ecOflex

P& economie

FP5 Ecomomy, 5.M.E 5, Self-employed and Energy

ECOFLEX

D7.2 Life Cycle Assessment Data Provision

With the support of the Energy Transition Fund

Version number and Date: V0.4, 05/11/2024

Author(s): Dominik Huber (VUB), Maeva Lavigne Philippot (VUB), Muhammad Andy
Putratama (VUB)



Abstract for dissemination (PU)

The deliverables’ main objective is to present collected data relevant for conducting a
life cycle assessment of electric vehicles providing flexibility services at different
scales. First, the current literature is reviewed to identify research gaps. Based on the
identified research gaps, an assessment framework is defined including a novel
methodology to evaluate environmental impacts of flexibility services in a micro-,
mezzo-, and macro-level use case. Defining the framework and novel methodology is
done in order to determine the data requirements for the assessments, presented after
the methodology. Finally, an outlook alongside with the next steps are concluding this
deliverable. Results of the applied framework will be presented in the next deliverable

D7.3 Report on the Sustainability impacts.
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1. Introduction

Electrification of the transport fleet is one strategy to decarbonize the transport sector and thus
limit the rise of the global surface temperature to well-below 2°C by many member states of
the European Union. While sales of electric vehicle (EV) experienced a steady increase within
the last decade, individual passenger EV are parked around 95% of the day [1]. At the same
time, one way of decarbonizing the energy sector is to introduce more renewable energy
technologies, characterized by high volatility, which hampers reliable integration into national
energy supply. Consequently, those two recent trends can benefit from each other’s synergies:
more EV with continuously growing battery sizes become available in the next years, but
remain unused most of their time. Additionally, their electricity demand does not necessarily
have to be met immediately, opening the possibility to re-schedule the charging session for
example to hours of low electricity prices. Next to this, energy systems are built more on
renewable energy sources, requiring storage technologies to overcome their intermittent nature.
Consequently, during times when not being used for driving, the batteries in the EV can be
used to store unused energy produced by renewable energy technologies. Besides functioning
as mobile energy storage, EVs also can help introducing a more flexible electricity demand.
Upon arrival at the charging station, most EVs spend most of the time plugged to the charger.
Thus, their electricity demand does not need to be matched immediately, opening the
possibility to schedule the charge to times when for example more electricity is produced by
renewable energy carriers. Within this work, three different charging strategies are applied:
uni-directional, bi-directional and smart charging, where bi-directional and smart charging is
describing flexibility services. Those strategies could help increasing the renewable energy
share in the electricity mix and thus lower its impact on climate change (CC). An open question
however remains, whether the CC of the systems considering different charging strategies
result in significant changes. Thus, the objective of this first deliverable is to provide a
framework that shades light on this discussion from different scales, where final results of the
developed framework will be presented in the final deliverable of D7.3 Report on the

Sustainability impact.

2. State-of-the-art

Since the entry of the EV in the mass market in the last decade, substantial research effort is
dedicated to apply the life cycle assessment (LCA) methodology to EVs in order to understand

their environmental impacts [2]. Many studies aim to understand the environmental advantage
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of an EV over other drivetrain technologies [2]-[4]. Over the time, those studies enhanced their
level of details to increase their reliability and to represent reality as good as possible, by
introducing a range-based assessment to include variability in LCA of EVs [5]. Additionally,
the LCA studies of EVs are applied in different countries in order to cover the environmental
impacts during the use stage [6]. At the same time, many LCA studies on the environmental
impacts of the battery are published. The first and most well-known studies containing primary
life cycle inventory (LCI) data published are from Zackrisson et al. (2010), Majeau-Bettez et
al. (2011) and Ellingsen et al. (2014) [7]-[9]. Until now, those studies are frequently used as a
reference for modelling mobile battery storage. Since those studies were published, more and
more papers have occurred evaluating different battery chemistries, impact categories, use
stage assumptions, system boundaries etc. A comprehensive overview of LCA studies on
lithium-ion batteries (LIB) is provided by a review published by Peters et al. (2018), where
they analysed 79 different studies and summarized their results [10]. They highlight a great
variance in GHG emissions, even though the LCI data originate mostly from the same studies,
and found the average GHG emissions for the battery production of various chemistries is 110
kgCO2eq per kWh storage capacity. More recently, research on LCA of EVs is dedicated to
understand the environmental impacts of future electricity mix and different end-of-life
management, giving the traction batteries a second life and investigating in new materials in
the battery [11]-[13]. All of those studies focus on EVs, or their traction batteries and all studies
are conducted from an attributional LCA (ALCA) perspective. Further explanation ALCA and
other LCA types is provided in section 3.

Investigation of EVs raises always the question about the interaction with the grid, e.g. how
much more electricity will be needed to accommodate the foreseen EV uptake, and which
implication does the additional electricity demand have on the power system? More recently,
new technologies were introduced to manage EVs and their charging in a more flexible way.
One possibility is to schedule the EV charging to hours where for example excess electricity is
available due to high production of renewable energy and low energy consumption. This
technology is referred to as smart charging. Next to smart charging and standard uni-directional
charging, where EVs are plugged and charged immediately, the EVs also can be charged bi-
directional. Bi-directional charging would allow EVs to not only be charged with electricity,
but also discharge electricity back to a consumer or the national grid. Over the years, a range
of new flexibility services considering both uni- and bi-directional charging are explored, for
example but not limited to peak shaving, valley filling or grid balancing [14]-[16]. Quantifying
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environmental impacts of such flexibility services poses several challenges: first, the proposed
solution does not imply additional infrastructure, apart from additional power electronics at
charger or electric vehicle level, to allow bi-directional flow [17]. Thus, on a first glance the
environmental impacts of such services seems equal to EVs being charged uni-directional.
However, when an EV is providing bi-directional charging, e.g. powering a vehicle and feeding
back electricity to a location, this is understood as multi-functional process in LCA
terminology. In LCA, processes or activities providing two or more services or products are
referred to as multi-functional processes. In order to understand the environmental impacts of
such multi-functional processes, one way to address the challenge of multi-functional processes
is the allocation of environmental impact of the production of the EVs to the two provided
services. Another argument to allocate environmental impacts to bi-directional charging of the
EV is the potential impact on the battery capacity. The additional charge and discharge
behaviour due to bi-directional charging can pose additional stress on the battery and thus can
reduce its lifetime. However, a lack of scientific confirmation leaves this research area open
for further exploration [17]. Second, modelling the use stage of an EV providing any type of
flexibility service requires, due to its complex interaction at the charging point, a more
comprehensive modelling of the energy system. Modelling an energy system including EVs
providing flexibility services is until now done mostly from a macro-level perspective: Xu et
al. (2020) for example study different EV charging strategies, including vehicle-to-grid (V2G),
and implied environmental impacts of the EU energy system in 2050. They integrated
attributional LCA into an energy system model (ESM) and found, that V2G services in 2050
could reduce GHG emissions by as much as 47% [18]. The environmental impacts of the
battery production used in the EVs to provide the V2G service remain unaddressed.
Furthermore, the modelling considers only static EV profiles to quantify the bi-directional
charging. Another example is provided by Wang et al. (2021): they analyse different
aggregation methods of EVs providing flexibility service into an ESM to understand the
implications on the environmental impacts [19]. While they take into account electricity stored
by the battery of the EVs, a specification on the allocation of the environmental impacts of the
battery is absent. Furthermore, Nilges et al. (2024) present EVs as assets to do demand-side
management, defined as load-shifting of demand to hours with low electricity prices, in order
to understand the consequences on the GHG emissions [20]. However, they do not use LCA to
quantify the environmental impacts of the future German energy system integrating EVs.

Another study investigates single- and bi-directional charging strategies of EVs and found the
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three following flexibility benefits: the bi-directional charging strategy is found to (i) reduce
the total charging costs, (ii) improve the utilization rate of renewable energy shares and (iii)
reduce carbon emissions [21]. In this study, obtained carbon emissions from another LCA study
are monetized by a carbon price and together with the economic costs formulated as a

minimization problem in the objective function of the ESM.

Apart from the presented studies, which rather focus on the technical modelling of EVs and
their flexibility potential from a macro-perspective, first attempts are made towards identifying
environmental impacts of the flexibility services by applying LCA. In their study, Rovelli et
al. (2021) coupled consequential LCA (CLCA) with an ESM called EnergyPLAN to
understand consequences of EVs use stage [22]. Even though they limit their study to uni-
directional charging, they claim that without additional installation of RES capacities, the
future electricity demand of EVs might increase the impact on CC by up to 40% compared to
their business-as-usual (BAU) scenario. Similarly, Zhao et al. (2022) assesses EVs as stationary
storage in the United Kingdom in 2050 and the resulting effects on the environmental impacts
[23]. In their study, they present four different future options for EV batteries considering
different battery chemistries: a) flexibility services, b) battery swapping, ¢) reuse and d)
stationary battery storage. For flexibility services, they found, compared to 0.165
kgCO2eq/kWh in 2018, the carbon footprint of the energy system can be reduced to 0.036
kgCO2eq/kWh in 2050. The study is conducted without making use of an ESM and thus, EVs
and their flexibility potential is considered in a static manner, neglecting dynamic behaviour of
EV drivers.

Contrary to existing studies evaluating the macro-level perspectives of EVs providing
flexibility services, Wohlschlager et al. (2024) published a study that aims on revealing
environmental effects of V2G charging in the future German energy systems next to evaluating
impact on the battery of those EVs [24]. As starting point, they used the European linear
optimization multi-ESM and coupled it with prospective LCA (PLCA) to obtain the hourly
grid electricity mix in 2050. The PLCA focuses on revealing the difference in terms of CC
impacts between uncoordinated and bi-directional charging of EVs. Additionally, they
introduced two levels of assessment: a) the environmental impacts of the complete energy
system is calculated and b) the environmental impacts on the technology level, e.g. on the EVs

is determined.
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As presented, the main focus on existing literature is on revealing the impacts of providing
flexibility services by EVs on a national or larger energy system (identified in Table 1 as macro-
level), where in some studies the application of LCA is rather limited, e.g. by either due to
using secondary data on environmental impacts from other studies or lacking reporting [19],
[21]. Studies focusing on conducting a transparent and comprehensive LCA to assess different
charging strategies of EVs are available [22], [23]. While Rovelli et al. (2021) is using an ESM
coupled with CLCA, they assess uni-directional charging only, neglecting the potential to
provide bi-directional charging services. Contrary, Zhao et al. (2022) is assessing
environmental impacts of flexibility services of EVs, but lacks coupling it to an ESM [23].
Next to all the studies focusing on the macro-level assessment of flexibility services,
Wohlschalger et al. (2024) tackles the implications of flexibility services both on a macro- and

micro-level, namely the battery of the EVs [24].

While this is a step forward towards revealing the implications of EVs providing flexibility
services, current literature neglects the fact, that different flexibility services might benefit
different users and thus cannot necessarily be revealed on a macro-level scale. Currently
missing is a comprehensive methodology to assess the environmental impacts of various
flexibility services provided at different scales including adjusted scopes to reveal the actual
environmental impacts. Thus, this work complements existing literature by proposing a
methodology to calculate environmental impacts on three different scales: a) a micro-level
scale, presenting a residential household providing peak shaving, b) a mezzo-level scale,
describing an industrial site offering grid balancing and c) a macro-level scale (national energy
system), increasing the integration of renewable energy sources and their utilization rate.
Additionally, the following different type of charging strategies are investigated: the base case
describes a setup, where EVs are charged uni-directional with and without an additional
stationary battery storage (BESS). The third case study is considering smart charging of EVs
with BESS and in the last case study, EVs are allowed to be charged bi-directional. Therefore,

the following research questions will be addressed during this work:

e How should different scales be defined to evaluate the environmental impacts of EVs
providing flexibility services?
e How would a new methodology look like in order to calculate the environmental

impacts of those different scales?
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e What are the environmental impacts of different flexibility services applying the new

methodology and different scales?
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Geographical Inclusion EV

Source scope Time Flexibility type Level battery LCA type ESM Impact
Uni-& _
[18] Europe 2050 L Macro No n.a. PERSEUS-EU model CC (ReCiPe)
bidirectional
[19] Germany 2050 V2G Macro No n.a. Own development CC (ReCiPe)
Demand-side -
[20] Germany 2050 . Macro No no LCA Own development GHG emissions
mgmt.
. Uni-&
[21] China n.a. o Macro No no LCA Own development n.a.
bidirectional
Uni-& L
[22] Italy 2030 o Macro No CLCA EnergyPLAN ILCD 2.0 midpoint
bidirectional
[23] UK 2050 V2G Macro No n.a. n.a. ReCiPe
Uni-& )
[24] Germany 2050 - Macro-Micro No PLCA 1SaR CC (IPCC 2013 no LT)
bidirectional

Table 1: Summary of main findings form literature on life cycle assessment of EVs providing flexibility services. A more detailed explanation on the LCA type is provided in
the following section 3 (EV = electric vehicle, LCA = life cycle assessment, ESM = energy system model, CC = climate change, V2G = vehicle-to-grid, CLCA = consequential
LCA, PLCA = prospective LCA, n.a. = not available).



3. Assessment framework

To quantify the environmental impacts related to the flexibility EVs could provide, three
different use cases are defined, taking into account different scales and scopes: a) a micro-level

use case, b) a mezzo-level use case and c) a macro-level use case (see Figure 1).
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Figure 1: Overview on different use cases to assess the environmental impacts of flexibility provided by EVs on
a micro-, mezzo-, and macro-level including the respective environmental system impacts (EV = electric vehicles,

PV = photovoltaic, RES = renewable energy sources, BESS = battery energy storage system).

The aim of this study is to conduct three different LCAs for revealing the environmental
impacts of EVs providing flexibility services. LCA methodology was chosen as it is a well-
recognized method for evaluating environmental impacts of a product or service. In general,
two different LCA approaches can be distinguished: the attributional LCA (ALCA) represents
a methodology which aims to understand the flow of environmental impacts within a given
timeframe. It is a model, where input and output data are assigned to the function of the system
[25]. Thus, the ALCA is also described as an accounting methodology. Next to the ALCA,
there is the consequential LCA (CLCA). The CLCA is described as methodology which
investigates how environmental impacts change due to a change in demand [25]. Another LCA
methodology, which is not applied in this study, but presented in section 2 is prospective LCA
(PLCA). PLCA aims at evaluating environmental impacts of products or services occurring in
the future, for example by considering learning effects during the upscaling of emerging

technologies and progress and technological changes of the wider economy, future impacts are



expected to vary [26]. Due to their fundamental difference in functionalities, a direct
comparison of environmental impacts assessed by the presented LCA methodologies is neither

possible nor the objective of this work.

In the micro-level use case, one EV is charged or discharged at an average Belgian household
with a PV installation supported by electricity consumption from the national Belgian
electricity mix. At the micro-level, the EV is providing peak shaving and valley filling service
with the objective to increase the self-consumption of PV generated electricity. As providing
the services is technologically already feasible, the year 2023 is selected as time scope. In
particular, this means that some electricity normally consumed from the national Belgian
electricity mix is replaced with electricity supplied by the EV. As one potential consequence,
at the micro-level, the consumption of national Belgian electricity mix could be reduced and
instead more self-generated PV electricity would be consumed, stored in the battery of the EV.
Furthermore, different level of flexibility services are considered: standard uni-directional
charging, smart and bi-directional charging. Those different flexibility services can result in
different system layout: as a starting point, the standard uni-directional charging with no BESS
installation is modelled. In the second flexibility service, the standard uni-directional charging
is supported by a BESS. The third flexibility service represents a case where the EV is charged
in a smart way including a BESS and the fourth flexibility service foresees bi-directional
charging without a BESS. Thus, environmental impacts of the systems where no BESS is
installed, should theoretically be lower compared to the systems where BESS are installed.
Furthermore, different system designs for the same household electricity demand is expected
due to the different charging strategies. Additionally, providing the bi-directional charging
strategy at the micro-level does not come for free: an EV is required, in particular its battery to
provide the service next to its main purpose to power the vehicle. This multi-functional process
presents a challenge in LCA, as those environmental impacts of this process have to be divided
between the two services, namely supplying electricity for driving and for energy storage
purposes. The ISO 14040 presents solutions to address the problem of environmental impacts
of multi-functional processes [27], amongst them economic and physical allocation,
substitution or system expansion. Applying a physical allocation based on discharged
electricity allows to account for the environmental burden of manufacturing the battery in an
EV when modelling the bi-directional charging strategy for EVs at the micro-level. Hence, to

identify whether the environmental impacts of one charging strategy outstands the others, each
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charging strategy is evaluated considering the environmental impact of the entire system.

Therefore, a functional unit of one kWh of generated electricity is chosen.

The mezzo-level use case represents an industrial site in Belgium, where the electricity supply
is, apart from PV installations and national Belgian electricity mix, supported by a BESS.
Similar to the micro-level use case, the time scope in the mezzo-level use case refers to 2023.
At the mezzo-level, the same four charging strategies are investigated, but now at a larger scale
with the objective to reveal the importance of scale. Again, the four different charging
strategies are: first, standard uni-directional charging without BESS; second, standard uni-
directional charging with BESS; third, smart charging with BESS and fourth, bi-directional
charging without BESS. Instead of modelling a single EV, a fleet of EVs is considered at the
industrial site. Similar to the micro-level use case, the EV fleet providing flexibility services
does not come without an environmental burden and thus, the same allocation is used to
determine the environmental burden of manufacturing the EV fleet batteries as in the micro-
level use case. Furthermore, those different charging strategies will result in different system
layouts and thus, turn out in different environmental impacts. Again, the same metrics are used
to evaluate the environmental impacts of the mezzo-level use case: a system assessment is

applied, where the functional unit is set to be one kWh of generated electricity.

An ALCA is used to evaluate the micro- and mezzo-level use case. As the objective of the
micro- and mezzo-level use case is to study the environmental impacts of the system at smaller
scales considering different charging strategies rather than identifying changes in the system,
choosing an ALCA is justified. Consequently, results at the micro- and mezzo-level are
calculated for uni-, bi-directional and smart charging with different system layouts. A cradle-
to-gate approach comprising raw material extraction, component manufacturing, installation
and use is selected. Multifunctional processes are modelled using physical allocation. For

evaluating uncertainty of the background database, a Monte-Carlo analysis is conducted.

In the macro-level use case, the scope is the entire Belgian electricity system, where a share of
the Belgian vehicles is assumed to be electric and thus able to provide flexibility services. As
such a system is not yet in place, the macro-level use case is assessing a future system in 2050.
On the macro-level, the benefits of providing flexibility services reveals twofold: first, the
provided flexibility will help balancing the grid and thus increase the utilization factor of
installed capacity and second, it will help the electricity system to accommodate more
renewable energy sources (RES). Those two implications are expected to result in a decrease
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of the environmental impacts per kWh of the national Belgian electricity grid mix. Similar to
the previous use cases, the environmental burdens of providing the flexibility service are
included by allocating the impact of battery manufacturing according to the discharged
electricity for providing bi-directional charging services. The functional unit in the macro-level

use case is one kWh of electricity produced in 2050.

Due to the three different scopes chosen to assess the various charging strategies, different
LCA methodologies are conducted: a CLCA is applied to reveal the environmental impacts of
the macro-level use case in order to understand the changes in the energy system that is caused
by providing such services. For comparison reasons, a CLCA is evaluating the environmental
impacts of an energy system with smart and uni-directional charging of EVs and a system
where the EVs are charged uni-directionally. The functional unit in the macro-level use case is
1 kilowatt hour (kWh) of electricity delivered by the Belgian energy system in 2050. A cradle-
to-gate approach comprising raw material extraction, component manufacturing, installation
and use is selected. Multifunctional processes are included using system expansion. The
charging strategies at different scales including considered electricity supply is summarized in
Table 2.

Scale Micro Mezzo Macro
Description Household Industrial side Belgium
LCA method ALCA ALCA CLCA
Uni-directional | e PV o PV o Electricity supply BE 2050
e Grid e Grid
Uni-directional | e PV o PV o Electricity supply BE 2050
e Grid e Grid e BESS
e BESS e BESS
Smart | e PV o PV o Electricity supply BE 2050
e Grid e Grid e BESS
e BESS e BESS
Bi-directional | e PV o PV o Electricity supply BE 2050
e Grid e Grid o EV batteries
e EV battery e EV batteries

Table 2: System description of the four different charging strategies for the three different scales including LCA
method and installed technologies (LCA = life cycle assessment, ALCA = attributional LCA, CLCA =
consequential LCA, PV = photovoltaic installation, BESS = stationary battery storage, EV = electric vehicle, BE
= Belgium).
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Figure 2: Overview on different use cases to assess the environmental impacts of flexibility provided by EVs on
a micro-, mezzo-, and macro-level including the respective environmental system impacts (BE = Belgium, EV =

electric vehicles, PV = photovoltaic, RES = renewable energy sources, BESS = stationary battery storage).

The compilation of environmental impacts at different scales considering different charging

strategies is captured in Figure 2.

4.1. Micro-level assessment

To quantify whether and how much environmental impacts the micro-level system has
considering different charging strategies, the CC impact at the micro-level is calculated
considering PV installation and electricity supplied by the national Belgian electricity grid mix,
eventually supported by BESS. The CC impact of the national Belgian electricity grid mix is
calculated applying equation (1):
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CCHPC = (Z CCqrip(n) X z DRfRe (n)) * LTroraL 1)

where:

o CCMICRO js the total CC of the national Belgian electricity grid mix over system lifetime
(gC0O2eq).

e (Cszgip(n) is the CC impact of the Belgian grid at a given hour n (gCO2eq/kWh).

o DMICRO (1) is the consumed grid electricity at hour n (KWh).

o LTroray is the system lifetime assumed in this LCA in years.

The CC impact of the PV installations can be calculated following equation Error! Reference

source not found.):

LT
CCMIERO = §MICRO 5 CCpy X LTETVAL 0)

where:

e CCMR% is the CC of the PV installation at the micro-level use case for charging

strategy i (gCOzeq).

o S;py R0 is the size of the PV installation at the micro-level use case when providing
charging service i (KWp).

e (CCpy is the CC of the PV installation (gCO2eq/kWh).

e LTpy is the lifetime of the PV installation (years).

For some charging strategies, the installation of a BESS is foreseen, in particular for standard
uni-directional and smart charging. The CC of manufacturing the BESS can be determined

applying equation (3):

LT
TOTAL
CCMICRO _ ¢ MICRO

LBESS LBESS

X CCgpss X ©)

LTBESS

where:

o CCISR%is the CC of manufacturing a BESS for charging strategy i (gCOzeq).

Sipre” is the size of the BESS for a micro-level use case where charging service i are

provided (kWh capacity).
e (Cggss IS the CC of manufacturing a BESS (gCO2eq/kWh capacity).
o LTggss is the lifetime of the BESS (years).
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To allocate the impact on CC of the EV battery’s manufacturing to driving and stationary
storage, a physical allocation based on delivered electricity for stationary storage and driving
over the battery’s lifetime is determined. Data of electricity charged and discharged is obtained
from an VUB internal developed design and optimization framework (DOF), which is

explained in section 5. The allocation factor is computed with equation (4):

E
AFppx = FLEX 4)

Eprivine + ErLex

where:

o AFy gy is the allocation factor for providing flexibility services (%).

e Erpx is the discharged electricity for providing flexibility services from the battery of
an EV (kWh/year)

e Eprivine 1S the discharged electricity for powering the EV (kWh/year)

Now, the CC of the EV battery can be determined using the allocation factor as described in

equation Error! Reference source not found.):

LTTOTAL
L TE VB

MICRO _ cMICRO
CCgyp™" = Sgyp~ X CCgyp X Apppx X

®)
where:

o CCHISRO s the CC of the battery installed in an EV in the micro-level use case
(gCO2¢q).

o SMICRO is the size of one battery installed in an EV (kWh capacity).

e (Cgyp is the CC of the battery installed in an EV (gCO2eq/kWh).

e LTgyp is the calendric lifetime of the battery installed in an EV (years).

Next, equations (1) to (5) are summarized to obtain the total impact on CC of the micro-level

when considering various charging strategies:

CCMRO = CCHIRO + CCp R0 + CCihes? + CCRyERe (6)

where:

e CCMCR%s the CC in the micro-level use case considering different charging strategies
i (9C0O2eq).

For comparison reasons, the CC impact is then converted to its functional unit via equation (7):
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MICRO
[, MICRO  _ CG; @)
L
Dyicro X LTroraL

where:

Ul-MICRO

o is the CC of the micro-level use case when providing different charging

services i (gCO2eq/kWh)
e  Dyicro 1S the demanded electricity of the household per year (kWh/year).

4.2. Mezzo-level assessment

The mezzo-level use case differs from the micro-level use case by its scale: due to a higher
electricity consumption, the assets increase in size, more electricity supplied by the national
Belgian electricity grid mix is consumed and various EVs are considered at this scale. The
same equations (1) - (7) are applied to identify the environmental impacts at the mezzo-level,
allowing to draw conclusion related to upscaling of the investigated scale. Again, CC impacts
of the mezzo-level is expressed in the functional unit of kWh generated electricity using
equation (7).

4.3. Macro-level assessment

In macro-level use case, an energy system model called EnergyPLAN is used to update the
original consequential ecoinvent database 3.9.1 electricity mix for Belgium [28]. Thus, the CC

impact of the updated Belgian electricity mix can be calculated following equation (8):

CCuacro = ) (0% x CCr) ®
T
where:

e CCyacro 1S the CC impact of the Belgian electricity grid mix incorporating EVs
providing flexibility services (gCO2eq/kWh).
e OY is the production of a certain technology T in the marginal mix in year Y (kWh).

e (Cy isthe CC impact of electricity produced from technology T (gCOzeq/kWh).

To conduct a CLCA, the relevant input and output of processes need to be modelled in a way
to represent the changes in the system if the demand changes. Therefore, the marginal suppliers
have to be identified and included. The terminology “marginal suppliers” is used differently in
energy science and LCA. While the marginal suppliers of an energy system refers to mix of
energy technologies supplying electricity at a certain time, marginal supplier definition in
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CLCA is slightly different. In CLCA, marginal suppliers are the suppliers responding to an
increase in demand as they are the suppliers with the lowest production costs, meaning the
most competitive suppliers. According to ISO 14049, the marginal, unconstrained supplier is
the modern, competitive supplier in case of increasing product demand [29]. As the focus is on
electricity at low voltage, an increasing market is assumed. Modelling electricity at low voltage
includes the impacts on transmission and distribution along with occurring losses. To identify
the marginal long-term electricity mix, it is required to determine the annual growth rate of a
future energy system, minus the capital replacement rate considering each technology lifetime

[30]. First, the difference in electricity production per year is determined using equation (9):

_ AE;

D, =
Y AE,

©9)

where:

e D, is the difference in electricity production per year (TWh/year).
e AE; = EZ050 — EF2023 g the change in electricity production per technology T (TWh).
e AE, = 2050 — 2023 is the time difference in years (years).

Hereafter, the annual growth rate is obtained from equation (10):

Dy
TY = E%023 (10)
where:

e Ty is the annual growth rate (%).

e [E2023 is the electricity production per technology T in 2023 (TWh).
Next, the capital replacement rate is defined in equation (11):
Ip = LTt (12)
where:
e [, is the capital replacement rate per technology T (years).
Afterwards, the net annual growth rate can be determined following equation (12):

where:
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e LY is the net annual growth rate per year Y and technology T (%).

In this context, a negative net growth rate represents an old technology and is thus not
considered as a marginal supplier. Contrary, a positive net growth rate is reflecting a modern
technology and therefore can be considered as potential marginal supplier. Consequently, the

net annual growth can be calculated as following:

MY = EY x LY. (13)

where:

e MY is the net annual growth rate per technology T in a given year (TWh/year)

e ET is the produced electricity per technology T in a given year (TWh/year)

Finally, the share per technology of the long-term marginal supply mix can be defined applying
equation (14):

Mz

Ny = o
T XMy

(14)
where:

e NY is the production per technology T in the marginal supply mix per kWh in year Y
(kWh).

e Y. MY is the sum of the net annual growth rate of all technologies in year Y (kWh).

The electricity mix of the different scenarios will then include the technologies with a positive,

net annual growth rates [28]-[31].

Next, the ecoinvent database is consulted. For this study, the dataset “market for electricity,
high voltage {BE}”, “market for electricity, medium voltage {BE}” and “market for electricity,
low voltage {BE}” of the consequential ecoinvent database 3.9.1 are modified [28]. First, the
supplying technologies are updated to represent the marginal supply mix of future energy
systems in Belgium. Two main modifications of the original datasets of the consequential
ecoinvent datasets are undertaken: first, technologies identified as constrained suppliers are
removed from the market datasets. Second, the quantities of each marginal supplier are
adjusted. For both steps, the EnergyPLAN model in combination with data about the
PATHS2050 scenarios, containing three different future energy projections for Belgium, is
applied [32].
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The modification of the datasets is operationalized using python package Brightway version
2.4.3 [33]. The original ecoinvent datasets for high, medium and low voltage are stored in a
new dictionary and the exchanges are updated by the output of the EnergyPLAN model.
Consequently, three updated datasets for low voltage level in Belgium are created per charging
strategy. Environmental impacts are quantified in terms of CC impact, using the Environmental

Footprint version 3.1 methodology [34].

5. Data

Due to a scope with limited amount of assets, instead of using available life cycle inventory
(LCI) data, the LCI of this study for the micro- and macro-level use case are modelled.
Therefore, data for the Belgian electricity grid mix, the PV installations and BESS are collected
from literature. Reasons for choosing other LCI data instead of data from well-recognized
databases such as for example ecoinvent are depending on the technology: for the Belgian grid
electricity mix, only an average value is available in ecoinvent. Using the CC method of the
EF v3.1 results in an average of 206 gCO2eq/kWh, whereas CC impact from the electricity map
varies between 36 and 372 gCO2eq/kWh, making up an average of 170 gCOz2eq/kWh in 2023
[35]. Moreover, as the objective of this study is to understand trade-offs per hour over one year,
a higher time resolution than annual average values is needed. For this reason, the ‘dynamic
LCA model' proposed by Naumann et al. (2024) is adjusted for Belgium [36]. In this approach,
the authors calculate hourly CC impact of the German electricity grid mix, taking into account
imports and exports from neighbouring countries. Additionally, their approach is normalized
over five years to represent a generic year neglecting unigue events such as the COVID time
or the natural gas crises. The underlying data are also obtained from the Transparency Platform
of the European Network of Transmission System Operators for Electricity (ENTSO-E). Three
dataset per country (Belgium and its importing/exporting countries) are obtained: the hourly-
resolved actual generation per production type, the installed capacity per production type in
annual resolution and the cross-border physical flows in hourly resolution [37]. As a result, the
hourly CC impact per hourly timestep for the Belgium electricity consumption mix is

calculated.

Secondly, instead of using existing datasets from ecoinvent for PV installations, the LCI data
for PV installations are extracted from a report of the International Energy Agency under the
title ‘Methodology Guidelines on Life Cycle Assessment of Photovoltaic' [38]. Supported by a
yearly PV energy production of 2,996.39 kWh for a 3 kWp PV installation in Brussels, which
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is obtained from Photovoltaic Geographical Information System (PVGIS), the CC impact per
kilowatt hour of produced electricity is determined [39]. The lifetime of the si-based PV
installations is estimated to be 30 years [40]. Outdated data, e.g. efficiencies dating back to
2005 in the PV generated electricity datasets of the ecoinvent database or updated production
locations is one main reason for remodelling the installations [28], [41]. Multi-Silicon PV
installations with a capacity of 3kWp are included, as this technology represents the dominating

PV technology for small scale installations according to ecoinvent [28].

For BESS, only lead acid stationary batteries are available in ecoinvent, whereas all lithium-
ion battery datasets are for mobile applications [28]. According to the International Energy
Agency, the dominant technology for BESS 2022 remained lithium-ion battery. Due to the
absence of lithium-ion BESS in ecoinvent, LCI data are used from Le Varlet et al. (2020) [42].
Furthermore, Le Varlet et al. (2020) identifies lithium iron phosphate (LFP) as one of the most
represented BESS technologies. Therefore, the mobile battery LCI modified by Le Varlet et al.
(2020) of LFP battery are used in this work.

The energy system of the micro- and mezzo-level use case is sized and optimized by applying
the VUB’s internally developed design and optimization framework [43]. To simulate and
optimize the design and operation of the micro- and mezzo-level use cases is the aim of this
framework, considering different electric assets. The centrepiece of the virtual platform is an
energy system simulator, modelling state-of-the-art assets based on literature and specifically
developed models. The first step is to identify the optimal asset sizes by characterizing the
power dispatch in a given time period. In this context, the objective function is the minimization
of total system costs, accounting for investment and operating costs. After defining the
minimization objective, the problem is framed as a mixed integer linear problem. The output
of the design optimization framework is a design and operation optimization for the micro- and
mezzo-level energy systems. The optimization can be customized to represent local conditions,
such as weather data, specific electricity tariffs and investment cost via a configuration
generator. A more comprehensive description of the design and optimization framework is
described in Felice et al. (2022) [43].

For the micro-level use case, a random consumption profile is extracted out of 1,300 quarter-
hourly consumption profiles from the Belgian network operator Fluvius [44]. The annual
electricity consumption of the extracted profile is 3,897.83 kWh in 2023, supported by
simulations with a low and a high consumption profile of 1,262.95 kWh and 15,990.47 kWh
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in 2023. Additionally, three different EV charging profiles are generated for this case study
[45]. The remaining data for running the design and optimization framework are listed in Table
3.
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Low_ High_
Parameter Unit Low_CAPEX High_CAPEX EV 2 EV_ 3 consumption consumption
Reference year Year 2023
1. Uni-directional charging without BESS
Charging type Text 2. Uni-directional charging with BESS
3. Smart uni-directional charging with BESS

. 4. Bi-directional charging without BESS
cloctrioty grid mix B =
Electricity price €/kWh 0.37
CAPEX PV €/kWp 500 1,000 500 500 500 500
OPEX PV €/kWp 7.50
Lifetime PV Years 25
Location Long/Lat 4; 51
Orientation Azimut(®) 90
Slope Tilt(°) 15
BEV capacity kWh 80.30
dicioncy % os
Charger capacity Power (kW) 11

Table 3: Input values for the DOF of a micro-level use case description including EV two EV charging strategies (CC = climate change, PV = photovoltaic installations,

CAPEX = capital expenditures, OPEX = operational expenditures, BEV = battery electric vehicle).



6. Conclusion and outlook

In this deliverable, existing literature about environmental impacts of EVs providing flexibility
services is analysed. Afterwards, a comprehensive assessment framework is presented taking
into account three different scales and charging strategies. Within this framework, a novel
methodology to identify environmental system impacts of flexibility services and standard uni-
directional EV charging at a micro-, mezzo- and macro-level is presented. Finally, required

data is presented highlighting the need for adjustment to the presented methodology.

To determine the environmental impacts of EVs providing flexibility services at different
scales, the next step is to first model the energy systems of the different use cases to conduct
an LCA afterwards. Once results are available, they are compared to results of existing studies
as presented in Section 2. After compiling and validating the final results, the herein presented
work together with the results published in an international peer-reviewed journal. In 2025, the

social impact assessment will be started.
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