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Abstract—Optimal scheduling of the battery energy storage
(BES) in a microgrid is presented in this paper. The microgrid
model in this paper consists of a photovoltaic (PV) power plant,
a wind generator (WG), battery energy storage (BES), load, and
diesel generator (DG). BES is required to store the generation
excess from renewable energy sources (RES). BES also can store
energy from the main grid but optimization is required to decide
when to charge and discharge the battery. The optimization goal
is to minimize electricity costs when the main grid is available
and fuel costs when it is not available. The optimization problem
in this paper is a linear programming (LP) problem that is
modeled and solved with Python Gurobi. Optimization results
are presented for different cases. A DG is used only when the
main grid is not available due to the high fuel price. Electricity
cost from DG is 5.28 times higher than the cost from the grid for
the first case and 4.36 times higher for the second case. There is
no generation excess in the second case so the battery is not used
when the main grid is not available.
Keywords—microgrid, battery energy storage, optimization,
costs minimization, diesel generator

I.

INTRODUCTION

To reduce the negative environmental impact of electricity
generation from fossil fuels, the share of generation from RES
is constantly increasing. RES, especially wind and solar, are
suitable for distributed generation. The distribution grid with
distributed generation becomes active and the main idea is that
energy is consumed where it is produced. Production and
consumption at the same location form a microgrid. A
microgrid can be defined as part of a distribution grid which
can operate on-grid and off-grid. To reduce the impact of
variability and intermittency of wind and solar, energy storage
is required in a microgrid, and in microgrids, battery storage
systems are usually used. When a microgrid works off-grid,
there is a need for a backup generator to cover load demand.
To reduce fuel costs when the microgrid is off-grid and
electricity costs when the microgrid is on-grid, optimal battery
scheduling is required.
Optimization of battery storage systems in microgrids is
actual in the last several years. In [1] a predictive energy
management system in two layers is proposed for microgrids
with a hybrid storage system consisting of batteries and
supercapacitors. Authors of [2] proposed an optimization
control strategy to minimize electricity and operation costs in
a hybrid energy storage microgrid. The use of the genetic
algorithm to minimize the total cost of a grid-isolated
microgrid is presented in [3]. Authors of [4] proposed an
approach to find optimal battery capacity in grid-connected
microgrids with peak shaving and energy-saving techniques.
Generation in [4] is from wind turbine and PV and there is a
backup generator. Method for the battery optimization in the
microgrid to reduce the monthly electricity bill by reducing
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the peak load demand using the Markov decision process is
proposed in [5]. Optimal battery scheduling in a residential
microgrid application to reduce electricity from the grid is
presented in [6]. A study in [7] deals with the optimal battery
storage size in microgrids with a high amount of wind
generation for the grid-connected and grid-isolated scenarios
for 12 months. Generation is from wind and there is a backup
generator. Wind uncertainties are the main obstacle to wind
generation prediction. The method for sizing battery storage
in a microgrid that takes wind uncertainties into account is
presented in [8]. In [9] a method for finding the optimal type,
size, and location of distributed energy storage in a microgrid
is presented. Generation in [9] is from wind turbines and
thermal generation units. Authors of [10] summarized the
microgrid systems structure and made an overview of
optimization frameworks for microgrid operation.
In this paper, the optimal scheduling of BES in a microgrid
to minimize costs in grid-connected and islanded operation
modes is presented. The optimization method is applied on the
microgrid with a PV power plant, WG, BES, backup DG, and
load. This approach is suitable for different microgrid system
sizes and has the potential to be expanded to more than one
PV power plant, wind generator, DG, and BES unit. The
impact of temperature on PV output power and the impact of
height on wind speed are considered.
This paper consists of five chapters. An introduction to
microgrids is given in the first chapter. In the second chapter
modeling of the main microgrid components is described. The
optimization model is described in chapter 3. Simulation
results for two different cases are presented and discussed in
chapter 4. The last chapter gives the conclusion of this paper.
II.

MICROGRID MODEL

The microgrid which is observed in this paper consists of
a photovoltaic power plant, a wind generator, battery energy
storage, a diesel generator, and residential consumers. A
schematic diagram of the microgrid is presented in Fig. 1.
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Fig. 1. Microgrid schematic diagram
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A. PV power plant
PV power plant in the observed microgrid consists of 40
PV modules Bisol BMO-250 Wp [11]. The rated power of a
PV module is 250 W and module efficiency is 15.3 %. The
installed power of a PV power plant is 10 kW. The PV output
is modeled according to solar irradiation and temperature data.
Solar irradiation data is presented in Fig. 2 and temperature
data is presented in Fig. 3. Solar irradiation and temperature
data are measured in the weather station for 7 days at hour
intervals. Solar irradiation data is required to calculate PV
output according to (1).


PPV,i = Gi · AM · nM · ηM · ηinv

T [°C]

30

PPV,i [W] – PV output power in the hour i;



Gi [W/m2] – solar irradiation in the hour i;



AM [m2] – area of one PV module;



nM – number of PV modules;



ηM – efficiency of a PV module;



ηinv – efficiency of a PV inverter.

TM,i = Ti + [(NOCT - 20) / 800] · Gi



Where:
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The output from the WG is modeled according to the wind
speed input data. Wind speed increases as the height of the
ground increases. To capture more energy from the wind, a
WG needs to be mounted at a greater height from the ground.
In this case, the WG is set on a maximum height of 27 m.
Wind speed is measured in the ground weather station at a
height of 10 m so the wind speed needs to be calculated to the
height of the wind turbine according to (4).




TM,i [°C] – temperature of PV module in hour i;



Ti [°C] – air temperature in hour i;



NOCT [°C] – nominal operating cell temperature.

vi = v0,i · (h / h0) α

Ppv,i = PPV,i · [1 + γ · (TM,i - 25)]



Where:


Ppv,i [W] – PV output with temperature impact;



γ [% / °C] – power temperature coefficient.



Where:

The impact of the temperature on the PV output can be
calculated according to (3). The PV output with the impact of
temperature considered is used in the microgrid model.



vi [m/s] – wind speed at a height h in the hour i;



v0,i [m/s] – wind speed at a height h0 in the hour i;



h [m] – the height of the wind turbine;



h0 [m] – the height at which wind speed is measured;



α – friction coefficient.

Wind speed is measured in the weather station for 7 days,
on the flat terrain. The friction coefficient for the flat terrain is
set to 0.1. Diagram in Fig. 4 shows measured wind speed at a
height of 10 m and calculated wind speed at a height of 27 m.
WG output can be calculated according to the power curve
presented in Fig. 5.
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B. Wind generator
The wind generator which is used in this microgrid model
is Ryse Energy E-10 [12]. It is a small horizontal axis wind
turbine with three rotor blades. The cut-in speed is 2 m/s, the
rated speed is 9 m/s, and the cut-out speed is 30 m/s. The rated
power of one WG is 10 kW which is equal to the rated power
of the PV power plant.

Temperature data is required to calculate the PV module
temperature which has an impact on the PV output power. The
temperature of the module can be calculated according to (2).
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Fig. 3. Temperature input data
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Where:



Temperature data from 11.6.2021 to 17.6.2021
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Fig. 2. Solar irradiation input data
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Fig. 4. Wind speed input data

A. Objective function
The objective function in the proposed optimization model
is to minimize electricity and fuel costs according to (5).

Wind turbine power curve
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Fig. 5. Wind generator power curve

The output of WG is 0 when wind speeds are lower than
the cut-in speed and higher than the cut-out speed. When the
wind speed is between the rated speed and the cut-out speed,
the output of WG is equal to the rated power The output of
WG between cut-in speed and rated speed is modeled with 7
linear segments between points on the power curve.
C. Diesel generator
The used diesel generator is Generac RD040 [13] with a
rated power of 50 kVA. The power factor is 0.8 so the rated
power is 40 kW. A DG requires fuel so the model of fuel
consumption is required. Installed capacity can cover load
demand but it is unwanted due to high fuel prices and CO2
emissions. Fuel consumption depends on DG output power
and CO2 emissions depend on fuel consumption.
D. Battery energy storage
The used battery storage is ATEN 50-128 with an installed
power of 50 kW and a capacity of 128 kWh [14]. The battery
can be charged with PV and wind generators output and from
the main grid during a period of low electricity prices.
E. Load
The load is modeled according to the input load data
presented in Fig. 6. Load data is measured in one family home
for one week at 10 minutes intervals and this data is
transformed to hourly intervals and scaled to microgrid size.



Cel,i [€] – electricity cost in the hour i;



Cfuel,i [€] – fuel cost in the hour i.

Electricity cost is calculated according to (6). Fuel
consumption is modeled with linear function according to (7)
and then fuel cost is calculated according to (8).


Cel,i = Egrid,i · Pricei



Where:


Egrid,i [kWh] – electricity from the grid in the hour i;



Pricei [€/kWh] – electricity price in the hour i.



Fueli = (Consumptionmax / Pgen,rated) · Pgen,i



Where:


Fueli [l] – fuel consumption in hour i;



Pgen,rated [kW] – DG rated power;



Consumptionmax [l] – fuel consumption at Pgen,rated;



Pgen,i [kW] – DG power in the hour i.



Cfuel,i = Fueli · Pricefuel



Where Pricefuel [€/l] is fuel price in the hour i.
Battery charging and discharging are obtained according
to (9) and (10). There are binary variables Ci and Di to decide
if the battery is charging or discharging in the hour i.




Pc,i = Ci · (Ppv,i + Pw,i + Pgrid,i + Pgen,i - Pload,i)
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III.

OPTIMIZATION MODEL

An optimization model is done to find optimal charging
and discharging battery power for every hour during the day
to minimize electricity costs in grid mode and fuel costs in
islanded mode. The problem in this work is defined as a linear
programming (LP) problem. The optimization model is done
in Python and the problem is solved with the Gurobi solver.

Pc,i [kW] – battery charging power in the hour i;



Pw,i [kW] – WG output power in the hour i;



Pgrid,i [kW] – power received from grid in hour i;



Pload,i [kW] – consumption load power in hour i.
Pd,i = Di · (Pload,i - Ppv,i - Pw,i - Pgrid,i - Pgen,i)



Where Pd,i [kW] – battery discharging power in the hour i.

Time [h]
Fig. 6. Consumption load input data



Sum of binary variables Ci and Di must be lower or equal
to 1 according to (11) to disable charging and discharging of
battery storage in the same hour.


Ci + Di ≤ 1



Battery capacity in the hour i is obtained according to (12).
Battery capacity at the start of the day is equal to battery
capacity at the end of the day.

bat,i = Ebat,i-1 + ηbat · Ec,i- ηbat · Ed,i





Where:

A. Case study 1
Case study 1 is a day with low load demand and a lot of
sun and wind. The load demand, PV generation, and wind
generation for case study 1 are presented in Fig. 7.

Ebat,i [kWh] – battery capacity in the hour i;



Ebat,i-1 [kWh] – battery capacity in the hour i - 1;

60



Ec,i [kWh] – battery charging in the hour i;

50



Ed,i [kWh] – battery discharging in the hour i;

40



ηbat – battery efficiency.

P [kW]





0 ≤ Pgrid,i ≤ Pgrid,max



Where Pgrid,max [kW] is maximum power from the grid.


0 ≤ Pgen,i ≤ Pgen,rated
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B. Constraints
Constraints in the proposed optimization model are
referred to the grid power, diesel generator output power, and
battery storage. Power from the grid must be between 0 and
maximum power from the grid according to (14). Diesel
generator output power must be between 0 and diesel
generator rated power according to (15).

Time [h]
Fig. 7. PV generation, wind generation, and load demand for case study 1

1) Grid-connected mode
Battery scheduling and power from the grid in a grid mode
for case study 1 are shown in Fig. 8. The battery is charged
from 6:00 to 7:00 when the electricity price is low, then from
12:00 to 14:00 to store generation excess, and at 23:00 to reach
50 % of SOC. The battery is discharged at 8:00 and from 18:00
to 19:00 to cover peak load when the electricity price is high.
Most of the electricity received from the grid is during a period
of low price for covering load demand and battery charging.



Battery charging and discharging power must be positive
and between 0 and maximum power, according to (16) and
(17). Maximum charging and discharging power are equal.


0 ≤ Pc,i ≤ Pbattery,max





0 ≤ Pd,i ≤ Pbattery,max
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Power received from the grid and generator output power
are variables obtained from the power balance equation (13).


Generation and load power for case study 1
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Battery state of charge (SOC) must be between the
minimum and maximum value according to (18).
SOCmin ≤ SOCi ≤ SOCmax



Where:


SOCi [%] – battery SOC in the hour i;



SOCmin [%] – minimum battery SOC;



SOCmax [%] – maximum battery SOC.

Fig. 8. Battery scheduling in the grid-connected mode for case study 1

2) Islanded mode
Battery scheduling and generator output in the islanded
mode for case study 1 are presented in Fig. 9. The battery is
charged from 12:00 to 14:00 to store generation excess. The
battery is discharged at 19:00 to cover the peak load.
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The optimization is done to minimize electricity and fuel
costs so prices are required. Electricity price is 0.14 €/kWh
from 8:00 to 21:00 and 0.077 €/kWh from 22:00 to 7:00 [15].
Diesel price is 1.50 €/l on day 3.3.2022. [16]. The emission of
CO2 per liter of diesel fuel burned is assumed to be 2.6 kg/l.
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SIMULATION RESULTS

In this chapter, the results of simulations will be presented.
Two days are observed, a day with a lot of sun and wind and
a day with a lot of suns, but no wind. For these two days, two
optimizations are done, when the microgrid is connected to the
grid and when the microgrid is disconnected from the grid.
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Where Pbattery,max [kW] is maximum battery power.

Time [h]
Fig. 9. Battery scheduling in the islanded mode for case study 1

Battery SOC in the grid and islanded mode are shown in
Fig. 10. Battery SOC at the start and the end of the day is set
to 50 %. It can be seen that the battery is charged to a
maximum of 80 % in the morning and discharged to a
minimum of 20 % in the evening in grid mode. In islanded
mode buttery is charged only 65 %.
Battery SOC

100

Grid mode
Islanded mode

SOC [%]

80

1) Grid operation mode
Battery scheduling and power from the grid in a grid mode
for case study 2 are shown in Fig. 12. The battery is charged
at 7:00 when the electricity price is low, then from 22:00 to
23:00 to reach 50 % of battery SOC. The battery is discharged
from 19:00 to 20:00 to cover peak load when the electricity
price is high. The battery is not charging during the day
because there is no PV and wind generation excess and
charging during a period of high electricity price is not
profitable due to losses during charging and discharging.
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Fig. 10. Battery SOC for grid-connected and islanded mode for case study 1

Fig. 12. Battery scheduling in the grid-connected mode for case study 2

2) Islanded operation mode
Battery scheduling and generator output in the islanded
mode for case study 2 are presented in Fig. 13. The battery is
not used because there is no PV and wind generation excess.
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COMPARISON OF RESULTS FOR CASE STUDY 1
Grid operation mode
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Battery scheduling in islanded operation mode
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A comparison of results for grid-connected and islanded
mode for case study 1 is presented in Table I. It can be seen
that cost of electricity from a DG is 5.28 times higher than the
cost of electricity from the grid. The amount of electricity
received from the grid is 6.51% higher than electricity from a
DG. Electricity received from the grid is higher because it is
profitable to charge the battery at a lower price and then use
stored energy to cover load demand during a period of high
electricity prices.
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Fig. 13. Battery scheduling in the islanded mode for case study 2
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Fig. 11. PV generation, wind generation, and load demand for case study 2
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Battery SOC for the grid and islanded mode are shown in
Fig. 14. The battery is charged to 80 % in the morning and
then discharged to 20 % in the evening in grid mode. In the
islanded mode battery is not used.

SOC [%]

B. Case study 2
Case study 2 is a day with a high load demand and a lot of
sun, but no wind. The load demand, PV generation, and wind
generation for case study 2 are presented in Fig. 11.

Time [h]
Fig. 14. Battery SOC for grid-connected and islanded mode for case study 2

A comparison of results for grid-connected and islanded
mode for case study 2 is presented in Table II. Electricity cost
from DG is 4.36 times higher than the cost from the grid. The
amount of electricity from the grid is 3.67% higher than
electricity from DG. It is because the battery is not used in
islanded mode and in grid mode it is charged with electricity
from the grid. In comparison to case study 1, more electricity
is required in case study 2 due to higher load demand.
TABLE II.
Output data

COMPARISON OF RESULTS FOR CASE STUDY 2
Grid operation mode

Islanded operation mode

Load demand

516.84 kWh

PV production
Wind production
Electricity from grid
Electricity cost
Electricity from DG
Fuel consumption
Fuel cost
CO2 emissions

74.83 kWh
0.79 kWh
457.43 kWh
51.48 €
-

V.

441.22 kWh
149.57 l
224.36 €
388.89 kgCO2

CONCLUSION

According to simulation results, BES in a microgrid is
charged when there is an excess of generation from solar and
wind and then discharged to cover peak load demand. In grid
mode, BES is charged with electricity from the grid during a
period of a low price and then discharged during a period of a
high price to reduce electricity costs. When the battery is
charging and discharging, there are power losses so it is more
profitable to directly cover load demand with electricity from
DG instead of charging the battery with electricity from DG
and then discharging to cover load demand.
In case study 1, electricity from the grid is 235.91 kWh
while electricity from DG is 221.48 kWh. Fuel cost for
electricity from DG in islanded mode is 5.28 times higher than
electricity cost in grid mode. In case study 2, electricity from
the grid is 457.43 kWh while electricity from DG is 441.22
kWh. Fuel cost for electricity from DG in islanded mode is
4.36 times higher than electricity cost in grid mode. Although
electricity consumption is lower in islanded mode, the cost is
much higher in islanded mode due to high fuel prices. The
average price of electricity from DG is 0.51 €/kWh while the
average price of electricity from the grid is 0.09 €/kWh in case
study 1 and 0.11 €/kWh in case study 2.
The method for optimal BES scheduling presented in this
work is suitable for small and large microgrids and the model
could be expanded for more microgrid components. The
impact of temperature on PV output and the impact of height
on WG output are considered in this work. Optimization is
done for hourly data which is not the most accurate due to
frequent and sudden changes in the wind speed. Energy
exchange is possible only from the grid to the microgrid and
generation from PV and wind need to be consumed or stored.
For modeling WG output, the power curve is required in this
approach. Fuel consumption of DG is modeled with linear
function because of using LP, but it is not the most accurate.
In future work, the optimization method should be applied
to different system sizes. The fuel price is rising and the
method should be improved to find the optimal size of
generation and BES to ensure enough electricity without DG.
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