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Abstract

The increasing use of renewable energy technologies for electricity generation in buildings will require a growing
number of battery energy storage systems (BESS) to enhance the reliability of electricity supply. The increasing number
of retired electric vehicle (EV) batteries, expected from the automotive sector, can match this demand as EV batteries
can be used as BESS, considering that they have about 80% of their original energy capacity.

In this context, the study aims at examining the system, consisting of a BESS made by retired Li-ion EV batteries, a
photovoltaic plant (20 kW) and the electricity grid, that provides the electricity required by an existing nearly net zero
residential building (25.000 kWh/year). The goal is to identify the optimal BESS size, expressed as energy capacity, for
load match optimization and environmental impacts in a life cycle perspective.

A BESS of around 46 kWh of energy capacity allows achieving significant results in terms of load match increase and
environmental sustainability.

The study includes an environmental assessment combining the load match analysis and the life cycle approach. It
highlights the potential synergy inspired to the principles of the circular economy and of the industrial symbiosis,

between the building and the automotive sector.
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1  Introduction

In 2015, the building and the transport sectors was responsible of 58.5% of the final energy consumption in the
European Union (EU) [1]. According to European Energy Agency (EEA), in 2015, the transport sector contributed to
25.8% of total EU greenhouse gas (GHG) emissions [2], while the building sector was responsible for approximately
36% of all CO, emissions [3].

Electrification and renewable energy sources (RES) emerge as two of the major low-carbon pathways in both building
and transportation sectors.

In building sector, the reduction of energy use and the production of energy from RES are important measures needed
to reduce the European Union’s energy dependency and GHG emissions [5]. This is addressed in the EU directives on
the energy performance of buildings [6,7]. In particular, the Directive 2018/844/EU [7] states the need towards
decarbonized pathways through the deployment of nearly zero energy buildings (nZEBs). In this kind of building,
thermal and electricity energy storage systems are useful in order to increase the energy flexibility and to optimize the
interactions between users and the energy grids. About electricity, the presence of self-generation in the residential
sector can become an issue in terms of electricity grid management [8]. The main challenge of the self —
generation/consumption is the difficulty in reliably providing power on a desired schedule due to the intermittency of
RESs [9-11]. In order to balance supply and demand of electricity and to reduce the stress on the grid, one of the main
choices for residential buildings is the use of distributed local battery energy storage systems (BESS). However, one of
the most relevant drawback to more widespread use of BESS is the cost [12].

At the same time in the automotive sector, according to the International Energy Agency (IEA), the number of EVs will
increase from 2 million units in 2016 to 56 million by 2030 [13] and this can be translated in a significant growing of
the EV batteries waste stream in the next years. Currently, the Directives on the end-of-life (EoL) of vehicles [14] and
on batteries and accumulators [15] support the recycling as EoL management for batteries.

The preferred technology for EV batteries is the lithium-ion (Li-ion) chemistry [16-21]. According to several previous
studies [12,22—-24] the EV Li-ion batteries usually retain as much as 70-80% of their original storage capacity at the
point of retirement. Then, they may have enough capacity to be used in secondary less demanding energy applications,
and, as a fully very circular — economy measure to supply the demand of BESSs of the building sector.

Coupling renewable energy generation on site with electricity storage can reduce wasted energy and transmission losses
on the grid side, increase the consumption of the on-site electricity generated from The RES — BESS system will also
lead to an improvement of the environmental performance of the building use phase. In fact, the reduction of energy
waste and transmission losses and the increase of the consumption of the on-site electricity generation from RESs can
allow lower energy and environmental impacts and can accelerate the decarbonisation of the energy generation system.
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However, it is paramount to understand the system-wide potential environmental benefits of employing retired electric
vehicles (EVs) batteries as BESSs through a life cycle perspective.

In this context, the authors propose the simulation of the installation of a BESS made of retired EV batteries to a
residential nZEB, the Leaf House (LH), a case study analysed in [9]., equipped with a photovoltaic (PV) power plant.
The goal of the study is to identify the best trade-off between the BESS sizing and the associated environmental impacts
in a life cycle perspective.

In line with this goal, the detailed analysis of the operational phase in terms of load — match and grid interaction is
combined with the Life Cycle Assessment (LCA) of the energy system. The load match refers to how the local energy
generation compares with the building load and is closely related with grid interaction (i.e. energy exchange between
the building and the power grid). The LCA is a standardized methodology (1SO 14040) widely adopted by the scientific
community to assess the environmental impacts of products and services from a life cycle perspective (i.e. including
extraction of raw materials, transports, manufacturing processes, use and end-of-life) [25,26].

The approach proposed is one of the first that integrates the load match analysis and the life cycle perspective in the
design choices of an electrical storage, based on the second life of batteries from the automotive sector.. This allows an
environmental sustainability oriented design, that takes into account the repercussions of the design choices not only to
the operational phase performances but also to the whole life cycle environmental impacts of system, in order to avoid
the shifting of environmental and energy burdens from the operation phase to others life cycle phases [27].

The battery second life proposed in the paper is a synergy between the building and the automotive sector, which can
further enhance their individual sustainability propositions; this strategy is in line with circular economy and industrial

symbiosis principles [28] and the waste management hierarchy in which reuse is preferable to recycling [29].

2  State-of-the-art

Several LCAs are available in the literature on the EV batteries reuse for energy storage system in stationary
applications [22] [23] [24] [30] [31] [32] [33] [34]. An extensive literature analysis carried out by Bobba et al. [22]
highlighted that the available LCAs are characterized by significant differences: a) methodological assumptions
(functional unit (FU)); b) life cycle phases included in the assessment (system boundaries); c) scope (e.g. different
second-use applications, different product systems analysed); d) life-cycle inventory (LCI) data used for the life-cycle
stages (e.g. energy flow of the use stage and battery degradation patterns).

Some aspects are further investigated in the presented study. About the BESS sizing, most of the studies examined
simply consider the use of one battery pack without exploring the effective improvement in the system operational

phase and if the installation of a higher energy capacity could result in an improvement of both operational phase and



life cycle environmental sustainability. Concerning the methodological aspect of the allocation?, five different options
were identified 1. In Faria et al. [34] no environmental impacts are allocated to the second life application as, according
to the authors, the primary function of the battery pack was to be used in the EV; in Richa et al. [32] the allocation is
based on three different rules: market price, energy storage and equally divided. In Ahmadi et al. [23] and Casals et al.
[33] the system investigated included both the first and the second life of the EV battery, then allocation was not
necessary; in Bobba et al. [22] two different options are investigated: 0% and 25% of the environmental impacts related
to battery production and EoL treatment allocated to the second life application. Concerning the operational phase,
according to Bobba et al. [22], in the literature the modelling is often based on average data or previous studies [23,32—
34]. Moreover, based on author knowledge, only Bobba et al. [22] proposes a detailed energy model of the system
investigated including both the battery capacity and efficiency degradation in a time-step modelling of 15 minutes,
however, only primary data on the PV generation are used, while data on the building load were generated through the
ResLoadSIM tool?.

In this paper, the authors simulate the installation of BESSs characterized by an increasing installed energy storage
capacity, corresponding to the employment of a different number of retired EV batteries. The aim is to assess how the
operational phase, in terms of load match, and the environmental life cycle impacts are affected by the installation of an
increasing energy storage capacity. Moreover, the authors model the energy systems based on monitored data on PV
generation and building load profiles considering both the battery capacity and efficiency degradation. The allocation of
the environmental impacts between the first and the second life are based on the energy delivered during each

application, allowing their partitioning based on the real function provided in both applications.

3 Description of the system examined

“The system examined is made of a PV plant with an overall efficiency of roughly 14%, a BESS and the electrical grid
(PV plant + BESS + electrical grid). Its function is to provide electricity. The PV plant is a grid-connected system with
a peak power of 20 kW. The yearly PV electricity generation is about 25 MWh. The BESS is based on a commercial
Lithium-ion (Li-ion) EV battery used in a Plug-in hybrid EV [23,38]. At the end of the battery first life, the EV had
driven about 140,000 km and had a residual capacity equal to 81.31% of the nominal capacity of the fresh battery

[22][39]

The technical characteristics of the examined battery are in Table 1.

Further detail about the considered EV battery pack are available in Bobba et al. [22].

L Rule for partitioning the impact of the battery production and EoL phases between the first and the second battery application
2 https://ses.jrc.ec.europa.eu/power-system-modelling.



Table 1. Technical characteristics of the reused battery [22]

Characteristics Battery pack
Chemistry Li-ion LMO-NMC
Nominal capacity [KWh] 9.27

Battery charging/discharging efficiency [%] 95

Weight of the battery pack [kg] 175

The system was simulated as installed in an Italian building nearly zero energy building called “Leaf House” (LH) [36]:
a single house located in S. Angeli di Rosora (Marche, Italy). The electricity requirements of the building are supplied
by the grid-connected PV system installed on the south-facing roof. The average yearly electricity consumption of the
building is about 25 MWh. The highest contribution to the electricity use is from the heat pump, approximately 35%,
and lighting and plug loads, 35%, while the pumps, auxiliary loads, and the air handling unit account for the remaining

30% of the total consumption.

The battery pack under investigation was disassembled from a Mitsubishi Outlander PHEV. It is one LMO-NMC
battery pack with a nominal capacity of 11.4 kWh, which guarantees 136,877 km of driving for a passenger car
weighing 1860 kg before the battery capacity reduced about 81.31% [22][35]. System efficiency modelling was

performed by starting from monitoring and laboratory testing activities.

Aged and fresh LMO — NMC cells were purchased and tested by the Joint Research Centre (JRC) in order to evaluate
the performance of the cells after the first use in the EV compared to the fresh cells. The rated capacity of the fresh
battery cell is 38 Ah. Concerning the aged battery cell, the capacity recorded by the BMS after the first use in the EV,
and then available for the stationary second life applications, is 30.91 Ah. Thus, the residual capacity of the aged cells

results equal to 81.31% of the nominal capacity of the fresh battery cells.

The capacity of the aged and fresh battery cells under investigation are illustrated in Table 2.

Table 2. Capacity of the fresh and aged Li-ion battery cells investigated.

Characteristics Aged battery cell Fresh battery cell

Battery cell capacity [Ah] 30.91 38

During the use phase, in both stationary or mobile applications, battery cells undergo in a degradation mechanism that
can contribute to either capacity fading or power fading, or both of them [38]. The aging of a battery cell occurs due to
the electrochemical degradation processes that take place during the operation phase, called cycling aging, and also to
processes that lead to a degradation of a battery cell independent of charge-discharge cycling, called calendar aging [39]

[34]. The aging process leads to an increase of the internal resistance and a reduction of the battery cell performance.



The performance of the battery cells were assessed through an experimental campaign designed for the both fresh and

aged cells in order to evaluate the calendar and cycling aging under different conditions and duty cycles, for first EV

life and the potential stationary second use in utility grid applications.

The experimental campaign was performed within the SASLAB (Sustainability Assessment of Second Life Application

of Automotive Batteries) project®.

Table 3 illustrates the planned experimental and their status of achievement at the end of SASLAB project.

Table 3. Planned experimental test for the LMO-NMC battery cells in the context of SASLAB project [35].

Chemistry and

. Expected Situation (July
Type of test Scope of the test  number of Conditions duration 2018)
samples
'g‘essfjggggn of 6 aged and 6 fresh  Temperature: Completed as
Calendar agein ceﬁs without LMO- 25°C and 45°C; As long as planned. Still
geing . NMC/graphite SoC: 100% and possible running for long
charging or
. . cells 50% term assessment
discharging
Assess The C/5 series is
Cycle ageing degradation of 2 aged and 2 fresh . not completed as
. - LMO- Temperature:
(charge/discharge cells with 100% NMC/araphite 25°C and 45°C 6 months planned, 3 month
at CC-CV/CQC) DoD at C/5 and cells grap performed. The 1C
1C rate series not running
Automotive use '3‘:5?;3;2(2“ of 2 aged and 2 fresh Not runnin
cycle ageing ceﬁs for LMO- Temperature: 3 months Possibl togbe
(WLTC driving . NMC/graphite 25°C y
automotive cancelled
duty cycle) S cells
applications
ieg?r?d (I(stuet cycle Almost 2 months
g g y performed and still
cycles: PV Assess the running (since
firming; PV ion of 28 aged LMO- Temperature:
smoothing; degradation o NMC/graphite 25°C, 45°C and 6-9 months November 2017)

. ’ cells for second 5 for 25°C and 45°C
primary licati cells 5 |
frequency use applications (23 samp es). Not

7 running the 5°C (5
regulation; peak
. samples)
shaving)

With reference to the calendar aging, LMO-NMC aged and fresh Mitsubishi cells were kept under different conditions
to assess the calendar ageing process: at a temperature of 25°C or 45°C and at 100% or 50% SOC following the
standard of the International Electro-technical Commission (IEC) 62660-1:2010, 2011 [40].

Results that are relevant inputs to the environmental assessment model are the average energy capacity degradation for
the cells calendar aged at temperature of 45°C and 100% SOC resulted of - 0.11 Wh/day [35] and the Round Trip

Efficiency (RTE) at the beginning of the second life: around 95%.

3 SASLAB is an exploratory project led by JRC under its own initiative in 2016-2017, aims at assessing the sustainability of
repurposing EV batteries to be used in energy storage applications from technical, environmental and social perspectives
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In order to characterize the building load profile respect to the PV generation, Table 4 reports the monthly peak-power
and the monthly electricity consumption for each month, while Fig. 1 shows the building mean daily electricity
consumption and PV electricity generation trends in particular days:

e 24" January (Cloudy cold);

e 6™ March (Sunny cold);

e 24" July (Sunny hot);

e 4™ August (Cloudy hot).

Table 4. Parameters describing the building load.

Parameter Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Monthly peak-power [kW] 7.47 697 7.09 6.89 524 501 902 7.97 542 647 7.47 857
Monthly electricity
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Fig. 1. Mean daily electricity consumption and PV production of the examined case study for four selected particular
days.

4 Method
The BESS was simulated in order to quantify the potential improvement in load match between the on-site electricity
generation from PV plant and the building load. Moreover, the life cycle energy and environmental impacts of the
system (PV plant + BESS + electricity grid) was assessed. Thus, the methodology can be recapped in the following four
steps:
1. step 1 — Simulation of the energy system, including the PV, the BESS and their mutual interactions with the
energy grid. The BESS is made of retired EV batteries having a residual energy capacity of 9 kWh. A different

number of batteries were simulated ranging from 1 to 10 (9 to 90 kWh);



2. step 2 — Identification of the load match and grid integration level for the examined system corresponding to
the simulated configurations in step 1;

3. step 3 — Assessment of the life cycle energy and environmental impacts of the examined system through the
LCA methodology;

4., step 4 — ldentification of the best design solution/s in terms of system efficiency and environmental

sustainability based on the results obtained in steps 2 and 3.

4.1  Step 1: Simulation of the energy system
The PV — BESS - Electrical grid system is modelled following the procedure described in Ciocia et al. [41] in which it
is assumed that: (1) the PV system always feeds first the load and then, if a surplus is available, the BESS and at the end
the grid; and 2) the batteries cannot be used to feed the grid and vice versa. In addition, a battery capacity fade model
and a linear decrease of battery efficiency (5 percentage points in 5 years) were introduced according to Bobba et al.
[22].
At each time step, the model, starting from the comparison among the on — site electricity production from PV (Elpv),
the building load (BL) and the state of charge (SoC) of the BESS, allows for calculating the following energy flows:

e PV electricity generated on-site and directly consumed by the building (Elpv-gL);

e PV electricity used to charge the BESS (Elpv-gess);

e PV electricity injected into the electrical grid (ELpv-grid);

e  Electricity delivered from the BESS to feed the building load (ElgessssL);

o  Electricity adsorbed from the electrical grid to feed the building load (Elgrid>gL);

o  Electricity losses due to the battery efficiency (Elyioss)-
The diagram of the system analysed and the modelled energy flows are shown in Fig. 2.
The model uses a simplified battery state of charge estimator, which takes in consideration all energy flows reported in
Fig. 2. The battery model works on the assumptions of variable efficiencies for charging and discharging due to battery
ageing. The model is based on energy balance for every time step: whereas a surplus of electricity generation occurs,
the state of charge is increased by a factor proportional to it, reduced by charging efficiencies and vice versa. Moreover,

the model includes a linear reduction of the overall capacity based on pure ageing and on charge-discharge cycling.
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Fig. 2. Diagram of the PV — BESS — Electrical grid system and of the energy flows.
In detail, the maximum energy flow from the BESS (Espmax) Was calculated, at each time step, according to its SoC,
considering the following equation:
Egpmax () = SoC(t) x Bc(t) €y
The SoC (t) is instead calculated with the Equation 2 if the Elpy (t-1) < BL and the SoC (t-1) of the BESS was
sufficient to provide an energy flow (Elgess>gL) able to match fully or partially the BL.:

SoC(t) = SoC(t—1) — (EBESLLG—U)

Bc(t) )
where:

B¢ (t) is the capacity of the storage at the time step t. The capacity fade was calculated according to [22,34] taking into
consideration both the cycling ageing and calendar ageing, i.e. the aging due to the operation and due to the basic
material degradation over the life, respectively.

Alternatively the SoC is calculated with Equation 3 if Elpy (t-1) > BL and then ELpy is available to charge the BESS

(Epvsess) and the SoC(t-1) < SOCrax:

SoC(t) = SoC(t — 1) + <Epvﬁ3555(t — 1)« r;B(t)> .

Bc(t)

where:

ng (t) is the battery efficiency corresponding at the time step (t).
The BESS model interrupts the electricity discharge when the battery SoC reaches the 20% (SoCmin) Of energy capacity
in order to limit battery degradation and aging [22,30,41]. Moreover, each battery is replaced as it reaches 60% of its

nominal capacity. In fact, When the battery capacity falls below 60% of its initial capacity, the BESS is no longer able
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to satisfy the system requirements [33,42]. Moreover, based on previous studies on battery second life application
[33,43], it is assumed a maximum BESS lifetime of 20 years. Therefore, considering that in a EVs the BESS has a
service life of about 8 years [23,32] a maximum lifetime of 12 years is available in a potential second life application,
i.e. after 12 years of second use the BESS reaches the EoL even if its energy capacity is not below the 60% of its initial
nominal capacity.

The energy simulation is carried out for each of the following scenarios, differing for the number of batteries simulated
being deployed in the building at the same time.

The configurations, corresponding to the employment of a number of retired batteries ranging from 1 (Configuration 1 —

C1) to 10 (Configuration 10 — C10), are illustrated in Table 5.

Table 5. Energy storage capacity of each examined configuration.

Parameters C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

Installed energy
capacity [kWh]
Numbers of retired EV
batteries employed

9 19 28 37 46 56 65 74 83 93

4.2  Step 2: evaluation of load matching and grid interaction indicators
To gquantify the load-matching levels for the case study, the load cover factor (yicad) indeXx, defined in [44] was used. It
represents the percentage of the electrical demand covered by on-site electricity generation and was calculated as in

Equation 4:

minfg(t) - S(t) — (1), L(D)]at
2 iede

(4)

Yioaa =

where g(t) is the on-site generation (kW), S(t) is the storage balance (kW), &(t) are losses (kW), I(t) is the building load
(kW), t is the time, 11 and T are the start and the end of the evaluation period, respectively.
Moreover, to quantify the energy exchange between the building and the electrical grid to which it is connected, the net

exported electricity (kwh), ne, was calculated as in (5):

t2 t2
ne = ftl e(t)clt—fti i(t)dt 5

where e(t) and i(t) are the mean exported power (kW) and mean imported power (kW).
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4.3  Step 3: LCA methodology — modelling and assumptions
The goal of the LCA is to estimate, for each configuration examined, the potential life cycle energy and environmental
impacts connected to the PV — BESS — electrical grid system and to assess the contribution of each system component
to the whole life cycle impacts.
The authors applied an attributional LCA approach according to the international standards of series ISO 14040 [25,26].
The functional unit (FU), selected as reference for the LCA, is the electricity required by the building in a time scale of
12 years. As previously explained, this time scale is selected considering a maximum service life of 20 years for the
battery (first and second life), a service life in the EV of about 8 years and a potential maximum residual lifetime* of
about 12 years for a less demanding stationary application [32,45].
The reference flow includes all components that provide the function described by the FU:

1. the PV —system installed in the LH, described in Section 3;

2. the BESS, described in Section 3;

3. the electrical grid.
The energy and environmental impacts associated to each component of the energy system are assessed following a
“from cradle to consumer” approach.
The selection of the impact categories has been mainly based on the European Product Environmental Footprint (PEF)
[46], as it provides a wide set of environmental indicators consistent with the sustainability objective of avoiding
burden-shifting among impact categories [47]. Since the high relevance of the energy consumption in the evaluation of
the studied system, the PEF categories have been complemented by the Cumulative Energy Demand (CED) method for
the energy impacts estimation [48]. Moreover, according to Bobba et al. [49] and Latunussa et al. [50], the land use and
the water resource depletion impact categories have been excluded, even if they are part of the PEF categories, due to
the low availability and high uncertainty of life cycle inventory data. In order to avoid overlapping with the CED impact
category, the Abiotic Depletion Potential (ADP) has been calculated only for the mineral resources.
The environmental impact categories investigated are listed in the following:

e Cumulative energy demand (CED) (MJ);

e  Abiotic depletion potential (ADP) (kgSbeg);

e  Global warming potential (GWP) (kgCOzeq);

e  Ozone depletion potential (ODP) (kgCFC-11eg);

e Human toxicity, non-cancer effects (HT-nce) (CTUh);

e Human toxicity, cancer effects (HT-ce) (CTUh);

4 The residual lifetime depends on both batteries applications in first and second uses.
12



e Particulate matter (PM) (kgPM2.5¢);

e lonizing radiation — human health (IR-hh) (kBqU**¢);

e Photochemical ozone formation potential (POFP) (kgNMVOCe);

e Acidification potential (AP) (molcH"e);

e  Terrestrial eutrophication (EUt) (MoINeg);

e  Freshwater eutrophication (EUr) (KgPeg);

e  Marine eutrophication (EUm) (KgNeg);

e Freshwater ecotoxicity (EFy) (CTUe).
For each energy system component, the most relevant modelling assumptions and data needed are included in the
following. The eco — profiles of materials and energy sources used to produce the battery components were based on
Ecoinvent 3 database [51].
PV system
The life cycle energy and environmental impacts for this component are calculated as:
Ipysystem,i = El pvssL " ipv,i (6)
where
Ipvsystem,i = Overall impact on impact category “i” associated to the electricity produced by the PV system and directly
consumed in the building. This impact includes the PV manufacturing and EoL disposal [unit®].
ElpvseL = PV electricity generated on-site and directly consumed by the building [kKWh].
ipv,i = specific impact on the impact category “i” of electricity generated by the PV system in each examined impact
category. The impact related to battery production and EoL disposal is quantified per kwWh of electricity generated
[unit/kWh]
i = examined impact category.
BESS
The BESS accounts for the energy and environmental impacts associated to the EV battery pack production, to the
preparation of the battery pack for reuse (repurposing), to the battery pack EoL treatment, to the electricity produced by
the PV system and provided to the building through the BESS and to the electricity loss due to the battery efficiency.
The battery production and the battery EoL are modelled according to Cusenza et al. [52], in which the life cycle
inventory for battery production is obtained by combining primary data from laboratory test and secondary data from
literature. About the end-of-life, Cusenza et al. [52] assumed that the battery components were dismantled and treated

for recycling; the battery cell recycling was modelled according to recent Product Environmental Footprint Category

> Unit: unit of measure of each investigated impact category.
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Rules on rechargeable batteries [53] while the recycling of the other battery components was modelled through
processes specifically created for the examined battery pack.

As the EV traction battery provided two functions, one in the EV and another in the stationary energy storage system, a
multi-functionality [54] problem occurs and the energy and environmental impacts of the battery manufacturing and
EoL affect both the first and the second application [22]. It was assumed that both the impacts related to the recycling
and the environmental credits were entirely attributed to the battery. In order to quantify the impacts of the battery
manufacturing and EoL treatment for each function, the authors chose the allocation approach. In detail, the authors
allocated the impacts between the co-functions considering a quality — based allocation factor, calculated considering
the electricity delivered during the first life in the EV and the electricity delivered during the second life in the building.
The electricity needed to provide the first function (Elev) is calculated as:

Elgy = Dyr * Elgrm * CElgrm

where:

Dqr = kilometres driven during the first life (km);

Elgm = kilometres driven in electric mode (%);

CElgm = electricity delivered by the EV traction battery per km driven in “electric mode” (kWh/km).

The Elgy was equal to 26,280 kWh.

The electricity delivered during the stationary second life application, Elgessssi, was calculated through the energy
balance model described in Section 4.1.

The allocation factor for the second life application (as) was calculated for each configuration as in Equation 7:

_ Elggss>ai
(Elgy + Elggss>p1)

(7

Ay

According to Richa et al. [32] and to Bobba et al. [22], for allocating impacts of EV battery manufacturing and EoL
treatments, only the component considered for reuse (i.e. battery cells, BMS, cooling system and module casing) are
accounted for in the paper. The impacts of the components recycled or landfilled after the first service life (i.e. battery
casing) are not allocated to the second service life.

The life cycle energy and environmental impacts of the battery production and recycling and potential benefits related
to material recycling (in terms of “avoided primary materials”) attributable to the stationary second life application are

calculated as in Equations 8, 9 and 10:

Igpi* = agy " np * ippj (®
Igri* = agy " Np * iprj €©))
ECgri» = ap; " Np * €Cprj (10)
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where:

lgpi” = overall impact on the impact category “i” of the battery manufacturing, allocated to the stationary second life
application [unit];

Isri” = overall impact on the impact category “i” of the battery recycling, allocated to the stationary second life
application [unit];

ECgr,j = overall environmental credit on the impact category “i” related to the avoided primary materials [unit];

ng = number of batteries employed in the examined configuration;

igp;i = specific impact on the impact category “i” of the battery manufacturing process [unit/kwWh] [52];

igr,i = Specific impact on the impact category “i” of the battery recycling process [unit/kWh] [52];

ecsr, = specific environmental credit on the impact category “i” related to the avoided primary materials [unit/kWh]
[52].

The impacts due to the repurposing (lsrep) phase are modelled according to Bobba et al. [22]. The repurposing phase
involves:

e  hattery pack disassembly up to modules as a deeper disassembly is not technically/economically feasible [55]
[33]. A manually disassembly of the battery pack is assumed. No impacts are considered for the battery
disassembling process;

e energy consumption for battery testing to evaluate the state of the battery pack [55] (electricity consumption
for 1 cycle of charge/discharge);

e manufacture of new casing for the battery pack in order to guarantee safety conditions.

The impacts related to the manufacture and EoL of casing are fully allocated to the second life application.

The life cycle energy and environmental impacts related to the repurposing phase are calculated with the following

Equation 11:
IgRep,i = NB * iBRep,i (11)
where:

Igrep,i = OVerall impact on the impact category “i” of the battery repurposing phase [unit];

Igrep,i = Specif impact on the impact category “i” of the battery repurposing phase [unit/kWh] [22].

The electricity produced by the PV and provided to the building through the BESS and electricity loss due to battery
efficiency are calculate as explained in Section 4.1; the impacts associated are calculated with the following Equations
12 and 13, respectively:

IElgpssopi = ElBEss>BL *ipvii (12)

IElnloss,i = El nloss " 1pv,i (13)
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Electrical grid

The electrical grid includes the environmental impacts associated to the electricity imported from the national electrical
grid. The imported electricity was calculated as explained in Section 4.1. The impacts for this component are calculated
as:

Igigriai = El gria>BL * IElgrid;i (14)
where:

leigria,i = overall impact on the impact category “i” associated to the electricity imported from the national electrical grid
[unit];

Elgria>eL = amount of electricity imported from the national electrical grid [kKWh];

ieigria,i = Specific impact on the impact category “i” associated to the electricity imported from the national electrical grid
[unit/kwh].

Finally, the potential benefits related to the PV electricity fed into the grid (in terms of “avoided electricity from the

grid”) are calculated as in Equation 15:
ECELpysgriai = —(Elpyogrid * inigri,i) (15)
where:

ECgL,, Seridi = overall environmental credit on the impact category “i” related to the avoided electricity taken from the

national electrical grid,;

igigria; = Specific environmental impact on the impact category “i” of the electricity imported from the national
electrical grid [51].

4.4  Step 4: ldentification of the best design solution/s

In this step, the main outcomes obtained in the steps 2 and 3 are integrated to identify the most efficient design solution/s

for the BESS in terms of load match and environmental sustainability.

5 Results and discussion

5.1 PV -BESS —electrical grid system balance, load match and net exported

The energy simulation of the PV — BESS — Electrical grid system is performed for each configuration (from C1 to C10).
In configurations 1 (9 kwh), 2 (19 kwWh) and 3 (28 kWh) the BESS is not able to perform its function for the entire
period analysed and a BESS replacement during the examined time - frame is required. Starting from C4 (37 kWh), the
BESS is not replaced. In fact, in C1, C2 and C3 the lower energy capacity installed causes a fast degradation of the
BESS. In C1, four batteries are used to cover the time frame. Each battery works for 3 years before reaching the EoL. In

configurations C2 and C3 the increased installed capacity allowed a lower stress for the BESS compared with C1 and a
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slightly energy capacity degradation resulted in an increased BESS lifetime. The yearly energy capacity degradation
trend corresponding to the configurations 1, 2 and 3 is reported in Fig. 3, where the line with higher slope represents the
battery capacity degradation in C1.

Time [hours]

0 1500 3000 4500 6000 7500 9000

T 0%
£ 2%
£

E 4%
2

= -6%
S 8%
a 0/
2.10%
4 10%

—cC1 —C2 —C3

Fig. 3. Energy capacity degradation trend corresponding to a different installed BESS capacity.

In C2, the BESS reaches the EoL after six years, with four batteries being used, two for the first six years and two more
for the following six years. In C3, the installed BESS worked for a lifetime of ten years before reaching the EoL. Then,
after ten years a new BESS is installed with the same energy capacity (corresponding to the employment of 3 EV
batteries). The new BESS has the same degradation pattern and then the same service life (10 years). However, only the
first two years are analysed in order to cover the examined timeframe of 12 years. The BESS lifetime and the number of
replacement required in each examined configuration are recapped in Table 6. The installation of a higher energy

storage capacity allows for a longer battery lifetime.

Table 6. BESS lifetime and number of replacement in the configurations examined.

Parameters C1 Cc2 C3 C4 C5 C6 c7 Cc8 C9 C10
Energy capacity of the BESS [kWh] 9 19 28 37 46 56 65 74 83 93
BESS lifetime [years] 3 6 10 12 12 12 12 12 12 12
Number of battery replacement [-] 3 1 1 0 0 0 0 0 0 0

The energy analysis of the PV — BESS — electrical grid system highlights that the installation of an increasing energy
storage capacity allows to increase the consumption of the electricity locally produced by PV and, consequently, to
reduce the electricity imported from the grid. In particular, the last decrease of a percentage ranging from 12% (C1) to

53% (C10) with respect to the scenario without BESS.
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Fig. 4 shows the coloured contour graphs of the yioad (A) and ne (B) for the scenario without BESS (C0). The x-axis
reports the hours of the day (24) and the y-axis indicates the days of the year (1-365). In Fig. 4, the bars on the left
associate the colours in the graph with the values assumed by the indicators in the whole period examined.

As shown in Fig. 4 — A the instantaneous Yiead Strictly follows the on-site PV generation. In particular, it reaches the
value of 1 during the day as PV generation reaches its peak, decreases during low solar radiation hours while during the
night it is equal to zero. The yearly mean value of yiead iS €qual to 0.37. The analysis of Fig. 4 — B highlights that also

the ne indicator follows the on — site PV generation. The ne was higher than zero (export > import) when the PV

generation reaches its peak and lower during the night.
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Fig. 4. Coloured contour graph of the yioad (A) and ne (B) for the first year in the CO.

Fig. 5 and Fig. 6 show, respectively, the coloured contour graph of the yioag and ne corresponding to the configurations
1, 2,3, 4,5 and 10, taken as example, since the other configurations would report similar results.

The installation of a 9 kwh BESS (C1) allows to increase the self-consumption of the building examined. However,
also in this configuration, the yi0ad follows the on-site PV generation for the most part of the year. In C2 the electricity
stored in the BESS during periods with high PV generation and low load is able to supply electricity during the night for
the greatest part of the year and in the summer season during the early morning hours. Starting from C5, the vigad is
equal to or close to 1 for a large part of the day during the whole year. The analysis of the coloured contour graph of the
Yioad ShOws that starting from C5 (46 kWh) any further increase in the storage energy capacity would yield only limited
benefit.

With reference to the ne indicator, the analysis highlights that the amount of electricity exported into the grid is reduced
as the BESS size increases, as it was able to store a larger amount of electricity. Also for the ne indicator, the

improvement became negligible as the BESS energy capacity reaches the threshold of 46 kwh.
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Fig. 5. Coloured contour graph of the yiead for the first year of each investigated scenario.
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Fig. 6. Coloured contour graph of the ne for the first year of each investigated scenario.

The results of Fig. 5 are also following in Table 7, which recaps the first (yo1), the second (yg2) and the third (ygs)
quartile and the minimum (ymin) and maximum (ymax) values of the hourly yiead Values averaged on annual basis, over
the whole examined period (12 years). The yioas grows together with the storage but after reaching the storage threshold
of 46 kWh (corresponding to 5 retired EV batteries), the effect of the storage on the vyiead is very limited [9].

The numerical results of the PV — BESS — electrical grid system simulation are illustrated in Table 8. The Elpysg. is the
same in all the examined configurations since this amount of electricity is not affected by the BESS. The Elggss>sL

increases with the BESS size. The Elgig>sL and the ELpvsgria decreases, respectively, by 54% and 63% compared with

scenario without BESS.
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Table 7. Load match indicators - yo1, o2 and ygs and the ymax and ymin values of the hourly yieag Values averaged on
annual basis, over the whole examined period.

Installed energy capacity [KWh]

Statistic

parameters 9 19 28 37 46 56 65 74 83 93
YMax 0.454 0.533 0.616 0.680 0.715 0.734 0.745 0.752 0.757 0.762
YQ3 0.450 0.523 0.600 0.667 0.707 0.728 0.740 0.747 0.752 0.757
YQ2 0.447 0.515 0.584 0.653 0.699 0.723 0.737 0.744 0.749 0.754
YQ1 0.443 0.506 0.569 0.639 0.692 0.719 0.733 0.742 0.746 0.752
YMin 0.440 0.498 0.554 0.624 0.683 0.713 0.730 0.739 0.743 0.749

Table 8. PV — BESS — electrical grid system energy simulation results.

Parameters Co C1 C2 C3 C4 C5 C6 c7 C8 C9 C10
'[Ek'm? 99,582 99,582 99582 99582 99,582 99582 99,582 99,582 99,582 99,582 99,582
[Ek'\j\jﬁ]m - 23,240 43820 63,002 78,613 91,517 99,051 103,348 105,764 107,482 108,955
Elyoss [KWH] - 1555 3579 5980 8929 10,483 11,391 11,909 12,194 12,393 12,564
E('w;]“ 201,140 177,901 157,320 138,139 122527 109,624 102,089 97,792 95377 93,658 92,185
'[Ek';NPVh*]gf'd 194,197 169,428 146,831 125258 106,683 92,234 83,801 78,994 76,302 74,393 72,758

In order to strengthen the results of the simplified modelling proposed for the SoC, authors developed a comparison
with the outputs of a more solid battery state of charge modelling tools available in literature for Li-lon batteries. The
model by Tremblay & Dessaint [56] — modifying a previous iteration of the Sheperd model for Li-lon batteries — was
used in the implementation of the RENEWIT green data centre library for TRNSYS (http://www.renewit-

project.eu/green-data-centre-library/). Results have been compared throughout a year of simulation.

Since the Tremblay model does not account for the capacitance variation during the years, the simplified model outputs
for the first year were used. This allowed to include very limited variations (below 3%) of the available capacitance due

to ageing compared with the starting one.

Fig. 7 reports simulation data for ten consecutive days in December (thus with the lowest generation and highest
consumption for heating) including state of charge according to the simplified model and the Sheperd/Tremblay model

[56].

Although some differences between the two outputs exist, limited in specific hours that can reach up to 20% between

the two models, they are deemed acceptable by authors.
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Fig. 7 Sample comparison between the simplified model proposed and Tremblay & Dessaint model [56].

Based on the results illustrated in Table 8 and the amount of electricity delivered by the EV batteries during the first
life, the allocation factor for the second life application aq for each configuration is calculated, with the results being
shown in Table 9. In C3, where the three-EV batteries are substituted once, there were 2 values of agy: the first one is
referred to the battery group installed during the first year that worked for 10 years (C3 lifetime); the second one deal
with the 3-EV batteries installed at the 11" year of the examined time-frame, in substitution to the first one. To take into
account that three-EV batteries installed at the 11" year are used only for 2 years to cover the examined timeframe a

specific as, is calculated.

Table 9. Allocation factor for the configurations examined

Parameters Ci C2 C3 C4 C5 C6 C7 C8 C9 C10

(il 0.181 0.357 0466 0.162 0499 0481 0456 0.428 0.401 0.377 0.356

5.2  Life cycle impact assessment and interpretation

The life cycle impacts assessment (LCIA) results referred to the FU are illustrated in Table 10. The environmental
credits for avoiding production of primary materials and avoided electricity from national grid were separated from the
life cycle impacts according to the UNI EN 15978: 2011 standard [57].

The impacts related to the PV system are the same in all the examined configurations as the electricity generated on-site
and directly consumed remained unchanged (Table 8). The installation of an increasing energy storage capacity caused
an improvement of the energy system environmental performance in almost all the examined impact categories with the
exception of the abiotic depletion potential, human toxicity — cancer and no cancer effect and freshwater ecotoxicity. In
general, the reduction of the electricity imported from the grid, due to the increasing size of the energy storage capacity,
is mainly responsible for the impacts reduction. However, in general the environmental benefits are partially offset by

the increasing impacts associated to the production and recycling of larger BESS and to the electricity loss due to the
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battery efficiency, and, for some impact categories, also by the increasing consumption of the PV electricity generated
on-site.

The impact categories can be grouped in three clusters depending on three different trends traceable with the increasing
installed capacity in order to generalize the results and draw some more general results.

The first cluster, composed of the global warming potential, ozone depletion potential and ionizing radiation, shows a
continuous decrease from C1 to C10. In detail, they decreased on average of 30% in C10 compared with C1. However,
the marginal benefits obtainable within the scenarios become negligible (lower than 3%) past the threshold of 46 kwh
of installed capacity (C5). The reduction in these impact categories is mainly due to the increase of the consumption of
on-site PV electricity generation and, consequently, to the corresponding decrease of the electricity imported from the
electrical grid. The increase in impacts due to battery production, recycling and repurposing caused by a growing
installed capacity has not enough relative weight to offset the obtained environmental improvements.

The second cluster, composed by the abiotic depletion potential, human toxicity — cancer effect and no cancer effect and
freshwater ecotoxicity, shows an increasing trend from configuration 1 to 10. In these cases, the increase of the impacts
is mainly due to the increased share of the electricity generated from the PV plant in building load supply but also to the
EV batteries production and recycling. These impacts surpassed the benefits arose by the reduced electricity imported
from the electrical grid. In detail, the impact on the abiotic depletion potential increases by 82% in C10 compared to
C1; the impact on human toxicity — cancer effect and no cancer effect by 14% and 30%, respectively; finally, freshwater

ecotoxicity increases by 6.7%.
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Table 10. Life cycle environmental impacts — referred to the FU (electricity required by the building in a time scale of 12 years).

C1 Cc2 C3 C4 C5

Life cycle Life cycle Life cycle Life cycle

Life cycle Environmental Environmental Environmental Environmental Environmental

Impact categories impacts credits (%) |m;(:)(;§:)ts credits (%0)* |m;();oc)ts credits (%0)* |m?(;<):)ts credits (%0)* |m}€;0c)ts credits (%0)*
CED (MJ) 2.236E+06 -67.7 -2.1 -60.0 -4.6 -52.6 -6.1 -45.6 -7.4 -40.1
ADP (kgSheq) 5.128E-01 -24.1 195 -18.9 31.9 -154 444 -12.8 56.4 -11.2
GWP (kgCO2zeq) 1.017E+05 -85.4 75 -80.1 -15.2 -74.6 211 -68.5 -25.7 -63.1
ODP (kgCFC-11¢g) 1.154E-02 -82.0 -6.5 -76.1 -13.2 -70.0 -18.3 -63.5 -22.4 -57.8
HT-ce (CTUh) 2.642E-02 -52.4 6.8 -43.7 9.8 -36.9 13.8 -31.3 18.2 -27.1
HT-nce (CTUh) 4.887E-03 -64.8 21 -56.2 1.0 -49.1 1.9 -42.7 4.0 -37.8
PM (kg PM2.5¢q) 4.452E+01 -71.6 -1.8 -63.8 -5.1 -56.7 -7.0 -49.7 -8.0 -44.1
IR-hh (kBqU%5) 1.414E+04 -86.5 -7.0 -80.8 -14.9 -75.3 -20.8 -69.1 -25.2 -63.4
POFP (kgNMVOCeq) 2.248E+02 -78.9 -4.8 -72.2 -104 -65.7 -14.5 -58.9 -17.4 -53.1
AP (molH"eq) 5.471E+02 -80.7 -4.8 -74.2 -10.7 -67.9 -15.0 -61.3 -18.0 -55.7
EUT (moINeq) 7.120E+02 -80.3 -5.2 -73.8 -11.3 -67.5 -15.6 -60.8 -18.9 -55.0
EUF (KgPeq) 3.509E+01 -69.5 -0.2 -61.1 -2.7 -53.8 -3.7 -46.8 -3.8 -41.2
EUM (kgNeq) 7.358E+01 -77.9 2.0 -70.6 6.5 -64.2 9.1 -57.6 -10.4 -52.2
EFw (CTUe) 2.863E+06 -60.2 14 -51.8 14 -44.3 2.2 -37.7 31 -32.6
C6 c7 C8 C9 C10
mpct categories Ii_r:; egt(;‘l*g Environmental iﬁ:{;:&g'ﬁ Environmental Il‘r::;:ézl*g Environmental h':g:ézlﬁ Environmental 'i-r:;:égl*g Environmental
(%) credits (%0)* (%) credits (%0)* (%) credits (%0)* (%) credits (%0)* (%) credits (%0)*

CED (MJ) -7.9 -36.7 -8.1 -34.8 -8.0 -33.6 -7.9 -32.8 -7.8 -32.1
ADP (kgSheq) 64.8 -104 70.8 -10.1 75.2 -9.9 78.8 -9.8 82.0 -9.8
GWP (kgCO2q) -28.2 -59.5 -29.5 -57.2 -30.0 -55.8 -30.3 -54.7 -30.6 -53.8
ODP (kgCFC-11¢g) -24.6 -54.2 -25.7 -51.9 -26.2 -50.6 -26.5 -49.5 -26.7 -48.7
HT-ce (CTUh) 215 -24.9 24.1 -23.6 26.3 -23.0 28.1 -22.5 29.8 -22.2
HT-nce (CTUh) 6.3 -35.0 85 -33.6 10.6 -32.8 12.5 -32.4 14.4 -32.0
PM (kg PM2.5¢q) -8.2 -40.7 -7.9 -38.7 -7.4 -37.5 -6.9 -36.6 -6.4 -35.9
IR-hh (kBqU?3%) -27.5 -59.6 -28.5 -57.1 -28.9 -55.5 -29.0 -54.3 -29.1 -53.2
POFP (kgNMVOCeq) -18.8 -49.5 -19.4 -47.2 -19.4 -45.9 -19.3 -44.9 -19.2 -44.0
AP (molH"eq) -194 -52.1 -19.9 -49.9 -19.9 -48.6 -19.7 -47.6 -19.6 -46.8
EUT (moINeq) -20.4 -51.3 -21.1 -49.0 -21.2 -47.7 -21.1 -46.6 -21.0 -45.7
EUF (KgPeq) -3.3 -37.8 -2.5 -35.8 -1.7 -34.6 -0.8 -33.7 -0.1 -33.0
EUM (kgNeq) -10.6 -48.9 -10.1 -46.9 -9.4 -45.7 -8.6 -44.8 -7.9 -44.1
EFw (CTUe) 4.0 -29.7 48 -27.9 55 -27.0 6.1 -26.3 6.7 -25.7

“Expressed as percentage of the “Life cycle impacts” including the impacts associated to the “PV system”, “BESS” and “Electrical grid”; “"Expressed as a percentage variation

with respect to the previous configuration.
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A detailed analysis of each environmental category belonging to the second cluster highlights that the impact on the
abiotic depletion potential shows a negligible increase after the threshold of 46 kwh (C5). In fact, although, the
configurations from C6 to C10 involve the use of a growing number of repurposed EV batteries, a reduced share of the
impacts related to the battery production and recycling is allocated to the second life application because the ofy (Table
9) decrease starting from C5. The increases in the human toxicity cancer and no-cancer effect and in the freshwater
ecotoxicity are negligible starting from C3.

Finally, the third cluster of impact categories presents a mixed trend. The impacts on global energy requirement and
acidification potential decrease until C7 (65 kWh of installed capacity); those on particulate matter and marine
eutrophication until C6 (56 kWh of installed capacity); those on photochemical ozone formation and terrestrial
eutrophication until C8 (74 kWh of installed capacity); those on freshwater eutrophication until C5 (46 kwh of installed
capacity). After these values of capacity installed the impact increased: for these specifics values of energy capacity the
impact reduction due to the lower electricity import is offset by the increasing contribution of the batteries life-cycle
(manufacturing, recycling and repurposing).

The environmental credits arising from the potential production of secondary raw materials from the recycling process
are negligible, being in each configuration, a percentage lower than 3% of the life cycle impact in all the environmental
categories.

The environmental credits related to the avoided electricity from the grid are particularly relevant in impact categories
such as global warming potential, ozone depletion potential, acidification potential, ionizing radiation in which the
electricity from national grid presents a significant impact compared to the electricity from PV. These environmental
credits are higher for the configurations with a lower BESS size since the electricity fed into the grid is higher Table 8.
The contribution of each component (PV + BESS + electrical grid) of the energy system examined to the total impacts
in all the examined configurations is following, respectively, in Table 11, Table 12 and Table 13.

The results show that the contribution of the PV system remains unchanged in all the configurations examined in almost
all the impact categories with the exception of the abiotic depletion potential and human toxicity — cancer effect. The
contribution of the BESS increased in all the impact categories in all the examined configurations due to the increased
impacts related to battery production and EoL treatment and to the higher electricity provided to the building through
the BESS. Consequently, the contribution to the total impacts of the electrical grid decreases in all the examined impact

categories and configurations due to the reduced import of electricity from the grid.
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Table 11. Life cycle environmental impacts — contribution of the PV system.

:;;Eggtries Cl(%) C2(%) C3(%) C4(%) C5(%) C6(%) CT7(%) C8(%) C9(%) C10 (%)
CED 21 226 232 236 239 240 241 241 241 24.0
ADP 523 438 39.7 362 335 317 306 299  29.3 28.8
GWP 7.1 7.7 8.4 9.0 9.6 9.9 101 102  10.2 10.2
ODP 101 108 11.6 12.4 130 134 136 137 137 13.8
HT-nce 320 300 29.1 281 271 263 258 254 250 24.7
HT-ce 213 20.9 21.1 210 205 201 197 193  19.0 18.7
PM 17.7  18.0 18.6 190 192 193 192 191  19.0 18.9
IR-hh 55 5.9 6.4 6.9 7.3 75 7.6 7.7 7.7 7.7
POFP 120 126 13.4 141 146 148 149 149 149 14.9
AP 104  11.0 11.7 123 127 130 130 130 130 13.0
EUr 108 114 12.2 129 134 136 137 138 137 13.7
EUr 186 186 19.1 193 193 192 191 189 188 18.6
EUn 11.8 121 12.6 130 132 132 131 130 129 12.8
= 276 272 27.2 270 267 265 263 261  26.0 25.8
Table 12. Life cycle environmental impacts — contribution of the BESS.

lg‘tggagtries Cl(%) C2(%) C3(%) C4(%) C5(%) C6(%) C7(%) C8(%) C9 (%) C10(%)
CED 6.9 133 19.1 244 289 317 335 346 354 36.1
ADP 242 389 465 526 573 601 618 629 638 64.6
GWP 3.4 6.8 9.7 129 162 186 202 213 222 23.0
ODP 3.9 7.8 11.4 151 187 212 228 238 247 25.4
HT-nce 148  26.0 333 397 452 486 507 521 532 54.1
HT-ce 140 231 29.2 354 412 450 476 494  50.8 52.1
PM 8.0 15.0 20.5 259 310 343 364 379 390 40.0
IR-hh 3.9 7.9 10.9 143 180 207 226 240 251 26.1
POFP 5.6 10.8 15.1 196 240 269 289 303 313 323
AP 5.6 11.0 15.2 19.7 242 273 294 308 319 32.9
EUr 5.3 10.3 14.4 186 229 259 278 292  30.3 31.2
EUe 9.3 17.4 233 291 345 380 402 418 429 44.0
EUw 8.1 15.7 20.9 263 317 354 379 396 410 42.1
Etw 9.6 18.1 24.8 307 358 389 408 420 429 437

Table 13. Life cycle environmental impacts — contribution of the electrical grid.

lglﬁgﬁtnes Cl(%) C2(%) C3(%) C4(%) C5(%) C6(%) C7(%) C8(%) C9(%) C10 (%)
CED 709 641 57.7 521 472 442 424 414 406 39.9
ADP 234 173 13.8 11.2 9.2 8.2 7.5 7.2 6.9 6.7
GWP 895 855 81.9 781 742 715 697 685  67.6 66.8
ODP 860  8l4 77.0 725 683 655 636 625 616 60.8
HT-nce 531 440 37.6 322 277 251 235 226 218 21.2
HT-ce 646  56.0 49.7 437 383 349 328 313 302 29.3
PM 74.3 67.0 60.8 55.1 49.8 46.5 44.4 43.1 42.0 41.2
IR-hh 9.7 862 82.7 788 747 718 697 683  67.2 66.2
POFP 824 765 71.4 663 615 582 562 548 538 52.8
AP 840 780 73.1 680 631 598 576 562  55.1 54,1
EUr 839 783 73.4 685 637 605 584 571 560 55.1
EUr 721 639 57.5 516 462 428 407 393 383 37.4
EUw 80.1 722 66.5 60.7 551 514 490 474 461 45.0
Epu 62.8 547 48.0 423 375 346 329 319 311 30.5
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The detailed contribution analysis of the BESS components highlights that the battery production phase accounts in
average for 30% of the BESS impacts in all environmental impact categories investigated in each configuration. This
outcome confirms that this phase is highly impacting [52] and highlights the need to improve the sustainability of the

battery production process in perspective of its key role towards low carbon transportation and buildings.

5.3  Identification of the best configuration/s in terms of load match and life cycle environmental impacts
According to the LCIA results, the impact categories can be grouped into three different clusters depending on their
trend in correspondence of the increasing capacity. For each cluster, the different impact categories follow comparable
trends with the increasing installed capacity. Thus, it is possible to examine each cluster by analysing only one impact
category, assumed as representative.

Since all impacts categories within each cluster have comparable trends, for the first cluster, global warming potential is
selected because of its relevance to society and policy [58]. For the second cluster, abiotic depletion potential is selected
because of the relevance of natural resource availability to economic development and also because of increasing
political interest in resource consumption [59,60]. For the third cluster, freshwater eutrophication is selected since this is
the impacts category that presents the most variable trend with the increasing installed capacity within the third cluster.
Fig. 8 shows the comparison of yiead, global warming potential, abiotic depletion potential and freshwater eutrophication
with the installed capacity. The analysis highlighted that C5 could represent the best BESS size in terms of load
matching and environmental sustainability for 3 reasons:

e  The employment of an additional repurposed EV battery (C6) causes a negligible improvement of yioad (+3.5%)
and of the impact categories represented by global warming potential (-3.4%) respect to the previous
configurations;

e  Freshwater eutrophication shows a decrease until C5 and an increase starting from C6.

e C5 performs better than the previous configurations in 10 out of 14 environmental impact categories
investigated. While, for example, configuration 7 performs better than C6 only in 7 out of 14.

Moreover, if a market for retired EV battery will develop in the future, also economic considerations will favour
configurations with a lower number of batteries, less expensive.

In order to provide a quantification of the environmental sustainability of the configuration C5 identified through the
integrated sizing procedure proposed, in Table 14 the percentage variations of the corresponding life cycle impacts (Ics)
with respect to those of the configuration without BESS (lco) are reported.

The data shows that the installation of a BESS made of retired EV batteries in support to the renewable energy

technologies increases the environmental benefits arising by these technologies in residential buildings in almost all the
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impact categories examined, with the exception of abiotic depletion potential, human toxicity cancer and no-cancer

effect and freshwater ecotoxicity.
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Fig. 8. Comparison of yiead, global warming potential, abiotic depletion potential and freshwater eutrophication with the

installed capacity.

Table 14. Percentage variation of the impact in C5 compared to CO.

Impact categories lco (Ics-1co)/lco (%0)
CED (MJ) 2.288E+06 9.5
ADP (kgSbeg) 4.043E-01 98.4
GWP (kgCOzq) 1.101E+05 -31.4
ODP (kgCFC-11¢g) 1.239E-02 -27.7
HT-nce (CTUh) 2.433E-02 28.3
HT-ce (CTUh) 4.614E-03 10.2
PM (kg PM2.5¢) 4.529E+01 -9.6
IR-hh (kBqU?%,y,) 1.526E+04 -30.7
POFP (kgNMVOCeq) 2.365E+02 215
AP (molH*e) 5.766E+02 -22.2
EUT (MOINeg) 7.525E+02 -23.2
EUF (KgPeq) 3.514E+01 -3.9
EUM (kgNeg) 7.529E+01 -12.5
EFw (CTUe) 2.822E+06 4.7
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6  Conclusions

The growing waste battery flows expected from the automotive sector in the next years could be the response to the
increasing demand of storage systems in buildings equipped with RESs, since at their second life these batteries could
retain around 80% of their initial energy capacity.

In this framework, the authors examine an energy system made of retired batteries and used as storage for a PV system
installed in a nZEB, also connected to the grid.

The study is carried out by combining the load match analysis for quantifying the load cover factor and the LCA
methodology for assessing the life-cycle energy and environmental impacts of the system investigated.

The installation of different BESS size was analysed and the optimal energy capacity of the BESS is identified in order
to find the best trade-off for reducing the mismatch in the building and the associated environmental impacts in a life
cycle perspective. The environmental analysis performed through the LCA methodology highlights that the installation
of the BESS allows to reduce the impact in almost all the environmental categories examined, with the exception of the
abiotic depletion potential, human toxicity cancer and non-cancer effect and freshwater ecotoxicity. These are the
impact categories mainly affected by the PV electricity generation and by battery production and EoL treatment. These
results suggest that although the integration of storage systems allows the improvement of the environmental
sustainability of the electricity supply in a residential building equipped with RESs in almost all the impact categories
examined, it is necessary to improve the technologies currently available in order to obtain better performance in a wide
range of environmental impact categories. In particular, it is relevant to improve the design of the PV system, in terms
of resources efficiency and the chemical toxicity control and the battery production process in order to increase the
environmental performance both in the automotive (first life application) and in the building sector (second life
application).

Considering that RESs can play a key role in the decarbonisation of the building sector and that storage systems are
needed to increase the reliability of the electricity supply, the approach proposed can be useful during the preliminary
design of BESS made with retired EV batteries or with fresh batteries in buildings.

The study is an application of the principles of the circular economy and industrial symbiosis. Moreover, it contributes
to the literature of the environmental analysis of the second life applications of retired EV batteries with one of the first

study combining the load-match analysis with the LCA methodology.
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