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Abstract: Energy systems are undergoing a profound transition worldwide, substituting nuclear and
thermal power with intermittent renewable energy sources (RES), creating discrepancies between
the production and consumption of electricity and increasing their dependence on greenhouse gas
(GHG) intensive imports from neighboring energy systems. In this study, we analyze the concurrent
electrification of the mobility sector and investigate the impact of electric vehicles (EVs) on energy
systems with a large share of renewable energy sources. In particular, we build an optimization
framework to assess how Evs could compete and interplay with other energy storage technologies to
minimize GHG-intensive electricity imports, leveraging the installed Swiss reservoir and pumped
hydropower plants (PHS) as examples. Controlling bidirectional EVs or reservoirs shows potential to
decrease imported emissions by 33–40%, and 60% can be reached if they are controlled simultaneously
and with the support of PHS facilities when solar PV panels produce a large share of electricity.
However, even if vehicle-to-grid (V2G) can support the energy transition, we find that its benefits
will reach their full potential well before EVs penetrate the mobility sector to a large extent and
that EVs only contribute marginally to long-term energy storage. Hence, even with a widespread
adoption of EVs, we cannot expect V2G to single-handedly solve the growing mismatch problem
between the production and consumption of electricity.

Keywords: electric vehicles; vehicle-to-grid; hydropower plants; greenhouse gas emissions;
optimization; Switzerland

1. Introduction

Worldwide, energy sectors are facing profound changes following the Paris Agreement
pledges to limit global warming to well below 2 °C [1]. This will require significant
investments in renewable energy sources (RES) to meet the electricity demand while
complying with the wanted reduction of greenhouse gas (GHG) emissions. Generally, solar
and wind-based energy generation is envisioned to cover the largest part of the increasing
gap between the production and consumption of electricity following the decommissioning
of baseload nuclear and thermal power plants [2].

1.1. The Mismatch between Electricity Production and Consumption

Replacing the current baseload with RES will however emphasize already existing
diurnal and seasonal discrepancies: while photovoltaic (PV) panels mainly produce elec-
tricity at noon and in summer, the energy demand is on the other hand high in the evenings
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and in winter when heating is required, especially in temperate or continental climates.
Future power systems will thus face an important mismatch problem, where electricity
consumption and production are not aligned [3,4]. When no storage capacity is available,
this will indeed force such power systems to export surpluses of energy to connected en-
ergy markets during summer or when the sun is shining. Conversely, to cover the domestic
demand in the evenings and over the winter period, electricity will have to be imported
once the stored energy is depleted. However, imported electricity may have a high GHG
content compared to the domestic production of energy systems with a large share of
renewable sources when it comes from emission-intensive coal or gas power plants [5].

Alternatively to exchanges with connected power systems, the increasing sharp after-
noon ramp-up and evening peak net demand could be covered by additional power plants.
However, this would require significant investments in fast-ramping energy resources and
in so-called peaking units—power plants that only operate for short periods of time to
meet the evening peak demand. Moreover, the plants chosen for these tasks are usually fast
thermal power plants when hydropower plants are not available, which would jeopardize
the global efforts to decrease our carbon footprint [6,7].

On the other hand, control strategies can provide alternative solutions to mitigate this
issue by leveraging a collection of storage technologies to support electricity grids and
dampen diurnal and seasonal discrepancies between the production and consumption of
electricity. Dujardin et al. [8] for example showed that the already installed hydropower
plants could be used to help mitigate the growing reliance of a fully renewable Switzerland
on the European grid to some extent. Following the global electrification of mobility,
additional storage possibilities will arise due to the increasing number of electric vehicles
(EVs) connected to power grids.

1.2. The Role of Electric Vehicles

More than 10 million EVs were on the road around the world in 2020, and this number
is growing exponentially each year [9]. From an energy system’s perspective, EVs are
batteries moving from one point of the electricity grid to another, with potentially negative
impacts if many of them are connected to the grid and charging simultaneously.

Several studies in the literature analyzed the effects of controlled charging and dis-
charging of EVs on the grid and the associated reductions of GHG emissions [10–16]. Note
that, in energy systems with a large share of RES, flattening the duck curve, which represents
the net demand of a power system once the intermittent renewable energy production
has been subtracted from the total demand [3], is similar to reducing the amount of im-
ported GHG emissions. Indeed, a more pronounced duck curve inevitably leads to more
imports from neighboring countries, which, in such systems, means an increase in the
GHG intensity of the electricity.

In general, controlling EVs was shown to flatten the duck curve to some extent, both
when considering controlled charging (V1G) [10] or vehicle-to-grid (V2G) operations [11–14].
At the city level, significant reductions of carbon emissions can be attained in systems
with large solar power generation and EV penetration, e.g., as shown in a case study in
Kyoto [15]. Similarly, in Utrecht, Brinkel et al. [16] found that V2G could reduce emissions
of up to 23.6%. Finally, a large-scale study on the electricity grid in the midwestern United
States showed that V2G could almost completely level the daily variations of the duck
curve [12]. However, none of these works considers how EVs could collaborate with other
storage technologies to support the grid.

1.3. Main Contributions

In this work, we investigate how energy storage technologies can minimize the amount
of GHG-intensive electricity imports needed to cover the domestic demand with a case
study on Switzerland. We first analyze the potential of controlling EVs, with V1G or V2G,
to reduce these emissions. We then assess how V1G and V2G could compete or collaborate
with other energy storage technologies in different energy and mobility scenarios and
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under shorter or longer optimization horizons, using the existing reservoir and pumped
hydropower plants in Switzerland as examples. We simultaneously analyze the influence
of these different control strategies on the dependency of energy systems with a large share
of RES on connected systems for energy exchanges. Finally, we briefly investigate the
impacts of V1G and V2G on the degradation of EV batteries to discuss the downside of
these control strategies.

1.4. Structure of the Work

The rest of the work is structured as follows. Section 2 introduces the needed back-
ground knowledge and Section 3 then details the methods used in this work. Finally,
we present and discuss the results in Section 4 and subsequently conclude the paper
in Section 5.

2. Background

This Section provides necessary information on the Swiss energy system, as well as a
small overview of the different EV charging strategies.

2.1. Challenges of the Future Swiss Energy System

The global energy transition is emphasized further in Switzerland due to the planned
nuclear phase-out [17]. This baseload, which currently represents one-third of the total
electricity production in the country, will have to be replaced before 2035 when the nuclear
power plants are scheduled for decommissioning [18]. On the other hand, the heating
and mobility sectors, currently responsible for almost one-half of the total domestic GHG
emissions [19], will also undergo deep transitions leading to an increase in electricity
demand. Additionally, almost 50,000 EVs were registered in Switzerland as of 2020, and
this number is growing steadily every year [20], with projections for 2050 ranging between
1.4 and 3.5 million EVs [21,22], which will further augment the electricity consumption in
the country.

Switzerland currently mostly relies on nuclear and hydro-based power plants, with
numerous reservoirs and run-of-the-river (RoR) installations, to produce the large majority
of its electricity [23]. The remaining 8–9% is generated via renewable energy sources, for
the bigger part, and some conventional thermal power plants. Since more than 50% of its
electricity generation is supported by hydrological sources, Switzerland is however heavily
dependent on its water cycle: the snowmelt in spring and throughout summer generates
hydropower surpluses that are currently exported to neighboring countries, while the
dams are on the other hand depleted during the winter, forcing the country to rely on
imports to cover the increasing domestic heating demand. All year round, Switzerland is
therefore steadily relying on energy exchanges with neighboring countries to compensate
for the system-wide discrepancies between electricity production and consumption, taking
advantage of its geographical position and comparatively small size in the middle of the
European continent, as can be observed in Figure 1. This plot also exhibits how storage
technologies—PHS facilities in that case—are utilized as of today, with more activity over
the summer period when energy surpluses can be exploited.

Altogether, the Swiss electricity generation thus currently features a low GHG intensity
profile [4]. Due to the higher GHG content of the imported electricity, there is a need for
Switzerland to decrease its dependency on international exchanges to meaningfully follow
its pledges to reduce carbon emissions [24]. Additionally, a large market penetration of
solar panels was shown to be problematic for the country because of the limited cross-
border net transfer capacities (NTC) [8]. Similarly, other analyses pointed out that the
currently envisioned Swiss strategy to transfer almost all the nuclear electricity production
to intermittent renewable sources would create bottlenecks on the cross-border lines [25,26].
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Figure 1. Average weekly electricity consumption (positive) and the corresponding production (negative) in Switzerland in
2018. Cross−border either reflects imports in winter when the production (continuous black line) cannot meet the demand
(dotted line) or exports in summer when there are surpluses.

2.2. EV Charging Strategies

In the Uncontrolled Charging (UC) regime, the classical charging protocol, people
plug their vehicle directly upon arrival and it immediately starts to charge at full power
until the maximum energy capacity is reached, thereby emphasizing the magnitude of the
evening peak demand further [12,27].

However, control algorithms can mitigate the issues of UC and even leverage EV
batteries to support the grid. Firstly, controlled charging (V1G) can regulate the power
drawn from the grid to shift the charging of EVs to more suitable times and reduce grid
stress. Moreover, if bidirectional EVs able to feed electricity back to the grid are available,
they can participate in so-called vehicle-to-grid (V2G) operations. In that case, EVs are
additionally able to shift the electricity production, and it was already observed that V2G
could have an impact on the grid comparable to stationary battery storage systems [3,28].
Controlling the charging and discharging of EVs is, however, a much more challenging
task than operating a stationary battery, due to their dynamical framework. EVs are indeed
not always connected to the grid and their owners require to have enough energy for their
coming trips any time they disconnect their vehicles, which brings both stochasticity and
hard constraints in the control problem. Moreover, the impact of battery degradation on
the benefits of V2G is still debated in the literature, where some studies argue that V2G is
not economically viable for the participating EVs [29], or at least not for all of them [13].

3. Methods

In this study, we develop an optimization model to minimize the GHG emissions
stemming from electricity imports in Switzerland. According to scenarios with differ-
ent electricity production and consumption patterns and market penetration of EVs, we
simulate the years 2018 (reference), 2030, 2035, and 2050 with a resolution of 15 min to
assess the future evolution of the system. Based on a given fluctuating profile of the GHG
content of the European grid, we investigate the potential reductions of imported GHG
emissions that can be attained over each whole year through control algorithms. Note that
we do not consider market forces and focus on reductions of GHG-intensive electricity
imports, whereas financial incentives usually guide the operations of all the participants in
reality. Nonetheless, assuming a very high cost of CO2 in the coming years, which could
completely drive the price of electricity, similar behaviors to what is shown in this study
could be expected.

Throughout this work, we either control the operations of EVs (V1G or V2G), reser-
voirs, Pumped Hydro Storage (PHS) facilities, or a combination thereof to minimize
GHG-intensive imports. When not controlled, hydro-based solutions follow a historical
activity pattern, while EVs employ UC mechanisms. To analyze the impact of perfect yearly
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forecasts of the production and consumption of electricity, the GHG-content of imports,
and the behaviors of EVs, we compare the performance over one year to the cumulative
performance over each week of the year. In this scheme, the optimization has perfect
knowledge of all the variables over a restricted weekly horizon and can thus only find
locally optimal solutions.

In this Section, we first provide information about the data inputs to our model in
Section 3.1, detailing the creation of electricity production and consumption profiles and
the modeling of electric vehicles. In Section 3.2, we then present the extrapolation scenarios
used to project the data in future years. Finally, the optimization framework is laid out and
explained in Section 3.3.

3.1. Data
3.1.1. Uncontrolled Supply and Demand Profiles

We compute profiles at a resolution of 15 min for each electricity producer and the
electricity consumption from 2018, which is used as base year throughout this study, in
Switzerland. These profiles are then scaled each year in the optimization horizon according
to the total production or demand scenario, as presented in Section 3.2.

We use hourly profiles provided by Rüdisüli et al. [30] for the RoR, reservoir, PHS,
nuclear, and PV electricity production. The reader is referred to the original paper for a
description of the data processing. The hourly wind power output profile is retrieved
from www.renewables.ninja (4 August 2021) where the data has been collected and prepro-
cessed as explained in Staffell et al. [31] (see Appendix A for more details), and all these
profiles are linearly interpolated to get consistent 15 minute profiles. Since the combined
annual production of all the conventional thermal power plants is roughly constant in
Switzerland [30], it is modeled as a fixed profile. Similarly, production profiles from energy
sources not described above, e.g., from other renewable sources, are assumed constant
throughout the study. The total constant production in the base year is derived from the
annual Swiss electricity production data [32]. Finally, the electricity consumption profile
used in this work originates from the Swiss Transmission System Operator (TSO) [33] and
is adapted for each year in the horizon to account for the electrification of the heating sector
as explained in Section 3.2.

When the electricity production of reservoirs is optimized by the controller, we cannot
use the profile described above and have to rely on water inflows to know how much
energy is available to the controlled power plants at each point in time. These inflows
were provided by Beer et al. [34] for the base year 2018. Throughout the years of the
optimization horizon, those inflows were scaled proportionally to the projected increase in
reservoir capacity, see Table A1 in Appendix B.

Finally, the hourly GHG content of the imported electricity from the European grid
is taken from Rüdisüli et al. [22] and interpolated to get the desired resolution. Since the
given profile presents daily patterns which only vary between seasons, we additionally
incorporate Gaussian noise at each time step to model fluctuations from one day to another
that can be exploited by our minimization framework. Note that we assume the GHG
content of the European grid to follow the same trends over all scenarios, which does not
take the current global energy transition into account. For further work, it would be more
justified to characterize the GHG intensity of the imported electricity in terms of marginal
rather than average emissions, as we do here, since any additional import in Switzerland
would come from the marginal electricity producer of the foreign grid [35].

3.1.2. Electric Vehicles

To investigate the effects of UC, V1G, and V2G, we need to know how many EVs are
connected to the grid at each point in time, how much energy they require for their next
trip, and at which rate they can exchange power with the grid.

To define the activity pattern of each EV, we use 100 randomly sampled travel schedules
from Pareschi et al. [36], who adapted the Swiss household travel survey (HTS) [37] to

www.renewables.ninja
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electric vehicles. A travel schedule describes the list of trips made by an EV, with the
corresponding starting and ending locations, as well as the associated energy consumption,
for one week in each season and at the resolution of one minute. Subsampling the travel
schedules to 15 min intervals then gives the location of each EV at each point in time and
their corresponding energy needs.

When parked, EVs can be located in four different categories of places: at home, at
work, at a Point of Interest (POI), or at Other locations (POIs include education, entertain-
ment or shopping activities, whereas Other represents locations far away from the purpose
of the trip). Each category is assigned a certain probability to host a charging station with a
given power rating capacity, as depicted in Table 1. Together with the traveling schedule,
we thus know how much power each EV can draw from or feed to the grid when parked.

Table 1. Charging station characteristics adopted in this work.

Location Probability of a Station Power Rating

Home 80% [38] {3.7, 7.4, 11} kW
Work 50% [39] {11, 22} kW

Point of Interest 26% [37,39] Distribution from [40]
Other 26% [37,39] Distribution from [40]

Finally, each EV is assigned a type, which specifies its maximum energy and power
capacity, to know how much power and energy can actually be exchanged with the grid.
Based on values from the current market leaders in Table A2, Appendix C, we randomly
sample 100 times according to the given market shares to define the characteristics of each
vehicle at the beginning of the optimization.

Altogether, this procedure defines how much energy and power is available for or
required by the 100 EVs at each point in time. Their energy needs, energy capacities,
and power ratings are then scaled to meet the total values for each scenario presented in
Section 3.2.

3.2. Scenarios

To assess the evolution of the energy system from 2018 to 2030, 2035, and 2050, we
scale the electricity profiles from Section 3.1.1 and the energy and power capacities of EVs
from Section 3.1.2 to match the expected total electricity production and consumption in
each year according to different scenarios.

We consider two energy scenarios to project the inland production and consumption
of electricity, referred to as the business-as-usual (BAU) and ZERO scenarios. These closely
follow scenarios from the Swiss Federal Office of Energy [2]. As can be observed in Figure 2,
the ZERO scenario assumes a large installation of solar panels to recover from the loss of
nuclear power. This is the main difference with the BAU scenario, where conventional
thermal production fills most of the gap. Additionally, the BAU scenario assumes a higher
annual demand for electricity of up to 77 TW h in 2050, 5.6 TW h more than in the ZERO
scenario due to more ambitious energy efficiency and consumption reduction targets.
Overall, it also entails a much lower total production of 72 TW h, since less solar electricity
production is envisioned.
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Figure 2. BAU and ZERO Electricity production and consumption scenarios, with the impact of EVs on the demand in the
NEP and EBM scenarios. Note that the base demand includes the electricity consumption of PHS facilities.

In all scenarios, the consumption profile is slightly modified to account for the expected
electrification of the heating sector in Switzerland. First, the demand profile from heat
pumps (HPs) in 2018, generated in Rüdisüli et al. [4], is subtracted from the base year
consumption profile and scaled each year in the horizon depending on the annual heat
pump electricity demand projection from the Swiss Office of Energy [2]. The remaining
consumption profile is separately scaled to match the demand from either the BAU or
ZERO scenario (after subtracting the expected HP demand). We finally add both profiles
together to get a more accurate representation of the electricity demand in Switzerland
throughout the years.

On the other hand, we also investigate the effect of the number of EVs connected to
the grid on the optimization with two scenarios, the new-energy-policy (NEP) scenario,
taken from the Energy Perspectives from 2012 [21], and the electric-based-mobility (EBM)
scenario from Rüdisüli et al. [22]. In the former, a more conservative approach is adopted,
assuming that 23% of the entire stock of 6.1 millions vehicles will be electric in 2050, while
the latter projects a share of 58%. These values correspond to an additional electricity
consumption of 3 TW h and 7.5 TW h, respectively, and the impact can be seen in Figure 2.

3.3. Optimization Framework

The power system controller can either control the power of charge or discharge of
the EVs, the reservoirs, the PHS, or a combination thereof. All the EVs are aggregated
in a virtual EV battery, as detailed in Section 3.3.1, and we will thus refer to the EV as
being singular. Similarly, all the reservoirs and PHS are aggregated in two virtual variables
by summing their power and energy values. When not optimized, reservoirs and PHS
follow the historical profiles described in Section 3.1.1, scaled according to their total energy
production in the corresponding year from Table A1 in Appendix B, and the charging of
EVs is unmanaged.

Throughout this work, we define negative power flows as production of electricity
in Switzerland and positive ones as consumption. To alleviate the computational burden
that would arise from more complex models, we represent the power system via a linear
program (LP). This requires separating charging and discharging power variables to keep
the problem linear due to energy conversion inefficiencies. Altogether, the minimization
of imported GHG emissions in Switzerland is formulated as follows, for a horizon of N
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time steps, corresponding to a week or a year (Since each time step represents 15 min,
N = 4× 24× 7 = 672 for a week and N = 4× 24× 365 = 35, 040 for a full year):

min
U1,...,UN

t=N

∑
t=1

PImp
t GHGEU

t − αPExp
t + βε

Imp
t (1a)

subject to PNet
t − PImp

t + PExp
t − PRes

t + PPHS,c
t − PPHS,d

t + PEV,c
t − PEV,d

t = 0 (1b)

EEV
t−1 + ηEV PEV,c

t − PEV,d
t
ηEV

− EEV,cons
t + ∆EEV,trips

t = EEV
t (1c)

EPHS
t−1 + ηPHSPPHS,c

t − PPHS,d
t
ηPHS

= EPHS
t (1d)

ERes
t−1 −

PRes,d
t
ηRes

+ It = ERes
t (1e)

0 ≤ PX,{c,d}
t ≤ PX,{c,d}

t,max (1f)

EX
t,min ≤ EX

t ≤ EX
t,max (1g)

PX,{c,d}
t − PX{c,d}

t−1 ≤ PX,{c,d}
max,ramp (1h)

PEV,{c,d}
t − PEV,{c,d}

t−4 ≤ 3 ∗ PEV,{c,d}
max,ramp (1i)

0 ≤ PImp
t ≤ PImp

max + ε
Imp
t (1j)

0 ≤ PExp
t ≤ PExp

max (1k)

0 ≤ ε
Imp
t (1l)

where all the constraints (1b)–(1l) have to be satisfied at all time steps, indicated by the
subscript t = 1, ..., N. X represents constraints for each of the three controllable participants,
i.e. reservoirs, PHS, and EVs. P stands for power and E for energy components, while
the superscripts refer to which actor they correspond to: Imports (Imp), Exports (Exp),
reservoirs (Res), PHS, or EV. It is the water inflow and PNet

t the electricity consumption
in Switzerland after the subtraction of the static production which cannot be controlled
in this study, mainly from nuclear, RoR, and renewable energy sources. Additionally,
the superscripts c and d stand for charging and discharging, respectively. The variables
controlled in the optimization are grouped in U, i.e.:

Ut ⊆ {PRes
t , PPHS,c

t , PPHS,d
t , PEV,c

t , PEV,d
t }. (2)

η represents conversion efficiencies, α ≥ 0 is a small constant and β = 1000. Note that
PRes,c

t,max = PRes,c
max,ramp = 0 in Equations (1f) and (1h), as reservoirs cannot charge any energy.

The primary objective of the optimization is to minimize the sum of imported GHG
from the European grid, represented by the first term of Equation (1a). However, we
also slightly reward the model for exports in the second term to avoid simultaneous
charging and discharging operations that would lead to energy losses due to conversion
efficiencies. Indeed, this makes sure that the optimization is exporting electricity surpluses
to neighboring countries, so that the observed power flows are representative of the state
of the system. We choose α � GHGEU

min, the minimum GHG intensity of the European
electricity, to ensure that rewards for exports can never be higher than penalties from
imports. Otherwise, the model might import more energy than needed to export it later
and get unwanted bonuses. This also guarantees that storing domestic energy surpluses
is always preferred over exporting them. The last term in the objective is a penalty on
slack variables, to make sure the model respects the constraints and does not use the slack
variables when not needed.

Equation (1b) forces the production and consumption to match, including cross-
border exchanges, while Equations (1c)–(1e) enforce conservation of energy throughout
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the process for the three variables we can control. For reservoirs, this includes energy
stemming from water inflows throughout the horizon. The conversion efficiencies are
set to ηPHS = ηRes = 79.2% [30,34] and ηEV = 87% [41], and the energy conservation of
the aggregated EV is detailed in Section 3.3.1: individual EVs may indeed be discon-
nected from the grid and consume electricity, which leads to dynamical power and energy
considerations for the aggregated EV.

Equations (1f)–(1g) are power and energy constraints for PHS, reservoirs, and EVs.
The constraints on the aggregated EV are dynamical and developed in Section 3.3.1, while
maximum power and energy constraints of the hydrological facilities come from the
observed values in 2018. They are projected each year of the horizon proportionally to
the expected installed capacity from Appendix B. As for minimum energy constraints, the
dams in Switzerland are in practice not allowed to be fully emptied for ecological reasons,
and [34] computed the minimum level of the reservoirs to represent ERes

t,min = 500 MW h at
all times. This value is also scaled proportionally to the increase of the maximum energy
capacity from Appendix B. For PHS facilities, we assume they can be fully emptied, setting
EPHS

t,min = 0 at all times. From the control perspective, PEV,d
t,max = 0 when V2G is not available

since discharging is not possible in the V1G case.
In order to avoid unrealistic peaks of charge and discharge of the participants, we in-

clude ramping constraints on all possible control variables in Equation (1h). For reservoirs,
we use the maximal ramp-up observed in the fixed historical profile of 2018 as boundary
and scale it proportionally to the increasing installed capacity, while we defined an arbitrary
value for PHS, as depicted in Table A1 in Appendix B. For the EV, we arbitrarily set a limit
of PEV,{c,d}

max,ramp = 1600 MW/15 min, with the additional condition that it does not ramp up or
down more than 4800 MW h−1 in Equation (1i), since the grid cannot sustain large ramp
ups over prolonged periods without using costly tertiary regulation schemes [42].

Imports and exports are constrained in Equations (1j)–(1k), and we assume the NTC
of the cross-border lines to stay constant at PImp

max = 6.9 GW, which approximately reflects
the maximal power exchange observed in 2018 [33]. Concerning exports, we set a higher
limit of PExp

max = 30 GW to ensure that the export capacity is never saturated, as we want to
focus on GHG-intensive imports, without constraining our system on the exports. Finally,
the constraint (1l) is forcing slack variables to remain positive.

3.3.1. The Virtual EV Battery

The energy and power of the virtually aggregated EV have to be dealt with dynamically,
since the 100 EVs are not always all connected to the grid, changing the characteristics of
the aggregated battery. In this work, we centralize the charging and discharging operations
in a single entity which we assume can communicate with all the vehicles, inspired by what
was done in previous works [16,43]. However, one has to keep in mind that since such a
centralized implementation is idealized, it would be technically complex to implement and
could lead to privacy issues for EV owners [44,45].

For an individual EV i, the electricity consumed during a trip is subtracted from the
aggregated battery when it connects back to the grid. At each time step, the consumption
from all the ending trips is summed to define the energy consumed by the aggregated EV
while driving:

EEV,cons
t = ∑

i∈EVs
Ei,cons

t (3)

Ei,cons
t =

{
Ei

trip, if EV i finishes trip at time t,

0, otherwise.

where Ei
trip is the electricity consumption of EV i for the given trip, from its travel schedule.

Furthermore, EVs cannot be used for (dis-)charging operations when they are not
connected to the grid. Every time an EV is disconnected for a trip, its maximal energy
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capacity is thus subtracted from the aggregated battery capacity, and it is added back
when the EV reconnects at the end of the trip. This is equivalent to saying we assume the
EVs always leave the stations with a fully charged battery, and it additionally ensures the
virtual battery is not using energy that is actually blocked in a traveling EV. In mathematical
terms, assuming Ei

max to represent the maximal energy capacity of an EV i, we get the total
dynamic change of energy due to the movements of EVs:

∆EEV,trips
t = ∑

i∈EVs
Ai

t (4)

Ai
t =


Ei

max, if EV i finishes trip at time t,
−Ei

max, if EV i starts trip at time t,
0, otherwise.

Putting Equations (3) and (4) together in words, EVs take their maximum amount of
energy away from the aggregated battery upon leaving and connect back with that energy
minus what was used for the trip. The known downside of this approach is that an EV that
has not even been connected to the grid in reality, or only for a short time, could disconnect
with 100% state-of-charge (SoC), thereby virtually gaining energy that was actually charged
to other vehicles from the aggregated battery.

Maximum power and energy constraints of the virtual battery, which are also dynami-
cal, are defined by the connected EVs at that time:

PEV,c,d
t,max = PEV,d

t,max =

∑
i∈EVs

min{Pi
max, Ps

max}1{i is connected to station s} (5)

EEV
t,max = ∑

i∈EVs
Ei

max1{i is connected to a station} (6)

where Pi
max represents the maximal power capacity of each individual EV and Ps

max the
charging power available at the charging station s, derived from Table 1 as explained in
Section 3.3.2. Finally, to protect the battery of the vehicles, we constrain the minimum SoC
of each EV to stay above 20%, which leads to the dynamical minimum aggregated energy
level of the virtual battery:

EEV
t,min = 0.2 ∗ EEV

t,max (7)

All these power and energy-related quantities of the aggregated EV are scaled each
year of the optimization to represent the projected number of EVs envisioned either in the
NEP or the EBM scenario.

3.3.2. Implementation

The optimization is implemented in MATLAB [46] and we use the Yalmip tool-
box [47] and Gurobi solver [48] (The code and data can be found here: https://gitlab.
nccr-automation.ch/loris.dinatale/v2g-in-switzerland, 4 August 2021). In total, 8 different
combinations of scenarios, using either the BAU or ZERO energy scenario, or the NEP
or EBM scenario for electric vehicles, and either weekly or yearly optimization horizon,
are evaluated. In each case, there are six control possibilities, as we can either control
nothing, EVs with V1G or V2G, reservoirs, PHS facilities, or the combination of the last
three variables. A summary of the various possibilities can be found in Table 2. Altogether
48 optimization scenarios are run, each over the four years of interest, i.e., 2018, 2030, 2035,
and 2050.

https://gitlab.nccr-automation.ch/loris.dinatale/v2g-in-switzerland
https://gitlab.nccr-automation.ch/loris.dinatale/v2g-in-switzerland
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Table 2. Summary of the different scenarios and control strategies used in this work, where Combined
stands for the combined control of PHS facilities, reservoirs and EVs through V2G.

Control Energy EV Optimization
Strategies Scenarios Scenarios Horizon

None V1G V2G BAU NEP Week
PHS Reservoir Combined ZERO EBM Year

In all scenarios, the initial and final SoC of the aggregated EV battery is set to 60%.
Due to the centralized procedure explained in Section 3.3.1, this means that all the EVs
connected to the grid at the beginning or the end of the horizon start, and respectively
finish, with 60% SoC. For reservoirs, historical filling levels are used to define starting and
ending energy constraints, and we initialize the SoC of PHS facilities at 50% and require it
to end up at the same value.

Since the EV travel schedules are only defined for one week each season, we duplicate
each weekly behavior throughout the corresponding season to get yearly schedules (We
neglect the impact of the external conditions, such as the weather, on the behaviour of
EVs). During that procedure, the end of each trip is given a charging station with the
corresponding probability from Table 1. Additionally, infeasible trips that would consume
too much energy for a given EV or violate boundary conditions at the end of the simulation
horizon are removed from the traveling schedules. This completely defines the behaviors
of all the EVs throughout one year, all the variables from Section 3.3.1 are defined, and the
optimization can begin.

4. Results and Discussion

In this work, we investigate the idealized potential of controlled operations of EVs,
reservoirs, and PHS facilities to support the Swiss power system and reduce the amount of
GHG-intensive electricity imports. In yearly optimization settings, in particular, the impact
of perfect forecasts of all the variables over the optimization horizon is not negligible.
Weekly (or shorter) optimizations might, however, be helpful in real case studies, where
one could use accurate models to predict the Swiss electricity production and consumption,
the behavior of EVs, and the GHG intensity of the European grid over this shorter horizon
and then minimize the amount of imported GHG emissions based on those assumptions.
Remarkably, in such shorter and more realistic horizon optimizations, V2G proves to be
the most well-suited mitigation strategy, with PHS facilities, due to their ability to leverage
daily discrepancies between the demand and the supply, while reservoirs need longer-term
foresight to use their entire potential, as discussed in Section 4.3.

In this Section, we investigate the consequences of the different control strategies
under the predefined scenarios. We start by analyzing the impact of an optimization on
the power flows in Switzerland in Section 4.1. We then investigate the consequences of the
different charging strategies for EVs in Section 4.2, and Section 4.3 presents the obtained
reductions of imported GHG emissions. The impact of the optimizations on the net demand
of electricity in Switzerland and the resulting cross-border flows are then described in
Section 4.4, respectively Section 4.5. Finally, to take counterbalance the positive effect of
controlled EV (dis-)charging, Section 4.6 investigates the degradation of EV batteries under
the different control strategies.

4.1. Impact of the Optimization on the Power Flows

Figure 3 shows the difference in power flows between the uncontrolled case (top)
and the case when EVs, reservoirs, and PHS facilities are monitored together (bottom)
for one week in March 2050 in the ZERO-EBM scenario with a horizon of one year. We
can see the optimization shifting the charging of EVs towards the middle of the days
(positive red values) when the sun is shining and the carbon content of the European grid
is lower, to make use of electricity surpluses instead of exporting them. Reservoirs and
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small discharging operations from EVs are on the other hand avoiding GHG-intensive
electricity imports in the evenings and overnights. This is, however, not enough to get a
completely self-sufficient Swiss power system, and one can still observe some imports at
times when the carbon content of the European grid is at its lowest, often in the mornings.

Figure 3. Consumption (positive) and the corresponding production (negative) of electricity in Switzerland over one week
in March in the ZERO−EBM scenario in 2050. The upper plot shows the situation if no control action is taken, while the
lower one presents the impact of the combined control of EVs (V2G), reservoirs, and PHS facilities, as well as the carbon
content of the imported electricity.

Due to the yearly optimization horizon, reservoirs are heavily utilized in March to
cover the night demand, as there are only little surpluses of energy that could be stored
in EV batteries—additionally to what they need during trips—or PHS facilities. Later in
summer, larger surpluses of energy, mainly from solar-based electricity sources, allow
for more V2G operations and less intensive reservoir utilization, as shown in Figure 4.
The lack of surplus energy in March also explains why electricity storage in PHS facilities
is circumvented over that period: since they present a lower round trip efficiency than
bidirectional EVs, the optimization firstly charges energy through V2G, to decrease losses,
after which no additional electricity is left in the system to pump water in PHS facilities.
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Figure 4. Weekly average electricity production from reservoirs in 2050 in the ZERO-EBM scenario, comparing the
uncontrolled case and the case where the optimization is done over EVs, reservoirs, and PHS facilities.

4.2. From Uncontrolled to Bidirectional EV Charging

The tendency of uncontrolled charging to put further strain on the power grid and
worsening the evening demand peak of the duck curve is demonstrated in Figure 5, where
the average hourly (dis-)charging curve of EVs is shown for each season of 2050 under
UC, V1G, and V2G for the ZERO-EBM scenario. In these plots, the hydropower plants
are not optimized and follow their historical pattern. Once controlled charging (V1G)
is introduced, the optimization generally shifts the bulk of the EV energy consumption
to around noon, taking advantage of the high share of solar-based renewable energy in
this scenario. This effect is less marked in summer because of electricity surpluses being
available most of the day to charge the vehicles without relying on imports, mostly coming
from hydro power plants.
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Figure 5. Comparison of average charging profiles in the four seasons in 2050 in the ZERO−EBM scenario for uncontrolled
charging, V1G, and V2G.

Widespread adoption of bidirectional charging (V2G) allows to store surplus energy—
besides what is needed for trips—in EV batteries, mainly solar energy over noon, which
is then is fed back to the grid to support evening and nighttime demand. This has a
great potential to mitigate the duck curve, simultaneously shifting additional demand to
periods of high electricity production and reducing the net demand in the evening with
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discharging operations. We can observe a larger potential for V2G in transition seasons,
where Switzerland alternates between over- and underproduction situations that can be
exploited by the optimization. V2G has the least impact in summer since surpluses are
almost always available, and Switzerland becomes a large net exporter of electricity because
the storage capacities are full. Indeed, the lower energy demand in summer is covered by
solar and hydropower—following their historical production profile—during the days and
evenings, with EVs only needing to supply electricity during the night, discharging energy
from 11 pm to 6 am. On the contrary, the potential of V2G is limited in winter due to the
low domestic energy production, stemming from the high share of intermittent renewable
energy sources, and the larger demand ensuing from the electrification of the heating sector.
This shows that energy systems with a large share of RES cannot solely rely on V2G to
avoid energy exchanges with connected markets, even when millions of EVs, hence a large
storage capacity, are available.

The situation in the BAU scenario is very similar, but with less impact of control
algorithms because of the much smaller exploitable discrepancies between the electricity
production and consumption, due to the larger conventional thermal baseload. Likewise,
reducing the number of EVs on the roads (NEP) leads to smaller charging and discharging
magnitudes but identical behaviors of electric vehicles under different control strategies.
Thus, in all scenarios, V1G shifts the peak towards noon, and V2G emphasizes this trend to
furthermore support the power system overnight.

4.3. Reductions of Imported GHG Emissions

The potential of controlling EVs, reservoirs, and/or PHS facilities to mitigate GHG
emissions stemming from power imports is demonstrated in Figure 6. Possible relative
reductions in imported GHG-intensive electricity compared to the uncontrolled base case
are shown. In plots (a–e), we compare the mitigation potential of all the participants in a
yearly optimization and with a high number of EVs (EBM). With plots (f–j), one can either
assess the impact of changing the optimization horizon or the number of EVs for each
control strategy. Note that we are only interested in relative reductions here, but the total
amount of imported emissions is larger in the BAU or EBM scenarios, because of the lower
production and higher consumption of electricity, respectively, making Switzerland more
reliant on neighboring countries and increasing the amount of GHG-intensive electricity
imports. We can furthermore observe that EV control algorithms generally present low
potential in the near future because the very low number of EVs in the system cannot
significantly influence the number of emissions, but we then see a rise in mitigation
potential from 2030 on, once the aggregated energy and power capacity of EV batteries
becomes meaningful. In other words, energy systems will have to rely on other storage
technologies in the coming years, such as hydro-based facilities in Switzerland, before V1G
or V2G solutions start to have a comparable impact.

In general, the larger daily and yearly discrepancies between the electricity demand
and production stemming from the bigger share of solar-based generation in the ZERO
scenario provide control algorithms with more possibilities to avoid imports. This is further
emphasized for V2G and PHS since they can charge surpluses of energy during the day and
discharge them later to cover deficits (b,c). On the other hand, reservoirs are less sensitive
to daily discrepancies, since natural water inflows “recharge” them, and they can leverage
longer-term storage operations, retaining water until the grid needs the most support in
both energy scenarios (d). However, their mitigation potential is firstly decreasing in 2030
before slowly rising again, mainly due to the electricity deficits expected after the nuclear
phase-out (Figure 2). This lack of domestic production will indeed increase the reliance of
Switzerland on neighboring countries, leading to imports even in the best case and leaving
less flexibility for control strategies.

Focusing on the ZERO scenario in the first line of plots, we can observe that controlling
PHS facilities, reservoirs, and V2G individually can reduce emissions by 33% to 40% in
2050. When we optimize the three together, we can attain a mitigation potential of almost
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60%, with the reservoirs engaging in more long-term storage operations and V2G taking
advantage of daily electricity supply and demand discrepancies (e). We thus see the
combined mitigation potential following a similar path to the one of reservoirs, with
V2G and PHS providing additional reduction possibilities and emphasizing the difference
between the BAU and ZERO scenario. This is confirmed by (i), which shows a large drop
in the mitigation potential of dams when the optimization horizon is shortened to a week,
proving their ability to engage in long-term operations. Similarly, the possible reductions
of emissions using reservoirs, PHS and V2G together plummet to about 40% in 2050 in
the ZERO-EBM scenario when reservoirs cannot participate in long-term storage (j). Note
that V2G alone could mitigate around 35% of emissions, even with a weekly horizon,
showing how critical the horizon is for reservoirs. Since a full-year optimization with
perfect forecasts is not realistic, we can thus conclude that V2G shows the greatest potential
once the aggregated EV battery capacity can rival the potential of PHS facilities, particularly
in a large intermittent renewable energy production scenario.
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Figure 6. Potential of V1G, V2G, reservoirs, PHS, and the combination of three latter variables to reduce GHG emissions,
compared to the case where none of them is controlled. In the top plots, the five control strategies are compared in the EBM
scenario and with a yearly horizon. In the bottom ones, either the EV scenario is changed to NEP or the horizon is shortened
to one week, depending on which case is more interesting.

Both V1G and V2G are, on the other hand, not sensitive to the optimization horizon,
confirming that they profit from daily discrepancies and do not engage in longer-term
operations. They are, however, impacted by the number of EVs on the road, with V1G
taking more advantage of an increased number of EVs (from NEP (f) to EBM (a)) than V2G
(g,b). This comes from the fact that V1G can only shift the demand from EVs and thus
influence imports directly related to vehicles, while V2G can additionally shift electricity
production to support the grid, thereby also affecting imports not linked to EVs. As the
number of vehicles grows, more and more emissions can be linked to the additional demand
coming from EVs, and V1G can shift it to reduce GHG-intensive imports, increasing its
mitigation potential. In the case of V2G, however, we see no significant difference in the
reduction of emissions from NEP to EBM each year of the horizon, indicating that V2G
reaches its maximum potential already with a low number of EVs. Remarkably, this means
we would only need a small part of EV owners to participate in grid support operations
to attain the maximum potential of V2G before the benefits saturate, making additional
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participants redundant. Additionally, this saturation also indicates that we cannot expect
V2G to single-handedly tackle the mismatch between the production and consumption
of electricity.

4.4. Impact on the Net Demand Curve

The net demand curve of a system, where the domestic electricity production is sub-
tracted from the demand, quantifies the need for power import or export at each point
in time. In Figure 7, we investigate the impact of the performed GHG-intensive imports
minimization on the Swiss net demand curve, to analyze the reliance of Switzerland on
neighboring countries. The average hourly imports and exports are plotted for the different
control strategies in each season in both energy scenarios in 2050, in the EBM scenario, and
with an optimization horizon of one year.
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Figure 7. Net demand curves of Switzerland in 2050 in the EBM scenario under both energy scenarios and different control
strategies, where V1G was excluded for clarity as its impact, is less important.

Using any storage technology to reduce imported GHG emissions generally flattens
the net demand curve, with V2G showing the most marked changes, shifting the demand
towards noon and feeding energy back to the grid at night to avoid GHG-intensive electric-
ity imports. The biggest impacts are obtained in transition seasons, where control strategies
take advantage of the increased daily energy production and consumption discrepancies to
decrease the reliance on imports from neighboring countries during the night. Remarkably,
the net demand curve is reversed in some cases, especially in winter and autumn, due to
the desired GHG-intensive imports minimization, which prompts the model to import
more electricity around noon, when the GHG profile of the European grid is lower.

In a scenario with large penetration of solar-based electricity production (ZERO),
increasing amounts of energy surpluses are to be expected in spring and summer, and
Switzerland should take advantage of them with further mitigation strategies. Indeed, this
energy will otherwise have to be curtailed, as neighboring countries will face a similar
situation of overproduction of electricity over noon. Nevertheless, control strategies are
able to erase the need for imports overnight in summer and decrease them significantly in
spring. However, in both energy scenarios, Switzerland will stay a net electricity importer
in winter and a net exporter in summer, even with the combined effort of EVs, reservoirs,
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and PHS facilities (green curves). The country will thus remain dependent on its neighbors
for energy exchanges in the future, even with control strategies aiming at minimizing
GHG-intensive imports.

4.5. Analysis of the Net Transfer Capacity

Similarly to previous works on the Swiss power system [8,25,26], cross-border ex-
change capacities prove to become main bottlenecks over the years, threatening Switzer-
land’s security of supply. A summary of the problem can be found in Figure 8 for the
ZERO-EBM scenario with an optimization horizon of one year. This plot compares the
needed power import or export at each time step to current cross-border capacities and
planned extensions, as projected by the Swiss TSO in 2025 [49]. Even these increased net
transfer capacities might not be sufficient in future years if Switzerland follows its intention
to install a large share of intermittent renewable energy sources without complementary
control strategies.
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Figure 8. Analysis of the exports (negative) and imports (positive) with the European grid over each year of the optimization
and for the different control strategies, compared to the installed and projected Net Transfer Capacity in the ZERO−EBM
scenario, where the quartiles are set at 25–75% and the whiskers represent 1.5 times the interquartile range.

Towards 2050, the control of PHS facilities alone will not be enough to decrease imports
to 2018 levels, but it will suffice for the planned extensions, contrary to V1G. Nonetheless,
in general, different control strategies prove to be able to reduce the magnitude imports
below the current bounds, which will ensure that Switzerland is able to meet its domestic
demand at all times. It is however noteworthy that no control strategy is able to mitigate
exports to feasible magnitudes in the coming years without curtailment of energy surpluses.
However, exports were not constrained in this study and other control algorithms might
be able to mitigate this issue to some extent as well.

The situation is similar in the BAU scenario, with V1G and the control of PHS facilities
able to reduce imports to lie beneath the projected extension to the NTC 2025 limit, but not
below the current bounds, contrary to the other control strategies, as shown in Appendix D.
The smaller share of intermittent renewable electricity production in that case would,
however, sharply decrease the bottleneck issue in export capacity.
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4.6. EV Battery Degradation Analysis

To complete our analysis and balance the positive impacts of EV control strategies,
we investigate the effects of the optimization on the degradation of EV batteries, as a
consequence of their different usage in UC, V1G, or V2G. We use a rainflow algorithm to
count the number and depth of cycles the batteries undergo during the simulations [50].
A Wöhler curve of lithium-ion batteries is then used to evaluate the cyclic degradation
of the batteries [51]. The resulting degradation for the three charging strategies in 2050
in the ZERO scenario can be found in Figure 9, where the cycle lives of the 100 EVs are
described.We can then compare the cycle life to the calendar life of lithium-ion batteries,
which represents how a battery degrades with time when it remains inactive or is minimally
used. Finally, the life of a battery is commonly defined as the minimum value between its
calendar and cycle life.

In Figure 9, we can see that most cars present a lower calendar than cyclic life in the
UC and V1G cases, thereby implying that these charging behaviors do not severely impact
battery lives. However, many EVs show lower cycle lives under V2G operations in the
NEP scenario (left), indicating that the increased number of cycles used to support the grid
can be detrimental in terms of degradation. Remarkably, cycle lives rise when more cars
can engage in bidirectional charging operations (right), suggesting that individual EVs get
less used when more vehicles are available for V2G schemes. This favorably aligns with
the observation from Section 4.3 that V2G reaches its full potential before a high number of
EVs is attained.
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Figure 9. Battery degradation analysis under the three different EV control algorithm in 2020 and in
the ZERO scenario for both the lower and higher number of vehicles. A few outliers with extremely
high cycle life have been left out for clarity.

Furthermore, this means one could limit the cyclic degradation of EV batteries that
engage in V2G operations to not go below their calendar life and still be able to significantly
reduce the amount of imported GHG emissions in the EBM scenario. Interestingly, this
proves that V2G might not have any negative impact on the lives of EV batteries if there
are enough participants in the market, thereby lifting one of the main barriers towards
widespread adoption of the technology. Hence, while the full potential of V2G to reduce
imported GHG emissions can be reached with a low number of EVs participating fully, ad-
ditional participants, while not being able to bring much further support to the grid, would
reduce the degradation of individual batteries, and hence the costs of V2G operations.

5. Conclusions

In this work, we evaluated the impacts of electric vehicles under uncontrolled, con-
trolled, and bidirectional charging on energy systems with a high share of renewable energy
production, looking at how they could compete or interplay with other electricity storage
technologies. Using Switzerland as a case study, we investigated the potential of EVs,
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reservoirs, and pumped-hydro storage facilities to decrease the amount of GHG-intensive
electricity imports in different scenarios.

Leveraging the high expected solar-based electricity production in the coming years,
controlled charging of EVs shifts their energy demand away from evening peaks to maxi-
mize self-consumption of electricity around noon. When bidirectional charging is enabled,
additional electricity surpluses can be stored in EV batteries and fed back to the grid in
critical periods to avoid further GHG-intensive imports.

In a scenario with a high share of intermittent renewable energy production, V2G
shows potential to reduce the amount of imported GHG emissions by around 35% over the
year 2050, similarly to reservoirs and PHS facilities. When these three storage technologies
are combined, reductions of 60% can be attained, with reservoirs taking part in longer-
term operations and EVs dealing with daily discrepancies between the production and
consumption of electricity. When the optimization horizon is shortened from a year to
a week, however, reservoirs lose a large part of their mitigation potential, while V2G
keeps comparable performance to reduce emissions. Nonetheless, EVs firstly need to reach
a sufficient aggregated capacity and the electricity production from renewable energy
sources has to significantly increase before V2G becomes interesting. Thereafter, EVs will
be able to engage in bidirectional charging operations needed to cover the increasing daily
discrepancies between the production and consumption of electricity. Until that point is
reached, however, power systems will have to rely on other installed storage technologies,
such as hydropower facilities, to act as buffers to avoid GHG-intensive electricity imports.

In all cases, our results suggest that Switzerland will remain a net importer of electricity
in winter and a net exporter in summer since no control strategy will be able to fully flatten
its net demand curve. Nonetheless, controlling EVs, reservoirs, or, to some extent, PHS
facilities, could decrease the magnitude of electricity imports to satisfy cross-border transfer
capacities. However, congestion limits might remain a problem for electricity exports if
we want to avoid curtailment of solar power surpluses in summer. Alternatively, such
surpluses could be further exploited through seasonal storage, but this would call for the
installation of long-term storage facilities, such as hydrogen and/or synthetic natural gas.

Remarkably, our analyses point towards a saturation of the mitigation potential of
V2G, showing that this technology cannot be expected to single-handedly erase the need
for GHG-intensive electricity imports. In particular, it cannot leverage seasonal storage,
which is needed to counter the growing seasonal discrepancies between the production
and consumption of electricity. However, if increasing the number of vehicles participating
in V2G operations does not allow for better support to the grid, it benefits individual EVs,
as they are less heavily used by the system, which in turn has a positive impact on their
battery lives.

Further studies on the subject should investigate what the tipping points for V2G
are, i.e., how many participants are required to either reach this maximum potential or
ensure that individual battery lives are not impacted. Moreover, the optimization could be
enhanced, for example, using a receding horizon strategy, designing more detailed and
marginal GHG emissions models, or incorporating a limit on battery degradation in the
objective when V2G is considered as a control strategy. Finally, it would be interesting to
include different energy sources and emission models in the framework to assess how the
behavior of the various actors changes.
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Abbreviations
The following abbreviations are used in this manuscript:

BAU Business-as-usual
EBM Electric-based-mobility
EV Electric vehicle
GHG Greenhouse gas
HP Heat pump
HTS Household travel survey
LP Linear program
NEP New-energy-policy
NTC Net transfer capacities
PHS Pumped hydropower plants / pumped hydro storage
POI Point of interest
PV Photovoltaic
RES Renewable energy sources
RoR Run-of-the-river
SoC State of charge
TSO Transmission system operator
UC Uncontrolled charging
V1G Controlled charging
V2G Vehicle-to-grid

Appendix A. Details on the Wind Power Output Profiles

To compute the wind power output in European countries, Staffell et al. [31] first
extract wind speeds at different heights at each gridpoint in NASA’s MERRA [52] and
MERRA-2 [53] reanalyses and interpolate them to the geographic coordinates of wind
farms. Then, they extrapolate the wind speed at the height of the turbines and use the
manufacturers’ power curve to compute the power output. Finally, this is compared to
historical power measurements for specific wind farms where data is available to derive
country-specific bias correction factors and yield the final national power output profiles.

Appendix B. Power and Energy of Hydro-Based Powerplants

For Reservoirs and pumped hydro storage facilities, we take power and energy
constraints from the 2018 values, but add the two major PHS facilities which entered the
market after 2018 [54]. The ramping constraint of reservoirs is based on the maximum
observed ramp up in 2018, while the one for PHS was set arbitrarily. All the projections for
the coming years are proportional to the expected energy capacity of reservoirs, retrieved
on a dataset kindly provided by Beer et al. [34], and all the values can be found in Table A1.

https://gitlab.nccr-automation.ch/loris.dinatale/v2g-in-switzerland
https://gitlab.nccr-automation.ch/loris.dinatale/v2g-in-switzerland
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Table A1. Summary of projected energy and power capacities of hydro-based powerplants in Switzerland.

Year Energy Capacity Power Capacity Ramping Capacity

Reservoir
2018 8800 GW h 8.2 GW 755.6 MW/15 min
2030 9835 GW h 9.2 GW 844.4 MW/15 min
2035 10,353 GW h 9.7 GW 888.8 MW/15 min
2050 11,503 GW h 10.8 GW 987.6 MW/15 min

PHS
2018 300 GW h 3.1 GW 2400 MW/15 min
2030 335 GW h 3.5 GW 2400 MW/15 min
2035 353 GW h 3.7 GW 2400 MW/15 min
2050 392 GW h 4.1 GW 2400 MW/15 min

Appendix C. EV Types

The EV types considered in this study, as well as their market share, can be found in
Table A2. All the energy and power capacities were inspired from an online database [55],
while the shares were extracted from the data set of car registration in Switzerland from
2013 to 2019 [56].

Table A2. EV types used in this work, with their power and energy capacities, as well as their
corresponding market share.

Model Share Energy Power

Tesla Model S 21.93% 100 kW h 250 kW
Renault Zoe 18.37% 41 kW h 50 kW

Tesla Model 3 18.27% 75 kW h 250 kW
BMW i3 18.12% 42.2 kW h 50 kW

Tesla Model X 8.89% 100 kW h 150 kW
Nissan Leaf 6.11% 62 kW h 100 kW
Audi e-tron 2.48% 95 kW h 150 kW

Mitsubishi i-MiEV 1.95% 16 kW h 50 kW
Jaguar I-Pace 1.84% 90 kW h 100 kW

Citroën C-ZERO 0.82% 14.5 kW h 40 kW
Peugeot iOn 0.66% 16 kW h 40 kW

Mercedes-Benz EQC 0.55% 100 kW h 110 kW

Appendix D. Cross-Border Analysis in the BAU Scenario

Figure A1 pictures the analysis of the cross-border exchanges in the BAU scenario,
where we can see that all the technologies could be used—in our idealized setting—to
mitigate the amount of imports below the extended limit, but not the current one.
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Figure A1. Analysis of the exports (negative) and imports (positive) with the EU grid compared to the installed and
projected Net Transfer Capacity in the BAU−EBM scenario, where the quartiles are set at 25–75% and the whiskers represent
1.5 times the interquartile range.
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