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Abstract

The increasing number and charging power of electric vehicles might cause severe troubles for 
electrical  grids  motivating a  need for  investments  in  grid  upgrades.  The issues  caused by high and 
intermittent energy demand of electric vehicle charging plazas can be solved with energy storage systems. 
This article covers sizing of stationary energy storage systems for electric vehicle charging plazas. Energy 
storage systems are sized to constrain the highest amount of power that the charging plaza takes from the 
grid below a particular power limit and restrict the rate of change in the grid power draw below a particular 
ramp rate limit. This is the first study concerning sizing of energy storage systems to smooth variations in 
the power that the charging plazas take from the grid. The power limit was altered from 10% to 100% and 
the ramp rate limit from 1 to 25 %/min in relation to the rated charging power of the charging plaza. This 
study was based on two years of measurement data compiled from eight direct current fast charging stations 
located in southern California, USA. The results show that the power and energy capacity requirements for 
an energy storage system used solely for reducing grid connection power below 50% increase only a little if 
the same energy storage system is used simultaneously also for reducing the rate of change in the grid 
power draw to comply with a ramp rate limit of 5 %/min or higher. However, use of the energy storage 
system for both purposes simultaneously increased the share of total electric vehicle charging energy that 
ran through the energy storage system increasing the degradation of the energy storage system.

Keywords: Energy storage sizing; Electric vehicle charging; Power smoothing; Connection power 
reduction; Ramp Rate Limit

Nomenclature

Δt time difference between adjacent time steps (s)
Cdeg degradation rate of the ESS (-)
EESS energy stored in the ESS (Wh)
EESS, full energy stored in the fully charged ESS (Wh)
i time step index (-)
k[…] coefficients in the degradation model (-)
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𝑁max maximum number of charge–discharge cycles (-)
𝑁obs observed number of charge–discharge cycles (-)
PESS power fed to the ESS (W)
PEV EV charging power (W)
Pgrad power addition/reduction corresponding to a lowered power gradient (W)
Pgrid power taken from the grid (W)
Pgrid, ini initial power taken from the grid (W)
Pgrid, smo smoothed power taken from the grid (W)
PRRL power addition/reduction corresponding to the applied RRL (W)

Abbreviations

DCFC direct current fast charger
DOD depth of discharge
ESS energy storage system
EV electric vehicle
PL power limit
RR ramp rate
RRL ramp rate limit
UCSD University of California, San Diego

1. Introduction

Along with the ongoing energy transition, a shift toward electrification of traffic is proceeding 
rapidly. Indeed, electric vehicles (EV) are becoming cheaper and their number is increasing heavily [1]: 
over 17 million EVs were sold globally in 2024 which is around eight times more than just five years earlier. 
By the end of 2024, almost 58 million EVs were registered globally. In the meanwhile, also the number of 
EV chargers is increasing and especially fast chargers, with high power levels, are becoming more and 
more common. There were over 5 million public EV chargers, including around 2 million fast chargers, 
globally at the end of 2024. However, home charging is still the most common way of EV charging.

The increasing number and power level of EV charging stations can cause serious troubles for 
electrical grids. The significantly increasing power demand of the charging stations gives rise to a need for 
investments in grid upgrades. Additionally, the highly intermittent nature of EV charging profiles of the 
charging stations endangers grid stability and makes demand forecasting more difficult. Highly intermittent 
energy demand causes similar issues for the grids than highly variable power production such as wind and 
photovoltaic power production. Several national requirements are already in force to limit ramp rates (RR) 
in injected power of grid-connected power plants [2]. Similar limitations for RRs in power drawn from the 
grid by customers with high-power levels, such as EV charging plazas, are expected in the future.

Several issues caused by increasingly common EV charging can be solved with energy storage 
systems (ESS). ESSs can be utilized for levelling the load profile of an EV charging plaza which reduces its 
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required connection power and thus reduces the need for investments in grid upgrades. Moreover, the ESSs 
can be employed to level off fast variations in the grid power draw of the charging plazas and for improving 
their power outage resilience. Economic operation of EV charging plazas incorporating several direct 
current fast chargers (DCFC) and an ESS necessitates efficient energy management to meet multiple 
objectives  and  constraints,  such  as  cost  minimization,  load  balancing,  RR  control,  and  customer 
satisfaction. Several approaches to optimize charging resource allocation have been introduced recently. 
For example, a quantum reinforcement learning based approach was proposed in [3], a spatiotemporal EV 
charging optimization scheme was presented in [4] and a two-stage spatiotemporal charging scheduling 
method was proposed in [5]. A recent review of ESSs for facilitating extensive grid integration of EV 
charging was given in [6] concluding that scalable ESS technologies with higher energy density and longer 
lifespans are vital for the future of EV integration.

ESSs  play  a  vital  role  in  modern  electrical  grids.  In  addition  to  facilitating  large-scale  grid 
integration of EV chargers they are important for alleviating grid integration of variable renewable power 
generation and for efficient energy management of the grids. Sizing of ESSs for power smoothing of 
variable renewable power generation has been studied intensively during recent years: for example, for 
photovoltaic power plants in [7]; for wind power plants in [8]; and for hybrid photovoltaic–wind power 
plants in [9].  Coordinated operation of ESSs with photovoltaic and wind power plants,  hydrokinetic 
turbines and diesel generators in an autonomous grid was studied in [10] from a technical, environmental 
and economic point of view. Optimal sizing and energy management of a hybrid grid-connected microgrid 
including renewable power production, ESSs, and EV charging stations was investigated in [11]. Indeed, 
balancing multiple energy sources and using storage to manage variability in electricity production and 
demand is an important and timely topic given the rapid growth of electrification and renewable energy 
production along with the ongoing energy transition.

Several research groups have studied sizing of ESSs for EV charging plazas over the past few years. 
However, most of these studies have focused on using ESSs for peak load reduction. Several factors were 
found to impact sizing of the ESSs for reducing peak loads: EV charging plaza size [12, 13]; temporal 
resolution of EV charging data [12]; and charging plaza capacity factor [14]. Optimal ESS sizing for EV 
charging peak load reduction was studied in [15, 16] considering also resilience to power outages. The 
results of [16] show that  peak load reduction  and power selling to the utility grid can be increased by 
increasing the ESS energy capacity without significantly affecting the optimal length of the resilience 
window.  Another popular research area has been utilization of ESSs for reducing electricity costs of 
charging plazas. Sizing of ESSs was investigated in [17, 18] considering costs of electricity and the ESS. It 
was found in [18] that reduction in annual electricity costs might be several times higher than the annual 
cost of the ESS. Optimal sizing of ESSs for maximizing profits of EV charging plazas having photovoltaic 
power production was examined in [19]. Reduction of EV user waiting times by ESSs was examined in 
[20]. In addition to light-duty vehicles, also heavy-duty vehicles are becoming electrified with an increasing 
pace [1]. Sizing of ESSs for cost minimization of heavy-duty EV charging was studied in [21]. Despite all 
the research effort related to use of stationary ESSs to support EV charging, use of ESSs to restrict 
variations in the grid power draw of the charging plazas has not been studied to date. This study overcomes 
this knowledge gap.
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Most of the former research on sizing of ESSs for EV charging plazas utilized synthetic EV 
charging demand profiles in place of using actual measurement data from EV charging stations. Creation of 
synthetic charging profiles requires various assumptions and simplifications: for example, probabilities of 
EV driving behavior were utilized in [15, 16, 18]; measurement-based probability distributions of EV 
arrival times in [13, 20]; data of fuelling stations popular times in [21]; and daily commuting profiles of EVs 
in [17]. Simulations based on actual measurement data were performed in [12, 14, 19]. Synthetic charging 
demand profiles were compared with actual measurements in [22]. Use of synthetic charging profiles in 
place of measurements increases uncertainty of the obtained results. To avoid that uncertainty, charging 
profiles generated based on actual charging session measurement data were used in this study. It was found 
in [23] that no statistically noteworthy difference exist between generation of charging profiles based on 
measurements from charging stations (power factor, current, and voltage of chargers) or charging session 
measurements (energy dispensed and beginning and ending time of the charging). Moreover, temporal 
resolution of charging demand profiles affect the obtained results. The results of [24] show that temporal 
resolution has a strong effect on the highest charging powers of EV fleets: the peak powers for a 1 min 
resolution were considerably higher than those for a 1 h resolution. Moreover, the difference was found to 
increase with increasing power level of the charging stations. It was found in [12] that 2 min is a sufficient 
averaging time interval for sizing ESSs for EV charging peak load reduction while use of 1 h intervals leads 
to considerably distorted results.  In this study, temporal  resolution of 1 s was used when generating 
charging profiles, while in most earlier studies the resolution used has varied from 10 s [25] to 2 h [26].

In this article, sizing of stationary ESSs to perform concurrent connection power reduction and 
power smoothing of electric vehicle charging plazas is studied. The ESS was used to restrict the highest 
amount of power taken from the grid below a particular power limit (PL) and simultaneously to restrict the 
rate of change in the grid power draw to comply with a particular ramp rate limit (RRL). The PL and RRL 
were expressed in relation to the rated charging power of the charging plaza. The PL was altered from 10% 
to 100% and the RRL from 1 to 25 %/min to study their effects on ESS sizing. The study is based on two 
years of measurement data compiled from eight DCFC stations. In total over 18 thousand measured 
charging sessions were analyzed. The main novelty of this study is that this is the first time that sizing of 
ESSs to smooth variations in the power that the charging plazas take from the grid is studied. Moreover, a 
novel rule-based ESS control strategy for smoothing variations in the power that the charging plazas take 
from the grid is proposed. The rest of the article is organized as follows. The measurement data and the ESS 
control strategy used are introduced in Section 2. Section 3 presents the results of the study, and they are 
further discussed in Section 4. Finally, Section 5 gives the conclusions.

2. Data and methods

2.1. Electric vehicle charging data

Two years of EV charging data from eight ChargePoint DCFC stations situated on the campus of the 
University of California, San Diego (UCSD) was utilized. In total 18,354 charging sessions took place at 
the eight DCFC stations during the period from September 2022 to August 2024. Each charging session 
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measured includes the name of the charging station, the energy dispensed, and the times when charging 
started and ended. The DCFC stations were not able to schedule charging or charge flexibly. Thus, the 
charging typically occurred at the maximum charging power of the EV or the rated power of the station 
whichever was less. Charging sessions without recorded energy or duration for the charging were excluded 
leading to 18,219 charging sessions that were analyzed. Each DCFC station has a rated power of 62.5 kW, 
and each of them is paired with another one so that if only one of them is occupied, then the maximum 
power supply to a single EV doubles to 125 kW. Sessions with power higher than the rated power of a 
single station were modeled as if there was only 62.5 kW available by cutting out the excess energy. A time 
series of charging power was created for each DCFC station with a sampling rate of 1 s by assuming 
charging power  to  be  constant  for  each EV charging session.  Generated time series  of  power  were 
combined to create a virtual EV charging plaza with eight DCFC stations and a total rated charging power 
of 500 kW.

Table I presents the capacity factor, total energy dispensed, total charging duration and number of 
the charging sessions for the eight DCFC stations. The number of charging sessions ranged from around 
1,200 to 3,900. The Osler DCFC stations were the most utilized in terms of the number and total duration of 
charging sessions as well as the energy  dispensed. Their capacity factors were around 15% while the 
capacity factors of the other stations ranged from 4.8% to 10.1%. The time distribution of the average EV 
charging power for the eight DCFC stations is presented in Fig. 1. Each DCFC station has similar trend; the 
most common time for charging EVs was from 9 a.m. to 9 p.m. while charging was rarer at nights.

Table 1
Capacity factor, total energy dispensed, total charging duration, and number of charging sessions for the eight DCFC stations 
during the measurement period of two-years.

Station Capacity factor (%) Energy dispensed (MWh) Total duration (h) Charging sessions
ATHENA DCFC 2 6.81 42.3 1,192 1,626
ATHENA DCFC 3 4.89 27.2 855 1,182
ATHENA DCFC 4 4.75 31.8 832 1,180
ATHENA DCFC 5 6.77 46.8 1,185 1,762
ATHENA DCFC 6 10.10 65.1 1,767 2,455
NUEVO WEST DCFC 2 9.44 54.5 1,652 2,210
Osler DCFC 1 15.07 105.9 2,637 3,891
Osler DCFC 2 15.01 113.9 2,625 3,913
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Fig. 1. Daily average EV charging power for the eight DCFC stations during the two-year period. The powers are in relation to 
the rated charging power of a DCFC station (62.5 kW).

Some trends in EV charging were observed. The monthly energy dispensed and number of hours of 
charging had an increasing trend. The average model year of the EVs that charged at the DCFC stations 
increased 1.6 years or so during the period of two-years. The average age of the EVs, calculated using the 
average model year, was around 4 years. No noteworthy changes in EV models took place during the period 
with the Nissan Leaf being the most common one.

2.2. Energy storage system control strategy

The ESS was controlled by a rule-based control strategy to restrict the highest amount and rate of change 
of the grid power draw Pgrid of the charging plaza to comply with the applied PL and RRL, respectively. 
The PL was varied from 5% to 100% and the RRL from 1 to 25 %/min of the rated charging power of 
500 kW. The power limiting control of the ESS works as follows. The ESS is discharged when the EV 
charging power PEV of the charging plaza is more than the PL and charged when PEV is less than the PL 
until the ESS is fully charged, i.e. when the energy stored in the ESS EESS equals the energy stored in the 
fully charged ESS EESS, full. The power limiting control strategy, introduced in [12], is illustrated in Fig. 2.
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Fig. 2. Flowchart of the ESS control strategy for power limiting.

The power smoothing control of the ESS smooths each shift in the charging power of the charging 
plaza so that the grid power draw complies with the applied RRL. When an EV starts charging, the charging 
power of the charging plaza increases faster than the RRL and a part of the energy is taken from the ESS. 
Correspondingly, the ESS is charged after the EV charging session ends to lower the grid power draw with 
the applied RRL. To make sure that the average energy level of the ESS does not drift gradually, the 
gradient for each ramp (power addition/reduction Pgrad) to a new power value was calculated so that the 
energy shortfall of the ESS after the ramp equals the energy charged to the ESS if the new power level was 
lowered to zero with the applied RRL (power addition/reduction PRRL). This also guarantees that the applied 
RRL is always respected. Fig. 3 illustrates the ESS control strategy for power smoothing. Pgrid, ini is the initial 
power taken from the grid that needs to be smoothed and Pgrid, smo is the smoothed grid power. If only power 
smoothing is applied EV charging power PEV acts as  Pgrid, ini. If both power limiting and smoothing are 
applied,  Pgrid, ini is  Pgrid given by the power limiting control of the ESS. Positive power of the ESS PESS 

indicates charging and negative PESS indicates discharging of the ESS. The ESS was full of charge in the 
beginning of the two-year period. Losses and degradation of the ESS and losses in cables were not 
considered.  This  simple  methodology  was  selected  as  it  is  well  suited  to  determining  technology 
independent ESS requirements for EV charging plazas.
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Fig.  3.  Flowchart  of  the  ESS  control  strategy  for  power  smoothing.  PRRL and  Pgrad are  the  power  additions/reductions 
corresponding to the applied RRL and a lowered power gradient, respectively. A time step index is denoted by i and Δt is the time 
difference between adjacent time steps.

Fig. 4 illustrates the ESS control strategy. Fig. 4 (a) shows operation of the ESS when it is used 
solely for connection power reduction, i.e., without power smoothing. The EV charging power PEV rises 
above the applied PL of 5% two times at 450 s and 1150 s. The part of PEV that exceeds the PL is taken from 
the ESS and the ESS is charged when PEV drops below the PL until the ESS is fully charged. Fig. 4 (b) 
illustrates the operation of the ESS when it is used solely for power smoothing, i.e., without connection 
power reduction. Each change in PEV is smoothed to make the grid power draw compliant with the applied 
RRL. The RR by which the power taken from the grid is altered equals the applied RRL except at the power 
fall starting at 600 s and at the power rise starting at 1150 s. In the case of the power rise at 1150 s, the rise 
of EV charging power starts from a non-zero level as there is already one EV charging when another EV 
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starts to charge. The RR by which the power taken from the grid is raised is lower than the applied RR so 
that the energy shortfall of the ESS after that change equals the energy charged to the ESS when the power 
taken from the grid was lowered to zero with the applied RRL after the change in the EV charging power at 
1450 s. Fig. 4 (c) shows operation of the ESS when it is used for both connection power reduction and 
power smoothing. In that case, the grid power draw is limited during the two highest peaks of PEV, which 
exceed the applied PL of 5%, and smoothed so that it complies with the applied RRL.

Fig. 4. Example of EV charging power PEV, power taken from the grid Pgrid, power of the ESS PESS, and energy of the ESS EESS for 
8 DCFC stations with power limit of 5% (a), ramp rate limit of 2 %/min (b) and both power limit of 5% and ramp rate limit of 
2 %/min. The powers are in relation to the rated EV charging power.

2.3. Energy storage system degradation
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Cycling induced degradation of the ESSs was estimated based on the numbers and amplitudes of 
charge–discharge cycles. For that analysis, the ESS was selected to be a Li-ion battery ESS. The amplitude 
of the cycles was expressed as depth of discharge (DOD) which denotes how large share of the total energy 
capacity of the ESS is used for a charge–discharge cycle. The charge–discharge cycles and their DODs 
were calculated using the Rainflow cycle counting algorithm [27] that is commonly used  for fatigue 
analysis due to its capability to identify and calculate sub-cycles inside larger cycles [28]. Each charge–
discharge cycle degrades a battery ESS and there is a certain number of cycles for each DOD that the ESS is 
expected to withstand without too high energy capacity loss. Typically, this maximum number of cycles 
𝑁max is defined for a capacity loss of 20% [29]. Cycling induced degradation caused by charge–discharge 
cycles observed for a certain DOD can be calculated by dividing the number of these cycles 𝑁obs by 𝑁max of 
that DOD value. The total cycling induced degradation rate Cdeg of the ESS can be calculated as the sum of 
cycling induced degradation caused by all DODs, i.e., as

Cdeg= ∑
DOD=0%

100% Nobs (DOD )
Nmax (DOD )

.(1)

There are several methods for calculating 𝑁max for different battery technologies [30]. For this 
study, a simple power model was selected where 𝑁max for each DOD value is expressed as

Nmax (DOD )=k1DOD
−k2 ,(2)

where k1 and k2 are model coefficients [30]. Values k1 = 4000 and k2 = 1.632, used in [29], were selected. 
These values are suitable for a high-quality LiFePO4 cells [31]. The maximum number of cycles that the 
ESS is expected to withstand calculated using Eq. (2) and these values is presented in Fig. 5 as a function of 
the DOD.

Fig. 5. Number of charge–discharge cycles that the ESS is expected to withstand with at most 20% energy capacity loss as a  
function of the DOD of the cycles.

3. Results

3.1. Required capacity of the energy storage system

Fig. 6 presents the highest ESS charging and discharging powers, the highest EV charging power, 
and the highest grid power draw observed during the two-year period for the charging plaza of 8 DCFC 
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stations as a function of the PL. In Fig. 6 (a), the ESS was used solely for power limiting, i.e., no RRL was 
applied. In that case, the highest power taken from the grid was equal to the PL for PLs lower than the 
highest EV charging power. In this PL region, the highest ESS discharging power decreased linearly with 
increasing PL as the sum of the grid power draw and the ESS discharging power equals the EV charging 
power. At low PLs, the highest ESS charging power was equal to the highest power taken from the grid and 
the PL, and at PLs higher than the highest EV charging power it was zero as there was no longer a need to 
limit the grid power draw. Between these two regions, there is a region where the highest ESS charging 
power fluctuates. The reason for this is that, in this region, when the highest ESS charging power occurs, the 
power taken from the grid is not totally used for charging the ESS but part of it is used for EV charging. 
Thus, the highest ESS charging power depends on the smallest EV charging power during ESS charging. 
This behavior, which is a result of the rule-based ESS control strategy used, was explained in more detail in 
[12].

Fig. 6. The highest EV charging power, highest power taken from the grid, and highest ESS charging and discharging powers  
during the two-year period for the 8 DCFC stations without power smoothing (a) and with ramp rate limits of 20 %/min (b) and 
2 %/min (c) as a function of the power limit. The powers are in relation to the rated charging power.
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Use of the ESS for power smoothing in addition to limiting the grid power draw affects the highest 
power taken from the grid and the highest ESS charging and discharging powers observed during the two-
year period. This is illustrated in Figs. 4 (b) and (c) where ramp rate limits of 20 and 2 %/min were applied, 
respectively. Application of RRLs increased the highest ESS charging and discharging powers at high PLs: 
the highest ESS charging and discharging powers were not zero after the PL had reached the highest EV 
charging power, and there was no longer a need to limit the power drawn from the grid, as the ESS was still 
used for power smoothing. The levels to which the highest ESS charging and discharging powers settled 
were the higher the stricter was the RRL. This is expected as a stricter RRL means higher need for power 
smoothing and thus higher ESS powers are needed. At high PLs, the highest ESS charging powers were 
higher than the highest ESS discharging powers. When an RRL is applied it restricts the growth rate in 
power taken from the grid and the highest power taken from the grid does not reach the highest EV charging 
power anymore. Thus, at high PLs, the highest power drawn from the grid decreased with increasing RRL. 
The highest EV charging power was constant at 62% in all cases, as the EV charging timeseries were not 
controlled at all.

Fig. 7 presents the required ESS power capacity for various RRLs as a function of the PL. The 
required ESS power capacity means the highest ESS charging or discharging power that was needed to 
fulfill  the  tasks  of  the  ESS during the  two-year  period.  At  low PLs,  the  highest  discharging power 
determines  the  required  ESS power  capacity,  while  at  high  PLs  the  highest  charging  power  is  the 
determining factor as can be seen in Fig. 6. When no RRL was applied, the ESS power requirement 
decreased first as the PL increased due to the linearly decreasing highest ESS discharging power. After that 
it increased due to the linearly increasing highest ESS charging power. That increase was followed by a 
region characterized by fluctuations of the highest ESS charging power after which the power requirement 
was zero at PLs higher than 62% or so. A similar behavior of the ESS power requirement was reported in 
[12]. Application of an RRL alters the curve greatly, especially at high PLs where even the loosest RRL 
(20 %/min) yields much higher power requirements. The ESS power capacity requirement increased with 
decreasing RRL and its variation with varying PL became smoother.  With the strictest RRL studied 
(1 %/min), the ESS power requirement was quite constant at PLs higher than 21% or so. The results of 
Fig. 7 mean that, if an ESS is used to limit grid connection power below 50% in relation to the rated  
charging power, use of the same ESS also for smoothing the grid power draw with an RRL from 5 to 
20 %/min has only minor effect on the required power capacity of the ESS. With an RRL of 1 %/min, which 
was the strictest RRL studied, the effect is larger depending on the applied PL.
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Fig. 7. Required power capacity of the ESS in relation to the rated charging power during the two-year period for various ramp 
rate limits as a function of the power limit.

The required power capacity of the ESS is presented in Fig. 8 as a function of the applied PL and 
RRL. At low PLs, the required ESS power decreased strongly with increasing PL and was independent of 
the RRL which can also be seen in Fig. 7. At higher PLs, the required power capacity of the ESS decreased, 
in general, with increasing RRL. However, some variations existed that are clearly visible at an RRL range 
from 9 to 15 %/min.

Fig. 8. Required power capacity of the ESS in relation to the rated charging power during the two-year period as a function of the 
power limit and ramp rate limit.

The required ESS power capacity for various RRLs is shown in Fig. 9 as a function of the PL. The 
required power capacity decreased with increasing PL as the need for levelling EV charging power demand 
decreased. When the ESS was used solely for connection power reduction, the ESS did not need to operate 
at PLs higher than 62% or so, meaning that the required energy capacity also goes to zero at this point,  
consistent with the required power capacity in Fig. 7. This finding is in line with [12] where ESSs were used 
solely for reducing grid connection power. The ESS energy requirement increased with decreasing RRL as 
the need for power smoothing increased. This effect was the stronger the higher was the PL and only minor 
differences existed between different RRLs at PLs lower than 20% or so. These results mean that use of an 
ESS to smoothing the grid power draw in addition to limiting its maximum values has only minor effect on 
the required energy capacity of the ESS with the exception of the strictest RRLs studied.
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Fig. 9. Required energy capacity of the ESS in relation to the rated charging power during the two-year period for various ramp 
rate limits as a function of the power limit.

Fig. 10 shows the required ESS energy capacity as a function of the applied PL and RRL. The 
required energy capacity decreased strongly with increasing PL and RRL at low values of the limits. On the 
other hand, there is a large area, roughly when the PL was higher than 35% and the RRL higher than 
5 %/min, where the energy capacity was relatively constant having values lower than 0.15 h.

Fig. 10. Required energy capacity of the ESS in relation to the rated charging power during the two-year period as a function of 
the power limit and ramp rate limit.

3.2. Utilization and degradation of the energy storage system

In addition to the actual sizing parameters also strain of the ESSs for limiting the grid power draw of 
the charging plaza and its rate of change was considered. The energy that ran through the ESS was used as 
an indicator of the ESS strain as a proxy for degradation. Moreover, cycling induced degradation rates were 
examined. The required energy capacity of the ESS for each combination of the PL and RRL presented in 
Fig. 10 was used as the energy capacity of the ESS to calculate the DODs needed to obtain the degradation 
rates. Fig. 11 presents the share of total EV charging energy that ran through the ESS for various RRLs as a 
function of the PL. First, the share of energy that ran through the ESS decreased with increasing PL after 
which it leveled off. If the ESS was used solely for connection power reduction, only a minor share of  
energy ran through the ESS at PLs higher than 40% or so and finally the share of energy went to zero for  
PLs higher than 62% or so when the PL reached the highest EV charging power. These results are in  
agreement with [12]. The share of energy that ran through the ESS increased with decreasing RRL as the 
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need for power smoothing increased. This effect was much stronger for the share of energy that ran through 
the ESS than it was for the required ESS capacity (Figs. 9 and 10). The constant level of the share of energy 
at PLs higher than the highest EV charging power was 17.1% for a strict RRL of 1 %/min while it was only 
5.2% for an RRL of 5 %/min.

Fig. 11. Share of total EV charging energy that ran through the ESS during the two-year period for various ramp rate limits as a 
function of the power limit.

The share of total EV charging energy that ran through the ESS is shown in Fig. 12 as a function of 
the applied PL and RRL. At low values of these limits, the share of energy decreased heavily when the 
limits increased. This decrease slowed down with increasing values of the limits. The share of energy that 
ran through the ESS was independent of the PL at PL values higher than 62% or so. The share of energy was 
less than 5% if the PL was at least 29% and the RRL no less than 7 %/min.

Fig. 12. Share of total EV charging energy that ran through the ESS during the two-year period as a function of the power limit 
and ramp rate limit.

Fig. 13 presents the observed number of charge–discharge cycles for various ramp rate limits with a 
power limit of 25% as a function of the depth of discharge. The number of cycles decreased heavily with 
increasing DOD and there were only few cycles with a DOD of over 60%. This means that only a small 
portion of the ESS energy capacity was utilized during typical charge–discharge cycles. The number of 
cycles was, in general, the lowest when the ESS was used solely for connection power reduction and 
increased with decreasing RRL which is reasonable as the need for power smoothing increased. However, 
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the differences were small with DODs higher than 50% or so. These results are in line with the results of 
Figs. 11 and 12 denoting that the usage of the ESS increased with decreasing RRL.

Fig. 13. Observed number of charge–discharge cycles of the ESS during the two-year period for various ramp rate limits with a 
power limit of 25% as a function of the depth of discharge.

The degradation rate of the ESS for various RRLs is presented in Fig. 14 as a function of the applied 
PL. In general, the degradation rate increased with increasing PL. If the ESS was used solely for power 
limiting the degradation rate was zero for PLs higher than the highest EV charging power. The reason for 
this is that in that case there is no need to use the ESS, i.e., there are no charge–discharge cycles causing 
cycling induced degradation of the ESS. The degradation rate increased with decreasing RRL at RRLs 
lower than 50% or so and increased with increasing RRL at higher RRLs.

Fig. 14. Degradation rate of the ESS during the two-year period for various ramp rate limits as a function of the power limit.

The degradation rate of the ESS is presented in Fig. 15 as a function of the applied PL and RRL. In 
general, the degradation rate increased with increasing PL. The behavior of the degradation rate as a 
function of  the RRL depends on the applied RRL as demonstrated in  Fig. 14.  The degradation rate 
increased with decreasing RRL at low RRLs and increased with increasing RRL at high RRLs. The 
degradation rate was less than 9% during the two-year period for all combinations of the PL and RRL. The 
highest degradation rates were obtained for combinations of high PL and high RRL. The required energy 
capacity in Fig. 10 decreased with increasing PL and RRL and only a low energy capacity was needed for 
power limiting and smoothing for combinations of high PL and high RRL. An ESS with a low energy 
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capacity is more prone to degradation than an ESS with a higher capacity since a lower energy capacity 
means that a charge–discharge cycle with a certain absolute magnitude yields a higher DOD and thus leads 
to stronger degradation of the ESS.

Fig. 15. Degradation rate of the ESS during the two-year period as a function of the ramp rate limit and power limit.

The results of this study show that the power and energy capacity requirements for an ESS used 
solely for reducing grid connection power below 50% increase only a little if the same ESS is used 
simultaneously also for reducing the rate of change in the grid power draw. However, use of extremely 
strict RRL for the grid power draw has a higher effect on the ESS power and energy requirements. 
Moreover, it was shown that use of the ESS for these two purposes simultaneously increases the share of 
total EV charging energy that ran through the ESS compared to use of the ESS solely for reducing 
connection power. However, the results show that use of the ESS also for power smoothing has only a weak 
effect on the cycling induced degradation of the ESS at PLs lower than 20% or so. At higher PL, use of the 
ESS for the two purposes resulted in stronger degradation and thus shorter lifetime of the ESS. The results 
regarding a scenario in which the ESS is used solely for reducing connection power are in line with the  
earlier results presented in [12]. As this is the first study of sizing ESSs for power smoothing of EV charging 
plazas, there is no reference to which the results achieved in the case of using the ESS for both limiting the 
grid power draw of the charging plaza and also limiting its rate of change could be compared. A comparison 
of the proposed ESS control strategy for smoothing variations in the power that the charging plazas take 
from the grid with other control strategies developed for that purpose would have been an interesting and 
useful addition to this article. However, earlier methods do not exist forbidding such a comparison.

4. Discussion

The simulation methodology used in this study contains some simplifications. EV charging power 
demand profiles were generated based upon EV charging session measurements by assuming constant 
power rate for each EV charging session between the times when charging started and ended. However, in 
reality  the  EV charging  power  is  typically  not  constant  for  the  whole  charging  time  but decreases 
progressively at state of charge over 80% or so. Differences between actual electrical measurements and 
time series of charging power created by this simple approach were studied in [23], and they were found to 
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be typically small. In addition to usually small differences in power time series, both approaches yield the 
same amount of dispensed energy for each charging session. Moreover, losses and real-time degradation of 
the ESS were not considered. Thus, capacity requirements for actual ESSs are supposed to be somewhat 
higher than those presented in this article. Furthermore, the ESS control strategy used did not consider 
electricity prices and thus was not economically optimal. A control strategy that optimizes the ESS usage 
economically based on time-of-use electricity prices might affect the required ESS capacity. Moreover, 
there are various requirements and regulatory constraints related to practical implementation of the control 
strategy that also affect optimal size of the ESS. Such considerations including economic and practical 
implementation points of view are useful topics for future work.

The selected ranges of the PL and RRL need to be considered when analyzing the results. Use of too 
narrow ranges might be misleading. The range for PL was selected to be wide, from 10% to 100% of the 
rated charging power of the charging plaza. The lower limit of 10% was selected since the required 
connection power for the charging plaza would be 5.6% if the demand profile was levelled off perfectly 
meaning that PLs lower than that are not feasible. On the other hand, 100% PL means that the grid 
connection power equals the total rated charging power of the charging plaza and PLs higher than that are 
not feasible either. Our reasoning behind the selection of the RRL range was the following. If limits will be 
placed for RRs in power drawn from the grid by customers with high-power levels, such as EV charging 
plazas, the limits would most likely be on similar range than the limits applied for RRs in injected power of 
grid-connected power plants. The RRLs for power plants that are already in force in different regions 
mostly range from 1 to 20 %/min, the most common value being 10 %/min [2, 32]. Thus, the RRL range for 
this study was selected to be from 1 to 25 %/min.

The measurement period also affects the results. A period of two years was selected to ensure 
representative results. The amounts of EVs and their charging stations as well as the levels of EV charging 
powers will continue increasing in the future. Increasing charging powers and utilization results will affect 
the ESS sizing. Effects of the charging plaza utilization rate and size on sizing of ESSs for reducing peak 
loads of EV charging plazas were studied in [14]. A corresponding study for sizing of ESSs for power 
smoothing of EV charging plazas is another future research topic to be considered. In future, EV charging 
plazas will  be more often integrated with on-site  renewable generation.  That  could yield substantial 
synergies for the ESS. Sizing of ESSs for EV charging plazas having on-site generation and development of 
efficient ESS control strategies for that purpose provide interesting topics for future work.

5. Conclusions

In this article,  sizing of stationary ESSs for EV charging plazas to limit connection power and 
smooth the grid power draw was studied. The ESS limited the highest grid power draw below a PL and, at 
the same time, limited its rate of change below an RRL. The effects of these limits on sizing of the ESS were 
studied. The PL was altered from 10% to 100% and the RRL from 1 to 25 %/min in relation to the rated 
charging power of the charging plaza (500 kW). The study was based on over 18 thousand EV charging 
sessions measured from eight DCFC stations located in southern California, USA during a period of two 
years.
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In general, the required size of the ESS, i.e., its energy and power capacities, decreased as the PL 
and RRL increased. Moreover, the share of total EV charging energy that ran through the ESS, i.e., the 
utilization rate of the ESS, decreased with increasing PL and RRL, respectively, as the need for limiting and 
smoothing EV charging power demand decreased. Based on the results, a relatively small ESS capacity is 
enough to decrease the required grid connection power of an EV charging plaza considerably while keeping 
the maximum rate of change in the power drawn from the grid fairly small. However, an ESS with high 
power and energy capacity is needed to make the grid power draw almost constant.

The results of this study show that the power and energy capacity requirements for an ESS used 
solely for reducing grid connection power increase if the same ESS is used simultaneously also for reducing 
the rate of change in grid power draw. The difference between these two scenarios was much higher in ESS 
power requirements than in ESS energy requirements, especially at high PLs. However, the difference in 
the ESS power and energy capacity requirements was small when the PL was less than 50% and the RRL at 
least  5 %/min  in relation to the rated EV charging power.  The difference in ESS power and energy 
requirements was clearly higher for stricter RRLs. However,  use of the ESS for these two purposes 
simultaneously increased the share of total EV charging energy that ran through the ESS and the cycling 
induced degradation of the ESS. The share of energy that ran through the ESS was the higher the lower was 
the RRL.
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