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Abstract—Efficient operation of battery energy storage systems
(BESSSs) requires a limited battery temperature range. The effects
of parasitic heating and cooling loads on the optimal sizing of
BESSs are investigated in this paper. Peak shaving is presented as
a linear programming (LP) problem formulated in the PYOMO
optimization programming language. The building energy simu-
lation software EnergyPlus models the heating, ventilation, and
air conditioning (HVAC) load of the BESS enclosure. A case study
is analyzed in Fairbanks, Alaska, considering a lithium nickel
manganese cobalt oxide (NMC) battery type and whether the
power conversion system (PCS) is inside or outside the enclosure.
The analysis illustrates that the HVAC load can have a large
impact on the optimal energy and power capacities of an energy
storage system and that insulating and including the PCS in the
enclosure can reduce overall costs.

Index Terms—battery energy storage system, energy storage,
energy storage sizing, thermal management, extreme climates

I. INTRODUCTION

ATTERY ENERGY STORAGE SYSTEMS are a key

technology reducing fossil fuel consumption and pro-
viding reliable energy. Renewable generation becomes more
attractive when paired with BESSs due to their intermittency
[1]. Careful attention must be given to the operating tempera-
ture of these devices as they are easily damaged when outside
the optimal range. While this is well known, analytical studies
often neglect these problems by assuming the batteries operate
at a constant temperature. This work attempts to alleviate this
issue by including an estimate of the heating, ventilation, and
air conditioning (HVAC) load of the BESS enclosure. This
study focuses on optimal sizing and operation of BESS for a
peak shaving application in Fairbanks, Alaska. Including the
parasitic HVAC load of the enclosure provides an improved
estimate of the energy requirements of the system.
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Sizing ESSs has been extensively researched in multiple
areas such as renewable energy firming, demand response,
and microgrids. Optimal sizing of BESSs with a PV plant
is presented in [2] to maximize revenue of the PV-BESS
pair. In [3], PV-BESS size, operation, and energy management
is optimized to generate revenue with consideration of the
capacity of grid connection. A Discrete Fourier Transform
(DFT) approach is proposed in [5] to size a hybrid ESS
containing battery energy storage and pumped hydropower to
mitigate wind power fluctuations. In [6] a comprehensive study
was performed on the optimal size, technology, and depth of
discharge of battery energy storage to reduce the microgrid
operational cost and improve reliability. This work builds on
the results in [7] to improve the expected lifetime of a BESS
and analyze the effects of microgrid participation in energy
markets.

The previous studies neglect the parasitic heating and
cooling loads of the BESS enclosure. In particular, BESS
must be kept within an operating temperature range to ensure
optimal performance and in many cases maintain the warranty.
While neglected in grid scale models, battery control models
include temperature when it can affect battery operation.
An equivalent circuit model considering thermal effects for
Vanadium Redox Flow (VRB) BESSs is developed in [8] using
a third order Cauer network for the thermal circuit. The model
is experimentally validated with a SkW/3kWh system and then
used in a simulation supporting a wind power plant. In [9], a
comprehensive review of optimal battery control strategies is
presented. Section IV in [9] describes temperature modeling
and shows that optimal control of the battery and HVAC unit
setpoints provide an electricity bill reduction while keeping
the battery temperature within operating range. A compara-
tive study of control-oriented thermal models for lithium-ion
batteries in vehicle and grid applications is presented in [10].
The models are evaluated in situations where both core and
surface temperature are known and also where only the surface
temperature is known using simulations and experimental data
sets of lithium iron phosphate (LFP) batteries. The polynomial
approximation (PA) is found to be the best model in practi-
cal applications when considering model assumptions, model
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Fig. 1. Iterative solution flow chart.

fidelity, computational cost, and model sensitivity.

In this paper, a new method is proposed to calculate the
optimal size of a BESS considering the local climate. This
method is coded in python and uses the PYOMO optimization
programming language [11], [12] and the building energy
simulation software EnergyPlus [13], [14]. Analysis of a case
study in Fairbanks, Alaska, shows an improved sizing estimate
in extreme climates along with quantitative estimates of the
cost savings achievable with different levels of insulation and
by including the PCS inside the BESS enclosure.

II. METHODOLOGY

This algorithm is designed such that the optimization model
is interchangeable so long it takes HVAC power as an input
and ouputs a BESS charge/discharge profile. Similarly, any
EnergyPlus input file is usable so long as there is a suitable
location for the BESS. PCS placed inside or outside the
enclosure will determine whether to include PCS inefficiency
in the heat balance. PYOMO [11], [12] and EnergyPlus
models are created for the optimization and heat balance

15.50

T
o
o

15.25 1

< 15.00
~

T
©
IS

Energy Capacity {kWh}

=
o 14.75 1
c

Power Rati
= =
> A
N w
1% o

L
T T
© ©

o N

14.00 1

o]
©

Power Rating
Energy Capacity

13.75 1

13.50

1 2 3 4 5 6
Iteration

Fig. 2. Power Rating and Energy Capacity of a BESS in Fairbanks, Alaska,
with R-13 insulation. The values converge at the sixth iteration.

models, respectively. The PYOMO model is then solved with
no consideration for the HVAC load to provide the BASE
solution. The charge-discharge profile from the BASE solution
is given to an EnergyPlus simulation, which solves for the
HVAC load to update the PYOMO model. Convergence is not
guaranteed as the relationship between BESS parameters and
HVAC load solution is nonlinear and non-convex. Therefore,
the process is repeated until the energy capacity and power
rating of the BESS and the power rating of the PV meet
convergence criteria or a maximum number of iterations are
run. In Fig. 2 parameters are shown to rapidly converge. This
provides the minimum sized BESS at a certain location. A flow
chart describing this process is shown in Fig. 1. In this case,
a BESS inside a shipping container is considered providing
peak shaving to a customer in Fairbanks, AK.
A. LP Formulation

The size optimization model seeks to minimize the capital
costs of the BESS and the cost of energy:

min CgESSQBEss+O§ESSPBESS+CE 1)

where (QpErss is the rated energy capacity of the BESS and
PpEss is the power rating of the BESS. CgESS, CEESS, and
Cg are the cost per battery MWh, battery MW, and cost of

electricity. The model is subject to constraints:
" . '
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where ¢¢, qfrid, q¢, ¢°, and ¢M* are the discharge, grid,

charge, load, and HVAC energy respectively at each time step.
B. Energy Reservoir Model

The ERM assumes a linear relationship between stored and
transferred energy, formulated as follows:

S; =n*Si_1 +n"¢¢ — ¢, Vie A (3)

where S; is the state of energy (MWh) at the ™ timestep
of length 7 (hr). The storage efficiency n° and round trip
efficiency n' are assumed constant while the charge energy ¢¢



(MW) and discharge energy ¢ (MW) are the average value
over the time step and defined to be nonnegative. The ESS
device is also constrained by

0<g+g <QVieA (4a)
Smin S Si S SmaxaVi S A (4b)
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The constraint (4a) ensures charge and discharge profile is
within BESS limits. The constraint (4b) requires the state of
charge of the system to be within a specified range. The
constraint (4c) requires the net charging to be zero. The
complimentary slackness constraint is not included because it
is assumed any simultaneous charging and discharging would
be settled within the time period.

C. EnergyPlus

EnergyPlus is a building simulation software used to model
energy consumption developed by the US Department of En-
ergy’s Building Technology Office and first released in April
of 2001. The software has been widely adopted as a leader
in building energy simulation. The Energy Plus input file, or
IDF, contains all of the details pertaining to the building’s
energy and mass transfer. Typically, standalone battery energy
storage devices are housed in shipping containers. Standard
high cube units are constructed with lengths of 10°, 20°, and
40’, with a standard width and height of 8" x 9°6”. The
walls and doors consist of a 2mm layer corten steel while
the floor is a 28 mm layer of marine plywood fastened on
top of steel crossbars [16]. HVAC units are compound objects
built with individually modeled components in EnergyPlus.
For this study, a packaged terminal air conditioner (PTAC) is
modeled within the shipping container enclosure. The PTAC
is a single unit with both heating and cooling capabilities. The
configuration consists of an outdoor air mixer, electric heating
coil, direct expansion cooling coil, and fan.

D. Non-linear ERM

A non-linear energy flow model specific to lithium-ion and
lead-acid batteries is used to describe the heat loss of the
battery. The non-linear formulation of (3) is expressed as [17]:

S; =n*Si1 + TS, Sic1) — TP Siz)  (5)

where f¢ and f? represent the average charged and discharged
power over a time step. The system level rate of energy loss
can be formulated as [17]:
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where S is the rated energy capacity of the system, ¢ as the

rated ampere-hour capacity of a battery cell, v as the rated
voltage of a battery cell, r as the internal resistance of a

battery cell, n” as the power conversion system efficiency,
and the model coefficient k£ can be calculated from nameplate
or testing data [17]. Then the charged and discharged power
at each time step is the sum of consumed power and power
loss:
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The energy lost as heat to the enclosure is given by the pF
terms in equations (6) and (7) representing the power losses
due to ohmic and polarization resistances. This heat is released
into the enclosure model using the EnergyPlus API.
III. CASE STUDY

A NMC battery is considered with characteristics shown in
table I. Scenarios where the PCS is considered to be inside the
enclosure is also simulated, with the inefficiency is considered
to be lost as heat. The enclosure temperature is kept between
the operating range of the battery shown in Table I. It is
assumed that the battery temperature is equal to the ambient
temperature of the enclosure.

TABLE 1
LG 18650 CHARACTERISTICS [18], [19]

Chemistry NMC

q 2.5 Ah
v 36V

r 0.02

k 0.005 2
Temperature Range  15-40 °C

An hourly load profile representing a warehouse is used
and considered to be constant throughout each hour, accessible
from [20]. The TMY3 weather file is used and accessible from
the EnergyPlus website [13]. The capital costs described in
(1) are determined using a regression algorithm on the data
presented in [21] as 132.36 % and 360.38 % The storage,
round-trip, and PCS efficiency are 100%, 83.32%, and 93.32%
respectively. The rate structure of AKF has a constant energy
charge of 0.12638 % and constant demand charge of 22.27
% throughout the year [22]. The total load is shaved to 70
kW by the BESS. The amount of insulation in the shipping
container is varied from 0-3 % The simulations are annual
with a time step of fifteen minutes.

The BASE scenario in which the parasitic HVAC loads are
not included in the sizing optimization results in a BESS with
an energy capacity of 86.9 kWh and power rating 13.6 kW.
Fig. 3 shows the resulting sizes considering the PCS to be
inside or outside the enclosure for a range of insulation values.
Without any insulation the BESS triples to 261.6 kWh, 29.6
kW when PCS is considered outside of the enclosure. When
PCS is inside the enclosure the size reduces to 220.1 kWh,
28.4 kW. As insulation is added to the shipping container,
the sizes decay exponentially toward the BASE value. ;[‘he
common wall value insulation R-13 (approximately 2.3 mw—f()
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Fig. 3. BESS size in Energy Capacity and Power Rating as the insulation is
varied from 0 to 3 %

reduces the BESS size to 103 kWh, 15.7 kW with PCS outside
the container and 96.9 kWh, 15.5 kW with PCS inside the
container.

Similarly, as shown in Fig. 4 the capital cost of the BESS
exponentially decays from the case without insulation at
$98,211 with PCS outside the enclosure toward the BASE cost
at $33,137. The optimal battery capital cost with standard R-
13 insulation is $39,197 with PCS outside the enclosure and
$36,980 with PCS inside the enclosure. A comparison of the
energy bill with different levels of insulation is also shown
in Fig. 4. The BASE case predicts $659 of annual savings.
Considering parasitic loads with no insulation and PCS outside
of the enclosure the energy bill is more expensive by $5,479.
The break even point is at 2.7 RSI when the BESS will save
$10 over the course of the year.

Fig. 5 shows the percentage of BESS energy used to
power the HVAC in the case when there is no insulation
in the shipping container and with R-13 insulation. Without
insulation, the HVAC consumes 34% of the discharged BESS
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Fig. 5. Percent of BESS energy consumption used toward the HVAC load.

energy when PCS is considered outside of the enclosure and
31.8% when PCS is inside the enclosure. With standard R-13
insulation there is a significant reduction to 7.4% and 4.4%
when PCS is outside and inside respectively.

The temperature in Fairbanks, Alaska, is regularly below -
20 °C in the winter, even approaching -40 °C. This is apparent
in Fig. 6 which displays the daily consumption of energy by
the BESS and HVAC over the course of the year when the
shipping container is not insulated along with the case where
it is insulated with R-13. In both cases, consumption of energy
peaks during the winter months. Without insulation this effect
is drastic leading to the larger system size. Using R-13 in
the enclosure substantially reduces HVAC consumption from
a peak of over 350 kWh to around 50 kWh. This translates
to BESS consumption, where the R-13 insulation reduces the
energy used during the winter months approximately by half.

Parasitic heating and cooling loads increase the amount
of energy needed to operate BESSs necessitating a larger
size for the desired application. While peak shaving is a
simple example, the point is illustrated well by the results.
Insulating the enclosure provides an enormous benefit. Using
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the standard wall insulation R-13, the system size is reduced
by approximately 60% in energy capacity and 45% in power
rating regardless of whether the PCS is outside or inside the
enclosure saving approximately $60,000 and $50,000 respec-
tively. Savings in capital costs is also achievable by placing
PCS inside the enclosure at an average of 6% regardless
of insulation. Results show a more expensive annual energy
bill in this scenario, indicating peak shaving may not be
economically viable.

Topics for future consideration include locational depen-
dence, degradation, and rate structure. The location is likely to
have the most profound effect as the extremity of the climate
is expected to control the BESS size. Degradation would be
interesting as the increase in HVAC consumption increases
the usage of the BESS likely leading to a shorter lifespan.
Including a battery temperature model would likely constrain
operation further. Using local rate structures adds further
complexity and may only significantly alter the results when
the BESS heat loss and HVAC consumption are comparable,
in which case the BESS operation will affect when the largest
parasitic loads occur. Different use cases of the BESS would
likely affect the overall economics and would be interesting
future work, however it is beyond the scope of this paper.

IV. CONCLUSION

The effects of parasitic heating and cooling loads on
BESS sizing are investigated in this paper. Sizing problems
are formulated for the peak shaving case. HVAC loads are
incorporated using EnergyPlus to model a BESS enclosure,
namely a shipping container with a PTAC unit in Fairbanks,
Alaska, considering an NMC lithium-ion battery type and
whether the PCS is inside or outside the enclosure. Results
show that a larger battery capacity is required than would
be anticipated without considering parasitic HVAC loads to
provide the same functionality. Placing PCS inside the BESS
enclosure and insulating the shipping container can result in
significant savings on capital costs and a reduction in HVAC
consumption over the entire year. This analysis illustrates the
importance of accounting for local climate and consequent
parasitic loads when considering the usage of BESS.
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