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Levelized Cost of Storage for Li-Ion Batteries Used
in PV Power Plants for Ramp-Rate Control

Hector Beltran

Abstract—Photovoltaic (PV) power production ramp-rate con-
trol is getting more and more important in weak electric power
systems, in which quick and significant power fluctuations can af-
fect the stability of the system. This can be achieved by means of the
integration of batteries into large PV plants but such an operation
involves an aggressive environment for the ageing of the batteries.
This paper presents an evaluation of this ageing by means of the an-
nual simulations of a large PV power plant using actual irradiance
data. This is done for different battery sizes used under various de-
grees of limitation in the power ramp-rate variation. The levelized
cost of storage is calculated for each of the cases considered.

Index Terms—Photovoltaic power plants with energy storage,
ramp-rate control, batteries, ageing analysis.

1. INTRODUCTION

The power fluctuations experienced by Photovoltaic (PV)
power plants as a consequence of the low, fast-moving clouds
over them is one of the most important challenges for the mas-
sive integration of this technology in the electric power system.
Since clouds’ impacts are highly localized effects, this handicap
has been typically minimized thanks to the general dispersion of
PV generators in a wide area region [1]. However, the growing
development and penetration of large scale PV installations in
weak or isolated power grids is posing new challenges for the
corresponding electric power system operators. The challenges
are mainly associated to the grid stability because these systems
are usually not very vast. Then, when a significant part of the
energy production is highly variable, the system operators have
to define or impose certain restrictions to the stochasticity of the
PV production. This is being faced by certain operators such
as the Puerto Rico Electric Power Authority (PREPA, [2]), the
Hawaiian Electric Company (HECO, [3]), or the Faroe Islands
utility (SEV, [4]) all of them good examples of weak grids. The
solution being defined is based in the introduction of certain
ramp-rate power limitations that restrict the variation of the PV
production over short-periods of time. This can be achieved
with the integration in the PV power plants of some type of en-
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Fig. 1. Scheme of the PV plant with batteries for power ramp-rate control.

ergy storage system, mainly batteries, Fig. 1. Various proposals
are available in the literature that analyze their use under this
ramp-rate power control strategy [5]-[10], and even the use of
ultracapacitors for it [11]. Similar proposals are done by other
authors for wind power plants with storage [12]-[15].

Therefore, it is the role of the energy storage system (batter-
ies) operating within the renewable energy source power plant
to cope with the power difference during the periods in which
the PV panels have stochastically and rapidly varied their pro-
duction and must inject into the grid a given limited production
while the PV panels produce differently. In this way, the ramp-
rate control achieved thanks to the introduction of batteries in a
renewable energy power plant implies a more or less continu-
ous mode of operation in which the batteries are being charged
and discharged over and over. This involves ageing the batteries
accordingly. Multiple authors have analyzed the ageing mech-
anisms associated to the batteries under different stress factors
[16]-[21], and propose different types of models to evaluate it
and perform some type of prognosis [22]-[27].

Although different authors have faced the PV power ramp-
rate control strategy using batteries, it is important to highlight
that these mainly focus on the definition of new control algo-
rithms that usually pursue either the minimization of the size of
the batteries (energy capacity requirements) or the optimized op-
eration of the PV plant with storage. Moreover, the references
cited for battery ageing are mainly associated to the electric
vehicle industry. Therefore, none of the previous works has in-
vestigated the impact on the ageing of the batteries produced
by the power ramp-rate limitation strategy when implemented
in a PV power plant. This work presents such an evaluation by
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Fig.2. Power production of the 10 MW PV plant with batteries under different

degrees of ramp-rate limitation (defined in % in the legend).

means of annual simulations of a large PV power plant (10 MW)
using actual irradiance data. This is done for different sizes of
batteries used under various degrees of limitation in the power
ramp-rate variation. The Levelized Cost of Storage (LCOS) is
calculated for each of the combinations.

Then, after discussing about the potential type of Li-ion bat-
tery to be used in such an application in Section II, and the stress
factors that can affect their lifetime in Section III, the current
work analyzes in Sections IV and V the ageing experienced by
the batteries taking into account both calendar and cycle ageing
models. The paper concludes with the estimation of the LCOS
and some final remarks.

II. PV POWER RAMP-RATE CONTROL WITH BATTERIES

Due to the inherent fluctuation of the PV power production
associated to the transient clouds, which can achieve values be-
yond 90% and 70% for 1 MW and 10 MW PV plants in one
single minute, respectively [28], some electric system operators
controlling weak power grids are starting to impose some limita-
tions to the production variability of this renewable technology.
As already introduced in the previous section, this is a well
stablished and known control proposal defined in various elec-
tric codes and implemented in actual systems to avoid stability
problems. Also in the literature, different authors have analyzed
this solution for PV plants and defined some variations intended
to: minimize the size of the batteries involved [6], [7], [10], [28],
to perform some supervisory control over the operation of the
combined “PV -+ storage” plants [8], or to optimize the size of
the potential second-life batteries to be used with this goal [9].

We analyze in our work four different degrees of power ramp-
rate variation, the cases in which the PV power plant production
with batteries is allowed to modify its production every minute
no more than 1%, 2%, 5%, and 10%, with regard to its PV
rated power, Fig. 2. These limitation levels correspond to the
usual control levels defined in the grid codes that already de-
mand it (mostly 10%) and to potential more restrictive levels
(<10%) to be fixed in the coming future. In this sense, the lower
the power variation allowed (in %), the higher the degree of
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filtering introduced by the batteries and, accordingly, the deeper
the charge-and-discharge cycling pattern experienced with the
consequent ageing. The depth-of-discharge of the cycles will
be also function of the battery energy capacity, which will be
analyzed in between 1 and 10 MWh for the 10 MW rated power
PV plant under consideration. These energy capacity values are
based on the characteristics of the existing installations.

Regarding the type of batteries, up to six different families
are commercialized nowadays: Lithium Cobalt Oxide (LCO or
LiCo02), Lithium Iron Phosphate (LFP or LiFePO4), Lithium
Nickel Cobalt Aluminium Oxide (NCA or LiNiCoAlO2),
Lithium Manganese Oxide (LMO or LiMn204), Lithium
Nickel Manganese Cobalt Oxide (NMC or LiNiMnCo002), and
Lithium Titanate (LTO or Li4Ti5012). These mainly differ
in the material constituting the cathode. Only the LTO family
associates its name to the anode’s material, being in all the
cases the second electrode made of graphite. The operational
characteristics also differ being NCA the one with highest
specific energy; however, LFP and LTO are superior in terms
of specific power, cyclability, and thermal stability, what makes
them appropriate for intensive power demanding applications
such as ramp-rate control. LTO also presents the best life span
although it is the most expensive technology. In all, since space
is not a limiting parameter for this type of installation and
price is lower than for other lithium types, LFP is the selected
chemistry for our analysis. Note in this regard that it is being
developed and installed by companies such as SAFT Batteries
for ramp-rate control applications in wind farms [29].

III. BATTERY AGEING STRESS FACTORS AND MODEL

The ageing phenomenon of Li-ion based batteries has been
extensively analyzed in the literature in the last years due to its
importance not only for the renewables’ integration expansion
but mainly for the electric vehicle continuously increasing in-
dustry. In this sense, the multiple ageing models and analyses
performed have been classified by different authors [30]—[33]
into 2 main groups: performance-based lifetime models, and
post-processing models. The way to analyse the ageing dif-
fers in the different works, however, the resulting stress factors
are quite coherent among publications for the various battery
chemistries analysed.

A. Battery Ageing Stress Factors

The identified stress factors that influence the ageing of
Li-ion batteries can be mainly listed as: time, temperature, state-
of-charge (SOC) during rest, number of cycles experienced,
depth-of-discharge (DoD) of the cycles, average voltage of the
cycles, and charge/discharge current rate.

Their corresponding influence depends on the type of battery
and on the design under consideration and is usually studied
according to two types of mechanism: calendar and cycle ageing.
Then, while the calendar ageing is usually associated to the
capacity reduction of the batteries as a function of time without
being cycled (only by being connected in hot stand-by), the
cycle ageing is associated to their continuous use (by being
charged and discharged). In this sense and for the case of Li-ion
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batteries, the calendar ageing gets generally more significant
with time as temperature and SOC are higher [16]-[20]. The
relation with temperature is normally modelled by means of the
Arrhenius equation (1) while the dependence over the voltage
(or SOC) is generally less important and follows a polynomial
or even linear relation, depending on the lithium battery type.

Ea

kE(t)=Axe &7

(D

With regard to the cycle ageing, this is highly influenced by
the number of cycles experienced [22]. The DoD of the cycles
is also important, having a lower ageing effect with shallower
depth cycles [17], [22], as it is important to perform the cycles
as close as possible to the 50% of SOC to minimize the age-
ing impact due to the average voltage during the cycling [18],
[23]-[26]. Finally, also the temperature significantly affects the
cycle ageing [21], [25]-[27] what forces most battery manu-
facturers to advice their use under refrigerated conditions not
much above 25 °C. After all, it can be concluded that both ef-
fects (calendar and cycle) are important and dependent on the
combination and degree of the stress factors [16]. Therefore,
none of them can be disregarded in a thorough full research.

B. Ageing Model Used for Analysis

As discussed previously, due to the application under study
(power rate-ramp control for a large PV plant), the use of
LFP batteries is analysed. Therefore, among the multiple Li-ion
equivalent model proposals, only some of those focused on this
chemistry have been considered in depth [18], [19], [23], [25],
[34]-[38]. And among them, since some have been developed
based on electric vehicle (EV) standard drive cycle profiles, only
those from Stroe [18], Swierczynski [23], and Weillhar [38] are
considered appropriate for our analysis. These authors propose
different ageing models for LFP batteries combined with renew-
able energy plants. However, the latter applies them for small
domestic installations. Therefore, due to the similarity with the
type of application analysed in Stroe [18] for wind power plants,
the present work uses the model proposed by this author to anal-
yse how LFP batteries are going to lose capacity over time when
used for power rate-ramp control in a large PV plant. This model
is based on the following semi-empirical equations defined for
both capacity fades (in %) associated respectively to the calendar
and the cycle ageing:

Cfar]e,cal (t,T) =aqay X eﬂt‘T x t"

2

Clade,cye (NC,T) = ayc x ¢ T x NC*  (3)

Where ¢ is the time in months, 7 is the temperature in Kelvin,
and NC represents the number of equivalent reference cy-
cles. The coefficients in these equations are oy = 3.087 - 1077,
anc = 6.87-107°, 8, = 0.05146, Byc = 0.027, andn = 0.5,
for both equations. Note that the C-rate stress factor influence
is not included in the model because C-rates below 4C are
considered in the application analysed in our work. Under these
operating conditions, the C-rate influence can be neglected [39].

Calendar
ageing
calculation

Temperature

Lifetime
estimation
prognosis

RFC+ \_

Definition Cycle
battery SOC Palmgren ageing
evolution /Miner calculation
Fig. 3. Structure of the methodology implemented to analyze the LFP battery

capacity fade along the ramp-rate control operation.
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Fig. 4. State-of-charge evolution of the 5 MW battery under different degrees

of ramp-rate limitation for the day represented in Fig. 2.

IV. ANALYSIS OF THE AGEING UNDER RAMP-RATE CONTROL

This analysis is based on the ageing model introduced in
the previous section which is combined in this work with the
rainflow-counting (RFC) algorithm [40]-[42] and the Palmgren-
Miner rule [22], [43]-[45]. In this way, the proposed hybrid
methodology provides an estimation of the lifetime expectancy
of the batteries under the power ramp-rate control regime of
operation.

A. Methodology Implemented for the Ageing Prognosis

The methodology developed to analyze the ageing is summa-
rized in Fig. 3, where the scheme interrelating the inputs, the
calculation/simulation steps, and the final output is shown.

Then, the proposed analysis model presents various stages
that can be clearly observed. First, the evolution of the SOC of
the battery experienced along one whole year operating under
the ramp-rate control regime is generated. As can be observed
in Fig. 4 for the day whose power exchanges are represented
in Fig. 2, this is done for four different degrees of ramp rate
control limitation (1%/min, 2%/min, 5%/min, and 10%/min),
introducing in all the cases a programmed SOC recovery of its
initial value (50%) after the battery daily operation.

The analysis in this work is also performed for various battery
sizes (from 1 MWh up to 10 MWh), for two extreme potential
roundtrip efficiencies of the batteries (85%, and 92%), and for
two different operating temperatures (25 °C and 35 °C), at which
the batteries are considered to be refrigerated on-site. The bat-
tery exchange power capacity is always considered the same and
defined as 5 MW, according to recommendations from SAFT
for this specific application.
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Fig. 6. Cycles to failure vs. DoD curve for LFP batteries from SAFT.

Then, following the scheme, the SOC evolution curve is intro-
duced into the RFC algorithm which processes the SOC curve
as represented in Fig. 5. This returns the number of cycles expe-
rienced by the battery at varying DoDs, as well as the medium
voltage for each partial charge/discharge cycle.

This information is then handled by the Palmgren-Miner rule
(4) which compares the partial cycling histogram provided by
the RFC with the maximum number of cycles that the battery
could perform at each single DoD. This equation dispenses the
degradation (D) experienced over the simulated time period:

DoD=100
Neye (DoD)
PR = | N (D) @
DoD=1 ax

Where N, is the number of cycles returned by the RFC
algorithm and experienced for each amplitude (defined by the
DoD variable), and Ny, is the number of cycles the battery
can withstand for each specific DoD, according to the capacity
evolution curves of the batteries provided by the manufacturer.
Fig. 6 plots this curve for the case of the Intensium Max High
Power VL30P cells type from SAFT batteries, which can be
approximated by the following equation (5):

Nmax (DOD) =3 107 X DOD(%)71.825 (5)

The degradation parameter D calculated in (4) is useful to
estimate the number of equivalent reference cycles (NC) that
the battery has experienced over the year. As deduced from
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Fig.7. Histograms representing the annual cycling pattern of a S MW /5 MWh
battery under the four different degrees of ramp-rate limitation, with a zoom
over the range 0-50% in DoD of the cycles and up to 20 accumulated cycles.

Fig. 6, these LFP batteries can withstand around 10000 cycles
at 80% DoD, what means that the NC can be calculated as (6).

D 1
NC (Q80%) = —<%1) o><; 7 0000
0

Thereafter, once accounted the NC, this information is intro-
duced into equations (2) and (3) together with the temperature.
The resulting capacity fade values are combined to finally pro-
vide the lifetime estimation prognosis, in years, by means of
equation (7) which takes into account that the battery manu-
facturer defines the end-of-life (EOL) of the batteries when the
retained capacity (RC) is the 70% of its initial value.

RC= {1 - [Cfade,cal (yE()L 3 T) +Cfade,cyc (NC, T) X yEOL]}

(N

The solution in years (ypo 1) at this equation is the estimated

lifetime of the battery (EOL time). All the procedure has been

implemented and automated in Matlab/Simulink which presents
a RFC library that simplifies part of the programming.

(6)

B. Results of the Ageing Analysis

Annual simulations of a 10 MW PV power plant using actual
irradiance data have been performed to avoid seasonal effects
for all the cases described in the previous sections (different
filtering levels, various battery energy capacity sizes, and two
operating temperatures). The simulations have been done with
a one-minute time step, what provides a good track of the fast
power fluctuations. Then, the obtained SOC evolution of the
various batteries were treated with the RFC algorithm to derive
the cycling histograms as the one represented in Fig. 7.
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TABLE I

LIFETIME ESTIMATION (IN YEARS) FOR A ROUNDTRIP EFE. = 85%

Temp =25°C
Copma—t 1% 2% 5% 10%
1 MWh 3.18 3.38 4.22 542
2 MWh 3.98 4.26 5.62 7.69
3 MWh 422 5.01 6.89 9.42
4 MWh 4.59 5.48 8.00 11.2
5 MWh 4.98 6.08 8.98 12.6
6 MWh 5.08 6.65 9.75 14.0
7 MWh 5.32 7.12 10.6 15.1
8 MWh 5.72 7.70 11.4 16.1
9 MWh 6.02 8.20 12.2 17.0
10 MWh 6.23 8.70 13.0 17.7

Temp =35°C
Copoi et 1% 2% 5% 10%
1 MWh 2.06 2.15 2.65 3.30
2 MWh 2.35 2.70 3.34 4.36
3 MWh 2.69 3.05 4.04 5.28
4 MWh 2.92 3.30 448 6.07
5 MWh 3.02 3.66 5.05 6.65
6 MWh 3.09 4.00 5.35 7.17
7 MWh 3.24 4.18 5.85 7.57
8 MWh 3.38 4.38 6.18 8.01
9 MWh 3.59 4.71 6.42 8.26
10 MWh 3.79 5.01 6.82 8.50

TABLE II

LIFETIME ESTIMATION (IN YEARS) FOR A ROUNDTRIP EFF. = 92%

Temp =25°C

Copoy 1% 2% 5% 10%
1 MWh 315 335 412 535
2 MWh 3.92 420 5.44 7.42
3 MWh 4.16 5.00 6.68 9.28
4MWh 450 5.38 7.76 11.0
5 MWh 4.89 6.01 8.67 12.3
6 MWh 5.05 6.42 9.42 13.6
7 MWh 5.26 7.05 103 14.8
8 MWh 5.59 7.44 112 15.7
9 MWh 6.00 8.05 12.0 16.6
10 MWh 6.11 8.41 12.7 17.4
Temp =35°C

Copaa 1% 2% 5% 10%
1 MWh 2.05 211 258 327
2 MWh 234 2.67 329 432
3 MWh 2.66 3.02 4.01 5.23
4MWh 2.89 327 438 6.01
5 MWh 3.01 3.58 5.00 6.50
6 MWh 3.07 3.95 5.28 7.08
7 MWh 3.20 4.10 5.70 7.42
8 MWh 333 432 6.08 7.88
9 MWh 3.50 459 6.34 8.17
10 MWh 3.71 491 6.67 8.38

By applying the rest of the analysis methodology to these
histograms, the ageing prognosis for the multiple case studies is
obtained. The resulting lifetime estimation to achieve the 30%
drop in energy capacity is summarized in Table I and Table II,
for the roundtrip efficiencies of 85% and 92%, respectively, and
for the two temperatures considered.

Results indicate that improving the roundtrip efficiency of
the battery from 85% up to 92% on the AC side of the energy
storage system has not significant effect to the battery ageing.
On the contrary, operating the battery at 35 °C instead of 25 °C
represents a potential life span reduction varying from 40% to
60%. Therefore, it is clear that the operation temperature of the
battery cells should be kept under control and as close as possi-
ble to the 20-25 °C recommended by manufacturers. Although
not summarized on these tables, further simulations performed
for 20 °C confirm lifetime can be further extended by another
20-25% at this temperature. With regard to the degree of control
of the ramp-rate variations, it stands out how the more restrictive
the control is (lower percentage of variation allowed) the shorter
the lifetime expectancy because the battery is more demanded.
Finally, note how, similarly, the increasing energy capacity of
the battery favors the extension of its lifetime due to the shal-
lower cycles experienced throughout the annual operation for a
given power exchange pattern with the grid.

Further conclusions can be obtained from the graphical repre-
sentation in Fig. 8. This shows for different operation conditions
the capacity fades associated to the calendar (red) and to the
cycling (blue) ageing mechanisms, which add up the 30% fade
of the initial battery capacity accepted by the manufacturer as
EOL (70% of capacity retention). Although the cycle ageing is
generally assumed to be more important than the calendar one, it
is straightforward derived from Fig. 8 that both types of ageing
mechanisms are significant and both have to be taken into con-
sideration in this application for the design and sizing definition
of the battery to guarantee a proper lifetime. Note how their cor-
responding weight on the overall ageing of the battery is clearly
dependent on the battery size and on the filtering level, since
these two design parameters condition the DoD of the cycles ex-
perienced during the annual operation. It is therefore important
to highlight that histogram results in Fig. 7 together with the sur-
faces represented in Fig. 8 demonstrate that the ramp-rate control
strategy analyzed in this work is not a very demanding energy
management strategy for batteries used in a PV power plant from
a cycle ageing mechanism point of view. Clearly, the calendar
ageing is also significant in this application and cannot be de-
spised. Finally, note that the progressive reduction of the battery
capacity with time and use will imply a lower and lower capabil-
ity to control the ramp-rate as the EOL of the battery approaches.

V. ESTIMATION OF THE LEVELIZED COST OF STORAGE

Once the ageing of the batteries has been quantified, it is
necessary to identify a valid method to define or calculate the
relative and comparable costs of the different battery solutions
analyzed to provide the ramp-rate control service. Energy stor-
age systems that are implemented as a way to improve the
management capability and the quality of the energy discharged
to the grid pose a complex problem to quantify its benefits and
effectiveness with respect to their cost. This is due to the fact
that they do not produce electricity from an energy source, but
store it for a time, and to the interrelation that exists among all
the aspects that take part in their operation. All of this makes
the evaluation difficult with a simple analysis.
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Levelized Cost of Storage (LCOS) is an innovative tool [46]
derived from the traditional LCOE calculation [47], used to
compare the lifetime cost of the energy producing technolo-
gies, but adapted to energy storage systems that do not produce
energy by themselves but store it for a later use introducing
some energy losses. Therefore, LCOS is being used to com-
pare the cost of using different storage technologies along their
lifespan for a given application in the electric power sector. In
this sense, LCOS can be defined as the cost per usable energy
storage capacity throughout the lifetime of the installation. This
is calculated, according to [46], taking into account the initial
investment of the system, plus all the operating and mainte-
nance costs accumulated during its use, divided by the so-called
lifetime utilization factor (LUF), as in (8):

Io B Zf:OOL Opcost
EOL
Zy:(] Cy x /iy - At

LCOSgor = (€/kWhperyear) (8)

Where the different parameters involved are:

e EOL, lifetime expectancy in years, according to the analy-
sis introduced in the previous section.

® ],, initial investment cost of the whole energy storage
system (batteries, converters, cooling unit, protections and
control equipment. . . ), in €/kWh.

® Opeost, overall operating annual cost (maintenance, secu-
rity, recharge costs, auxiliary power, control and manage-
ment). This is usually accounted for as a percentage of the
initial investment, also in €/kWh.

e (), energy capacity of the battery let at year *y”
regard to its initial value (100%-degradation), in %.

® 1), battery roundtrip AC-to-AC efficiency, in %.

e Ay, the incremental time, in years.
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TABLE III
INITIAL INVESTMENT COST OF THE 5 MW BATTERIES (IN M€) FOR THE
DIFFERENT BATTERY CAPACITIES TAKEN INTO ACCOUNT

1 MWh 2 MWh 3 MWh 4 MWh 5 MWh
1.45 1.9 2.35 2.8 3.25

6 MWh 7 MWh 8 MWh 9 MWh 10 MWh
3.27 4.15 4.6 5.05 5.5

For this calculation, the initial investment cost has been in-
troduced according to that in Table III for the different battery
energy capacities. These costs are based on the average price per
kW and kWh of installed LFP battery (including all the equip-
ment) registered and estimated in various reports from different
international technology centers and specialized consultancies
[48]-[51]. The overall operating annual costs has been assumed
to be the 3.5% of the initial investment, upon estimations from
battery manufacturers. An annual monetary discount rate equal
to 4% is also assumed. The annual capacity left in the battery is
updated every year as a function of the calculated degradation
parameter. As it is done with the one-way efficiency which is
initially taken as 96% (corresponding to the roundtrip efficiency
of 92% previously analyzed). The case of the 85% roundtrip ef-
ficiency has not been calculated due to the low impact reflected
on the ageing that has been already discussed.

Therefore, according to (8) and taking into account the age-
ing results and estimated lifetimes presented before, Table IV
summarizes the LCOS calculated values at the EOL of the bat-
teries for the different combinations of parameters that have been
considered at both 25 °C and 35 °C. It is notably remarkable
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TABLE IV
LCOS OF THE 5 MW BATTERIES BASED ON THE ESTIMATED EOL (IN €/KWH)

Temp =25°C
Capmo—l’ 1% 2% 5% 10%
1 MWh 665 630 512 403
2 MWh 352 330 261 197
3 MWh 275 230 179 134
4 MWh 229 194 140 111
5 MWh 196 162 118 88
6 MWh 180 146 104 77
7 MWh 167 128 9 69
8 MWh 154 119 84 64
9 MWh 140 108 78 59
10 MWh 135 102 73 56
Temp =35°C
Capmo—l” 1% 2% 5% 10%
1 MWh 1020 997 785 644
2 MWh 597 523 420 394
3 MWh 433 372 283 222
4 MWh 350 311 235 174
5 MWh 309 265 191 152
6 MWh 289 227 174 133
7 MWh 268 210 156 124
8 MWh 251 195 142 113
9 MWh 234 180 134 107
10 MWh 216 165 126 103

from the results that although the initial investment cost obvi-
ously influences the LCOS value of the system, the increase in
the estimated service life of the batteries, due to a less stressing
operation regime and the consequent reduced ageing, involves
a decrease in the resulting LCOS of the larger energy capacity
batteries. Therefore, the larger the capacity, the lower the LCOS
in this application. Still, the operating temperature is also very
important since the LCOS can vary for the same battery and
ramp-rate limitation level between 40 and 50% for operating
temperatures going from 25 °C up to 35 °C.

Finally, note that results presented in this work can be com-
pared with those provided by the financial advisory and asset
management firm Lazard in [52]. This consultancy offers LCOS
values ranging from $272 up to $386 for “in-front-of-the-meter”
applications. Therefore, some of the combinations analyzed here
offer a LCOS quite lower than those estimated by Lazard. How-
ever, this is mainly obtained for large capacity batteries that,
although taken into account here, would be difficult to justify
for the ramp-rate control application from an economic and
financial point of view.

VI. CONCLUSIONS

In conclusion, the ramp-rate PV power production control
is a grid injection power limitation that is gaining importance
in the electric systems, mainly in weak power systems to the
moment, as the degree of penetration of PV power plants gets
higher. The inherently intermittent and stochastic power pro-
duction fluctuations of this technology could affect the stability
of the system. This limitation can be managed by integrating
batteries into large PV plants but such an operation involves an

aggressive environment for the ageing of the batteries. This work
has analyzed this ageing for a specific technology of lithium ion
batteries, the LFP family. Results in this sense highlight the
importance of the temperature of operation of the batteries as
well as the influence of the battery size and degree of ramp-rate
limitation on the cycle ageing. Lifetime estimations range from
3.6 years up to 12.2 years depending on the battery size and the
ramp-rate control at 35 °C. This ageing prognosis opened the
door to a careful analysis of the Levelized Cost of Storage for
this application using batteries. In this sense, LCOS results are
in accordance with previous reports and tend to offer optimistic
low cost results for large battery combinations, which would be
oversized in this application with the consequent lack of usage of
the whole capacity. Therefore, these should not be contemplated
for aramp-rate control application from a financial point of view.
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Levelized Cost of Storage for Li-Ion Batteries Used
in PV Power Plants for Ramp-Rate Control

Hector Beltran @, Ivan Tomds Garcia, José Carlos Alfonso-Gil @, and Emilio Pérez @

Abstract—Photovoltaic (PV) power production ramp-rate con-
trol is getting more and more important in weak electric power
systems, in which quick and significant power fluctuations can af-
fect the stability of the system. This can be achieved by means of the
integration of batteries into large PV plants but such an operation
involves an aggressive environment for the ageing of the batteries.
This paper presents an evaluation of this ageing by means of the an-
nual simulations of a large PV power plant using actual irradiance
data. This is done for different battery sizes used under various de-
grees of limitation in the power ramp-rate variation. The levelized
cost of storage is calculated for each of the cases considered.

Index Terms—Photovoltaic power plants with energy storage,
ramp-rate control, batteries, ageing analysis.

1. INTRODUCTION

The power fluctuations experienced by Photovoltaic (PV)
power plants as a consequence of the low, fast-moving clouds
over them is one of the most important challenges for the mas-
sive integration of this technology in the electric power system.
Since clouds’ impacts are highly localized effects, this handicap
has been typically minimized thanks to the general dispersion of
PV generators in a wide area region [1]. However, the growing
development and penetration of large scale PV installations in
weak or isolated power grids is posing new challenges for the
corresponding electric power system operators. The challenges
are mainly associated to the grid stability because these systems
are usually not very vast. Then, when a significant part of the
energy production is highly variable, the system operators have
to define or impose certain restrictions to the stochasticity of the
PV production. This is being faced by certain operators such
as the Puerto Rico Electric Power Authority (PREPA, [2]), the
Hawaiian Electric Company (HECO, [3]), or the Faroe Islands
utility (SEV, [4]) all of them good examples of weak grids. The
solution being defined is based in the introduction of certain
ramp-rate power limitations that restrict the variation of the PV
production over short-periods of time. This can be achieved
with the integration in the PV power plants of some type of en-
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Fig. 1. Scheme of the PV plant with batteries for power ramp-rate control.

ergy storage system, mainly batteries, Fig. 1. Various proposals
are available in the literature that analyze their use under this
ramp-rate power control strategy [5]-[10], and even the use of
ultracapacitors for it [11]. Similar proposals are done by other
authors for wind power plants with storage [12]-[15].

Therefore, it is the role of the energy storage system (batter-
ies) operating within the renewable energy source power plant
to cope with the power difference during the periods in which
the PV panels have stochastically and rapidly varied their pro-
duction and must inject into the grid a given limited production
while the PV panels produce differently. In this way, the ramp-
rate control achieved thanks to the introduction of batteries in a
renewable energy power plant implies a more or less continu-
ous mode of operation in which the batteries are being charged
and discharged over and over. This involves ageing the batteries
accordingly. Multiple authors have analyzed the ageing mech-
anisms associated to the batteries under different stress factors
[16]-[21], and propose different types of models to evaluate it
and perform some type of prognosis [22]-[27].

Although different authors have faced the PV power ramp-
rate control strategy using batteries, it is important to highlight
that these mainly focus on the definition of new control algo-
rithms that usually pursue either the minimization of the size of
the batteries (energy capacity requirements) or the optimized op-
eration of the PV plant with storage. Moreover, the references
cited for battery ageing are mainly associated to the electric
vehicle industry. Therefore, none of the previous works has in-
vestigated the impact on the ageing of the batteries produced
by the power ramp-rate limitation strategy when implemented
in a PV power plant. This work presents such an evaluation by
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Fig.2. Power production of the 10 MW PV plant with batteries under different

degrees of ramp-rate limitation (defined in % in the legend).

means of annual simulations of a large PV power plant (10 MW)
using actual irradiance data. This is done for different sizes of
batteries used under various degrees of limitation in the power
ramp-rate variation. The Levelized Cost of Storage (LCOS) is
calculated for each of the combinations.

Then, after discussing about the potential type of Li-ion bat-
tery to be used in such an application in Section II, and the stress
factors that can affect their lifetime in Section III, the current
work analyzes in Sections IV and V the ageing experienced by
the batteries taking into account both calendar and cycle ageing
models. The paper concludes with the estimation of the LCOS
and some final remarks.

II. PV POWER RAMP-RATE CONTROL WITH BATTERIES

Due to the inherent fluctuation of the PV power production
associated to the transient clouds, which can achieve values be-
yond 90% and 70% for 1 MW and 10 MW PV plants in one
single minute, respectively [28], some electric system operators
controlling weak power grids are starting to impose some limita-
tions to the production variability of this renewable technology.
As already introduced in the previous section, this is a well
stablished and known control proposal defined in various elec-
tric codes and implemented in actual systems to avoid stability
problems. Also in the literature, different authors have analyzed
this solution for PV plants and defined some variations intended
to: minimize the size of the batteries involved [6], [7], [10], [28],
to perform some supervisory control over the operation of the
combined “PV + storage” plants [8], or to optimize the size of
the potential second-life batteries to be used with this goal [9].

We analyze in our work four different degrees of power ramp-
rate variation, the cases in which the PV power plant production
with batteries is allowed to modify its production every minute
no more than 1%, 2%, 5%, and 10%, with regard to its PV
rated power, Fig. 2. These limitation levels correspond to the
usual control levels defined in the grid codes that already de-
mand it (mostly 10%) and to potential more restrictive levels
(<10%) to be fixed in the coming future. In this sense, the lower
the power variation allowed (in %), the higher the degree of
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filtering introduced by the batteries and, accordingly, the deeper
the charge-and-discharge cycling pattern experienced with the
consequent ageing. The depth-of-discharge of the cycles will
be also function of the battery energy capacity, which will be
analyzed in between 1 and 10 MWh for the 10 MW rated power
PV plant under consideration. These energy capacity values are
based on the characteristics of the existing installations.

Regarding the type of batteries, up to six different families
are commercialized nowadays: Lithium Cobalt Oxide (LCO or
LiCo02), Lithium Iron Phosphate (LFP or LiFePO4), Lithium
Nickel Cobalt Aluminium Oxide (NCA or LiNiCoAlO2),
Lithium Manganese Oxide (LMO or LiMn204), Lithium
Nickel Manganese Cobalt Oxide (NMC or LiNiMnCo002), and
Lithium Titanate (LTO or Li4Ti5SO12). These mainly differ
in the material constituting the cathode. Only the LTO family
associates its name to the anode’s material, being in all the
cases the second electrode made of graphite. The operational
characteristics also differ being NCA the one with highest
specific energy; however, LFP and LTO are superior in terms
of specific power, cyclability, and thermal stability, what makes
them appropriate for intensive power demanding applications
such as ramp-rate control. LTO also presents the best life span
although it is the most expensive technology. In all, since space
is not a limiting parameter for this type of installation and
price is lower than for other lithium types, LFP is the selected
chemistry for our analysis. Note in this regard that it is being
developed and installed by companies such as SAFT Batteries
for ramp-rate control applications in wind farms [29].

III. BATTERY AGEING STRESS FACTORS AND MODEL

The ageing phenomenon of Li-ion based batteries has been
extensively analyzed in the literature in the last years due to its
importance not only for the renewables’ integration expansion
but mainly for the electric vehicle continuously increasing in-
dustry. In this sense, the multiple ageing models and analyses
performed have been classified by different authors [30]-[33]
into 2 main groups: performance-based lifetime models, and
post-processing models. The way to analyse the ageing dif-
fers in the different works, however, the resulting stress factors
are quite coherent among publications for the various battery
chemistries analysed.

A. Battery Ageing Stress Factors

The identified stress factors that influence the ageing of
Li-ion batteries can be mainly listed as: time, temperature, state-
of-charge (SOC) during rest, number of cycles experienced,
depth-of-discharge (DoD) of the cycles, average voltage of the
cycles, and charge/discharge current rate.

Their corresponding influence depends on the type of battery
and on the design under consideration and is usually studied
according to two types of mechanism: calendar and cycle ageing.
Then, while the calendar ageing is usually associated to the
capacity reduction of the batteries as a function of time without
being cycled (only by being connected in hot stand-by), the
cycle ageing is associated to their continuous use (by being
charged and discharged). In this sense and for the case of Li-ion
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batteries, the calendar ageing gets generally more significant
with time as temperature and SOC are higher [16]-[20]. The
relation with temperature is normally modelled by means of the
Arrhenius equation (1) while the dependence over the voltage
(or SOC) is generally less important and follows a polynomial
or even linear relation, depending on the lithium battery type.

k(t) = Ax e 7t (1)
With regard to the cycle ageing, this is highly influenced by
the number of cycles experienced [22]. The DoD of the cycles
is also important, having a lower ageing effect with shallower
depth cycles [17], [22], as it is important to perform the cycles
as close as possible to the 50% of SOC to minimize the age-
ing impact due to the average voltage during the cycling [18],
[23]-[26]. Finally, also the temperature significantly affects the
cycle ageing [21], [25]-[27] what forces most battery manu-
facturers to advice their use under refrigerated conditions not
much above 25 °C. After all, it can be concluded that both ef-
fects (calendar and cycle) are important and dependent on the
combination and degree of the stress factors [16]. Therefore,
none of them can be disregarded in a thorough full research.

B. Ageing Model Used for Analysis

As discussed previously, due to the application under study
(power rate-ramp control for a large PV plant), the use of
LFP batteries is analysed. Therefore, among the multiple Li-ion
equivalent model proposals, only some of those focused on this
chemistry have been considered in depth [18], [19], [23], [25],
[34]-[38]. And among them, since some have been developed
based on electric vehicle (EV) standard drive cycle profiles, only
those from Stroe [18], Swierczynski [23], and Weilhar [38] are
considered appropriate for our analysis. These authors propose
different ageing models for LFP batteries combined with renew-
able energy plants. However, the latter applies them for small
domestic installations. Therefore, due to the similarity with the
type of application analysed in Stroe [18] for wind power plants,
the present work uses the model proposed by this author to anal-
yse how LFP batteries are going to lose capacity over time when
used for power rate-ramp control in a large PV plant. This model
is based on the following semi-empirical equations defined for
both capacity fades (in %) associated respectively to the calendar
and the cycle ageing:

Crade,cal (6, T) = ay X eI T

2

Ctade.cye (NC,T) = aye x T x NC"  (3)

Where ¢ is the time in months, 7 is the temperature in Kelvin,
and NC represents the number of equivalent reference cy-
cles. The coefficients in these equations are oy = 3.087 - 1077,
anc = 6.87-107°, B, = 0.05146, Byc = 0.027, andn = 0.5,
for both equations. Note that the C-rate stress factor influence
is not included in the model because C-rates below 4C are
considered in the application analysed in our work. Under these
operating conditions, the C-rate influence can be neglected [39].

Calendar
ageing
calculation

Temperature

Lifetime
estimation
prognosis

RFC+ \_

Definition Cycle
battery SOC Palmgren ageing
evolution /Miner calculation
Fig. 3.  Structure of the methodology implemented to analyze the LFP battery

capacity fade along the ramp-rate control operation.
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Fig. 4. State-of-charge evolution of the 5 MW battery under different degrees

of ramp-rate limitation for the day represented in Fig. 2.

IV. ANALYSIS OF THE AGEING UNDER RAMP-RATE CONTROL

This analysis is based on the ageing model introduced in
the previous section which is combined in this work with the
rainflow-counting (RFC) algorithm [40]-[42] and the Palmgren-
Miner rule [22], [43]-[45]. In this way, the proposed hybrid
methodology provides an estimation of the lifetime expectancy
of the batteries under the power ramp-rate control regime of
operation.

A. Methodology Implemented for the Ageing Prognosis

The methodology developed to analyze the ageing is summa-
rized in Fig. 3, where the scheme interrelating the inputs, the
calculation/simulation steps, and the final output is shown.

Then, the proposed analysis model presents various stages
that can be clearly observed. First, the evolution of the SOC of
the battery experienced along one whole year operating under
the ramp-rate control regime is generated. As can be observed
in Fig. 4 for the day whose power exchanges are represented
in Fig. 2, this is done for four different degrees of ramp rate
control limitation (1%/min, 2%/min, 5%/min, and 10%/min),
introducing in all the cases a programmed SOC recovery of its
initial value (50%) after the battery daily operation.

The analysis in this work is also performed for various battery
sizes (from 1 MWh up to 10 MWh), for two extreme potential
roundtrip efficiencies of the batteries (85%, and 92%), and for
two different operating temperatures (25 °C and 35 °C), at which
the batteries are considered to be refrigerated on-site. The bat-
tery exchange power capacity is always considered the same and
defined as 5 MW, according to recommendations from SAFT
for this specific application.
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Fig. 6. Cycles to failure vs. DoD curve for LFP batteries from SAFT.

Then, following the scheme, the SOC evolution curve is intro-
duced into the RFC algorithm which processes the SOC curve
as represented in Fig. 5. This returns the number of cycles expe-
rienced by the battery at varying DoDs, as well as the medium
voltage for each partial charge/discharge cycle.

This information is then handled by the Palmgren-Miner rule
(4) which compares the partial cycling histogram provided by
the RFC with the maximum number of cycles that the battery
could perform at each single DoD. This equation dispenses the
degradation (D) experienced over the simulated time period:

DoD=100

>

DoD=1

Neye (DoD)

ox (DoD) @

D(%) =

Where N, is the number of cycles returned by the RFC
algorithm and experienced for each amplitude (defined by the
DoD variable), and Ny, is the number of cycles the battery
can withstand for each specific DoD, according to the capacity
evolution curves of the batteries provided by the manufacturer.
Fig. 6 plots this curve for the case of the Intensium Max High
Power VL30P cells type from SAFT batteries, which can be
approximated by the following equation (5):

Nuax (DoD) = 3107 x DoD(%) "% 5)

The degradation parameter D calculated in (4) is useful to
estimate the number of equivalent reference cycles (NC) that
the battery has experienced over the year. As deduced from
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1500

1000 .-

500

Annual number of cycles

DoD of the cycles (%)
100

Fig.7. Histograms representing the annual cycling pattern of a 5 MW /5 MWh
battery under the four different degrees of ramp-rate limitation, with a zoom
over the range 0-50% in DoD of the cycles and up to 20 accumulated cycles.

Fig. 6, these LFP batteries can withstand around 10000 cycles
at 80% DoD, what means that the NC can be calculated as (6).

D (%) x 10000
100%

Thereafter, once accounted the NC, this information is intro-
duced into equations (2) and (3) together with the temperature.
The resulting capacity fade values are combined to finally pro-
vide the lifetime estimation prognosis, in years, by means of
equation (7) which takes into account that the battery manu-
facturer defines the end-of-life (EOL) of the batteries when the
retained capacity (RC) is the 70% of its initial value.

RC= {1 - [Cfade,cal (yEOL ) T) +Cfade,cyc (NC, T) X yEOL]}

@)

The solution in years (ypo 1) at this equation is the estimated

lifetime of the battery (EOL time). All the procedure has been

implemented and automated in Matlab/Simulink which presents
a RFC library that simplifies part of the programming.

NC (@80%) = (6)

B. Results of the Ageing Analysis

Annual simulations of a 10 MW PV power plant using actual
irradiance data have been performed to avoid seasonal effects
for all the cases described in the previous sections (different
filtering levels, various battery energy capacity sizes, and two
operating temperatures). The simulations have been done with
a one-minute time step, what provides a good track of the fast
power fluctuations. Then, the obtained SOC evolution of the
various batteries were treated with the RFC algorithm to derive
the cycling histograms as the one represented in Fig. 7.
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TABLE I
LIFETIME ESTIMATION (IN YEARS) FOR A ROUNDTRIP EFE. = 85%

Temp =25°C

Copaa et 1% 2% 5% 10%
1 MWh 3.18 3.38 422 542
2 MWh 3.98 426 5.62 7.69
3 MWh 422 5.01 6.89 9.42
4MWh 459 5.48 8.00 1.2
5 MWh 4.98 6.08 8.98 12.6
6 MWh 5.08 6.65 9.75 14.0
7 MWh 5.32 7.12 10.6 15.1
8 MWh 5.72 7.70 11.4 16.1
9 MWh 6.02 8.20 12.2 17.0
10 MWh 6.23 8.70 13.0 17.7
Temp =35°C

Copaety ™t 1% 2% 5% 10%
1 MWh 2.06 2.15 2.65 3.30
2 MWh 2.35 2.70 334 436
3 MWh 2.69 3.05 4.04 5.28
4 MWh 2.92 3.30 4.48 6.07
5 MWh 3.02 3.66 5.05 6.65
6 MWh 3.09 4.00 5.35 7.17
7 MWh 3.24 4.18 5.85 7.57
8 MWh 3.38 438 6.18 8.01
9 MWh 3.59 4.71 6.42 8.26
10 MWh 3.79 5.01 6.82 8.50

TABLE II

LIFETIME ESTIMATION (IN YEARS) FOR A ROUNDTRIP EFE. = 92%

Temp =25°C
Copmo—ttl” 1% 2% 5% 10%
1 MWh 3.15 335 4.12 5.35
2 MWh 3.92 420 5.44 7.42
3 MWh 4.16 5.00 6.68 9.28
4MWh 450 5.38 7.76 11.0
5 MWh 4.89 6.01 8.67 12.3
6 MWh 5.05 6.42 9.42 13.6
7 MWh 5.26 7.05 10.3 14.8
8 MWh 5.59 7.44 1.2 15.7
9 MWh 6.00 8.05 12.0 16.6
10 MWh 6.11 8.41 12.7 17.4
Temp =35°C
Copmo—ttt 1% 2% 5% 10%
I MWh 2.05 211 258 327
2 MWh 234 2.67 3.29 432
3 MWh 2.66 3.02 4.01 5.23
4MWh 2.89 3.27 438 6.01
5 MWh 3.01 3.58 5.00 6.50
6 MWh 3.07 3.95 5.28 7.08
7 MWh 3.20 4.10 5.70 7.42
8 MWh 333 432 6.08 7.88
9 MWh 3.50 459 6.34 8.17
10 MWh 3.71 491 6.67 8.38

By applying the rest of the analysis methodology to these
histograms, the ageing prognosis for the multiple case studies is
obtained. The resulting lifetime estimation to achieve the 30%
drop in energy capacity is summarized in Table I and Table II,
for the roundtrip efficiencies of 85% and 92%, respectively, and
for the two temperatures considered.

Results indicate that improving the roundtrip efficiency of
the battery from 85% up to 92% on the AC side of the energy
storage system has not significant effect to the battery ageing.
On the contrary, operating the battery at 35 °C instead of 25 °C
represents a potential life span reduction varying from 40% to
60%. Therefore, it is clear that the operation temperature of the
battery cells should be kept under control and as close as possi-
ble to the 20-25 °C recommended by manufacturers. Although
not summarized on these tables, further simulations performed
for 20 °C confirm lifetime can be further extended by another
20-25% at this temperature. With regard to the degree of control
of the ramp-rate variations, it stands out how the more restrictive
the control is (lower percentage of variation allowed) the shorter
the lifetime expectancy because the battery is more demanded.
Finally, note how, similarly, the increasing energy capacity of
the battery favors the extension of its lifetime due to the shal-
lower cycles experienced throughout the annual operation for a
given power exchange pattern with the grid.

Further conclusions can be obtained from the graphical repre-
sentation in Fig. 8. This shows for different operation conditions
the capacity fades associated to the calendar (red) and to the
cycling (blue) ageing mechanisms, which add up the 30% fade
of the initial battery capacity accepted by the manufacturer as
EOL (70% of capacity retention). Although the cycle ageing is
generally assumed to be more important than the calendar one, it
is straightforward derived from Fig. 8 that both types of ageing
mechanisms are significant and both have to be taken into con-
sideration in this application for the design and sizing definition
of the battery to guarantee a proper lifetime. Note how their cor-
responding weight on the overall ageing of the battery is clearly
dependent on the battery size and on the filtering level, since
these two design parameters condition the DoD of the cycles ex-
perienced during the annual operation. It is therefore important
to highlight that histogram results in Fig. 7 together with the sur-
faces represented in Fig. 8§ demonstrate that the ramp-rate control
strategy analyzed in this work is not a very demanding energy
management strategy for batteries used in a PV power plant from
a cycle ageing mechanism point of view. Clearly, the calendar
ageing is also significant in this application and cannot be de-
spised. Finally, note that the progressive reduction of the battery
capacity with time and use will imply a lower and lower capabil-
ity to control the ramp-rate as the EOL of the battery approaches.

V. ESTIMATION OF THE LEVELIZED COST OF STORAGE

Once the ageing of the batteries has been quantified, it is
necessary to identify a valid method to define or calculate the
relative and comparable costs of the different battery solutions
analyzed to provide the ramp-rate control service. Energy stor-
age systems that are implemented as a way to improve the
management capability and the quality of the energy discharged
to the grid pose a complex problem to quantify its benefits and
effectiveness with respect to their cost. This is due to the fact
that they do not produce electricity from an energy source, but
store it for a time, and to the interrelation that exists among all
the aspects that take part in their operation. All of this makes
the evaluation difficult with a simple analysis.
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Levelized Cost of Storage (LCOS) is an innovative tool [46]
derived from the traditional LCOE calculation [47], used to
compare the lifetime cost of the energy producing technolo-
gies, but adapted to energy storage systems that do not produce
energy by themselves but store it for a later use introducing
some energy losses. Therefore, LCOS is being used to com-
pare the cost of using different storage technologies along their
lifespan for a given application in the electric power sector. In
this sense, LCOS can be defined as the cost per usable energy
storage capacity throughout the lifetime of the installation. This
is calculated, according to [46], taking into account the initial
investment of the system, plus all the operating and mainte-
nance costs accumulated during its use, divided by the so-called
lifetime utilization factor (LUF), as in (8):

Io + EyE:OOL Opcust
EOL
Zy:(] Cy x /iy - At

LCOSgoL = (€/kWhperyear) (8)

Where the different parameters involved are:

e FEOL, lifetime expectancy in years, according to the analy-
sis introduced in the previous section.

® ],, initial investment cost of the whole energy storage
system (batteries, converters, cooling unit, protections and
control equipment. . . ), in €/kWh.

® Ope,st, overall operating annual cost (maintenance, secu-
rity, recharge costs, auxiliary power, control and manage-
ment). This is usually accounted for as a percentage of the
initial investment, also in €/kWh.

e (,, energy capacity of the battery let at year “y” with
regard to its initial value (100%-degradation), in %.

e 17),, battery roundtrip AC-to-AC efficiency, in %.

e At the incremental time, in years.
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TABLE III
INITIAL INVESTMENT COST OF THE 5 MW BATTERIES (IN M€) FOR THE
DIFFERENT BATTERY CAPACITIES TAKEN INTO ACCOUNT

1 MWh 2 MWh 3 MWh 4 MWh 5 MWh
1.45 1.9 2.35 2.8 3.25

6 MWh 7 MWh 8 MWh 9 MWh 10 MWh
3.27 4.15 4.6 5.05 5.5

For this calculation, the initial investment cost has been in-
troduced according to that in Table III for the different battery
energy capacities. These costs are based on the average price per
kW and kWh of installed LFP battery (including all the equip-
ment) registered and estimated in various reports from different
international technology centers and specialized consultancies
[48]-[51]. The overall operating annual costs has been assumed
to be the 3.5% of the initial investment, upon estimations from
battery manufacturers. An annual monetary discount rate equal
to 4% is also assumed. The annual capacity left in the battery is
updated every year as a function of the calculated degradation
parameter. As it is done with the one-way efficiency which is
initially taken as 96% (corresponding to the roundtrip efficiency
of 92% previously analyzed). The case of the 85% roundtrip ef-
ficiency has not been calculated due to the low impact reflected
on the ageing that has been already discussed.

Therefore, according to (8) and taking into account the age-
ing results and estimated lifetimes presented before, Table IV
summarizes the LCOS calculated values at the EOL of the bat-
teries for the different combinations of parameters that have been
considered at both 25 °C and 35 °C. It is notably remarkable
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TABLE IV
LCOS OF THE 5 MW BATTERIES BASED ON THE ESTIMATED EOL (IN €/KWH)

Temp =25°C

Copaory ™ 1% 2% 5% 10%
1 MWh 665 630 512 403
2 MWh 352 330 261 197
3 MWh 275 230 179 134
4 MWh 229 194 140 111
5 MWh 196 162 118 88
6 MWh 180 146 104 77
7 MWh 167 128 96 69
8 MWh 154 119 84 64
9 MWh 140 108 78 59
10 MWh 135 102 73 56
Temp =35°C

Capao—l’ 1% 2% 5% 10%
1 MWh 1020 997 785 644
2 MWh 597 523 420 394
3 MWh 433 372 283 222
4 MWh 350 311 235 174
5 MWh 309 265 191 152
6 MWh 289 227 174 133
7 MWh 268 210 156 124
8 MWh 251 195 142 113
9 MWh 234 180 134 107
10 MWh 216 165 126 103

from the results that although the initial investment cost obvi-
ously influences the LCOS value of the system, the increase in
the estimated service life of the batteries, due to a less stressing
operation regime and the consequent reduced ageing, involves
a decrease in the resulting LCOS of the larger energy capacity
batteries. Therefore, the larger the capacity, the lower the LCOS
in this application. Still, the operating temperature is also very
important since the LCOS can vary for the same battery and
ramp-rate limitation level between 40 and 50% for operating
temperatures going from 25 °C up to 35 °C.

Finally, note that results presented in this work can be com-
pared with those provided by the financial advisory and asset
management firm Lazard in [52]. This consultancy offers LCOS
values ranging from $272 up to $386 for “in-front-of-the-meter”
applications. Therefore, some of the combinations analyzed here
offer a LCOS quite lower than those estimated by Lazard. How-
ever, this is mainly obtained for large capacity batteries that,
although taken into account here, would be difficult to justify
for the ramp-rate control application from an economic and
financial point of view.

VI. CONCLUSIONS

In conclusion, the ramp-rate PV power production control
is a grid injection power limitation that is gaining importance
in the electric systems, mainly in weak power systems to the
moment, as the degree of penetration of PV power plants gets
higher. The inherently intermittent and stochastic power pro-
duction fluctuations of this technology could affect the stability
of the system. This limitation can be managed by integrating
batteries into large PV plants but such an operation involves an

aggressive environment for the ageing of the batteries. This work
has analyzed this ageing for a specific technology of lithium ion
batteries, the LFP family. Results in this sense highlight the
importance of the temperature of operation of the batteries as
well as the influence of the battery size and degree of ramp-rate
limitation on the cycle ageing. Lifetime estimations range from
3.6 years up to 12.2 years depending on the battery size and the
ramp-rate control at 35 °C. This ageing prognosis opened the
door to a careful analysis of the Levelized Cost of Storage for
this application using batteries. In this sense, LCOS results are
in accordance with previous reports and tend to offer optimistic
low cost results for large battery combinations, which would be
oversized in this application with the consequent lack of usage of
the whole capacity. Therefore, these should not be contemplated
for aramp-rate control application from a financial point of view.
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