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Energy storage, demand-side response, and electromobility expansion are important issues in the energy
transition towards the goal of carbon neutrality. Automobile fleet electrification entails not only a reduction in
emissions, but also an improvement in energy efficiency. However, the accumulation of batteries in landfills
represents a huge problem in the medium-long term. These challenges become more relevant for islands. This
article proposes to reuse batteries that are no longer useful for transportation as energy storage to recover
renewable energy surpluses. A methodology for the techno-economical assessment of second-life car batteries
as a storage solution in wind farms is presented. This method was successfully applied in two wind farms
located on Tenerife island. The results delve into the feasibility of the solution, environmental impact, and
government policies in terms of subsidy support. Moreover, extending the battery lifespan contributes to the
circular economy, which aligns with the United Nations sustainable development goals on affordable and clean
energy. In conclusion, second-life batteries could play an essential role as energy storage in the medium-long
term on isolated systems.
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1. Introduction

In the years to come, a profound energy transformation towards
low-carbon technologies will be essential. This deployment will greatly
depend on the availability of efficient solutions for renewable energy
grid integration. However, existing electrical grid systems are not de-
signed to handle a large-scale integration of renewable power sources
without serious grid outages. This is causing a limitation in the pene-
tration of renewable energies, above all, in isolated electrical systems
in which there are additional technical challenges such as power flex-
ibility requirements and fast-response backup reserves (International
Renewable Energy Agency, 2019).

Both the intermittent nature of renewable energy resources, and
their energy fluctuations over multiple time horizons increase the
complexity of electricity grid planning and operation (Akram et al.,
2020). Such problems pose the main barriers, from a technical point
of view, to the massive implementation of solar photovoltaic and wind
technologies in fragile isolated electrical systems (Nadeem et al., 2019;
Ramos-Real et al., 2018). Renewable energy plants must meet certain
rules and requirements to be able to connect to the grid, in compliance
with the ramp rates from the conventional backup reserves (Saez-
De-Ibarra et al., 2016). Managing the integration of high amounts of
variable renewable energy requires flexibility from all sectors of the
energy system, i.e., power generation, transmission and distribution
systems, energy storage systems (ESSs), and, increasingly, demand
side (IRENA, 2019a; Diaz et al., 2015; Ramirez-Diaz et al., 2016).

ESSs provide robustness and flexibility throughout the energy sec-
tor, enabling high penetration of renewable energies into the system. In
addition, ESSs provide valuable applications, such as demand response,
provision of auxiliary services, quick reserve capacity, reliable power
supply for isolated grids, peak-power shaving, and compensation of
transmission and distribution grids (Nguyen and Mitra, 2016). Nev-
ertheless, most ESSs have yet to face key requirements beyond the
technical ones, such as the supply chain of materials, their high costs,
their robustness, their life cycles, their roundtrip efficiency and their
environmental impact (Zhang et al., 2018).

Lithium-ion is the most popular battery technology today. This
technology is used in most electric vehicles (EVs) and portable devices
due to its trade-off between energy density and weight. For large scale
storage, lithium-ion based batteries are used both on photovoltaics and
wind farms to improve their penetration on grids (Simpson et al., 2021;
Li et al., 2021; D’amico et al., 2021; Dui et al., 2018; Ghasemi et al.,
2016; Sundararagavan and Baker, 2012). Current concerns about this
technology are related to cost, availability of materials, and the supply
chain environmental and social impacts. Although costs of battery
energy storage systems are falling sharply, it is necessary to carry
out a thorough analysis to guarantee its profitability before invest-
ment (LAZARD, 2019). Besides, there is a growing interest in how
to expand the life of batteries as much as possible, through second-
life applications, and how to recycle after end-of-life to reduce the
environmental impact of the technology.

Second-Life Battery Energy Storage (SLBES) may improve not only
the share of renewable but also the reuse of batteries from regional
old electric cars in a second-life, hence extending their useful lifespan
and reducing their environmental footprint. Certainly, the recovery,
treatment, and assembly of SLBES entail large investment costs, in
addition to the purchase of electricity surplus from renewable sources,
and maintenance, which also involves an operational cost. Neverthe-
less, governments should be interested in promoting these solutions to
reduce the impact on the environment.

Second-life batteries cannot outperform first-life batteries in terms
of state of health (SOH) and lifespan. However, this technology pro-
vides an added value from the environmental point of view, since it
extends the life of batteries before being recycled. For this reason, the
use of second-life batteries fits within the objectives of the main circular
economy action plans of the European Union (EU), The European

Green Deal and The 2030 Agenda and the Sustainable Development
Goals (European Commission, 2020a, 2019; United Nations, 2016). Fur-
thermore, a new proposal for EU framework battery regulation is under
development (Bonafe, 2020). These plans promote a new production
and consumption model that maintains the value of products, materials
and resources as long as possible, and reduces the generation of waste.

This article proposes a techno-economical analysis of the use of
second-life batteries as energy storage in wind farms. The main con-
tributions of the article are related to the conclusions obtained on
the feasibility of this technology. The variables affecting the techno-
economical performance of the solution, and the conditions that grant
its feasibility are explored. Both the methodology and its application
on real scenarios in an isolated system are presented. Furthermore,
the study proposes an empirical approach on how to manage, both
technically and economically, new investments in energy storage. The
paper also focuses on the role of governments by highlighting the
critical points that must be reinforced or supported to achieve the
objectives of EU on sustainable energy transition, and the goals of
United Nations on sustainable development in other similar isolated
regions.

The rest of the paper is organized as follows: Section 2 shows a
review of potential uses of SLBES as energy storage. Section 3 presents
and motivates the case study located on the Tenerife isolated electri-
cal system. Later, Section 4 details the methodology of the techno-
economic analysis, including the modeling of potential SLBES from EV
fleet, the analysis of renewable energy surplus and the basis of the
economic assessment. Section 5 explains the results. Finally, Section 6
discusses the policy implications of our approach, and summarizes our
main conclusions.

2. Second-life electric vehicle batteries as energy storage system

As stated above, the future of power systems and renewable energy
integration is closely related to the availability of effective methods to
store that energy. Costs and environmental impact aside, battery energy
storage systems are the most effective electrochemical technology for
stabilizing power grids (IRENA, 2017). The focus of this study will be
on lithium-ion batteries as they are lighter, smaller and more powerful
than other batteries, and, specifically, they are massively used in EVs.

In general, Li-based battery systems are characterized by high en-
ergy and power density, stable cycle, low self-discharge rate, wide
design flexibility, near-zero memory effect, fast response time (mil-
liseconds), high efficiency, and low maintenance. In addition, their
costs have significantly decreased over the years, while energy density
and power have increased. However, lithium-ion batteries are fragile,
require a special protection circuit to avoid overcharging, frequent
charging, and have a high capital cost, which limits their use for
massive capacity applications. Furthermore, the useful life of lithium-
ion batteries is sensitive to over-discharge, high temperatures (above
45 °C) and aging (Nadeem et al., 2019; Dehghani-Sanij et al., 2019;
Giir, 2018; Aneke and Wang, 2016; Kim et al., 2019; Saini et al., 2020).

The chemistry of the Lithium-ion batteries determines key technical
characteristics, as well as aspects of safety, cost, and lifespan (Miao
et al., 2019; Houache et al., 2022). For lithium nickel cobalt aluminum
oxide (NCA) and lithium nickel manganese cobalt oxide (NMC), the
specific energy fluctuates between 150-260 Wh/kg. In terms of lifes-
pan, these batteries reach around 400-1500 cycles at 80% of capacity.
This degradation depends directly on the discharge conditions, the
operational depth of discharge (DOD), discharge rate and environment
temperature (Preger et al., 2020).

Nowadays, the expansion of the EVs is a reality and, in the coming
years it is expected that they will dominate the automotive market.
NMC and NCA batteries, with 71% and 23% of market share re-
spectively, are the most predominant technologies. According to the
International Energy Agency (IEA) trends, the worldwide EVs market
share in 2030 will achieve 16%, which represents a total sales of 27
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million vehicles per year on the stated government scenarios (Inter-
national Energy Agency, 2022). This situation poses a great challenge
for battery suppliers and recycling facilities because the demand for
lithium will multiply by 15 and that for cobalt by 10 in 2030 (IRENA,
2019b; Martinez-Laserna et al., 2016; Bonafe, 2020).

It is also important to mention that Li-based batteries generate
environmental pollutants, including hazardous waste, greenhouse gas
(GHG) emissions, and toxic fumes during manufacturing and recycling.
According to EU figures, in 2019, a total of 51% of batteries sold were
collected for further recycling. The new EU policy proposal on batteries
raises these figures to 70% for portable batteries, 85% for light means
of transport batteries and 100% for automotive, industrial and electric
vehicle batteries by 2025 (Bonafe, 2020).

Fortunately, an alternative to recycling recalled EVs batteries is
to recondition and reuse them in stationary applications. In accor-
dance with (Richa et al., 2017), the SLBES offsets initial manufacturing
impacts by extending the battery lifespan, as well as preventing the
production of new batteries with the same purpose. Batteries removed
from EVs still have enough capacity to be reused, could be obtained
cheaply, and may satisfy between 61%-124% of the demand of utility-
scale lithium-ion battery storage in 2030 (Engel et al., 2019). The reuse
of batteries removed from EVs in renewable energy systems is a rela-
tively new concept. SLBES are defined as those that are removed from
EVs when their energy density has degraded below the level required
for transport, but are useful enough for less demanding applications,
like stationary energy storage (Zhan et al., 2020; Huang et al., 2019;
Martinez-Laserna et al., 2018).

In short, this second-life offers an extension of up to 10 years in
battery life, at a compelling price, which in 2021 is estimated at around
85 €/kWh (Sun et al., 2018). Apart from the additional monetizing of
the battery after it served the primary purpose, this second life will
also offer savings in the manufacturing of new battery cells, and a
delay in the recycling of the batteries, postponing related regulatory
responsibilities. Conversely, the benefits of second-life use can only be
achieved once certain drawbacks are addressed; the battery recondi-
tioning cost, and its shorter service life and lower efficiency are the
main ones. Besides, warranty issues and social and regulatory barriers
to the adoption of SLBES have to be considered. In this sense, the
commitment and collaboration of the automotive original equipment
manufacturers would be crucial for a well-founded cells selection, and
for SLBES to be a technically viable concept (Martinez-Laserna et al.,
2016, 2018; Tang et al., 2019).

Despite the fact that SLBES technology has not yet reached an
acceptable level of maturity that guarantees its profitability and re-
liability, it is beginning to attract the attention of major original
equipment manufacturers such as Nissan-Renault, BMW, Tesla or Daim-
ler (Vatsala et al., 2018; Tam Thanh et al., 2018). For example, Nissan
is promoting a ground-breaking project to reuse its EV batteries for
public lighting in Fukushima (Xiong et al., 2019). Other project located
in UK combines domestic photovoltaic and energy storage system to
reduce energy bills by up to 66%. More than 880,000 UK homes
already have solar panels and the market is growing. This new product
is a further extension of x-Storage Home that Nissan developed with
SLBES in partnership with Eaton (Gonzalez-Rivera et al., 2020). Apart
from these examples, there are numerous experiences (mainly living-
lab experiences or new business models) that use second-life batteries
for various applications, such as auxiliary services, network deferral,
energy management, or domestic use (Hossain et al., 2019).

3. Case study: A wind energy hub in Tenerife

Today’s climate and environmental challenges require an urgent
and ambitious response. Recently, the EU has endorsed more ambitious
targets for a reduction in GHG emissions, by 2030, of at least 55%
compared to 1990 values and carbon neutrality by 2050. The required
reduction of emissions from the transport sector is estimated to be

90% by 2050 in accordance with the Sustainable and Smart Mobility
Strategy of the EU (European Commission, 2020b).

At the national level, we must mention the National Integrated
Energy and Climate Plan (PNIEC) 2021-2030, which defines the objec-
tives of reducing GHG emissions, penetration of renewable energies and
energy efficiency (MITECO, 2020). The PNIEC objectives for 2030 are:
23% reduction in GHG emissions compared to 1990; 42% of renewables
on the final use of energy; 39.5% improvement in energy efficiency; and
74% renewable energy in electricity generation. By 2050, the aim is to
achieve a 100% renewable electricity system and full decarbonization.
In addition, the new Law on Climate Change and Energy Transition,
recently approved, will help Spain meet its international commitments
in the fight against climate change (BOE, 2021a).

Specifically, the plans of the Canary Islands for energy transition
(PTECan) aim at the total decarbonization of the archipelago by 2040.
To achieve such objectives, it is necessary to install renewables at a rate
of about 500 MW per year before 2040, and to deploy a specific strategy
for ESS and energy management (ENDESA and Monitor Deloitte, 2020;
Instituto Tecnoldgico de Canarias, 2022). The implementation of ESSs
in Tenerife could mitigate the effects of renewable energy curtailments,
storing the excess from renewable sources and subsequently injecting
this energy into the grid at peak hours or providing complementary
services to the electric power system (regulation of frequency, voltages,
rolling reserves, secondary, or tertiary) (NREL and U.S. Department of
Energy, 2020). However, there is no medium-term strategy to install
massive ESSs (more than 1 GWh) on the island.

The case study is located in Tenerife, the most populated (around
one million inhabitants) and the largest island in the Canary
Archipelago. Tenerife’s electric power system is currently isolated
from the rest of Canary islands. This electrical system is the largest
in terms of electricity demand and installed power (both renewable
and conventional). Renewable power installed is made up of a 195.7
MW of wind power and about 107.2 MW of photovoltaic on the
island (Gobierno de Canarias, 2020). In relation to the size of the
system by 2019, the average peak demand was around 490 MW (at
20:00), while the overnight demand of the system was nearly 287
MW (at 4:00). Undoubtedly, the island’s economic activity based on
tourism and a limited participation of the industrial sector cause a low
overnight electricity demand, increasing the difficulty of manageability
of it by the transmission system operator (TSO). Remarkably, Tenerife
is not subject to seasonal demand peaks during summers or winters due
to its almost constant flow of tourists and the mild temperatures year
round.

Fig. 1 shows the limitations due to excess renewable sources set
by the TSO, which usually occur on weekends (due to the decrease
in demand) and mainly during night hours. Under these renewable
curtailment conditions, conventional technologies not only tend to
reduce their load at the minimum operating level, but also maintain the
required reserves (Ministerio de Industria Energia y Turismo, 2015).
Thus, conventional plants ensure the operation of the system with
one combined cycle working at 75-110 MW load, one steam turbine
at 46-60 MW load and one or two reciprocating diesel engines at
minimum load, adding 10-15 MW of power. Therefore, the margin
for the introduction of wind power is usually limited to 100-156 MW,
and the remaining power available during these highly-wind hours is
curtailed.

Our case study evaluates two wind farms that are located in one of
the largest renewable energy hubs on the island (Fig. 2). Nowadays,
these wind farms represent around 23% of the installed wind power
in the island. The case study comprises two substations, one for wind
farm A (20 kV/66 kV, 21 MW installed), and the other for wind farm
B (20 kV/220 kV, 23 MW installed). Additionally, this work proposes
the connection of SLBESs downstream from the substation A and B
in order to recover electricity from the transmission system operator
curtailments orders. The power and capacity of the battery would vary
depending on the scenarios detailed in the next section. Moreover, 18
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term. The integration of this new plants on our grid nodes and the

renewable growth expectation in the island for the next 20 years make
critical the curtailment’s medium-term scenario.

4. Methodology

Fig. 3 shows the methodology proposed to perform the techno-
economical analysis of the use of second-life batteries to recover elec-
tricity from renewable surplus. The methodology comprises two main
parts: technical assessment and economic assessment.

i=y—11

4.1. Technical assessment: Electric vehicle market, surplus energy from
wind farms and second-life battery scenarios

The first step in the technical assessment was to analyze the current
status of EV market in the region, and forecast the number of sales
in a medium-term scenario (up to 2031). This forecast relies on the
compilation of the global vehicle sales, EV sales and the battery sizes
of each model sold from 2010 to 2020 (Direccién General de Trafico,
2020). We projected future global sales by using a 10-year horizon
moving average, as expressed in:

y—1
Vi = Y, Vr(®/10
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S1: EV market trending Analysis in the Canary Islands
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Fig. 3. Methodology scheme.

where V;(y) is the vehicle sales at year y.

In order to obtain the growth of the fleet of electric vehicles from
which we will take second-hand batteries, we estimated an average
scenario between two different forecasts: conservative and optimistic.
The conservative forecast projected the future sales of EV by adjusting a
polynomial function from the brute EV sales during the collected period
(2010-2020). This estimation is expressed by:

Vecon () = 2.1982 X (y — 2009)
- 24.07 X (y — 2009) )
+ 60.927 X (y — 2009)

where Vi con(») is the EV sales at year y.

Analogously, the total battery capacity trend (Capg () from EVs

was computed by using a polynomial function:

Capgy (y) = 0.1635 x (y — 2009)°
— 2.1395 X (y — 2009)* 3)
+ 8.1509 x (y — 2009) — 7.6584

where Capgy, () is measured in MWh.

Conversely, the optimistic forecast relied on the relative (instead of
absolute) growth of EV sales (4V(»)), expressed by:

AV (y) = MIN(0.0002 X (y — 2010)3
— 0.0026 x (y — 2010)° ()
+ 0.0088 x (y — 2010) — 0.0069, 1)

Hence, the absolute yearly EV sales for the optimistic approach can
be computed as Vi opr(y) = AVg(y) X Vr(y). We obtained the total
accumulated battery capacity from EVs per year (Bart 4,,;(»)) by using
the battery growth rate per average vehicle (Vg con(y)/Capgy (¥)), and
an average EV fleet between conservative and optimistic scenarios
Ve = Vecon® + VEorr(3))/2).

Starting from the estimations on EV sale trends and battery size
(from 2021 to 2031), we assumed 10 years of lifespan for the battery
use in land transport applications, according to the years, kilometers
and battery degradation for the most conservative manufacturers war-
ranty (Wilson, 2021). We have considered an average range of 320 km
per deep-cycle (nearly 160,000 km, or 500 cycles at 80% of capacity).
Hence, we ensure collected batteries to have enough life to last 7 years
as SLBES (over 700 additional cycles). Therefore, the total accumulated
vehicles sold from 2015 to 2021 would become the batteries available
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at the beginning of 2031. The battery availability per year is expressed
by:
y-10
Batt g,0(y) = ). V(i) X Capgy (i) (5)
i=y—17
where Batt,,,;;(y) is the number of second life batteries available at
year y.
Step 2 evaluated the energy surplus from our wind farms. Wind farm
A was the most affected by curtailments, reaching a 2.5% of limitation
during 2020 (measured as the potential of energy curtailed over the
total produced during the year), in contrast to wind farm B which
barely reached 1%. According to the estimations of the wind farm
owners, validated in Diaz et al. (2015), the increase of curtailments
could reach up to 28% on wind farm A and a 45% for wind farm
B by 2040. For example, almost a quarter of the potential electricity
produced on wind farms would be limited in 20 years horizon if
demand-side response and storage measures are not taken at regional
level.

Eg(y)= MIN0.5X AEP, Eg(y — 1) x (1 + C)) )

where AEP is the average annual energy production, and C is the
increase of curtailments.

Step 3 determined the capacity of the SLBES from the results of the
previous steps. Several SLBES installation scenarios were proposed for
each year (from 2022 to 2031) according to the following technical
limitations: (i) the availability of second-life EV batteries, which was
defined by the EV market in the region, and the forecast of the number
of sales in a medium-term scenario; and (ii) the wind energy surplus
from wind farms under study.

For the first conditioner, that is, the availability of batteries, the
SOH, the round-trip efficiency, the DOD and a retrofitting factor were
applied. The battery degradation factor reflects the loss in storage
capacity due to first-life use. Since we have considered 320 km of range
for an electric car, the number of depth cycles is nearly 500. Besides,
we are assuming lithium nickel-based batteries to be the predominant
type for the study period, resulting in nearly 1200 cycles (Preger et al.,
2020). The SOH from EV battery application was fixed on 80% of its
initial capacity (Zhan et al., 2020; Huang et al., 2019; Martinez-Laserna
et al., 2018). Furthermore, the retrofitting factor (Pg,,) was set at 60%,
i.e., we can only collect, check, transform, and install a fraction of
the total batteries on the oldest EV fleet. This is mainly caused by a
premature degradation, or the need for grouping by car models with
similar batteries The total capacity available from second life batteries
at year y is expressed by:

Cap 4,4i1(¥) = Batt 4,,:/(¥) X Ppy; X SOH 7

where Batt,,,;;(y) is the number of second life batteries available at
year y (Eq. (5)).

Respect operational parameters, the round-trip efficiency was as-
sumed to be 89% (Nadeem et al., 2019; Dehghani-Sanij et al., 2019;
Giir, 2018; Aneke and Wang, 2016; Kim et al., 2019; Saini et al., 2020).
Finally, to ensure a safe operation, a range from 25% to 95% state-
of-charge was applied to prolong the second life of the battery up to
7 years of low-intensity operation conditions. The rate of discharge
(C-rate) was limited to below 1C for all scenarios.

For the second condition, the maximum required battery capacity
(Capg,,) was obtained according to the surplus energy in extreme
conditions (according to operational data of the wind farm owners). We
assumed 800 h of limitation per year (LimitH ours), normally shared in
high wind streaks of 7 h (ConsH ours) maximum (generally distributed
during off-peak hours) based on historical data from the wind farm
owner.

Caprey(y) = Eg(y) X ConsHours
X LimitH ours X DOD

(8)

The capacity finally installed (Cap;,,,) was constrained by both the
capacity required (Capg,,) and the capacity available (Cap,,,;), as
expressed by:

Caplnst(y) =MIN (CaPReq(y)’ CapAUail(y)) (C)]

From this, we were able to derive the percentage use of the battery
(Eq. (10)), which, in turn, led to the estimation of the energy injected
from batteries (Eq. (11)) and the number of cycles (Eq. (12)).

Batt g, (y) =
MIN 1’ Caplnst(y) — (10)
E¢(y) X ConsHours X LimitH ours
Egai(y) = Eg(y) X Battg,,(y) X BattEf f (11)
Epan(y)
N === 12)
Cycles Cal’nm(y)

4.2. Economic assessment

Step 4 of the proposed methodology led to the obtainment of a
base case for the economic assessment. For each wind farm and each
year within the period 2021-2031, we assumed a maximum initial
inversion to fulfill the surplus energy from the wind farm, limited to the
estimated availability of second life batteries in Tenerife that year. We
computed the annual and cumulative cash flow for 7 years by using the
indirect method (Board, 1987). We estimated the income as the factor
of the energy injected from the batteries and the marginal sales price
of such energy. We subtracted direct operation and management costs,
and amortization from the incomes to estimate the Earnings Before
Interest and Taxes (EBIT). We applied an estimated tax rate of 7%
to calculate the net balance, and added again the depreciation (BOE,
2021c). We used the cash flow to compute both the NPV and IRR, by
applying a discount rate of 6% that is commonly used by energy sector
investors (BOE, 2021b).

Afterwards, we performed a one-way sensitivity analysis on the
most relevant variables that may affect the results for each wind farm at
medium- (2027) and long- (2031) term. Table 1 summarizes the values
used in the analysis.

An investment was considered profitable when a positive NPV, an
IRR over 6% (set by the market regulator and utilities), and a payback
under the estimated lifespan of the installation were all obtained.
Although our preliminary analyses shown that achieving profitable
inversions was suitable even without public funding, we analyzed the
impact of two different incentives from the government: on the retrofit
cost (Capital Expenditures — CAPEX -); and on the energy injected into
the grid (Operational Expenditures — OPEX -). A two-ways sensitivity
analysis was performed by considering both subsidies: (1) percentage
of subsidy on CAPEX; and (2) a bonus incentive on energy injected to
the grid to support the OPEX. We only selected those combinations of
subsidies that led to profitable scenarios for both wind farms in order
to guarantee uniformity for the proposal of specific policy measures at
the island level. After a preliminary analysis, the CAPEX subsidy was
assessed from zero to 45% of the total retrofit investment, and the OPEX
was evaluated for remuneration for energy injected from zero to 20
€/MWh. The objective of this incentive scheme is to reduce the average
overruns that the use of oil-derived fuels for conventional electricity
generation causes in the islands.

Finally, we analyzed the robustness of the selected subsidized sce-
narios by performing both one-way and probabilistic sensitivity analy-
ses (Step 7 from Fig. 3). The latter (probabilistic sensitivity analysis
— PSA -) consisted on performing 5000 Montecarlo simulations by
varying the main parameters according to the uncertainty surrounding
their estimate value (see Table 1). We estimated the probability for each
scenario to be feasible by accounting for the proportion of simulations
that were profitable.
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Table 1
Most relevant parameter values for the base case, one-way sensitivity analysis and probabilistic sensitivity analysis.
Parameter Base case One-way? Probabilistic” Source*
Second-Life battery retrofitting percentage 60% 40%-80% UNIFORM(30%; 90%) Ass.
Battery efficiency 89% 80%-95% BETA(89%; 3%) Nadeem et al. (2019) and Diaz et al. (2015)
Average battery degradation (SOH) from EVs 80% 60%-95% BETA(80%; 5%) Saez-De-Ibarra et al. (2016)
DOD availability 70% 60%—-85% BETA(70%; 5%) Saez-De-Ibarra et al. (2016)
Cost of operation & management (in €/MWh year) 1800 1600-2000 UNIFORM(1600; 2000) LAZARD (2019)
Lifespan of first life batteries (in years) 10 8-15 UNIFORM(8; 12) Wilson (2021) and Preger et al. (2020)
Lifespan of second life batteries (in years) 7 6-10 UNIFORM(6; 8) Wilson (2021) and Preger et al. (2020)
Growth rate on surplus energy for WF A 30% 24%-36% UNIFORM(24%; 36%) Ass.
Growth rate on surplus energy for WF B 15% 12%-18% UNIFORM(12%; 18%) Ass.
Average annual electricity production in WF A (in MWh) 58,800 54,800-62,800 NORMAL(58,800; 2940) WF
Average annual electricity production in WF B (in MWh) 64,400 60,400-68,400 NORMAL(64,400; 3220) WF

Energy surplus in the base year in WF A (in MWh) 88

Energy surplus in the base year in WF B (in MWh) 1760

Relationship between electricity prices and opportunity cost 36% 10%-50%
Tax rate on electricity production 7% 0%-10%
Discount rate 6% 3%-9%
Average market price of electricity (in €/MWh) 194 50-225
Retrofit cost factor 1 0.75-1.25
Growth rate on market sale price of electricity -2.5% —3%-1%
Yearly curtailments (in hours) 800 700-1200
Consecutive curtailments (in hours) 7 5-8

WF
WF
UNIFORM(26%; 46%) Ass.
BOE (2021c¢)
BOE (2021b)
GAMMA(194; 64) Operador del Mercado Ibérico de Energia (2022)
UNIFORM(0.75; 1.25) Sun et al. (2018)
NORMAL(-2.5%; 1.5%) Ass.
NORMAL(800; 200) WF
NORMAL(7; 2) WF

DOD: Depth of Discharge; EV: Electric Vehicle; SOH: State of Health.
aLower and upper values used in the one-way sensitivity analysis.

bprobability distribution and parameters. Lower and upper limits for uniform distribution; average and standard deviation for the rest of distributions.

€Ass. - Assumption; WF - Wind farm owner database.

5. Results and discussion

Table 2 details the results of the technical assessment. The first rows
show the potential batteries that could provide 10 years-old and older
EVs (Eq. (5)). The available capacity for second-life batteries are 52%
below this figures, because of the restriction of 60% retrofitting factor
and at 80% of state of health due to aging (calculated from Eq. (7)).
Despite these limitations, we estimate that it is possible to collect up to
83.2 MWh of second-life batteries by 2031.

Our estimations show fewer curtailments for wind farm A when
compared to wind farm B. At the end of the studied period, the potential
energy surplus that could be stored would be around 8188 MWh for
wind farm B, which represents more than 20% of the total energy
injected directly from wind turbines in an average year. Conversely,
curtailments represent just a 6.7% of total energy injected for wind
farm A (according to Eq. (6)).

From 2022 to 2024, the capacity of batteries in both wind farms
is narrowed by the scarcity of available second-life batteries. Thus,
we could not recover totally from the energy spills with the batteries.
From 2029, the expected growth of the EV market would be able to
fulfill the curtailments of either wind farm, and thus would be the
determinant factor for the battery total capacity. The results were
computed following Egs. (8) and (9), and are described in step 3
(Table 2). Additionally, Eqgs. (10) and (12) evaluated the average power
curtailed and the total number of cycles of the battery during the
second-lifetime period, respectively.

The CAPEX of second-life battery retrofitting is calculated from
useful second-life battery energy storage (first row of step 3 in Table 2),
and from the retrofitting cost (Sun et al., 2018) (last row of Table 2).

Finally, the average market price is computed by using a base value
of 193.88€/MWh, which varies year by year proportionally to the
evolution of the market sale price (Table 1). The marginal sale price
of electricity injected from the battery to the grid is the difference
between the average electricity market price and the purchase price
of the electricity from our wind farms (represented by the opportunity
cost of electricity).

Fig. 4 shows the economic feasibility of SLBES by year of installation
and wind farm, in terms of NPV (a) and IRR (b). Investment in any of
the wind farms is not profitable until 2025. Beyond that time horizon,
NPV grows smoothly for wind farm A, and exponentially for wind farm

B. As for IRR, it tends to increase linearly up to 2027, when it reaches a
value about 10% for both wind farms. The same trend applies to wind
farm B until 2030 when it seems to flatten at around 14%. The limited
capacity available on SLBES stands as the major constraint for the
profitability of the investments, and may drive investors to delay the
investment. However, they should be aware that long term predictions
are subject to a higher uncertainty, as discussed below.

The results of the one-way sensitivity analysis on the NPV are
illustrated by means of tornado diagrams for each wind farm and two
different years (Fig. 5). Each diagram shows the five most relevant
variables for each scenario. For both, medium- (Figs. 5(a) and 5(b))
and long- (Figs. 5(c) and 5(d)) term analyses, the relative impact of the
different parameters is very similar. Nevertheless, wind farm B shows
much more pronounced differences with respect to the base value for
every parameter due to its larger SLBES capacity.

Variations in the average electricity market price notably affect the
expected economic result. A pre-2021 price level (around 50 €/MWh)
would lead to unfeasible investment scenarios in the absence of public
funding. The relationship between this price and the wind farm base
price, together with the growth rate on the electricity market price,
also notably affect the expected results at medium- and long- term.
The former may lead to unfeasible investment scenarios as it reach
higher levels, hence reducing the margin of benefits. Such elevated
levels for this parameter represent scenarios where the opportunity
cost derived from alternative technologies (such as hydrogen) is high.
The latter, i.e., the growth rate of the market price, would not lead
to negative NPVs even for a 3% yearly reduction. An increment in the
retrofitting cost factor may lead to an unfeasible investment scenario
in the medium-term for wind farm A, but not in any other scenario.
Variations in any other parameter may reduce or increase the benefit,
but would not change the potential feasibility of the scenarios. These
parameters are the discount rate, the battery efficiency, the tax rate and
the lifespan of 1st life batteries.

After analyzing the impact of CAPEX and OPEX subsidies (see full
details on two-way sensitivity analysis in the Appendix A, Table A.1
of the supplementary material), none of the scenarios required OPEX
to become profitable due to the current electricity prices. Besides, at
medium- and long-term, and even with no CAPEX, all scenarios become
profitable. We analyzed in detail four scenarios with no OPEX: two at
medium-term (2027), with 0 and 15% CAPEX, and two at long-term
(2031), with 0 and 15% CAPEX.
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Table 2
Results of technical assessment for second-life battery design.
Wind farm 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031
Step 1: EV market trending analysis in the Canary Islands
Potential batteries from - 0.39 0.88 2.16 3.43 5.76 9.39 17.89 41.19 82.43 173.40
EV fleet (MWh)
Second-life available - 0.19 0.42 1.04 1.65 2.77 4.51 8.59 19.77 39.57 83.23
battery capacity (MWh)
Step 2: Curtailments estimations for wind farms in Tenerife
Energy curtailments (MWh) A 2615 3399 4419 5745 7468 9709 12,622 16,408 21,331 27,730
2 B 25,759 29,623 34,066 39,176 45,053 51,811 59,582 68,520 78,798 90,617
Average curtailments respect A 0.6% 0.8% 1.1% 1.4% 1.8% 2.4% 3.1% 4.0% 5.2% 6.7%
total energy injected (%) B 5.7% 6.6% 7.6% 8.7% 10.0% 11.5% 13.2% 15.2% 17.5% 20.1%
Average power curtailed A 0.47 0.61 0.79 1.03 1.33 1.73 2.25 2.93 3.81 4.95
(MW) B 4.60 5.29 6.08 7.00 8.05 9.25 10.64 12.24 14.07 16.18
Step 3: Second-life battery energy storage design and sizing
Useful Second-life battery A 1.9 2.4 3.1 4.1 5.3 6.9 9.0 11.7 15.2 19.7
energy storage (MWh) B 29.1 33.5 385 44.2 50.9 58.5 67.3 77.4 89.0 102.4
Energy injected from A 1714 2525 3562 4860 6517 8608 11,233 14,603 18,984 24,680
batteries (MWh) B 7921 13,326 19,496 26,502 34,424 43,189 52,261 60,983 70,130 80,649
Number of depth cycles A 712 712 712 712 712 712 521 498 498 498
during second-life use B 712 712 712 712 712 712 712 498 498 498
CAPEX of second-life A 14,428 28,811 64,064 92,014 140,450 208,873 364,732 456,420 549,113 663,856
batteries retrofitting (€) B 79,135 112,809 170,819 251,899 435,981 916,157 1,680,896 3,028,202 3,222,821 3,446,700
Other relevant variables
Average market price - 184.3 179.7 175.2 170.8 166.6 162.4 158.3 154.4 150.5 146.8
(€/MWh)
Marginal sale price - 122.7 119.6 116.7 113.7 110.9 108.1 105.4 102.8 100.2 97.7
(€/MWh)
Retrofitting cost - 76.3 68.5 61.8 55.9 50.8 46.3 42.5 39.1 36.2 33.7
(€/MWh)

» Medium-term (year 2027), no CAPEX scenario. Both wind farms
achieve an IRR around 10%, with a return of investment relatively
close to the expected lifespan of the installation (5.9 years).
According to the PSA, the probabilities of wind farm A and wind
farm B to be profitable under these conditions are 57% and 60%,
respectively. The uncertainty on the estimations of the average
market price explains more than 50 and 30%, respectively for
wind farms A and B, of the uncertainty upon these results.
Medium-term with 15% CAPEX scenario. In this case, both wind-
farms achieve an IRR above 14%, and see the payback reduced
to 5.0 years. The probability of the investments to be profitable
increases to 68% and 72%, for wind farm A and B, respectively.
Long-term (2031), no CAPEX scenario. While wind farm A
achieves an IRR of 12.6% for a NPV of about 223,500 €, wind
farm B obtains 11.7% for a NPV of above 1000,000 €. The
payback, in both cases, is below 5.7 years. The probabilistic
analysis shows that this scenario is profitable for wind farm A
in 67% of cases; 70% when wind farm B is analyzed. Again, the
parameters that characterize the market price are the main drivers
for such uncertainty.

Long-term, 15% CAPEX scenario. Actually, this scenario would be
unfeasible, since the IRR is above the CAPEX for both wind farms
(16.8% and 15.8%, respectively), and thus, would not be subject
to public funding. The payback would be below 5 years for both
wind farms. The confidence on the profitability of the investment
would increase to 76 and 78%, respectively, for wind farm A and
B (see Table 3).

Appendix B of the supplementary material shows further detail on
these results.
This study has potential limitations:

(i) The case study is limited to two wind farms on an isolated
system (Tenerife). In order to extend the study to the whole
region, we would require accurate data on energy production
and curtailment for every wind farm on the island. Although the

(i)

(iii)

(@iv)

company that owns and operates the wind farms chosen for the
case study provided us with this data, there is no public data set
in the studied region that details such information for every wind
farm. In any case, the chosen wind farms produce around 23%
of the installed wind power in the island, and thus represent a
significant part of the total production.

The growth of the EV sales could represent a quantitative leap
in the available capacity of batteries. According to our EV fleet
projections in the Canary Islands, by 2040 there would be a
total of 37 GWh of battery capacity on 990,320 EVs, while
nearly 6.2 GWh could be susceptible to being exploited as SLBES.
We assessed three different sales scenarios to deal with the
uncertainty surrounding the expected trend on EV sales: even
the most conservative scenario ended with batteries enough to
fulfill the requirements of the chosen wind farms.

Another parameter subject to high uncertainty is the projection
in terms of the technological improvement of battery packs and
new chemistry. We assumed that NCA and NMC batteries will
predominate, with life cycles that can extend the first-life usage,
on average, up to 10 years (about 160,000 km during the period
and degradation of 80% of the SOH); with a second life of seven
more years. However, lithium iron phosphate (LFP) batteries are
gaining relevance today due to their lower dependence on price
volatility of raw materials (dispense with cobalt or nickel, and
requires less lithium). During the last year the price of a kWh of
batteries has risen from 118-128 $/kWh (May 2021), by 41% for
NMC and 32% for NCA and 29% for LFP (Krishna, 2022). Today,
LFPs just represent 4% of the total EV market. However, this
technology is key to further boosting EV deployment because
of their less use of lithium and unused of cobalt and nickel.
This technology would make our scenarios even more profitable
due to the extension of their lifespan (between 1500 to 6000
cycles) (Preger et al., 2020).

Retrofit has multiple difficulties such as compatibility between
battery packs from different chemistry and manufacturers, mon-
itoring of their cooling and safety issues. The uncertainty in



A.L Lépez et al.

Table 3
Profitable scenarios subsidy schemes and costs.
Inv. year CAPEX (%) Wind farm A Wind farm B
IRR (%) CAPEX (€) Avg. Subsidy (€/MWh) IRR (%) CAPEX (€) Avg. Subsidy (€/MWh)
2027 0% 9.96% 0 0.00 9.96% 0 0.00
2027 15% 14.15% 31,331 3.64 14.15% 137,424 3.18
2031 0% 12.60% 0 0.00 11.73% 0 0.00
2031 15% 16.78% 99,578 4.03 15.75% 517,005 6.41

Avg. Subsidy: Average Subsidy; CAPEX: Capital Expenditures; Inv. year: Investment year; OPEX: Operational Expenditures.
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Fig. 4. Economic evaluation of second-life battery energy storage.
(c) Second-life battery on Wind Farm A (2031)
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retrofit costs and the decrease in the price of new batteries could
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make investors prefer to install new instead of recovering old
ones. We established a conservative 60% retrofitting factor to
consider that only that proportion of vehicles will be suitable for
making up a container of batteries of at least 1 MWh (composed
of batteries of the same vehicle model). As derived from the
one-way sensitivity analysis, even reducing this percentage to
40% would not change the profitability of the chosen scenarios.
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Discount Rate

The study has been limited to EV batteries from the islands to
promote a circular economy in the archipelago, discouraging
the possibility of importing used batteries from the European
continent.

(v) The behavior of the electricity market has suffered drastic
changes in a short period, with the average price of electricity

(d) Second-life battery on Wind Farm B (2031)

Fig. 5. One-way sensitivity analysis.
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increasing from 50 to 192 €/MWh in around a year (Operador
del Mercado Ibérico de Energia, 2022). Geopolitical tension and
its impact on the fossil fuel market (especially on natural gas)
can be pointed out as the main drivers for this change. Although
the current scenario, with high prices, benefits the profitability
of investments such as the one assessed in this article, there is a
high uncertainty on the future behavior of the market. According
to our sensitivity analyses, returning to pre-2021 prices would
require public funding (both in terms of OPEX and CAPEX) to
make this kind of investments profitable.

(vi) The uncertainty on the future trend of the electricity market
also affects the purchase price of surplus energy. This price may
rise, given that its opportunity cost will depend on multiple
storage alternatives and alternative uses. Battery energy storage,
green hydrogen by electrolysis, liquid-air storage, or demand
response could be competitors to purchase these energy spills
at a lower price than electricity prices (Ferrario et al., 2020;
Ramirez-Diaz et al., 2016; Legrand et al., 2019). In advance,
the SLBES starts with an advantage because its CAPEX is lower
than first-life batteries. SLBES also outperforms the round-trip
efficiency of hydrogen production or air-liquid. Consumption
associated with demand response may be more competitive,
although it would require the availability of manageable con-
sumption within a short distance of wind farms. Finally, we
have addressed this issue on the one-way sensitivity analysis that
shows an unprofitable scenario when the acquisition price of
electricity represents more than half of the market price.

Once the limitations faced by the work have been addressed and
exposed, we must indicate that we have carried out various sensitivity
studies with multiple scenarios for all the parameters mentioned above.

As a final remark, and beyond the economic benefits of using
second-life batteries as large-scale ESS, the use of this technology
becomes in other gains: (i) system emissions would be reduced and the
renewable resource exploited almost entirely (solving energy spills);
(ii) the inclusion of other energy storage with greater impact on the
environment would be reduced; (iii) batteries would provide specific
services to the electrical grid, from those derived from quick response
services to massive energy coverage at peak power demand; (iv) hun-
dreds of tons of batteries would be reused, extending their useful life
for at least 10 more years. (v) a circular economy based on lithium
and other high-value raw materials for Canary Island would be created,
hence diversifying the economy of the region.

6. Conclusion and policy implications

This article explored the potential of SLBES to support a greater
integration of renewable energies. Specifically, we studied the use of
SLBES with two different wind farms, with the aim of increasing the
robustness of the Tenerife isolated electrical systems. To cope with this
aim, we performed a techno-economical assessment to evaluate the
feasibility of a SLBES under different scenarios.

Our main results reveal that, under the current remuneration frame-
work and market electricity prices, investment in SLBES is feasible. To
achieve economic viability, it is not necessary to subsidize CAPEX or
OPEX. As the number of available batteries from EVs grows, investment
scenarios become feasible, with the best results obtained after 2027.
The viability of the SLBES plans depends highly on how the electricity
market will evolve for the next decade. The current energy crisis favors
the development of new energy storage alternatives plus renewable
to substitute fossil fuel backup technologies. However, a fall in the
electricity prices scenario till pre-2021 figures will require political
efforts to provide economic support to SLBES, specifically in CAPEX.

Policymakers should assess both other similar solutions for ESS
and the risk of inaction in terms of accumulated battery residuals in
controlled landfills. Currently, the existing alternatives for energy stor-
age present both advantages and disadvantages. For example, although

pumped-hydro energy storage provides large useful life and maturity,
it requires a large investment, availability of adequate areas for the
reservoirs, investment in desalinization equipment and global energy
losses (Ramirez-Diaz et al., 2016; ENDESA and Monitor Deloitte, 2020;
Garcia Latorre et al., 2019; Ramos-Real et al., 2018). Green hydrogen
production from renewable surplus as ESS could provide multiple end-
use applications. For example, green hydrogen could be exploited in
heavy-duty transportation and electricity sector (through fuel cells).
Moreover, hydrogen could be burned and used as heat source, usually
in industry applications, maritime and air transportation, and also
conventional power plants to produce electricity. Nonetheless, the high
cost of hydrogen infrastructure, and the low maturity and poor round-
trip efficiency are the main barriers for this technology (ENDESA
and Monitor Deloitte, 2020; Gils and Simon, 2017; NREL and U.S.
Department of Energy, 2020).

The installation of new stationary Lithium-ion battery storage seems
to be a similar solution from a technical point of view in compari-
son with SLBES. The round-trip efficiency, and low occupation and
exploitation of the territory are some of its main advantages. Be-
sides, the cost of lithium-ion batteries is dropping year by year, and
this solution starts to be a feasible alternative from an economical
perspective (NREL and U.S. Department of Energy, 2020). However,
supply-chain of lithium, geopolitics and the priority usage in trans-
portation sector are the biggest obstacles to develop ESS based on
lithium stationary batteries.

In any case, taking advantage of batteries from second-life trans-
portation usage poses an opportunity to be explored. The main advan-
tage of extending the lifespan of batteries, as proposed in this study,
is the reduction of investment on new batteries. Moreover, from an
environmental point of view, the installation of SLBES for 2031 could
avoid approximately 0.7 to 1.2 kilotons of accumulated waste (150-
260 Wh/kg for NCA and NMC) up to 2031. Furthermore, a potential
of 28-90 kilotons of CO2 is saved, derived from the renewable energy
stored and injected (from both wind farms) into the electricity grid in
substitution of conventional technologies, such as open-cycle turbines
fueled by diesel gas (1.12 t.CO2/MWh) (Red Eléctrica de Espaiia,
2020). Furthermore, the reduction of the cost for recycling batteries
in the Canary islands would be nearly 5 to 7 million euros by 2030
(assuming 1130 €/tonne) (Jo and Myung, 2019). For this reason, the
promotion of second-life batteries should be mandatory to avoid the
uncontrolled accumulation of these residuals.

As with other types of storage, government support is key to the
development of SLBES. Although the current electricity market prices
depicts a very favorable scenario to investment on SLBES, this situation
may change drastically in the future. Hence, support from the policy
makers may reduce the impact of this uncertainty on future invest-
ments. In the specific context of Spain, the Government should support
the use of second-life batteries, not only because it is a technology that
improves the integration of renewable energies in the electrical system,
but also since it fits both into the Spanish Circular Economy Strategy
and the New EU Regulatory Framework for Batteries goals (Gobierno
de Espafia, 2020; European Parliament, 2021).

In conclusion, this work has demonstrated that SLBES is a techno-
economical feasible solution to improve the penetration of renewable
energy from wind farms in isolated systems. At current electricity
prices, government subsidies are not essential. Although, a 15% on
government support in CAPEX could guarantee a high probability of
success in a wide range of cases ensuring the project’s viability. Hence,
SLBES arises as a solution of interest to cope with the decarbonization
goals in isolated systems

Further research may aim at other potential uses of second-life
batteries, such as their integration in smart-grids or self-consumption
installations, analyzing both techno-economical and a life-cycle anal-
ysis. In addition, a deeper analysis between SLBES and other storage
alternatives focused on insular regions would be interesting to pro-
vide empirical data energy policy actions. Finally, we encourage the
development of a living-lab project in the short term with SLBES in
Tenerife.
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