrolytes, in addition to their higher voltage
compared to aqueous electrolytes, they enable the use of metallic materials like aluminum for current
collectors and encapsulation in SCs [44]. Additionally, PC electrolyte exhibits some other advantageous
attributes including convenient availability, thermal stability, safety, and cost-effectiveness [131]. PC is
known to possess a reported melting point of -48 °C [132]. However, the preparation of organic
electrolyte necessitates a controlled environment within an inert atmosphere, such as a glove box, to
ensure the removal of moisture [75]. The presence of moisture can result in undesirable side reactions
when the electrochemical window of water is surpassed. On the contrary, aqueous electrolyte offers
several advantages such as enhanced ionic conductivity, environmental friendliness, non-flammability,
and affordability. However, its utilization is constrained to a voltage range below 2 V.

Furthermore, there are advantages to transforming the electrolyte into a gel form. The solid-like
structure of gel electrolytes reduces the risk of electrolyte leakage [133], while the presence of a liquid
phase within the solid scaffold allows for reasonably high ionic conductivity to be maintained. When
a gel electrolyte is utilized, the need for a separate separator in a SC is eliminated since the gel electrolyte
serves the dual function of both an electrolyte and a separator. Examples of commonly used gel
electrolytes include mixtures of polyvinyl alcohol with potassium hydroxide or sulfuric acid, as well as
gelatin-based hydrogels [134-130].

2.6.3 SEPARATOR

In order to safeguard against short circuits, a separator is introduced between the two electrodes in the
device. Its purpose is to provide a physical barrier and prevent direct contact between the electrodes
[137]. The separator used in the device should possess a porous structure that enables the passage of
ions [138]. This characteristic is essential to facilitate ion transport while maintaining the required
physical separation between the electrodes. The ideal separator for the device should exhibit several
key characteristics. Firstly, it should possess flexibility and lightness, allowing for easy handling and
integration within the system. In addition, when impregnated with the electrolyte, the separator should
be wettable and display high ionic conductivity, facilitating efficient ion transport between the
electrodes. Furthermore, chemical, electrochemical, thermal, and mechanical stability is crucial to
ensure the separator's integrity and performance under vatious operating conditions. Several types of
separators are available for use in SCs. The commonly reported separators utilized in various
applications include paper separators composed of cellulose fibers with a thickness of 15-50 um, as
well as polymer separators such as polypropylene (PP), polyethylene (PE), polyethylene terephthalate
(PET), polytetrafluoroethylene (PTFE), and polyimide (PI) [139]. These separators offer a range of
properties and characteristics that make them suitable for different SC applications.
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2.6.4 CURRENT COLLECTOR

The primary role of the current collector is to gather electrons from the electrode material and facilitate
their transfer to the external circuit. In other words, current collector serves as the electrical connection
between the electrode and the external junction of the SC [140]. In order to maximize the utilization
of the high power provided by a SC cell, it is crucial to optimize all the components that conttibute to
the ESR. This includes minimizing the resistance of current collectors and the contact resistance
between the electrodes and current collectors. Keeping these resistances as low as possible is essential
for efficient power delivery and enables a higher energy density and a faster charge-discharge time
constant. Additionally, it should be acknowledged that the energy density of SCs may not be
significantly affected by the ESR when a low current is flowing,.

Typically, current collectors in SCs are composed of metals, including aluminum, nickel, copper, and
stainless steel [141]. In SCs, two cutrent collectors are employed, with one positioned at the anode
terminal and the other at the cathode terminal. The stability and conductivity of a SC are influenced
by the characteristics of the current collector [140].

In addition to possessing satisfactory electrical conductivity, critical properties of current collectors
include their electrochemical and chemical stability in relation to the electrolyte, cost factors such as
purity and availability, density, and processability [142]. Consideration of the electrolyte is essential as
the requirements for current collectors differ between aqueous and organic electrolytes, primarily due
to electrochemical stability challenges specific to each electrolyte type.

2.7 PRINTED SUPERCAPACITORS

The field of printed electronics (PE) is recognized as an emerging domain that has been garnering
increasing research interest. In contrast to traditional electronics, PE technology exhibits exceptional
efficacy in the fabrication of stacks comprising microscale and nanoscale devices [143]. In addition to
its simplicity, time and material efficiency, cost-effectiveness, versatility, eco-friendliness, and scalability
for high-volume production, PE encompasses a diverse array of manufacturing technologies suited for
vatious SC architectures, such as micro, asymmetric, and flexible designs [63]. This is achieved through
the utilization of a broad selection of flexible substrates, enabling the realization of the full potential
of SCs.

Solution-based processes, including different coating and printing methods, can be readily scaled up
to facilitate the production of a significant quantity of devices or the coating of large-area substrates
[144]. This capability enables cost-effective manufacturing of electronic components and devices.
Printing methods distinguish themselves from coating techniques by their capacity to generate
irregularly shaped images in two dimensions [143].

There are two types of PE technologies, contact and non-contact, as shown in Fig. 8.

* In contact printing, the printing plate comes into direct contact with the substrate (screen printing,
gravure, pad, flexographic printing, offset lithography, and soft lithography).

* In non-contact techniques, the deposition material is only in contact with the substrate (inkjet
printing, acrosol-jet, organic vapor-jet printing, and laser direct writing).
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Each of these methods possesses distinct properties, such as line width, line thickness, and speed,
which contribute to their unique characteristics. The selection of a suitable printing method for SCs
primarily hinges upon the desired thickness of the film. Unlike many other printed electronic devices,
SCs typically necessitate relatively thick films of the active material, typically ranging in the order of
tens of micrometers. This unique requirement should be considered when determining the appropriate
printing technique for fabricating SC devices. In commercial SCs, the typical thickness of the activated
carbon electrodes is on the order of 100 pm [145]. Among the printing methods mentioned above,
screen printing is a viable technique for creating layers with thicknesses ranging from 10 to 100 pm
[146]. Conversely, the other methods are commonly employed for producing thinner layers. Screen
printing is a highly suitable method for the fabrication of thick, patterned SC electrodes [147]. It has
garnered significant attention and utilization in numerous research studies owing to its effectiveness in
achieving the desired thickness and patterning requirements essential for optimal supercapacitor
performance [148-150].

Printing Technologies

A
[ \

Contact Printing Non-Contact Printing
Screen Printing Inkjet Printing
Gravure Printing Aerosol-Jet Printing
Offset Lithography \L;rsifirn[g)i(rigw)
Pad Printing géig; Yg‘{/o;;et
Flexography
Soft Lithography

Fig. 8. Classification of printing technologies.

In contrast, the resolution of the print image is not considered a critical factor in SC fabrication. Unlike
applications where high image resolution is essential, such as in display technologies, the print image
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resolution is of lesser significance in the context SCs. The focus primarily lies on achieving the desired
film thickness and ensuring proper electrode and electrolyte integration, rather than attaining fine detail
in the printed image.

The majority of studies focusing on printed SCs typically depict devices where the electrodes are
printed onto distinct substrates and subsequently assembled by sandwiching them together with a
separator paper, resulting in the formation of the complete device. Additionally, there have been
notable demonstrations of utilizing gel electrolytes in printed SCs, eliminating the need for a separate
separator layer [151]. This advancement enables a more simplified design and assembly process for
such devices. Moreover, there have been reported instances of successfully printing all the layers of a
SC on a single substrate, known as monolithic printing [152,153]. However, there are a few significant
challenges in monolithic printing such as high ESR and leakage current as well as challenges with the
design of the separator layer [154]. The separator must exhibit impermeability to the ink used for
printing the top electrode, while simultaneously enabling efficient movement of the electrolyte through
it. Achieving this delicate balance is crucial for ensuring optimal performance of the printed SC.

The devices described in this thesis were fabricated using the doctor blade method. A concise
introduction to screen printing is also included here to highlight its significance in the context of scale-
up processes.

2.7.1 DOCTOR BLADING

The blade coating method, also referred to as doctor blade or knife coating, is a technique employed
for the application of solution layers with a thickness on the order of 100 um [155]. Doctor blade
coating is a precise technique employed to create relatively uniform films with precisely controlled
thicknesses on flexible or rigid substrate [156]. The technique operates by positioning a sharp blade at
a predetermined distance from the surface to be coated. Subsequently, the coating solution is
positioned in front of the blade, and the blade is moved along the surface in line with it, resulting in
the formation of a wet film as shown in Fig. 9. The resulting thickness of the film is dictated by the
spacing between the blade and substrate, the velocity at which the coating is applied, and the
viscoelastic characteristics of the solution [157]. Patterning can be achieved by utilizing stencils as a
means to apply ink or paste onto the desired surface [158]. Ideally, the technique should exhibit
solution losses of approximately 5% [156]. However, in practice, it often requires a certain amount of
time to establish optimal conditions for achieving this ideal level of solution loss. The inks or pastes
utilized in these processes typically demand significant quantities of binders and thickeners to attain
the high viscosities (1000-10,000 mPa s) necessary for consistent and dependable production of films
[156]. Viscosities can be augmented by incorporating polymeric additives such as glycerol, ethylene
glycol, or ethyl cellulose into the system [159].

The use of a hot plate during the doctor blade coating technique is common, and it serves a specific
purpose. The hot plate is employed to control the drying and curing process of the coated film [160].
The application of heat facilitates solvent evaporation, accelerates film formation, and enhances the
bonding and adhesion properties of the deposited material. Additionally, the hot plate helps in
achieving uniformity and consistency in the coated film by controlling the drying rate and minimizing
defects.

Blade coaters are characterized by their affordability and user-friendly operation. Furthermore, there
are laboratory-scale single sheet coaters accessible for experimental purposes. Hence, the primary
advantage of doctor blade coating resides in its inherent simplicity, as it allows for the manual

39



preparation of electrodes, enabling expedited testing procedures. Nevertheless, since the coaters
operate in an open system configuration, solvents are prone to evaporate readily, potentially leading to
alterations in the rheological properties of the ink. The fluid dynamics occurting in the vicinity of the
blade near the substrate during the blade coating process exhibit a highly intricate nature. Attaining a
uniform film can be challenging due to the propensity for uneven substrate thickness, which can lead
to the formation of an uneven film.

Blade movement Coating blade

R

Ink

Wet film

Fig. 9. Illustration depicting the doctor blade coating process in a schematic manner.

2.7.2 SCREEN PRINTING

The screen-printing (SP) technique has a rich history dating back approximately 2000 years, with its
utilization spanning across Asia, Europe, and Africa [146]. Its primary purpose has been to generate
consistent patterns, symbols, and labels on various textile materials. SP has emerged as a favorable
option for the production of thick, patterned electrodes and has been widely employed in numerous
research investigations [161]. SP is a well-established printing technique that can be carried out in either
a planar or roll-to-roll (R2R) format [162]. A SP mesh possessing a designated configuration is used
for the planar system, which is directly in contact with the substrate; Initially, the ink is administered
onto the screen, which is positioned at a minor elevation above the substrate, as shown schematically
in Fig. 10. A rubber squeegee is employed to exert pressure and facilitate the passage of ink through
the mesh onto the substrate. Through the standard pattern in the mesh, the ink passes down onto the
substrate and defines the final image. In other words, the screen used in SP is subjected to a patterning
process where certain meshes are blocked. When the mesh is flexed, the ink adheres to the substrate
and is subsequently transferred onto it. A variety of substrates can be used, including epidermis, paper,
glass, metal, ceramic, wood, textiles, and polymers [164-168].

40



Squeegee

Paste

Screen

Substrate

Fig. 10. The fundamental methodology of the screen-printing technique. Adapted from [163].

Subsequently, the next stage involves the removal of the mesh, a process referred to as relaxation.
Following the printing process, the desired pattern becomes visible. Subsequently, in preparation for
the subsequent manufacturing step, the fluid inks undergo a transition from the liquid to the solid state
through a drying process, which involves the removal of solvents. The drying phase can be
accomplished through various methods depending on the nature of the ink and the intended film
application. Options include ambient air drying at room temperature, thermal drying utilizing
equipment such as ovens, hotplates, infrared devices, or hot air blowers, or employing UV radiation as
a drying mechanism. It is important to acknowledge that the drying process represents the final stage
in blade coating as well. In many cases, it is also necessary to remove surface-bound stabilizing agents
from the particles' surfaces. During the drying process, structural transformations of the ink can occur,
such as polymerization and crosslinking. This alteration highlights the potential need for supplementary
treatments to enhance particle bonding and optimize the performance of the printed film [169],
particularly in the context of SCs. Enhanced particle-to-particle contact can be achieved by subjecting
them to high-temperature sintering, facilitating diffusion within the particles and promoting the
formation of interconnecting necks between them [170].

In the R2R process, the static flat screen is substituted with a rotating screen. In other words,, the R2R
process replaces the squeegee with a roller and places the blade and ink within the roller and the ink is
forced through the mesh by the blade [171]. Unlike the planar system, the R2R processing is
continuous, allowing fast production, although rotary setups are expensive and difficult to maintain.

In PE, SP is a widely used technology. However, a large amount of production material (including the
ink) is wasted as a result of carrying this technique out. Besides, the level of resolution is the most
significant limitation. Furthermore, the planar printing process is slower than other conventional
printing methods.
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3- EXPERIMENTS AND METHODS

This chapter provides a concise overview of the materials employed in the fabrication of SCs, the
manufacturing techniques utilized, and the characterization methods employed for assessing their
performance. The selection of materials for SCs was primarily driven by the specific requirements
established for the devices. Emphasis was placed on utilizing materials that possess non-toxic
properties, are recyclable, and can be effectively incinerated. Furthermore, to enable widespread
application and affordability, inexpensive materials were favored for incorporation in the SC design.

3.1 DEVICE FABRICATION

The manufacturing procedure for this particular class of printed aqueous SCs has been documented in
prior publications by the research group [172-178] and is also outlined concisely herein. The schematic
representation in Fig. 11 illustrates the fabrication process for the SCs used within this thesis. The
initial substrate used was a double-sided Al/PET flexible substrate (Pyroll) with an aluminum (Al)
thickness of 9 um and a PET thickness of 50 pm (Figure 11a). Prior to fabrication, the Al/PET
substrate underwent pre-heating at 95°C for 15 minutes (Figure 11b). The PET side of the substrate
was coated with a graphite ink (Acheson Electrodag PF-407C) to cteate a cutrent collector layer, while
the Al layer acted as a barrier (Figure 11c). The graphite ink was dried in an oven at 95°C for 1 hour,
resulting in a graphite thickness of 40-50 um (Figure 11d). Subsequently, an electrode layer composed
of activated carbon with chitosan as a binder was applied onto the current collector layer (Figute 11e).
The activated carbon ink was dried at room temperature overnight, forming a film with a thickness of
50-70 um (Figure 11f). These layers were deposited using a laboratory scale doctor blade coater. Next,
a heat-sealing dispersion adhesive material (Paramelt Aquaseal X2277 polyolefin) was applied to the
PET and a portion of the current collector layer (Figure 11g). The samples were placed in an oven at
80°C for 15 minutes (Figute 11h). An aqueous electrolyte with a 1:5 mass ratio of NaCl to H20 was
then added onto the electrode layer (Figure 11i). A paper sepatator impregnated with the aqueous
electrolyte was placed onto the electrode layer (Figure 11j). The second half of the SC, shown in Figure
11k, had the same electrode pattern as Figure 11j but without the paper separator, with the electrode
facing downwards. In the final step, the two electrodes were packed and heat-sealed face to face using
annealed Aquaseal, as depicted in Fig. 111 (upside down). The resulting SC, including the packaging,
has dimensions of 50 mm in length, 50 mm in width, and a thickness ranging from 0.4 to 0.5 mm.

In a comprehensive assessment, the primary technical prerequisites for current collectors entail
possessing low electrical resistance and exhibiting resistance to electrolytic cotrosion [140]. In
conjunction with current collectors, substrates collectively constitute the packaging of the component.
Moreover, the packaging should effectively inhibit the evaporation of the electrolyte solution while
providing the necessary mechanical robustness or strength. Furthermore, enhanced encapsulation and
robust sealing of a device have the potential to mitigate or minimize the leakage current. By
implementing improved encapsulation techniques and ensuring a secure and reliable sealing
mechanism, the ingress of external factors, such as moisture or contaminants, can be restricted
[178,179]. This, in turn, reduces the likelihood of undesired current paths and leakage within the device.
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In brief, effective encapsulation and sealing practices contribute to the overall stability and longevity
of the device by safeguarding against external influences and optimizing its electrical performance.

In Publication I, we have provided a comprehensive overview of the fabrication steps and
characterization techniques employed for the development of our disposable and flexible printed SCs.
Our focus was on utilizing low-cost and non-toxic processes and materials.

3.2 DEVICE CHARACTERIZATION

Cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) measurement are widely employed
methods for the characterization of the SCs [180]. These techniques provide valuable information
about the electrochemical performance and behavior of the device under different operating
conditions. During CV, the electrode potential is systematically varied in a linear manner with respect
to time, starting from the initial value and reaching a maximum potential. Subsequently, the potential
is swept back in the opposite direction to the original value, forming a cyclic pattern. The resulting
current is measured at each point during the potential sweep, providing valuable information about the
electrochemical processes occurring at the electrode-electrolyte interface. In fact, the value of the
current is extracted from the discharge curve, which represents the current profile during the discharge
process of the SC. By analyzing the shape and magnitude of the current over time, valuable insights
can be gained about the performance and behavior of the SC, including its discharge rate, energy
storage capacity, and efficiency.

The area enclosed by CV curve is utilized to determine the capacitance of the SC. On the other hand,
In the CV experiment, the total charge transferred during the cyclic sweep can be obtained by
integrating the current with respect to time (duration of the experiment). Moreover, dividing the
current by the scan rate allows for the calculation of the capacitance value. In ideal SCs, CV curve
exhibits a rectangular shape, indicating fast and reversible charge storage. However, in practical devices,
the CV curve deviates from the ideal rectangular shape due to the presence of ESR and leakage current,
leads to inflections or deviations in the CV curve. These inflections can affect the performance and
efficiency of the SC by introducing additional losses and limiting the maximum achievable capacitance.

Furthermore, in addition to the previously mentioned approach, an alternative method for determining
the capacitance value involves dividing the total charge of the device by the applied voltage. The total
charge of the device can be measured by integrating the current with respect to time, providing a
comprehensive assessment of the charge accumulation over the entire duration of the measurement.

On the other hand, GCD is a well-established method utilized for the determination of both
capacitance and ESR of the SCs. This technique involves applying a constant current during the
charging and discharging processes of the SC and monitoring the resulting voltage profile. By analyzing
the charge-discharge characteristics and the voltage drop, valuable information regarding the
capacitance and ESR of the SC can be obtained. GCD is widely employed due to its effectiveness in
quantifying the energy storage capacity and internal resistance of SC devices.
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Fig. 11. Overview of the fabrication process. The process includes: a) Starting with a double-sided Al/PET
substrate (9 um Al, 50 pm PET). b) Pre-heating the substrate at 95°C for 15 minutes. ¢) Applying graphite ink
to form the cutrent collector layer. d) Drying the graphite ink in an oven at 95°C for 1 hour. €) Developing the
electrode layer using activated carbon ink with chitosan binder. f) Allowing the activated carbon ink to dry
overnight at room temperature. g) Applying a heat-sealing adhesive layer to the PET and part of the current
collector layer. h) Annealing the heat-sealing layer in an oven at 80°C for 15 minutes. i) Introducing the NaCl:
H20 aqueous electrolyte with a mass ratio of 1:5. j) Adding a paper separator. k) Placing a second cell upside-
down without the separator. I) Heat-sealing and packaging the two cells together face to face upside-down using
the annealed heat-sealing adhesive layer." Adapted from publication I.
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The fundamental electrical characteristics of printed SCs used in this thesis, including capacitance,
ESR, and leakage current, were evaluated according to the guidelines outlined in the international
industrial standard IEC 62391-1 [181]. In order to petform electrical characterization of the SCs, a
Maccor 4300 workstation (Maccor Inc., USA) was employed. The Maccor 4300 workstation is a
specialized instrument designed for such characterization purposes. The SCs underwent a charging and
discharging cycle, repeated three times, within the voltage range of 0 to 1.2 V. The charging and
discharging processes were conducted using a constant current of 1 mA, 3 mA, and 10 mA.
Subsequently, the SCs were maintained at a constant voltage of 1.2 V for a duration of 30 minutes.
The capacitance of the SCs was determined by measuring the discharge current while maintaining a
constant current discharge process between the voltage limits of 0.96 V and 0.48 V.

Following that, the SCs were subjected to a constant voltage of 1.2 V for a duration of 1 hour, during
which the leakage current was measured and recorded. Subsequently, the current required to maintain
the voltage level during the float state is recorded as the leakage current. This procedure was repeated
for each of the three specified currents of 1 mA, 3 mA, and 10 mA. This leakage current represents
the small amount of cutrent that flows through the SC when it is not actively being charged or
discharged, indicating the inherent electrical losses in the device. By measuring and monitoring the
leakage current, valuable insights into the self-discharge behavior and overall electrical performance of
the SC can be gained. The presence of impurities may result in small residual leakage currents attributed
to Faradaic charge-transfer reactions occurring at the electrodes [182]. Transition metal ions are
commonly encountered impurities in carbon materials. Finally, the ESR was determined by calculating
the voltage drop (IR drop) across the SC and dividing it by the current applied during the measurement,
specifically using a discharge current of 10 mA.

Fig. 12 presents the characterization results of a printed SC obtained using the Maccor system. This
figure encompasses both CV curves and GCD results.
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Fig. 12. Characterization results of a printed SC obtained using the Maccor system, showcasing both cyclic
voltammetry (CV) curves and galvanostatic charge-discharge (GCD) results.
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4- MODELING OF SUPERCAPACITORS

SCs have traditionally been approached in modeling and analysis similatly to standard capacitors,
despite their higher capacity. The modeling of SC energy modules holds a pivotal role in anticipating
design outcomes and enabling condition monitoring. The characterization of diverse electrical
attributes of SCs and the anticipation of how these attributes influence the charging and discharging
dynamics of energy modules, both in loaded and unloaded scenarios, represent crucial pre-deployment
steps in harnessing SCs for energy applications. Notably, considering the potential divergence in
electrical parameters among devices, notably evident in printed SCs, it is of utmost significance to
conceptualize and gauge the impact of these variations on the performance of series-connected
modules. Literature encompasses a multitude of models designed to accurately depict the electrical
behavior, thermal characteristics, self-discharge tendencies, and aging phenomena of SCs across
varying operational conditions [208-210].

The paramount approach for emulating the electrical behavior of SCs is the employment of an
equivalent circuit model (ECM), rooted in parametric RC (resistor-capacitor) networks. Despite not
explicitly revealing the intrinsic physical parameters and internal intricacies of SCs, this model is derived
from empirical observations and experimental data. Furthermore, its straightforward composition and
impressive precision render it suitable for real-time energy management endeavors. The precision of
the ECM within the parametric RC networks paradigm varies contingent upon the electrical circuit's
configuration and the number of components employed.

Considering the primary focal point of this thesis, which centers on the modeling and simulation of
self-discharge and leakage current phenomena intrinsic to printed SCs, an optimal strategy involves
initiating this chapter by providing contextual information concerning self-discharge and leakage
current.

4.1 SELF-DISCHARGE AND LEAKAGE CURRENT

SCs hold immense potential for practical applications; however, their widespread use is limited by the
presence of self-discharge and leakage current. Self-discharge in a SC is observed when the external
resistance becomes effectively infinite, leading to a spontaneous decrease in voltage. This occurs when
the SC is left in an open circuit, but it is also important to note that self-discharge is not solely a result
of an infinite external resistance. This phenomenon significantly impacts the SC's dynamic behavior
during rest periods, potentially disrupting its function and leading to the unintended dissipation of
stored energy. Self-discharge in SCs primarily arises from three mechanisms: Ohmic leakage, charge
redistribution, and Faradaic reactions [183,184]. Among these, Faradaic reactions are considered the
dominant cause.

Leakage current, on the other hand, refers to the small current that flows through a SC while the rated
voltage is continuously applied [185]. Over time, the leakage current stabilizes and diminishes [186].
Considering the detrimental effects of self-discharge and leakage current, it is crucial to account for
these characteristics when designing electronic circuits involving SCs. However, it is noteworthy that
self-discharge and leakage current have received relatively little attention in the literature.
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The study of self-discharge in SCs is complex, due to the involvement of ions and the diverse range of
electrode structures. Unlike conventional capacitors, self-discharge in SCs cannot be solely explained
by leakage resistance. Several material properties, such as electrode structure, porosity, impurities, ionic
size of the electrolyte, and accessible surface area, also influence the self-discharge process [187].
Charge redistribution occurs due to differences in the accessibility of electrolyte ions to the electrode
surfaces, primarily if the cells are overcharged [188]. During the initial hours of open-circuit period,
Faradaic redox reactions dominate the self-discharge, while internal ohmic leakage typically dominates
thereafter [189]. Additionally, leakage current in SCs primarily results from Faradaic redox reactions at
the electrode-electrolyte interface [190].

Despite the significance of self-discharge and leakage current in SCs, these characteristics have
remained largely unexplored in the literature. Understanding and addressing these phenomena are
essential for optimizing the long-term performance of SCs and accurately estimating available energy,
particularly in applications such as power supply for WSNs, IoT, and wearable electronic devices.

To summarize, several factors contribute to self-discharge in SCs, including impurities in the electrolyte
solution triggering electrochemical reactions, ohmic leakage resulting from resistive losses, redox
reactions occurring within the electrodes or at interfaces, and excessive voltage during overcharging
events [191]. These various causes gradually dissipate stored energy in the SC, leading to self-discharge.
Moreovet, the rate of self-discharge is influenced by the charging duration, with longer charging times
promoting more uniform charging of the electrode surface, improved ion penetration into electrode
pores, balanced charge distribution, and efficient ion transport. This enhanced charging process
reduces self-discharge and improves voltage retention characteristics in SCs.

In order to quantify self-discharge in electrochemical SCs, a defined procedure is employed. The SC
device undergoes full charging for a predetermined duration, typically ranging from 24 to 72 hours, to
ensure reliable data. Following complete charging, the device is disconnected, and the open-circuit
voltage output is measured at various time intervals to document the decay in voltage over time.

42 EQUIVALENT CIRCUIT MODELS REPORTED IN THE
LITERATURE

SCs are increasingly used in energy storage systems, making it essential to accurately model their
electrical behavior for effective design prediction and condition monitoring. Various equivalent circuit
models (ECMs) have been proposed to describe the electrical characteristics of SCs, including the
classical ECM, two-branch models with equivalent parallel resistance (EPR), three-branch models, and
models based on variable leakage resistance (VLR) [53], [192-206], [207-213]. EPR is a parameter used
to represent the internal losses and leakage current within the SC. However, these existing ECMs have
limitations when it comes to predicting the nonlinear self-discharge effect of SCs in the long term and
are not suitable for practical applications.

The classical ECM, commonly used to tepresent SCs, consists of a capacitor and an ESR to account
for internal losses [197]. While this ECM is simple and accurate for short-term chatrge/discharge times,
it fails to capture the effects of self-discharge and leakage current over extended periods. The addition
of a constant parallel resistance in the classical model attempts to address these effects [198], but it still
falls short in accurately modeling the nonlinear behavior of self-discharge.

More complex ECMs, such as the two-branch model with EPR and the three-branch model, offer
additional elements to represent the redistribution of charges and diffusion-controlled Faradaic redox
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reactions [199-202]. However, despite their increased complexity, these ECMs are also inadequate for
estimating the nonlinear self-discharge effect of SCs over the long term.

In order to address these limitations, some ECMs incorporate VLR to describe the self-discharge
behavior of SCs [195]. These ECMs utilize multiple distinct exponential functions with different time
constants to represent the varying leakage resistances. However, the determination of a large number
of distinct exponential functions for different periods complicates the parameters identification and
hinders long-term simulations in SC energy modules.

The ECMs for a SC reported in the literature are illustrated in Fig. 13.

In summary, the existing ECMs reported in the literature have multiple branches and numerous RC
network elements, which make them impractical for implementation in energy storage modules that
require simplified models. Moreover, these ECMs fail to accurately capture the nonlinearity of self-
discharge in SCs over extended time periods. Therefore, there is a need for a simpler and more effective
ECM that can accurately predict the behavior of SC energy storage systems in practical applications,
especially in long-term scenarios involving series-connected SC energy storage modules.
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Fig. 13. Various ECM:s for a Single SC as documented in the literature; a) Spyker et al. Model [198], b) Two-
Branch Model with EPR [201], ¢) Three-Branch Model [202], and d) Two-branch ECM with VLR [195,205]. ¢)
Two-branch ECM [203,204]. f) Two-branch ECM with a controlled current soutce [194]. g) Three-branch
ECM with EPR [189,206]. Adapted from publication I and publication III.
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4.3 PROPOSED EQUIVALENT CIRCUIT MODELS

In publication I, we focused on addressing the limitations of existing ECMs for SCs in the long-term
applications, particularly the insufficient treatment of leakage and self-discharge effects. In order to
overcome these limitations, we developed an ECM that incorporates the nonlinearity of leakage and
self-discharge. Our approach involved charging each fabricated SCs to approximately 1 V and
recording the voltage during a 31-day self-discharge period. Then we calculated current at each data
point based on the capacitance of each SC and from the experimental data, we fitted the current-
voltage exponential equation, as demonstrated in Fig. 14b, with a good level of approximation. This
process was repeated for all 12 printed SCs utilized in this study, resulting in a unique exponential and
nonlinear equation for the leakage of each SC.

In order to model the internal parameters of an SC (Fig. 14a), we employed a capacitor, an ESR, and
a variable exponential element connected in parallel to the SC. This parallel component accounted for
the nonlineatity of SC self-discharge and leakage current. The ECM incorporated capacitance and ESR
values obtained through charactetization of the printed SCs using the Maccor system, as well as 'a’ and
'b' values derived from the experimental self-discharge data. It is worth noting that each of the 12
fabricated SCs had its own unique capacitance, ESR, 'a,' and 'b' values.

In publication II, a new ECM is proposed, which incorporates the nonlinearity of leakage and self-
discharge over time. Although, the ECM presented in publication II utilizes identical elements to the
model described in publication I, the exponential equation used for EPR and the method of obtaining
EPR parameters differ in this study. The equation I=VX e-(a+ bXV) is employed as the exponential
equation for EPR, which demonstrates a better fit with experimental self-discharge data. Moreover,
this exponential equation is better suited for Monte-Carlo simulations, which would be the focus of
the next research topic by the authors.

In order to determine the EPR equation, the dischatge potential difference formula of the capacitor is
utilized. By characterizing the printed SCs using the Maccor system, the capacitance value 'C' is already
determined. Additionally, based on experimental self-discharge data, the initial potential difference
'VO', time 't', and potential difference 'V' for each SC at a specific time are determined. Subsequently,
the dynamic resistance can be calculated for each data point, and the resistance curve (R(V)) can be
plotted as a function of potential difference. The exponential equation e(a+ bXV) is then fitted to the
R(V) data points to obtain 'a' and 'b' parameters for each individual SC. A visual representation of this
fitting process is illustrated in Fig. 15, showing the good fit between the exponential fitting curve and
the experimental data points.

To incorporate the self-discharge and leakage of SCs into the ECM, the leakage current is defined as a
function of the potential difference. As R=V/I = e(a+ bXV), this relationship leads to I=VX e-(a+
bXV), which tepresents the SC's EPR in the proposed ECM. The ECM of an SC, as presented in
publication II, is depicted in Fig. 16.
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Fig. 14. a) Suggested ECM for a SC in publication I.b) Derivation of the I-V exponential equation for modeling
leakage current and self-discharge characteristics. ¢) Comparison of self-discharge behavior between the SC
ECMs: Spyker linear model and the exponential model proposed in this study, along with experimental results.
d) Enhancing the Spyker model by incorporating a longer self-discharge time constant (T) in the proposed
equation, resulting in closer agreement with experimental data but not achieving complete conformity. Adapted
from publication I.

In publication III, in order to model the internal parameters of a single SC, the same ECM comprising
conventional capacitor (C), an ESR, and a parallel variable EPR are utilized. Although this model shares
similarities with publication I and II, the exponential EPR function used in this study and the method
for obtaining this element differ. The proposed exponential equation in publication ITL, I = ¢ @+ bxV),
accurately describes the self-discharge and leakage current effects, exhibiting a better fit with empirical
self-discharge data. Moreover, this exponential equation is well-suited for Monte-Carlo simulations due
to the normal distribution of parameters involved in the equation.
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Fig. 15 . Exponential curve fitting of R(V) for a SC. Reprinted from publication IT with permission.
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Fig. 16. Proposed ECM for a SC in publication II. Reprinted from publication II with permission.

The experimental self-discharge potential difference data for each SC over time is used to determine
the exponential function of the EPR in the proposed ECM (Fig. 17 b). By employing basic capacitance
and current formulas (3), the numerical values of the current (4) at any given voltage for each SC can
now be calculated using the capacitance (C) and self-discharge data.

Q=CxV,1=dQ/dt 3
Im = C X de/dtm = C X (Vm—l‘vm> /(tm‘tm—l) (4)

Using the calculated current data points, the I (V) diagram for each SC is plotted (Fig. 17c¢ and d).
Subsequently, the exponential equation e @ V) is fitted to the I (V) data points of each SC. This fitting
process uniquely determines the parameters 'a’' and 'b' for each SC, as depicted in Fig. 17c and d. The
fitting results demonstrate excellent statistical parameters, including high R-square and Adj. R-square
values, indicating a strong fit between the exponential function and the I (V) data points. Notably, all
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12 SCs in the study exhibit R-square values exceeding 0.99, highlighting the excellent fit of the
exponential function for all SCs.

Based on the successful fitting of the exponential function, the numerical values of 'a' and 'b'
parameters, along with the characterization parameters 'C' and 'ESR', are determined, revealing all four
parameters of the proposed ECM (Fig. 17a). This model, referred to as ECM 1 in this study, provides
a comprehensive representation of the SC behavior.
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Fig. 17. a) Proposed ECMs for a single SC. b) experimental self-discharge data of a SC. ¢) fitting the
exponential function to the I(V) datapoints of SC1. d) fitting the exponential function to the I(V) datapoints of
SC2. Adapted from publication III.

In publication III, ECM 1 is introduced as a simple model with four parameters. However, the aim
is to further simplify the model by reducing the number of parameters and formulating an EPR
exponential I(V) function based on a single parameter. The parameters 'C', 'a', and 'b' in ECM 1
demonstrate a relatively good linear relationship, as depicted in Fig. 18a and 18b. Linear fits are used

to approximate this linear relationship, yielding two linear equations with high R-square and Adj. R-
square values.
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With the linear relationship among the parameters established, two simplified models are formulated.
ECM 2 utilizes only parameter 'b' in the exponential equation, while ECM 3 incorporates only
parameter 'C'. The EPR exponential I(V) functions for ECM 2 and ECM 3 are derived accordingly.
The simplified ECM 2 has three and ECM 3 has two parameters instead of four, making them even
more practical.

EPR: I= ¢ @+bxV) a= -0.7X b — 22 — [= ¢ (22+ bx(V-07) :ECM 2 (5)
b= 64X C + 9 — = ¢ (28-45xC+Vx(64xC +9) -ECM 3 (©)

Another approach to simplifying ECM 1 is to replace the 12 SCs’ mean values of parameters 'a' and 'b'
in the EPR exponential function. This alternative model, referred to as ECM 4 (I= e (36:5+ 204xV)))
utilizes only two parameters ('C' and 'ESR') and eliminates the need for parameters in the exponential
EPR function.

Overall, ECM 2, ECM 3, and ECM 4 offer increasingly simplified representations compared to the
previous models in this work, with ECM 4 being the simplest and most straightforward, providing
practical advantages for various applications.

u
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Fig. 18. Linear relationships in ECM 1 parameters a) A linear relationship with a good approximation between
parameters 'a' and 'b'. b) Another linear relationship with a good approximation between parameters 'b' and 'C'.
Adapted from publication III.

Overall, compared to linear ECMs reported in the literature [195-199], [201-203], [208-214], our
exponential ECMs for SC self-discharge and leakage offers enhanced accuracy while maintaining a
simplified circuit structure.
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5- RESULTS AND DISCUSSION

In this pivotal section, we unravel the culmination of our investigative efforts, illuminating the
intricacies of SC behavior within the context of diverse scenarios. Through rigorous analysis and
simulation, we discerned the accuracy of our proposed ECMS, enabling a nuanced understanding of
its performance characteristics. The interplay between leakage current and charging dynamics is
expounded upon, unravelling its effects on energy management. Moreover, we delve into the influence
of resistive loading on the intricate landscape of leakage current in SCs, unearthing insights into their
performance under varying load conditions.

A statistical prism is cast over printed SCs, unveiling patterns and trends that drive their electrical
response. This analysis is further enriched by our pioneering endeavour to integrate SCs, leveraging
their potential as an energy storage device for in-situ electropolymerization, thereby catalyzing the
creation of irreversible visual indicators.

As we navigate through these results, we concurrently engage in a comprehensive discussion that
contextualizes our findings within the broader scientific landscape. By embracing both quantitative
evidence and qualitative reasoning, we chart a course towards a more profound comprehension of SC
behavior, paving the way for their optimized integration and application.

5.1 ACCURACY OF THE PROPOSED ECMS

In publications I, II, and III, the accuracy of the proposed ECMs is assessed through five different
approaches. By employing these five approaches, all the proposed ECMs are rigorously evaluated,
ensuring their reliability and effectiveness in modeling the behavior of SCs.

5.1.1 COMPARING THE ACCURACY OF THE PROPOSED ECMS
WITH LITERATURE

In publication I, in order to demonstrate the accuracy of the proposed ECM, we simulated the self-
discharge behavior of an SC using both the linear model proposed by Spyker et al. [198] and our
exponential ECM. The results were then compared with experimental data. The Spyker linear model,
as depicted in Fig. 13a, proved unsuitable for simulating the long-term discharge behavior of an SC. In
contrast, our ECM exhibited remarkable accuracy, with simulation results closely aligning with the
experimental findings. Notably, we modified the Spyker method to calculate the EPR by considering
self-discharge values over longer time constants, as shown in Table 5. Although this modification
improved the agreement between the self-discharge behavior and experimental results, some
discrepancies still remained.
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Table 5. Calculated EPR values with extended time constants using the Spyker method [198] from previous
studies. Reported in publication I.

Time Constant EPR (M Q)
3 hours 4.9
12.5 hours 6.6
1 day 8.8
5 days 18.1
10 days 27.5
31 days 56.4

In publication III, the verification process involves comparing the self-discharge experimental results
of two commercially available EDLCs with the simulation results based on ECM 4, the most simplified
ECM in publication III. ECM 4 requires only the knowledge of capacitance and ESR values to
simulate the charge and discharge behavior of SCs.

The experimental self-discharge results for the two commercial SCs, referred to as SC1 and SC2, were
obtained from literature sources [202,215]. SC1 is a carbon-based SC with an acetonitrile electrolyte
and a capacitance of 600 F [215]. SC2 is also a carbon-based SC with an organic electrolyte and a
capacitance of 2600 F [202]. SC1 was charged to 1.3 V and kept at that voltage for 24 hours, while SC2
was charged to 1.5 V with a charging time of one hout. Subsequently, the open circuit potential
difference, which represents the self-discharge behavior, was monitored, and recorded for 15 days for
SC1 and 7 days for SC2.

Fig. 21a demonstrates the close agreement between the simulation results and experimental results
over time for both SC1 and SC2. The residual voltage (subtracting the simulation from the experiment)
over time is also presented in Fig. 21b. The maximum simulation error for SC1 is approximately 34
mV, corresponding to approximately 2.6% of the initial voltage, over the 15-day period. For SC2, the
maximum simulation error is approximately 17 mV, which is approximately 1.1% of the initial voltage,
over the 7-day period. These findings indicate the high accuracy of the proposed ECM for these two
commercial EDLC SCs.

However, it remains uncertain whether our proposed ECMs can accurately replicate the self-discharge
patterns of organic SCs within the higher charging voltage ranges (2.5-3 V). It is possible that our
proposed ECMs may not achieve accurate simulation, as the higher initial voltage of these organic SCs
exceeds the voltage range upon which our ECMs are developed. Further experiments and simulations
are essential to assess the precision of the proposed ECMs on commercial SCs with varied electrolyte
types and within different voltage ranges.
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5.1.2 SCS USED TO DEVELOP THE ECMS: SIMULATION
RESULTS VS. EXPERIMENTS

Publications I, II, and III involve comparing the self-discharge simulation results with the
experimental data obtained from the SCs used in developing the ECMs. This allows for a direct
evaluation of how well the ECMs capture the behavior of the SCs.

For example, in publication II, in order to assess the accuracy of the proposed ECM, the potential
difference of four SCs in self-discharge mode was simulated and compared with experimental data
collected over a 31-day period. The compatison, as shown in Fig. 19, reveals a close cortespondence
between the simulation results and the experimental data, indicating a reasonable agreement. Even
after 31 days, the disparity between the measured experimental data and the simulation results is
negligible, with an estimation error of less than two percent when employing the ECM presented in
publication II.
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Fig. 19. Experimental data and simulation results depicting the potential difference during self-discharge mode
for four SCs over 31 days. Reprinted from publication II with permission.

In all three publications, the accuracy of the proposed ECMs is quantitatively evaluated through this
approach, demonstrating their reliability in capturing the self-discharge behavior of SCs.
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5.1.3 SCS NOT USED TO DEVELOP THE ECMS: SIMULATION
RESULTS VS. EXPERIMENTS

As a third method of evaluating the accuracy of the proposed ECMs, in publication III, the proposed
ECMs are applied to new printed SCs that were not used in their development. The self-discharge
behavior of four randomly selected SCs is experimentally measured and compared with the simulation
results obtained using the ECMs. The selected SCs include both those similar to the ones used in ECM
development and those with different substrates, allowing for a comprehensive assessment of the
ECMs.

Fig. 20 demonstrates the effectiveness of all proposed ECMs in publication III, in predicting the self-
discharge behavior of the new SCs over a 31-day period. The simulation results align well with the
experimental data. ECM 1 exhibits a maximum error of 17.64 mV (2.21% of the SC's final voltage),
while ECM 2, ECM 3, and ECM 4 have maximum etrors of 26.49 mV (3.29%), 12.48 mV (1.56%),
and 13.87 mV (1.74%), respectively.

It is interesting to note that ECMs 3 and 4, the simplest ECMs with only two parameters ('C' and
'ESR'") for each SC, demonstrate slightly higher accuracy than ECMs 1 and 2, with maximum errors of
less than 2%. However, the difference falls within the experimental uncertainty. These findings imply
that by knowing the capacitance and ESR values, the self-discharge behavior of an SC over a 31-day
period can be predicted with an error of less than 2% using ECMs 3 and 4. Considering their simplicity,
it can be concluded that all proposed ECMs in publication III exhibit negligible maximum simulation
errors for the new SCs over the long term and demonstrate excellent accuracy.
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Fig. 20. a, c, ¢, g) Experimental and simulation results of self-discharge over 31 days using newly proposed
ECMs, applied to four randomly selected SCs not utilized during ECM development. b, d, f, h) Residual
voltage (the vatiance between expetimental and simulation data). Adapted from publication III.
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5.1.4 VERIFICATION USING DISCRETE LOAD RESISTORS:
SIMULATION RESULTS VS. EXPERIMENTS

In publication I, II, and III, two separate SC energy modules, each consisting of three SCs connected
in series, are formed (see Fig. 21c). These modules are then connected to discrete resistors with
different resistance values. The voltage delivered to the discrete resistor during the discharge of the SC
module is measured and compared with the simulation results based on the EPR function model
proposed in each publication. This test verifies the accuracy of the ECMs in predicting the behavior
of SCs in practical applications.

For example, in publication III, two SC modules are fully charged to 3 V each, after which the main
power source is disconnected, and a resistive load is connected to the SC modules. The voltage across
the resistive load during the discharge of the SC modules is measured using a digital multimeter.

Fig. 21d, ¢, f, and g present the discharge behavior of the SC energy modules while 1 k€ and 4.7 kQ
discrete resistors are connected. As can be seen, the simulation results closely align with the
experimental results, exhibiting a small difference. This difference is almost negligible for the resistive
load of 4.7 kQ. Fig 22e and g illustrate the residual voltage for SC modules 1 and 2, respectively, which
can be utilized to determine the simulation error for each module by calculating the absolute value of
the residual voltage over time.

For the resistive load of 1.0 kQ, the maximum simulation error is 47 mV for module 1 and 243 mV
for module 2, equivalent to approximately 1.57% and 8.1% of the module's initial voltage, respectively.
An interesting finding from these short-term simulations is the full agreement among the simulation
results based on ECMs 1 to 4 in publication III, indicating that leakage and self-discharge have
minimal influence in the initial minutes of SC discharge. Instead, the capacitance values of the SCs play
a more significant role in the short-term discharge behavior. Thus, the higher simulation error observed
in module 2 compated to module 1 may be attributed to the larger difference in capacitance values
amonyg its SCs.

Overall, considering the results obtained from all verification tests using discrete load resistors in
publication I, II, and III, all the proposed ECMs can be deemed acceptable in terms of estimation
accuracy, given their simplicity.
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Fig. 21. a) Experimental and simulation results using ECM 4 for self-discharge in two commercially available
SCs. b) Comparison of residual voltage (experiment vs. simulation) for the self-discharge of the mentioned
SCs. ¢) Chatge and discharge ECM of an SC energy module consisting of three seties-connected SCs with a

resistive load. d, f) Experimental and simulation results for the resistive load voltage during discharge, utilizing
the proposed ECMs. e, g) Residual voltage analysis of the resistive load during the discharge of the SC energy
module. Adapted from publication III.
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5.1.5 SELF-DISCHARGE BEHAVIOR OF SC MODULES:
SIMULATION RESULTS VS. EXPERIMENTS

To overcome the limited power storage capacity of individual SCs, multiple SCs can be connected in
series to form an SC energy module. However, the stored potential difference in an SC decrease over
time due to self-discharge, making it important to estimate the available power stored in the energy
module in the long term. The proposed ECMs enable the prediction of the voltage across each SC
energy module at any given time.

As an illustration, in publication III, four SC energy modules, each comprising three SCs connected
in series using the 12 SCs used in developing the ECMs, are formed. Table 6 provides the parameters
of the three SCs in each module. The capacitance difference among the SCs within each module
increases from module 1 to module 4, with module 4 exhibiting the largest difference. However, the
total capacitance value of the modules does not vary significantly. Fig. 22 and table 7 present the
experimental and estimated voltage remaining in each of the four modules over a period of 31 days
based on the proposed ECMs in publication III.

The results indicate that module 4 has a lower voltage remaining on day 31 compared to the other
modules, suggesting that a larger capacitance difference among the SCs in a module leads to a lower
final voltage value in the long term, influenced by self-discharge and leakage. Specifically, module 1,
with a smaller capacitance difference, has a higher experimental and estimated final voltage compared
to module 4. Therefore, selecting SCs with similar capacitance values or minimal differences maximizes
power storage in an energy module, allowing for more power to be retained in the long term. Moreover,
as illustrated in Fig. 22c and d, SC modules 3 and 4, characterized by latger capacitance variations
among their three series-connected SCs, exhibit reduced precision in forecasting experimental self-
discharge outcomes over the 0 to 20-day period when contrasted with modules 1 and 2, where the
capacitance differences among their SCs are smaller. Hence, a substantial divergence in SC capacitance
within a module result in diminished simulation accuracy, particularly in the short-term. One important
motivation behind this modeling work is to understand how device-to-device variation in printed SCs
affects the performance of an energy module comprising multiple SCs connected in series.

Additionally, the simulation results of the four ECMs can be utilized to predict the minimum and
maximum voltage remaining in the energy module at any given time. Table 7 presents the estimated
final voltage value for each module (at the end of day 31) based on different ECMs. This information
enables the determination of the predicted minimum and maximum final voltage values for each
module, providing an approximation of the possible voltage range window at the end of the 31st day.
Notably, the experimental voltage results for each module at the end of day 31 fall within the predicted
final voltage range window, supporting the validity of these predictions.
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Table 6. Characteristics of four series-connected SC energy modules, each comprising three SCs. Reported in

publication III.
Module 1 SC1 SC2 SC3 Module 2 SC1 SC2 SC3
C (mF) 147.7 158.8 161.3 C (mF) 140.5 183.4 222.2
ESR () 7.3 8 8 ESR (2) 7.2 7.8 8.8
a (EPR) 347 -36.0 368 | a (EPR) -34.0 374 -39.0
b (EPR) 18.3 18.9 19.6 b (EPR) 17.1 21.4 23.8
C-total 51.9 C-total 58.6
(mF) (mF)
Module 3 SC1 SC2 SC3 Module 4 SC1 SC2 SC3
C (mF) 117.4 176.5 253.7 C (mF) 104.4 207.2 274.9
ESR () 7.5 7.4 8.4 ESR (2) 6.8 7 8.5
a (EPR) -33.5 -36.2 -39.6 a (EPR) -32.7 -38.3 -40.1
b (EPR) 16.3 20.2 24.8 b (EPR) 15.7 22.2 26.0
C-total 54.8 C-total 55.4
(mF) (mF)
3.0 3.0
Module 1
Experimental Module 2 ;
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Fig. 22. Comparison of self-discharge behavior: experimental and simulation results based on proposed ECMs
for four SC energy modules over time. Adapted from publication III.
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Table 7. Experimental data and predicted value of the final voltage still stored in each module at the end of
day 31 based on the proposed ECMs. Reported in publication ITI.

Module 1 Module 2 Module 3 Module 4

ECM1 256 V 249V 249V 246V
ECM 2 247V 246V 249V 245V
ECM 3 243V 242V 242V 241V
ECM 4 247V 249V 248V 248V
Min. 243V 242V 242V 241V
Max. 256V 249V 249V 248V
Experiment 251V 247V 243V 241V

5.2 EFFECT OF LEAKAGE CURRENT DURING CHARGING

In order to assess the impact of leakage current on the potential difference stored at the ends of the
SCs, simulations wetre conducted with and without considering the leakage in publication I. Fig 24a
and 24b depict the voltage stored in an SC in a module over time during the charging process. It is
evident that the leakage current has a minimal effect on the stored voltage. This simulation was
repeated for all SCs in four energy modules, and consistent results were observed across all cases,
demonstrating a negligible difference between the two sets of diagrams. As a result, it can be concluded
that the leakage current has an insignificant influence on the charging behavior of SCs in the energy
modules. Thus, during the charging phase, it is acceptable to disregard the leakage current, given that
it remains considerably smaller than the charging current.

Furthermore, as illustrated in Fig 24c and 24d, the final amount of leakage current is approximately
106 times smaller than the initial amount of displacement current. This simulation was also performed
for the remaining three energy modules, yielding similar outcomes for all the modules. These results
provide further confirmation that the leakage current has minimal impact on the charging behavior of
SCs within the energy modules and can be safely ignored.
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Fig 23. a), b) exploring the impact of leakage current on SCs charge in energy module 1. ¢), d) contrasting SCs
displacement and leakage current during charging in energy module 1. Adapted from publication I.

5.3 EFFECT OF RESISTIVE LOAD ON THE LEAKAGE CURRENT

OF SCS

In the discharge model of the SC modules (Fig. 15b), the leakage current of the SCs in the energy
modules becomes more significant as the resistance load increases. This relationship is evident in Fig.
19¢ and f, which illustrate the leakage current of SC1 in energy module 1 for different small and large
resistive loads. The figure shows that the leakage current is highest during self-discharge and lowest
when a 1 kQ resistive load is connected to the energy module. This behavior can be explained by
considering that as the resistive load increases, the SCs deliver less voltage to the load. Consequently,
a larger potential difference remains across the SCs. Since the leakage current exhibits an exponential
relationship with the potential difference across the SC, the leakage current remains higher due to the
larger potential difference between the two ends of the SC.
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Fig. 24. a, b, ¢, d) SCs leakage behavior in four energy modules with proposed ECM and modified Spyker
model. e, f) Impact of resistance load variation on SCs leakage current. Adapted from publication I.

5.4 STATISTICAL ANALYSIS OF PRINTED SCS

In publication IV, we investigate the charge and discharge characteristics of printed SCs utilizing
statistical methodologies. The findings of this statistical analysis offer the potential to forecast the
behavior of series-connected SC energy modules, considering the variations in electrical properties
observed among individual devices. This aspect is of significant importance when dealing with PE

devices.

Furthermore, the statistical study's applicability extends beyond predicting critical aspects of PE. It can
also be utilized to assess the impact of diverse electrical variables, which may differ from one device
to another, on the behavior of an energy module comprising several SCs connected either in series or
in parallel. In essence, our work enables the analysis of how variations in electrical parameters, such as
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self-discharge and leakage current in SCs, influence the performance of series-connected SCs within
an energy module.

In publication IV, a set of 12 printed SCs is employed to conduct a comprehensive statistical analysis.
In this study, we used the same previously proposed ECMs as in publications I, IT, and III (Fig. 17a)
to model the printed SCs. To apply the MC method, it was essential to define the probability
distribution for each of the four parameters that inherently carry uncertainty. These parameters were
associated with the 12 printed SCs used in the investigation.

In order to determine the appropriate probability distribution for each parameter, a normality test was
conducted. The normality test assesses whether the data can be adequately described by a normal
distribution, also known as a Gaussian distribution. A normal distribution is symmetric around the
mean, indicating that data close to the mean are more likely to occur than data further away from the
mean [218].

The histogram charts (Fig. 25) depict the distribution of each parameter along with their respective
bell curves. As clearly shown in the histogram charts, all four parameters conform to a normal
distribution, indicating that they can be appropriately represented using this probability distribution.
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Fig. 25. Histogram chart of the ECM patameters. Adapted from publication IV.

In Table 8, a comprehensive summary of the descriptive statistics and normality test results for each
parameter can be found. The descriptive statistics include the mean value, standard deviation (Std), P-
value, and skewness for each parameter. Std is a measure of the amount of variation or dispersion in a
set of values. It provides a way to quantify the degree of spread or scatter in a dataset. P-value is a
measure that helps assess the evidence against a null hypothesis. The null hypothesis represents a
default assumption that there is no effect, no difference, or no association in the population under
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study. The p-value is used in hypothesis testing to determine the strength of the evidence against the
null hypothesis. Skewness describes the asymmetry of the probability distribution of a real-valued
random variable. In simpler terms, it indicates the degree and direction of skew (departure from
horizontal symmetry) in a dataset.

Upon analyzing the numerical results of the descriptive statistics, it becomes evident that all four
parameters exhibit a normal distribution. This conclusion is further supported by the P-values obtained
for each parameter, which range from 0.74 to 0.98. A P-value greater than 0.05 generally indicates a
strong indication of normal distribution.

Moreover, the close similarity between the mean and median values for each of the four parameters
serves as additional evidence of their adherence to the normal distribution. The mean and median
values being almost identical implies a symmetrical distribution for these variables.

Additionally, the skewness values, which serve as indicators of distribution asymmetry, range between
0.30 and 0.52 for the four parameters. These values suggest that the probability distributions of all
variables are approximately symmetrical, further supporting their normality.

Table 8. ECM parameters’ descriptive statistics and normality test results. Reported in publication IV.

Parameters C (mF) ESR () a b
N total 12 12 12 12
Mean 179.0 7.7 -35.6 20.0
Minimum 169.1 6.3 -38.6 16.9
Median 178.2 7.6 -35.8 20.0
Maximum 192.0 9.3 -31.3 23.8
Std 7.18 0.92 2.21 2.07
P-Value 0.83 0.82 0.74 0.98
Skewness 0.35 0.41 0.52 0.30

54.1 QUANTIFYING CAPACITANCE VARIATION IN SERIES-
CONNECTED SC ENERGY MODULES

The voltage stored in a single SC is limited by the electrochemical potential window of the electrolyte
and cannot exceed a certain amount, with a maximum potential value of 1.2 V for the printed SCs in
this thesis. However, if this voltage is insufficient for a specific application, the solution is to connect
multiple SCs in series to form an SC energy module. When connecting SCs in series, it is crucial to
consider the std among their capacitance values. The larger the difference in capacitance among the
SCs in a module, the greater the variation in voltage stored across each SC after the charging phase
(with more voltage over the SC with the lowest capacitance). Equation 7 can be used to calculate the
potential difference across each SC based on the capacitive division of the total charging voltage.

Consequently, if the std of capacitance among SCs within a module exceeds a certain threshold, some
SCs may experience voltage levels that surpass the electrochemical potential window of the electrolyte,
leading to malfunctioning of the entire module. Therefore, conducting statistical analysis is essential
for determining the maximum allowable capacitance std of series-connected SCs within a module.
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VSCi=Vo/ (Ci X (1/Ci+1/Co+1/Cs+...+1/Cn)) ©

Here, VSC; represents the voltage stored across SCi, Vo represents the charging voltage, C represents
the capacitance, and N represents the number of SCs connected in series.

In the preceding section, the normality test and descriptive statistics demonstrated that the capacitance
of the printed SCs follows a normal distribution. In publication IV, utilizing statistical analysis tools,
our objective is to determine the number of SC energy modules (each with three SCs connected in
series) out of 100, that will contain at least one SC with a stored voltage higher than 1.2 V when
charging each module up to 3 V. We fabricated 300 printed SCs with different std on their capacitance
(10%, 15%, and 20%) for this investigation. The results of this statistical study are presented in Table
9.

Based on the results, when the capacitance value of the 300 printed SCs has a std of 10%, there will be
only one module with at least one SC having a voltage higher than 1.2 V. With a std of 15% and 20%
on the capacitance of the 300 SCs, there will be 12 and 31 modules, respectively, with at least one SC
having a voltage of more than 1.2 V. Therefore, the maximum allowable std on the capacitance of
three series-connected printed SCs is less than 10%, to prevent the module from malfunctioning when
charged up to 3 V.

Table 9. The count of SC energy modules containing at least one SC with a stored voltage exceeding 1.2V,
considering various capacitance standard deviations (10%, 15%, and 20%). Reported in publication IV.

Std (10%) Std (15%) Std (20%)

Number of modules 1 12 31

For this statistical study, we present the distribution plots of the stored voltage across the SCs within
an energy module, as depicted in Fig. 26. The distribution plots clearly illustrate a notable trend: the
proportion of SCs with a voltage exceeding 1.2 V exhibits an upward trend with increasing capacitance
std. In fact, in the case of a 20% std, the voltage of certain SCs may reach approximately 1.6 V.
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Fig. 26. Distribution plots of the stored voltage within a module SCs, with subplots (a, b, and c) representing

different capacitance std of 10%, 15%, and 20% on the SCs' capacitance values, respectively. Adapted from
publication IV.

5.4.2 STATISTICAL ANALYSIS OF CAPACITANCE STD IN SERIES-
CONNECTED PRINTED SCS FOR CHARGING VOLTAGE
OPTIMIZATION

Prior to applying a specific voltage to the energy storage module, it is prudent to employ statistical
analysis to determine the maximum acceptable std of capacitance for the printed SCs connected in
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series within the module. This determination ensures the protection of the energy storage systems from
malfunctioning.

Our objective in publication IV is to establish the maximum allowable capacitance std for 300 printed
SCs when configuring a three series-connected SC module, while applying a specific voltage ranging
from 2.5 V to 3.5 V. The maximum allowed capacitance std is inversely related to the applied voltage.
For instance, to safely store 3.5 V in the energy storage module, the maximum allowable capacitance
std for the printed SCs should be 1.4%. However, when using 2.5 V, this can be increased up to 16.1%.

Furthermore, as depicted in Fig. 27, there exists a linear relationship with high accuracy (indicated by
R-square values of the linear fit) between the maximum capacitance std and the total voltage stored in
the module. As a result of this linear correlation, the following equation can be deduced:

C-Stdmax = 54.61 — (15.2 X Vi) ()

Where C-Stdmax represents the maximum allowable std for the capacitance of 300 printed SCs, and Vr
represents the maximum voltage that can be safely stored across a three series-connected SC energy
module.
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Fig. 27. The linear correlation between capacitance std and the total stored voltage in a series-connected SC
module. Adapted from publication IV.

5.4.3 ENERGY WINDOW RANGE OF THE PRINTED SC MODULES

To ensure reliable operation during power outages or interruptions, accurately determining the energy
output capacity of an energy storage module in various applications is essential. By considering the std
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in the capacitance of printed SCs during mass production, statistical analysis can provide valuable
insights into the energy window range of SC modules well before their deployment in applications.
This knowledge of the energy range that a printed SC module can supply to a specific application
facilitates energy management optimization, enhances system performance, extends the module's
lifespan, reduces environmental impact, and ensures safe operation [219,220].

Equation (8) allows for the calculation of the maximum potential std of the capacitance of printed SCs
within a module to ensure safe storage of a particular potential difference. In publication IV, our
objective is to determine the energy window range for each module when forming 100 SC modules
using 300 printed SCs and storing a specific voltage (ranging from 2.5 V to 3.5 V) within each module.

As shown in Fig. 28a, the energy window range of the three series-connected SC modules is observed
when a potential difference of 2.5 V to 3.5 V is stored across the module. For instance, with a safe
storage capacity of 3.5 V, the SC module can supply energy within the range of 358 to 370 m].
However, if the safe storage capacity is reduced to 2.5 V, the SC module is expected to provide an
energy output in the range of 125 to 225 m]. This highlights that reducing the stored voltage in the
module leads to an increased allowed std in the capacitance of the SCs, thereby widening the energy
window of the module. Specifically, as shown in Fig. 28a, the energy window becomes wider from
right to left as the voltage decreases. Nevertheless, it is important to acknowledge that higher voltage
across the SC module results in a greater energy span within the module. However, in cases where SC
modules hold lower stored voltage, a higher permissible std in capacitance values can lead to a broader
energy span, rather than an increase in magnitude.

The integration of printed SC modules with integrated circuit (IC) chips represents a significant and
promising advancement, enabling more compact and energy-efficient IC chip systems [221]. However,
this integration comes with technical challenges that need to be addressed. One key challenge involves
matching the voltage of the SC module with the operating voltage of the IC chip. Another challenge
is to ensure that sufficient energy is supplied to meet the IC chip's operational requirements, while
avoiding damage to the chip due to excessive voltage. The statistical analysis conducted in publication
IV has provided some insights into addressing these concerns.

Additionally, considering the remaining energy window of a printed SC module after operating an IC
chip is crucial. Computation of the remaining energy within the SC module can be done using Equation

O):
E="X Ctot X (Vzmodulc - Vzapp) (9)

where E is the remaining energy, Cior is the total capacitance of the SC module, Vinodule is the stored
voltage in the SC module, and Vapp, is the minimum operational voltage of the IC chip.

Modern IC chips generally operate at low voltages, typically around 2 V [222]. In this study, printed
SC modules were assumed to power IC chips with three different operational voltages (1.8 V, 2V, and
2.2V). Fig. 28b, ¢, and d illustrate the remaining energy window range of three series-connected printed
SC modules after operating IC chips at voltages of 1.8 V, 2 V, and 2.2 V, respectively, without
recharging. Based on the analysis shown in Fig. 28b, ¢, and d, it can be concluded that when a printed
SC module is charged up to 3.5 V and used to power IC chips with voltages of 1.8 V,2V,and 2.2V,
a remaining energy range of 263-273 m], 241-250 m]J, and 217-224 m], respectively, may still be
available within the module. However, in the case of storing 2.5 V across the SC module, the remaining
energy range after operating IC chips with voltages of 1.8 V, 2V, and 2.2 V would be 75-109 m], 56-
107 m], and 19-62 m], respectively. These energy window range values, obtained through statistical
analysis, offer valuable information to system designers for selecting suitable energy modules and
setting realistic expectations for the backup power supply duration.
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Fig. 28. a) Energy window range of a series-connected SC module with a potential difference of 2.5-3.5 V. b,
¢, d) Remaining energy window range of seties-connected printed SC modules after operating IC chips at a
voltage of b)1.8 V; ¢) 2 V; d) 2.2 V without recharge. Adapted from publication IV.

5.4.4 UTILIZING MC TO ANALYZE CHARGING AND DISCHARGING
BEHAVIOR OF SC MODULE

To conduct the statistical analysis of the charge and self-discharge behavior of the printed SCs, Monte-
Catlo (MC) simulation technique has been employed in publication IV. MC simulation method is a
powerful technique capable of running a large number of simulations to produce an approximate range
or distribution of potential outcomes [216].

The MC simulation method is based on constructing models that anticipate various results by
substituting a range of values from a probability distribution for uncertain factors [217]. Probability
distributions are employed to represent the potential values of uncertain inputs and their associated
probabilities. Consequently, the system repeatedly calculates potential outcomes using diverse sets of
randomly generated values from the probability functions. Beyond estimating the probabilities of
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different outcomes, researchers can perform a wide array of additional analyses based on this data of
potential results.

Compared to traditional "best/worst/most likely" guess analyses, MC simulation offers supetior
realism in representing uncertainty in variables through probability distributions. This characteristic
makes it a highly valuable tool in the field of PE, significantly expediting the research process and
leading to substantial savings in time, energy, and expensive materials. By obviating the need to
fabricate large quantities of devices, the MC method proves to be an advantageous approach in the
context of PE investigations.

Fig. 29a depicts the charging ECM of a SC module comprising three printed SCs connected in series
and charging up to 3 V. Fig. 29b illustrates the discharge ECM of the SC module. To model the initial
potential difference of the SCs during discharging, a switch and a DC voltage source are employed for
each SC. The value of the DC voltage source is determined using capacitive voltage division of the
three SCs.

In order to utilize MC simulation, defining various variables in an ECM is required, along with their
distribution, mean value, and std. The four ECMs proposed in publication ITI have different numbers
of variables for each single SC (see Fig. 172). ECM1 has four variables (C, ESR, a, and b), ECM2 has
three variables (C, ESR, and b), and ECMs 3 and 4 have two variables each (only C and ESR).
Furthermore, publication IV employs 12 printed SC parameters for conducting MC simulations, with
all four parameters of the SCs following a normal distribution. Table 10 provides a summary of the
EPR function for each ECM, along with the variables included in each ECM and their respective mean
value (M) and std (the abbreviation 'N/A' indicates that the specific variable is not applicable to the
cotresponding ECM). In publication IV, the charging and discharging behavior of the printed SC
module is analyzed through 100 trials conducted using the MC simulation tool.

Table 10. Overview of variables of ECMs, elements of EPR functions, mean value (M), and std. Reported in
publication IV.

Variables C (mF) ESR (Q) a b
ECMs

ECM 1

EPR: M: -35.6

I=e @bV Std: 2.21

M: 20.0

ECM 2 Std: 2.07
EPR:

I= e (22+ bX(V-0.7) M: 179.0 M: 7.7
Std: 7.18 Std: 0.92

ECM 3
EPR:
T= e (28— 45XC + VX(64XC + 9))

N/A
N/A

ECM 4
EPR:
1= e (36.5+204xV)

Fig. 29¢ and 29d illustrate the charging behavior of an individual SC (SC 1) and the entire module. The
charging profiles of the three printed SCs show a remarkable similarity. However, none of the SCs
reaches a charging voltage of 1.2 V. The observed similarity in charging behavior and the consistent
maintenance of charging voltage below 1.2V for each individual SC can be attributed to two factors.
Firstly, the printed SCs have low std in capacitance and ESR values, which are 7.18% and 0.92%,
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respectively. As previously discussed in this article, this ensures the safe storage of each individual
printed SC within the three series-connected SC module when connected to a 3 V power source, as
long as the capacitance standard deviation remains below 9.9%. Secondly, as demonstrated in
publication I, the charging behavior of SCs is minimally affected by the EPR when the charging
current is excessively high.

Furthermore, Fig. 29d illustrates the charging behavior of the entire module, which stores 3 V in
approximately 10 seconds.
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Fig. 29. 2) ECM depicting the charging of a three series-connected SC module. b) ECM illustrating the
discharging of a three series-connected SC module. ¢) Charging characteristics of individual SCs within an SC
module. d) Charging behavior of the entire SC module. Adapted from publication I'V.

Fig. 30 and 31 depict the 31-day simulated self-discharge characteristics of an individual SC within the
module (SC 1) and the entire three series-connected SC energy module, respectively, using four ECMs
through the MC simulation. The figures clearly show that ECM 1 predicts the broadest range of results
on day 31, while ECM 3 and 4 predict the narrowest range. This difference is due to the application of
the MC tool on four variables in ECM 1 and only two variables in ECM 3 and 4. Nevertheless, ECM
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3 and ECM 4 are likely to produce the most probable final outcomes, as their ranges fall within the
highest data concentration observed for ECM 1. Employing ECM 1, the SC energy storage module is
projected to retain a minimum of 1.87 V power after 31 days of self-discharge in the worst-case
scenatio, while the best-case scenario anticipates a maximum of 2.89 V power on the 31st day. ECM
2 predicts a module energy range between 2.41 and 2.56 V, whereas ECM 3 and 4 provide a narrower
range, approximately 2.40 to 2.43 V. These numerical values suggest that the final results from ECM
3 and ECM 4 are roughly equivalent to the average value of the final results generated by ECM 1.

The same pattern in results is evident when examining the simulation outcomes for a single SC over a
31-day period. MC simulation results using ECM1 yield a broader voltage range at the conclusion of
day 31 (0.44 V - 1.03 V), as can be seen in Fig. 30a. In contrast, the result ranges for ECM 2, 3, and 4
are 0.78-0.90, 0.80-0.81, and 0.82-0.83, respectively (Fig. 30 c, 31a, and 31c¢). Itis once again noteworthy
that the reduction in the window range from ECM 1 to ECM 4 is attributed to the smaller number of
parameters in ECM 3 and 4 (2 parameters) utilized by the MC simulation tool, compared to ECM 1,
which employs four parameters. Nevertheless, ECM 3 and ECM 4 are likely to generate the most
probable final outcomes for a single SC, as their ranges align within the highest concentration of
observed data for ECM 1.
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Fig. 30. MC simulated long-term (31 days) self-discharge behavior of individual SCs and the entire series-
connected SC energy module using ECM 1 (a, b) and ECM 2 (c, d). Adapted from publication IV.
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Fig. 31. MC simulated long-term (31 days) self-discharge behavior of individual SCs and entire series-
connected SC energy module using ECM 3 (a,b) and ECM 4 (c,d). Adapted from publication IV.

5.5 INTEGRATION OF SUPERCAPACITORS TO TRIGGER IN-SITU
ELECTROPOLYMERIZATION FOR IRREVERSIBLE VISUAL
INDICATORS

Electrochromic indicators and displays have gained commercial interest in vatious sectors, including
logistics, retail, and healthcare, as they provide a dynamic means of conveying information [223].
Traditional methods for producing electrochromic displays involve depositing or coating the
chromogenic material during the manufacturing process. However, researchers have proposed the
concept of 'in-situ' electropolymerization as a simpler approach for fabricating electrochromic displays
[224-227]. With this technique, an electrochromic polymer is formed inside the display
electrochemically after the device has been fully manufactured.

While in-situ electropolymetization has been successfully demonstrated for generating electrochromic
displays with conventional reversible cycling [228], it can also be utilized to create Irreversible
Electrochromic visual Indicators (IVIs). These indicators find applications in scenarios like spoilage
labels or tamper labels, where a prominent color change is required that cannot be reversed, as shown
in Fig. 32. For commercial application of IVIs, integration with a switching circuit and a power source
is necessary to trigger the electropolymerization reaction during use.
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Fig. 32. Schematic representation of an irreversible visual indicator achieved through electropolymerization.
Reprinted from publication V with permission.

Previous studies [229] have shown reversible switching of electrochromic displays using SC. However,
electropolymerization demands a significantly higher voltage and charge compared to reversible redox
switching of the corresponding homopolymer.

In publication V, printed SCs are employed to trigger in-situ electropolymerization of devices utilizing
four  different  monomer  systems:  3,4-Ethylenedioxythiophene  (EDOT),  bis-3,4-
Ethylenedioxythiophene (BIEDOT), 2,2'-Bithiophene (bithiophene), and 2,2":5'2"-Terthiophene
(terthiophene). These monomer systems are selected because they offer a wide range of activation
potentials (Ea) and coloration efficiencies (CEs). Ea refers to the voltage or potential difference that
needs to be applied to an electrochromic material or device to initiate a change in its optical properties.
Ea is influenced by the electrochemical properties of the materials used in the electrochromic system,
as well as the design and configuration of the device. CE in electrochromics refers to the effectiveness
of a material or device in changing its color in response to an applied voltage or electrical stimulus. CE
is typically measured in terms of the change in optical density or absorbance per unit change in voltage
or current. The results of activation using the printed SCs are evaluated and compared to a 3 V coin-
cell battery. Overall, the study finds that for monomer systems with high CE, SCs can provide sufficient
voltage and charge to fully activate 1 x 1 cm2 indicators, making them a promising candidate for
activating in-situ electropolymerization indicators.

5.5.1 MEASUREMENTS

Optical spectroscopy was conducted using an Agilent Cary 300 UV-Vis Spectrophotometer to assess
the activation of the indicators. The activation process was monitored by measuring the transmittance
at 555 nm, which corresponds to the peak of human photopic vision. Potentiostatic and cyclic
voltammetric measurements were carried out using an AUTOLAB PGSTAT100N potentiostat. The
voltage of the SCs was measured using a FLUKE® 115 handheld multimeter digital CAT III 600 V
display, which provides a tesolution of 6000 counts. Fig. 33 shows the measurement set-up
schematically.
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Fig. 33. Schematic of experimental set-up for activation of IVIs using series-connected SCs. Reprinted from
publication V with permission.

5.5.2 ELECTRICAL AND OPTICAL CHARACTERIZATION OF VI
SYSTEMS

Two crucial electrical properties essential for IVIs are Ea and CE. The Ea of an IVI primarily depends
on the oxidation potential of the monomer system, while the CE is mainly influenced by the number
of electrons transferred in each cross-linking step [230], along with the length and absorptivity of the
resulting polymer. However, additional parameters such as the solvent, salt, monomer concentration,
and electrical activation protocol can also impact these values. A summary of the Ea and CE for all
four monomers is presented in Table 11. Increasing the conjugation length of a monomer species
results in a decrease in the oxidation potential, thereby reducing the number of cross-linking steps
required to form the same polymer length. Consequently, the CE of BIEDOT compared to EDOT
and TerThiophene compared to BiThiophene is more than double, while the Ea shows a decrease of
0.5 and 0.3 V, respectively.
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Table 11. Electrical charactetistics of irreversible indicators using various monomer systems. Reported in

publication V.
Monomer System Activation Potential (V) Coloration Efficiency (Cm2/C)
EDOT 2.5 9
BiEDOT 2.0 24
BiThiophene 2.6 21
TerThiophene 2.3 49

5.5.3 ACTIVATION OF IVIS WITH SCS AND COIN-CELL BATTERY

All four IVI systems underwent activation using two and three SCs connected in series. Simultaneous
recording of transmittance across the IVIs and voltage across the SCs was performed, and the results
are depicted in Fig. 34. In the series connection with IVIs, if the potential of the SCs (Eo) exceeds the
activation potential (Ea) of the IVI, in-situ polymerization is initiated. The film-forming process
proceeds as the SC module discharges until the module's voltage drops below the Ea of the IVIL. At
this point, the potential is insufficient to further oxidize monomers within the IVI and sustain the
electropolymerization reaction.

While both two and three SCs in seties possess a sufficiently high Eo to initiate activation with EDO'T,
the low CE of EDOT (9 cm?/C) requites the use of three SCs in seties to achieve full IVI activation
with AT > 80%. With only two SCs, a AT of only 55% is achieved. Similarly, BiThiophene requires
three SCs for full activation, resulting in a AT of 33% with only two SCs. Both BiIEDOT and
TerThiophene can be fully activated with either two or three SCs in series.

For all tested monomer systems, activation using three SCs demonstrates faster kinetics compared to
two SCs, as the speed is dependent on the voltage. Additionally, Fig. 34 includes transmittance data
for activation using a 3 V coin-cell battery, illustrating that SCs could serve as an alternative to coin-
cell batteries in light-harvesting modules for labeling purposes. Nonetheless, although this thesis lacks
a cost analysis for this category of printed SCs, it is essential to recognize that the manufacturing cost
for such printed SCs in a laboratory environment would likely exceed that of commercial coin cell
batteries. Nevertheless, it is worth noting that by transitioning the fabrication process of these printed
SCs to extensive roll-to-roll and sheet-to-sheet manufacturing lines, the overall manufacturing cost for
these printed SCs could potentially be comparable to or lower than that of commercial coin cell
batteries.
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6- SUMMARY AND CONCLUSION

In summary, this thesis introduces numerical exponential methods to characterize the nonlinear
phenomena of self-discharge and leakage current in printed SCs by utilizing experimental electrical
parameters. Improved ECMs are presented, derived from experimentally determined quantities of
individual devices. Notably, existing ECMs in the literature, such as the two-branch model with EPR,
three-branch model, and VLR models, feature multiple branches and numerous RC network elements.
However, practical applications demand simplified versions for efficient model implementation.
Specifically, the exponential EPRs employing VLR published in the literature use several distinct
exponential functions to capture the short-term (several hours) self-discharge behavior of a single SC.
Consequently, to simulate the long-term (31 days) self-discharge behavior of energy modules
comprising multiple SCs connected in series, an extensive number of exponential functions and
parameter definitions are necessary when employing literature-reported exponential models. Despite
their complexity, these ECMs are unsuitable for long-term SC module simulations due to the need for
simplicity in practical applications.

In contrast, the proposed ECMs consist of only one branch and a few RC elements (only 3), making
them more straightforward for use in energy storage modules with multiple SCs in series. Additionally,
unlike the literature ECMs using a VLR with an exponential voltage/time profile, the ECMs in this
thesis utilize 2 VLR with an exponential current/voltage profile. The method for obtaining these
profiles differs, relying on experimental data of SCs' self-dischatge over an extended period (31 days).
Furthermore, the proposed ECMs in this thesis do not differentiate between various self-discharge
mechanisms. Instead, single VLRs with exponential current/voltage profiles are introduced to account
for the effects of different self-discharge mechanisms under normal operating conditions.

Furthermore, unlike literature ECMs, which lack accuracy in simulating the nonlinear self-discharge
effect of SCs over the long term, the super-simple ECMs proposed in this thesis demonstrate high
accuracy in predicting the discharge behavior of printed SCs in both self-discharge and load-connected
modes over an extended period (31 days). Various approaches, including the use of a single SC or three
series-connected SC energy modules, were employed to verify the accuracy of the proposed ECMs,
and excellent agreements were found.

Additionally, the proposed ECMs predict how the operation of seties-connected modules depends on
variations in electrical properties from device to device, a crucial consideration in printed devices. In
essence, beyond modeling the full charging and discharging behavior of SCs, the ECMs can be
employed to investigate the impact of device-to-device variations in electrical parameters, particularly
the nonlinear nature of leakage current and self-discharge, on the behavior of series-connected SCs in
energy modules.

Moreover, in this thesis, a thorough statistical analysis of printed SCs using proposed ECMs revealed
a normal distribution for key parameters. A novel method was introduced to determine the maximum
potential std in capacitance, preventing SCs from exceeding the electrolyte's electrochemical potential
window and ensuring safe operation. A strong linear relationship was found between applied voltage
and capacitance std in series-connected SC energy storage modules. Additionally, a statistical method
predicted the energy window post-IC chip operation, aiding in performance optimization and system
reliability. Monte-Catlo simulations confirmed consistent charging behavior as long as std remains
below a threshold, offering insights into real-wotld power variations over 31 days.
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As a practical application for printed SCs, this thesis demonstrated the effective activation of in-situ
polymerization-based intelligent irreversible visual indicators (IVIs) by printed SCs, suggesting their
potential in the smatt label market. BIEDOT and TetThiophene IVI systems showed promise, but
long-term stability requires further investigation. Optimization possibilities include adjusting working
area size and monomer concentration. Future work aims to integrate these elements into a flexible
substrate prototype for the cold-chain market.

In brief, the present Ph.D. thesis embarked on a comprehensive investigation of SCs' discharging
behavior, addressing challenges related to leakage current and self-discharge in various applications.
The primary focus was to develop improved exponential models and statistical analysis techniques to
enhance the accuracy and practicality of simulating SC performance over extended time petiods.

Once more, we revisit the research questions and provide responses to them:

1. How can we develop an accurate exponential model to predict the charging, discharging, leakage
current, and self-discharge behavior of series-connected SC modules, considering both short-term and
long-term performance in various IoT applications?

Publication I, II, and III answered this question. Developing an accurate exponential model to
predict the behavior of series-connected SC modules requires a comprehensive approach that
considers both short-term and long-term performance in diverse IoT applications. By integrating
experimental data from printed SCs, this research seeks to refine the exponential model to accurately
depict charging, discharging, leakage current, and self-discharge behaviors. The model's effectiveness
was evaluated across different operational conditions in long-term to ensure its applicability in real-
world scenarios. Ultimately, this endeavour aims to enhance the predictability and optimization of SC
performance in the dynamic context of IoT devices.

2. Can an empirical exponential equivalent circuit model effectively capture the complex interactions
between leakage cutrent, self-discharge, and nonlinear behavior in SCs, and how well does it compare
with existing models?

Publication I, II, and III answered this question. The investigation into the empirical exponential
ECM’s efficacy in capturing the intricate interactions between leakage current, self-discharge, and
nonlinear behavior within SCs is a critical pursuit. By leveraging experimental results and compating
the proposed ECMs with existing alternatives, this research aims to determine the model's accuracy
and comprehensiveness. Understanding the strengths and limitations of this model in representing the
complex interplay of factors will shed light on its potential for advancing our understanding of SC
behavior and optimizing their performance across various applications.

3. Through statistical analysis, how can we estimate and predict the dynamic leakage current and self-
discharge behavior during repeated charging and discharging for IoT applications, ensuring safe
operation and determining energy storage module performance with an acceptable standard deviation
range?

Publication IV answered this question. Estimating and predicting dynamic leakage current and self-
discharge behavior during repeated charging and discharging cycles for IoT applications is a
multifaceted challenge. Employing advanced statistical analysis techniques, this study seeks to develop
a robust methodology to assess the uncertainty associated with these behaviors. By establishing
acceptable standard deviation ranges and integrating them into energy storage module performance
evaluation, researchers aim to ensure safe and reliable operation while accommodating the inherent
variability of SCs. This endeavor contributes to the development of dependable energy management
strategies in IoT environments.
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4. What is the impact of different monomer systems and key parameters on the activation of
Irreversible Visual Indicators (IVIs) based on printed SCs, and can seties-connected SCs achieve full
activation of IVIs, thereby enabling irreversible visual indicators for various applications?

Publication V answered this question. Examining how various monomer systems and critical factors
influence the activation of Irreversible Visual Indicator (IVI) by printed SCs unveils opportunities for
pioneering applications. By systematically investigating the activation potential, coloration efficiency
(CE), and other influencing factors, researchers aim to elucidate the underlying mechanisms.
Additionally, assessing whether series-connected SCs can achieve full IVI activation across various
monomer systems enhances our understanding of this technology's versatility. Ultimately, this research
paves the way for deploying IVIs in diverse scenarios, leveraging the potential of printed SCs for unique
and practical applications.

In conclusion, this Ph.D. thesis has made significant contributions to the understanding and practical
implementation of SCs in a low-power application. The developed exponential models and statistical
analysis techniques provide accurate predictions for SC behavior, aiding in system design, performance
optimization, and risk assessment. The findings hold potential for energy autonomous IoT devices,
energy-harvesting wireless sensor nodes, wearable self-charging power systems, and smart label
applications. The simplicity and accuracy of the proposed models enable their use in practical scenarios,
paving the way for more efficient and sustainable energy solutions. By answering the research questions
outlined in the introduction, this thesis has contributed valuable insights to the field of SCs research
and opened new avenues for future exploration.

However, this study suggests several potential avenues for future research and development:
Focusing on the practical implementation of findings from this work in large-scale manufacturing.

Particularly, in the context of cost-effective production methods such as roll-to-roll and sheet-to-sheet
techniques, leveraging the insights from this model could significantly optimize the manufacturing and
testing processes. Exploring how printing technologies can be employed for the efficient fabrication
of interconnected series SCs at scale holds great potential for advancing the field and facilitating the
widespread adoption of printed energy storage devices.

Model Refinement: The proposed exponential models for SCs' charging and discharging behavior can
be further refined and validated with experimental data from different types of SCs and energy
modules. More sophisticated mathematical and statistical techniques can be explored to improve the
accuracy of the models.

Advancing SC modelling: Evaluating the precision of the proposed ECMs in testing them with larger
SCs modules and expanding the analysis to encompass modules with tens of printed SCs connected in
series. This provides a more complex and realistic scenario, enabling exploration of scalability,
performance limits, and optimization challenges.

Monte Carlo Simulation: The use of Monte Carlo simulations can be expanded to explore the
robustness and reliability of printed SC energy storage systems under vatious operating conditions and
uncertainties. This will provide a deeper understanding of the system's performance and potential risks.

Verification of the Monte Catlo Results: Experimental validation of the Monte-Carlo results for a
limited number of SCs (20) can provide valuable insights into the accuracy of the simulations. By
focusing on a representative subset, the experimental efforts are more manageable while still offering

meaningful validation of the Monte Catlo outcomes. This approach allows for a more practical and
resource-efficient assessment of the simulation results.
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Exploring the stability of series-connected heterogeneous printed SCs during cyclic operation.
Investigating the system's behavior under repeated chatge and discharge cycles is crucial for

understanding potential voltage differences between individual seties-connected printed SCs over
numerous cycles, thereby enhancing practical implementation.

New Material Characterization: Investigate new materials and fabrication techniques for SCs to
enhance their performance, reduce self-discharge rates, and improve energy storage capacity.
Characterizing the electrochemical properties of these new materials will be crucial for modeling and
practical applications.

Integration with IoT Devices: Further research can be done on integrating SCs into IoT devices, such
as wireless sensors and wearables. Optimization of power management strategies, considering the
vatiability in leakage current and self-discharge, will enhance the efficiency and longevity of these IoT
devices.

Application-Specific Studies: Conduct application-specific studies to evaluate the suitability of SCs in
various fields, such as smart labels, cold-chain monitoring, and energy-harvesting systems. Assess the
practical challenges and potential benefits for each application.Printed Electronics Optimization:
Explore the optimization of printed electronics manufacturing processes to achieve better uniformity
and reproducibility of SCs. This will reduce device-to-device variations and enhance the overall
petformance of energy modules.

New Energy Storage Concepts: Investigate hybrid energy storage systems that combine SCs with other
energy storage technologies, such as batteries or fuel cells. Such systems can offer improved energy
density and extended lifespan.

Real-World Performance Testing: Conduct extensive real-wotld testing of SC energy storage systems
in different environments and operating conditions to validate their performance and reliability. Long-
term field tests will provide valuable insights into practical applications.

Environmental Impact Assessment: Evaluate the environmental impact of printed SCs and their

manufacturing processes. Identify potential improvements in materials and production techniques to
enhance sustainability.

Cost-Effectiveness Analysis: Perform a cost-effectiveness analysis to determine the economic
feasibility of integrating printed SCs in various energy storage systems. This will help identify potential
markets and commercialization opportunities.

To conclude, continuing this research will not only advance the understanding of SC behavior but also
contribute to the development of efficient and sustainable energy storage solutions for a wide range of
applications. The proposed ECMs and statistical analysis techniques open up new possibilities for
practical implementation and optimization of SC-based energy storage systems.
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HIGHLIGHTS

e Modelling charging and discharging of supercapacitors using an exponential method.
e The key parameters of supercapacitors are modeled based on experimental results.

e Proposed method models the nonlinear behavior of self-discharge and leakage current.
e Modelling supercapacitor modules over a wide range of load conditions in long-term.
e Fabrication steps of flexible printed supercapacitors are schematically summarized.

ARTICLEINFO ABSTRACT

Keywords:

Printed supercapacitors

Energy storage systems

Supercapacitor modelling and simulation
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Energy module

Series connected supercapacitors

We report an improved and simple exponential model for the charging and discharging behavior of series-
connected modules of supercapacitors under varying load conditions and over extended periods of time. In
this work, only a single variable leakage resistance (VLR) with exponential current/voltage profile is used to
model the effects of different self-discharge mechanisms of a supercapacitor. Due to the simplicity and accuracy
of the simulations, the proposed model can be implemented in practical applications, both short-term and long-
term, unlike the two-, three-branch, and exponential models with voltage/time profile reported in the literature.
We have modeled four different energy modules using the electrical parameters of 12 printed supercapacitors in
order to study and compare the series connected supercapacitors’ behavior in each energy module. The key
parameters such as capacitance and equivalent series resistance (ESR) of supercapacitors were based on
experimental results. The numerical exponential method reported here enables modelling of the nonlinear
behavior of self-discharge and leakage current over a wide range of load conditions and time periods.
Furthermore, we have modified the linear model reported in the literature for leakage and self-discharge and
compared the results with our nonlinear model.

1. Introduction electronics [20]. Hence, energy storage systems are a subject of

continually growing research interest, as these systems will play a key

Energy storage systems [1] play a key role in storing the harvested
energy generated from renewable readily available sources like wind
[2], light [3], bio-energy [4], and RF radiation [5], as well as delivering
the needed energy to the system when high power is required or when
the primary energy source is not available [6-8]. Energy-Harvesting
Wireless Sensor Nodes [9-12], energy autonomous Internet of Things
(IoT) [13-16] and trillions of sensor networks in the near future will
connect smart devices for different applications such as healthcare [17],
security [18], smart home automation systems [19] and wearable
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role in a variety of future applications. Furthermore, with the increasing
attention to directly integrate energy harvesting and storage devices to
achieve flexible, stretchable, and wearable self-charging sensors and
power systems [21-28], the importance of inexpensive and environ-
mentally friendly energy storage systems is increasing day by day [29,
30]. The task of these systems is to store the energy supplied by other
sources and to provide the instantaneous electrical power required by
the system [31]. The main criteria for an energy storage system include
high specific power and energy density, fast charging time, reliability,
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low power dissipation and longevity [32].

Supercapacitors (SCs) [33,34], sometimes referred to as electric
double layer capacitors (EDLCs), have been modeled and analyzed like
regular capacitors, despite being larger in capacity. Over the past
decade, extensive studies and research have been conducted on SCs as a
key element in energy storage systems [23-28,35,36]. SCs are promising
elements for use in energy harvesting and storage systems, due to their
large specific power density, high efficiency, fast charge and discharge
time, low heating losses because of small equivalent series resistance
(ESR), and long lifespan (in both charge/discharge cycles and time) and
are widely used in energy storage systems and hybrid energy systems
with batteries [37-40]. In addition, SCs are, in many cases, a good
alternative to batteries due to disposability, safety, and long lifetime
[41,42]. The voltage range for a single SC is low, as it is limited to the
electrochemical window of the electrolyte. For applications that require
high voltage, multiple SCs can be connected in series to form a SC energy
module that can be integrated directly to the energy storage systems.

Modelling SC energy modules is essential from the viewpoint of
design prediction and condition monitoring [43]. Modelling the various
electrical properties of SCs and predicting the effect of these properties
on charging and discharging behavior of an energy module, both in the
presence or absence of a load, are important steps before utilizing SCs in
energy modules. In particular, due to the potential device-to-device
variation in electrical properties, especially in printed SCs, it is impor-
tant to model and understand the effect of these variations on the per-
formance of series-connected modules.

There are numerous models reported in the literature for SCs with
the aim of accurately describing their electrical behavior [43-45],
thermal behavior [43-45], self-discharge [43-46], and aging [45] under
different operating conditions. In order to model the electrical behavior
of SCs, one of the most common modelling methods is the equivalent
circuit model, which uses parametric RC (resistor-capacitor) networks.
Although the equivalent circuit model does not explicitly state the
physical parameters and internal information of SCs, this model is
derived from experimental data and empirical experience. Furthermore,
the simple structure and high accuracy of this model make it suitable for
real-time energy management applications [48]. In the parametric RC
networks model, depending on the configuration of the electrical circuit
and the number of elements, the accuracy of the circuit model varies.
The basic equivalent circuit model, known in the literature as the clas-
sical equivalent circuit, is a subset of parametric RC networks; it includes
a capacitor C and an equivalent series resistance (ESR) to model the
internal losses of the SC [49]. The advantage of this classic RC model is
its inherent simplicity. On the other hand, in this model, the effects of
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self-discharge and leakage of SCs in the system cannot be observed and
analyzed. Spyker et al. [50] added another constant resistance parallel
to the capacitor in the classical model, with the aim of considering the
phenomenon of self-discharge and leakage current (Fig. 1a). However,
self-discharge and leakage current of SCs is a nonlinear phenomenon
and cannot be modeled with a constant parallel resistance. On the other
hand, the effects of self-discharge and leakage of SCs during long-term
charge/discharge time are significant, and therefore the classical RC
model and Spyker model can only be useful in very short-term (several
seconds) charge/discharge time; this significantly limits the range of
realistic applications of these models.

Moreover, there are somewhat more complicated equivalent circuit
models with more RC network elements for SCs reported in the litera-
ture, such as a two-branch model with equivalent parallel resistance
(EPR) [51] and a three-branch model [52]. In the two-branch model
with EPR (Fig. 1b), the first branch is the main branch, where R and the
voltage dependent capacitance (Cp and Kv'V) are connected in series.
This branch represents the charge and discharge behavior of the SC in
the short-term. The second branch, which has R, and C, in series, de-
termines the redistribution of the SC charge in the mid-term and
long-term, and the constant equivalent parallel resistance (EPR) models
the self-discharge effect. Since this model uses a constant parallel
resistance, it considers only the internal ohmic leakage of the SC and is
not a suitable model for estimating the SC non-linear self-discharge ef-
fect in the long-term. In the three-branch model (Fig. 1c), another
branch, with R, and C; in series, is added to define the self-discharge
caused by diffusion-controlled Faradaic redox reactions, which is pro-
portional to the concentration gradient of the diffusible redox species.
The concentration gradient, at a certain distance from the electrode, is
inversely proportional to the square-root of time and, consequently,
leads to a decrease in the rate of self-discharge over time. Nevertheless,
despite the complexity of the model and a greater number of RC network
elements, this model is also not able to well estimate the nonlinear effect
of self-discharge in SCs in the mid-term to long-term.

In other work, a variable leakage resistance (VLR) is used to model
the self-discharge time dependency in a SC [53,54]. In this model
(Fig. 1d), several distinct exponential functions are used to model the
self-discharge characteristic, each of which has different time constants
at different time and voltage periods of self-discharge, leading to varying
leakage resistances. Zhang et al. [53,54] reported to have found by trial
and error that modelling the self-discharge effect of a SC for 8 h required
five distinct exponential functions for five periods. In another VLR
model published by Ghanbari et al. [55], multiple distinct exponential
functions with voltage/time profiles have been used to model the effect

§EPR

g\/LR

(d)

Fig. 1. Equivalent circuit models reported in the literature for a single SC; a) Spyker et al. model [50]. b) two branch model with EPR [51]. c¢) three-branch model

[52] and d) VLR model [53-55].
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of supercapacitor self-discharge in the short term (6 h). It is clear that, in
order to analyze and study the behavior of series connected SC modules
self-discharge using these VLR models [53-55] in the long term (one
month for example), a very large number of distinct exponential func-
tion characteristics are required for different periods, which requires
many parameters determination steps. For this reason, using these VLR
proposed models [53-55] would increase the difficulty of parameter
identification in SC energy modules, thus practically the reported VLR
models are not suitable for long-term simulations.

In this work, we have in brief illustrated the fabrication steps and
characterization of our disposable and flexible printed SCs using low-
cost and non-toxic processes and materials. In the following, we have
presented a numerical exponential method to model the nonlinear
behavior of self-discharge and leakage current of SCs using experimental
electrical parameters of SCs. We report an improved model based on
experimentally determined quantities of individual devices. The model
also predicts the dependence of the operation of series-connected
modules on variation of electrical properties from device to device, an
important issue in printed devices. In other words, in addition to its
ability to model the full charging and discharging behavior of the
supercapacitors, the model can also be used to study the effect of device-
to-device variations in electrical parameters, especially the nonlinear
nature of leakage current and self-discharge, on the behavior of series
connected supercapacitors in the energy modules. In contrast to the
models [53-55] using a variable leakage resistance with exponential
voltage/time profile, the model proposed in this work uses variable
leakage resistance with exponential current/voltage profile. In addition,
the method of obtaining the exponential profiles is different; in our
model, it is based on experimental data of SCs self-discharge for a long
time (31 days). Furthermore, in the model presented in this paper, no
distinction is made between different self-discharge mechanisms.
Rather, a single VLR with exponential current/voltage profile has been
introduced to consider the effects of various self-discharge mechanisms
under the normal operation conditions.

Briefly, the two-branch model with EPR, three-branch model and
VLR models reported in the literature, have multiple branches and more
RC network elements, while in practical applications, simplified ver-
sions are required to enable model implementation. In contrast, the
proposed model has only one branch and a few RC elements (only 3),
and accordingly is simpler for use in energy storage modules which
include several SCs in series.

Furthermore, as an illustration, we have also modeled four different
energy modules using the parameters of 12 printed SCs in order to
simulate the SCs’ behavior in energy modules. We have simulated the
charging and self-discharging behavior of the modules to estimate their
behavior in the absence of load and the amount of power delivered to
different small and large loads in short-term and long-term. We have
also modified the Spyker model reported in the literature [50] and
compared the simulation results of the model proposed in this work with
the modified Spyker model.

2. Experimental and methods
2.1. Fabrication of supercapacitors

The fabrication process for this type of printed supercapacitors (SCs)
has been reported in the previous works published by the group [39,40,
56-61] but will be summarized here. The fabrication steps are shown
schematically in Fig. 2. A double-sided Al/PET flexible substrate (Pyroll)
was used as the starting substrate with an aluminum (Al) thickness of 9
pm and a polyethylene terephthalate (PET) thickness of 50 ym (Fig. 2a).
Before fabrication, the Al/PET substrate was pre-heated inside the oven
at 95° for 15 min (Fig. 2b).

First, a current collector layer consisting of a graphite ink (Acheson
Electrodag PF-407C) was applied onto the PET side of the substrate,
while the Al layer acts only as a barrier layer (Fig. 2c). The graphite ink
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was then dried in the oven for 1 h at 95° (Fig. 2d) and a graphite
thickness of 40-50 pm was obtained. Subsequently, activated carbon
was applied using an in-house formulation with chitosan as binder to
form an electrode layer onto the current collector layer (Fig. 2e). The
activated carbon ink was then dried at room temperature overnight
(Fig. 2f) and the resulting film was 50-70 pm thick. A laboratory scale
doctor blade coater was used to deposit these layers. Then, heat-sealing
dispersion adhesive material (Paramelt Aquaseal X2277 polyolefin) was
applied onto the PET and part of the current collector layer (Fig. 2g). The
samples were then placed in the oven at 80 °C for 15 min (Fig. 2h). NaCl:
H>0 aqueous electrolyte with a mass ratio of 1: 5 was then added onto
the electrode layer (Fig. 2i). The next step was to add a paper separator
onto the electrode, in which the electrode and the paper separator were
impregnated with aqueous electrolyte (Fig. 2j). Fig. 2k shows the other
half of the SC, which is shown upside down in the figure. The electrode
in Fig. 2k was exactly the same pattern as the electrode in Fig. 2j, but
facing downwards, and without the paper separator. In the final step, the
two electrodes were packed and heat-sealed face to face with the help of
annealed Aquaseal, as shown in Fig. 21, upside down. The final length,
width, and thickness of the fabricated SC with the package were 50, 50
and 0.4-0.5 mm, respectively.

2.2. Characterization of supercapacitors

The key electrical parameters of SCs, such as capacitance, equivalent
series resistance (ESR) and leakage current were obtained using an in-
ternational industrial standard, IEC 62391-1 [62]. A Maccor 4300
workstation (Maccor Inc., USA) was used to electrically characterize the
SCs. The SCs were charged and discharged three times between 0 and
1.2 v with a constant current of 1, 3 and 10 mA. The SCs were then held
at the constant voltage of 1.2 V for 30 min. The capacitance was
measured through a constant current discharge step between 0.96 V and
0.48 V. The SCs were then kept at the constant voltage of 1.2 V for 1 h
and the leakage current was obtained. This was repeated for all three
currents of 1, 3 and 10 mA. Eventually, the ESR was calculated from the
IR drop in the measurement with discharge current of 10 mA.

2.3. Improved equivalent circuit model

As mentioned in the introduction, equivalent circuit models reported
in the literature are inefficient for long-term applications due to the lack
of thorough treatment of leakage and self-discharge effects [43-55]. In
order to overcome this limitation, the nonlinearity of leakage and
self-discharge is modeled in this work. To do this, each of the fabricated
supercapacitors (SCs) was first charged to about 1 V, and then during
self-discharge, their voltage and current were recorded for 31 days, and
their current-voltage exponential equation was extracted from the
experimental data. As shown in Fig. 3b, the exponential equation for the
current-voltage curve of one of the SCs is extracted with a good
approximation. This was repeated for all 12 printed SCs used in this
work, and a unique exponential and nonlinear equation for the leakage
of each SCs was obtained.

In order to model the internal parameters of a SC (Fig. 3a), each
device is modeled with a capacitor, a series resistor called ESR, as well as
a variable exponential element connected in parallel with the SC to
model the nonlinearity of SC self-discharge and leakage current. The
values of capacitance and ESR from the characterization of the printed
SCs using the Maccor system and the values of ‘a’ and ‘b’ from the
experimental data of SCs during self-discharge are given in the model.
12 SCs were fabricated and characterized, each of which had its own
unique capacitance, ESR, ‘a’ and ‘b’ values.

This exponential model for SC self-discharge and leakage, while
maintaining the simplicity of the circuit structure, also increases the
accuracy of the simulation and is suitable for long-term simulations,
compared to the linear models reported in the literature [43-55]. To
show this, the self-discharge behavior of a SC is simulated using the
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Fig. 2. Complete fabrication steps. a) The starting substrate; A double-sided Al/PET flexible substrate, 9 pm Al, 50 pm PET. b) Pre-heating the substrate in the oven at
95° for 15 min. c) Developing the current collector layer using graphite ink. d) Drying graphite ink in the oven for 1 h at 95°. e) Developing the electrode layer using
activated carbon ink with chitosan binder. f) Drying activated carbon ink at room temperature overnight. g) Applying heat-sealing adhesive layer onto the PET and
part of the current collector layer. h) Annealing the heat-sealing layer in the oven at 80 °C for 15 min. i) Adding NaCl: H20 aqueous electrolyte with a mass ratio of 1:
5 respectively. j) Adding the paper separator. k) Second cell upside-down without the separator. 1) Heat-sealing and packing two cells together face to face upside-
down using annealed heat-sealing adhesive layer.
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Fig. 3. a) Proposed equivalent circuit model of a SC. b) Extraction of I-V exponential equation for leakage current and self-discharge modelling. c) Self-discharge
behavior of a SC modeled by Spyker linear model and the exponential model proposed in this work and comparing the results with the experimental results. d) The
modified Spyker model; albeit closer to the experimental results by applying longer self-discharge time constant (T) to the proposed equation, but still does not fully

comply with the experimental results.

linear model reported by Spyker et al. [50] and the exponential model
presented in this work, and the results are compared with the experi-
mental data. Using the method provided by Spyker et al. [50], the
constant equivalent parallel resistance (EPR) for modelling the
self-discharge and leakage was calculated and included in the equivalent
circuit model in parallel with the capacitor (Fig. 1a) and the SC
self-discharge was simulated. As can be seen in Fig. 3c, it is clear that the
Spyker linear model is not suitable for simulating the discharge behavior
of a SC in long-term applications, and in contrast, the model presented in
this work is very accurate and the results obtained from the simulation
are in good agreement with the experimental results. However, the
equation in the Spyker method for calculating the EPR considers the
values of self-discharge voltage only for a period of 3 h. We modified this
method and calculated the EPR values by applying the self-discharge
values for longer time constants, as can be seen in Table 1. Fig. 3d
shows that by applying the self-discharge values to the Spyker equation
over longer time constants, the SC self-discharge behavior approaches
the experimental results, but is still far from fully consistent with it.

In this work, we have modeled 4 different SC energy modules using
12 SCs, each of modules consists of 3 series connected SCs. To model the
SCs, the exponential model described earlier in Fig. 3 was used. Using

Table 1
The calculated EPR values for longer time constants
using Spyker method reported in literature [50].

Time Constant EPR (M Q)
3h 4.9

12.5h 6.6

1 day 8.8

5 days 18.1

10 days 27.5

31 days 56.4

this model, the charging and discharging behavior of SCs in the form of
energy modules, the total amount of power delivered to different loads
by 4 modeled energy modules, and the self-discharging behavior of the
modules are discussed and analyzed. Fig. 4a shows the equivalent circuit
model of an energy module while charging. This equivalent circuit, in
addition to three SCs in series, has a step-source battery to charge the
SCs and a resistor parallel to the whole circuit to model the load con-
nected to the energy module. Fig. 4b shows the equivalent circuit of an
energy module during discharge. A DC voltage source is modeled in
parallel with each SC, and the voltage value of this source is the final
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Fig. 4. a) Charging circuit model of a SC energy module.

value of the potential difference stored in the SCs at the end of the
charging phase. In order to show that this potential difference is stored
at the two ends of the SCs at zero seconds, a reset switch is modeled in
series with each source. In this work, we have modeled 4 different
scenarios using 12 different SCs. The capacitance, ESR, and exponential
equation parameters related to self-discharge of each SCs which used in
4 different energy modules are shown in Table 2. The capacitance of
these SCs is between 146 and 222 mF, the equivalent capacitance of each
module is about 60 mF and the ESR value of the SCs is between 6.3 and
9.9 Q.

3. Results and discussion
3.1. Accuracy of the proposed model

In order to verify the performance of the model presented in this
work, the test of connecting discrete resistors to SC modules was per-
formed. In this experiment, SC modules 1 and 3 were randomly selected
and three different discrete resistors were used as the resistive load. The
voltage value of the two ends of the resistor during discharge of the SC
modules was measured using a digital multimeter. The resistance values

b) Discharging circuit model of a SC energy module.

of the resistors used were 1.0, 4.7 and 8.2 kQ and the measured exper-
imental results were compared with the simulation results. As can be
seen in Fig. 5, the difference between the simulation and experimental
results is negligible. Therefore, it can be concluded that the proposed
model is well verified against experiments.

3.2. Effect of leakage current during charging

In order to understand the leakage current effect of the super-
capacitors (SCs) on the potential difference stored at their ends, simu-
lations were performed with and without consideration of the leakage.
In Fig. 6a and Fig. 6b, the voltage stored in the SC; over time in module 1
during charging is shown. As can be seen, the leakage current has very
little effect on the stored voltage. This simulation was repeated for all
SCs in all four energy modules, and all the results showed that there was
truly a slight difference between the two diagrams. Therefore, it can be
said that leakage current has negligible effect on the charging behavior
of SCs in the energy modules, and leakage current can be ignored during
charging as long as the leakage current is considerably smaller than the
charging current.

Furthermore, as can be seen in Fig. 6¢ and d, the final amount of the

Table 2
Parameters of SCs used in four energy modules; each energy module contains three series connected SCs.
Module 1 SCy SC, SCs
Capacitance (mF) 181.7 183 176.8
ESR (@) 8.4 7.8 7
EPR Factors a; = 7E-15 ap = 9E-15 az = 3E-14
b, = 16.225 by = 16.272 by = 15.217
Module 3 SC; SCg SCo
Capacitance (mF) 147.8 178.8 209.3
ESR (@) 9 8.1 7.1
EPR Factors ay = 7E-15 ag = 1E-15 ag = 6E-14
by = 15.508 bg = 10.903 bo = 13.444

Module 2 SCy SCs SCq

Capacitance (mF) 188.3 158.4 172.6

ESR (@) 7.2 9 7.4

EPR Factors a4 = 1E-14 as = 1E-15 ag = 5E-14
by = 15.638 bs = 16.991 be = 14.675

Module 4 SCio SC11 SCio

Capacitance (mF) 145.9 184.8 222.2

ESR (Q) 7.3 6.3 9.9

EPR Factors a0 = 9E-14 aj;; = 4E-15 ajp = 3E-15
by = 8.4903 by =17.591 b1z =17.054
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leakage currents is around 10° times smaller than the initial amount of
the displacement currents. This simulation was also performed for the
other three energy modules and similar results were observed for all
modules. These results confirm that leakage current has little effect on
the charging behavior of the SCs in energy modules and can be ignored.

3.3. Discharging behavior

In order to simulate the discharge behavior of SCs in energy modules,
a resistor parallel to the system was used to model the load connected to
the energy modules (Fig. 4b). Since these printed SCs can be used in a
variety of applications such as Internet of Things (IoT), flexible and
wearable electronics, energy harvesting wireless sensor networks, etc.,
and in both short-term and long-term applications, both large loads in
the MQ range and small loads in the kQ range were simulated. The self-
discharge, as well as the voltage delivered by module 3 to the different
large load resistance values using the modified Spyker model (time
constant: 31 days) and the model presented in this work, can be seen in
Fig. 7a. The results for the simulation using the Spyker model are shown
with a dash-dotted line and the results for the simulation using the
model presented in this work are shown with a straight line. As can be
seen in Fig. 7. a, upon increasing the resistive load in the long-term,
especially during self-discharge, the Spyker model does not provide an
accurate estimate of the behavior of the energy module. In addition, the
modified Spyker model is no longer able to accurately estimate the final
amount of the voltage stored in the SC energy module. On the other
hand, as the accuracy of the model presented in this work with the
empirical results was confirmed earlier in this article, it can be said that,
for example, when self-discharging, there is still more than 2.5 V po-
tential differences stored in this module after 30 days. While the 100 MQ
load is connected, the module, after 20 days of delivering power, is still
able to deliver more than 2 V to the load. For other modules, similar
results were obtained. In Fig. 7b, the amount of voltage delivered to the
relatively small loads (range in kQ) by module 3 using the model pro-
posed in this work is shown over time. For example, when a 5 kQ
resistance load is connected to the module 3, after 2 min, there is still
about 2 V stored in the energy module containing three series connected
SCs.

We now compare the performance of the different modules when
connected to the same resistive load during discharge as well as the self-
discharge using the modified Spyker model, and the model proposed in
this work. Fig. 7c shows the voltage delivered from the four modules to
the same resistive load (100 MQ) over time. As can be seen, module 4
shows better performance than the other modules. Module 3 delivers
less voltage initially than modules 1 and 2, but performs better later on,
and delivers higher voltage after the 6th day. The simulations were
repeated for additional resistive loads in the range of MQ, and in all
simulations, module 4 had better performance in delivering more power
to the loads over time. Fig. 7d shows the self-discharge of the four energy
modules over time using the modified Spyker model and the proposed
model; Straight lines show the results of the simulation using the pro-
posed model and dash-dot lines also show the results of the modified
Spyker model. Module 4 has again a relatively better performance than
the other three modules using both models. However, the simulation
using the modified Spyker model cannot even accurately estimate the
final values of the potential difference stored in the modules while self-
discharge and differs significantly from the simulation results using the
proposed model.

The same comparison for delivering voltage from the energy mod-
ules was carried out for smaller resistance loads (in the range of kQ) over
shorter time (120 s). In Fig. 7e and f, the voltage delivered by different
modules to a 5 kQ resistive load using the model proposed in this work
and the Spyker model can be seen, respectively. For this load, all four
modules have almost the same performance using both models. The
same simulations were performed for several other resistive loads in the
kQ range, from 1 to 500 kQ; similar results were obtained for both
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models and there was no significant difference between the modules’
performance. This is due to the fact that the simulations for small
resistive loads were performed for a short time (120 s), and as already
mentioned in the Introduction, leakage current has little effect on the
discharge behavior of SCs in the short-term. Therefore, all four energy
modules show almost identical self-discharge and leakage behavior. As a
result, the modules have the same performance in delivering power to
the small resistive loads.

The reason for the better performance of Module 4 in delivering more
power to the loads in long-term is related to the leakage behavior of the
SCs in this module. By comparing the leakage currents of the 12 SCs in
the four energy modules, it can be seen that the three SCs in module 4
have smaller leakage current than the SCs in the other modules. Fig. 8a,
8b, 8¢, 8d shows the leakage current of the SCs in each of the four energy
modules and it is clear that the three SCs that form module 4 have a
lower total leakage current than the other SCs, and therefore module 4
has a better performance in delivery of more power to the different loads
in the long-term. Therefore, based on the simulation results of the pro-
posed model, it can be said that device-to-device variations in electrical
properties, especially leakage current in printed SCs, which are typically
encountered in printed devices can affect the performance of series-
connected SC modules, but not to the extent that their usability or sta-
bility is significantly reduced. In addition, the leakage behavior of the
SCs that form each module using the modified Spyker model can be seen
in Fig. 8a, 8b, 8c, 8d. As can be seen in this figure, using the modified
Spyker model, linear curves are obtained for the leakage currents, which
does not correspond to the nonlinear leakage behavior of SCs in reality.

3.4. Effect of resistive load on the leakage current of supercapacitors

According to the discharge model of the SC modules (Fig. 4b), as the
resistance load increases, the significance of the leakage current of the
SCs in the energy modules increases. For example, Fig. 8e and 8f shows
the leakage current of the SC1 in the energy module 1 for the different
small and large resistive loads. As can be seen in this figure, the highest
leakage current is for the self-discharge and the lowest is when a 1 kQ
resistive load is connected to the energy module. This happens because
as the resistive load increases, less voltage is delivered from the SCs to
the load, hence more potential difference remains in the SCs and since
the leakage current has an exponential relationship with the potential
difference over the SC, the leakage current remains higher due to the
larger potential difference between the two ends of the SC.

4. Summary and conclusion

In this paper, we present a simple equivalent circuit model for
supercapacitors (SCs) energy module based on exploiting the experi-
mental parameters of printed SCs. The model includes both the equiv-
alent series resistance (ESR) and an exponential equation to account for
the non-linearity of leakage current and self-discharge. These experi-
mental parameters, which are unique for each SC, contribute to the
effective simulation and design of future systems. In addition, this model
can be used to predict important issues in the printing of devices, as well
as the dependence of an energy module consisting of series connected
SCs on different device to device electrical variables.

The proposed model was used to investigate the effect of leakage
current while charging SCs in four energy modules. In addition, the
results of the self-discharge of each module and the amount of energy
delivered to the different loads by four energy modules were compared
with the model reported in the literature [50]. Finally, the effect of
changing the resistive load on the time-dependent leakage current of SCs
in an energy module was investigated. Furthermore, an analysis of the
effect of device-to-device variations on the performance of the modules
showed that typical variations in printed devices are not sufficient to
cause significant problems in operation.

As SCs have been widely discussed in the literature as a promising



H. Pourkheirollah et al.

Vi)

Vi (v)

3.0 1

254

2.0

Module 3
Self-Discharge

3.2 4

3.0 4

2.8

2.6 4

2.4

2.2+

2.0

5 10 15 20 25 30
Time (days)
(a)

Load: 100 MQ
Module 1

Module 4

3.09

2.8

2.6

2.4

2.2

2.0

Time (days)
(©

Proposed Model, Load: 5 kQ
Module 1
—— Module 2
Module 3
Module 4

T T T
0 20 40 60 80 100 120

Time (s)
(e)

‘%

Journal of Power Sources 535 (2022) 231475

3.0
2.5
2.0
15+
1.0+
0.5
0.0 T T T T T T
0 40 60 80 100 120
Time (s)
(b)
Self-Discharge
Module 1 (This Work)
I = —-— Module 1 (Spyker Model)
Module 2 (This Work)
3.0 4 —-— Module 2 (Spyker Model)
Module 3 (This Work)
294 —-— Module 3 (Spyker Model)
Module 4 (This Work)
28 —-— Module 4 (Spyker Model)
274
2.6 4
2.5+
244
2.3
T T T T T T
0 10 15 20 25 30
Time (days)
(d)
3.0 Spyker Model, Load: 5 kQ
—— Module 1
284 —— Module 2
— Module 3
— Module 4
2.6 -
z
=t 24+
22
2.0+
1.8 T T T

20 40 60 80 100 120
Time (s)
(f)
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different small loads by the energy module 3 over time using the model proposed in this work. (c) Comparing the voltage delivered to a 100 M<Q resistive load by four
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Fig. 8. a, b, ¢, d) Leakage behavior of SCs forming four energy modules using the proposed model and the modified Spyker model. e, f) The effect of the resistance

load change on the leakage current of SCs.

energy storage technology, modelling the charging and discharging
behavior of SCs in the form of energy modules also gives a good view
into their performance in various applications as energy storage systems.
The models reported in the literature have more RC network elements
and branches and are complex for use in supercapacitor modules con-
nected in series. These models are also not accurate to simulate the
nonlinear self-discharge effect of the supercapacitors in long-term. In
addition, exponential models using variable leakage resistance (VLR)
have been published in the literature that have several separate

10

exponential functions to model the self-discharge behavior of a single
supercapacitor in the short-term (several hours). Accordingly, in order
to simulate the self-discharge behavior of energy modules consisting of
several supercapacitors connected in series for a long time (one month)
using exponential models reported in the literature, a very large number
of distinct exponential functions and parameters definition steps are
required. Since simple versions are required to implement the models in
practical applications, the models presented in the literature, despite
having many RC network elements and parameter determination
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difficulties, are not suitable for long-term simulation of supercapacitor
modules. To conclude, the reported approach in this work can simply
model the SC internal charge/discharge redistribution and explain
experimental results in long-term (31 days). Therefore, the work re-
ported here provides a useful and applicable approach for testing the
behavior of SC modules in energy storage systems and power manage-
ment strategies. Potential applications of this type of SCs in which high
power density and longevity are valuable features include energy
autonomous Internet of Things (IoT), Energy-Harvesting Wireless
Sensor Nodes and wearable self-charging power systems.
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Abstract— Typically, batteries are wused to power
interconnected Internet of Things (10T) devices. Intermittent
manual replacement of batteries or recharging them after
complete depletion is one of their major disadvantages, which
increases the cost of maintaining and restricts the large-scale use
of devices. Considering the longevity of devices and battery
limitations, and in order to achieve the integrated and efficient
operation of 10T devices, the development of alternative power
sources and power management strategies is inevitable. The
supercapacitor is a suitable energy storage option for energy-
harvesting powered autonomous wireless sensor nodes in 10T
applications. The leakage current value provided for the
supercapacitors by the manufacturers is tested after the
supercapacitor has been floated at a constant voltage for a long
time. This raises concerns about the uncertainty of dynamic
leakage current behavior during repeated charging and
discharging of the supercapacitor in 10T applications. At
present, there is no effective method to estimate and predict
leakage current and the discharging behavior of
supercapacitors in 10T applications with the aim of achieving
optimal performance. In this work, an improved simplified
exponential model is presented in order to simulate the non-
linear discharge behavior of our fabricated printed flexible
supercapacitors in long-term (31 days). The printed
supercapacitors are disposable and have been fabricated using
low-cost and non-toxic processes and materials. The model
proposed in this work is very well adapted to the experimentally
measured self-discharge results of the supercapacitors. In
addition, according to the experimental and data fitting results
of 10 fabricated supercapacitors, all the parameters defined in
this model show good statistical values and have a Gaussian
(normal) distribution.

Keywords—supercapacitors, printed supercapacitors, energy
storage, self-discharge, leakage current, supercapacitor modeling,
supercapacitor simulation, equivalent parallel resistance, EPR
model, VLR model

I. INTRODUCTION

Over the past two decades, supercapacitors (SCs) also
called electric double layer capacitors (EDLCs), have received
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intensive study as a potential form of energy storage [1]. A SC
consists of two electrodes with porous microstructures |,
separated by an electrolyte and separator layer [2]. As
compared to conventional capacitors, SCs are larger in
capacitance value and have a greater energy density. In
addition to their higher power density and higher
charge/discharge efficiency, SCs have a shorter charging time
and a longer cycle life compared to batteries, making them
ideal for a large number of applications [3,4]. In a variety of
applications, SCs can handle fast fluctuations in the energy
level [5] and be employed both as auxiliary energy storage
devices and as a primary power source [6]. It has been
proposed that SCs can be used as energy storage systems in a
wide variety of industrial applications including energy
autonomous self-powered wireless sensor networks (WSNS),
Internet of Things (1oT) and flexible and wearable electronic
devices [7-9]. Moreover, an innovative energy storage textile
was recently developed using graphene and manganese oxide
as part of a flexible SC [10]. The fabric based SCs that are
generated exhibit high specific capacitance, excellent electric
conductivity, high flexibility, and a long cycle life [10].

Self-discharge and leakage current have been identified as
a limiting factor for the practical application of SCs [11]. A
self-discharge occurs when a SC is left in open circuit, in
which the voltage of the SC spontaneously decreases with an
effectively infinite external resistance. The effects of the self-
discharge cannot be ignored, since they also have a
considerable effect on SC’s dynamic during rest periods,
which can be disruptive to its function and may result in the
loss of stored energy [12]. Three different main processes
result in self-discharge, including Ohmic leakage, charge
redistribution, and Faradaic reactions [13]. Almost certainly,
Faradaic reactions are the dominant cause of the self-
discharge phenomenon in SCs [14]. On the other hand, SC’s
leakage current refers to the tiny current that flows while the
rated voltage continues to be applied to the capacitor [15]. The
leakage current eventually becomes stable over time as it
diminishes. Considering the detrimental effects of the self-



discharge and leakage current, it is necessary to consider these
characteristics when designing an electronic circuit with a SC.
However, self-discharge and leakage current appear to have
received less attention in the literature.

Various approaches for modeling the self-discharge in SCs
have been reported in previous studies. A good modeling of
this phenomenon enables us to obtain a reasonable estimate of
the amount of available energy in the SCs at any given time.
Earlier studies demonstrated that the SC dynamics can be
physically described by various equivalent circuit models,
such as classical [16], two-branch [17], multi-branch [18],
ladder circuit models [19], etc. Based on equivalent circuit
models, series and parallel resistances and capacitances are
typically used to represent the resistance of porous carbon
electrodes and the capacitance of carbon electrodes and
electrolyte, respectively [20]. Models with two and three
branches are more widely discussed in the literature. In order
to take leakage current into account, a resistance branch is
generally considered to be parallel to the other branches [21].
In some earlier publications [16], self-discharge/leakage
current is modeled using a constant series or in-parallel
resistance that is connected to an ideal capacitor (classical
model). However, simply considering a constant resistance in
classical model is not sufficient to simulate the self-discharge
process over the long-term. In some other works [21], an
equivalent circuit model based on variable leakage resistances
(VLRs) has been proposed as a means of effectively
describing the self-discharge effects of SCs. In these models,
self-discharge is represented by a VLR parallel to the
equivalent capacitance. VLRs can illustrate the dynamic
charge leakage mechanism within SCs during the rest period.
Moreover, there have been some studies in the literature on
polynomial equivalent circuit models that incorporate VLR as
a function of the terminal voltage [22]. Various time constants
are present in these models during different self-discharge
time and voltage intervals. In consequence, these models also
contain several exponential functions and leakage resistances.
The parameters of such models for long-term simulations
would, however, be subject to a great number of exponential
functions for a wide range of voltages and time periods, which
would result in a huge number of parameter determination
steps. Furthermore, it would be even more difficult to identify
the parameters if the equivalent circuit model included
multiple VLRs in SC energy modules in which a number of
SCs are connected in series or in parallel. Besides, identifying
the parameters of the dynamic polynomial function under a
variety of experimental conditions will be quite challenging.
In summary, the two-branch model with EPR, the three-
branch model and the VLR models described in the literature
have multiple branches and many RC network elements,
whereas in practical applications, simplified versions are
necessary to facilitate model implementation.

Il. EXPERIMENTAL, METHODS AND STATISTICAL

A. Experimental

The printed SCs used to develop this model were
fabricated by this group. The fabrication process steps and
characterization of the printed SCs have been described in
earlier works published by the authors [14,23]. For the
purpose of determining the EPR exponential factors
corresponding to the self-discharge, all SCs were charged to a
voltage of around 1.0 V and were kept at this voltage for 24
hours. Having been fully charged, the SCs were disconnected
from the power source and their potential difference was

monitored and measured for 31 days. As the rate of the self-
discharge is higher at the beginning and in the early days,
more data were collected in this period.

B. Method

As discussed in the introduction, equivalent circuit models
reported in the literature have proven ineffective for long-term
applications due to inadequate consideration of leakage and
self-discharge effects. In this study, a simple model is
proposed to overcome this limitation, which models the
nonlinearity of leakage and self-discharge in the long-term.
For each SC in the proposed equivalent circuit model, a
conventional capacitor is used to model capacitance value, a
series resistor to model ESR and ohmic losses, and a variable
exponential equivalent parallel resistor (EPR) to model self-
discharge and leakage current. This model has the same
elements as the model that we reported in our earlier paper
[23], although the exponential equation used for EPR and the
method of obtaining EPR parameters differ from the previous
paper. The current work uses 1=V x e ‘@ V) as the exponential
equation of EPR representing self-discharge and leakage
current effects, which actually exhibits a better fit with self-
discharge experimental data. In addition, this exponential
equation shows better suitability for Monte-Carlo simulations,
which will be the focus of the authors' next research work.

We use the capacitor's discharge potential difference
formula in order to obtain the EPR equation.

V=VxetR<C) R=-t/(CxIn(V/VO0)) 1

The capacitance value 'C' has already been determined by
the characterization of the printed SCs using the standard
Maccor system [23,24]. On the other hand, based on the self-
discharge experimental data of the SCs, we have already
determined 'VO' as the initial potential difference, 't' as time
and 'V' as the potential difference for each SC at a specific
time. Therefore, the numerical value of the dynamic resistance
can now be calculated for each data point and the resistance
curve (R(V)) can then be plotted as a function of potential
difference. On the subsequent step, we fit the exponential
equation @ V) to the R(V) data points. As a result, we can
determine 'a' and 'b' parameters for each individual SC in this
manner. For example, as illustrated in Fig. 1, for a SC, the
R(V) experimental data points are fitted to the desired
exponential function. According to the table in Fig. 1, the
statistical fitting parameters for this fit, such as the R-square
(COD) and Adj. R-square are very close to 1, indicating that
the exponential fitting curve has a good fit with the
experimental data points.

In order to be able to model the self-discharge and leakage
of SCs, the leakage current for the SC must be defined as a
function of the potential difference. As R=V/I = @ V) hence
I=Vx g@bV) and this provides the SC's EPR for the proposed
model. The equivalent circuit model of a SC presented in this
work can be seen in Fig. 2.
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Figure 3. Histogram chart and Bell curve (normal distribution
curve) for each parameter of the proposed model.

Figure 1. Exponential curve fitting of R(V) for a SC.
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TABLE 1. DESCRIPTIVE STATISTICS FOR EACH OF THE FOUR SC’S
PARAMETERS OF THE PROPOSED MODEL.

Parameters C ESR a b
N total 10 10 10 10
Mean 176.1 8.1 26 -9.9
Standard Deviation 26.2 1.0 0.75 1.0
[=Vxg &V
Minimum 130 6.8 24.8 -11.6
Figure 2. Proposed equivalent circuit model for a SC.
Median 179.2 8.1 26.1 -9.9
o Maximum 2222 9.9 26.9 -8.0
C. Statistical Tests of the Parameters
In order to develop the proposed model in this study, the p-value 0.98 0.62 0.36 1.0
characterization parameters (‘C” and ‘ESR”), self-discharge

data, and EPR parameters (‘a’ and ‘b”) of 10 printed SCs were
analyzed. The normal distribution (Gaussian distribution)
was used to analyze the distribution of 10 SC parameters used
in the development of the proposed model. Fig. 3 illustrates
the histogram chart of all four parameters of the model; the
distribution and the Bell curve (blue curve) for each
parameter are included in the figure.

Furthermore, a normality test was conducted on every
parameter to evaluate whether the data set for each parameter
can be well described by a normal distribution. The following
table summarizes the descriptive statistics for each parameter
based on the normality test. According to table 1, the
descriptive statistics indicate that all four parameters of the
model are normally distributed. P-value and the approximate
equality of mean and median values for each of the four
parameters indicate a positive result for the normality test and
prove that the normality test has been passed for each of the
parameters. Moreover, these statistical values have
demonstrated promising adaptability to Monte Carlo
simulations.

I1l. RESULTS AND DISCUSSION

A. Accuracy of the proposed model in the self-discharge
mode

For the purpose of evaluating the accuracy of the proposed
model, the simulation results of the potential difference for
four SCs in self-discharge mode were compared with
experimental data collected for a period of 31 days. As can be
seen in Fig. 4, there is no big difference between the
experimental data and simulation results and a reasonable
agreement can be observed between the simulation curve and
the experimental data. After a period of 31 days, the difference
between the measured experimental data and the simulation
results is very small and the estimation error is less than two
percent using the model presented in this paper.



C. Accuracy of the proposed model in the load-connected
mode

Furthermore, as a second experiment to verify the
proposed model, the experimental and simulated results were
compared in the context of a resistive load applied to SCs.
This was accomplished by using discrete resistors as the
resistance load connected to an SC energy module consisting

sc2

sct
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Experimental

—— Simulation
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) ‘“’ “ of three SCs in series. In this experiment, the SC module was
s i first charged up to 3 volts before a discrete resistor was
1.00 —— Experimental —— Experimental - . .- . -
——Sindaton Simuaton connected to it. Using a digital multimeter, the voltage across

the two ends of the discrete resistor was measured during

discharge of the SC module. This experiment was repeated for

three different discrete resistors and the experimental results

—————— e - were compared with the simulation results. As illustrated in

e ' "7 Tmews " 77 Fig. 6, the differences between simulation and experimental

results are negligible. In view of the results of this experiment

and the previous experiment, it is evident that the proposed

model can be considered well-validated in comparison with
the experimental data.
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Figure 4. Experimental data and simulation results of the potential
difference in self-discharge mode for four SCs over 31 days.
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B. Long-term Self-Discharge Behavior Simulation of SC
Energy Modules.

The printed SCs contain aqueous electrolytes, and because
of the electrolytic window limitation, approximately 1.2 volts 55

3.0 1

is the maximum voltage to which an individual SC can be
charged [25]. Thus, for applications that require additional
voltage, a SC energy storage module comprising a series
connection of SCs will be needed. Our energy storage module
is modeled by connecting three SCs in series. Charge and
discharge circuits of an SC energy module consisting of three
SCs connected in series are illustrated in [23]. We modeled
three different energy storage modules using nine printed SCs.
As can be seen in Fig. 5, the self-discharge behavior of
different SC energy modules over the long term is simulated
and compared. The simulation will enable us to estimate how
much voltage each module will have at a specific time within
31 days. The final voltage of each module can also be
predicted at the end of this period; based on that assessment,
we can select the most appropriate module for our long-term
application.

3.1 4
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Figure 5. Simulation of the self-discharge behavior of three
different SC energy storage modules over the long term. Each
module consists of three SCs connected in series.
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Figure 6. Verification of the proposed model accuracy against
experiments using discrete resistors as resistive loads.
Experimental and simulation behavior of an SC energy module.

IV. CONCLUSION

This paper presents a simple model in order to describe the
dynamic self-discharge effects of printed supercapacitors. In
order to model the non-linear behavior of self-discharge and
leakage over the long term (31 days), a single exponential
equation has been employed as the equivalent parallel
resistance (EPR). On the basis of experimental results, it has
been demonstrated that the proposed model is highly accurate
for predicting the discharge behavior of printed
supercapacitors in both self-discharge and load-connected
modes. However, while the models reported in the literature
have more RC network elements and branches, some of them
have several separate exponential functions and also face
difficulties determining the parameters, even in the short-term
and are not accurate to simulate the long-term nonlinear self-
discharge effect of the supercapacitors. Due to the need for
simple versions for practical implementation, the model
presented in this paper is more suitable for practical
applications. Furthermore, the presented model can also be
used to predict significant issues in the fabrication process of
devices, as well as the behavior of a supercapacitor energy



storage module depending on varying electrical variables
from device to device. In addition, according to the
experimental and data fitting results of 10 fabricated
supercapacitors, all the parameters defined in this model show
good statistical values and have a Gaussian (normal)
distribution. Therefore, this model exhibits good compatibility
with Monte Carlo simulations, which is going to be part of our
upcoming plans to simulate the supercapacitor’s charge and
discharge behavior.
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Supercapacitor modelling and simulation

Although supercapacitors (SCs) are promising devices for energy storage systems due to their high-power density
and long lifecycle, they suffer from high leakage current and self-discharge. In this work, a simple and practical
exponential equivalent circuit model (ECM) and three sub-ECMs based on electrical parameters and self-
discharge profile of 12 printed flexible SCs are proposed to account for non-linear leakage and self-discharge
phenomena in SCs. The capacitance and equivalent series resistance (ESR) of SCs are determined from the ex-
periments. Besides, rather than modelling different self-discharge mechanisms within a SC cell, an exponential
current/voltage function is employed for each SC in this study as a variable leakage resistance (VLR). The
proposed ECMs are based on empirical parameters, without considering the physical mechanisms. Using the
ECMs and only knowing two to four parameters for each SC cell, the discharge behaviors of SCs, electrochemical
double-layer capacitors (EDLCs) type may be predicted with a high degree of accuracy over the long term
(maximum simulation error in 31 days: less than 4%). Accordingly, the proposed ECMs, in contrast to those
published in the literature, have the potential to be used in practical applications in the long-term as a result of
their simplicity and high accuracy.

industrial applications such as energy autonomous Internet of Things
(IoT) [8], energy-harvesting wireless sensor networks (WSNs) [9] and

1. Introduction

Due to the depletion of fossil fuels such as oil and natural gas, and the
results of their CO2 emissions, research into renewable sources of energy
has increased significantly [1]. It is necessary to employ energy storage
devices for optimum utilization of renewable energies since the captured
form of resources may not always be available [2]. Energy storage sys-
tems are used as energy buffers to store the power harvested from energy
sources like solar [3], radio frequency [4], mechanical vibration [5],
human-body [6], and wind [7] and deliver the power to the system
when needed. These systems play a key role in a wide variety of
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E-mail address: hamed.pourkheirollah@tuni.fi (H. Pourkheirollah).
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self-powered flexible and wearable electronic devices [10]. In choosing
an energy storage system, power and energy density, safety, reliability,
and longevity are the criteria that must be considered [11,12].
Rechargeable batteries such as NiMH [13] and Li-ion [14] have been
widely used as primary energy storage devices due to their high energy
density and low self-discharge. However, gradual increase in internal
resistance and decrease in capacity over time because of the aging
process of batteries during charge-discharge cycles, limits the lifetime of
many applications [15]. Besides, due to their low power density, there is
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a possibility of disruption in their ability to deliver power under high
current loads [16]. In addition, high current rates and transient load
conditions severely affect the cycle life of rechargeable batteries [16].
Therefore, due to the limitation of the cycle life, it may be necessary to
replace the batteries in applications after 1-2 years [16].

On the other hand, supercapacitors (SCs) also known as electric
double-layer capacitors (EDLCs), have an energy density several orders
of magnitude higher compared to conventional capacitors and despite
having relatively low energy density compared to batteries, are a
promising alternative to use in energy storage systems technology [17].
Essentially, a SC is composed of two electrodes with a large surface area
and an electrolyte layer between them [18]. Charges are stored in SCs
through these double layers at the interface between the active electrode
and the electrolyte and thus, SCs are able to store a greater amount of
energy than conventional capacitors [19]. In contrast to batteries, SCs
have higher power density and charge-discharge efficiency, and lower
internal resistance [18,19]. Furthermore, SCs benefit from fast
charge-discharge characteristics [20], operation in a wide temperature
range [21], longer cycle life, and recyclability [22]. In view of these
advantages, they are suitable for use in a wide variety of applications,
including uninterrupted power supplies [23], quick start, peak pulse
power, fast charge, and memory backup applications, etc. [24-26]. In
order to achieve “perpetual lifetime” in applications such as energy
autonomous self-powered WSNs, IoT and wearable electronics, in some
works reported in the literature, SCs have been used individually for
storing the harvested energy [27] and in some other works, in combi-
nation with rechargeable batteries [28].

In spite of all this, SCs suffer from high leakage current, which limits
some of their practical applications [29]. The self-discharge or leakage
of a SC is the result of the inability of the SC to retain stored charge for a
prolonged period of time. It is crucial to take self-discharge into account
when determining the long-term performance of a SC and estimating the
amount of energy available at any given time, such as in the case of
power supply to WSNs, IoT, and wearable electronic devices. Despite the
high importance of the self-discharge phenomenon and leakage current,
SCs still remain largely unexplored in terms of these characteristics and
thus far, a small number of studies have addressed the self-discharge
mechanisms in SCs [30,31]. Mechanism of self-discharge in SCs is
complicated due to the involvement of ions as well as a variety of
electrode structures and contrary to conventional capacitors, cannot be
explained solely by leakage resistance [32]. In addition, a number of
material properties, including the structure and porosity of the elec-
trode, presence of the impurities, ionic size of the electrolyte, accessible
surface area etc., can also influence the self-discharge process [33].
However, the process of self-discharge is primarily attributed to three
different mechanisms: charge redistribution, internal ohmic leakage,
and diffusion-controlled Faradaic redox reactions [34]. Charge redis-
tribution arises from differences in the accessibility of electrolyte ions to
the electrode surfaces [34]. For the normal operation of the SCs, Fara-
daic redox reactions and internal ohmic leakage must be considered
since charge redistribution can only occur if the cells are overcharged.
The Faradaic redox reactions dominate the self-discharge during the first
few hours while the internal ohmic leakage usually dominates the
self-discharge during the rest of the open-circuit period [35]. Besides,
leakage current in SCs is primarily caused by Faradaic redox reactions at
the electrode-electrolyte interface [34,35].

In order to maximize the potential benefits of SCs in energy storage
systems, understanding their electrical behavior is important. Moreover,
since SCs are being used in a wide variety of applications, it is essential
to have a simple model that represents their behavior in practical ap-
plications. Besides, as fast self-discharge causes charge/energy loss and
voltage drop in SCs, it is necessary to understand the dynamic behavior
of self-discharge in long-term and develop an accurate terminal voltage
prediction model in order to optimally design power management sys-
tems and find the best system architectures. This can be achieved
through the equivalent circuit model (ECM) of a SC, which is an easy,
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simple, and accurate method in contrast to the other models such as
electrochemical models, which require high computational complexity
[36]. Additionally, the ECM can also be used as an important tool to
reveal the nonlinear behavior of charging and discharging in SCs, as well
as the redistribution of charges and self-discharge processes before
deploying SCs in practical applications. In the literature, various ECMs
for SCs have been developed recently. The reported ECMs differ in
representing the implementation of SCs in different applications, and for
specific applications, specific ECMs are proposed. In some reports of
modeling SCs through ECM and analyses in the time [37] or frequency
domain [38], diverse resistive-capacitive (RC) networks are used. In the
last work published by this group [39], several ECMs for SCs reported in
the literature were reviewed. In this paper, we now refer to the ECMs
that have been published in recent years.

SCs have been modeled using a two-branch approach (Fig. 1a) in
some publications [40,41]. In these ECMs, in order to account for
leakage current and self-discharge, a couple of parallel branches of
constant RC networks were added. In accordance with the self-discharge
behavior, circuit elements were determined experimentally. Neverthe-
less, based on the constant parallel resistance used in this ECM, only the
internal ohmic leakage of the SC is considered. As a result, modeling the
leakage and self-discharge with constant RC elements may not be ac-
curate, due to their non-linear inherent nature. This leads to a large
difference between simulation and experimental results over long times.
Additionally, some other studies have reported an ECM with two RC
branches and a variable leakage resistance (VLR) [37,42], as can be seen
in Fig. 1b. In these ECMs, the two RC branches have different time
constants, which characterize the charging-redistribution process, and
the VLR characterizes the self-discharge process. There are several
different exponential functions in the VLR used in this ECM to model the
self-discharge characteristic, each of which has a different time constant
at various voltages and times, resulting in varying leakage resistances.
Nevertheless, a huge number of distinct exponential functions must be
determined for many periods in order to analyze and study the SC’s
self-discharge behavior over the long-term using these VLR ECMs.
Another publication [43] modeled a SC by adding a controlled current
source to the two-branched ECM (Fig. 1c). In this improved two branch
ECM, based on the terminal voltage of the SC and its change rate, the
controlled current source was designed. This ECM with the controlled
current source is suitable for middle-term simulation of SC behavior
(less than 30 min). Nonetheless, firstly this ECM is still complex,
requiring numerous parameter determination steps, and secondly, it is
not suitable for long-term simulations. In other publications [35,44],
researchers reported an ECM in which three RC branches and an addi-
tional equivalent parallel resistor (EPR) to consider the self-discharge
phenomenon are connected in parallel (Fig. 1d). In these ECMs, the
largest capacitor does not have a constant value and instead has a linear
relationship with the voltage [35,44]. However, in spite of the
complexity of the ECM and the increased number of RC network ele-
ments, a three-branch ECM is also not capable of accurately estimating
the nonlinear self-discharge effect in SCs over the long-term. Further-
more, other researchers have also reported ECMs based on polynomial
functions. In Ref. [45], Saha et al. presented a polynomial ECM for the
self-discharge process dominated by charge redistribution in SCs. These
polynomial ECMs also require numerous parameter determination steps,
which makes them unsuitable for use in practice. A further challenge
will also be the identification of the dynamic polynomial function pa-
rameters under a variety of experimental conditions in these ECMs.
Moreover, a model of a SC with a blocking layer of a few nanometers in
order to reduce the leakage effect was presented by Tevi et al. [46]. The
blocking layer was modeled as a capacitor, connected in series with the
main double-layer capacitor. Although their proposed ECM accurately
predicts experimental data in the short term, no long-term simulation
results have been reported. Besides, de Levie’s transmission line model
(TLM) has also been extensively used for modeling ions’ short-term
movement inside electric double-layer capacitors with porous
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Fig. 1. ECMs for a single SC reported in the literature; a) Two-branch ECM [40,41]. b) Two-branch ECM with VLR [37,42]. ¢) Two-branch ECM with a controled

current source [43]. d) Three-branch ECM with EPR [35,44].

electrodes [47].

A brief summary of the literature indicates that the reported different
ECMs have multiple branches and more RC network elements, whereas
in practical applications, simplified versions are required to facilitate the
implementation of the ECMs. Besides, in order to form SC energy
modules for the purposes of realizing energy storage systems and
addressing the power requirements, several SCs need to be connected in
series and/or parallel [48] into modules. Therefore, the reported ECMs
are not suitable for long-term simulation in SC energy modules, as they
would further increase the difficulty of parameter identification.
Consequently, despite the complexity and the inclusion of more char-
acterization steps, none of the ECMs reported in the literature
adequately reflect the characteristics of the SCs in long-term, leading to
inconsistent long-term results between simulations and experiments.

This work presents a simple numerical exponential method using
experimental electrical parameters of printed SCs to model the non-
linear behavior of self-discharge and leakage current in SCs, type of
electrochemical double-layer capacitors (EDLCs). This proposed ECM is
based on the previous model published by the authors [39,49], but the
exponential function used in the EPR has now been modified and the
method of obtaining EPR is also different than the previous works. This
modified exponential function exhibits improved statistical parameters
and is also compatible with Monte-Carlo simulations. This study sim-
plifies the proposed ECM even further and proposes a super-simple ECM
based on the numerical value of the capacitance solely to estimate the
discharge and self-discharge behavior of SCs (EDLC type) over a pro-
longed period of time (31 days). This ECM contains only one branch and
two RC elements, and since practical applications require simplified
versions to facilitate model implementation, it is well suited for practical
use. Accordingly, the presented ECM is simpler in comparison to the
previous ECMs found in the literature and is therefore more suitable for
use in energy storage modules containing several SCs integrated either
in series or in parallel. The proposed ECM can also be used to predict
how series-connected SC energy modules operate depending on the
variation of electrical properties from device-to- device, which is a
critical consideration in printed electronic devices. Thus, the reported
super-simple ECM is not only capable of modeling the full charging and
discharging behavior of SCs but can also be applied to analyzing how
device-to-device variations in electrical parameters, such as the
non-linear inherent of self-discharge and leakage current, affect the
performance of series-connected SCs in energy modules.

Nonetheless, it should be noted that the proposed ECMs are based on
empirical parameters without taking physical mechanisms into account
and can only be used to predict the behavior of EDLC-type SCs. The
ECMs reported in this work may not be necessarily applicable to the
other types of SCs such as pseudo-capacitors or hybrids (combination of
EDLCs and pseudo-capacitors). Furthermore, in order to gain an un-
derstanding of the mechanisms underlying the performance and aging of

SCs, additional characterizations will be required.
2. Experimental and methods
2.1. Experimental

Printed SCs of the type of electrochemical double layer capacitors
(EDLGCs) are used in building the model presented in this paper and
verifying the simulation results. Previous publications by the group have
described in detail the process of fabricating these types of printed SCs
[39,50-52]. However, the fabrication process is described in a very brief
manner here. As a current collector, graphite ink was applied to the PET
side of a double-sided flexible Al-PET substrate, while the Al layer serves
only as a barrier. On the current collector layer, activated carbon ink was
applied using an in-house formulation with chitosan as a binder to form
an electrode layer. These two layers were deposited using a
laboratory-scale doctor blade coater. On top of the electrode layer, NaCl:
H20 aqueous electrolyte was added, followed by a paper separator. In
the final step of the process, an annealed adhesive material was used to
heat-seal two electrodes face-to-face to form a SC.

We have also previously reported the characterization process for
printed SCs using a Maccor workstation (Maccor Inc., USA) by which the
key electrical parameters are obtained [39,50-52]. This process is,
however, also summarized here. Three times of charging and discharg-
ing of SCs were conducted between 0 and 1.2 V with a constant current
of 1, 3, and 10 mA. Following this, the SCs were maintained at 1.2 V for
30 min at constant voltage. Using a constant current discharge step
between 0.96 V and 0.48 V, the capacitance was measured. A constant
voltage of 1.2 V was then applied to the SCs for 1 h in order to determine
the leakage current. The procedure was repeated for all three currents of
1, 3, and 10 mA. In the end, the ESR was calculated based on the IR drop
in the measurement with a discharge current of 10 mA. In the supple-
mentary material file, the characterization results for all SCs used to
develop the model are provided. Among the electrical parameters of the
SCs, capacitance (C) and equivalent series resistance (ESR) will be uti-
lized in the model. The model is based on the characterization results of
12 printed SCs. After fabrication and characterization, each of the 12 SCs
was charged up to approximately 1 V and then maintained at this con-
stant voltage for 12 h (charging time: 12 h). The SCs were disconnected
from the power source after charging and the potential difference data
for each SC were monitored and recorded for 31 days during
self-discharge.

2.2. Model
In order to model the internal parameters of a single SC in this study,

a conventional capacitor (C), an equivalent series resistor (ESR), and a
parallel variable exponential element as EPR (equivalent parallel
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resistor) are used as illustrated in Fig. 2a. As mentioned above, the ‘C’
and ‘ESR’ values are determined using standard characterization. ESR
represents the internal Ohmic losses of a SC caused by the combined
effect of the current collector resistance, electrode contact resistance,
electrolyte resistance, and the electrode/electrolyte interface resistance
[53]. The variable exponential EPR models the nonlinearity of SC
self-discharge and leakage current. In some respects, the proposed
model is similar to the work published by the authors earlier; however,
the exponential EPR function used in this model and the method for
obtaining this element are different. This work uses I = e @ ®V) a5 the
exponential equation of EPR describing self-discharge and leakage cur-
rent effects, which provides a better fit to the empirical data for
self-discharge. This exponential equation has also the advantage of
being suitable for Monte-Carlo simulations due to the normal distribu-
tion of the parameters in this equation.

2.3. Method

In this paper, a simple model is proposed to model the nonlinearity of
leakage and self-discharge in the long-term (Fig. 2a). As discussed in the
experimental section, the experimental self-discharge potential differ-
ence (voltage) data of each SC over time have been recorded to deter-
mine the exponential function of EPR. Using capacitance and current
basic formulas (1), we can now calculate numerical values of the current
(2) at any given voltage for each SC based on capacitance (C) and self-
discharge. As can been seen in formula (2) and Fig. 2b, in order to
determine the current at each data point, the difference between the
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]l IVW—
11
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values of that data and the previous data is used.
Q=CxV,I=dQ/dt (€8]
Im = C x dVp/dtm = C X (Vin-1-Vm)/(tm-tm-1) )

With the current data-points calculated, we are now able to plot the
diagram of the I (V) data-points for each SC as shown in Fig. 2cand . d. In
the following step, we fit the exponential equation e @+ DV t6 the I (V)
data points of each SC and as can be seen in Fig. 2c and d, SC’s pa-
rameters "a’ and 'b’ for two SCs are uniquely determined by fitting this
exponential function. As a result of this exponential function, excellent
statistical data fitting parameters, such as the R-square and Adj. R-
square values, are evident. R-square, also referred to as coefficient of
determination (COD), is a measure of how much variation in the
response variable is explained by the fitted regression line. As a general
rule, the closer the R-square is to 1, the better the fitted line would track
the data. Accordingly, the fit line will explain all the variability around
its mean if R-square is one. All 12 SCs in this study exhibit R-square
values exceeding 0.99 using this exponential function, which shows
excellent fit to the I (V) datapoints for all SCs. Based on this exponential
function fit, we are now able to determine the numerical values of ’a’
and 'b’, parameters of the model, which are unique to each SC. With
these two parameters, as well as the characterization parameters 'C’ and
"ESR’, all four parameters of this model are now revealed. This model
(Fig. 2a) will be referred to as ECM 1 throughout this article.
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Fig. 2. a) Proposed ECMs for a single SC. b) Experimental self-discharge data of a SC. ¢) Fitting the exponential function to the I(V) datapoints of SC1. d) Fitting the

exponential function to the I(V) datapoints of SC2.
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2.3.1. Statistical study of parameters

In order to examine and analyze the distribution of each parameter in
ECM 1 and assess whether the data set for each parameter can be
adequately described by a normal distribution (Gaussian distribution),
every parameter of this model is subjected to a normality test. Fig. 3
illustrates a histogram chart and normal probability plot for each of the
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four parameters in this model. In histogram charts (Fig. 3a, c, e, g), the
distribution as well as the bell curve (blue line) for each parameter are
included. Besides, it is also possible to evaluate substantive deviations
from normality on the normal probability plots (Fig. 3b, d, f, h) by
comparing data deviations from the reference line (red line); the closer
the percentiles are to the reference line, the more normal the
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Fig. 3. a,c,e,g) Histogram chart of the ECM 1 parameters. b,d,f,h) Normal probabilty plot of the ECM 1 parameters.
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distribution of the parameter appears. According to the normality test,
Table 1 summarizes the descriptive statistics for each parameter. All four
parameters of ECM 1 exhibit a normal distribution based on the nu-
merical value of the descriptive statistics in Table 1. P-values for each of
the four parameters are higher than 0.8, which strongly supports the
normal distribution hypothesis. Besides, generally, a skewness value
between —0.5 and 0.5 indicates that the probability distribution of a
random variable is approximately symmetrical about its mean, as each
parameter in ECM 1 is. Furthermore, since the mean and median values
for each parameter in Table 1 are approximately equal, this indicates a
positive result for the normality test and confirms that each parameter
has passed the normality test. Additionally, the statistical values pre-
sented here have been found to be highly adaptable to Monte-Carlo
simulations.

2.3.2. Simplifying ECM 1

As has already been discussed, ECM 1 presented in this work has four
parameters (Fig. 2a). Compared to other models in the literature, this
model is very simple and is well suited for long-term simulations, as
discussed in the following section (section 3). As a result of its simplicity
and accuracy, ECM 1 is already useful for practical applications. How-
ever, the objective is now to simplify the model even further since
simpler models are easier to implement and more feasible to use in
practical applications. Further simplifying this model requires reducing
its parameters and for this, it is necessary to determine a relationship
among the parameters in order to formulate the EPR exponential I(V)
function based solely on one parameter. In Fig. 4a and b, it can be
observed that °'C’, ’a’, and ’b’, the parameters of ECM 1 for 12 printed
SCs used in this model, exhibit a relatively good linear relationship. In
order to obtain a good approximate representation of this relative linear
relationship among the parameters, linear fits are used (Fig. 4a and b). It
is worth mentioning that these two linear fits have R-square and Adj. R-
square values (statistical data fitting parameters), above 0.97. Having
defined the linear relationship among the parameters, the next step is to
formulate the exponential equation for EPR based on only one
parameter:

EPR:T=e @2V 5= 07 xb-221=e 2+ >*V=0MgcM 2(3)
b=64 x C+9 =g ("2~ $HxCHVx@xC+Mpoy 3 4

The EPR exponential I(V) function has now been obtained once
based on only parameter ‘b’ and once based on only parameter 'C’.
During the following discussion in this paper, the ECM based on only
parameter 'b’ is referred to as ECM 2, and the ECM based on only
parameter 'C’ is referred to as ECM 3 (Fig. 2a). ECM 2 and ECM 3 are
simpler than ECM 1, since they use three parameters rather than four.

An alternative approach to simplifying model 1 is also to replace the
mean values of parameters 'a’ and 'b’ in the EPR exponential function.
In this case, the EPR function would be I =€ (=36.5+ 20.4V) This ECM is
referred to as ECM 4 throughout this article (Fig. 2a). Compared with the
previous ECMs in this paper, ECM 4 is extremely simple and straight-
forward, due to the advantage of having only two parameters ('C’ and
’ESR’) and not containing any parameters for the exponential EPR
function.

Table 1

Descriptive statistics of ECM 1 parameters.
Parameters C (mF) ESR (Q) a b
N total 12 12 12 12
Mean 178.7 7.7 -36.5 20.4
Minimum 104.4 6.8 —40.1 15.7
Median 167.0 7.6 -36.5 19.9
Maximum 274.9 8.8 —-32.7 26.0
Std 52.2 0.6 2.5 3.4
P-value 0.83 0.86 0.9 0.91
Skewness 0.49 0.26 0.07 0.29
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3. Results and discussion
3.1. Accuracy of the proposed ECMs

The accuracy of the proposed ECMs is evaluated in four different
ways in this study. The first approach is to compare the simulation re-
sults with the experimental results of the SCs which were used to
develop the ECMs. In the second approach, simulation, and experi-
mental results of new SCs that were not used in the development of the
ECMs are compared. The third accuracy test of the presented ECMs in-
volves the comparison of experimental results with simulations of two
commercially available SCs. Finally, in the fourth and last approach, two
separate SC energy modules, each consisting of three SCs connected in
series, are formed and each module is connected to a discrete resistor
with different resistance values. Then, the amount of voltage delivered
to the discrete resistor during the discharge of the SC module is
compared with the simulation results.

3.1.1. SCs used to develop the ECMs: simulation results vs. experiments

Approach one for evaluating the accuracy of the proposed ECMs is as
follows: A random selection of four SCs is made out of the 12 used to
build the ECMs, and the simulation results based on different proposed
ECMs in the self-discharge phase are compared to the experimental re-
sults. Fig. 5 illustrates both the potential difference graph of the SCs over
time during self-discharge in the long-term (31 days) as well as the re-
sidual voltage graph over time (residual voltage = experiments — sim-
ulations). As shown in Fig. 5, the simulation results based on all ECMs
are in good agreement with the experimental results over a period of 31
days. According to this figure, ECM 1, which includes four parameters
(‘C’, ‘ESR’, ‘@’, and ‘b’) for a single SC, is extremely accurate; in fact, the
maximum error in the self-discharge phase based on ECM 1 within 31-
days is about 10 mV (Fig. 5d and f), which is roughly 1.2% of the SC’s
final voltage (the final voltage of SCs drops to about 0.8 V after 31 days
of self-discharge). ECM 2 including three parameters for a single SC (EPR
function in ECM 2 is based only on ’b’) in the long term, has a maximum
error of 21 mV (2.5%). However, ECM 3 and 4, which are the most
simplified ECMs proposed in this work with only two parameters for
each SC (‘C’ and ‘ESR’), have a maximum error of around 33 mV (4%)
(Figs. 5h) and 18 mV (2.2%) (Fig. 5d) respectively, in the long-term.
Therefore, based on ECM 4 and by only knowing 'C’ and 'ESR’ values
of a SC, its self-discharge behavior can be estimated with a very good
approximation (2.2% error) over the long term (31 days). Table 2
summarizes the maximum simulation error based on each ECM, ac-
cording to the self-discharge experimental and simulation results for
these four random SCs.

3.1.2. SCs not used to develop the ECMs: simulation results vs. experiments

As a second way to verify the accuracy of the proposed ECMs, the
ECMs are applied to new SCs that have not been used for the develop-
ment of the ECMs. Towards this objective, the experimental results of
the self-discharge behavior of four randomly selected SCs are compared
with the simulation results based on the ECMs. In this study, to evaluate
the comprehensiveness of the ECMs, both SCs similar to the previous
ones used to build the ECMs and other SCs with different substrates have
been used. All 12 SCs used in the development of the ECMs in this work
are printed on Al/PET substrate, and SC1 and SC2 in this test are also
printed on Al/PET substrate with the same fabrication process. SC3 and
SC4 have different substrates (PET/PLA and Al/PLA, respectively), but
the fabrication process is the same. As can be seen in Table 3, the
capacitance values of SCs 1, 2, and 3 are within the range of the ca-
pacitances of SCs used in the development of the ECMs (104-275 mF),
whereas the capacitance of SC 4 exceeds this range. In fact, these SCs are
printed in different batches, which explains the difference in capacitance
values. By using this fabrication process, eight SCs are printed in each
batch, and since the doctor blade tool is adjusted to the same thickness in
each batch, approximately the same amount of activated carbon ink will
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Fig. 4. a) A linear relationship with a good approximation between parameters ‘a’ and ‘b’ of ECM 1. b) A linear relationship with a good approximation between

parameters ‘b’ and ‘C’ of ECM 1.

be printed on the graphite ink for all 16 SC cells, resulting in the almost
same capacitance value for each SC (this process of fabricating SCs has
been discussed in detail in Ref. [39]). Therefore, due to the thickness
adjustment of the doctor blade tool, the different amount of activated
carbon ink will be printed in different batches which will result in
different capacitance values for the SCs. However, the ESR values of the
selected SCs are all higher than those used in developing the ECMs
(6.8-8.8 Q). The selection of SCs with these values of capacitance and
ESR has no particular purpose, and as mentioned all four SCs are
selected at random.

Fig. 6 illustrates how well all the proposed ECMs work for the new
SCs as well, and the self-discharge simulation and experimental results
are in good agreement over the long-term (31 days). In addition, Table 3
provides a summary of the maximum simulation error for each ECM.
According to this table, ECM 1 has a maximum error of 17.64 mV (2.21%
of the SC’s final voltage value) (Fig. 6e and 6f). The maximum error for
ECM 2 is 26.49 mV (3.29%), for ECM 3 is 12.48 mV (1.56%), and for
ECM 4 is 13.87 mV (1.74%). There is an interesting observation that
ECMs 3 and 4, which are the simplest ECMs presented in this work,
including only two parameters (‘C’ and ‘ESR’) for a single SC, are slightly
more accurate than ECMs 1 and 2 with a maximum error of less than 2%,
although the difference is within the experimental uncertainty. In other
words, using proposed ECMs 3 and 4, one can predict the self-discharge
behavior of a SC in the long term (31 days) with an error of less than 2%
only by knowing the numerical value of capacitance and ESR. Consid-
ering the simplicity of the ECMs, it can be concluded that the maximum
simulation error obtained for the new SCs based on all ECMs is negligible
over the long term, and all ECMs have excellent accuracy.

3.1.3. Verification using commercial SCs (EDLC type): simulation results
Vs. experiments

As for the third part of the verification process of the proposed ECMs,
self-discharge experimental results of two commercially available SCs,
type of electrochemical double layer capacitors (EDLCs), are compared
with the simulation results based on ECM 4. This ECM is the most
simplified ECM in this study and by knowing only the capacitance and
ESR value, the charge and discharge behavior of SCs can be simulated.
The self-discharge experimental results for the two commercial SCs used
in this test were obtained from the literature [54,55]. Commercial SC1 is
a carbon-based SC with acetonitrile electrolyte and a capacitance of 600
F [54]. Commercial SC2 is also a carbon-based SC with organic elec-
trolyte and a capacitance of 2600 F [55]. SC1 was charged up to 1.3 V
and kept at that voltage for 24 h (charging time: 24 h) [54]. SC2 was
charged up to 1.5 V with a charging time of 1 h [55]. After the charging
process, the open circuit potential difference (self-discharge behavior) of

SC1 and SC2 was monitored and recorded for 15 and 7 days, respectively
[54,55]. Fig. 7a illustrates how closely the simulation results follow the
experimental results for both SCs over time. The residual voltage over
time for both SCs is also shown in Fig. 7b. As can be seen, the maximum
simulation error for SC1 and SC2 is approximately 34 mV and 17 mV,
respectively. Accordingly, the maximum simulation error for SC1 in 15
days is approximately 2.6% of the initial voltage and for SC2 in 7 days is
1.1% of the initial voltage, demonstrating that the proposed ECM is
highly accurate for these two commercial SCs (EDLC type) as well.

As the printed SCs used in this study are of the EDLC type, com-
mercial EDLC SCs are also used for verification. Therefore, the ECMs
proposed in this work may not be applicable to other types of SCs such as
pseudo-capacitors, and hybrid types formed by a combination of EDLCs
and pseudo-capacitors.

3.1.4. Verification using discrete load resistors: simulation results vs.
experiments

For an additional comparison of experimental results to the pre-
dictions of the model, discrete resistors in two different values (Rp:1.0
and 4.7 kQ) are used to verify the accuracy of the proposed ECMs. First,
two SC energy modules are formed, each consisting of three SCs con-
nected in series using the 12 SCs used to develop the ECMs. Compared to
module 1, the SCs of module 2 have a larger capacitance value differ-
ence. SC modules are first fully charged to a voltage of 3 V each and as
soon as the energy module is fully charged, the main power source is
disconnected. The discrete resistor is then used as the resistive load
connected to the SC module and the voltage value between two ends of
the discrete resistor during discharge of the SC module is measured
using a digital multimeter. The ECM of the SC module and the resistive
load is shown in Fig. 7c. In the ECM, the main 3V power source is
connected to the module at t = 0, and the energy module is fully charged
to 3 V. Each SC in the module is fully charged and stores the potential
difference corresponding to its capacitance and then the main power
source is disconnected at t > 0.

Fig. 7d, e, f, and g depict the discharge of the SC energy module.
Fig. 7d and f illustrate the simulation and experimental results of the
potential difference of the resistive load during the discharge of the SC
module 1 and 2, respectively in the short-term (2 min) (In Ref. [39], the
experimental results in Fig. 7d and f have already been published).
According to these figures, the simulation results are consistent with the
experimental results with a good degree of accuracy, and the difference
between the simulations and experiments is small. In both modules, this
difference is very close to zero for the resistive load of 4.7 kQ. Fig. 7e and
g shows the residual voltage for SC modules 1 and 2, which can be used
to obtain the simulation error for each module by calculating the
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Table 2
Maximum self-discharge simulation error in 31 days based on proposed ECMs
for four randomly selected SCs used to develop the ECMs.

SC1 SC2 SC3 SC4
ECM1  2.95mV 9.6 mV (1.18%)  8.87 mV 5.26 mV
(0.36%) (1.11%) (0.63%)
ECM2 461 mV 5.04 mV 9.76 mV 20.98 mV
(0.56%) (0.62%) (1.22%) (2.51%)
ECM3  32.8mV 16.93 mV 21.86 mV 32.54 mV
(3.97%) (2.08%) (2.73%) (3.89%)
ECM4 9.1 mV (1.1%) 17.82 mV 16.04 mV (2%) 12.78 mV
(2.19%) (1.53%)

Table 3
Maximum self-discharge simulation error in 31 days based on proposed ECMs
for four randomly selected SCs not used to develop the ECMs.

SC 1, (Al/PET) SC 2 (Al/PET) SC 3 (PET/ SC 4 (Al/PLA)
PLAU)
C (mF) 126.4 211.2 157.7 326.5
ESR 10.3 11 13 12.4
(D]
ECM 1 4.16 mV 13.8 mV 17.64 mV 2.53 mV
(0.5%) (1.71%) (2.21%) (0.3%)
ECM 2 11.35 mV 26.49 mV 15.13 mV 14.53 mV
(1.37%) (3.29%) (1.89%) (1.74%)
ECM 3 9.03 mV 10.46 mV 12.48 mV 1.81 mV
(1.09%) (1.3%) (1.56%) (0.22%)
ECM 4 7.73 mV 11.38 mV 13.87 mV 12.59 mV
(0.94%) (1.41%) (1.74%) (1.51%)

absolute value of this residual voltage over time. As a result, for the
resistive load of 1 kQ, the maximum simulation error for module 1 is 47
mV, for module 2 the error is 243 mV, corresponding to 1.57% and 8.1%
of the module’s initial voltage, respectively. In addition, an interesting
aspect of these short-term simulations (2 min) is the full compliance
among the simulation results based on ECMs 1 to 4, which implies that
leakage and self-discharge do not play any significant role in the short
term and have almost no influence in the initial minutes of SC discharge
behavior. In contrast, the capacitance value of SCs is a more important
factor in the discharge behavior of SCs over a short period of time.
Consequently, it may therefore be argued that the higher simulation
error of module 2 compared to module 1 can be caused by the larger
difference in the capacitance value of its SCs.

All in all, based on the results of all methods of accuracy analysis, the
estimation accuracy of all proposed ECMs can generally be assessed as
acceptable in view of their simplicity.

3.2. Self-discharge behavior of SC modules: simulation results vs.
experiments

The power that can be stored in a single SC may not be sufficient for
some applications. Due to the limited potential window of SCs, it is not
possible to store voltage beyond a certain limit, so the solution is to
connect several SCs in series to form a SC energy module. Since the
stored potential difference in a SC does not remain constant during its
resting phase (open circuit) and decreases with time as a result of self-
discharge, hence, in the long term, it is crucial to estimate the amount
of power stored in the energy module that is available and ready to be
delivered at any given time. Based on the ECMs presented in this work, it
is now possible to predict the voltage over each SC energy module at any
given time.

In this regard and as an illustration, four SC energy modules are
formed, each consisting of three SCs connected in series based on the 12
SCs used to develop the ECMs. An ECM of this energy module in charge
and discharge mode is already shown in Fig. 7. c, but in this case, there is
no resistive load, and the module is at the rest phase (open circuit or self-
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discharge). Table 4 presents the parameters of the three SCs that form
each module. As can be seen in this table, from module 1 to module 4,
the difference in capacitance value among the SCs forming each module
increases; accordingly, module 4 has the largest difference in the
capacitance value of its SCs. Despite this, the total capacitance value of
the modules is not significantly different. In addition to experimental
results, Fig. 8 presents an estimation of the voltage still remaining in
each of the four modules on the basis of the proposed ECMs over a period
of 31 days.

According to experimental and simulation results, the voltage still
remaining in module 4 on day 31 is lower than the voltage remaining in
the other modules, as can be seen in Fig. 8 and Table 5. These results
reveal that the larger the difference in capacitance value among the
three SCs in a module, the lower the final voltage value still stored in the
module will be in the long-term (self-discharge and leakage will have
more effect). Specifically, as demonstrated in Table 5, module 1 with a
smaller capacitance value difference among its SCs has a higher exper-
imental and estimated final voltage value as compared to module 4 with
a larger capacitance value difference. Therefore, in order to maximize
power storage in an energy module, it is best to select SCs with the same
capacitance or with a small difference so that, in the long term, more
power can still be stored in the module. In this regard, one important
motivation of the modelling work reported here is to gain understanding
of the effects of the device-to-device variation in printed SCs on the
performance of an energy module including several SCs connected in
series.

Furthermore, the simulation results of the four ECMs can also be used
as a method to predict the minimum and maximum voltage still
remained in the energy module at any given time. In Table 5, the esti-
mated final value of the voltage remained in each module (voltage at the
end of day 31) based on different ECMs is given. According to this table,
it is possible to determine the predicted minimum and maximum final
voltage values for each module, and based on these values, one can
approximate the possible final voltage range window over each module
at the end of the 31st day. In support of this claim, as can be found in
Table 5, the experimental result of voltage for each module at the end of
day 31st is within the predicted final voltage range window.

4. Summary and conclusion

This study proposes a simplified equivalent circuit model (ECM)
based on the experimentally identified parameters of supercapacitors
(SCs) (EDLC type) in order to analyze their discharge and self-discharge
characteristics. The proposed ECM utilizes experimental parameters of
SCs such as capacitance value and ESR as well as an exponential function
based on the experimental self-discharge profile of SCs to represent the
nonlinear phenomena of self-discharge and leakage current. This article
also proposes three very simple sub-ECMs by finding a linear relation-
ship among the different parameters of the SCs used in developing the
first ECM. Using these super-simple ECMs and merely knowing the
capacitance and ESR value of the SCs, the discharge and self-discharge
behavior of the EDLC-type SCs can be predicted over a long period of
time with reasonable accuracy. In order to verify the accuracy of the
proposed ECMs, simulation results for both the SCs used in the devel-
opment of the ECMs and other SCs including two commercial EDLC-type
SCs are compared with the experimental results and an excellent
agreement is found. Moreover, a good match is observed between the
simulation and experimental results of the discharge behavior of two SC
energy modules, each consisting of three series connected SCs, con-
nected to discrete resistive loads.

Literature-reported ECMs have more RC network elements and
branches and are too complex to be used for multi-cell SC energy
modules. Furthermore, those ECMs are not accurate in simulating the
nonlinear self-discharge effect of SCs over a long period of time. In
addition, some of the ECMs reported in the literature require a huge
number of steps to define exponential functions and parameters to
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Fig. 6. a,c,e,g) Self-discharge experimental and simulation results in 31 days based on proposed ECMs for four randomly selected SCs not used to develop the ECMs.
b,d,f,h) Residual voltage (the difference between experiments and simulations).
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Fig. 7. a) Self-discharge experimental and simu-
lation results based on ECM 4 of two commer-
cially available SCs. b) Residual voltage (the
difference between experiments and simulations)
for the self-discharge of two commercial SCs. c)
Charge and discharge ECM of a SC energy module
(three series connected SCs) connected to a
resistive load. d,f) Experimental and simulation
results based on the proposed ECMs of the resis-
tive load voltage during the discharge of the en-
ergy module. e,g) Residual voltage of the resistive
load during the discharge of the module.
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Table 4
ECM parameters of four SC energy modules, each consisting of three SCs connected in series.
Module 1 sc1 sc2 SC3 Module 2 sc1 sc2 SC3
C (mF) 147.7 158.8 161.3 C (mF) 140.5 183.4 222.2
ESR (Q) 7.3 8 8 ESR (Q) 7.2 7.8 8.8
a (EPR) —34.7 —36.0 —36.8 a (EPR) —34.0 —37.4 -39.0
b (EPR) 18.3 18.9 19.6 b (EPR) 17.1 21.4 23.8
C-total (mF) 51.9 C-total (mF) 58.6
Module 3 sc1 sc2 sc3 Module 4 sc1 sc2 sc3
C (mF) 117.4 176.5 253.7 C (mF) 104.4 207.2 274.9
ESR (Q) 7.5 7.4 8.4 ESR (Q) 6.8 7 8.5
a (EPR) —33.5 —36.2 —39.6 a (EPR) -32.7 —38.3 —40.1
b (EPR) 16.3 20.2 24.8 b (EPR) 15.7 22.2 26.0
C-total (mF) 54.8 C-total (mF) 55.4
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Fig. 8. Self-discharge behavior experimental and simulation results based on the proposed ECMs of four SC energy modules over time.

Table 5
Predicted final value of the voltage remained in each module (voltage at the end
of day 31) based on proposed ECMs and experiments.

Module 1 Module 2 Module 3 Module 4
ECM 1 2.56 V 249V 2.49V 2.46 V
ECM 2 247V 246V 249V 245V
ECM 3 243V 242V 242V 241V
ECM 4 247V 2.49V 248V 248V
Min. 243V 242V 242V 241V
Max. 2.56 V 249V 249V 248V
Experiment 251V 247V 243V 241V
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simulate the discharge behavior of SC modules over the long term. Due
to the requirement for simple versions in order to implement the ECMs
in practical applications, the ECMs presented in the literature are not
suitable for long-term simulation of SC modules, despite their extensive
RC network elements and difficulty in determining parameters. To
conclude, the work presented in this paper, however, demonstrates a
simple, practical, and accurate approach for studying the behavior of SC
energy modules consisting of several SCs (EDLC type) connected in se-
ries/parallel, which can be used in the design of future energy storage
systems and power management strategies. Furthermore, these ECMs
may also be used to predict important aspects of printed electronics as
well as the effect of different electrical variables that vary from device to
device on the behavior of a SC energy module. Accordingly, depending
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on the applications, the proposed ECMs may affect the choice of mate-
rials and layer thicknesses to reduce the leakage current in SCs. A deeper
investigation of these cases utilizing the Monte Carlo simulation tool will
be the subject of the authors’ upcoming research work in the near future.
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This study presents a comprehensive statistical analysis of experimental parameters for 12 printed super-
capacitors (SCs) using previously proposed equivalent circuit models (ECMs). Statistical distributions and
descriptive statistics, including mean, P-value, and standard deviation (std), are reported indicating a normal
distribution for various SC parameters. A statistical method is introduced to determine the maximum potential
std in capacitance of multiple SCs within an energy storage module, ensuring voltage limits are not exceeded. A
linear relationship is discovered between the applied voltage on the module comprising three SCs in series and
the maximum potential std of capacitance, ensuring safe operation. Additionally, a statistical method predicts the
energy window range of the SC module after operating an IC chip, enabling better decision-making and system
management. Monte-Carlo (MC) simulations predict the long-term charge and discharge performance of indi-
vidual SCs and the series-connected modules. Results indicate that as long as the parameters’ std remains below a
defined threshold, charging behavior remains consistent. The MC simulations provide insight into voltage
window ranges after 31 days of self-discharge, aiding in performance prediction and risk assessment. The sta-
tistical study approach empowers researchers in the field of printed SC energy storage, supporting performance
evaluation, design validation, and evidence-based decision-making.

1. Introduction methods, such as wiring them to the power outlets or using batteries that

must be recharged or replaced on a regular basis [3]. In particular,

It is becoming increasingly necessary to convert and store clean and
renewable energy as a result of the depletion of fossil fuel sources,
climate change, and global warming [1]. Concurrently, with the advent
of renewable energy generation technology and the need for portable
power, efficient storage of electrical energy has become increasingly
important [2]. One example occurs in the context of the Internet of
Things (IoTs), whereas a wide range of objects are interconnected via
ubiquitous, inexpensive, thin, and flexible sensors [3]. There are several
challenges associated with powering these devices using conventional
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currently available battery approaches, in spite of having high storage
capacities, are limited in terms of aging effects, low charge/discharge
rates, inflexibility, and safety and disposal issues because of the use of
toxic or strategically problematic materials [4]. Consequently, some
practical applications may be limited due to these issues. On the other
hand, harvesting of energy from the ambient environment, wind, light,
or temperature gradients presents a promising alternative. These sour-
ces, however, generate irregular and uneven power outputs [5].

The development of environmentally friendly energy storage
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technologies, such as electrochemical double-layer capacitors (EDLCs),
has therefore received intensive research attention in recent years [6].
An EDLC, also called a supercapacitor (SC), is composed of two elec-
trodes that contain a liquid electrolyte between which stores energy
electrostatically by physically separating charge from electrolytic ion
sorption on the electrode surface with a highly reversible mechanism
[7]. As a result, they possess a higher power density in comparison with
batteries [8]. Moreover, SCs are capable of being charged and dis-
charged frequently at high current densities, with exceptional cycling
stability [9]. As another advantage, it is also possible to manufacture SCs
from non-toxic materials that are safer and more stable, which makes
them ideal for a wide range of applications and easy to dispose of with
minimal environmental impact [10,11]. When fabricated via printing
techniques, SCs can also exhibit significant flexibility, which enables
utilizing them in the development of energy-autonomous flexible and
wearable electronic systems like electronic skin [12-14]. Therefore, SCs
are extremely promising as next-generation energy storage devices for
future electronic systems.

The field of printed electronics (PE) is considered to be an emerging
field that is attracting growing research attention [15]. As opposed to
conventional electronics, PE technology is highly efficient in the prep-
aration of stacks of microscale/nanoscale devices [16]. In addition to
being simple, time and material saving, cost-effective, versatile,
eco-friendly, and high-volume production scalable, PE also offers a va-
riety of manufacturing technologies for different SC architectures
(micro, asymmetric, flexible, etc.) by utilizing a wide range of flexible
substrates that can unleash the full potential of SCs [17].

Statistical analysis is a tool that can enable researchers to plan and
conduct their experiments more precisely, analyze their data more
effectively, and interpret their findings as well as identify trends in
spending [18,19]. In addition, the purpose of this tool is to determine
whether the differences, relationships, or congruencies observed are
meaningful or merely coincidental [18,19]. In the field of PE, which
involves high-volume sheet-to-sheet and roll-to-roll manufacturing
processes, statistical analysis may also be considered to play a significant
role. In particular, a number of statistical studies have been published in
the literature concerning the behavior and properties of SCs. For
example, in SCs with nanopore electrode structures, classical density
functional theory (CDFT) has been reported to be used to investigate
how capacitance and energy storage behavior are affected by pore size
[20]. As part of another study, Ghamari et al. conducted a statistical
survey based on AFM data in order to examine the effect of textural
characteristics on the performance of SCs constructed with modified
MOF electrodes [21]. In another article [22], researchers described how
they developed a statistical model based on Monte-Carlo simulation to
determine the capacity distributions for battery-supercapacitor hybrid
energy storage systems in autonomous microgrids. In addition, the
hybrid SC was also statistically modeled from manufacturing perspec-
tive with the input factors related to electrodes, while the specific
capacitance was used as an output parameter [23]. Moreover, the re-
searchers have also published a report concerning the investigation of a
statistical and systematic approach for determining the optimum pro-
portion of three component materials in graphene-based SC electrodes
[24]. Furthermore, in Ref. [25], a support vector machine-based sta-
tistical analysis was employed to accurately predict the capacitance of
carbon-based SCs depending on the structural characteristics such as
specific surface area, calculated pore size, N-doping level, and applied
voltage window.

Herein, we analyze the charge and discharge behavior of printed SCs
using statistical techniques. It is possible to use the presented statistical
study to predict how series-connected SC energy modules behave
depending on the variation in electrical properties among the devices, a
factor of serious importance when dealing with PE devices. As well as
predicting critical aspects of PE, this statistical study can also be applied
to determine the effect of various electrical variables that vary from
device to device on the behavior of an energy module consisting of
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several SCs connected in series and/or in parallel. In other words, this
work may also be used to the analysis of how variations in electrical
parameters from device-to- device, such as self-discharge and leakage
current in SCs, affect the performance of series-connected SCs in an
energy module. In this study, Monte-Carlo (MC) simulation has been
employed for the statistical analysis of the charge and self-discharge
behavior of the printed SCs.

Nevertheless, it is important to highlight that the statistical analysis
undertaken in this study relies on the equivalent circuit models (ECMs)
that have been previously documented. In these prior ECMs, the
charging current of printed SCs within an energy storage module has
been treated as infinite.

2. Method

In this work, 12 printed SCs of the EDLC type are used to conduct the
statistical analysis. These 12 printed SCs were manufactured utilizing an
identical fabrication process throughout the production. A detailed
description of the fabrication and characterization process of these kind
of printed SCs has already been published by the authors [26-33] and
this study utilizes the parameters of the 12 fabricated SCs for the sta-
tistical analysis purposes.

This study utilizes the MC simulation method in order to perform
statistical analysis. The MC method is capable of performing an exten-
sive number of simulations and producing an approximate range or
distribution of the possible outcomes [34]. MC simulation involves
building models that predict possible results by substituting a range of
values -a probability distribution-for any factor that has inherent un-
certainty [35]. Probability distributions are used in order to represent
the various possible values of uncertain inputs, as well as their proba-
bility of occurring. As a result, the system calculates the possible out-
comes repeatedly using a different set of random values generated by the
probability functions. In addition to calculating the probabilities of
different outcomes in their forecasts, researchers are also able to
perform a wide range of additional analyses using this data on possible
results. Therefore, MC simulation is significantly superior to “best/-
worst/most likely” guess analyses in light of the fact that probability
distributions describe uncertainty in variables much more realistically.
Accordingly, in PE, MC method can greatly accelerate the research
process and result in significant saving of time, energy, and costly ma-
terials by eliminating the need to fabricate large quantities of devices.

In order to model the printed SCs and apply MC, the same equivalent
circuit models (ECMs) as previously proposed by the authors are utilized
in here [36,37] (Fig. 1). The reported ECMs are extremely simple, as
they require the specification of only two to four parameters for each SC.

C ESR
I AN—

ECM 1: EPR: I= @ V)

ECM 2: EPR: [= 22+ b*(V-0.7)
ECM 3: EPR: [= (28 45%C+ Vx(64xC+9))
ECM 4: EPR: I= ¢(36:57204xV)

Fig. 1. Proposed ECMs for a single printed SC [36].
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Based on their simplicity, the presented ECMs are very suitable for use in
energy storage modules containing multiple SCs connected either in
series or parallel. These ECMs were found to be highly accurate in
long-term, as a very significant correlation between the simulation and
experimental results over a prolonged period of time (31 days) was re-
ported. In these ECMs, capacitance (C), equivalent series resistance
(ESR), and equivalent parallel resistance (EPR) parameters (a & b) are
considered as four parameters that are subject to inherent uncertainty in
the fabrication process of a single printed SC. In order to obtain capac-
itance and ESR value, a Maccor workstation (Maccor Inc., USA) was used
to electrically characterize the SCs individually according to an inter-
national industrial standard (IEC 62391-1) (see Refs. [26,36] for more
detailed information). Besides, the EPR (a & b) parameters were also
determined from the self-discharge profile of the SCs (as discussed in
detail in Refs. [36,37]).

As discussed above, in order to employ the MC tool, it is necessary to
specify the probability distribution of each of the four parameters with
inherent uncertainty for 12 printed SCs used in this study. Hence, every
parameter in this ECM has been subjected to a normality test in order to
determine whether the data can be described adequately by a normal
distribution (Gaussian distribution). In probability theory, a normal
distribution is a distribution that is symmetric around the mean, rep-
resenting that data near the mean are more likely to occur than data
further away from the mean [38]. Accordingly, each parameter’s dis-
tribution as well as the bell curve are represented in the histogram charts
(Fig. 2). The normal quantile-quantile (Q-Q) probability plot for each
parameter of the ECM are also shown in the supplementary material
(Fig. 2). As can be seen in the histogram charts and the Q-Q plots, all the
four parameters follow a normal distribution.

Furthermore, a summary of the descriptive statistics and normality
test results such as mean value, standard deviation (Std), P-value, and
skewness for each parameter can be found in Table 1. It is also evident
from the numerical results of the descriptive statistics that all four pa-
rameters exhibit a normal distribution. For instance, there is a strong
support for the hypothesis of normal distribution based on the P-value of
the four parameters, which range between 0.74 and 0.98. Moreover, the
mean and median values for each of the four parameters are almost
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Table 1

Descriptive statistics and normality test results of the ECM parameters.
Parameters C (mF) ESR (Q) a b
N total 12 12 12 12
Mean 179.0 7.7 —35.6 20.0
Minimum 169.1 6.3 —38.6 16.9
Median 178.2 7.6 —35.8 20.0
Maximum 192.0 9.3 -31.3 23.8
Std 7.18 0.92 2.21 2.07
P-Value 0.83 0.82 0.74 0.98
Skewness 0.35 0.41 0.52 0.30

identical, representing another proof of passing the normal distribution
test by all four variables. Besides, the skewness, an indicator of the de-
gree of distribution asymmetry, ranges between 0.30 and 0.52 for the
four parameters, indicating that the probability distributions of all
variables are approximately symmetrical.

3. Results and discussion

3.1. Quantifying capacitance variation in series-connected SC energy
modules using statistical analysis

The voltage stored in a single SC cannot exceed a certain amount, as
it is limited by the electrochemical potential window of the electrolyte
[39]. This maximum potential value for the printed SCs used in this work
is 1.2 V. However, there may be circumstances where this limited
voltage is not sufficient for a particular application, so the solution is to
connect multiple SCs in series in order to form a SC energy module.
Nevertheless, the standard deviation (std) among the capacitance value
of the SCs must be considered when connecting several SCs in series, as
the larger the difference among the capacitance of series connected SCs
is in a module, the larger the difference among the voltage stored over
each SC will be, once the charging phase has completed (there will be
more voltage over the SC with the lowest capacitance). On the basis of
the capacitive division of the total charging voltage, the potential dif-
ference across each SC can be calculated using Eq. (1). Consequently, if
the std of capacitance of SCs within a module is above a certain

Count
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Fig. 2. Histogram chart of the ECM parameters.
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threshold, some SCs will have voltage that exceeds the electrochemical
potential window of the electrolyte, resulting in the entire module
malfunctioning. Statistical analysis is therefore essential for determining
the maximum capacitance std of series-connected SCs within a module.

Vsci=Vo/ (Cix(1/Ci+1/Co+1/Cs+...+1/Cy)), @

As Vg represents the voltage stored across SCi, Vo represents the
charging voltage, C represents the capacitance, and N represents the
number of SCs connected in series.

In the previous section, the normality test and descriptive statistics
indicated that the capacitance of the printed SCs follows a normal dis-
tribution. Now, using the statistical analysis tools, our objective is to
determine: if we fabricate 300 printed SCs with some standard deviation
(std) on their capacitance (10, 15, and 20%), and if we would form 100
SC energy modules using three SCs connected in series per module, and
if we would charge each module up to 3 V, how many of the modules
will contain at least one SC with stored voltage higher than 1.2 V? The
statistical study results for this investigation are presented in Table 2. In
light of the results, if we have a 10% standard deviation on the capac-
itance value of the 300 printed SCs, we will have only one module with
at least one SC with a voltage higher than 1.2 V. Accordingly, with a
standard deviation of 15% and 20% on the capacitance of 300 SCs, there
will be 12 and 31 modules with at least one SC with a voltage of more
than 1.2 V, respectively. Thus, the maximum std allowed on the
capacitance of three series-connected printed SCs is less than 10%, in
order to prevent the module from malfunctioning when charged up to 3
V.

For this statistical investigation, Fig. 3 also shows the distribution
plots of the SC’s stored voltage within a module. It is evident from the
distribution plots that the number of SCs with a voltage more than 1.2 V
increases as the capacitance std increases and it may even reach about
1.6 V in the case of 20% std. Likewise, the violin-shaped plots of the SC’s
stored voltage across a module can be found in the supplementary ma-
terial (Fig. 3).

3.2. Statistical analysis of capacitance std in series-connected printed SCs
for charging voltage optimization

Before applying a specific voltage to the energy storage module,
statistical analysis can be employed to determine the maximum std of
capacitance of printed SCs connected in series within the module. As a
result, the determination of the potential maximum std for the capaci-
tance of series-connected printed SCs will protect the energy storage
systems from malfunctioning.

Our objective is now to determine how much maximum std should be
allowed for the capacitance of 300 printed SCs, if a specific voltage in the
range of 2.5-3.5 V is applied to the three series-connected SCs module,
in order to ensure that there are no SCs with voltage exceeding 1.2 V. A
summary of the results of this statistical analysis is presented in a table in
the supplementary material. The maximum allowed std of capacitance is
inversely proportional to the voltage applied to the module, as shown in
the table. For example, in order to safely store 3.5 V power to the energy
storage module, the maximum capacitance std of the printed SCs must
be 1.4%, while for 2.5 V, it can be increased up to 16.1%.

Furthermore, as shown in Fig. 4, the relationship between the
maximum std of the capacitance and the total voltage stored in the
module is linear with a high degree of accuracy (based on the R-square
values of the linear fit). As a result of this linear relationship, the
following equation can be derived:

Table 2
Number of SC energy modules with at least one SC exceeding 1.2 V stored
voltage, based on different capacitance std (10%, 15%, and 20%).

Std (10%) Std (15%) Std (20%)

Number of modules 1 12 31
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C — Stdpyay, = 54.61 — (152 x V) @

Where C-Stdpax represents the maximum std allowed for the capacitance
of 300 printed SCs, and Vt represents the maximum voltage that can be
safely stored over a three series-connected SC energy module.

3.3. Energy window range of the printed SC modules

In order to ensure reliable operation during power outages or in-
terruptions, it is crucial to accurately determine the amount of energy
that an energy storage module is capable of continuously providing in
various applications. With the std in the capacitance of the printed SCs
during mass production, statistical analysis can therefore provide insight
into the energy window range of the SC modules well in advance of the
energy storage systems deployment in the applications. Additionally,
awareness of the energy range that can be supplied by a printed SC
module to a specific application facilitates the optimization of energy
management, enhances system performance, extends the module’s
lifespan, minimizes the environmental impact, and guarantees safe
operation [40].

As a result of Eq. (2), it is now possible to calculate the maximum
potential std of the capacitance of printed SCs within a module in order
to safely store a particular potential difference. Our aim is now to
determine how much the energy window range of each module would be
if we form 100 SC modules using 300 printed SCs and store a particular
voltage (2.5-3.5 V) within each module. The energy window range of
the three series-connected SC modules can be seen in Fig. 5a when a
specific potential difference of 2.5-3.5 V is stored across the module. As
an illustration, assuming a safe storage capacity of 3.5 V, the SC module
has the capability to supply energy within the range of 358-370 mJ.
While, if the safe storage capacity is reduced to 2.5 V, the SC module is
expected to provide an energy output in the range of 125-225 mJ.
Clearly, this indicates that lowering the stored voltage in the module
results in increased std in the capacitance of the SCs, thus widening the
energy window of the module (as shown in Fig. 5a, the energy window
ranges from right to left becomes wider as the voltage decreases).

The utilization of printed SC modules in conjunction with integrated
circuit (IC) chips is regarded as a significant and promising improve-
ment, as the use of printed SCs can enable the development of more
compact and energy-efficient IC chip systems [41]. Nonetheless, the
integration of printed SC modules with IC chips presents several tech-
nical challenges that must be overcome. One significant challenge is the
matching of the SCs module voltage with the operating voltage of the IC
chip. The second challenge involves guaranteeing that sufficient energy
is supplied to operate the IC chips. Hence, the voltage output of the SC
module must be carefully controlled to avoid damaging the IC chip while
still providing enough power to meet the chip’s energy requirements. So
far, the statistical analysis conducted in this study has partly demon-
strated the approach to addressing these two concerns.

Subsequently, the remaining energy window of a printed SC module
after operating an IC chip must also be considered, as it is important for
several reasons. First, it can help to determine the operational efficiency
of the SC module and the IC chip. If the remaining energy window is too
low, it could indicate that the capacity of the SC module is insufficient to
meet the energy requirements of the IC chip or that the energy transfer
efficiency is low, leading to energy losses and decreased operational
efficiency. Second, understanding the remaining energy window can
help determine when the SC module needs to be recharged. If the
remaining energy is low, it is essential to recharge the SC module before
the energy is fully depleted in order to prevent potential shutdown of the
IC chip. Third, knowledge of the remaining energy can help optimize the
design of the system that incorporates the SC module and the IC chip. By
understanding the energy requirements of the IC chip and the capacity
of the SC module, the system can be designed to ensure that the SC
module can provide sufficient energy to the IC chip for the desired
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duration of operation. In summary, knowing the remaining energy of a
SC module after operating an IC chip is essential for determining oper-
ational efficiency, optimizing the design of the system, and preventing
potential damage to the IC chip. The remaining energy available within
the SC module can be computed using the following equation:

E="%xCi x (Vzmudule - Vipp)

where E is the remaining energy, Ci: is the total capacitance of the SC
module, Viodule is the stored voltage in the SC module, and Vypp, is the
operational voltage of the IC chip.

The operation voltage of the IC chips varies depending on the specific
chip and its design [42]. Modern IC chips typically operate at low
voltages, usually around 2 V. This study assumes the use of printed SC
modules to power IC chips with three distinct operation voltages (1.8, 2,
and 2.2 V). The remaining energy window range of three
series-connected printed SC modules after the operation of IC chips at
voltages of 1.8, 2, and 2.2 V is illustrated in Fig. 5b-d, respectively, with
no recharge applied. Based on the analysis depicted in Fig. 5b-d, it can
be concluded that in case a printed SC module is charged up to 3.5 V and
then utilized to power IC chips with voltages of 1.8, 2, and 2.2 V, a
remaining energy range of 263-273, 241-250, and 217-224 mJ may be
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Fig. 5. (a) Energy window range of series-connected SC module with potential difference of 2.5-3.5 V (b-d) Remaining energy window range of series-connected
printed SC modules after IC chip operation at voltages of 1.8 V, 2 V, and 2.2 V without recharge.

expected to be still available within the module, respectively. On the
other hand, in the case of storing 2.5 V across the SC module, there will
be a remaining energy range of 75-109, 56-107, and 19-62 mJ within
the module after operating IC chips with voltages of 1.8, 2, and 2.2 V,
respectively. Briefly, the determined energy window range values, ob-
tained through statistical analysis, provide system designers with valu-
able information to select suitable energy modules and set realistic
practical expectations for the duration of backup power supply.

3.4. Statistical analysis on charging and discharging behavior of SC
module

In this section, we aim to employ MC simulation as a method for
analyzing and predicting the charging and discharging behavior of in-
dividual printed SCs within a three series-connected SC energy module
as well as the behavior of the entire module. The outcomes of MC
simulation can provide detailed insights into the behavior of individual
components, as well as the overall energy storage module, under varying
conditions. These insights can be leveraged to evaluate the risk of failure
or performance degradation of individual SCs and the module during
charging and discharging cycles. Additionally, the utilization of MC
simulation exhibits promising potential for mitigating the financial
burdens associated with physical testing and prototyping, while
concurrently reducing time expenditures. Through simulating the
behavior of SC modules in a virtual setting, it is possible to detect po-
tential issues early on in the design process, thereby minimizing the need
for costly and time-consuming physical testing and prototyping.
Furthermore, the results of MC simulation can be utilized to optimize the
module’s design and ensure that it satisfies the requisite specifications.
In brief, by using MC simulation tool, designers and engineers can
develop more efficient, reliable, and cost-effective SC modules.

Fig. 6. a illustrates the charging ECM of a SC module consisting of

three printed SCs connected in series and charging up to 3 V. Fig. 6b also
presents the discharge ECM of the SC module. In order to model the
initial potential difference of the SCs when discharging, a switch and a
DC voltage source have been employed for each SC. The value of the DC
voltage source is calculated using capacitive voltage division of the three
SCs. Besides, ESR (equivalent series resistance), refers to the internal
resistance of the SC electrodes and electrolyte, as well as the resistance
of the connections. On the other hand, EPR (equivalent parallel resis-
tance), describes the nonlinearity associated with the SC’s self-discharge
and leakage current. The exponential function of EPRs for all four ECMs
are already displayed in Fig. 1. The authors have previously provided a
comprehensive description of these ECMs in their prior publication [36].

As discussed earlier in this work, in order to utilize MC simulation, it
is necessary to define the various variables in an ECM, as well as their
distribution, mean value and standard deviation (std). The four ECMs
utilized in this work have different number of variables for each single
SC (see Fig. 1). For a single SC, ECM1 has four variables (C, ESR, a, and
b), ECM2 has three variables (C, ESR, and b), and ECMs 3 and 4 have two
variables each (only C and ESR). Besides, as outlined in the ‘Method’
section, this work utilizes 12 printed SCs’ parameters to conduct MC
simulations, with all four parameters of the SCs following a normal
distribution. Table 3 provides a summary of the EPR function for each
ECM, along with the variables included in each ECM and their respective
mean value (M) and std (the abbreviation ‘N/A’ denotes that the
particular variable is not applicable to the corresponding ECM). In this
research, the charging and discharging behavior of the printed SCs
module is analyzed through 100 trials conducted using the MC simula-
tion tool.

3.4.1. Monte-Carlo charging results using the proposed ECMs
Fig. 6¢ and d presents the charging behavior of one of the individual
SCs (SC 1) and the entire module. The charging behavior of the three



H. Pourkheirollah et al.

o

Journal of Power Sources 585 (2023) 233626

)

VFSIcp’ Vlu\v= Ov
Vmgj.: 3 v, Delay: 0 nsec
Rise= 1 nsec
C, ESR, C, ESR, G, ESR;
1 1 1
EPR, EPR, EPR;
(@)

VEC, X(UCHICHIC))

EPR,

Voltage (V)

V=G X(UCHICHIC)

VBIC X(ICHICHIC,)

0]

0]

Switch 2

Voltage (V)

EPR,

SCs module
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within a SC module. (d) Charging behavior of the whole SC module.

Table 3
Summary of ECMs’ variables, EPR function elements, mean value (M), and std.

Variables C (mF) ESR (Q) a b

ECMs

ECM 1

EPR:

1= e @xV)

ECM 2

EPR:

1 = (-22+bx(V-0.7))

ECM 3

EPR:

1 = e (+28 —45xCHVx(64xC+9)
ECM 4

EPR:
I = e(~365+20.4xV)

M: 179.0
Std: 7.18

M:7.7
Std: 0.92

M: -35.6
Std: 2.21

M: 20.0
Std: 2.07

N/A

N/A

printed SCs exhibit a high degree of similarity, as evidenced in the
supplementary material (Fig. 6). On the other hand, none of the SCs
reaches a charging voltage of 1.2 V. The observed similarity in the
charging behavior and the maintenance of the charging voltage below
1.2V for each individual SC can be attributed to two factors. Firstly, the

printed SCs exhibit low std in capacitance and ESR values (7.18% and
0.92% respectively). As previously discussed in this article, this ensures
the safe storage of each individual printed SC within the three series-
connected SC module when connected to a 3 V power source, as long
as the std of the capacitance remains below 9.9% (see table in the sup-
plementary material). Secondly, the authors’ previous work demon-
strated that the charging behavior of SCs is minimally affected by the
EPR when the charging current is excessively high [26]. Additionally,
Fig. 6d depicts the charging behavior of the entire module, which stores
3 V in approximately 10 s.

3.4.2. Monte-Carlo self-discharge results using the proposed ECMs

The utilization of the MC simulation tool facilitates an extensive
comprehension of the self-discharge characteristics exhibited by printed
SCs and SC energy storage modules, particularly when considering
extended time duration scenarios. First, by studying the long-term self-
discharge behavior, researchers can assess the energy storage capabil-
ities of printed SCs and SC modules over extended periods. This evalu-
ation helps in determining their suitability for practical applications that
require prolonged energy storage. Second, knowledge of long-term self-
discharge behavior aids in evaluating the reliability and durability of the
printed SCs and modules. It allows researchers to identify potential
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degradation mechanisms, estimate the loss of stored energy, and assess
the impact of self-discharge on the overall system performance. Third,
the long-term self-discharge behavior data can be used to develop pre-
dictive models that estimate the energy losses over time. These models
can aid in system-level optimization, performance prediction, and
decision-making processes regarding the use of printed SCs and modules
in various applications. Fourth, comparing the self-discharge behavior
of different printed SCs and modules over the long-term allows for
performance comparison and benchmarking. This analysis helps to
identify superior designs, materials, or fabrication techniques that
exhibit lower self-discharge rates, higher energy retention, and
improved long-term stability.

Figs. 7 and 8 depict the long-term (31 days) simulated self-discharge
characteristics of one of the individual SCs within the module (SC 1) as
well as the entire three series-connected SC energy module, employing
four ECMs, through the utilization of the MC. The results for all three
individual SCs are presented in the supplementary material (Figs. 7 and
8). The figures clearly demonstrate that ECM 1 predicts the broadest
window range of results on day 31, whereas ECM 3 and 4 predict the
narrowest window range. This difference in the width of the predicted
window range can be attributed to the application of the MC tool on four
variables in ECM 1, while only two variables are considered in ECM 3
and 4. Nonetheless, ECM 3 and ECM 4 are likely to yield the most
probable final outcomes, given that the range of final outcomes pro-
duced by these two ECMs falls within the range of highest data con-
centration observed for ECM 1. Table 4 presents the MC simulated
voltage outcomes of both individual SCs and the entire module after 31
days, utilizing four ECMs. Based on the table, when employing ECM 1,
the SC energy storage module is projected to retain a minimum of 1.87 V
power after 31 days of self-discharge in the worst-case scenario.
Conversely, in the best-case scenario, the module is anticipated to
possess a maximum of 2.89 V power on the 31st day. When ECM 2 is
employed, the energy window range of the module on the 31st day is
estimated to be between 2.41 and 2.56 V. However, when utilizing ECM
3 and 4, this range becomes more narrower, spanning approximately
2.40-2.43 V. Accordingly, these numerical values indicate that the final
results produced by ECM 3 and ECM 4 are roughly equivalent to the
average value of the final results generated by ECM1.

It should be noted that excellent concordance was observed between

Journal of Power Sources 585 (2023) 233626

the experimental results and simulations conducted with four ECMs, as
previously published by the authors [36,37].

4. Summary and conclusion

In this study, a thorough statistical analysis is conducted on experi-
mental parameters of 12 printed supercapacitors (SCs) utilizing the
equivalent circuit models (ECMs) previously proposed by the authors.
Statistical distribution and descriptive statistics of different parameters
of printed SCs such as mean, P-value, and standard deviation (std), etc.
are reported in this work. In conclusion, it is observed that all four pa-
rameters of printed SCs exhibit a normal (Gaussian) distribution. Be-
sides, a beneficial statistical method is proposed to establish the
maximum potential std in the capacitance value of multiple SCs within
an energy storage module. To summarize, this method ensures that none
of the SCs store a voltage exceeding the electrochemical potential win-
dow of the electrolyte, which could potentially lead to system mal-
function. In addition, a strong linear relationship with high accuracy is
discovered between the applied voltage on the energy storage module
comprising three printed SCs connected in series and the maximum
potential std of capacitance of SCs, ensuring the safe operation of the
energy module. Furthermore, a statistical method is proposed to predict
the energy window range of the SC energy storage module after oper-
ating an IC chip. This method offers valuable insights that can contribute
to performance optimization, resource planning, system reliability, en-
ergy harvesting strategies, and safety considerations. By providing in-
formation on the expected energy range, it enables better decision-
making and management strategies to ensure the efficient and reliable
operation of the overall system.

Subsequently, leveraging the obtained statistical characteristics of
the experimental parameters and employing the Monte-Carlo (MC)
simulation tool with 100 trials on the ECMs, the long-term (31 days)
charge and discharge performance of individual single printed SCs and
the three series-connected SC energy storage modules are predicted. The
MC simulation results demonstrate that as long as the std of the pa-
rameters remains below the defined threshold, the charging behavior of
SCs exhibits similarity. This is also attributed to the negligible impact of
the equivalent parallel resistance (EPR) parameters during the charging
phase. Moreover, The MC results provide a predicted window range of
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Fig. 7. MC simulated long-term (31 days) self-discharge characteristics of individual SCs and entire series-connected SC energy module using ECM 1 (a, b) and ECM 2
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Table 4
MC simulated voltage outcomes of individual SCs and module after 31 days
using four ECMs.
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Voltage of module on day 31 (V)

Voltage of single SC on day 31 (V)

ECM 1 Min: 1.87
Max: 2.89
ECM 2 Min: 2.41
Max: 2.56
ECM 3 Min: 2.415
Max: 2.427
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voltage for the energy module after 31 days of self-discharge. The esti-
mated range of results may provide valuable insights into the potential
power variations and uncertainties that can occur over time. This in-
formation allows for better understanding and prediction of the energy
module’s performance under real-world conditions. By accounting for
various factors and conducting multiple trials, the MC simulation helps
in assessing the robustness and reliability of the energy storage system,
aiding in effective planning, optimization, and risk mitigation strategies.
Besides, the MC simulation results obtained from ECM 3 and 4, which
have a smaller number of parameters, are considered the most likely
outcomes. This is due to the fact that these results align with the range of
data that exhibits the highest concentration in ECM 1, which has a larger
number of parameters.

Overall, the statistical study approach proposed in this article may
empower researchers in the field of printed SC energy storage modules
by providing data-driven insights, performance evaluation, risk assess-
ment, design validation, decision support, and predictive capabilities.
These tools enhance understanding, support optimization, and facilitate
evidence-based decision-making in this specialized research field.
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Abstract— Printed supercapacitors (SCs) are demonstrated to
activate 1x1 cm? Irreversible Visual Indicators (IVIs) based on
four different monomer systems: 3,4-Ethylenedioxythiophene
(EDOT), bis-3,4-Ethylenedioxythiophene (BiEDOT), 2,2'-
Bithiophene  (Bithiophene), and  2,2':5',2"-Terthiophene
(Terthiophene). The key parameters which determine whether the
IVIs can be fully activated (A Optical Density > 0.9) are the
activation potential, the coloration efficiency (CE) of the IVI’s,
and the initial voltage and charge density of the SCs. All four
monomer systems can be fully activated by three of the printed
SCs connected in series (3.55 V), but only BIiEDOT and
TerThiophene can be fully activated by two series connected
printed SCs (2.35 V).

Keywords—Electrochromic Displays; Supercapacitors; Printed
Electronics; Circuit Integration; Smart Labels; Irreversible Systems;
Electropolymerization

I. INTRODUCTION

Electrochromic indicators and displays have commercial
interest in the logistics, retail, and healthcare sectors as a
dynamic form to convey information [1]. While a traditional
approach to produce electrochromic displays consists of
depositing or coating the chromogenic material during the
manufacturing process, researchers such as Sotzing have put
forward the concept of ‘in-situ’ electropolymerization as a
simpler route for electrochromic display fabrication [2]-[5].
Using this technique, an electrochromic polymer is formed
inside of the display electrochemically after the device has been
fully manufactured.

While in-situ electropolymerization has been demonstrated
as a method to generate -electrochromic displays for
conventional reversible cycling [6], the color transformation
produced in the electropolymerization process can be utilized to
create an Irreversible Electrochromic Indicator (IVI). This is
envisioned for use in applications such as spoilage labels, or
tamper labels, where a stark color change is necessary that
cannot be removed, see Fig. 1. Commercial application of IVIs
requires integration with a switching circuit and a power source
that can trigger the electropolymerization reaction during use.
Over the past decade, researchers around the world have become
increasingly interested in supercapacitors (SCs), since SCs are
regarded as an alternative to batteries for electrical energy
storage [7]. The benefits of SCs as a promising energy storage

system over conventional rechargeable batteries include high
power density, light weight, exceptionally longer cycle life,
lower internal resistance, short charge/discharge times, wide
temperature range of operation, recyclability, and a low
environmental impact [7]-[14]. While previous studies [15]
have demonstrated reversible switching of electrochromic
displays wusing SCs, electropolymerization requires a
significantly greater voltage and charge than reversible redox
switching of the corresponding homopolymer.
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Fig. 1. Schematic of an irreversible visual indicator via electropolymerization

In this study, printed SCs are used to trigger in-situ
electropolymerization of devices with four different monomer
systems:  3,4-Ethylenedioxythiophene (EDOT), bis-3,4-
Ethylenedioxythiophene (BiIEDOT), 2,2'-Bithiophene
(bithiophene), and 2,2":5",2"-Terthiophene (terthiophene). These
monomer systems were selected as they present a broad range
of activation potentials (E.) and coloration efficiencies (CEs).
The results of the activation with the printed SCs are evaluated
and compared to a 3 V coin-cell battery. Overall, the study finds
that for high coloration efficiency monomer systems, SCs can
deliver sufficient voltage and charge to fully activate 1 x 1 cm?
indicators, making them a promising candidate for activation of
in-situ electropolymerization indicators.

II. MATERIALS AND METHODS

A. Fabrication of Indicators

The electrolyte is composed of ethylene carbonate,
propylene carbonate and lithium perchlorate in a 1:0.47:0.098



ratio. Gel electrolytes were formulated by incorporation of 9.95
wt% Zeospan 8030 triblock copolymer from ZEON Chemicals,
and 0.5 wt% Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide
photo initiator using a stainless-steel blade mixer. 10 mg/ml of
monomer was mixed into the gel electrolyte.

Flexible devices were fabricated using a vertical device
architecture composed of two 80 Qo-1 PET-ITO electrodes
(Eastman, FLEXVUE) and a 220 um adhesive spacer material.
The working area is a 1 cm?. The electrolyte is cured using a
LOCTITE 500 W mercury vapor bulb for 120 s. Copper tape
was added to improve the electrical contact to the power source.

B. Fabrication of Supercapacitors

The authors have already published a detailed description of
the process for fabricating and characterization of the printed
SCs used in this study [16]-[19]. This paper provides only a
brief overview of the fabrication process. A double-sided
flexible AI/PET substrate was coated with graphite ink
(Acheson Electrodag PF-407C) as a current collector on the PET
side, while the Al layer served only as a barrier. In order to form
an electrode layer, activated carbon ink (Kuraray YP-80F) was
applied on the current collector layer using an in-house
formulation containing chitosan as a binder. The two layers were
achieved using laboratory-scale doctor blade coaters.
Afterwards, NaCl:H,O aqueous electrolyte and a paper
separator were added, and the two electrodes were then heat-
sealed upside down with an annealed adhesive material to form
an SC of the electrochemical double-layer capacitor (EDLC)

type.
C. Measurements

Optical spectroscopy was performed on an Agilent Cary
300 UV-Vis Spectrophotometer. The activation of the
indicators was measured by following the transmittance at 555
nm, the peak of human photopic vision. Potentiostatsic and
cyclic voltametric measurements were performed with an
AUTOLAB PGSTATI100N potentiostat. The voltage of the
SCs was measured using a FLUKE® 115 handheld multimeter
digital CAT III 600 V display (counts): 6000.

III. RESULTS AND DISCUSSION

A. Electrical and Optical Characterization of IVI systems

Two key electrical properties for IVIs are Ea and CE. The
Ea of an IVI is primarily determined by the oxidation potential
of the monomer system, and the CE is primarily determined by
the number of electrons transferred in each cross-linking step
(typically in the range of 2.07-2.60 F-mol—1 per monomer
reacting [20]), as well as the length and absorptivity of the
polymer formed. However, other parameters including the
solvent, salt, monomer concentration, and electrical activation
protocol can influence these values.

The first scan of cyclic voltammetry measurements of IVIs
with all four monomers are shown in Fig. 2a. The onset of
polymer film formation is identified by the rapid increase in the
current density from monomer oxidation and subsequent cross-
linking steps. The change in optical density as a function of
charge during potentiostatic activation is shown in Fig. 2b. A

summary of the Ea and CE for all four monomers is shown in
Table 1. As the conjugation length of a monomer species
increases, the oxidation potential decreases, fewer cross-linking
steps are required to form the same length of polymer. Thus, the
CE of BIiEDOT compared to EDOT and TerThiophene
compared to BiThiophene are more than double, and the Ea
decrease by 0.5 and 0.3 V respectively.
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Fig. 2. (A) First forward scan of cyclic voltammetry of indicators at 10 mV/s
(B) change in optical density at 555 nm as a function of current when activated
potentiostatically at 3 V (C) chemical structure of EDOT, BiEDOT,
BiThiophene and TerThiophene monomers.

TABLE L KEY ELECTRICAL PROPERTIES OF IRREVERSIBLE INDICATORS
BASED ON DIFFERENT MONOMER SYSTEMS
Monomer Activation Potential Coloration Efficiency
System (\%) (Cm*C)
EDOT 2.5 9
BiEDOT 2.0 24
BiThiophene | 2.6 21
TerThiophene | 2.3 49

 Measured at 555 nm during 3V potentiostatic activation

B. Activation of IVIs with SCs and Coin-Cell Battery

The key electrical properties of SCs are the initial voltage
(E0), capacitance (C), and equivalent series resistance (ESR).
The values for these properties are shown in Table II.



TABLE II. KEY ELECTRICAL PROPERTIES OF SUPERCAPACITORS

CONNECTED IN SERIES

Number of SCs Initial Voltage Overall Equivalent
V) Capacitance Series
(mF) Resistance
()]
1 1.2 170 7.5
2 2.4 85 15
3 3.55 60 22

All four IVI systems were activated using two and three SCs
connected in series. The transmittance across the IVIs and the
voltage across the SCs were recorded simultaneously. The
results are shown in Fig. 3. When the SCs are connected in
series with the IVIs, if the E of the SC is greater than the E, of
the IVI then the in-situ-polymerization will begin. The film
forming process will proceed as the SC module discharges until
the voltage of the module drops below the E, of the IVI. At this
point, the potential is too low to oxidize further monomers
within the IVI and feed the electropolymerization reaction.

While both two and three SCs in series have a high enough
Eo to begin the activation with the EDOT, since the CE of
EDOT is so low, 9 cm?/C, three SCs in series are required to
fully activate the IVI with AT > 80 %. When only two SCs are
used, a AT of only 55 % is achieved. BiThiophene likewise
shows full activation with three SCs, but only a AT of 33 %
when two SCs are used. Both BIEDOT and TerThiophene can
be fully activated with both two and three SCs in series.

For all the monomer systems tested, faster activation is
observed with three SCs than with two SCs, as the speed is
dependent on the voltage. The transmittance data for activation
with a 3 V coin-cell battery is also shown in Fig. 3, as this would
be an alternative to SCs and light harvesting modules in a label.

IV. CONCLUSION

Overall, this study finds that IVIs based on in-situ
polymerization can be effectively activated by printed SCs —
showing potential for use in the emerging smart label market.
This study shows that the contrast, as measured by A %T, and
the activation speed can be modified by the selection of
monomer system used in the IVI, as well as the number of SCs
connected in series. BIEDOT and TerThiophene IVI systems
are particularly promising systems due to their low E,, and high
CE during electropolymerization, however additional studies
should be conducted to determine whether this has a
detrimental impact on the long-term stability of the indicator.
This system can be further optimized by modification of the IVI
working area size and monomer concentration, and future work
will include integration of these elements with a thermal sensor
and an energy storage system on a flexible substrate as a
prototype for use in the cold-chain market.
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Transmittance of IVIs during activation with two SCs, three SCs and

a 3 V coin-cell battery for (A) EDOT, (B) BiEDOT, (C) BiThiophene, and (D)
TerThiophne. Right y-axis shows the voltage of the SCs during activation. The
black straight lines and the black dashed lines show the voltage of three and
two series-connected SCs during activation, respectively.
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