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ARTICLE INFO ABSTRACT

. The rapid growth of electric vehicles is leading to a substantial increase in
Article type: retired and end-of-life batteries. Reusing these batteries in second-life
Research Paper applications has gained significant attention because it extends battery utilization
while reducing investment costs. However, uncertainties in their remaining
capacity and degradation rates pose major challenges for the optimal sizing and
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operation of energy systems, particularly when cycle and calendar degradation
are not explicitly considered. This paper presents a mathematical framework for
integrating second-life batteries into the optimal sizing of hybrid renewable
microgrids. The proposed model simultaneously captures capacity degradation
caused by depth of discharge, cycle number and severity, and calendar aging as a
function of time and state of charge. By jointly optimizing investment,
operation, and maintenance costs, the model determines the optimal capacities of
generation and storage resources while satisfying reliability and load demand
constraints. A case study demonstrates that, over a one-year planning horizon,
second-life batteries reduce the total net system cost from $66 million to $63
million due to their lower upfront cost. However, this economic advantage
disappears over longer planning horizons. When degradation is explicitly
modeled, the total net cost increases from $66 million (assuming no degradation)

to $101 million for new batteries and $132 million for second-life batteries.
These findings show that neglecting battery degradation leads to overly
optimistic long-term economic assessments and suboptimal microgrid designs.
In contrast, the proposed framework provides a more realistic evaluation of
second-life battery economics by explicitly accounting for cycle and calendar
degradation across different planning horizons.
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Introduction

The rapid growth of transportation demand and urbanization has significantly increased energy
consumption, while continued dependence on fossil fuels has intensified greenhouse gas emissions
and climate change. The commercialization of electric vehicles (EVs) offers a promising pathway for
decarbonizing the transport sector. However, their widespread adoption remains constrained by the
battery, the most critical and expensive component, due to two major challenges: range anxiety
associated with charging infrastructure and limited battery lifetime. Lithium-ion batteries are typically
retired when their capacity declines to 70-80% of the initial value, increasing the lifetime cost of EVs
and reducing their economic competitiveness. To mitigate this issue, second-life batteries (SLBs),
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based on circular economy principles, have emerged as a promising solution. Although SLBs have
been widely proposed for stationary applications, including grid-connected and islanded systems for
peak shaving and energy arbitrage, important research gaps remain. Existing optimization studies
often assume arbitrary battery lifetimes and rarely account for the well-established relationship
between depth of discharge (DOD) and cycle life. Furthermore, no comprehensive framework
simultaneously optimizes battery sizing, maximum DOD, and lifetime for technology selection while
comparing grid-connected and islanded operating modes. To address these gaps, this paper develops a
unified techno-economic optimization model for a hybrid microgrid comprising PV, wind, diesel, and
battery storage. The model explicitly captures both calendar and cycle aging of new and second-life
batteries using validated empirical degradation models and evaluates gradual battery replacement
strategies over the project lifetime.

Materials and Methods

The proposed model optimizes deployment of second-life batteries in a hybrid microgrid comprising
wind turbines, photovoltaic (PV) arrays, a controllable diesel generator as backup, and battery energy
storage, all connected to a common bus. PV output is modeled using solar irradiation and cell
temperature based on the nominal operating cell temperature (NOCT) model, while wind power is
calculated from wind speed and turbine characteristics (cut-in, rated, and cut-out speeds). Diesel
generation is constrained by installed capacity, with associated fuel consumption and annual CO:
emissions considered. Battery operation is represented through hourly charging and discharging
constraints that prevent simultaneous charge/discharge, enforce power and energy limits, and maintain
initial and daily energy balance conditions. A power balance constraint ensures that generation from
renewable sources, the diesel generator, and battery discharge satisfies demand and battery charging
requirements. The objective is to minimize the total net present cost (TNPC), including investment,
operation and maintenance, and fuel costs. Battery degradation is modeled by combining cycle aging,
as a function of depth of discharge (DOD), and calendar aging, as a function of time and average state
of charge (SOC). The remaining battery capacity is updated cumulatively, and degraded capacity is
restored through a gradual replacement strategy. The case study uses hourly annual time-series data
for wind speed, solar irradiation, ambient temperature, and electrical demand, together with the
technical and economic parameters.

Results

To evaluate the impact of battery degradation on optimal sizing and operational decisions, the
optimization results were analyzed over both short-term (1-year) and long-term (15-year) planning
horizons. Three scenarios were considered: S1, a new battery without degradation (ideal reference
case); S2, a new battery with degradation (realistic case); and S3, a second-life battery (SLB) with
degradation, characterized by lower initial capacity, a higher degradation rate, lower investment cost,
and gradual replacement of lost capacity throughout the project lifetime. In the 1-year horizon, the
differences between the scenarios were relatively small. The optimal capacities of the PV array, wind
turbine, and diesel generator were nearly identical in S1 and S2, indicating that battery degradation has
little influence over such a short period. In contrast, S3 required smaller battery energy and power
capacities because of the use of second-life batteries, leading to a lower initial investment cost. As a
result, the total net present cost (TNPC) decreased to $63 million in S3, compared with $66 million in
both S1 and S2. These results indicate that, in the short term, the lower capital cost of second-life
batteries outweighs the adverse effects of their lower initial capacity and faster degradation. In the 15-
year horizon, battery degradation had a much greater impact on the optimal system design. In both S2
and, more significantly, S3, the gradual loss of effective battery capacity required additional renewable
generation to maintain system reliability. Consequently, the optimal capacities of both PV and wind
generation increased substantially, with the largest expansion occurring in S3. Meanwhile, the optimal
battery energy capacity was lower in the degradation scenarios than in the ideal case. The economic
impact was also significant. While the TNPC remained $66 million in S1, it increased to $101 million
in S2 and $132 million in S3. Although S3 was the most economical option in the 1-year analysis, it
became the most expensive alternative over the 15-year planning horizon.
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The analysis of initial investment cost further illustrates this trend. In the 1-year horizon, the initial
investment was approximately $40.759 million in both S1 and S2, whereas it decreased to $36.794
million in S3 because of the lower cost of second-life batteries. However, in the 15-year horizon, the
required initial investment increased to $67.289 million in S2 and $92.495 million in S3, while
remaining unchanged at $40.759 million in S1. This increase was primarily driven by the need to
expand generation capacity to compensate for the progressive loss of battery storage capability. A
similar pattern was observed for operation and maintenance (O&M) costs. In the 1-year horizon,
annual O&M costs were nearly identical in S1 and S2 (approximately $2.461 million), with only a
slight increase in S3 to $2.566 million. Over the 15-year horizon, however, O&M costs rose
considerably, reaching $3.221 million in S2 and $3.812 million in S3, compared with $2.461 million
in S1.

Overall, the results demonstrate that battery degradation has only a minor influence on system
design and economics over short planning horizons but becomes a critical factor in long-term
planning. Ignoring degradation can underestimate investment and operating costs and may lead to
suboptimal sizing decisions and overly optimistic assessments of the economic benefits of battery
energy storage systems, particularly when second-life batteries are employed.

Discussion and Conclusion

Reusing retired electric vehicle batteries in second-life applications is a promising strategy for
renewable microgrids. This study demonstrates that evaluating second-life batteries based solely on
their initial capital cost can be misleading. Their economic viability depends strongly on the planning
horizon: short-term savings from lower upfront costs are often offset over the long term by cumulative
degradation, which necessitates additional generation capacity. Cycle degradation is the dominant
factor in applications with frequent deep discharges, whereas calendar degradation has a greater
impact on time-shifting applications. Incorporating degradation into the optimization fundamentally
alters the optimal system architecture. Therefore, battery sizing and technology selection should be
based on lifecycle cost and long-term performance rather than initial investment alone.
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1. Nominal Operating Cell Temperature (NOCT)
2. National Renewable Energy Laboratory (NREL)
3. Cut-in, rated, and cut-out speed
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1. Curtailed
2. Present Value of Annuity Factor (PVAF)
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1. Cycle Aging
2. Calendar Aging
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