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Abstract: As the share of highly variable photovoltaic (PV) and wind power production increases,
there is a growing need to smooth their fast power fluctuations. Some countries have set power
ramp rate (RR) limits that the output powers of power plants may not exceed. In this study, the
effects of RR limit on the sizing of energy storage systems (ESS) for PV, wind, and PV–wind power
plants are examined. These effects have been studied prior for PV power plants. However, for the
wind and PV–wind power plants, the effects of the RR limit are studied comprehensively for the
first time. In addition, the effects of the size of the power plant are considered. The study is based
on climatic measurements carried out with a sampling frequency of 10 Hz for a period of 153 days.
The modeling of the PV and wind powers and the simulation of the RR-based control algorithm of
the ESS were completed using MATLAB. The results show that as the applied RR limit increased
from 1%/min to 20%/min, the required relative energy capacities of the ESSs of the PV, wind, and
PV–wind power plants decreased roughly 88%, 89%, and 89%, respectively. The required relative
power capacities of the ESSs of the PV, wind, and PV–wind power plants decreased roughly 15%,
12%, and 20%, respectively. The utilization of the ESSs was found to decrease as the applied RR limit
increased and as the size of the power plant grew.

Keywords: photovoltaic power; wind power; power ramp rate; power fluctuations; energy storage;
power smoothing; energy storage sizing

1. Introduction

The share of electricity produced by photovoltaic (PV) and wind power plants will
increase significantly in the future [1,2]. It is estimated that the share of renewable electricity
generation is going to reach around 69% in the European Union by 2030 [1]. As the
penetration levels of PV and wind power increase in the electric grid, the stability of the
electric grid may suffer from the lack of inertia of these power generation sources. The
fast power fluctuations of these power generation types are also likely cause issues in the
electric grid [3]. Due to the unpredictable and intermittent nature of solar irradiance and
wind, the output powers of PV power plants and wind power (WP) plants can fluctuate
drastically. In [4], it was found that a maximum measured change in power was 43.8% of
the rated power during one second for a small PV power plant. For a large PV power plant,
power fluctuations as high as 70%/min of the rated power were observed using a 60 s time
window [5]. For WP plants, the power fluctuations are slightly less drastic. In [6], it was
found that the maximum measured power ramp rate (RR) was 7.3% of the rated power
during a one-second time window for a 103.5 MW WP plant.

To prevent the issues caused by highly fluctuating power, some countries have set
power RR limits that power plants need to comply with. For example, Puerto Rico has
set an RR limit of 10%/min of the rated power of a power plant [7]. The power RR limit
means the maximum power difference between the end points of a time interval [3]. In
other words, the RR limit defines the maximum power RR that a power plant may feed
into the grid.
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A common solution to mitigate the power fluctuations of a power plant and to comply
with the RR limits is to equip the power plant with an energy storage system (ESS). It is
expected that the global installed capacity of utility-scale batteries is going to increase from
roughly 10 GW/20 GWh to 60 GW/160 GWh between 2020 and 2026 [1]. The European
Commission has similar estimations [2], and it expects that the need for flexibility in
the electricity system is going to increase significantly. As ESSs are going to be installed
globally in different power grids, the grid restrictions and RR limits are very likely to differ
by country. The effects of different RR limits applied to the sizing of ESSs are therefore
reasonable to investigate.

There are different control strategies to operate an ESS. One control strategy is an
RR-based control algorithm. An RR-based control algorithm was used with a PV power
plant in [8–12]. In these studies, the ESS of the PV power plant was sized for different RR
limits. The basic idea behind RR-based control algorithms is that the ESS only operates
when the power fluctuations of the power plant exceed the RR limit. In addition to the
straightforward power fluctuation mitigation, some of the RR-based control algorithms are
also programmed to control the energy level of the ESS. For example, in [8] an RR-based
control algorithm ensured that the ESS had enough energy for a sudden shutdown at every
moment, and in [9,10] the algorithm also controlled the state of charge of the ESS.

The power fluctuations of a WP plant can also be mitigated with an ESS. In [13–15],
the ESS was sized for the WP plant to comply with the requirements of the grid codes.
However, it seems that in many studies the ESS was sized for a combination of PV and wind
power, not only for the WP. ESSs can also be used to improve the profitability of renewable
energy power plants in the electricity market. For example, in [16], the utilization of the
ESS of a virtual power plant was investigated to optimize trading in the electricity market.
Frequently, studies investigating the sizing of an ESS for a PV–wind power system have
included the economical aspect in the sizing algorithm—for example in [17–19]. However,
as the main purpose of an ESS is to mitigate the fast power fluctuations of a PV–wind
power plant, the temporal resolution of the measured or modelled generated power of
the power plant should be very high. In [20], it was found that a sampling frequency of
10 Hz would be needed to sufficiently capture the fastest power fluctuations of a PV power
plant. However, the temporal resolution of data utilized in many of the previous studies is
generally significantly lower than 10 Hz. For example, the length of the data time step was
10 min in [14,17,18] and 1 min in [13].

The applied RR limit affects the sizing of an ESS for PV, wind, and PV–wind power
plants. In [8–12], it was found that as the RR limit increased, the requirements for the ESS
of a PV power plant decreased. The requirements for the ESS decreased because the higher
applied RR limit allowed faster power fluctuations to be fed into the grid and thus less
power fluctuation mitigation was needed by the ESS. Similar results were found in [21],
where the ESS was sized for the whole power system of California by applying different
RR limits. Based on these studies [8–12,21], the applied RR limit seems to have a more
significant effect on the energy capacity of the ESS than on the power capacity of the ESS.

The size of the PV power plant also affects the sizing of the ESS. As the size of the
PV power plant grows, the relative magnitude of the power fluctuations diminishes [5].
In [9,10], it was found that the required size for the ESS decreased relatively as the size of the
PV power plant grew. For the WP plants, the relative magnitude of the power fluctuations
decreased as the size of the wind farm grew [22]. In addition, as the size of the wind turbine
rotor grew, the increased inertia of the rotor smoothed the power fluctuations [22]. It is
expected that the size of the WP plant will also affect the required size for the ESS.

The objective of this study is to investigate how the applied RR limit affects the sizing
of the ESS for RR control of PV and wind power plants and combined PV–wind power
plants. The main novelty of this study is that, for the first time, the ESS requirements of
wind and PV–wind power plants are compared comprehensively with various RR limits.
The power and energy requirements and utilization rates of the ESS are studied utilizing
modeled powers of PV and wind power plants based on a five-month period of operating
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condition measurements carried out with a 10 Hz sampling frequency. The sizing of ESSs
for wind and PV–wind power systems has not yet been studied with this high temporal
resolution output power from the system. The lengths of the data time steps have been
significantly longer for sizing the ESSs for wind [13,14] and PV–wind power [17,18] plants.
It was found that as the applied RR limit increases, the capacity requirements for the ESSs
of the PV, wind, and PV–wind power plants decrease. It was also found that as the size of
the power plant grows, the energy and power capacity requirements for the ESS of a PV
power plant decrease. However, the effect on energy capacity is very small. For the ESSs of
wind and PV–wind power plants, the energy capacity requirement increases as the size of
the power plant grows.

The article is composed as followings. First, the article presents the data used and
the simulation methods of the power plants. Then, the results of the study are presented
and compared to other studies. Lastly, further discussion and the conclusions of the study
are presented.

2. Materials and Methods
2.1. Measurement Data

This study is based on the measurements conducted at the Tampere University Solar
PV Power Station Research Plant in Finland [20]. The measured quantities for the PV power
modeling were irradiance and PV module backside temperature. For the wind power
modelling, the measured quantities were wind speed and ambient temperature. These four
climatic measurement quantities were chosen because they are the main factors affecting
the PV and wind power generation. In addition, with the climatic measurement data as the
basis, this study is easier to replicate.

All the measurements were completed over a period of 153 days, the first day being
1 June 2019 and the last being 31 October 2019. The summer and early autumn months were
chosen for the measurement period because the solar irradiance, and thus the magnitude
of the PV power fluctuations, would otherwise be truly low. The wind speed is generally
higher and fluctuates slightly more during the autumn and winter months in the Nordic
countries [22]. However, the late autumn months and the winter months were not included
in the measurement period because then the PV power production would be minimal. As
the topic of this study was to investigate the size of ESS needed to mitigate the power
fluctuations of a PV–wind power system, a high sampling frequency was needed to capture
the fast fluctuations of irradiance and wind speed. A sampling frequency of 10 Hz was
used in this study for all the measurements.

The irradiance measurements were completed with a photodiode-based Kipp&Zonen
SPLite2 pyranometer mounted to a PV module located on the rooftop of the university
building. The PV module faces nearly southwards and is mounted at a tilt angle of
45◦, which is also the tilt angle of the pyranometer. The pyranometer used in this study
was marked as S19 in [20]. This pyranometer was chosen because it would have least
interactions with the shadows of buildings or trees. Along with the tilt angle of the PV
module, the size and the nominal power of the PV module were used for PV power
modeling. The nominal power of the PV module Pnom, PV was 190 W. The length and the
width of the PV module were 1475 mm and 986 mm, respectively. The backside temperature
of the S19 PV module was measured with a National Instruments Pt100 temperature sensor.

The wind speed measurements were carried out with an ultrasonic VAISALA WS425
wind sensor. The wind sensor was mounted at the tip of the pole located at the highest point
of the university building. The total height from the ground level to the wind sensor was
16.13 m. The ambient temperature was measured with a VAISALA HMP155 humidity and
temperature sensor also located on the rooftop of the university building. The modeling
of the PV and wind powers and the simulation of the RR-based control algorithm were
carried out using MATLAB.
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2.2. Experiment Formulation

The design process of the experimental research is presented as an activity diagram
in Figure 1. First, the generated PV and wind powers were modeled for the different
power plant sizes considering the main climatic parameters affecting the power gener-
ation. The applied RR limits determine the maximum RR level, which may cause the
grid feed-in power of the power plants to fluctuate. The ESSs were sized so that all the
power fluctuations are smoothed to the preferred level and the ESS has enough energy to
maintain the grid feed-in power within the RR limit even during a sudden shutdown of
the power plant.
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Figure 1. Activity diagram of the experimental research process.

2.3. PV and Wind Power Modeling

The PV power was modeled using measured irradiance and the backside temperature
of the PV module. A spatial filter proposed in [23] was first applied to provide a more
realistic irradiance exposure of a PV power plant, as the irradiance was measured from one
sensor only. The filter simulated the output power smoothing effect as the spatial size of
the PV power plant increased. The spatial irradiance Gs(t) was calculated as

Gs(t) =
G(t)( √

APV
2π·0.020

)
s + 1

(1)

where G(t) is the measured irradiance, APV is the total area of the PV module array, and s is
the Laplace transform variable. Because the APV is not just the area that the PV modules
occupy but also the area between them, the space between the PV module rows needed to
be calculated. The objective was to determine a suitable length for the empty space between
the rows so that the PV modules would not shade each other during daytime in the summer
months in Tampere, Finland. The length of the empty space was determined with a 20◦

angle of the altitude of the sun. Figure 2 illustrates the side view of the PV module rows
and the empty space between them. The empty space between the PV module rows was
determined with the minimum altitude angle of the sun during daytime in winter. As
the minimum altitude angle of the sun is roughly 5◦ in Tampere, Finland, during daytime
in winter, this led to the length of the empty space between the PV module rows being
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determined as 7966 mm. With this empty space length, the land use of the PV power
plant would be significantly larger than in typical PV power plants and economically
unreasonable.
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As seen in Figure 2, the empty space between the PV module rows was determined so
that when the altitude angle of the Sun was 20◦, the PV modules would not shade each
other. Therefore, the length of the empty space was calculated to be 1916 mm. With this
empty space length, the area that the PV modules occupied would be roughly 27% of the
APV. This ratio is also called the packing factor. In [24], parameters of many different PV
power plants were studied, and it was found that the packing factor value varied greatly.
The packing factor values in [24] were between 30 and 90%, with a median value of 51%.
As all the PV power plants studied in [24] were located farther south than the PV power
plant in this study, the smaller packing factor was justified.

The generated PV power Pgen, PV was simulated using a formula [25] that considers
the effect of the PV module temperature TPVM on the Pgen, PV as

Pgen, PV =
nPnom, PV

GSTC
GS[1− β(TPVM − TSTC)] (2)

where n is the number of PV modules, GSTC is the irradiance in standard test conditions
(STC), β is the temperature coefficient, and TSTC is the temperature in the STC. A value of
0.0045 1/◦C was used for β, as this value was the average value in [25].

The basis for the WP modeling was the cubic WP equation and the air density equation.
The air density ρair was calculated using an equation [26] that considers multiple climatic
parameters. The ρair was calculated for each data point as

ρair =
p0

RairTair
e(

−gH
RairTair

) (3)

where p0 is the standard sea level atmospheric pressure (101,325 Pa), Rair is the specific gas
constant for air (287.05 J/(kg·K)), Tair is the temperature of the air, g is the gravity constant
(9.81 m/s2), and H is the total altitude above sea level. The altitude above sea level for
Tampere University, Tampere, is 140 m [27]. The applied value of H, 156.13 m, is the sum of
the altitude of Tampere and the height of the modeled wind turbine (WT).

As the heights of the WTs were significantly higher than the height of the wind speed
sensor from ground level, the measured wind speeds were extrapolated to the heights of
the WTs. In Refs. [28,29], the wind speed power law was found to be sufficiently accurate
at extrapolating wind speeds to given heights when using a suitable value for the shear
exponent α. The power law was applied as

v2 = v1

(
h2

h1

)α

(4)
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where v2 is the extrapolated wind speed at height h2, and v1 is the measured wind speed at
height h1. The value for α would be 0.3 for a small town with some trees and 0.4 for a city
area with tall buildings [28]. As the environment around the wind speed sensor of Tampere
University has a few tall buildings but could be mainly considered a small town, the value
of α was determined to be 0.35.

The preliminary wind turbine power PWT, pre was calculated as

PWT, pre(v2) =



0, v2 < vcut−in

1
2

Asweptρairv3
2Cp, vcut−in ≤ v2 < vrated

Prated,WT, vrated ≤ v2 < vcut−out

0, vcut−out ≤ v2

(5)

where Aswept is the swept area of the WT rotor, Cp is the power coefficient of the WT,
Prated, WT is the rated power of the WT, and vcut-in, vrated, and vcut-out are the cut-in, rated,
and cut-out wind speeds of the WT, respectively. The WT starts generating power if the
v2 is at or higher than the vcut-in. The WT stops generating power if v2 is at or higher
than vcut-out. When v2 is at vrated or between vrated and vcut-out, the WT generates power
at Prated, WT. When v2 is at vcut-in or between vcut-in and vrated, the WT generates power
according to the cubic WP equation [26]. The Cp values for the WTs needed to be calculated
because the values were not available. The Cp value of a WT is dependent on the wind
speed. However, according to [30], using a calculated maximum value of Cp as the constant
value provides sufficient accuracy. The maximum Cp values were calculated for each WT
using Equation (5).

As the wind speed measurements were carried out at a sampling frequency of 10 Hz,
a low-pass filter was applied to take the inertia of the WT rotor into account and level the
power fluctuations of PWT, pre to a more realistic level. A low-pass filter was used with WP
modeling in [31,32]. The smoothed wind power Pgen, WT was obtained by applying the
first-order low-pass filter to PWT, pre as

Pgen, WT(t) =
PWT, pre(t)
τWTs + 1

(6)

where τWT is the time constant of the WT. The low-pass filter smooths the power fluctua-
tions to a more realistic level only if a suitable value is used for the time constant. If the
time constant is too large, Pgen, WT is oversmoothed and the effect of the power fluctua-
tions decreases. The applied time constants for the WTs of this study were determined by
comparing the time constant values to the values in Refs. [31,32] and the simulated power
graphs visually to the measured power graphs in Refs. [33,34].

Various power plant sizes were considered to study how the size of the power plant
affects the size of the ESS. The nominal powers of the considered combined PV–wind power
plants were 20 kW, 400 kW, 2 MW, and 6 MW. These nominal powers were chosen because
they would show the effects of small- and medium-scale power plants on the sizing of
ESSs. A total of 50% of the total nominal power consisted of PV power and 50% WP. The
parameter values of these combined PV–wind power plants are presented in Table 1. The
separate PV and wind power plants were simulated using the same values. The nominal
powers of these separate power plants were 10 kW, 200 kW, 1 MW, and 3 MW. The nominal
power of the PV power system was scaled using different numbers of PV modules. The
nominal power of the WP system was scaled using four different WT models. The WT
models used in this study were the E-10 10 kW WT produced by Ryse Energy [35], the
D2CF 200 kW WT produced by Aeolia Windtech [36], the E-58/10.58 1 MW WT produced
by Enercon [37], and the E-82 E3 3 MW WT produced by Enercon [38].
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Table 1. Parameter values of the studied PV–wind power plants.

Total Nominal Power 20 kW 400 kW 2 MW 6 MW

Nominal PV power 10 kW 200 kW 1 MW 3 MW
Number of PV modules 53 1053 5263 15,789
PV module array area 149 m2 2957 m2 14,780 m2 44,340 m2

Rated wind power 10 kW 200 kW 1 MW 3 MW
Wind turbine height 16.5 m 40.3 m 70.5 m 98 m
Swept area 75.4 m2 650 m2 2697 m2 5281 m2

Calculated power
coefficient 0.48 0.44 0.43 0.50

Time constant 15 s 23 s 30 s 40 s
Cut-in wind speed 2 m/s 3 m/s 2.5 m/s 3 m/s
Rated wind speed 9 m/s 10.9 m/s 12 m/s 16 m/s
Cut-out wind speed 30 m/s 20 m/s 34 m/s 34 m/s

2.4. ESS Control Strategy

The simulation model contained the power plant and the ESS. An illustration of the
system is presented in Figure 3. The power generated by the power plant Pgen equals
the sum of the power fed to the grid Pgrid and the charging power of the ESS PESS as
Pgen = Pgrid + PESS. The inverter, ESS, and power line losses were not taken into account.
The goals for the ESS were to mitigate the power fluctuations of the Pgen to a preferred level
and to make sure that at every moment the ESS had enough energy in case of a sudden
shutdown of the power plant.
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The control algorithm of the ESS was an RR-based control algorithm. The same
algorithm was used in [8]. The control algorithm operated so that the power RR of the
power fed to the grid RRgrid never exceeded the applied power RR limit RRlim as∣∣∣RRgrid

∣∣∣ ≤ RRlim (7)

where the RRgrid was calculated by dividing the difference of the power values of two
consecutive time steps by the time difference of the time steps. In order to comply with the
applied RR limit even during a sudden shutdown of the power plant, the minimum energy
level of the ESS EESS, min at every moment was

EESS, min =
Pgrid

2

2·RRlim
(8)

The energy level of the ESS was kept as close to EESS, min as possible by discharging the
ESS whenever possible. The applied RR limits were 1, 2, 3, 5, 7, 10, 13, 15, 17, and 20%/min.

An example of the operation of the control algorithm with different applied RR limits
is presented in Figure 4. As seen in Figure 4a, the Pgrid stayed within the RR limit as the ESS
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mitigated the fastest power fluctuations by charging or discharging power when needed.
Figure 4b presents the Pgrid when different RR limits were applied. The Pgrid remained
significantly smoother when the RR limit of 1%/min was applied compared to the two
less strict RR limits, and even the least strict RR limit of 20%/min smoothened the power
fluctuations considerably.
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the same period.

3. Results

The results of this study were divided into two categories. In Section 3.1, the power
and energy requirements of the ESSs are presented. In Section 3.2, the utilization rates of
the ESSs are presented. In both subsections, the results of the separate PV and wind power
plants are presented before the results of the combined PV–wind power plants.

3.1. Power and Energy Requirements of the ESSs

Figure 5 presents the relative energy and power capacities of the ESSs required for the
PV power plants as a function of the applied RR limit. In Figure 5a, it can be seen that as
the RR limit increased, the relative energy capacities of the ESSs decreased significantly,
which was expected, as the need to mitigate the power fluctuations decreased as the RR
limit increased. On clear-sky days, the required energy capacity of the ESS was the highest
EESS, min value, which was determined by the highest Pgrid value, as stated in Equation (8).
As the size of the PV power plant increased, the relative energy capacities of the ESSs
decreased a tiny amount. This effect is not clearly visible in Figure 5a, as the difference in
the values of the largest and the smallest PV power plant was only 0.6% on average. The
reason for this is that the highest production power of the PV power plant increased nearly
linearly as the size of the PV power plant increased; thus, the relation stayed practically the
same. This phenomenon was also detected also in [9,10], but the difference in the relative
energy capacities of the ESSs was notably greater between the different PV power plant
sizes due to differences in the ESS control algorithm. The relative energy capacity values
of the ESSs of this study were generally notably higher compared to the values in [8–11].
The difference in the relative energy capacity values of the ESSs can be explained with the
use of different control algorithms in Refs. [9–11]. As the control algorithm in [8] was the
same as the one used in this study, the difference was caused by the fact that the generated
power of the PV power plant was based on measured power in [8], not on modeled PV
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power as in this study. The relative energy capacity values of the ESSs in [12] match the
values of this study well, however.
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In Figure 5b, the relative power capacities of the ESSs decreased as the RR limit
increased. There is a clear difference between the relative power capacity values of the
ESSs of the different PV power plant sizes. The difference in the values was greater for
the higher RR limits than for the lower RR limits. With the three largest RR limits, the
relative power capacity values of the ESS of the largest PV power plant were roughly 22%
smaller than the values of the smallest PV power plant. The reason for the decreasing
relative power capacity requirement of the ESS as the size of the PV power plant grows is
the diminishing relative magnitude of the power fluctuations with increasing plant size.
As the fastest power fluctuations decrease, relatively less ESS power is needed to mitigate
them. This smoothing effect was also detected in [5,9,10]. The relative power capacity
values of the ESSs in this study were very similar to the values in [8–12] when comparing
the values of similar nominal power PV power plants. For example, at the applied RR limit
of 10%/min, the relative power capacity values of the ESSs in this study were roughly 93%,
84%, and 78% for the nominal powers of the PV power plants of 200 kW, 1 MW, and 3 MW,
respectively. At the applied RR limit of 10%/min, the relative power capacity values of the
ESSs were roughly 76–84% in [9], 72–88% in [10], 71% in [11], and 72–86% in [12] for the
nominal powers of the PV power plants of between roughly 100 kW and 7 MW.

In Figure 5b, the required power capacity of the ESS was higher than the nominal
power of the power plant with RR limits of up to 7 and 3%/min for the 10 kW and
200 kW PV power plants, respectively. The reason for this is the cloud enhancement
phenomenon [39]. In the cloud enhancement phenomenon, G is higher than GSTC, and thus,
the PV power plant is able to generate more power than the nominal power of the power
plant. If fast power fluctuations happen during the cloud enhancement phenomenon, the
required PESS can be higher than the nominal power of the PV power plant. These occasions
happened on five days for the 10 kW PV power plant and on three days for the 200 kW
PV power plant during the measurement period. The required power of the ESS was not
found to be higher than the nominal power of the PV power plant in studies [8–12].

Figure 6 presents the required relative energy and power capacities of the ESSs of the
WP plants as a function of the applied RR limit. In Figure 6a, it can be seen that as the
RR limit increased, the relative energy capacities of the ESSs of the WP plants decreased
significantly. It is also visible that the larger the WP plant was, the higher the relative ESS
energy capacities were. However, the relative energy capacity values of the ESSs of the
10 kW and 200 kW WP plants were practically the same for all RR limits. These values
were also practically the same between the 1 MW and 3 MW WP plants when the RR limit
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was roughly 7%/min or higher. However, there was a clear difference when comparing the
values of the 10 kW and 200 kW WP plants to the values of the 1 MW and 3 MW WP plants.
This difference was more notable at the lower RR limit values. This effect can be explained
by the height of the WT. As the height of the WT increased, the energy density of the wind
increased. This means that there was more power to be extracted for the WT, and thus, the
Pgrid was also generally higher. With the generally higher Pgrid, the relative energy capacity
of the ESS also needed to be higher in case of a possible sudden shutdown of the power
plant. With the three smallest RR limits, the relative energy capacity values of the ESS of
the largest WP plant were roughly 82% higher than the values of the smallest WP plant.
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In Figure 6b, the values of the relative power capacities of the ESSs of the WP plants
generally decreased as the RR limit increased. As the size of the WP plant increased, the
relative power capacities of the ESSs generally decreased because the relative magnitude of
the power fluctuations of the WP plant decreased. The relative magnitude of the power
fluctuations decreased as the inertia of the WT rotor increased with increasing WT size [40].
However, as the RR limit increased from 1%/min to 3%/min, the relative power capacity
of the ESS of the 200 kW WP plant increased. The reasons for this are covered in Section 4.

Figure 7 presents the relative energy and power capacities of the ESSs required for
the PV–wind power plants. In Figure 7a, it can be seen that as the RR limit increased, the
relative energy capacities of the ESSs decreased significantly. The difference between the
relative energy capacity values of the ESSs of different power plant sizes was small when
the RR limit was 10%/min or higher. The difference in these values was more noticeable
with stricter RR limits. With the three smallest RR limits, the relative energy capacity
values of the ESS of the largest power plant were roughly 24% higher than the values of the
smallest power plant. The increase in the relative energy capacity values as the size of the
PV–wind power plant increased was reasonable since the larger wind turbine had a greater
effect on increasing the values than the larger PV power plant had on lowering the values,
as seen in Figures 6a and 5a, respectively.
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In Figure 7b, it can be seen that as the RR limit increased, the relative power capacity
requirements of the ESSs decreased. The effect of the decreasing required size of the ESS
as the RR limit increased was less significant on the relative power capacity than on the
relative energy capacity (Figure 7a). With the relative power capacities of the ESSs, the
difference in the values between the different power plant sizes increased as the RR limit
increased. With the three largest RR limits, the relative power capacity values of the ESS of
the largest power plant were roughly 17% smaller than the values of the smallest power
plant. The relative power capacity values of the ESS of the PV–wind power plant decreased
as the size of the power plant increased because the increasing PV plant size and WT size
both decreased the relative magnitude of the power fluctuations and thus the need for
power smoothing, as seen in Figures 5b and 6b, respectively.

Figure 8 presents various percentiles of the required relative daily energy and power
capacities of the ESS of the 2 MW PV–wind power plant as a function of the RR limit. The
values of the 50th percentile of the relative daily energy and power capacity requirements
were roughly 50% and 60% of the values of the 100th percentile, respectively. When
comparing the 90th and the 100th percentiles, the relative daily energy and power capacity
values of the 90th percentile were both roughly 80% of the values of the 100th percentile.
These findings show that for most days, the energy and power capacity of the ESS of the
2 MW PV–wind power plant could have been significantly smaller than the size required
to mitigate all the power fluctuations of the measurement period. Similar findings were
observed in [8] with a small PV power plant.

Table 2 presents the required energy and power capacities of the ESSs of the power
plants with the applied RR limit of 10%/min. For the nominal powers of 10 kW and 200 kW,
the required energy capacities of the ESSs of the WP plants were roughly 48% smaller than
the values of the ESSs of the PV power plants. For the nominal powers of 1 MW and 3 MW,
the required energy capacities of the ESSs of the WP plants were roughly 24% smaller
than the values of the PV power plants. For the required power capacity of the ESS, the
difference was smaller. The required power capacity values of the ESSs of the WP plants
were roughly 24% and 15% smaller than the values for the PV power plants for the two
smaller and the two larger nominal powers, respectively.
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Figure 8. Percentiles of the required relative daily energy (a) and power (b) capacities of the ESS of
the 2 MW PV–wind power plant as a function of the RR limit.

Table 2. Required energy and power capacities of the ESSs of the power plants with the applied RR
limit of 10%/min.

Power Plant Nominal Power (kW) Energy Capacity (kWh) Power Capacity (kW)

PV 10 5.567 9.946
200 110.6 185.9
1000 553.4 838.4
3000 1657 2347

Wind 10 2.904 7.514
200 58.25 142.3
1000 409.3 696.2
3000 1291 2028

PV–wind 20 6.043 12.80
400 120.2 236.5
2000 717.2 1160
6000 2232 3239

As the nominal power values of the PV–wind power plants were twice the values
of the PV and the wind power plants, the sizing requirements for the ESSs cannot be
compared with the direct values. Comparing the graphs of Figures 5a and 7a at the RR
limit of 10%/min, the required relative energy capacities of the ESSs of the PV–wind power
plants were roughly 40% smaller than for the PV power plants. When comparing the graphs
of Figures 6a and 7a at the RR limit of 10%/min, the required relative energy capacities of
the ESSs of the PV–wind power plants were roughly 3% larger and 13% smaller than for
the WP plants for the two smaller and the two larger nominal powers, respectively. For the
required relative power capacities of the ESSs at the RR limit of 10%/min, the values of the
PV–wind power plants were roughly 33% and 17% smaller than the values of the PV and
the wind power plants, respectively.

3.2. Utilization Rate of the ESSs

The daily maximum shares of energy cycled through the ESSs of PV and wind power
plants are presented in Figure 9. In Figure 9a, it can be seen that the values for the PV power
plants decreased significantly as the RR limit increased. This behavior is in line with the
results of [8], although the shares obtained herein were somewhat higher. There was only a
tiny visible difference between the values of the different power plant sizes. The values
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decreased slightly as the amount of PV power grew. This was caused by the smoothing
effect on the power fluctuations of the larger PV power plant [5].
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Figure 9. Daily maximum shares of energy cycled through the ESSs of the PV power plants (a) and
the wind power plants (b) as a function of the RR limit.

In Figure 9b, it can be seen that the daily maximum shares of energy cycled through
the ESSs of the WP plants decreased as the RR limit increased. Without taking the values of
the 200 kW WP plant into account, the daily maximum shares of energy cycled through the
ESSs also decreased as the size of the WP plant increased because the power fluctuations
diminished as the inertia of the WT rotor increased. The daily maximum share of energy
cycled through the ESS of the 200 kW WP plant also decreased as the RR limit increased,
but the values were clearly higher than the values of the other WP plants. The reasons for
this are covered in Section 4.

Figure 10 presents the daily maximum shares of energy cycled through the ESSs of the
PV–wind power plants and the percentiles of the shares of energy cycled daily through
the ESS of the 2 MW PV–wind power plant. It can be seen in Figure 10a,b that the daily
shares of cycled energy decreased notably as the RR limit increased. This was caused by the
decreased need to level the power fluctuations with the higher RR limits. In Figure 10a, the
daily maximum shares also generally decreased when the size of the power plant increased.
The values of the 50th and 90th percentile were roughly 70% and 85% of the values of the
100th percentile, respectively. This means that the ESS would need to operate significantly
more on a highly fluctuating day than on an average day. This also applies for the separate
PV and wind power plants. Similar findings with an ESS of a small PV power plant were
observed in [8].

Table 3 presents the daily maximum values of the time the ESS charged and discharged
for RR limits of 1, 10, and 20%/min for the 2 MW PV–wind power plant. The differences
between the RR limits were higher for charging than for discharging. The charging and
discharging times did not decrease as significantly as the daily maximum shares of energy
cycled through the ESS when the RR limit increased. This means that the ESS of the PV–
wind power system seemed to operate for an almost equally long time with different RR
limits, but the amount of energy charged or discharged varied more notably, as seen in
Figure 10a. The applied control algorithm controlled the ESS to operate almost all the time
to be prepared for a sudden shutdown of the power plant.
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Figure 10. Daily maximum shares of energy cycled through the ESSs of the PV–wind power plants
(a) and percentiles of daily shares of energy cycled through the ESS of the 2 MW PV–wind power
plant (b) as a function of the RR limit.

Table 3. Daily maximum values of the time the ESS charged and discharged for RR limits of 1, 10,
and 20%/min for the 2 MW PV–wind power plant.

RR 1%/min RR 10%/min RR 20%/min

Time ESS charged (%) 61.1 56.5 55.1
Time ESS discharged (%) 60.6 59.6 59.0

4. Discussion

The mathematical models of PV and wind power plants used were based on multiple
studies and considered all main climatic parameters that would affect the power generation
of the power plants. However, the choices and simplifications done in the modelling
affected the results. Particularly with the WP modeling, the chosen WT models and the
determined time constants for the WTs had an effect on the results. The WT models [35–38]
were chosen for this study because their nominal powers were suitable and there were
enough detailed data available about these WTs. As there were no time constants available
for the WTs, the suitable values for the time constants of the WTs needed to be determined
by visually comparing the simulated power graphs of the WTs to the measured power
graphs in Refs. [33,34]. Because the time constant values in Refs. [31,32] were used in those
studies for the output power smoothing of the WP plants and not on the modeling of
realistic wind power, the values were not used in this study directly. The use of too large
time constants would have suppressed the WP fluctuations.

The reason why the daily maximum shares of energy cycled through the ESS were
significantly higher for the 200 kW WP plant than for the other WP plants in Figure 9b
is that vcut-out and the gap between vrated and vcut-out were clearly smaller for the 200 kW
WT than for the other WTs, as seen in Table 1. Thus, the 200 kW WT would have stopped
generating power at lower wind speeds than the other WTs. In addition, the share of power
generated at its Prated was smaller than for the other WTs. This means that the share of
power generated at power other than the Prated was larger for the 200 kW WP plant than
for the other WP plants. Because the share of fluctuating power production was larger, the
ESS was needed more often to level the power fluctuations. That is why the amount of
energy cycled through the ESS of the 200 kW WP plant was significantly higher than for
the other WP plants, as shown in Figure 9b.

The significantly smaller vcut-out of the 200 kW WT also explains why the required
relative power capacity of its ESS differed from the values of the ESSs of the other WTs at the
applied RR limit of 1%/min in Figure 6b. During a high ramp up of wind speed, the vcut-out
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of the 200 kW WT was exceeded first, and thus the 200 kW WT stopped generating power
first among the WTs. Because the 200 kW WT stopped generating power relatively quickly
compared to the other WTs, the Pgen, WT of the 200 kW WP plant did not rise relatively as
high as the Pgen, WTs of the other WTs during a high ramp up of wind speed. This means
that the difference between the Pgen, WT and the Pgrid of the 200 kW WT was the smallest
among the WTs during a high ramp up of wind speed. Because this difference was the
amount of power that the ESS needed to charge, the required relative power capacity of
the ESS of the 200 kW WT was the smallest for the RR limit of 1%/min. This effect was
small, and practically noticeable only at the RR limit of 1%/min, as the Pgrid then varied
significantly more slowly than with the other applied RR limits. The power generation
affecting parameters of WTs can vary a lot in practice, as seen in this study, especially with
the vcut-out values of the WTs. Because these parameters can affect the sizing of an ESS for a
WP plant relatively strongly, the effect of the power plant size on the size of the ESS is more
ambiguous with the WP plants than with the PV power plants.

Future research directions include using measured power data of PV and wind power
plants for the sizing of ESSs. Those results could then be compared with the ones obtained
based on simulated powers. In addition, the economic point of view could be included in
the study while still keeping the investigation of the power fluctuations comprehensive.
As the results of this study show, most of the time a smaller-sized ESS would be sufficient
at keeping the power fluctuations of a 2 MW PV–wind power plant within the applied
RR limits. Thus, it would not likely be economically optimal to size the ESS of a PV–wind
power plant to mitigate even the fastest power fluctuations.

5. Conclusions

This article presented a comprehensive study on the sizing of ESSs for PV, wind, and
PV–wind power plants when different RR limits were applied. The study was conducted
based on climatic measurements carried out with a 10 Hz sampling frequency for a period
of 153 days. The modelling of the PV and wind power was based on multiple studies and
took into account the main climatic parameters that would affect the PV and wind power
generation. Therefore, using high temporal resolution for the generated powers, the sizing
of the ESSs in this study was able to consider even the fastest power fluctuations of PV and
wind power. The main sizing qualities were the relative energy and power capacities of the
ESS and the shares of energy cycled through the ESS.

It was found that the applied RR limit significantly affected the required energy
capacities of the ESSs of PV, wind, and PV–wind power plants, which was expected based
on the previous research. The applied RR limit moderately affected the required power
capacities and utilization rates of the ESSs for the PV, wind, and PV–wind power plants,
which was also in line with previous studies. The energy and power capacity requirements
for the ESS of the PV power plant decreased when the size of the PV power plant grew.
These results are also in line with previous studies considering ESS sizing for PV power
plants. For the wind and PV–wind power plants, the required energy capacity of the ESS
increased and the required power capacity decreased when the size of the WP plant grew.
This was expected, as the larger WTs would face wind that has a higher energy density, and
the increased inertia of the WT rotor would smooth the power fluctuations.

Although the results of this study related to the sizing of ESSs for PV power plants are
in line with previous studies, the results of the sizing of ESSs for wind and PV–wind power
plants are novel. The novelty and the value of this study are that the results can be used
for sizing ESSs for wind or PV–wind power plants to comply with different applied RR
limits. However, as the ESSs of this study were sized so that they could mitigate even the
fastest power fluctuations of PV and wind power, ESSs of this size would probably not be
economically reasonable.

Author Contributions: Conceptualization, M.T. and K.L.; methodology, M.T.; formal analysis, M.T.;
writing—original draft preparation, M.T.; writing—review and editing, K.L. and T.R.; supervision,
K.L. All authors have read and agreed to the published version of the manuscript.



Energies 2023, 16, 4313 16 of 18

Funding: This research was funded by Business Finland, grant number 1191/31/2022. K. Lap-
palainen was funded by the Academy of Finland, grant number 348701.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to have influenced the work reported in this paper.

Nomenclature

APV area of the PV module array (m2)
Aswept swept area of a WT (m2)
α wind shear exponent
β temperature coefficient of the PV module
Cp power coefficient of a WT
EESS, min minimum energy level of the ESS (J)
g gravity constant (m/s2)
G measured irradiance (W/m2)
Gs spatially smoothed irradiance (W/m2)
GsTC irradiance in STC (W/m2)
H altitude above sea level (m)
h1 wind speed measurement height (m)
h2 wind speed extrapolated height (m)
n number of PV modules
PESS power of the ESS (W)
Pgen generated power of a power plant (W)
Pgen, PV generated PV power (W)
Pgen, WT generated wind power (W)
Pgrid power fed to the grid (W)
Pnom, PV nominal power of the PV module (W)
Prated, WT rated power of a WT (W)
PWT, pre preliminary power of a WT (W)
p0 sea level atmospheric pressure (Pa)
Rair specific gas constant of air (J/(kg·K))
RRgrid ramp rate of grid input power (W/s)
RRlim ramp rate limit (W/s)
ρair density of air (kg/m3)
s Laplace transform variable
Tair temperature of air (K)
TPVM backside temperature of the PV module (◦C)
TSTC temperature of STC (◦C)
τWT time constant of a WT (s)
vcut-in cut-in wind speed of a WT (m/s)
vcut-out cut-out wind speed of a WT (m/s)
vrated rated wind speed of a WT (m/s)
v1 measured wind speed (m/s)
v2 extrapolated wind speed (m/s)
Abbreviations
ESS energy storage system
PV photovoltaic
RR ramp rate
STC standard test conditions
WP wind power
WT wind turbine
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