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Executive Summary

Vehicle-to-grid (V2G) technology has the ability to accelerate the transition towards a more sustainable
electricity system. However, a quantification of the value of V2G services is lacking within current research.
his paper aims to quantify the value created by V2G for distribution system operator (DSO) congestion
management services. Using the SparkCity model, a real-life neighbourhood is modelled to investigate
(dis)charging patterns of electric vehicles (EVs) combined with the introduction of solar PV and heat pumps
within this neighbourhood. In addition to the previous version of the model, smart charging and V2G
algorithms are developed the basis of congestion data within the grid assets of the neighbourhood. The
neighbourhood modelled is Lent (Nijmegen, the Netherlands). The observed emerging charging smart
charging behaviour lowers peak loads within the grid and could delay investments in grid components
potentially necessary due to EV growth. Based on the results presented in this paper, utilizing V2G charging
for low voltage congestion management could lower the costs for potential grid reinforcements for the DSO.
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1 Introduction

The Netherlands is aiming for a more sustainable energy system, which includes a larger share of electricity
within the energy mix and a larger share of intermittent renewable energy sources [1]. The integration of
these intermittent sources together with a larger share of electricity within the energy mix will create a greater
mismatch between supply and demand and shift generation from a top-down structure to bottom-up [2]. The
introduction of electric vehicles (EVs) within this system could cause potential problems, such as congestion,
within the current electricity grid [3]. EVs can mitigate this problem through smart charging mechanisms
(V1G) in which the charging of the EV is regulated [3]. Additionally, EVs can provide flexibility for the
integration of other measures within the energy transition using vehicle-to-grid (V2G) [4]. V2G has many
different applications that could provide value to different stakeholders[4]. In Table 1, the applications of
V2G are presented. The greatest value for V2G could be reached by providing a combination of these
services, so called ‘stacked services’. However, the value of these services remain unclear. The current body
of research regarding the value of V2G services is mainly focused on national grid and national markets such
as the FCR market [e.g. 5].
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In order to gain better insight into the value of vehicle-to-grid applications and the value of these services,
all these services and their value will need to be quantified. A valuation of V2G congestion management
services is currently lacking and therefore this paper will try to answer the following question:

What is the value of V2G for DSO congestion management services?
Table 1: Services of V2G

Level Service
V2H/V2B Home/building Local storage & use
Home/building Peak shaving
Home/building Power backup
V2G Local grid Local storage & use of energy
Local grid Congestion management
(+ power quality and voltage control)
National grid Balancing markets
National grid Wholesale energy markets

2 Methodology

A model is created to estimate the impact of V2G on the electrical loads within the distribution grid. After
this estimate, the impact on electrical load will be translated to a monetary value.

First, an agent-based model (ABM) is created to estimate the impact of V2G on the loads within the
distribution system. This is done through expanding the Sparkcity ABM to include different charging
strategies based on driving patterns and geography [6]. While modelling EV charging impact, three main
uncertainties are present: driving behaviour, electricity usage and the share of EVs [3]. For this reason, an
ABM approach is selected. ABMs allow a model to have a heterogeneity between agents and allow the
modeller to capture emergent behavioural patterns within a diverse group of agents [7]. In this case, a more
heterogenic driving behaviour could be implemented in comparison to equation-based models. The Sparkcity
model, specifically, is an ABM with the objective to study the impact of EVs on the local electricity grid
balance and technological developments and will thus be used as the basis of the model [6]. This model is
able to estimate the EV charging impact on the electrical load with the usage of GIS-data to make a
representation of a real-life neighbourhood (figure 1). This neighbourhood can be divided in three layers:
electricity grid, road network and dwellings. The GIS-data is provided by the DSO and the local municipality.
To explore the value of V2G congestion management, the electrical load in the low voltage grid is modelled
with a V2G congestion management charging strategy and compared to the electrical load combined with a
smart charging strategy based on congestion management. In this manner, this paper contributes to the main
body of research regarding the impact of V2G. Through developing an ABM and through the integration of
solar PV and heat pumps in the electricity demand.

Second, To translate the impact of EV charging and the impact of V2G charging, an grid operator cost benefit
analysis is created. The socialized value that is created is based on the load of the transformers within the
modelled area. On the other hand, the costs of equipping V2G chargers is calculated. Through the addition
of value created for the DSO this paper adds to the current body of research in which the value translation of
V2G congestion management remains unclear.
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Figurel: Representation of a neighbourhood within Sparkcity [6]

3 Model description

In this section, the adaptations of the Sparkcity model created in [6] are presented. To extract the impact of
V2G on the electrical load within a neighbourhood a V2G module and a V1G module for DSO congestion
management are created.

3.1 Charging behaviour

Following [1], overloading issues might arise earliest at transformers within the distribution grid. Therefore,
the optimization for both charging strategies are based upon the loads within the correspondent transformer.
These transformer loads are based on household loads, loads of electrical appliances and EV charging loads.
In order to optimize the load in the transformer, the expected load of the transformers for the hours in which
the EV is available is calculated. V1G based on valley filling on the basis of expected load within the
transformer. In the V2G scenario, first a smart charging optimization is performed for the EV and given this
charging schedule, the potential discharge moment and amount is calculated. In order to ensure that the EV
owner is not inconvenienced due to a low state of charge (SOC) of the EV, the SOC of the EV battery at the
end of the charging session is the same in the V2G and V1G strategy.

3.2 Neighbourhood selection

The neighbourhood that is selected for the model is Lent (Nijmegen, the Netherlands). This neighbourhood
is a residential area and is chosen because flexibility solutions are already required within this area. The local
DSO and other parties already have a flexibility market for congestion and thus congestion management is
recognized as potential solution in this neighbourhood. However, the current flexibility is not provided
through EV charging strategies and this paper aims to quantify the potential flexibility and value created
through EV charging strategies rather than the sources that are currently in place.

Expected peak loads in the system are expected to be higher than for other neighbourhoods due to the already
insufficient grid infrastructure and potential overloads. This overloading allows for a V2G congestion
management business case. A future energy scenario is created for 2030 for this neighbourhood. Figure 4
shows the part of Lent that is modelled. Adjusted standard Dutch load profiles are used to represent the
electricity usage within the neighbourhood. Solar PV and heat pumps are added to this profile to represent a
potential future electricity profile. In order to gain insights in the potential of V2G it is assumed that these
loads are not controlled. For the electricity usage per year, real life data per building is used to estimate the
height of the electricity demand. In Figure 5 the low voltage electricity grid of this region is described.

Using the parameter settings presented in Table 2 the following connections to the electricity grid can be
identified as presented in figure 5.
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Table 2: Neighbourhood input description

Variable Value
Households (#) 1342
Car ownership 1
(car/household)

EV share (%) 30
Heat pump share (%) 30
Solar PV share (%) 30
Transformers (#) 11

Figure 4: Lent (Nijmegen, the Netherlands)
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Figure 5: Lent Electricity Grid (Nijmegen, the Netherlands)

3.3 Scenarios

= number of Houses
= Number of EVs
number of heat pumps

number of Solar PV

Two different scenarios will be run, starting with a base scenario. This scenario consists of 90% EVs
following the V1G charging strategy with 10% of EVs that are not able/willing to charge smart. Both
scenarios will be under a sensitivity analysis. Within this sensitivity analysis the share of EVs in the overall
population of cars as well as the share of charging type and electricity input will be different for both

scenarios.

Table 3: EV shares
Scenariol Scenario 2

EV share 30% 30%
Smart charging share 90% 90%
of which V2G capable 0% 30%
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4 Results

The ABM will create different outputs. The following KPIs are identified as most important to identify
charging patterns and estimate the impact of EV charging on the electrical load within the neighbourhood:

Cumulative kWh charged;

Cumulative kWh discharged; and

SOC per EV;

kWh discharged per 15 minutes per EV per charging point.
Electrical load per 15 minutes per transformer;

To cope with the variability of multiple parameters, such as the distribution of electrical appliances and EVs,
the presented results are the results of multiple replications. The number of replications is related to the
variability of the set parameters and the following section is based on five replications with different seed
values for the random number generators.

First, the results of the smart charging scenario will be presented. Afterwards, the results of the V2G scenario
will be presented and compared to the results from the first scenario. In order to understand the magnitude
and behaviour of the charging sessions within the neighbourhood, first, the total kW charged will be displayed
for the whole neighbourhood.

Total kW charged per 15 minutes
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Figure 6: Total kW per 15 minutes charged in neighbourhood during winter week

Figure 6 shows the total amount of kW charged per fifteen minutes over the course of the selected simulation
period. This period represents five working days in a winter week. On the x-axis the time is presented and on
the y-axis the amount in kW within the fifteen-minute time frame is presented. It can be noted that the amount
of KW charged varies per day and follows a day and night cycle. During the day, only a small amount of
charging capacity is used while during the night the batteries of the EVs are charged. Five different peaks of
electricity usage can be identified in Figure 5. Four of these five peaks are of a similar shape. The last of
these peaks, during the night of the fifth day, only represents half of the shape of the previous four peaks.
This is because of the ending of the simulation at midnight on the start of the sixth day. It should be noted
that a peak is expected during the first hours of the simulation because EVs will be charged during the night
before the start of the simulation, but due to the starting conditions of the charging strategy this electricity
consumption is absent. Next to the similarity of shape between the peaks during the night, the peak
consumption of electricity is around 700 kW per 15 minutes during three of the four nights in the simulation.
The first night has a peak of around 1200 kW per 15 minutes. This is partly explained through the absence
of charge during the first morning and is also partly explained by the starting conditions in regards to the
SOC of the EVs. The effect of charging on the SOC of the EVs is presented in Figure 7.
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Average SOC (%) in neighborhood
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Figure 7: Average SOC of EVs within the neighbourhood

Figure 7 is a graphical representation of the average SOC of all EVs within the neighbourhood. The y-axis
represents the SOC as percentage of the battery capacity and the x-axis presents the time within the
simulation. The five work days can be identified separately and a similar pattern can be identified over these
days. However, it can be noted that the observed behaviour on the first day is different in comparison to the
next days. The lower SOC during the first day and the higher increase in SOC during the first night can be
explained using Figure 5. A lack of charging during the morning on the first day and the higher total amount
of kW charged during the first night cause the difference in average SOC in the neighbourhood. It can also
be noted that the SOC peaks are shortly after the peaks in figure 5 which is caused by the cumulative nature
of the SOC. Next to this, it can be noted that the peaks of SOC are reducing five percent in the last two nights.
Overall it can be concluded that smart charging behaviour with valley filling on the basis of congestion
management is highly predictable due to the inelasticity of household electricity usage pattern.

To demonstrate the impact of V2G charging with the purpose of congestion management on the low voltage
transformers only transformers with potential overload are of interest. The overload of the transformer is
defined as the electrical overload of the transformer. The power factor is assumed to be 1.0. A transformer is
overloaded if the electricity demand is higher than the capacity of the transformer load.

For the purpose of this paper, one of the transformers within the neighbourhood is displayed. This transformer
is chosen because of the present overload on the transformer. This overload is present during the evening
electricity demand peak. The overload is present without the electricity demand for EVs, but additional
electricity demand during this period is avoided due to the V1G charging strategy. Figure 8 is graphical
representation of this transformer.
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Figure 8: Electricity demand on a 400 kVA transformer with smart charging
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On the x-axis, in figure 8, the time is presented. Five days can be identified. On the y-axis the transformer
load is presented. The electricity demand for the houses connected to the transformer is plotted over the time.
The grey area represents this base demand including non-controllable electric appliances. The yellow area is
the electricity demand created by the smart charging of EVs for this transformer. The blue line represents the
capacity of the transformer, which is 400 kVA and the orange line represents the total electricity demand for
this transformer. The electricity demand generated by the charging of EVs can be described as valley filling.
Using this method, the impact of the electricity demand is optimized to be as low as possible. This means
that the EVs should not only consider household electricity demand but also electricity demand from other
EVs in order to optimize the electricity demand over time below the maximum capacity. Using this smart
charging technique, the expected peak demand is decreased. Without smart charging behaviour, EV charging
demand would be increased during the evening peak and the total demand would increase further over the
capacity of the transformer. This smart charging technique thus mitigates the problems regarding potential
additional transformer overload. However, overload still occurs. In order to create additional value for the
low voltage electricity grid and thus the DSO the EVs can be used to also provide electricity during peak
demand hours and thus lower the electricity demand on the other side of the transformer. Figure 9 is a
graphical representation of the same transformer load but with a V2G charging strategy.
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Figure9: Electricity demand on a 400 kVA transformer with V2G charging

The previous graph shows the transformer load based on both a static household demand and a variable EV
charging demand with an implemented congestion management V2G charging strategy. It can be recognized
that the household electricity demand is higher than the transformer capacity during the evening peak during
the whole week. Through the introduction of V2G services however, this demand can be met by utilizing the
battery capacity of the EVs present behind this transformer. The discharge starts when EVs are arriving home
and utilize the initial SOC left in the EV. During the night, the discharge provided will be charged on top of
the V1G charging strategy.

Table 4: Neighbourhood overall transformer load

Transformer Capacity (kVA) Max Load (kW) Overloaded Load Factor (%)
Transformer 1 100 71.18 No 30
Transformer 2 100 142.21 Yes 38
Transformer 3 250 306.82 Yes 39
Transformer 4 400 528.55 Yes 37
Transformer 5 400 462.88 Yes 39
Transformer 6 400 437.71 Yes 39
Transformer 7 400 394.39 No 36
Transformer 8 400 311.41 No 40
Transformer 9 250 158.50 No 36
Transformer 10 400 363.73 No 36
Transformer 11 100 97.55 No 35
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In table 4 the transformer loads of the different transformers in the simulated neighbourhood are presented.
First, the capacity is presented next to the peak electricity demand of the transformer during the simulations
in the smart charging scenario. If this rating is higher than the capacity this rating, overload is expected and
V2G might add value to the grid. The load factor is also presented. The load factor is derived from the load
profile and allows for an insight in the utilization rate of the transformers. The load factor is an indication of
the usefulness for demand control mechanisms, such as the V2G as presented in the second scenario. A low
load factor shows a high peak demand and a low average utilization rate. This means that the difference
between the highest peak during the simulation and the average electricity consumption is relatively high. In
these cases, flexibility solutions might be preferred to grid reinforcements. The simulation shows that V2G
charging is able to mitigate all potential overload in Nijmegen, Lent. For the calculation of the costs of V2G
in comparison to grid reinforcements only transformers with an expected overload will be taken into
consideration.

In order to calculate the value of the shown flexibility solution, the framework provided by Overlegtafel
Energievoorziening is used [8]. This framework is used by Dutch DSO’s in order to consider flexibility
solutions in comparison to reinforcements. A cost benefit approach specific to grid operators as specified in
[8] is used. In order to calculate the net present value (NPV) formula 1 to 3 are used.

DEPR period Socialized costs reinforcementsyeqr x

NPVreinforcement = Zyear 0 (1+discount rate)Yearx
Zyear z + DEPR period socialized costs reinforcementsyeqr x (1)
year z+1 (1+discount rate)yearx

socialized costs reinforcements = Regulated Asset value * WACC + depreciation + operational costs (2)

__ wyear z costs flexible capacityyeqr x
NPVfle’”blllty - Zyear 0 (1+discount rate)yearx (3)

These formulas are used to estimate the NPV of both alternatives. In order to answer for the main research
question, the analyses is performed on the level of the neighbourhood and the calculations for all transformers
of interest are combined. Asset value is regulated as well as the WACC, the depreciation, and the discount
rate [8] [9]. Differences between operational costs between a reinforced transformer and the current
transformer are deemed negligible. The costs of flexible yearly capacity required to mitigate overload is
estimated through a rough estimation on the basis of the one simulated winter week. This winter week cannot
just be assumed to be representative for all weeks of the year. It is assumed that overload does not occur
during the summer. The winter is assumed to last 12 weeks and the amount of flexibility provided in these
weeks lowered with a modifier. Next to this, 6 weeks of spring and autumn are expected to have overload.
The remuneration of battery degradation to the EV owner is presented as 2.07 eurocents per kwWh and the
additional lump sum costs of V2G chargers compared to regular smart chargers is 500 euros per charger
[10][11]. Using these values, the NPV of both scenarios are calculated. These results are presented in figure
10.
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Figure 10: Net present value for 10 years
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Figure 10 presents the results of the NPV calculations for both scenarios. It can be concluded from this figure
that the flexibility solution has a lower NPV in comparison to the reinforcement alternative. Under the
circumstances as described in this paper, the flexibility solution has a lower NPV than the reinforcement
alternative. This result could be explained using the electricity load factor as presented in table 4. Average
load factors for transformers within a residential area are around 50% [12]. The modelled transformers in
Lent have a considerable lower load factor (38-39). Hence, these transformers are not fully utilized during
most of the day and designed for relatively few peak hours. Additional high investments for these relatively
scarce peak hours is expensive and a more tailored solution becomes cheaper. Because of the low amount of
kWh needed to support the grid with VV2G this solution seems more effective. It is expected that the load
factor in other neighbourhoods are higher. Next to this, overload issues might not even be present at all in
other neighbourhoods. In the latter case, V2G does not provide any additional value in comparisonto a V1G
scenario. However, V1G might add value in comparison to regular charging. This value is not quantified in
this research.

5 Discussion

V2G-charging has shown potential to aid the transition towards a more sustainable energy sector. V2G
charging could be used for many different purposes. Currently, the value of these different services are
explored. However, the value of V2G charging for low voltage congestion management is yet unclear.
Understanding of the value of V2G charging for low voltage congestion management will help stakeholders
to make better regarding grid operations and the value of flexibility in order to have a more socialized cost
effective transition. The impact of EV charging in a V1G and a VV2G setting is modelled in the Sparkcity
ABM. The results of this simulations are then translated into a monetary value using the standard cost-benefit
analysis for Dutch grid operators in regards to flexibility solutions.

To answer the main research question of this paper: V2G could be a cost effective solution for congestion
management in Lent in comparison to grid reinforcements on the LV grid. Comparing these two alternatives,
V2G could be up to five times more cost effective. This would create value to the DSO and thus social value.
The results in this paper are compared to the results to other another study performed in the Netherlands in
regards to the cost effectiveness of flexibility alternatives. The presented cost effectiveness of flexibility as
presented in above is high compared to this benchmark study [13]. In [13] only a reduction of 47% is
presented. This could be explained due to the low costs for flexibility. In this paper overloading is only
expected during the winter period which drastically lowers the amount of flexibility that is needed to be
provided. Furthermore, this research focusses on a specific low voltage whereas the benchmark study takes
into account all voltage levels with the whole Netherlands as geographical area.
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Although V2G charging has different benefits including the aid of the transition towards a more sustainable
energy system, multiple barriers for the implementation of V2G exist until this day. Social and cultural
barriers towards, implementation of V2G exist [14] as well as business and institutional barriers. One of the
challenges for the V2G technology is battery degradation. EV batteries will deteriorate due to the amount of
charging and discharging cycles depending on the services provided. The flexible usage of bidirectional
charging options will cause the battery to start ageing faster. Another challenge are the high investment costs
for V2G charging hardware. Currently, V2G charging equipment is still in the development phase and upfront
costs are thus still high. Next to the technical challenges, social challenges are present for V2G charging. The
main social challenge for V2G is the range anxiety as perceived by the EV owner. This is a concern among
car owners with regards to EVs in general, but the introduction of V2G and sharing energy from the battery
of the EV will create new concerns regarding this anxiety [14].

Following these results a number of recommendations for further research are suggested in regards to the
implementation of a V2G charging strategy. If overload in grid assets is expected every day a source of
flexibility as provided by EVs might not be desirable due to lower predictability and thus reliability in
comparison to other more consistent measures such as a stationary battery. The actual willingness of EV
owners to participate in the execution of V2G charging is not considered and might become an issue. The
remuneration of EV owner is assumed to be high enough for the EV owner to participate, but this might
accumulate to such an extent for which it becomes non-desirable for the DSO to use V2G as a flexible
resource. Electricity household demand is assumed to be perfectly forecasted by the DSO and aggregator.
Fluctuations in patterns for electricity usage are not accounted for. This may result in a suboptimal scheduling
of EVs and might even cause issues regarding security of supply. Actual realization and implementation of
high penetrations of solar PV, heat pumps, EVs, smart charging strategies or V2G strategies have many
boundaries and are highly uncertain. Next to this, no institutional framework currently exists for the DSO to
use flexible resources to balance local LV grid demand. Different pilots are conducted in order to estimate
the value of this flexibility, but legal boundaries are currently in place to prevent the actualization of these
practices. Furthermore, all electrical loads within the residential neighbourhood are assumed to be static
except for EV charging loads. This means that it is assumed that all electrical appliances in the neighbourhood
except for EVs are uncontrolled. However, demand response could be provided by, for example, heat pumps
[15]. The Sparkcity model could be expanded by including the ability of heat demand or other electrical
demand to be responsive and provide a more dynamic environment.

6 Conclusion

Within the neighbourhood of Nijmegen Lent future electricity demand will most likely exceed the installed
capacity within the low voltage grid due to the introduction of electric appliances. A smart charging strategy
based on valley filling and congestion management will avoid an increase in peak demand during the evening
due to the charging of EVs. However, the smart charging strategy cannot prevent peak electricity demand to
be higher than the installed low voltage grid capacity. The proposed VV2G charging strategy is able to prevent
overloading of low voltage grid transformers and is thus able to delay initial investments in grid
reinforcements. Within the area of Nijmegen, Lent V2G congestion management is a viable strategy to avoid
overloading of grid assets and the necessity to reinforce transformers in the area. The deployment of a V2G
strategy in comparison to a smart charging strategy allows for avoidance of grid reinforcements which
account for almost five times the costs in comparison to the V2G charging scenario. This research shows that
there is inherent value created for the DSO through V2G charging, and could thus be considered as an
alternative to grid reinforcements by the DSO. However, implementation of this strategy is not taken into
account in this research and should be further researched.
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