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Summary

Photovoltaic (PV) solar energy is variable and not completely predictable; therefore,
different energy storage devices have been researched. Among the variety of options,
electrochemical cells (commonly called batteries) are technically feasible because of
their maturity and stability. However, PV-battery systems face multiple challenges such
as high cost and complexity of installation. Cost is the main concern when trying to
enable new solutions for the solar market, especially when competing with other renew-
able technologies, but most importantly, with fossil fuels to reduce the effects of climate
change. As a consequence, a new concept that integrates all the components of a PV-
battery system in a single device is introduced. By integrating a power electronics unit
and a battery pack at the back of a PV panel, referred as PV-battery Integrated Mod-
ule (PBIM), the cost of the total system can decrease and become a viable alternative
for the solar market. Because the concept is relatively new and not all the challenges
have been previously addressed, this dissertation strives to prove the feasibility of the
concept and to fill the gaps that have been identified in the literature review. Firstly,
an off-grid PV-battery system was selected, and a sizing methodology was proposed
to investigate the limitations and boundaries of the integrated device. Having sized the
system, the thesis explored the implementation of an energy management system in
order to control smartly the direction and magnitude of the power delivery. Then, a
thermal model was developed to characterize the thermal response of the PBIM and
to recommend a thermal management system to decrease the temperature of oper-
ation of the battery pack and power electronics. Finally, by testing a PBIM prototype
and developing an integrated model that reproduces the temperature and power flows
expected, a battery testing methodology was developed for finding a suitable battery
technology that can comply with the requirements set by the expected operating condi-
tions of the device. Therefore, the research carried out in this dissertation proves that
the integration of PV-battery system in one device is technically feasible.
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Samenvatting

Omdat fotovoltaische zonne-energie (PV) niet constant en niet volledig voorspelbaar
is, zijn er verschillende vormen van opslag onderzocht. Onder de verscheidenheid aan
opties zijn elektrochemische cellen (ook wel batterijen genoemd) technisch haalbaar
vanwege hun ver gevorderde ontwikkeling en stabiliteit. PV-batterijsystemen hebben
echter te kampen met meerdere uitdagingen, zoals hoge kosten en grote complexiteit.
Het financiéle aspect is de grootste zorg bij het vinden van nieuwe oplossingen voor
de zonne-energiemarkt. Vooral wanneer ze moeten concurreren met andere hernieuw-
bare technologieén, maar in het bijzonder met fossiele brandstoffen. Laatstgenoemde
is noodzakelijk om het effect van klimaatverandering te verminderen. Als gevolg hier-
van introduceren we een nieuw concept dat alle onderdelen van een PV-batterijsysteem
in één apparaat integreert. Door de vermogenselektronica en batterij aan de achter-
kant van een PV-paneel te integreren, hier aangeduid als PV-Battery Integrated Module
(PBIM), dalen de kosten van het totale systeem en kan het een levensvatbaar alterna-
tief worden voor de zonne-energiemarkt. Omdat het concept relatief nieuw is en niet
alle uitdagingen eerder zijn geadresseerd, probeert dit proefschrift de haalbaarheid van
het concept aan te tonen en de hiaten, die geidentificeerd zijn in de literatuurstudie aan
te vullen. Ten eerste werd een lokaal niet net-gekoppeld PV-batterijsysteem op het
platteland geselecteerd en werd er een dimensioneringsmethode voorgesteld om de
beperkingen en grenzen van het geintegreerde systeem te onderzoeken. Na de grootte
van het systeem onderzocht te hebben, is ten tweede de implementatie van het ener-
giebeheersysteem onderzocht. Het energiebeheersysteem moet de vermogensrichting
en —grootte regelen. Ten derde werd er een thermisch model ontwikkeld om de thermi-
sche respons van de PBIM te karakteriseren en een thermisch beheersysteem aan te
bevelen om de bedrijfstemperatuur van het batterijpakket en de vermogenselektronica
te verlagen. Tot slot, door een PBIM-prototype te testen en een geintegreerd model te
ontwikkelen dat de verwachte temperatuur- en vermogensstromen reproduceert, is een
batterijtestmethodologie ontwikkeld voor het vinden van een geschikte batterijtechno-
logie. Deze technologie voldoet aan de vereisten die worden gesteld aan het systeem
welke gebaseerd zijn op de verwachte operationele omstandigheden. Concluderend,
het onderzoek in dit proefschrift toont aan dat de integratie van PV-batterijsystemen in
één apparaat technisch haalbaar is.
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Introduction

he average global temperature of the world is rising as a consequence of the con-

tinuously growing greenhouse emissions [1]. According to estimations [2], the av-
erage surface temperature of the world is likely to exceed 2°C by the end of the 215t
century with respect to the levels before the industrial revolution. More recently, the
International Panel on Climate Change has reported that an increase of 1.5°C (above
pre-industrial levels) is likely to occur between 2030 and 2052; this is expected to cause
extreme temperatures, heavy precipitations, and high probability of droughts in particu-
lar regions [3].

Among the various options to mitigate the impact of global warming, renewable
energy has been identified as an alternative for the electricity energy sector in order
to diminish the dependency on fossil-fuel-based thermal plants [4]. By fostering energy
generation from clean sources such as wind and solar energy, the dependence on fossil
fuel may reduce as well as the rate at which temperature has been rising [5].

In particular, solar photovoltaic (PV) energy generation has seen a drastic increase
in installed capacity during the last years, with a cumulative average PV capacity growth
of 49% per year between 2003 to 2013 [6]. In 2017, PV generation represented 1.9%
of the global electricity production [7], but it is estimated that by 2050 this will increase
to 16% [6].

To make this possible, the challenges related to the variability of solar irradiation
must be solved, as they lead to unreliability and instability in the electricity supply [7].
This is due to the mismatch that occurs when the output power from the PV modules
and the power demanded from the loads are not equal. A way to cope with this is by
incorporating energy storage systems to supply power when there is no irradiation or
when it changes rapidly [8]. Benefits of integrating PV and storage systems could be
reaped by system owners, and in specific cases are more affordable than PV systems
alone [9], specially when feed-in tariffs are in place [10]. However, the system price
must continue to drop in order to become a widely adopted technology to face climate
change.
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1.1. Motivation

urrent systems that combine PV panels and battery banks present multiple oppor-

tunities for improvement, but the most important is the system cost. Even though
PV panel and battery prices are dropping fast [11, 12], PV-battery systems are still
expensive. Costs can be reduced without necessarily increasing the efficiency and re-
ducing the prices of PV modules, for instance by decreasing the installation expense.
Actual PV-battery systems are complex to design and install, requiring extensive tech-
nical advice and labor to build the system, which impacts the total cost.

The installation cost of solar systems accounts for around 24% of the total when
other soft expenses, not related to hardware, are considered for residential PV sys-
tems [13]. This is because, in a typical residential PV-battery system, PV panels on the
roof are usually connected to the power electronics and batteries separately inside the
households, making the installation process complicated and time-consuming. More-
over, typical systems are bulky, because battery banks and power electronics occupy
space dedicated to other activities in the households.

The manner in which a PV-battery system is conceived and designed currently is
rigid, as the systems cannot be updated easily in case of an increase in energy demand.
Therefore, if more solar panels are required, the total system must be redesigned ac-
cordingly. A redesign means new power electronics elements and perhaps a change
or an update of the battery bank (the most expensive part), and as a consequence,
new components must be bought. At the same time, these kinds of centralized systems
are less efficient than modular approaches, because the general performance of the
system is determined by the weakest solar panel of the array.

Another cost that should be decreased is the cost of the balance-of-system (BoS)
components, which are energy storage devices and power electronics elements needed
to implement the system. While the prices of solar panel continue to reduce, BoS
cost has not declined at the same rate [14]. For instance, the 54% of the total cost
(PV rooftop system, Germany) in 2017 was related to BoS components, while in 2006
this cost was only a 29% [15], as depicted in Figure 1.1. At the moment, the BoS
are manufactured independently, and possible synergies between them have not been
extensively exploited. By unifying or combining various BoS in new compact devices,
the cost of the balance of systems components could be reduced. This is possible due
to the savings expected from the manufacturing process as materials reduce and the
process speeds up.

1.2. Possible solution

To tackle the issues raised in Section 1.1, this thesis proposes a novel device that
combines a battery pack, charge controller, microinverter, and PV module in one
unit (refer to Figure 1.2). In particular, the PV-battery system installation effort and
cost could lower if a complete system were directly installed at the chosen location. As
the installation becomes simpler compared to conventional systems, the labor required
could be reduced, which translates into a fewer upfront cost. Another associated cost
is related to the system design; this has to do with the professional advice necessary to
size the components, i.e., finding appropriate PV array rated power, power electronics
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Figure 1.1: Total component-related cost development for PV systems between 10-100 kW, in
Germany. Sourced from [15]

selection based on peak powers, and optimum battery capacity. In this regard, the PV-
battery Integrated Module (PBIM) gives the PV system owner the option to acquire a
device that provides a direct connection to the loads without spending time designing
the system.

This device provides a modular plug-and-play solution for PV-systems owners. Be-
cause it is optimally designed and presents a simple connection to the load, the PBIM
is easy to use. This device also makes it possible to increment the size of the system by
increasing the number of the integrated modules, acting as a building block for scaling
up the PV-battery systems in a modular manner. For instance, just one PV-battery In-
tegrated Module will not be able to supply a significant portion of the energy demanded

Figure 1.2: PV-battery Integrated Module concept. It consist of a PV panel, a battery pack
composed of multiple pouch cells (battery pack), and power electronics.
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in a household. However, more integrated modules can be connected in parallel to
increase the PV generation and energy storage size of the PV-battery system. The
benefits of the modular approach are also observed in the case of partial shading. In
comparison with PV installations with series connections and central inverters, using
multiple PBIMs ameliorates the diminution of output power. With this approach, panels
with poor illumination conditions do not define the output power of the total system.

1.3. Research objective

D esign a device that combines all the components of a typical PV-battery system
in one single unit, by optimally sizing the system, enabling intelligent energy man-

agement system, proposing an efficient thermal management method, and selecting a

suitable battery technology.

1.4. Research questions

I n order to achieve the research objective, the following research questions must be
answered:

1. What are the most critical challenges and limitations when integrating a PV panel
and a battery pack in one device? (chapter 2)

2. What are the boundaries in terms of PV rating and battery capacity for a single
PV-battery Integrated Module in a standalone system considering system avail-
ability? (chapter 3)

3. How to implement an energy management system for the PV-battery Integrated
Module to enable an intelligent power and energy delivery? (chapter 4)

4. How can high temperatures reached by the battery pack be managed in order
to ensure that the PV-battery Integrated Module performs within a safe region of
operation? (chapter 5)

5. Which is the most suitable electrochemical cell technology or technologies to in-
tegrate a PV module and storage physically in one package based on aging?
(chapter 6)

1.5. Main contributions
This thesis contributes towards

1. identifying the trends and challenges to overcome for the development of PV-
battery integrated devices for outdoor high power applications (PV panels more
than 10 W,,),

2. indicating the boundaries in terms of PV rating and battery capacity for a single
PBIM considering the trade-offs between system availability, battery aging, and
components temperature.
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3. analyzing via a validated thermal model the concept of physical integration of
a PV-battery system while having a look at the thermal behavior and proposing
optimum thermal management, and

4. selecting a suitable battery technology and testing it in conditions that emulated
the operation of an integrated device, while performing an accelerated aging test
in comparison to a battery operating in standard conditions.

1.6. Thesis outline

n this thesis, each chapter addresses an individual research question (Section 1.4).

The thesis consists of seven chapters, and they are linked as shown in Figure 1.3.
Moreover, the content of the thesis is based on journal and conference papers, as
indicated at the beginning of every chapter.

Chapter 2. Integrating a Photovoltaic Storage System in
One Device

As a starting point, chapter 2 presents an overview of the current state of the devices
that integrate photovoltaic energy and energy storage components (batteries or super-
capacitors). The chapter establishes the main challenges to design robust low and high
power devices, while defining key aspects that must be solved to turn fundamental re-
search into products for the solar energy market. This chapter helps to determine the
route of this thesis, as it identifies as a priority to dive into aspects such as system sizing
(chapter 3), thermal management (chapter 5), and the study of battery aging (chapter
6).

Chapter 2. Integrating a Photovoltaic Storage System in One

Device
Cha‘pter 3. System Chapter 4. Energy Chapter 5.
Sizing for an Off-
. > Management Thermal
grid System Based System Management
on LLP Y &

{

Chapter 6. Prototype Testing and Battery Selection

Figure 1.3: Graphical description of the dissertation indicating the connections between
chapters.
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Chapter 3. System Sizing for an Off-grid System Based on
LLP

Chapter 3 introduces a methodology to size the PV module and battery pack consid-
ering system availability (in the form of loss of load probability) for a standalone solar
home system (SHS), while also exploring the boundaries of a single PBIM using two
load profiles as a reference. The method consists of an iterative process that varies
the PV rating and battery capacity while evaluating its impact on loss of load probability
(LLP). LLP is defined as the primary criterion, which must be minimized to ensure the
continuity of the energy supply to the load. Also, a basic energy management (EMS)
strategy that prioritizes load fulfillment either by solar power or battery discharging is
proposed. The implementation of this EMS is further explored in chapter 4.

Chapter 4. Energy Management System

In this chapter, the DC coupled architecture is chosen as it can ensure appropriate func-
tioning of the battery, while the complexity of the system is moderate. The converters
are managed to define the power flows according to seven modes of operation, which
are needed to perform energy management in a standalone and grid-tied PV system
case studies. Moreover, the proposed energy management system is able to harvest
the energy from the PV panel at the maximum power point, curtail the excess of PV
power in cases of overproduction, and take care of the battery charging and discharg-
ing processes following the power required by the load.

Chapter 5. Thermal Management

This chapter presents a detailed thermal model of the physical integration of a PV-
battery system on the back side of a PV panel. Based on the model, it was found that
the temperature of the components is reduced drastically by adding an air gap between
the PV panel and the BoS components. This chapter proves that batteries operate
in a safe range, even under severe conditions and the temperature can be reduced
even further through the use of phase change materials. The Finite Element Method
(FEM) model was validated using a lab testing set-up. The results of this chapter are
fundamental to determine a suitable battery technology, which is studied in chapter 6.

Chapter 6. Prototype Testing and Battery Selection

This chapter examines the PBIM concept by introducing a framework with the final aim
of selecting a suitable battery technology for the PBIM. For doing this, a prototype was
tested to characterize its electrical and thermal response via indoor testing designed
to reproduce an extreme scenario of high irradiance and low heat dissipation. Here,
the battery and PV module temperature are closely monitored until stabilized, setting
the highest temperature expected into an integrated module. Based on the informa-
tion obtained from the indoor testing of the prototype, a battery testing methodology
that emulated the conditions expected in an integrated device was formulated. By us-
ing the designed battery testing, the state of health (SoH) of two battery technologies
(Lithium iron phosphate and lithium cobalt oxide) was measured throughout a cycling
test considering two temperature levels: 45°C and ambient temperature (22—26°C).
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Chapter 7. Conclusions u
The final chapter sums up the general findings of the research project while correlating

them with the research questions set in chapter 1. Future research lines and recom-
mendations are also mentioned in this chapter.
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Integrating a Photovoltaic
Storage System in One
Device

aving set the ground in the previous section, this chapter provides an overview of

the current trends based on the integration of solar energy and energy storage. De-
spite the vast literature, there are still several open questions about how to transfer the
integration concepts from the lab to real-life applications. Hence, this chapter critically
analyzes the challenges that previous studies faced while pointing out the remaining
gaps in the field and suggesting future research lines. The chapter is divided into two
main sections based on the PV device rating: low (<10 W},) and high power (>10 W,).
In both sections, the published papers are summarized for PV-supercapacitors and
PV-battery devices to identify general trends and challenges. On the one hand, it is
concluded that the research efforts focused on lower power solutions are normally not
stable enough to perform for long times as required by real-life applications, and they
are not easily scalable to supply appliances such as low power cell phone charging.
On the other hand, high power devices can already been used in practical applications;
consequently, this thesis will be based on high power integrated devices. However, as
introduced in this chapter, there is a lack of knowledge about the impact due to the high
temperatures on storage devices and its relation to aging, adequate heat management
systems, and system sizing. Consequently, chapter 3, chapter 5, and chapter 6 are
fundamental to prove the technical feasibility of integrated devices.

This chapter is based on V. Vega-Garita, L. Ramirez-Elizondo, N. Narayan, P. Bauer. Integrating a photo-
voltaic storage system in one device: A critical review. Progress in Photovoltaics Research and Applications
(2019) [1].
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2.1. Introduction

olar photovoltaic (PV) energy generation is highly dependent on weather condi-

tions, making solar power intermittent and many times unreliable. Moreover, en-
ergy demand is widespread during the day, and solar energy is available for few hours,
provoking a mismatch between demand and supply. These two issues are the driving
force behind the use of energy storage (ES) devices, which help decrease the fluctu-
ations from the generation side, but also provide the possibility of performing ancillary
services. Consequently, it is fundamental to find the most appropriate energy storage
device for particular applications and operational conditions.

According to the characteristics of ES devices, the criterion that defines when the
energy is stored and utilized may vary, even for the same component. Some ES devices
can supply power during extended periods (hours, days), while others are more suit-
able for shorter periods of operation (seconds, minutes). For instance, rapid changes
in PV power due to rapidly changing illumination conditions can be smoothed using su-
percapacitors (SC); they deliver power when solar supply is scarce, so the load is still
satisfied. For devices with lower self-discharging values like electrochemical cells (bat-
teries), the electrical energy produced by a PV generator could be stored immediately
for later use, or the battery could supply the energy accumulated in previous times to
complement the generation.

Having accepted the fact that solar energy and storage are complementary, there
are two forms in which both of them can be combined: via an external circuitry or by
physically integrating the components. External connection of components is associ-
ated with elevated resistances [2], complicated manufacturing processes [3], rigid and
heavy devices [4], and space consuming solutions [5]. By physically integrating a PV-
storage system, the current benefits of the synergy solar/storage could be expanded
as well as the range of applications for different power levels. The manufacturing pro-
cess of a complete integrated device is foreseen as one of the main motivations of the
physical integration, because it might mean a reduction of the amount of materials and
energy in comparison to separately fabricating all components.

Also, integrated devices typically result in higher volumetric and gravimetric energy
density devices when compared to solar systems with separated components, due to
a reduction on wiring, the sharing of common encapsulation or electrodes, and more
compact devices. Another benefit of physically integrated devices is the possibility of
having self-sustaining devices and partially-self-sustaining devices, opening the door
for portable solutions, where no external power sources are required. Furthermore,
user-friendly devices that are easy to install and use are also considered advantages in
these sort of applications.

2.1.1. Related literature

Over the past years, several review papers have explored the combination of solar
cells and energy storage in one single component like [6], indicating the features of
the proposed approaches for particular applications. For instance in [7], the state of
the art of self-powered systems is introduced, while fibre-shape power devices have
been studied in [8]. Similarly, many papers have summarized and discussed the trends
and perspectives of the integration concepts [9, 10]. Among them, particular attention
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has been paid to understand the challenges and advances of printed flexible PV power
systems, revising the progress on flexible solar cells, batteries and power electronics
individually [3]. The developments on nano-structured flexible electrodes and structural
designs towards shape-conformable devices have been introduced and summarized
in detail [4]. Specific interest has been given to the variety of materials that can be
combined to build devices that unite dye-sensitized solar cells and supercapacitors,
where particular attention has been drawn to carefully selecting the materials to achieve
components with appropriate performances [11]. Moreover, the current issues and
future research directions for various devices that integrate different types of solar cells
and supercapacitors technologies have been analyzed [5, 12]. Also, in [13, 14], the
system configuration and working principles of the combination of solar, mechanical,
or thermoelectric generator have been reviewed when combined with electrochemical
cells or supercapacitors.

However, despite the reviews mentioned above, just a few articles have highlighted
the limitations and features that make one of the combinations, solar-battery or solar-
supercapacitor, better than the other depending on the applications as this review chap-
ter intends. As a consequence, this chapter gives the opportunity to evaluate both com-
binations in a common frame. Moreover, to the best of our knowledge, this chapter
combines all the relevant efforts related to the physical integration of solar cells and
energy storage, from low to high power devices — PV rated power more than 10 W,,.

Additionally, especially novel in this chapter is the focus on high power devices
similar to the PV-battery Integrated Module. These kind of concepts have been neither
covered nor the gaps and challenges elucidated.

2.1.2. Contributions
This chapter contributes to

e analyze the trends and most relevant research on PV-supercapacitors and PV-
batteries for low power approaches (section 2.3.2 and 2.3.3),

e identify general and particular challenges for physically integrating solar and en-
ergy storage in low power applications (section 2.3.4 and 2.3.5),

e gather the efforts to combine solar and storage devices for high power solutions
(section 2.4), and

e identify and analyze the most relevant challenges and gaps for high power appli-
cations contributing to the formulation of chapter 3, 5, and 6 (section 2.4.5).

2.2. Methodology of the review

2.2.1. Criteria for selecting papers

All the papers collected in this chapter were found using the general searching terms
that Table 2.1 introduces. The literature survey focuses on the integration of PV de-
vices and energy storage technologies, i.e., electrochemical cells and supercapacitors.
Approaches that include water-splitting devices, or bio-inspired concepts are not con-
sidered within the scope of this study. The bibliographic references were selected based
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on quality (highly cited, from renown journals, clear, etc.), and novelty (new concepts,
high efficiencies, new materials, etc.) of the introduced concepts.

2.2.2. Criteria for classifying papers

For classification purposes, the papers were divided into two categories: high power
and low power devices. Devices with a PV generation rated power less than 10 W,
were considered low power solutions, whereas devices able to deliver more than 10 W,
were classified as high power, as stated by [15]. In order put this value in perspective,
charging a cell phone requires from 1 up to 10 W. Accordingly, a low power integrated
device would barely be capable of charging a mid-power cell phone (10 W).

Table 2.1: Searching terms for literature study

Combined with AND

Physical In- g 1o cell Batteries
tegration
One device Solar module Lithium ion
o« Combined Solar panel Accumulator
g Monolithic PV module Electrochemical cell
=  Integrated . .
ES Photovoltaic panel Supercapacitor
g ok Photovoltaic mod
£ Alinone otovoltaic mod- — gperqy storage
a ule
§ Photo battery
(&

Solar battery
Photo capacitor
Solar capacitor

2.3. Low power PV-storage devices

This section introduces various efforts for physically integrating solar cells, superca-
pacitor, and electrochemical cells that result in low power devices. Here, the general
structures followed to combine storage and solar energy are presented along with the
main trends and challenges that both types of devices face. Also, the most promising
applications are introduced to describe their level of readiness to become widespread
solutions.

2.3.1. Overall efficiency
To estimate the overall efficiency (1) of an integrated device, a formula that considers
the individual efficiencies of the energy sources is written as follows:

Nss = Nsclls, (2.1)

where 7, is solar cell efficiency and ng energy storage efficiency. By using Equation
2.1 as a reference, all solutions could be compared using the same expression. This is
important because many papers have considered other ways of estimating 7,5, making
difficult fair comparisons across articles. The 7 values provided by Tables 2.2, 2.4,
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and 2.6 utilizes Equation 2.1 as long as the information about individual efficiencies is
provided. In these tables, the procedure followed to measure or calculate ns. and ng are
also mentioned if details are provided by the authors of the reviewed papers. Moreover,
power conversion devices such as DC/DC converters are generally not added in low
power concepts; consequently, the efficiency term related to power conversion is not
considered in equation 2.1.

2.3.2. Solar cells and supercapacitor

Supercapacitors (SC) are capacitors with high values of capacitance but low voltage.
In general terms, they are located between electrolytic capacitors and rechargeable
batteries in terms of energy density. Among the most important characteristics of su-
percapacitors are low maintenance, high performance, and long cycle life [16]. As men-
tioned before, supercapacitors are more suitable for power (short-term storage) than for
energy applications (long-term). Consequently, the devices in this section are mainly
designed to make the solar cell output power more stable.

When a solar cell is exposed to light, the voltage increases and as soon as the
cell is not illuminated, the voltage returns immediately to zero (Figure 2.1). However,
if the solar cells are connected to a supercapacitor, the voltage of the device does not
decrease immediately to zero. Therefore, the power delivered is not interrupted when
light is not available. Because the power is not interrupted, integrated devices provide
more reliable power output, which facilitates its use in a broader range of applications.

How are supercapacitors and solar cells integrated?

Devices that combine solar cells and supercapacitor are referred as a solar-capacitors
or photo-supercapacitors (PSC). In these devices, multiple solar cells technologies
(e.g., dye-sensitized, organic, perovskite, and silicon) and supercapacitor types (dou-
ble layer, pseudo-capacitors, and hybrid) have been combined following different ap-
proaches. Although previous research has explored the combination of solar cells and
supercapacitors when they are connected by external cables, these are not considered
entirely integrated solutions. In fully integrated devices, the solar cell and the superca-
pacitor must either share a common electrode [12] or at least the same substrate. This
electrode facilitates the charge transfer while reducing resistance losses due to wiring
in comparison to not integrated approaches. The majority of these integrated devices
exhibit a planar (monolithic) structure or a fibre-shaped configuration as introduced in
Figure 2.2.

Planar structure

In planar or monolithic structures, the solar cell is at the top receiving the incident light,
while the supercapacitor is placed at the bottom of the device, and as Figure 2.2a
shows they are typically connected in series. According to the materials and working
principle of the solar cell and supercapacitor, different ideas of integration can be real-
ized; however, there are three main configurations: two-electrode, three-electrode, and
four-electrode modes [13].
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Figure 2.1: Response of a single solar cell and a solar cell coupled with a supercapacitor during
intermittent illumination. If light is on, the voltage of a single solar cell is around 0.6, but when
light is off the voltage decreases to 0. In cases where an appropriate SC is used, the system

voltage does not decrease to zero intermediately in the absence of light. This figure is based on

[17], where the illumination period was 2 min followed by a 3 min discharging process at a

constant discharging current density of 40 uA cm~2.

Two-electrode mode

The two-electrode mode is the most integrated of the approaches because the rear
electrode of the solar cell is shared with the SC while reducing materials and increasing
the energy density of the device. However, when combining a dye-sensitized solar cell
(DSSC) and an SC in a two-electrode configuration [18], the device presented particular
issues. One problem occurred during the discharging process because the electrons
from the counter electrode were not able to easily cross the TiO, layer towards the
shared electrode. The diffusion of iodine ions caused the second problem, as the SC
electrolyte short-circuited or self-discharged the device. These difficulties resulted into
a device with lower efficiency in comparison to a three-electrode mode device presented
by the same authors [19], as the two-electrode mode exhibited a higher resistance.

Three-electrode mode

Due to the problems mentioned above, an intermediate electrode is added to separate
the DSSC and the SC, forming a three-electrode structure. By adding this barrier, solar
cells and supercapacitors can operate individually or together when supplying the load,
which is not possible in the two-electrode case. In a three-electrode configuration, the
counter electrode fulfills a double purpose; it functions as a redox electron transfer
surface and as charge storage.

Fibre structure

When compared to a planar structure, fibre-shaped or wire-type devices follow the same
physical principles; the difference lies in the arrangement of the components. They are
classified as core-shell (or coaxial), twisted, and parallel-like structures [5]. Besides the
structure itself, all of these devices share a common substrate in the form of a fibre.
Plastic, elastic rubber, and metal wires have been used as mechanical support and to
assemble the solar cell part and the supercapacitor in cores-shell structures. In the case
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Figure 2.2: Two possible structures for integrated devices: (a) planar or monolithic
three-electrode structure and (b) coaxial fibre parallel structure.

of twisted devices, the substrate fibres with the solar cell and supercapacitor are rolled
to achieved the required spiral-shape, while for parallel-like structure the mechanical
stability normally improved by having the two fibres placed in parallel (Figure 2.2). While
fibre-shaped solutions are less energy efficient when compared to a planar structure,
their mechanical properties enable them to be used in wearable and portable low power
applications [8].

How does a photo-supercapacitor work?
The PV part converts the incident light into electrical energy generating hole-electron
pairs while promoting electrons to high energy levels and holes remain at low energy
level. The exited electrons accumulate at one side of the capacitor and holes in the
other electrode until the capacitor saturates.

Figure 2.3 depicts the working principle of a solar supercapacitor implemented using
a dye-sensitized solar cell (DSSC) for a three-electrode configuration. In these devices,
photo-excited electrons from the dye reach the conduction band of a semiconductor,
generally TiO,. Later, the electrons flow to the transparent conducting electrode, which
is externally connected to the supercapacitor where they are stored. This process is
possible because negative electrolyte ions, frequently 17, are combined with positive
charged dye molecules allowing its regeneration and keeping the photo-generation pro-
cess. The charging process continues as the redox reaction (17/13) in the electrolyte is
sustained by the electrons provided from the shared electrode. The supercapacitor
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Figure 2.3: Working principle of a dye-sensitized solar cell coupled with a supercapacitor.

can be charged until saturation; however, if light intensity weakens or disappears the
opposite process occurs and the device discharges.

Relevant papers and trends

Tables 2.2 and 2.4 summarize the variety of research carried out when integrating solar
cells and supercapacitors; the papers are classified based on the year of publication,
solar cells technologies, the structure of the device, type of supercapacitor, power, ef-
ficiencies, and capacitance. From this table, it is evident that since 2004, when the
first paper was published, the articles have focused mainly on the integration of DSSC
and different types of supercapacitors. The preference for DSSC over other solar cell
technologies lies in its easy manufacturing process, but also because supercapacitors
and DSSCs share a similar structure which facilitates its physical integration [5].

Later on, organic solar cells (OSC) have also been combined with SCs. OSCs
have expanded the range of applications for integrated devices, e.g., in portable and
wearable solutions. Among the many merits of OSCs, its flexibility, lightweight, and
transparency are the most remarkable [20, 21]. Furthermore, OSCs low costs and
ease of manufacturing (roll-to-roll) underline its potential and interest in physically inte-
grated devices [22]. Although the efficiencies of OSCs need further improvements, the
utilization of OSCs eliminates the need for liquid electrolytes when compared to DSSC
concepts, making more stable and robust integrated devices. An OSC and graphene-
based supercapacitor were combined following an in-plane or parallel structure in [23];
the method presented is considered suitable for roll-to-roll manufacture, and convenient
for future self-sustained applications. Nonetheless, after connecting 5 OSCs in series
the voltage of the device was about 5V with a low conversion efficiency of almost 1.6%.

In an effort to achieve more efficient and powerful integrated devices, perovskite
solar cells (PVSC) and supercapacitor have undergone extensive investigation. The
result of this combination has produced devices that excel when compare to other de-
vices. As Figure 2.4 indicates, the device with the highest PV output (13.6 mW cm™2)
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Figure 2.4: Trends in photo-supercapacitors. The data for this graph were taken from Tables 2.2
and 2.4 for devices tested at 1 sun condition. At the top right, two devices are characterized by
high capacitances and solar efficiencies. Triangular markers correspond to capacitance in Fg™*

and star markers to capacitance in mFecm™2.

and capacitance per unit area (572 mF cm™2) is based on union of PVSC and SC. In
[24], OSC and PVSC-based devices were integrated following the same structure and
using supercapacitor technology, concluding that as expected PVSC integrated device
outperforms OSCs, by a factor of two in this case. As can be seen from Tables 2.2 and
2.4, devices with efficiencies above 10% are possible when high efficient PVSCs have
been combined with conventional SC [24, 25]. Although not so frequently, a-Si and c-Si
solar cells have also been researched with acceptable overall efficiencies [17, 26, 27].

Regarding the materials used as electrodes in the SC part, activated carbon is usu-
ally chosen in double-layer capacitors due to its low cost, extensive surface area, and
chemical stability. To face the challenges of having a liquid electrolyte, multi-walled car-
bon nanotubes are used in all-solid integrated devices to achieve a more energetically
compact device [28].

Moreover, pseudocapacitors made of metal oxides and conductive polymers have
been employed as electrodes in various SC coupled to solar cells. Conductive polymers
(such as PEDOT and PANI) are selected because they are easy to manufacture and
able to reach relatively high capacitance values. In the case of metal oxides (like TiO,),
the devices perform deficiently due to their high electrical resistance when selected as
intermediate electrodes [29].

Although not very often, hybrid SCs have also been investigated as a consequence
of its tunable voltage levels and elevated capacitance values. This combination, how-
ever, has resulted in devices with low-efficiency [30].

2.3.3. PV and battery

Unlike supercapacitors, batteries are able to store energy for more extended periods
with low self-discharging rates. This feature makes batteries an appropriate technology
to manage the mismatch between solar generation and energy demand because the
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sun shines for a limited time and it is not able to supply power during the night. Batteries
can also smooth the output of the solar cell, similarly to the supercapacitor, although
its response capacity is limited because high power requirement from the load could
damage the batteries. Currently, batteries are part of PV-storage systems because of
their stability, reasonable price, low maintenance cost, and maturity [16].

An electrochemical cell is a device that is able to store energy in a chemical form
as a result of electric stimuli. In an electrochemical cell, a material (electrode) reduces
while the other electrode oxidizes, in which the overall system remains in equilibrium
because the electrons flow from one electrode to the other. As the electrodes cannot
touch each other, an electrolyte is needed to provide electrical insulation while acting
as a medium for the ions to diffuse.

How are solar cells and batteries integrated?

Photovoltaic charging devices as well as photocatalytic charging systems have been ex-
plored when integrating batteries and solar cells. In photovoltaic charging devices, the
battery and solar cells obey independent physicochemical processes, while in photo-
catalytic devices, photo-induced interdependent redox reactions occur during the charg-
ing process. Integrated devices that contain silicon, organic, or perovskite solar cells
are classified as photovoltaic charging devices. Conversely, dye-sensitized and quan-
tum dye-sensitized solar cells belong to the category of photo-catalytic devices [13].
Solar cells and batteries have been integrated following mainly planar structures with
differences in the electrode configuration: two-electrode (2E) and three-electrode (3E).
In three-electrode devices (Figure 2.2a), there is a clear distinction between the storage
and generation part, although they share a common counter electrode [2]. Alternatively,
other articles have introduced devices composed of two electrodes, where one of them
works as a photo-electrode and the other functions as an energy storage electrode.
Hence, the device is considered as a single entity as there is no physical division in the
middle of the generation and storage parts.

How does a photo-battery work?

In 3E devices, when photons strike the photo-active material, some electrons increase
their energy and can reach the conduction band while producing holes. If the voltage
provided by the solar cell is enough to activate the electrochemical charging process
inside the battery, the electrons from the solar cell move to the batterys anode, where
they recombine with the cations released by the cathode. Alternatively, the holes from
the solar cell recombine with the electrons generated by the oxidation in the cathode.
As soon as the light source is not present, the opposite phenomenon occurs, and the
batteries discharge if a load is added to extract the energy accumulated [31].

However, 2E structured components follow a different working principle. In the
photo-electrode material, one chemical element oxidizes while in the counter electrode
another substance reduces. An example of this kind of devices was explored in [60],
where a conventional DSSC was modified substituting the 17/15 electrolyte with a lead-
organohalide. The device resulted in a dual-function rechargeable solar-battery with an
overall efficiency close to 7%.
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Table 2.4: General characteristics of published research on photo-supercapacitors from 2016—2017. @ Testing at one sun (1000 W/m?2),  parameters estimated from I-V curve, € testing at specific

authors of this paper using Equation 2.1, ™ parameter calculated by the authors of this paper based on provided information.

parameter obtained for the device with the highest performance,

ns, a parameters obtained from a complete charging-discharging process, € overall photo-storage efficiency, r parameter calculated using cyclic voltammetry, 9 parameter calculated based only on a charging or discharging process, h parameter
calculated according to a equation proposed by the authors, * parameters estimate for one device isolated of the other, / parameter given by the manufacturer,

l efficiency calculated by the

Capacitance

PV Nse N5 Mss (mF em™2)*

Year Ref  Structure PV SC (MWcem™2) (%) (%) (%) (Fg=)*
2016 [27]  Planar(2E,3E) a-SiSC  Co-Al LDH/ACT/ACT/graphene - 22/ 3.87¢ - 145*9
2016 [51]  Planar(3E) PVSC CUOHNT/KOH/PVA ~10.41¢ 10.41¢ - - 46-67.78*1
2016  [52] In plane DSSC SWCNT/Buckypaper-based/PVA/KOH - 0.26% - - 62.5-95.25**f
2016 [21]  Planar 0sc steel/carbon/gel-polymer electrolyte - 5.2! - 29 50-130*:
2016  [53]  Planar (3E) PVSC PEDOT-carbon/FTO - 6.37 7377k 4.7%k 10.8-12.8*1
2016  [25]  Planar (3E) PVSC WO,3/PVA/H; PO, - - - 3.73-11.89Y  28.7-43.1*9
2016  [54]  Planar (2E) DSSC WO, H,O/CNT/PVDF - - 2.2k 195/°% F cm™3
2016 [17]  Planar (3E) c-Si Al/MoO,/NaSO, - 6.1¢ - - 34+f
2016  [55]  Coaxial/Fibre DSSC PDMS/Cu/PVA/H; PO, - 5.64% - - 1.9/ mFcm™?
2016 [56]  Coaxial/Fibre DSSC Ti/TiIN/KOH/PVA - 0.9¢ 854 - 2.28*f
2017 [57] Planar (4E) DSSC steel/graphene/PVDF - 1.38¢ 7391  1.02" 10-18*/h

PVSC 13.24 80.31  10.97" 142++9
2017  [24]  Planar (3E) 0OSsC graphene oxide/PVA/H; PO, - 9.28 ¢ 64.59 5.07" 144*+9
2017 [58]  Planar (3E) DSSC PANI/TiO,/PVA/H; PO, /carbon - 7.73¢ - 65" 250-400*/
2017 [59] Planarffibre (3E)  PSC PANI/CNT - 2.476% 7064 1.74" 422+f
2017 [29]  Coaxialffibre DSSC CF/TiO,/MoS, - 9.5¢ - 1.8*h 18.51*f
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Relevant papers and trends

2E configurations have been extensively explored, where various combinations of ma-
terials for anodes and cathodes were tested in redox cells to evaluate their effective-
ness to produce and store solar energy. One of the first attempts at integrating a
dye-sensitized solar cell and an electrochemical device in one component consisted
of using WO; as a charge storage layer [61]. For more details, a comprehensive list
was developed by Yu et al. in [62], in which the published papers were classified based
on catholyte redox couples, photoelectrode, active anodes, transport ion, solvent, mem-
branes, voltages, and discharged currents. As a consequence of the variety of types
of materials, the compatibility of the electrodes and the selection of appropriate elec-
trolytes is fundamental for long-term stability, but also to achieve adequate performance.
Although few devices have been able to exhibit overall efficiencies above 10% like [63],
the short-term and mid-term stability of the devices along with the low voltage output
have been considered one of the main problems behind these approaches. One way
to increase the voltage is by using Li ions as the active anode because it results in
devices with comparable voltages as individual Li-ion batteries. An example of this was
introduced by [64], where the delithiation of lithium iron phosphate nanocrystals is pro-
duced by its interaction with light, opening the door to photo-rechargeable lithium-ion
batteries, which presents a considerable advance in the field of solar and energy stor-
age. However, the overall efficiency was low 0.06—0.08%. Along the same line, a Li-O,
light-assisted battery was suggested [65], with similar voltage values (2.72-2.83 V) and
deficient stability.

Because of these limitations, currently, three-electrode configurations have been
examined more extensively than two-electrode structures as can be seen in Table 2.6.
In this table, various research papers are classified based on the PV generation tech-
nologies, device structure, type of battery, power, storage and generation efficiency,
overall efficiency, and battery capacity. Also, based on Tables 2.6 and 2.7, Figure 2.5
compares different approaches and battery technologies.

As Si have been intensively used for making solar cells, different types of Si solar
cells have been combined with batteries. One remarkable concept was introduced in
[66], where a nanowire-based multijunction Si photovoltaic device shared a Si substrate
with a LiCoO,, battery which had a Si nanowire anode. Another triple-junction solar cells
made of amorphous and microcrystalline silicon was used to charge a lithium-ion bat-
tery and demonstrate the potential of an integrated solar cell-to-battery cell monolithic
device, with a battery capacity of 0.15 mAh and overall efficiency of 8.8% [67]. More-
over, a silicon-on-insulator manufacturing process was introduced to fabricate multiple
solar cells and scale up the overall cell voltage [68]; here, an array of 25 cells has been
integrated with a micro-battery to act as a mini generator, producing a maximum power
of 1.7 mW. The open circuit voltage of the solar cells could be scaled from 3.6 V (9
cells) until 101.5 V if 169 cells are connected in series. Thin film solar cells have also
been explored. For instance, in [69], the fabrication and characterization of a harvesting
device that integrates a thin-film solid-state rechargeable battery was introduced, show-
ing a 0.1%/cycle reduction on battery capacity and a generation-storage efficiency and
maximum power point of 7.03% and 150 mW, respectively.

Dye-sensitized solar cells have also been combined with batteries following a three-
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Figure 2.5: Trends in solar battery systems. The data for this graph were taken from Table 2.6
and 2.7 for devices tested at 1 sun conditions. High power solution are located at the top right of
the graph.

electrode configuration. As presented in Figure 2.6a, the device has a Ti common
electrode in which TiO, nanotubes were grown to be part of the DSSC (orange) and
Li-ion battery (green). At the top, the TiO, nanotubes covered by dye molecules work
as electron collectors that when hit by the light transfer exited electrons first to the
Ti electrode, and later to the TiO, battery anode where they are stored. Also while
charging the Li* move to the anode maintaining the electrochemical equilibrium. For
this device, the overall efficiency was 0.82% and the battery capacity 38.39 pAh [70].

Moreover, a few organic solar cells have been physically integrated. A bendable
module (1 mm) made utilizing an organic PV cell, charging electronics, and a recharge-
able battery (NiMH) was introduced in [71]. There, two devices with different voltages
(6 and 24 V) were tested and charged after 4 h under 1-sun condition. On the same
line, a previous study integrates a thin film solar cell and Li-ion polymer (100 mAh, 3.3
g, ans a thickness less than 1mm) [72].

Although not so common, as Table 2.6 suggests, batteries and PVSC have been
studied. Four CH3;NH;Pbl; perovskite solar cells placed in series have been employed
for charging a Li-ion battery made of a LiFePO, cathode and a Li,TisO,, anode. The
device reached an overall efficiency of 7.80% and a good cycling stability [74]; however,
the fabrication process must be revised carefully before the device can be implemented
in practical applications, as indicated by the authors.
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Figure 2.6: (a) Three-electrode nanotube based integrated solar battery device. Reprinted with
permission from [70]. Copyright 2012, American Chemical Society. (b) Monolithic integration of
solar cell and solid state Li-ion battery for a more easy manufacturing process. Reproduced
from [73] with permission from the The Royal Society of Chemistry.

In order to improve the manufacturing process of integrated devices, a new method
of assembly has been presented to favour an easy and scalable manufacturing process
[73], opening the possibility of using this portable solar-batteries for low consumption
electronics. The monolithically integrated approach uses 25 c¢-Si photovoltaic cells in
series producing a total voltage of 14.1 V (Figure 2.6b) and a bipolar printed solid-
state Li, TizO;, battery. The complete device has a total area of 9 cm? with an overall
generation-storage efficiency of 7.61%, while the battery is completely charged in 2
min and discharged at 28 C-rate. With the same objective, the roll-to-roll manufacturing
process can be used to directly integrate an organic solar cell and pouch li-ion cell,
providing a fast manufacturing process [79].

2.3.4. General perspectives and gaps

Because batteries and supercapacitors are combined following similar approaches and
are integrated with the same photovoltaic technologies, they face common challenges
to become viable concepts for high power systems, which are addressed as part of this
section.

Materials compatibility

When building PSCs and solar batteries, the compatibility of active materials is primor-
dial. For instance, their appropriate selection helps reduce electron recombination and
increase conversion efficiency [5]. At the same time, the selected materials should not
chemically react between them to ensure long-term stability. However, choosing the
right redox couple is challenging as only a few of them are available [11].

Fibre devices

In the case of fibre-based devices, it is important to outline the interdependency be-
tween performance and fibre length. As the device length increases, the performance
of the device decreases [89]; therefore, more developments towards highly conductive
electrodes are fundamental. At the same time, new weaving techniques are needed for
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more stable and powerful devices [90], especially considering the increasing complexity
of more recent devices [91].

Binder issue

In some devices, binders are employed to put in contact the solar cells and the storage
part. However, the use of binders is normally counter-productive as they are commonly
electrical insulators, that increases the resistivity of the integrated device [4]. Therefore,
other techniques to attach both components must be researched to avoid this problem.

Mechanical stability

In flexible devices, special attention must be paid to the metallic pieces, because they
tend to fail faster than the other pieces [4]. As a result, more light and flexible mate-
rials should substitute these materials in order to achieve more stable flexible devices.
Another characteristic that should be improved is the structural design of the integrated
devices with the objective of ensuring longer functioning times.

Liquid electrolyte issue

Regular electrochemical cells and DSSC utilize liquid electrolytes to provide a path for
the ions to flow, which create potential for possible leakages or evaporation that could
compromise the correct functioning of the device [4]. To prevent this problem, there are
two possible solutions: improve the capabilities and properties of the encapsulation or
focus efforts on the development of devices that operate using solid stated electrolytes
[7, 37, 92], but with the inherent compromise on power density. Although solid elec-
trolyte devices have been already built [66], there is still room for improvements on the
assembly of the complete device.

Lack of standardized testing protocols

On several occasions, it is difficult to compare the performance of different devices us-
ing a common benchmark because there are no protocols to follow [7]. Consequently,
efficiency values like those reported in Tables 2.2, 2.4, and 2.6 are normally not com-
parable as the test and procedures differ. Protocols for measuring efficiencies, lifetime,
and mechanical stability should also be defined to quantify the progress on the field of
integrated devices.

Long-term feasibility

Normally, published papers are merely dedicated to introducing new types of devices
using novel materials or structures instead of providing well-developed devices [13].
Consequently, the devices are not as efficient as they could be and their long-term sta-
bility is also questionable [5, 31]. In particular, there is no information about how aging
affects parameters such as efficiency, capacitances, PV output, and battery capacity.
In summary, little information is available about how feasible is a concept to move from
lab-scale to practice. This issue is fundamental in not so mature concepts like flexible
devices and fibres [91].




28 2. Integrating a Photovoltaic Storage System in One Device

Indoor vs. outdoor

In general, integrated devices can be used for outdoor or indoor conditions; however,
indoor testing and applications are more prominent. This is the rule because, in indoor
applications, the operational conditions are not as demanding as in outdoor applications
[3]. Outdoor conditions imply higher irradiation and temperature, which affects the per-
formance of the devices making the solar generation more inefficient while increasing
the risk of system failure. Furthermore, if long-term testing is performed the mechanical
stresses due to temperature gradients can deteriorate the lifetime of the components
and at the same time reducing the PV generation to the energy storage performance in
comparison with indoor cases.

Solar generation and storage mismatch

A notable fact when integrating solar cells and energy storage devices is the mismatch
between them, which could be related the physical size of the devices (solar and stor-
age) or by the significant difference in PV rating and energy storage capacity [9]. For
e.g., a battery with a capacity much more higher than the energy that the PV cell gener-
ate. The mismatch may occur when the physical dimension of one of the components
is imposed on the other component [31]. In planar structures, for instance, the physical
size of the electrochemical cell or supercapacitor is the same as the solar cell, which
often results in electrical under-sizing or over-sizing of the storage part. This mismatch
again provokes low-efficient concepts [13], especially when power electronic conversion
stages are not utilized.

An example of this problem can be seen in Figure 2.4, where the power produced
by the solar cell increases but capacitances remain almost constant (blue star mark-
ers). In the same figure, one device clearly outperforms the rest, due to its appropriate
PV efficiency and high capacitance (star marker at the top right corner). When con-
sidering gravimetric capacitance as a reference, one integrated device presents out-
standing features almost 150 F g~! and a solar cell with an efficiency close to 14%
[24]. Although according to this metric various devices exhibited acceptable values of
gravimetric capacitance (top left red triangles), the efficiency of the solar part needed
further improvements.

Constant strive for higher energy density and efficiency
Photovoltaic materials are getting closer to the theoretical maximums [93], with 29.43%
reported for ¢c-Si [94] under 1-sun condition. However, these highly efficient materials
have not been integrated with SC or electrochemical cells. Additionally, as Figures 2.4
and 2.5 suggest, solar cells with efficiency bigger than 15% have not been explored'.
From the battery’s point of view, appropriate materials to achieve high energy stor-
age capacity and efficiency also need further improvements. Particularly for Li-ion bat-
teries, a goal has been set to double the average energy density to 250 mWh g=1 [95],
a goal that has not been achieved yet. Therefore, there is significant room for improve-
ment for Li-ion batteries, from which the more commonly used are LiFePO,, LiCoO,,
and Li, TisO4, according to Figure 2.5, with LiFePO, being the most selected in high
power applications.

'[27] was not included, as details about solar cell testing were not provided.
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The increase in power and energy density is needed to prove its feasibility in prac-
tical applications, in particular, for low power devices by being able to supply energy
to basic loads. In general terms, a low power device should be at least able to supply
power to a single white LED, where values of 60 mW are the minimum [96].

Relevance of power electronics

As mentioned before, there is a natural mismatch between solar cells and storage de-
vices. Even if in theory the voltages of both of them are comparable, the system effi-
ciency can be improved by incorporating power electronics units in order to control the
storage charging and discharging process. Additionally, the possibility to perform max-
imum power point tracking (MPPT) is fundamental to obtain appropriate solar-battery
efficiency values, but most importantly in solar-supercapacitor systems where the ef-
ficiency reduce by half if MPPT is not implemented [3]. In the case of solar-battery
systems, the absence of MPPT can be compensated by selecting a PV cell with a
voltage similar to the expected nominal voltage of the cell.

Moreover, power electronics conversion stages can aid increasing lifetime of compo-
nents like batteries by avoiding overcharging and overcharging issues, while ensuring
a safe operation. Another important feature of power electronics is that the charging
and discharging processes can be decoupled, and the power flows can be managed to
perform energy management increasing flexibility of integrated devices [14].

In cases where including power electronics cannot be implemented, a basic electric
component, the blocking diode, is crucial as it impedes the discharging of the storage
unit to the PV cell that could be seen as a load during dark instances [3].

2.3.5. Particular challenges

Although batteries and supercapacitors are classified as energy storage devices, their
natures are different; therefore, their integration with the variety of PV technologies
leads to particular issues that are presented as follows.

Solar cells and supercapacitor

When integrating solar cells and supercapacitors, there is a consensus that the higher
the possible capacitance values, the better. Therefore, plenty of papers focus on opti-
mizing the design to fulfill this goal. On the other hand, most of the integrated devices
are characterized by their low voltages. A device with low voltage is not able to meet
the voltage requirements to power even small electronics devices. The relatively low
voltage of a photo-capacitor is given by the intrinsic low voltage of both, individual solar
cells and supercapacitors. A possible solution to this problem is to connect multiple so-
lar cells in series to increment the voltage, and at the same time more supercapacitors
could be connected in series and parallel, in parallel to increase the total capacitance
of the device, and in series to also increase the voltage.

Solar cells and batteries

Single junction solar cells exhibit a nominal voltage lower than the voltage of the electro-
chemical cells. The operational voltage depends on many factors, but the concentration
of electrons and holes in the junction primarily defines the PV voltage along with the
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semiconductor bandgap [97]. The concentration of holes, electrons, and bandgap is
tightly related to the semiconductor material of the cells, where the open circuit voltage
of single junction cells is usually around 0.2-1.5 V. While in many cases Li-ion cells
have a nominal voltage above 3V, solar cells are not able to match this voltage, and as
a consequence, the charging process does not occur unless a power electronic con-
version stage is involved to step up the voltage. Three approaches have been explored
previously, the usage of multi-junction solar cells [67, 86], the exploration of electro-
chemical cells with a lower voltage range of operation [71], and the interconnection of
single junction solar cell in series to elevate the voltage [73, 74]. However, even if the
voltage mismatch is handled, the relatively low power density of the combination of PV
and electrochemical cells must be improved, as presented in Table 2.6 and Figure 2.5.

With the more recent attention dedicated to other electrochemical cells inside the
family of Li-ion cells, new opportunities have arisen, and new concepts may be devel-
oped shortly. In particular, Li-air and Li-S stand out among the multiple options [98];
although, these are still technologies under development.

Additionally, in devices with shared electrodes and interfaces among the solar cell
part and the electrochemical cell, it is a challenge to contain the Li ions in the elec-
trochemical cell part, so they do not interfere with the normal functioning of the solar
cell. In [66], TiN is proposed to prevent Li* diffusion to the PV part. This kind of device
results in typically low-power devices along with low efficiencies.

2.3.6. Applications

Due to the advances in combining photovoltaic and energy storage technologies, some
integrated devices have been dedicated to applications such as flexible power devices,
microsystems, and aerospace applications. The most important features of relevant
devices are introduced in this section.

Flexible devices

Advances in the mechanical properties of solar cells have propitiated its incursion in
flexible electronics applications [100—102], while similar progress has been made to
enable flexible storage devices [103—108]. As a consequence, combined solutions with
flexible properties have been reported during the last years, especially in wearable ap-
plications [109, 110], due to their low weight, bendable, and form factor capabilities.
Additionally, PI fibre-shape devices have shown potential to be woven in clothing man-
ufacturing [90, 111, 112].

A wearable textile solar battery was developed in [99], and as a result, the mechan-
ical properties of the battery were modified using textile electrodes. After the changes,
the battery with a Li, TisO,, anode and LiFePO, cathode performed similarly to a con-
ventional metal foil based battery. Six solar cells in series were connected to the textile
battery and supplied a LED load that consumed 4.2 mW (Figure 2.7a). A direct rela-
tionship between mechanical endurance and battery capacity was also observed. This
because an increase in electrode thickness (directly related to battery capacity) nega-
tively affected the mechanical stability, limiting the design.

Furthermore, semitransparent flexible polymer solar cells were integrated with small
pouch batteries and white light LEDs to form a solar lamp [78]. This lamp was created
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Figure 2.7: (a) Wearable textile solar battery. Reprinted with permission from [99]. Copyright
2013, American Chemical Society. (b) Power harvesting, management, storage, and delivery
concept. Reproduced with permission [84]. Copyright 2014, IEEE. (c) Flexible energy
harvesting and storage system comprising PV module and battery. Reproduced with permission
[85]. Copyright 2016, Nature Publishing Group.
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to provide light in places with limited access to electricity. The completed device con-
sisted of a front cover and a back cover which give mechanical stability to the device.
The battery, solar cell, connections, and components were attached using adhesive
layers. This solar lamp was 12.5 X 8.8 x 2.4 cm3, and weighted 50 g, proving to be
a more sustainable solution compared to conventional lighting system when evaluating
its environmental impact the rural communities studied [113]. In addition, another paper
assessed the integration of battery and solar cells in a flexible substrate [76], making
flexible Li-ion batteries a flexible electronics enabler [114].

Microsystems

With the development of self-sustainable solutions by combining storage and solar cells,
it is possible to elaborate new devices that perform specific functions such as monitoring
and sensing [115] [116]. To power an 8.75 mm autonomous microsystems for tempera-
ture sensing purposes, a thin film battery (12 i Ah), two 1 mm? solar cells (5.48 %) and
the power management (DC/DC converter) were built and stuck together as a compact
solution [117]. In the same line, a dual-band wearable textile antenna for on-body med-
ical applications composed of a flexible solar cell and energy storage was introduced in
[118], where the maximum solar production could reach 53 mW.

As mentioned before, supercapacitors are used to stabilize solar cells output power
for reduced periods as in [119], where an LCD clock was connected and powered un-
interruptedly under intermittent light conditions. Moreover, the preliminary design of a
Bluetooth Low Energy Beacon was introduced in [120], wherein a coin cell battery was
integrated along with a solar cell to deliver power.

Furthermore, a flexible system that combined an amorphous silicon solar module,
Li-ion thin-film batteries, and battery management was introduced in [84], and it is pre-
sented in Figure 2.7b. This device can supply load directly integrated into the device
as well as external loads via wireless power transfer. It is important to mention that all
the circuitry needed for the operation of the system was also integrated on the flexible
sheet. The system was able to provide 5 mW to the internal loads (60% efficiency),
while up to 8 mW via the wireless power system with an efficiency of 21%.

For a wearable health monitoring device, flexible energy storage and an amorphous
Si solar cell were monolithically combined as Figure 2.7c shows. The printed battery,
with a graphite anode and LiCoO, cathode, had a capacity of 47.5 mAh, and maximum
solar power of around 230 mW [85]. This device was made for indoor lighting condi-
tions and tested under electrical and mechanical stress cycles, showing good capacity
retention. Here, the battery powered a pulse oximeter. Other wearable textile devices
have been reported as a prominent application [40, 121, 122].

Off-grid electrification
Recent years have seen a meteoric rise in the use of integrated PV-battery devices for
off-grid lighting applications [123], as lighting is seen as primary need falling in the first
tier of household electricity access [124].

These products have a small, portable form factor with integrated PV and battery
storage, and potentially some power electronics. These products are known as pico-
solar products in the solar off-grid appliance market and are classified in the power
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rating of up to 10 W, [123]. These products usually include integrated PV-battery and
LED lights, and sometimes also include USB-charging options for higher rated devices.

A prominent example is WakaWaka light, the most basic in the WakaWaka com-
pany’s product portfolio. It has an integrated lithium polymer (Li-Po) battery of 500
mAh, LED lights up to 25 lumens, and monocrystalline silicon-based PV cell with 18%
efficiency and surface area of 11 x 6 cm? [125]. A higher-end product from the same
company, WakaWaka Power+, includes a 1 W, monocrystalline-based PV cell with 22%
efficiency, 3000 mAh of Li-Po battery, LED of up to 70 lumens, and additional USB outlet
for charging of USB-power appliances with a max current of 2.1 A [126].

Another example is the company d.light design, which offers a variety of such pico-
solar products as well. The product d.light S30, for instance, includes a monocrystalline
silicon-based PV cell rated 0.33 W,,, a 450 mAh lithium iron phosphate battery with 2
LED lights capable of producing up to 60 lumens of light [127]. Another product called
Radiance Lantern from the company Freeplay Energy offers a powerful 2W, PV panel
integrated with 2600 mAh Li-ion battery, electronics for USB-based charging, and LED
lighting (up to 200 lumens) with an additional integrated feature of an 85 dB safety siren
[128].

Aerospace applications

In aerospace applications, the challenge for reducing launch mass and the assem-
bly process is identified as the main benefits of the physical integration. A monolithic
structure using a flexible PV layer, flexible solid-state battery, and a flexible power man-
agement unit has been proposed and tested for space applications [129]. Moreover,
an integrated power supply has been assessed and found suitable as an autonomous
power source for nanosatellites [75], where a monolithic package supply continuous
power during space missions.

2.4. High power PV-storage devices

The prices of solar panels and batteries are decreasing faster than expected [130,
131], which is helping to minimize the cost of PV-storage solutions. However, further
improvement can be made from the balance of system components point of view, but
also from the soft cost side (i.e., installation cost and designing costs). More integrated
and simple manufacturing process would aid in achieving this goal.

Apart from reducing systems costs, ancillary services such as energy balance, peak
shaving, backup energy, and power stability for the distribution grid are also perceived
as beneficial. Therefore, the possibility of PV-storage units is essential for low and
medium voltage levels. As a consequence, integrated devices are able to produce
power at higher values are fundamental in this context.

This section presents a comprehensive analysis of the published high power inte-
grated solutions while analyzing the issues that must be solved as well as giving an
indication of future trends and perspectives. A summary of the main features of these
devices can be seen in Table 2.7. Also an indication of an ideal integrated device is
introduced and graphically described in Figure 2.14.
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2.4.1. Integration of power electronics

While some prototypes or existent products do not include all the components of the PV-
storage system, previous efforts have been made either by integrating PV and power
electronics converters [132—134], or by combining power electronics and energy stor-
age in one device [135].

DC/DC optimizers and microinverters are already available in the solar market. The
main advantages of these solutions are reductions on installation time and improve-
ments in system efficiency in comparison to PV systems with central inverters. They
are placed close to the solar panel [136, 137], implementing maximum power point
tracking (MPPT). However, the connection between them and the panel is made during
the installation process, which is not an entirely integrated solution.

A more integrated approach is achieved by combining the DC/DC converter with the
PV module. In [138], a thin flexible converter is directly coupled with the PV panel in the
same flexible substrate (Figure 2.8). Here, a boost converter 2 mm thick is designed
to match the characteristics of a 124 W/, flexible solar panel, operating with a switching
frequency between 0.1 MHz and 1 MHz and input voltage range of 25-45 V. The design
procedure for such thin flexible converter is presented, highlighting the challenges when
finding flexible and thin materials for the core. The efficiency was 84% for the rated
power.

Another approach that consisted of controlling groups of individual solar cells of
the PV module (235 W) has been studied [139]. To implement this device, several
cells are connected to a DC/DC flyback converter which performs MPPT. They are also
grouped and attached to an H-bridge inverter that produces a 120/240 VAC voltage.
By extracting the maximum power from a group of PV cells, the maximum possible PV
power for a particular module can be obtained. A solution like this is especially suitable
for PV systems placed on curved surfaces, where gradients on irradiation might have a

Flexible PV module

Very thin flexible
integrated converter

Magnetic sheets
and windings

Power stage

Control and drive

Figure 2.8: DC/DC converter integrated in a flexible PV module. Reproduced with permission
[138]. Copyright 2012, IEEE.
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considerable influence on performance.

2.4.2. PV and supercapacitor

A supercapacitor bank of 28 units was integrated with a PV panel and power electron-
ics interface in [140], with the purpose of providing services such as power support to
distribution networks to account for the intermittent and uncertain nature of PV gener-
ation. The output of the so-called smart PV module is DC (Figure 2.9a left), and when
various modules are connected in parallel to the DC bus, the modules are coupled with
a central inverter for AC applications. Two DC/DC conversion stages are also proposed
(Figure 2.9a right), in order to boost the voltage of the PV panel (around 30 V) to the
voltage of the DC bus (400 V). The complete system is shown in Figure 2.9b, there
the supercapacitor bank is placed at the back of the PV panel as well as the power
electronics interface unit. Because this solution is developed for micro-grids, the fol-
lowing modes of operation are defined: 1) PV and SCs provide the power available as
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Figure 2.9: Characteristics of a high power PV-supercapacitor integrated device: (a) system
components (left), power conversion stages (right), and (b) complete integrated system.
Reproduced with permission [140]. Copyright 2016, IEEE.
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requested by the micro-grid, 2) when PV power must lessen, the remaining power will
be transferred to the SCs, and 3) the SCs are operated for a minimal impact on lifetime.
The power electronics interface keeps the module operating in four states: charge, dis-
charge, standby, and float. The decision of the state is based on the instantaneous volt-
age and its comparison to reference voltages. The testing of the buck-boost converter
for the first conversion stage and the flyback converter for the second stage conversion
was performed using a test bench. A maximum efficiency of 92.5% was reached for a
PV power of around 160 W. The specifications of this solution are presented in Table
2.7, where it is also compared to other solutions.

2.4.3. PV and battery

First attempts of integration consisted of voluminous concepts, as presented in [141],
with a significant structure combining a PV panel, active cooling system, lead-acid bat-
tery, and inverter as an all-in-one solution. However, improvements in battery technol-
ogy and power electronics have made possible less space-consuming solutions.

A compact integration of a PV panel, battery pack, and an electronic control unit for
relatively high power was suggested initially in [142]. This solution proposed multiple
configurations: DC connection, AC connection, and grid-tied. According to the defined
specifications, a solar module with a rated output power of 70 W,, is proposed, where
the weight of the complete device should not exceed 15 kg and last for at least 15 years.
The temperature range in which the PV panel, battery pack, and power electronics will
operate are as follows: 85°C to -40°C, 60°C to -20°C, and 85°C to -40°C, respectively.
The electronic control unit of the so-called multifunctional module has a converter that
performs maximum power point tracking, a charge controller to take care of power flow-
ing in and out of the battery pack, and a battery balancing system for monitoring and
controlling individual cells of the pack.

As a continuation, a prototype of the MPPT circuit board and battery management
system board were presented and individually tested in [143]. The battery management
system (BMS) was designed to keep the cell operating safely and to reduce the impact
on lifetime. The BMS limits the charging and discharging process by monitoring the
voltage and comparing it to predefined thresholds, calculating the rate of discharging
and charging, implementing specific charging or discharging method (i.e., constant cur-
rent or constant voltage), and determining battery state of health (SOH). It also enables
cell balancing to avoid over-charging or over-discharging of the weakest cell. To ensure
the protection of the battery system, a set of alarm signals were defined, e.g., for a tem-
perature higher than maximum, low SOH, maximum current reached, a voltage higher
than maximum/minimum, and short-circuit protection.

The same concept was proposed as a building block to scale up the grid-connected
system by connecting modules in parallel [144], as it is illustrated in Figure 2.10a. In
such a system, all the integrated modules are connected to a central DC/DC converter,
and this converter is linked to a single-phase inverter attached to the grid. A model to
show the dynamic behaviour of two multifunctional modules in parallel was built, the
parameter of the boost converter was also reported. To test the idea of integration, a
prototype was tested (75 W, PV panel coupled with a battery pack of 15 LiFePO, (48 V)
cells with a capacity of 10 Ah (Figure 2.10b)). The efficiency of the converter used was
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Figure 2.10: Features of the Multifunctional module(a) Distributed architecture and (b)
prototype. Reproduced with permission [144]. Copyright 2010, IEEE.

90% when the system operates at rated power. Regarding the energy management
system, battery charging is the priority. However, in some cases if the battery is above
the minimum voltage and PV power is not enough to satisfy the load, the PV production
will go directly to the load and the battery discharges. On the contrary, if the PV is at
some time higher than the load, the power demanded is provided entirely by the PV,
and the battery charge again. Experiments were carried out, and the performance was
presented for two particular cases.

Another approach was introduced in [145]. This paper focuses on portable applica-
tions for places with no connection to the electricity grid (Figure 2.11). The proposed
integrated solution uses a PV panel of 100 W, and a battery pack placed (13.2 V,
19.6 Ah) at the rear side of the PV module frame. The selection of commercial com-
ponents that matched the specification of the PV and batteries are suggested; one
element controls the charging while another the discharging process, for both devices
the schematics are provided. Finally, the authors recommend the proposed solution for
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Figure 2.11: System for off-grid (left) and portable solutions (right). Reproduced with permission
[145]. Copyright 2016, Elsevier.

camping, monitoring systems, and mobile systems.

Although previous papers studied the necessary design and implementation of the
power electronics to ensure proper operation of the battery pack [143], the pronounced
thermal stresses that the components of a fully integrated solution must handle is fun-
damental and deserve to be further explored [146, 147].

In [148], a thermal model that considers all heat generation sources was introduced
in order to find an optimum placement of the components. This model was validated
by testing a prototype (Figure 5.6b) in a solar simulator, where the temperature of the
components was monitored during a 120 min test, and the Infrared (IR) photograph
was taken for validation purposes as illustrated in Figure 5.6f. The thermal effect over
the battery pack is the focus of this paper, as it is the most delicate component. By
means of the model, it was determined that attaching the battery pack directly to the
solar panel results in extreme temperature (Figure 5.3a). As a consequence, an air
gap was found necessary, finding that the battery pack and other components must
be placed at a distance of 5-7 cm from the solar panel to ensure a safe operation
(Figure 5.3d). By including this air gap, even under severe conditions, the maximum
battery temperature never surpassed 39°C. Moreover, an additional decrease of 5°C in
the maximum battery temperature was achieved using a phase change material as a
passive cooling method.

Moreover, the thermal effect of the solar panel was also analyzed in [149]. In this
research, the batteries were mounted on the back side of a PV panel at 2 cm from it,
as can be seen in Figure 2.12b. The PV temperature and battery temperature were
measured using an IR camera, finding localized hotspots caused by the proximity of the
battery to the PV panel which impede an efficient heat dissipation, as can be noticed in



2.4. High power PV-storage devices 39

the PV panel in the centre (Figure 2.12a). By analyzing the results from experiments,
a thermal model was set, and its results were validated with the aim of being used to
estimate the thermal behaviour of the module under various conditions. Consequently,
it was found that in average the PV panel with batteries integrated is 10—-15°C hotter
than PV panel without batteries; as a consequence, the battery integrated PV panel is
6% less efficient for a defined scenario.

[

(b)

Figure 2.12: (a) Thermal image of the module with batteries attached and (b) placement of
batteries. Reproduced with permission [149]. Copyright 2017, MDPI.

2.4.4. Integrated products

Among the PV products already in the market, the majority of them include batteries
according to [15], lead acid and Li-ion being the most popular. However, just a few
products have targeted applications with loads higher than 40 W, in one single unit.
One of them is for solar street lighting applications. The solar lamp is shown in Figure
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Table 2.7: Features of PV panel and storage integrated devices for high power concepts.

PV power ES capacity Capacity
Article (Wp) (Wh) EStype  (Ah%FP)
[140] 250 174 hybrid SC 4285b
[142][143][144] 75 480 LiFePO, 10®
[145] 100 198 LiFePO, 19.64
[148] 265 965 LiFePO, 204
[141] 60 1260 Lead acid 105%
[150] 72 600 - -
[149] - - LiFePO, -

2.13a includes a solar module (60 W,,), a charge controller, Li-ion battery pack, and a
LED array. This kind of lighting solutions have been implemented since several years
ago, and it is expected to grow as the prices of PV modules, LED lighting systems,
and batteries continue to reduce. Another solution is the product Solpad [150], which is
designed to provide an AC output (115/230 V) and plug-and-play solution for portable
purposes.

2.4.5. Challenges and perspectives

For high power devices, some of the challenges found in low power concepts still hold;
for instance, the importance of developing solid-state-electrolyte storage devices. How-
ever, new problems have come out such as thermal stability and its relation with battery,
solar cells, and power electronics aging; the importance of system sizing, and modu-
larity. While facing these problems, it is also relevant to pay attention to the economic
considerations that could make these solutions economically feasible for the solar sys-
tems.

Figure 2.13: Two examples of integrated products. (a) Solar street lamp. Reproduced with
permission [151]. Copyright 2016, John Wiley & Sons. (b) Solpad integrated module [150].
Reproduced with permission of Solpad.
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Thermal effects of integration

As supported in [148], the battery pack operates at a higher temperature in integrated
devices when compared to batteries operating inside buildings or households in non-
integrated systems. Therefore, it is fundamental to study how these additional thermal
stresses impact the dynamic functioning of the batteries. Moreover, the PV panel also
operates at a more elevated temperature in integrated devices than when no compo-
nents are attached at its rear side [148, 149, 152] with the unavoidable consequence of
having a solar panel operating at lower efficiency. How much the temperature of the PV
panel can be reduced and what is the optimum placement for all the components inside
the casing are still open questions. Additionally, the effect of high temperature over the
power electronics performance must be analyzed as suggested in [153].

Aging in integrated devices

As stated above, all components of the integrated device are subject to a higher temper-
ature than usual, accelerating the aging mechanisms. In the case of batteries, because
they are electrochemical cells, the instantaneous capacity of the battery increases fol-
lowing temperature rises, but in the long-term, it results in faster degradation rates
across battery technologies [154]. This degradation is due to the increase in battery
electrochemical activity, which accelerates the intercalation process in Li-ion batteries,
but at the same time foster undesired side reactions which result in losses of active
material (Li).

From the PV panel perspective, the rise in temperature of operation has detrimental
consequences, lowering the lifespan although a precise indication of its magnitude must
be clarified in the future. Future research should contemplate which failure mechanisms
are promoted in Si solar cells as it is the most widely used solar cells technology. At the
same time, the impact on power electronics aging must be addressed.

The widespread Li-ion batteries are composed of liquid electrolytes, which in cases
of intensive operation can leak causing sudden failures that could lead to a potential
explosion or malfunction. Consequently, with the recent advent of solid-electrolyte-
batteries is convenient to start incorporating and testing its feasibility to cope with the
aging and safety issues previously described.

Quest for the ideal system

Due to the more accelerated aging expected in integrated devices when compared to
a conventional discrete PV-storage system, the components will fail faster; therefore,
failing components must be replaced in an easy manner. To achieve this, the high
power integrated devices have to be designed to account for these replacements while
also maintaining a high level of integration. Accordingly, an ideal PV-storage system can
be seen as a system that combines the benefits of actual low power integrated devices,
which are characterized by its high level of integration, and state-of-the-art discrete PV-
storage systems, where the components can be substituted easily. The ideal system is
introduced in Figure 2.14 as the green box at the top right.

System sizing
For integrated devices, an optimum electrical system sizing is crucial considering both
cost and space constraints. Batteries, for instance, are the most costly component, and
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Figure 2.14: Comparison of existing approaches in terms of level of integration and ease of
replacement; an ideal integrated device shown in green.

there is a consensus that battery capacity should be kept as low as possible. Nonethe-
less, the relationship between battery size and subsequent battery cycling must be
considered, as the depth and velocity of charging/discharging is linked closely to its
end of life.

The adequate combination of energy storage and solar generation is part of an
appropriate sizing methodology. The battery capacity and PV panel rating depends
on the application and relates to the criteria that control the power flow of the system.
The approach that the controller of the system follows is called an energy management
system, and it is another aspect to consider during the sizing as it determines the
cycling, depth of discharge, and C-rates. Additionally, the power electronics takes care
of controlling the power flow inside the integrated device, and its size (power rating) and
architecture must be established considering the EMS system.

Importance of modularity

When the energy need augments, having a system that can be scaled up without a total
reconstruction of the system is ideal [146]. In these lines, a modular solution provides
flexibility, acting as a building block when energy demand changes [144]. Hence, it is
essential to incorporate the possibility of developing modular solutions in the design via
power electronic enabler platform. Later on, if a modular solution is developed, next
steps towards how to optimized the modular growing of the system could become a
promising research area.

Economic analysis

As the integrated solutions intend to become an alternative to conventional PV-storage
systems, aspects such as cost and possible benefits derived from the use of integrated
devices, deserve to be put under scrutiny. For instance, new studies are required to
quantify the tentative reduction on cost due to more simple and easy manufacturing
processes for integrated devices, when compared to conventional systems. A similar
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analysis is needed for high power integrated devices, where possible reduction on in-
stallation cost is foreseen in comparison to standard PV-storage systems. It is also
essential to study how integrated products might be perceived by potential clients to
evaluate its need and acceptance in the solar market.

2.5. Conclusion

This chapter summarizes the efforts when combining PV panels, power electronics,
and energy storage components in one device. The gaps to fill and challenges to tackle
are introduced and analyzed. For the low power integrated concepts, it is essential
to incorporate the benefits obtained by means of power electronics to achieve higher
efficiencies and ensure safe operation of components. Moreover, while novel ideas of
integration are promising, long-term testing including cycling analysis is fundamental
when validating the feasibility of the approaches.

In the case of high power devices, the thermal stresses induced by outdoor con-
ditions are fundamental; therefore, this will be studied in chapter 5; also, the thermal
stresses and its relation to aging will be investigated in more detail in chapter 6. Ad-
ditionally, the electrical system sizing is vital as integrated concepts experience space,
and application-related constraints. This will be covered in chapter 3.

Finally, this chapter describes the progress on the integration on solar energy and
energy storage devices as an effort to identify the challenges and further research to be
done in order achieve more stable power integrated devices for PV systems, to move
from the laboratory or proof of concept to practical applications.
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System Sizing Based on
Loss of Load Probability

As defined in chapter 2, an optimally sized system is essential, because it impacts
the total cost of the system and its performance. Therefore, this chapter introduces a
sizing methodology based on system availability —in the form of loss of load probability
(LLP)— that will be used as a reference for implementing a energy management in
chapter 4, thermal analysis in chapter 5, and battery testing in chapter 6. Also, the
boundaries of the PV-battery Integrated Module (PBIM) are explored based on the level
of availability (LLP) that can be achieved using a single PBIM. The system is sized for
a standalone solar home system composed of one PV panel and a battery pack. When
sizing the PV-battery Integrated Module aspects such as the ratio of PV rated power to
storage capacity and appropriate case studies must be determined. These two aspects
are interrelated as different case studies or applications can lead to different optimum
system sizes. The sizing method used in this thesis consists of an iterative process that
varies the PV rating and battery capacity while evaluating its impact on LLP, which has
to be minimized to ensure the continuity of the energy supply to the load. The model
also takes into account the battery capacity degradation throughout the simulation and
the thermal conditions expected in the PBIM, using an energy throughput aging model
and a 1-D steady state thermal model. Moreover, the system is sized using a typical
average load in rural Cambodia and a tier 3 profile defined by the multi-tier framework
in the context of electricity access— which includes appliances such as TV, fridge, and
radio— in order to explore the boundaries of a single PBIM in off-grid applications.
Also, a basic energy management (EM) strategy that prioritizes load fulfillment either
by solar power or battery discharging is proposed. The implementation of an EMS is
further explored in chapter 4, where a grid-connected system is also studied.

This chapter is partially based on V. Vega-Garita, D. De Lucia, N. Narayan, L. Ramirez-Elizondo, and P.
Bauer. PV-Battery Integrated Module as a Solution for Off-Grid Applications in the Developing World. |EEE
International Energy Conference 2018 (2018) [1].
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3.1. Introduction

Energy access remains as a challenge to overcome. It is estimated that 17% of world
population have no access to electricity. Moreover, 95% of this population is located in
developing regions like Asia and sub-Saharan Africa, of which 85% live in rural locations
[2]. Hence, the widespread availability of solar resource drives its usage in countries
in these latitudes, easing the access and becoming a global alternative for areas with
and especially without connection to the electricity grid, as the case of rural Cambodia
(studied in this chapter) which has a low electrification rate of 49.2% in 2014 according
to the World Bank [3]. However, PV energy must be handled smartly because its power
varies with the environmental conditions, resulting in an intermittent energy source.
This intermittency and the mismatch between the power demanded by the loads and
the solar generation makes the use of energy storage devices essential. Therefore,
batteries are considered an integral component in off-grid systems due to their ability
to react fast when power is demanded by the load, along with the possibility of storing
energy for relatively long periods —months. Although the price of batteries and PV
panels has decreased continuously during the last years [4, 5], an optimal battery and
PV sizing is fundamental for reducing the up-front cost of the system particularly for
applications in the developing world [6]. A PV-battery system can be size following
intuitive methods such days of autonomy where the battery is able to store enough
energy to supply the load for a previously defined number of days, but these methods
tend to oversize the system and consequently result economically unfeasible.

Consequently, this chapter introduces an iterative sizing method based on the avail-
ability of the system (LLP), where PV and battery sizes are changed and the LLP is
calculated. For the same location in rural Cambodia, two different load profiles were
used as case studies to find optimum PV and battery combination that could be em-
ployed in the next chapters.

3.1.1. Contributions
This chapter contributes to

e formulate a methodology to find the optimum battery capacity and PV power rat-
ing based on loss of load probability (Section 3.3),

e quantify the impact of cycling on battery aging simulating the system dynamics
for one year (Section 3.3.4),

e propose an integrated model that couples the thermal effects of the physical inte-
gration and the battery aging (Section 3.3.6), and

o explore the sizing boundaries of a single PBIM in the form of PV rating and battery
capacity using two different load profiles (Section 3.4.4).

3.2. Definitions

Before introducing the features of the model for sizing the system, several terms must
be defined as they will be used frequently throughout the chapter.
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Loss of load probability

One criterion to determine the availability of an off-grid PV system is the loss of load
probability. It is determined to calculate the relation between the energy not provided
(Enp) by the energy sources and the energy required by the load (Ej4aq) in @ particular
time frame. A low value of LLP is always desired because the system downtime is
reduced leading to a more reliable system. LLP is computed using the equation that
follows:

Enp
LLP = x 100  [%]. (3.1)
Eload
Depending on the availability required by the application, the recommended values
for LLP are 10% for appliances, 1% for domestic illumination, and 0.01% for telecom-
munication [7]. In this chapter, the calculated for a period of one year.

State of charge

The state of charge (SOC) relates to the energy remaining (Epattery) in the battery that
can be extracted as a fraction of the rated capacity (E;,teq), and can be expressed as
follows

_ Ebattery

soc = X100  [%]. (3.2)

rated

State of health

The state of health (SOH) of a battery is a measure of the degradation suffered by the
battery after a specified period. The SOH is the ratio of usable capacity (Cactual) to the
nominal capacity Cy4teq, as per the following equation

actual

C
SOH = 2 w100 [%]. (3.3)

rated

For a good approximation of SOH, long-term testing must be carried out. Therefore,
in this paper, the manufacturer datasheet of the batteries selected for the PBIM module
is used to estimate capacity fading. As can be seen in Figure 3.5, SOH depends on the
number of cycles but also on the temperature of operation of the battery.

Cycling

A complete cycle occurs when the battery has been charged and discharge completely.
In terms of energy, the total cycling (C) of a battery can be estimated by dividing the
total energy processed through the battery (Ethroughput) to the battery nominal capacity
using the following equation

E
C = throughput. (3.4)

2Enominal
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3.3. Methodology

As this chapter delves on system sizing, the location plays an important role as well as
the application. In this case, rural Cambodia was selected considering the low percent-
age of rural electrification, and therefore, lack of connection to the electricity grid for
many people [1]. Moreover, in a previous article of our research group [8], the energy
needs of a particular community were mapped and resulted in a realistic average load
profile for already installed solar home systems.

Having chosen the location, environmental conditions such as irradiation, ambient
temperature, and wind speed were gathered to estimate the PV production and incor-
porate their influence on battery aging. These two effects are calculated using a 1-D
steady state thermal model and a battery aging model based on energy throughput.

Based on the PV generation and load consumption, the power direction and mag-
nitude is decided by performing power balance. Once the energy processed by the
battery is calculated, the effect of cycling and temperature on aging can be quantified.

3.3.1. Inputs to the models
Meteorological data

The data for direct normal irradiance and diffuse horizontal irradiation, wind speed, and
ambient temperature were obtained from Meteonorm for the selected place in rural
Cambodia, Stung Treng (13.517°N, 105.967°E). The time step was 10 min for all the
inputs. In Figure 3.1, the data series for a chosen year is depicted. The seasonal effects
are evident in Figure 3.1a, where a considerable reduction in irradiation is observed
in the middle of the year as a consequence of the rainy season. Also, an average
increase in temperatures can be observed during the rainy season (Figure 3.1b), with
the temperatures changing between 16°C to less than 40°C.
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Figure 3.1: Yearly environmental data (a) global horizontal irradiation (GHI) and (b) ambient
temperature. Location: Cambodia, Stung Treng (13.517°N, 105.967°E).
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3.3.2. PV production

The PV production was estimated following the procedure described in [9], where the
Global Horizontal Irradiation (GHI) is estimated from the contributions of the diffuse
light and direct incident light. The optimum orientation of the PV panel is defined for the
combination of azimuth and altitude where the GHI is maximum for an entire year. Once
the optimum tilt of the PV panel is fixed, 24° facing south in this case, the temperature
of the panel is calculated.

In this chapter, the temperature of the PV panel is expected to be higher than in a
standard PV-battery system. The efficiency of the PV panel is calculate according to
the temperature found by the thermal model defined in Section 3.3.3 using the following
equation:

npv(T) = npv(STC)(l + .B(Tpv —25°C)) [%], (3.5)

where B is the thermal coefficient, which value is 0.35 %/°C for a Si based solar panel
and 1, (STC) is the efficiency of the PV panel at standard test conditions (1000 W/m?
and 25°C).

Based on this efficiency and knowing the irradiation falling into the PV panel (G,,) as
well as the panel area (Apy), the PV power is obtained solving the following equation:

va(T) = Gmnpv(T)Apv [W]. (3.6)

A crystalline silicon (c-Si) PV panel with a rated power of 320 W, was selected
as a reference for the PV sizing, and its features are presented in Table 3.1. This PV
panel is scaled down by reducing its area in order to decrease the PV rating and power
generated (see Equation 3.6), but properties such as efficiency and power coefficient
(B) can be assumed invariable for simplicity.

Load profiles

In Figure 3.2, two loads for one household with a similar profile but different power
values are illustrated. As can be observed, the power consumption slightly increases
at sunrise, when the household members prepare food and switch on the lights. In the
coming hours, the load demand remains low until a small increase is seen at lunchtime.

Table 3.1: Characteristics of the reference PV panel

Parameters Value
Prax 320 Wy,
Vinpp 547V
Impp 5.86 A

Voc 64.8V
Isc 6.24 A
nPV 20%
Apy 1.5x 1 m?
TnocT 47 °C

B 0.35%/°C




62 3. System Sizing Based on Loss of Load Probability

Table 3.2: Average daily load for different energy levels

Load Average Tier3

Average daily load (Wh) 313.21 994.22

The most prominent peak occurs during the night, where multiple appliances demand
power at the same time. After the peak, the power demand decreases steadily to the
minimum.

The average load is a result of the mean consumption of 111 solar home systems
equipped with 100 W, and a 1200 Wh battery [8]. Additionally, the tier 3 load takes into
account LED lights, mobile phone charging, radio, fan, TV, and fridge power consump-
tion [10]. This load profile changes every day, and capture the more dynamic nature of
energy consumption during the day compared to the average load. Table 3.2 presents
the average energy needs for the load profile used in this chapter. As can be seen, tier
3 requires more than three times energy in comparison to the average load.
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120 F

80 F

load (W)

40f

Figure 3.2: Load profile for an average daily load profile and a tiers 3. Based on [8, 10]

3.3.3. 1-D steady state thermal model

The 1-D thermal model considers the physical arrangement of the components of the
PBIM as illustrated in Figure 3.3. The PV panel consists of 4 layers: glass, EVA
(ethylene-vinyl acetate), c-Si (crystalline silicon), and Tedlar (Polyvinyl fluoride). The
EVA serves as an encapsulant and adhesive to join the glass layer and the solar cells.
EVA is also used to agglutinate the Si layer and the solar cell backsheet (Tedlar) to-
gether. Between the solar panel and batteries, there is an air gap, and an aluminum
frame holds the battery pack. All these layers are considered in an unidimensional man-
ner, which for the model means that all the heat produced by the PV panel is transferred
in the direction of the x-axis.

The model takes into account the heat generated inside the solar cell and the battery
pack. In the solar cell, the heat is assumed to be produced on the glass layer and the
Si layer (qglass @nd gs;, respectively). Of the incident light, the majority is transmitted
through the glass layer without integrating, but a 7% is assumed to be dissipated as heat
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(9g1ass) and a 3% reflected out of the glass surface. The remaining irradiance is either
converted into electricity or in heat (gsj). From the battery point of view, charging or
discharging results in ohmic and reversible losses which contribute to heat generation
inside the individual cells (gpattery)-

The heat produced in the glass layer can be estimated using the following expres-
sion:

Aglass = aGApy  [W], (3.7)

where «a is the light absorbed by the glass layer (7%), G is the incident global horizontal
irradiation, and Apy is the surface area of the PV panel.

The heat generated in the Si layer is calculated by subtracting from the incident light
the heat generated on the glass layer, the portion of light reflected out of the PV panel,
and the light converted into electricity in the Silicon, which can be written as follows

gsi= (1 —a—-B)A —npy)GApy [W], (3.8)

where f is the light reflected at the glass surface and npy is the efficiency of the PV
panel.

Inside the battery, a fraction of the power is converted into heat. It can be com-
puted subtracting the complement of the efficiency of the battery from the charging or
discharging power, as stated in the following equation

battery = V(- nbattery) (W], (3.9)

where I is the charging (—) or discharging (+) current of the battery, V is the battery
voltage, and npateery is the efficiency of the battery (assumed as 96% for Li-ion).

The heat generated inside of the PBIM is dissipated to the surrounding in the form
of convection (gq.) and radiation (g.54) at the top (glass layer) and the bottom (aluminum
frame). These are expressed in term of thermal resistances in equations 3.10 and 3.14.

— Ts - Tamb
dc —Rc
where Ty is the surface area (glass or frame temperature), T, 1, is ambient temperature,

and R is the thermal resistance related to convection.
The Equation to obtain R. and R, as introduced as follows:

(W], (3.10)

1
R, = °Cm? /W], 3.11
‘ hcAsurface [ / ] ( )
1
Rag = 7———— [*Cm?/W], (3.12)
hradAsurface

where h. is the convection coefficient, and h,,q4 is the radiation coefficient which formula
is

hraq = €0(Ts + Tsky,g) (T52 + Tszky,g) [1/m2°C]' (3.13)
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Figure 3.3: 1-D steady state thermal model based on thermal resistances.

T.—T
=S _ske oy (3.14)

Qrad =
Rrad

where Tj is the surface area (glass or frame temperature), Tgyy,o is the sky tempera-
ture (at glass layer) or ground temperature (at frame layer), and R,,q is the thermal
resistance related to radiation.

The general definition of thermal resistance associated with conduction is intro-
duced in Equation 3.15. Also, the values of layer length (Ljayer), cOnduction conductivity
are presented in Table 3.3.

Llayer

Rlayers = [FC/W]. (3.15)

klayerAlayer
From simplicity, the thermal resistances are grouped into three: Ry, Rmiddie, @and

Table 3.3: Properties of the layers used to calculate the thermal resistances

layer L (mm) k(W/m°C)

Glass 3 1.38
EVA 0.5 0.38
c-Si 0.3 130

Tedlar 0.5 0.15
Air 50 0.0295

Battery 7.25 0.81

Frame 2 238
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Rgown- In equations 3.16, 3.17, and 3.18, the definitions of these resistances are intro-
duced:

Rs;i .
Rup = Rglass + Reva + 71 [*C/W], (3.16)
Rs;i Rpatt o
Rmiddle = =~ + Reva + Rred + Rair + ———  ["C/W], (3.17)
Rbattery o
Ryown = 2 + Rerame [°C/W], (3.18)

where Rg,ss is the thermal resistance of the glass layer, Rey, is the is the thermal resis-
tance of the EVA layer, Rg; is the thermal resistance of the ¢-Si layer, R4 is the thermal
resistance of the Tedlar layer, Ry, is the thermal resistance of the air gap, Rpattery is
the thermal resistance of the battery layer, and Rg.ame is the thermal resistance of the
frame (aluminum).

As can be observed in Figure 3.3, four temperatures are of the interest of in the
analysis, namely, Tgiass, Tsi, Tpatterys @Nd Tirame- 10 Obtain the value of these tempera-
tures, a general energy balance is performed in Equation 3.19 and in nodes a, b, and c,
as formulated in Equations 3.20, 3.21, and 3.22. By solving these equations every time
step the thermal behavior of the solar cell and battery pack is estimated.

The general energy balance, which relates the heat generation and heat dissipation
can be written as follows

Qglass T qsi T Qbattery = dc + Grad- (3.19)

The energy balance in node a, b, and ¢ are as follows

TSi - Tglass Tglass = Tamb Tglass - Tsky

ds1 + = (320)
glass Rtop Rc,u Rrad,u
TSi - Tglass TSi - Tbattery
| = . 3.21
asi Rtop Rmiddle ( )
TSi - Tbattery Tbattery - Tframe
Qpattery = . (3.22)

Rmiddle Rdown

3.3.4. Battery energy throughput aging model

The battery aging model employed in this chapter is based on energy throughput, and
therefore, only includes the effects of cycling while ignoring calendar aging. Every time
step in which the battery is active (B, # 0), the energy processed is calculated along
with the equivalent cycles using Equation 3.4. Once the amount of cycles is known as
well as its relation with SOH (Figure 3.5 in this case), a small portion decreases the
actual capacity of the battery due to the previous activity period. Consequently, in this
model the battery capacity is dynamically changing after every period of activity.
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The reduction of battery capacity is carried out using reference curves given by the
battery manufacturer data sheet that correlates the cycling, SOH, and battery temper-
ature. From Figure 3.5, it can be observed the linearity between SOH and the number
of cycles for the different battery temperatures, when the influence of battery depth of
discharge in not taken into account. Therefore, the SOH for a defined temperature and
time step i (SOH(i, T)) is defined in the next equation as:

SOH(i,T) = mC(i) + 100,  [%], (3.23)

where m is the slope of the curve and C(i) is the cycles performed in one-time step.

Having calculated the SOH, the capacity for the current time step (Cpattery(1)) is
calculated by Equation 3.24, where Cparery (i — 1) is the battery capacity during the
previous time step i — 1.

Cbattery(i) = SOH(i, T)Cbattery(i - 1) [Ah]- (3-24)

The general battery degradation model is described in Figure 3.4, where the input
to the model are the temperature and current of battery pack. Based on these inputs,
the model calculates the remaining battery capacity of every time step considering the
capacity of the previous instant.

I ——1 Battery c
Tbattery—> Aglng Model battery

Figure 3.4: General battery aging model based on energy throughput with current and battery
temperature as inputs.

As can be observed in Figure 3.5 for the selected battery technology, higher tem-
peratures result in a faster degradation for the same amount of cycles [11]. The tem-
perature of the battery in this chapter is calculated by means of the model described in
Section 3.3.3. Moreover, it important to note that the battery chosen for this chapter is
supported by the analysis and results presented in chapter 6.

3.3.5. Power flow management

The power flow management dictates the direction and priority of the power flow. In
Figure 3.6, the steps followed to control the magnitude and direction of the power are
illustrated. The power from the PV panel (Ppy) and the power demanded by the load (L)
are used as a first reference point. If the PV power is bigger than the battery, the battery
may be charged with the power excess. On the contrary, when the load demands more
power than the produced by the PV panel the battery may be discharged. However,
the charging of discharging of the battery strongly depends on the current state of
the battery. Consequently, in a second step, the SOC of the battery is checked and
compared to two reference points: the maximum and minimum allowable SOC, which
have been defined as 10% and 90%, respectively. On the one hand, when the battery
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Figure 3.5: SOH as a function of cycles and battery temperature. The cycles are performed fully
charging and discharging the LiFePO, pouch cell of 20 Ah. Source: [11].

power is required because of PV generation deficit and the SOC is below the or equal
to the minimum (10%), the battery is not discharged. On the other hand, if the battery
S0OC has reached 90%, and there is an excess of PV generation, the excess must be
dump as the battery is not able to accommodate more influx power.

The power flow model not only decides the magnitude of the power stored or re-
leased from the batteries (Fattery), it @lso calculates the actual power supplied to the
load (A), the PV excess power dumped (Fyump), and deficit of power in cases where
battery is discharged and PV power is not enough (B,;,). For the four different combina-
tion defined by the power flow model, the formulae for estimating B,, B, Pyump, and Fyp,
are introduced in Equations from 3.25 to 3.40.

o Poy =L &SOC > SOCpax

Boattery = 0, (3.25)
AR=1L, (3.26)
Paump = Ppv — L, (3.27)
Pp=0 (3.28)
o By =L &SOC <SO0Cax
Roattery = (Pov — PL)nbattery: (3.29)
R=1L, (3.30)
Piump = 0, (3.31)
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Py = 0. (3.32)

o Py <L&SOC > S0Cyin

—(L — Ppy)
Battery = ——— (3.33)
nbattery

R=1L, (3.34)
Pdump =0, (3.35)
Pyp = 0. (3.36)

o Py <L &SOC < SOCpmin
Pbattery =0, (8.37)
B = Py, (3.38)
Paump = 0, (3.39)
Pnp =L - va. (340)

The losses in the power conversion stages are neglected in this chapter to keep the
model simple. Moreover, the battery efficiency is assumed 96% for the charging and
discharging processes.

3.3.6. Integrated model

The thermal model (Section 3.3.3), battery aging model (Section 3.3.4), and power flow
management model (Section 4.6.1) are combined to form an integrated model that link
the individual model into one that more realistically reproduces the conditions expected
in the PBIM. This integrated model is depicted in Figure 3.7, where it can be observed
that the thermal model is interconnected to the power flow management model via the
PV efficiency. The efficiency also defines the PV power output (Bpy) based on the
temperature of the PV panel. Similarly, the current of the battery is needed to find the
battery heat generation, which is feed to the thermal model. This process is iteratively
repeated several times till the value Tpy and Tyattery does not vary more than 0.01 °C.
Once the iterative process between the thermal model and power management model
has finished, the power needed from the battery (R,atery) and the temperature of the
battery is used by the aging model to estimate the new capacity of the battery that is
updated in the power management model for the next time step.
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P,=0 Po= (Pev - L)#bare | Po=- (L - Ppv)/pa Pp=0
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Figure 3.6: Power flow management for a battery efficiency (pattery) is 96%.

The integrated model takes the inputs introduced in Section 3.3.1, and solves every
time step for Tpy and Tyattery @s Well as the Cpageery- Additionally, LLP is calculated at
the end of one-year simulation. Lastly, the simulations are performed for the range of
PV ratings and battery capacities defined by the case study.
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T
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Figure 3.7: Integrated model that consits of a thermal model, a power flow management, and an
aging model.

3.4. Results

This section starts by providing the results of simulation performed for the one-year
data set. The integrated model examines the performance of the PBIM concerning the
PV and battery temperature, power balance of the system, and battery capacity fading.
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Moreover, the effect of two different load profiles on system sizing is studied. Particular
attention is paid to the relationship between PV rating power and battery capacity in
order to ensure a reliable power delivery. The expected battery degradation is included
by having a look at battery cycling, also heavily influenced by the generation to storage
ratio.

3.4.1. Integrated model

The results of the three models coupled in the integrated model are shown in Figure
3.8. In Figure 3.8a, it can be observed that the temperature of the PV panel reached
almost 75°C, while the temperature of the battery pack is slightly higher than ambient
temperature when the sun is shining, for an air gap of 4 cm. The battery pack raised
its temperature to a peak of 37.1°C, ~2.6°C more than the maximum reported ambi-
ent temperature for the selected day. Also, based on the same graph, the values of
battery temperature follow ambient temperature in the absence of solar irradiation, but
during the day the temperature of the PV panel is the responsible for the augment in
temperature compared to ambient temperature —which provides the base temperature.

Figure 3.8b shows the power balance. Because the battery had remaining energy
from the previous day, it is able to supply the load and started charging the solar ra-
diation was enough to supply the load and produce an excess. For the selected day,
the battery is completely charged and because of the considerable solar generation
around half of the energy generated during a day by the PV panel must be dumped.
Furthermore, the power no provided (Eyp) stays at zero for the whole day. Later, in
the afternoon, the energy harvested decreased, and the energy required by the load is
again fulfilled by discharging the battery pack (negative power).

Different aging rates are observed for the three battery sizes introduced in Figure
3.8c (256, 512, and 1024 Wh), where a linear relationship between SOH and time is
shown. However, the correspondence between battery size and SOH is not linear. This
can be also be observed in Figure 3.8c, where the capacity reduced by 1.4, 0.8, and 0.4
for a battery pack with a capacity of 255, 512, and 1024 Wh, respectively. Moreover,
because the aging model is based on energy processed —or energy throughput—,
relatively speaking, a bigger battery pack processes less energy than a pack with a
lower capacity, provoking a faster capacity fading for smaller battery packs.

3.4.2. Average load
Figure 3.9a depicts the interdependency between LLP, battery size and PV power rat-
ings. On the one hand, there is a clear indication that low power PV rating results in
elevated LLP values. On the other hand, an increase in battery size comes with an im-
provement in system availability, i.e., low probability of failure. However, there is a point
at which (saturation point), for a given PV power, a further increase in battery capacity
lead to a marginal reduction in LLP. The saturation occurs because the PV generation
is the main source of energy, and therefore, it limits the storage positive effect on avail-
ability, which is related to the capacity of the battery to allocate solar energy in moments
of low or zero PV generation.

Additionally, the saturation point of the contour show and tendency to increase as
PV size and battery capacity augmented (Figure 3.9a). However, after a particular
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value, around 200 W,,, the saturation point remained close to 300 Wh. Therefore, from
the battery size perspective, the increasing the battery energy capacity beyond 300 Wh
is not appropriate as the reduction in LLP is negligible after this point. Also, regarding
system cost, a further increment in battery capacity contributes to elevating the cost,
which is considered as a drawback that compromises system feasibility negatively.

From the contour plot in Figure 3.9b, two parameters affect battery SOH negatively:
the raise on PV power and the reduction on battery size. These two trends are due to
the relative increase in the battery energy throughput. Firstly, when the PV generation
increases, for the same battery size, the energy charged and discharge from the battery
increases leading to more cycles and causing a faster degradation. Secondly, for the
same PV rating power, diminishing battery size results in a clear reduction on battery
available capacity, because this results in more cycles for a small battery than for a
bigger battery.

Referring back to Figure 3.9b, all the curves present an inflection point, more no-
ticeable for the highest PV rating. This inflection point is directly connected to the LLP
saturation point. It occurs at lower battery sizes for smaller PV rating, similarly to the
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Figure 3.8: Results of the integrated model components temperature for the 97" day of the year

(a) for an air gap of 4 cm, (b) power flow for a 160 W,, rated PV panel, and (c) SOH variation
yearly variation.
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LLP saturation point. Because the LLP value remains almost constant after saturation,
the battery cycling increase more slowly beyond that region.

3.4.3. Tier 3

Tier 3 load profile represents a more realistic and energy demanding load when com-
paring to the previous average daily load profile (see 3.2). Therefore, it is expected that
the PV generation required as well as the battery size needed should be superior in
the tier 3 case study. Consequently, the saturation points in Figure 3.10a are found at
larger battery sizes, for the same PV rating, than that the depicted by Figure 3.9a. Also,
the saturation point of the LLP vs. battery size curves occurred around 700 Wh and
stay merely constant irrespectively of the continuous raise on PV rating, as long as its
power is more than 150 W,,.

In terms of SOH as a function of battery size and PV power, it can be seen an
expected decrease in battery aging with oversized battery pack and low PV ratings as
shown in Figure 3.10b. This is again associated with the more pronounced cycling
undergone in cases of undersized batteries, due to more energy processed in cases
of more solar generation. The change in the behavior of SOH vs. battery capacity, the
observed inflection points, is caused by the fact that after a particular battery size, the
use of the battery is more shallow and the degradation reduces its rate —for the same
PV power. However, because even for the maximum PV rating the LLP value will not
reach zero, the inflection points for tier 3 are not as considerable as in Figure illustrated
in 3.9b.

The PBIM is limited by its physical size. PV panels exceptionally have areas that
surpass 1.6 m?, and PV panels (with Npv = 20%) with a peak power beyond 320 W,
are not common. Therefore, more PV generation is not feasible for the tier 3 load. The
limitation on the area also restricts the battery sizing. Assuming that pouch cells Li-ion
cells (20 Ah, 3.2 V, 0.036 m?), as in [11], are integrated in the PBIM and that only a
75% of the total area is free, because power electronics is placed in the remaining 25%,
only 33 cells could be located at the back side of the PV panel for maximum capacity of
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Figure 3.9: (a) LLP and (b) SOH for an average daily load in rural Cambodia. Both metrics are
estimated for various PV ratings.
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Figure 3.10: (a) LLP and (b) SOH for a tier 3 load profile. Both metrics are estimated for various
PV ratings.

Table 3.4: Optimum system sizing for an LLP below 10%.

Case PV rating (W,,) Battery capacity (Wh) LLP (%) SOH (%)
Average daily load 107 296 9.35 98.86
Tier 3 320 864 9.85 99.04

2,1 kWh — the limit in Figure 3.10.

3.4.4. Optimum sizing
For defining an optimum system, size is vital to set the level of system availability ac-
cording to the application. Following the LLP values suggested in Section 3.2 for ap-
pliances, 10% is the reference value to find the minimum battery and PV size needed
to satisfy both loads. Table 3.4 presents the combination of PV ratings and battery
capacities able to ensure an LLP below 10%.

Additionally, it is important to point out that the minimum achievable LLP for the tier
3 load is 7.16%, and this can only be reached by raising the battery capacity to 2.1 kWh
because augmenting PV rating is not physically possible. In the case of the average
daily load, the LLP could be reduced to zero when a PV panel of 320 W, and battery
pack with a capacity of 296 Wh, or with a panel of 160 W, and a battery of 520 Wh.

3.5. Conclusions

This chapter proposes a general sizing methodology that serves as a base for finding
the boundaries of the PBIM and that will be used as a reference in the next chapters
of this thesis. The boundaries of a single PBIM are studied based on the minimum PV
rating and battery capacity required to reliably satisfy a predefined load profile. The
methodology consists on an iterative sizing method that varies the PV rating and bat-
tery capacity while evaluating its impact on the system availability, viz. loss of load
probability (LLP). The sizing exercise was performed for two load profiles in rural Cam-
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bodia: a daily average load and a tier 3 load. For both case studies, an increase in
PV generation and energy storage help lowering LLP, but at the same time resulting in
more battery cycling and a faster degradation. However, in absolute terms, the optimum
sizing for both systems required a different combination of PV panel peak power and
battery pack storage capacity, which is mainly driven by the representative disparity on
energy consumption in each case. When the minimum allowed LLP is set at 10%, the
size of the PV power are 107 and 320, respectively W,,. Similarly, when it comes to the
battery size, the size of tier 3 (864 Wh) load represents almost three times the optimum
battery capacity for the average daily load (296 Wh). Chapter 3 serves as a starting
point for chapter 4 — where the energy management system is introduced—, defin-
ing an intuitive sizing methodology to explore the limits on PV generation and energy
storage capacity of an individual PBIM.
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Energy Management
System

Previously, chapter 3 discussed about the importance of system sizing. The choosing
of the optimum PV rating and battery capacity is heavily dependent on the application
but also on the criteria applied for defining the direction of the power flows. However,
for managing the power flows, the system architecture must be established among the
various options, along with the converter topology needed in every power conversion
stage. Therefore, this chapter focuses on proposing an energy management system
(EMS) that allows fulfillment of the load by optimally controlling the PV generation and
the charging and discharging process of the battery pack. After analyzing the possible
architectures, based on safety and system control complexity, the DC coupled architec-
ture was selected. By controlling the boost converter for the PV panel, the buck-boost
for the battery, and inverter the PV-battery Integrated Module (PBIM) is able to perform
fundamental functions such as maximum power point tracking, PV curtailment, and bat-
tery charging and discharging. A model of the EMS was built to evaluate its behavior in
three case studies, viz. off-grid solar home system, constant load, and peak shaving.
The results show that the proposed EMS is able to perform within the defined modes of
operation in conditions of variable solar generation with a dynamically changing load.

This chapter is based on V. Vega-Garita, M.F Sofyan, N. Narayan, L. Ramirez-Elizondo, P. Bauer. Energy
Management System for the Photovoltaic Battery Integrated Module, Energies (2018) [1].
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4.1. Introduction

To maximize the usage of clean energy produced by the PV panel, it is fundamental to
define the appropriate times to charge and discharge the battery pack. For this reason,
several energy management systems (EMS) have been proposed in the literature [2,
3]. In [4], self-consumption is prioritized taking into account the electricity prices while
using model-based predictive control. The same control concept has been used to
enable peak-shaving in grid-tied systems, including day ahead information to improve
the effectiveness of the power management [5].

A previous paper has integrated a solar panel together with a servomotor, power
electronics, and batteries that can be mounted in a wall; the PV panel position is dy-
namically controlled via a single axis solar tracker, demonstrating its applicability for a
constant load [6]. In the case of static physically integrated PV battery systems, such
as the PBIM, several studies have touched upon the energy management system and
system architectures. According to [7], several commercial components can be picked
based on the characteristics of the systems and coupled to operate the device. One
element optimizes the PV output, while the charging and discharging processes are
controlled in two different power stages. However, it is not clear how the power flows
are controlled for the applications identified — camping, monitoring, and mobile sys-
tems.

Similarly, in [8], an electronic control unit includes a converter in charge of per-
forming maximum power-point tracking (MPPT), a battery charge/discharge controller,
and a battery management system. Particular interest is given to the battery manage-
ment [9], where battery operation conditions are monitored closely including state of
health, temperature, and state of charge levels. As a continuation, a boost converter
is proposed to take care of the PV optimal operation, wherein three switches control
the power flow [10]. There, just three modes are allowed: PV directly to load, PV to
battery, or battery to load. Despite the progress shown in the previous papers, a dis-
cussion about the different architectures that can be used in integrated devices has not
been explored. Neither the application of this kind of device to both off-grid and grid-
connected (peak-shaving) systems using a common architecture, nor the possibility to
use the battery together with the solar power to supply the load in particular cases have
been thoroughly analyzed.

Therefore, this chapter focuses on choosing a suitable electrical architecture for
the PBIM that enables the advantages provided by using a smart energy management
system. The converter’s control is also proposed to be able to perform MPPT, PV
curtailment, and battery charging or discharging for an off-grid, constant load, and peak-
shaving case studies.

4.1.1. Contributions of the chapter
In this chapter, the following contributions can be highlighted.

e A suitable system architecture for a PV-battery integrated device is selected based
on systems complexity and number of conversion stages (Section 4.2).

e An EMS is proposed to manage the DC/DC converters and perform MPPT, ex-
cess solar curtailment, and battery charging and discharging (Section 4.3).
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e Seven modes of operation were introduced to set the possible power flow di-
rections in applications such as off-grid solar home system, constant load, and
peak-shaving (Section 4.3.3).

4.2. System architecture

This section presents three system architectures that could be used to control the PBIM
together with a qualitative analysis of their advantages and disadvantages with the ob-
jective to find the most suitable one.

4.2.1. In line

This architecture is the simplest due to its minimum number of components (Figure
4.1a), one unidirectional DC/DC and one unidirectional DC/AC converters. The DC/DC
converter takes care of performing MPPT, and it is typically sized based on the rated
PV power. The inverter, on the other hand, must be sized not just by considering the
maximum PV output but also taking into account the maximum load power demand and
the battery highest power defined by the manufacturer or application. This is because
at specific instances both PV and battery could supply the load at maximum power if
demanded by the load.

Contrary to the PV panel, which is attached to the DC bus through a DC/DC con-
verter, the battery is linked directly to the DC bus, which could compromise its safety
in cases of short circuit [11, 12]. Because of the lack of control over the discharging
and charging processes in the in line architecture due to the absence of a converter for
the battery, the battery’s safety could be now put in jeopardy due to high temperatures
that could lead to thermal runaway in cases of extremely high discharging currents [13].
Moreover, the battery pack voltage in such a configuration is limited by the fixed voltage
of the DC bus, and therefore battery pack voltage can not be updated if needed. Addi-
tionally, because the voltage of battery sets the bus voltage, the input voltage perceived
by inverter would change accordingly, inducing possible instabilities.

4.2.2. DC coupled

In comparison to the previous architecture, the battery pack is coupled to a bidirectional
converter, see Figure 4.1b. In terms of components sizing, the battery pack is not
limited by the defined DC bus voltage as seen in the in line architecture, resulting in a
more flexible architecture. The battery converter and inverter power rating are decided
based on the load maximum allowable power. By adding the battery converter, the DC
bus can be controlled and monitor more easily while protecting the battery pack. Also,
the input voltage of the inverter would be more stable, when compare to the in line
architecture.

However, because just one DC/AC converter is used, its power rating is limited by
the PV and battery ratings. Moreover, the DC/AC converter is likely to fail as the power
from both energy sources is processed through the DC/AC converter [14]. This issue
also holds for the in line architecture.
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Figure 4.1: PV Battery-Integrated Module (PBIM) possible architectures: (a) in line, (b) DC
coupled, and (c) AC coupled.

4.2.3. AC coupled

In an AC coupled architecture, the PV panel and the battery pack share a single AC
bus (Figure 4.1c). From the PV side, this architecture is composed of a unidirectional
DC/DC converter and an additional inverter, while from the battery side the DC/DC
converter must be bidirectional along with an individual inverter.

In this architecture, the battery pack and the PV panel ratings can be chosen inde-
pendently, providing flexibility regarding system sizing and enabling modularity, i.e., PV
or battery sizes could be upgraded without changing inverter size. However, since this
architecture has two DC/AC converters, their phases must be synchronized, requiring
the implementation of phase control, increasing the complexity of the controller.

4.2.4. Selecting the architecture

In Table 4.1, the pros and cons of each architecture are summarised as a guide to chose
the architecture. Although the simplest architecture is the in line with the least number
of conversion steps, the issues related to battery safety (as introduced in [11-13]) and
negative impact on battery lifetime together with the DC bus voltage instability make
this architecture discardable. Both the DC and the AC couple architectures avoid this
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Table 4.1: Pros and cons of possible architectures for the PBIM.

Architecture Pros Cons
In line simplest possible safety issues for the bat-
tery pack
DC coupled simple and safe for batteries single point of failure
AC coupled easy to change battery capacity maximum number of converters
and PV rating and high control complexity

problem. Consequently, control complexity is selected as a critical parameter to decide
between these two architectures. In this regard, the AC coupled architecture is more
complicated than the DC coupled, as more converters need to be controlled along with
the fact that an additional stage must be added to ensure phase synchronization. As a
result, for the PBIM the DC coupled architecture is selected and will be used from now
on in this thesis.

In this chapter, the DC voltage has been set to be higher than the PV voltage and
the maximum battery voltage cells when completely charged. Therefore, for the solar
panel, a unidirectional boost converter is required to increase the voltage from to the
DC bus voltage reference. Also, a buck-boost converter is selected for the battery to
step up the voltage when power is extracted from the battery, and to step down the
bus voltage when battery is directly powered from solar. The battery voltage is based
on the amount of batteries connected series. For instance, for the off-grid cases study
the defined DC bus voltage was 36V; therefore, 10 cells are the maximum that can be
connected in series. Otherwise, the battery voltage could surpass the DC bus voltage
for LiFePO, technology.

4.3. Controlling the converters

In this section, the procedure followed to define the power flow directions and control
the converters for the chosen architecture is proposed. For doing so, various modes of
operation and control methods are introduced to adjust the duty cycle of the converters
and to ensure an efficient power delivery within the operating limits. It is important to
clarify that the inverter operates in constant modulation while the DC bus is kept at
its reference value, which allows us to avoid the inverter’s control for simplicity of the
presented analysis.

4.3.1. PV converter

The PV converter is a unidirectional boost converter in charge of performing MPPT
and PV curtailment. By setting a voltage reference, the DC/DC converter discriminates
between these two modes of operation.

MPPT and curtailment
The PV voltage reference is set based on the desired converter mode of operation as
can be seen in Figure 4.2a.
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Figure 4.2: Feedback loops for (a) PV reference control, (b) feedback loop for boost converter,
and (c) feedback loop for buck-boost converter.

When the MPPT mode is inactive, the PV-curtail mode of operation sets voltage ref-
erence; otherwise, the PV panel will operate at MPP. Equation 4.1 is employed to deter-
mine the solar power output (By) when the MPPT condition is met, whereas Equation
(4.2) defines it when the PV curtailment mode is active

By = VPV,mppIPV,mpp- (4.1)
Py = Wby curtail /P, curtail-

Among the various methods to achieve MPP tracking, the incremental conductance
MPPT method was used in this chapter based on a previous paper [15].

The PV curtailment is related to the instances where the PV generation exceeds
the energy needed by the load, and the battery is not able to store the excess. In
off-grid systems, the PV power must be dumped to maintain the power balance and a
constant DC voltage. Once the unbalance is detected, the operating point of the PV
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panel should be shifted to a region that results in lower PV efficiency. To accomplish
this, the PV voltage reference is slightly increased moving the operating point of the
solar panel to the right of the power-voltage curve, while reducing the power. Even
though the rate of change at the right side of the power-voltage curve is faster than a
voltage change to the left side regarding power reduction, it is beneficial for the boost
converter as it can operate in a narrow duty cycle range with a small change in PV
voltage. This concept, which defines Vpy curtai» iS Used for feedback loop control of the
DC/DC boost converter as the PV voltage reference.

PV converter (boost converter)
To determine the duty cycle of the converter switch (SW 1), the feedback loop control
shown in Figure 4.2b is used. The feedback loop control consists of two proportional-
integral (PI) controllers; the first loop sets the panel current and the second the voltage.
The reference voltage of the panel is obtained from the MPPT or curtailment process
as indicated previously. After that, the pulse width modulation (PWM) generator receive
the information, which is a result of the previously determined D’y,.st (S€€ Equation
A.4). Please refer to Appendix A.1, where the equations and coefficients used for this
converter are summarized.

4.3.2. Battery converter (buck-boost)

Figure 4.2c presents the feedback control loop that defines the required duty cycle for
the switches SW 2 (Dpuck-boost) @nd SW 3 (1-Dyuck-boost) (S€€ Equation A.8). They
are estimated based on two PI controllers; the first of them set the battery current while
the second the DC bus voltage. As previously described, the PWM establishes the duty
cycles of SW 2 and SW 3 to set the bus voltage.

4.3.3. Modes of operation
To study the power flow directions, 7 modes of operation describe all the possible cases.
These modes are represented in Figure 4.3 and are explained as follows.

e Mode 1: PV produces power at MPP, while the battery is discharging with the
bidirectional converter boosting the voltage. The inverter is active, and the load
is fulfilled

e Mode 2: PV produces power at MPP, while the battery is charging with the bidi-
rectional converter stepping down the voltage. The inverter is on, and the load is
supplied.

e Mode 3: The solar panel is disconnected, and the converter switched off. The
battery is discharged while the converter boosts the voltage, the DC/AC converter
is active, and the load is powered.

e Mode 4: The PV produces power at a lower value than MPP, while the battery is
discharging with the bidirectional converter boosting the voltage. The inverter is
active, and the load is powered. This mode is only present in the off-grid case
study as the PV surplus cannot be given to electricity grid.
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e Mode 5: All the converters are switched off. This tends to occur in when the
battery is empty at night.

e Mode 6: The solar generation performing at MPPT is solely supplying the load.
This mode occurs only on the peak-shaving case when the battery is full, and its
energy is saved to be used in peak times.

e Mode 7: The PV power generated at MPP is exclusively used to charge the
battery while the bidirectional converter steps down the voltage.
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| l
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Figure 4.3: Power flow directions for the 7 modes of operation: (a) Mode 1, (b) Mode 2, (c) Mode
3, (d) Mode 4, (e) Mode 5, (f) Mode 6, and (g) Mode 7.

Similarly, Table 4.2 summarizes the relationship between the modes of operation
and the activity of the converters.
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Table 4.2: Converter operation for various modes of operation.

Converter Mode1 Mode2 Mode3 Moded4 Mode5 Mode6 Mode?7

Unidirectional MPP MPP OFF Curtalil OFF MPP MPP
Bidirectional Boost Buck Boost Boost OFF OFF Buck
Inverter ON ON ON ON OFF ON OFF

Please refer to Appendix A, where the transient analysis is performed to the PV and
battery converters.

4.4. Energy management

In this section, three case studies are explored: an off-grid, constant load, and peak-
shaving for a grid-connected system. The particularities of each one, the power balance
equations, and the energy management criteria are introduced as follows.

4.4.1. Off-grid

Off-grid solar systems only rely upon the PV power and store energy inside the batteries
to supply the load, and consequently, a smart energy management is fundamental to
administrate moments of energy deficit and excess. As introduced by Figure 4.4a, the
solar energy must be used to directly supply the load and the energy surplus stored in
the batteries to be used during the night. However, sometimes the solar generation is
not enough and must be complemented by discharging the batteries. Other times, the
solar energy is abundant and the batteries full. Therefore, the solar generation should
be curtailed to maintain the power balance.

[ 7\
PV power PV power /, \\
o I
Load ---- Load / \
fam) — \
=3 Excess . =3 \
— \ N )
(5] \ D \
§ Stored , N E \
previously SN \\\ PV stored t Te-
N\ —~"Directly Battery ™| - supply peak
. supplied by PV \supplies load - ol

Time (h) Time (h)
(a) (b)

Figure 4.4: Energy management for (a) off-grid and (b) peak-shaving concepts.
The power flow is decided based on the flowchart shown in Figure 4.5, where the

upper and lower limits for the SOC are set to determine the modes of operation. Six
modes are used in this application, and the power balance equations for each mode
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are introduced as follows.

e Mode 1
Baoost ‘Ninv T Pt;);i " Nbuck-boost * Minv — Hoad =0. (4-3)
e Mode 2 '
Byoost * Ninv — P];gtt * Nbuck-boost — Hoad = 0. (4-4)
e Mode 3
P&ﬁi * Mbuck-boost * NMinv — Aoad = 0- (4.5)
e Mode 4
Pboost,curtail ‘Niny T Pt?alﬁ * Mbuck-boost * Ninv — Hoad =0. (4-6)
e Mode 5
Prait = Road- (4.7)
e Mode 7 .
Byoost * Mbuck-boost — Pégtt = 0. (4.8)

Due to the difficulty to match the load when performing PV curtailment (mode 4), a
new intermediate SOC upper level (85%) is introduced to prevent sudden and frequent
changes between modes 2 and 4. If mode 4 was operational in the previous time step,
and the SOC is higher than 85%, mode 4 remains operational in the current time step
mode prevails until SOC is lower than 85%.

Also, an intermediate SOC lower level is employed to prevent sudden changes be-
tween modes 1 and 7. When the mode 7 was active previously and the SOC is below
15%, the integrated module keeps operating in mode 7 as long as SOC is above 15%,
as can be appreciated in Section 4.6.1.

4.4.2. Peak-shaving

In peak-shaving applications, the primary purpose is to partially supply the residential
load by a combination of previously stored solar energy from the battery and instan-
taneous solar during peak times to reduce the electricity bill. Unlike off-grid systems,
where the availability of the system only relies on the battery pack and solar energy,
the load can be met by using energy from the grid. Therefore, the power flows must be
managed differently. In this case, the battery is charged directly from solar energy, and
once it is full, the PV production can be used to also deliver power to the load as Figure
4.4b shows.

According to the flowchart depicted in Figure 4.6, the definition of peak is related
to a particular time in a day. The charging and discharging times can be programmed
while checking if the actual battery SOC is between the defined limits. Only modes 1,
3, 5,6, and 7 are used in this case. The power balance for all the modes is as follows.

e Mode 1

Pboost * Ninv + P‘[?auti * Mbuck-boost * Ninv + Pgrid - Pload =0. (4-9)
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Figure 4.5: Power flow management for the off-grid case study
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Figure 4.6: Power flow management for the peak-shaving case study.
e Mode 3
Pls)alﬁ * Mouck-boost * Ninv T Pgrid - Road =0. (4-1 0)

e Mode 5
Pgrid = Poad- (4.11)
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e Mode 6
Byoost * Ninv + Pgrid — Boaga = 0. (4.12)

e Mode 7
Byoost * Mbuck-boost — P‘égtt =0. (4.13)

Mode 3 is active during peak load times when the PV production is insufficient, and
at the same time, the battery has remaining energy (SOC above lower limit). In that
case, the battery is discharged to power the load; the grid can also partially supplied
the load if required.

4.4.3. Constant load

This case is introduced to examine the ability of the PBIM to supply a load that con-
sumes constant power by adjusting the PV generation and battery operation. The
modes of operation established for the off-grid case study are applicable in this case
study.

4.5. Model

The model consists of a PV power estimation model, a performance battery model, and
an energy management controller that decides the power flow magnitudes and direc-
tions. These models receive as inputs meteorological data and load power consump-
tion from the selected location, and based on that determines the power exchange, the
voltage of the converters, and the battery bank SOC (refer to Figure 4.7).

PV model > Boost 'c<.)nverter L
efficiency
Buck-Boost Power
Battery model —» converter -
efficiency

A 4

Energy
Invert
nyg er —1 » Management > Voltage
efficiency Come

I

Figure 4.7: Overall model.

For estimating the PV production, a fluid dynamic model proposed previously was
used [16]. In this model, irradiance, wind speed, and PV module geometry are required
to estimate the PV panel temperature, which is later linked to the PV power produc-
tion using a PV panel temperature coefficient. For modeling the battery behavior, a
model that takes into account the particularities of battery technology by extracting key
parameters from data sheets is used in the general model [17], which has been used
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other solar system applications [18]. Also, the general model includes the losses ex-
pected in the conversion stages. To account for this factor, efficiency curves from known
converter were taken into account, for the inverter [19], and for the converters [20].

A transient analysis was performed to study the dynamic response of the system in
cases of abrupt changes in solar generation, refer to Appendix A. From the analysis, it
can be noticed that the transient time (less than 0.1 s) is relatively shorter than the time
step used for the power balance (one minute). Therefore, the transient transitions are
not considered in this study.

4.5.1. Inputs

All the PV related data (irradiance, ambient temperature, and wind speed) were ex-
tracted from Meteonorm for both locations Cambodia (off-grid) and the Netherlands
(peak-shaving).

For the off-grid case, environmental data from a rural area in Cambodia (Stung
Treng) is used to obtain the PV power, and the data for the load is taken from a tier 2
case in a rural electrification study [21], both with one-minute time step.

In the case of the grid-connected case study, the typical load for a house in the
Netherlands was selected including seasonal effects [22], while for environmental data
(one minute time step), Delft was selected.

4.6. Results
4.6.1. Off-grid

Sizing

To size the system, the loss of load probability (LLP) was used to find the optimum
battery capacity for a solar panel to power the tier 2 load selected (140 W, 18 W,
7.78 Impp). Because every pouch battery (20 Ah, 3.3 V) can deliver 65 Wh, the battery
capacity is incremented from one cell to 20 cells in series in steps of 65 Wh.

Based on Figure 4.8, where the LLP is plotted as the battery size increases, LLP
values reduce as the battery capacity increases; however, there is a point in which LLP
continuous to lower but less drastically, and a further decrease on LLP is at the expense
of extraordinarily high battery sizes. Therefore, the selected battery size was 390 Wh,
for an LLP value of 1.53%. To have a battery size of 390 Wh, 6 batteries connected in
series are needed.

Power balance

The power balance for a day with high and low irradiance are introduced in Figures 4.9a
and 4.9b. Firstly, it is important to mention that the power of the battery is considered
negative for charging and positive when discharging. Secondly, the initial SOC is set
a 10% which means that neither the battery or solar panel are able to supply power to
the load.

For the chosen day during the dry season, the PBIM operates in mode 5, but as
soon as the sun rises the system changes briefly to mode 7, so the panel charges the
battery (see Figures 4.9a and 4.9c). Later on, because of the vast solar generation
at MPP, the battery can be charged and the load supplied at the same time (mode 2);
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Figure 4.8: System sizing for the off-grid case study based on LLP.

however, after a while the solar generation is considerably higher than the load and the
panel moves to a curtail operation, while the battery partially support the load. When
the sun goes down, the device change to mode 3, which means that the power needed
for the load is provided by the battery as long as there is enough energy remaining.

The three peaks observed between 12:00 and 16:00 are caused by low load con-
sumption periods and excess of PV energy. Around 13:00, the battery (fully charged)
is discharged from 90% to 85%, but as soon as the SOC decreases more, the PV
panel operates at maximum power point again charging the battery and powering the
load—first peak in battery and PV production. After some minutes, the battery is full
again, and the same phenomenon occurs two more occasions for the dry season—two
remaining peaks.

When comparing the selected days for the dry and rainy season, they are clear
differences on the SOC level for both cases. As the generation is considerably less in
the rainy season, as can be appreciated in Figure 4.9a and 4.9b. For the same reason,
the mode of operation 4, where the PV generation is curtailed does not occur 4.9d.
Also, mode 1 which was not present in the dry season, appears in the rainy season due
to the inability of the PV panel to supply the load during the middle of the day needing
the help of the battery.

PV and battery voltages

The changes in voltage for both PV and batteries for the dry and rainy season are
illustrated in Figures 4.9e and 4.9f, respectively. Regarding the battery voltage, it can
be noted that for the dry season the battery is charged until reaches the upper SOC
limit and after some time is partially discharged, while for the rainy day due to the low
PV generation the battery is charged and discharged several times. In the case of the
PV voltage, it remains relatively constant throughout the day for the rainy season, while
for the dry season the voltage dropped abruptly various occasions due to two reasons:
the PV curtailment occurred more often, and mode 5 had to take place on various
occasions as the load was zero and consequently the PV disconnected (lpy = 0).
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Figure 4.9: One day simulation for the dry and rainy season in a off-grid case study. (a) Power
flows and SOC levels: dry season; (b) power flows and SOC levels for rainy season; (c) modes
of operation for dry season; (d) modes of operation for rainy season; (e) PV and battery pack
voltage for dry season; and (f) PV and battery pack voltage for rainy season.

4.6.2. Constant load

The objective of this section is to explore the ability of the PBIM to supply an individual
appliance whose power consumption is relatively constant, as the PBIM might be useful
for portable applications or as a backup in case of emergencies, where basic loads are



92 4. Energy Management System

the priority.

Here, a PBIM, with the same PV and battery size as in Section 4.6.1, tries to deliver
constant power to a 50 W load in an off-grid case study. As depicted in Figure 4.10,
the integrated device powered the load successfully for about 14 hours even if the initial
battery SOC was low. Because the battery was completely empty during the night,
the PBIM was not able to satisfy the load demand, but soon in the morning time, the
PV panel was enough to power the load and the remaining power was stored into the
battery. In the afternoon, when the PV stated diminishing, the battery started supplying
the load until the SOC reached its lower limit.
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Figure 4.10: One day simulation for the constant load case study, (a) Power flows and (b) modes
of operation for a constant load.

4.6.3. Peak-shaving

For this part of the study, a 265 W, (31.44 Vp,,p, 8.44 |1,pp) PV panel, a battery pack
of 520 Wh (8 batteries in series), and a DC bus of 48 V are defined as the system
characteristics. In this case study, the PV panel rating is increased compared to the
previous case as well as the battery pack capacity. The energy consumed during the
peak time in the Netherlands can be shaved by using a battery pack of 520 Wh. Also,
the load can be partially supplied by the PV panel in off-peak times, ensuring not PV
generation dumped (Figure 4.11).

Power balance

Before describing the power flow profiles, it is important to establish the peak con-
sumption time, which in the Netherlands happens between 17:00 and 20:00 almost
irrespectively of the season. Because the battery is initially empty during the night,
at the beginning of the day the PBIM is in standby, as can be seen in Figure 4.11a.
Therefore, the load is only supported by the grid. As a result, mode 5 represents the
inactivity of the PBIM (Figure 4.11b). As soon as there is enough solar irradiation, the
PV panel starts delivering power to the battery and changing to mode 7. A rapid fluc-
tuation between mode 7 and mode 5 can also be seen in Figure 4.11b, because of low
irradiance instances. Once the battery is completely charged, the solar panel is able
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Figure 4.11: One day simulation for peak-shaving case study, (a) Power flow, (b) modes of
operation, and (c) PV and battery pack voltage.

to supply the load partially, and the power extracted from the grid reduces (mode 6).
Because the SOC of the battery reached the upper limit, the battery is disconnected to
be later discharged during peak hours. At peak time, the diminished PV generation and
the battery at constant power supply load. However, because the power required from
the load is more than the PBIM combined production, power from the electricity grid is
needed to complement the power from the PBIM as presented in mode 1. Again, the
rapid changes between modes 1 and 3 are caused by the abrupt variations in incident
irradiance on the solar panel.

PV and battery voltages

The solar panel and battery voltages are presented in Figure 4.11c. In this case, MPPT
is always active when the PV produces power because PV power never surpasses the
load required power. Regarding the battery voltage, the voltage does not vary when the
battery completely charged and not used, but during peak times the voltage gradually
decreases during peak hours as it is discharged. Figure 4.11c also shows that the PV
panel voltage is zero in several occasions; this is because irradiance is below 50 W/m?
during daylight, and in that condition the DC/DC boost converter is switched off.
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4.7. Conclusions

This chapter focuses on controlling a PV-battery Integrated Module for performing en-
ergy management while paying attention to the system architecture. The most suitable
architecture for the PBIM is the DC coupled. This decision is based on the number
of conversion stages, battery safety, and converters control complexity. For this archi-
tecture, the control strategies needed to manage the converters are proposed. Seven
modes of operation are presented to help the system define the most appropriate PV
(MPPT, curtailment, or inactive) and battery operation (charging, discharging, or inac-
tive), while the load is continuously changing. Based on this, three applications were
explored: off-grid, constant load, and a peak shaving (grid-tied). For these cases, it
was demonstrated that the PBIM can be managed to supply the load and regulate the
power delivery.

Abbreviations
Table 4.3: Abbreviations used in the chapter.
Abbreviation Description Abbreviation Description
SOC State of charge MPP Maximum power point
ref reference batt Battery
DC direct current AC alternating current

SW Converter switch Pl Proportional integral
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Nomenclature
The following nomenclature is used in this chapter:

Table 4.4: Nomenclature.

Variables Description Variables Description

Ppy PV power Vpv PV voltage

Pyoost power boost converter Vov mpp PV voltage at MPP

Pioad power demanded by the Vpy curtail PV voltage in curtail opera-
load tion

P battery power discharged Vbatt,nom battery nominal voltage

Pooost,curtail ~ Attery power charged Voatt battery voltage

pin. power boost converter Vbe DC voltage

Peit power not provided to the  Vpc rer DC voltage reference
load

Pgriq power required from the grid  Ipy PV current

Dpoost boost converter duty cycle Ipy,mpp PV current at MPP

Dy uck-boost buck-boost converter duty  Ipy ref PV current at reference
cycle level

Ninv efficiency of DC/AC con-  Ipy curtan PV current in curtail opera-
verter tion

Nbuck-boost efficiency buck-boost con- I, PV current in curtail opera-
verter tion

e, Pl error for PV voltage K, controller gain parameter
(boost converter) for Ipy rer @Nd Tpats ref

e, Pl error for PV current K, controller gain parameter
(boost converter) for Ipy rer @Nd Ipats ref

e, Pl error for PV voltage Kp; controller gain parameter
(buck-boost converter) for Dygost @Nd Dyyck-boost

e, Pl error for PV current K, controller gain parameter
(buck-boost converter) for Dyoost @Nd Diyck-boost

Cpe DC bus capacitance for Cpuit battery capacitance for
buck-boost converter buck-boost converter

Cout boost out capacitance for boost  Ci, poost in capacitance for boost
converter converter

Liyoost inductance for boost con-  Lyyck-boost inductance for buck-boost

verter

converter
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Thermal Management

In this chapter, a representative finite element method (FEM) model is set to describe
the thermal behavior of the PBIM, and especially to quantify the adverse effect of plac-
ing the battery pack and power electronics components at the back of the PV panel.
From the simulations, it is determined that the temperature of the components increases
to a level that it might compromise their safe operation. As a consequence, two ther-
mal management methods are explored: air gap and phase change materials. This
chapter proves that batteries operate in a safe range when an air gap is added be-
tween the PV panel and the BoS components (battery pack and power electronics), as
the temperature of the components is reduced drastically. An additional diminution in
battery temperature is achieved by using phase change materials. At the beginning of
the chapter, the FEM model is described, and the inputs introduced. The next sections
deal with the effect of attaching, or not attaching, the components to the PV panel. As
a follow-up, the optimum air gap thickness is found, as well as the influence of using
phase change materials. The results of this chapter are fundamental to determine the
suitable battery technology, which is studied in chapter 6.

This chapter is based on V. Vega-Garita, L. Ramirez-Elizondo, and P. Bauer. Physical Integration of a
Photovoltaic-battery System: a Thermal Analysis, Applied Energy (2017) [1].
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5.1. Introduction
Although some steps to integrate normal size PV panels and balance-of-system com-
ponents (converters and batteries) have been reported [2, 3], just a few papers have
coupled batteries directly with solar panels in one device. A combination of PV panel,
battery, and electronic control unit was initially suggested in [4], stating the different
advantages, general restrictions, and operational conditions of the so-called muitifunc-
tional module. Following this, the battery management system was proposed [5], and
later, this concept was designed to supply bigger loads. The construction, control, and
testing of the prototype were presented in [6]. Moreover, the details of the construction
and installation of an integrated module for portable applications were published in [7].
However, little attention have been paid to the thermal implications derived from
the physical integration (Pl), as this chapter aims. A vast amount of previous papers
have investigated the thermal behavior of PV panel and batteries operating individually
[8, 9], finding that thermal management systems are necessary to decrease the impact
on efficiency and safety [10]. Most of the active cooling solutions (e.g. air or liquid
forced convection systems, heat pipe, thermoelectric devices, and cold pipe) are com-
plex to implement and maintain, and therefore costly [11]. Additionally, active cooling
consumes a portion of the power generated by the PV panels, decreasing the total effi-
ciency of the system. Instead, phase change materials (PCM) have demonstrated to be
a promising option as a passive thermal management system for PV panels and bat-
teries [12]. In comparison to active cooling systems for batteries, PCM achieve higher
temperature uniformity [13], prevent temperature peaks [14], provide temperature reg-
ulation [15], and keep battery operating under safe temperature thresholds [16]. These
are the reasons behind the use of PCM in this study.

5.1.1. Contribution

While some researchers have developed similar ideas to integrate a PV-battery system
in one device, there are still several gaps to fill regarding the feasibility of the Pl concept.
In particular, a thorough understanding of the thermal processes that take place when
integrating all the components together, and their implications to the battery pack. This
chapter contributes towards

e building (section 5.3) and validate (section 5.5) a thermal model for the PBIM
using the Finite Element Method (FEM),

e understanding the effect of directly attaching the components to the PV panel
(section 5.4.1) or including an air gap between them (section 5.4.2),

e estimating the maximum battery temperatures and PV temperatures reached un-
der extreme conditions (section 5.4.3),

e evaluating the effectiveness of including a phase change material as thermal
management method (section 5.4.4), and

e proving that, in the short term, batteries are expected to operate in a safe temper-
ature range even under high ambient temperature and insolation, and the PBIM
is technically feasible for solar energy applications (section 5.4.3).
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5.2. Physical Design

For an optimal design of the PBIM, the following criteria must be satisfied:

e Heat has to be dissipated efficiently to avoid overheating.
e The PBIM must prevent the entrance of dust and water from the environment.

e A frame must hold the components to ensure they do not move when installing
and operating.

e Total volume and weight of the PBIM should be reduced as much as possible.

Given the requirements, pouch cells or prismatic cells are preferred due to their
thin profile; they help to achieve high packaging as well as notable storage energy
capacity per unit of volume. This sort of cells also provides a more extended surface
allowing better heat dissipation than other geometries. Therefore, for the modelling,
fifteen LiFePQO, cells (A123 AMP20) are used to store the energy coming from the PV
panel (265 W, from Jinko Solar). The PV panel was chosen after comparing several
options, based on efficiency, weight, cost, and temperature coefficients as reported in
[17].

Due to the fact that the integration concept is relatively new, the size of the compo-
nents and other features are assumed similar to the commercial charge controllers and
microinverters.

5.3. Finite Element Method Model

A thermal model able to include the heat generated and dissipated to the surroundings
for a particular 3D and 2D geometry is complex to be developed from the beginning. As
a consequence, an interface developed by COMSOL Multiphysics ®) is selected. This
interface (conjugate heat transfer) interrelates and solves the differential equations that
describe the heat transfer and the fluid flow mechanisms.

A 3D model is used in section 5.4.1 and section 5.4.2, while in section 5.4.3 and
section 5.4.4 a 2D model was developed to reduce computation time. The 2D geometry
had 52203 elements, with 7420 boundary elements and average element quality of 0.85
for a triangular mesh. On the other hand, the quality of the elements was 0.7 for the
203110 tetrahedral elements, from which 40382 were at the boundaries. The element
quality is related to metrics such as volume versus length ratio, volume versus circum-
radius relationship, where 1 is assigned to an optimal element and 0 to a degenerated
element (lowest quality element).

5.3.1. Basic geometry

Figure 5.1a presents a 2D layout of the integrated module, including the materials and
layers of the proposed design. The features of the components are detailed in Tables
5.3 and 5.2, including the parameters and subscripts used in the equations.
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5.3.2. Governing equations
Heat transfer in solids
The heat that is transferred by conduction is given by the diffusion equation as follows:

oT
V- (kVT)+ g = pcpa, (5.1)

where k is the thermal conductivity, T temperature vector, g heat generation, p density,
¢p specific heat, and t time.

Equation (5.1) is applied to the layers that compound the PV panel, the batteries,
the charge controller, the microinverter, and the frame.

Heat transfer in fluids
Heat transfer in fluids occurs in the air domain, where it is defined as

aT
V-(kVT) + g = pC”E + pcy(u-VT), (5.2)

where u is the velocity of the fluid in all directions (x,y,z). In equation (5.2), the work
produced by the pressure when the density is temperature dependent is neglected.

Fluid dynamics
The equations for momentum balance and continuity are used to model the fluid behav-
ior in the air domain, in order to obtain the velocity and pressure field. They are

ou
uv?u—Vp+F = p(u-VT) + P (5.3)

V-u=0, (5.4)

where u stands for viscosity, p for pressure in all directions, and F for fluid force. In
the case of natural convection, the buoyant force produced by the fluid helps the heat
dissipation. This force is calculated following equation (5.5), where a change in the
density (p) of the fluid with respect to a reference point (p.ef) drives the phenomenon:

F=g(p = prer): (5.5)

5.3.3. Coupling of physics

Equations (5.2) and (5.3) are completely coupled since both equations include the ve-
locity term u. Moreover, properties like density and viscosity of the air are a function
of pressure and temperature. Therefore, these two variables connect the heat transfer
and fluid dynamics physics in a deeper manner.

5.3.4. Heat generation

The heat generated is assumed uniform for a given volume (3D model) or surface (2D
model). In particular, this condition is applied to the following domains: battery, silicon
layer, and glass domain layer.
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PV panel
The irradiance (G) affects the glass layer and the silicon layer. The incident light is
partially reflected (R) at the glass surface (see Figure 5.1b); then a portion of the re-
maining irradiance is absorbed by the glass (Agass)- All the irradiance from the glass is
transmitted (Ace1) to the Silayer, where it is completely converted into heat, except the
portion that produces electricity (npy). It is assumed that the eva layer and the tedlar
layer do not interact with the incident light; hence, the heat generated in these layers is
omitted.

The contribution of the heat generated in the glass layer and Si layer is calculated
using the following:

G(l - R)Aglass

] =— 5.6
dglass tglass ( )
G(1—=R)(1 = Aglass)(1 — 7py)
gsi = tj = : (5.7)
i

Batteries

As part of the losses in the batteries, the heat generation equation accounts for the
reversible and irreversible heat generation resulting from the charging and discharging
processes. This heat can be calculated by using the following expression:

Glass layer

<. EVA| PV
Si layer = = LaTavers| panel
Tedlar layer = > y
Open boundary’ Air domain Open boundary

orinlef™™ Argap e or outlet
PCM _|[ PcM |[ PCM
Cell 1|[Cell 2][Cell 3]i|Converter

*

Aluminl:Jm frame
(a)
G R

\/

Aglass ¥ leass Glass

|
\ Teva = 1 EVA I

Acen = 1 \ gsi SiliconI 0.3 mm
|
!

Light does not pass through the silicon EVA

Light does not pass through the silicon Tedlar]

(b)

Figure 5.1: (a) 2D layout of the integration concept, and (b) light interaction within the PV panel
layers.
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BVOC

— (V —Voc + T—) . (5.8)

Qoattery = Vi)attery aT

where [ is the charging or discharging current. The voltage (V) curve, open cir-
cuit voltage (Vp¢) curve, and entropy coefficient (a;‘T’C) are used according to the data
provided by the manufacturer [18].

Converters

For the heat generating terms of the converters, the general approach is described by
equation (5.9), where the instantaneous efficiency (converter) IS taken from a look-up
table that correlates power input (P,) and power output, while V.onverter IS the total
volume of the converter:

A
(1 - nconverter)- (5-9)

qconverter =
Vconverter

It is assumed that all the losses of the converters are dissipated as heat following
the previous equation.

5.3.5. Boundary conditions
The predominance of either forced convection or natural convection results in different
temperature values for the components. Therefore, different boundary conditions were
applied to the FEM model to evaluate their influence.

Whereas for forced convection air enters (inlet) with a certain velocity at the left and
leaves (outlet) at the right (Figure 5.1a), for natural convection right and left boundaries
are considered open -the air can enter or leave the domain.

Convection

Convection is used to include the effect of the surrounding air on the surfaces exposed
to it. The heat transferred via convection was applied at the top of glass layer, and the
bottom and sides of aluminum frame as follows:

Gconv = h(Ts — Tamp), (5.10)
where T is the temperature of the boundary, T,,,, ambient temperature, and h convec-

tion coefficient.

Radiation

The heat in form of radiation coming out of the top of the PV panel and the bottom of the
aluminum frame is associated with the temperature of the body (Ts) and the temperature
of the surroundings (Tamp):

Graqa = 0e(Ts — T b)- (5.11)
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5.3.6. Inputs

Three days with the highest global horizontal irradiation (Figure 5.2a), lowest wind ve-
locity (Figure 5.2b), and maximum ambient temperature (Figure 5.2c) were chosen as
inputs to the FEM model in sections 5.4.3 and 5.4.4. Although it is very uncommon that
the warmest day, least windy day, and the day with the highest irradiation coincide on
the same day, this extreme scenario is defined as the most severe condition that the
integrated device must handle due to high risk of components overheating. The data
was taken from the Dutch Meteorological Institute (KMNI) at the Cesar Observatory
(51.971°N, 4.927°E) throughout the year 2014, with a time resolution of 10 min.

Intermediate inputs

The battery system is driven by a simple control, where battery charging is a priority.
The battery is charged according to the current produced by the PV panel which con-
tinuously varies, although it never surpasses 0.5 C-rate. After the sun stops shining
and the battery is full, it is discharged at 0.25 C-rate (see Figure 5.2d). The limits for
charging are 90% state of charge (SOC) and 10% SOC when discharging, in order to
protect the battery from overcharging or over-discharging, respectively. As can be seen
in Figure 5.2¢, the heat generated during the charging process is negative, because of
the undergoing endothermic process. Nevertheless, the battery pack releases heat to
the surroundings when discharging.

The heat created inside the converters follows the pattern dictated by the solar
irradiation. It is assumed that volume of the DC/DC converter and microinverter are
equal, but the moments at which the components act differ: the DC/DC converter is on
during charging, while the microinverter is active when discharging.

5.4. Results

5.4.1. Directly attached (DA) or not?

To achieve a PBIM as compact as possible, attaching the components directly on the
back side of the PV panel is the most integrated option. To evaluate this idea and
compare it to the non-attached (NA) case, the steady state model incorporates the
parameters in Table 5.1. The incoming irradiance (G) was defined as a high value of
irradiation, while Gpattery is the highest that can be generated at 1 C-rate when dis-
charging. qconverter IS Calculated at the PV power production peak, whereas T, and
h are considered appropriate in relation to the defined irradiance value. Moreover,
forced convection is applied as shown in Figure 5.1a varying the wind speed from 1
ms~! up to 9 ms™1, in order to understand its influence on the average temperatures of
the devices.

Table 5.1: Parameters used for the steady state simulation.

Parameters Value Parameters Value
G 1050 Wm ™2 Gconverter 4500 Wm™3
Tamb 35°C Rop 6 Wm™2K™1

doattery ~ 10000 Wm™  hporrom 6 Wm™2K™?
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Figure 5.2: Inputs to the FEM model for three days with the (a) highest GHI, (b) lowest wind
speed, (c) maximum ambient temperature, (d) cell voltage and current, and (e) heat generation
in one cell.

The heat distribution in Figure 5.3 shows that, for both NA and DA, the highest
temperature is reached in the PV panel domain, due to the massive heat generated in
the cell layer compared to the other heat sources. As a result, the temperature of the
battery pack and converter are similar to the temperature of the PV panel for the DA
case (see Figure 5.3a and 5.3b).
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Figure 5.3: Temperature distribution obtained from the FEM model: (a) directly attached and air
velocity of 1 ms™, (b) directly attached and air velocity of 8 ms™2, (c) air gap (50 mm) and air
velocity of 1 ms™?, (d) air gap (50 mm) and air velocity of 8 ms™. Note: in all the figures, the PV
panel is facing down.

An increase in wind speed reduces the temperature of the components (Figure
5.4a), while glass temperature is almost equal to the cell layer because of their proxim-
ity. In addition, the cooling effect of air is more pronounced on the converters than on

the batteries, as the more extended area of the converter provides better heat dissipa-
tion.

By adding an air gap in between the PV panel and the components, the temperature
of all components decreases considerably, since the air gap hinders the heat transfer
from the PV panel to the other elements. Although increasing the wind speed helps
remove heat from the components more efficiently when velocity increases, Figure 5.4b
also shows that at some point a further increase in wind velocity does not reduce the
temperature of batteries and converters.

In the NA case, battery pack temperature depends on air speed, but mainly on the
ambient temperature if the air gap is kept constant. Because according to Figure 5.4c,
the temperature of the battery increases with ambient temperature, 3°C in this case.
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Figure 5.4: Temperature obtained from the FEM model: (a) components when directly attached,
(b) components when not attached (air gap of 50 mm), (c) battery at different ambient
temperatures (30°C, 33°C, and 36°C) for an air gap of 50 mm, and (d) battery for various air
gaps and air velocities.

5.4.2. Air gap

The air gap is the distance between the PV panel and the frame (see Figure 5.1a),
which is represented in the FEM model as the volume for the 3D model (or area for the
2D model) of the air domain. By increasing this domain, the temperature of the batter-
ies drops as can be observed in Figure 5.4d. The diminution on battery temperature
results from having more space between the battery pack and the PV panel — the main
heat generation source. Also, in Figure 5.4d, it can be observed that low air velocities
causes higher temperature compared to the case with an air velocity of 9 m/s, where
the temperature value for all the air gaps is the minimum.

Taking as a reference the case with the lowest air speed (1 m/s) and highest battery
temperature —which is closer to the expected ventilation condition in the PBIM— it can
be seen in Figure 5.4d that the reduction on battery temperature is more pronounced at
the beginning (40 mm) and further increments do not represent a considerable decline
in battery temperature. After 70 mm, a raise in distance (air gap) does not significantly
reduce the temperature of the battery, but it may rather augment the volume/weight ratio
of the PBIM, which should be kept as low as possible. As a consequence, it suggested
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that an air gap between 5-7 cm is enough to maintain the batteries operating at an
appropriate temperature.

5.4.3. Natural and forced convection

In this section, the data described in Section 5.3.6 is employed by a transient model to
incorporate the effect of the environmental conditions that the PBIM could face in an
extreme scenario.

As expected, the temperature of PV cells rises with poor cooling conditions. With
natural convection as a dominant phenomenon, the temperatures can increase 10°C
more than in the case where forced convection is the primary cooling mechanism (see
Figure 5.5a). In this figure, the benchmark dictates the minimum temperatures for a PV
panel without any device attached.

Battery temperature does not differ significantly when either under forced convection
or natural convection as the dominant mechanism, as Figure 5.5b suggests. However,
a minor reduction is observed for the forced convection case.

Batteries operate within a safe range, because even under harsh conditions the
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Figure 5.5: (a) Average Si layer temperature for natural and forced convection (50 mm air gap),
(b) average battery temperature for forced convection, natural convection, and different PCM (5
mm thick), and (c) average battery temperature for various PCM thickness and PC temperatures.
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battery temperature never surpasses 39°C (third day for natural convection conditions),
which is under the defined maximum temperature of operation: 55°C ([18]). Due the
air gap, the temperature of the batteries can be minimized till the minimum (ambient
temperature).

According to Figures 5.5a and 5.5b, the temperature of the batteries and PV cell
do not follow the same pattern. PV cell temperature responds mainly to irradiance
and ambient temperature, while batteries respond to ambient temperature. The effect
of ambient temperature on battery temperature is more important, even if the battery
discharges at a relatively high C-rate (0.5 C), as the amount of heat produced by the
battery is overshadowed by the heat coming from the surroundings. Of course, this
applies as long as the batteries are neither overcharged nor over-discharged

5.4.4. Phase change materials

Even though it has been demonstrated that batteries do not surpass the upper tem-
perature limit defined by the manufacturer, the operating temperature must be kept as
low as possible to prevent accelerated battery aging and thermal runway [19, 20]. PCM
are proposed as a passive cooling method, since forced convection is unable to dimin-
ish the temperature of the batteries significantly. PCM materials store thermal energy
not allowing battery temperature to increase fast; they also maintain Ty,ery Under a
specific value as long as PCM does not saturate.

To study the effect of PCM over Tyuery @ layer of PCM is placed at the top of
batteries (Figure 5.1a). The PCM used has a thickness of 5 mm, a density of 900
kg/m3, a thermal conductivity of 5 Wm~1K~1, a phase change temperature range (AT)
of 6 °C, and a heat capacity of 1.9 Jg~'K~! when solid and 2.3 Jg~*K~! when liquid.
Only the latent heat (L), phase change temperature (Tpc), and thickness are modified
to perform a parametric analysis later on.

As can be seen in Figure 5.5b, a PCM with a phase change (PC) temperature of
36°C and L of 250 Jg~! shaves the third-day temperature peak by 3°C, and to a smaller
extent the second-day peak. In case the latent heat increases from 250 Jg=* to 300
Jg~1, for a Tp of 36°C, the temperature of the batteries does not drop because the
phase changing process starts later. Also in Figure 5.5D, the results show that Ty,¢ery
reduces for a Tpc of 34°C and L of 250 Jg~1, where the second peak and third peak
are shaved better. This is explained since the PC process starts at around 30°C and
finishes near 36°C, the reduction of battery temperature intensifies because more heat
it is absorbed than in the other cases.

To reduce Tpattery €Ven further, either PCM thickness or L might be increased, both
for lower Tpc. However, a L of 250 Jg~1 is already high for the existing PCM technology.
Hence, just the thickness varies as follows.

The effect of increasing the thickness for two phase change temperatures is illus-
trated in Figure 5.5c¢, indicating that a PCM with a Tp of 31°C and 12.5 mm thick is able
to shave all the three peaks, although as expected, 15 mm thick PCM has better results
for the second and third peaks. However, a PCM with a Tp¢ of 34°C and a thickness
of 15 mm is not capable of shaving the first peak, which indicates that this combination
is not a candidate for the final design of the PBIM. Finally, a 15 mm PCM with a Tp of
31°C is the overall best option. Due to its performance at elevated temperatures, but
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also when temperatures are not extremely high; which is usually the case for the PBIM
on a daily basis.

It is important to mention that although PCMs can help reducing battery tempera-
ture, it might result in a solution difficult to implement. When considering that the maxi-
mum reduction on battery temperature is 5°C under extreme conditions, which are not
likely to occur several times during a year, the benefits of thermal management through
PCM are limited. Therefore, the added cost of a PCM system might not compensate
for the extra cost of adding PCMs, while the complexity of the system increases.

5.5. Validation of the FEM Model

A prototype was built and tested to validate the FEM model. The validation was carried
out comparing the outcomes of the model and experimental measurements, using the
same initial and boundary conditions. The testing set up, the characteristics of the
prototype, and the results of the comparison are described as follows.

5.5.1. Testing set-up

A 30 W, PV panel from Blue Solar was connected to a Genasun GV-5-Li-14.2V charge
controller which performs maximum power point tracking. The charge controller im-
poses a constant current and constant voltage profile during the battery charging pro-
cess. Moreover, four batteries with a capacity of 8 Ah and a nominal voltage of 3.2 V
(WNOBAH) were connected to the charge controller and a 10 Q load (See Figure 5.6a).
Before testing, two thermocouples were attached to the top and back side of a selected
battery, while another thermocouple was placed at the upper part of the PV panel. All
temperature measurements were taken with a time resolution of 5 min.

After connecting all the components and measuring devices, the prototype was
placed under a small solar simulator (0.6 x 0.5 m) that produces a constant radiation of
900 Wm™2, while the ambient temperature was around 25 °C during the test. Figure
5.6¢ and 5.6b show the spatial arrangement of the components and the prototype under
testing, respectively.

At the beginning of the test, the batteries are partially charged (90% SOC), and as
the test continues they are charged at a constant current of 1.65 A.

5.5.2. Results

After one hour of testing, the temperature of the batteries reached steady state con-
dition, as can be observed in Figure 5.6d. The measured temperature at the bottom
and top of batteries corresponds to the values predicted by the FEM model. The tem-
perature of the PV panel increased up to 70°C, as expected in the FEM model and
the IR image in Figure 5.6e. The thermal equilibrium for the PV panel is reached after
40 minutes, considerably lower than that for the batteries. This mismatch occurs, first,
because the heat from the PV panel is conducted to the aluminum frame and then to
the batteries, taking some time to be transferred. Secondly, because the air where the
components were placed is heated up gradually, creating an equilibrium temperature
more slowly compared to the PV panel. Future research must be done to understand
the impact of elevated temperatures in the performance of the integrated module, in
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Figure 5.6: Characteristics of the prototype for FEM validation, (a) electric diagram of the
prototype, (b) prototype under testing, (c) components of the prototype, (d) temperature of the
components according to simulation (sim) and lab measurements (test), (e) temperature
distribution at the top of the PV panel instants before finishing the test (IR image), and (f)
simulation results of FEM model.

order to understand, for instance, how aging decreases battery lifetime and state of
health.
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5.6. Conclusion

A FEM model was developed and validated testing a prototype to study the thermal
behavior of the PV-Battery Integrated Module. The model shows that directly attaching
the components at the back of the solar panel results in extreme temperatures for the
battery pack, suggesting the necessity of an air gap between them. The air gap help
reducing the temperature of the components, impeding the heat generated at the PV
panel from warming the batteries and converters. The optimal air gap is between 5-
7 cm, in order to provide an appropriate packaging/cooling ratio. Even under severe
conditions, maximum battery temperature never surpassed 39°C when including an air
gap. This temperature is lower than the maximum temperature of operation defined by
the manufacturer. However, because convection has a limited effect in decreasing the
temperature of the components, phase change materials were proposed as a passive
cooling method able to reduce the maximum battery temperature by 5°C. Phase change
materials prove to be useful for shaving battery temperature peaks but it is perceived
as difficult to implement in the integrated device in comparison to adding a simple air
gap. In summary, the battery pack operates in a safe range, confirming the feasibility
of the PBIM concept from the thermal analysis point of view, as a future solution for
solar-battery systems. Moreover, this chapter helped defining the characteristics of a
PBIM prototype, which will be studied in more detail in the next chapter 6.

Table 5.2: Subscripts used in the FEM model

Subscripts  Description

glass property at glass layer
Si property at Silicon layer
PV PV panel
battery property at batteries
oC open circuit
converter property at converter
in input
s surface
amb ambient
rad radiation
conv convection

ref at reference point
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Table 5.3: Parameters used in the FEM model

Constants Description Value
Prated rated power of PV panel 265 W,
TnocT PV panel NOCT temperature 45°C

Lpy PV panel length 1.65m
Wpy PV panel width 1m
Vocpv open circuit voltage PV panel 38.6V
Vinpp maximum power point voltage PV panel 314V
Isc short circuit current PV panel 9.03 A
Impp maximum power point current PV panel 8.44 A
Veoefs voltage temperature coefficient PV panel -0.31% K™t
Ieoefs current temperature coefficient PV panel 0.06% K1
Wpy weight PV panel 19 kg
C battery capacity 19.5 Ah
Tstorage battery storage temperature -40 t0 60°C
Vrated battery voltage rating 3.2V
Top battery operation temperature -40t0 60°C
Lpattery battery length 22.7cm

Whattery battery width 16 cm

thattery battery thickness 0.725cm

Lconverter converter length 24.6 cm

Weonverter converter width 26.6 cm
tconverter converter thickness 2.7¢cm
tirame frame thickness 2mm
Kglass thermal conductivity of glass 1.38 Wm™*K™?
ks; thermal conductivity of Si 130 Wm™*K™?*
Keva thermal conductivity of eva 0.38 Wm~1K™?
Kiedlar thermal conductivity of tedlar 0.15 Wm™*K™?
Kpattery thermal conductivity of battery 0.81 Wm™*K™?*
Kérame thermal conductivity of frame 238 Wm~1K™?
Cp glass specific heat of glass 0.7 Jg~*K™?
Cpsi specific heat of Si 0.7Jg 'K
Cpeva specific heat of eva 1.9Jg K1

Cp tedlar specific heat of tedlar 1.1 Jg~ 1K™t

Cp battery specific heat of battery 1.17 Jg~*K™?

Cp frame specific heat of frame 0.9 Jg K™

Paglass density of glass 2203 kg m~3
Psi density of Si 2329 kg m—3
DPeva density of eva 930 kg m—3

Predlar density of tedlar 1300 kg m™3

Pbattery density of battery 1965 kg m™3

Dframe density of frame 2700 kg m~3

Eglass emissivity of glass 0.96

Eframe emissivity of frame 0.77

Etedlar emissivity of tedlar 0.84
Npv efficiency of PV panel 16.19%

g acceleration of gravity 9.81 ms™2

o Stefan-Boltzmann constant 5.67x10-8 Wm™2K~*
R reflectivity at glass layer 7%

A absorptivity 3%
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Prototype testing and
battery selection

Previously, in chapter 5 a thermal model was developed to understand the conditions in
which the components of the PBIM operate, and an air gap between the PV panel and
battery pack was found to be useful to decrease the temperature of the components.
This information was used to design a prototype that is part of the framework define
in this chapter to select a suitable battery for the PBIM. The prototype was tested and
the electrical and thermal behavior are part of chapter 6. The testing was elaborated
to reproduce a worst case scenario resulting in a maximum temperature of 45°C for
the battery pack, while the electrical performance of the prototype was measured. A
temperature of 45°C was set, therefore, as the maximum temperature that the battery
must handle, and it is utilized as the upper limit in the battery aging test in the second
part of the chapter. The testing methodology not only reproduces the high temperature
expected in the PBIM but also includes the charging and discharging profiles expected
in a typical PV-battery system that undergoes charging and discharging processes per
day. Among the different battery technologies, several battery candidates were eval-
uated by an integrated model that coupled the thermal behavior and the degradation
of the batteries, concluding that Li-ion batteries are more appropriate. Consequently,
LiFePO, and LiCoO, batteries were cycled at ambient temperature (22—26°C) and at
high temperature (45°C) using three different current profiles. According to the cycling
test, the LiFePO, cells show lower degradation rates than the LiCoO, cells, and as a
result the LiFePO, is suggested as the most suitable technology for the integration of a
solar panel and a battery pack in the same device.

This chapter is based on V. Vega-Garita, S. Garg, N. Narayan, L. Ramirez-Elizondo, and P. Bauer. Testing a
PV-Battery Integrated Module Prototype, World Conference on Photovoltaic Energy Conversion 2018, (2018)
[1]. Also, based on V. Vega-Garita, A. Hanif, L. Ramirez-Elizondo, and P. Bauer. Selecting a Suitable Battery
for the PV-battery Integrated Module, Journal of Power Sources (2019), under review [2].
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6.1. Introduction

With the final aim of selecting a suitable battery technology for the PV-battery Integrated
Module, this chapter proposes a framework that is divided into two: the testing of a
prototype of the PBIM (that serve as an input for the aging test) and an extensive battery
aging test. In the first part, also Section 6.2, the steps followed towards the testing
of the prototype are introduced. Firstly, the basic system architecture is described in
Section 6.2.1, later the method designed for the testing is presented in Section 6.2.2
together with the system selected components in Section 6.2.3. Secondly, the results
and analysis of the data produced by the prototype testing can be found in Section 6.3.

For the second part of the chapter, the methodology for selecting the battery tech-
nology is explained in Section 6.4, where the integrated model employed (Section 6.4.1)
and the proposed method for designing the testing are presented (Section 6.4.2). As
a continuation, the equipment used and the description of the experimental set-up is
shown in Section 6.5. Moreover, the results of the aging testing along with the analysis
of the different stress factors — temperature, current profile, and battery size — it is
discussed in Section 6.6.

Before delving into the selection of suitable cells to be part of the PBIM’s battery
pack, a brief review of the cells available in the market is carried out to help define the
technologies that will be used for the prototype testing and aging test in Section 6.1.1.
Later, the mechanisms behind battery capacity fading in Li-ion electrochemical cells are
reviewed in Section 6.1.2.

6.1.1. Battery candidates

The general features of the most widely available batteries are shown in Table 6.1.
There, the electrochemical cells are categorized based on metrics such as energy and
power density, cycle life, cost, efficiency, and self-discharge.

Lead-acid (LA) batteries are considered a mature technology with low self-discharge
and relatively low capital cost, which are their most prominent benefits when compared
to other cells. However, LA batteries suffer from low cycle life as well as low energy and
power density; therefore, these batteries are bulky and heavy and not suitable for the
PBIM, where a high volumetric energy capacity is required. Moreover, they are made
of toxic and not environmentally friendly elements [3].

Nickel-cadmium (NiCd) batteries are characterized by higher energy and power den-
sity, and better cycle life than lead-acid batteries [4]. These batteries also present mem-
ory effect [5] restricting the battery capacity according to its usage, and high values of
self-discharge. Moreover, NiCd batteries are composed of the extremely toxic Cadmium
adding to their disadvantages [6].

Nickel-metal hydride (NiMH) batteries are considered an improvement over the NiCd
batteries, they are safer and less susceptible to memory effect issues. Additionally, they
have a higher energy and power density than NiCd. Despite these advantages, the use
of rare metals has resulted in an expensive alternative [5]. Also, NiMH still present
problems previously experienced in the NiCd cells such as high self-discharge and low
coulombic efficiencies [9].

According to Table 6.1, sodium-sulfur (NaS) and vanadium redox batteries (VRB)
excel in terms of power density (NaS) and cycle life (VRB); however none of these
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Table 6.1: Summary of available battery technologies. Based on [7][8].

Type LA NiCd NiMH Li-ion NaS VRB

Energy density

(Whig-t) ) 2550 50-60 60-120  75-200  150-240  10-30

R%Vfgr_?')ans'ty 75300  ~200  250- 500- 150-230  80-150
1,000 2,000

%C(;S/O“fDGOD) 200-1,000 >1,500  180- 1000- 2,500- 12,000
2,000 10,000 4,000

Capital cost 5 505 300600  900-3500 300-2500 300-500  150-1,000

($/kWh)

Round-trip g o 70-75 65-80 85-97 75-90 75-90

efficiency

Self Low High High Medium - Negligible

discharge 9 9 u g9

technologies are feasible for a concept as the PBIM for different reasons. In the case
of the NaS, they are not suitable because the temperature of operation must be in the
range of 300 to 350 °C, much higher than the expected in the integrated module [10].
When considering the VRB, this concept is discarded as they require the use of pumps,
sensors, monitoring systems, and large vessels [11].

Therefore, Li-ion appears as a viable option taking into account its higher energy
density than lead-acid, NiCd, and NiMH batteries, as well as higher efficiencies. Addi-
tionally, the problems related to memory effect and toxic element are avoided by using
Li-ion cells. However, Li-ion cells are more normally more expensive than LA and NiCd
and prone to self-discharging.

Among the Li-based cells, lithium-sulfur (Li-S) and solid electrolyte Li-ion batteries
have not been considered, although promising, because of the early stage development
and prohibitive prices. Specifically, Li-S could be able to store more energy than typical
Li-ion cells, but the cells have not been able to show appropriate cycle life, and the cost
remains quite high even compared to Li-ion [12]. Another alternative is Li-ion solid-
state cells with a polymer electrolyte, which are considered safer than conventional
Li-ion cells as they do not use volatile and flammable liquid electrolytes [13]. However,
this technology is not mature yet, and it is associated with low power density, high ionic
resistance at room temperature, and high manufacturing cost [14].

Comparison of Li-ion cells
The most widely employed material for the cathodes is lithium cobalt oxide (LCO) [15],
or LiCoO,, with advantages in terms of price, specific capacity, low self-discharge, good
cycling performance and high discharge voltage [16] [17]. However, it has disadvan-
tages such as accelerated aging at high currents [18], and low thermal stability when
operating in temperatures between 100 and 150 °C [19].

The lithium nickel oxide cell (LNO), or LiNiO,, has the same crystal structure and
the theoretical specific capacity with the LCO. However, LNO batteries are even more
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thermally unstable [18]. However, partial substitution of Co with Ni was found to be
effective to reduce the cationic disorder [20]. The thermal stability can be improved
by Mg doping and also adding a small amount of Al [21]. The structure becomes
LiNi, Coy Al(1_x_y)O, (NCA), or lithium nickel cobalt aluminum oxide, it is widely used
commercially; however, elevated temperatures of operation (40-70 °C) can cause fast
capacity decrease rates. [18].

Lithium manganese oxide (LiMnO,) cells are potentially an interesting solution as
they employ Mn instead of Co and Ni, lowering costs and avoiding the use of toxic
materials [18]. Nonetheless, in Lithium manganese oxide (LMO) cells, the change in
structure during the lithium-ion extraction has a negative impact on cycle life, and Mn
tends to dissolve into electrolyte when the battery is not cycled [22]. The problem has
been tackled by adding Co increasing the stability of the structure [23], and creating
a new type of cell, the LiNi,Co,,Mn,O, NMC. This kind of cells has a similar nominal
voltage as the LCO, but it benefits from the less amount of Co used compared to LCO.
The NMC cells also show appropriate cycle stability at 50 °C, although one of the signif-
icant issues of NMC is the unique voltage profile, which does not present the expected
almost flat region found in cells such as LiFePO, (LFP).

Lithium iron phosphate batteries are considered as one of the more mature and
stable Li-ion technologies [15], showing an excellent thermal stability and cycle life,
good power capability, and is regarded as the safest lithium-ion type concerning thermal
runaway risk. Despite all of those advantages, LFP cells are relatively lower in energy
due to the low average voltage (3.2 - 3.4 V) [18].

From all of the comparisons above and the particular conditions of the PBIM, LCO
and LFP are chosen as the battery candidates. While NMC shows relevant character-
istics, its high price and the instability of the voltage discards it. LCO and LFP provide
a right balance between the requirements. While LCO has low thermal stability in a
significantly high temperature, around 100-150 °C, the PBIM is not operated in that
temperature. Moreover, since the cell is used for a PV system, the discharge rate is
relatively low (less than 1C). Therefore, the capacity fade in higher current rates will
not affect the PBIM. For LFP, the most significant disadvantage is the low average volt-
age which results in low energy. However, this cell still has a superior energy density
compared to most of the most popular cathode materials [17].

Moreover, for the PBIM, the form factor (geometry of the cell) is also relevant as
prismatic and pouch cells can help to achieve higher capacity per unit of volume than
cylindrical cells. Therefore, cells with these form factors (pouch and prismatic) were
chosen in this chapter. Having identify LCO and LFP cells as potential battery tech-
nologies, the next section describes the causes behind battery aging and the influence
of parameter such as current (related to C-rate), temperature, region of operation, and
calendar aging.

6.1.2. Aging in Li-ion cells

The aging in electrochemical cells results in capacity fading or diminution of lifetime,
which at the end is referred as a loss of available power or energy. The reduction
of power in a battery is caused by an increase in the internal impedance, which then
reduces the operating voltage of a cell. While the loss of the energy is a result of a
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change of the active material to inactive material [24], degradation or aging process
includes a decrease on the battery’s capacity and an increase of the battery resistance
leading to a battery failure. This process can be created by the conditions at which the
battery is operated. Unfortunately, the aging process of a lithium-ion battery is complex,
since the cause of aging can be a result from various interdependent mechanisms that
cannot be studied separately [25].

Aging mechanisms can be divided into two categories, degradation produced by
chemical reactions, and degradation caused by mechanical stress. Chemical degrada-
tion mechanisms consist of reduction and decomposition of the electrolyte, formation of
solid-electrolyte interphase, binder decomposition, gas evolution, lithium-ion loss, and
solvent co-intercalation [26]. Mechanical degradation of the battery mainly involves vol-
ume changes and stresses that occur in the active materials of the battery [27]. These
volume changes and stresses can result in cracks, loss of contacts between active ma-
terials, and isolation [27][28]. These mechanisms can happen in different parts of a
battery cell, the subsections below will compare different degradation modes in anode,
cathode, and separator with various conditions that elevate the battery aging.

C-rate

High discharge and charge currents could increase capacity fading rates. One possi-
ble cause is related to the change on carbon structure at high discharge current rates,
leading to an electrolyte or salt reduction on the carbon surface due to the instability of
the electrolyte to carbon. This reaction will produce gas and decomposition which will
ultimately thicken the SEI film on the carbon electrode. Furthermore, during a high cur-
rent rate, the internal battery temperature augments, causing an increase in electrolyte
reduction rate which produces gas increasing pressure, and producing damages on the
surface film [29].

Temperature

According to the Arrhenius law, the chemical reaction rate is proportional to the tem-
perature. Therefore, an increase in temperature results in an exponential rise in elec-
trochemical reaction rates. According to [27], a 10°C increment in temperature could
double the degradation rate of a cell. At high temperature the protective solid electrolyte
interphase (SEI), formed at the first cells cycles, degrades faster, provoking the disso-
lution of SEI and propitiating the formation of more stable inorganic products such as
lithium salts like lithium fluoride or lithium carbonate [25]. These new compounds are
not just harder while making more difficult the Li-ion diffusion, but contribute to decrease
the amount of active Li [30]. Hence, the capacity loss of the cell is the consequence.

Region of operation

The battery internal resistance increases when the cells is near to be completely full or
empty, which correlates to high SOCs and low SOCs, respectively. Therefore, cells that
undergo processes in which the SOC varies significantly end up working in regions with
high internal resistance. High internal resistance leads to a rise in battery temperature,
which ultimately causes a faster capacity degradation rate.
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Calendar aging

This type of aging is not related to the aging due to the activity of the battery, instead it
has to do with the periods of battery inactivity. For instance, if the batteries are stored
at high temperatures, that can help to accelerate the degradation of the battery [31].
Also, when cells are stored high SOC levels, anode remains fully lithiated which result
in an unstable electrode that could interact with the solvent components reducing the
amount of electrode available [32].

6.1.3. Contributions
In summary, chapter 6 contributes towards

e measuring the thermal and electrical behavior of the PBIM under severe temper-
ature conditions (Sections 6.3.1, 6.3.2, and 6.3.3),

e comparing the thermal and electrical response of the PBIM to a system with the
components detached from the PV panel (Section 6.3.4),

e assessing different electrochemical cell technologies using an integrated model
and suggest the most appropriate battery candidates (Section 6.4.1),

e proposing a testing application-based methodology that reproduces the opera-
tional conditions of the PBIM (Section 6.4.2), and

e selecting a suitable battery technology for the PBIM by performing an aging test
at room temperature (22—-26°C) and at 45°C (Section 6.6.3).

6.2. Experiment set-up for testing the prototype
As illustrated in Figure 6.1, the constructed prototype consists of a PV panel, four pris-
matic LiFePO, cells, and a charge controller (CC). Between the PV panel and the
bottom metallic sheet that hold the batteries and CC, there is a air gap of 6 cm — a
value found to be optimum in Section 5.4.2 to keep the batteries operating at the low-
est possible temperature. The metallic frame holds the balance of system components
and provides appropriate ventilation (Figure 6.1a). The frame is also attached to the
aluminum frame of the PV panel (Figure 6.1b).

6.2.1. System architecture

A simple system architecture is shown in Figure 6.2a, in which the PV panel is con-
nected to a CC that controls the battery charging process imposing a constant current
and constant voltage pattern. The CC also performs maximum power point tracking
(MPPT), while the battery pack is directly connected to a DC load which defines the
discharging process.

6.2.2. Testing methodology

The prototype was tested indoors using a solar simulator to reproduce an environment
with both high irradiation and ambient temperature. The purpose of these conditions is
to evaluate the prototype under severe conditions and study the general performance
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Figure 6.1: (a) Frame and balance of system components, where 1 and 2 indicate the batteries
studied during the testing; and (b) complete prototype.

of the system, while also for assessing the stability and safety of the prototype simulta-
neously

The testing follows three stages, as depicted in Figure 6.2b and summarized as
follows:

e Stage a: The solar panel is irradiated, and the batteries are charged while the
load is not supplied.

e Stage b: The solar simulator and DC load are switched off (idle period).
e Stage c: The battery is discharged at a power set by the load.

At the beginning (stage a), the solar simulator is turned on, and the irradiation is
kept constant while charging the battery pack for 30 minutes. After which (stage b),
the simulator is switched off. Then, the DC load is fed by discharging batteries for 5
minutes, at a constant power rating of 40 W (stage c¢).

As Figure 6.2c shows, the prototype was placed under a large area solar simulator
at a distance of 1 m. The solar simulator is able to generate irradiance of 1050-1150

Table 6.2: PV panel and battery characteristics

PV panel Battery
Parameter Value Parameter Value
Pmax 50 Wp Vnominal 3.2V
Vimpp 18V Capacity 8 Ah
Impp 2.78 A Vrange 2.6-3.65 V (80% DOD)
Voc 222V Life cycle 2000 (80% DOD)
ISC 309 A Trange ‘20 - 60 °C
Npy 13.82% Dimensions 1.8x6.8x11.3cm?

Apy 0.54 x 0.67 m? Weight 258 ¢




124 6. Prototype testing and battery selection
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Figure 6.2: Characteristics of the prototype testing, (a) architecture of prototype, (b) testing
procedure, and (c) testing set-up.

W/m? (Eternal Sun, class AAA). The dynamic irradiance values during the tests were
recorded using a pyranometer (Hukseflux). From the prototype, all the connections to
measure currents, voltages, and temperatures were made.

The power produced by the solar panel, as well as the power stored or released by
the battery to the load were measured every 20 seconds during the testing using a data
acquisition unit Agilent 34970A. The temperature probes were located at the top of the
two selected batteries presented in Figure 6.1a (called 1 and 2), and also on the CC,
while their temperatures were monitored with a time step of 1 min. Moreover, the top
surface of the PV panel was measured with an IR thermometer (Fluke 568).

6.2.3. Components
The designed prototype consists of a polycrystalline Silicon panel from Blue Solar, a
Genasun GV-5-Li-14.2V charge controller, and four battery packs of LiFePO, cells con-
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nected in series. The characteristics of the PV panel and battery pack are summarized
in Table 6.2.

6.2.4. Efficiency

The electrical performance of the PBIM and conventional system (components not at-
tached to the PV panel) is evaluated by calculating the efficiency of the solar panel (1py)
and the efficiency related to the DC/DC conversion stage performed by the CC during
the charging process (ncccharging)' In the case of the solar panel, it is estimated using
the equation below:

npy = _Pv 100 (%] (6.1)

GssxApy '
where the By is the power produced by the solar panel, Gss is the irradiance of the solar
simulator, and Apy is the area of the panel. To estimate the efficiency of the conversion
stage implemented in the CC, the ratio between the PV power (Bpy) and power supply

to the battery (Bjattery) is calculated as follows:

= Phateery 09 [%)]. (6.2)

ncccharging PPV

6.3. Prototype testing results

6.3.1. Power conversion and PV panel efficiency

The individual current and voltage readings from the battery pack and PV panel were
logged and used as inputs in Equation 6.2 to estimate the dynamically changing effi-
ciency of CC DC/DC conversion stage. CC’s efficiency is a function of battery charging
power, which depends on PV power. As shown in Figure 6.3a, the efficiency varies
between 95% and 96.5%. This variation does not seem to be related to any particular
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Figure 6.3: Efficiency and change of PV power, (a) charging efficiency (30 s sampling interval),
and (b) PV and battery power for the PBIM and a conventional system (batteries and CC not
attached to the PV panel).
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physical phenomenon apart from the slight shifting in irradiation produced by the solar
simulator, which causes the MPPT algorithm to alter its operating point occasionally.
These fluctuations also have a limited effect on the PV panel temperature and perfor-
mance trends.

For the period studied, the average efficiency is 95.7%. This percentage is an
appropriate value for a converter operating at partial load values, considering that the
rated PV peak power is 65 W. The efficiency of the converter is reported only for the
period in which solar power is produced, leaving out the section where the battery is
directly supplying the load. The effect of high temperature on CC performance is not
considered in this study, although its top surface temperature was measured along the
testing, showing a similar temperature pattern as batteries in Figure 6.4b.

The solar panel efficiency is highly influenced by the panel temperature, and as the
panel gets warmer its value drops almost 1/3 of the rated efficiency as compared to the
beginning of the test (see Figure 6.3a). This reduction in efficiency has implications on
the power delivered, as it will be discussed in the next section.

6.3.2. PV power and temperature
Initially, according to Figure 6.3b, the PV and battery power increased rapidly due to
the sudden increase in irradiance. The PV panel power output dropped to 40 W after a
few minutes, below the rated 50 W, set by the manufacturer at standard test conditions
(STC). The main reason behind this result is that even when the solar simulator can
illuminate the PV panel with a high-quality AM 1.5 spectrum, keeping the temperature
of the solar panel at 25°C is not possible in real-time applications. As a consequence,
reduced heat dissipation of the PV panel deteriorates its efficiency and consequently
its power generation.

As the test continued, PV power diminished as the temperature of the solar panel
rose due to the reduction of maximum power point voltage (Vinpp), l€ading to a decreas-
ing trend in the PV and battery charging power, besides the slight rise expected with
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Figure 6.4: PV and battery temperature change with time. (a) Solar panel temperature, and (b)

temperature of batteries and charge controller (CC). Both figures compare the PBIM and a
conventional system (batteries and CC not attached to the PV panel).
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the In,pp- The decrease in I, is associated with the reduction of the Si band gap, and
a higher intrinsic carrier concentration in comparison to that at lower temperatures [33].

The temperature of the solar panel was 30°C when initiating the test, but after only
7 minutes, the temperature of the panel reached 63°C. The temperature increments
proceeded, and hit a maximum of 86°C at the 25-minute mark, maintaining the values
until the solar simulator was turned off. The abrupt increase in solar panel temperature
corresponded with the behavior observed in Figure 6.3b, where there was a drop of
around 6 W between the highest value of PV power and the lowest measurement,
representing a reduction of 16%.

6.3.3. Battery temperature

Besides the thermal effects on the PV panel, the battery pack must be studied, and
particular attention must be paid to ensure its safe operation. As expected, the tem-
perature of the electrochemical cells increased with time. When starting the test, the
electrochemical cells shared a common temperature close to 20°C. As the test ad-
vanced, the temperature between them differed slightly but followed the same pattern
as shown in Figure 6.4b. The differences in temperature among the electrochemical
cells corresponded to the different placing of the cells. While cell 1 is located in the
center of the metallic casing (Figure 6.1a), cell 2 is closer to the casing end. There-
fore, cell 1 accepts more easily the heat from the PV panel than cell 2. As soon as the
irradiation is eliminated, cell 1 and 2 cool down at a similar rate.

The information provided by this test must be taken into account when designing
the battery pack balance system, to account for small changes in voltage due to the not
completely uniform heat distribution throughout the cells. Regarding absolute tempera-
ture values, it is important to mention that even in an unlikely event where the irradiance
remain constant for almost 30 minutes, the batteries never surpass 45°C. This proves
that the air gap between the PV panel and the cells protect the components from ex-
treme overheating.

6.3.4. PBIM vs. a conventional system
Higher temperatures are expected in a fully integrated system in contrast to a conven-
tional system, which is confirmed by Figures 6.4a and 6.4b.

Since the PV panel in the PBIM does not efficiently dissipate the heat produced
at the solar cell level, while comparing with a regular solar panel with no components
attached [34] [35], the temperature of the panel is higher, and therefore, the reduction
on power more pronounced. On average, the solar panel temperature of the prototype
was 9.34% higher, representing a 4.3% (1.3 W) diminution of PV power when compared
to the benchmark (Figure 6.3b).

The same happened when the batteries were integrated in the PBIM; when the
batteries were separated from the solar panel, they operated at an almost constant
temperature of 22°C. Also, the maximum difference between the battery in the PBIM
and a conventional system was 23°C.

Given elevated temperatures, the components of the PBIM are expected to degrade
faster than a standard system. Therefore, it is essential to focus on this issue, as
introduced in the next section for the batteries.
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6.4. Methodology for battery selection

The procedure followed to select a battery technology is summarized in Figure 6.5,
where the process started by comparing the various technologies and filtering out the
technologies that are not feasible in terms of suggested temperature of operation, com-
plexity of implementation, form factor, and cost. This step was thoroughly carried out
in Section 6.1.1 of this chapter, resulting in Li-ion cells as the technology that shows
better features.

Secondly, an integrated model, explained in more detail in the next section, is de-
veloped with two main objectives in mind: evaluate battery technology candidates and
help in the design of the testing experiment. The battery candidates will be evaluated
employing a common tailor-made model that replicates the conditions of a PV-battery
system. For the testing design, the model is useful as it will help defining the current
profiles applied in the degradation testing and estimates the expected aging with previ-
ous models developed in this thesis for the PBIM. Thirdly, the test not only includes the
influence of the charging and discharging profiles of a typical off-grid system but also
takes into account the information provided by the prototype testing, which is used to
set the maximum temperature of the degradation test.

Finally, once the cycling testing is set, the selected technology is extensively tested
to quantify the effect of temperature and different current profiles on battery degrada-
tion. For comparison purposes, two sets of experiments are carried out simultaneously,
one tries to follow the severe conditions defined by the prototype testing, and the sec-
ond is controlled to reproduce the relatively low temperature of a typical solar system
with the battery at a relatively constant temperature close to ambient. Based on these
results, a battery technology is suggested to be more appropriate for the characteristics
of the PBIM.

Prototype
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current profile and @ evaluate battery
temperature degradation

Literature Integrated
review L model
available battery [~ ¢/| evaluation of
technologies candidates

{

Figure 6.5: Methodology for selecting a suitable battery technology for the PBIM.
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6.4.1. Integrated model

The integrated model is similar to the model described in detail in chapter 3, particularly
in Section 3.3. The same solar irradiation data and load (tier 3) are taken as inputs for
the integrated model, as can be appreciated in Figure 3.7. Here, the dynamic change
on battery voltage is also modeled using the previously published model by Tremblay
[36], considering the voltage and the required power from or to the battery, the battery
current is calculated, and the heat generated by the battery can be estimated. This
model is also modified to include the effect of temperature on battery parameters.

The temperature of the battery, as well as the PV temperature, is calculated using
a 1-D thermal resistance model of the PBIM that allows the precise calculation of the
PV production. This 1-D thermal model was explained in Section 3.3.3 of chapter 3.
Lastly, the temperature and energy processed by the battery are incorporated into a
generic model that uses the relationship between cycles, depth of discharge (1-SOC),
and temperature usually reported by battery manufacturers. This model is based on
a zero crossings method that considers the degradation due to battery cycling every
period of activity [37]. After including the effects of previously described, the new ca-
pacity of the battery is determined and is feedback to the dynamic battery model; in this
manner, the usable capacity of the battery continue decreasing as the simulation time
advances.

By utilizing the integrated model, three battery technologies, namely lead-acid,
NiCd, and LiFePO,, were studied; their main features can be observed in Table 6.3.
Although the batteries in Table 6.3 are not necessarily suitable for the PBIM, they serve
for the purpose of comparing the chosen battery technologies.

After performing a simulation for one year, the state of health for every battery is
depicted in Figure 6.6. For all the cases, the battery is battery size is 660 Wh (also
referred as 10 batteries) and a PV rating 320 W,,. It can be observed that the lead-acid
battery presents the lowest SOH followed by the NiCd which also degraded faster than
the Li-ion battery. As a result, the focus of this chapter will be on Li-ion batteries as they
can last longer than other technologies in PV-battery systems.

Once Li-ion is chosen, the battery capacity is increased in steps of 66 Wh (1 bat-
tery), from 66 to 660 Wh (10 batteries) to understand its effect on current profiles. As
expected, less number of batteries connected in series, results in high instantaneous
current values, as for the same power the voltage is lower, compared to bigger battery
packs. This can be observed in Figure 6.7, where the yellow dashed line for 1 bat-
tery reaches values beyond 20 A, while for the other battery sizes the current never
surpasses -15 A. The extension of the battery idle period also varies as a function of
battery size, smaller battery sizes causes more extended inactivity periods.

6.4.2. Testing design

For the current profiles used in the testing, a cycle is considered as a complete charging
discharging process; the charging happens in the day and the discharging starts in
the afternoon and extends to the night. During these two processes, the battery is
completely charged and fully discharged later, and the energy charged and discharged
is identical. In terms of SOC, it is established that the battery SOC should never drop
below 10% or be charged above 90%. This is defined to prevent overdischarging and
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Table 6.3: Specifications of the three different battery types used as imputs for the integrated

model.
Technology Brand Capacity (Ah) Voltage (V)
LiFePO, ValenceU1-12XP 10 3.2
Lead-acid (Sealed) Enersys Cyclon D Single Cell 25 23
NiCd Saft Nickel-Cadmium VRE D 5.5 1.2
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Figure 6.6: Simulation of the state of health of three battery technologies (lead-acid, NiCd, and
Li-ion) for 365 days.
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Figure 6.7: Four current profiles for different battery sizes: 66, 198, 396, and 660 Wh.

overcharging.

Another important feature of the testing is that the periods of inactivity are eliminated
with the objective of shortening the duration of each cycle, and therefore, be able to
realize more than one cycle per natural day. The final profiles used in the testing are
plotted in Figure 6.8. Two profiles, 66 Wh and 198 Wh, were chosen as they represent
the cases in which the battery pack experience the two highest current values for the
chosen sizes. Here, it is important to point out that the energy processed by the battery
in both cases (profiles) is the same, they just differ on the current values and on the
cycle duration. The purpose is, therefore, to study if dissimilar profiles result in different
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Figure 6.8: Current profile for (a) 66 Wh battery size and (b) 198 Wh battery size.

degradation rates. In Figures 6.8a and 6.8b, a red dashed line can be noted; this line
depicts the constant current (CC) equivalent profile associated to every battery size.
The CC profiles are also added to investigate whether they speed up or reduce the
battery aging rate in comparison to the dynamically changing profiles —they also cycle
the same energy. In total, the 66 Wh profiles take 5.5 hours to be executed, while
the 198 Wh profile lasts for 10.83 hours including the 5 minutes resting time between
charging and discharging in both profiles to allow a brief voltage relaxation.

Battery temperature is recognized to have a significant influence on degradation.
Therefore, two temperature extremes were defined in order to delimit the region in which
the PBIM is expected to work on. Consequently, as stated in Section 6.3.3, the upper
limit reached by the batteries in poor cooling conditions and high irradiation was 45°C.
Therefore, based on the prototype testing, the batteries will be tested at 45°C using the
previously commented profiles. Conversely, the cycling testing will be carried out at an
ambient temperature varying between 22 to 26°C. This temperature range corresponds
to the expected thermal response of a standard PV-battery system with the batteries
placed indoors. In Section 6.3.4, similar temperatures were measured.

With the objective of measuring the actual battery capacity after every cycling test,
the procedure used consist of three main phases, a charging step composed of a CC
and constant voltage (CV), a resting period of 1 hour, and a discharging period with a
CC-CV profile, as described in Figure 6.9.

After describing the formulation of the battery degradation test, the general proce-
dure for the testing can be summarized as follows:

e Cycling: profiles that represented a battery size of 66 and 198 Wh are repeated
around 30 times and 20, respectively.

e Capacity measurement: the discharged capacity is measured and compared to
the previous values at 25°C.
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Figure 6.9: Constant current and constant voltage profile for measuring battery capacity.

e Charge to 10% SOC: because the battery was completely discharged in the
previous step, the battery must be charge till 10% so the cycling test can be
resumed.

6.5. Battery testing set-up

According to Section 6.1.1, LiFePO, (LFP) and a LiCoO, (LCO) were selected to un-
dergo the cycling test. In Table 6.4, the characteristics of the LFP and LCO batteries
are presented; this information is fundamental for both the cycling current profiles and
the capacity the measurement steps. Based on the nominal current, the magnitude of
the current for all the time steps is determined accordingly. For instance, 18.44 A is the
maximum current imposed to the LFP and 2.58 for the LCO —for a battery size of 66
Wh. The end-of-discharge voltage and maximum voltage are set as the upper and lower
values for the capacity measurement step; at these voltages, the transitions from CC
to CV are defined for the charging and discharging processes. Moreover, because the
batteries are fully discharged after the capacity measurement, 10% of the capacity is
charged at the nominal battery current given by the manufacturer. Here, it is important
to clarify that the 10% SOC is updated after every capacity measurement to account for
the battery degradation suffered.

As an overview, Table 6.5 introduces the general arrangement of the testing. Eight
LFP batteries (from LFP 1 to LFP 8) are tested at two reference temperatures (45°C and
22-26°C) and following four different current profiles, namely, dynamic 66Wh, 66Wh at
CC, dynamic 198Wh, and 198Wh at CC.

A dynamic profile, as the name suggests, it is characterised by a constantly chang-
ing value of the current, while in a CC profile the value of the current is fixed for a
predefined period. As an overview, Table 6.5 introduces the general arrangement of
the testing. Eight LFP batteries (from LFP #1 to LFP #8) are tested at two reference
temperatures, 45°C and 22—-26°C (room temperature), and following four different cur-
rent profiles, namely, dynamic 66 Wh (D66), 66 Wh at CC (CC66), dynamic 198 Wh



6.5. Battery testing set-up 133

(D198), and 198 Wh at CC (CC198).

For the four LCO cells, they were examined using two current profiles, dynamic 66
Wh and dynamic 198 Wh, for two temperatures, 45°C and 22-26°C, due to limitations
in the number of channels available. The initial capacity of the cells is reported in Table
6.5, showing a slight difference among them.

Table 6.4: Technical specifications of A123systems AMP20M1HD-A cell [38] and Renata
ICP606168PRT cell [39].

Specifications LiFePO, LiCoO,
Nominal capacity 20 Ah 2.8
Nominal current 6 A 0.56
Nominal voltage 33V 3.7
End-of-discharge voltage 2.0V 3
Maximum voltage 36V 4.2

Table 6.5: Initial capacities for the selected cells. RT: room temperature (22-26°C)

Channel Battery Profile Temperature (°C) Initial capacity (Ah)

1,2 LFP #1 D66 45 20.06
3 LFP #2 CC66 45 20.02
4 LFP #3 D198 45 19.90
5 LFP #4 CC198 45 20.05

6,7 LFP #5 D66 RT 20.10
8 LFP #6 CC66 RT 20.28
9 LFP #7 D198 RT 19.83
10 LFP #8 CC198 RT 20.39
11 LCO #1 D66 45 2.73
12 LCO#2 D198 45 2.78
13 LCO #3 D66 RT 2.71
14 LCO #4 D198 RT 2.75

6.5.1. Equipment

The general testing set-up is shown in Figure 6.10a, where the climate chamber in
charge of keeping the temperature at 45°C, the battery tester, and the chamber that
maintains the batteries at room temperature can be seen. The climate chamber (Mem-
mert, Climatic test chamber CTC 256) was able to sustain the temperature of the cham-
ber within £2°C from the set point.

Each cell had a K-type thermocouple attached to it to monitor its thermal behav-
ior throughout the testing, as well as the voltage was continuously measured (Figures
6.10b and 6.10c), the information was retrieved and saved by the battery tester every 1
minute.

The battery tester (Arbin, model LBT22043) has 16 channels and the maximum
absolute current that can be drawn from a single channel is 10 A (Table 6.5). For
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these reasons, channels 1&2 and 6&7 are connected in parallel so they can provide
current beyond 10 A as requested by 66 Wh profile for the LFP cell (refer to Table
6.5). Finally, the batteries placed inside the climate chamber present slight differences
in temperature due to the not completely uniform temperature distribution inside the
climate chamber; however, the difference between them was never more than 1.5°C.

6.6. Battery degradation results

In this section, the effect of temperature and the different current profiles over battery
degradation are analyzed for the LiFePO, and LiCoO, cells. Also, a comparison be-
tween these two technologies is carried out to select the most suitable one. Here, it is
important to point out that for the 66 Wh profile, more cycles were performed because
it lasts shorter than the 198 Wh profile; however, when analyzing the results between
current profiles, the values are interpolated to perform a fair comparison.

6.6.1. Lithium iron phosphate cells
Temperature effect
As anticipated, the batteries tested at 45°C presented lower SOH values compared
to the batteries maintained at room temperature for the same current profiles (Figures
6.11a and Figure 6.11b). Although in general high temperatures cause an immediate
increase in the ability of the battery to store and release energy, the capacity of the
battery tends to decrease faster in the long term relative to batteries exposed to colder
conditions. Because the chemical activity is incentivized by warm conditions, the elec-
trochemical reactions increase their rates favoring the intercalation process but also
provoking a faster consumption of active lithium by means of undesired side reactions.
In Figure 6.11a, it can be seen that the degradation is more pronounced as the
batteries are more cycled for both the constant current profile and the dynamic profiles.
To quantify this change, Table 6.7 summarizes the results for the LFP cells cycled with
a 66 Wh profiles. The difference between the cells cycled at 25°C and 45°C in SOH
was 0.77%, 1.68%, and 1.84% for the cycles 100, 190, and 250, respectively showing
an increasing trend. Similarly, for the CC profile, the LFP cells degraded 1.64% less at
25°C than at 45°C in the cycle number 250. In Figure 6.11b and Table 6.8, the same
behavior is observed for the 198 Wh profile.

Table 6.6: Technical specifications of the battery tester Arbin, model LBT22043.

Specifications Value
Number of test channels 16 channels
Voltage ranges 0-25V
Current ranges -10-10A
Temperature ranges 0-100°C

Operating modes CC, CV, and CC-CV
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Figure 6.10: Battery testing set-u, (a) general set-up consisting of a climate chamber, a battery
tester, and chamber at room temperature. (b) Interconnection and location of thermocouple for a
chose LFP cell. (c) Interconnection and location of thermocouple for a chosen LCO cell.

Constant current (CC) vs. dynamic profile
In this section, the consequences of imposing a CC and dynamic current profiles with
the same energy content, 66 Wh or 198 Wh, are analyzed for the same temperatures
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Table 6.7: Difference in SOH (ASOH) between cells tested at RT and 45°C for LFP cells after
100, 190 and 250 cycles. The cells are cycled with a constant current profile (CC66) and a
dynamic profiles (D66) for a battery size of 66 Wh.

cycles SOH (%) SOH (%) A SOH SOH (%) SOH (%) A SOH

45°C 25°C (%) 45°C (CC) 25°C(CC) (%)
100 98.59 99.35 0.77 98.79 99.35 0.56
190 97.18 98.86 1.68 98.08 98.88 0.79
250 96.51 98.35 1.84 97.06 98.70 1.64

Table 6.8: Difference in state health (ASOH) between cells tested at RT and 45°C for LFP cells
after 46, 102 and 160 cycles. The cells are cycled with a constant current profile (CC198) and a
dynamic profiles (D198) for a battery size of 198 Wh.

cycles SOH (%) SOH (%) A SOH SOH (%) SOH (%) A SOH

45°C 25°C (%) 45°C (CC) 25°C(CC) (%)
46 99.67 99.86 0.18 98.92 99.78 0.86
102 98.41 99.10 0.68 97.84 99.24 1.41
160 97.56 98.70 1.14 97.20 98.85 1.65
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Figure 6.11: SOH variation for (a) LFP cells cycled with a dynamic 66 Wh profile (D66) at room
temperature and 45°C, and (b) LFP cells cycled with a dynamic 198 Wh profile (D198) at room
temperature and 45°C.

using Tables 6.7 and 6.7.

For the 66 Wh dynamic profiles at 45°C, it can be observed that the SOH is always
higher in the case of the CC profile (Table 6.7). For instance, at the cycle 250, the
difference in terms of SOH varies from 0.2 to 0.9 % for all the cycles (0-250). For
the 66Wh profile, now at room temperature, the CC profile sometimes results in higher
SOHs while for other cycles is lower, as depicted in Figure 6.11a, but the differences are
always within +£0.35%. Therefore, it can be said that the CC profile at 45°C presents
lower degradation than the dynamic profile, but at 25°C no representative trend is ob-
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Table 6.9: Difference in SOH (ASOH) for cells tested using profiles representing the battery
sizes of 66 Wh and 198 Wh for LFP cells after 51, 100 and 160 cycles. The cells were tested at
45°C and room temperature. Note: the values for 198 Wh were linearly interpolated to make a fair
comparison between battery sizes. For cycle 51: 46—64, and for cycle 100: 83—102.

cycles SOH (%) SOH (%) A SOH SOH (%) SOH (%) A SOH

45°C, 66 45°C, 198 (%) 25°C, 66 25°C, 198 (%)
Wh Wh Wh Wh
51 99.78 99.54 0.25 99.97 99.77 0.20
100 98.59 98.46 0.13 99.35 99.12 0.23
160 97.47 96.56 -0.09 99.00 98.70 0.3

served.

When having a look at the 198 Wh battery size (Figure 6.11b and Table 6.8), two
main conclusions can be drawn: the CC profile presents the lower SOH for 45°C, and
for room temperature, a slight positive effect of CC can be seen.

If a general observation were to be made about the positive or negative effect of
imposing a CC profile over the LFP cells, more extensive testing must be performed to
elucidate the causes of the contradictory information observed for the 66 Wh and 198
Wh cases.

Comparing profiles with different battery sizes for LFP: 66 Wh vs. 198
Wh

This section explores the relationship between the current profiles defined for the 66
and 198 Wh battery sizes not considering the influence of temperature. By using Table
6.9, the profiles can be studied based on the difference of SOH after 51, 100, and
160 cycles. By keeping the temperature value at 45°C and contrasting the SOHs for
the 66 and 198 Wh dynamic profles, there is no a clear indication about the effect of
the profiles on battery degradation as the dissimilarity between them is not more than
0.25% for any cycle. Similarly, at 25°C, the SOH remains slightly higher in favor of the
66 Wh profile with a maximum difference of 0.3%. Thus, it is concluded that the effect
of the momentously higher currents experienced in the 66 Wh profile compared to the
longer cycles are not more harmful than the more extended profiles defined for the 198
Wh current profiles.

Which parameter plays a more prominent role for the LFP cells?

From Section 6.6.1, differences till 1.84% on SOH were found for batteries exposed
to 45°C while using a CC compared to a dynamic profiles does not show a definitive
negative impact on battery aging. Moreover, the different current profiles corresponding
to battery sizes of 66 Wh and 198 Wh seem not to cause a significant adverse impact
on battery aging. Therefore, the negative influence of high temperature is the primary
cause behind the accelerated degradation for the LFP cells tested.
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6.6.2. Lithium cobalt oxide cells

For the LCO cells, just the impact of two temperatures and two different current profiles
— dynamic 66 Wh and dynamic 198 Wh — were investigated. The relationship be-
tween capacity fading and cycling are illustrated by Figures 6.12a and 6.12b. A general
feature can be observed for all the LCO cells, they presented a sharp drop in capacity
at the beginning of the test, but as the cycling continued the capacity degradation rate
decreased irrespectively of the current profile or testing temperature.
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m Figure 6.12: SOH variation for (a) LCO cells cycled with a dynamic 66 Wh profile (D66) at room
temperature and 45°C, and (b) LCO cells cycled with a dynamic 198 Wh profile (D198) at room

temperature and 45°C.

Table 6.10: Difference in SOH (ASOH) between cells tested at 25 and 45°C for LCO cells after
25, 74, and 125 cycles. The cells are cycled with a dynamic 66 Wh and a dynamic 198 Wh
profile.

cycles SOH (%) SOH (%) ASOH SOH (%) SOH (%) A SOH

45°C, 66 25°C, 66 (%) 45°C, 198 25°C, 198 (%)
Wh Wh Wh Wh
25 96.35 97.79 1.44 97.34 97.53 0.19
74 96.11 97.44 1.33 96.27 96.99 0.72
125 95.46 96.99 1.53 95.71 96.95 1.23

Comparing profiles with different battery sizes for LCO: 66 Wh vs. 198
Wh

Table 6.10 introduces the SOH for the D198 and D66 profiles along with the tempera-
tures at which the experiments were performed. If the temperature is kept at 45°C, and
the D66 profile is compared to the D198 profile, it can be found that the D198 results
in almost a difference of 1% SOH with respect to the D66. Although as the cycling
continues the difference between them reduces to only 0.25% SOH after 125 cycles.
When the testing is completed at room temperature, the measurements show a no rep-
resentative difference of 0.04% more SOH for the 66 Wh profile related to the 198 Wh
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Figure 6.13: Comparison of LFP and LCO for the (a) 66 Wh (D66) and (b) 198 Wh (D198) current profiles.

profile. Hence, similarly to the conclusion reached in Section 6.6.1, the 66 Wh and 198
Wh current profiles do not have distinguishable effect on aging of the cells.

Temperature effect

The same behavior, observed for the LFP cells, where cycling the battery at 45°C
caused a more accelerated degradation than batteries exposed to room temperature,
also applies to the LCO cells. Based on Table 6.10, the capacity of the LCO cells faded
by 1.53% and 1.23% of SOH for the D66 and D198 profiles, respectively. Furthermore,
as the cycling advanced, there is a tendency to increase more the differences on SOH
for the two temperature levels (refer to Figures 6.12a and 6.12b).

6.6.3. Selecting a battery technology

As stated previously, the LFP and LCO were the chosen Li-ion cells to be tested in order
to select one out of the two as the candidate for the PBIM. According to the aging test
that both technologies underwent, the LFP cells present lower values of degradation,
or higher SOHSs, under the same testing conditions, for identically normalized current
profiles and reference temperatures. Figure 6.13 shows the SOH change as a function
of the number of cycles for the 66 Wh and 198 Wh profiles. In the case of the 66 Wh
profile for 45°C, there is a difference on SOH of 2.53% at the last cycle (130) in favor of
the LFP cells. Similarly, for the 198 Wh profile, the LFP outperforms the LCO by 2.43%
at 45°C. When analyzing the data obtained at room temperature, the reduction on SOH
values are not as pronounced as for the 45°C; however, the same tendency remains,
LFP aged slower. Therefore, LFP is selected as the battery technology to be used in
the PBIM based on the capacity fading results.

6.6.4. Expected battery aging for PBIM

Assuming that the PBIM will operate for battery sizes that entail lower C-rates that the
expected in the 66 Wh profile, the 198 Wh dynamic profile is chosen in this section to
indicate the predicted aging for the PBIM considering its region of operation, while an
estimation of the battery lifetime is calculated for this profile (198 Wh).
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As presented in Figure 6.14, the PBIM is expected to operate between the limits
defined by the upper boundary (45°C) and the lower limit (room temperature). Because
the maximum operating point determined by testing the PBIM prototype was 45°C in
severe conditions, this condition is not likely to occur frequently. On the other hand,
having the batteries operating as they were placed indoors is considered optimistic. As
a consequence, the degradation of the batteries packed inside the PBIM is likely to
occur between the boundaries proposed in Figure 6.14.
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Figure 6.14: Expected range of operation for the battery pack inside the PBIM.

6.7. Conclusion

In this chapter, a framework to select a suitable battery technology for the PBIM is pre-
sented. Firstly, a prototype of the PBIM concept was tested under harsh conditions in
order to use this information as an input for designing a battery aging test, which guided
the selection of the battery technology among the previously identified options based on
literature. By using the prototype, the electrical performance and thermal behavior were
studied by measuring the power generated by the solar panel and stored in the battery
pack. On average, the measured power conversion efficiency of the charge controller
was 95.7%. Also, the power produced by the solar panel showed a steadily reducing
trend as a result of the temperature increase. Regarding the thermal response, as
expected, the temperature of all the components of the PBIM were warmer than in a
conventional system (with not attached batteries and charge controller to the PV panel),
and the batteries reached a maximum temperature of 45°C. This temperature was de-
fined as the upper limit for the operation of the PBIM and used for the aging testing.
The testing was also designed based on an integrated model that provides information
about the typical current profiles expected for the PBIM. These current profiles were
applied to two selected Li-ion cells, viz. LiFePO, and LiCoO,, after a careful analysis
of the available cells in the market. From the cycling testing results, it was found that
the effect of high temperature is more significant than the influences of the applied cur-
rent profiles on both types of cells. Finally, between these two Li-ion chemistries, the
LiFePO, present lower capacity fading rates, and as a consequence, it is suggested as
the most suitable for the PBIM.
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Conclusions

In this chapter, the general conclusions of the research performed in this thesis are
presented. Moreover, the research questions formulated in chapter 1 are addressed
based on the results derived from the previous chapters. This thesis focuses on the
challenges derived from the integration of a solar panel and a battery pack in one sin-
gle device. For approaching the task of designing such a device, first, an extensive
literature review was done encountering that in previous research have not paid atten-
tion to system sizing, thermal management, and battery capacity degradation. In terms
of system sizing, a methodology was developed to shed light on the optimum PV rating
and battery storage capacity combination for an off-grid application. Later, an energy
management system was implemented using a DC coupled architecture, and it was
capable of following seven modes of operation that controls the PV generation and bat-
tery operation for off-grid and grid-connected systems. Also, the thermal behaviour of
the integrated device was studied, finding that by including an air gap between the PV
panel and the battery pack, the temperature of the batteries can diminish considerably.
Based on the model developed when analyzing the PBIM, a prototype was designed
and tested in severe conditions. According to the data gathered by the prototype test-
ing and an application-based model, battery degradation testing was designed for two
battery candidates. After an extensive degradation test that reproduce the conditions
expected in the PBIM, the LiFePO, found the most suitable. In conclusion, this thesis
presents an energy management system to control the power flows, a thermal manage-
ment technique to maintain the components operating in a safe region, and selects the
most suitable battery technology, moving from the concept of integration to a prototype.
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What are the most critical challenges and limitations when
integrating a PV panel and a battery pack in one device?
Previous research on physical integrated devices, similar to PBIM (high power devices,
see section 2.2.2), have been focused merely on a basic demonstration of the concept
and the development of power electronics for the application. Little attention was paid to
the most susceptible component of the system, the battery. Especially considering the
thermal stresses that come along with the integration concept. Hence, one of the goals
of this thesis is to reduce the temperature of operation of the components by exploring
various thermal management techniques. Although the temperature of the battery can
be reduced, in the PBIM the temperatures are always higher than in conventional sys-
tems. Therefore, it is crucial to asses the effect of temperature on battery aging, which
is another objective pursued in this thesis. The other component that has been left
behind is the system sizing, an essential part, considering that in an integrated device
space and cost are constraints. Also, depending on the application, the PV rating and
battery capacity must be determined, and its sizes are limited.

What are the boundaries in terms of PV rating and bat-
tery capacity for a single PV-battery Integrated Module in
a standalone system considering system availability?

When selecting the PV rating and capacity of the battery pack, the inherent space
limitations and expected operation condition of a device such as the PBIM are essential.
Therefore, an iterative sizing methodology was proposed to study the combination of
PV power rating and battery capacities able to ensure a reliable off-grid PV system. The
results show that for a tier 3 load (defined by the energy access framework) and a loss
of load probability of less than 10%, a 320 W, and battery with a capacity of 864 Wh
was needed, which reach the maximum PV rating available for commercial PV panels;
therefore a single PBIM will not able to supply loads higher than tier 3 for the required
system availability constraints (10%). However, if less energy demanding load is to be
powered, the PV power could be reduced to 107 W, and the battery to just 296 Wh.

How to implement an energy management system for the
PV-battery Integrated Module to enable an intelligent power
and energy delivery?

For implementing an energy management system, the system architecture must be de-
fined in order to establish a control strategy to manage the power flows of the PV-battery
system. A DC coupled architecture was found as the most appropriate, considering the
number of conversion steps, safety, and control complexity. In this architecture, the
maximum power point tracking and PV power curtailment are performed by a boost
converter, while the charging and discharging of the battery is carried out by a buck-
boost converter. These two converters are connected to a DC bus that must be kept at
a constant voltage. To the DC bus, a microinverter is added to supply the loads. Seven
modes of operation are defined in order to allow the use of the PBIM in three case stud-
ies, namely off-grid PV-battery system, constant load, and a peak shaving (grid-tied).
For these cases, it was demonstrated that the PBIM can be managed to supply the load



147

and regulate the power delivery.

How can high temperatures reached by the battery pack be
managed in order to ensure that the PV-battery Integrated
Module performs within a safe region of operation

In a device as the PBIM, the closeness between the PV panel and balance of system
components (battery pack and power electronics) result in temperatures of operation
higher than the experienced in conventional PV-battery systems. Consequently, a finite
element thermal model was developed not only to characterize the thermal response of
the PBIM but also to propose a thermal management method to reduce the temperature
of the battery pack. According to the performed simulation, it was found that an air gap
of between the PV panel and battery pack of 5-7 cm help reducing the temperature of
the batteries considerably. Although a phase change material could be used to reduce
even more the temperature of the components, this solution is considered impractical.
Therefore, an air gap is considered an appropriate thermal management method for the
PBIM.

Which is the most suitable electrochemical cell technol-
ogy or technologies to integrate a PV module and storage
physically in one package based on aging?

Having recognized the negative influence of high temperatures on battery aging, a pro-
totype is tested to study the thermal behavior batteries under extreme conditions —
high irradiation and low convection. The temperature of the batteries was monitored,
and it was found that the maximum temperature reached was 45°C. Based on the inputs
received from the prototype testing and the integrated model that reproduced the ex-
pected electrical and thermal behavior of the PBIM, a battery aging test was designed.
Two Li-ion candidates were extensively cycled at two temperatures (45°C and ambient)
three current profiles. According to the measure battery’s state of health (SOH), batter-
ies tested at 45°C aged faster than the batteries kept at ambient temperature. Also, it
was found that the different current profiles have a limited influence on battery aging for
the application studied. Moreover, after comparing the SOH results for LFP and LCO,
LFP showed a slower degradation rate. Therefore, this battery technology is selected
as a suitable option for the PBIM.

Recommendations and future work

Power electronics

The design of power electronics adapted to the specifications of the PBIM was not
explored in detail in this dissertation. Therefore, a detailed analysis of the adverse ef-
fect expected due to the high temperatures on the reliability of the power electronics
is recommended, especially considering that the converter must be as thin as possible
to achieve a highly compact device, which could lead to more accelerated aging com-
pared to ordinary not completely integrated devices. To accomplish high compactness,
an integrated power electronics in one single board could combine all the converters
needed to take care of the energy management system and battery management sys-
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tem. However, to realize this, a more detailed analysis of available system topologies
for a completely integrated power electronics deserves further research.

Cost analysis

An analysis on total system cost, including not only components cost, but also installa-
tion and design cost that could be saved by the PBIM in comparison to typical systems,
can help to quantify the expected benefits of a completely integrated solution. Also, it
is important to investigate which types of application the integrated devices are more
economically feasible. In this thesis, off-grid applications were explored in chapter 3,
but grid-connected systems is also a potential application that should be included in the
cost analysis.

Most extensive battery testing

A more extensive battery testing is suggested to corroborate if the aging trends reported
in chapter 6 remain. It is suggested to test the batteries until its end-of-life (80% of
initial capacity). Also, other battery technologies that at the moment of this thesis were
in an early stage of development, such as Li-S and solid electrolyte Li-ion batteries,
are perceived as a viable alternative to cope with high temperatures of operation and
deserve to be tested in the future.

System modularity

By connecting various PBIMs in parallel, the PV production, as well as the total bat-
tery capacity, can be scaled up. Therefore, exploring the usefulness of multiple PBIMs
in more energy and power demanding applications is an attractive idea for further re-
search. To achieve an effective interconnection and coordination in power delivery of
multiple PBIMs, the communication between them to follow a predefined energy man-
agement strategies is fundamental. Therefore, the implementation of global control for
the PBIMs would need future work.

Outdoor testing

Finally, a prototype of the PBIM was tested indoors in this dissertation; however, out-
door testing is more close to the operational conditions that the PBIM will face. There-
fore, designing a prototype that could be placed outdoors while the efficiency, temper-
ature and battery degradation is measured may be an important advance in the field
of integrated devices. In later stages of development, preventing water from outside
entering into the device while providing appropriate ventilation are seen as future lines
of research as well.
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Transient analysis

A.l. Transient Analysis

The following equations define the procedure followed to find the parameters needed
by the feedback loop of the boost and buck-boost converters introduced in chapter 4:

A.1.1. Boost Converter

e1(8) = Voy (¢ = AL) = Voy rer(t) (A1)
e2(t) = Ipy(t — At) — Ipy rer(t) (A.2)
t
oy ref(®) = Kpy - €1(6) + Ky - fo e (t)dt (A.3)
t
D‘t’most(t) = Kp,i cey(t) + Ki,i . fo e,(t)dt (A.4)

A.1.2. Buck-Boost Converter
e3(t) = Vpc(t — 1) — Vb rer(t) (A.5)

e4(t) = Ipatt(t — 1) — Ipatt,refr(t)
t
Iacre(9) = K e5(0) + Ky - [ ex(@)de (A7)
0
t
Douctcbonst(6) = Ko - ea(0) + Ky - [ ea(0)de (A8)
0
The transient simulations were implemented in MATLAB/Simulink, according to the
architecture depicted in Figure 4.1b. For this simulation, the load and inverter are sub-
stituted by constant impedance DC load to simplify the simulation.
The simulation was set to run for 0.4 s as the changes were visible under that
period. In Figure A.1a, a rapid shift in power is observed; this happens because the
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A. Transient analysis

irradiance values were changed first from 0 to 500 W/m?, and later from 500 to 1000
W/m? after 0.2 s, a period in which the MPP was reached. Also, based on Figure A.1b,
two disturbances can be observed, which corresponds to the changes in irradiance. At
the beginning of the simulation the solar power was not enough, so the load was not
completely satisfied; therefore, the bus voltage slightly deviated from 36 V. Later, power
is extracted from the battery to keep the power balance and reach the reference voltage
and match the load. When the irradiance reached 1000 W/m?2, the solar production is
now above the power required, and the DC bus voltage rose accordingly. Given the
power excess, the battery is powered, and the voltage comes back to its reference level

after 0.1 s, reaching equilibrium.

oy = 1- Dboost) be (A.9)
|74
Voo = 2t — (A.10)
Dbuck—boost
Table A.1: Parameters for transient simulation.
Parameter Value Parameter  Value
VDC,ref 36V Lboost 1mH
VPV,mpp 18V Lbuck—boost 5mH
Vbatt,nom 26.4V Cin,boost 0.01 mF
PV power rating 140 W Cout,boost 2 mF
Load (nominal voltage, nominal load) 36V, 100 W Cpqait 0.01 mF
Converter switching frequency 50 kHz Cpe 2 mF
Koy 0.2 K, 100
150 ——— ————
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Figure A.1: Transient analysis for (a) PV power and (b) PV and DC voltage.
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