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H I G H L I G H T S

• Suitability of LIBs, lead-acid batteries
and ECs for ramp-rate control was
studied.

• Power-normalised volume require-
ments show LIBs are the most suitable
technology.

• LIBs with a high energy density are
optimal for low ramp rates or high
compliance.

• With larger PV systems, LIBs with a
high power are increasingly more fa-
vourable.

• ESS with 400Wh L−1 and 2300W L−1

is required for 10% min−1 ramp rates
in modules.
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A B S T R A C T

Photovoltaic (PV) systems can exhibit rapid variances in their power output due to irradiance changes which can
destabilise an electricity grid. This paper presents a quantitative comparison of the suitability of different
electrochemical energy storage system (ESS) technologies to provide ramp-rate control of power in PV systems.
Our investigations show that, for PV systems ranging from residential rooftop systems to megawatt power
systems, lithium-ion batteries with high energy densities (up to 600Wh L−1) require the smallest power-nor-
malised volumes to achieve the ramp rate limit of 10% min−1 with 100% compliance. As the system size
increases, the ESS power-normalised volume requirements are significantly reduced due to aggregated power
smoothing, with high power lithium-ion batteries becoming increasingly more favourable with increased PV
system size. The possibility of module-level ramp-rate control is also introduced, and results show that
achievement of a ramp rate of 10% min−1 with 100% compliance with typical junction box sizes will require ESS
energy and power densities of 400Wh L−1 and 2300W L−1, respectively. While module-level ramp-rate control
can reduce the impact of solar intermittence, the requirement is challenging, especially given the need for low
cost and long cycle life.
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1. Introduction

The world is transitioning to use more renewable energy sources,
among which photovoltaics (PV) is the fastest growing accounting for
almost 30% of net additions to global power capacity in 2016 [1].
However, PV systems can exhibit significant variances in their power
output due to the intermittence of sunlight. As the penetration level of
PV power into the utility grid continues to increase, these variances can
impact voltage and frequency stability of the electricity grid, if not
appropriately managed [2–5]. This is particularly problematic for small
utility grids or islanded microgrids with high levels of PV penetration
and limited opportunity for aggregation smoothing of the generated
power [6,7].

In order to ensure the power quality and reliability of the dis-
tribution network, some utility grid operators have started to impose
restrictions on the ramp rate of the generated power from grid-con-
nected PV systems. For example, the Puerto Rico Electric Power
Authority has imposed a limit of 10% of system rated capacity per
minute (denoted as 10% min−1) to both power ramp-up and ramp-
down rates [3], and Germany requires a 10% min−1 limit for positive
power ramps [3]. In many countries, new standards for grid connection
of PV (e.g., in Australia [8]) require that inverters must implement, at
least the lower level modes, demand response management modes to
allow greater control over inverter response to the grid. Lower level
modes require that inverters can rapidly disconnect themselves from
the grid on demand, whilst higher level modes can require inverters to
reduce their output to a fraction of their rated power during excursions
of normal voltage and frequency operating ranges. Additional demand
response management functions of ramp-rate control to allow the
generated power to change smoothly from one level to another are also
suggested [8,9]. Increased implementation of new grid connection
standards worldwide may increase the importance of localised power-
management strategies that can make possible higher penetration levels
of PV in electricity grids.

PV power variability due to cloud shading can be mitigated in part
by the use of module-level power-management electronics, such as DC/
DC power optimisers [10,11] and DC/AC micro-inverters [2]. However,
the extent of power buffering (i.e., ramp-rate control) by these elec-
tronics is inherently limited by insolation conditions. An alternative
approach is to use an energy storage system (ESS) to buffer the var-
iances by discharging to or charging from the PV generated power to
compensate for PV power changes [12]. This approach enables the in-
verter output power to be partly decoupled from PV generated power
and therefore allows more control over the power injected into the grid.
Although non-electrochemical ESS technologies such as the pumped
hydroelectric storage, compressed air energy storage and flywheels [2]
may also be candidates for this application, this study focuses on
electrochemical ESS technologies.

A range of electrochemical ESS technologies have been proposed for
power buffering of PV systems [13–17]. However, most reports have
assumed the use of rechargeable batteries at an array level [16,17],
with some reports having also investigated the use of electrochemical
double-layer capacitors (EDLCs) [14,15], or a combination of EDLCs
and fuel cells [13]. Although the storage requirements (i.e., capacitance
and capacity) for specific ESSs have been determined, simple justifi-
cations were made for the choices of ESS technology. Marcos et al.
[18,19] and Schnabel et al. [20] derived empirical relations between
the energy and power required for a generic ESS to limit the ramp rate
of PV power to different levels. These studies, however, did not consider
which ESS technologies would be optimal for PV power buffering ap-
plications. The energy and power density of any electrochemical ESS
are correlated (with exception of the flow batteries) [21] and therefore
typically need to be considered concurrently when selecting and sizing
a suitable ESS.

In this paper, we incorporate into the analysis, for the first time, the
volumetric energy and power densities of different electrochemical ESS

technologies. Using these ESS characteristics, the suitability of a set of
state-of-the-art electrochemical ESS technologies were quantitatively
compared based on their required volumes for power ramp-rate control
for PV systems of different sizes. Section 2 briefly reviews the ESS
technologies that were considered in this study. The methods used in
the study are described in Section 3 and then in Section 4 the results of
the analysis are presented. First, in Section 4.1, the power generation
profile for: (i) a residential rooftop PV system (5 kW); (ii) a small
commercial PV power system (100 kW); and (iii) a large PV power
system (7.2 MW) was simulated using 1 s solar irradiance data recorded
in Sydney, Australia and a previously reported low-pass filtering
method [22] to model the effects of smoothing arising from geographic
aggregation and module-level electronics. A ramp-rate analysis of the
solar irradiance and power generation data for a period of 46 days is
presented. In Section 4.2, calculations of the power-normalised ESS
volume required for different allowable ramp rate limits and com-
pliance levels are reported, in order to determine the most suitable ESS
technology for each of the different PV system sizes. Then, in Section
4.3, we introduce the new concept of PV module-level ramp-rate con-
trol, where compact ESSs are integrated into the module electronics of
DC/AC micro-inverters. The requirements for an ESS for this concept
and the limitations of the current ESS technologies for this application
are discussed. We conclude with a discussion of the costs of the dif-
ferent ESS technologies and highlight the need to consider not only
capital cost but also the levelised cost of storage, which takes into ac-
count the different cyclability capabilities of the different ESS tech-
nologies.

2. Electrochemical ESS technologies

The characteristics of an ESS that are of particular interest for our
investigation are the energy density (storage capacity) and power
density (rate capability). Although gravimetric values are commonly
reported, the volume available to an ESS may be more restricted for PV
ramp-rate control applications; therefore, volumetric energy and power
densities are discussed in this study. Three types of ESS technologies
were investigated: (i) rechargeable batteries; (ii) electrochemical ca-
pacitors; and (iii) electrolytic capacitors. Their representative energy
and power densities are shown in the Ragone plot in Fig. 1.

Two examples of commonly-used rechargeable batteries that may
be suitable for ramp-rate control are lithium-ion batteries (LIBs) and
lead-acid batteries. Lead-acid batteries are one of the most mature and
affordable ESSs and they have already been implemented in many
stand-alone PV systems for load levelling [23–25]. Their energy den-
sities are typically in the range of 50–90Wh L−1 [26,27], but compared
to other rechargeable batteries, their power capability is very limited.
Besides, the main limitation of lead-acid batteries is their low cycle life
(200–300 cycles at a 80% depth of discharge for valve-regulated lead-
acid batteries [28]). Flooded lead-acid batteries have a higher cycle life
but require more frequent maintenance.

Lithium-ion batteries are used commonly for portable electronic
devices because of their high energy and power densities, flexibility in
packaging and longer lifespan than other types of rechargeable bat-
teries [29]. In comparison to lead-acid batteries, LIBs have substantially
higher energy densities over a wide range of power densities suggesting
their potential for high rate capability. State-of-the-art commercial LIBs
have energy densities ranging from 200 to 700Wh L−1 [30–34] and
cycle lives in the order of 102 to 104 cycles [34,35]. Values vary de-
pending on the active materials used for battery anodes and cathodes as
well as device architectures. Most commercially-produced LIBs use in-
sertion-type cathode materials, typically transition metal oxides, such
as layered LiCoO2 (LCO) [36], spinel LiMn2O4 (LMO) [37], layered
LiNi0.8Co0.15Al0.05O2 (NCA) [38] and LiNixMnyCozO2 (NMC) with var-
ious stoichiometries [39]. Coupled with graphite anodes, commercial
cells incorporating LCO or NCA cathodes can have energy densities as
large as 600–700Wh L−1 but a cycle life of< 1000 cycles [31,40].
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Panasonic's NCR18650 is used as an example of a high-energy LIB in
Fig. 1.

Cycle life can be improved, however typically at the expense of
lower energy densities, through the use of the polyanion compound
LiFePO4 (LFP) cathodes [41–43] (2000–3000 cycles [44]), and/or
Li4Ti5O12 (LTO) anodes (in the order of 104 cycles) [45]. Toshiba's
LMO//LTO LIB is used as an example of a high-power LIB in Fig. 1. On
the other hand, higher energy densities can be achieved by using con-
version-type cathodes (e.g., chalcogenides (S, Se, Te) or metal halides
(F−, Cl−, Br−, I−) [46,47]) or by replacing graphite with conversion-
type anodes (e.g., alloy/de-alloy materials (Si, Ge, Sn) and metal
oxides/phosphides/sulphides/nitrides [48]). However, conversion-type
electrodes suffer from large volume changes upon lithiation and de-
lithiation resulting in rapid capacity degradation with cycling [48,49].
Most conversion-type electrode materials have only been demonstrated
at a research level and consequently were not considered in this study.

Electrolytic capacitors are widely used in the integrated circuit in-
dustry. They store charge electrostatically (physically) at their elec-
trodes and can be charged very rapidly (in the order of μs to ms) and
cycled many times (millions of cycles) but their energy densities (10−3

Wh L−1) are orders of magnitude lower than rechargeable batteries
[50].

Electrochemical capacitors (ECs) can provide some of the benefits of
electrolytic capacitors (rapid charging/discharging and high cy-
clability) with increased energy densities. Current ECs can be divided
into three main technology types: (i) electrochemical double-layer ca-
pacitors (EDLCs) [51–53], which store charge electrostatically through
adsorption of cations and anions at the interface between the electro-
lyte and high surface area electrodes; (ii) pseudocapacitors [54], in
which charges are additionally stored through fast reversible Faradaic
reactions that occur at or near the electrode surfaces; and (iii) hybrid
devices [55] comprising an EDL-type (non-Faradaic) electrode and a
‘battery-type’ (Faradaic) or pseudocapacitive electrode. A symmetric
structure comprising two high-surface-area activated carbon electrodes
is the most commercialised EDLC system. These devices have a wide
operating window of power densities (typically < 104W L−1 [56])
with relatively stable energy densities of< 10Wh L−1 [56,57]. They
can typically be cycled more than 106 times [50,58]. Although research

level results have demonstrated that pseudocapacitive ECs can achieve
higher energy densities than EDLCs, few devices been up-scaled for
manufacturing. Consequently, pseudocapacitive ECs were not con-
sidered in this study.

A lithium-ion (Li-ion) capacitor is an example of hybrid ECs [59].
With appropriate device design, it has been demonstrated that higher
capacitances, working voltages and therefore energy densities than a
symmetric EDLC can be achieved [60]. Evident in Fig. 1, the energy
densities of the Li-ion capacitor are superior to those of the activated
carbon EDLC at power densities lower than ∼500W L−1, but values
tend to decrease rapidly at higher power densities indicating their
poorer rate capability than a typical EDLC. The rate capability of the Li-
ion capacitor is typically limited by the ‘battery-type’ electrode in
which charges are stored via a slow diffusion process of lithium ions
into the crystalline structure of the active material. Li-ion capacitors
can have cycle lives of 104-105 cycles, lying between the LIBs and the
EDLCs in the Ragone plot.

3. Methods

3.1. PV power estimation

Solar irradiance data, measured at 1 s intervals, was obtained from a
rooftop weather station located at UNSW Sydney, Australia for 46 days
during the period of 12 December 2015 to 23 May 2016. The weather
station included a MS-402 pyranometer (EKO) and a MS-56 pyrheli-
ometer (EKO), together with a wind speed and temperature sensor, that
were configured on an automated 2-axis sun tracking system to measure
the diffuse horizontal irradiance (DHI) and direct norm irradiance
(DNI) respectively. The total irradiance received by a tilted PV module
was computed to be the sum of the direct and diffuse components, with
the direct component being calculated from the measured DNI using the
method described in Ref. [63], and the diffuse component was calcu-
lated from the DHI using the method reported in Ref. [64] and a PV
module tilt angle of 34°.

The PV power generation was computed from irradiance data for
the different system sizes (see Table 1) using the low pass filtering
method reported in Ref. [22] to simulate the smoothing provided by the
geographic aggregation and the control electronics in the system.
Specifically, the time series of the solar irradiance G(t) (sampled with a
frequency of 1 Hz) was transformed to the frequency domain (G(s))
using a Fast Fourier Transform and then a first-order Butterworth low-
pass filter was applied to G(s) according to:

=
+−G s G s

πf s
( ) ( ) 1

(2 ) 1f
c

1 (1)

where fc denotes the cut-off frequency and s is the Laplace operator. The
value of fc, as shown in Table 1, depends on the footprint area of a PV
system and was extracted from an empirical equation derived in Ref.
[22]. The Gf(s) signal was then transformed back to the time domain
Gf(t), and the power generation time series of the PV system, PPV(t), was
calculated using:

Fig. 1. Ragone plot comparing the energy and power characteristics of representative
examples of different ESS technologies. For the lead-acid battery, the activated carbon
EDLC, the Li-ion capacitor and the electrolytic capacitor, calculations were made based
on the full device volume, including the current collectors, active material, separators,
and electrolyte. Values for these devices are obtained from Ref. [61]. For the Panasonic
NCR18650 [30] and Toshiba LIBs [62], volumes used in the calculations include all the
aforementioned components as well as the packaging volume.

Table 1
Characteristic of the peak power, rated power, footprint area, corresponding cut-off fre-
quency fc and inverse of fc for three representative system sizes and a PV module. Values
of fc for the small and large PV power system were obtained from Ref. [22].

PV type Peak power
(kWp)

Rated power
PN (kW)

Area (Ha) Cut-off
frequency fc (Hz)

1/fc (s)

PV module 0.28 NA 2×10−4 NA NA
Rooftop 6.7 5 0.02 0.144 6.94
Small 143 100 0.63 0.026 38
Large 9500 7243 52 0.0032 313
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= ×P t G t P
G

( ) ( )PV f
N

N (2)

where PN is the rated power of the PV system and GN is the AM1.5G
one-sun intensity (1000Wm−2). This model was used because it was
derived using actual power generation data from different sized PV
systems. However, some minor inaccuracies may be present due to the
different geographical location of this study (Sydney, Australia) com-
pared to the systems used by Marcos et al. (Navarra, Spain) [22] to
generate their model.

3.2. Ramp rate calculation

Maximum allowable ramp rates appeared in power system regula-
tions are typically stated as a percentage per minute (e.g., 10% min−1

in Ref. [3]), however different interpretations of the ramp rate limit can
lead to different estimates of ESS requirements [65]. In this study the
ramp rate rG(t) was calculated for every consecutive 1min time interval
using the method stated in Ref. [18]:

⎧

⎨
⎩

=

=

− − −ΔP t

r t

( )

( )

G
P t Δt t P t Δt t

P

G
ΔP t

Δt

max[ ( , )] min[ ( , )]

( )

G G
N

G
(3)

where PG(t-Δt,t) is the power injected to the grid between the time t-Δt
and t, ΔPG(t) is the power change in 1min time period normalised to PN,
and the value of Δt is 1 min.

3.3. Ramp-rate control method

Overnight ESS charging from or discharging to the grid was as-
sumed such that the state of charge (SoC) of the ESS was retained at
zero at the beginning of each day. This way, the required ESS volume,
VESS, was determined by the power output on the ‘worst day’ in which
most irradiance fluctuation occurred. Unless otherwise mentioned, the
results presented in this paper were calculated based on solar irradiance
data for the 46 days for which irradiance data was available.

A schematic of the ramp-rate control method is shown in Fig. 2a.
The variables, PPV(t), PG(t) and PESS(t) are, respectively, the PV gen-
erated power, power to the grid and power to the ESSs at an instant t.
Given a time series of PPV(t), with a sampling interval Δt (1 s mea-
surement of data), the instantaneous ramp rate between two con-
secutive seconds, r(t), was calculated using:

= − −
×

r t P t P t Δt
Δt P

( ) ( ) ( )PV G

N (4)

In the model used, initially all the power generated by the PV
system was injected into the utility grid, that is PG(0) = PPV(0). Then
for all t> 0, given a maximum allowable ramp rate limit, rmax (% s−1),
converted from rmax,1min (% min−1), PG at a time t was given by:

⎧
⎨⎩

= ≤
= − ± × × >

P t P t r t r
P t P t Δt r Δt P r t r

( ) ( ), if ( )
( ) ( ) , if ( )

G PV

G G max N

max

max (5)

Fig. 2b depicts the PPV and PG profiles for an example 15-min time
window. The difference between these two profiles is compensated by
the ESSs, that is:

= −P t P t P t( ) ( ) ( )ESS G PV (6)

The PESS for the same time window is shown in Fig. 2c, where the
shaded area indicates the energy being delivered from (positive area) or
stored into (negative area) the ESSs. The ESS SoC(t), shown in Fig. 2d,
was calculated using [66,67]:

∫= +SoC t SoC P t dt( ) (0) ( )ESS ESS
t

ESS0 (7)

where SoC(0) is the ESS SoC in the beginning of the day (zero for the
conditions used in the simulations in this study).

3.4. ESS volume requirements for allowable ramp rate limits

For a given rmax, the required ESS power (in W) is the maximum
absolute value of the PESS during the entire investigation period, that is:

=P P nmax( (0, ) )ESS ESS (8)

where 0 and n indicates the beginning and end of the time period.
The required ESS energy (in Wh) for each day was determined by:

= −E d SoC t SoC t( ) max( ( )) min( ( ))ESS ESS d ESS d, , (9)

where d is the day number, and max(SoCESS,d) and min(SoCESS,d) are the
maximum and minimum SoC(t) for the day d. Then the required EESS for
the entire investigation period is given by the largest value of EESS(d).
Since each ESS technology, can operate at a range of different energy
density (E0 to Ei) and power density (P0 to Pi) pairs, where 0 and i
indicate the endpoints of the range, the required volume VESS at each
ESS operating point was determined by either the power density (e.g.,
PESS/Pi) or the energy density (e.g., EESS/Ei) whichever is larger. Then a
series of VESS (VESS(0) to VESS(i)) was generated and the smallest value
in the series determined the minimum required VESS to meet the al-
lowable rmax:

⎜ ⎟ ⎜ ⎟= ⎡
⎣⎢

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎤
⎦⎥

V P
P

E
E

P
P

E
E

min max , , ...,max ,ESS
ESS ESS ESS

i

ESS

i0 0 (10)

Values of energy densities (E0 to Ei) and power densities (P0 to Pi) of

Fig. 2. a) Schematic for the ramp-rate control model that was implemented; b) normal-
ised PV generated power without ramp-rate control and power injected into the utility
grid with a ramp rate limit of 10% min−1; c) power delivered from (green) or stored into
(orange) ESSs during an example 15-min period; and (d) ESS SoC during the same time
period. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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each ESS type were obtained from Fig. 1.

3.5. Levels of compliance for selected ramp rates

Given the VESS values, the maximum energy, EESS,max, and power,
PESS,max, that an ESS can provide was determined and used to calculate
the levels of compliance that can be achieved for a ramp rate limit of
10% min−1. A flowchart depicting the computational logic used in
these calculations is shown Fig. 3. The ramp-rate control method is the
same as described in Section 3.3. When |r(t)|> rmax, the ramp-rate
control was activated and the compensated PG(t) was calculated using
Eq. (5). The power required for this compensation, PESS(t), was calcu-
lated using Eq. (6). If the ESS power was insufficient (i.e.,
PESS(t)> PESS,max), the ESS was assumed to charge or discharge at its
maximum power to compensate for PG(t), that is:

⎧
⎨⎩

= ± >
= − ± × ×

P t P t P P t P
P t P t Δt r Δt P

( ) ( ) , if ( )
( ) ( ) , otherwise

G PV ESS ESS ESS

G G max N

,max ,max

(11)

The energy required to provide this compensation was calculated
using:

∫=
−

E t P t dt( ) ( )ESS
t Δt

t

ESS
(12)

For ramp downs, the SoC(t-Δt) was compared with the value of
EESS(t) to determine whether there was sufficient stored energy in the
ESS to provide the necessary compensation. If not, the PG(t) was re-
calculated accordingly by assuming all SoC(t-Δt) was delivered for
buffering, that is:

∫ = −
−

P t dt SoC t Δt( ) ( ).
t Δt

t

ESS
(13)

For ramp ups, the algorithm was designed to examine whether there
was sufficient capacity to store the EESS(t), see Fig. 3. If the ESS could

not accommodate all the EESS(t), the excess energy was assumed to be
dissipated as heat in the PV system. Using this algorithm, a time series
of the compensated PG(t) was computed. The ramp rates of power in-
jected to the grid after ramp-rate control, rG(t) (in % min−1), were
calculated using Eq. (3).

Finally, achieved levels of compliance at different VESS values were
calculated by the ratio of the number of power ramps with rates ≤ 10%
min−1 to the total number of power ramps:

=
∈ ≤

×
r r r r r

r
Compliance %

{ , }
100G

G

max,1 min

(14)

where rmax,1min is the allowable ramp rate limit in % min−1 (i.e., 10%
min−1).

3.6. Module-level ramp-rate control

The array-level modelling described in the abovementioned sections
assumes a configuration where a central ESS is placed at the DC side of
the inverter to provide ramp-rate control on an array level (see Fig. 4a).
In this study, we also considered the possibility where the ESS was
located at the module-level (e.g., in the junction box). This scenario is
depicted in Fig. 4b. Currently, more than 95% of PV modules on the
market have standard junction boxes with minimal power-management
electronics [68]. Adoption of ‘smart’ junction boxes, which incorporate
advanced power-management electronics such as DC/DC power opti-
misers [10,11] or DC/AC micro-inverters [2], is predicted to increase to
a market share of ∼20% by 2027 [68]. Few reports have investigated
the use of ESSs in PV systems with DC/DC power optimisers [69,70]
and micro-inverters [71], and these reports have not considered the ESS
requirements for this PV power buffering scenario.

We consider the specific case of an ESS being integrated into the
module junction box employing a micro-inverter (shown in Fig. 4b).
The modelling is also relevant to the case of DC/DC power optimisers,
however in the latter case the ramp-rate control would not be in-
tegrated with DC/AC conversion. Additionally, the modelling for the

Fig. 3. Flowchart showing the computational logics used in the calculations for the achieved compliance by various ESS technologies and different VESS values.
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DC/DC power optimiser case is made more complex due to the different
architectures in which power optimisers are being implemented within
modules (i.e., string-level or module-level). Module-level ramp-rate
control offers several advantages over array-level control. These ad-
vantages include:

i. Increased ‘plug-and-play’ installation functionality;
ii. Increased system energy output by reducing the energy loss caused

by the power mismatch among modules or strings;
iii. Improved system flexibility and monitoring capability;
iv. Increased redundancy to improve system reliability;
v. Integration with demand response management mode functionality

in inverters (such as ramp-rate control).

However, these additional benefits are expected to be achieved at
the expense of higher system costs arising from the cost of the micro-
inverters and the higher ESS requirements due to limited aggregation
smoothing on a module level compared to the array level. It should be
noted that, in systems employing micro-inverters, implementation of an
array-level ESS would require AC/DC conversion reducing the overall
efficiency of the buffering functionality.

The module-level modelling assumed a PV module with peak power
of 280W [72]. The power generation of the PV module was directly
computed from 1 s solar irradiance data using the normalising factor of
PN/GN. The method used to calculate the required VESS for the various
ESSs for module-level ramp-rate control was the same as described in
Section 3.4. Integration of an ESS in the module junction box or power-
management electronics imposes a volume restriction on the ESS. For
results presented in Fig. 8, an available VESS of 0.1 L was assumed which
is approximately half the volume of a current module junction box.
Using this fixed VESS, the maximum energy, EESS,max, and power,
PESS,max, were calculated for the selected ranges of energy and power
densities. These results were then used to estimate the maximum
achievable compliance to achieve a ramp rate of 10% min-1 at each of
the energy and power density combinations using the method described
in Section 3.5.

4. Results and discussion

4.1. PV power intermittency and aggregation

The 1 s solar irradiance for a typical cloudy day (13th December

2015) is shown in Fig. 5a. High-frequency fluctuations due to fast cloud
passage are evident in the data. Previous reports [18,65] have noted
that lower sampling frequencies can result in high-frequency

Fig. 4. Configuration of a PV system consisting of a) modules with standard junction
boxes and a centralised ESS for array-level ramp-rate control; b) modules with micro-
inverters and integrated-ESSs in junction boxes for module-level ramp-rate control. In b),
the ESS charge controller can be also built into the module junction boxes.

Fig. 5. a) Measured solar irradiance incident on a north-facing PV module with tilt angle
of 34° in Sydney, Australia on an example cloudy day (13th December 2015). b) Measured
solar irradiance and simulated power generation for a rooftop PV system, a 100 kW small
PV system and a 7.2MW large PV system between 11:38 and 11:45 a.m. The irradiance
and power are normalised to the AM 1.5G one-sun intensity (1000Wm−2) and the
corresponding system rated power PN, respectively. c) Frequency distributions of the
ramp rates (in % min−1) of solar irradiance, and power generation of a rooftop PV
system, a 100 kW small PV system and a 7.2MW large power system for an investigation
period of 46 days.
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fluctuations being overlooked and can therefore underestimate the PV
power intermittency due to variable irradiance. Irradiance values ex-
ceeding 1000Wm−2, evident around midday, can be at least partly
explained by reflections of sunlight from the cloud edges [73]. A
comparison of the simulated PV power generation for each of the dif-
ferent sized systems together with the solar irradiance data for the time
period of 11:38–11:45 a.m. on the example cloudy day is shown in
Fig. 5b. Instantaneous PV power and solar irradiance have been nor-
malised by their corresponding rated power or by AM 1.5G one-sun
intensity of 1000Wm−2, respectively. The power output of the 5 kW
rooftop PV system followed closely the profile of the irradiance due to
the limited area for geographic smoothing, whilst for the small
(100 kW) and large (7.2 MW) PV systems, increasing smoothing to the
high-frequency fluctuations was clearly observed.

In order to quantitatively compare the smoothing achieved in each
case, the changes in power and power ramp rates in a 1min interval
were calculated, and their frequency distributions are shown in Fig. 5c.
The frequency histogram shows that the solar irradiance can vary as
much as ∼90% min−1 and exceeds the ramp rate limit of 10% min−1

for ∼5% of the time (or∼ 3300 ramping incidents) during the 46 days
considered in the analysis. Similar ramp rate distributions were pre-
dicted for the rooftop and small PV systems indicating that limited
smoothing was occurring at a localised level. Although the high-fre-
quency fluctuations in irradiance have been extensively smoothed by
the large PV system, still ∼2.4% of its power ramps (or∼ 1600
ramping incidents) exceed the limit of 10% min−1. This implies that
even with extensive geographic smoothing, the ramp rate of PV-gen-
erated power can exceed desirable levels for grid integration.

4.2. Array-level ramp-rate control

The ‘power-normalised volume’, VESS/PN, defined as the minimum
required volume for an ESS to achieve a given ramp rate limit or level of
compliance divided by the rated power of the PV system, was calculated
for the different ESS technologies for each of the PV system sizes. As
shown in Fig. 6a, b and c, for all three PV system sizes, the required
VESS/PN is the smallest for LIBs, followed by the lead-acid battery and
the ECs, and finally the electrolytic capacitor for ramp rate limits be-
tween 3% min−1 and 50% min−1. The required VESS/PN for all ESSs
increases as the ramp rate limit becomes stricter (lower), but the in-
crease is much greater for the ESSs with a high power density (i.e., the
Toshiba high-power LIB, the Li-ion capacitor and the EDLC), than that
for ESSs with a high energy density (i.e., the Panasonic high-energy LIB
and the lead-acid battery). The clearly distinct slopes are due to the fact
that the power requirement (PESS) determines the VESS/PN for the en-
ergy-dense ESSs, whereas the energy requirement (EESS) determines the
VESS/PN for the power-dense ESSs. Consequently, the curves for the
energy-dense ESSs and the power-dense ESS follow, respectively, the
trend of the required PESS and EESS (see Fig. S1, Supporting
Information). The effect of varying ramp rate limits on the EESS is more
substantial, in other words, the slope of the curve is not as steep as that
of the PESS. This is consistent with the observations reported by Marcos
et al. [19] and Schnabel et al. [20].

For the 5 kW rooftop PV system, the smallest VESS/PN was achieved
by the Toshiba high-power LIB for ramp rate limits ≥ 20% min−1.
However, for ramp rate limits< 20% min−1, the Panasonic high-en-
ergy LIB becomes more favourable with a VESS/PN of ∼0.8 L kW−1

being sufficient, compared to ∼1.3 L kW−1 for the high-power LIB, for
the limit of 10% min−1. The values of VESS/PN were calculated to be 12,
19 and 28 L kW−1, respectively, for the lead-acid battery, the Li-ion
capacitor and the EDLC. These are more than 10 times larger than the
volume required for the LIBs. The electrolytic capacitor requires orders
of magnitude larger volume compared to the other ESS technologies,
and so is clearly not suitable for PV ramp-rate control on the array-
level, however it was included in this comparison because it is con-
sidered below in the discussion of module-level ramp-rate control.

In the case of the 100 kW PV system, the trends are generally similar
to the rooftop PV system, however the values of VESS/PN are slightly
reduced due to the geographic smoothing. For the 7.2MWPV system,
the required VESS/PN values are substantially lower for all ESSs due to
extensive geographic smoothing. The high-frequency fluctuations were
eliminated, and the peak power of the PV system was reduced, leading
to significantly smaller requirements for both of the EESS and PESS. The
required PESS and EESS decreases with an increasing ramp rate limit at a
faster rate than for the smaller PV systems (see Fig. S1, Supporting
Information). This leads to the changes in the slopes of all the ESS
curves (i.e., the slope is more gradual) shown in Fig. 6c. The decrease in
VESS/PN for the high-power LIB is slightly more than the high-energy
LIB making the transition point between these two shifts towards lower
ramp rate limit. This transition is also observed with the ECs and the
lead-acid battery which implies that the high-power ESSs can be more
favourable as the system size increases.

To identify the reasons behind this transition from being limited by
energy density at small system sizes to being limited by power density
with large PV system sizes, we compared the profile of the PESS(t) and
SoC(t) of an ESS between the rooftop (5 kW) and the large PV system
(7.2MW) on a typical cloudy day on 13 December 2015 (see Fig. S2,
Supporting Information). It was found that the required EESS reduces
more than the PESS as the system size increases, indicating that the
power capability of an ESS becomes more critical with increasing
system size. The reduction in EESS was due to more balanced charge and
discharge processes in the ESSs for the larger system. For the smaller PV
systems, the high-frequency power fluctuations result in more charging
or discharging events leading to significant increases in EESS require-
ments. Compared to the values reported by previous studies [19,20],
the calculated EESS and PESS in this study are generally lower for the
system with a similar size (see Fig. S1, Supporting Information). Despite
of the difference in the system size, the discrepancies are at least par-
tially due to the different geographical locations of these studies im-
plying that the requirements for the ESSs can be sensitive to local in-
solation conditions.

Although meeting the ramp rate requirement at all times is ideal,
practically it is more economical to select a smaller ESS volume and
compromise in the level of achieved compliance. The achieved level of
compliance as a function of VESS/PN for a ramp rate limit of 10% min−1

is shown in Fig. 6d, e and f. At a first glance, the values of the com-
pliance may seem acceptable (> 95%) for systems even without any
ESS. However, this is due to the inclusion of the night time (i.e., when
there are no power ramps) and the sunny days in the calculations for
compliance.

For all three system sizes, for most compliance levels, the LIBs re-
quire the lowest VESS/PN, followed by the ECs, the lead-acid battery and
the electrolytic capacitor. More specifically, the high-power LIB re-
quired the lowest VESS/PN for compliance lower than ∼99.8% as high
power densities are important to buffer the short-term fluctuations (in
the order of seconds). However, for compliances higher than ∼99.8%,
both energy and power densities are necessary for buffering the longer
fluctuations (in minutes) leading to the smallest VESS/PN being achieved
by the high-energy LIB. A similar transition in optimal ESS is also ob-
served between the Li-ion capacitor and the EDLC, which suggests that
higher power-density ESSs are more favourable for lower compliances
whereas higher energy-density ESSs should be used when higher com-
pliances are needed. Overall, the levels of compliance are higher for the
larger system size due to the filtering of the short-term fluctuations by
the larger system area.

We also investigated the scenario when a power curtailment of
100% PN (i.e., 70–75% of peak power rating of PV systems) is applied to
inverter output and its effects on the required VESS/PN for an ESS.
Results show that, compared to the case without power curtailment, the
required VESS/PN are generally larger. This can be attributed to the
increase in the required EESS for an ESS in order to accommodate the
additional proportion of PV generated power which exceeds the
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inverter power curtailment limit. Consequently, the rank of ESS tech-
nologies in terms of their suitability for ramp-rate control, in this sce-
nario, is entirely dependent on their energy densities. More detailed
discussion on the scenario with power curtailment can be found in Fig.
S3 in Supporting Information.

4.3. Module-level ramp-rate control

Fig. 7 shows that the required values of VESS/PN for an ESS in-
tegrated in a PV module are similar to those calculated for the 5 kW
rooftop system (see Fig. 6a and d). This is not surprising as the differ-
ences between the normalised power of these two cases were minimal.
For ramp rate limits ≥ 20% min−1 or compliance<99.8%, the
Toshiba high-power LIB was found to be the most suitable ESS.

However, for a ramp rate limit of 10% min−1, a smallest volume of
∼0.2 L (or 0.8 L kW−1) is required by the Panasonic high-energy LIB.
Although this volume is sufficient to meet the energy and power re-
quirements, the poor cycle life (> 300 cycles) of the Panasonic high-
energy LIB may require the ESSs to be replaced often as buffering for
short-term fluctuations in module power will require the ESSs to cycle
frequently. Alternatively, the Toshiba high-power LIB with longer cycle
life (> 4×104 cycles) requires about twice the volume, ∼0.4 L, to
meet the 10% min−1 limit.

Current module junction boxes typically have a volume of∼0.2 L or
less. Assuming half of the volume is used for connectors, diodes and
other components and the other half (i.e., 0.1 L), can be used for the
ESS, none of the ESS technologies considered in this study are able to
meet the requirements for a ramp rate limit of 10% min−1. Electrolytic

Fig. 6. Calculated ESS VESS/PN requirements for different allowable ramp rate limits for three PV system sizes: a) a 5 kW rooftop PV system, b) a 100 kW small PV system, and c) a 7.2MW
large PV power system. The achieved levels of compliance by different ESS VESS/PN values for three PV system sizes: d) a 5 kW rooftop PV system, e) a 100 kW small PV system, and f) a
7.2 MW large PV power system. The arrows in d), e) and f) indicate the minimum VESS/PN values where 100% compliance has been achieved.
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capacitors, although perhaps a more straightforward solution as they
have already been extensively used in inverter electronics, are clearly
not an option for module level buffering requiring a volume in the order
of 104 L to meet the 10% min−1 limit. An analysis of the required VESS/
PN when the AC power output the micro-inverters was limited to 100%
of the module peak power, was also performed. The results of this
analysis are presented in Fig. S4 in the Supporting Information.

Although full compliance to the grid regulations on ramp-rate
control can be achieved by increasing the volumes of module junction
boxes or other accessible volumes to store ESSs, some PV module
technologies (e.g., bifacial PV modules) have a restricted volume that
can be used for module-level electronics. This may require new ap-
proaches to junction box integration, especially if an ESS is to be in-
corporated at the module level.

With the restricted volume available in typical junction boxes used
on current PV modules, it is useful to know which ESS technology might
be most suitable for the junction box integration and the limitations.

Fig. 8 shows the calculated levels of compliance obtained by different
combinations of ESS energy and power densities when the ESS volume
is limited to 0.1 L. The colour scales and contour lines offer a direct
visualisation of the required energy and power densities to achieve a
specified compliance for a 10% min−1 ramp rate limit, whilst the stars
indicate the requirements for different ramp rate limits with 100%
compliance. The energy and power characteristics of the selected ESS
technologies, discussed in Section 2, are shown on the same graph.
However, it should be noted that cyclability was not considered in this
analysis and orders of magnitude differences in cycle life exist between
the different ESS technologies that were investigated.

Both high energy and power densities are important for ESSs to
achieve useful ramp-rate control at a module-level as high power
densities are necessary for rapid compensation of short-term power
fluctuations whilst high energy densities are required to maintain the
buffering for longer periods. The energy densities of activated carbon
EDLCs are still insufficient so as to limit their achievable compliance to

Fig. 7. Calculated VESS/PN requirements for an integrated ESS in a PV module for: a) different allowable ramp rate limits; and b) different levels of compliance. The arrows in b) indicate
the minimum VESS/PN values where 100% compliance has been achieved.

Fig. 8. Achieved levels of compliance shown as different
colour scales, for a ramp rate limit of 10% min−1, by dif-
ferent combinations of ESS energy and power densities
when the ESS volume is restricted to 0.1 L. Examples of
commercial-available ESS technologies are also shown on
the Ragone plot. The marked stars indicate the required
energy and power densities to achieve different allowable
ramp rate limits with 100% compliance. (For interpretation
of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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∼97%. Higher energy densities can be attained by the Li-ion capacitor,
but the improvements only exist at lower power densities. Retaining
high energy densities at fast charge/discharge power (i.e., high power
densities) is crucial for Li-ion capacitors to achieve higher levels of
compliance.

The ability of lead-acid batteries to reduce the power ramp rates is
clearly limited by their power capability. LIBs with a high power den-
sity (e.g., the Toshiba LMO//LTO LIB) appear to be the most promising
ESS technology to be used for module-level ramp-rate control. Provided
that they have reasonably high energy densities as the selected Toshiba
LIB example, they can achieve the ramp rate limit of 10% min−1

with> 99.5% compliance or almost 40% min−1 with 100% com-
pliance. The power densities of the Toshiba high-power LIB are suffi-
cient, yet further improvement in energy densities are necessary to
meet the requirements for lower ramp rates or higher compliance le-
vels. The Panasonic LIB can store> 5 times more energy than the
Toshiba LIB, but its lower power densities limit its maximum achievable
compliance to 99%. This implies that further increases in energy den-
sities are unusable for this LIB without improving its power densities.

Meeting the ramp rate limit of 10% min−1 with 100% compliance,
with the data set used, at the module level will require an ESS with a
minimum energy density of ∼400Wh L−1 and power density of
∼2300W L−1. This is a challenging design requirement that will re-
quire improved ESS materials. Not only do the materials need to pro-
vide high energy and power densities, but cost-effective ramp-rate
control will require long cycling lives. It is probably not necessary for
the ESS to match PV module lifetimes as junction boxes can be re-
placeable, and in fact there is a growing trend towards periodic re-
placement of junction box electronics in large PV systems as part of the
maintenance cycle. This approach is consistent with aspirations to ex-
tend PV module lifetime to 30 + years as a way to reduce the levelised
cost of electricity [74].

4.4. Cost of storage

For stationary applications (e.g., residential and commercial power
systems), the capital cost of lead-acid batteries is in the range of US
$105–635 kWh-1, which is less than values of US$200–1,260 kWh-1

reported for LIBs [34,75]. Capital cost of lead-acid batteries and LIBs
used for stationary applications was predicted to drop by about 1/2
[34] to 2/3 [76] by the year of 2030. For LIBs, the high-power LIBs
utilising LTO-based materials (US$473–1260 kWh-1) tend to be more
expensive than the other commercial LIBs [34]. Although comparative
costs and projected costs can be informative, reported estimates can
vary significantly due to rapidly reducing costs occurring as a result of
increases in volume manufacturing [76]. Cost comparisons between
ESS technologies at different manufacturing maturity are also not ne-
cessarily meaningful.

Cost estimates need to also take into account the cost of storage and
not just the capital cost. For example, for non-mature technologies such
as the ECs (for which cost data are relatively scarce and variable), al-
though the capital cost of ECs can be > 10 times that of LIBs in terms
of US$ per kWh [77,78], ECs have other merits such as their low
maintenance cost and long cycle lives (> 106 cycles) which can sig-
nificantly reduce the cost of storage. Similarly, although LIBs are cur-
rently more expensive than lead-acid batteries in terms of the capital
cost, their levelised cost of storage (US$891–1274MWh-1) can be
comparable or even lower than that of lead-acid batteries (US
$1057–1239MWh-1) [75] due to their superior electrical performance,
e.g., longer cycle lives (102 -104 compared to 102-103 for the lead-acid
batteries [28,34]) and higher round-trip efficiencies.

In the analysis conducted for the levelised cost of storage, an as-
sumption of 100% depth of discharge cycle per day was used, which is a
reasonable assumption for ESSs used for residential or commercial
power systems for backup power storage or peak shaving [79]. How-
ever, for the PV ramp-rate control application, an ESS can be charged/

discharged many times per day to buffer the short-term fluctuations and
the depth of charge/discharge will vary significantly. An accurate
analysis of the levelised cost of storage for this application, will
therefore require not only a detailed analysis of the power generation
data from PV systems (as was performed in the present paper) but also a
more detailed knowledge of the charge/discharge dynamics and de-
gradation characteristics of each ESS technology. This exercise can be
challenging given the paucity of reliable and accurate data for the
different ESS technologies, and in particular, less mature technologies
such as ECs.

5. Conclusions and outlook

We reported a comparative evaluation of the required power-nor-
malised volumes (VESS/PN) for a set of representative electrochemical
ESS technologies to provide power ramp-rate control for PV systems.
The analysis used the volumetric energy and power densities of the
different ESS technologies to determine, for three PV system sizes and a
range of ramp rate limits and compliance levels, the most suitable ESS
technology. For a typical residential rooftop system or a small com-
mercial PV system, high-power LIBs require the smallest VESS/PN for
higher ramp rate limits (≥20% min−1) or lower compliance
(< 99.8%), whereas high-energy LIBs were predicted to be more sui-
table when stricter ramp rate limits or compliance are necessary. As the
PV system size increases, the required VESS/PN values are substantially
lower and the power capability of an ESS becomes increasingly critical
than its energy density. The large differences in the required VESS/PN for
the different ESS technologies highlight the importance of correctly
selecting a suitable ESS for this application.

An alternative ramp-rate control concept of buffering at the PV
module level was introduced, and the specific case of integrating an ESS
with a micro-inverter located in the junction box of a PV module, was
explored. It was found that the VESS/PN requirements for this ESS
configuration are similar to those for array-level ramp-rate control for
the rooftop PV system, however module-level buffering offers several
advantages which include: (i) ‘plug-and-play’ installation; ii) increased
system energy output; (iii) more system flexibility and improved
monitoring capability; (iv) increased redundancy to improve system
reliability; and (v) inverter integration with demand response man-
agement functionality (such as ramp-rate control). The analysis con-
cluded that LIBs are the most suitable ESS technology for this control
strategy. However, when a volume restriction of 0.1 L was applied then
current commercially available LIBs can only achieve a 10% min−1

ramp rate with ∼99.5% compliance. Further reductions in ramp rates
or increases in compliance require more accessible volume on the
module to store ESSs, or development of ESSs with sufficient energy
and power densities (a minimum of ∼400Wh L−1 and ∼2300W L−1

respectively) and long cycle lives for industrial viability.
This study demonstrates that both high energy and power density of

an ESS are required for PV ramp-rate control application. Requirements
for state-of-the-art ESS technologies to meet the desirable power ramp
rate limits are found to be challenging, especially for buffering on a
module level. Apart from advances in new ESS materials that can in-
crease capacity and rate performance, cycle life and cost reduction, an
alternative cost-competitive solution may be to design hybrid ESS forms
with different technologies providing superior energy capacity and
power capability respectively (e.g., LIB and EC hybrids). Then, the
question lies in how to optimally configure and manage the power flow
between the different ESSs. Increased use of solar forecasting and in-
ternet addressability at the site of grid integration can be used to guide
this power management and make possible smarter communications
between the PV systems and the utility grid in the future.
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