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Abstract— Battery storage controlled by energy
management system (EMS) becomes an enabling
technique to enhance solar farm integration. In this paper,
the EMS controls battery storage to shape the fluctuated
PV plant output into a relatively constant power and
support the peak load. The proposed integrated design
method considers both battery size and EMS impacts on
the utility benefits and cost. The utility benefits include
power generation, peak power support, and reduced line
losses. The cost of battery storage is determined by size
and lifetime based on the developed battery models.
Accordingly, the utility revenue change due to the battery
storage controlled by EMS can be evaluated. Therefore,
the integrated design of battery size and EMS can be
determined by managing the change of utility revenue to
gain economic benefits for the large-scale PV power plant
application. Finally, the lithium-ion phosphate (LiFePO4)
battery and lead-acid battery are compared to demonstrate
the proposed method on a utility system model
respectively.

Index Terms— Battery storage, energy management
system, large-scale PV plant, grid integration.
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Design parameter of EMS, the ratio of P to
Pepv
Battery power generation for peak load
Battery energy capacity
State of health
State of charge
Depth of discharge
Cyclation-based irreversible capacity loss
Calendrical-aging-based irreversible
capacity loss
Nonoperation time
Benefit of annual energy generation
Benefit of annual peak power generation
Benefit of annual power line losses reduction
Battery levelized cost
Electricity price
Utility revenue based on curtailed PV
generation

Total available coulomb under 100% DOD
of an unused battery

Used coulomb of an battery
Levelized cost of gas combustion turbine
Reduced line losses
Battery lifetime
Power fed into the grid
Battery power generation during peak load
Power of battery

Battery power rating
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PCS Power conditioning system

Cpcs Unit cost of PCS

Cw Unit cost of battery capacity

n Battery power conversion efficiency
CFistan Installation cost factor

N Interest rate

FR The annual power fluctuation rate

T Temperature

Peurtait_pv, Curtailed PV generation

FReyrtain Annual power fluctuation rate when the PV
output is curtailed

FRpattery Annual power fluctuation rate when the
battery is deployed

L Battery wire inductance in the leads

Rs Battery cell ohmic contact and solution
resistance

Rox Oxidation layer resistance formed at battery
cathodes

Cox Oxidation layer capacitance formed at
battery cathodes

Rer Charge transfer resistance formed at the
electrolyte/electrode interface

CoL Effective double layer formed at the
electrolyte/electrode interface

Zw lonic diffusion through porous electrodes

I. INTRODUCTION

HE market for solar energy has been expanding rapidly

worldwide, and the fastest growing sector within the solar
market is the large-scale PV plant with outputs over 1 MW
[1]. These grid-tied megawatt PV plants generally cause
considerable power variation due to the weather conditions.
The intermittent power generation of solar farms can perturb
the supply and demand balance of the whole power system,
and further cause stability issues such as voltage fluctuation
and frequency variations [2]. Besides, the PV farms do not
generate power at night, so they cannot support peak loads in
residential applications. To maintain system frequency
stability during the peak load period, spinning reserve is
always adopted which inevitably increases system cost [3].
Recent research works have demonstrated that the battery
storage can be used in PV farms to solve the above issues
because of its flexible real power control [4-6]. Unfortunately,
this technique has not been applied extensively, due to the

high cost of batteries.

In order to achieve an effective and economical design of
battery storage size, several research works have been
developed [6-11]. In [6], the battery storage size is determined
to maintain constant power production in PV plants according
to the system requirement, however, the selected battery size
has not been proved to be economical. A few battery sizing
strategies have been developed by minimizing the investment
on battery storage as well as the net purchased power for a
residential or a commercial building with a rooftop PV system
[7-11]. These methods are not suitable for large-scale PV plant
applications, and the benefits to the utility company have not
been detailed.

The battery EMS design has great impacts on the PV plant
grid integration performance, which could affect the battery
size selection as well. An energy management system (EMS)
for PV power plants with energy storage was proposed in [12]
to minimize the capacity requirement of energy storage, but no
economic analysis was presented. In [13], an optimal power
management strategy was presented for grid-connected PV
systems with storage. The objective was to help intensive
penetration of PV production into the grid by proposing peak
shaving service at the lowest cost. Similarly, a price-based
EMS was presented for roof-top PV installations with battery
and local load [14]. The power output of the PV and battery
systems are scheduled based on the time-varying price signals
corresponding to the demand in the electricity networks. A co-
optimization method for battery sizing and control strategy in
a PV plant application was proposed in [15]. The operation
and maintenance (O&M) cost and market penalties cost were
considered. The proposed method in [15] has been applied in a
PV plant. However, the system level related aspects such as
annual power fluctuation rate of PV plant as well as the line
power losses have not been analyzed. In addition, the
preformation evaluation of different types of batteries has not
been compared.

In this paper, an integrated approach to design the battery
storage size and EMS for the grid-tied PV plant application is
presented considering meeting system requirement and
gaining economic benefits. The 1-minute interval PV plant
output with load data from one utility company in Florida and
the actual temperature data are applied to achieve more
realistic results. EMS is developed to maintain the constant
power generation and support peak load. The utility benefits
including the improved power production, the peak power
generation, and the reduced line losses are analyzed based on
different battery size and EMS designs. The cost of battery
storage is determined by the size and lifetime. As a result, the
utility revenue change can be obtained under all possible
battery sizes and EMS selections. Finally, an integrated design
of battery size and EMS can be derived by managing the
revenue to gain economic benefits using the method of
exhaustion. The LiFePO4 battery and lead-acid battery are
selected to demonstrate the proposed design method
respectively due to the good performance of the former and
the lower cost of the latter. Accordingly, by comparing the
analysis results of these two batteries, the suitable battery type
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Fig.1. The utility system model.
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Fig. 2. The impact of Eg and d on daily generation.

for the PV plant applications can be identified as well.

Il. SYSTEM DESCRIPTION AND ANALYSIS

A. System description

In order to analyze the integrated impact of EMS and
battery size for MW PV plant application, a utility system of
Florida was selected. The simplified system model is shown in
Fig. 1. It is an overhead 12 kV circuit for approximately 4.5
miles where the per-unit (p.u.) impedances of the transmission
lines are labeled in the figure. The total system load is
11IMVA. Since the customers of this utility are mostly
residents, the peak load occurs between 7:00 p.m. — 11:00 p.m.
The PV penetration level of this distribution system is close to
24% with one 2.06 MW PV plant connected to Bus 13 and
two smaller PV systems connected to Bus 12 and Bus 16 at
0.25 MW and 0.35 MW respectively. The focus of this study
is the 2.06 MW PV plant on Bus 13 with battery storage
installed on the same bus. The objective of EMS is to control
the battery storage to support this PV plant for a constant
power production during the day time as well as to provide
peak power generation during peak load at night. The design
parameter of EMS is denoted as d, which is defined in (1):

Pre
= ﬁ (1)
where Py is the desired plant power generation reference
and Pepy is the PV peak power which can be predicted one day
ahead based on the weather forecast. d can be designed as any
value from 0% to 100%.

B. Analysis of EMS and battery size on power
generation

The PV plant daily generation performance is decided by
both EMS and battery size. For example, if d = 60% and a 6
MWh battery storage is installed in bus 13, the PV plant
generation is depicted in Fig. 2(a). In this situation, the EMS
will allow the battery to compensate Py and store extra
energy at daytime (09:30 a.m. — 3:30 p.m.). Meanwhile, it will
support peak load at night (7:00 p.m. — 11:00 p.m.) as long as
its state of charge (SOC) is greater than 50%. If d increases to
100%, the energy production during the daytime is increased
shown in Fig. 2(b). Thus, the battery needs to discharge more
and its SOC can drop down to 50%. As a result, the battery
storage cannot support the peak load at night. However, if the
battery energy capacity (Eg) is decreased to 4 MWh while the
EMS remain the same, the PV plant output performances are
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Fig. 3. The annual generation versus Eg and d on Bus 13.

different as shown in Fig. 2(c) and Fig. 2(d). When d = 60%,
the 4 MWh battery will be charged to the upper SOC limit
around 2:00 p.m. Then the plant output will follow the PV’s
output since the battery cannot limit the power fluctuation of
PV plant. Accordingly, the stored energy in this battery
becomes smaller than the one in Fig. 2(a), so does Pec.
Therefore, the battery storage has less capability to support
peak load.

The simulated annual generation from PV and lead-acid
battery storage of Bus 13 with different Eg and d is depicted in
Fig. 3. It is noticed that, for a certain battery size Eg, EMS
with higher d could increase the daytime power production,
but the peak power generation of battery at night would be
limited. For a certain d, a larger battery size would improve
the daytime power generation and higher peak power
generation capability. The analytical result is consistent with
the analysis of Fig. 2. These two factors, i.e. EMS and battery
size, need to be designed correlatively to meet the system
requirement and achieve the cost-benefit solution.

C. The effect of EMS and battery size on battery
lifetime

The EMS and battery size affect not only PV plant
generation performance but also the battery lifetime. This can
be observed briefly from Fig. 2 where a higher d will lead to
more frequent discharge resulting in a shorter lifetime. In
order to deplore the actual relationship of battery lifetime with
Es and d, SOH (the leftover lifetime of the battery in
percentage) is calculated based on two major aging effects.
One is the cyclation-based irreversible capacity loss
(CL ¢yciation), Which represents the aging effect during normal
discharge operation; the other is calendrical-aging-based
irreversible capacity 10ss (CL .giendricar) Which represents the
aging effect during nonoperation time. These two aging effects
and the lifetime of the battery can be derived in (2) to (4):

cL _ Coulombyeq 100% )
cyclation — Coulombtotal 0 ( )

CL catenaricar =t Calyoss (T, SOC) - 100% 3)

SOH (%) =100% — CL cyclation — CL calendrical (4)

o
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Fig. 4. The battery lifetime versus Eg and d on Bus 13.

The total available coulomb (Coulombiea) under 100%
depth of discharge (DOD) of the unused battery can be
estimated based on battery datasheet [16]. In practical
operations, DOD normally was set lower than 100%, which
would increase Coulombia. In this paper, the Coulombigtal
with 100% DOD was applied to emulate the worst-
case scenario. The used coulomb (Coulombysd) can be
calculated according to the discharge power and time.
Consequently, CL ;yciqtion Can be determined. Moreover, the
calendrical irreversible capacity loss per day (Cal,,s;) can be
obtained based on the experimental results in [17], which vary
under different temperature (T) and state of charge (SOC).
Based on the nonoperation time (t), the CL .qiendricar C@N be
calculated. The detailed method to determine Coulomb,y:q
and Cal,,,; has been described in [11]. The initial value of
SOH for an unused battery is 100%. With the increase of
battery utilization and nonoperation time, the leftover lifetime
SOH decreases. The battery will be scrapped when SOH
reaches 0%; then the lifetime can be obtained. Based on (2) to
(4), Fig. 4 demonstrates the calculated lifetime of battery of
Bus 13 versus Egand d.

Ill.  PROPOSED INTEGRATED DESIGN METHOD

The previous analysis shows that both Eg and d can affect
annual generation and battery lifetime, which are closely
related to benefits and cost of the utility. Therefore, the
objective function maximizes the utility revenue change to
gain economic benefits in terms of Eg and d, which is
formulated as follows:

BG + BPPG + BPL B CB B RCurtail

max

. 0,
max 100%  (5)

RCurtail

where Bg,Bpp; and Bp, are the annual benefits of the
improved generation, peak power generation, and reduced line
losses, respectively. Cp is the battery storage levelized cost.
Traditionally, the output of a large-scale PV plant is curtailed
to 50% of its maximum power generation in order to reduce
the power fluctuation [18]. The profit of the curtailed PV
generation (Rcyureqir) 1S applied as the revenue baseline to
evaluate the utility revenue change. The Eg and d, which
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Fig. 5 The implementation block diagram of proposed integrated optimized design method.

decide the utility revenue change, will be considered as the
desired battery size and EMS design. 1-minute resolution
annual data was applied in the objective function (5) to find Eg
and d for management of the utility revenue change.
B, Bppg BpL,Cgy Reurean Can be derived in (6)-(10):
n

B; = ) 1EPi'PGridi (6)
i=
XiLiPpg;
Bppc = lTPG “LCer 7
n
Bru= ). ERRPy, (®)
i=
CoEs N(1 + N)s
Cp = (CPCSPBMax + T) (1 + CFinsean) T+ =1
n
Reurtait = EP; - PCurtail_PVi' (10)

i=1
where EP; is the electricity price. The time index in minutes is
represented by i; n is equal to 525,600, the number of minutes
in a year. Pg,q, is the total power injected into the grid from
bus 13. The value of Bg is positive if P4, is greater than
zero, and vice versa. Bpp represents the benefit of battery
peak power generation. For generating the same amount of
peak power, gas combustion turbine plant cost is reduced due
to the unleashed power from battery storage during peak load
time. Ppg, is the battery power generation during peak load; m
is the number of minutes for peak load time in a year, and
LC.r is the levelized annual cost of the gas combustion turbine
[19]. Bp,, is the benefit of the reduced line loss, where RPp,; is
the reduced line losses depending on P, and transmission
line impedances. Cp is the annual levelized cost of battery that
depends on the capacity rating(Eg ) with its lifetime (Lg). The
battery power conditioning system (PCS) cost is proportional
to the battery power rating (Pgpqx), Which is same as Pppy.
Cpcs is the unit cost of the PCS. The cost of the storage is
proportional to the battery capacity (Eg). C, is the unit cost of
the battery. n is the system efficiency [20]. The installation
cost is proportional to the sum of PCS and storage cost [21].
As a result the installation cost factor CF;,¢qy 1S introduced.
N is the interest rate.

The objective function is subject to several constraints that
are derived in (11)-(14).
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Constraints:

PGridi = PPVi + PBi + PLoadi 1D
PBMaxDischarge < PBi < PBMaxCharge (12)
SOCyin < SOC; < SOCyax (13)
FRBattery < FRCurtail. (14)

The first constraint (11) maintains the power balance among
the PV, the local load, the battery and the grid. Perigi is
positive when the power is injected into grid from bus 13; Ppy;
is positive if PV farm is generating power; Pg; is positive if
battery is discharging; Piadi iS negative if local loads are
consuming power. Constraint (12) ensures that the
charge/discharge power of the battery remains within the
upper and lower bounds specified by the battery
manufacturers. The third constraint (13) guarantees that the
SOC is kept in the acceptable range. The annual power
fluctuation rate (FR) is limited in (14). FR is the percentage of
power fluctuation violation time in one year. Additionally, the
power variation should be less than 40kW/min, as is defined in
[18]. The power fluctuation rate when battery is deployed
(FRgattery) is desired to be comparable to the FR when PV
output is curtailed (FRcurtail).

The annual revenue change management procedure is
summarized in Fig. 5. At first an initial Eg and d is provided to
the battery model and EMS respectively. The SOC and SOH
are derived from battery model and sent to EMS. In addition,
the EMS also receives the load and PV power profiles from
utility system model. Subsequently, EMS calculates the
required charge/discharge power to meet the requirements in
(11) and (14). Based on the present SOC and SOH, the power
commands are limited based on constrains (12) and (13)
before sending the command to battery model. Then the
battery model updates its SOC and SOH for the next
charge/discharge cycle. Finally, Pgrig, Pre, RPpL, and Lg can
be obtained from utility system model for the benefits and cost
calculation in (6)-(10) when the annual 1-minute interval PV,
load, and temperature data are completely processed. As a
result, the revenue change can be calculated using (5) for the
given Eg and d. This process will be repeated until the final Eg
and d found to achieve the maximized revenue change to gain
economic benefits.
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Fig. 7 The revenue change versus Eg and d.

IV. RESULTS AND DISCUSSIONS

The proposed integrated design method has been applied to
the Bus 13 of utility system model shown in Fig.1 where
LiFePO4 battery system is adopted as energy storage. The
range of Egis selected from 0.5MWh ~ 15MWh and d is
varied from 50% ~ 100%. The variation of Bg, Bppg, Bpr, and
Cg with d at any given Eg can be derived based on (6)-(10)
and shown in Fig. 6(a) when Eg is selected as 9 MWh as an
example. The analysis of session Il illustrated that for a
certain battery size Eg, higher d could increase the daytime
power production, but the peak power generation of battery at
night would be limited. The analysis is consistent with Fig.
6(a) where Bg is increasing and Bppg is decreasing with d. The
change of Bp. with d is small compared to other benefits, so it
looks like a constant in Fig. 6(a). The Cg depends on the
battery lifetime for a given Eg. A lower d will lead to more
discharge operations during the night time, while a higher d
cause more discharge during the day time, which accelerate

Fig. 8. Constraint evaluation: power fluctuation rate versus Egandd.

the battery aging effect, therefore the lifetime of battery is
smaller at both higher d and lower d (also shown from Fig. 4),
leading to higher cost at both lower d and higher d. The
variation of Bg, Bpprg, B, and Cg with Eg at any given d can
be derived similarly and shown in (b) when d is selected as
60% as an example. Although all the benefits and battery cost
are increasing, but the slopes are different. Thus, there exists
an optimal solution economically. Further, the revenue change
versus Eg and d can be derived based on equation (5)-(10), and
then plotted in Fig. 7. The global maximized revenue change
can be found to be d=100% at Ez = 4MWh. The local highest
revenue change for each d is derived and labeled as well.
Similarly the local maximized revenue change for each Eg can
be derived accordingly.

After the Eg and d are derived to achieve maximized
economic benefit, it is important to evaluate the effect of
proposed method on power fluctuation rate. In addition, the
optimized design based on lead-acid battery will be compared
with those of lithium-ion battery. The above aspects are
discussed as follows.
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A. Effect of proposed design method on power
fluctuation rate reduction

The design of Eg and d needs to be evaluated to analyze if it
meets constrain (14), i.e., FRggetery < FReyrequ. FR Can be
derived in (15):

FR = D|AP|>40kw/min . 100% (15)
Dp>o

where Dyps aokw/min 1S the time when the fluctuated power is
violating the limit in one year, and Dp., is the annual
generation time. Based on (15), FR of our target PV plant
without energy storage is derived as 20%. A popular method
of reducing FR is to curtail the output of the PV plant to 50%
of its maximum power output, which was presented in [18].
Using the curtailed method, the FRcurwil OF targeted PV plant is
15%. In this study, the objective of deploying battery storage
with PV plant is not only achieving constant power generation
but reducing FR as well. FRpg.r, Of targeted PV plant with
different Eg and d has been derived from simulation based on
(15). As shown in Fig. 8, The FR reduces with the growth of
the battery size Eg. The decreasing rate of FR has slowed
significantly after 10MWh. Moreover, the range of Eg for
every d designs which meet FRpgitery < FReyreqn Can be
found in this figure as well. For example, if d = 50% is
selected, any Eg larger than 4MWh will allow FRpgetery <
15%, which meets FRgqttery < FRcyreq- 1N addition, Fig. 7
shows that when d = 50%, Eg = 8 MWh will achieve
maximized revenue change, Fig. 8 shows that FR is 6% in
this case which is less than FRcurail. Therefore it can be
observed that all the derived Eg designs for certain d selection
are satisfied constrain (11)-(14). Additionally, for certain Eg
design, a proper d could be determined to achieve an
acceptable FR. On the other hand, if a certain d is selected, Eg
can be determined to reduce FR to certain levels as well.

B. Comparison of LiFePO4 battery-based design and
lead-acid battery-based design

Fig. 6-8 show the design results of LiFePO4 battery
working with targeted PV plant. The results of lead-acid
battery can be derived similarly. The difference of designs
between these two batteries is resulted from their models. Fig.
9(a) depicts the developed lead-acid battery model in this
study. L represents wire inductance in the leads; Rs is the
ohmic contact and solution resistances of the cell; Rox and Cox
represent the resistance and capacitance of the oxidation layer
formed on the cathode; Rcr and Cp. are charge transfer
resistance and the effective double layer formed at the
electrolyte/electrode interface; and Zw represents the ionic
diffusion through porous electrodes. In fact, it is a
phenomenological lead-acid battery model which was
originally proposed in [22]. The difference of developed
model with model of [22] is that the effects of SOC and T on
the battery model’s internal impedance have been included,
which is shown in (a). Therefore, the battery internal loss and
the Coulomb,,., can be derived from the developed battery
model under certain SOC and T. The detail and validity of this
model has been presented in [23-24]. The LiFePO4 battery

Rox (sOcC, T)
L (soc,T)

o7

Rs (soc, T)

Cox(soc, 1)

Rér(soc, T) Zu(s0C, T)

Yl
Al

CoL(s0OC, T)

@)

Rer, Roxs

¢, MWLZ H W
CoL H’
pd

(b)

Fig. 9. Developed battery equivalent circuit model: (a) lead-acid battery
model; and (b) LiFePO4 battery model.

model as a function of SOC and T has been derived and
discussed in detail in [11], [25], which is presented in Fig. 9(b)
for comparison.

The lifetime of lead-acid battery and LiFePO4 battery is
compared in Fig. 10(a), respectively. Compared to LiFePO4
battery, lead-acid battery is cheaper but its lifespan is
considerably shorter. Therefore, the levelized cost of the lead-
acid battery is significantly higher than that of the LiFePO4
battery, which is demonstrated in Fig. 10(b). Consequently,
Fig. 11 illustrates that the revenue change of lead-acid battery
is always negative under all Es and d, which means that the
targeted utility cannot gain any profit if the lead-acid battery is
applied. Nonetheless, based on the analysis results, it is clear
that d = 50% is the most effective EMS design when Eg is
smaller than 4.5MWh. For the rest of Eg, d = 70% is the best
EMS option if lead-acid battery is applied, which is different if
compared with LiFePO4 battery design. Table | has
summarized all the key parameters used in the simulation
study.
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V. CONCLUSION

Currently battery sizing for utility scale PV plant is mainly
focused on system requirement without economic analysis.
This paper proposed a novel battery size design method to
consider both system requirement and economic analysis.
Further contributions of this paper are listed as follows:

1) The EMS affects the battery sizing and corresponding
economic analysis, which has been taken into
account in the proposed design. Therefore, the EMS
design parameter d is derived with battery sizing to
gain economic benefits using the method of
exhaustion.

2) A lead-acid battery lifetime model is used for
5059 1 2 Es (MWh) comparison which includes the effects of SOC and T
on the battery model’s internal impedance. Therefore,
the avenue of lead-acid battery-based design can be

LiFePO4
16, [ ] Lead-acid

12

Battery Lifetime (years)

0.
100

() derived and compared with that of Lithium-ion
_ battery. The research finds that based on current

Lead-acid . . . .

] LiFePo4 battery price, the annual benefit by using lead-acid

battery is negative. However, the usage of Lithium-
ion battery can improve the benefit by 6%.

3) The 1-minute interval PV plant output with load data
from one utility company in Florida and the actual
temperature data are applied to derive realistic
results.

The proposed method can also be applied to utility power
systems with large-scale PV units if battery storage is used to
achieve other functions including spinning reserve and

20 frequency regulation with some modifications.

1500,

1000y

500,

Battery Levelized Cost (k$)
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