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Abstract

Connecting fast charging stations to the electric grid usually requires an upgrade to ac-
commodate the higher loading. This upgrade takes place in the form of investments
in conventional assets such as building new transformer stations and laying new cables.
Battery-based solutions are sometimes chosen by the charge point operator to reduce these
connection costs or perform energy arbitrage. These batteries, however, could be oper-
ated following different control objectives and support the grid to reduce the investment
need in conventional assets. A grid planning algorithm is developed in several steps to
compare these two options and assess their technical benefits and drawbacks as well as
their economic impact.

The first part of the analysis assesses the impact of the rollout of distributed energy
resources on the grid of an urban Danish distribution system operator of 18,552 end
customers. The additional load and production capacity due to the development of electric
vehicles, heat pumps and PV results in a total “green-transition” investment need of
TOMDKK until 2045, with 92% of these costs caused by issues in the low voltage grid.
Undervoltages and overvoltages are partly solved through reactive power control of the
PVs’ inverters and remain the most critical and cost-heavy issues to solve, representing
66% of the total investment. In the second stage, fast charging stations are connected to
the grid. The additional loading is not critical in most cases and results in an investment
need of 2MDKK to solve thermal overloads and 18MDKK of connection costs to build
new transformer stations and lay new cables. The increased loading is experienced in the
medium voltage grid.

Once the fast charging stations’ impact and upgrade needs have been assessed, batteries
are considered as an alternative to new transformer stations. These batteries are sized
by an optimisation algorithm based on a fast charging station load profile. The range
of battery capacities spreads out between 461kWh and 1,010kWh due to the different
profiles and charging power. Due to their higher capital costs and energy losses than
transformers, the battery-based alternative costs between 7% and 1,109% more than a
conventional grid extension. Different battery connection topologies are tested to allow
batteries to provide active and reactive power support to mitigate grid thermal overloads
and voltage issues. This support, reducing the need to invest in conventional assets due
to the distributed energy resources rollout, results in a cost reduction of batteries between
3% and 65%. In some edge cases under a low battery price and a high conventional asset
price development scenario, the battery-buffered fast charging station has lower yearly
costs than the conventional one. However, the conventional grid upgrade solution remains
the most cost-efficient in 89% of all investigated cases under different price scenarios and
battery topologies. The combination of a transformer and a battery with both smaller
ratings than the ones used in the conventional or battery-based upgrade yields the best
results, with reduced costs of 61% on average compared to the conventional upgrade.
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1 Introduction

Electrification is the chosen path to decarbonise our society and mitigate climate change
impacts. Transport and heating are historically fossil-fuel-dominated sectors that are in
transition towards electricity-based technologies. The electric grid will have to face higher
loads and new consumption patterns as well as changes in power flow with the development
of generation in the low voltage part of the grid.

Electric vehicles represent an additional challenge due to the different charging modes
users can benefit from. Especially fast charging stations, requiring high power with no
flexibility as the users expect their car to charge immediately can cause severe issues in
distribution grids not dimensioned for these power levels and patterns.

The conventional grid upgrade, i.e. adding additional capacity through new cables and
transformers or replacing existing ones with higher ratings, is the preferred method to
accommodate higher loads. The use of batteries as peak storage and an asset to participate
in regulation markets is starting to develop at a commercial scale. The combination of
these batteries with fast charging stations is experimented with by charge point operators,
as it can reduce grid connection costs and time as well as energy costs by charging the
battery based on spot price signals. These batteries, however, could also be used to
support the grid and handle situations with critical thermal loadings or voltage issues. In
this operation mode, the batteries could reduce the grid extension need for fast charging
stations as well as reduce the investment costs on assets experiencing thermal overloads
and voltage issues. The technical impact of the combined operation mode of these batteries
needs to be economically assessed in comparison to a conventional grid upgrade.

To assess whether a conventional grid upgrade or a battery-buffered solution is best suited
to accommodate fast charging stations, an algorithm to compare these is developed. This
algorithm is tested on the grid of the Danish urban distribution system operator NKE-
Elnet on which the impact of the rollout of distributed energy resources is assessed in the
first stage and the connection of fast charging stations in the second stage. The induced
thermal overloads and voltage issues are economically and technically analysed and the
upgrade requirements are calculated. Some of these upgrades are then rolled back as
batteries are connected.

Different operation modes of these batteries where they support the grid through active
and reactive power regulation are investigated. The technical and economical most suited
option is determined by running cost-benefit analyses. The grid planning algorithm can
then be used by grid planners to identify which solution is best suited in each case, or if
a general rule can be applied to their grid.
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2 Literature review

With the increasing penetration of electric vehicles, the need for a properly designed
charging infrastructure and the resulting strain the latter can have on the grid, there has
been research focus on the use of batteries in combination with electric vehicle charging
stations. The impact of fast charging stations and batteries on distribution grids has also
been extensively researched and key findings are presented in the following sections.

2.1 Battery-buffered fast charging stations

Regarding the design of fast charging stations with a battery buffer, [1] proposes an electri-
cal design where a grid connection of 22kW is used and 173kW is delivered to the charging
vehicle using a lithium-iron-phosphate battery. Such a design is built as a demonstration
model in a laboratory in [2], where a 16kWh battery is used to support the grid connection
to supply a 50kW charging station. The results of the experiment show that the battery,
in combination with the control system, has good peak-shaving performance and does not
overload the grid connection.

In [3], a reconfigurable battery topology is proposed to allocate strings to different micro-
grid units. The system is composed of a grid connection of 43kW in combination with a
61kW photovoltaic (PV) installation and three batteries with a capacity of 104kWh each,
used to supply two charging points of 175kW each. Here, in addition to the objective of
delivering a power output higher than the grid connection, increasing self-sufficiency is
another control objective. With an enhanced control strategy, a self-sufficiency of 87.3%
is reached during the summer, significantly reducing the exchanges with the grid.

Heavy-duty electric vehicles such as buses and trucks also require charging stations that
fit their user’s needs. For this, [4] formulates the optimisation problem for the sizing
of batteries for an electric bus fast charging station with six spots of 450kW each. The
energy storage system reduces the transformer and feeder capacity from 1478kW to 626kW
or 641kW based on which battery type is used. Investment costs are reduced by 22.85%,
with an additional 1.65% when performing energy arbitrage.

These findings outline the technical viability of combining battery systems with fast charg-
ing stations to reduce overload in the grid and investment costs, both in simulations and
laboratory experiments.

2.2 Impact of fast charging stations on the distribution
grid

The impact of fast-charging stations on the distribution grid in terms of voltage deviation

and harmonics is investigated in [5]. To mitigate the negative effects, next to smart

charging and switching control strategies for converters, the integration of energy storage
is proposed with the additional benefit of reducing losses.

Another method of reducing harmonics and transients is a DC-bus-based (Direct Current)
fast charging station developed in [6]. Coupled with an energy management system, the
use of local renewable energy sources can be optimised and additional profits can be
earned. There is also a positive impact on the loss reduction. The dynamics of a battery-
based fast charging station are also investigated in [7] both in grid-connected and islanded
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mode, where the results show that a battery system with a control architecture is able to
decouple the internal dynamics in the station from the grid.

Based on real grid data, the impact of a 50kW fast charger in the city of Cuenca (Ecuador)
on a distribution feeder is assessed in [8]. The apparent power load increase is 23.85% on
the line directly connected to the charging station and between 0 and 3.27% on the rest
of the lines. An additional voltage drop of up to 0.5% is observed. Using Swedish data,
the authors in [9] observe a transformer station (2x40MVA) load increase of 9% when
connecting 3 fast charging stations with 4 spots of 250kW each, an additional voltage
drop of 0.017 p.u. (dropping below 0.95 p.u.) and voltage flicker of up to 2%.

The combined impact of slow and fast charging (up to 100kW) on a Belgian residential
grid is investigated in [10]. With a 40% penetration rate of electric vehicles (EVs), the
impact of uncoordinated home charging is almost 10 times worse than the fast charging
one (up to 2.1MW vs. 260kW).

The reviewed articles show that fast charging stations have negative effects on distribution
grids. These are not in the same order of magnitude as the impact of home charging e.g.
[10], yet they add stress to the distribution grid.

2.3 Grid service oriented battery systems

In terms of battery energy storage systems for grid services, [11] investigates the different
applications of these devices. The authors mention that these systems are used to mitigate
the overloading of transformers and to accommodate an increasing number of loads such
as EVs. [12] also outlines that these systems can reduce the impact of the green transition
on distribution grids. Both publications insist on the need to properly size battery systems
to avoid an unnecessary increase in investment and operating costs, accelerated ageing and
low efficiency.

Using reference network models, [13] investigates the technical and cost impact on trans-
former substations when installing batteries of different capacities. Under consideration
of demand growth in the grid, the authors found that investment savings in the range of
20-25% in an urban area with a battery storage of 200kWh can be reached. However, at
the time this article was published (2015), batteries were not economically viable for this
solution yet. In [14], the same lead author uses a similar approach to calculate that based
on the battery size, demand growth and grid area (rural, semi-urban and urban), battery
prices between 16€/kWh (10kWh, 2% demand growth and rural grid) and 150€/kWh
(10kWh, 2.5% demand growth and urban grid) would result in a cheaper option than
a classic grid reinforcement with a transformer upgrade. Similarly, in [15] the authors
perform a cost-benefit analysis between a conventional upgrade (adding a second parallel
transformer in a station) or a battery-based one. Different types of batteries and penetra-
tion of EVs are assessed, and the battery-based grid upgrade gives a higher benefit-cost
ratio for a high number of EVs and battery cycles (more than 140 cars per day and 25,000
cycles per year) compared to a conventional one.

A software suite to compare conventional and battery-based grid reinforcement is presented
in [16]. The findings show that battery systems are a viable solution from a technical
point of view. The authors only consider charging power of up to 50kW, and no economic
assessment is made.

Based on the reviewed literature, battery systems for grid applications are a technically
viable solution as highlighted in section 2.1. They have the ability to reduce conventional
reinforcement costs, yet the economic advantage of installing and operating such a system
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is closely tied to the technology type and usage, which doesn’t make it a suitable solution
in every case.

2.4 Research gap and objectives

In the reviewed literature, it has been proven that installing stationary batteries in com-
bination with fast-charging stations reduces loading and stress on grid components such
as transformers [1, 3, 11, 12]. Moreover, investment savings can be reached [4, 13, 14],
with battery prices being the critical factor. The impact of fast charging stations on the
electric grid is assessed and the resulting effects are an increase in losses, loading and
voltage drops, though not as critical as conventional charging e.g. [6, 8, 9, 10].

The reviewed articles consider only the connected transformer station and not the rest of
the grid, particularly at a higher voltage level [8, 10, 13, 14]. Moreover, not all consider
the load increase in the grid due to the development of other distributed energy resources
[8, 9, 10, 15], and those who do use a general percentual load increase, not considering
new peaks [13, 14]. Finally, the ones who consider a load increase base their model on
standard IEEE grid models and standard load profiles [13, 14], whereas real-life grid and
smart meter data are used here. The size of the battery storage is also critical for optimal
operation [11, 12] and will be assessed based on current and future needs, in combination
with using the battery to reduce not fast-charger-related grid investments.

The main objectives of this work will be to:

e Analyse the combined impact of EV fast charging stations and other distributed
energy resources (DERs) on a distribution grid in future scenarios.

e Develop an optimisation algorithm for battery sizing based on fast charging station
load profiles.

o Compare a conventional and a battery-based grid upgrade for fast charging stations.

e Perform a cost-benefit analysis to assess the economic viability of battery-buffered
fast charging stations from a distribution grid operator perspective.

e Develop a grid planning algorithm to automatize this techno-economic analysis.

4 Techno-economic comparison of grid reinforcement and
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3 Methodology

The methodology presented in this chapter aims to develop a grid planning algorithm
which takes inputs from multiple data sources and investigates both the impact of a high
DER penetration and fast charging stations. A conventional and a battery-based grid
upgrade method are investigated and technically and economically compared.

3.1 Overview

The flowchart in figure 3.1 summarizes the main steps of the methodology of the grid
planning algorithm presented in this chapter.

Legend
- Data Groups of

processes
- Process

Figure 3.1: Overview of the grid planning algorithm

Techno-economic comparison of grid reinforcement and 5
battery-buffered electric vehicle fast charging stations



The input data can be summarized in the following categories: historical grid model
and smart meter data, penetration and load profiles of new distributed energy resources
(DERs) and fast charging stations, location of these fast charging stations, economic
data and electrical parameters of grid assets and batteries. The increasing penetration
of DERs (electric vehicles (EV), heat pumps (HP) and photovoltaics (PV)) is modelled
based on scenarios and input data presented in sections 3.5.6 and 3.5.7. Every year, a
certain number of new loads or production sites are connected to the current grid and the
historical meter data is updated with the selected profiles. The power flow is run with
the pandapower solver. Pandapower is an open-source, Python-based loadflow simulation
tool developed by the Fraunhofer Institute and the University of Kassel in Germany [17].
For the thermal loading and the voltage results, yearly summary values are selected for
each asset as described in the following sections. For assets violating certain constraints,
an upgrade process is run and the grid model is updated accordingly.

A second power flow simulation and the same summary and upgrade process are run after
connecting fast charging stations. The resulting technical and economic impact on the
grid is assessed and in parallel batteries are connected to replace the second conventional
upgrade. The costs of these solutions are compared, and different battery connection
topologies are investigated to reduce the number of measures taken in the first conventional
upgrade, therefore extending the batteries’ range of action and reducing their cost impact.

3.2 Conventional grid upgrade model

Due to the rollout of DERs, the loading of the grid components is expected to increase
and both thermal overloads and voltage violations are expected to appear. The way to
handle these issues is to upgrade cables and transformers to assets with higher ratings
that can operate within certain thresholds. These thresholds are presented in table 3.6
and the grid upgrade model for the two previously mentioned issues is presented in the
following sections.

3.2.1 Thermal overload

To identify assets that get overloaded during power flow simulations and with which asset
type they should be replaced, the following method is used. The asset loading in per-
cent is calculated by pandapower using the following formulas, for each timestamp of the
simulation:

I

Imax'd'n.

Iv' v Iv' v
L:max< h SVh ! SVI ).100 (3.2)

L= 100 (3.1)

with equation 3.1 being the loading formula for cables with L the thermal loading in
percent, I the current flowing through the cable at each timestamp and I, the maximum
cable current based on its electrical parameters both in kA, d the derating factor set to one
and n the number of parallel cables. Equation 3.2 is the loading formula for transformers
with L the thermal loading in percent, Iy, and I}, the high and low voltage side current
flowing through the transformer in kA, Vi, and V}, the high and low voltage side calculated
voltage in kV, and S the rated apparent power of the transformer in MVA [17].

For each asset and for every year, the maximum value (corresponding to the 99.9*" per-

centile, i.e. the largest 0.1% values are discarded to remove outliers, corresponding to nine
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hour per year) is found across all timesteps. If this value exceeds a certain threshold, the
asset needs to be replaced.

The last year before the maximum loading exceeds the threshold is the replacement year.
To identify the dimension of the future asset, the loading of the last simulation year (i.e.
2045) is taken and the new required capacity is calculated as the following:

Cola - -L
Coyy = 0 Nold - L2045 (3.3)

Nnew

with Cpew and Cglq the new and current capacity as the rated current for cables in kA and
rated power for transformers in kVA, Logss the asset loading in 2045 in percent, ngg and
Nnew the number of old and new parallel assets. The smallest asset from tables E.1 and
E.2 that validates this minimum new rated current/power is the future type. The number
of parallel assets starts at one and is increased if no asset has enough capacity until the
new capacity can distribute the required amount of current/power.

The electrical parameters of cables and transformers can be found in tables E.1 and E.2.
They are provided by Utiligize and are based on equipment manufacturer catalogues.

3.2.2 Voltage violations

The voltage violations are identified at the customer connection, i.e. at the cabinet level.
After each yearly power flow and the thermal overload-related upgrades (since this reduces
the number and severity of voltage-related issues), the maximum and minimum voltages
(corresponding to the 99.9*" percentile of the maximum and minimum voltages) for each
cabinet across all timesteps of each year are analysed, and the cabinets laying outside of
the limits specified in table 3.6 are selected for an upgrade. For each of the cabinets with
a voltage violation, a graph algorithm finds the path to the closest secondary substation
and all the cables it goes through are registered.

First, the tap changer use of primary and secondary transformers is investigated. An
algorithm that minimises the number of cabinets experiencing voltage issues by finding
the optimal combination of tap changers through a unique change (i.e. changing the
tap position the year before a voltage issue is identified and not changing it afterwards,
due to the lack of on-load dynamic tap changers in this case) of primary and secondary
substations is used. This method can solve issues for undervoltages or overvoltages, but
not both. Due to the large spread between minimum and maximum voltage over the
course of a day (mostly due to the high PV penetration), an on-load tap changer system
controlled remotely or automatically and based on sensors would be necessary to switch
the position of the tap changers, from a positive position in the morning when the load
is high to a negative position at midday when the load is low and the PV installations
are injecting in the grid, back to a positive position in the evening the load is high again.
The transformers are not equipped with such a system, so the tap changer position is not
changed and a cable upgrade is used instead.

Upgrading to a cable with a larger dimension reduces the internal resistance and therefore
the voltage drop. The required upgrade is estimated by distributing the maximum allowed
voltage drop at each cable on the cabinet path to the secondary substation as:

Vrr, Lv — Viin

if Vo < Vinin, (3.4)
AV s = \ _nVTR LV
X ’ if Ve > Viax (3.5)
n
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with Vg, r,v the voltage at the low voltage bus of the secondary substation, Vi, and
Vmax the voltage boundaries defined in table 3.6, V. the voltage at the cabinet laying
outside of the limits and n the number of cables between the cabinet and the primary
substation. From there, the new resistance for each of these cables is calculated as:

Rnew = 7%&1 * Dpew (36)

with AVgq, Rolg and Vg the original voltage drop, resistance and number of parallel
cables, AV .y the previously calculated maximum voltage drop allowed and npey the new
number of parallel cables. The closest cable from table E.1 with a smaller resistance is
then looked for to match this new parameter, and if none exists the new number of parallel
cables, starting at one, is increased until a cable is found.

The cable upgrade is, similar to the tap changer method, not able to solve all overvoltages
by itself either. The chosen solution which doesn’t involve installing new assets such as
reactive power compensation banks is the ability to set the power factor of the inverter for
all newly installed PV installations to 0.95 leading (in generator convention). Therefore,
the inverters consume reactive power proportionally to the injection of active power, which
helps to reduce the voltage. This method, in combination with cable upgrades, can remove
all voltage issues experienced in the grid.

3.2.3 Fast charging stations extension

When installing new assets for future fast charging stations, the same approach as the one
currently used by urban Danish DSOs is used. A 10kV cable with a 150mm? dimension is
connected to the HV-side of the closest existing 10/0.4kV transformer station, under the
assumption that there is space for this connection. A new transformer station of 800kVA
is installed next to the fast charging station. The cable length is calculated as a straight
line using a geographical analysis in QGIS and the resulting distance will be multiplied
by two to account for the need to avoid buildings and follow roads, existing cables and
other infrastructure. The cable between the new transformer station’s LV side and the
fast charging station port is ignored. A fast charger efficiency of 95% is used [18].

3.3 Battery-based grid upgrade model

A parallel path in the algorithm to the conventional grid upgrade based on assets with
larger capacities is to add battery storage systems to the grid. The approach in this
algorithm is to size these battery systems based on the fast charging station demand and
to use the remaining capacity to resolve grid loading and voltage issues. Therefore, the
first upgrade operation (regarding thermal overloads and voltage issues caused by DERs)
is always performed as a conventional upgrade. Batteries intervene when connecting fast
charging stations to remove the upgrade requirements caused by these new loads. In a
second iteration, the use of batteries to remove some of the issues caused by DERs is
investigated.

3.3.1 Optimisation problem

The goal of the battery-based grid upgrade model is to size a battery with the smallest
possible charging power (to reduce the grid loading) and capacity (to reduce costs and
space requirements). For this, an optimisation problem with as main input a generated
yearly fast charging station profile described in section 3.5.7 is formulated. The profiles
used are generated based on the EV penetration expected in 2045, which is the most
critical scenario year. Because each profile is stochastic and involves a part of uncertainty,
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a large enough number of these profiles needs to be generated and used as inputs of the
optimisation algorithm, in this case, one profile per future fast charging station. The
resulting largest battery can then be considered satisfying in most cases.

The different technical parameters of a lithium-ion battery used here are shown in table
3.1. The same fast charger efficiency of 95% as in the case without batteries is used [18].

Battery one-way Depth of Power electronics Initial
efficiency [%] discharge [%] one-way efficiency [%] SOC [%]
90 80 95 50

Table 3.1: Battery and power electronics parameters [19]

The charging power is limited to 800kVA as it is the transformer’s rating used to supply
the existing fast charging station and will be used for future ones. Therefore, the goal is
to reduce this number. The battery’s capacity upper bound is set to 5,000kWh due to the
size of the distribution grid.

The battery’s operational principle is that it supplies power to the fast charger when the
demand is higher than its maximal charging power from the grid. Otherwise, the power is
directly supplied from the grid to the fast charger to avoid losses and unnecessary battery
usage. E.g., if the battery has a maximum charging power from the grid of 100kW and
the fast charger demand is 50kW, then this power is directly supplied from the grid and
the battery can charge up to 50kW. If the fast charger demand is 150kW, then 100kW will
be supplied from the grid and 50kW from the battery.

The resulting optimisation problem is the following, given:

o T: Total number of timesteps (a 15-minute resolution, so 35,040 timesteps per year.
This resolution is also the reason why the charging and discharging power are divided
by four to get energy values),

o Pcharged, max: Maximum power charged (supplied to the battery) across all timesteps
in kW,

e Piax: Maximum charging power of 800kW,

e Q: Battery capacity in kWh,

o Quax: Maximum capacity of 5,000kWh,

o wp: Weight on the charging power between 0.1 and 0.9,

e wq: Weight on the capacity, complementary to the one on the charging power,
between 0.1 and 0.9,

e Pcharged, +: Power charged (supplied to the battery) at timestep ¢ in kW,

o Pdischarged, +: Power discharged (supplied to the fast charger) at timestep ¢ in kW,
e SOC;: Battery state of charge at timestep ¢ in kW,

e 1Mp: Battery one-way efficiency in percent,

* Tpe: Power electronics one-way efficiency in percent,

e Tf.: Fast charger efficiency in percent,
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e DOD: Maximum depth of discharge in percent.
Additionally, three variables help to constrain the charging power:

e b;: binary variable to indicate whether the fast charger demand is higher or lower
than the maximum charging power at timestep £,

e M: big-M variable to enforce conditional constraints,

e ¢: tolerance to simulate a strict inequality constraint.

. Pcharged max Q
min — ) -wp+ — W 3.7
Pcharged7 max> Q Pmax i max Q ( )
subject to
0< Pcharged, t < Pmax Vi= {1, ,T} (38)
0 <Q < Quax (3.9)
e = 0.0001 (3.10)
M= Qmax te€ (311)
Q- (1 -DOD) < SOC; < Q vi={1,..,T} (3.12)
P
P charged, max > % Ye-M-(1-b)  Vi={1,..,T} (3.13)
c
P i T
Pcharged7 max < W‘FM‘bt Vit= {1,,T} (314)
fc

bi=1 =

Pdischarged, t

Pcharged7 t < Pmax - Vit= {1, ,T} (315)

Nfc
Pohar . “MNpe
S0C; = 0.5 Q + — et b " Tip Vi={1} (3.16)
Pc arge ’ ’ e
S0C; = SOC;_ + —hereed LT T Vi={2..,T} (3.17)
bt =0 =
Pcharged, +=0 Vit= {1, ,T} (318)
Pdischar ed, t — Pmax
SOC; =0.5-Q — £ Vi={1 3.19
! Q 4'nb'npe'nfc {} ( )
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The objective function in equation 3.7 minimizes both the maximum charging power and
the capacity. Both terms are divided by their maximum value so that each parameter
ends up being a value without a unit between zero and one, allowing to sum them without
scaling issues, as the capacity tends to be a larger number than the charging power.
Weight parameters are also implemented in the objective functions to be able to change
the importance of each variable. The charging power at each timestep and the capacity
are constrained between zero and their upper bound values in equations 3.8 and 3.9. In
equations 3.10 and 3.11, the auxiliary variables are constrained to be just large enough
to trigger the state change of the binary variable b;. Equation 3.12 sets the constraint
for the SOC to always lay between the battery capacity and the capacity at the lowest
discharged point as specified by the depth of discharge parameter.
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The next two equations 3.13 and 3.14 are used as conditional statements to determine
the state of by. In 3.13, if the maximum charging power is greater or equal to the power
discharged, i.e. delivered to the fast charger, divided by its efficiency, then b; is set to
1. It means that the fast charger is not using all the grid connection power and that the
battery can charge with the remaining power. In 3.14, if the maximum charging power
is less or equal to the power discharged, then b, is set to 0. In that case, the demand at
the fast charger is higher than the power the grid connection can directly provide and the
battery needs to supply the missing power.

In the first case, the charging power of the battery is set to be less or equal to the difference
between the maximum power and power consumed by the fast charger in 3.15. Equations
3.16 and 3.17 update the SOC, with the first equation being used in the first timestep
where the SOC is initialised to 50% of the capacity and the second being used in all other
timesteps where the previous SOC is taken. Because it is a situation where the battery is
being charged, the SOC is increased with the charged power multiplied by the battery and
power electronics efficiency, representing the actual power stored in the battery, divided
by four due to the 15-minute resolution.

In the second case, the charged power is set to zero in equation 3.18 as more than the grid
connection power is required. Similarly to the previous case, the SOC is updated with
either the initial or the previous value in equations 3.19 and 3.20. The SOC decreases by
the difference between the power required by the fast charger and the power supplied by
the grid divided by the battery, power electronics and fast charger efficiencies as well as
four because of the time resolution.

3.3.2 Battery topology

Three different topology types are investigated to compare the additional thermal loading
and voltage issues minimisation the batteries can provide and their economic impacts.

Conventional-like topology

The first topology to be investigated is the one based on the way fast charging stations are
conventionally connected to the grid as described in section 3.2.3. In this configuration, the
closest transformer station to each new fast charging station is identified through a nearest
neighbour analysis in the QGIS software. The pandapower net object is then updated and
a 10kV cable is installed from the high voltage (HV) bus of the closest transformer station
to the bus to which both the battery and the fast charging stations are connected. This
configuration implies the use of 10kV power electronics.
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Figure 3.2: Battery connection under the conventional-like topology configuration

In this configuration, additionally to supplying energy to the fast charging station, the
battery can contribute to reducing the loading in the upstream medium voltage (MV)
cables, marked in red in figure 3.2. For this purpose, every MV cable connected between
the primary substation and the battery is identified in a graph algorithm and their thermal
loading is tracked during the simulation to identify overloads.

Transformer LV-side topology

50/10kV
10/0.4kV

10/0.4kV

10/0.4kV
HO i

— all "I

Figure 3.3: Battery connection under the transformer LV-side topology configuration

Fast charger

This topology is identical to the previous one, with the exception that instead of connecting
the battery and fast charging station to the HV bus of the closest transformer station,
the low voltage (LV) bus is chosen. This allows the use of LV power electronics and the
battery can not only target thermal overloads in the upstream MV cables but also the
ones happening at the secondary station, marked in red in figure 3.3. Since voltage issues
are mostly present in the LV grid, the battery controller will be extended with a reactive
power droop controller to mitigate voltage issues at the connected cabinets.
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Figure 3.4: Battery connection under the LV topology configuration

The last topology configuration is different in the sense that it targets a larger grid area.
Instead of connecting the battery to the closest transformer station, it is connected to the
closest cabinet. Additionally to the support the battery can provide in terms of thermal
overload mitigation to the upstream MV cables and secondary substation, all the LV
cables between the substation and the battery get supported, as marked in red in figure
3.4. A reactive power controller will also be used to reduce voltage issues at the connected
cabinets.

3.3.3 Pandapower implementation

To implement the different battery control strategies based on the grid state, a controller
with three different objectives is implemented. The controller first runs a power flow with
all battery setpoints (active and reactive power) set to zero. The state of the grid is
then analysed and if issues are identified, the active and reactive power controllers take
action. A maximum number of 10 iterations per timestep is set. Because the controller is
not always able to converge (i.e. not solve all loading and voltage issues), the simulation
needs to be carried on to the next timestep independently of the results. In this case, the
setpoints of the last iteration are taken.

For both active and reactive power controllers, it is important to note that due to the
iteration principles, the changed power outputs are summed to the previous iteration. I.e.
if the battery’s output is not enough to solve an issue in the first iteration, in the second
one the updated grid value is the controller input and the power output is summed to the
one of the previous iteration.

Active power controller

For each battery, all the assets on which it can have an influence are monitored during
the simulation based on the previously presented topologies. If one of these assets violates
the thermal loading constraints defined in table 3.6, the battery active power output will
be recalculated based on the following formula:
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(3.21)

Liimit - Pa, max n
Pb, new — Pb, old — (Pa, max — :

Limax b * Mpe * Ng
with:

o Py, new: Updated battery setpoint in kW,

o Py, o1q: Previous battery setpoint in kW,

e P, max: Active power flowing through the asset with the highest loading in kW,

e Lijmit: Thermal loading limit of the asset in percent,

e Ljax: Thermal loading of the most loaded asset in percent,

e n: Number of batteries connected to that asset,

e 1: Battery efficiency in percent,

* Tpe: Power electronics efficiency in percent,

e Mg Grid efficiency, assumed at 90% to take into account losses of the different assets.

The power flowing through the asset can either be positive (i.e. from the primary substa-
tion to the cabinets) or negative (the other way around). As in the pandapower convention,
positive power at a battery means charging and negative discharging, in the first case the
updated battery setpoint will be positive and smaller or negative and larger than the origi-
nal setpoint. In the second case (a PV injection larger than the consumption), the updated
battery setpoint will be positive and larger or negative and smaller than the original one.

Reactive power controller

To control the battery’s reactive power output, the voltage is calculated at each cabinet
connected below the battery. These voltage values are used as the input for a droop
controller that will inject reactive power into the grid in the case of an overvoltage and
consume some in the case of an undervoltage. The droop curve characteristics are shown
in figure 3.5, with a deadband between a voltage of 0.99 and 1.01.

A
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50

0.90 .99 1.01 1.05

Voltage [p.u.]

Reactive power [kVAr]

Figure 3.5: Reactive power droop curve
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This tight deadband is justified as the voltage limits specified in table 3.6 lay at 0.95 p.u.
and 1.025 p.u. Deadband values closer to these limits would make the controller bring
the voltage back close to these values but never within. An additional control structure
is a conditional statement where this controller is only triggered if the voltage values lay
outside of the limits of 0.95 and 1.025. This is implemented to reduce simulation runtime,
as the tight deadband limits would otherwise trigger the controller frequently, increasing
simulation time up to 10 times.

SOC controller

( Start )

last _time step
last soc.percent
p-battery kw

last_time step = None

last_soc_percent = soc.min_percent
& p.battery kw < 0

last soc.percent = soc.max.peroent

& p battery kw > 0 )

v

soc.percent = soc.min_percent

e p-battery kw < 0

soc_percent = soC_max._percent
p-battery kw =0

p%.m - p-battery kw > 0
e
capacity battery kwh

soc._percent = last_soc_percent +
pbattery kw-ny -y

soc.percent = last soc.percent + ————4——
last soc.percent > soc.min_percent ) = capacity battery kwh

& soc_percent < soc.min_percent l

l last soc.percent < soc.max_percent
soc.percent = soc.min_percent > Tou

el ity.battery Jwh & soc.percent > soc.max.percent
+(last_soc_percent — soc.min.percent) - ny - fpe

p-battery = 4 - capacity_battery kwh
+(last soc.percent — soc.min.percent) - 1y, - e

I

Figure 3.6: Battery SOC controller

After the active power setpoint of the battery is set, the state-of-charge (SOC) controller
needs to make sure that the requested power can be delivered or charged. Even if pan-
dapower offers a range of time series simulation functions that are used here, no battery
or SOC controller is integrated with the main Python package. This is outlined as: ”As
pandapower is not a time dependend [sic] simulation tool and there is no time domain
parameter in default power flow calculations, the state of charge (SOC) is not updated
during any power flow calculation.” [17]. A battery controller is proposed in a pandapower
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tutorial [17]. This Python class updates the battery’s SOC by taking the SOC at the
previous timestep and calculating based on the current power. However, no constraints
that would actually limit the SOC are enforced, so the proposed controller is extended
using the algorithm displayed in figure 3.6.

3.4 Cost comparison model

To compare the costs of conventional and battery-based grid upgrades, the capital ex-
penditures (CAPEX) of assets will be the main component. The price of cables and
transformers is fixed at the values described in tables 3.8, 3.9 and 3.10, and the price of
the battery will be dependent on its size and installation year as specified in section 3.5.9.

Additionally to CAPEX, the lifetime is an important factor. For this, a transformer
lifetime of 45 years and a battery lifetime of 20 years are chosen [20], where the transformer
lifetime is based on how DSOs in Denmark depreciate their assets [21], and the battery
lifetime based on an 80% remaining state of health. Depending on the actual use of the
battery, an extended or reduced lifetime can or needs to be considered.

Operation and maintenance (O&M) costs are set at 2.6% of CAPEX costs per year for
transformer and 2.5% for batteries [20, 22].

Finally, losses are the last component of the price comparison. The losses through the
transformer are calculated by pandapower and the ones through the battery will be com-
posed of a 95% power electronics and a 90% battery efficiency [18, 19]. This energy will be
multiplied by the average day-ahead spot price for the DK2 bidding zone in 2021, 653.78
DKK/MWh [23]. The resulting formula is the following:

35,040

C
P= % + Coaprex - O + Z El’ + Cal (3.22)
t=0

with P the asset price in DKK/year, Coapgx CAPEX costs in DKK, L lifetime in years,
O the share of O&M costs from the CAPEX costs in percent, E; ; the energy losses per
timestamp in MWh and Cg the electricity spot price in DKK/MWh.

In a second iteration, the previous formula will be extended to eventual savings on other
assets. If the batteries can be used to differ other investments that are not related to fast
charging stations, the prices of these cables and transformers will be considered and the
updated formula for the battery will then be:

C o 35,040
_ CcapreEx n_ Ycapex )
P—=—5—+Coapex O — —— + g Ep - Cel (3.23)
with C’capex the CAPEX costs of assets that don’t require an investment anymore in
DKK and L’ their lifetime in years.

When comparing asset costs between the power flows with and without batteries, the losses
across the existing transformers to which the batteries are connected are also considered
and added to the batteries’ costs. The updated formula is then:

35,040
PP=P+ Z (El w/ battery, t — El w/o battery, t) - Cel (324)
t=0
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with Ej y/ pattery, ¢ transformer losses per timestamp with battery, and Ej y /o vattery, ¢
without battery, both in MWh.

The cost comparison of transformers or batteries only considers the costs of these assets,
i.e. without building or secondary equipment-related costs (such as switches, breakers,
ventilation systems e.g.). This underestimation of the total costs is assumed to not impact
the comparison since the same costs are omitted for both transformers and batteries.

3.5 Input data

This section lists and presents the input data for the model: EV and other DERs pene-
tration and load profiles, fast charging behaviour and characteristics, economic data and
grid components information.

3.5.1 Geographical scope

The area supplied by NKE-Elnet A/S is shown on the map in figure 3.7 with the admin-
istrative boundaries of Neestved municipality [24] and Naestved town (postal code 4700)
[25]. Because statistical data is not available for the exact area within NKE-Elnet’s but
usually either for Naestved municipality or Neestved town, some assumptions will be made.
These will be specified in the following section.

[ Grid area
Nzestved town
[ Naestved municipality

Figure 3.7: Geographical boundaries and scope of the analysis

3.5.2 EV penetration

The number of electric vehicles in the future is estimated based on the total number of
vehicles expected combined with the current government’s goal of making Denmark COs9
neutral by 2045 [26]. It is expected that, by this date, 100% of vehicles will be electric.

The future number of overall vehicles is based on a linear extrapolation model based on
historical data gathered on the Bilstatistik portal, collecting the import statistics from all
car manufacturers [27]. The resulting graphs for Denmark and the grid area are shown in
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figure 3.8. It is assumed that the number of cars will develop in a similar way in Naestved
town as in the rest of Denmark and that the grid area contains 56% of the town’s cars.
This is based on the neighbourhoods of Appenss, Lille Naestved, Holsted and Ny Holsted
being not part of the grid area, and their total population in 2023 is estimated at 25,000
people based on their surface and the surface of the similar town of Fensmark [28]. With
a total population in Nastved town of 44,996, this results in a 56% share. Even if most of
the population growth will probably take place by building new neighbourhoods outside
of the city’s current borders, transformations of areas such as those proposed in communal
development plans will still bring population growth within the grid area’s boundaries [29,
30].
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Figure 3.8: Evolution of the number of cars in Denmark and the grid area
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Figure 3.9: Evolution of the number of electric vehicles in Denmark and the grid area
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The potential of hydrogen vehicles is neither investigated nor taken into account. The
historic number of EVs is retrieved from the Bilstatistik portal [27]. By 2030, 1.2 million
EVs are expected to be driving on Denmark’s roads [31]. Between 2024 and 2030 and
2030 and 2045, the car numbers are interpolated to fit the expected rate of penetration of
electric vehicles. The resulting graphs display the expected number of EVs in Denmark
and in the grid area in figure 3.9. The evolution of the number of EVs in Naestved town
follows the same trend as in Denmark.

The number of EVs is in the same order of magnitude as the latest numbers published
by Energistyrelsen (the Danish Energy Agency) [32]. The published number is an energy
amount for electric mobility and with the average EV efficiency described in section 3.5.4
and an average distance of 47km/car/day [31], 3.345 million EVs are expected in 2045 by
Energistyrelsen versus 3.649 million calculated here, an 8% relative difference.

3.5.3 Fast charging station penetration and distribution
In this analysis, fast charging will be defined as charging taking place with a capacity
above 50kW.

As of September 2023, two fast charging stations are already installed in the grid area:
one with four charging spots of 300kW each placed at a gas station and one with two spots
of 225kW on a public parking [33].

The number of required fast charging stations in the future is derived from DTU’s and
Danske E-Mobilitet’s charge point calculator introduced in [31]. As most of the area of
Nasstved municipality is a rural area and Naestved town concentrates around half of the
population, it is assumed that 75% of these fast charging stations will be placed in NKE-
Elnet’s grid area. The standard parameters of the charge point calculator are used, the
only change is regarding the share of energy charged at fast charging stations, which is
set at 10.31% based on the data discussed in section 3.5.5. The resulting evolution of the
number of fast charging stations for Denmark and the grid area is shown in the graphs in
figure 3.10. By 2045, it is expected to have 29 fast charging stations installed in the area.
Considering the two existing stations, it means that 27 new ones will be installed [33].
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Figure 3.10: Evolution of the number of fast charging stations in Denmark and the grid
area
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Regarding the geographical distribution of these fast charging stations, the following
method is applied. First, historical traffic data is collected as the number of cars per
day measured at different locations by the Danish Road Directorate [34]. This data is
used as an input in the QGIS software and a geographical interpolation is realised to
estimate the traffic between two measurement points (shown in figure A.1). Then, points
of interest susceptible to attracting people are collected from OpenStreetMap data [35].
These points include e.g. sports facilities, supermarkets, cinemas, restaurants and cafes,
and other stores. Additionally, gas stations are located [36]. Finally, public parking
locations are downloaded from [37]. These locations are shown in figure A.2.

e Existing fast charging stations

o — : ® Future fast charging stations
[ Grid area

Figure 3.11: Geographical distribution of fast charging stations in the grid area in 2045

It is assumed that gas stations would be the first infrastructure providers to install fast
charging stations to sustain their business model. Based on this assumption, fast charging
stations are first placed on these points based on the penetration rate. For the remaining
stations, the following approach using QGIS functions is used. On each public parking, a
random point is placed. For each point, a weight factor is calculated based on the distance
to a point of interest and the traffic intensity. The distance from the parking point to the
closest point of interest lies between 33 and 511 meters, while the traffic data indicates
between 256 and 12,756 cars per day depending on the closest measurement point. The
resulting weight factor is calculated using the following formulas:

we L dmax=d 1 Dmax—n (3.25)
2 dmax 2 Nmax
20 Techno-economic comparison of grid reinforcement and

battery-buffered electric vehicle fast charging stations



with w being the weight, d the distance of each potential location to the closest fast
charging station and dpax the maximum distance of 511 meters, n the number of cars
and npay the maximum number of 12,756 cars. The resulting points and factors (shown
in figure A.3) are then exported and further processed in a Python script. There, for
each year, locations are selected stochasticly based on their weight and the number of new
fast charging stations that year. The remaining potential locations are then negatively
weighted based on the inverse of their average distance to other fast charging stations,
and a calculation for the next year is run. The updated weight equation is the following:

1
d dmin

1
3 dmax - drnin

w==-w + (3.26)

2
3
with w’ the update weight, w the weight calculated in equation 3.25, d the distance of
every potential location to the closest fast charging station, dpyax and dyin the maximum
and minimum distances to an existing fast charging station in that year’s iteration.

The resulting locations of fast charging stations in 2045 are shown on the map in figure
3.11.

3.5.4 EV characteristics

The electric vehicle battery sizes and maximal charging power capacities are important
factors impacting fast charging. In figure 3.12, the evolution of battery size based on the
80% most possessed models in Nzestved town is plotted over time, based on EV models
from [27] and battery capacity from [38]. It can be seen that the size of batteries tends
to increase, with models with less than 30kWh capacity being replaced with models in
the (50-70)kWh range, while the share of models with a battery larger than 70kWh stays
relatively constant. The average battery capacity grew from 50 to 65kWh between 2019
and 2023.
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Figure 3.12: Distribution of EV battery size based on the 80% most possessed models in
Neestved town

This trend can, however, not be assumed to continue in the future. When looking at the
distribution of the category of cars possessed, EVs are not representative of all other fossil-
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fuel types, as shown in figure 3.13 [27]. Cars in the small and micro categories represent
constantly around 58% of 80% of the most possessed car models (excluding EVs), whereas
they are disappearing from EVs. On the other side, more than 80% of 80% of the most
possessed EV models are large, medium SUV or large SUV cars, whereas this category
only accounts for less than 20% of all other cars.
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Figure 3.13: Distribution of car categories based on the 80% most possessed models in
Neestved town

The historic evolution is mostly due to the fact that a majority of premium and high-end
EVs have been put on the market, yet not a large number of models to replace small
and micro cars has been offered to this day [27]. Based on this, it will be assumed for
future scenarios that the share of vehicles with a smaller battery will increase. The future
distribution of battery sizes is shown in table 3.2.

Battery capacity [kWh] Share of EVs [%]

(30, 50] 58
(50, 70] 21
(70, 100] 21

Table 3.2: Battery size distribution for future scenarios

Driving efficiency is an important factor in estimating the required charging energy based
on the number of kilometres driven. The evolution based on the 80% most possessed
models in Naestved town is plotted over time in figure 3.14 [27, 38]. It can be observed
that due to larger and heavier EVs (partly because of batteries with higher capacity), the
consumption increases over time, from an average of 161Wh/km in 2019 up to 175Wh/km

in 2023.
For future scenarios, a constant energy consumption of 175Wh/km will be used under the

assumption that the increasing weight of EVs in the near future will be compensated by
technical improvements and the medium to long-term development of small EVs.
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Figure 3.14: Distribution of EV energy consumption based on the 80% most possessed
models in Naestved town

3.5.5 Usage of fast charging stations

Share of energy charged at fast charging stations

The usage of fast charging stations outside of its very specific application during a longer
trip that can’t be fulfilled with one battery charge is mostly dependent on battery size and
private charging access, as demonstrated in [39]. The authors show that over the course of
a day when comparing different charging types, fast charging never reached far above 10%
of all charging types (including home, public, semi-public, work and fast charging). They
also demonstrated an inverse relationship where the larger the battery size, the less energy
was charged at a fast charging station. Moreover, car owners without private charging
access were prone to use fast charging stations twice as much in comparison to owners
with private charging access. In table 3.3, the share of energy charged at a fast charging
station per month that will be used is shown [39], based on the distribution of battery
sizes shown in section 3.5.4.

Share of energy at fast charging

Battery capacity [KWh] stations per month [%)]

(30, 50] 13.0
(50, 70] 6.9
(70, 100] 6.3

Average based on
battery size distribution

Table 3.3: Distribution of the share of energy charged at fast charging station based on
battery size

10.31

Usage of fast charging stations from non-residents

Regarding estimating the number of EVs charging in the grid area that are not regis-
tered in Naestved, the following approach is used. From tourism-related documents, the
following information has been extracted and translated: "The tourism that exists [...] is
characterised by a large number of day tourists who come to Neestved to make use of the
city’s many shopping opportunities and other offers.” and ”"In the vision for the future
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tourism efforts |[..], the overall message is that tourism in Naestved must build on the mu-
nicipality’s existing place-based qualities and development potential - the unique nature,
living cultural history and many events and shopping opportunities in Naestved town.”
[40].

It will be assumed in the following that these day tourists are a target group for fast
charging stations. From a survey performed in 2012, numerical data regarding this number
of day tourists can be used for further analyses [41]. Over the course of three days,
the number of people in Naestved’s town centre was counted at six different locations.
Additionally, questions were asked to a selection of these people to determine where they
were coming from e.g. The key findings from this survey are that 20% were coming from
outside Naestved town, that 52% came by car and 86% of these parked inside an area
described as the "City Ring”, which will be assumed to be similar to the grid area. A
map showing the origin of day tourists is shown in figure B.1. The aggregated number of
people is listed in table 3.4.

Day Hours Number of people

Thursday  12-18 18,235
Friday 12-18 25,197
Saturday  10-14 17,367

Table 3.4: Number of people monitored in Neaestved’s city centre in 2012

To estimate the number of people today and in the future over a whole week, the following
approach is used. First, it is assumed that the number of people in this survey followed
the historical and will follow the future population development of Denmark. It is also
assumed that 90% of the 20% of people coming from outside Neaestved town are coming
by car and that the rate of penetration of EVs in these areas is and will be similar to the
one in Naestved town. Then, the number of people based on the 2012 data is extrapolated
to represent a complete week as the following. Monday to Wednesday are assumed as
Thursday, with an additional 20% counting for people before 12:00 and after 18:00. Friday
is counted with an additional 40% for people before 12:00 and after 18:00. Saturday is
doubled for the 14:00-18:00 period and an additional 20% is added to that for people after
18:00. Sunday is counted like Friday before 18:00. The resulting numbers are shown in
table 3.5

Day Number of people
Monday - Thursday 21,882
Friday 35,275
Saturday 41,681
Sunday 30,236

Table 3.5: Number of people monitored in Nzaestveds city centre, corrected for an entire
week in 2012

It is further assumed that there are on average two people per car, that there is no seasonal
effect (the lower population during the summer due to holidays will be compensated by
tourists and bad weather in the winter is compensated by holidays and Christmas shop-
ping), and that the share of charging sessions at fast charging stations follows the data
presented in table 3.3. The resulting numbers of EVs coming outside from Naestved town
and charging at fast charging stations are shown in figure 3.15.
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Figure 3.15: Number of EVs coming outside of Naestved town and charging at fast charging
stations

3.5.6 Penetration of other DERs
EV home charging stations

_‘,\' ol Future EV home charging stations
L R [ Grid area

Figure 3.16: Geographical distribution of home charging stations in the grid area in 2045

The EV home charging stations are distributed by first identifying the areas with houses
with private parking spots [42]. From there, it is assumed that by 2045, all these houses
will be equipped with EV charging stations and two EVs per house. Following this, the
yearly new charging stations are stochastically distributed following the EV penetration
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curve presented in section 3.5.2. The resulting installations in 2045 are shown in figure
3.16.

EV private shared charging stations

With EV shared charging stations are meant buildings with multiple households having
access to private parking where not each spot is equipped with a charging station and
therefore this resource is shared between the users. To identify areas where this type of
charger will be placed, parking areas near larger residential buildings are identified [37,
42]. Then, the number of parking spots is estimated by assuming that 50% of each area
is available for parking and that each spot is 12.5m? [43]. The yearly number of charging
stations for each category is retrieved from DTU’s and Danske E-Mobilitet’s charge point
calculator [31]. These charging spots are then stochastically distributed on the available
parking spots. The resulting charging stations in 2045 are shown in figure 3.17.

0 750 1.500m ¢ Future EV private shared charging stations
[ e— [ Grid area

Figure 3.17: Geographical distribution of private shared charging stations in the grid area
in 2045

EV normal public and workplace charging stations

For the EV normal (in this case considered as not fast, i.e. below 50kW) public and
workplace charger distribution, the same approach as for private shared charging stations
is used due to the lack of data regarding the parking availability around workplaces. First,
all public parking areas close to areas of interest for the public or workplaces are identified
[37, 42]. From there, the same method as presented in the previous section for private
shared charging stations is applied. The resulting charging stations in 2045 are shown in
figure 3.18.
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Figure 3.18: Geographical distribution of normal public and workplace charging stations
in the grid area in 2045

Heat pumps

District heating is expected to play a major role in the heat supply of the grid area based
on the Heating Development Plan 2030 from Nzestved municipality [44]. 68% of the area
is currently covered by district heating and 18% has district heating potential that might
be connected until 2030. These areas are shown in figure C.1. With this data, under
the consideration that all the Danish heating system is supposed to be gas-free in 2035
[45] and the current heating system of buildings coming from the BBR (Bygnings- og
Boligregistret, Building and apartment register) [46], the following assumptions are made.

In areas with district heating, 1% of buildings that do not have a district heating connection
or a heat pump will choose a heat pump. In areas with district heating potential, 10% of
buildings will choose a heat pump, except for the industrial area located south of Neaestved,
where due to the proximity to a waste incineration facility, it is assumed that all buildings
will be connected to a local district heating grid. In areas without district heating, all the
buildings will choose a heat pump. The rate of penetration of heat pumps is set linearly
between 2024 and 2035, the buildings choosing a heat pump are assigned stochastically,
and the buildings with the current heating system information or coordinates missing are
ignored. The resulting future heat pump locations in 2045 are shown in figure 3.19.
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Figure 3.19: Geographical distribution of future heat pumps in the grid area in 2045

PV

In terms of the penetration of future PV installations, data for Denmark is first retrieved
from an analysis from the Danish Energy Agency, where 37,588MW are expected to be
installed in 2045 [32]. Based on production data from the Danish transmission system
operator (TSO) Energinet from 2022 [47] and power output from the Global Solar Atlas
[48], the installed capacity at that time for Naestved municipality was 60MW. The fu-
ture numbers for Naestved municipality are then calculated based on the 2022 installed
capacity in Denmark versus in Naestved municipality. Following solar park projects in
Neastved municipality and the official development plan, it is assumed that 10% of the
future capacity will be installed in the grid area, resulting in a capacity of 7T3MW in 2045
[49, 50]. The PV capacity evolution is shown in figure C.2.

Based on the building’s sizes [51], it is assumed that buildings with an area of more than
7,000m? are commercial or industrial. The minimum solar installation size is set at 4kWp
and with an average power density of 205Wp/m?, it is therefore assumed that buildings
with an area below 80m? will not qualify for an installation [52]. Finally, the available area
for solar cells is calculated for every building, using 62.5% of the roof area for commercial
and industrial buildings and 24.5% for residential ones [53].

This data is used as input for a Python algorithm and for each year, based on the newly
connected PV capacity, a stochastic number of buildings are selected until the capacity
is reached. A linear penetration rate between 2023 and 2045 is assumed. The resulting
installations in 2045 are shown in figure 3.20.
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Figure 3.20: Geographical distribution of future PV installations in the grid area in 2045

3.5.7 Load profiles

For all the load profiles presented in this section (except the fast charging station ones),
after the first processing step, the same method is used. The profiles retrieved from
literature or data from Utiligize cover one or two years, in a 15-minute to 1-hour resolution,
with the hourly one linearly interpolated into 15-minute steps. The resulting profiles are
then split into weeks which are then clustered based on the seasonal behaviour, using
Python’s statsmodels library [54]. This creates, for each season, a dozen profiles that will
be used stochastically to add uncertainty to the model and a closer-to-real-life behaviour
instead of one identical profile for each DER.

EV fast charging stations

The EV fast charging station load profiles are generated using a Monte Carlo simulation
based on parameters that are published in the literature [3, 55]. These parameters, shown
in figure 3.21, observed at fast charging stations, give a probability distribution over the
arrival time, connection time, and charged energy. The charging power is given by dividing
the charged energy by the connection time.

Techno-economic comparison of grid reinforcement and 29
battery-buffered electric vehicle fast charging stations



—

o

00 0L 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Arrival time [h]

Probability (%)

N

——

Probability (%]

0 20 10 60 80
Charging duration [min]

o
—

(=]
———

Probability (%]

0 10 20 30 40 50 60
Charged energy [kWh]

Figure 3.21: Fast charging profile parameters

To avoid generating unrealistic profiles (i.e. where the charged energy would be higher
than the battery’s capacity), for each charging session a battery capacity based on the
distribution presented in table 3.2 and in section 3.5.4 is selected and set as a limit.
Additionally, the SOC before the charging cycle is calculated with the following equation:

SOC = random(C — E) (3.27)

With random a function picking a number between zero and the specified upper limit
between brackets, C the battery capacity and E the charged energy, both in kWh. If the
sum of the SOC before charging and the charged energy is above 80% of the capacity, then
the charging session is split and the energy above 80% is charged at a 5kW power [15]. Ad-
ditionally, the maximum fast charging power is set based on the previously chosen battery
size. For the 80% most possessed electric vehicles in Naestved in 2023, the maximum fast
charging speed is collected [27, 38]. The battery size of these vehicles is then clustered in
three categories and for the battery size selected for each charging session, a maximum fast
charging speed in this category is selected stochastically. These numbers can be found in
table D.1. A final constraint is implemented to limit the number of simultaneous charging
sessions. It is assumed that four charging spots are available per station, i.e. no more
than four simultaneous charging sessions can take place.

The number of profiles generated varies each year based on the EV penetration and the
share of charging sessions performed at a fast charging station as described in section 3.5.5.

To assess that the probability profiles from the literature shown in figure 3.21 are repre-
sentative of the use-case behaviour, they are compared with available charging data from
one of the currently two installed fast charging stations in the grid area. The data used
was collected between June 11, 2023 and January 10*®, 2024. The smart meter data,
available in 15-minute resolution, is disaggregated in single charging sessions by identifying
each peak and extracting the charging session start time, duration and charged energy.
The results are shown in figure 3.22, where the mean relative error between the literature
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and the observed arrival time is 3.9%. Differences in the charging duration can be ex-
plained by the time resolution of the measurements of 15 minutes being less precise than
the minute resolution in the literature, as well as the disaggregation method employed.
The observation curve skewed to longer durations might also indicate EVs with larger
batteries in the grid area than in the literature. The more evenly distributed charged
energy in the observation could be explained by EVs with a higher driving consumption
(since the data is from 2019 and this number has been increasing since) or larger EVs due
to geographical differences (the data is from the Netherlands).
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Figure 3.22: Fast charging profile parameters, literature vs. observation

EV home and private shared charging stations

Cluster 1 - Fall

Cluster 2 - Winter

= 0}

24

)

g 5

o

oW

0t " A, "
(=4 [=3 (=3 f=3 =3 =3 =3 =3 (=1 = (=3 =3 [=3 f=3
S S S S S S S S S S S S S S
8 g 8 g g 8 g = g 8 g &8 8 =8
g R zZ E =2 E g ER- I & K E
= = = E s @ = & = & I
Cluster 3 - Spring Cluster 4 - Summer

= 10} = 10t

=5 =3

8 8

£ Of z 5

o o

Al A

(1S : : n 0F ¢ : :
g 8 8 8 8 & 8 g 8 8 8 & & 8
8 g 8 g g8 8 g = g8 g g 8 8 8
5 2 : E 3 = E : I 2 EF 3 £
: & £ £ = & 3 =S & 2 E = & 2
Figure 3.23: Clustered EV home and private shared charging profiles
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For the home and private shared charging stations, 11.2kW profiles from EV charging in
NKE-Elnet’s grid area are used. These profiles are identified using Utiligize’s EV charging
detection algorithm, and the base load power observed before charging is removed. The
resulting clustered profiles are shown in figure 3.23 and result from the observation of
45 cars over the course of a year. The data is available in a 1-hour resolution and is
interpolated linearly down to a 15-minute resolution. Due to the lack of data regarding
private shared charging, the same profiles are used.

EV workplace charging stations

The EV workplace charging data comes from a dataset published by NREL tracking 300
EVs over the course of four years [56]. The data selected is for 2018, the start and end
charging time as well as the max charging power are logged for most of the charging events.
For the missing entries, the arrival and departure times are used with a maximum charging
power of 3.6kW. This data is used to create load profiles with a 15-minute resolution under
the assumption that the vehicle charges at the maximum power during the whole event.
The resulting clustered profiles are shown in figure 3.24.
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Figure 3.24: Clustered EV workplace charging profiles

EV normal public charging stations

The EV normal public charging profiles are collected from a dataset from the Netherlands,
from the research centre ElaadNL [57]. This dataset registered 10,000 charging events in
2019. For each event, the transaction start time, the charge time, the total energy and
the maximum power are logged. These are used to create load profiles with a 15-minute
resolution under the assumption that the vehicle charges at the maximum power during
the whole event. The resulting clustered profiles are shown in figure 3.25.
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Figure 3.25: Clustered EV public charging profiles
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Figure 3.26: Clustered heat pump profiles

The heat pump profiles come from a dataset based on 38 single-family houses in the city of
Hamelin, Germany [58]. The profiles are available in a 15-minute resolution, the selected
year is 2019. To ensure that the meteorological conditions are similar to those in Neaestved,
the temperatures of these two locations are compared. The temperature time series for
Hamelin is also available in the dataset, the temperature from Neestved is retrieved from
the Danish Meteorological Institute [59]. Both temperatures follow the same trend and the
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mean relative error between the two locations over the year is 2.33%. Both temperature
time series are shown in figure D.1. From the 38 profiles, one average year profile is created
and split into weeks. The clustered profiles are shown in figure 3.26.

The average German single-family house is 157m? [60]. Because these heat pumps provide
only heating and not domestic hot water [58], for each building with a new heat pump,
the power will be scaled to the building’s area based on the information available from the
BBR [46].

PV

The PV load profiles are based on the total PV production in Denmark in 2022 provided
by Energinet [61]. The data, in hourly resolution, is linearly interpolated to a 15-minute
resolution. The data is then normalised to percent of the PV’s nominal power. Because
2022 was a year with a significant increase in PV capacity in the Danish grid with more
than 1GW being newly connected [62], it is scaled to 1,664MW being 100%, so that the

highest peak delivers 100% of the nominal power. The resulting graphs are shown in figure
3.27.
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Figure 3.27: Clustered PV profiles
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These profiles will then be individually scaled based on the size of each new PV installation

described in section 3.5.6. Unlike the other profiles, the same profile will be applied to all
installations in one simulation.

For each installation, an inverter efficiency of 97,2% is applied [63]. Regarding the fact
that not all installations are placed with a 180° orientation, a stochastic factor based on a
normal distribution function where the DC production is set at 100% for a 180° orientation

and drops to 75% towards a 90° and 270° orientation is also applied [48], following this
logic:

2
1 1 ({x—-100

3
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{f(x) if f(x) < 100, (3.29)
factor = :

100 — (f(x) — 100) otherwise. (3.30)
3.5.8 Thermal overload and voltage thresholds

The thresholds used for thermal overload and voltage violations are defined in table 3.6
and come from the TEGRA model developed by Green Power Denmark and are used by
DSOs across the country [64].

Loading [%] Voltage [p.u.]
Cables Transformers Lower bound Upper bound
voltage voltage
Medium voltage 70 90
Low voltage 90 110 0.95 1.025

Table 3.6: Loading and voltage thresholds

3.5.9 Economic data

Grid components
The grid component prices (here cables and transformers) are provided by Utiligize. They

are based on data from Danish regulatory bodies and DSOs. These are specified in tables
3.7, 3.8, 3.9 and 3.10.

Rating [kVA] 16,000 20,000 25,000
Price [kDKK] 7,200 8,625 9,940

Table 3.7: 50/10kV transformer prices

Rating [KVA] 250 400 600 800 1,000 1,200 2,000
Price [kDKK] 100 130 200 250 325 380 755

Table 3.8: 10/0.4kV transformer prices

Dimension [mm?] 95 120 150 240 300 400 500
Price [DKK/m] 1,800 1,840 1,830 2,000 2,100 2,150 2,300

Table 3.9: 10kV cables

Dimension [mm?] 95 120 150 240 300
Price [DKK/m] 465 495 530 620 680

Table 3.10: 0.4kV cables

Grid component age
The age of grid components plays a role in the replacement costs as their value is de-

preciated over time. Replacing an asset before its economic end-of-life induces therefore
additional costs to the grid operator. The economic lifetime of cables and transformers is
set to 45 years [21].
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The age distribution of assets is shown in figure 3.28. The age of 96% of all transformers
is available, the missing ones are estimated as the average of all transformer ages. No age
data for cables is available and therefore the age distribution of these assets is assumed
to be the same as the average Danish medium and low voltage grid as published by the
regulatory agency [65].
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Figure 3.28: Asset age distribution

The remaining value of each asset is calculated as:

remaining = T /1 A\ 31
Cromaining = (1 ) (3.31)

With Cremaining the remaining and Cpew the new asset costs in DKK, L the asset lifetime
and A the age at the replacement year both in years.

Batteries

Due to the technological improvements and the increasing scale of production of batteries,
these assets are expected to see their costs similarly decrease over the next decades as it
happened in the past. A starting price for 2022 of 1.056MDKK/MWh is used and three
price evolution profiles from NREL are used for future prices [20, 66].

These values are used as a benchmark when processing results and assessing the total
costs of a classic grid reinforcement with cables and transformers with higher ratings. The
different scenarios will be used for sensitivity analyses.
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3.5.10 Electric grid data
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Figure 3.30: Electric grid
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The electric grid data is provided by Utiligize in the form of a pandapower net object.
The raw data that is fed into the model is provided by NKE-Elnet and the transformation
steps from the raw data to the pandapower object are similar to the ones described in [67].

The grid of NKE-Elnet, shown in figure 3.30 starts at the connection points with the DSO
Cerius in the form of four 50/10kV transformer stations. The medium voltage grid, which
spreads over 110km is then connected by 186 10/0.4kV transformer stations to the low
voltage grid which has a total length of 158km. Grid data is available between the 2,700
cabinets and the house connections is not considered, so the individual smart meters are
aggregated on these cabinets.

The grid has a typical distribution grid layout in the sense that it is operated in a radial
way at both MV and LV levels.

3.5.11 Smart meter data

The smart meter data can be split into two different categories, due to the two types
of smart meters cohabitating. 18,522 meters are installed in total, with 18,303 with an
hourly resolution and 219 with a 15-minute time resolution. The smart meter values with
an hourly resolution are interpolated linearly to get a 15-minute resolution.

In 2022, the peak load in the system happened on January 10" at 17:00, with a value of
15.751MW.
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4 Results

4.1 Base power flow

When running the yearly power flow on the existing grid with the forecasted load and
PV production increase, the loading of assets increases steadily. Figure 4.1 displays that
the first transformer starts to be overloaded by the year 2028, and by 2045 30% of all
transformers experience an overload. The share of cables that experience an overload is
smaller but starts earlier. The first cable is overloaded in 2024 and by 2045 10% of all
cables experience an overload. A historic simulation based on the 2022 smart meter data
show that no thermal overloads are experienced in the grid that year.

§100’

n

3

= T5F

=

£

g‘:

Z 50f

-

&8

S

o 25t

-

)

=

“ 0

N % o © I~ 0 O O = &N M o o © I B D o o~ & M % a0
[ B ~° B~ N~ B~ B~ B -~ B~ B .~ B ~z~ S . BN .~ B ~r~ B ~~ N~ - B~ B I I - T B |
S © O O C© © © O © o © o ©o o o © © o o © o o o
[ B S D~ B B R R~ B L B B B B B S B B A A

Year

100+

x

e 1O

<

=2

g

o 50F

5]

o

3

= 25F

7]

0

N ¥ W QO I QO = & M T N QO I~ O = &N M I 0
A A A A A A A 9N 9 9O 99 /M N N N N NN = ¥ = = =
S & & & & & & & 8 & 8 & & &8 & & & o o s o o o
AN AN AN AN AN NN NN NN NN N NN NN N NN NN

Year

I Without thermal overload WM With thermal overload

Figure 4.1: Share of overloaded assets per year

Based on the loading distribution over different voltage levels shown in figure 4.2, it can
be noted that thermal overloads happen primarily at the low voltage level. Only 18 MV
cables are overloaded in 2045 and no MV transformer is, whereas most of the overloads
and the most severe ones happen at low voltage cables and transformers, with loadings up
to 800% for cables (with most of them laying below 200%) and 300% for transformers. It
can be deduced that the MV grid is dimensioned for a significantly higher capacity than
the LV grid.
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Figure 4.2: Distribution of asset loading in 2045

In terms of voltage issues, the situation is more critical than thermal overloads as shown
in figure 4.3. The historic power flow based on the 2022 smart meter data shows that no
issues were found for that year. Issues happen from 2024 on and the situation worsens
over the years until 70% of cabinets experience voltage issues by 2045.
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Figure 4.3: Share of cabinets with voltage violation per year

The distribution of this voltage by 2045 shown in figure 4.4 displays that undervoltages
spread over a larger range than overvoltages, with 99% of undervoltages laying between
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0.78 and 0.95 p.u. (range of 0.17 p.u.) and 99% of overvoltages between 1.025 and 1.116
p.u. (range of 0.089 p.u.). Only 1% of undervoltages and overvoltages happen respectively
below 0.8 p.u. and above 1.116 p.u.
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Figure 4.4: Distribution of minimum and maximum voltage at cabinets in 2045
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Figure 4.5: Minimum voltage drop plot from one primary substation in 2045
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Figure 4.5 gives a different overview of the minimum voltage in 2045 from the primary
substation experiencing the largest voltage drop. It can be observed that, similarly to
thermal overloads, most issues happen in the LV part of the grid. The voltage drop from
the primary substation to the last MV cable is 0.029 p.u., whereas it is 0.304 p.u. between
the secondary substation and the last LV cable where the largest drop happens, due to
higher currents. The most severe drop to 0.68 p.u., significantly superior to the other can
be explained by the large number of DERs connected between the secondary substation
and the last cabinet. 290 EV home chargers are connected to this feeder, whereas the
average one only has 41 connected.

In terms of maximum voltage as shown in figure 4.6 from the primary substation experi-
encing the largest voltage increase, similar observations as for the minimum voltage can
be made. Most issues happen in the LV part of the grid. Three feeders stand out with
voltages going up to more than 1.15 p.u. These feeders are marked by a combination of
a higher PV penetration and cables with a smaller dimension than the rest of the grid,
with from left to right 1,184kW, 1,996kW and 226kW installed vs. on average 333kW
per transformer station. The first feeder, with a lower installed capacity than the second
one, experiences a larger voltage increase due to the cable dimensions, being on average
100mm? in the first feeder vs. 150mm? in the second one. The larger voltage increase in
the third feeder over 1.15 p.u. can be explained by the cables with an average dimension
of 96mm? vs. 148mm? across the rest of the grid. The high PV penetration in the LV
part of the grid has an impact on the MV part of it as well, since a slight voltage increase
can be observed through MV cables the further away they are located from the primary
substation.
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Figure 4.6: Maximum voltage drop plot from one primary substation in 2045
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4.2 Power flow with conventional grid upgrade
Once the thermal overload-based upgrade has been applied, the loading across all assets
satisfies the overload limits, as shown in figure 4.7.
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Figure 4.7: Distribution of asset loading in 2045 after overload-related investments

The voltage issues are also mitigated, both due to the reactive power compensation by
the PV inverters and to the upgrade where cables with higher ratings also have lower
internal resistance, therefore solving some of the voltage issues and minimising overall
undervoltages and overvoltages. The voltage issues reduction is shown in table 4.1. The
overload-related investments reduce the number of cabinets experiencing undervoltages by
91% and overvoltages by 99.6%.

Cabinets with Cabinets with Average min Average max

undervoltage overvoltage  voltage [p.u.] voltage [p.u.]
_ Without 1225 1518 0.957 1.027
investments
With overload 109 6 0.972 1.001
investments

Table 4.1: Voltage comparison in 2045

Figure 4.8 displaying the minimum voltage situation shows a pattern where a voltage
increase can be observed both in some MV and LV parts of the grid. This is due to the
reactive power consumption at PV inverters. This outlines that the minimum voltage
situation doesn’t happen in all cases when the load is at its highest, which, in a residential
grid, is usually in the mornings and evenings when PV production is low or zero. In
this case, however, a PV production triggering a reactive power consumption happens
during the same time as the load is high, resulting in a minimum voltage situation with
an increase from the primary substation.
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Figure 4.8: Minimum voltage drop plot from one primary substation in 2045 after overload-
related investments

Figure 4.9 displays the maximum voltage situation, where only four feeders remain over
the maximum voltage limit.
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Figure 4.9: Maximum voltage drop plot from one primary substation in 2045 after
overload-related investments

Once the voltage issues-related upgrade is also applied to the grid, all voltage issues are
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solved. Cabinets experience both a minimum and a maximum voltage that satisfies the
limits, as outlined in figure 4.10.
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Figure 4.10: Distribution of minimum and maximum voltage at cabinets in 2045 after
overload and voltage-related investments

A similar image to 4.8 can be observed in 4.11 where a voltage increase is observed in a
minimum voltage situation. The cable upgrade, however, allows all cabinets to lay above
the minimum voltage limit by reducing the voltage drops in the LV part of the grid.
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Figure 4.11: Minimum voltage drop plot from one primary substation in 2045 after over-
load and voltage-related investments
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The cable upgrade also solves all issues in the maximum voltage situation, shown in table
4.12.
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Figure 4.12: Maximum voltage drop plot from one primary substation in 2045 after over-
load and voltage-related investments

In terms of upgrade costs, figure 4.13 shows that most of the replacement happen at the

LV level, corresponding to the experienced overload and voltage issues in the previous
section.
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46 Techno-economic comparison of grid reinforcement and

battery-buffered electric vehicle fast charging stations



Only LV transformers are upgraded, most of the upgraded cables are on the LV side as well
with only a few MV cables being upgraded towards the middle and end of the simulation.

Generally, fewer upgrades are required at the beginning of the simulation due to spare
capacity in the grid.
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Figure 4.14: Upgrade costs by replacement reason per year

In terms of the upgrade reason displayed in figure 4.14, it can be noted that most of the
costs (66%) for cable upgrades are related to solving voltage issues. This can be explained
by the need to install parallel cables in some situations to obtain an equivalent internal
resistance low enough to satisfy the voltage limits.

It has to be noted that figures displaying upgrade costs only take into account the costs
of solving thermal overloads and voltage issues. End-of-life and the resulting replacement

costs for assets not impacted to an extent where an upgrade is required due to the rollout
of DERs are neither considered nor plotted.

4.3 Power flow with fast charging stations

Connecting the fast charging stations to the grid results in loading and voltage changes at
the MV level. The MV transformers and cables get impacted while the LV part of the grid
is not due to the new fast charging stations being connected to new secondary substations
which are themselves connected to the HV side of existing ones.

Techno-economic comparison of grid reinforcement and 47
battery-buffered electric vehicle fast charging stations



Max loading [%]  Average loading [%)]
Primary Number of w/o fast with fast w/o fast with fast
Substation fast chargers chargers chargers chargers chargers

1 1 30.48 31.57 10.26 10.36
2 14 38.51 42.92 15.21 16.39
3 4 9.19 11.80 3.57 3.92
4 8 62.02 60.06 21.63 22.17

Table 4.2: Load change at primary substations due to fast charging stations in 2045

Since all four of the primary substations are modelled as 25MVA and their base thermal
loading (i.e. historical consumption and DER rollout) has enough remaining capacity to
accommodate for the additional loading, fast charging stations do not have a significant
negative impact as specified in table 4.2. The observed maximum loading increase for 2045
lays at 4.41%, representing 1.1MVA for the primary substation to which 14 fast charging
stations are connected. Interestingly, the maximum loading at the primary substation
number four decreased when installing fast charging stations. The time series show that
during the months with little to no sun, the loading at this primary substation shows an
increase, whereas it decreases when PV produces a larger amount of electricity. What is
happening is that the fast charging stations consume some of the locally produced PV
electricity, reducing the feeding back to higher voltage levels and therefore supporting the
grid at its highest loading.

Regarding MV cables, a more significant loading increase in comparison to primary substa-
tions is observed. Table 4.3 summarizes the average loading over all MV cables connecting
a primary substation with a fast charging station.

Max loading [%]  Average loading [%)]
w/o fast with fast w/o fast with fast
chargers chargers chargers chargers

55.83 70.73 23.66 32.35

Table 4.3: Average load across MV cables connected to fast charging stations in 2045

Overloads are identified at five MV cables. These cables connect a primary substation to
a fast charging station and usually experience a single or a few additional peaks due to
the combined power of multiple EVs charging at the same time. Figure 4.15 displays such
a situation where the power transmitted through a cable experiences a sharp peak at a
single timestamp due to 862kW being requested from the fast charging station.
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Figure 4.15: Cable loading comparison with and without fast charging station in 2045

In terms of voltage, a minimal decrease can be observed. When comparing the minimum
voltage at buses connected to a fast charging station in table 4.4, a voltage decrease
of 0.04% for the average minimum voltage and 0.22% for the average mean voltage is
observed. This decrease at the HV side of secondary transformers doesn’t trigger further
undervoltage issues in the LV part of the grid.

Min voltage [p.u.] Average voltage [p.u.]
w/o fast with fast w/o fast with fast
chargers chargers chargers chargers

0.9757 0.9753 0.9853 0.9831

Table 4.4: Average voltage across buses connected to fast charging stations in 2045

4.4 Power flow with fast charging stations and
conventional grid upgrade

In figure 4.16 is plotted the upgrade and extension costs for installing fast charging stations
in the grid. As outlined in the previous section, only a few MV cable sections need to
be upgraded towards the end of the simulation in 2038 due to thermal overloads caused
by the number of new fast charging stations and their utilisation due to the higher EV
penetration.

Most of the costs (91%) are related to installing the infrastructure, i.e. new transformer
station and their connection to the existing grid to accommodate for the fast charging
stations.
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Figure 4.16: Upgrade and extension costs by replacement reason and asset type per year

The grid upgrade on the previously overloaded MV cables removes the overload by reducing
the loading over these cables as specified in table 4.5.

Max loading [%)] Average loading [%)]
w/o investment w/ investment w/o investment w/ investment
70.73 68.00 32.35 32.08

Table 4.5: Average load across overloaded MV cables connecting to fast charging stations
in 2045

4.5 Battery sizing

The results of the optimisation algorithm presented in section 3.3.1 are shown in table
4.6. These results are based on the individually generated fast charging station profiles
and an equal weight factor of 0.5 on the maximum charging power and the capacity is
applied. It can be noted that the distribution between minimum and maximum charging
power and capacity are relatively spread out, with the minimum and maximum values
being respectively 64% and 146% of the mean value for the maximum charging power,
and similarly 70% and 154% for the capacity. The boxplots in figure 4.17 show the
median as the green line and the upper and lower whiskers represent the minimum and
maximum values. The standard deviation is 20.05kW for the maximum charging power
and 149.48kWh for the capacity.
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Fast Max charging Capacity Fast Max charging Capacity

charger power kW] [kWh] charger power kW] [kWh]
1 73.73 1,010.24 15 92.66 754.87
2 79.25 826.97 16 108.92 572.26
3 130.48 557.92 17 93.77 743.92
4 150.53 461.27 18 106.46 679.07
5 129.66 478.72 19 115.45 507.58
6 96.81 789.30 20 109.92 510.80
7 88.02 665.94 21 66.06 888.57
8 120.00 557.92 22 120.48 485.55
9 102.29 653.59 23 77.12 823.33
10 93.94 708.59 24 81.84 787.81
11 77.46 882.54 25 104.18 621.14
12 116.08 484.60 26 119.99 538.19
13 127.95 505.13 27 94.42 726.28
14 97.46 534.55

Table 4.6: Individual profiles battery sizes

80 100 120 140
Maximum charging power kW]

500 600 700 800 900 1000
Capacity [kWh]

Figure 4.17: Battery parameters distribution

To explain the differences between the different combinations of maximum charging power
and capacity, the section of the profiles of the battery with the largest capacity (FC-1)
and the one with the largest charging power (FC-4) where the SOC reaches the minimum
value are shown respectively in figures 4.18 and 4.19. The profile of FC-1 is characterised
by six medium charging peaks of around 250kW, followed by three large peaks of around
400kW, followed again by four medium peaks during the recharging phase. A total of
1.075MWh is consumed over a period of 15 hours, duration between the last SOC of 90%
and when the lower limit of 10% is reached. To minimise equally charging power and
capacity, the optimum combination tends therefore towards a larger capacity that can be
slowly recharged.
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Figure 4.18: Profile of FC-1 at the lowest SOC in 2045

Regarding the battery with the largest charging power, the profile from the fast charging
station shows one peak reaching 500kW with multiple charging sessions spreading over
1h30. These 350kWh require a much smaller capacity than in the previous case and the
relatively large charging power of 150.53kW is the optimum for minimising the battery
capacity at the same weight factor.
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Figure 4.19: Profile of FC-4 at the lowest SOC in 2045
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The larger the capacity, the smaller the maximum charging power requirement as the
graph in figure 4.20 where weight factors are applied on both capacity and maximum
charging power, starting with respectively 0.1 and 0.9 on the left of the x-axis and going
to 0.9 and 0.1 in 0.1 increments to the right of the x-axis.
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Figure 4.20: Individual profile battery sizes based on weight factors

4.6 Power flow with fast charging stations and
battery-based grid upgrade

Since the batteries dimensioned in the previous section are based on a unique load profile,
it means that they could not be able to provide support for a slightly different profile.
This is the reason why the optimisation algorithm is run with multiple profiles. To take
this uncertainty into account, one common size parameter needs to be chosen. In table
4.7 are shown power flow results based on which set of parameters are chosen.

Sizing based
on largest
charging power
and capacity

Sizing based Sizing based
on largest on largest
charging power capacity

Number of fast chargers
violating the grid 4 14 0
connection power
Number of timesteps
with violation
Maximum power
above grid connection 73.14 / 85 315.52 / 179 0
allowance [kW /%]
Mean power
above grid connection 12.19 / 14 6.28 / 4 0
allowance [kW /%]

Table 4.7: Battery sizing common parameters

6 30 0

By selecting the set of parameters with the largest charging power (i.e. 150.53kW &
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461.27kWh) or with the largest capacity (i.e. 73.73kW & 1,010.24kWh), thermal overloads
happen in the grid. Only taking the combination of both largest parameters (i.e. 150.53kW
& 1,010.24kWh) removes all of these overloads.

This over-dimensioning, however, results in low utilization of the battery’s capacities,
making the economic investment less interesting. Using the battery to provide other
services (deferral of investment in other assets for thermal overload or voltage issue reasons)
is required to minimise these investments. The SOC duration curve in figure 4.21 shows
the percentage of timestamps per year where the SOC is equal to or greater than a certain
value. For the combination of the largest charging power and capacity, no battery reaches
ever the lowest SOC of 10%. Across all batteries, the SOC never reaches below 35% and
it is 90% of the time above 85%.
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Figure 4.21: SOC duration curve without additional support in 2045

4.6.1 Conventional-like topology

For this topology, the power flow calculation is run on the grid before the investments
regarding overloads caused by fast charging stations. The installed batteries are used to
remove these overloads by compensating and injecting more power into the grid if required.
The batteries charge at the fixed power of 150.53kW as calculated in section 4.6 and inject
their power back if the demand at the fast charging station is above this power limit.

Fast charging station-caused thermal overloads

The results show that the overloads happening in the five MV cables after connecting fast
charging stations can be resolved by using the battery’s active power controller. Due to
the low number of newly overloaded assets and the low number of timestamps in which
these overloads happen, the batteries’ sizing gives enough spare capacity in addition to
supplying power to the fast charging stations.

The graph in figure 4.22 shows a section of the time series results of one of the overloaded
cables. It can be observed that during the highest peak resulting in an overload, the battery
provides 83% of the required power at the fast charging station and only 150.53kW comes
from the grid. This removes the overload and significantly decreases the peak loading.
After this peak, the cable loading is slightly higher in the situation with batteries than
without due to the recharging power being drawn from the grid.

54 Techno-economic comparison of grid reinforcement and
battery-buffered electric vehicle fast charging stations



3000 -

2000 ¢

Power [kW]

1000 +

Thu 11:30 Thu 13:30 Thu 15:30 Thu 17:30 Thu 19:30 Thu 21:30

—— Fast charger —— Battery Loading w/o battery —— Loading w/ battery —— Overload limit

Figure 4.22: fast charging station-related overloaded cable loading with and without bat-
tery in 2045

DER-caused thermal overloads
The installed batteries can also provide support to solve thermal loading issues for cables

that got overloaded due to the DER rollout and required an upgrade in the first iteration
described in section 4.2. To analyse this potential, a power flow is run on the original grid
without any investments at MV level and the battery controllers are set to adapt their
power setpoint based on the loading of the MV cables between the primary substations
and the batteries. The results in table 4.8 show that for the 18 secondary substations
to which batteries are connected (some stations have two to three batteries connected),
thermal overloads happen in the upstream cables at three stations and can be completely
removed for one station. The severity of overloads can be decreased for the two other
secondary substations, but the number of overloaded cables remains the same.

Without batteries With batteries
Transformer Thermal Average Thermal Average
station overloads overload [%] overloads overload [%]
1 14 19.00 14 12.57
13 4 15.43 0 -
14 11 21.18 11 15.87

Table 4.8: Number of MV cables with thermal overload issues per secondary substation
with a fast charging station

The reason why the number of overloaded cables can’t be decreased for the secondary
substations 1 and 14 is shown in figure 4.23. The overloaded cables upstream of these two
secondary substations connect a total of three fast charging stations. For visualisation
purposes, the sum of the fast charging stations and batteries power as well as the average
SOC are plotted. The time series section of one of the cables shows that it starts to be
overloaded and the batteries act in the expected manner by injecting more power into the
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grid. The cable loading is brought back to an acceptable level, until all three batteries
reach their minimum SOC, therefore not being able to support the grid anymore. At the
same time, there is a demand at two of the fast charging stations, resulting in an additional
overload. This situation happens multiple times over the year, resulting in an overall lower
number of overloaded timestamps (from 2.8% to 0.7% of the year) and a lower severity,
but still requiring a conventional cable upgrade.
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Figure 4.23: DER-related overloaded cable loading with and without battery in 2045

Figure 4.24 displays a time series section of the battery’s action on one of the overloaded
cables from secondary substation 13 where the issues are solved.
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Figure 4.24: DER-related overloaded cable loading with and without battery
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It can be observed that for the three overload peaks, the battery injects active power in the
grid that is not required by the fast charging station and is therefore directed at relieving
the cable loading. The other differences between the two cable time series are that neither
the battery nor the fast charging station is connected during the power flow resulting in
the orange curve.

In terms of battery utilisation, figure 4.25 shows the SOC duration curve of one of the
batteries providing additional support. This support results in a higher utilisation but
doesn’t have a major impact as the lowest SOC during the year drops from 44% to 40%.
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Figure 4.25: SOC duration curve for battery 1 with and without additional support under
the conventional-like topology in 2045

4.6.2 Transformer LV-side topology

In this topology, the power flow is run on the grid with overload-related but not voltage-
related investments due to the rollout of DERs. It is also to be noted that the reactive
power consumption from the PV inverters is set to zero and they operate at a unity power
factor. The reactive power controller is then used to inject or consume reactive power and
reduce voltage issues.

When connecting the batteries to the LV side of the closest existing secondary substation,
they cannot charge at the fixed rate of 150.53kW, or otherwise, they might induce over-
loads in the transformer. For this reason, if there are no overloads at a specific timestamp,
the smallest remaining grid capacity across all components between the primary substa-
tion and the fast charging station is calculated and sets the maximum charging power.
Similarly, batteries are not discharged at the power demand at the fast charging station
minus 150.53kW as it was the case in the previous topology, but they are discharged at
the required level to avoid thermal overloads in the upstream part of the grid. This re-
sults in varying battery utilisation based on the size and the base load of the secondary
substations as figure 4.26 shows. Three batteries reach the lowest SOC of 10% and are
active (i.e. have a SOC lower than 90%) during 72% of the year while 17 batteries are
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active less than 10% of the year. These three batteries are connected to a transformer that
experiences a high base load, and due to the charging power being distributed over three
batteries and three fast charging stations connected to the same secondary substation, the
batteries’ utilisation is high compared to the other ones.

SOC (%]

30 10 50 G0 70 80 90 100
Timestamps of the year %]

Figure 4.26: SOC duration curve under the transformer LV-side topology in 2045

With this topology, no additional thermal overloads are induced, especially at the existing
secondary substations where the fast charging stations are connected. These were not
upgraded due to the DER rollout either, so no additional active power support than the
one presented in the previous section is required. The overloads at MV cables that were
found due to the installation of fast charging stations are solved in the same manner
as presented in the previous section, however, the overloads that were induced by the
rollout of DERs cannot be solved anymore due to not enough remaining capacity at the
transformer to feed power back in the MV grid if required.

On the other side, reactive power support is provided due to voltage issues being identi-
fied in the LV feeders connected to the transformer stations. Table 4.9 lists the number of
cabinets for the four out of 18 secondary substations with a battery concerned with un-
dervoltage issues (after cable and transformer upgrades due to thermal overloads) before
and after the batteries’ installation.

Without batteries With batteries
Secondary Voltage Average Voltage Average
substation issues Vpi, [p.u.] issues Vi, [p.ou.]

1 2 0.946 0 -
2 2 0.946 0 -
8 7 0.942 0 -
12 6 0.944 0 -

Table 4.9: Voltage impact per secondary substation under the LV-side topology

The results show that the batteries can remove all remaining voltage issues.

The graphs in figure 4.27 show the voltage at one of the cabinets connected to secondary
substation 2, in purple before the battery is connected and in green after. Two fast charging
stations and batteries are connected to this substation, so their power is summed. A time
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series section where reactive power is used to solve voltage issues is shown. During the time
of the voltage drop, the batteries inject reactive power into the grid, therefore relieving
the situation and bringing the voltage back within authorised values.
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Figure 4.27: Voltage regulation through battery reactive power compensation

4.6.3 LV topology

Similar to the previous topology, a fixed charging power for the battery can’t be set due
to the variable remaining capacity through the grid. Connecting fast charging stations
down the LV feeder creates the issue that not enough remaining capacity is available in the
LV cables to charge the battery and therefore provide enough energy to the fast charging

station.

This battery topology is run on two different grids: one without any investments and one
with overload-related but not voltage-related investments. In both cases, reactive power
consumption from PV inverters is set to zero.

The results show that batteries and fast charging stations end up causing more thermal
overloads than the DER rollout in the grid without any investments. The remaining spare
capacity at LV level is not enough to accommodate for the additional load of the fast
charging station and the battery doesn’t get enough power to charge and support it. It
creates a larger number of thermal overloads both in LV cables and secondary substation
transformers which cannot be mitigated. In the thermal overload-related investment case,
the results are more mitigated and vary from battery to battery. Only four batteries do
not create additional overload when being connected. The remaining ones, in addition to
the overload-related upgrades due to the DER rollout, do require supplementary upgrades
to distribute the fast charging stations’ and batteries’ power.

One situation is shown in figure 4.28, where the loading of a transformer is shown in the
first graph additionally to the fast charging station time series. The section is from the
beginning of the simulation, where the SOC is initialised at 50%. The transformer has
a low loading, but LV cables don’t have enough spare capacity to charge the battery.
Therefore, the SOC often reaches its minimal value, resulting in transformer overloads.
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Figure 4.28: fast charging station-related overloaded transformer

Figure 4.29 displays an overview by showing the number of overloaded cables downstream
of a secondary substation where a fast charging station and battery are connected. Some of
the additional thermal overloads can also be partly explained by the larger and centralised
share of reactive power compensation by the batteries to mitigate voltage issues since no
reactive power from PV inverters or conventional upgrades mitigate these.
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Figure 4.29: Number of overloaded LV cables in 2045 with and without fast charging
stations in a grid without investments
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Figure 4.30 shows the situation regarding voltage issues, which is less critical than the
thermal overloads since only eight of the 27 batteries’ grids experience more voltage issues
than the original ones. In the case of nine batteries, voltage issues that happened in
the original grid can be solved by the battery, even when considering the additional fast
charging station load.
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Figure 4.30: Number of cabinets with voltage issues in 2045 with and without fast charging
stations in a grid without investments

The reason for the number of voltage issues increase compared to the original grid can be
explained through the example in figure 4.31.
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Figure 4.31: Voltage regulation through battery reactive power compensation
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The plot shows a time series section of the power output of battery 24 as well as the
voltage at two cabinets: cabinet 1, the purple curve, experiencing an overvoltage and
cabinet 2, the green curve, to which the battery is connected. In this case, an overvoltage
situation is identified in the grid. The battery starts to absorb reactive power to mitigate
it (dashed line in the second graph). However, the cabinet experiencing an overvoltage
is not the one to which the battery is connected but is placed in a different feeder. This
cabinet wasn’t experiencing voltage issues, but due to the reactive power absorption, the
voltage there starts to decrease and ends up laying below the lower voltage limit. The
undervoltage at the cabinet with the battery is, therefore, a consequence of the regulation
action. A different control strategy wouldn’t yield different results, since the root cause of
the induced undervoltage is the reactive power absorption location, which is dependent on
the battery, and not the way the reactive power is absorbed. A slightly different control
algorithm would be not to track the voltage at all cabinets in a grid but only at the one
to which the battery is connected or the ones in that feeder. In this case, the controller
would not react to the overvoltage at cabinet 1, therefore not changing the battery’s
reactive power output and inducing the undervoltage at cabinet 2. When running the
simulation with these parameters, however, no significant changes to the results presented
in figures 4.29 and 4.30 are observed.

This is not an issue in the previous topology since the batteries are connected to the
LV secondary substation bus, which typically has a more stable voltage than the one at
cabinets further downstream. In the previous topology, reactive power injection does not
cause issues at the transformer’s LV bus.

Due to the limited grid capacity at LV level, the batteries are significantly more utilised
than in the previous topologies. The SOC duration curve in figure 4.32 shows that a group
of six batteries reach the lowest SOC during 6% of the year and 8 other reach it at least
for one timestamp, resulting in the additional thermal overloads previously observed. The
higher utilisation has an impact on losses and therefore the economic assessment.
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Figure 4.32: SOC duration curve under the LV topology in 2045

4.7 Economic comparison

The cost of a transformer station to connect the fast charging station in a conventional
manner serves as the benchmark and is therefore identical across all battery topology
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options. The cost of connecting the fast charging station to the closest existing transformer
station HV side is the one of laying down a 10kV cable with a dimension of 150 mm?. The
total resulting costs per fast charging station are detailed in table 4.10, including CAPEX,
O&M costs for transformers, and calculated losses by pandapower. The costs are based
on constant CAPEX and O&M costs and varying losses based on utilisation.

. Yearly costs . Yearly costs . Yearly costs

Station [KDKK /year] Station [KDKK /year] Station [KDKK /year]
1 19.99 10 27.53 19 18.6
2 18.55 11 17.66 20 15.43
3 19.56 12 26.3 21 21.28
4 16.38 13 18.02 22 16.15
5 21.5 14 17.86 23 19.97
6 23.35 15 17.96 24 19.44
7 19.59 16 20.16 25 18.7
8 17.34 17 16.26 26 22.95
9 18.67 18 16.16 27 20.32

Table 4.10: Conventional connection costs of fast charging stations

All the battery prices used in this section follow the medium price development scenario
presented in figure 3.29.

4.7.1 Conventional-like topology

The costs of the batteries under the conventional-like topology are shown in table 4.11.
These costs are calculated as the batteries’ and cables’ CAPEX, O&M costs and losses,
minus the transformer costs of table 4.10 since they wouldn’t be required. Due to tech-
nology costs and higher losses, battery prices are between 212% and 491% more expensive
than a connection with transformers, except for battery 1 which benefits from additional
savings and is 113% more expensive. Generally, batteries’ costs tend to decrease over
time with the CAPEX and therefore O&M costs reduction. Variations between the years
depend on the batteries’ utilisation and the resulting losses.

Yearly costs Yearly costs Yearly costs

Battery [kDKK /year] Battery [kDKK /year] Battery [kDKK /year]
1 42.63 10 86.13 19 88.86
2 105.43 11 89.35 20 89.81
3 103.22 12 85.37 21 85.38
4 99.89 13 89.93 22 92.53
) 94.18 14 96.2 23 118.06
6 123.29 15 89.14 24 85.89
7 92.15 16 89.66 25 86.73
8 95.29 17 92.15 26 117.69
9 85.5 18 93.46 27 93.88

Table 4.11: Costs of batteries under the conventional-like topology

Since batteries are connected in the same way as a new transformer station would be, the
costs of cables are discarded in the following comparison.

It happens that battery 1 is the same unit that provides active power support to relieve
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the grid from thermal overloads caused by both the DER rollout and the fast charging
station connection. Therefore, its cost-benefit analysis (CBA) will benefit from both the
savings on the four MV cables that would have needed to be upgraded because of DERs
and the five MV cables because of the fast charging station connection.

Figure 4.33 shows the detailed breakdown of the cost-benefit analysis of battery 1 in the
form of a waterfall chart.
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Figure 4.33: CBA breakdown of battery 1 under the conventional-like topology

The first and second bars from the left show the cost breakdown of respectively transformer
and battery over CAPEX, O&M and losses. For the transformer, 37% of the yearly costs
are due to CAPEX, 43% to O&M and 20% to losses. For the battery, the same distribution
is respectively 34%, 18% and 48%. The third bar represents the potential savings with
the battery option. First, the transformer costs (left bar) would be completely avoided.
Second, the CAPEX costs over the lifetime of the in total nine MV cables not requiring
an upgrade since the battery would solve the thermal overloads would also be saved. The
battery costs minus the potential savings give the total battery costs. These savings help
the battery reduce its yearly costs by 65%, yet the transformer-based solution remains
66% cheaper than the battery one.

Regarding the cables where the average overload values are decreased but not solved, the
CBA of one of the three concerned batteries is shown in figure 4.34. In this case, the
overload reduction still requires the same upgrade, as the additional savings are equal to
the additional CAPEX, meaning that the cable costs saved on with the battery are equal
to the cable costs to solve remaining issues after the battery is installed. In this case,
the battery’s final costs only benefit from the transformer savings, representing a cost
reduction of 10% and leaving the transformer as an option 89% cheaper than the battery.
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Figure 4.34: CBA breakdown of battery 6 under the conventional-like topology

4.7.2 Transformer LV-side topology

For this topology and the following one, cable costs are included in the comparison. This
is because the transformer solution is connected to the existing grid with a 10kV 150 mm?
cable, while the batteries and the fast charging stations are connected to the LV part of
the grid, with a 300 mm? 0.4kV cable.

It is also to be noted that voltage issues are mitigated conventionally by reactive power
compensation from PV inverters (which solves 76% of issues) and through thermal overload-
caused upgrades (which solves 12% of issues). This reactive power compensation is as-
sumed here to have no costs and the costs induced by thermal overload-related investments
are not used as benchmarks since they only mitigate voltage issues as a consequence, not
a primary goal. Therefore, the economic benefit of the batteries might be underestimated
in that regard.

Due to the varying power output of the battery not based on a fixed rate but on the
thermal loading situation, the batteries’ price distribution is significantly different than
in the previous topology. Some batteries connected to a low-loaded secondary substation
result in low utilisation and therefore lower losses (which is the case for batteries 1 and
19 e.g.), while the opposite happens for other batteries (such as batteries 13, 15 and 20
e.g.). This is also outlined in the SOC duration curve in figure 4.26. The costs of batteries,
including LV cable connection costs are shown in table 4.12. In the case where conventional
upgrades are differed due to the action of multiple batteries, e.g. when two batteries are
connected to the same secondary substation that needed a conventional upgrade due to
voltage issues, then the savings are distributed equally over the two batteries.
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Yearly costs Yearly costs Yearly costs
Battery [kDKK /year] Battery [kDKK /year| Battery [kDKK /year]
1 21.41 10 67.07 19 31.1
2 45.65 11 182.47 20 218.18
3 100.11 12 65.37 21 83.81
4 42.31 13 220.05 22 45.31
5 58.08 14 63.81 23 37.42
6 118.2 15 219.95 24 28.48
7 62.53 16 86.35 25 41.75
8 44.88 17 43.97 26 112.91
9 177.98 18 35.29 27 42.12

Table 4.12: Costs of batteries under the transformer LV-side topology

The batteries’ costs end up laying between 7% and 1,121% more than the transformer
connection costs, with an average decrease of 63% for 22 batteries and an average increase
of 43% for the remaining batteries compared to the previous topology.

The most competitive battery to the conventional connection way is battery 1. It benefits
from the same savings on the five MV cables that got overloaded when connecting the
fast charging stations and it additionally decreases its losses by 66% as the secondary
substation it is connected to shows enough spare capacity to provide power to the fast
charging station during most of the time, therefore reducing the battery’s utilisation. The
transformers’ loss difference between the power flow results with and without fast charging
stations is taken into account.

Figure 4.35 shows the CBA breakdown of battery 23. This battery benefits from total
savings of 41% and reduces its final costs from 329% to 193% of the transformer’s costs.
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Figure 4.35: CBA breakdown of battery 23 under the transformer LV-side topology
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Additional savings can also be reached on batteries 7, 14 (5,951 DKK/year each), 9,
11 (4,770 DKK/year each) and 19 (3,544 DKK/year), resulting in a cost reduction of
respectively 9%, 9%, 3% 3% and 10% additionally to the transformer savings. It can be
observed that more batteries contribute to solving issues than in the previous topology,
however, due to LV cables being cheaper than MV cables, these savings are lower than
previously.

4.7.3

LV topology

Table 4.13 displays the batteries’ costs under the low voltage topology. The higher prices
are mostly due to the higher losses resulting from the frequent utilisation to remove over-
loads compared to the previous topologies, as well as the upgrade required for newly
overloaded cables and transformers.

Yearly costs Yearly costs Yearly costs
Battery [kDKK /year| Battery [kDKK /year| Battery [kDKK /year]
1 97.53 10 141.78 19 107.19
2 98.09 11 159.57 20 186.05
3 224.96 12 141.87 21 81.42
4 205.6 13 186.08 22 199.03
5 153.19 14 169.64 23 99.76
6 148.43 15 185.94 24 193.81
7 108.73 16 133.49 25 104.66
8 143.37 17 205.58 26 138.3
9 161.04 18 112.81 27 74.93
Table 4.13: Costs of batteries under the LV topology

Figure 4.36 shows the CBA breakdown of battery 7.
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Figure 4.36: CBA breakdown of battery 7 under the LV topology
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In this case, the deferral of some voltage-related investments is compensated by higher
costs due to newly induced thermal overloads and higher losses. The same situation
happens for multiple other batteries.

The prices lay between 206% and 1,109% of the conventional transformer costs and are
more expensive than under the transformer LV-side topology for 21 batteries by 41% and
less expensive for the remaining batteries by 88% on average. This configuration is also
more expensive than the conventional-like topology in 23 cases, by 58%.

4.7.4 Summary

Figure 4.37 displays a summary of the price per installation across the conventional up-
grade and the three battery topologies. It outlines that the conventional upgrade is always
superior in terms of costs, with a few cases where the transformer LV-side topology is a
close competitor but is far off in most of them. The LV topology is the most expensive of
all options in most cases, except in some situations where the transformer LV-side topology
is more expensive due to high losses at secondary substations.
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Figure 4.37: Summary of installation costs under the different topologies

4.8 Sensitivity analysis
4.8.1 Hybrid upgrade

Another variant of the transformer LV-side topology is to install a new transformer, similar
to the conventional method, but with a smaller rating and a battery supporting it. Le.,
instead of installing an 800kVA transformer, a 400kVA with a battery connected to its LV
side to supply power during peak times could be chosen. The battery sizing optimisation
algorithm is rerun with the maximum charging power constraint set to 400kW and capacity
to 250kWh. The largest sizing that satisfies all profiles is 237.77kWh.

The simulation is rerun with an updated topology shown in figure 4.38. The charging
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power of the battery is set by the controller based on the remaining capacity through the
transformer. The transformer and battery sizings allow for the fast charging station to be
supplied with the required power at any time, and no thermal overload issues are induced
compared to the transformer LV-side topology.
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Figure 4.38: Hybrid upgrade topology

This method removes the additional loading on the existing transformer in comparison
to the transformer LV-side topology but also removes the possibility for reactive power
support on the existing LV grid. The advantage of this topology is the lower battery costs
due to the reduced size, which are shown in table 4.14. Here, the battery-option costs
are composed of the addition of the CAPEX, O&M and losses costs from the 400kVA
transformer and the battery, and the conventional transformer costs are the ones from the
800kVA transformer.

Yearly costs Yearly costs Yearly costs
Battery [kDKK /year] Battery [kDKK /year] Battery [kDKK /year]
1 13.93 10 2.89 19 11.64
2 15.08 11 13.19 20 14.84
3 13.4 12 4.58 21 8.72
4 15.32 13 12.79 22 13.97
5 9.96 14 13.32 23 9.8
6 7.49 15 12.99 24 10.31
7 11.14 16 10.2 25 11.35
8 13.62 17 14.06 26 6.74
9 11.84 18 13.92 27 10.58

Table 4.14: Costs of connection (battery + 400kVA transformer) under the hybrid topology

The resulting costs are lower than the conventional connection costs in every case, with
being on average 62% more cost-efficient. The reduced battery losses due to its low
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utilisation as it is only activated for peaks over 400kW combined with a transformer
CAPEX being 48% cheaper than the 800kVA one result in interesting savings. Optimising
the battery sizing algorithm to take this into account might give a battery and transformer
combination that results in even higher savings.

4.8.2 Grouping batteries

In this grid model, 27 batteries are distributed over 18 different secondary substations in
the conventional-like and transformer LV-side topologies. It is therefore possible to com-
bine batteries per secondary station as figure 4.39 shows, which could result in a cumulated
smaller capacity required than two or three individual batteries. For this purpose, the fast
charging station profiles of the batteries to combine are summed and the battery sizing
optimisation problem is run on this new input data. The resulting calculated sizes with
an equal weight coefficient on the charging power and capacity are shown in table 4.15.
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Figure 4.39: Grouping battery per secondary substation

Initial number Max charging

of batteries power [kW] Capacity [kWh]

Grouped battery

1 2 97.45 1,833.55
2 2 96.84 2,505.23
3 2 93.91 2,266.05
4 2 95.41 2,085.06
) 2 95.30 1,931.95
6 3 141.24 2,626.07
7 3 145.60 2,167.93
Table 4.15: Grouped profile battery sizes
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The optimisation results for grouping two batteries show that the optimal combination of
charging power and capacity lies at a significantly lower maximum charging power for all
batteries (previously 150.53kW). This results in a larger capacity requirement than the one
that could be achieved with a larger charging power, therefore more than doubling costs
compared to the individual battery per fast charging station. The optimisation problem is
therefore rerun but instead of optimising both charging power and capacity, the charging
power is set at an upper bound of 150.53kW and removed from the objective function.
The updated results are shown in table 4.16.

Initial number Max charging

of batteries power kW] Capacity [kWh]

Grouped battery

1 2 150.53 961.22
2 2 150.53 874.76
3 2 150.53 1,099.35
4 2 150.53 1,111.31
5 2 150.53 1,007.69
6 3 150.53 2,089.79
7 3 150.53 2,081.34

Table 4.16: Grouped profile battery sizes with fixed charging power

Based on the similar approach as in section 4.5, the minimum working combination to
cover uncertainties is a battery with 1,111.31kWh capacity when grouping two batteries,
and 2,089.79kWh capacity when grouping three batteries. It needs to be noted that the
uncertainty in this calculation is greater than in the individual one, where 27 different
profiles were used. Here, only five and two profiles are used. The cost reduction on
CAPEX and O&M compared to individual batteries with 1,010.24kWh capacity is 55%
for grouping two batteries and 31% for grouping three. When adding the costs of one
secondary substation per fast charging station in the conventional upgrade way, the cost
reduction is even greater.

Implementing this solution for the LV topology would require laying a parallel network to
the existing one that would connect the battery with all fast charging stations since the
spare capacity in the LV grid is not large enough to transport the power required by fast
charging stations in most cases.

When running an updated power flow simulation, the grouped batteries are able to supply
the required power at the fast charging stations. None of the grouped batteries can be used
for active power support since they are not located downstream of thermal overload issues,
so no additional savings can be made in the conventional-like topology. However, four of
the batteries now grouped into two provide reactive power support in the transformer
LV-side topology. Table 4.17 compares the yearly costs (including potential savings) of
the conventional transformer upgrade, and the individual and grouped battery costs.
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Initial Transformer costs Individual Grouped
Grouped

battery number (conventional) battery costs battery costs
of batteries [kDKK /year] [kDKK /year] [kDKK/year]

1 2 43.3 236.46 101.67

2 2 41.21 234.88 38.52

3 2 35 232.7 194.16

4 2 53.83 137.78 55.15

5 2 34.85 92.42 26.77

6 3 59.99 223.92 104.08

7 3 51.43 728.58 371.9

Table 4.17: Costs of grouped batteries under the transformer LV-side topology

The battery grouping reduces overall costs by 17% to 84% compared to individual batter-
ies. Two of the combinations, grouped batteries 2 and 5 end up being more competitive
than the transformer solution. It is to be noted that this process of grouping batteries
requires coordination since two of the batteries that might be connected to the same ex-
isting transformer station might be installed with a 10 or 15-year difference due to the
fast charging station penetration curve, therefore reducing the coordination potential.

Figure 4.40 displays the CBA breakdown when combining the costs of two conventional
secondary substations and the cumulated savings. In this case, the additional savings on
the two transformers and the cables that were upgraded for voltage issues reason make
the battery option 7% cheaper than the transformer option.
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Figure 4.40: CBA breakdown of grouped battery 2 under the conventional-like topology
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4.8.3 Asset prices

The economic analysis presented in the previous section was based on medium scenarios
for conventional components and battery prices. Here, two additional price scenarios, low
and high will be investigated both for conventional assets and batteries. The low and high
price scenarios for batteries are shown in figure 3.29 and for conventional assets, they are
respectively 50% lower and higher than the previously used prices.

Overview
The economic results of the different scenarios are shown in the sensitivity matrix in

table 4.18. The combination of each price scenario for conventional assets and batteries is
calculated and the most cost-efficient option is stated for each of these combinations. The
percentage value represents the number of cases (each battery under each topology) in
which the most cost-efficient method is superior. The results show that the conventional
solution is the most cost-effective one in most cases even in extreme scenarios, with high
conventional component prices and low battery prices e.g., where batteries are superior
in only 11% of all cases. The total cost differences are so high that the model isn’t very
sensitive to price variations.

Battery

Low Medium High
Low Transformer Transformer Transformer

100.0% 100.0% 100.0%
Conventional Medium Transformer Transformer Transformer
assets 98.0% 100.0% 100.0%
High Transformer Transformer Transformer

89.0% 96.0% 100.0%

Table 4.18: Asset price sensitivity matrix across all topologies

When considering only the most competitive topology, i.e. the transformer LV-side one,
the results shift towards batteries becoming more competitive, as outlined in the sensitivity
matrix 4.19, but again, only up to 30% of all cases are competitive.

Battery

Low Medium High
Low Transformer Transformer Transformer

100.0% 100.0% 100.0%
Conventional Medium Transformer Transformer Transformer
assets 93.0% 100.0% 100.0%
High Transformer Transformer Transformer

70.0% 89.0% 100.0%

Table 4.19: Asset price sensitivity matrix under the transformer LV-side topology

Changing the battery size doesn’t significantly impact the results either. Until now, a
1,010.24kWh battery was considered, due to the common sizing across all profiles chosen
in section 4.6. When specifying 150.53kW charging power as a constraint and rerunning
the optimisation algorithm, the larger battery capacity is 625.07kWh (38% decrease) and is
still able to provide the active and reactive power support previously mentioned. Running
the sensitivity analysis over all topologies gives the sensitivity matrix 4.20.
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Battery

Low Medium High
Low Transformer Transformer Transformer
99.0% 99.0% 100.0%
Conventional Medium Transformer Transformer Transformer
assets 86.0% 95.0% 99.0%
High Transformer Transformer Transformer
79.0% 80.0% 90.0%

Table 4.20: Asset price sensitivity matrix under a 625.07kWh battery

Batteries become a superior solution in less favourable economic cases than before (e.g.
high battery and medium conventional asset prices), but overall in only between 1% and
10% more cases than with the 1,010.24kWh battery. This can be explained by the losses,
which are not size-dependent, making up larger shares of the overall battery prices.

Conventional asset most favourable scenario
The most favourable case for the conventional asset-based solution, shown in figure 4.41

is under a low conventional asset price scenario and a high battery price. In this case,
some additional savings are made but these as well as the transformer savings are offset by
newly induced overloads and voltage issues since this case happens under the LV topology.
This battery is also concerned with massive losses due to a high utilisation.
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Figure 4.41: CBA breakdown the most competitive conventional option

Battery most favourable scenario
The battery’s most competitive case is one of the edge cases, where the final battery’s

costs are close to zero, as shown in figure 4.42. This case, under the transformer LV-side
topology, benefits from savings on MV cables due to active power support. It happens
during the conventional asset high price and battery low price scenario.
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Figure 4.42: CBA breakdown the most competitive conventional battery

4.8.4 Electricity prices
The electricity price, used for losses in the CBA calculation, is the 2021 average day-ahead

spot price for the bidding area DK2. For the sensitivity analysis, this will be assumed as
the medium scenario and a low scenario (2020 price, 211.73 DKK/MWh, 68% lower) and
a high scenario (2022 price, 1,563.34 DKK/MWh, 239% higher) are assessed [23].

The results in the sensitivity matrix 4.21 show for each topology and electricity price the
option which is the most cost-efficient one and the percentage of cases (i.e. across all 27
batteries) under which it is more cost-efficient.

Electricity price scenario

Low Medium High
Conventional-like Transformer Transformer Transformer
96.0% 100.0% 100.0%
Topology . Transformer Transformer Transformer
configuration 1ransformer LV-side 96.0% 100.0% 100.0%
LV Transformer Transformer Transformer
100.0% 100.0% 100.0%

Table 4.21: Electricity price sensitivity matrix

Similar to the asset prices, the electricity price doesn’t significantly impact the compet-
itiveness of one solution over the other. Only under the low electricity price scenario,
4% of the battery cases are cheaper than the conventional upgrade for two topologies.
The batteries with the lowest losses pass under the threshold of the conventional upgrade

costs.
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5 Discussion

5.1 Technical assessment

5.1.1 Battery topologies

The three battery connection topologies presented here allow for different contributions
of these on the grid. These contributions can be split between active and reactive power
support and are limited by the chosen topology. The conventional-like topology, where the
battery is connected at the LV side of the closest secondary substation requires MV power
electronics. Additionally, this topology can only provide active power support on MV
cables and primary substations. However, since these assets are generally more expensive
than the LV ones, in the case of a battery being able to differ some of these investments, its
economic assessment will be significantly impacted for the better. Reactive power support
is not provided here, since voltage issues appear only in the LV part of the grid and there
is not enough transformer capacity to distribute reactive power without inducing thermal
overloads.

The transformer LV-side topology allows to solve some of the thermal overloads happening
at the MV part of the grid, under the limitation of the transformer’s capacity. Active power
support can also be provided to this transformer but is not required here. Additionally,
reactive power support to the LV grid can be provided. Voltage issues that would need
to be solved by upgrading existing cables can therefore be avoided. This reactive power
support doesn’t impact the batteries’ SOC or state of health (SOH) since it is completely
emulated by the inverters.

The final topology connects the batteries and the fast charging stations to the closest
cabinet. This downstream connection creates challenges since the required power to charge
the batteries and supply the fast charging stations needs to be distributed through the
LV grid which already faces issues due to the DER rollout. In theory, the battery could
provide active power support to upstream cables and substations on both MV and LV
levels, additionally to reactive power support. In practice, the required power for the
additional load from the fast charging stations creates new thermal overloads and voltage
issues, which makes this topology configuration not a suitable solution.

5.1.2 Battery sizing

The optimisation problem which sizes batteries based on a fast charging station load
profile has demonstrated its accuracy when looking at individual profiles. However, when
choosing a common size for all batteries that would satisfy all generated profiles, the only
combination which doesn’t violate any grid constraint is the one of the largest charging
power and capacity, resulting in an over-dimensioned battery for the sole purpose of fast-
charging active power support. When using this battery to provide active power support
to other assets, some of these batteries start to use their full range of capacity, but until
then it results in a large investment need with limited benefits.

The positive aspect of this low utilisation is that the batteries’ degradation will be slower
and their SOH will remain high for a longer time than for highly utilised batteries.

This results in a longer lifetime and therefore decreases the CAPEX over time. To increase
the batteries’ utilisation, participation in other regulation markets such as primary fre-
quency control can be considered, especially when grouping all the batteries in a virtual
power plant. This needs to be coordinated with the fast charging station demand and
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the batteries can only be scheduled during hours when the demand is low. The resulting
risk, however, is that the batteries induce thermal overloads when being activated for that
purpose. This activation would result in value stacking, further discussed in section 5.3.2.

5.1.3 Existing transformer upgrade

The strength of the conventional-like topology is the removal of MV-side thermal overloads
through active power support, and therefore consequent additional savings. The trans-
former LV-side topology can, additionally to voltage support through reactive power, also
contribute to removing MV-side thermal overloads. However, this topology is limited by
the secondary substation’s transformer size and can in this case, only solve the minor
thermal overloads. A hybrid solution could be to upgrade the size of the transformer to
allow for more power to flow through. This would reduce the battery’s costs by allowing
for greater savings on cable costs, but the required transformer upgrade would diminish
these savings and this drawback needs to be assessed.

5.1.4 Voltage issue mitigation methods

As mentioned in section 3.2.2, several methods can be used to deal with voltage issues.
Here, the use of reactive power compensation from the PV inverters in combination with
a conventional cable upgrade to reduce the internal resistance is used. Other methods
can be used, such as transformer tap changers. It is mentioned that these could not be
used due to not being on-load tap changers remotely or sensor-based controlled. However,
in a grid with the suited components, simulations using the pandapower transformer tap
changer controller [17] could show whether this solution is suited and enough to remove
all voltage issues. Three other solutions exist: the use of reactive power compensation
units, placed strategically in the grid where reactive power injection or consumption has
the most positive effect, could be investigated. Another one is to equip PV inverters with
a controller that sets the active power injection to zero when the voltage measured at the
connection point is above a certain threshold. The final one is to extend the MV grid in
areas where the most severe voltage issues at LV level are identified. Replacing some LV
cables with MV ones and installing new transformer stations would help technically but
need to be economically assessed first.

5.2 Economic assessment

The economic sensitivity analysis has shown that the model is not very sensitive to asset
and battery prices. The cost differences are so significant that price variations in both
these categories do not affect the majority of outcomes. Only some edge cases give the
economic advantage to the battery-based solution.

The electricity price also plays a role in the economic assessment but to a lower extent.
Due to the batteries’ higher losses in comparison to transformers, they are more affected
both positively in the case of low electricity prices and negatively in the case of high prices.
The chosen electricity price here is the 2021 average day-ahead one, significantly higher
than the previous years but similar to the 2023 one. A strong future price evolution could
move the balance in favour of one or the other option, but only in a minority of cases.

Batteries that benefit from the highest additional savings are the ones able to differ in-
vestments in the MV part of the grid. However, these are also the batteries that will be
activated most often to solve these issues. These savings, then come at the cost of higher
losses (which are taken into account in the CBA analysis) and at a higher degradation
rate, potentially resulting in a lower lifetime which would affect negatively the batteries’
costs.
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The best economic outcome is reached under different topology variations, such as the hy-
brid upgrade, which is systematically cheaper than the conventional upgrade, or grouping
batteries when the topology allows it, resulting in 29% of cases under which the battery
is economically superior.

5.3 Futher considerations

5.3.1 Battery ownership
In this thesis, the ownership of the battery lies in the hands of the grid operators. However,
based on current regulations, these are not allowed to own or operate such an asset [68].

When a battery is installed in combination with a fast charging station today, the charge
point operator is usually the owner and operator of the battery. This battery can then be
used to perform energy arbitrage: the operator charges it when the electricity spot price
is low, therefore decoupling the charging sessions from the time when power is drawn from
the grid [69]. While this method can be very effective for the charge point operator to
reduce both connection and energy costs, the battery is not operated in a grid-supportive
way, and could even increase the stress on it if one assumes that owners of EVs charging
at home follow similar price signals.

Therefore, the grid-supportive operation of the batteries as presented in this thesis is only
possible under the participation of the charge point operator in local congestion or voltage
support markets where the financial incentives are higher than the potential savings from
energy arbitrage or a change of regulations allowing the grid operators to own and operate
these assets (which is currently discussed [68]).

The work in this thesis shows that under the right conditions, grid investment savings can
be reached by using batteries. If these batteries could be owned by grid operators, social
welfare could be increased and society could benefit from it. Therefore, the regulation
framework needs to be adapted to allow this while enforcing rules to ensure that the
batteries are not misused to generate additional revenues.

5.3.2 Value stacking

Value stacking is using the battery for multiple purposes and offering its services on mul-
tiple markets, therefore maximising its utilisation and increasing the revenue stream. Al-
ready mentioned in the previous sections, this is dependent on the battery ownership and
the regulation framework around it. Besides congestion management and investment de-
ferral, common battery applications are primary frequency control and energy arbitrage.
As of now, these two cannot be performed by grid operators, due to unbundling regula-
tions. From a technical point of view, the remaining battery capacity after its primary
objective (here differ grid investments) needs to be assessed first. The average number of
cycles per year under different topologies is shown in table 5.1.

Average number of cycles

Topology per battery per year
Conventional-like 94
Transformer LV-side 59
LV 50
Hybrid upgrade 8

Table 5.1: Number of cycles per topology

With an assumed average 2,000 cycles lifetime, over a 20-year period as used here, batteries
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in the conventional-like topology do not have a significant spare capacity. This is mostly
due to the control method which uses a fixed charging power, compared to the other ones
based on the grid’s status. The same method on the conventional-like topology would
probably result in a lower number of cycles. On the LV topology, the cycle number is
lower than the transformer LV-side topology because of the grid upgrade performed to
accommodate the battery and fast charging loads. Before these upgrades, the average
number of cycles per battery and year lies at 157, resulting in an estimated lifetime of 13
years. The other topologies and in particular the hybrid upgrade could offer more spare
capacity, between 820 and 1,840 cycles for other purposes, over 20 years or more.

From a scheduling point of view, figure 5.1 shows the batteries’ minimum remaining capac-
ity for every day of a year after investment deferral activation under the conventional-like
topology.
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Figure 5.1: Minimum remaining capacity per hour under the conventional-like topology
over a year

This topology connects the batteries to the MV part of the grid, therefore making feeding
back not dependent on the capacity of the LV grid. It shows that for some hours of the
day, the remaining capacity is relatively homogenous across the battery fleet, but still
with differences of up to 40% (e.g. from 05:00 to 15:00), and spreads out even more in
the evening and night. This shows that each battery needs to be assessed individually
before it can be used to do value stacking since not all of them might be available. The
other aspect to consider is local congestion at the activation time, to ensure that no new
thermal overloads are induced in the distribution grid when using the batteries on other
markets.

5.3.3 Battery size footprint

The battery’s footprint is another factor that influences its economic impact. When in-
stalling a fast charging station in a public parking space, it can be assumed that the space
requirements are not as strict as compared to a densely built urban area. However, batter-
ies of the size investigated here still require a larger footprint than a secondary substation
that would be built in the conventional option (14.4m? for a IMWh battery vs. 7.41m? for
a 800kVA secondary substation) [70, 71]. The space for the battery that would otherwise
probably be an additional parking spot represents a loss for the parking operator who
would ask for some sort of compensation. This cost needs to be added to the batteries’
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economic impact and might make it a less viable option.

5.3.4 Flexibility

Flexibility is a widely discussed topic in the electric grid and markets as a solution to
accommodate high loads in grids that are not dimensioned to withstand these. In this
case, as well, flexibility could be a viable solution to reduce some of the investments that
represent a significant amount of money and are caused by peaks.

More than 80% of the voltage issues due to the rollout of DERs are solved during the
thermal overload-related investments, but 66% of the total upgrade costs are spent on
solving the remaining 20%. Similarly, the overload peaks that happen after connecting
the fast charging stations only occur during a few timesteps. Savings could be achieved on
the cables to upgrade or the battery to install by activating flexibility on other installations
(since fast charging stations are not suited for that due to the immediate power expectation
from the users). Installing a small-scale battery to handle these peaks might also be a
viable solution, as presented under the hybrid topology.
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6 Conclusion

The methodology for a grid planning algorithm to assess the impact of DERs and fast
charging stations has been developed and tested on the grid and meter data from the
Danish DSO NKE-Elnet. Furthermore, a conventional and a battery-based upgrade to
accommodate fast charging stations have been compared technically and economically,
under different topology configurations.

The impact of DERs results in thermal overloads and voltage issues mostly on the LV side
of the grid, requiring investments and the use of other measures such as reactive power
compensation. The total investment need due to the additional load and production
capacity lies at 7T9MDKK until 2045, with 92% of these costs caused by issues in the low
voltage grid. The voltage issues not being solved by reactive power compensation require
a cable upgrade and represent 66% of the total investment.

Fast charging stations mostly impact the MV grid by increasing the loading in primary
substations and MV cables. In this case, the MV grid showed enough spare capacity
resulting in only a few issues due to additional loading compared to DERs. The alternative
solution to the conventional grid extension is to use batteries. These fulfil their role without
causing technical issues, but their higher costs and losses make this option 212% to 491%
higher than the cost of using transformers.

One advantage of batteries is their additional saving potential that can be achieved by
removing the need to replace assets with thermal overloads or voltage issues due to the
DER or fast charging station rollout. The developed active and reactive power controllers
show that the power output of batteries can be controlled based on the grid’s status to
reduce thermal loading and voltage issues. Different battery topologies are tested and can
target either the MV grid by placing batteries upstream of secondary substations or the
LV grid by placing them downstream of these stations. Thermal overloads on the MV grid
can be removed and significant savings can be reached due to the high costs of MV cables,
resulting in battery savings of up to 65%. Fewer thermal overloads can be removed when
connecting the batteries to the LV grid, but this configuration can solve voltage issues.
The resulting battery savings lay between 3% and 41%.

However, the battery-based solution is not economically viable even with these savings
due to the relatively high costs of batteries compared to conventional grid components
and their higher losses. Across all topologies situations, a transformer-based conventional
upgrade is between 7% and 1,109% more cost-efficient, the large spread being due to
energy losses and battery-induced savings or additional expenses.

This model is not particularly sensitive to price variations. Conventional assets and bat-
tery price development as well as electricity prices were investigated and results show that
the conventional upgrade method is economically more viable in the large majority of
cases. Sensitivity analyses show that batteries are more cost-efficient than conventional
upgrades only in up to 11% of the cases depending on the chosen topology and the in-
dividual situation. In the most cost-efficient topology, 30% of the investigated cases are
less expensive than a conventional upgrade under the right economic situation. Differ-
ent topology variations yield better results, such as grouping batteries for multiple fast
charging stations creates individual situations where batteries are economically superior
to transformers. Using a hybrid upgrade where a transformer is built and combined with
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a smaller capacity battery is the most competitive topology variation, resulting in an aver-
age of 62% cost savings compared to a conventional upgrade. This topology shows that a
transformer sized at 50% of the connection needed in combination with an optimally sized
battery is a reliable and cost-efficient solution, especially when compared to a conventional
upgrade.

It can be concluded that using batteries to differ conventional grid investments is sensi-
tive to the chosen topology and while some might not be a universal solution and need
to be assessed individually, others give systematic savings. The grid planning algorithm
developed and tested on this use case presents a methodology that grid planners can use
to assess the technical and economic impact of the two discussed grid upgrade methods.
The current and forecasted battery prices are one of the main challenges regarding the
competitiveness of this solution compared to conventional assets. In case of major addi-
tional decreases in these prices or increases in conventional asset prices, the battery-based
solution might significantly gain attractiveness. Further major blockers to getting there
are the current regulation not allowing DSOs to own and operate such assets, and the lack
of experience of grid operators with these assets.

This analysis was performed from the DSO point of view. For a charge point operator,
the battery solution still makes sense, as it allows for a faster and cheaper connection to
the grid, and operational savings by decoupling the fast charging station demand from the
time the power needs to be drawn from the grid. If not owned by the DSO, the batteries
could also be used to perform other grid services, such as primary frequency control. This
would result in a higher utilisation and lower costs, but requires coordination with the
fast charging station demand and could result in inducing new thermal overloads. These
operation modes might, therefore, end up with higher investment needs for the DSO.

Future work
Future investigations can be carried out on multiple aspects touched upon in this thesis.

Regarding the generation of fast charging station profiles, differences between stations
based on parameters that were not taken into account here can appear: a station located
next to a road experiencing a high traffic number will probably be more used than a
station seeing less traffic. Charging price is also an important factor, as users will prefer
a cheaper operator. Finally, based on the location type of the fast charging station, its
peak usage and the time of this peak might vary based on which type of amenities it
is close to [72]. Another investigation area is the batteries’ charging mode. Here, the
batteries are charged either based on a fixed charging power or on the available remaining
grid capacity. Another mode could charge the battery based on the upcoming needs. A
machine learning algorithm could be trained based on a large number of profiles and it
could optimise the charging of the battery based on the forecasted upcoming demand at
the fast charging station. As the hybrid topology showed the most interesting economic
results, the battery sizing algorithm could be extended to take this parameter into account,
and output not only a battery charging power and capacity but also a transformer capacity,
where the combination of these two assets would result in the minimum costs. Finally,
the value stacking opportunity can be investigated and the combined operation mode of
these batteries on multiple markets can be assessed technically and economically, to find
where the largest technical impact can be made and social welfare generated.
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A Fast charging station locations
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Figure A.2: Points of interest for fast charging stations
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B Fast charging use
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Figure B.1: Day tourists coming outside of Naestved town
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C Penetration of other DERs
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Figure C.2: PV capacity
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D Load profiles

Battery size
category [kWh]

Battery size [kWh]

Maximum fast
charging power [kW]

32.3 37
(30, 50] 35.8 40
49 46
52 46
54.25 74
64 141
64.8 80
66.25 223
(50, 70] 67.3 214
67.5 145
67.5 114
68.2 143
68.7 145
69 2185
70.45 154
70.6 250
74 37
(70, 100] 76 198
77 154
82.6 108
95 223

Table D.1: EV maximum fast charging power based on battery size
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Figure D.1: Temperature in Naestved and Hamelin in 2019
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E Conventional grid upgrade model

Dimension Voltage Rated current

R [Q2/km] X [Q2/km] C [nF/km]

mm? (k] [A]

95 10 222 0.32 0.097 310

120 10 243 0.253 0.099 400

150 10 283 0.206 0.091 360

240 10 373 0.125 0.085 440

300 10 455 0.075 0.089 440

400 10 515 0.083 0.097 560

500 10 570 0.067 0.094 620

95 0.4 213 0.32 0.103 370

120 0.4 240 0.254 0.072 1,000

150 0.4 276 0.206 0.080 1,260

240 0.4 315 0.127 0.072 970

300 0.4 410 0.103 0.072 1,030

Table E.1: Cable electrical parameters
. ., Real component
Voltage Rated Short circuit of short circuit Iron Open loop
level [kV] power [KVA] voltage [%)] voltage [%] losses (kW] losses [%]

60/10 16,000 10 0.66 17.9 0.146
60/10 20,000 10 0.65 21.1 0.105
60/10 25,000 10 0.6 24.6 0.06
10/0.4 250 4 1.2 0.82 0.382
10/0.4 400 4 1.075 1.15 0.288
10/0.4 600 4 1.016 1.5 0.238
10/0.4 800 6 0.963 1.7 0.212
10/0.4 1,000 6 0.88 2 0.2
10/0.4 1,250 6 0.84 2.4 0.192
10/0.4 2,500 6 0.76 4.3 0.172

94

Table E.2: Transformer electrical parameters
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