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Abstract: In this study, we investigate the effect of vehicle-to-grid (V2G) flexibility potential on
solving transmission grid congestion in Germany using congestion management measures. We
extend existing work on effects of V2G on transmission grid congestion by determining the flexibil-
ity provided for improving grid operation based on mobility behavior and findings on V2G user
requirements from real-world electric vehicle users. Furthermore, the impact on transmission grid
operation is analyzed using an optimal congestion management model with high temporal and
spatial resolution. Using a scenario for the year 2030 with ambitious targets for European renewable
generation development and electrification of private vehicles, our findings show that by enabling
the available fleet of V2G vehicles to participate in congestion management, cost and amount can be
reduced by up to 11%. However, the required capacity is shown to be lower than installed capacities
in ambitious future scenarios, implying that a limited number of vehicles close to congestion centers
will be utilized for transmission grid operation. Our results further suggest that high numbers of
vehicles with low availability of V2G for grid operation purposes can lead to an increase in congestion
management measures, while V2G proves beneficial for congestion management emissions and cost
in all scenarios.

Keywords: electric vehicle; energy storage; optimization; smart charging; V2G (vehicle to grid)

1. Introduction

The ongoing transformation towards a more sustainable energy system is driven by
concerns about the impact of traditional energy sources on the environment and climate
change. To mitigate these concerns, alternative sources of energy and ways to improve
energy efficiency are necessary. One of the most promising options is electrification across
different sectors in combination with increased electricity generation from renewable
energy sources (RESs), which are becoming increasingly cost-competitive. In the European
electricity system, the share of renewable energy sources has been rising steadily in the last
few years, and several countries have set ambitious targets to increase this share further. In
addition to the increasing the RES share in electricity systems, the electrification of different
sectors, such as transportation, heating and cooling, is gaining momentum. In the private
transportation sector, electric vehicles (EVs) are increasingly popular due to governmental
subsidies, reduced carbon emissions, declining cost and increasing range of the vehicles’
battery package. The diffusion rate of EVs is expected to continue, with many governments
setting targets for EV adoption. For example, the newly elected government has formulated
anew medium-term target of 15 million EVs in Germany by the year 2030 [1]. However, the
anticipated increasing electrification of privately owned vehicles presents new challenges
for electricity grids, as uncontrolled charging of EVs can lead to synchronous charging
behavior, resulting in significant electricity demand peaks and additional stress on the
grid [2]. Vehicle-to-grid (V2G) technology has been proposed as a possible solution to this
challenge. V2G technology provides a decentralized source of flexibility that can mitigate

World Electr. Veh. ]. 2023, 14, 328. https:/ /doi.org/10.3390/wevj14120328

https:/ /www.mdpi.com/journal /wevj


https://doi.org/10.3390/wevj14120328
https://doi.org/10.3390/wevj14120328
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/wevj
https://www.mdpi.com
https://orcid.org/0000-0003-4194-4342
https://orcid.org/0000-0003-2109-9604
https://doi.org/10.3390/wevj14120328
https://www.mdpi.com/journal/wevj
https://www.mdpi.com/article/10.3390/wevj14120328?type=check_update&version=1

World Electr. Veh. ]. 2023, 14, 328

20f 15

the increase in existing peaks in today’s electricity patterns and accordingly improve RES
integration potential when used effectively in grid congestion management. In addition,
V2G technology can partially substitute the role of redispatch power provision of thermal
power plants and other storage technologies [3] and lead to more economical and ecological
congestion management. In previous studies on V2G technology, many aspects of the
impact on the energy system have been investigated. While the majority of these works
focused on electricity market integration and balancing markets, the impact on ultra-high
voltage and high voltage grid expansion requirements has been studied in [4]. Refs. [5,6]
have investigated the potential of EVs for congestion management in Germany and Austria,
each using an aggregated model of the transmission grid. Furthermore, EV flexibility has
been previously investigated as an element of aggregated decentralized flexibility potential
for transmission grid operation [7].

In this study, we investigate transmission grid effects as well as detailed EV flexibility
potential by combining approaches of EV flexibility modeling and an optimal congestion
management model. We use the model cascade to investigate the potential impact of V2G
technology on the German transmission grid for a future energy scenario. We take into
account results from a study on user requirements for V2G performed in the project and
present results for the impact of V2G technology on congestion management using a case
study of the European electricity system in 2030.

2. Modeling of V2G in Transmission Grids

To assess the potential impact of large-scale use of V2G on the transmission grid, a
model cascade was developed by combining project findings on user requirements and
diffusion modeling of projected EV uptake. This approach allows for the estimation of time-
dependent V2G flexibility potential. To quantify the potential benefits of V2G technology,
the flexibility shifting potential of charging operations was analyzed in the simulation of
the transmission grid. In this last step, all previously generated input data are utilized in
an optimal power flow formulation using a minimal congestion management formulation.
The results allow for the identification of the most congested grid areas, where V2G could
be most effective in alleviating grid stress.

2.1. Model Overview

To investigate transmission grid congestion management actions, first, a detailed
modeling of generation, consumption and flexibility behavior is required on a nodal level.
Using these data, the grid operation and utilization of connected flexibility options are often
analyzed using optimal power flow formulations. In this work we present an approach
that includes V2G flexibility in an optimal congestion management formulation based on
the basic optimal power flow. To generate the necessary data for EV charging behavior and
flexibility potential for V2G operation, three submodels are used. The resulting modeling
framework and the information flow is illustrated in Figure 1, which provides a schematic
overview of the model cascade. The framework begins with a detailed analysis of V2G
user requirements, which takes the individual preferences of EV owners into account. This
information is then combined with diffusion modeling of EV uptake, predicting future EV
adoption. The resulting time-dependent V2G flexibility potential is then utilized to perform
the simulation of the German transmission grid and evaluate the benefits of reducing
congestion management measures in different scenarios.

Evaluation of user

perception EV diffusion model

V2G flexibility model
i

Simulation of transmission grid operation

Figure 1. Schematic representation of the different model parts and input/output flow.
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2.2. User Requirements

The bidirectional charging process directly involves the EV user, which makes the
EV user one of the primary actors within a V2G system [8]. To enable a successful imple-
mentation of V2G technology, it is therefore important to actively engage the user while
dismantling perceived barriers, such as a perceived loss of control over the charging pro-
cess [9-11] or concerns of a shortened battery life due to V2G [10]. One way to foster user
acceptance is to account for charging requirements, which can be defined by the EV user.
The minimum range is such a requirement. We define it as the minimum necessary range
that EVs must always be able to cover in unpredictable cases, for example, an emergency
case [12]. It is also an essential parameter from an aggregator’s point of view, as it defines
the flexibility potential made available by the EV user.

In this study, we account for user requirements by integrating the results of the
minimum range from a representative survey (n = 1196) conducted in January 2021 to
investigate users’ willingness to pay (WTP) and minimum range requirements in the context
of a V2G charging tariff. Specifically, by building a mediation model, the study evaluates the
importance of three charging strategies on users” WTP and minimum range requirements.
The study reveals EV owners’ preference for a climate-neutral charging strategy, leading to
a higher readiness to accept lower minimum ranges and lower monetary savings [12]. As
previous studies highlight the importance of EV experience to create informed decisions
about issues in the realm of V2G [13,14], we addressed our survey to three stakeholder
groups with different levels of EV experience (see [12]) and asked respondents to provide
their minimum range (S0Cpin) requirements in an open-ended question. The question
referred to a BMW i3 with a range of 270 km.

The results in Table 1 show that EV users indicated the lowest SoCy;, values, which
is equivalent to approximately 40% of the battery capacity of a BMW i3. Previous field
studies with EV participants found similar values [15]. In this study, we report the average
minimum range (S0Cmin = 40%) for the EV owner group (Np;g = 264), as this group is the
most experienced with EVs and therefore provides the most realistic values (see [12]).

Table 1. EV owners” minimum range requirements.

Sample (in km)
M SD SE Min Max qo.25 do.5 9075
N =1196 119.01 98.37 2.84 0 500 50 100 150
Nigw = 691 119.75 97.91 3.73 0 500 50 100 150
Nined =241 126.05 104.78 6.75 15 500 50 100 150
Nhigh =264 110.64 93.16 5.73 1 500 50 100 120

2.3. EV Diffusion

The technology ramp-up of electric vehicles in Germany was assessed using the Bass
diffusion modeling approach, similar to [16]. The Bass diffusion model is a commonly
used approach for assessing the adoption of new technologies [17]. The model is based on
the assumption that the spread of new technologies often follows an S-curve pattern. The
interplay between present and potential adopters, called innovators (g) and imitators (p), is
central to the Bass diffusion model. The market potential is denoted by M, and t represents
the index for the specific year being considered. The model forecasts fleet sizes for every
year since the start year ty, where the difference between the current year t and the start
year tg is t — typ = 0. A formal description of the Bass diffusion model can be found in
Equation (1), whereby N(t) represents the number of cumulative adoptions up to a given
time £.

1 — e~ (p+9)(1-to)

(8)=m7 + Be(p)(1-t)

M
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The innovation coefficient g and imitation coefficient p of the model are estimated
by fitting the S-curve derived from the Bass diffusion model to historic annual EV stock
data [18] in Germany and planned registration targets for the year 2030. The delta between
the S-curve and the input data is minimized by using a non-linear regression method. More
precisely, a Levenberg—-Marquardt numerical optimization algorithm was employed in the
OriginPro Solver to estimate the parameters of the Bass EV diffusion model.

2.4. EV Flexibility

The V2G flexibility model was designed to generate representative, synthetic charging
and flexibility profiles and thus estimate the V2G flexibility potential of EVs in Germany [19].
An overview of the methodological approach is illustrated in Figure 2. In the first step,
parking and mobility profiles were created based on data from the German Mobility
Panel [20]. The underlying dataset contains plausible data from 1850 households with a
total of 3074 persons and 70,252 trips. Subsequently, the charging behavior of the EV was
simulated by the additional user-specific input data on EV and information on the charging
infrastructure. Battery capacity, energy consumption as well as the availability of charging
points per location and associated charging power (selectable charging power of 3.7 kW,
11 kW, 22 kW and 55 kW) per charging point were set as parameters at the beginning of the
simulation. The input parameters were assumed to be identical for all EVs and the time
resolution is 10 min.

Input MOP

Input EV

(Household

.

* Mobility behavior
» Habitants characteristics
* Spatial differentiation

4 ~\
EV Charging infrastructure

Market Share * Public/ private/ workplace

Battery size * Charging power

Min/Max SoC [

J\

Energy COIlSllIIlpTiOll Charging strategy

1

|
h 4

[
Mobility profiles ]~'

! V2G Flexibility Output

[ Aggregated energy demand and (strategy-dependent) available V2G flexibility potentials per grid bus ]

Figure 2. V2G flexibility model.

In addition, different charging strategies were implemented and shown in Figure 3.
One charging strategy is the so-called as soon as possible (ASAP) strategy. Here, the vehicle
is charged immediately with the maximum SoC-dependent charging power available at the
charging location up to the maximum SoC level or until the departure time for the next trip.
Another strategy is based on the assumption that EVs will start charging as late as possible
during parking periods with charging opportunities while simultaneously considering
user restrictions. We accounted for user restrictions by including the minimum range from
Section 2.1, which is henceforth called the security range. The safety range (the range to
which charging should take place as soon as possible after arrival at a charging station) and
the target range (the range to which charging should take place as soon as possible before a
journey until the start of the journey) were taken into account. After arrival at a charging
station, charging takes place on the one hand as early as possible to a safety range and on
the other hand as late as possible to a target range (target range > safety range), which is to
be reached at the time of departure.
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Figure 3. Schematic representation of the V2G flexibility potential and upper and lower bounds.

The amounts of energy required for the journeys are determined based on the distances
driven and the energy consumption. This results in the necessary energy demand for
the charging processes. The maximum amount of energy that can be charged is then
determined for each time step. This depends on the parking time, the charging status of
the vehicle battery and the available charging infrastructure at the respective locations of
the vehicles [19].

Synthetic charging and mobility profiles are derived based on the mobility profiles
and by simulating the charging behavior. These representative charging profiles can then
be evaluated and interpreted regarding energy demand and V2G flexibility of the charging
process. To integrate flexibility in the grid model, user requirements and the corresponding
EV market ramp-up are considered in the flexibility model in the user-specific EV input
data scope. Based on the user requirements and the EV market penetration, the model can
be used to estimate the flexibility potential. The V2G flexibility potential can be estimated
considering the implemented charging strategies. The ASAP charging strategy sets the
upper limit for the allowed SOC. The second charging strategy sets the lower SoC limit.
The area between the charging states of the two extreme SoC levels represents the permis-
sible range for the SOC and, combined with the available charging power, describes the
flexibility potential.

2.5. Transmission Grid

Using a multi-objective optimization approach, we have developed a framework to in-
vestigate the optimal congestion management in the interconnected European transmission
grid. The approach allows us to examine the role of EVs that need to be considered in the
liberalized power market, such as congestion cost, additional carbon emissions, as well as
deviations from market-based dispatch results, based on a formulation developed in [21,22].
The model is applied to the central European electricity market, with the grid simulation
focusing on congestion management measures in Germany. We utilized highly spatially
resolved time series of renewable generation and demand using data and methodology
described in [23].

To model the interaction between the electricity market and congestion management,
we used a two-step approach. In the first step, we determined the optimal dispatch of
electricity generation in the interconnected market using linear programming. This widely
used and described economic dispatch approach [24] considers various parameters such
as fuel prices, generator capacities and transmission constraints to identify the most cost-
efficient solution for meeting electricity demand. The results of this step provide the
minimal-cost, copperplate-based dispatch solution for the electricity market on a national
level, with the objective function shown in Equation (2). For every timestep t, each of the
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system’s elements are assigned a variable cost term C that is multiplied by the amount of
generation p, with the set of thermal and hydraulic generation G, renewable generation
source RES, decentral flexibility elements F and electricity demand D. In the case of the
last-mentioned, cost occurs when load shedding LS is required. A more detailed description
of the formulation can be found in [22].

min Y, Cg X pgt+ )3 CRrEs % Prest + Y Cpx Py
geGteT res€RES,teT feFteT

+ ¥ Crsxpy, )
deD,teT

VgeG, rese RES, feF, deD, teT

The linear formulation of a storage system can be modeled using the generalized
formulation shown in Equation (3). The available energy e of storage s in time step £ is
determined by the available energy in the previous time step t — 1, charged power pé’ft

out

and discharged pg;

with their respective efficiency # and external energy inflows C;"t and

outflows {24,

est = €st-1t1 p(lgr,lt X gin — ngltt/ﬂg,out + Cor— (snt‘t Vse§, teT 3)

When applying Equation (3) to V2G charging, the available energy is provided by
the car battery, and efficiency is determined by losses within the vehicle and in auxiliary
equipment such as the wallbox, while the mobility demand results in an irregular outflow.
For single vehicles, charging and discharging power is zero during driving or when they
are not plugged into a charger. Using the fleet flexibility potential aggregation of the V2G
flexibility model shown in Figure 3, this can be expressed by Equations (4)-(7), where
the bounds of the EV fleet storage state ¢, and charging and discharging capacity p, are
determined by the time-variant upper and lower bounds depending on the composition
of plugged-in and unavailable EVs. The external energy outflow %" is defined as the
energy used at the time of plug in E}"°? for mobility requirements since the previous plug-in.
Using a fleet-wide aggregation of V2G flexibility can lead to the violation of individual
storage state constraints but also implicates a large advantage in computational complexity
compared to a discrete modeling approach.

E/in< ey < EMVY teT (4)
0< pit < Py e T ®)
0 < pft < poutmery p e 6)

out — gmoby pe T @)

In the second step, we determine the required dispatch adjustments using a linearized
optimal power flow formulation. This step accounts for the V2G flexibility potential
developed by implementing available capacities and bounds from the V2G flexibility model
previously described. In the linearized optimal power flow formulation, the nonlinear
branch flow equations are simplified by an approximation which assumes a lossless system
with constant voltage levels [25]. The resulting linearized power flow equation is shown
in Equation (8), with the active power flow P; ; between nodes i and j dependent on the
respective bus voltage angles ¢.

Pij =bix(¢x — i) ®)
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To determine the optimal congestion management measures, we formulated the
objective function as a minimization of the total amount of congestion measure volume
in an analogous manner to [22], as shown in Equation (9). While all variables have an
additional bus index in the following due to the additional spatial dimension, the index
is omitted for the sake of simplicity. Each congestion management action consists of
the deviation from the market result, denoted by Ap. As both positive and negative
measures are contributing in a uniform manner to the objective, the objective function
consists of the absolute value of change. This is not required for load adjustment, where
reduction in load always results in a positive contribution, which is additionally penalized
by the load shedding penalty factor Cpg gig. The corresponding bounds are shown in
Equations (10)=(13). The available potential for reduction or increase in generation for
conventional, renewable and flexibility generation is subject to the technical minimum
and maximum limits P,;,. and Py4y as well as the market dispatch P; which results from
Equation (2). It should be noted that for volatile RES generation from solar and wind, no
generation increase potential remains, as Pres max equals Pres s

min Y, ’Apg/t‘—i- r ]Apm,t+ )» ‘Apf,tﬁ ZTCLS,gridXAPd,t

g€GteT res€RES,tT feFteT deD,te )
VgeG, rese RES, feF, deD, teT

Pet = Pomin < Apgy < Pomax —PesV €T, g €G (10)

Prest = Presmin < APyros; < Presmax — Prest ¥ t € T, res € RES (11)

Pit = Promin < Dpsy < Prax —Ppp V tET, fEF (12)

0<Apy < PyyVteT, deD (13)

To include V2G flexibility, Equations (3)—(7) can be applied in an analogous manner by
adding a spatial component on a nodal basis, with the nodal EV density being determined
by the regionalization developed in [23]. The calculation is performed for 8760 timesteps
with consecutive weekly optimization horizons, ensuring an optimization time-horizon
long enough to allow the activation of available flexibility from individual mobility de-
mand patterns. Overall, this two-step approach provides a comprehensive framework for
modeling the interaction between the electricity market and transmission grid operation.

3. Case Study

Using the methodology presented previously, a case study was conducted to evaluate
the possibility of deploying V2G to solve grid congestion. The study was carried out for
the German high-voltage transmission grid in the year 2030 using a scenario developed in
the project ENSURE [26]. The scenario “Storyline B” assumes an ambitious path towards
decarbonization of the electricity sector, with high growth for RES generation until 2030.
The generation capacities are shown in Figure 4. While both onshore and offshore wind
generation, as well as solar generation, increase compared to today’s state, power genera-
tion from hard coal and lignite has been phased out by 2030 under the assumptions. The
corresponding transmission grid scenario for the future date and the corresponding spatial
distribution of generation and demand is shown in Figure 5. A very detailed description of
the scenario and its regionalization, as well as the extension of the future energy scenarios
to 2050, can be found in [26].
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Figure 4. Generation capacities in Germany from central and decentralized sources in the case study
for the year 2030 [20].
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©® Commerce ® Transport Solar HVDC

Figure 5. Demand allocation (left), RES allocation (center) on high voltage level and transmission
grid model (right) of Germany.

To determine the scenario-dependent V2G flexibility potential, the input parameters
shown in Table 2 are defined. Here, the minimum range from Section 2.1 is taken into
account. At the same time, two different market shares are included in the analyses, which
result from the results of the Bass diffusion model. Altogether, we investigate the impact
of V2G in four scenarios, with three alternative parameter sets from the Base scenario:
The scenario Work extends bidirectional charging availability from purely home charging
to workplace charging, which significantly reduces peak charging demand in case of
immediate charging (ASAP) as can be seen in Figure 5. Furthermore, available flexibilities
during working hours are increased for market and grid utilization.
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Table 2. Scenario-related input data.
£
- g =) v L
° € ) > £ 2 2 2= g g
£ ; 8 FT ¢ 5 ¥ F8 & &
£ o Charging Location 2 2 £ g g -5 G = B - -
3 Z 5= &6 ¢ £ (= Ez ¥ b
= § % % 2F 3 &
Base Home charging E
15 million - - o
Work Home-and z = S s 100% 2 = N
workplace charging ~ ov! = é =) 03 S
—
Reduced 10 million Home charging - ® E - o
Grid 15 million Home charging = 20%
The available flexibility potential for the scenarios Base and Work is shown in Figure 6.
In the home-charging scenario, available charging power decreases, with only half of the
total capacity during midday on business days. On the EV fleet-averaged level, available
SoC upper bound levels remain consistently very high, as most of the charging unavail-
abilities are not connected to driving but parking at locations without charging equipment,
which can be seen in the visualization of mobility behavior in Figure 6. Consequently, the
relative change in total available charging power at midday is more significant than the
change in the upper and lower SoC bounds for the scenario Work as shown in Figure 7.
— 80 100% W
E_‘
= 60 80%
=
s 50
= 60%
3 40
=
5 30 40%
< 20
o
g 10 20%
£ 0
S o B = - S o VB oz = 2 g 0%
Eegflezs §22f:3:
® Charging at work B At home At work ® [n Public
B Charging at home m Charging at home Others B On the road

Figure 6. V2G charging demand in ASAP mode for scenario Base averaged over the vehicle fleet, one
week (left) and scenario Work (middle) and distribution of EV location over one week (right).

To estimate the innovation and imitation coefficient, a non-linear regression method
was applied to both historical EV fleet data of the German Ministry of Transport [18]
and future EV fleet size targets of the German government [1]. Using these inputs, two
EV ramp-up scenarios were developed. The first scenario Base aligns with the current
government’s objective of reaching 15 million EVs by 2030, while the second reduced
transition speed scenario Reduced was devised with the aim of achieving a number of
10 million EVs by 2030. Both variants assume that, eventually, all conventional vehicles
will be replaced by EVs. EVs are expected to be the primary choice for meeting vehicle
emission reduction targets, supported by increasing investments in charging infrastructure
and major vehicle manufacturers’ upcoming lineups of EVs. Additionally, the German
vehicle fleet size is assumed to remain constant. However, trends such as autonomous
driving and car sharing could lead to smaller vehicle fleets in the long term. As quantifying
such effects is challenging and rapid changes in the individual mobility sector until 2030
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seem unlikely, in the investigated scenarios, the fleet size is assumed to remain constant.
Figure 8 displays the forecasted yearly EV fleet sizes for both scenarios.

100% ~_~o~o~——- 120 100% 120
80% 100 _ 80% 100 __
= =
80 & 80 &
° 60% 5 2 60% 5
2 40% e e " é 3 40% N é
A o - '~ e/ Suos See! Neae"vaneae 0 LU O N0/ e m et e P e =t e " " PR TP 2
40 227 40 2
N )
20% 20 % 20% 20 8
Mon Tue Wed Thu Fri Sat Sun Mon Tue Wed Thu Fri Sat Sun o
0% 0 0% 0
Max Soc Max Soc
------- Min SoC ------- Min SoC

Available charging power

Available charging power

Figure 7. (left): V2G flexibility potential for Base (fleet-averaged, one week; charging availability at
home), (right): V2G flexibility potential (fleet-averaged, one week; charging availability at home and
at work).

D W B W
o o o O

]

Number of EVs [mio.]

2020 2025 2030 2035 2040 2045 2050
Reduced

—Base
Figure 8. Development of EV adoption in Germany for scenarios Base and Reduced.

Though the current diffusion of EVs is still in its early stages, the model predicts that
the adoption rate will speed up, especially after the year 2025. The model results also
suggest that by the end of the 2030s, market saturation can be anticipated, leading to a
reduction in the number of new EVs entering the market. Based on the two scenarios
considered, nearly the entire German car fleet of over 48 million vehicles will be replaced
by EVs between 2042 and 2045. Considering the predicted annual vehicle registrations of
up to 5.5 million in the base scenario and up to 4.8 million annual EV registrations in the
reduced scenario, the scenarios can be considered as an optimistic upper bound when com-
pared to yearly historical passenger car registrations in Germany, which averaged at about
3.5 million annual vehicle registrations [27]. In the fourth scenario Grid, the participation
rate of V2G vehicles in the electricity market is reduced to 20% by limiting the available
charging and discharging power uniformly. Charging and discharging power for trans-
mission grid operation remains the same, thus assuming an option for the transmission
grid operator to utilize available flexibility when it is needed due to transmission grid
congestion, even if the user does not participate in the electricity market.

On the transmission grid level, a dataset for Germany, including overhead lines and
cables above 200 kV, AC and HVDC lines connected to busbars and the present state of
the grid with projected expansions until 2030 is used. The grid dataset is connected to the
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regionalized data on the high voltage level via transformers from extra high voltage levels
to high voltage levels between 60 and 150 kV using the methodology described in [23].
The data include the present state of the transmission grid as well as projected expansion
measures in terms of deconstruction, replacement and construction of substations, busbars,
lines and transformers until the year 2030, as detailed in the German network development
plan. Technical data were derived from publicly available sources or approximated based
on comparable equipment.

4. Results

The underlying assumptions in the energy scenario assumed in this case study lead
to increased utilization of the German transmission grid, as the phase-out of coal gener-
ation and general reduction in available thermal generation capacities go hand-in-hand
with increased renewable generation, especially wind generation in Northern Germany.
Subsequently, the increased interconnection capacities with neighboring countries are used
extensively, as spatial differences in renewable generation favor higher exchange volumes.
The resulting required congestion management measures without V2G flexibility for grid
operation are shown in Table 3. As adjustment of exchange flows is penalized, the main
elements of congestion management in the scenario are positive thermal redispatch and
curtailment of RES generation. This is due to wind onshore and offshore generation in
Northern Germany being the main reason for the observed congestion. The left part of
Figure 9 shows the spatial distribution of lines with active bounds in the optimization
result, where congestion management measures have remediated line overloadings in
the congestion-free solution. Here, the structural overloading of transmission lines in the
north-south direction is observable. Negative thermal redispatch is the inferior solution
when minimizing the volume of adjustments, as RES generation at the source of the con-
gestion is more efficient in most hours. This result might differ when congestion alleviation
costs are included in the objective function, as RES generation does not have variable costs,
while the reduction in thermal generation units is economically beneficial. Maximum
positive dispatch adjustment ranges from 3392 MW in the scenario Work to 5745 MW in
the scenario Reduced, while minimum negative assignments range from —2797 MW in the
same scenario to —4700 MW in scenario Work. The hourly ordered distribution of dispatch
adjustments can be found in the right part of Figure 9. The maximum simultaneous demand
for congestion management is limited compared to the total available capacity from the
entire EV fleet. A primary reason for this is that due to the wide distribution over the entire
grid area, only limited capacities at suitable nodes are available.

Table 3. Congestion management measures without V2G flexibility.

E g 2 g g .
iz Es Zz fz P g3
£ 5 E s e T = = e g
(TWh) o & v & v & g & = £%
> 5 23 25 =5 3 g B
23 23 K 52 e 43
G & 5 e 2 8 o ? =
= Zz ~ z [~
Congestion 16.10 ~0.20 035 038  —16.02 0.21
management

The impact of including V2G as an additional source of flexibility in the model can
be found in Figure 10. As expected, the volume of congestion management measures
decreases for all scenarios. While the Reduced scenario results in the most considerable
reduction, this scenario also reduces the EV electricity consumption and thus might lower
congestion before flexibility usage. Both Work and Base scenarios lead to a comparable vol-
ume decrease. Both perform better than the Grid scenario with a lower participation factor
when determining the national dispatch. This leads to the assumption that market-oriented
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dispatch of V2G is generally beneficial for reducing grid congestion, and additional mea-
sures are required when the initial V2G dispatch is lowered. The effect on CO, emissions
and costs differs for the Work scenario on the one hand and the Base and Grid scenario
on the other hand. While relative cost and CO, emission changes correlate very well for
each scenario, both increase for the Work scenario, while they decrease otherwise. This can
be explained by the higher correlation between conventional electricity demand and the
availability of charging at work, which is not beneficial for transmission grid operation in
this scenario.

8760

Base pos.
Base neg.
Work pos.
Work neg.
Reduced pos.
Reduced neg.
Grid pos.
Grid neg.

6

o

V2G redispatch [GW]

001
00T
00¢
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00¢

Figure 9. Congested transmission grid lines without V2G flexibility (left) and ordered hourly positive
and negative V2G congestion management utilization for each scenario (right).
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Figure 10. Results of V2G flexibility scenarios in comparison to reference case.

The model results for the sensitivity of the V2G share, as shown in Figure 11, allow a
more detailed interpretation of how transmission grid congestion varies depending on the
V2G adaptation rate. In the Grid scenario, the V2G share on the market side was reduced
to 20%. Here, however, the V2G share of the total EV fleet has been varied synchronously.
The 0% and 100% cases are represented by the Reference and Base scenarios, respectively.
It is observed that a proportional reduction in V2G share leads to an increased requirement
for congestion management measures. This can be explained by the fact that market
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actions are based on national capacities, while grid measures require spatial alignment to
address overloads. However, this effect is not observed in terms of emissions and costs,
where increasing V2G shares lead to reduced outcomes for both. As expected, the greatest
reduction in congestion management measures is observed in the Base scenario.

130%

==
4 \\

115%

100%

85%
Ref 01 02 03 04 05 06 07 08 09 Base
g CO2 eMisSion — ===fum= Cost == @== Mecasure volume (pos)

Figure 11. Sensitivity of the congestion management results to the V2G share of total EVs.

5. Conclusions

In this paper, we presented a model framework to investigate the impact of V2G
flexibility on congestion management in the German transmission grid. Our approach
extends the existing literature by including user requirements for V2G as well as a highly
spatially disaggregated flexibility modeling allowing a combination with a detailed future
transmission grid model. We showed the effect of V2G for an ambitious scenario in the
year 2030. The model cascade includes an analysis of V2G user requirements and diffusion
modeling of projected EV uptake. These data have been used in the V2G flexibility modeling
approach to derive time-dependent V2G flexibility potential representing the input data
and boundaries for the transmission grid optimization model. The simulation of the
German transmission grid was conducted to identify the congested grid areas where V2G
could be most effective in alleviating grid stress. The results show that including V2G
in congestion management can reduce the required number of redispatch measures by
more than 10%. This is a conservative estimation compared to the results for eight million
EVs in [5] but can be explained by the more detailed spatial modeling in this approach,
leading to fewer EVs being able to effectively contribute to eliminating transmission grid
congestions. The results are also in the same range compared to the study on redispatch
in Austria [6]. However, we cannot observe a strong negative effect of EV flexibility
participating in the electricity market previously for the German case. The presented
approach also accounts for the minimum range requirements of EV owners and assesses
the adoption of EVs in Germany using the Bass diffusion modeling approach. The study
shows that congestion management measures such as positive thermal redispatch and
curtailment of RES generation are necessary to ensure the grid’s stability. However, the
introduction of V2G as an additional source of flexibility can significantly reduce the volume
of congestion management measures. The results suggest that market-oriented dispatch of
V2G is generally beneficial for reducing grid congestion. Nonetheless, additional measures
may be required when the initial V2G dispatch is lowered. The impact of V2G on CO,
emissions and costs varies depending on the scenario, with the Work scenario showing
an increase in both, while the Base and Grid scenarios show a decrease. In future work,
further decentralized flexibilities and interconnections between the European countries and
their EV transition plans can be included to investigate the role of V2G for transmission
grid operation. Especially, interdependence with other battery storage applications could
be helpful, if a high technical and spatial level of modeling detail can be sustained. While
the role of individual EV users has been included in this work, the high importance of
spatial alignment of flexibility requirements and V2G usage points to a need for research
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on flexibility potential on an individual level, determining the type and location of future
V2G potential needed, as not every EV can contribute to congestion relief equally.

Author Contributions: Conceptualization, M.R.; methodology, M.R., N.B., A.M. and T.S.; software,
M.R. and A.M.; validation, M.R.; formal analysis, All; investigation, All; resources, M.R.; data
curation, A.M. and M.R.; writing—original draft preparation, All; writing—review and editing, M.R.;
visualization, All; supervision, M.R.; project administration, M.R.; funding acquisition, M.R. All
authors have read and agreed to the published version of the manuscript.

Funding: The authors gratefully acknowledge funding by the German Federal Ministry of Education
and Research (BMBF) within the Kopernikus project ENSURE “New Energy Grid Structures for the
German Energiewende” under the funding number 03SFK1F0-2 and funding by the German Federal
Ministry of Economic Affairs and Climate Action (BMWK) within the project Bidirectional Charging
Management (BCM) under the funding number 01MV18004H.

Data Availability Statement: The data related to the presented research are owned by KIT and
cannot be shared at the point of publication.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

SPD. Biindnis 90/Die Griinen und FDP, Koalitionsvertrag: Mehr Fortschritt Wagen. Biindnis fiir Freiheit, Gerechtigkeit und
Nachhaltigkeit. 2021. p. 178. Available online: https://www.bundesregierung.de/resource/blob/974430/1990812 /1f422c60505
b6a88{8f3b3b5b8720bd4 /2021-12-10-koav2021-data.pdf?download=1 (accessed on 24 November 2023).

Blumberg, G.; Broll, R.; Weber, C. The impact of electric vehicles on the future European electricity system—A scenario analysis.
Energy Policy 2022, 161, 112751. [CrossRef]

Kern, T.; Kigle, S. Modeling and evaluating bidirectionally chargeable electric vehicles in the future European energy system.
Energy Rep. 2022, 8, 694-708. [CrossRef]

Slednev, V.; Jochem, P; Fichtner, W. Impacts of electric vehicles on the European high and extra high voltage power grid. J. Ind.
Ecol. 2021, 26, 824-837. [CrossRef]

Staudt, P.; Schmidt, M.; Gérttner, ].; Weinhardt, C. A decentralized approach towards resolving transmission grid congestion in
Germany using vehicle-to-grid technology. Appl. Energy 2018, 230, 1435-1446. [CrossRef]

Loschan, C.; Schwabeneder, D.; Lettner, G.; Auer, H. Flexibility potential of aggregated electric vehicle fleets to reduce transmission
congestions and redispatch needs: A case study in Austria. Int. |. Electr. Power Energy Syst. 2023, 146, 108802. [CrossRef]
Hoffrichter, A.; Offergeld, T.; Blank, A. Simulation of Transmission Grid Operation Incorporating Flexibility at Distribution Level.
In Proceedings of the 2019 16th International Conference on the European Energy Market (EEM), Ljubljana, Slovenia, 18-20
September 2019.

Noel, L.; de Rubens, G.Z.; Kester, J.; Sovacool, B.K. Vehicle-To-Grid; Springer: Cham, Switzerland, 2019.

Delmonte, E.; Kinnear, N.; Jenkins, B.; Skippon, S. What do consumers think of smart charging? Perceptions among actual and
potential plug-in electric vehicle adopters in the United Kingdom. Energy Res. Soc. Sci. 2020, 60, 101318. [CrossRef]

Krueger, H.; Cruden, A. Integration of electric vehicle user charging preferences into Vehicle-to-Grid aggregator controls. Energy
Rep. 2020, 6, 86-95. [CrossRef]

Yilmaz, S.; Cuony, P.; Chanez, C. Prioritize your heat pump or electric vehicle? Analyzing design preferences for Direct Load
Control programmes in Swiss households. Energy Res. Soc. Sci. 2021, 82, 102319. [CrossRef]

Baumgartner, N.; Kellerer, F.; Ruppert, M.; Hirsch, S.; Mang, S.; Fichtner, W. Does experience matter? Assessing user motivations
to accept a vehicle-to-grid charging tariff. Transp. Res. Part D Transp. Environ. 2022, 113, 103528. [CrossRef]

Noel, L.; Carrone, A.P; Jensen, A.F; de Rubens, G.Z.; Kester, J.; Sovacool, B.K. Willingness to pay for electric vehicles and
vehicle-to-grid applications: A Nordic choice experiment. Energy Econ. 2018, 78, 525-534. [CrossRef]

Chen, C.-F,; de Rubens, G.Z.; Noel, L.; Kester, J.; Sovacool, B.K. Assessing the socio-demographic, technical, economic and
behavioral factors of Nordic electric vehicle adoption and the influence of vehicle-to-grid preferences. Renew. Sustain. Energy Rev.
2020, 121, 109692. [CrossRef]

Ensslen, A.; Ringler, P.,; Dorr, L.; Jochem, P.; Zimmermann, F.; Fichtner, W. Incentivizing smart charging: Modeling charging tariffs
for electric vehicles in German and French electricity markets. Energy Res. Soc. Sci. 2018, 42, 112-126. [CrossRef]

Ensslen, A.; Will, C.; Jochem, P. Simulating Electric Vehicle Diffusion and Charging Activities in France and Germany. World
Electr. Veh. |. 2019, 10, 73. [CrossRef]

Jochem, P.; Vilchez, J.J.G.; Ensslen, A.; Schduble, J.; Fichtner, W. Methods for forecasting the market penetration of electric
drivetrains in the passenger car market. Transp. Rev. 2018, 38, 322-348. [CrossRef]

Kraftfahrt-Bundesamt. Number of Electric Vehicles in Germany from 2012 to 2022. Available online: https://www.kba.de/DE/
Statistik /Produktkatalog/produkte /Fahrzeuge/fz13_b_uebersicht.html?nn=3514348 (accessed on 24 November 2023).


https://www.bundesregierung.de/resource/blob/974430/1990812/1f422c60505b6a88f8f3b3b5b8720bd4/2021-12-10-koav2021-data.pdf?download=1
https://www.bundesregierung.de/resource/blob/974430/1990812/1f422c60505b6a88f8f3b3b5b8720bd4/2021-12-10-koav2021-data.pdf?download=1
https://doi.org/10.1016/j.enpol.2021.112751
https://doi.org/10.1016/j.egyr.2022.10.277
https://doi.org/10.1111/jiec.13216
https://doi.org/10.1016/j.apenergy.2018.09.045
https://doi.org/10.1016/j.ijepes.2022.108802
https://doi.org/10.1016/j.erss.2019.101318
https://doi.org/10.1016/j.egyr.2020.02.031
https://doi.org/10.1016/j.erss.2021.102319
https://doi.org/10.1016/j.trd.2022.103528
https://doi.org/10.1016/j.eneco.2018.12.014
https://doi.org/10.1016/j.rser.2019.109692
https://doi.org/10.1016/j.erss.2018.02.013
https://doi.org/10.3390/wevj10040073
https://doi.org/10.1080/01441647.2017.1326538
https://www.kba.de/DE/Statistik/Produktkatalog/produkte/Fahrzeuge/fz13_b_uebersicht.html?nn=3514348
https://www.kba.de/DE/Statistik/Produktkatalog/produkte/Fahrzeuge/fz13_b_uebersicht.html?nn=3514348

World Electr. Veh. ]. 2023, 14, 328 15 of 15

19.

20.

21.

22.

23.

24.
25.

26.

27.

Ried, S.; Dengiz, T.; Soldner, S.; Jochem, P. Aggregating load shifting potentials of electric vehicles for energy system models.
In Proceedings of the 2020 17th International Conference on the European Energy Market (EEM), Stockholm, Sweden, 16-18
September 2020.

Ecke, L.; Chlond, B.; Magdolen, M.; Vortisch, P. Deutsches Mobilititspanel (MOP)—Wissenschaftliche Begleitung Und Auswer-
tungen Bericht 2019/2020: Alltagsmobilitdt Und Fahrleistung, Institute for Transport Studies (KIT). 2020. Available online:
https://daten.clearingstelle-verkehr.de/192 /233 /Bericht_ MOP_20_21.pdf (accessed on 24 November 2023).

Ruppert, M.; Slednev, V.; Ardone, A.; Fichtner, W. Dynamic Optimal Power Flow with Storage Restrictions Using Augmented
Lagrangian Algorithm. In Proceedings of the Power Systems Computation Conference, Dublin, Ireland, 11-15 June 2018.
Ruppert, M.; Slednev, V.; Finck, R.; Ardone, A.W. Fichtner. Utilizing distributed flexibilities in the european transmission grid. In
Advances in Energy System Optimization; Springer International Publishing: New York, NY, USA, 2020.

Slednev, V.; Bertsch, V.; Ruppert, M.; Fichtner, W. Highly resolved optimal renewable allocation planning in power systems under
consideration of dynamic grid topology. Comput. Oper. Res. 2018, 96, 281-293. [CrossRef]

Happ, H.H. Optimal Power Dispatch—A Comprehensive Survey. IEEE Trans. Power Appar. Syst. 1977, 96, 841-854. [CrossRef]
Frank, S.; Rebennack, S. An introduction to optimal power flow: Theory, formulation, and examples. IE Trans. 2016, 48, 1172-1197.
[CrossRef]

Perau, C.; Slednev, V,; Ruppert, M.W.; Fichtner, W. Regionalization of four storylines for the decarbonization of the European
power system including flexibilities. In Proceedings of the IEWT Conference, Vienna, Austria, 8-10 September 2021.

VDA, Number of Private Vehicle Registrations in Germany from 1955 to 2022. 2023. Available online: https://www.vda.de/en/
news/facts-and-figures /annual-figures /new-registrations (accessed on 24 November 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://daten.clearingstelle-verkehr.de/192/233/Bericht_MOP_20_21.pdf
https://doi.org/10.1016/j.cor.2017.12.008
https://doi.org/10.1109/T-PAS.1977.32397
https://doi.org/10.1080/0740817X.2016.1189626
https://www.vda.de/en/news/facts-and-figures/annual-figures/new-registrations
https://www.vda.de/en/news/facts-and-figures/annual-figures/new-registrations

	Introduction 
	Modeling of V2G in Transmission Grids 
	Model Overview 
	User Requirements 
	EV Diffusion 
	EV Flexibility 
	Transmission Grid 

	Case Study 
	Results 
	Conclusions 
	References

