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Abstract: The ever-increasing electrification of society has been a cause of utility grid issues in many
regions around the world. With the increased adoption of electric vehicles (EVs) in the Netherlands,
many new charge points (CPs) are required. A common installation practice of CPs is to group
multiple CPs together on a single grid connection, the so-called charging hub. To further ensure EVs
are adequately charged, various control strategies can be employed, or a stationary battery can be
connected to this network. A pilot project in Amsterdam was used as a case study to validate the
Python model developed in this study using the measured data. This paper presents an optimisation
of the battery energy storage capacity and the grid connection capacity for such a P&R-based charging
hub with various load profiles and various battery system costs. A variety of battery control strategies
were simulated using both the optimal system sizing and the case study sizing. A recommendation
for a control strategy is proposed.

Keywords: electric vehicle; battery energy storage system; optimisation; genetic algorithm; charging
hub

1. Introduction

With the increased uptake of electric vehicles (EVs), the need for charging infrastruc-
ture is surging [1]. EVs are a part of a wider transition to electricity as an energy transmitter.
Globally different economic sectors such as transportation, industry, and the heating of
buildings are quickly being electrified [2]. Countries and cities that have historically relied
on fossil fuels as the primary energy supply are facing issues as the electricity grid becomes
congested, thus hampering the energy transition. For charging infrastructure, this implies
that new grid connections or expansions are not available or a significant waiting list exists
until grid expansion has been realised [3]. Charge point operators (CPOs) are looking for
innovative ways to continue operations. These include battery-supported charging hubs.

Recently, a large number of sites have been installed with a battery energy storage
system (BESS) at DC charging stations. Projects and studies with a BESS at large AC
charging hubs have been missing. These projects are, however, more complex in terms
of determining the optimal sizing of the system, as well as operating the system in the
most efficient manner. These systems often require a lower, but more continuous, power
than high-power DC systems. A temporary reduced power does not always have to be
problematic. Inverter dimensioning and smart operation play a large role in the efficiency
of the system. These unique features make dimensioning and the optimisation of these
systems a different problem.

This paper is an expansion of the work presented at the EVS 36 conference [4].

1.1. Literature Review

There have been many studies that look into the use of batteries in combination with
EV charging stations. Ref. [5] investigated the potential of a solar photovoltaic (PV) and
BESS combination in a grid-tied, urban EV charging system. They optimised BESS and
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PV array sizing, but failed to consider the space requirements for such a large PV array
and the shading effects from surrounding buildings. They used hourly time resolution,
which is not fine enough for such a volatile source as PV, nor for an EV charging station.
Ref. [6] included a diesel generator as a back-up power source for peak times. Whilst this
can work as a viable solution for grid-limited locations, it failed to consider the idea that
many urban environments are aggressively cutting back on diesel engines to improve air
quality and citizen health. The more suitable 15 min data resolution was used in this study,
but failed to consider conversion losses for any source or the BESS and did not specify the
power per charge point. Ref. [7] looked at the use of a PV + BESS combination to support
a grid-connected EV fast-charging station under a few scenarios. Again, the size of a PV
system, especially if it is to have any impact on a fast charger, would need to be very large;
they stated in the paper that this would have to be between 0.5 MWp–24 MWp for different
scenarios. A 0.5 MWp PV array would require 1000 PV modules, and an array that is any
larger would not be suitable for most urban environments.

The research on a BESS in combination with EV chargers has focused on fast charg-
ers [8–10], and with good reason, given the grid volatility associated with the short duration
and high power peaks from fast chargers. Again, refs. [8,9] did not use measured data and,
instead, simulated EV loads; ref. [8] focused on plug-in hybrid EVs (PHEVs), a shortcoming
given the prevalence of battery EVs (BEVs) nowadays, whilst [9] used four representational
BEVs. Ref. [10] presented the optimal sizing of a BESS on a DC network with multiple fast
chargers, a PV array, and industrial load. They used measured EV data; however, it is a
general EV travel database and not specific to the case study. They do, however, investigate
the charge scheduling of EVs and bi-directional charging to support the industrial load.

Access to reliable EV charging data is problematic. Refs. [5,8,9] simulated data using a
mathematical formula. Ref. [6] derives data from another study. Ref. [7] uses data from a
Dutch distribution network operator but included data from only two fast chargers and is,
therefore, highly location specific.

Many other studies look into battery sizing optimisation in other applications, such as
for prosumers in renewable energy communities [11], as neighbourhood-level storage at a
low-voltage distribution level [12,13], and as storage in a microgrid setting [14–16].

Popular optimisation methods are the particle swarm optimisation algorithm, used
in [5,7], and genetic algorithms (or variants thereof) such as in [11–13,17]. The objective
function often seeks to minimise the annual investment cost, although other objective
functions may include maximising self-consumption from PV production or minimising
grid interaction.

1.2. Case Study

In a bid to further incentivise and provide for EVs whilst minimising the grid impact,
Amsterdam, in partnership with local energy service provider Vattenfall and maintenance
provider Heijmans, has installed a charging solution at a Park and Ride (P&R) facility. Thus,
in order to be considered a small consumer, and therefore benefit from a faster connection
time and reduced connection costs [18], a maximum grid connection capacity of 3 × 80 A
was imposed. This pilot project serves as a learning opportunity for BESS-supported AC
charging hubs. To further limit grid interaction, there was to be no energy flowing back to
the grid from the BESS. This clause prevents profiting from energy arbitrage and limits the
business case of this system.

Smart-charging strategies are often thought of as a first potential solution to grid-
limited CPs, such as load shifting by suspending charge sessions or scaling current delivery
with total CP power demand. In a P&R charging hub, smart charging can offer an improved
charging efficacy both for the users and for the network operator. However, to ensure
the user experience is not negatively impacted in the coming years due to increased EV
penetration, this pilot project sought to investigate the use of a BESS.
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1.3. Contribution

To the authors’ knowledge, there have been no studies or projects besides the case
study that supplied a charging hub using only a grid connection and BESS with the intention
that the BESS limits grid loading during peak grid-load hours. This work uses measured
data from the case study to address the oversized BESS and optimise the BESS and grid
connection capacity using a variety of load profiles and 5 min time resolution. The model
developed is a generalisable model of a BESS-supported type-2, level-2 charging hub, and
is easily scalable for any number of CPs, grid connection capacity, BESS capacity, and load
profile. The optimal system size was compared against the case study system for a number
of BESS control strategies to form recommendations on sizing and control.

1.4. Structure

The paper is structured as follows: Section 2 introduces the optimisation problem,
Section 3 describes the case study and details the model development, and Section 4
describes the chosen control strategies. Section 5 presents the optimal BESS and grid
connection sizing for the case study and compares this against the currently installed case
study sizing for a variety of control scenarios. For three different monthly loads, the change
in the loss of load is plotted against the BESS capacity. Section 6 discusses the results in a
broad and generalised frame, offering recommendations to future system developers and
proposals for future work. Finally, Section 7 concludes the study.

2. Optimisation Problem

The sizing of a BESS in a grid-limited AC charging hub should be large enough to aid
in supplying demand but not oversized such that there is an excess of capacity. A BESS
remains an expensive investment so the intention is to keep the storage capacity minimal.

The Pymoo Python library [19] was used to form and solve the optimisation problem
using a (µ + λ) genetic algorithm. The optimisation problem considered mixed variables:
integers over a range and the set of four discrete grid connection values. The Pymoo library
only offers a genetic algorithm to solve such a mixed variable problem. Furthermore, future
work will consider a multi-objective optimisation problem for which the NSGA-II algorithm
can be used. The developers of the NSGA-II algorithm developed the Pymoo library, hence
its choice. It is important to note that a genetic algorithm will find near-optimal solutions,
and other algorithms may arrive at a more optimal solution.

The BESS control will have an effect on the optimisation process. In this optimisation
problem, the standard ‘base-case’ control was used, which was derived from the case study.
It is assumed that, in a newly installed and optimal system, the BESS would have individual
phase power delivery, and, thus, phase imbalance and grid feedback would not be an issue.
This means that the grid delivers up to the full connection capacity, and, if the BESS delivers
power, it delivers only the remaining load above the maximum grid capacity.

The objective function is presented in Equation (1):

min f (x) =
CB·EB,max

Lexp
+ CG + 12·PS·

LL
ηRT

(1)

where CB is the cost of the BESS installation, currently approximately 650 €/kWh [20,21]. CG is
the cost of installation per grid connection capacity as presented in Equation (2) [18]. PS
is the profit from the electricity sale, assumed to be 0.1 €/kWh. The battery investment is
annualised by dividing by the expected system lifetime Lexp, 10 years as per the battery
supplier capacity warranty. Similarly, the monthly loss of load, LL, is annualised by multi-
plying by 12. ηRT is the mean battery round-trip efficiency. Operational and maintenance



World Electr. Veh. J. 2024, 15, 133 4 of 18

costs of the BESS are not included in this objective function since it is assumed that they
would remain similar for a BESS regardless of its capacity.

CG(PG) =


346 €/year , PG = 3x25 A

1459 €/year , PG = 3x35 A
2148 €/year , PG = 3x50 A
3533 €/year , PG = 3x80 A

(2)

The case study system had a BESS power–energy ratio of 0.71. The constraint repre-
sented by Equation (3) was implemented to maintain a similar power–energy ratio. This
allowed for some tolerance around the target value. To ensure a high quality of service, the
constraint represented by Equation (4) was implemented, limiting the lost potential load,
LL, to 100 kWh. This is equivalent to approximately 1.5% of the 7 MWh load profile used in
the optimisation.

0.65·EB,max ≤ PB,max ≤ 0.75·EB,max (3)

LL = ∑T
t0

PEV,D(t) + PBase(t) + PB(t)− PG(t)
12

≤ 100 kWh (4)

where PEV,D(t) is the total EV power demand at time t, PBase(t) is the base load at time
t, PB(t) is the power supplied by or delivered to the battery at time t, and PG(t) is the
power supplied by the grid at time t. The battery current convention employed is a
negative battery power for discharging. The sum of power over the entire time-series is
then multiplied by 1/12 to convert from the 5 min time step to hours. T is the total time
period of 1 month. All other constraints, Equations (5)–(8), were internal to the system
model and were handled during simulation runtime. These included the power balancing,
the battery state-of-charge (SOC) limits, and the battery charge/discharge power limits.

PBase(t) + PEV,D(t) + PB(t) = PB(t) + PG(t), ∀t ∈ T (5)

0.10·EB,max < EB(t) < 0.95·EB,max (6)

0 ≤ PB,ch,t ≤ PB,ch,max (7)

0 ≤ PB,dch,t ≤ PB,dch,max (8)

Due to the stochastic nature of the model, a single month-long load profile was formed
and repeatedly used for the simulations in the optimisation process:

• A parent population of potential solutions was generated containing the decision
variables EB,max, PB,max, and IG,max;

• A simulation was performed for a single potential solution, and the outputs LL and
ηRT were retrieved;

• Using these five decision variables, the objective function was evaluated and the
results saved;

• This process was repeated for all possible solutions in the population of the current
generation;

• A new parent population was created for the next generation, as the GA describes,
allowing for crossover and mutation.

This study optimised the BESS capacity and grid connection capacity for a monthly
load of 7 MWh (28 kWh/CP/day). Various BESS costs have been considered that span costs
of up to the expected 2030 cost per kWh. The problem considered the base-case control strat-
egy, defined in Section 4, and the discrete grid connection capacities of 3 × 25 A, 3 × 35 A,
3 × 50 A, and 3 × 80 A. The algorithm used a population size of 50 for 10 generations.
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Additionally, the capacities were optimised for both a 5 MWh monthly load and a
6 MWh monthly load. All feasible solutions were plotted as the loss of potential load
against the BESS capacity. These figures clearly illustrate the relationship between the BESS
capacity and the loss of load.

3. Case Study

The main characteristics that define the BESS and CPs are presented in Figure 1 and
Table 1. A 3 × 80 A grid connection is fed into the container housing the BESS, point
a in Figure 1. The BESS is compiled from four battery stacks connected in parallel via
four separate inverters, each fitted with a 100 A breaker. There is an air-conditioning unit
within the BESS container to ensure a safe operating temperature is maintained. Leaving the
container is the AC feeder line, point b in Figure 1, to which each of the eight dual-connector
CPs are connected in parallel. Each dual-connection CP has had the phase connections
rotated, as is standard [22]. In Case 2, single-phase EVs connect to the same CP, and phase
rotation ensures they do not load the same phase. Each CP is fitted with a 35 A fuse per
phase and each socket within the CP is fitted with a 20 A fuse per phase. This setup allows
for the CPs to draw power from the grid, from the BESS, or a combination of the two.
Similarly, the grid connection can feed power to both the CPs and the BESS given the
available capacity. Conventional load sharing is applied when necessary [22]. The BESS
is a commercially available system supplied by BECK [23]. The BESS uses lithium-ion
technology, the common choice given its high cycle-life, high round-trip efficiency, and fast
response time [24].
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Figure 1. Schematic depicting the BESS and CPs. Point a is the grid connection rated at 3 × 80 A at
400 V, 55.4 kW. Point b is the output of the AC feeder line to the CPs from the BESS container.

Table 1. System components.

Component Brand and Model Specifications

Battery BECK BESS Big Box 240 kW, 336 kWh

Charge points Alphen Twin Public 3 × 35 A, 400 V, 24.2 kW per CP
3 × 20 A, 400 V, 13.75 kW per socket

The battery is considered to be oversized for the current operation. In the 6 months
of data used to build the model, the BESS dropped below 50% SOC 15 times and the
battery is cycled too frequently for low energies, as depicted in Figure 2. Frequent and
small discharge/charge cycles are detrimental to battery lifetime [25,26]. Additionally, the
battery is being charged and discharged at very low powers, resulting in low conversion
efficiencies and high energy losses. Considering that the grid connection capacity could
still be increased further from the programmed 3 × 25 A up to the physical connection of
3 × 80 A, which remains a cheaper option than the annualised battery system costs, the
battery energy storage capacity could be reduced.
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Figure 2. BESS state of charge over 4 weeks.

3.1. Model Development

The months of January–June 2022 were used to develop the model, with the month
of July 2022 used to validate it. Individual charging sessions were identified and various
session parameters determined, namely, the day of week, entry time, exit time, end of
charging time, power delivery per time step, number of phases it is connected to, and the
current per phase. The maximum charging power, total energy delivered, and connection
and charging duration per charging event were deduced. The charging sessions were then
filtered for charging duration and energy transfer, with limits of [0.5 h, 25 h) and [1 kWh,
80 kWh), respectively.

The entry events were separated by day since Friday, Saturday, and Sunday experi-
enced different usage patterns than the working weekdays Monday–Thursday, as presented
in Figure 3. This was to be expected, since, on Monday–Thursday, people generally follow
similar work–life patterns. The peak connection time on weekdays is around 07:00–09:00,
in line with commuter usage. There is also a second, smaller peak in the late afternoon
from residents and evening visitors. It appears that a higher proportion of people arrive
late on a Friday, to then park for the night or weekend. Saturday is a day in which people
travel to the city for social/leisure purposes, whilst Sunday may still be regarded as a day
of rest and, therefore, reduced P&R activity.
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The charge sessions were then clustered into user groups using the Bayesian Gaussian
Mixture Model (BGMM) from the Python scikit-learn library. When handling data with
a distribution as visualised in Figure 4a, which plots the connection duration against the
time of connection, a Gaussian Mixture Model (GMM) was found to be most suitable.
BGMM performed better than a standard GMM due to the function’s ability to minimise
the number of clusters, resulting in two clusters per day type. The time of connection
and connection duration were determined to be the best indicators of conscious user
behaviour and are more strongly correlated than other variables. Including more than these
two variables did not yield improved clustering performance.
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Figure 4a displays the clustered charge sessions on weekdays (Monday–Thursday).
Cluster 1, in blue, shows the group of users dominated by commuters who typically arrive
and depart on the same day. Cluster 2, in orange, represents a higher proportion of visitors
who arrive in the late afternoon to evening, and park for longer durations. It is clear that
the duration of connection has the largest influence on the clustering process.

The time of entry for the two clusters was plotted as a Kernel Density Estimation (KDE)
curve with an independently normalised axis, as presented in Figure 4b for weekdays. A
KDE plot introduces a normal Gaussian distribution per data point, and sums the curves to
produce the density curve presented.

The model had a 5 min resolution. At each time step, the associated probability that
a car would connect, as shown in Figure 3, was compared against a randomly generated
number between 0–1. Upon connection, the charge session was assigned to a cluster by
choosing between the normalised weighted probability of entry at that time step per cluster,
as shown in Figure 4b. With the cluster determined, the nominal charging power was
sampled, as was the energy demanded and connection duration. The number of phases
it connected to was estimated from the nominal charging power. In this model, the line
voltage was assumed to be constant at 230 V. Some noise was added to the charging power
at each time step by sampling a normal distribution (σ = 0.025) to use as a multiplicative
factor. A base load (system electronics and CP electronics), inverter self-consumption,
and auxiliary battery load (air conditioning) were added. These were all sampled from
distributions formed from the measured data. If the energy delivered in a charge session
reached 75 kWh, then the charge session came to an end and the charge duration was
updated. The maximum observed energy delivery in the measured data was 68.9 kWh.

The power was delivered by either the grid, the battery, or a combination of the two. In
the case that the load was less than the maximum grid capacity, any residual grid capacity
would charge the battery. If the load was greater than the maximum grid capacity and the
battery was empty, conventional load sharing of the available grid capacity was employed,
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ensuring base loads were also provided for. Thus, assuming the base load was split evenly
across the three phases, the power delivered to each EV at time t was calculated using
Equation (9).

PEV,G,x(t) =
IPh1,x(t) + IPh2,x(t) + IPh3,x(t)
IPh1,T(t) + IPh2,T(t) + IPh3,T(t)

·(PG(t)− PBase(t)) (9)

where PG(t) is available power from the grid at time t and PBase(t) is the total base power
at time t. The numerator consists of the current draw per phase for EV x at time t, and the
denominator consists of the total current demand per phase at time t.

For battery charging and discharging, the inverter efficiency was sampled from the
efficiency curve depicted in Figure 5. The curve was fitted to the filtered data using
Equation (10), and initial values a = 0.95, b = −0.9, and c = 0.25.

y = a + b·e−c·x (10)
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Figure 5. Inverter efficiency vs AC side power.

3.2. Model Validation

By comparing a ‘base-case’ simulation to the July 2022 data, the model was validated.
The system usage in both the case study and simulation are presented in Figure 6a,b,
respectively. A direct comparison of the system metrics is presented in Table 2, which
shows that the fit of the model was in line with the measured data.

Table 2. Performance metrics of the case study and the simulation.

Measured Data Model Validation

Total load demand [kWh] 4869 4958
Number of charge events 219 221

Mean energy per charge event [kWh] 22.2 22.5
Mean charging power [kW] 7.8 7.7

Mean connection duration [hours] 12.2 14.9
Mean charging duration [hours] 3.9 3.7

The measured battery system round-trip efficiency was found to be 71.7%, and was
influenced by the battery energy storage efficiency of 95.6% and the inverter efficiency for
charging and discharging, as depicted in Figure 5.
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4. Control Scenarios

The installed battery system round-trip efficiency was low due to the conversion losses
across the inverter at low charging and discharging powers. Additionally, the battery made
frequent and small discharge/charge cycles. Finally, there was no consideration for the
power imported from the grid during peak grid-load hours. Given the current state of the
power grid, it is logical to limit the power drawn from the grid during the peak grid-load
hours of approximately 17:00 to 20:00. The following control scenarios were therefore
decided upon:
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1. The base case in which the grid supplies all load up to the maximum capacity. The
battery supplies the remaining load above the maximum grid capacity.

2. During the peak grid-load hours of 17:00–20:00, all load is supplied by the battery. If
there is no EV load, the grid will supply the base load. If the battery is drained, the
grid will supply the load.

3. Charging/discharging the battery deadband of 10 kW and 15 kW. If the EV load is
above this deadband, the battery supplies the entire load.

4. The combination of limited peak hour power draw and battery charge/discharge
power deadband of both 10 kW and 15 kW.

Each scenario was simulated using the optimal sizing described in Section 2 and
compared against the case study sizing. Due to the randomness in the stochastic model,
each scenario was simulated five times and averaged. The chosen performance metrics
were as follows:

• Potential load not delivered (lost load);
• BESS round-trip efficiency;
• Energy drawn from the grid during peak hours;
• Percentage of total load supplied by the BESS;
• Percentage of users still charging at the end of their session.

5. Results
5.1. Optimal System Sizing

Table 3 presents the optimal system sizing for three different BESS costs using the
monthly load profile of 6899 kWh, which approximated the intended 7 MWh. The three
costs span the current approximate cost of €750/kWh up to the expected cost of €250/kWh
in 2030 [27]. Alongside this is the case study system sizing for which a simulation using
the same load profile was performed, resulting in the higher monthly lost load and higher
annual cost.

Table 3. Performance of the optimal sizing compared to the case study sizing, for a 7 MWh
load profile.

Case Study Optimal System
(€250/kWh)

Optimal System
(€500/kWh)

Optimal System
(€750/kWh)

Grid connection capacity, IG 3 × 25 A 3 × 80 A 3 × 80 A 3 × 80 A
Battery energy storage capacity, EB 336 kWh 100 kWh 69 kWh 49 kWh
Battery power capability, PB 240 kW 71 kW 45 kW 34 kW
Annualised investment €9518/year €6115/year €7101/year €9340/year
Loss of potential load, LL 452 kWh 56 kWh 81 kWh 99 kWh

Clearly, a larger grid connection is preferable. Higher BESS costs result in an optimal
sizing that favours a higher loss of load and smaller BESS capacity. However, the effect is
minimal since the grid connection capacity cannot be increased further. If the LL constraint,
Equation (4), were removed such that any LL was acceptable, then the BESS may not be
included and LL may be much higher. However, such a system would be unsuitable as a
charging hub. The optimal BESS sizing for a 7 MWh monthly load with at least one high-
energy-demand day tends to become very small given that the average battery capacity of
a newly available BEV is around 60 kWh [5].

The optimal system sizing, regardless of the BESS cost, delivers a much better quality
of service to system users when compared to the case study system, for a reduced annual
investment. For the highest BESS cost of €750/kWh, the loss of load was reduced from 6.5%
of the total load to 1.5%, and the annual investment remained comparable. The predicted
2030 BESS cost of €250/kWh resulted in a loss of potential load of less than 1% of the total
load, and the annual investment fell by 36%.
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Figures 7–9 plot the BESS capacities against the loss of load for the three load profiles of
5 MWh, 6 MWh, and 7 MWh. They were each compiled from four optimisation calculations
amounting to 200 feasible solutions. There are many more feasible solutions not shown.
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The relationship between LL and annual investment is linear for all load profiles and
grid connection capacities. The gradient differs for load profiles but appears to be consistent
across grid connection capacities. These figures show the BESS capacity that is required for
each grid connection capacity to ensure no loss of load.

For a 5 MWh monthly load and a 3 × 50 A grid connection, a BESS capacity of
approximately 60 kWh is required to ensure no loss of load. For a 6 MWh monthly load
and a 3 × 50 A grid connection, a BESS capacity of approximately 70 kWh is required to
ensure no loss of load. For a 7 MWh monthly load and a 3 × 80 A grid connection, a BESS
capacity of approximately 180 kWh is required to ensure no loss of load.

5.2. Comparative Analysis of Optimal Sizing and Case Study Sizing

The optimal system sizing calculated in Section 5.1 for a BESS cost of €500/kWh
was used with a variety of control strategies, described in Section 4, for a monthly load
profile of 5 MWh. These were then compared against the case study system sizing for the
same scenarios. The abbreviations BDB and PHBDB refer to the control strategies Battery
Deadband and Peak Hour Battery Deadband, respectively.

Figure 10 shows the loss of potential load. In every control strategy except the base
case, the optimal sizing performed better than the case study sizing. All battery control
strategies that imposed a battery charge/discharge deadband experienced a higher loss of
potential load than the respective base case. This is because the battery, after supplying the
full load for an extended period, will be drained, and, in some cases, the grid capacity is
not enough to supply the full load.
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Figure 10. Potential load not supplied in different scenarios.

When using the optimal sizing, the battery system round-trip efficiency was increased
for all control strategies with the exception of the base case, as depicted in Figure 11. The
base case round-trip efficiency is lower with the optimal sizing because the battery would
discharge at low powers; the maximum EV load was not much higher than the 55 kW grid
connection. In fact, in some simulations, the battery would not be used at all.

A larger capacity grid connection can charge the BESS at relatively higher powers,
resulting in a higher charging efficiency. The battery discharge deadband ensured the
battery discharged at powers above the requirement, leading to an increased discharging
efficiency. A higher charging/discharging battery power has a higher inverter conversion
efficiency, as observed in Figure 5.
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Figure 11. Battery system round-trip efficiency in different scenarios.

Figure 12 shows the volume of energy drawn from the grid during hours of peak grid
load. Scenarios in which the grid exchange was limited still drew some power to cover
base loads. This prevented the battery from discharging at low powers, thus maintaining a
higher round-trip efficiency. By allowing the grid to supply the load during peak hours if
the BESS was drained, the Peak Hours scenario had a negligible increase in energy drawn
from the grid with respect to the 10 kWh PHBDB and 15 kWh PHBDB scenarios, from
approximately 85 kWh to 110 kWh.
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Figure 12. Energy imported from the grid during peak grid-load hours in different scenarios.

With the optimal sizing, an imposed battery deadband resulted in an increased grid
import during peak hours, with respect to both the optimal base case and case study sizing.
Above the deadband, the battery delivered the full load; therefore, at the end of the day, the
battery was more depleted with respect to the base case. This is consistent with the P&R
usage pattern which tends towards a high EV load in the morning and early afternoon due
to commuters. With the optimal grid connection capacity, the high battery-charging power
could fully recharge the battery in the three-hour window. Furthermore, the low battery
utilisation in the optimal base case means the battery is not often recharged during these
peak hours, hence the decrease with respect to the case study sizing.

The total load supplied by the BESS, displayed in Figure 13, is as expected. By enabling
the battery to supply the full load during battery discharge periods, the battery will, of
course, deliver more energy than the base case. Limiting the power draw during peak
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hours forces the battery to supply the load when otherwise it would not, namely, when the
EV load is less than the grid capacity. In all cases, the optimal sizing resulted in a reduced
battery utilisation with respect to the case study sizing.
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Figure 13. Total load supplied by the BESS in different scenarios.

The percentage of users that ended the charging session while the vehicle was still
charging was fairly consistent across all scenarios and for both systems, as can be seen
in Figure 14. Regardless of the system sizing, some users are simply not parked long
enough to fully charge their cars. However, as shown in Figure 10, the optimal system
sizing experienced less loss of load, meaning fewer times of insufficient capacity. Therefore,
having a higher capacity grid connection and lower BESS capacity tends to result in the
ability to deliver more energy and, therefore, generate higher revenue.
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Figure 14. Percentage of users charging at the time of disconnection in different scenarios.

6. Discussion

The model presented in this study is for the charging of EVs in a charging hub with a
stationary BESS and grid connection. The model is easily scalable for any number of CPs,
BESS capacity, grid connection capacity, and load profile. The charge session data used in
these simulations were measured at a P&R charging hub. Given the appropriate data, for
example, from a workplace charging hub or shopping centre charging hub, the model is
easily transferable.

The power grid difficulties faced across the Netherlands have the same basis—there
is too little capacity to transmit and distribute power. The supply of power from dis-
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tributed renewable energy resources to the grid during times of peak generation (high
irradiance/high wind) is a problem in rural areas where such renewable energy farms are
located. The installation of new wind and PV farms has been suspended due to a lack
of capacity at peak power generation. Nationwide, in both rural and urban settings, the
electrification and digitalisation of society has resulted in a rapid increase in the electric
power demand. Stedin and Enexis, two other distribution network operators in the Nether-
lands, confirm this issue is present in other regions. For example, in the Province of Utrecht,
651 consumers are waiting to be connected to the grid with a total purchase capacity of
155 MW [28]. In Eindhoven Oost, there are 78 open connection requests with a total
purchase capacity of 52.3 MW [29].

Therefore, one must consider what the goals of such a solution like a BESS are. A
limited loss of load, limited grid interaction, and high BESS round-trip efficiency are all
considered in this study.

The choice of load profile used in solving the optimisation problem had a large effect
on the outcome. The simulated load profile used in the optimisation was chosen over other
~7 MWh profiles because it included a high demand day—a peak power demand of 81 kW
which lasted over 3 h. This high demand day served to stress-test the sizing and ensures
the optimal sizing is capable of serving future loads.

The control method used in solving the optimisation problem also had a large effect.
For instance, if the system was optimised using the 15 kW PHBDB control strategy, the
BESS would inevitably require a larger energy storage capacity to satisfy the constraint
represented by Equation (4), the volume of potential load lost. Furthermore, these are only
a selection of specific, yet limited, control strategies that were intended to address specific
performance metrics. The optimal power dispatch and charge session scheduling which
would result in an improved system performance were outside the scope of this study.

The control strategies investigated generally perform better with the optimal sizing
rather than the case study sizing for the frequently observed 5 MWh monthly load. When
the monthly load increases, the disparity between the performance of the optimal sizing
and the case study sizing will increase. This is made clear in Table 3, where the loss
of potential load was less than 1.5% for the optimal sizing and over 6.5% for the case
study sizing.

The control strategy that limited grid interaction during peak grid-load hours yielded
the most desirable results with the optimal sizing. The BESS round-trip efficiency was
increased with respect to both the optimal sizing base case and the case study sizing, to 79%.
Energy losses were kept low since the load was mostly supplied via the grid connection;
the battery supplied only 12% of the load. The grid interaction during peak evening load
hours was reduced to 110 kWh, compared to 713 kWh for the optimal sizing base case.
Finally, there was no loss of potential load.

If the battery were to be used for grid ancillary services, such as frequency response
and voltage control, then an additional revenue would be available for the battery, and the
optimisation problem would be reformed. The optimal sizing would likely tend towards
a larger battery to benefit from the ancillary service revenue whilst still maintaining the
security of supply for the P&R users.

Dynamic charging tariffs are thought to be a good method for incentivising users
to charge their EVs at low grid-load times and reduce the disruption to the power grid.
This would have little effect in a P&R since the intended user groups associated with a
P&R charging hub, namely, commuters and visitors, are not as flexible in their arrival and
connection time as resident CP users.

Vehicle-to-Grid (V2G) is another rapidly progressing technology. During times of
high electricity price, the EV can act as a battery and deliver power to a household when
connected and laying idle on the driveway. In an urban neighbourhood that relies on
public CPs, a fleet of EVs could be used to reduce evening peak residential loads behind
the substation. V2G may be feasible in a P&R charging hub but only for specific users
who meet certain criteria, such as commuters who park for the full working day. However,
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transferring energy from one commuter to another commuter may result in unsatisfied
users. How V2G would be implemented in a P&R charging hub is yet unknown.

Whilst DC fast chargers are becoming more prevalent, their installation at a P&R is not
necessary. They are suited for rapid turnover charge sessions, such as along motorways or
in taxi ranks, or for high-battery-capacity vehicles, such as at bus depots or for heavy goods
vehicles. Typical user connection durations are multiple hours at P&Rs. The measured
data indicated the average connection duration to be 13 h. Therefore, level-2 charging will
remain applicable for coming years.

Larger EV batteries are, of course, to be expected in the coming years; battery capacities
greater than 100 kWh are already on the market. This study assumed a maximum charging
demand of 75 kWh since the largest measured charge session was 68.9 kWh. It is hard
to predict how larger EV battery capacities will affect charging behaviour since it is so
highly dependent on social demographics, the availability of charging infrastructure, social
and cultural norms, and personal preference. Considering the price of BEVs with large
capacities and the rate at which EVs are penetrating the car fleet, it will be many years
before such large-capacity BEVs are the norm.

Finally, it is clear that a multi-objective optimisation is required, in which grid interac-
tion during peak hours is minimised, as well as the annual system cost. The intention of
this system is to reduce grid loading for large charging hubs, especially during peak grid
hours. Thus, the BESS should be adequately sized and appropriately controlled to service
all EV users whilst maintaining a high round-trip efficiency and keeping grid interaction to
a minimum. This could best be integrated using electricity pricing, such that the BESS is
prioritised during times of high electricity price and the grid is prioritised during times of
low electricity price.

Perhaps the most practical recommendation is that the battery be installed with
individual phase control or to ensure an energy contract with the distribution network
operator to allow power flow back to the grid. These design considerations will allow for
power to be delivered individually and unevenly on separate phases.

7. Conclusions

This study used measured data from an installed EV charging hub with an on-site
stationary battery (336 kWh/250 kW) and limited capacity grid connection (17.4 kW) to
develop and validate a computer model in Python. A genetic algorithm was used to
minimise the annual costs of the system by optimising the battery energy storage capacity
and the grid connection capacity for a monthly load of 7 MWh. Three different battery
costs were evaluated; the approximate current cost of €750/kWh, the expected 2030 cost
of €250/kWh, and the middle €500/kWh. The optimal sizing, with the €500/kWh cost, a
55.4 kW grid connection, and a 69 kWh/45 kW battery, was then assessed using a variety
of simple control strategies; namely, limiting grid power draw during peak evening grid-
load hours, and implementing a battery charge/discharge deadband, and comparing this
against the case study sizing. The limited peak hour grid interaction control strategy was
determined to perform best with the optimal sizing.

The feasible solutions to the optimisation problem for three load profiles, 5 MWh,
6 MWh, and 7 MWh, were plotted as the battery capacity against the loss of potential
load. These figures illustrated what battery capacity was required at each grid connection
capacity to ensure no loss of potential load.

Finally, the limitations of this study were addressed and ideas for future work
were presented.
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