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Abstract 

In this paper, a method for optimal load management of prosumer with a photovoltaic (PV) power plant and battery storage is 
presented. Three scenarios are observed, scenario 1 is a prosumer with a PV power plant without the ability of load time-
shifting, scenario 2 is a prosumer with a PV power plant and ability of load time-shifting and scenario 3 is a prosumer with a 
PV power plant and battery storage (BS) with the ability of load time-shifting. Shiftable loads in the household observed in 
this paper are a washing machine, dishwasher, tumble dryer, and two air conditioners. Optimization is done for one month and 
a comparison of electricity exchanged with the grid and monthly electricity bills for three different scenarios are presented. In 
scenario 1, 441 kWh is received from the grid, 130 kWh is delivered to the grid and the electricity cost is 46.63 €. In scenario 
2, 380 kWh is received from the grid, 70 kWh is delivered to the grid and the electricity cost is 44.25 €. In scenario 3, 
348 kWh is received from the grid and the electricity cost is 34.11 €. The combination of a PV power plant and BS with 
optimal load management leads to the reduction of electricity costs. 

1. Introduction 
The price of electricity is on the rise due to the current 
geopolitical situation in the world. Governments are taking 
measures to reduce this impact on citizens. There is a 
significant focus on self-sufficiency and rational usage of 
electricity. Saving electricity can reduce monthly electricity 
bills, but a significant saving of electricity leads to a 
significantly reduce in comfort. To avoid ruining the comfort, 
a solution is to use shiftable loads in optimal periods to 
reduce electricity costs. In Croatia, as well as in some other 
European countries, there is a two-tariff electricity pricing. 
Electricity price is high during the day and low during the 
night. It gives customers the ability to use electrical devices 
during the night to reduce monthly electricity bills. 

Electrical devices in the household can be divided into two 
categories, critical and non-critical loads [1]. The critical load 
includes home appliances that are important to be used at a 
specific time of the day such as lighting, air conditioners, 
refrigerators, ovens, and other devices for preparing food. 
Critical load can’t be shifted in a period with a low electricity 
price. The non-critical load includes home appliances for 
which time of use is not important such as washing machines, 
dishwashers, and tumble dryers. The non-critical load can be 
shifted in a period with a low electricity price to reduce 
electricity costs. Load in the household can be non-
schedulable and schedulable [2]. Non-schedulable load is 
related to consumer's behaviors and needs to operate when it 
is required so it cannot be scheduled such as lighting, TV, 
desktop PC, and kitchen devices. Schedulable load is time-
bounded but can be operated within a defined time limit at 
any time of the day. The schedulable load can be for periodic 
usages such as air conditioners, and non-periodic usages such 
as washing machines, dishwashers, and water pumps.  

With the increasing number of prosumers owning PV power 
plants, generation from PV power plants can be higher than 
load demand during the day. As peak load demand is in the 
evening, the surplus of generation from PV power plants is 
delivered to the grid and then received in the evening to cover 
load demand, which is not an efficient use of electricity [3]. 
There is a possibility to introduce a dynamic electricity 
pricing model in which electricity price is changed every 
hour according to generation from renewable energy sources. 
Citizens usually work over the day and they are not at home, 
so it is hard to follow the change in electricity price every 
hour during the day [4]. There is a possibility for prosumers 
with their PV power plants to install BS to reduce electricity 
bills [5]. BS can be charged when there is a surplus of 
generation from PV power plants and when the electricity 
price is low [6]. Energy stored in the BS can be used to cover 
consumption when the electricity price is high and there is no 
generation from the PV power plant instead of shifting loads 
in the periods when the electricity price is low or when there 
is a generation from the PV power plant.  

The optimal load management method applied to a prosumer 
according to Croatian legislation is presented in this paper. 
Optimization is applied to the real measured load profiles of 
home appliances with the assumption that all considered 
shiftable loads are used once every day. Optimization is done 
for one month within 10 minutes time intervals which 
provides more precise results than within-hour time intervals.  

This paper consists of four chapters. The first chapter 
introduces the possibilities of load management in 
households. Key points from Croatian legislative and 
required model data are given in chapter 2. Simulation results 
are presented in chapter 3. The last chapter gives a conclusion 
on the proposed optimal load management method. 
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2. Methodology 
Optimal scheduling of shiftable loads in the family home 
with its PV power plant and BS is done for a prosumer 
according to Croatian legislation. A method is applied to the 
pricing model with two tariffs in Croatia. 

2.1 Definition of prosumer  

According to the Grid Code of Distribution System [7], there 
are four main categories of grid users in Croatia according to 
the direction of electricity on the billing metering point: [7] 

 Customer 
 Producer 
 Prosumer 
 Prosumer without delivery to the grid 
 
According to the Law on Renewable Energy Sources and 
Highly Effective Cogeneration [8], a prosumer in Croatia can 
be defined as an end customer with a power plant for 
electricity generation from RES or high-efficiency 
cogeneration connected to own electrical installation. A 
power plant is used for covering its load consumption and 
there is a possibility of delivering generation surplus in the 
distribution grid. Electricity suppliers are obligated to take 
over the generation surplus from prosumers if prosumers 
cumulative satisfy the following conditions: [8] 

 They have the status of privileged electricity producer 
 They have the right to a permanent connection 
 The connected power of all power plants connected to the 

single billing metering point does not exceed 500 kW 
 The connected power of the prosumer as a producer does 

not exceed the connected power as a customer 
 Electricity is delivered to and received from the grid over 

the same billing metering point 

2.2 Fee for electricity delivered to the grid  

The fee for electricity that is delivered to the grid from the 
prosumer in the accounting period is calculated according to 
(1) if more electricity is received than delivered to the grid. If 
more electricity is delivered than received from the grid, the 
fee is calculated according to (2). [8] 

Ci = 0.9 * PKCi (1) 
 

Ci = 0.9 * PKCi * Epi / Eii (2) 

 
Where: 

 Ci [€/kWh] – the unit price of fee for electricity delivered 
to the grid, in the accounting period i. 

 PKCi [€/kWh] – the average unit price of electricity that 
the prosumer pays to the supplier, in the accounting 
period i. 

 Epi [kWh] – the amount of electricity received from the 
grid, in the accounting period i. 

 Eii [kWh] – the amount of electricity delivered to the grid, 
in the accounting period i. 

 
The average unit price of electricity PKCi which the 
prosumer pays to the supplier in the accounting period i, 
without fees and taxes, is calculated according to (3). 

PKCi = (A * C + B * D) / (A + B) (3) 
 
Where: 

 A [kWh] – the amount of electricity received from the 
grid in the high tariff. 

 B [kWh] – the amount of electricity received from the 
grid in the low tariff. 

 C [€/kWh] – the unit price of electricity in the high tariff 
without grid using fee. 

 D [€/kWh] – the unit price of electricity in the low tariff 
without grid using fee. 

2.3 Electricity pricing  

In this work, two tariff electricity pricing model is 
considered. The high tariff in Croatia is from 7:00 to 21:00 
during the winter period and from 8:00 to 22:00 during the 
summer period. The low tariff in Croatia is from 21:00 to 
7:00 during the winter period and from 22:00 to 8:00 during 
the summer period [9]. 
 
Prices in Croatia are converted from HRK to EUR according 
to the exchange rate of 7.53 HRK for 1 EUR. The unit price 
of electricity in the high tariff without grid using fee is 
0.0748 €/kWh, the grid using fee in the high price is 
0.0518 €/kWh, and the total unit electricity price including 
grid using fee is 0.1266 €/kWh. The unit price of electricity 
in the low tariff without grid using fee is 0.0367 €/kWh. The 
grid using fee in the high price is 0.0226 €/kWh, and the unit 
electricity price including the grid using fee is 0.0592 €/kWh. 
In Croatia, grid customers pay an incentive fee for generation 
from RES in the amount of 0.0139 €/kWh. The electricity 
supply fee is 0.9827 €/month and the fee for the billing 
metering point (MP) is 1.5405 €/month. VAT for electricity 
in Croatia is 13% [10].  

2.4 PV power plant and battery storage 

Generation from a PV power plant is obtained from data 
measured from a PV power plant located on the roof of the 
Faculty of Electrical Engineering, Computer Science and 
Information Technology Osijek for one month. The installed 
power of this PV power plant is 10 kW. Due to the observed 
household being connected over the single-phase connection, 
the maximum connected power of a single-phase producer is 
3.68 kW according to [7], so PV generation data is scaled 
from 10 kW to 3.68 kW. PV generation for the first week in 
the observed month within ten minutes data interval is 
presented in Fig 1. The rated power of BS is 3.68 kW which 
is equal to the rated power of the PV power plant. The Rated 
battery capacity is 10 kWh. 
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Fig. 1 PV generation data 

2.5 Load data  

The load in this paper is divided into shiftable and non-
shiftable loads. Non-shiftable load data are obtained from 
data measured in the household. during one week within ten 
minutes data interval and presented in Fig 2. The assumption 
is that the load pattern is the same every week in the month.  

 

Fig. 2 Non-shiftable load data 

The non-shiftable load includes devices that are used in a 
specific period of a day and can’t be moved to another period 
such as lighting, refrigerator, water heating, oven, microwave 
oven, and other devices for preparing food. Shiftable loads 
observed in this method are a washing machine, dishwasher, 
tumble dryer, and two air conditioners. Load profiles of 
shiftable loads are presented in Fig 3. 

 

Fig. 3 Load profiles of shiftable loads 

3. Results 
Simulation results are presented for three different scenarios. 
Scenario 1 is a prosumer with a PV power plant and fixed 
time of use shiftable loads. The default time of using shiftable 
loads in scenario 1 is presented in Table 1. Scenario 2 is a 
prosumer with a PV power plant and with optimal load 
shifting. Scenario 3 is a prosumer with a PV power plant and 
BS with optimal load shifting. The linear programming 
optimization method is applied to find the optimal shiftable 
loads time of use. The problem is solved with the Gurobi 
optimizer in a Python environment. The washing machine, 
dishwasher, and tumble dryer can be used at any time of the 
day while the time of using air conditioners is restricted 
between 10:00 and 18:00 when the ambient temperature is 
highest during the day and the air cooling is most needed.  

Table 1 Default using time of shiftable loads 
 
Load Start End Duration 

Washing machine 21:20 23:40 2 hours 20 minutes 
Dishwasher 21:00 23:00 2 hours 
Tumble dryer 00:00 03:30 3 hours 30 minutes 
AC1 13:30 16:40 3 hours 10 minutes 
AC2 11:00 13:30 2 hours 30 minutes 
 

3.1 Simulation results for one day  

Fig 4 represents PV generation and non-shiftable load for the 
observed day. The peak of generation from a PV power plant 
is 2.17 kW at 12:40. The peak of the non-shiftable load is 
3.72 kW at 10:30. 

The time of use of shiftable loads is presented in Fig 5. There 
is no optimal load shifting applied in scenario 1 according to 
Fig 5 (a). With optimal load shifting applied in scenario 2, 
according to Fig 5 (b), the optimal time for using shiftable 
loads is during the day when there is a generation from a PV 
power plant. It is more profitable to use generation from PV 
power plants for covering consumption than sell it to a grid 
supplier at a low price and buy energy from a supplier at a 
high price. With a PV power plant and BS in scenario 3, 
according to Fig 5 (c), the optimal time for using shiftable 
loads is during the night when the electricity price is low, 
except for air conditioners, which are required during the day.   

 

Fig. 4 PV generation and non-shiftable load 
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Fig. 5 (a) Shiftable load without load shifting (b) Load 
shifting with PV (c) Load shifting with PV and BS 

BS charging and discharging power and battery state of 
charge (SOC) in scenario 3 are presented in Fig 6. According 
to Fig 6 (a), the battery is charged in the morning before 8:00 
with electricity from the grid when the electricity price is 
low, then during the day with a surplus of generation from a 
PV power plant, and then after 22:00 with electricity from the 
grid. The battery is discharging at 10:30 to cover peak load 
and then from 16:00 to 22:00 to cover load demand when the 
electricity price is high. According to Fig 6 (b), battery SOC 
at the start of the day is 50% which is equal to battery SOC at 
the end of the day. Battery SOC is limited between 20% and 
80% to extend the life of the battery. 

 

a 

 

b 

Fig. 6 (a) Battery charging and discharging (b) Battery SOC 

A comparison of the total daily load demand for all scenarios 
is presented in Fig 7. During the night, load demand is higher 
in scenario 3. During the day, load demand is higher in 
scenario 3 due to shifting loads when generation from the PV 
power plant is maximum. In the evening, load demand is 
higher in scenario 1, due to the use of the shiftable loads. 

A comparison of electricity received from the grid for three 
different scenarios is presented in Fig 8. In scenario 1 and 
scenario 2, electricity is received from the grid during the 
whole day, at a low and a high electricity price. In scenario 3, 
electricity is received from the grid before 8:00 and after 
22:00 when the electricity price is low. 

 

Fig. 7 Comparison of total load demand 
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Fig. 8 Comparison of electricity received from the grid 

3.2 Comparison of results for the monthly calculation 

The electricity bill for scenario 1 is presented in Table 2. In 
this scenario, 188 kWh of electricity is received from the grid 
at a high tariff and 253 kWh of electricity is received at a low 
tariff. In scenario 1, 130 kWh of electricity is delivered to the 
grid. The unit price of electricity delivered to the grid, 
according to (1) and (3) is 0.0478 €/kWh. 
 
Table 2 Electricity bill for scenario 1 
 
Item Unit Amount Unit price Cost € 

Electricity high tariff kWh 188 0.1266 23.81 
Electricity low tariff kWh 253 0.0593 15.00 
RES incentive fee kWh 441 0.0139  6.15 
Electricity delivered kWh -130 0.0478 -6.21 
Supply and MP fee  1 2.5233 2.52 
Total    41.27 
VAT 13%    5.36 
Total including VAT    46.63 
 
The electricity bill for scenario 2 is presented in table 3. In 
this scenario, 179 kWh of electricity is received from the grid 
at a high tariff and 201 kWh of electricity is received at a low 
tariff. In scenario 2, 70 kWh of electricity is delivered to the 
grid. The unit price of electricity delivered to the grid, 
according to (1) and (3) is 0.0465 €/kWh. 
 
Table 3 Electricity bill for scenario 2 
 
Item Unit Amount Unit price Cost € 

Electricity high tariff kWh 179 0.1266 22.67 
Electricity low tariff kWh 201 0.0593 11.92 
RES incentive fee kWh 380 0.0139  5.30 
Electricity delivered kWh -70 0.0465 -3.25 
Supply and MP fee  1 2.5233 2.52 
Total    39.16 
VAT 13%    5.09 
Total including VAT    44.25 
 
The electricity bill for scenario 3 is presented in table 4. In 
this scenario, 33 kWh is received from the grid at a high tariff 
and 315 kWh at a low tariff. Only 1 kWh is delivered and the 
unit price, according to (1) and (3), is 0.0363 €/kWh. 

Table 4 Electricity bill for scenario 3 
 
Item Unit Amount Unit price Cost € 

Electricity high tariff kWh 33 0.1266 4.18 
Electricity low tariff kWh 315 0.0593 18.68 
RES incentive fee kWh 348 0.0139  4.85 
Electricity delivered kWh -1 0.0363 -0.04 
Supply and MP fee  1 2.5233 2.52 
Total    30.19 
VAT 13%    3.92 
Total including VAT    34.11 

 
A comparison of received and delivered electricity is 
presented in Fig 9. Most of the electricity is exchanged with 
the grid in scenario 1, 441 kWh is received and 130 kWh is 
delivered. In scenario 2, 380 kWh is received and 70 kWh is 
delivered. The least electricity is received in scenario 3, 
348 kWh, and only 1.28 kWh is delivered. A comparison of 
electricity received at a high and a low tariff is presented in 
Fig 10. More electricity is received at a low tariff than at a 
high tariff in all three observed scenarios. It is because a PV 
generation covers load demand during the day. The highest 
difference between a high and a low tariff is in scenario 3 
where only 33 kWh is received at a high tariff and 315 kWh 
is received at a low tariff. It is because battery storage is 
charged during the night and discharged during the day to 
cover load demand. 

 

Fig. 9 Comparison of monthly received and delivered 
electricity 

 

Fig. 10 Comparison of monthly received electricity at a high 
and a low tariff during the observed month 
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4. Conclusion 
Electricity prices are high due to the current geopolitical 
situation in the world and there is a significant focus on self-
sufficiency and rational electricity usage. It is difficult to 
achieve self-sufficiency to be completely independent of the 
grid. Electricity saving can reduce monthly bills but it leads 
to a decrease in comfort. With rational electricity usage, the 
cost can be reduced, without decreasing comfort. It can be 
achieved with the optimal time of using home appliances. 
The optimal time for using shiftable loads with a PV only is 
during the day when consumers are at work. With PV and 
BS, the optimal time for using shiftable loads is during the 
night when consumers are at home.  

In scenario 1, 441 kWh is received from the grid, 188 kWh is 
received at a high price and 253 kWh is received at a low 
price. The amount of electricity delivered to the grid is 
130 kWh. The electricity bill is 46.63 €. In scenario 2, 
380 kWh is received from the grid, 179 kWh is received at a 
high price and 201 kWh is received at a low price. The 
amount of electricity delivered to the grid is 70 kWh. The 
electricity bill in scenario 2 is 44.25 €, which is a cost 
reduction of 5.1%. It is because the high amount of electricity 
is still received at a high price. In scenario 3, 348 kWh is 
received from the grid, 33 kWh is received at a high price and 
315 kWh is received at a low price. The electricity bill in 
scenario 3 is 34.11 €, which is a cost reduction of 26.8%. BS 
with a PV power plant leads to significant monthly bill 
reduction because less electricity is received at a high price 
and more electricity is received at a low price. Batteries are 
still expensive so installing BS is not a profitable solution. 

The presented method is applied to the prosumer according to 
Croatian legislation and obtained results can be different for 
other countries. Optimization according to real measured load 
profiles gives more precise results than the assumption that 
the electrical device during the whole operation cycle has 
constant power. The limitation of this method is the 
assumption that shiftable devices are used once daily which is 
not always correct. Temperature data, which is important for 
air conditioner use, is not considered in the proposed method. 

In future work, the proposed method will be applied for a 
whole year, temperature data also can be considered. It is also 
possible to consider different washing machine cycles and 
user comfort. Charging stations for electric vehicles can also 
be considered as a shiftable load in the future. 
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