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Abstract: The problem of sizing an electrochemical energy storage system for renewable energy integration is a complex task.
There are several system input parameters that must be taken into account for a correct design. Among them, the ageing
characteristic of the technology, the service that the system provides, i.e. the power profile that the system faces and the desired
C-rate are considered. A simple solution for this problem is not available in the literature. This study presents a simple yet robust
optimisation-based model for renewable energy integration. The model explicitly takes into account the intrinsic battery ageing
process. The authors propose a formulation for the optimisation problem that can be written in terms of just one continuous
variable, namely, the amount of energy that the battery is able to store (battery size); using the proposed procedure, solving the
problem obtained is a relatively straightforward task. Results are first discussed using an illustrative example and later extended

to two real case studies.

1 Introduction

With the success of wind and solar PV power plants worldwide, the
potential benefits of energy storage for power variability smoothing
and energy production time-shifting are becoming more important.
Recent research has demonstrated that power variability increases
with increasing levels of renewable generation [1, 2]. There is no
fixed ceiling beyond which energy storage is indispensable. Rather,
the point beyond which it is a viable option in the asset mix is a
function of renewable penetration, geographic diversity and
interconnection (or lack of), and the capacity of the system to
absorb variability. On an empirical basis, some power systems
seem to begin to show commercial deployment of storage beyond a
level of roughly 10% of renewable penetration. As energy storage
becomes more relevant for the grid, its development will benefit
from taking a similarly well-structured approach.

The problem of sizing a battery is a complex task. Several input
parameters must be taken into account for a correct design; for
instance, the ageing behaviour of the technology, the service that
the battery provides (the power profile that the battery faces) and
the desired C-rate, among others.

Several authors have already addressed the problem of
optimally sizing hybrid energy systems with different levels of
detail and by using different optimisation techniques: Ru et al. [3]
proposed a simple enumerative algorithm that sizes battery storage,
however, average values are not the most reliable way of sizing a
system that must ensure generation/consumption balance at all
times.

The way of dealing with the sizing problem of an storage
system mainly depends on its application. There is a sizable
quantity of information for the best-known applications of these
systems, for example, residential PV and battery systems in both
grid-connected [4] and isolated applications [5], peak shaving [6]
and increasing the renewable penetration in hybrid systems with
PV and diesel generators [7].

In addition to the applications already discussed, other
application that is attracting great interest in the technical
community is the provision of ancillary services. In order to
provide those services at minimum cost, batteries of optimal size
must be used. Ancillary services usually include: load levelling,
which consists in reducing large fluctuations in customer demand
[8, 9]; frequency regulation, which tries to maintain the grid
frequency within a specific range of the nominal frequency [10];
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voltage regulation, that is, the ability of a system to provide near
constant voltage over a wide range of load conditions [11]; PV and
wind smoothing, whose objective is to reduce the variability of
these energy sources [12—-14] and so on.

Nevertheless, most of these studies do not include one of the
most important contributions of this paper, battery degradation.
This topic is widely analysed by diverse authors. In [15], the
authors present a methodology used for accelerated lifetime testing
of lithium-ion Dbatteries, the results are wused for the
parameterisation of a performance-degradation lifetime model,
while [16] introduces a lifetime model which estimates the
decrease of energy capacity and power including the effects of
temperature, state of charge profile and daily depth of discharge.
Finally, in [17], the author develops a complex degradation model
which includes the modelling of the electrical circuit and the
calendar and thermal degradation, validating it with a lithium
nickel cobalt aluminium oxide battery.

The complexity of these types of model is a very limiting factor
to solve the battery storage sizing optimisation problem.

This work proposes an optimisation-based approach to find the
optimal size of an electrical energy storage system given an
expected battery profile.

The main contribution of this paper is the development of a
simple yet robust electrochemical battery sizing methodology that
explicitly considers battery degradation.

This paper is organised as follows. Section 2 provides the
problem formulation considering battery ageing. In Section 3, a
simple case study is proposed to highlight salient features of the
proposed algorithm. A real-life case study is further analysed in
Section 4. Finally, the conclusions close the paper.

2 Problem formulation

In this work, we assume that the amount of energy exchanged
between a battery and an external system is known (power profile);
for instance, we know with certainty the amount of energy
produced by a solar panel and we also know the energy demand of
a household; the battery is connected to both systems, and may
store the exceeding energy from the solar panels and it also may
provide energy to the house when solar panels cannot provide it. In
this context, we want to compute the optimal size that the battery
must have so that it can provide the services demanded from it at a
minimum cost. This minimum cost must include both the
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acquisition cost and the degradation cost associated with the use
that the battery will have.

2.1 Energy and power constraints

We assume the fixed load profile for the battery is defined by a
chronological sequence of operations. During each operation, it is
assumed that the power flow in the battery remains constant. Thus,
the load profile is defined by two vectors, one for the values of
power P; for each operation, and the other for the time duration A,
for each r=1,2,...,|T|, in the chronological sequence of
operations. A positive value of P, corresponds to battery charging,
and a negative value to battery discharging. Then, we can define

P, = Pch,— Pdis,, t€T (1)
Pch, >0, teT 2)
Pdis;, >0, teT (3)

where Pch, and Pdis, are the charging and discharging powers at
time ¢, directly obtained from the values of P;.

If we call SoC, the amount of energy stored in the battery at
time ¢, and SoC, the energy stored in the battery before the load
profile begins [Note that parameter SoC, can be arbitrarily chosen,
because later on, only the differences in values of SoC, will be
considered.], the relation between SoC, and the load profile is
defined as follows:

t'=t
SoC, =SoCy+ Y. Ay (nch - Pch, —
=0

Pdis,
Mdis

4)

where 7., and ny, are the efficiencies of the charging and
discharging operations.

A usual parameter when analysing batteries is the depth of
discharge (DoD), defined as the percentage of the battery total
capacity that is empty, or conversely, 100 minus the percentage of
the battery that is charged, DoD = 100(1 — (SoC/BS)). Thus, when
a battery is in a condition of 70% DoD we assume that the amount
of energy stored in the battery equals 30% of its nominal capacity.
Following advice from battery manufacturers, we consider a
maximum depth of discharge (DoD,,,) parameter for the battery, as
the highest DoD acceptable. Therefore, the size of the battery (BS)
must verify the following equation in order to be able to perform
the given load profile:

100 .
BS > -(ma SoC;} — min {SoC )
DoD,.x te)T( { 2 zelT { 2 )

Also note that when sizing a battery, one must consider an
additional constraint imposed by the technical limitations of the
battery and the inverter; the instantaneous power exchanged by the
battery must not exceed a certain value; this is usually specified in
terms of the so-called maximum C-rate

P,
C-ratey,, > Ter 1P (©)

where C-rate,,, is the predefined value imposed by the battery
manufacturer or the inverter capability.

2.2 Battery ageing modelling

Ageing processes for batteries are a very important factor that must
be taken into account when trying to optimally size a storage
system.

On one hand, batteries deteriorate due to the amount of time
elapsed since its construction, regardless of the use that the battery
is made of. This process is usually condensed in a single number,
the number of years until the battery becomes degraded and should
not be used any longer, usually called calendar life [18, 19].
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However, batteries also deteriorate due to other different
reasons, including irresversibility of some chemical reactions and
damage caused to them due to heat dissipation [20]. This
deterioration, in general, is a non-linear process and depends on the
depth of discharge, the number of cycles and the energy extracted
from the battery in a given time period [21]. Regarding this second
set of mechanisms of deterioration, manufacturers usually provide
a non-linear relation between depth of discharge and the number of
cycles to failure, for a given rate of discharge. In general, if a
battery is used infrequently and operated at small DoD, the first
degradation process described will dominate the ageing of the
battery; conversely, if the battery is charged and discharged
frequently and rapidly, the second process will dominate the ageing
of the battery. In this paper, we implement a method to take into
account both mechanisms involved in the ageing of batteries.

In order to better characterise these ageing mechanisms, some
definitions and equations are presented next. We define a battery
discharging cycle as the process of extracting energy from a
battery, each cycle ¢ can comprise several consecutive time periods
t of the load profile, and it is characterised by: (i) the total amount
of energy extracted from the battery D,, in kWh and (ii) the total
cycle duration A, in hours. For the remainder of the paper we
contend that the ageing of a battery can be captured by modelling
only its ‘discharging’ operations; we argue that this assumption is
sensible for several reasons, it is known in the industry that
discharging operations tend to be more damaging to batteries than
charging operations [22], also, in the long term, battery SoC is a
variable that moves around an average, and hence for every
discharging operation there must be a similar charging operation,
otherwise the battery will be depleted and no more discharging will
take place. Note that, though we only characterise the ageing of the
battery using parameters related to the discharging processes, the
amount of ageing computed by our method considers both the
ageing related to discharging and to charging.

With the previous definitions, the depth of discharge for a
specific cycle can be defined as

D,
DoD, = 100~B—S (7

Also, the rate for the discharging cycle ¢, usually called C-rate and
noted here as C-rate,, can be computed as

P, ,
C-rate, = BS ~ A, BS ®)

where P, is the average value of the power discharged over
discharge process ‘c’.

With the above definition, a cycle characterised by C-rate, = 1
is a cycle that will deplete the battery completely in 1 h; a cycle
performed at C-rate. = 3 will deplete the battery three times faster,
and hence, the battery will be depleted in 1/3 of an hour.

The first ageing mechanism described above can be measured
simply using the following equation:

2. A,
CAL __ c
Fole™ = 547365 - CalendarLife ©)

where FoLEAL is the fraction of the battery life that is consumed in

discharge process ‘c’ due to CalendarLife consumption. Note that
the 2 in the numerator of (9) is introduced to take into account not
only the discharging cycle but also the charging cycle, estimating a
similar duration.

Regarding the second ageing mechanism, battery manufacturers
usually provide information of battery ageing as a graph or set of
graphs relating the cycles to failure to the dimensionless
parameters depth of discharge and the C-rate. As our input data are
the battery load profile, we need to relate the unknown battery size
BS with the information given by the battery manufacturers in
order to take into account the battery ageing. We can do that by
approximating the data in the manufacturers graphs by a suitable
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Fig. 1 Battery load profile

function, F. This function uses as arguments the values of DoD and
C-rate, and gives as a result the number of cycles to failure, CtF.
The link to the unknown BS is implicit in the definition of DoD
and C-rate as they are functions of the BS and the load profile.
Thus, for a given specific discharge cycle ¢, the number of times
that this cycle can be repeated until failure can be computed as

CtF. = F(DoD,, C-rate,) (10)

Recall that, in general, function F' is non-linear and in most
occasions, an algebraic form is not available, instead, most of the
time this information must be obtained from a graph or set of
graphs provided by the manufacturers.

For the purposes of this work, we have found that a suitable
analytic expression for this function can be obtained with the
following general form:

(1D

where parameters &, k, and k; must be obtained from the ageing
curves mentioned above.

Then, the amount of life consumed due to the second
mechanism can be obtained as the inverse of the CtF,

1
FoL% = CF (12)
c

Also, note that (12) is very interesting, as it effectively computes
the fraction of the battery that is used when the battery undergoes a
certain cycle. It is also remarkable that this calculation is only
dependent on the DoD and the C-rate values of the discharging
process; note that the value of BS is implicitly needed to calculate
DoD. To illustrate the importance of this result, consider that a
certain battery only performs two cycles during one day of
operation, also assume that the manufacturer informs us that if the
battery only performs cycles of the first type, the battery will be
able to perform 3000 such cycles and if the battery only performs
cycles of the second type, it will be able to perform 2000 cycles.
What (12) tells us is that when the battery performs one of each
type of cycle every day, the daily fraction of life consumed is

L L 0000833 (13)

FoL = FoL, + FoL,, = m + 2000

This implies that the battery will be able to work for 1200 days.
Taking into account both mechanisms described, we can now

compute the fraction of life consumed when performing cycle ‘c’,

FoL,, as the maximum of the two values provided in (9) and (12)

FoL, = max {FoL{", FoL¢ (14)
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Consequently, the total fraction of life consumed during the whole
time horizon, FoL, can be obtained by adding the respective
fractions of life consumed over each discharging cycle

FoL = Z FOLC (15)

ceEQ

where Q is the set of all discharge cycles in the profile under study.

2.3 Battery optimal sizing

Given a fixed load profile, a precise non-linear problem that
includes ageing modelling can be stated. The objective function for
the problem is

min {BS - UBC - FoL.(BS)} (16)

where BS is the battery size, usually expressed in kWh; UBC is the
acquisition cost of a battery, expressed in $/kWh and FoL is the
fraction of the life of the battery that is consumed due to the
specific operation that the battery must perform. Note that in (16)
the objective is to minimise the cost incurred during the specific
proposed operation of the battery; also note that, in general, the
solution to this problem is not to select the smallest possible battery
size, because the same operation may cause bigger damage to
smaller batteries than to bigger batteries, and hence, an
intermediate value might be optimal. For the sake of simplicity, we
assume for this work that the cost of the battery, UBC, comprises
all direct and indirect costs, including the electronic components
needed to operate the battery. Note that there is only one explicit
optimisation variable in this problem, namely, BS. Also note that
this is a non-linear objective function. For the sake of simplicity, in
this work the effect of the temperature on the operation of the
batteries is not considered directly.

It is relevant to point out that in (16) UBC is a constant and its
specific value does not affect the optimal value of BS.

The problem constraints are all linear: (5) and (6). These linear
constraints can be understood as imposing lower bounds for the
optimal size BS, and can be easily incorporated into the problem as
only one limit to variable BS previously computed.

In order to solve (16), and using the results from Section 2.2,
we can rewrite the third term in the objective function as follows:

FoL(BS) = 2 ( max {FoL", FoLS*})

ceEQ

y (max

ceQ

C-ratef3 2-A,
k- DoD-% 24365 - CL

(17

(DJ(A.-BS)®  2-A,
k - (D./BS) ™ *24-365 - CL

max
ceQ

Note that in the above expression, there is only one variable, BS
and the rest of the values are either constants or parameters.
Finally, the optimisation problem comprises (16), and constraints
(5), (6) and (17).

3 lllustrative case study

In this section, the proposed methodology is applied to a simple
illustrative case. For this case, we assume DoD,,, = 80%,
C-rate,,, = 3 and LifeTime = 15 years. The rest of the input data
are the load profile and the cycle to failure function.

The load profile and discharge cycles are depicted in Fig. 1. It
comprises four discharge cycles, each one defined by the energy
discharged, D,, and the discharge time, A, whose numerical values
are listed in Table 1. The energy discharged allows us to compute
the depth of discharge for each cycle, while the discharge time is
used to calculate the C-rate.

As previously stated, both variables impact the maximum
number of cycles allowed for the battery (cycles to failure). Fig. 2
presents a typical ageing curve for lithium batteries, which shows
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Table 1 Battery load profile and discharge cycles
t P, kW A, h c D., KWh A, h
1 200 0.375 1 75.0 0.375
2 =200 0.375 2 30.0 0.300
3 0 0.094 3 90.0 1.800
4 50 1.000 4 25.0 0.125
5 -100 0.300 — — —
6 50 1.400 — — —
7 -50 1.800 — — —
8 200 0.125 — — —
9 -200 0.125 — — —
x10* . : . . ; . 14 x10°° . . : :
18 ] ’
C-rate 0.5 [_Joperation
16 - == == C-rate 1 i 19k [ calendar life
C-rate 2 )
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Fig. 2 Cycles to failure (CtF) versus depth of discharge (DoD), for
different C-rate values
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Fig. 3 Battery SoC in the illustrative case

the number of cycles to failure depending on the depth of discharge
and the C-rate. These curves are different for other technologies,
and also different batteries based on the same technology may
present different behaviours [23, 24]. For example, the relative
capacity of a battery decreases more with the number of cycles in a
LCO type than in a LCO-NMC type battery.

High depths of discharge and C-rates produce greater wear by
operating the battery, reducing the number of cycles to failure.
Under these assumptions, and according to (11), the following
equation has been introduced in the algorithm in order to model the
degradation of the battery due to the operation. This equation is
based on the curves of Fig. 2
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Discharge cycle

Fig. 4 Fraction of life consumed by operation and calendar life in the
illustrative case (best viewed in colour online)

_2480.5 - DoD;*'*"

CtF
¢ C-ratel’

(18)

We now can run the algorithm and find the optimal solution. Once
the optimal solution is attained, we can check that the solution is
within the bounds for DOD and C-rate,,,. In this case, the values
obtained for the DoD are {23.7%, 9.5%, 28.5%, 7.9%}, all of them
below the upper bound of 80% for all discharge cycles. We can
also check the values of C-rate, which are {0.61, 0.31, 0.15, 0.61},
all of them below the limit of 3. Fig. 3 shows the evolution of the
state of charge of the battery.

Finally, we analyse the battery ageing, which is affected by the
operational degradation and the life time. Fig. 4 presents both
simultaneously for each discharge cycle; the blue bars indicate the
former and the orange bars the latter. Although the DoD is not
high, the first discharge cycle is dominated by the operational
degradation due to the relatively high C-rate. On the other hand,
the rest of discharge cycles are dominated by the degradation due
to calendar life. The second and the fourth are in this circumstance
because of the reduced DoD, while the third one works at a very
low C-rate.

Fig. 5 presents the total costs for different battery sizes; note
that, in this case, the battery size (BS) that minimises the cost of
performing the given load cycle is BS = 326 kWh. Operating a
battery of these characteristics with the profile of the illustrative
case and a market price of 800 $/kWh has a total cost of $6.28. If
this profile represents the daily operation of the battery, then that
cost value will be the daily cost of operation of the system.

4 Case study

The proposed methodology is now tested in two typical
applications in order to find the optimal electrical storage size.
Specifically, the storage system is sized for a case of a 500 kWp
PV power plant and for an 800 kW wind generator.
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Fig. 6 Battery power profile for the first case study

4.1 First case study: PV plant

The power supplied by a photovoltaic plant is subject to weather
variability. The case study analyses a storage system whose
function is to smooth short-term power fluctuations that would
otherwise negatively affect the quality and reliability of the
electricity supply. This type of systems is a requisite in new grid-
codes. For instance, the Puerto Rico Power Authority's regulation
imposes some restrictions to the ramp rate of PV plants,
establishing a maximum variation of 10%/min of the plant's
nominal power [25].

Several battery power profiles have been tested to verify the
proposed algorithm. The profile shown in Fig. 6 has been selected
to perform the study case, it represents one day of operation for the
PV plant. This profile is a typical case of solar photovoltaic output
that needs smoothing, because it presents a large number of short
duration power peaks.

The algorithm computes a solution in which the SoC and the
DoD are always within the imposed limits. The evolution of the
battery state of charge is presented in Fig. 7. The SoC reaches a
maximum value of 75.4% and a minimum value of 35.3%. The
largest DoD of this profile with the computed battery is 5.2%,
while the maximum C-rate is 2.9, a value very close to the
imposed limit.

The value of battery size (BS) that minimises the ageing cost of
performing the given load profile is BS = 125 kWh. Operating this
battery under these conditions and with a market price of 800
$/kWh has a cost of $6.34. Fig. 8 presents the evolution of the cost
for different values of battery size; in this figure, values of BS
below 120 kWh are not presented as these values are infeasible for
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the problem; hence, we can conclude for this case that the optimal
battery size is near the minimal feasible battery size.

This solution shows that the optimal size is not the minimum
size that satisfies the DoD and C-rate constraints, and hence ageing
is a key factor that must be taken into account in this process. Note
that, for the same load profile, ageing has a smaller impact in larger
batteries, as the values of DoD and C-rate are smaller, thus
increasing the life of the battery without excessive costs.

In order to verify that the C-rate is a key limiting factor in
battery sizing, we run a similar case study with a maximum battery
C-rate of 2. As expected, the solution obtained is different.
Remember that in the original solution, the result was not affected
by the C-rate because the maximum value obtained was lower than
3; however, the value was higher than 2 and, as a consequence, the
optimal sizing must be different to comply with this more strict
constraint. The new solution for this case study is a battery with a
capacity of BS = 182kWh and a total cost of 7.35$, up from the
previous 6.34. Moreover, this more constrained value of C-rate
will very likely imply that a cheaper battery can be purchased; so,
we run the algorithm again assuming a lower price of 700 $/kWh
for the battery and now a smaller cost of $6.42 is obtained.

4.2 Second case study: wind generator

In order to further illustrate the proposed algorithm, we have
simulated a different system, featuring an 800 kW wind generator.
The power profile that the battery must deal with is presented in
Fig. 9 and was obtained from real wind data readily available for a
location in southern Spain. The evolution of the state of charge for
the battery is shown in Fig. 10. We have selected a maximum C-
rate of 3 for this application, obtaining an optimal battery size of
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209.77 kWh, and, in turn, a daily battery cost of $24.43. Note that
for higher values of the maximum C-rate, smaller batteries can be
achieved, but these batteries would be more expensive.

5 Conclusions

In the general context of renewable energy integration, the sizing
of batteries is an important decision that must be taken carefully;
we propose a simple yet robust method to optimally size a battery
for real applications; this method incorporates the main ageing
processes that appear in real batteries. This model takes the form of
an optimisation problem that features a non-linear objective
function and two simple constraints. Moreover, the proposed model
as we have presented it, only contains one variable, and hence,
finding the solution is rather easy. It should be noted that the
procedure is neither technology nor application specific and can be
applied to many different types of batteries in many different
applications.

We have tested our method in an illustrative case study and in
two realistic case studies, obtaining satisfactory solutions in all
cases.

The model has many applications in the area of energy storage
systems design, helping size of the batteries for a number of
different settings, both large (wind and solar farms) and small
(households, small isolated electric systems).

IET Renew. Power Gener., 2019, Vol. 13 Iss. 4, pp. 572-577
© The Institution of Engineering and Technology 2018

6 Acknowledgments

This work has been partially funded by project ENE2016-80638-R
granted by Ministerio de Economia y Competitividad of the
Governement of Spain.

7 References

[1] Roberts, B.P., Sandberg, C.: ‘The role of energy storage in development of
smart grids’, Proc. IEEE, 2011, 99, pp. 1139-1144

2] Rodrigues, E., Godina, R., Santos, S., et al: ‘Energy storage systems
supporting increased penetration of renewables in islanded systems’, Energy,
2014, 75, pp. 265-280

[3] Ru, Y., Kleissl, J., Martinez, S.: ‘Storage size determination for grid-
connected photovoltaic systems’, IEEE Trans. Sustain. Energy, 2013, 4, pp.
68-81

[4] Weniger, J., Tjaden, T., Quaschning, V.: ‘Sizing of residential PV battery
systems’, Energy Procedia, 2014, 46, pp. 78-87

[5] Shen, W.X.: ‘Optimally sizing of solar array and battery in a standalone
photovoltaic system in Malaysia’, Renew. Energy, 2009, 34, (1), pp. 348-352

[6] Oudalov, A., Cherkaoui, R., Beguin, A.: ‘Sizing and optimal operation of
battery energy storage system for peak shaving application’. 2007 IEEE
Lausanne Power Tech, Lausanne, Switzerland, July 2007, pp. 621-625

[7] Vrettos, E.I., Papathanassiou, S.A.: ‘Operating policy and optimal sizing of a
high penetration RES-BESS system for small isolated grids’, IEEE Trans.
Energy Convers., 2011, 26, pp. 744-756

[8] Lo, C., Anderson, M.: ‘Economic dispatch and optimal sizing of battery
energy storage systems in utility load-leveling operations’, IEEE Trans.
Energy Convers., 1999, 14, (3), pp. 824-829

[9] Bae, S., Jeon, S.U., Park, J.-W.: ‘A study on optimal sizing and control for
hybrid energy storage system with SMES and battery’, /FAC-PapersOnlLine,
2015, 48, pp. 507-511

[10]  Borsche, T., Ulbig, A., Koller, M., et al.: ‘Power and energy capacity
requirements of storages providing frequency control reserves’. 2013 IEEE
Power & Energy Society General Meeting, Vancouver, Canada, 2013, pp. 1-5

[11]  Nazaripouya, H., Wang, Y., Chu, P, ef al.: ‘Optimal sizing and placement of
battery energy storage in distribution system based on solar size for voltage
regulation’. 2015 IEEE Power & Energy Society General Meeting, Denver,
CO, USA, July 2015, pp. 1-5

[12] Li, X., Hui, D., Lai, X.: ‘Battery energy storage station (BESS)-based
smoothing control of photovoltaic (PV) and wind power generation
fluctuations’, IEEE Trans. Sustain. Energy, 2013, 4, pp. 464-473

[13] Brekken, T.K.A., Yokochi, A., von Jouanne, A., et al.: ‘Optimal energy
storage sizing and control for wind power applications’, IEEE Trans. Sustain.
Energy, 2010, 2, pp. 69-77

[14] Sandhu, K.S., Mahesh, A.: ‘A new approach of sizing battery energy storage
system for smoothing the power fluctuations of a PV/wind hybrid system’,
Int. J. Energy Res., 2016, 40, pp. 1221-1234

[15] Stroe, D.-1., Swierczynski, M., Stan, A.-1., et al.: ‘Accelerated lifetime testing
methodology for lifetime estimation of lithium-ion batteries used in
augmented wind power plants’, I[EEE Trans. Ind. Appl., 2014, 50, pp. 4006—
4017

[16] Hoke, A., Brissette, A., Smith, K., et al.: ‘Accounting for lithium-ion battery
degradation in electric vehicle charging optimization’, IEEE J. Emerging Sel.
Topics Power Electron., 2014, 2, pp. 691-700

[17] Du, Y., Jain, R., Lukic, S.M.: ‘A novel approach towards energy storage
system sizing considering battery degradation’. 2016 IEEE Energy
Conversion Congress and Exposition (ECCE), Milwaukee, WI, USA,
September 2016, pp. 1-8

[18]  Kassem, M., Bernard, J., Revel, R., ef al.: ‘Calendar aging of a graphite/
LiFePOg4 cell’, J. Power Sources, 2012, 208, pp. 296-305

[19] Stroe, D.-I., Swierczynski, M., Kar, SK., ef al.: ‘A comprehensive study on
the degradation of lithium-ion batteries during calendar ageing: The internal
resistance increase’. 2016 IEEE Energy Conversion Congress and Exposition
(ECCE), Milwaukee, WI, USA, September 2016, pp. 1-7

[20] Swierczynski, M., Stroe, D.-I., Stan, A.-1., et al.: ‘Lifetime estimation of the
nanophosphate LiFePO4/C battery chemistry used in fully electric vehicles’,
IEEE Trans. Ind. Appl., 2015, 51, pp. 3453-3461

[21] Kim, K., Choi, Y., Kim, H.: ‘Data-driven battery degradation model
leveraging average degradation function fitting’, Electron. Lett., 2017, 53, pp.
102-104

[22] Lin, F., Nordlund, D., Weng, T.-C., et al.: ‘Phase evolution for conversion
reaction electrodes in lithium-ion batteries’, Nat. Commun., 2014, 5, p.3358

[23] Krieger, E.M., Cannarella, J., Arnold, C.B.: ‘A comparison of lead-acid and
lithium-based battery behavior and capacity fade in off-grid renewable
charging applications’, Energy, 2013, 60, pp. 492-500

[24]  Enersys: ‘Powersafe. Catalogo y ficha técnica de las baterias reciclables de
plomo-acido tipo PowerSafe TS’

[25]  Puerto Rico Electric Power Authority: ‘Minimum technical requirements for
photovoltaic generation (PV) projects’

577

85U8017 SUOWIWOD 3A1TE81D 3dedldde au Ag peusencb ae ssppie YO ‘88N JO Se|nl 1oy Ariqi8uljuQ /8|1 UO (SUOTIPUOD-pUR-SLILIB)LOD A8 1M ATe1q Ut UO//:SANY) SUOTIPUOD pue Swis | 8L 88S *[6202/T0/60] Uo Ariqiaulluo A(1Mm efer N aa pepseAluN Ag 6815 8T0Z BdI-1e6r0T 0T/10p/w0d A8 |Im Aeiq Ul |Uo Yo s 1//SAny Woly papeoumod ‘v ‘6T0Z ‘Y2rTesLT



