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Abstract— This paper deals with the optimal scheduling of a
building microgrid coupled with solar photovoltaic and battery
energy storage (BES) considering battery degradation. The aim is
to minimize the operation cost of the microgrid which includes the
cost of imported electricity from the grid, the degradation cost of
the battery, the cost for the peak power drawn from the grid, and
the revenue from selling electricity to the grid. The nonlinear
models of calendar and cycle ageing are linearized to solve the
optimal scheduling as a mixed-integer linear programming
(MILP) problem. The developed model is examined for a real
residential building microgrid (HSB Living Lab) in Gothenburg,
Sweden. The results show that if the degradation of the BES is
ignored, the operation cost of the microgrid will increase by 1,394
SEK per year, and the ageing cost of the BES will also rise by
42.27%.

Keywords— Battery energy storage, calendar and cycle ageing,
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[. INTRODUCTION

The growing interest in renewable energy sources (RESs)
has prompted the utilization of energy storages in power
systems. Energy storages can facilitate the penetration of RESs
by reducing the effect of uncertainty in their intermittent
generation. Thus, energy storages, specifically battery energy
storages (BESs), are becoming a key component in bulk systems
and microgrids (MGs). Beside their role in compensating RESs’
generation uncertainty, BESs can offer different services such as
increasing self-consumption, energy arbitrage, and peak shaving
in MGs [1]. Accordingly, with applying energy management
systems (EMSs) in building microgrids, the MG owner can
utilize the full potential of BESs and reduce its energy cost.

The rechargeable chemical materials of BESs, makes them
degradable during cycling and storage conditions. This
degradation can be accelerated by extreme charge/discharge
cycles over charging/discharging and extreme low/high ambient
temperature. Therefore, the precision of the BES degradation
model utilized in the EMS can significantly impact the reliability
of the optimal results. Aging of BES is commonly categorized
into two main types: calendar aging and cycling aging [2].
Calendar ageing comprises of aging processes when the battery
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is idle and is independent of the charge/discharge cycle. In
lithium-ion (Li-ion) BESs the calendar ageing is accelerated by
increase in battery state of charge (SOC) and temperature.
Cycling aging takes place during the charge and discharge
cycles, with the degradation mechanism becoming more
pronounced at elevated charge and discharge rates.

In many previous studies [3, 4] EMSs for BESs-integrated
microgrids have been developed. However, the battery
degradation is not considered. In some studies [5] that the BES
degradation cost is considered the cycle ageing is only
considered by imposing a penalty in the objective function.
While others consider the impact of SOC or simply limit the
number of cycles [6, 7]. The authors of [8] consider the battery
degradation with weighted number of cycles which also
incorporates the effect of SOC. In [9] the BES degradation is a
convex function of charge/discharge power while the model
considered in [10] links degradation to depth of discharge
(DOD) similar to [11]. A neural network-based BES
degradation model is incorporated for MG scheduling in [7],
although historical data of the BES will be required to train the
neural network. Unlike the above studies which neglect the
calendar aging of the BES, few studies as [12, 13] consider both
calendar and cycle aging. In [12] both ageing are modeled with
a loss of capacity. However, neither DOD nor SOC is not
considered in the cycle aging. Authors of [13] present a
measurement-based model of the BES which calendar and cycle
ageing is taken into account. Although, the calendar ageing is
linked only to charge/discharge power and does not consider
temperature and battery age.

This paper presents an optimal energy management of a
microgrid in which the calendar and cycle ageing of the BES are
incorporated. The adopted degradation models consider all
major degradation factors. The nonlinear ageing terms are
linearized by the method adopted from [14] making the
scheduling problem a mixed-integer linear programming
(MILP). In summary, the main contributions of this paper
include the following:

e Development of a building microgrid energy
management system with precise modelling for the
calendar and cycle ageing of the battery.



¢ Linearizing the nonlinear terms of the BES degradation
model through a generic method making it applicable to
other nonlinear degradation models.

e Validating the proposed model on a real residential
building MG (HSB Living Lab) located at Gothenburg,
Sweden and evaluating the effects of the ageing models
on the optimal results.

The subsequent sections of this paper are structured as
follows: Section II elucidates the operational model of the MG.
Section III outlines the BES degradation model. Section IV
provides test results from the HSB real demonstration site. The
conclusion is in Section V.

II. OPERATION MODEL OF THE MG

The envisaged optimal scheduling model is seamlessly
integrated into a BMS employed within a building microgrid
featuring both solar PV and BES systems. The formulation of
the objective function and associated constraints is delineated as
follows:

A. Objective Function

The scheduling model of the microgrid seeks to minimize
the total operation cost of electricity given by:

f =min cMe (1)
D
CMG — Z(Cém + Cgeak + C;eg _ r;x)
y] 2

where C'™ is the cost of imported electricity from the grid, € %¢9
is the degradation cost of battery, CP®% is the expense
associated with the maximum power drawn from the grid.
Likewise, r¢* is the revenue for exporting electricity to the grid
by the PV and BES.

The cost of imported electricity from the grid, is calculated
by multiplying the imported power (Pé’l’}l) by the sum of fixed
grid utilization cost (i.e., grid charge for electricity transmission
[19%) and retail price of electricity which is assumed as the
dynamic spot electricity price (I1}%,).

H
cim = (g, +mev). pim) + 3)
h=1
The cost for the peak power drawn from the grid is computed
daily from the start day of optimization d to the last day of
optimization D. It is calculated based on the peak demand of
building until day d (P™™) multiplied by charge for peak

power (IT5°“*) over the number of days in month M.
D Hpeak
K d im,
Cgea — M . Pdlm max (4)
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The total degradation cost of battery is calculated based on
calendar ageing (g ,) and cycle ageing (1/)3’,,1 ), during the

optimization horizon, multiplied by the present value of the BES
(l-[ BES ) .

H
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The revenue for exporting electricity to the grid is
formulated based on the exported power to the grid (Pg},
multiplied by the dynamic spot electricity price plus the fixed
reimbursement rate paid by the distribution network to reduce
network losses (IT#5%).

H
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B. Constraints

1) Power Balance and Grid Constraints

The power balance constraint ensures a fully power supply
for the building in all time intervals. This constraint results in
the balance of generation and consumption. In the generation
side, there is the power generated by PV (PfV), the discharging
power of BES (PS), and the import power from the grid (P™).
In the consumption side, there is the building load (P£°%%), the
charging power of the BES (Pf"), and the exported power to the
grid (P£¥).

P&, + PIV + P = P§h + PEoad + pex, (7)

The import and export power of the grid should be less than
a maximum power (P9™%) at all time intervals. On the other
hand, the MG cannot export and import to/from the grid
simultaneously. Hence, binary variable uf is added in equations
(8) and (9) to avoid this condition.

0 < Py < PAM*.ug, ®)
0 < P&} < P9™* (1—-uj,) )

The inverter power limitation should be considered for the
PV generation plus the BES discharging power minus charging
power of the BES:

|Pd5, + Poh — P3| < P (10)

It is notable that extra power beyond this constraint is
curtailed by the inverter.

2) BES Constraints
The constraints associated with BES modelling are as
follows:

PSh € {0} U [pmin, pmax] an
PZ, € {0} u [Pmin, pmax] (12)
Ugh P™™ < Pgjhy < ugh. P (13)
Uy P < P < ug,. P (14)
udy +udy <1 (15)
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Constraints (11) and (12) show that the charging and
discharging power of BES is either zero or varies between
minimum and maximum limits, P™™" and P™3 respectively.
Binary variables u}, and ug, are added to stop simultaneous
charging and discharging. The sum of these binary variables
should be equal or less than one at all time intervals. The SOC
of the BES, 0555, changes according to the afore SOC, and
energy change of battery, based on power and efficiency (n"
and n%) over the battery’s capacity (E5ES). The SOC should

vary within minimum and maximum ranges ((QBES™MIN and
OBES,maX)

III. BATTERY DEGRADATION MODEL

The battery degradation model is adopted from [15] where
the calendar and cycle ageings are experimentally extracted for
a Lithium ferro-phosphate (LFP)/graphite battery cell, that
empirical calendar and cycling ageing models are also derived.

A. Calendar Ageing Model

In the extracted model by Sarasketa-Zabala et. al [16],
temperature, SOC, and battery age are included in the calendar
ageing. Hence, the calendar ageing model is formulated as
follows:

BES\™!
l,bé‘h _ }/16#1 (Td,h ) )/26”2 ogﬁsto,s (18)
where vy, ¥, U1, and p, are the coefficients of the extracted
model. T7F® represents the temperature of the battery cell

during the operation and t represents the age of the battery.

B. Cycle Ageing Model

For cycle ageing, the DOD, Ah-throughput, and C-rate of the
battery are included in the extracted model by Sarasketa-Zabala
et. al [16]. On the other hand, the empirical model for cycle
ageing is formulated for two intervals of DOD deviations. If the
DOD of battery is in the range of 10%-50%, then the cycle
ageing model is:

0.87
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where §;, §,, and &5 are the coefficients. DBES represents the
DOD of the battery, AhS% is the Ah- throughput of the battery,
and K is a complex balancing factor. For DODs higher than
50% and lower than 10%, the cycle ageing model is as follows:

0.65
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where 3, V4, Us, and p, are the coefficients of the model.

C. Linearization of the Ageing Model

As shown by (18)—(20), the extracted models for calendar
ageing and cycle ageing are nonlinear. The linear expression of
the aging model can be derived using the lemmas presented in
[14] as follows:
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where, @; ;4 € [0,1] is a continuous variable and S} ; , and
u . : . * — P — * _
Bijan are binary variables with g4, = Bioan = Brean =

B:jan = 0. Also, 0355 and Ah%f] are parameters associated
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IV. SIMULATION RESULTS
A. Data

The developed model is assessed using a practical scenario
of a residential building microgrid known as the HSB Living
Lab in Gothenburg, Sweden. This facility comprises four floors
and accommodates 29 apartments at present [17]. As can be seen
in Fig. 1, the HSB living lab can imoprt power from the grid,
PV, and BES whose characteristics are given in Table 1. The
load demand and the PV production at the HSB Living Lab over
a one-year-period are shown in Fig. 2, which are based on
historical measurements. Likewise, the price data are extracted
from [18] and given in Table I. Nordpool day-ahead spot market
prices are considered for the energy cost with an additional
markup and taxes [19]. The values of [ and ] are assumed as 5
and 10, respectively. It should be noted that as the values of I
and J increase, the accuracy of the results improves; however,



the running time also increases. Based on the simulations,
setting the values of 5 and 10 for I and J, respectively, leads to
errors of less than 10e-3 while maintaining an acceptable
running time.

The EMS is solved on a daily basis for a duration of one year,
aiming to ascertain the most favorable schedule for the BES and
the power exchanged with the grid. The devised EMS is
structured as a MILP problem, implemented through the Python
programming language and executed utilizing Pyomo. The
computations are performed on a personal computer equipped
with a 2.90-GHz Intel Core i7 CPU and 32GB of RAM memory.

bi-directional
converter

Fig. 1. Schematic of power flow in the HSB living lab [17]

TABLE L CHARACTERISTICS OF THE SYSTEM
Characteristic Value
PV size 18 kW

Cost of grid utilization 0.113 SEK/kWh

Charge for peak power 49.3 SEK/kWh/month
Fixed cost 20.16 SEK/day
Inverter power limit 50 kW
Battery capacity 7.2 kWh

P™It = 0.5 kW, P™O* =7 kW
OBES'min:IO%, (BESmax_ggo,

Charger’s power limits
SOC limit of BES
Charge/discharge efficiency

nh = nds = 93%
11167 SEK/kWh
223 SEK/year
10 years

Replacement cost of BES

Maintenance cost of BES
Lifetime of BES

Power (kW)
2/

S

0

|h Whntprt umﬂ [

Tlme (h)

Fig. 2. Load and PV power profiles of HSB living lab

0 7000 8000

B. Case studies

Fig. 1 shows the effect of considering calendar and cycle
ageing on the charging and discharging behavior of BES in a
summer week. It is evident that by considering calendar ageing,
the EMS prevents the BES from remaining fully charged for
extended periods of time. Likewise, the inclusion of cycle
ageing results in a decrease in both charging and discharging
power. By considering both calendar ageing and cycle ageing,
the average charging and discharging power, as well as SOC, are
reduced to compensate additional ageing costs of the BES.

No ageing effectincluded
T T T

)
05O
17
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5 1 | I 1 0
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Fig. 3. The effect of calendar and cycle ageing on the charging and
discharging behavior of BES

The economic results of the system for one year have been
compared with and without considering ageing of BES in Table
II. The results show that when the aging of the BES is not
considered, although the import cost decrease and export
revenue increases, the total cost of the system increases by
1394.24 SEK which is due to the higher ageing level of the BES.
On the other hand, total ageing cost of the BES increases by
42.27%, resulting in a significant reduction in the lifetime of the
BES. Therefore, it is essential to consider the ageing of the BES
in the EMS.

The effects of accounting for degradation costs on the ageing
of BES are investigated in Table III. As can be seen, total
degradation of the BES is 7.07%, with both cycle ageing and
calendar ageing contributing almost equally to this figure.
However, when degradation costs are not taken into account, the
total degradation increases to 10.07%, resulting in an additional
cost of 3% which mainly comes from the cycle ageing of the
BES.

TABLE IL YEARLY ECONOMIC RESULTS OF THE SYSTEM
Export
Model Total cost Import cost Cyc. age. Cal. age.
(SEK) (SEK) (SEK) %t (SEK) cost (SEK)
With 171 206 165,737 22186 3205 2485

degrad.

wio 172,600.83 164,858.37 354.61 5,045.24 3,051.83
degrad.




TABLE III. EFFECT OF CONSIDERING DEGRADATION COST ON AGEING OF

BES
Model Total deg. (%) Cyc. age. (%) Cal. age. (%)
With Cyc. Age and Cal. 7.0783 3.9866 3.0917
Age
w/o degrad. 10.0707 6.2750 3.7957

The cost associated with cycle ageing and calendar ageing is
directly influenced by the accuracy of their parameters, which
are estimated using practical experiments. Figure 4 investigates
the sensitivity of the system cost concerning the estimation error
in parameters of cycle ageing and calendar ageing. It is assumed
that the estimation error results in an increase in the value of
ageing. As expected, the system cost increases with an increase
in the estimation error. However, it is observed that cycle ageing
is more sensitive to the estimation error compared to calendar
ageing. This result highlights the need for accurate and reliable
experiment for estimating parameters in the cycle ageing model.

5
10°
1614 <2 2
—©— Cycle ageing

1.6135 |- |—&— Calendar ageing

1.613 -

1.6125 -

1.612 -

1.6115 -

Total system cost (SEK)

4 6 8 10 12 14 16
Estimation error (%)

1.611°
0

Fig. 4. Sensitivity of the system cost with respect to the estimation error in
parameters of cycle ageing and calendar ageing

V. CONCLUSION

his article introduces an EMS tailored for building
microgrids, encompassing comprehensive degradation models
accounting for both calendar and cycling aging of BESs. To
gauge the efficacy of the proposed EMS, real-world case studies
were conducted. These studies were built upon data acquired
from the HSB Living Lab, situated on the premises of Chalmers
University of Technology. Our first step was to demonstrate the
impact of incorporating calendar and cycle ageing costs of BES
into the optimization model. The results indicated that, without
including the degradation into the optimization model, the total
system cost was increased by 1394 SEK, and the ageing costs of
the BES was increased by 42.27% compared to a model that
considered degradation. Secondly, we investigated the
sensitivity of the system cost to the estimation error in
parameters of cycle ageing and calendar ageing. Our findings
revealed that cycle ageing is more sensitive to estimation errors
when compared to calendar ageing. Therefore, it is of utmost
importance to precisely estimate its parameters.
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