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Abstract—In this paper, optimization model for energy 
management in the prosumer power system is presented. Previous 
passive electricity consumers by integrating the renewable energy 
sources in their possession become consumers with their own 
generation, or so-called prosumers. The optimization model gives 
the optimal schedule of a stationary battery storage utilization and 
charging schedule of the battery in electric vehicle (EV) according 
to expected production from photovoltaic (PV) power plant and 
household consumption. The goal of the optimization model is to 
minimize electricity cost for prosumer power system. The 
optimization model is applied on a case study to show general 
features of the model. The case study refers to an assumed 
prosumer power system consisting of a 10 kW PV power plant, 
stationary battery storage rated capacity of 20 kWh and a 
household load considering charging the battery in EV. The 
simulations are performed for working day and one weekend day. 
The results show savings in electricity costs when the stationary 
battery storage is used in the prosumer power system.  

Keywords - optimization, prosumer, electricity cost, battery 
storage, electric vehicle 

I. INTRODUCTION 

Population growth on Earth has led to a global increase in 
electricity demand. If current energy policies are implemented, 
electricity demand would continue to grow by 1% each year 
until 2040 [1]. According to the EU’s long-term strategic vision 
for a prosperous, modern, competitive and climate neutral 
economy, dependence on fossil fuels will decrease to 20% by 
2050, while the share of electricity in final energy consumption 
will reach 53% [2]. To achieve these goals, consumers will need 
to take an active role by investing more in renewable energy 
sources (RES).  

By integrating RES into their property, the previous passive 
electricity consumers become consumers with their own 
production, i.e., they become prosumers [3]. By adding storage 
capacity to an energy system, greater flexibility can be achieved 
by providing peak load shaving or filling valleys [4]. Batteries 
are a proven option for energy storage purposes for residential 
use. A comparison of battery technologies is shown in [5]. 
Lithium-ion batteries are currently the most widely used battery 
technology, and are highly suitable for different applications due 
to high specific power and energy, high power and energy 
density, high cell voltage and efficiency between 75% and 97% 
[5].  

To reduce electricity costs or increase profits for prosumers, 
many different optimal models have been proposed. For 
example, in [6] authors proposed mixed-integer linear 
programming (MILP) formulation to manage energy production 
and demand in a way that minimizes total cost. A rolling horizon 
approach is introduced to deal with uncertainty associated to 
production and consumption. In [7] the proposed energy 
management system (EMS) focuses on minimizing the daily 
cost of energy purchased from the main power grid and 
increasing the self-consumption of  the local RES. The 
optimization model based on most valuable player algorithm 
(MVPA) and used to minimize the operating cost of prosumer is 
presented in [8]. The authors in [9] suggested a two stage 
stochastic programming approach and stochastic linear model in 
GAMS to minimize the expected cost for prosumer participating 
in the local energy market. The model presented in [10] includes 
RES usage maximization, electricity cost reduction, peak load 
shaving, and network operation and investment cost 
minimization through peer-to-peer energy trading in the smart 
grid. The optimization problem of energy management in a 
household containing an electric vehicle (EV), a photovoltaic 
(PV) power plant and energy storage is solved in [11] using 
MILP algorithm in order to minimize electricity costs. The 
model finding minimum costs for charging of EVs from PV 
panels installed on an office building is presented in [12]. A 
review of strategic control of charging–discharging of grid-
connected electric vehicles is presented in [13].  

In this paper, a model for energy management in the 
prosumer power system is presented. The main purpose of this 
paper is to show the possibilities for savings in electricity costs 
when the stationary battery storage is optimally used in the 
prosumer power system. The optimization model finds the 
optimal schedule for charging and discharging a stationary 
battery storage and the battery in EV according to expected 
production from a PV power plant and the household 
consumption. The goal of the optimization model is to minimize 
the electricity cost for a prosumer power system. The model is 
applied to an assumed prosumer power system consisting of a 
10 kW PV power plant, a stationary battery storage rated 
capacity of 20 kWh and a household load considering charging 
process of the battery in the EV. The observed prosumer power 
system is located in Osijek, Croatia. Electricity prices are 
determined according to the tariff model of the electricity 
supplier with the largest market share in Croatia.    



The paper consists of four chapters. The second chapter 
describes the mathematical model for obtaining optimal plan for 
energy management in a prosumer power system. Objective 
function, constraints and variable limits are described. In the 
third chapter proposed optimization model is applied to the 
assumed prosumer power system. The last chapter contains 
conclusions and further work. 

II. THE MATHEMATICAL MODEL FOR THE OPTIMAL USAGE OF 

THE PROSUMER POWER SYSTEM  

A. Mathematical formulation of the optimisation problem 

 
The objective function is to minimize prosumer electricity 

cost. The cost of purchasing electricity from the grid is reduced 
by the revenue from selling electricity in the grid.   

The constraints are the energy balance constraint and the 
constraints regarding the state of charge of the stationary battery 
storage and the state of charge of the battery in the EV. 

Minimize:  cost of the purchased electricity  

       – revenue of the sold electricity         

Constraints: energy balance, 

      state of charge of the stationary battery storage, 

      state of charge of the battery in the EV. 

Limitations:  size of the discharging segments  

                 size of the charging segments, 

                     stationary battery storage capacity, 

  battery capacity in EV, 

  maximal power from the grid, 

  maximal power into the grid. 

It is supposed that the efficiency is not constant for the whole 
range of the charging and discharging power of the stationary 
battery storage. For this reason, the dependence of charging and 
discharging efficiency on the power level is approximated by a 
piecewise linear function where the efficiency value is defined 
for individual segments. 

 Electricity stored in stationary battery storage is defined as: 

𝑄 = 𝜇 ∙ 𝑃  (1) 

where: 

𝑄  - electricity stored in stationary battery storage 
during hour t 

nk - number of charging segments 

µk - charging efficiency in charging segment k 

𝑃  - electricity used for charging in charging segment 
k during hour t 

Electricity used from the battery storage for discharging 
process is defined by expression (2): 

𝑄 =
1

𝜂
∙ 𝑃  (2) 

where: 

𝑄  - electricity used from the stationary battery 
storage for discharging process during hour t 

nj - number of discharging segments 

ηj - discharging efficiency in discharging segment j 

𝑃  - electricity obtained from discharging process in 
discharging segment j during hour t 

When modeling the battery charging process in the EV, it is 
assumed that the battery can be charged with different levels of 
charging power with corresponding efficiencies. The electricity 
stored in the battery in the EV is defined as: 

𝑄 = 𝑃 ∙ 𝑏 ∙ 𝛼  (3) 

where: 

𝑄  - electricity stored in battery in the EV during hour 
t 

𝑃  - electricity required to charge the battery in the 
EV at power level i 

𝑏  - binary decision variable for charging power level 
i in the period t 

𝛼  - charging efficiency for charging power level i 

𝑛  - number of charging power levels 

Mathematical notation of the optimization problem is: 

Objective function: 

min 𝑃 ∙ 𝐶 − 𝑃 ∙ 𝐶  (4) 

Constraints: 

𝑃 + 𝑃 ∙ 𝑏 + 𝑃 − 𝑃 − 𝑃

− 𝑃 + 𝑃 = 0 

(5) 

𝑆𝑂𝐶 = 𝑆𝑂𝐶 + 𝑄 − 𝑄      𝑓𝑜𝑟 𝑡 = 1 (6) 

𝑆𝑂𝐶 = 𝑆𝑂𝐶 + 𝑄 − 𝑄        𝑓𝑜𝑟 𝑡 ≠ 1 (7) 

                  𝑆𝑂𝐶 = 𝑆𝑂𝐶 + 𝑄           𝑓𝑜𝑟 𝑡 = 1 (8) 

                 𝑆𝑂𝐶 = 𝑆𝑂𝐶 + 𝑄            𝑓𝑜𝑟 𝑡 ≠ 1 (9) 

Variable limitations:  

                0 ≤ 𝑃  ≤ 𝑃    (10) 



                0 ≤ 𝑃  ≤ 𝑃    (11) 

𝑆𝑂𝐶 ≤ 𝑆𝑂𝐶 ≤ 𝑆𝑂𝐶  (12) 

𝑆𝑂𝐶 ≤ 𝑆𝑂𝐶 ≤ 𝑆𝑂𝐶  (13) 

0 ≤ 𝑃 ≤ 𝑃  (14) 

0 ≤ 𝑃 ≤ 𝑃  (15) 

0 ≤ 𝑏 ≤ 1 (16) 

𝑏 ∈ ℤ (17) 

𝑏 ≤ 1 (18) 

where: 

𝑛  - number of hours in observed simulation 

𝑃  - electricity purchased from the network in the 
period t 

𝐶  - the price of purchased electricity from the 
network in the period t 

𝑃  -  electricity sold to the network in the period t 

𝐶  - the price of electricity sold to the network in 
the period t 

𝑃  - expected household electricity demand in the 
period t 

𝑃  - expected electricity produced by a 
photovoltaic power plant in a period t 

𝑃    - maximal charging power in charging segment 
k 

𝑃    - maximal discharging power in discharging 
segment j 

𝑆𝑂𝐶  - state of charge of the stationary battery 
storage at the end of hour t 

𝑆𝑂𝐶  - state of charge of the stationary battery 
storage at the beginning of the observed 
period 

𝑆𝑂𝐶  - state of charge of the battery in the EV at the 
end of hour t 

𝑆𝑂𝐶  - state of charge of the battery in the EV at the 
beginning of the observed period 

𝑃  - maximum power purchased from the grid 

𝑃  - maximum power sold into the grid 

 

Limitations defined in expressions (16)-(18) are related to 
the definitions of the binary decision variables for charging the 
battery in the EV. These variables are integers and can take the 
values 0 or 1. The battery in the EV can only be charged in 
period t with one power level which is defined in expression 
(18).  

B. Optimization technique applied in the proposed model 

Mathematical optimization methods can find solutions to 
various problems that require minimum or maximum value of 
the objective function that meets the given constraints. 

The proposed model is presented as the optimization 
problem of finding minimum cost solved with mixed integer 
linear programming (MILP). The model is written in the GAMS 
programming language, where the MILP problem is solved 
using a CPLEX solver. 

III. CASE STUDY 

A. Model description 

The case study is made on supposed prosumer power system 
representing household which has PV power plant on the roof, 
stationary battery storage and EV. The main goal is to show the 
optimal operation of such a system for one day in June. 

Main limitations of the observed model are stochastic nature 
of input data regarding PV generation and household 
consumption. The own consumption of the household is 
supposed according to measured data obtained by measuring 
that is done on household located near the city of Osijek, 
Croatia. The household has a PV power plant with an installed 
capacity of 10 kW. In this work, PVGIS (Photovoltaic 
Geographical Information System) was used to prepare data on 
solar radiation. PVGIS allows you to download the entire set of 
solar radiation hourly data and power output of the PV power 
plant for the selected location. The data of electricity production 
for the PV power plant installed power of 10 kW located in 
Osijek for 3 consecutive days (15.6., 16.6. and 17.6.) and so for 
3 different years (2014, 2015 and 2016) were downloaded and 
the average of the produced electricity per hour was calculated. 

The prosumer has a stationary battery storage rated capacity 
of 20 kWh. The specifications of the stationary battery storage 
are presented in Table I. The charging/discharging efficiency 
amounts 96%. To extend the life of the battery, it is not fully 
discharged, and a minimum of 2 kWh is set. 

TABLE I.  STATIONARY BATERRY STORAGE SPECIFICATIONS [14] 

Battery type Capacity Maximal power Efficiency 

Lithium-ion 20 kWh 16 kW 96 % 

 

It is assumed that the prosumer owns EV Hyundai Kona. The 
specifications of EV regarding battery are presented in Table II. 
It is assumed that EV can be charged in the household only with 
four levels of charging power (2.3 kW, 3.7 kW, 7.4 kW, 11 kW). 
Fast charging (50 kW) is not possible in the household. The 
charging efficiency is 95%.  

TABLE II.  ELECTRIC VEHICLE BATTERY SPECIFICATIONS [15] 

Battery type 
Capacity 

usable 
Charging 

power 
Fast charging 

power 

Lithium-ion 39.2 kWh 

2.3 kW 
3.7 kW 
7.4 kW 
11 kW 

50 kW DC 



The maximum power that can be consumed from the grid is 
set at 13.8 kW and maximum power that can be delivered to the 
grid is 10 kW. According to the White tariff model, the total 
price for electricity and network usage fees is 0.84 HRK/kWh 
during the day and 0.41 HRK/kWh during the night [16]. For the 
summer period, the high tariff is defined from 8 am to 10 pm, 
and the low tariff from 10 pm to 8 am. A special fee for 
renewable sources and high-efficiency cogeneration is added to 
these values, which is 0.105 HRK/kWh. 

After the added VAT of 13%, the price of electricity for a 
high tariff is: 

𝐶 , = (0.84 + 0.105) ∙ 1.13 = 1.07 𝐻𝑅𝐾/𝑘𝑊ℎ   (19) 

while for a low tariff, it is: 

𝐶 , = (0.41 + 0.105) ∙ 1.13 = 0.58 𝐻𝑅𝐾/𝑘𝑊ℎ   (20) 

The price of electricity sold to the network by the prosumer 
is 0.33 HRK/kWh and is obtained as the average value of the 
price of electricity itself without transmission and distribution 
costs with a certain coefficient, at low and high tariffs [17]: 

𝐶 = 0.9 ·
0.49 + 0.24

2
= 0.33 𝐻𝑅𝐾/𝑘𝑊ℎ   (21) 

B. Simulation scenarios 

Four different scenarios are assumed. Scenario 1 and 
scenario 2 represent a prosumer power system without 
stationary battery storage. In scenarios 3 and 4 stationary battery 
storage described in previous chapter is enabled for utilization. 
In addition, scenarios 1 and 3 represent working day and in 
scenarios 2 and 4 the day of the weekend is assumed. Expected 
PV production, household consumption for the working day 
(scenario 1 and 3) and household consumption for the day of the 
weekend (scenario 2 and 4) are presented in Fig. 1.  

For all four scenarios, it is assumed that EV owner uses the 
vehicle between hours 7 and 16. This means that the EV battery 
is not present on the charger all day. The requirement is that the 
EV battery is charged at 7th hour at least 90 % of the total 
capacity, and it is assumed that the vehicle is returned on the 
charger with a 10 % of total capacity at 16th hour. 

 

Fig. 1. Expected PV production, household consumption for the working day 
and household consumption for the day of the weekend  

At the beginning of the observed day, the EV battery has 25 % 
of the total capacity and at the end of the observed day the EV 
battery must have at least 25 % of the total capacity. In 
scenarios 3 and 4, the stationary battery storage at the beginning 
of the observed day is charged at minimum capacity which is 
set to 10 % of the total capacity. 

C. Results 

The results for scenario 1 (working day, system without 
stationary battery storage) are shown in Fig. 2 and Fig. 3. 
According to the charging schedule, the battery in the EV is 
charged with power levels 1 (2.3 kW) and 4 (11 kW). In the last 
3 hours of the observed day (low tariff period), the battery is 
charged to the required minimum of 25% of the total capacity. 
The power exchange between the prosumer power system and 
the grid is presented in Fig. 3. The power sold to the grid is 
indicated with negative values in the diagram.   

The excess power is being sold to the grid in hours 8 to 16. 
The cumulative cost decreases in these hours because the cost is 
reduced by the revenue from selling power to the grid. 

In Fig. 4 and Fig. 5 results for simulation scenario 2 (day of 
the weekend, prosumer system is without stationary battery 
storage) are presented. The charging schedule and state of 
charge of the battery in the EV are shown in Fig. 4.  

 

 

Fig. 2. Charging schedule and state of charge of the battery in the EV for 
scenario 1 

 

Fig. 3. Hourly values of electricity purchased and sold to the grid, cumulative 
electricity cost for scenario 1 
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Fig. 4. Charging schedule and state of charge of the battery in the EV for 
scenario 2 

 

Fig. 5. Hourly values of electricity purchased and sold to the grid, cumulative 
electricity cost for scenario 2 

Charging power levels are similar to the previous case. The 
amount of electricity sold to the grid is higher than in the 
previous case because households consume less on weekends 
than on working days. This also results in lower electricity costs 
at the end of the day. 

The results for scenario 3 (working day, prosumer has 
stationary battery storage) are presented in Fig. 6, Fig. 7 and Fig. 
8. In hours 8 to 14 the excess of the electricity is used to charge 
the stationary battery storage. In the 14th hour state of charge for 
stationary battery storage reaches maximum value, so the rest of 
the excess electricity in hours 14 do 16 is sold to the grid. The 
stored energy in the stationary battery storage is used in hours 
17 to 23. The discharging power is presented with negative 
values in diagram shown in Fig. 8.  

 

Fig. 6. Charging schedule and state of charge of the battery in the EV for 
scenario 3 

 

Fig. 7. Hourly values of electricity purchased and sold to the grid, cumulative 
electricity cost for scenario 3 

 

Fig. 8. Charging schedule and state of charge of the stationary battery storage 
for scenario 3 

Comparing the results for scenario 1 and 3, less power is sold 
to the grid, but the total cost at the end of the day is lower in 
scenario 3 because less electricity needs to be purchased due to 
the electricity discharged from stationary electricity storage.  

Fig. 9, Fig. 10 and Fig. 11 show the results for scenario 4 
(day of the weekend, prosumer has stationary battery storage). 
The household consumption is lower than in the previous case. 
The battery storage is not fully charged due to the lower need 
for consumption in the evening.  Therefore, the electricity sold 
to the grid is higher in respect to the previous case. Comparing 
scenario 2 and 4, it can be seen that all the electricity needed for 
the household consumption and charging of the battery in the 
EV from 8th hour until the end of the day is covered by PV 
production and discharged electricity from the stationary battery 
storage. The cumulative costs show that the electricity cost for 
the observed day is lower in case when stationary battery storage 
is used.      

 

Fig. 9. Charging schedule and state of charge of the battery in the EV for 
scenario 4 
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Fig. 10.  Hourly values of electricity purchased and sold to the grid, cumulative 
electricity cost for scenario 4 

 

Fig. 11. Charging schedule and state of charge of the stationary battery storage 
for scenario 4 

IV. CONCLUSION AND FURTHER WORK 

The paper presents an optimization model for energy 
management in a prosumer power system that considers the use 
of stationary battery storage. The comparison of the scenarios 
with and without stationary battery storage in the prosumer 
power system for the working day shows that the electricity cost 
for the observed day is reduced by 7.76 HRK if the prosumer 
has stationary battery storage in its power system. The analysis 
of the results for the scenarios related to the day of the weekend 
shows a reduction of the electricity cost by 4.43 HRK. Using a 
rough approximation in the sense that the same conditions are 
assumed for all working days of the month and for all days of 
the weekend, the monthly savings in case of using the stationary 
battery storage amount to 206.16 HRK (27.32 EUR, according 
to the exchange rate list of the Croatian National Bank, accessed 
on 27.4.2021). 

Future work may address the stochastic nature of input data 
such as PV generation and household consumption. In addition, 
to take the next planning period into consideration, the value of 
stored energy in the battery at the end of the observed period can 
be modeled in the objective function. In addition, the revenues 
for providing flexibility services can be taken into account. 
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