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Abstract: As renewable energy sources, such as solar systems, are becoming more popular, the focus
is moving into more effective utilization of these energy sources and harvesting more energy for
intermittency reduction in this renewable source. This is opening up a market for methods of energy
storage and increasing interest in batteries, as they are, as it stands, the foremost energy storage
device available to suit a wide range of requirements. This interest has brought to light the downfalls
of batteries and resultantly made room for the investigation of ultra-capacitors as a solution to these
downfalls. One of these downfalls is related to the decrease in capacity, and temperamentality
thereof, of a battery when not used precisely as stated by the supplier. The usable capacity is reliant
on the complete discharge/charge cycles the battery can undergo before a 20% degradation in its
specified capacity is observed. This article aims to investigate what causes this degradation, what
aggravates it and how the degradation affects the usage of the battery. This investigation will lead
to the identification of a gap in which this degradation can be decreased, prolonging the usage and
increasing the feasibility of the energy storage devices.

Keywords: lead acid battery; lithium-ion battery; ultra-capacitor; battery degradation; sulfation; stratifi-
cation; renewable energy sources; energy storage; capacity decay/attenuation; charge/discharge cycles

1. Introduction

Energy storage is a key component required in the diversification of energy sources.
Renewable energy source advances [1], as well as recent grid power regression [2], has
highlighted the necessity of energy storage due to intermittency. Renewable energy is
intermittent by nature, where the availability and extent of availability is limited by the
source [3]. Intermittency refers to the discontinuous availability of electrical energy due to
external factors that cannot be controlled and that occur in generating sources that vary
over a short-time period [4].

Renewable sources that are intermittent include solar, wind, tidal and wave [5,6]; solar
and tidal are relatively predictable due to weather, tidal and diurnal patterns [7]. The
causes of intermittency in solar power are due to solar intensity variances throughout the
day, and in different locations, as well as cloud cover [8,9]; wind power is considered highly
intermittent as it has more variances with respect to wind speed, air density and turbine
characteristics. These factors are further influenced by location [8,9]. Tidal (and wave)
power is significantly more predictable as tides occur at expected times [7]. However, all
of these generation sources are known as non-dispatchable sources as the output is not
guaranteed at any moment to meet fluctuating energy demands [4].

Renewable energy is not only dependent on the availability; it is also dependant on
the magnitude of the generative source of that energy [10]. If the source is insufficient (the
system design is not large enough or has incorrect parameters, or the supply is intermit-
tent [11]) no significant power will be generated, and if the load requirement is less than
the source capacity, the remainder is lost [12]. By having a renewable source provide the
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required load with any remainder supplying an energy storage device, i.e., hybrid energy
storage systems (HESS), the renewable source can be utilized on a larger scale and more
efficiently [13].

Currently there exists a multitude of energy storage technologies: pumped-hydro
and compressed-air energy storage facilities, flywheels, superconducting magnetic stor-
age and electrochemical energy storage [12]. The first four options are limited by their
site-dependence [14–16], capacity [17,18] or response capabilities [15,19], whereas electro-
chemical energy storage (such as batteries and supercapacitors) offers more flexibility in
capacity [20], siting and rapid response capabilities [21] that meet a larger range of applica-
tions [22] as compared to the other types of energy storage. Due to their versatility, high
energy density, efficiency and cost, batteries have seen great growth in their application in
energy storage systems [23].

Because batteries have become a staple in energy storage systems, the market has been
flooded with different battery chemistries. Nickel based, lead-acid (LA), lithium-ion (LI)
and alkaline are a few of the more commonly known batteries currently on the market, each
with their own set of properties, as can be seen in the table of comparison (Table 1) from A.
Townsend et al. [24]. Table 1 represents a comparison of the mentioned battery chemistries
with the addition of zinc-oxide (Zn-O2), sodium-sulphur (NaS) and vanadium flow (VFB)
batteries as well as fuel cells (FC)—all of these will be discussed later in this article.

Table 1. Comparison of battery technology properties, adapted from [24–29].

Battery Technology

LA NiMH LI NiCd LiPo Zn-O2 NaS VFB FC

Nominal cell voltage V 2.1 1.2 3.6–3.85 1.2 2.7–3 1.45–1.65 1.78–2.208 1.15–1.55 0.6–0.7

Energy density Wh/kg 30–40 60–120 100–265 40–60 100–265 442 240 25 1500

Power density W/kg 180 250–1000 250–340 150 245–430 100 230 100 400

Cycle life Cycles <1000 180–2000 400–1200 2000 500 100 4500 >10,000 ~9000 *

Charge/discharge
efficiency % 50–95 66–92 80–90 70–90 90 60–70 87 70–80 40–60

Self-discharge rate % 3–20 13.9–70.6 0.35–2.5 10 0.3 0.17 2 ~0 0

DoD % 50 100 80 60–80 80 60–65 100 100 100

Cost USD/Wh 0.69750 0.8546 0.9361 2.6778 2.3095 0.3095 0.5 5.7 0.02

TRL 9 9 9 9 9 9 7 9 9

* FCs are not measured with cycles; thus, this is approximated according to cycles per year of a battery where FCs
have a lifespan of 12 years.

From Table 1, it can be seen that a few key properties are focused on when looking
at batteries (a few of which can also be applied to FCs), the energy- and power-capacity
(including current capacity and peak capability), depth of discharge (DoD), cycle life,
cost, nominal cell voltage, availability, etc. [24]. It is often overlooked how each of these
properties can affect one another; Figure 1 is used to illustrate this interdependence.

Referring to Figure 1, it can be seen that each characteristic is affected by the others [30].
All of these properties determine the capacity of the battery and there are many factors
that contribute to, as well as ramifications that arise from, a reduction in the capacity [31].
The number of cycles is often used to determine the remaining capacity and, thus, the
degradation of the battery [32,33]; this is shown in Figure 3 by P. Zhang et al. [8] and in
Figure 11 by V. Sedlakova et al. [34].

This article aims to research this degradation (what leads to and arises from it) to
determine how this degradation further impacts the continued use of the battery as well as
to look into methods used to reduce this degradation.
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2. Overview of Energy Storage Devices

As mentioned above, there are many different types of energy storage technologies, of
which this article will focus on electrochemical devices, as these have a larger variation of
applications. The energy storage devices (ESDs) that will be focused on in this section are
LA/LI batteries and ultra-capacitors (UC). The exclusion of the remaining ESDs will be
elaborated on in the subsequent section below.

2.1. Battery Technology

Batteries generally have a high energy-density-to-power-density ratio—this allows
them to provide power for longer durations, but they generally do not efficiently supply
peak power demands; they respond slowly to dynamic loads and they have low charge
rates [35,36]. The various chemical compositions of each technology determine the charac-
teristics of each battery. LI has lithium cobalt oxide (LCO), lithium iron phosphate (LFP),
lithium manganese oxide (LMO), lithium nickel manganese cobalt oxide (NMC), lithium
polymer (LiPo) and lithium titanate (LTO) [37]; LA has flooded, deep cycle, absorbent
glass mat (AGM) and gel [38]; nickel based has nickel metal hydride (NiMH) and nickel
cadmium (NiCd) [39]; alkaline has rechargeable and non-rechargeable [40]—these are
the more commonly known variations. Zinc-oxide (Zn-O2/Zn-air) [41], sodium sulphur
(NaS/salt) [42] and redox flow batteries (RFB) [29] form part of the lesser-known battery
technology category. Table 1 compares the majority of these battery technologies and
is used to create the bar graph shown in Figure 2 This figure compares each individual
value from the table with the highest value in that category to provide a clear indication of
the frontrunners.
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LA batteries are the oldest technology and are the first type of rechargeable battery
ever made [43]. Therefore, their parameters have been used as the comparison baseline for
the other technologies. They have a relatively low energy density, a short cycle life and a
comparatively high self-discharge rate; however, they are of the cheapest technologies [44].

LI has the benefit of a higher energy density and longer cycle life than LA; however,
it is more expensive [45,46]. The last statement gives insight into the continually large
presence of LA batteries in the renewable energy-storage field, further substantiated by [47],
which shows that cost reduction and cycle life are inversely proportional.

NiCd and NiMH batteries are most frequently used in portable electronic applications
due to their low internal resistance, thus having the capability of either supplying high
peak power surges (NiCd) or having high drainage capabilities (NiMH) [48]. Both of
these battery technologies have a significantly higher cycle life than LA [39]. NiMH is the
replacement for NiCd, as NiCd releases toxins such as lead, mercury and cadmium. NiMH
has a higher energy density than NiCd but with a lower cycle life. However, NiMH is
significantly more expensive than NiCd [49].
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Figure 2. Comparison of different battery characteristics, adapted from [24–29].

Rechargeable alkaline batteries (such as Zn-MnO2) have a very high internal resis-
tance and similar power- and energy densities—both of which are higher than the LA
technology [50]. This makes them suited for low-drain applications that have repetitive,
but not continuous, use, i.e., periodical/intermittent use items [51]. Although these are the
rechargeable version of alkaline batteries, their cycle life is significantly low—as low as
50 cycles, when used optimally [52].

Zn-O2 batteries offer great advantages in energy density (the highest of all the men-
tioned types) with the future promise of high cycle life; they will be suited for long-use-
low-power applications [53]. However, the technology does not currently permit such high
recharge cycles [54]; thus, it is currently not an option.

NaS batteries offer great potential for renewable energy storage as they have 100%
DoD with significantly high charge cycles, they have comparatively good energy- and
power density and they have one of the lowest costs of all the mentioned technologies [55].
The one major downside of these batteries is the high operating temperature, limiting their
applications [23,56]. Another factor to consider is that these batteries have a TRL of 7 and
are thus commercially unavailable.

In a traditional battery, the electrons travel through the electrolyte between the elec-
trodes; in an RFB the electrodes are the electrolytes [57]. RFBs are generally divided
into two categories—true or hybrid [58]; the main difference is that hybrid RFBs have
one oxidation state of the redox couples stored on the electrode surface as a solid [59].
Vanadium-vanadium and iron-chromium are examples of true RFBs and zinc-bromine and
zinc-chlorine are examples of hybrid RFBs [27]. What makes these batteries so attractive
is that they do not degrade as an LI battery would. Thus, they have a significantly longer
lifespan [57], and they are easily scalable—the size of the tanks just has to be increased
(volume of electrolyte used) [60]. They are considered safer than LI as the electrolyte
is not flammable, and consequently they do not experience thermal runaway; they also
have a very low, almost zero, self-discharge due to the active materials being separated
when they are not being used [27]. On the downside, these batteries are not suited for
portable applications [57], they have lower energy capacity and they are significantly more
expensive due to the initial infrastructure setup requirements [57,61,62].



Energies 2022, 15, 4930 5 of 29

An alternative to battery technology is seen in the form of FCs [63]. There are various
types of FCs—polymer electrolyte membrane (PEMFC), alkaline (AFC), phosphoric acid
(PAFC), molten carbonate (MCFC) and solid oxide (SOFC) [64]. Each of these FCs have
various differences: PEMFC and SOFC utilize a solid electrolyte whilst the others use a
liquid variation (solid electrolytes have the advantage of less corrosion [65]). In order of
being mentioned, operating temperatures and stack sizes increase, whereas susceptibility
to carbon monoxide or dioxide poisoning decreases [64]. MCFC and SOFC have operating
temperatures of 600–700 ◦C and 500–1000 ◦C [64], respectively, compared to a less than
200 ◦C operating temperature of the remaining variations [66]. Increased operating tem-
peratures increase the start-up time and corrosiveness of the components but decrease
the necessity for external fuel reformation or electrolysis. PEMFC and PAFC require a
precious-metal catalyst which increases the cost significantly [64]. Susceptibility to poi-
soning [67], catalyst type [68], external fuel reformation or electrolysis requirements and
higher operating temperatures all lead to an increase in the overall cost of the FC (higher
operating temperatures increase corrosiveness and degradation of the components) [67].

FCs have the advantage of high energy density (similar to that of LI batteries), can be
carbon-neutral (by-product of cell is water and heat [64]) [69], its capacity does not deplete
during “discharge” (it supplies a constant capacity throughout) and “recharging” is as
quick as a refuel (around 3 min) [70]. Most FCs use some or other form of hydrogen as fuel
as hydrogen is abundant, but its acquisition requires either electrolysis or reformation [63]—
herein lies the method of storing renewable energy, i.e., generate and store hydrogen.
Hydrogen can be stored and transported in either liquid or gas form. The liquid form
requires cryogenic temperatures and the gas form requires high compression rates [71].
Both have high energy losses (40% and 13%, respectively) which are large in comparison
to those related to the transmission of electrical energy (±9%) [72,73]. Both methods of
generation as well as the storage of hydrogen require significant infrastructure, which
increases the initial investment for FC use [74]. Additionally, hydrogen can be highly
flammable, which adds another investment level to the infrastructure requirement [75,76].

Summarizing the main disadvantages of the above technologies, in relation to renew-
able energy storage applications, NiCd and NiMH are generally made for applications
requiring small current capacities; rechargeable alkaline and Zn-air have too few recharge
cycles; NaS batteries can only be used in applications with low environmental temperature,
but most importantly, they are not commercially available; and RFBs and FCs require too
large of an initial capital investment and maintenance requirements. Initial cost, infrastruc-
ture and maintenance requirements, replacement frequency and operating temperatures
give insight into why the above ESDs are not utilized more in the renewable energy storage
industry, leaving LA and LI batteries. The acquisition and maintenance factors increase
the complexity of ESD use [77]. LI and LA are most commonly used (and preferred) with
renewable energy systems [78] (mainly due to their simplicity in terms of acquisition and
maintenance) and will therefore be the focus of this article. Both LI and LA have multiple
variations that differ in electrode chemistry, electrolyte viscosity and separator type. These
variations will be discussed further.

2.1.1. Lead Acid Battery Technologies

LA batteries have sealed and flooded types—the former requires minimal maintenance,
whereas the latter requires a larger amount of maintenance, more specifically in terms of
electrolyte top-up [79]. However, for this article sealed LA batteries will be the focus as
they offer better characteristics on all fronts except cost—the cost of a flooded LA battery is
understandably lower than sealed as it requires maintenance by the user [79].

Deep-cycle LA batteries have thicker plates (than non-deep cycle types). This increases
the density of the active material, increasing the energy density. More active material means
deeper depth of discharge potential; however, this does not increase the cycle life [80].

Absorbent glass mat (AGM) LA batteries have a separator that is made of glass
fibre [81]. This mat is only soaked in enough electrolyte to drench the mat. The mat allows
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gasses from the chemical reaction to pass through and oxidize/reduce the opposing elec-
trode. This gas would otherwise float to the top in the form of bubbles being released and
lost into the atmosphere [49]. As this is a sealed battery [82], no top-up is required, allowing
for minimal maintenance and a more robust design where leakage of the electrolyte does
not occur, and the battery can be stored and used in any orientation [83]. This battery is
often referred to as a valve-regulated-lead-acid (VRLA) due to the use of a blow-off valve
intended to prevent over-pressurization of the battery from rapid/deep dis-/recharge [84].

Another advantage of AGM batteries is that the mat allows for significant compression,
increasing energy density as compared to similar gel and liquid variations [85]. The mat
also prevents vertical movement of the electrolyte; when the flooded variation is stored
discharged, the acid molecules will gather at the bottom of the battery and when used, the
current will then predominantly flow in this region, increasing the rate of deterioration of
the plates [86].

The electrolyte can be replaced with a gel variation, formed through the addition of
silica [87]. This delivers similar benefits to that of the AGM battery, except that the gel
prevents rapid motion of the ions between the electrodes, thus reducing the surge current
capability of the battery [88]. The above LA technologies are compared in Table 2 below.

Table 2. Lead acid battery technology comparison, adapted from [87,89–92].

Energy Density
(Wh/kg)

Power Density
(W/kg) Cycles Cost * (USD/kWh) Cost per Cycle

(USD/kWh/Cycle)

Flooded 34.29 68.57 350 55.56 0.16

Deep cycle 40 52.80 500 186.72 0.37

AGM 41.38 153.97 600 142.86 0.24

Gel 35.82 125.37 750 168.06 0.22

* Based on R0.062/USD, 5 May 2022. All values are based on 12 V 200 Ah batteries.

When comparing LA battery technologies, the most important characteristics used are
those listed in Table 2: energy density, power density, cycles and cost. The final column,
cost per cycle, is predominantly used to obtain a better indication of the feasibility of the
technology over the entire term of its documented cycle life. From Table 2, deep cycle
batteries show an advantage over flooded batteries with respect to the energy density and
cycles; however, both AGM and gel batteries show a significant improvement in power
density and cycle durability. Flooded batteries have a significantly lower cost—more than
30% less—than the other technologies, which, despite their lower energy density and
cyclability, further justifies their continued large presence in the market.

2.1.2. Lithium-Ion Battery Technologies

LI batteries operate through the intercalation and deintercalation of LIs into the elec-
trodes’ chemical structures [93]. Often a lithium salt is added to the electrolyte to reduce
the travelling distance of the LIs, which facilitates faster reactions between the anode
and cathode [94]. The LI battery is discharged once the cathode is fully intercalated with
lithium [93].

A LCO cathode is the most common (and first) type of LI battery [95,96]. Due to its
layered trigonal crystalline structure, cobalt oxide offers the highest energy density of all the
LI variations but possesses a high thermal instability [97]. The anode can overheat, leading
to the cathode releasing oxygen, and the electrolyte is usually also highly flammable, which
exacerbates this fire hazard [98].

LFP, LMO and NMC offer three alternative cathode variations for LI batteries. The
orthorhombic crystalline structure of LFP offers better thermal stability (due to iron-
phosphate’s high temperature tolerance), a longer cycle life and higher power density
but also lower energy density and higher self-discharge than the cobalt variation [99]. The
cubic crystalline structure of LMO offers very good thermal stability [100], lower internal
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resistance and thus high power density (although lower than the other variations), but it
has a lower capacity and cycle life [101]. Finally, NMC (with a trigonal crystalline structure)
combines the LCO and LMO technologies to obtain a high energy density (still lower than
the cobalt variation), with low internal resistance and thus high power density and good
thermal stability (from LCO) [102].

The liquid electrolyte can be replaced with a thin solid polymer to introduce another
LI variation—LiPo [103]. With a solid electrolyte, the once rigid construction is now flexible,
more compact, lighter and safer, allowing for a higher energy- and power density. However,
the polymer tends to be very insulative; thus, a small quantity of gel is added to improve
the conductivity [103,104].

LTO is a variation of the anode that contains a layered monoclinic/olivine crystalline
structure, where the cathode of this variation is manganese oxide or NMC. This construction
allows for high cycle life and power density but a very low energy density [105]. This
battery has no solid electrolyte interface (SEI) film formation and thus no morphological
degradation; it has a deeper and faster discharge (and charge) than the other variations
and no lithium plating occurrence. Furthermore, it is thermally stable and has better low
temperature functionality than the other battery types [106]. These various technologies
are compared using Table 3 below.

Table 3. Comparison of lithium-ion battery technologies, adapted from [95–102,105–112].

Energy Density
(Wh/kg)

Power Density
(W/kg)

Safety/Thermal
Runaway (◦C)

Maximum
Discharge/

Charge C-Rate
Cycles Cost *

(USD/kWh)
Cost

per Cycle

LCO 150–200 50–100 150 1/1 500–1000 385 0.39–0.77

LMO 100–150 250–400 250 10/1 300–700 400 0.57–1.33

NMC 150–220 100–150 210 2/1 1000–2000 420 0.21–0.42

LFP 90–160 200–1200 270 25/2 >2000 580 0.29

LTO 50–80 3000–5100 280 10/10 >5000 1005 0.14–0.34

* The cost values presented are based on the values obtained around 5 May 2022 and R0.062/USD. These values
are for Li-ion cells with a nominal cell voltage between 3.2 and 3.6 V for consistency.

When comparing LI battery technology, the most important characteristics used are
those listed in Table 3: energy density, power density, thermal runaway, maximum charge-
and discharge rates, cycle durability and cost. The cost per cycle is predominantly used to
determine the feasibility of the specified technology. From Table 3, LTO has very desirable
characteristics—it has the highest thermal stability and lowest cost per cycle. Its high-power
density, coupled with the high c-rate, allows for fast charge and discharge; however, the
low energy density limits its application to those requiring more immediate power and
not prolonged power. NMC comes in second with respect to cost per cycle; it has the best
energy density (along with LCO), good thermal stability and cycle durability; it is, however,
limited by its c-rate and power density to applications with lower peak power requirements.
LFP presents a good all-rounder, with low cost per cycle, high cycle durability, great thermal
stability and discharge rate and comparatively good energy- and power density. LMO
offers an improvement on LCO in terms of energy density, thermal stability and discharge
rate. However, LCO has better cyclability, thus lowering the cost per cycle significantly.

It is important to note that the thermal runaway temperature is a very important factor
to consider for the application of LI technology, as the battery is sealed, and the electrolyte
can be very volatile in terms of flammability and explosivity [97,113,114].

2.2. Ultra-Capacitor Technology

An ultra-capacitor is a capacitor that has an ultra-high capacitance but with a lower
voltage limit [28]. It is an ESD that essentially combines electrolytic capacitors and recharge-
able batteries—storing 10–100 times more energy per unit volume than the former and
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being capable of accepting/delivering charge much faster and tolerating significantly more
re-/discharge cycles than the latter [115].

Different from ordinary capacitors, UC do not use a conventional solid dielectric—
they make use of an electrolyte and isolative membrane and they replace the material of
the plates with one that is (more) porous. The latter allows for a larger effective surface
area, whereas the former allows for the formation of an electric double layer- (EDL) and
electrochemical pseudo (EP) capacitance, which together form the total capacitance [116].
When the EDL-capacitance exceeds the EP- capacitance, the UC is referred to as an EDL
capacitor; otherwise, it is an EP capacitor [117]. There are mainly three types of UC: EDL-,
EP- and hybrid capacitors (HC) [118].

In EDL capacitors, the energy storage and release is based on nanoscale charge sepa-
ration at the interface formed between the electrode and electrolyte [26,119]. The charge
storage mechanism is electrostatic (a physical charge transfer), allowing EDL capacitors
to have relatively long life cycles [26,120,121]. EP capacitors store charge on the basis of
faradaic redox reactions (electrochemical storage) involving high energy electrode materials.
These electrode materials allow supercapacitors with higher energy density at the price
of shorter life cycles and lower charge/discharge rates than EDL capacitors [120,122–126].
HCs are the hybrid combination of mechanisms from both EDL- and EP capacitors [118].

UC generally have a higher power-density to energy-density ratio, allowing them to
provide bursts of high power for short durations. Their internal resistance is very low,
thus allowing for little restriction when providing or receiving power [127]. Opposite to
batteries, UC function best in intermittent high-power applications and do not fare well
with continued average-power requirements. They have an almost infinite cycle life and
they have a low self-discharge rate, but they are relatively expensive as compared to battery
technology [128].

EDL capacitors have highly porous and conductive electrodes, thus having the benefit
of larger cyclic ability and little degradation due to the highly reversible non-faradaic reac-
tions. Their main limitation lies in the requirement of these highly conductive electrodes,
limiting EDL capacitors to carbonaceous materials. EP capacitors have higher energy
densities, but lower cyclic ability and power density, than their EDL counterparts, due to
the faradaic redox reactions. HCs consist of both polarized (carbon) and non-polarized
(metal or conducting polymer) electrodes in order to obtain the high energy density and
power density observed by EDL and EP capacitors. This allows for better cyclic ability at
lower costs [129,130]. The three different types of UC are compared using Table 4.

Table 4. Comparison of ultra-capacitor technology, adapted from [131–134].

Energy Density
(Wh/kg)

Power Density
(W/kg)

Cycle
Durability

Operating
Temperature (◦C)

Cost *
(USD/Wh)

Cost
per Cycle TRL

EDL 0.9–2.5 900–10,000 >1000 k −40–+70 219.80 0.00022 9

EP 1–10 500–7000 >100 k −20–+70 N/A ** N/A ** 4

HC 5–55 250–5000 >20 k −20–+70 103.90 0.00519 9

* Based on R0.062/USD, 5 May 2022. ** EP capacitors are only at laboratory environment test phase (TRL 4)—not
available for commercial use or purchase

When comparing UC technologies, the most important characteristics are as listed in
Table 4: energy density, power density, cycle durability, operating temperature and cost.
The cost per cycle is predominantly used to determine the feasibility of the addition of UC
to a system. As UC are generally used for their power density, the energy density is not as
much of a concern as it is for the battery technologies.

Table 4 confirms what has been said above: EP capacitors have higher energy density
but lower power density than EDL capacitors. It is also seen that HCs show a lower power
density and cyclic ability than the other two but a higher energy density. Finally, it is
observed that the EDL technology is significantly cheaper than the HC technology per
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cycle, which can be attributed to the low cycling ability of the HC. The ESD technologies
discussed above can be compared using a summary table, Table 5 below.

Table 5. Lead acid, lithium-ion and ultra-capacitor comparison, adapted from [24].

LA LI UC

Energy density (Wh/kg) 35–40 50–220 2.5–55

Power density (W/kg) 69–154 50–5100 5000–10,000

Cycle life 800 3000 >50,000

Self-discharge rate (%pm) <3 <2 >54 *

Operating temperature (°C) −40–+60 −50–+85 −40–+70

Cost (USD **/kWh) 55–168 385–1005 103 k–220 k

Cost per cycle 0.07–0.32 0.14–1.13 0.22–5.19

* 1.8% per day according to [135]. ** Based on R0.062/USD, 5 May 2022.

It is clear, from Table 5, that the LI technology trumps LA in most categories, except
cost. However, in relation to the quantity of cycles and the type of LA or LI technology, the
cost of LI can be less than that of LA over its usable lifetime. UC, on the other hand, exhibit
opposing behaviour with respect to energy- and power density and a significantly higher
initial procurement cost and cost per cycle. Using these values from Table 5, Figure 3 is
obtained, which compares the characteristics of the ESDs as ratios of each other.
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From this graph, it is clear as to why the UC is of interest as it exhibits opposite values
of the energy-to-power-density ratio as compared to both the LI and LA technologies. The
LI battery also shows better characteristics as compared to the LA, except when referring
to cost, where it is slightly more expensive.

2.3. Separator Technology

The operation of the above mentioned ESD technologies depends on the properties
of their main components—the electrodes, electrolyte and separator [136,137]. There are
a few properties that are focused on when choosing a separator; the selection of these
properties can affect both the degradation of the separator as well as of the ESD [138].
This degradation will be discussed under the appropriate section later in this article. The
properties that are focussed on when choosing a selector are, amongst others, pore size,
porosity, permeability, electrolyte wettability, mechanical properties, chemical stability,
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ionic conductivity, ion migration and storage, thickness, dimensional stability, thermal
stability and shrinkage, shutdown effect and cost [139].

Pore size (ideally <1 µm [140]) determines electrolyte storage, which ensures smooth
ion transfer between the electrodes [109]. Larger pores improve transfer of ions, which
increases the charge/discharge rate of the ESD. If they are too large, this allows transfer of
cathode active material particles, which can lead to a short circuit between the anode and
cathode [141].

Porosity determines electrolyte storage capacity and rate of ion conductivity of the
separator [142]. Increased porosity leads to better ion conductivity (ideally 40–60% [139])
due to lower internal resistance and thus increased charge/discharge rate, more uniform
distribution of the current and a lower chance of a short circuit. However, the higher the
porosity, the lower the thermal and mechanical stability [143].

Thermal stability and -shrinkage refer to the functionality of the separator close to
or at thermal runaway temperatures—it must not lead to or further aggravate thermal
runaway [142]. Minimal shrinkage (<5% at 150 ◦C [140]) or piercing should occur at high
temperatures [144].

Mechanical stability is related to tensile strength (robustness), elongation at break (ten-
sile performance) and puncture strength (possibility of piercing through the material) [142].
High tensile and puncture strength is ideally desired (<2% [140]), as this leads to increased
robustness and decreased possibility of piercing of the separator due to rough electrodes
or growth formations (dendrite or crystal sulfation) on electrodes [145]. However, tensile
strength is inversely proportional to porosity and ionic conductivity—thus, higher values
increase internal resistance. Lower values will lead to the possibility of short circuiting
between the electrodes, which can lead to or aggravate thermal runaway [139].

Ionic conductivity refers to the ability of ions to traverse through the separator between
the electrodes [146]. Higher conductivity leads to lower internal resistance and better
charge/discharge properties; however, this can also lead to the transfer of cathode active
material particles to the anode, causing a short circuit and decreasing the service life of the
battery [142].

Permeability is the ease of ion flow through the separator [142]. It is desired that the
permeability be uniformly distributed throughout the separator. Low uniformity leads to
higher internal resistance and uneven distribution of the current, which leads to higher
chance of short circuits and thus decreased service life [145].

Electrolyte wettability refers to the hydrophilicity or hydrophobicity of the separator [142].
High wettability implies fast absorption, which leads to lower electrolyte loss, even distribu-
tion, sufficient storage, smoother ion transmission and lower internal resistance [147].

Chemical stability is the tendency of the separator to react with the electrolyte active
materials. The separator reaction decreases the service life of the ESD and degrades the
separator significantly [142].

Thickness of the separator affects the overall volume, energy density, specific capacity,
cycle stability and safety of the ESD [142]. The ideal thickness is around 25 µm. An overly
thick separator leads to increased contribution to the volume of the ESD, which reduces
energy density and increases ion transmission distance, leading to slower charge/discharge
rate. An overly thin separator decreases the mechanical strength and increases pierce-ability,
and thus susceptibility to breakage, of the separator due to high currents [148].

Dimensional stability is related to the assembly process of the ESD [142]. When the
battery is assembled, the electrolyte is dripped onto the separator—the absorption can cause
shrinkage or curling which leads to wrinkles [149]. Wrinkles lead to uneven distribution
of electrolyte and current which increases growth formations and decreases service life.
Excessive shrinkage can lead to gaping at the edges, allowing the electrodes to electrically
connect and short circuit [148].

The shutdown effect is the ability of the separator to melt and close pores at high
temperatures to prevent further reactions between the electrodes that can lead to the
dangerous operation of the battery [142]. Shutdown temperature must be lower than,
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but close to, the thermal runaway temperature of the battery (±130 ◦C). If too low, the
battery will malfunction too quickly, reducing service life; if too high, no benefits will be
obtained [148].

The production cost of the separator is ±20% of the total battery cost and is related
to the preparation of the separator [142]. Ideally, it is desired to keep this as low as
possible, thus the existence of the various separator materials and continuous research and
improvements in this field [149].

Ideally, the separator should meet all of the specifications [102]; however, the best
value for all of the properties cannot be achieved at the same time, as many are inversely
proportionate to each other [150]. Therefore, necessary performance parameters are aug-
mented in lieu of the appropriate parameters for the specific application (some applica-
tions prefer higher charge/discharge rate, whereas others prefer robustness and thermal
stability) [139,142].

LA batteries most commonly use AGM, polyolefin (PO) resin (from polyethylene—
PE or polypropylene—PP), cellulose, etc. [151]. LI batteries generally use multi-layered
separators to improve the individual characteristics of each, such as PO in multiple-layered-
configurations (PE sandwiched between two layers of PP or a combination of single-layered
PE and PP), a variant of these configurations which includes a ceramic-coated separator,
ethylcellulose-modified PE between silicon-oxide (SiO2)-nanoparticles-doped-polyimide,
etc. [152,153]. Furthermore, UC use cellulose, polyethylene terephthalate (PET), PE, PP,
polyvinylidene difluoride (PVDF), etc. [154].

AGM, reducing maintenance and leakage of the electrolyte [49,82,83], allows for
significant compression, increasing energy density [85] and preventing vertical movement
of the electrolyte for storage and usage in any orientation [83].

PO is derived from PP, PE or a lamination of the two [155,156]. They are the most com-
mercially used separators due to the low production cost, higher mechanical strength and
electrochemical stability [109], but they have low electrolyte absorption, are hydrophobic,
have poor wettability, low porosity, poor thermal stability and a low thermal deformation
temperature (80–85 ◦C and 100 ◦C, respectively), leading to thermal shrinkage and short
circuits [157–159]—all of these decrease battery cycle life [139]. They are usually used in
a PE/PP or PP/PE/PP configuration due to their individual characteristics; PE has good
flexibility but a low melting point (130 ◦C), whereas PP has good mechanical properties
and a high melting point (165 ◦C) [139,160]. The combination of the two therefore leads to
low closed cell temperature and high fusing temperature, improved cyclability and safety
performance of the battery [102].

Multi-layer variations improve stability and safety [161], and the addition of a ceramic-
coated separator improves on the thermal stability [152]. The ethylcellulose variation
is used in high performance batteries that accommodate both thermal runaway at high
temperatures and thermal shutdown at low temperatures [139].

Cellulose, a constituent of plants and microorganisms [103,104] has better electrolyte
uptake, interface stability and enhanced ionic conductivity [142,162], as compared to PP. It
can improve the rate capability [163], cycling retention and thermal dimensional stability of
the ESD [164]. Cellulose shows good flame retardancy, superior heat tolerance and proper
mechanical strength [165].

PET has excellent mechanical, thermodynamic and electrical insulation properties,
with the best form of this product being one with composite film with ceramic particles
coated on the PET membrane. It shows excellent heat resistance with a high closed cell
temperature of 220 ◦C [113].

Compared to PO, PVDF-based separators are characterized by strong polarity, high
dielectric constant, stable electrochemical performance, excellent tensile properties and
mechanical strength and favourable thermal stability and wettability [114–116]. They
are also hydrophilic [166,167]. According to R. Liu et al. [114], PVDF has better porosity,
electrolyte wettability, ionic conductivity and thermal stability as compared to PO, with
similar chemical stability [107–112].
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Separator engineering presents a formidable strategy in the improvement of battery
and UC operation, specifically in suppressing growth formations [140]. Advances in sepa-
rator technology have found that traditional PO separators are mechanically insufficient
and thermally unstable, whilst multi-layer and ceramic coated self-shutdown separators
show promise in their partial improvement of mechanical and thermal stability [152].
Tables 5 and 6 in B. Boateng et al. [140] present three techniques that show improvement
of the downfalls of the current/most commonly used separator technologies and the
performance that each obtains. Surface modification (employing various surface coating
methods); single-layer (blending/doping of polymer substrates); and multi-layer (layer-
ing of substrates) are discussed, which all lead to improved performance and decreased
growth formations. A. Heidari et al. [168] presents a discussion of surface modifications
based on grafting methods, a mussel-inspired technique and functionalization by inor-
ganic nanostructures that show promising improvements to the operation of ESDs. These
methods also present a reduction in growth formations. J. Li et al. [169] presents the use of
free-standing cellulose nanofiber to reduce polysulfide shuttle effect and dendrite growth,
which results in an increase in discharge capacity. S. Thiangtham et al. [170] presents the
use of bio-membranes based on a sulfonated cellulose blend that provides a variety of
characteristic improvements, such as better ionic conductivity, higher discharge rate and
better capacity retention whilst increasing porosity.

These mentioned case studies show that, although some of the separators have inferior
performance characteristics, they can still have relevance through various construction
techniques or combinations with other substrates. This alludes to the significance of
the study into separator technologies and their degradation contribution with various
ESD applications.

3. Degradation of Energy Storage Devices

Degradation is a big concern for long-term, reliable applications (electric vehicles,
battery energy storage systems, aerospace systems) where long cycle life under continuous
heavy loads is required. It is also important for managing its functional status to avoid
operation under hazardous conditions [171]. There are a variety of factors that lead to
degradation in the various types of ESDs, dependent on their technologies and chemical
makeup. These various factors are discussed below, specifically regarding LI, LA and UC
technologies. The causes, long term effects and possible reduction in the degradation will
be discussed.

3.1. Lead Acid Battery Technology

LA batteries are often the first choice for photovoltaic systems due to their mature
technology, making them a reliable choice, and their low cost makes the purchase more
feasible. However, this technology is essentially the weakest of all the batteries, thus
effectively making it the most expensive [172]. For this reason, research into the mechanisms
that lead to degradation is of great concern. There are several mechanisms that can
contribute simultaneously to the degradation; however, each individual battery has one
dominant mechanism that determines its shelf life [173]. The major aging process in
LA battery technology can be attributed to anodic corrosion, positive mass degradation,
irreversible formation of lead sulphate in the active mass, short-circuits and loss of water.
This all depends on the interrelationship between the charging/discharging regime, the
DoD used throughout its life, prolonged periods of low discharge and average operating
temperature [174].

The various types of LA batteries mentioned above have a capacity loss (cyclic and
user-dependant) over time, which is summarized in Table 6 below.
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Table 6. Causes of degradation in lead acid batteries, adapted from [87,174–180].

Type Description Consequence

Over-discharge

When the battery is discharged lower
than the recommended DoD voltage.

As the battery discharges lead sulfation
accumulates on the surface of the electrodes;
if over-discharged this sulfation crystalizes.

Also leads to overexposure of the electrodes.

Crystal sulfation formation and electrode corrosion
Effective surface area of the electrode is reduced,

power density, overall capacity
and cycle life of the battery is reduced.

Extreme case—crystal sulfation will occupy the
majority of the battery and the battery will be

rendered useless; electrode corrosion will lead to
collection of active material at the bottom of the

battery which can potentially lead to
a short circuit between the electrodes.

Over-charge

When the battery is left to charge for extended
periods of time after reaching full charge status.

For both FLA and SLA, heat leads to
an increase in current transfer rate,

which increases the chances of overcharging.
The process of recharging this battery releases

a lot of heat which is exacerbated
when continued indefinitely.

Excessive heat—
Leads to mechanical damage (warping of
collector plates, shutdown of separator);

evaporates the water in the electrolyte, increases
acidity of the electrolyte and exposure of the
electrodes; both increase the rate of corrosion,
decrease the effective surface area, capacity,
power density and service life of the battery.
Extreme case—the evaporated hydrogen and

oxygen cannot escape (larger risk in SLA) which
poses a highly combustible and explosive hazard.

Crystal sulfation

When battery remains in extended
state of discharge (partially/fully).

Soft lead sulfation formed during discharge
becomes hard crystals that cannot be broken down.

Effective surface area is reduced—
Reduces power density, capacity

and cycle life of the battery;
Can also lead to damage of the separator (to be

discussed under separator section of this article).
Extreme case—crystal sulfation will
occupy the majority of the battery

and the battery will be rendered useless.

Stratification

Acid molecules in electrolyte gather
towards the bottom of the battery.

When a battery is stored discharged
(partially/fully), the acid molecules
separate from the water molecules.

Causes current flow predominantly in the acidic
area increasing corrosion/wear of the electrodes.

Water loss

Any action that leads to loss of the liquid
electrolyte or water element of the electrolyte.

Mainly attributed to heat or leakage of the
electrolyte. Heat is attributed to excessive

environmental temperatures, high
charge/discharge current or short circuits.

Decrease in volume of electrolyte—
exposes the electrodes, increases electrolyte acidity
and electrode corrosion, decreases effective surface

area, power density and cycle life.

Short-circuit

When the electrodes are electrically connected
and allow conduction between them.

Caused by ineffective separator (poor battery
assembly, defective, rough electrodes), collection of

active material at the bottom of the battery
(due to damage of the electrode from stratification
or other causes), presence of conductive materials

inside the battery (during assembly or
maintenance of FLA batteries) or warping of the

collector plates due to excessive heat.

Excessive heat generation—
reduction in water concentration of the electrolyte,

increase in acidity, increased corrosion of the
electrode, decrease in overall battery capacity and

subsequently, of the service life thereof.

3.2. Lithium-Ion Battery Technology

The capacity of a LI battery degrades due to a wide range of mechanisms, some that
occur simultaneously and some that trigger further mechanisms [181]. The usage patterns
of these batteries can lead to rapid degradation [182]. Understanding what LI battery
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degradation is, is a key component to increasing the operational lifetime thereof; this will
in turn help to accurately predict the failure point and prevent or reduce the risk of thermal
runaway [171].

There are generally three external stress factors that influence degradation: tempera-
ture, SoC and load profile. The importance of each of these factors varies depending on the
chemistry, form factor and historic use conditions, amongst others. These stress factors can
influence the underpinning physical degradation processes. In general, temperature is the
most significant stress factor [183]. Higher SoC operation accelerates degradation, whereas
higher current operation increases the likelihood of failure. These and some other causes
are detailed below in Table 7.

Table 7. Causes of degradation in lithium-ion batteries, adapted from [184–192].

Type Description Consequence

Over-discharge

When the battery is discharged lower
than the recommended DoD voltage.

Over discharge leads to over-deintercalation
of the LIs in the anode.

Leads to decomposition of the solid electrolyte
interface (SEI) and generates CO2 gasses;

recharge allows for new SEI film formation with
a different morphology that degrades the
electrochemical charge transfer process

and increases the internal resistance;
Leads to oxidization of the copper collector
plates—higher internal resistance and lower

capacity; also leads to power losses;
Lithium intercalation process causes the electrode

structure to expand and contract, forming fine
cracks in the structure. This effect is exacerbated
when over-deintercalation occurs and leads to

increased degradation rate of the electrodes and
thus decreases the service life of the battery.

Over-charge

When the battery is left on charge for extended
periods of time after reaching full charge status.

Leads to excessive heat and
eventually thermal runaway.

Thermal runaway causes the anode to overheat
and the cathode to release oxygen—poses a

potential fire risk; the electrolyte is usually of a
flammable substance; this all leads to a potential

fire hazard. Excessive heat can also lead to partial
shutdown of the separator (explained later in this

article), which increases internal resistance,
decreases capacity and charge/discharge rate and
subsequently decreases service life of the battery.

High charge/
discharge rate

When the battery is either charged or discharged
at a rate higher than recommended.

This leads to excessive heat, LLI and lithium
plating, all of which decrease the capacity of

the battery permanently and
can lead to potential fire hazards.

Loss of lithium
inventory

(LLI)

Loss of usable LIs.
Caused by parasitic reactions and

continuous SEI growth.

Decrease in LI leads to lower levels of
intercalation and less movement of electrons

and thus lower energy density.

Loss of active material
(LAM)

Structural and mechanical
degradation—breakdown of graphite molecular

structure, corrosion of copper collector plates.
Insertion or intercalation of LIs

into the molecular gaps of the graphite.
Subsequent insertion (and removal) leads to the

breakdown of the graphite structure.

Can trigger a sudden rapid capacity loss,
capacity and power fade as result.

Quantity of molecular gaps reduces; less lithium
can be intercalated; reduces the energy density.

Ohmic
resistance increase

Increase in electronic and ionic resistance of a cell.
Due to LLI and LAM.

Increases self-discharge—thus decreasing energy
density. Also decreases power density due to

resistance of power release.
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Table 7. Cont.

Type Description Consequence

Lithium plating or
dendrite growth

Lithium deposits onto the anode instead of
intercalating during a charge.

If the charge current is too high, faster reactions
than what can occur are required; if the operating

temperature is too low, reaction rate is too
slow—both lead to lithium accumulation

on the surface of the anode.

Leads to short circuiting between the electrodes,
excessive heat and fire hazards, LLI and LAM.

3.3. Ultra-Capacitor Technology

UC have high energy density, low self-discharge and relatively long lifetime, the
last of which is affected by operating temperature, applied charge voltage as well as the
charge/discharge current [34,193,194]. Their high cycle life can be attributed to the chemical
and electrochemical inertness of the compositions of the electrodes and electrolyte. How-
ever, this does not exclude UC from degradation, although they are much slower than their
battery counterparts. As UC are significantly more expensive than batteries, it is important
to understand their degradation characteristics. The degradation of UC is defined through
a reduction in equivalent capacity [195]. Studies show that cyclic aging has a much greater
effect on the capacitance degradation rate as compared to calendar aging [34,193,194]. It is
shown that the degradation is driven primarily by two mechanisms—one related to the
degradation of the electrolyte and the other related to the degradation of the electrodes.
The first degradation is present for all operating conditions, whereas the second mechanism
is generally more predominant under more stringent conditions (increased temperatures
and/or operating voltages). It is also found that the degradation due to the first mechanism
is significantly slower than that caused by the second mechanism.

UC do not have a hard-failure point with which to express end-of-life. Instead, they
are assessed according to a maximum parameter deviation of approximately 20% reduction
in capacitance or 100% increase in equivalent series resistance (ESR) [194].

The aging process of UC generally arises from electrical or thermal stress [196,197],
which is attributed to external conditions, such as ambient temperature or working param-
eters [195]. The behaviours that lead to degradation are discussed in Table 8 below.

Table 8. Causes of degradation in ultra-capacitors, adapted from [198–201].

Type Description Consequence

Electrochemical reactions
The operating reactions between

the electrodes and electrolytes
produces solids and gases

Increases internal pressure—leads to
electrode cracks; packaging elongation

and damages collectors;
Blocks pores of electrode—reduces

reactive surface area;
Blocks separator—disturbs circulation of the ions

Voltage resets
Periodically discharging the UC to
a lower voltage than that which is

used during operation

Reorganizes the charge distribution within the
electrode pores which exposes new aging zones

and leads to a significant increase in aging

Uneven charge distribution
Uneven charge current distribution
amongst cells due to individual cell

degradation levels

Uneven charging of cells leads to overcharging
and overheating of certain cells and thus

increased degradation of those cells

Overcharging When too high voltage is applied
to the UC for a period of time

Pressure build up occurs inside the UC
due to electrolyte decomposition

and increased temperature
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3.4. Separator Based ESD Degradation

As separators are one of the three main components of the mentioned ESDs [158], it is
important to look into how they degrade and how this in turn can affect the operation and
degradation of the ESD. These degradation aspects are discussed in Table 9.

Table 9. Causes of degradation in ESD separators, adapted from [202–209].

Consequence Description Cause

Shrinkage

Separator shrinks smaller than required
size—creates an electrical conduction path

between the electrodes—short circuits, service
life degradation, higher internal resistance

and possible thermal runaway

Excessive operating temperature—
High charge/discharge rate;

Overcharging

Shutdown effect

Leads to melting/partial melting of the separator
pores decreasing the ion conductivity and

uniform current distribution. Reduces service
life of ESD, reduces charge/discharge rate,

can lead to premature failure of ESD

Excessive operating temperature —
High charge/discharge rate;

Overcharging

Piercing

Decreases integrity of the separator,
creates an electrical conduction path
between the electrodes—short circuit,

reduces service life of ESD

Growth formations on the electrodes—
High charge/discharge rate

Stress effect

Cyclic compression and expansion of the
separator—leads to a decrease in the integrity

of the separator, can cause shrinkage
and wrinkles in the separator

Electrode expansion during charge/discharge—
Cyclic effect

Frequent charge/discharge cycles

3.5. Methods in Combatting/Reducing Degradation

The listed causes of degradation for the different ESDs can be categorized as mechan-
ical (physical) or chemical [207]. For LA, crystal sulfation, increased electrolyte acidity,
stratification and water loss are chemical, whilst electrode corrosion, collector warping and
separator shutdown, swelling due to increased internal pressure and short-circuiting are
mechanical. For LI, SEI reformation, LLI and lithium plating are chemical, and CO2-gas
creation, collector plate oxidization, electrode cracks, thermal runaway, separator shut-
down and LAM are mechanical. Finally, for UC, blocked separator/electrode pores and
reorganized charge distribution are chemical, whilst cracks, package elongation, damaged
collectors, individual cell degradation and internal pressure increases are mechanical.

Generally, if the degradation is chemical, it can possibly (or partially) be reversed.
However, this process would require that the battery be exposed to extreme conditions,
opposing that of which lead to the degradation, which, in turn, leads to additional degra-
dation as listed in Tables 6–9; if the changes are mechanical, then they are permanent and
attempts at reversal will lead to further degradation [210].

The degradation of the above technologies can largely be attributed to user behaviour—
overcharging, over-discharging, environmental temperatures, charging too frequently and
not charging frequently enough. These types of degradation are very sensitive, so much so
that even one occurrence is too many, and as management of these causes would require
constant, un-wavered monitoring of the batteries, this is something that cannot be left to
the user if optimal usage, performance and cycle life are to be achieved. Thus, to reduce
the degradation, these parameters need to be autonomously controlled—this is achieved
through the use of a battery management system (BMS), charge controller, HESS or a
combination of the three. The function of each will be discussed further below.

3.5.1. Battery Management System

A BMS sets the operation parameters based on suppliers’ specifications. A BMS still
allows the user to have some user-defined input, but this input is limited within the optimal
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supplier specified range [211]. These specifications, based on optimal battery efficiency
and use, are generally depth of discharge and maximum voltage [1]. The BMS can also be
integrated with the charge controller to ensure the battery is always charged in the correct
manner. The correct manner refers to the use of bulk, absorption and trickle charging [212].

If the design specifications and mentioned charging methods are not used, then the
battery will experience some, if not all, of the mentioned degradation types [213,214]. This
detrimentally affects the health of your battery, decreasing usability, increasing cost and
thus decreasing viability [215].

When using batteries for energy storage, a BMS is required to monitor and maintain
safe and optimal operating conditions of each battery and, when applicable, each cell [216].
Batteries are dynamic; they constantly operate in and out of their state of equilibrium
during charge and discharge cycles—this poses dangerous operating conditions [214]. In
addition, even under normal operating conditions, the battery packs will degrade during
cycling. This degradation is amplified by user behaviour (as mentioned above) [217].

The goals of a BMS thus include: matching peak power demands, following the load,
reducing intermittency, protecting the cells from internal degradation and capacity fade,
providing optimal charging patterns, balancing the cells in a battery pack, etc. [1]. The
most basic of these goals is to balance state of charge (SoC) across the cells of the battery
pack, for this there are three categories: centralized—a single controller with multiple wires
connected to the various cells; distributed—a BMS board on each cell with a communication
cable between the battery and controller; modular—a few controllers, each controlling a
few cells where the controllers communicate with each other. Centralized is economical
but least expandable and messy (in terms of the wires); distributed are the most expensive
but they are the simplest to implement and the cleanest; modular is a combination of the
other two [218].

LA batteries do not have separate cell indicators or measurements—they do not re-
quire cell balancing—thus, this aspect of a BMS is lost here [219]. LI technologies, on the
other hand, require cell balancing and thermal monitoring of these cells specifically, thus
proving the usefulness of this aspect of BMSs. The BMS is therefore primarily used to
reduce/prevent unnecessary degradation due to user behaviour (overcharge, undercharge,
over-discharge, incorrect charge patterns, etc.) and monitor safety aspects (thermal run-
away) [220]. One other very important role of BMSs is to control the charge process; this is
discussed later.

3.5.2. Charge Controller

A charge controller regulates the current flowing from the power source into the
battery bank to avoid overcharging the batteries [83,221]. There are two variations of
charge controllers: pulse width modulation (PWM) and maximum power point tracking
(MPPT) [222,223]. PWM accepts the power that is available from the source and adjusts the
voltage according to what the battery requires. The battery will only receive the maximum
current that the source is rated to supply [224]. As the battery charges, the required voltage
will increase and resultantly increase the power used from the source. However, the
maximum power of the source will only be utilized if the battery requires a voltage that
matches the maximum voltage supply of the source [225]. MPPT acts as a buffer and uses
the voltage required by the source to determine the current used according to the maximum
power available. Therefore, MPPT will always supply the maximum power available [226].

3.5.3. Hybrid Energy Storage System

Due to the properties of batteries, higher energy density vs. power density, weight,
slower recharge, etc., it is very beneficial to combine various energy sources to obtain the
best of both (or multiple) worlds from their various properties. By combining multiple
energy sources, it is also possible to reduce the accumulative degradation (the usage of
each source is reduced per use) [227].
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In order to combine energy sources to gain these benefits, careful consideration needs
to be taken regarding the energy management of the system—in other words, when to
use which source [228]. It is important to control when each source is used, and for what
purpose, such that the benefits can actually be achieved and optimized [229]. This can be
controlled in a multitude of strategies, known as an energy management strategy (EMS). An
EMS is a set of processes that monitor, control and optimize the performance of an energy
system [230]. This is mainly achieved through the allocation of the HESS [231]. A basic
strategy is achieved through topological control (a strategy referring to the placement of
the sources with respect to the load [232])—this can include bi-directional or uni-directional
flow of current.

From previous experimentation, A. Townsend et al. [232], the order of the connections
can have an effect on the usage of the sources. In the case study, experimentation combined
two sources to provide a load using a topological EMS. One test placed both sources before
the load and another placed the load between the sources [232]. This strategy does not
require any electronic control or switching between the sources, is a very basic EMS and
provides a benefit of a less complex, smaller sized and lighter system but does not deliver
the most optimal HESS [232].

The main objective of an EMS is to coordinate the power allocation of the independent
sources of the HESS [233]. This is generally divided into two categories: rule-based and
optimization-based [216]. Both methods create a set of rules and a set of HESS states—the
states determine which source is in use and the rules determine which state the HESS should
be in. The rules for each state are determined by completed experimentation; they do not
vary after implementation. For the rule-based strategy, instantaneous measurements, of the
source and load, are used to comply with the rules and determine the HESS state [234,235].

The optimization-based EMS predicts the requirements of the load and adjusts the
HESS state according to this prediction. These predictions are based on continued use of
the implemented system, thus optimizing through use [236–238]. This method can further
be divided into online and offline methods [239]—the latter will develop its own database
of information from its own use; online methods use information gathered from a global
network containing collections of applications of the implemented system or those similar
to it. Online requires a method of connecting to this global platform (cloud), whereas
offline requires a large internal memory for continued storage of data. The predictions of
this method are continually improved throughout use of the system, thus continuously
optimizing the system [229,236,240].

SM. Lukie et al. [241] uses an integrated rule-based meta-heuristic optimization ap-
proach for a multi-level EMS of a multi-source EV. A heuristic technique refers to a partial
search algorithm, whereas a meta-heuristic technique is more or less accurate solution—it
makes certain assumptions initially, which are either local or random. The meta-heuristic
technique is used to optimize the split without prior knowledge of the power demand—it
makes assumptions according to a local or random online search. For this method, the
search space is limited according to pre-set rules and the meta-heuristic technique requires
making a few assumptions. Although the latter point allows the approach to find good
solutions over a larger search space with less computational effort than other more precise
efforts, it still requires these assumptions, thus leading to a solution whose accuracy is
dependent on those initial assumptions.

Z. Y. Chen et al. [242] uses a fuzzy logic, rule-based control strategy for a parallel
HEV. This EMS uses the initial capacity of the battery and does not take into account the
depletion and degradation due to its use.

C. G. Hochgraf et al. [243] uses a flatness control technique (FCT) and fuzzy logic
control (FLC) for the EMS. This technique uses a single, general control algorithm in
different operating modes, to avoid commutation, and no predictions of system behaviour
are made. Once again, the depletion and degradation of the capacity of the battery is not
taken into account for this EMS.
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H. M. Liu et al. [244] uses a multiple for-loop structure with a pre-set cost function
to globally calculate the best EMS. A three-mode rule-based strategy is used to minimize
the total consumed energy. This method requires that a pre-set cost function be used, and
pre-set rules are used to determine the states of the HESS. These rules are static and do not
vary throughout use of the HESS.

J. Cao et al. [245] uses an optimization-based HESS for an electric bus. This EMS
utilises FLC, MPC, rule-based controller (RBC) and filtration-based controller (FBC). FLC
uses pre-set rules that do not vary throughout the use of the EMS, MPC predicts future
trends of use, RBC uses pre-set rules and FBC requires estimates of use—all four of the
methods are based on the initial capacities of the source.

H. L. Yu et al. [246] utilizes ESDs of which the current and SOC are maintained within
pre-defined limits during operation. The EMS utilizes an MPC and predicts the duty
cycle value required for the DC-DC controllers of the battery and capacitor, such that the
provided current will equal the required current. This is based on the SOC, voltage and
current of the hybrid sources. This optimization-based method predicts the duty cycle
requirements based on the initial capacities (SOC range, voltage and current) of the sources.

A. Burke et al. [247] uses an offline optimization-based HESS. This system utilizes
MPC and rule-based strategy. A period of future velocity is predicted, and an algorithm
is applied to optimize the control strategy accordingly. These velocity predictions are
according to the data accumulated for the HESS by the HESS.

J. Y. Shen et al. [248] compares generalized exponentially varying (GEV), artificial
neural network (ANN) (time-series forecasting and Markov chain models) and vehicular
velocity modelling, when used in an HESS. GEV predicts future velocities. This prediction
requires an initial velocity, time-step and exponential coefficient. ANN is accurate in
predicting non-linear dynamic behaviour. It can be trained to learn a highly non-linear
input/output relationship.

A Markov chain model is accurate for predicted fixed route driving patterns; this is
not so much the case with comprehensive driving tasks. Prediction relies on the present
state and historical values—the more historical the data the more accurate the prediction.
The Markov chain complexity can be increased if more conditions are included, which will
resultantly improve accuracy; however, complexity requires more historical data and for
the chains to cover all possible input states.

In J. Shen et al. [229], a multi-objective problem is formulated to optimize the power
split. This EMS uses dynamic programming, and a neural network (NN) does the power
split. This is an online EMS thus requiring the collection of previously obtained results in
similar applications.

4. Conclusions

Comparing the various degradation causes for the mentioned ESDs, a few commonal-
ities can be obtained. Over-discharging, over-charging and increased internal resistance
(IR) are the three most common causes amongst the ESDs, the first of which is more spe-
cific for BESS and not so much for UC. Increases in IR are generally due to all the other
causes—electrolyte and active material ionic mobility, separator efficiency, concentration
polarisation and temperatures [249]—as the ESD degrades the internal resistance increases,
reducing the ability of the ESDs to supply the specified capacity and thus reducing the
overall capacity of the ESDs [250].

All of the EMSs discussed in Section 3.5.3 have a pre-determined set switching point—
the rules used to determine when, and how, each source is used—that does not vary
throughout use of the system. These rules are generally made according to the range of the
source and the current requirements of the load. The range of the source(s) is determined
by the pre-defined and initial SOC, DoD, energy density and power density ratings. All of
these ratings change during each use and throughout the sources’ lifetime—these changes
are not included in the initial design, or continued optimization, of the system [142].
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All of these systems and methods are aimed at reducing the effects and causes of
the mentioned degradation; none look into adjusting use dynamically to reduce further
degradation. For example, it is a well-known fact that the capacity drops as the used cycles
increase, but the battery is still utilised within the original full-health parameters.

A basic BMS will control only the battery packs to meet the load requirements; when
intelligent control is integrated, BMSs can reduce the causes of degradation, providing
more optimal performance and cycle life. There exist many different variations of BMSs and
intricate control algorithms that help prevent or reduce the behaviours that can accelerate
degradation of the battery. Herein lies the dilemma—these systems are designed to reduce
the cause of degradation through better utilization of the battery. However, one largely over-
looked factor is that the battery continues to be used according to its original “full-health”
specifications. Figure 3 of P. Zhang et al. [8] and Figure 11 of V. Sedlakova et al. [9] illus-
trate the well-known fact that battery capacity decreases as more cycles are utilized—the
degradation being discussed—yet the battery is still used according to the original capacity.

If discharge capacity is decreasing, essentially C-rate should be adjusted, accordingly;
the maximum voltage drops. Thus, this value should be adjusted to avoid over-charging
as charging range has dropped; essentially power density is also decreasing and therefore
the surge values should be reduced. As the cycles of the battery are the optimal range
within which the battery should charge and discharge to achieve the best longevity from
the capacity, if the battery maximum voltage drops, then essentially only a portion of the
cycle will be used (if an adjustment is made to this parameter in the BMS). This dynamic
adjustment or alteration can lead to two results: an improvement in cycle life and a
reduction in overcharge degradation.

Battery and UC degradation is a given; regardless of how well it is used, it will
degrade. Thus, the proposal is to measure the degradation, dynamically and continuously,
and include it in the parameters of the BMS and charge controller. Previous studies look
into methods of reducing the causes of degradation, but there are few studies that look into
the increase in said degradation when battery use is continued according to its initial “full
health” parameters, or the adjustment of the parameters as the battery degrades.
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