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1 Introduction 

The future of sustainable transportation is closely tied to 

the widespread adoption of electric vehicles (EVs). As the 

transportation sector remains one of the largest contribu-

tors to greenhouse gas emissions, the European Union 

(EU) has set ambitious targets to reduce CO₂ emissions 

from this sector by up to 37.5% by 2030 [1]. In response 

to global climate goals, EVs are increasingly replacing in-

ternal combustion engine (ICE) vehicles [2]. The global EV 

fleet has expanded rapidly, surpassing 7 million vehicles  

by 2019 [3]. According to the Bloomberg EV Outlook 2022, 

this growth is expected to accelerate, with projections of 

700 million passenger EVs and an additional 750 million 

two- and three-wheeler EVs on the road by 2040 [4]. Lith-

ium-ion batteries (LIBs) are widely used in electric vehi-

cles due to their high energy density (200–250 Wh/kg), 

excellent coulombic efficiency (nearly 100%), and minimal 

memory effect. In the automotive sector, a LIB is typically 

deemed unsuitable for continued use once its capacity 

drops below 80% of the nominal value [5]. With the rapid 
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expansion of the EV market, the number of retired batter-

ies are increasing significantly, leading to growing envi-

ronmental concerns. Notably, the total potential storage 

capacity of second-life batteries (SLBs) is projected to 

reach approximately 1,000 gigawatt-hours by 2030 [6]. 

The disposal of these large volumes of battery packs poses 

significant environmental risks and leads to the loss of val-

uable chemical materials. Although lithium-ion battery re-

cycling is gaining attention, it remains an emerging sector 

that faces various economic, logistical, and regulatory ob-

stacles, limiting its commercial feasibility. In contrast, re-

purposing these battery packs for second-life applications 

presents a practical and environmentally sustainable alter-

native [2]. Concurrently, the global push to reduce carbon 

emissions has fueled a surge in renewable energy instal-

lations. Yet, the intermittent nature of renewables like so-

lar and wind introduces variability into power generation, 

posing challenges for grid integration. Energy storage sys-

tems (ESS), especially those utilizing batteries, play a cru-

cial role in addressing these challenges by stabilizing volt-

age, improving reliability, and enhancing grid flexibility. 

The convergence of these trends the surge in EV battery 

retirement and growing demand for stationary storage 

presents an opportunity to repurpose end of life of LIBs for 

second-life applications. This not only mitigates environ-

mental harm and resource depletion but also contributes 

significantly to zero-waste and zero-carbon goals. Never-

theless, safe and efficient reuse of these batteries requires 

intelligent oversight, which is where battery management 

systems (BMS) become essential. By monitoring and opti-

mizing performance, BMS technologies are pivotal to ena-

bling the sustainable deployment of second-life batteries 

[5]. This paper reviews the technological advances in BMS 

for second-life LIB applications, highlighting their role in 

reducing waste and carbon emissions, and supporting a 

circular energy economy. 

2 Literature Review 

2.1 Overview of Second-Life Batteries 

A second-life battery refers to a retired EV battery that 

retains 70–80% of its original capacity and can be repur-

posed for energy storage applications. As shown in Fig. 1, 

the typical EV battery lifecycle includes three phases: 

Phase 1 (First Life): Active use in EVs with 100–80% ca-

pacity retention. Phase 2 (Second Life): After falling below 

80%, the battery is retired from EV use but remains viable 

for stationary energy storage. Phase 3 (Recycling): Once 

capacity drops below 30%, the battery is fully recycled [7]. 

Recycling, especially for lithium, remains expensive recy-

cled lithium can cost up to five times more than newly 

mined material, with overall recycling costs ranging from 

17–75 $/kWh. As cobalt usage declines, recovering it be-

comes less economical. Without large-scale recycling, ris-

ing demand for lithium, nickel, and cobalt could surpass 

global reserves. Extending battery life through second-life 

applications not only delays recycling expenses but also 

maximizes resource use and supports environmental sus-

tainability [8]. SLBs offer a sustainable, cost-effective so-

lution for energy storage. They support resource conser-

vation, reduce overall battery costs through extended use, 

and provide flexible performance across diverse applica-

tions [7]. Life cycle assessment (LCA) compared reuse and 

repurpose scenarios, showing higher climate change (CC)  

          Figure 1. Lifespan phases of an EV battery.   

impact during manufacturing due to energy-intensive pro-

cesses and metal refining. Despite this, repurposing re-

duced emissions to 0.22 kgCO₂eq/kWh (vs. 0.27 for re-

use), with up to 25% benefits in acidification impact. 

Sensitivity analysis highlighted that reuse only lowers CC 

impact if the electricity mix is below 113 gCO₂eq/kWh, and 

that shorter second-life duration significantly increases 

environmental burden. Combining long-lasting battery 

chemistries with low-carbon electricity and eco-driving 

practices maximizes environmental benefits [9]. Second-

life applications of LIBs significantly reduce environmental 

impacts across most categories. Compared to EV-only use, 

cascaded (EV + stationary) use lowers impacts such as 

freshwater ecotoxicity, eutrophication, human toxicity, 

and metal depletion by over 30%, mainly due to extended 

electricity delivery over the battery's lifetime as shown in 

Table 1, the data were collected from [9]. These benefits 

are more pronounced in impact categories less influenced 

by electricity production. High-energy-density LIBs (e.g., 

NMC, NCA) generally show better environmental perfor-

mance due to lower material use, but they gain fewer ad-

ditional benefits from second-life applications [10]. From 

an environmental perspective, SLBs help lower emissions 

by delaying resource intensive mining and recycling. Re-

purposing can reduce peak emissions by up to 56%, cut 

metal depletion by over 30%, and reduce GHG emissions 

by 15–70% depending on application. With an expected 

300 GWh of end-of-life (EoL) battery capacity by 2030 and 

only 5% currently recycled, reuse before recycling is both 

environmentally and economically advantageous [8]. 

The SLBs market is rapidly growing beyond the United 

States, as global companies recognize its potential to re-

duce waste and extend battery life. In Europe, firms like 

Zenobe, Relion, and Second Life Batteries are advancing 

SLB solutions for grid storage, backup power, and mobil-

ity. In Asia, with high EV adoption, companies such as Hi-

tachi, Fortum, ION Energy Inc., and Enel X are actively 

repurposing retired batteries. Supportive government pol-

icies such as EU recycling targets and Chinese subsidies 

are fostering innovation and investment, creating a favor-

able environment for SLB industry growth worldwide [2]. 

The main types of SLBs on the market include lead-acid, 

nickel-metal hydride (NiMH), and lithium-ion batteries, 

primarily sourced from two-wheelers, electric buses, and 

EVs. Their economic viability plays a key role in determin-

ing suitability for grid applications as shown in Table, the 

data were sourced from [15]. However, the SLB market is 

still emerging and influenced by many variables.  
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Table 1: Per-kWh environmental impact of reused and    

repurposed applications. 

 

It faces strong competition from battery recyclers driven 

by high demand for critical materials like cobalt, nickel, 

and lithium as well as from alternative technologies like 

flow batteries, which are often favored for grid-scale en-

ergy storage [2], [11].  

Preliminary studies show that, cathode nanomaterials can 

be toxic, but replacing cobalt and nickel with less harmful 

metals like manganese may improve safety and sustaina-

bility. Fires, explosions, and chemical leaks are the most 

frequent hazards, releasing toxic substances such as HF, 

CO, HCN, metal nano-oxides (e.g., NMC, LMO), and elec-

trolyte degradation products. These pollutants can con-

taminate soil, water, and air, with potentially severe im-

pacts on wildlife and human health especially during EV 

fires involving HF exposure [12]. 

One major application area of SLBs is grid energy storage, 

especially as power systems integrate more intermittent 

renewable sources like solar and wind. SLBs can support 

grid reliability by providing essential services such as [2]:  

a) Power Smoothing: Mitigating the variability of re-

newable generation by stabilizing short-term fluctua-

tions.  

 

b) Peak Shaving: Reducing demand spikes during peak 

hours, which lowers grid strain and generation costs.  

 

c) Energy Arbitrage: Enabling users to store electricity 

when prices are low and discharge when prices are 

high, improving economic viability. 

 

d) Frequency Regulation: Maintaining grid frequency 

stability through fast response services, crucial in re-

gions with high renewable penetration.  

Their cost-effectiveness and environmental benefits make 

SLBs a valuable asset for advancing the sustainable en-

ergy infrastructures, provided technical challenges like 

degradation, state-of-health variability and system inte-

gration are addressed through robust battery manage-

ment systems [2], [5], [8].  

 

Table 2: Potential applications of second-life batteries. 

 

2.2 SLB vs New Batteries: A Comparison 

Second-life batteries present a compelling economic alter-

native to new lithium-ion batteries, with estimated costs 

between 90–105 $/kWh nearly 50% lower than new LIBs, 

which average around 209 $/kWh. This cost advantage 

makes SLBs particularly attractive for stationary energy 

storage applications. However, this benefit must be 

weighed against key challenges such as uncertain remain-

ing useful life (RUL), variable performance, and additional 

refurbishment or testing costs [8]. However, as LIB prices 

continue to decline projected to reach 40–70 $/kWh by 

2030 the economic advantage of SLBs may narrow. Cost 

estimates for SLBs range from 38–300 $/kWh depending 

on remaining capacity, chemistry, and intended use. Re-

furbishment adds 12–50 $/kWh, with disassembly and 

state of health (SoH) testing contributing significantly to 

cost [13]. SLBs also ease the integration of renewable en-

ergy sources (RES). Second-life battery energy storage 

systems (SLBESSs) offer similar performance to new sys-

tems at a fraction of the cost estimated at 31.7% in one 

study enabling broader RES adoption and affordable grid 

support as shown in Table 3, the data were summarized 

from [26]. They also increase the residual value of EVs. 

For example, the Nissan Leaf’s battery was valued at 

$15,000, with $3,040 attributed to second-life applications 

[14]. However, early adopters may benefit less due to the 

rapid decline in battery prices (up to 70% since 2011). 

Battery costs have consistently dropped: from 732 $/kWh 

in 2013 to 151 $/kWh in 2022, with forecasts predicting 

40–70 $/kWh by 2030 and 40–50 $/kWh by 2050 [13]. 

SLB prices vary widely from 38-300 $/kWh depending on 

remaining capacity, chemistry, and usage. Refurbishment 

adds 12–50 $/kWh, with SoH testing and disassembly ac-

counting for up to 13% of costs. Studies suggest using 

cost-benefit frameworks to determine when refurbishing 

becomes less viable than recycling [13], [15]. 

Studies suggest implementing cost-benefit frameworks to 

determine the economic cut off for refurbishment versus 

recycling, as beyond certain thresholds, recycling becomes 

the more viable option [15]. The economic viability of SLBs 

is highly application dependent and influenced by factors 

including solar irradiance, local electricity tariffs, and con-

trol strategies. Simulation studies suggest that SLBs are 

profitable when procured and repurposed at less than 60% 

of the cost of new batteries, especially if advanced control 

algorithms are implemented to prolong lifespan. Without 

optimized control, new batteries often offer better returns 
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unless SLBs are nearly cost-free [8]. Nevertheless, SLBs 

can achieve a benefit cost ratio ≥1 under favorable condi-

tions and generate post automotive value, thereby reduc-

ing the total cost of electric vehicle ownership. From an 

environmental perspective, SLBs significantly reduce 

lifecycle emissions compared to new batteries. The global 

warming potential (GWP) of second-life battery applica-

tions varies depending on energy sources and use cases. 

First-use phases contribute consistently (~35,000 kg 

CO₂e over 10 years), while second-life emissions range 

widely for instance, as high as ~ 0,3 1 kg CO₂e for fossil-

based island systems, but reduced by up to 32% in renew-

able-powered applications [16]. Notably, applications such 

as energy arbitrage increase GWP due to intensive cycling 

and energy losses, while renewable-integrated systems 

offer significant net reductions in emissions. 

Battery chemistry and operating depth-of-discharge 

(DOD) greatly influence SLB feasibility. Energy-intensive 

use cases (e.g., arbitrage) demand stable chemistries; 

lithium titanate (LTO) anodes offer improved cycle stability 

and safety over graphite, although at lower energy den-

sity. Cathode materials such as lithium nickel manganese 

(NMC) offer high energy density, while lithium iron phos-

phate (LFP) and lithium manganese oxide (LMO) are safer 

but degrade faster. In contrast, applications with shallower 

cycling requirements (e.g., Renewable energy source-

based systems) can accommodate both graphite and LTO 

chemistries effectively [16]. Life cycle assessments (LCAs) 

demonstrate that SLBs reduce the environmental burden 

of new battery manufacturing. Compared to lead acid 

(PbA) batteries, SLBs and new LIBs (LFP, NMC-811) ex-

hibit higher round-trip efficiency (~97.5% vs. ~85.5%) 

and longer service life [31]. Moreover, reusing EV batter-

ies can reduce global warming potential by 15–70%, metal 

depletion by over 30%, and conserve critical resources like 

lithium, cobalt, and nickel [5], [8]. LCA comparing SLBs, 

new LIBs, and internal combustion engine (ICE) vehicles 

across manufacturing, use, and disposal phases consist-

ently show environmental benefits. In California, SLBs 

used for renewable energy integration could supply 15 

 Wh/year by 20 0, avoiding 7 million metric tons of CO₂ 

emissions. Replacing gas peaker plants with SLB-based 

ESS yields benefits comparable to transitioning from ICE 

vehicles to plug-in hybrids [5]. SLBs support a circular bat-

tery economy, conserving lithium, cobalt, and nickel while 

reducing dependence on new mining. However, complete 

material recovery remains a challenge due to processing 

inefficiencies and surging demand. Effective policies and 

incentives are essential to encourage adoption, especially 

as high costs remain a barrier [8].  

Table 3: Comparison between new battery vs SLB. 

 

 

2.3 Technical Challenges of SLBs 

Second-life batteries (SLBs) offer a sustainable and eco-

nomical energy storage option but face technical hurdles 

due to degradation from initial EV use. Common issues in-

clude reduced capacity, thermal instability, and cell imbal-

ance, which affect safety and reliability. Pack-level differ-

ences and integration of varied cells require accurate SoH 

data and cost-effective maintenance strategies [7]. Chal-

lenges include diverse chemistries, uncertain SoH, and 

lack of standardized testing, worsened by unpredictable 

new battery prices. Solutions proposed involve fast, non-

invasive diagnostics, standardized protocols, and second-

life-optimized battery designs. Tools like battery passports 

can improve traceability and reuse safety. Defining battery 

end-of-life remains complex and should rely on measura-

ble BMS-based or simple external methods. Accurate SoH 

estimation is essential for safe repurposing [13], [17]. 

Though some aged batteries may still power low-demand 

vehicles, "second life" typically refers to non-automotive 

storage applications. SLB system design is complicated by 

variation in size, chemistry, and degradation. Imbalances 

in resistance, capacity, or self-discharge reduce perfor-

mance and challenge traditional balancing. Aged Li-ion 

batteries may be thermally safer under moderate charging 

e.g., 68% capacity cells are less flammable than 92.5% 

ones—but this adds complexity to system design. While 

safety standards like UL 1974 and IEC 62933-5-3 exist, 

they lack chemistry-specific guidance, emphasizing the 

need for more detailed assessment protocols [13]. 

2.3.1 SLBs Aging Mechanisms  

Battery aging is driven by several key factors, notably the 

degradation, remaining useful life (RUL), state of charge 

(SOC), depth of discharge, and state of health as shown 

in Fig. 2.  OC and  O  indicate a battery’s usage and re-

maining capacity, and maintaining them within safe limits 

can slow degradation. However, repeated charge/dis-

charge cycles accelerate wear and reduce capacity. SOH 

reflects the battery’s condition relative to its original state, 

and it declines as chemical and mechanical changes occur 

during cycling [18]. 

a) Degradation: Degradation is a natural process involv-

ing electrode damage and electrolyte breakdown further 

lowers  O  and shortens the battery’s remaining useful 

life (RUL), which estimates its functional time left [18]. 

Understanding battery degradation is essential for esti-

mating state of health. Usage patterns vary widely be-

tween users and are often confidential, making SoH pre-

diction for SLBs challenging. Limited access to historical 

data requires establishing reliable correlations between 

degradation and minimal available data. As shown in Fig. 

3, key ageing factors include: phase transitions in elec-

trode materials, decline in electrode reaction kinetics, 

electrolyte decomposition, formation of the SEI (solid elec-

trolyte interphase) layer. In NMC batteries, lithium-ion 

movement is disrupted by SEI growth and electrolyte con-

tamination, leading to capacity loss and reduced electro-

chemical performance [19]. Key degradation mechanisms 

include:                                                                                             
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           Figure 2: Key factors influencing SLB aging. 

1) SEI Layer Growth: A passivating layer forms between 

the electrode and electrolyte, reducing battery capacity 

over time as shown in Fig. 3. This growth occurs via sol-

vent diffusion, electron conduction, and lithium-ion diffu-

sion, all contributing to performance loss [2]. The solid SEI 

layer forms on the anode during early cycling. It traps lith-

ium-ions, decreasing capacity and increasing resistance. 

With aging, the SEI thickens and can reach the separator, 

risking internal short circuits. SLBs often lack SEI history, 

complicating SoH estimation [19].  

2) Lithium Plating: Occurs mainly during fast charging 

or low temperatures, where lithium deposits on the anode 

instead of intercalating, reducing battery life [2]. This 

forms dendrites, which may pierce the separator and cre-

ate short circuits. Lithium plating reduces usable capacity 

and worsens battery safety and performance [19]. 

3) Particle Fracture: Mechanical stress from volume 

changes during cycling leads to fractures in electrode par-

ticles, disrupting electrical connectivity and degrading ca-

pacity [2]. Cracks develop in electrode particles due to 

stress from cycling and SEI growth. These cracks block 

lithium-ion flow and reduce the number of active particles. 

Over time, this leads to performance drop and capacity 

fade. Dead lithium zones intensify the problem in aged 

cells [19]. 

b) Depth of Discharge (DOD): DOD refers to how much 

energy has been used from the battery. For example, us-

ing  0 kWh from a 100-kWh battery equals 80% DOD. 

Lower DOD levels help preserve battery health and extend 

overall lifespan [18]. 

 

   Figure 3: Cross-sectional view of SLB architecture. 

 

c) Remaining Useful Life (RUL): RUL estimates how 

much operational time is left before a battery requires re-

placement. Since lithium-ion batteries degrade with each 

charge cycle, accurate RUL prediction is essential for per-

formance planning and cost-effective battery use in appli-

cations like EVs, smart grids, and renewable energy sys-

tems [18]. 

2.3.2 SOC and SOH Estimation 

 OC represents the ratio of a battery’s current charge to 

its full capacity. It is critical for estimating available energy 

and is a core parameter managed by the BMS. Accurate 

SOC monitoring ensures efficient operation and is key to 

maximizing battery lifespan [18]. A comparative review of 

balancing strategies for second-life batteries highlights 

trade-offs in cost, complexity, and performance. Passive 

Equalizers (PEQ) are simple and economical, suitable for 

batteries with >80% capacity. bilevel equalizers (BEQ), 

combining PEQ and active equalizers (AEQ), provide better 

efficiency for second-life use. While active balancing is 

more complex and costly, it reduces aging and improves 

capacity retention. Advanced methods such as DC/DC-

based balancing, electro-thermal optimization, 3D thermal 

monitoring, and AI-driven capacity estimation offer im-

proved management of heterogeneous cells. Other inno-

vations include modular reconfiguration, dual-level charg-

ing, and ripple-cancellation systems. However, most 

techniques require further validation, particularly in large, 

diverse battery packs [7].  

A core technical challenge in repurposing EV batteries is 

accurately estimating the state of health, which reflects a 

battery’s remaining capacity and performance.  o  is af-

fected by factors such as C-rate, temperature, internal re-

sistance (IR), and open-circuit voltage (OCV), all of which 

vary with EV usage patterns. While EV manufacturers of-

ten use 80% of initial capacity as an end-of-life threshold, 

second-life applications may lower this to 40–60% de-

pending on safety requirements, such as avoiding thermal 

runaway due to internal shorts as shown in Fig. 4 [19]. 

SoH estimation methods fall into three main categories: 

physics-based models, equivalent circuit models, and 

data-driven approaches. However, predicting future deg-

radation in second-life batteries is difficult due to missing 

first-life usage data and nonlinear aging, especially near 

the aging knee point. Models like the Enhanced Single Par-

ticle Model (ESPM) help simulate long-term behavior, but 

validation remains a challenge. This is especially relevant 

as repurposes lack universal SoH thresholds and must de-

velop their own criteria based on application safety and 

performance [2], [20]. The paper [19], highlights both ex-

perimental and computational, non-destructive SoH as-

sessment techniques relevant to SLB evaluation. State of 

Health (SoH) can be defined using different parameters as 

shown in equation (1), (2) and (3):  

A) Capacity-based SoH: Reflects how much charge the 

battery can hold compared to when it was new. 

𝑆𝑜𝐻 =
𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
          (1) 

B) Internal Resistance (IR)-based SoH: Indicates 

how resistance has increased over time. 
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Figure 4: Comparative SoH roles in EV and ESS use cases.  

 

                           𝑆𝑜𝐻 =
𝐸𝑜𝐿𝐼𝑅−𝑁𝑜𝑤𝐼𝑅

𝐸𝑜𝐿𝐼𝑅−𝑁𝑒𝑤𝐼𝑅
                      (2) 

 

C) Electrolyte Concentration-based SoH: Indicates 

how electrolyte concentration changes over time. 

 

             𝑆𝑜𝐻 =
𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑏𝑎𝑡𝑡𝑒𝑟𝑦𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒𝑛𝑒𝑤𝑏𝑎𝑡𝑡𝑒𝑟𝑦𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
          (3) 

While capacity-based SoH is most common, IR and elec-

trolyte changes also provide valuable health indicators. In 

the context of second-life batteries, SoH estimation is less 

explored and remains challenging. Accurate SoH measure-

ment is critical for determining battery suitability in low-

power applications. Repurposes must define upper and 

lower SoH limits and ensure reliable certification for sec-

ond-life use as shown in Fig. 5 [19]. Other diagnostic tech-

niques like Coulomb counting, incremental capacity anal-

ysis (ICA), and differential voltage analysis (DVA) help 

identify degradation mechanisms but may lack predictive 

capabilities. Electrochemical impedance spectroscopy 

(EIS), while accurate, is expensive and invasive, making 

it less practical for large-scale second-life applications 

[19]. Cloud-based systems and digital battery passports 

could help track first-life history, improving SoH estima-

tion and matching batteries to appropriate uses [19], [20]. 

Currently, a standardized grading system for retired bat-

teries is still developing. UL 1974 is emerging in North 

America, while companies like 4R Energy use A–D qualita-

tive grades to sort batteries by degradation level [15]. 

Other Factors includes salt precipitation, current collector 

corrosion, and binder or separator failures. Battery degra-

dation is nonlinear, typically starting slow and accelerating 

after a “knee point,” where performance drops rapidly.  n-

derstanding the first-life usage profile is key to predicting 

second-life behavior [2]. However, large-scale SoH as-

sessment remains a bottleneck for widespread adoption. 

Figure 5: Battery SoH degradation from EV use to EoL. 

Ultimately, accurate, scalable, and non-invasive SoH as-

sessment, along with adaptive BMS, standardized proto-

cols, and application-specific degradation models, are crit-

ical for safely deploying second-life batteries. Technical 

and economic uncertainty especially from missing usage 

data, inconsistent testing standards, and market variabil-

ity continues to limit SLB adoption without stronger regu-

latory support and improved evaluation tools [8], [15], 

[19], [20]. A battery management system plays a critical 

role in controlling these parameters by balancing cells, 

regulating temperature, and preventing extreme condi-

tions. By doing so, it enhances battery performance and 

extends lifespan crucial for both economic and environ-

mental sustainability [18]. 

2.4 Role of BMS in SLB Integration 

SLBs have diverse degradation profiles, requiring accu-

rate, real-time state-of-health estimation [21]. A battery 

management system is vital for the safe, efficient, and re-

liable operation of second-life batteries, which often con-

tain cells with varied conditions due to prior use. BMS 

monitors cell voltage, temperature, and state of charge, 

performs cell balancing, and ensures thermal safety by ac-

tivating cooling or shutdown mechanisms when needed. It 

also estimates state of health, detects anomalies, and iso-

lates faulty cells to prevent failures. Advanced BMS tech-

nologies enable remote monitoring, active balancing to ad-

dress SOH differences, and integration with energy 

management systems. Key challenges in SLB BMS devel-

opment include the need for predictive models that ac-

count for aging behavior, non-invasive fault detection 

methods, and optimization algorithms. Successful integra-

tion with renewable energy sources also requires handling 

power fluctuations and ensuring grid stability. To scale 

SLBs sustainably, efforts must address standardization, 

safety, lifecycle assessment, and user adaptability. Over-

coming these technical and economic challenges will en-

hance SLB deployment in modern energy storage systems 

[2]. Accurate charge/discharge control and cell balancing 

by the BMS extend battery life, reduce replacement costs, 

and enhance EV performance and efficiency. Real-time 

monitoring of temperature, voltage, and current helps pre-

vent overheating, short circuits, and enables fast, safe 

charging without harming battery health [22].  

By maintaining optimal operating conditions, the BMS im-

proves energy efficiency, lowering electricity use and indi-

rectly reducing CO₂ emissions.  n second-life applications, 

it enables safe and effective battery reuse in stationary 

storage, further decreasing environmental impact across 

the battery lifecycle [23]. The battery management sys-

tem significantly contributes to the carbon footprint of bat-

tery pack production, mainly due to the use of printed wir-

ing boards and aluminium casings. While essential for safe 

operation, the BMS also influences end-of-life treatment 

outcomes. Its design and materials impact both carbon 

footprint and recycling efficiency, underlining the need for 

BMS designs that support easier disassembly and second-

life use. To further reduce environmental impacts, improv-

ing recycling efficiency, suppressing graphite combustion, 

and avoiding solvent-intensive processes (like NMP recov-

ery) are recommended. Additionally, optimizing BMS de-

sign and developing harmonized testing standards will 

support more sustainable second-life battery systems 

[10]. Several studies have proposed BMS strategies for 
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second-life batteries. One approach used a non-invasive 

method for parameter estimation and thermal balancing, 

though its applicability across battery chemistries remains 

limited. Another implemented an air-cooled system to re-

duce cell temperature variation, but its scalability is un-

certain. Passive thermal control using DC resistance 

showed limited effectiveness. A low-cost BMS predicted 

key metrics from voltage, current, and temperature data, 

but struggled with nonlinear aging. A flexible controller 

was proposed to manage cell-level thermal inconsisten-

cies, while another topology introduced self-healing via 

wear balancing, requiring robust electrical infrastructure. 

Overall, SLB BMS design must address varied cell condi-

tions, detect faults accurately, and ensure safe, efficient 

operation [7].  

Thermal management is a vital BMS function in second-

life batteries, minimizing heat build-up and CO₂ emissions. 

Using sensors, control algorithms, and cooling methods 

(e.g., liquid or phase-change systems), BMS keeps tem-

peratures within 15°C–35°C, preventing thermal runaway 

and degradation. This prolongs battery life, reduces re-

placements, and lowers manufacturing emissions. Ad-

vanced techniques like AI-based maintenance and nano-

material cooling further boost efficiency, enhancing SLB 

reliability and sustainability across their extended lifecy-

cle. [24]. Unlike traditional BMSs, SLB-tailored systems 

must offer advanced state-of-health (SOH) diagnostics, 

real-time monitoring, and adaptive control strategies un-

der varying load and thermal conditions. Industry efforts 

like  eJoule’s smart     and  electrify’s cell-level control 

show progress, but reliable online SOH estimation remains 

limited. Recent advancements use machine learning (e.g., 

neural networks, SVR, GPR) to outperform conventional 

models, though most are based on lab-aged data [21]. 

BMS-controlled cell balancing via passive or active meth-

ods ensures charge uniformity, minimizes overheating and 

thermal stress, and extends battery life while lowering CO₂ 

emissions [25]. Using BMS to repurpose full NMC-811 

packs (~60% capacity) in wind energy storage shows sig-

nificantly lower global warming potential (GWP) than new 

batteries. Life cycle analysis indicates SLBs with BMS emit 

 ust ~0.2  kg CO₂/kWh—  1 kg CO₂ (LF   and 1 1 kg CO₂ 

(NMC) in total—whereas poor BMS integration shortens life 

and raises emissions by 111–12  kg CO₂.  xtending life to 

10 years via BMS reduces emissions by 178–1 7 kg CO₂ 

[11]. Compared to immediate recycling, cascading use (EV 

→ second-life ESS → recycling) enabled by BMS reduces 

CO₂ footprint by  –17% and energy use by 2–6%, while 

decreasing ecotoxicity, acidity, human toxicity, and metal 

depletion by over 30% as shown in Table 4 [1], [10], [13]. 

Battery management systems are also essential for opti-

mizing second-life battery performance. Model-based 

BMS, often supported by Kalman filters, are favored due 

to limited available data. These systems manage 

charge/discharge cycles, estimate state of health, predict 

remaining useful life (RUL), and reduce degradation 

through methods like Coulomb counting and adaptive fil-

tering. Key goals include extended lifespan, high effi-

ciency, and minimal energy loss [8]. Environmental life 

cycle assessments (LCA) show that reusing components 

especially battery casings and BMS can significantly cut 

environmental impacts. For instance, casing reuse reduces 

emissions during repurposing by 16%, and BMS reuse low-

ers impacts across multiple categories. End-of-life   

Table 4: Environmental impacts of SLBs with and without 

BMS integration. 

 

recycling also offers substantial benefits, with 13–77% im-

pact reduction from cell and BMS processing. Designing 

batteries with second-life potential, including BMS reset 

functionality, enhances sustainability [5], [26]. 

3 Conclusion and Future work 

The integration of advanced battery management systems 

is essential for unlocking the full potential of second-life 

batteries in stationary energy storage and grid applica-

tions. Through real-time monitoring, accurate SoH/SOC 

estimation, thermal regulation, and active cell balancing, 

BMS ensures operational safety, enhances performance, 

and extends battery lifespan. These functions contribute 

to lowering lifecycle greenhouse gas (GHG) emissions, im-

proving energy efficiency, and reducing the environmental 

impact of battery production and disposal. This leads to 

significant reductions in lifecycle CO₂ emissions up to 123 

kg CO₂e/kWh avoided compared to new battery produc-

tion and lowers environmental impacts throughout the 

battery’s lifecycle. Furthermore, lifecycle assessments 

confirm that BMS-enabled SLB repurposing especially 

whole-pack reuse offers significant economic and ecologi-

cal advantages compared to immediate recycling or cell-

level reuse. Despite these benefits, several technical and 

practical challenges remain. Future work should focus on 

developing robust, real-time SoH estimation algorithms 

tailored to the variable degradation profiles of SLBs. De-

signing modular and adaptable BMS architectures to sup-

port diverse SLB chemistries and configurations. Enhanc-

ing thermal management systems using AI, 

nanomaterials, and predictive modeling to handle fluctu-

ating operating conditions. Establishing standardization 

protocols for SLB qualification, safety, and integration with 

renewable energy systems. Expanding open-access da-

tasets and real-world testbeds to validate performance 

and degradation under dynamic use cases. Advancing BMS 

technology and supporting frameworks will be critical to 

ensuring the economic viability, safety, and sustainability 

of SLBs, ultimately contributing to global decarbonization 

targets and circular energy systems. 
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