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Abstract: The adoption of electric vehicles (EVs) is increasing due to governmental policies focused
on curbing climate change. EV batteries are retired when they are no longer suitable for energy-
intensive EV operations. A large number of EV batteries are expected to be retired in the next
5-10 years. These retired batteries have 70-80% average capacity left. Second-life use of these battery
packs has the potential to address the increasing energy storage system (ESS) demand for the grid
and also to create a circular economy for EV batteries. The needs of modern grids for frequency
regulation, power smoothing, and peak shaving can be met using retired batteries. Moreover, these
batteries can also be employed for revenue generation for energy arbitrage (EA). While there are
articles reviewing the general applications of retired batteries, this paper presents a comprehensive
review of the research work on applications of the second-life batteries (SLBs) specific to the power
grid and SLB degradation. The power electronics interface and battery management systems for the
SLB are also thoroughly reviewed.

Keywords: second-life batteries; retired battery power grid applications; battery degradation; power
electronics interface; battery management system

1. Introduction

Electric vehicles (EVs) are replacing internal combustion engine (ICE) vehicles due
to the calls for CO, emissions reduction and fighting climate change. The number of
EVs around the globe is set to increase from 30 million in 2022 to 240 million in 2030 [1].
Moreover, total EV sales are expected to reach 25 million in 2025 and over 40 million in
2030 [1]. The battery packs used in the EVs are retired after the loss of 20% or 30% of
capacity (Ah) because they are no longer suitable for the energy-intensive EV operation.
Globally, the combined capacity of these retired batteries is expected to increase to an
excess of 200 GWh by 2030 [2]. On the other hand, the demand for the battery energy
storage system (BESS) for the grid is expected to grow to 183 GWh by 2030 [3]. The majority
of retired EV batteries are lithium-ion (Li-ion) batteries that can be either disposed of,
recycled, or repurposed. Disposing of huge quantities of battery packs is harmful to the
environment and also results in the loss of chemical elements. Recycling Li-ion batteries
is still a developing industry facing economic, logistical, and regulatory challenges to its
economic viability [4,5]. Repurposing the battery packs for second-life applications is a
viable and sustainable option.

Various terms that can be used for the secondary use of retired batteries are “second-
life”, “second-use”, and “reuse” [6]. We will use the term “second-life” throughout this
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paper for the reuse of the retired batteries. Second-life batteries (SLBs) can be used for a
variety of applications. For example, the retired batteries can be used to provide charging
services for an EV charging station [7,8]. However, their use as stationary battery energy
storage systems (BESSs) is more common. Repurposing retired batteries for application
as second-life-battery energy storage systems (SLBESSs) in the electric grid has several
benefits: It creates a circular economy for EV batteries and helps integrate renewable energy
sources into the electrical grid. Figure 1 shows the life cycle of a retired battery pack when
used for a second life in the grid.
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Figure 1. Life cycle of an EV battery pack.

This paper provides a comprehensive review of research works conducted in (1) degra-
dation and state-of-health (SOH) estimation techniques of SLBs, (2) applications of SLBs
in the electrical grid, and (3) power electronics interfaces for SLBs in the power grid
and identifying the potential research areas of SLB integration, reliability, and power
processing. While there have been review papers separately written on retired battery
degradation [9,10] and stationary energy storage applications of retired batteries [6,11], to
the best of our knowledge, no review paper links degradation and power grid applications.
Additionally, there is no review paper on the power electronics interface specific to SLBs.

The degradation pattern of retired batteries differs from that of fresh batteries in the
sense that the second-life aging is heavily dependent on the first-life use. Each battery pack,
therefore, follows a different trajectory of aging. The underlying mechanisms of degradation
are the same as the fresh battery. The main mechanisms include solid electrolyte interface
(SEI) growth, lithium plating, and particle fracture.

SLBESSs can provide a variety of ancillary services needed for a grid/microgrid.
These include frequency control [12], voltage regulation [13], power smoothing [14], and
peak-shaving [15]. During frequency control, SLBESSs help maintain grid stability by
adjusting charge and discharge rates rapidly in response to fluctuations in supply and
demand. Voltage regulation in a power grid refers to the ability of the system to main-
tain a stable voltage level within acceptable limits despite variations in load and other
operating conditions. Maintaining proper voltage levels is crucial for the reliable and
efficient operation of electrical devices and equipment connected to the grid. SLBs can play
a role in voltage regulation by providing energy storage capabilities. Furthermore, SLBs
prove valuable in load shifting, a strategy where excess energy generated during periods
of low demand is stored in the batteries and released during peak demand hours. This
not only optimizes the utilization of renewable energy sources but also reduces the need
for additional conventional power plants to meet peak demands, ultimately contributing
to energy efficiency and grid cost-effectiveness. The modular nature of SLBs allows for
scalability, enabling the creation of large-scale energy storage facilities. These facilities can
serve as grid-scale energy storage, providing backup power, grid balancing, and support
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for intermittent renewable energy sources, such as solar and wind. The deployment of
SLBs in grid applications aligns with the global push for decarbonization and the transition
to a more sustainable and resilient energy infrastructure.

Before employing SLBESSs in the grid, there are a number of challenges that remain to
be addressed on the regulatory and safety fronts [9,16]. One of the challenges is to design a
power electronics interface for the heterogeneous degradation of cells within the battery
modules. Moreover, different battery packs vary greatly in their degradation and first-life
use, because of which their integration into a specific application is difficult. The planned
power electronics interfaces must adhere to the restrictions of the individual batteries. The
chemistry of various types of retired batteries from different manufacturers, the state at end
of life (EoL) even for the same type of batteries, and the degradation in operation during
second-life use vary greatly. All of this complicates the integration process and necessitates
separate battery energy management circuitry that supports a single system or load made
from numerous combinations of retired batteries. Previous research on modular BESSs em-
ployed the same sort of batteries and was mostly focused on high-power, medium-voltage
grid systems (>100 kW around 3.3/6.6 kV) [17,18]. The wide range of identified applications
and their distribution according to the power level is shown in Figure 2. The unavailability
of high-voltage, high-frequency, efficient semiconductor components has caused modular
topology research projects to focus on large-scale installations [19,20]. However, the recent
advancements in the field of power electronics, such as the commercialization of gallium
nitride (GaN) devices, have made very efficient, high-voltage blocking capabilities and
high-frequency applications possible [21].
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Figure 2. Applications of SLBs against Wh capacity.

The integration of SLBs, characteristically different from each other due to distinct
usage styles, is not explored much, especially from the perspective of power electron-
ics. Modular power electronics converters are the preferred choice for integrating these
SLBs [22,23] as this topology provides better flexibility and reliability compared with the
classic two-level converter design [24]. The integration of vastly disparate kinds of batteries
into a grid-tie converter has received little attention in the literature. This is regarded as a
significant difficulty in the integration of used batteries into the grid or in their adoption
for other applications. Furthermore, the coexistence of fresh and used batteries allows
for system optimization as well as greater flexibility. To overcome this, in [25] a modular
converter is discussed that uses different battery modules. There was, however, no com-
prehensive explanation of any further operational modes. The drawback is that issues
like switching performance and efficiency, which affect the overall system reliability, were
analyzed and discussed.

Old batteries are cheaper than new ones; however, dependability is a problem because
individual cells could operate poorly or fail altogether. Thus, the overall system reliability is
affected by the interfacing converter design. A proper converter topology is recommended
for durable and dependable BESSs. The majority of recent research on the dependability
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of BESSs addressed only the dependability of power electronics components and power
converters, where it was essential to reduce the number of semiconductor switches and
optimize the components to increase reliability [26,27]. The weakest link in the power
circuit was found to be the power electronics switches. Previous studies have not looked
into the reliability of the storage source and how it affects the reliability of the entire
system [28]. The reliability of power sources is relatively high as they have low failure rates.
When determining total system reliability, the failure rate of SLBs cannot be neglected.

This review paper follows the following scheme: Section 2 briefly discusses the SLB
market. Section 3 covers the works done in modeling the degradation of Li-ion batteries
employed for second-life use. Section 4 reviews the research works on the application of
SLBs to power grids. Section 5 reviews the research on power electronics interfaces for
retired batteries followed by Section 7 which presents discussions on current and future
research areas for SLB.

2. Second-Life Battery Market

The main types of SLBs in the market are lead-acid batteries, nickel metal hydride
(NMH), and lithium-ion batteries, whereas the main battery sources are two-wheelers,
electric buses, and EVs. The economic viability of retired batteries is an important factor in
deciding their use in the grids. The SLB market is relatively new and depends on a lot of
variables. The market is immature and faces steep competition from recyclers due to the
huge demand for raw materials like cobalt, nickel, and lithium by battery manufacturers
who are looking to cut costs. SLBs also face competition from flow batteries, which can be
the preferred choice for ESSs in the grid. The gigantic global supply of retired batteries
(200 GWh) by 2030 will have significant effects on the future costs of SLBs [29]. In [30], the
authors considered the SLBs from three different EVs and worked up the cost to be USD
825/kWh and an additional USD 100/kWh and USD 1000 for capturing balance-of-system
(BOS) costs. The uncertainties in calculating the market price were addressed in [31], where
a comprehensive framework for estimating SLB cost by calculating the battery salvage
value (S) on retirement while considering the cost of fresh batteries (C,,) discounted by a
health factor (Kj) and a used product discount factor (K;;) and refurbishment cost (C,p) is
given by (1)

S = max(K,KyCp — Cpp, Cye) 1)
where salvage value (S) is the maximum of the appreciated cost at the time of the second-life
application or when sending them for recycling (C;c). A techno-economic model for PV
plus SLBESS in California using 2017 utility prices identifies two revenue streams for the
system. The first is by selling the power to the utility by storing energy in SLBESSs at the
time of low prices and selling at the time of increased prices, and second, by selling the
capacity credits [32]. The benefit—cost ratio is calculated by (2)

ZN 0 Annual Revenue
1=

(1-r)! )
Initial capital costs + YV O&Ei\{icr?fsts

Benefit — Cost Ratio =

The above study demonstrates that a system incorporating state-of-charge limits
within the 65-15% range significantly extends the project’s operational life beyond 16 years.
This projection is based on the assumption that a battery is considered to have reached its
end of life at 60% of its original capacity. In comparison to a project utilizing a new battery
with state-of-charge limits set between 85 and 20%, the economic viability of a second-life
project becomes more favorable, provided the second-life battery costs are less than 80% of
the cost of a new battery.

2.1. SLB Players in the USA Market

Long-duration energy storage requirements in the grid are being addressed by several
startups in the USA. ‘B2U Storage Solutions’, based in California, is a provider of large-scale
ESSs made of retired batteries. San-Diego-based ‘Smart” won a $10 million grant from the
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Department of Energy (DoE) to develop long-duration ESSs made of SLBs [33]. Another
California-based startup, ‘Rejoule’, is working to repurpose used batteries. Their product
BATTSCAN is a fast, reliable, and easy-to-use diagnostic tool for retired batteries. For
battery repurposing, it speeds up test time from 6+ h to 10 min.

2.2. SLB Players in the Global Market

The second-life battery market is rapidly expanding outside the United States as
companies around the world are recognizing the potential of this technology to reduce
waste and extend the life of valuable resources. In Europe, companies like Zenobe [34],
Relion, and Second Life Batteries [35] are leading the way in developing and deploying SLB
solutions for a variety of applications, including grid storage, backup power, and electric
vehicles. In Asia, Hitachi is making significant progress in this area. The Asia—Pacific region,
including Japan, China, and Korea, has one of the highest penetrations of EVs and a greater
supply of SLBs. Companies like Fortum, ION Energy Inc., and Enel X are working on the
reuse of restored batteries [36]. These companies are also taking advantage of government
policies that are supportive of the development of the second-life battery industry. For
example, the European Union has set ambitious targets for the recycling of lithium-ion
batteries, and the Chinese government has provided subsidies for the development of
second-life battery projects. These policies are helping to create a favorable environment for
the growth of the second-life battery industry outside the United States, and they are likely
to play a key role in driving innovation and investment in this area in the years to come.

3. Degradation Mechanisms and State-of-Health (SOH) Estimation of
Second-Life Batteries

3.1. Degradation Mechanisms

Charging and discharging cycles result in a decrease in battery capacity, which in-
creases resistance and reduces battery performance. The primary degradation mechanisms
for batteries are solid electrolyte interface (SEI) layer growth, lithium plating, and particle
fracture. Other aging mechanisms also occur under distinct operation conditions. Generally,
the degradation profile of a battery is nonlinear and can be broken down into two distinct
phases [37]. Figure 3 shows an initial slow degradation phase for li-ion batteries followed
by a rapid fading region, with a noticeable knee point marking the transition between these
phases. The degradation rate goes up sharply beyond this knee point. Degradation in fresh
batteries is mostly caused by the earlier linear phase, while a more detailed evaluation is
necessary for SLBs. To comprehend the current degradation status of an SLB, it is essential
to determine the battery’s historical charge-discharge profile from its previous usage. The
primary reason for this is that distinct operation conditions, i.e., charging and discharging
rates, and environmental temperatures can result in different degradation states. The
governing degradation mechanisms may vary depending on the operating conditions. In
addition, providing the charging and discharging profile during its second-life usage can
enhance the prediction of the upcoming degradation curve.

4 Non-linear aging

Cell d
08 ell sprea

06 Linear aging

04

0.2

Relative capacity

Battery life

Figure 3. Impact of uncertainties on linear and non-linear aging in battery systems. Reprinted with
permission from Ref. [38]. 2017, Elsevier.
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3.1.1. Solid Electrolyte Interface (SEI) Growth

During battery operations, a passivating layer is formed at the interface between the
electrode and the electrolyte, which is known as a solid electrolyte interface (SEI). To main-
tain a stable environment for the reaction, it is advantageous to have a stable SEI layer [39].
However, the capacity of lithium-ion batteries will deteriorate from the SEI layer’s continu-
ous growth, which will limit their lifetime. There are four major SEI growth mechanisms,
i.e., solvent diffusion, electron tunneling, electron conduction, and Li-interstitial diffu-
sion [40]. The solvent diffusion model demonstrates that the reactive solvent components
diffuse across the SEI layer [41]. An insoluble product is produced by solvent reduction,
which increases the thickness of the SEI and degrades the battery performance. In [42],
Pinson et al. illustrate that a single-particle model (SPM) can effectively account for the
observed capacity degradation in commercial cells using graphite anodes and can forecast
future degradation. Moreover, the model is expanded to encompass porous electrodes.
According to the study, the SEI layer’s growth is essentially uniform throughout the elec-
trode, even at high discharge rates [42]. The predicted SEI thickness increases linearly with
the square root of time. Electron tunneling degradation in lithium-ion batteries occurs
due to the progressive deterioration of electrode materials caused by repetitive charge and
discharge cycles. These repetitive cycles lead to the emergence of a few defects within the
electrode, which hinder the smooth flow of electrons and decrease the battery’s capacity
and overall performance with time [43,44]. The electron conduction model demonstrates
that the movement of electrons leads to the growth of SEI, which damages the battery’s
capacity [45—47]. Single et al. presented a model that includes both the solvent diffusion
and the electron conduction transport mechanisms [48]. The results depict the porosity of
the SEI layer and also capture the dual-layer chemistry and morphology. Finally, the Li-ion
interstitial diffusion model describes the gradual breakdown of the pathways that Li-ions
follow within the electrode, which leads to the capacity decay of the battery [49,50].

3.1.2. Lithium Plating

Another process that causes degradation in lithium-ion batteries is lithium plating,
which is a side reaction on the surface of the negative electrode. Figure 4 depicts the
electrochemical reactions during the charging process [51]. The intercalation of lithium into
graphite is a desired process; however, the diffusion of electrolyte solvent across the surface
film could cause the formation of new SEI In addition, lithium metal could be deposited
on the surface as the lithium plating occurs. There are two types of lithium plating:
thermodynamic plating and kinetic plating. The thermodynamic plating takes place when
the surface is fully lithiated [52]. Kinetic plating is usually caused by fast charging. Lithium
plating can occur due to a number of factors, including cold temperatures, high state of
charge, high charge current, high cell voltage, and insufficient negative electrode mass or
electrochemically active surface area [53].

® .

Li+

Electrolyte.
Solvent

’

o) Electrons o)

Figure 4. A schematic illustration of the electrochemical reactions during the charging process of a
Li-ion battery. Reprinted with permission from [51].

3.1.3. Particle Fracture

In addition to the growth of the SEI layer and lithium plating mentioned above, there
is another notable degradation mechanism, namely, particle fracture, that occurs during
the usage of batteries. The reason for particle fracture is the volume changes in electrode



Batteries 2023, 9, 571

7 of 22

materials and the mechanical stress caused by electrochemical operations [54]. It may
occur on both electrodes and has several consequences [53]. Disruption in the electrical
connections between active particles, conductive additives, and the current collector results
in a decrease in electronic and ionic conductivity. The capacity of the battery deteriorates
as it continues to charge and discharge. Particles that exceed a specific critical size undergo
fracturing and break into isolated islands [55].

3.1.4. Other Degradation Mechanisms

Many other degradation processes are recognized, including salt precipitation, current
collector corrosion, binder decomposition, separator pore blockage, electrode—current col-
lector delamination, and electrolyte evaporation. The specific details of these degradation
processes are thoroughly covered in separate reviews [56-58]. However, this work focuses
on providing readers with an overview of the primary degradation mechanisms encoun-
tered during typical SLB usage, enhancing the comprehension of the most crucial aspects
of battery performance and reliability.

3.2. State-of-Health (SOH) Estimation for SLBs

The mathematical methodologies of battery performance modeling and SOH estima-
tion primarily fall into three categories: physics-based electrochemical models, electrical-
equivalent circuit models, and data-driven models. These modeling and prediction ap-
proaches have been extensively reviewed [59,60], and thus they are not elaborated in this
work. The degradation mechanisms mentioned above indicate that the degradation of
SLBs is greatly influenced by their previous first-life usage. Particularly, the nonlinear
aging region’s appearance and timing during the first utilization are essential for predicting
degradation in its second utilization, as illustrated in Figure 3 [38].

It is hard to predict whether the battery can provide sufficient power in its second-life
usage due to the uncertainty of the aging knee. With distinct approaches, i.e., Bacon-Watts,
maximum curvature, and slope changing ratio, distinct aging knees are obtained based on
a group of cells dataset [61-64]. Pozzato et al. presented an enhanced single-particle model
(ESPM) that incorporates a mechanism for the loss of active material [65]. The integrated
model accurately predicts the capacity degradation pattern, which is crucial for evaluating
the viability of batteries intended for reuse in second-life applications. The ESPM model
accurately predicts the voltage variation of the battery, including that of the fresh battery at
the beginning and the voltage after 1000 and 3300 cycles of usage.

4. Applications of Second-Life Batteries in Electrical Grids

The complexity of the modern power grid has increased manyfold on the consumption
side as well as the generation side. On the consumption end, the demand response and
intelligent load management make the load a lot more dynamic than before [66]. With the
increase in intermittent renewable power sources such as wind and solar in the generation
mix, there is more uncertainty in the system. There is a need for backup power sources
in cases where the supply does not meet the demand. Moreover, there is a need for a
storage solution when the supply of power is in excess of the load. The provision of
conventional power sources, such as thermal generation, as a backup is costly as well as
contrary to global carbon reduction goals. The use of energy storage systems (ESSs) for
the electrical grid, therefore, has increased lately for the integration of renewable energy
storage. Large-scale battery storage is expected to reach 12,000 MW in the USA, with
California Independent System Operator (CAISO) leading among the utilities, followed
by the Electric Reliability Council of Texas (ERCOT) [67]. Fitzgerald et al. identified
13 different application areas and three different stakeholders for the energy storage system
in an electrical grid. The three stakeholders are transmission system operators (TSOs),
utility companies, and consumers [68]. Many works have reviewed the applications of
fresh BESSs [69,70] and other types of ESSs [71-73] in the power grid. The SLB packs for
stationary ESSs in the grid are a relatively new concept that is not only cheap but can also
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generate profit while promoting the circular economy of EV batteries. Various power grid
services for SLBs are discussed below.

4.1. Power Smoothing

Renewable energy sources like wind and solar are highly intermittent in nature. They
can cause a lot of uncertainty on the power generation side and need to be supported by
backup generation, which can be costly. For integrating the intermittent sources in the
grid, SLBESSs can provide power smoothing services. The sizing of SLBs is performed
in [74] for power smoothing or variability smoothing. A mixed least-squares estimator
ramp-rate-compliant (MLSERRC) algorithm smooths the plant power output, followed by
an optimization algorithm that provides a charging and discharging profile for SLBs.

4.2. Peak Shaving

The electrical load of any utility or microgrid varies greatly over the time of the day
and also throughout the seasons of the year. The highest amount of load is called load peak.
The utility must be able to supply power to the load at all times, which means that the
generation will vary throughout the day. Also, the designed capacity of generation needs
to be according to the peak load, which increases cost since the generating plants are not
running at their capacity throughout the day. SLBESSs can provide peak shaving service by
providing the power at the peak hours and hence reducing the amount of peak load capacity.
In [75], SLB packs from different EVs are tested for various grid services that include peak
shaving. Standard hardware tests are performed along with a few analytical methods on
various battery packs, including the 2019 Tesla Model 3 SR+, 2018 Chevrolet Bolt, 2015
BMW i3, 2012 Nissan Leaf, and 2012 Lishen EV-LVP. The study concluded that SLBs of
various makes differ greatly under grid operation. Moreover, one SLB pack can be very
different from another even if they both are made from the same chemistry. This is because
the first-life use of two different batteries has a lot of bearing on their second-life use.

4.3. Energy Arbitrage

Exchanging power from the utility based on the electricity tariff to maximize revenue
is called energy arbitrage. SLBESSs can be used to maximize revenue by using energy
arbitrage. In [76], a PyBaMm (python battery mathematical modeling)-based degradation
and optimization of SLB cells is performed against Michigan’s DTE utility tariff. The peak
shaving against the summer’s time of use (ToU) tariff is classified as the best use case for
the particular region and geography. In [32], the authors developed a techno-economic
framework for a PV and SLBESS system and calculated that an SLBESS can be cheaper than
a fresh ESS if the SOC window is maintained between 80 and 20%.

4.4. Frequency Containment Reserve (FCR) Service

The frequency in the power system is a sensitive parameter that must always be
maintained at a particular value. There is a minimum and maximum threshold that is
allowed by various system operators depending on the country or the geography. The
ancillary service to maintain the frequency within this threshold is called frequency control,
frequency containment reserve, or frequency regulation. SLBs are tested for FCR for a
Czech Republic case, and its technical and economic feasibility framework is evaluated [77].
The return on investment (ROI) varies between 8% and 21%. Six different EV batteries of
varied chemistries were experimentally tested in [76] for frequency regulation (FR) service.
The authors found that energy efficiency in batteries takes precedence over energy density
for frequency regulation services.

Apart from utilities, the SLBESS for local energy communities is also a viable option.
A local energy community is one in which a community’s energy needs are met locally
without dependence on the utility. A techno-economic framework for SLBESSs for a local
energy community is discussed in [78]. Table 1 lists the summary of research papers for
SLBESS operation in the electrical grid.
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Table 1. Summary of works on SLB applications in power grids.

. . . Hardware/Software-
Grid Service Type Method/Algorithm Based Study Results
. SLB sizing using MLSERRC One-year current profile of
Power smoothing algorithm Software based SLB cell [74]

Peak shaving

Comparative assessment of
battery performance using
analytical techniques

Performance ranking of 5

Hardware-based testing different battery packs [75]

Frequency regulation

Thermal response and
ranking of EV batteries [76]

Cycling of battery in

: Hardware based
experimental setup

Erequency Techno-economic framework Software based Economic parameters and
containment reserve results [77]
Energy arbltra.ge and PyBaMrr.l-b.asef:l dggradatlon Software based Cgll c.iegradatlon and
peak shaving and optimization in Pyomo optimized revenue [79]
Revenue generation by
arbitrage and selling Technoeconomic framework Software based Cost-benefit calculation [32]

capacity credits

5. Power Electronics Interface for Second-Life Batteries

The difficulty in assembling and aggregating second-use batteries to function together
in a system is the heterogeneity in their capacity and power limits, which might change
as their health deteriorates. This section analyzes the power converters’ topologies and
power processing architecture for SLBs to be used for energy storage purposes, which
are individually heterogeneous. Various power processing architectures are compared
along with power converter topologies to identify the optimal solution that ensures high
reliability and efficient integration. Figure 5 shows the fundamental system structure for
different capacities and types of SLBs. BTN refers to the Nth-connected battery. Matching
between the source side and the DC link is performed through a power electronics interface,
which is further sourced to the load or inverters for onward conversion.

)

. )
BT1
T
BTZF Power Load
L Electronics |DC Link Or
Interface Inverter
+
BT2
T )
——

Figure 5. System interconnection structure.

5.1. Power Processing Architectures

The traditional strategy for SLBs with heterogeneous characteristics is to process each
battery’s power individually and to individualize each battery’s power trajectory [80]. A
canonical network is presented in Figure 6a, which contains the interconnected network of
batteries with the power converter network; for the new batteries that have high homoge-
neous characteristics, the conventional power processing (CPP) approach is adopted. The
cost and power rating of the converter can be reduced with the partial power processing
technique [81]. Moreover, reducing the power rating increases efficiency and lowers the
thermal management cost [82]. The partial power processing architecture is shown in
Figure 6b, from where it is evident that the mismatched power is processed instead of full
power, which helps in reducing the power ratings. The conventional strategy for handling
two BESSs is to individually process the power from each battery to adjust the heterogeneity
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issue, as shown in Figure 6¢, termed the full power processing (FPP) architecture. The
drawback of the FPP approach is that the power ratings of the converter must be at least
equal to the battery ratings, leading to higher system costs as the cost is directly propor-
tional to the power ratings. Moreover, the efficiency is also the least in this case as it heavily
depends on the power converter’s efficiency. For instance, to gain the overall 99% system
efficiency, the converter efficiency must be at least 99% too, which means higher cost.

]
Bl |\
1

“E ) _]_—__

. B2 :%
r°q o =
= i —|
BT1 -|_| Bni1 _|_|
T
= Power 1t e i
BT2 Bnt2 L -
T : Comerter : T I 'L C_DlOutput
BTN—_II% BN % (‘DlOUtPUt : —[
(a) T P ework |

Power
Converter
Network BNz =

: =
BN-2 — -
!

BN-1 —

[

e

mlm
—
|
I

BN-1

BN —

-
|
|

BN —

|

1T
1
®

Figure 6. (a) Battery energy storage system—interconnection, (b) conventional partial power process-
ing (C-PPP) architecture, (c) full power processing (FPP) architecture.

The partial power processing approach is a good alternative to the conventional
approach as it offers high efficiency, low cost, and low thermal requirements; however,
accommodating the heterogeneities of the used batteries is still a challenge. Recently, a
new lite-sparse hierarchical partial processing (LS-HiPPP) was proposed, demonstrating
promising results and optimization [83]. With increased heterogeneity, the C-PP and FPP
approaches become more inefficient and an unfeasible choice. The LS-HPPP architecture
ensures that, unlike the conventional approaches, the power capability is not compromised
for similar-rated power converters. Another advantage of the LS-HiPPP architecture is its
lower sensitivity to the battery heterogeneity, leading to high power derating. Combined
with the increased power capability, it is more cost-efficient. Table 2 presents a performance
comparison among the discussed architectures [84]. The goal is to maximize the battery
utilization factor, which can be achieved by minimizing the power processing. The inherited
heterogeneity with the SLBs yields performance issues. Therefore, the sensitivity of output
power to heterogeneity is a major research challenge. The power derating and the capture
value for power capability in a second or used BESS can be obtained with the help of Monte
Carlo analysis [85].
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Table 2. Comparison of power processing architectures.

Architecture FPP C-PPP LS-HiPPP
Efficiency ! 85% 91% 97%
Utilization 100% 81% 95%

Cost 2 5x 1x Ix

! Efficiency refers to the electrical system efficiency and does not include the auxiliary power consumption. 2 Cost
refers to the normalized cost of power converters for constant $/kW. The base value is the power converter cost of
LS-HiPPP and C-PPP.

The LS-HiPPP architecture comprises low-power converters and a few high-power
converters. The hierarchy in partial power processing is used to take an economic advantage
by lowering the number of required converters. The up-to-date and most optimized
solution for implementing the LS-HiPPP architecture is shown in Figure 7. It consists of
two layers: the first layer consists of every one of the few high-power converters, whereas
the second layer holds many low-power converters. It can be noted that layer 2 (lite
converters) includes a bus voltage regulator to process the mismatch between the battery
string and the potential required by the load. Only the mismatched power is processed
by these converters, but compared with the ratings of the traditional power processing
architectures, it needs lower-power-rated converters. In this way, the heterogeneity of
the SLBs is adjusted, and the associated issues are resolved. A parallel approach for the
LS-HiPPP is discussed in [86]. In comparison with FPP and C-PPP, LS-HiPPP delivers
improved battery use and higher system efficiency by adopting a unique hierarchical
power processing architecture. By including the second-use battery supply’s heterogeneity
statistics, LS-HiPPP is less sensitive to individual battery variation and has higher power
derating and power capture values than FPP and C-PPP. Compared with FPP, LS-HiPPP
requires only one-fifth of the power converter rating at 95% battery use. The use of artificial
intelligence (AI) techniques to extend and improve the strategies reviewed is a great
potential research area. Moreover, improving SLB models by including more parasitic
elements and prognostic techniques is also a worthy research direction.
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Figure 7. Lite sparse hierarchical partial power processing (LS-HiPPP) architecture.
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5.2. Reliability

SLBs are more affordable, but reliability is crucial to take into account because the
used batteries could degrade. The converter topology design can be used to increase the
reliability of the entire system. This research looks into the various power electronics
converter topologies to date from the reliability perspective and recommends the most
suitable topology. Various topologies with variations in the power electronics and battery
connections are discussed. The data from the handbook MIL-HDBK217 [87] are utilized
for reliability estimation. Moreover, as the power converters consist of various active and
passive electronic components, the bathtub failure-rate curve has been used to discuss
electronic equipment reliability, as shown in Figure 8 [88]. The bathtub failure-rate curve
(the blue curve) is the sum of infant mortality, random failure, and wear-out curves.
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Figure 8. Bathtub Failure Rate Curve for Reliability Assessment.

The reliability estimation technique presented in [28] can be used to compute the
system reliability, also depicted in Equation (1).

R(t) =TI" ;e At 3)

where A; is the failure rate of component i and 7 is the total number of power stages. For
the case in which the system comprises a different number of power stages, the reliability
can be assessed as shown in Equation (2), where R; is the individual reliability of the power
stage and n represents the total number of power stages.

Ry =TI 4 R; 4)
Figure 9 presents the reliability block diagram, including the power stages. Systems are
considered to have k-out-of-m redundancy if there are ‘n” number of modules in them, and

‘k’ of those modules must work properly for the system to function properly. Equation (3)
can be used to calculate a structure’s reliability.

R(kn) =YY", (’;) (Ru)i(1 = Ryp)"=i¥n > k ®)
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Figure 9. Power stages—conventional battery energy storage system.

5.2.1. Single-Stage Converter

Figure 10a depicts the scenario when the number of battery cells is connected in series
from a battery bank, which results in a single-stage converter topology. The reliability
block diagram for the single-stage BESS is shown in Figure 10b. The reliability diagram
shows that the system reliability is greatly affected by the reliability of individual cells,
mathematically written as in Equation (4). This topology ensures a high efficiency of over
95%; however, the failure of a single cell can cause overall system failure. An LCL filter is
utilized for the grid interconnection on the output side.

At = (NAcenr) + (Apc—ac) + (Aritter) (6)
e
i | ———— e ——
L= |
g _L|_ tneside ||
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= I I | |
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L) | e [
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()
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Figure 10. (a) Single-stage converter topology and (b) reliability block diagram of single-stage converter.

5.2.2. Two-Stage Converter

In the two-stage topology, the high-voltage battery bus is no longer needed compared
with the single-stage topology. In this scheme, the DC-DC converter stage ensures a stable
DC-link voltage by decoupling the main inverter DC-link to the battery. This allows
operation over a wide modulation range index. The topology and reliability diagram
are shown in Figure 11a and Figure 11b, respectively. There is a limit when reducing the
series-connected batteries due to boosting requirements because a very high boost ratio
will result in poor efficiency. The failure rate of this topology is given in Equation (5).

At = (NAcar) + (Apc/pe) + (Apcyac) + (Aritter) ()
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Figure 11. (a) Two-stage power converter topology and (b) reliability block diagram of two-stage
power converter.

5.2.3. Two-Stage Topology with Redundant Cell Mechanism

In this converter topology, the reliability of the two-stage topology is enhanced by ap-
plying cell redundancy. The cell redundancy is implemented by a cell-bypassing approach
through the utilization of switches as shown in Figure 12a, followed by the reliability
diagram in Figure 12b. The mathematical representation is almost the same as for the
simple two-stage approach, and the Ay, can be extracted from Equation (3).
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Figure 12. (a) Two-stage converter with cell redundancy and (b) reliability diagram of two-stage bess
with cell redunancy.

5.2.4. Three-Stage Converter

The three-stage converter topology is one of the most commonly used and found in
the literature. In this configuration, a high-frequency transformer is utilized for boosting
purposes from the battery voltage as depicted in Figure 13a and followed by its reliability
block diagram in Figure 13b.

The battery-side DC voltage is converted into high-frequency AC and then again to
DC before passing it on to the grid through an inverter. This topology offers isolation due
to the use of a transformer. However, the component count is also increased compared with
the two-stage approach. The unit failure rate for N number of cells can be represented as

At = (NAgerr) + (ApaB) + (Apc—ac) + (Aritter) (8)
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Figure 13. (a) Three-stage high-frequency (HF)-link converter topology and (b) reliability block
diagram of the three-stage hf-link converter topology.

5.2.5. Cascaded Multilevel Converter

This topology’s modular design provides increased reliability. Reliability is increased
as a result of fewer series-connected batteries, as evident in Figure 14a. Multiple sets of
‘m’” modules with a lower number of series-connected batteries can be formulated and
connected in the cascade configuration. The overall cost of this topology will be high due to
the high component count required for improved reliability. The reliability block diagram
is presented in Figure 14b. The failure rate is presented in Equation (7). From the block
diagram, it can be seen that for modular topologies, the reliability calculation is performed
in two steps: the reliability of individual units and then the addition of the redundancy step.
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Figure 14. (a) Cascaded multi-level converter topology and (b) reliability block diagram of cascaded
multi-level topology.

5.2.6. DC-DC Converter Integrated Cascaded Multilevel Converter

Compared to the previously discussed cascaded multilevel converter, a DC-DC converter
is present with each module in this topology, providing the functionality to charge each
module at distinct currents. It needs a lower number of modules to be connected to the grid
while maintaining the same number of series-connected batteries. The topology structure
and the related reliability diagram are presented in Figure 15a and Figure 15b, respectively.
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The failure rate can be presented as
Aunit = (NAcen) + (Apc-pc) + (Abc-ac) (10)

It is clear that this topology ensures high reliability and redundancy with fewer battery
cells than the simple cascaded multilevel topology.
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Figure 15. (a) Cascaded multilevel converter with integrated DC-DC converter and (b) reliability
block diagram of cascaded multilevel converter with integrated DC-DC converter topology.

6. Battery Management System (BMS) for Second Life Batteries (SLBs)

A battery management system (BMS) plays a crucial role in the optimal performance
and safety of SLBs. A robust BMS is essential to ensure efficient and safe utilization of
these batteries. SLBs often consist of multiple cells, each with its own unique characteristics
due to the varying usage patterns in their first life [89]. The BMS monitors individual
cells” voltage and state of charge and performs cell balancing to equalize their energy
levels. This ensures that no single cell is overcharged or over-discharged, which can
lead to reduced capacity and safety hazards. Managing temperature is critical for the
longevity and safety of batteries [90]. The BMS monitors the temperature of each cell and
the overall battery pack. If temperatures rise beyond safe limits, the BMS can initiate cooling
systems or, in extreme cases, disconnect the battery to prevent thermal runaway. Accurate
estimation of the SOC and SOH is vital for understanding the battery’s available energy
and predicting its lifespan [91]. The BMS uses algorithms and sensors to continuously
assess these parameters, allowing users to make informed decisions about the battery’s
usage and replacement timing. Second-life batteries may have internal or external faults
due to wear and tear. The BMS continuously monitors for abnormalities like voltage spikes,
current imbalances, or abnormal temperature fluctuations. If a fault is detected, the BMS
can isolate the problematic section or, in some cases, the entire battery to prevent further
damage. BMS systems in second-life batteries are often equipped with communication
interfaces that allow for remote monitoring and control. This feature enables integration
with energy management systems and facilitates data logging for performance analysis
and predictive maintenance. The BMS regulates the charging and discharging processes
to prevent overcharging, over-discharging, and excessive current flows. This ensures the
safe and efficient use of the second-life battery in various applications, such as stationary
energy storage for homes, businesses, or renewable energy installations. SLBs may have
huge differences in the SOH level of individual cells. The worst cell in that case may
affect the performance of the battery pack. An active balancing approach for a BMS in [92]
balances the SOH of each cell in an SLB, which results in decreased degradation of the pack
over time.
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Research in battery management systems (BMS) for SLBs faces several intriguing chal-
lenges and opportunities. Optimization algorithms tailored to the unique characteristics of
second-life batteries could enhance economic and environmental benefits by identifying
optimal charging and discharging strategies. Considering factors like aging and previous
usage, predictive modeling for battery performance remains an essential research gap to im-
prove state-of-charge and health estimations. Advanced diagnostic techniques are needed
for non-intrusive fault detection and characterization, addressing the complexity of internal
defects and assessing the impact of prior usage on battery health. Integrating second-life
batteries into renewable energy systems requires exploration, focusing on the effective man-
agement of intermittent energy sources and developing control strategies [93,94]. Lifecycle
analysis and environmental impact assessments are crucial for understanding the overall
sustainability of repurposed batteries. Standardization and interoperability gaps must be
addressed to create common protocols and communication interfaces. Understanding user
behavior, acceptance, and preferences is pivotal for designing user-friendly interfaces and
educational materials [95]. Evaluating economic viability and establishing business models,
along with defining reliability and safety standards, are essential for the widespread adop-
tion of repurposed batteries. Grid integration challenges, such as bidirectional power flow
and grid stability, present additional areas for investigation. Addressing these research
gaps will contribute to the advancement of SLB technology, making it a more reliable,
cost-effective, and sustainable solution for energy storage applications.

7. Discussion

The primary degradation mechanisms affecting the lifespan of lithium-ion batteries
include SEI growth, lithium plating, and particle fracture. SLBs have similar degradation
mechanisms compared with fresh cells, but these mechanisms differ in their dominance
over the lifecycle of batteries. Consequently, this divergence produces distinct patterns in
the state-of-health curve for secondary batteries compared with fresh cells. Moreover, the
precise prediction of secondary battery aging is highly dependent on their initial operating
conditions during their initial use. That is, distinct operating conditions can affect the
timing of knee point appearance, resulting in different rates of degradation in their second-
life applications. This field will keep progressing with numerous potential extensions and
generalizations. In addition to acquiring charge—discharge profiles during first-life usage,
assessing various statuses at the beginning of second-life usage, i.e., the lithium plating
level and SEI layer thickness, is also beneficial for accurate SOH estimation. Therefore, the
study of developing new techniques to detect these statuses can certainly bring additional
opportunities. As the models for SLB usage become more refined and the accuracy of SOH
prediction increases, system-level simulations and cost-effective analysis, i.e., a renewable
system that includes photovoltaics, wind turbines, electrical grids, and batteries, will
provide more useful guidance in practical applications.The development of solid-state
batteries is attractive in recent studies. The modeling of its performance is challenging due
to the complexity of its structure configuration and “complex chemo-mechanics at both
electrodes and interfaces that cannot be any longer buffered as by liquid electrolytes” [96].
Meanwhile, a good understanding of its degradation mechanisms is crucial to estimating
the lifespan of its second-life applications.

The use of SLBESSs in the power grid may look promising, but there is a need to look
into the optimized operation of SLBESSs in the grid. Moreover, EV packs from different
EVs and manufacturers are suitable for various grid services. Correctly assembling the
used battery packs is essential for increased efficiency and safety.

The power-electronics-based power processing architectures for integration with the
SLBs were covered, and their advantages and disadvantages were analyzed after an in-
depth comparison. The important aspects of system efficiency, battery utilization, and
converter ratings were analyzed. This paved the way for understanding and resolving the
challenge of the heterogeneous characteristics of used batteries. From the power electronics
reliability perspective, the single-stage converter reliability becomes drastically reduced
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after around five years, which identifies that the series-connected batteries are the weak link
in the reliability analysis. The conventional single-, two-, and three-stage topologies cannot
meet the reliability requirements. Thus, the addition of redundancy enhances reliability. A
wide research potential is available in the area of redundancy addition to the fundamental
topologies. Moreover, improved and intelligent mathematical models can be formulated
and translated into power electronics topologies with better reliability.

8. Conclusions

This paper presents a comprehensive review of the degradation of SLBs and their
use in the power grid. The SLB market is growing and a glimpse of active startups is
presented. The degradation of these SLB packs differs from the degradation of fresh
batteries due to these packs’ heavy dependence on first-life battery use. The degradation
modeling of SLBESSs is an active research area. Moreover, for the integration of SLBs,
the power-electronics-based power processing architectures were analyzed, and the LS-
HiPPP architecture was identified as the most suitable one in terms of incorporating the
heterogeneity of the used batteries and optimizing the overall system cost and efficiency.
Another important parameter, namely, the power rating of the converter, was discussed,
and strategies were identified to lower the power rating of individual converters, which
leads to overall high efficiency and low system cost. Adjusting the heterogeneity of used
batteries through modified power processing architectures and modern control techniques
is a good potential research avenue. Various power-electronics interfacing topologies for
SLBs were discussed and compared from the reliability point of view, and the integrated
DC-DC converter for the cascaded multilevel converter was identified as the most optimal
topology. Moreover, the advantages and drawbacks of all existing topologies were covered,
and the shortcomings and potential research areas for improvements were identified.
Future research work should be focused on increasing the redundancy level for existing
converter topologies and proposing new topologies. Though sustainable, second-life use of
EV batteries faces challenges on the regulation, safety, and technical fronts.
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Nomenclature

BESS battery energy storage system

BMS battery management system

CppP conventional power processing

EA energy arbitrage

EoL end of life

ESPM enhanced single-particle model

FPP full power processing

FR frequency regulation

ICE internal combustion engine

LS-HiPP lite-sparse hierarchical partial processing
MLSERRC  mixed least-squares estimator ramp-rate compliant
SEI solid electrolyte interface

SLB second-life battery
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SLBESS second-life battery energy storage system
SoH state of health
SPM single-particle model
Tol time of use
Acell individual cell reliability
ADC—AcC reliability of DC-AC converter
Afilter reliability of filter stage
AT total reliability
reliability function of a system considered to have k-out-of-m redundancy if
R(k,n) . .
there are ‘n” number of modules in them
R; individual reliability of the power stage
Ry reliability of the overall module
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