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ABSTRACT

The use of batteries is indispensable in stand-alone photovoltaic (PV) systems, and the physical integration of a
battery pack and a PV panel in one device enables this concept while easing the installation and system scaling.
However, the influence of high temperatures is one of the main challenges of placing a solar panel close to a
battery pack. Therefore, this paper aims to select a suitable battery technology considering the temperature of
operation and the expected current profiles. The methodology for battery selection is composed of a literature
review, an integrated model, the design of an application-based testing, and the execution of the aging test. The
integrated model was employed to choose among the battery technologies, and to design a testing procedure that
simulated the operational conditions of the PV-battery Integrated Module (PBIM). Two Li-ion pouch cells were
tested at two representative temperatures while applying various charging/discharging profiles. After the testing,
the LiFePO4 (LFP) cells showed better performance when compared to LiCoO, batteries (LCO), where for
instance, the LCO cells capacity tested at 45°C, faded 2,45% more than the LFP cells at the same testing con-
ditions. Therefore, LFP cells are selected as a suitable option to be part of the PBIM.

1. Introduction

concept in which the battery and PV panel are combined in the same
device has been introduced in the past [3,4]. In these approaches,

The use of renewable energy has been identified as an unavoidable
mitigation action to tackle global warming [1]. For this reason, and due
to the falling in prices, photovoltaic (PV) energy has experienced a cu-
mulative average annual growth of 49% between 2003 and 2013 in
installed capacity [2]. However, with an electricity grid more and more
dependent on renewable energy, the need for energy storage devices
revitalizes. Energy storage devices accumulate the excess energy, if
there is energy surplus, or delivers energy in times of lack of generation.

Among the different energy storage alternatives, electrochemical
cells — or batteries — in combination with PV panels has been inten-
sively explored for PV-battery systems. They normally consist of a PV
panel placed outside and battery bank located indoors. However, a new

challenges such as thermal management and influence of high temper-
ature on aging have been identified [5]. The thermal management has
been studied previously in Ref. [6], where an optimum design can keep
the battery pack operating in a safe temperature range for the PV-battery
Integrated Module (PBIM). Nevertheless, according to the tested proto-
type of the PBIM in Ref. [7], the battery pack still operates at higher
temperatures when compared to a systems where the batteries are
placed indoors in an almost constant ambient temperature. Therefore, it
is pertinent to evaluate the impact of temperature and operating con-
ditions on battery capacity fading for battery pack experimenting similar
condition as the identified for integrated PV-battery systems, which one
of the objectives in this paper.
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However, before determining the impact on battery aging of the
operating conditions of an integrated module, it is fundamental to
choose a battery technology among the multiple options. These options
have been reviewed in multiple papers such as [8,9] following qualita-
tive approaches. In Ref. [9], the batteries available to perform auxiliary
services in smart grid systems are summarized, while also correlating
possible benefits and suitable battery technologies per application. It is
difficult to chose the most appropriate battery technology just based on
qualitative analysis, although they can help to distinguish between
technologies and allow to identify a few options to make the studies
more manageable.

For this reason, some authors have decided to develop methodolo-
gies that respond to the application of interest. For example, according
to Ref. [10], Li-ion batteries are preferable to Lead-acid (LA) batteries,
when considering levelised cost of electricity as the main factor for a
community energy storage case study. Similarly, in Ref. [11], a general
battery model that uses the datasheet provided by the manufactures was
developed to compare amongst battery technologies including the
particular charging/discharging patterns observed in PV-battery sys-
tems. As a consequence, a new methodology that captures the opera-
tional conditions expected by the PV-battery Integrated Module is
necessary in order to choose a suitable battery technology.

Therefore, this paper introduces an application-based methodology
for selecting a suitable battery technology in the context of a device that
integrates a PV-battery system in one module. The methodology in-
cludes the steps followed for identifying battery candidates, the criteria
used to design a battery testing, and finally, the selection of a battery
technology based on the results of an intensive battery aging test.
Finally, the operational for the battery in the PV-battery integrated module
is determined.

1.1. Contributions

In summary, this article contributes towards.

assessing different candidates using an integrated model that re-
produces the operating conditions of the PV-battery integrated module
and suggest the most appropriate battery technology.

proposing an application-based testing methodology that reproduces
the operational conditions of the PBIM.

selecting a suitable battery technology for the PV-battery integrated
module by performing an aging test at 45°C and room temperature
(22-26°C).

determining a battery degradation region in which the PV-battery
integrated module is expected to operate.

2. Battery candidates

The general features of the most widely available batteries are shown
in Table 1, where 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

Journal of Power Sources 438 (2019) 227011

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 [12].

Nickel-cadmium (NiCd) batteries are characterized by higher energy
and power density, and better cycle life than lead-acid batteries [13].
These batteries also present memory effect [14], which restricts 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 [15].

Nickel-metal hydride (NiMH) batteries are considered an improve-
ment 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 [14]. Also, NiMH still
present problems previously experienced in the NiCd cells such as high
self-discharge and low coulombic efficiencies [18].

According to Table 1, sodium-sulfur (NaS) and vanadium redox
batteries (VRB) excel in terms of power density (NaS) and cycle life
(VRB); however, none of these 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
300-350 °C, much higher than the expected in the integrated module
[19]. When considering the VRB, this concept is discarded as they
require the use of pumps, sensors, monitoring systems, and large vessels
[20].

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. Additionally, the problems related to memory
effect and toxic element are avoided by using Li-ion cells. However, Li-
ion cells are normally more expensive than LA and NiCd and prone to
self-discharge.

Among the Li-based cells, lithium-sulfur (Li-S) and solid electrolyte
Li-ion batteries have not been considered in this study, although
promising, because of the early stage development and prohibitive pri-
ces. 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 [21]. 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 [22]. However, this technol-
ogy is not mature yet, and it is associated with low power density, high
ionic resistance at room temperature, and high manufacturing cost [23].

2.1. Comparison of Li-ion cells

The most widely employed material for the cathodes is lithium cobalt
oxide (LCO) [24], or LiCoO,, with advantages in terms of price, specific
capacity, low self-discharge, good cycling performance and high
discharge voltage [25]. However, it has disadvantages such as acceler-
ated aging at high currents [26], and low thermal stability when oper-
ating in temperatures between 100 and 150 °C [27].

The lithium nickel oxide cell (LNO), or LiNiOo, has the same crystal
structure and the theoretical specific capacity as the LCO. However, LNO
batteries are even more thermally unstable [26]. However, partial

Table 1

Summary of available battery technologies. Based on [16,17].
Type LA NiCd NiMH Li-ion NaS VRB
Energy density (Wh kg™ 25-50 50-60 60-120 75-200 150-240 10-30
Power density (W kg™) 75-300 ~200 250-1000 500-2000 150-230 80-150
Cycle life (100% DOD) 200-1000 >1500 180-2000 1000-10,000 2500-4000 >12,000
Capital cost ($/kWh) 100-300 300-600 900-3500 300-2500 300-500 150-1000
Round-trip efficiency 75-85 70-75 65-80 85-97 75-90 75-90
Self discharge Low High High Medium - Negligible
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substitution of Co with Ni was found to be effective to reduce the
cationic disorder [28]. The thermal stability can be improved by Mg
doping and also adding a small amount of Al [29]. The structure then
becomes LiNiyCoyAl(1 _xy)O2 (NCA), or lithium nickel cobalt aluminum
oxide, which is widely used commercially; however, elevated tempera-
tures of operation (40-70 °C) can cause fast capacity decrease rates [26].

Lithium manganese oxide (LiMnOy) cells are a potentially interesting
solution as they employ Mn instead of Co and Ni, lowering costs and
avoiding the use of toxic materials [26]. Nonetheless, in lithium man-
ganese 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 the electrolyte when the battery is not cycled [30]. The problem has
been tackled by adding Co, and therefore, increasing the stability of the
structure [31], and creating a new type of cell, the LiNi,Co,Mn,02 NMC.
This kind of cells have 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
significant issues of NMC is the unique voltage profile, which does not
present the expected almost flat region found in cells such as LiFePO4
(LFP).

Lithium iron phosphate batteries are considered as one of the more
mature and stable Li-ion technologies [24], showing an excellent ther-
mal stability and cycle life, good power capability, and it is regarded as
the safest lithium-ion type concerning thermal runaway risk. Despite all
of those advantages, LFP cells are characterised by its low energy density
caused by an average voltage around 3.2-3.4 V [26], which is lesser than
the other Li-ion technologies, except for Li4TisO12.

Based on the previous analysis in this section, and the operational
conditions of the PBIM, LCO and LFP are chosen as the battery candi-
dates. NMC cells show interesting features, but their high price and the
instability of the voltage makes it an unfavorable candidate. LCO and
LFP provide the right balance between available Li-ion options. While
LCO has low thermal stability at significantly high temperatures, around
100-150 °C, the PBIM is not operated in that temperature. Moreover,
since the cells are used in a PV system, the discharge rate is relatively
low (less than 1C). Therefore, the capacity fading at high current rates
will not affect the PBIM. For LFP, the most significant disadvantage is the
low average voltage which results in low energy. However, this cell still
has a superior energy density compared to other cathode materials [25].

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 for the study.

Having identified LCO and LFP cells as potential battery technolo-
gies, 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.

2.2. Aging in Li-ion cells

The aging in electrochemical cells results in capacity fading which is
referred to 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 change of the active material to inactive material [32],
degradation or aging process includes a decrease in the battery’s ca-
pacity and an increase of the battery resistance leading to a battery
failure. This process can be created by the conditions at which the bat-
tery is operated. Unfortunately, the aging process in lithium-ion batte-
ries is complex, since the cause of aging is caused by various
interdependent mechanisms that cannot be studied separately [33].

Aging mechanisms can be divided into two categories, degradation
produced by chemical reactions, and degradation caused by mechanical
stress. Chemical degradation mechanisms consist of reduction and
decomposition of the electrolyte, formation of solid-electrolyte inter-
phase, binder decomposition, gas evolution, lithium-ion loss, and
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solvent co-intercalation [34]. The mechanical degradation of the battery
mainly involves volume changes and stresses that occur in the active
materials of the battery [35]. The volume changes and stresses can result
in cracks, loss of contacts between active materials, and isolation [36].
These mechanisms can happen in different parts of a battery cell; the
subsections below will compare different degradation modes that foster
the battery aging in the anode, cathode, and separator.

2.2.1. C-rate

High discharge and charge currents could increase capacity fading
rates. One possible 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. This re-
action will produce gas and decomposition which will ultimately
thicken the solid electrolyte interphase (SEI) on the carbon electrode.
Furthermore, during a high current rate, the internal battery tempera-
ture augments, causing an increase in electrolyte reduction rate which
produces gas increasing pressure, and damages the surface film [37].

2.2.2. Temperature

According to the Arrhenius law, the chemical reaction rate is pro-
portional to the temperature. Therefore, an increase in temperature re-
sults in an exponential rise in electrochemical reaction rates. According
to Ref. [35], a 10°C increment in temperature could double the degra-
dation rate of a cell. At high temperature the protective SEI, formed at
the first cells cycles, degrades faster, provoking the dissolution of SEI
and propitiating the formation of more stable inorganic products such as
lithium salts, e.g., lithium fluoride or lithium carbonate [33]. These new
compounds are not just harder, which makes more difficult the Li-ion
diffusion, but contribute to decrease the amount of active Li [38].
Hence, the capacity loss of the cell is the consequence.

2.2.3. Region of operation

The battery internal resistance increases when the cells are almost
completely full or empty, which correlates with 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 tempera-
ture, which ultimately causes a faster capacity degradation rate.

2.2.4. 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 [39]. Also, when cells are
stored at 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 [40].

3. Methodology for battery selection

The procedure followed to select a battery technology is summarized
in Fig. 1a, where the process started by comparing the various tech-
nologies and filtering out the technologies that are not feasible in terms
of suggested temperature of operation, complexity of implementation,
form factor, and cost. This step was thoroughly carried out in Section 2,
resulting in Li-ion cells as the technology that shows better features.
Secondly, an integrated model, explained in more detail in the next
section, was developed with two main objectives in mind: to 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 to define
the current profiles applied in the degradation testing and estimates the
expected aging with a model previously published by the authors in
Ref. [11]. Thirdly, the test not only includes the influence of the
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Fig. 1. (a) Methodology for selecting a suitable battery technology for the PBIM. It consists of a literature review, a integrated model, and a testing design which take
as inputs the results of a prototype testing. Finally, the testing is carried out to propose the suitable battery technology, and (b) integrated model that includes power
flow management, battery dynamic model, battery thermal model, and battery aging model.

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
[71.

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 degradation. For comparison purposes, two
sets of experiments were carried out simultaneously, one tries to follow
the severe conditions defined by the prototype testing, and the second is
controlled to reproduce the relatively low temperature of a typical PV
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.

3.1. Integrated model

The integrated model is a combination of a 1-D thermal model pre-
viously introduced by the authors in Ref. [41], a battery aging model
also product of the authors research [11], and power flow management
model [42].

3.1.1. Inputs to integrated model

The steady state integrated model takes the solar irradiation, wind
speed, and ambient temperature from a selected place in rural
Cambodia, Strung Treng (13.517 °N, 105.967°E), for one year with 1 min
time step, as reported in Ref. [42]. The load profile was selected from a
previous paper that introduced a methodology to construct load profiles

for based on the multi-tier framework for electricity access [43]. For the
study undertaken in this article, the tier 3 load was used, and its profile
can be observed in Fig. 2a. For this profile, the most prominent peak
starts at night (18 h) because multiple appliances demand power at the
same time, which coincide with activities such as lighting and cooking as
all the members of the families return home.

The battery is charged during the day, and later the energy charged is
discharged to provide energy in the night. In the night, the highest
discharge currents are expected around the peak consumption times.

By utilizing the integrated model, three battery technologies, namely
lead-acid, NiCd, and LiFePOg4, were studied; their main features can be
observed in Table 2. Although the batteries in Table 2 are not necessarily
suitable for the PBIM, they serve for the purpose of comparing battery
technologies based on aging.

3.1.2. Interrelationship between individual models

The temperature of the battery, as well as the PV temperature, are
calculated using a 1-D steady state thermal resistance model of the PBIM
that allows the precise calculation of the PV efficiency and PV power
[41].

The power flow model decides the direction and magnitude of the
power delivered to the load according to the PV power production and
battery state of charge as presented in Refs. [42,44].

Lastly, the temperature of the battery 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



V. Vega-Garita et al. Journal of Power Sources 438 (2019) 227011

160 pr—r—rr ————r ———— ————r . 100
120
80 F
T 5 .
Q
= ; X 96t .
40k lead-acid ]
o —NiCd
--=-LiFePO,
0 L 1 1 1 1 94 I I I I 1 I I I I 1 I I I I 1 I
0 6 12 18 24 0 100 200 300

Time (days)
(b)

Fig. 2. (a) Tier 3 load profile (sourced from Ref. [43]), (b) state of health for three battery technologies after a year of simulation: LA, NiCd, and Li-ion, and (c) four
current profiles for different battery sizes: 66 Wh, 198 Wh, 396 Wh, and 660 Wh.

Table 2
Specifications of three different battery types.

Technology Brand Capacity (Ah)  Voltage (V)
LiFePO4 ValenceU1-12XP 10 3.2
Lead-acid (Sealed)  Enersys Cyclon D Single Cell ~ 2.5 2.3
NiCd Saft Nickel-Cadmium VRED 5.5 1.2

crossings method that considers the degradation due to battery cycling
every period of activity [11]. Consequently, the new capacity of the
battery is determined and is fed back to the dynamic battery aging
model; in this manner, the useable capacity of the battery continue
decreasing as the simulation time advances.

In this integrated model, the individual models are merged into one
that more realistically reproduces the conditions expected in the PBIM.
From the model illustrated in Fig. 1b, 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 (Ppy)
based on the temperature of the PV panel. Similarly, the current of the
battery is needed to find the battery heat generation, which is fed to the
thermal model. This process is iteratively repeated several times till the
value Tpy and Tpaitery does not vary more than 0.01 °C for every time step.

Once the iterative process between the thermal model and power
management model has finished, the power needed from the battery
(Ppattery) 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.

3.2. Results of the integrated model

After performing a simulation for one year, the state of charge for
every battery is depicted in Fig. 2b. For all the cases, the battery size is
660 Wh (also referred as 10 batteries) and the 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 paper 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 battery), from 66 Wh 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 Fig. 2c, where the green dashed line for 1 battery
reaches values beyond 20 A, while for the other battery sizes the current
never surpasses 10 A. The extension of the battery idle period also varies
as a function of battery size, smaller battery sizes causes more extended
inactivity periods.

3.3. 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 over-
discharging and overcharging.

Another important feature of the testing is that the periods of inac-
tivity 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 Fig. 3.
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. 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
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Fig. 3. Current profile for (a) 66 Wh battery size and (b) 198 Wh battery size, and (c) constant current and constant voltage profile for capacity measurement.

values and on the cycle duration. The purpose is, therefore, to investi-
gate if dissimilar profiles result in different degradation rates. In Fig. 3a
and b, 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 pro-
files — they also cycle the same energy. In total, the 66 Wh profiles take
5.5 h to be executed, while the 198 Wh profile lasts for 10.83 h including
the 5 min 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.
Consequently, as stated in Ref. [7], the upper limit reached by the bat-
teries in poor cooling conditions and high irradiation was 45°C. There-
fore, based on the prototype testing, the batteries will be tested at 45°C
using the two previously commented profiles. Conversely, the cycling
testing will be carried out at an ambient temperature varying between
22 and 26°C. This temperature range corresponds to the expected ther-
mal response of a standard PV-battery system with the batteries placed
indoors. In a previous paper by the authors, similar temperatures were
measured [7].

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 1h, and a discharging period with a CC-CV profile, as

described in Fig. 3c.
After describing the formulation of the battery degradation test, the
general procedure for the testing can be summarized as follows:

e Cycling: profiles that represented a battery size of 66 Wh and
198 Wh are repeated around 30 times and 20, respectively. After
these repetitions, the battery capacity is measured as follows.

e Capacity measurement: the discharged capacity is measured and
compared to the previous values at 25°C.

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.

4. Battery testing set-up

According to Section 2.1, LiFePO4 (LFP) and a LiCoO2 (LCO) were
selected to undergo the cycling test. In Table 3, 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 A 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 mea-
surement step; at these voltages, the transitions from CC to CV are
defined for the charging and discharging processes. Moreover, because
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Table 3
Technical specifications of A123 systems AMP20M1HD-A cell [45] and Renata
ICP606168PRT cell [46].

Specifications LiFePO4 LiCoO,
Nominal capacity 20 Ah 2.8
Nominal current 6 A 0.56
Nominal voltage 3.3V 3.7
End-of-discharge voltage 2.0V 3
Maximum voltage 3.6V 4.2

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.

A dynamic profile, as the name suggests, it is characterised by a
constantly changing value of the current, while in a CC profile the value
of the current is fixed for a predefined period. As an overview, Table 4
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 current
profiles, namely, dynamic 66 Wh (D66), 66 Wh at CC (CC66), dynamic
198 Wh (D198), and 198 Wh at CC (CC198).

For the four LCO cells, they were examined using two current pro-
files, 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 4, showing a slight dif-
ference among them.

4.1. Equipment

The general testing set-up is shown in Fig. 4a, 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 (Memmert, Climatic test chamber CTC
256) was able to sustain the temperature of the chamber within +2°C
from the set point.

Each cell had a K-type thermocouple attached to it to monitor its
thermal behavior throughout the testing, as well as the voltage was
continuously measured (Fig. 4b and c), the information was retrieved
and saved by the battery tester every 1 min.

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 5). For 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. Finally, the batteries placed inside the climate
chamber present slight differences in temperature due to the not
completely uniform temperature distribution inside the climate cham-
ber; however, the difference between them was never more than 1.5°C.

Table 4
Initial capacities for the selected cells.

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
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Room temperature
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Fig. 4. (a) General set-up consisting of a climate chamber, a battery tester, and
chamber at room temperature. (b) Interconnection and location of thermo-
couple for a chose LFP cell. (c) Interconnection and location of thermocouple
for a chosen LCO cell.

Table 5
Technical specifications of the battery tester Arbin, model LBT22043.

Specifications Value

Number of test channels 16 channels

Voltage ranges 0-25V
Current ranges —10-10 A
Temperature ranges 0-100°C

Operating modes CC, CV, and CC-CV

5. Battery degradation results

In this section, the effect of temperature and the different current
profiles over battery degradation are analyzed for the LiFePO4 and
LiCoOs cells. Also, a comparison between 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 re-
sults between current profiles, the values are interpolated to perform a
fair comparison.

5.1. Lithium iron phosphate cells

5.1.1. Temperature effect
As anticipated, the batteries tested at 45°C presented lower SOH
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values compared to the batteries maintained at room temperature for
the same current profiles (Fig. 5a and Fig. 5b). 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
electrochemical reactions increase their rates favoring the intercalation
process but also provoking a faster consumption of active lithium by
means of undesired side reactions.

In Fig. 5a, it can be seen that the degradation is more pronounced as
the batteries are more cycled for both the CC profile and the dynamic
profiles. To quantify this change, Table 6 summarizes the results for the
LFP cells cycled with 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 Fig. 5b and Table 7, the same
behavior is observed for the 198 Wh profile.

5.1.2. Comparing between constant current (CC) dynamic profile

In this section, the consequences of imposing a CC or dynamic cur-
rent profiles are analyzed for the same temperatures. This is done for the
profiles corresponding to a battery size of 66 Wh and 198 Wh. The re-
sults are summarized in Tables 6 and 7

When comparing the D66 profile and the CC66 profile at 45°C, it can
be observed that the SOH is always higher in the case of the CC profile
(Table 6). 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 66 Wh profile,
now at room temperature, the CC profile sometimes results in higher
SOHs while for other cycles is lower, as depicted in Fig. 5a, 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 observed.

When having a look at the 198 Wh battery size (Fig. 5b and Table 7),
two main conclusions can be drawn: the CC profile presents the lower
SOH at 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 sizes.

5.1.3. 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 Wh and 198 Wh battery sizes not considering the
influence of temperature. By using Table 8, the profiles can be studied
based on the difference of SOH after 51, 100, and 160 cycles.
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Table 6

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 (%) ASOH  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 7

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

By keeping the temperature value at 45°C and contrasting the SOHs
for the 66 Wh and 198 Wh dynamic profiles, there is no a clear indica-
tion 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.

5.1.4. Which parameter plays a more prominent role for the LFP cells?
From Section 5.1.1, differences till 1.84% on SOH were found for

Table 8

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
45°C, 45°C, (%) 25°C, 25°C, SOH
66 Wh 198 Wh 66 Wh 198 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
L - L B B B B |
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Fig. 5. (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.
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batteries exposed to 45°C, while using a CC compared to dynamic pro-
files 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.

5.2. 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 between capacity fading and cycling
are illustrated by Fig. 6a and b. 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.

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

Table 9 introduces the SOH for the D198 and D66 profiles along with
the temperatures 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 representative difference of 0.04% more SOH for the 66 Wh
profile related to the 198 Wh profile. Hence, similarly to the conclusion
reached in Section 5.1.3, the 66 Wh and 198 Wh current profiles do not
have distinguishable effect on aging of the cells.

5.2.2. 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 9, 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 Fig. 6a and b).

5.3. 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 SOHs, under the
same testing conditions, for identically normalized current profiles and
reference temperatures. Fig. 7 shows the SOH change as a function of the
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Table 9

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 (%) A SOH (%) SOH (%) A
45°C, 25°C, SOH 45°C, 25°C, SOH
66 Wh 66 Wh (%) 198 Wh 198 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

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.

5.4. 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 dy-
namic 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).

As presented in Fig. 8, the PBIM is expected to operate between the
limits defined by the lower boundary (45°C) and the upper limit (room
temperature), this in terms of degradation level. 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 batte-
ries packed inside the PBIM is likely to occur between the boundaries
proposed in Fig. 8.

5.5. Future research

The objective of the research presented in this paper was to select a
suitable battery technology for the PBIM, however, more attention can
be paid to the influence of charging/discharging profiles. For this pur-
pose, a more extensive testing could be performed until the end-of-life of
the batteries.

6. Conclusion

In this paper, a framework to select a suitable battery technology for
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Fig. 6. (a) LCO cells cycled with a 66 Wh profile at room temperature and 45°C, and (b) LCO cells cycled with a 198 Wh profile at room temperature and 45°C.
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the PV-battery integrated module is presented. The framework consisted
of a literature review to select battery candidates among the available
battery technologies, an integrated model to emulate operating condi-
tions of the battery pack, an application-based testing design, and
finally, an extended battery aging testing. Firstly, the literature review
together with the use of the integrated model, helped identifying Li-ion
cells as the most appropriate. Secondly, the testing was designed taking
into account previous research done by testing a prototype, and also was
constructed based on an integrated model that provides information
about the typical current profiles expected for the PBIM. These current
profiles were applied to the two selected Li-ion cells, namely LiFePO4
and LiCoOs, 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. Between these two Li-ion chemistries,
the LiFePO4 present lower capacity fading rates, and as a consequence, it
is suggested as the most suitable for the PBIM. Moreover, the expected
range of degradation for a LiFePO4 battery pack in the PBIM was re-
ported. In conclusion, this paper provides a structure methodology to
select a battery technology, and proves that the battery pack can
perform appropriately when integrated at the back of a solar panel.
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