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Abstract

Controlled electric vehicle (EV) charging at commercial locations has been seen as the key
solution to mitigate the negative effects of uncontrolled charging on the power grid. In the
scientific literature, EV users’ willingness to participate in charging control has been ana-
lyzed, and various control algorithms have been studied. However, there is a gap regarding
the best practices to encourage users to participate in charging control and the potential
influences of the EV users’ decisions on charging site operator’s profits. In this article,
the EV users’ perspective on charging control is assessed to form a user-friendly charging
control approach and compensation scheme for commercial charging locations. Then, sim-
ulations are carried out using real charging session data to analyze the potential influences
of EV users’ decisions on charging site operator’s profits. According to the results, the prof-
its of the charging site operator are more heavily dependent on the number of customers
than the optimality of the charging control. Hence, charging site operators should carefully
consider the attractiveness of the implemented control strategy to maximize profits.

1 INTRODUCTION

Electric vehicle (EV) charging control at commercial locations
has been seen as the key solution to mitigate issues caused
by uncontrolled charging, for example, unwanted load peaks
in distribution network or unnecessary high charging costs. In
addition, the controllability of the charging loads could be used
in today’s power systems in order to accommodate the transition
towards sustainable electricity generation and consumption. To
provide value for different actors related to the power system,
widely different charging control solutions have been proposed
[1].

However, overcoming technical barriers from electrical engi-
neering perspective alone does not enable the full potential of
EV charging control [2]. The real benefits of the charging con-
trol are dependent on the EV users’ acceptance. The higher the
user acceptance to the charging control, the higher the control-
lability of the charging loads. Furthermore, EV users do not
necessarily have the technical background to understand the
benefits of smart EV charging for the power system or elec-
tricity markets. Therefore, there is also a cultural gap to be
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bridged that, in case, can be replaced by an adequate compensa-
tion and user-friendly approach. To better understand EV users’
responses to charging control and their influences, more work
is required [3].

1.1 Scope of the paper

The goal of the study is to discuss the factors that affect the
EV user’s acceptance and how the EV users’ decisions affect
the charging site operator (CSO) from the profits’ perspective.
The paper deals with level 2 (semi-fast, alternating current (AC))
charging of EVs at public charging locations mainly used for
opportunity charging during shopping or leisure activities. Since
public charging sites compete with other charging sites to attract
customers, the need for user-friendliness is highly emphasized.
The paper also focuses on operational aspects of the charging
site, and thus, the assessment of optimal sizing or investment
costs is excluded. Vehicle-to-grid operation is not considered
as most EVs are not assumed to support it in level 2 charging
within the near future.
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2 SIMOLIN ET AL.

1.2 Contributions

The paper recognizes and fills a gap in the literature regard-
ing the design and benefits of a user-friendly charging control
approach and compensation scheme intended for public charg-
ing locations from CSO’s profits perspective. The contributions
are as follows:

1. Proposing a user-friendly compensation scheme that com-
pensates EV users based on the inconvenience incurred
(Section 3.2).

2. Analyzing the significance of the acceptance rate on the
potential of reducing peak loads and increasing CSO’s profits
(Section 5.2).

3. Evaluating the proposed compensation scheme from EV
users’ and CSO’s perspectives (Section 5.3).

4. Analyzing the impact of EV user’s decision to relocate to
another charging site on the charging site operator’s profits
(Section 5.4).

Through the aforementioned contributions, the paper will
bring added value to the EV charging load management which
plays an increasingly important role in the power system.

1.3 Structure of the paper

The structure of the paper is as follows. Section 2 discusses
the user acceptance-related literature. Section 3 presents and
discusses the considered EV user-friendly charging control
approach and the proposed compensation scheme. Section 4
describes simulation details. Section 5 presents and discusses
the simulation results. The paper is finalized in Section 6 with
conclusions and future work proposals.

2 RELATED RESEARCH

This section discusses the results found in the related EV user
surveys and the common assumptions in charging control-
related studies. Finally, a summary of the related literature is
given.

2.1 User acceptance in EV charging control

Multiple surveys have been carried out to understand the users’
acceptance and willingness to participate in charging control. In
Table 1, the general details of five related surveys are presented.
To analyze charging control from the EV users’ perspective, the
following subsections discuss the general attitude, motivation
towards acceptance, concerns, and recommendations.

2.1.1 General attitude

All surveys show positive attitudes towards user acceptance of
charging control. In [4], 53% of users defined as potential EV
buyers were willing to participate in charging control without

TABLE 1 EV charging control related surveys.

Study Type Participants Key motivator Key issue

[2] Structural
equation model

426 Social influence Perceived risk*

[4] Latent class
choice model

1470 Cost incentives Loss of control

[5] Field test 10 Contribution to
renewable usage

Burden

[6] Structural
equation model

237 Grid stability Perceived risk*

[7] Semi-structured
interviews

60 Cost incentives Perceived risk*

*Risk of EV not having enough energy for the next trip that may or may not have been
planned.

incentives. In [2], 81.2% of EV users were willing to accept
charging scheduling. In [5], respondents indicated through the
Likert scale that they would be mostly willing to use the charg-
ing control after the piloting project in which they participated.
In [6], 56% acceptance for smart charging was obtained.

2.1.2 Motivations towards acceptance

In the surveys, the dominant motivation for EV users to partic-
ipate in charging control varied a lot. In [4], cost incentives were
seen as the most dominant factor, followed by ecological bene-
fits. In [5], contribution towards renewable energy usage was the
most important motivational factor and much more influential
than cost reductions. In [6], the most influential factor was the
security of electricity supply. In the survey, EV users requested
discounts, but the security of electricity supply and renewable
energy integration were seen as the key motivational factors
instead of discounts for accepting smart charging [6]. In [2],
social influence, which refers to the social pressure perceived by
an individual to take a particular action, was the most influential
factor. In the study, trust that charging is controlled while keep-
ing the EV user’s goal in mind was also seen as an important
factor [2]. Due to the differences seen in the most influential
motivational factors, study [2] points out that the incentivization
principles should be designed separately for different regions
where people have different attitudes or preferences towards
flexibility acceptance.

2.1.3 Concerns with charging control

In [4], 24% and 39% of respondents indicated privacy
and loss of control concerns, respectively. Study [2] sug-
gests that the unfamiliarity with the technology in terms of
experience might reduce the perceived ease of use. The per-
ceived risk may cause EV users to reject participation in
the charging scheduling regardless of whether the charging
schedule is seen as useful and easy to use [2]. In [7], charg-
ing control was seen as problematic in case of unexpected
journeys as the driving range might not be enough. Even though
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SIMOLIN ET AL. 3

the frequency of unexpected journeys is low, a substantial weight
has been put to the risk [7]. In [7], the daily effort (namely enter-
ing information such as required state-of-charge (SOC) into
the charging app) was also seen as a negative factor in charg-
ing control. Study [7] points out that there exist trust issues in
charging control related to SOC requirements not being met
and unwanted sharing of personal data. In general, users had
positive attitudes towards the smart charging [5], yet half of the
users reported that the determination of EV use (departure time
and energy requirement) was a burden, and some stated that
it reduced comfort [5]. Even remembering to opt-out of smart
charging was reported to be an issue [5]. Here, opt-out means
choosing an uncontrolled charging option instead of controlled
charging.

Experiment [5] shows that planning car usage is a big chal-
lenge. Furthermore, the questionnaire results show that the
realized burden of planning car usage was slightly higher than
the respondents initially thought [5]. In the study, the users
were mostly satisfied with the benefits compared to the burden
(max 0.8€ profit per charging session depending on the avail-
able charging duration and minimum charging requirement) [5].
At the beginning, the balance of costs and benefits was seen sig-
nificantly more positively than at the end of the experiment [5].
Also, a minor decrease in the willingness to use smart charg-
ing was seen in the experiment [5]. This might indicate response

fatigue, which has been shown to be an issue in demand response
scenarios [8].

2.1.4 Suggestions and recommendations

Study [2] recommends avoiding complex interactions from the
user’s perspective. Study [7] recommends a manual override
option to opt-out from charging control. “Default settings” is
recommended in [7] to minimize necessary user interactions.
Study [7] also recommends offering a notable discount, tens of
percent, to promote acceptance of charging control. Further-
more, study [7] suggests that there are two distinctive groups:
those who prefer easy-to-use and those who prefer to retain
control. In study [6], the EV users requested an option to opt-
out of smart charging or to indicate the minimum range and
departure time [6]. According to [4], a high level of trust should
be maintained to promote user acceptance. Study [5] recom-
mends advertising the ecological benefits of smart charging to
promote acceptance. The study also suggests that feedback of
the benefits of smart charging from grid perspective should be
provided for the users to make the system more transparent [5].
Additionally, the reduction in acceptance could be prevented
with higher benefits or by decreasing the effort required from
EV users [5]. Study [2] also points out that end-user engagement
and commercial mechanisms need more attention.

2.2 EV users as a part of charging control

In the scientific literature, it has been common to assume that
EV users are always willing to participate in the charging control

[4], e.g., in [9–12]. It is also often assumed that certain informa-
tion about EVs is provided, for example, departure time and
energy requirement, which is used as a basis for control opti-
mization, for example, in [9–13], and for incentivization, for
example, in [9, 12–15]. Yet, several studies have shown that the
acquisition of such information is problematic from EV users’
perspective due to response fatigue [8] and input inaccuracy [16,
17]. The information could also be measured for estimation pur-
poses, but it could lead to privacy or trust issues, which are
shown to be significant, as mentioned earlier. The accuracy of
the information has also been seen as problematic, especially in
commercial locations where users have less predictable charg-
ing behavior compared to work charging [16]. These kinds of
inaccuracies could lead to insufficient battery levels at departure
times [16], and thus, reduce EV users’ willingness to participate
in charging control.

In studies [14, 18–20], it is mentioned that the EV users’ deci-
sions to participate in charging control or to choose another
charging site may be affected by the charging price. Study [18]
assesses the charging pricing influences on the response willing-
ness of EV users. However, no further assessment is carried out
to analyze how the willingness affects the outcome of the charg-
ing control. In [21], flat discount is proposed to encourage EV
users to participate in charging control. However, this kind of
compensation is not seen as user-friendly as the users’ inconve-
nience does not correlate with the compensation. Additionally,
the CSO’s profits decrease as the number of users willing to par-
ticipate increases if there is no need for increased controllability
[21].

In the mentioned studies, charging price is assumed to be the
only factor affecting the users’ decisions. While economic incen-
tivization is one of the major motivators towards acceptance, it
is not the only one. Thus, both the charging control approach
and compensation scheme should be user-friendly to promote
acceptance. According to the authors’ knowledge, such solu-
tions for commercial charging locations have not been designed
and analyzed from the CSO’s perspective before.

2.3 Summary of the related research and
literature gap

The surveys demonstrate that EV users are generally willing to
accept charging control. As the most impactful motivational fac-
tor varies from study to study, it is advisable to combine them
all: cost incentives and advertising the benefits from an environ-
mental and grid perspective. It is worth noting that the target
groups in the surveys are early adopters who might be more
interested in new technology and more worried about envi-
ronmental challenges. Consequently, they may be more familiar
with charging control concepts and more willing to accept it.
Nevertheless, the surveys show that issues related to the bur-
den, privacy, and trust exists. The issues are presumed to be even
more influential in the future when the share of early adopters
is no longer dominant. Furthermore, response fatigue has been
shown to be a significant barrier to demand response in cases
where user effort is required.
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4 SIMOLIN ET AL.

To overcome the issues, it is recommended that charging
control schemes include the following features:

∙ ease of use (i.e. minimize the required user actions)
∙ with opt-out option (i.e. an option for uncontrolled charging)
∙ with a relatively notable discount of tens of percents
∙ trustworthiness (i.e. minimize the risk of excess charging

power curtailment)
∙ information security (i.e. minimize privacy concerns)
∙ transparency (i.e. the basic operational and pricing/

compensation principle should be understandable to the
users)

As mentioned in Section 2.2, EV users are often assumed
to participate in charging control, and the influence of users’
decisions on CSO’s profits has not been studied before. These
findings act as motivators for this study.

3 END-USER ENGAGEMENT

This section describes the considered charging control
approach and proposed compensation scheme to meet the
required properties related to user-friendliness.

3.1 Considered charging control approach

In this article, an “opt-in or opt-out”-approach is considered
where EV users must only indicate whether they want to par-
ticipate in charging control (“opt-in”) or not (“opt-out”). This
selection is made to minimize the EV users’ burden. However,
the EV users still have to make a decision whether to use the
charging site and whether to opt-in or opt-out from the charging
control.

The “opt-out”-option eases the potential range anxiety of
EV users and encourages users with urgent charging demand
to choose the charging site. The “opt-in”-option is subject to
charging control and charging price compensation. It is suitable
for users with less urgent charging demands. The compensation
scheme and the details of the charging control algorithm are
described in the next subsections.

The approach does not require information about departure
time and charging demand; thus, the privacy concerns are mini-
mized. Additionally, this kind of approach makes the operation
more transparent and robust as there are no risks that the critical
information (energy demand and departure time) is incorrectly
estimated/inputted or forwarded to a third party.

In the case of “opt-in”, a minimum charging current limit of
8 A is used. This selection ensures that the charging sessions can
always be active, thus removing the risk that an EV will not get
any charging capacity.

3.2 Proposed compensation scheme

This paper proposes a charging control compensation scheme
where the discount percentage equals the control percentage. The term

control percentage refers to the percentual amount that the charging
power is curtailed from the maximum power supported by the
EV and charging infrastructure.

So, if the charging power is curtailed notably, the user gets a
notable discount, and if the power is curtailed slightly, the user
gets a small discount. This has three advantages: (1) there is a
discount only when the charging control is utilized, (2) charging
efficiency often reduces as power reduces [22], so users get the
energy cheaper when power is reduced more, and (3) simplic-
ity of the scheme makes it easy to understand as inconveniency
correlates with discount.

It is worth emphasizing that the discount here should be
based on the maximum charging power of the EV and the
realized power to ensure that the benefits correlate with the
inconvenience. Equations (1) and (2) describe the calculations
of the energy price cc,t,opt-in, and the amount of compensa-
tion Ct,comp in case of “opt-in”-charging. In the equations,
cc is the normal price of charging energy (€/kWh), Pt,max

is the maximum power of the EV (assumed to be known
by the charging control system), Pt is the realized power
of EV, and Et is the charged energy. The maximum power
of the EV (Pt,max) takes the limitations of on-board charger
(OBC), battery management system (BMS), and charging sta-
tion into account. If the charging control does not limit the
charging power (i.e. Pt = Pt,max), no compensation will be
given.

cc,t ,opt -in = cc∗
Pt

Pt ,max
, (1)

Ct ,comp =
(
cc − cc,t ,opt -in

)
∗Et . (2)

3.3 Charging control

The key objective of the charging control is to limit peak loading
to a predefined value while charging as much energy as possi-
ble into the EVs. Different peak load limits are considered, and
their correlation with the required acceptance rate (i.e. the share
of EV users choosing “opt-in”) and the profits of the CSO are
analyzed.

The algorithm starts by forming separate lists of EVs whose
users have chosen “opt-out” and “opt-in”. Then, charging cur-
rent measurements are read to allow Charging Characteristics
Expectation (CCE) feature to track the charging characteristics
of the EVs. CCE feature is described in more detail in Sec-
tion 3.5. Charging capacity distribution starts by allocating full
capacity (3 × 32 A) for the “opt-out” EVs and the minimum
capacity (3 × 8 A) for the “opt-in” EVs. Then, the remaining
capacity is distributed for the “opt-in” EVs using a proportion-
ally fair sharing method. It is worth emphasizing that all EVs
may not be able to utilize the allocated capacity due to the limits
of the OBC and BMS, and thus, realized charging power may
be lower. The capacity distribution method is explained in the
following subsection. A block diagram of the charging control
is shown in Figure 1. The control algorithm is executed every
time step (1 min).
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SIMOLIN ET AL. 5

FIGURE 1 A block diagram of the charging control operation.

3.4 Capacity distribution

In the proportional fair sharing method, the charging powers
of the EVs are reduced in equal proportions in case a charg-
ing load curtailment is needed. To allocate capacity, an iterative
approach, similar to the water filling method described in [23],
is used. In this approach, the charging current limits of EVs are
increased until there are no more EVs remaining whose charg-
ing current limit can be increased without violating the peak
load limit. Since power limit allocation is not directly possible
in level 2 charging, current limit allocation is used along with
a weighting factor that considers the number of used phases.
This is done to consider that the charging powers of 3-phase
EVs increase 3 times as fast as the powers of single-phase EVs
when the current limit increases. 1 A current limit increments
are considered in this article as smaller increments might not be
supported by commercial charging stations [24]. Load balancing
is not focused on this paper as the peak load limit is not affected
by the potential unbalances.

In the iterative allocation method, 1 A current limit incre-
ment is given to the EV that has the highest prioritization (the
block with the red outline in Figure 1). The priority for an EV is
calculated according to Equation (3), where Itemp is the current
limit under consideration and np is the number of phases used
for charging. The final current limits will be applied only after
the iterative allocation procedure.

Priority =
Pt ,max

Itemp × np
. (3)

3.5 CCE feature

As said, this paper considers level 2 charging in a realistic man-
ner where the charging current limit set by the charging point
and the real charging current are not always equal. The real
charging current may be limited by, for example, the maximum
charging power supported by the OBC of EV or the BMS if the
battery is fully charged or close to its temperature limits. In these
cases, the charging control system does not get any direct infor-
mation why an EV does not utilize the whole capacity allocated
for it.

To overcome these issues caused by the non-ideal response of
EVs in the charging control, Charging Characteristics Expecta-
tion (CCE) feature is used [25]. In the feature, charging current
measurements are used to separately track the responses of
the individual EVs using lookup tables (the first block with
the purple outline in Figure 1). The lookup tables define what
currents are expected with each current limit integer. There-
fore, they can be used to estimate what charging currents a
certain current limit would lead to or whether some EVs are
already fully charged (the second block with purple outline in
Figure 1). When a charging session starts, CCE feature essen-
tially assumes ideal charging behavior for it, that is, real charging
currents equal to current limits. However, CCE feature then
updates the expected response of the EV as charging cur-
rent measurement values are read. Further explanation of CCE
feature can be found in [25]. In [26], a mean absolute error
of ∼0.4 A was achieved using CCE feature. The study used
commercial EVs in hardware-in-the-loop simulations, demon-
strating that CCE feature works relatively accurately in real-life
implementations.

4 SIMULATIONS

In this section, the details of the simulations are described. The
following subsections present the used data, the investigated
scenarios, the charging profile modeling, the EV users’ choices
modeling, and the used simulation model.

4.1 Data

Simulations utilize real charging session data from two commer-
cial charging sites to model realistic charging point usage. The
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6 SIMOLIN ET AL.

FIGURE 2 Charging station usage behavior at REDI and Tripla shopping
malls located in Helsinki, Finland.

FIGURE 3 The number of EVs plugged in at (a) REDI and (b) Tripla in
case of weekday (WD) or weekend (WE). Darker colors represent median
values and lighter colors min and max values.

charging sites are located at REDI and Tripla shopping malls’
premises in Helsinki, Finland. The data is measured between
09/2021–02/2022 and includes plug-in time, plug-out time,
active charging time, charged energy, and charging peak power
of each session. The data include 16,705 and 14,856 sessions
for REDI and Tripla, respectively. To illustrate the charging
behavior in the charging sites, parking times, charging times, and
charge energies are presented for both locations in Figure 2.
Additionally, the number of EVs plugged in is illustrated in
Figures 3 and 4. The maximum number of EVs simultaneously
plugged in at REDI, and Tripla is 48 and 43, respectively. To

FIGURE 4 Persistence curve for the number of EVs plugged in at REDI
and Tripla.

FIGURE 5 Investigated scenario of a charging site within a shopping mall
premises where DSO incentivizes CSO to limit peak loading.

calculate parking times, it is assumed that plug-in and plug-out
times correspond to arrival and departure times, respectively.
Likely, other EVs were also parked, but not plugged in, at the
locations during that time. However, no information is avail-
able about these EVs; thus, their existence in the simulations is
disregarded.

4.2 Investigated scenarios

This paper investigates two public charging sites within shop-
ping mall premises. The charging sites are connected to medium
voltage network through a transformer. Distribution tariffs are
assumed to include demand charges (€/kW) that incentivize the
CSO to limit peak loading. By using charging control, the peak
demand and the related costs of the charging site can be limited.
The feeder of the charging site could be used to supply other
loads as well (e.g. fast charging station or non-EV loads), but
for simplicity’s sake, only level 2 charging loads are considered
here. An illustration of the scenarios is presented in Figure 5.

The nominal capacities of the charging points are assumed
to be 22 kW, which is the case in REDI and Tripla [27, 28].
However, the real charging powers depend on the limitations of
OBCs and BMSs of the EVs. A previous analysis of the data
has shown that maximum charging powers of the EVs are often
around 4 kW [29].

Different total charging capacity limits and user decisions are
considered to analyze the potential influences of the end-user
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SIMOLIN ET AL. 7

engagement. The user decisions are explained in Subsec-
tion 4.4. The investigations consider the same 181-day period
(09/2021–02/2022) from which the used data was gathered.
The investigation period’s length allows the simulations to take
daily variations of the charging behavior into account. But since
the period represents wintertime mostly, seasonal differences
are not taken into account.

4.3 Charging profile modeling

The simulation model used in this article considers EVs’ realis-
tic charging control behavior. In level 2 charging, the charging
point can only set a current limit for an EV, and the EV
chooses the actual charging current based on the current limit
and the limitations of the EV’s OBC and BMS. BMSs of
EVs may limit the charging powers when SOC gets close to
100% and prevent overcharging when SOC reaches 100%. For
example, in case of uncontrolled charging, if an EV charges
from 50% SOC to 60% SOC, it is likely that the charging
power is relatively constant and only limited according to the
maximum power of the OBC (= linear charging profile). Con-
versely, if an EV charges from 90% SOC to 100% SOC, the
charging power likely decreases towards the end (= non-linear
charging profile). However, from the charging session data, it
is not possible to determine the SOCs of the EVs or how
the charging power behaved over the charging duration. Yet,
it is shown that assuming only linear charging profiles may
lead to inaccurate results, especially in cases with charging
control [30].

To model the charging profiles of the EVs (i.e. how the charg-
ing power behaves over the charging duration), an assumption
is made to categorize the charging profiles of different charging
sessions into linear or non-linear based on the initial laxity of
the charging sessions. Laxity refers to the available time when
the charging should be started in order to meet the charging
demand [31]. The initial laxity (l0) for an EV seen in the data is
calculated as follows:

l0 = ΔT −
ΔEreq

P0,max
, (4)

where ∆T is the remaining plug-in time, ∆Ereq is the remaining
charging demand, and P0,max is the initial maximum charging
power of the EV. The initial laxity is then used to determine the
charging profile modeling method for an EV as follows:

{
linear profile if l0 ≤ 𝜃

nonlinear profile if l0 > 𝜃
, (5)

where θ is a threshold. Ideally, the initial laxity should be zero
for charging sessions with constant power. In reality, laxity is
practically never zero, as the charging power may have minor
fluctuations. Hence, a threshold (θ) of 5 min is selected. In
the charging session data of REDI and Tripla, 71.2% and
41.0% of the sessions have a laxity of >5 min and, thus,
are modeled with non-linear charging profiles. For simplicity’s

FIGURE 6 Illustration of the realized charging currents and the
remaining energy demand for Smart EQ ForFour in case of 32 A current limit
set by the charging point.

TABLE 2 The key parameters of the simulated EV models.

Model name and year

Max charging

current

Max charging

power

Charging

power group

Nissan Leaf 2012 1 × 17 A 3.9 kW 0−5 kW

Nissan Leaf 2019 1 × 30 A 6.9 kW 5−10 kW

BMW i3 2016 3 × 16 A 11.0 kW 10−15 kW

Smart EQ ForFour 2020 3 × 31 A 21.3 kW 15−25 kW

Renault Zoe 2020 3 × 31 A 21.5 kW 15−25 kW

sake, it is assumed that the charged energy seen in the data
is also the total energy demand of the EV before being fully
charged.

The simulation model uses a three-dimensional lookup table
formed in [30] to model non-linear charging profiles. The
lookup table defines the simulated charging current based on
the EV’s model, the remaining energy demand before the bat-
tery is fully charged, and the current limit set by the charging
point. The lookup table has been formed based on extensive
laboratory measurements. The measurements were repeated for
each current limit integer and each EV model. These measure-
ments were then used to map the realistic current behavior
regarding the EV model, remaining energy demand before the
battery is fully charged, and current limit. The lookup table
is formed only for the part where charging currents decrease.
The charging power is assumed to be constant otherwise (i.e.
with higher remaining energy demands). An illustration of the
formulation of the lookup table is given in Figure 6, where
the EV model is Smart EQ ForFour, and the current limit
is 32 A. The charging energy is measured from the grid per-
spective, similar to the energy seen in the charging session
data. Investigation of the energy flow inside the EV, includ-
ing charging losses etc., is excluded from the study. Further
explanation of the lookup table formulation can be found
in [30].

Five different EV models are considered in the simulations.
The key parameters of these EVs are shown in Table 2. Accord-
ing to [32], the exact charging profiles of all different EV
models are not needed to ensure accurate modeling of charging
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8 SIMOLIN ET AL.

FIGURE 7 Illustration of linear and non-linear charging profiles. EV1
stays 9:00−9:30 and has laxity of 1 min, and thus, is modeled with linear profile.
EV2 stays 9:00−10:00 and has laxity of 31 min, and thus, is modeled with
non-linear profile.

loads. Instead, modeling should consider the charging profiles
of different EVs with different maximum charging powers
[32]. The considered EVs represent well the most distinctive
charging power groups seen in [29], thus giving reliable basis
for the simulations. The charging power group is used to couple
EV models (i.e. charging profile modeling method) with charg-
ing sessions (i.e. arrival time, energy demand etc., provided
in the data). For example, if the maximum charging power
in the charging session data is 20 kW, the model is assumed
to be either Smart or Renault. Between the two models, a
random decision is made. The BMW i3 2016 has three dif-
ferent operation modes (slow, reduced, and maximum), which
cannot be changed by the charging control system [33]. Each
mode has a different charging profile, but the key parameters
remain the same. In case the maximum charging power of the
charging session is between 5 and 10 kW, BMW i3 with ran-
domly generated operation mode (slow, reduced, maximum) is
assigned.

To demonstrate the difference between linear and non-linear
charging profiles, Figure 7 presents two example profiles. In
the figure, the simulated EVs have the same model (Nissan
Leaf 2012), charging demand (1.9 kWh), max charging power
(3.9 kW) and arrival time (9:00). But, since they have differ-
ent departure times (9:30 and 10:00), they have different initial
laxities (1 and 31 min, respectively, according to Equation 4).
Consequently, they will be modeled with linear and non-linear
charging profiles based on Equation (5), respectively.

It is worth noting that the laxity is used for modeling pur-
poses only. Consequently, the information regarding the laxity is
not required in real-life applications of the considered charging
control or proposed compensation scheme.

4.4 Modeling user decisions

This paper studies the impacts of different choices made by the
users. Here, the EV users decide to accept charging control (i.e.
opt-in), reject charging control (i.e. opt-out), or go to another
charging site (i.e. relocate).

The used charging session data do not include any direct
information regarding the urgency of the charging demand or
users’ charging preferences. Hence, assumptions are needed to
determine their decisions. Here, the opt-in/opt-out decision for
EVi is denoted by ωopt,i. Specifically, ωopt,i = 1 (respectively, 0)
means that the user of EVi decides to opt-in for the charging
control (respectively, opt-out from charging control). Similarly,
the decision to choose another charging site is denoted by ωrel,i.
Specifically, ωrel,i = 1 (respectively, 0) means that the user of
EVi decides to relocate to another charging site (respectively,
stay at the charging site). Parameters acceptance rate (Øopt) and
relocation rate (Ørel) are used to indicate the share of EV users
who opt-in for charging control and who choose to relocate
to another charging site. In this article, it is assumed that the
initial laxity (l0) of the charging sessions (see Equation 4) deter-
mines their tendencies for the decision: the higher the laxity,
the more likely the EV user accepts charging control, and the
lower the laxity, the more likely the user goes to another charg-
ing site if uncontrolled charging is not available. The decisions
are determined according to Equations (6) and (7). Since there
is no information about the user decisions, different acceptance
(Øopt) and relocation rates (Ørel) are considered in the simula-
tions. As an example of Equation (6) in case of Øopt = 5%,
EVi is assumed to accept charging control if its initial laxity
(li,0) is in the top 5% highest initial laxities of all considered
EVs (L0).

{
𝜔opt ,i = 1 if li,0 > percentile

(
L0,Øopt

)
∀li,0 ∈ L0

𝜔opt ,i = 0 otherwise
, (6)

{
𝜔rel ,i = 1 if li,0 < percentile (L0, Ørel )∀li,0 ∈ L0
𝜔rel ,i = 0 otherwise

. (7)

4.5 Simulation model

The simulations start by reading the input data and param-
eters. The real charging session data include plug-in time,
plug-out time, active charging time, charged energy, and charg-
ing peak power for each modelled EV. Charging profile lookup
tables include the information how the charging powers of
the non-linear charging profiles change over the charging ses-
sion. After reading the input data, the initial laxities of the
charging sessions are calculated to determine their modeling
method (linear or non-linear, see Equation 5) and the related
user decisions (opt-in, opt-out or relocate, see Equations 6
and 7) based on the charging session input data. The simula-
tion model loops through every time step and calculates the
energies charged into the EVs, energy-related costs, and the
highest peak load of the charging site. In the simulations, a
1-minute temporal resolution is used. This selection is made
based on the findings of the study [34], where this resolution
was shown to be reasonably accurate in cases with charging
control. After all scenarios with different user decisions and
peak load limits have been simulated, the results can be ana-
lyzed. A block diagram for the simulation model is presented in
Figure 8.
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SIMOLIN ET AL. 9

FIGURE 8 A block diagram for the simulation model.

5 RESULTS

The results are analyzed from different perspectives in sepa-
rate subsections. The analysis focuses on uncontrolled charging,
peak load curtailment potential, evaluation of the proposed
compensation scheme, and the impacts of the users’ relocation
decisions on CSO’s profits. Finally, the results are discussed.

As said, the paper focuses on the operational aspects of the
charging site and how the users’ decisions affect it. Hence, anal-
ysis of the investment costs and optimal sizing of the charging
site are excluded from the paper. Instead, the number of charg-
ing points is assumed to be 48 so that all EVs can always find an
unoccupied charging point.

5.1 Uncontrolled charging

In Figure 9, the persistence curves are shown for the relative
charging powers of both locations in case of uncontrolled charg-
ing. The peak demands, that is, the powers corresponding to the
100% relative values, are 218.4 kW and 171.8 kW for REDI and
Tripla, respectively. The persistence curves indicate very high

FIGURE 9 Persistence curve for the relative charging powers of both
locations in case of uncontrolled charging assuming that there are enough
charging points for all EVs.

FIGURE 10 The correlation between required acceptance rate and
achieved peak load reduction.

peak-to-average ratios (6.0 and 6.9). This indicates that charging
control is needed for a relatively short time to achieve a rela-
tively high peak demand reduction. For example, the power is
above the 50% relative value less than 5% of the time for both
locations. During this time, 15.6% and 17.0% of the total energy
delivery takes place at REDI and Tripla, respectively.

5.2 Peak load curtailment potential

To determine the required acceptance rate for a certain max-
imum peak load curtailment, simulations are repeated while
increasing the acceptance rate in 5%-unit steps until the targeted
maximum peak load is not exceeded. In case of 0% acceptance
rate, the charging is essentially uncontrolled. This leads to the
highest hourly loads of 199.7 kW and 158.6 kW for REDI and
Tripla, respectively. These values represent the 100% relative
powers used to determine the percentual peak load reduction
potential. The highest hourly loads are considered here, as the
demand charges are often based on these values.

The correlation between the required acceptance rate and
achieved percentual peak load is illustrated in Figure 10. The
reallocation rate is assumed to be zero in the figure. The results
show that the correlation is relatively linear. It is also seen that
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10 SIMOLIN ET AL.

FIGURE 11 The average monthly compensation given to the EV users
and the energy that is not charged due to the peak load curtailment.

the peak loads can be reduced up to 45% and 50%, for REDI
and Tripla, in case of 100% acceptance rate using the considered
approach. More numerical results can be found in Tables A.1
and A.2 in the appendix.

5.3 Evaluation of the compensation scheme

5.3.1 EV user perspective

In Figure 11, the average monthly compensation (calculated
based on (2)) and the energy that is not charged into the opt-in
EVs are presented. Based on the figure, the compensation given
to the EV users in the proposed charging pricing correlates well
with the charging energy-related inconvenience experienced by
the users: the greater the charging power curtailment, the greater
the discount given to the EV users. Thus, the proposed com-
pensation scheme is seen as user-friendly, and incentivizes EV
users with less urgent charging demand to opt-in.

5.3.2 CSO perspective

The average monthly profits (ψ) of the CSO are calculated
according to

𝜓 = R −Cop, (8)

where R is the average monthly revenue and Cop are the aver-
age monthly incurred operational costs. The average monthly
revenues are calculated according to

R = (Etotal ,opt−out × cc +
I∑
i

T∑
t

Ei,t ,opt−in × cc,i,t ,opt−in )∕nm,

(9)
where Etotal,opt-out is the total energy charged into the opt-out
EVs, cc is the baseline charging price for the EV users, i is the
index for an EV, t is time step, Et,opt-in is the energy charged into
an opt-in EV, and nm is the number of months. The operational
costs are calculated according to

Cop = Ppeak × cpeak + Etotal × (cde + cee ) ∕nm + cb, (10)

TABLE 3 The parameters for the economic evaluation.

Parameter Description Value

cc Charging cost for the EV
users

22.5 c/kWha

cee Energy purchase price
for the CSO

15.42 c/kWh [35]

cde Energy distribution price
for CSO

1.66 c/kWh [36]

cpeak Demand charge for CSO 4.5€/kW, month [36]

cb Basic charge for CSO 26.0€/month [36]

aAverage value of the price used in the two locations [27, 28].

FIGURE 12 The average monthly discount given to the EV users and the
CSO’s increased profit obtained using peak load curtailment.

where Ppeak is the highest hourly peak load, cpeak is the demand
charge, cde is the distribution price of the electrical energy,
cee is the electrical energy purchase price, and cb is the basic
monthly distribution charge (€/month). The parameters for the
economic calculations are shown in Table 3.

Figure 12 presents the average monthly discount given to the
EV users and the CSO’s increased profits using the peak load
curtailment. The case with uncontrolled charging (100% relative
peak load) is used as a reference point to determine the CSO’s
profit increment. Here, the profit increment does not include
the discount that is given to the EV users. Based on the figure,
it can be seen that the discount given to the EV users does not
correlate with the profit increment of the CSO. Thus, it is an
objective for the CSO to determine the optimal peak load to
maximize the total benefits. Without the compensation scheme,
it would be more profitable for the CSO to limit the peak loads
even further below the 50% relative value if it didn’t influence
on the number of customers. Conversely, by using the proposed
EV user-friendly compensation scheme, reducing the peak load
to 60% leads to the highest profits for both charging sites. Based
on Figure 10, this would require 65% and 70% acceptance rate
to be possible, respectively, for REDI and Tripla. The correla-
tion between profits and the relative peak load is illustrated in
Figure 13.

The compensation scheme’s profitability depends on the
users’ acceptance rate to participate in charging control. This
correlation is illustrated in Figure 14. In both locations, the
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SIMOLIN ET AL. 11

FIGURE 13 The correlation between the profits and the peak load
reduction.

FIGURE 14 The average monthly profits of the CSO with and without
the proposed compensation scheme.

compensation scheme does not bring any value if the accep-
tance rate is ≥50% without any compensations. Instead, the
profits of the CSO may only be reduced by giving compen-
sation to the EV users. However, if the original acceptance
rate is below 50% and the proposed compensation scheme
would increase it so that a lower peak load can be achieved,
the profits of the CSO would increase up to 275€/month or
219€/month for REDI and Tripla, respectively. The lower the
original acceptance rate is, the higher the benefits of the accep-
tance rate increment. These additional benefits should motivate
the CSO to promote charging control acceptance and to utilize
the available flexibility.

5.4 Influence of EV users’ decisions to
relocate

By making uncontrolled charging not an option, the charg-
ing site could always limit the peak loads according to the
most profitable level seen in Figure 13. However, in this case,
the users who have concerns about the charging control or
have more urgent charging demand might choose to relocate
to another charging site. Therefore, the question is whether it
is more profitable for the CSO to have an optimal charging
control or to maximize the number of customers.

FIGURE 15 The correlation between profits and user decisions for
REDI. Here, user decisions are to opt-out from charging control or to relocate
to another charging site.

FIGURE 16 The correlation between profits and user decisions for
Tripla. Here, user decisions are to opt-out from charging control or to relocate
to another charging site.

To analyze the potential impacts of this, the profits of the
charging sites are calculated with different shares of users who
choose opt-out or relocation. The correlations are shown in
Figures 15 and 16 for REDI and Tripla, respectively. Accord-
ing to the figures, it is always more profitable for the CSO if
the users choose to opt-out instead of relocating. Even if 55%
of the users who would prefer opt-out choose to opt-in and
the remaining choose to relocate, having the opt-out option
would lead to higher profits for the CSO. This indicates that
encouraging EV users to choose the charging site is far more
important than the optimality of the peak load curtailment.
More numerical results can be found in Tables A.3 and A.4 in
the appendix.

5.5 Discussions

This paper assumes that the maximum charging power of the
EVs are known by the charging control system. In reality, this
information is not available in level 2 charging. However, in level
3 fast charging of EVs, the EV already communicates informa-
tion regarding the charging powers to the control system. If the
same protocol is applied to the level 2 charging, charging system
could easily execute the proposed compensation scheme.
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12 SIMOLIN ET AL.

It is clear that the charging control implementation can-
not be optimized from every stakeholder’s perspective at the
same time. Maximizing user acceptance may not be optimal
from the grid perspective, and optimizing the charging loads
from the grid perspective may not be optimal from the user
acceptance perspective. Consequently, a CSO should find a
solution between these extremes to maximize profitability and
competitiveness.

This paper considers only a distribution tariff with a demand
charge component as an incentive for the CSO to control charg-
ing loads. The flexibility of the charging loads could be used
to gain further benefits from, for example, flexibility markets,
which would increase the value of the “opt-in” EVs and profits
of the CSO. Nevertheless, the same logic is assumed to apply:
the number of users highly affects the profits, and having an
“opt-out” EV is more beneficial than a relocated EV. Conse-
quently, EV users’ acceptance is assumed to play an important
role in all kinds of charging control scenarios and, thus, should
be taken into account.

It is also worth remembering that EV charging can be seen in
a larger picture where it provides a service, perhaps for a bigger
aim of attracting more customers to nearby businesses. In this
case, the charging control’s algorithm is not only influenced by
electrical engineering constraints coming from the distribution
grid or CSO’s profit but also user friendliness and minimization
of reallocation rate because the financial significance of having
more customers for businesses can overshadow other involved
considerations.

The considered control approach and proposed pricing
scheme utilize only the information of “opt-in” or “opt-out”
decisions of EV users and maximum charging power of the
EVs. Consequently, computational burden and data privacy
risks are relatively low compared with the examples mentioned
in Section 2.2 where departure time and energy demand are
required. The computational requirement of the considered
CCE feature is also shown to be suitable for real-life operation
[25]. Further assessment of cyber security and computational
complexity are excluded from the paper.

6 CONCLUSIONS

While EV charging has been studied extensively and multiple
surveys have been conducted to analyze EV users’ perspective
in charging control, a gap exists regarding the potential influ-
ences of the EV users’ response to charging control on the
charging site operator’s profits. This acted as the motivator for
the study.

The goal of the paper was to assess the potential means
and benefits of end-user engagement in public charging sites
with level 2 charging. In order to do so, firstly, EV users’ per-
spective was analyzed based on the literature. Secondly, the
paper developed an EV user-friendly charging control approach
and proposed a compensation scheme that provides compen-
sation for EV users based on the incurred inconvenience.
Finally, simulations were conducted for two locations under

demand charges (€/kW) to analyze the potential effects of users’
decisions from the charging site operator’s perspective.

The analysis of the persistence of uncontrolled charging loads
showed that the highest peak loads occur very rarely. Conse-
quently, a relatively high peak load curtailment can be achieved
with relatively low impacts on the EV charging loads. For exam-
ple, the power is above the 50% relative value less than 5% of
the time in both locations.

By using the considered charging control approach, the high-
est peak load can be cut to half, which would require 100%
acceptance rate. However, the optimal charging site operator’s
profits are achieved when the peak load is limited to 60% of
the original value. This would require 65–70% acceptance rate,
and thus, 100% acceptance rate is not required to optimize the
charging site operator’s profits.

The evaluation of the proposed compensation scheme
showed that the compensation correlates well with the charging
energy-related inconvenience experienced by EV users. Since
the compensation scheme also has an EV user-friendly design, it
can be a very attractive choice from the users’ perspective. Con-
versely, the compensation does not correlate with the peak load
curtailment-related benefits obtained by the charging site oper-
ator. Therefore, the charging site operator retains the task of
optimizing charging control and carries the risks of suboptimal
peak load curtailment.

When assessing the influences of EV users’ decisions to relo-
cate to another charging site, the results showed that offering an
option to “opt-out” from charging control can be highly benefi-
cial. Even if only 45% of the users who prefer “opt-out” option
relocate while the rest accept the charging control, the charging
site operator’s profits would be higher by having the option to
“opt-out”. So, even though uncontrolled EVs reduce the opti-
mality of the charging control, a very high emphasis should be
put on attracting as many users as possible to maximize the
profits of the charging site operator.

This paper underlines that EV users’ acceptance plays an
important role in charging control, and thus, it is not feasible to
focus solely on optimizing the charging from grid perspective.
Instead, the user acceptance should be ensured by taking the
users’ concerns into account via user-friendly approach where
users’ compensation is only one factor among the rest.

To further understand the potential influences of the EV
users’ response, future work should investigate more complex
scenarios where the flexibility of the EVs is used in different
ways. This could increase the value of the “opt-in” users, and
thus, higher compensations could be given to them to increase
the acceptance rate. This would likely increase the complexity
of the charging control, and thus, the EV users’ perspective
should be carefully addressed. Additionally, the effect of siz-
ing and congestion of a charging site on EV users’ response
should be studied. Furthermore, the current surveys focus on
early adopters who may have more positive attitude towards
charging control acceptance. To more accurately analyze future
scenarios with large-scale EV charging, more knowledge of the
behavior and tendencies of the future majority of EV users is
needed.
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SIMOLIN ET AL. 13

NOMENCLATURE

Indices

i Index for EV
t Index for time step

Parameters and variables

cc Baseline price of charging energy (€/kWh)
cc,t,opt-in Charging price for EV users who accept charging

control (€/kWh)
cde Distribution price of the electrical energy (€/kWh)
cee Electrical energy purchase price (€/kWh)

cpeak Demand charge (€/kW,month)
Cop Operational costs (€)

Ct,comp Charging price compensation (€)
∆Ereq Remaining charging demand (kWh)

Et Charged energy (kW)
Etotal Total energy charged into all EVs (kWh)

Et,opt-in Energy charged into an opt-in EV (kWh)
Etotal,opt-out Total energy charged into the opt-out EVs (kWh)

Itemp Temporal variable for a charging current limit (A)
l0 Initial laxity (min)

L0 List of initial laxities of all EVs in the data (min)
nm Number of months
np Number of phases used for charging

P0,max Initial maximum charging power (kW)
Ppeak Highest peak load (kW)

Pt Realized charging power (kW)
Pt,max Maximum charging power at time t (kW)

R Average monthly revenue (€)
∆T Remaining available time for charging (min)
θ Laxity threshold to determine charging profile

modeling (min)
ωopt,i Decision to opt-in for charging control for the user

of EVi (0 or 1 to opt-out or opt-in, respectively)
ωrel,i Decision to choose another charging site for the

user of EVi (0 or 1 to stay or relocate, respectively)
Øopt Acceptance rate (%)
Ørel Relocation rate (%)
ψ Average monthly profits (€)

Abbreviations

AC Alternating current
BMS Battery management system
CCE Charging characteristics expectation (a charging control

feature to track the non-ideal responses of EVs)
CSO Charging site operator
DSO Distribution system operator

EV Electric vehicle
OBC On-board charger
SOC State of charge
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