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INTRODUCTION

The essence of the problem in energy stor-
age is the appropriate selection of the capacity of 
the energy storage (ES) to the individual needs of 
a given facility (e.g., house, factory, household, 
etc.), in such a way as to achieve the optimal 
self-consumption coefficient without unnecessary 
over sizing. Referring to the results contained in 
the articles [1, 2], it can be stated that the use of 
energy storage increases the efficiency in the use 
of energy from PV installations. The innovation 
in this article will consist of the application and 
comparison of results for two energy storage al-
gorithms (ESAs) using the measured values of 
insolation, temperature, and power consumption. 
The a1 and a2 algorithms proposed in this article 
have a different approach when it comes to the 
sequence of energy transmission from the PV 
installation, and the ES and the energy receiver. 

The selection of ES with too small a capacity may 
lead to too high energy transmission to the power 
grid, which may lead to problems with planning 
electricity demand. This problem has been pre-
sented in articles [3, 4]. The reasons for this are 
the stochastic nature of solar energy, where pre-
dicting the amount of energy produced is difficult 
due to for example, cloudiness and temperature 
and due to the method used to calculate maxi-
mum power point tracking, abbreviated as MPPT. 
An example method is described in detail in the 
article [5]. In the case of chemical energy stor-
age, the problem is important due to the exces-
sive cost of the batteries themselves and prob-
lems in their operation, e.g. (inability to deeply 
discharge them). Therefore, an important aspect 
when selecting an energy storage is the type of 
batteries because each has certain limitations and 
specific properties (e.g., self-discharge, memory 
effect, etc.). However, if the storage is operated 
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in accordance with its characteristics, then there 
are no such threats. A LiFePO4 battery was cho-
sen, the nominal voltage and capacity values for 
this battery are (12 V; 250 Ah), while the degrees 
of safe charge and discharge are as follows 100 
and 30%. By using series-parallel connections, 
different voltages and capacities can be obtained. 
SOC(t) % (state of charge) contains the informa-
tion about the percentage state of charge of the 
ES and with its help, one can monitor parameters 
such as the amount of stored energy. By taking 
its value as a time-dependent function, the du-
ration of discharge or charge can be predicted, 
given the charge or discharge current Eq. (1). 
Another essential element of the energy storage 
operation is the algorithm under which the energy 
storage charging and discharging processes are 
conducted. There are many possible approaches 
to the subject, and each is characterized by dif-
ferent advantages and disadvantages. The energy 
storage algorithm also serves to protect the ES, 
and depending on the battery type, it is designed 
to prevent a decrease in ES capacity due to exces-
sive discharge or damage caused by overcharg-
ing. Therefore, ESA is a key element of the entire 
system’s operation because it controls the coop-
eration among PV installations, the ES, and the 
power grid. Thus, from the point of view of this 
article, ESA is an essential element to consider. 
The installation accepted for analysis is of a hy-
brid type, using an inverter that allows the PV in-
stallation to operate together with the ES system 
while being able to consume and send energy to 
the grid. An example diagram of such an instal-
lation can be found in Figure 1. Hybrid inverters 
play a key role in this type of installation.

Devices of this type can be divided into two 
subtypes: one is adapted to work with the PV 

system together with the ES and does not require 
the installation of additional devices. An example 
of a device of this type can be found in article 
[6]. The other, however, requires a separate bat-
tery charging controller, information on these de-
vices can be found in article [7]. Such an instal-
lation is recommended due to its positive effects 
on the functioning of PV installations, which are 
described in article [8]. Installations of this type 
have enormous potential regarding the combina-
tion of technologies used. For example, articles [9, 
10] describe a case of PV installations equipped 
with ES, where a fuel cell or a wind turbine was 
installed. This further increases the potential of 
PV installations to operate neutrally with the grid. 

ENERGY STORAGE ALGORITHMS USED 
FOR SIMULATION

ESA diagrams can be found in the articles 
devoted to the subject of modeling the coopera-
tion of energy storage facilities with RES installa-
tions, they take the form of block diagrams. Algo-
rithms for the operation of an energy storage can 
be found in almost all articles devoted to modeling 
the cooperation of an energy storage with renew-
able energy installations, an example of a block 
diagram can be found in the article [11]. A char-
acteristic feature of all algorithms controlling the 
ES charging process is that they must have the 
measurement data about the system in order to 
control the charging and discharging process. On 
the other hand, in article [12] one can find a block 
diagram of the algorithm performing a similar 
function to the one contained in article [11], with 
the difference that the information that is used to 
make decisions about whether the energy storage 

Figure 1. Simplified diagram of hybrid PV installation
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is charged or not is the SOC(t) value. The flow-
chart from article [12] is based on the inequalities 
saying that when the SOC(t) is not in the range 
of 85 to 15%, the energy storage is disconnected, 
and when the inequalities are met, then either the 
energy storage is charged or discharged. The third 
algorithm used to control the charging process is 
contained in the article [13] and, similarly to the 
previous two, it contains irregularities the task 
of which is to control the discharge and charg-
ing of the energy storage. In this particular algo-
rithm, the information that controls charging or 
discharging is the values of voltage change and 
power change over time.

On the basis of the measured values, simula-
tions can be conducted to determine the theoreti-
cal work cycle of the energy storage for a given 
algorithm. This will then allow for the calculation 
of values such as energy sent to the grid and en-
ergy taken from the grid, based on the ESA, and 
subsequently to determine which capacity variant 
is optimal. For the model, it was assumed that any 
amount of energy could be sent to the grid. These 
measurements were obtained from a measuring 
station at the Faculty of Production Engineering, 
Warsaw University of Life Sciences. The dia-
grams shown in Figures 2, 3, and 4 were gener-
ated using data measured as of 31.07.2024. The 
shapes of the curves presented in Figures 2 and 4 
coincide with the daily time series load demand 
curve and daily time series PV output curves pre-
sented in article [14].

Formulas to calculate charge 			 
and discharge currents

The equations describing the charge and 
discharge current are a crucial element of the 

algorithms because the values calculated on the 
basis of these equations are part of the model 
describing the SOC(t) function. This function 
describes the amount of energy stored in the ES 
and is a value compared to the safe degrees of 
discharge and charge in the unevenness contained 
in the energy storage algorithms.

Discharge current on a given day:

	 Ad(t) = 𝑃𝑃(𝑡𝑡)
𝑈𝑈𝑑𝑑𝑑𝑑𝑑𝑑

 [A] 

 

Ac(T) = 𝜂𝜂𝑝𝑝𝑝𝑝 ∙ 𝐴𝐴𝑝𝑝𝑝𝑝 ∙ 𝐿𝐿𝑝𝑝𝑝𝑝 ∙
𝐼𝐼𝐼𝐼(𝑡𝑡)
𝑈𝑈𝑐𝑐

 ∙ 

∙ (1 + 𝑡𝑡𝑝𝑝𝑝𝑝 ∙ 𝑇𝑇(𝑡𝑡)) [A] 

 

SOC(a) = 10060 ∙ ∫ 𝐴𝐴(𝑡𝑡)
𝐶𝐶

𝑎𝑎
0 𝑑𝑑𝑑𝑑 + 𝑠𝑠𝑠𝑠𝑠𝑠 [%] 

 

Egrid = 1
60 ∙ ∫ 𝑃𝑃(𝑡𝑡)𝑑𝑑𝑑𝑑1440

0  [kWh] 

 

Epv = 𝜂𝜂∙𝐴𝐴∙𝐿𝐿
1000∙60 ∙ 

∙ ∫ 𝐼𝐼𝑠𝑠(𝑡𝑡) ∙ (1 + 𝐾𝐾 ∙ 𝑇𝑇(𝑡𝑡)1440
0 )dt [kWh] 

 

PEwys = 𝐸𝐸𝑤𝑤𝑤𝑤𝑤𝑤 ∙ 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔−1 ∙ 100 [%] 

 

PEpob = 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝 ∙ 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔−1 ∙ 100 [%] 

 

PEzao = (𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 − 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝) ∙ 

∙ 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔−1 ∙ 100 [%] 

 

 

	 (1)

where:	P(t) – power consumed by in-
stallations from the kW network,  
Udis – discharge voltage ES V.

Charging current on a given day:

	

Ad(t) = 𝑃𝑃(𝑡𝑡)
𝑈𝑈𝑑𝑑𝑑𝑑𝑑𝑑

 [A] 

 

Ac(T) = 𝜂𝜂𝑝𝑝𝑝𝑝 ∙ 𝐴𝐴𝑝𝑝𝑝𝑝 ∙ 𝐿𝐿𝑝𝑝𝑝𝑝 ∙
𝐼𝐼𝐼𝐼(𝑡𝑡)
𝑈𝑈𝑐𝑐

 ∙ 

∙ (1 + 𝑡𝑡𝑝𝑝𝑝𝑝 ∙ 𝑇𝑇(𝑡𝑡)) [A] 

 

SOC(a) = 10060 ∙ ∫ 𝐴𝐴(𝑡𝑡)
𝐶𝐶

𝑎𝑎
0 𝑑𝑑𝑑𝑑 + 𝑠𝑠𝑠𝑠𝑠𝑠 [%] 

 

Egrid = 1
60 ∙ ∫ 𝑃𝑃(𝑡𝑡)𝑑𝑑𝑑𝑑1440

0  [kWh] 

 

Epv = 𝜂𝜂∙𝐴𝐴∙𝐿𝐿
1000∙60 ∙ 

∙ ∫ 𝐼𝐼𝑠𝑠(𝑡𝑡) ∙ (1 + 𝐾𝐾 ∙ 𝑇𝑇(𝑡𝑡)1440
0 )dt [kWh] 

 

PEwys = 𝐸𝐸𝑤𝑤𝑤𝑤𝑤𝑤 ∙ 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔−1 ∙ 100 [%] 

 

PEpob = 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝 ∙ 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔−1 ∙ 100 [%] 

 

PEzao = (𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 − 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝) ∙ 

∙ 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔−1 ∙ 100 [%] 

 

 

	 (2)

where:	Apv – PV panel area m2, Uc – charging volt-
age ES V, ηpv – PV panel efficiency %, Is(t) 
– insolation function Wm–2, T(t) – tem-
perature function °C, tpv – PV panel tem-
perature coefficient % °C–1, Uc – charging 
voltage ES V, Lpv – number of PV panels 
pieces.

Description of the a1 algorithm

For the a1 algorithm, the priority is to charge 
ES. The capacity is selected so that the ES can 
store all the energy produced during the day, and 
only when charging is completed is the energy 
transferred to the facility (Figure 5).

Figure 2. Example of an insolation graph
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Description of the a2 algorithm

For the a2 algorithm, the priority is to meet 
the energy needs of the household, and only when 
there is an overproduction of energy is it stored in 
ES. This reduces the overall energy consumption 
of the national energy system (Figure 6).

The a2 algorithm is a bit more complicat-
ed compared to the a1 algorithm. The greatest 
change concerns the ES charging current, where 
it is no longer related to the energy produced 
from PV Equation 2), as in the case of a1, but 
it is the difference between the power of the PV 
installation and the power that is necessary to 
power the facility. Thus, when delta P is greater 
than zero, then there is an overproduction of en-
ergy, which can be stored if ES has not reached 
full charge.

PARAMETERS DESCRIBING THE PV AND 
ES INSTALLATIONS

The optimal number of PV panels is an im-
portant aspect of this type of installation func-
tioning, because too few panels will prevent 

the ES from charging effectively, and too many 
panels will cause excessive energy to be sent to 
the grid.

SOC(t) function

In energy storage operation, the most impor-
tant parameter is the SOC(t) function, which de-
scribes how the amount of energy stored within 
the ES changes over time. While it can be pre-
sented in various forms, based on information in 
article [15], the integral form Equation 3 has been 
used for the simulation. The initial charge state 
for each day is assumed to be the previous day’s 
SOC value at 12:00 PM. On the other hand, for 
the first day of each analyzed month, it was as-
sumed that the ES is discharged to the lower limit 
of safe discharge, i.e. 30%, which means that the 
energy storage is empty. The batteries were con-
figured with 6 cells connected in series, and three 
such series strings were then connected in parallel  
(3 × 6 configuration) and taking into account the 
limit degree of discharge of 30% and the nomi-
nal parameters of the batteries included in the 
energy storage, the value of the capacity can be 

Figure 3. Example of a temperature graph

Figure 4. Example of a power consumption graph
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calculated, which is 37.8 kWh. On the other hand, 
values such as SOCmax, SOC24:00 and SOCmin 
mean the maximum SOC value, SOC at 24:00 
and the minimum SOC value for the day.

	

Ad(t) = 𝑃𝑃(𝑡𝑡)
𝑈𝑈𝑑𝑑𝑑𝑑𝑑𝑑

 [A] 

 

Ac(T) = 𝜂𝜂𝑝𝑝𝑝𝑝 ∙ 𝐴𝐴𝑝𝑝𝑝𝑝 ∙ 𝐿𝐿𝑝𝑝𝑝𝑝 ∙
𝐼𝐼𝐼𝐼(𝑡𝑡)
𝑈𝑈𝑐𝑐

 ∙ 

∙ (1 + 𝑡𝑡𝑝𝑝𝑝𝑝 ∙ 𝑇𝑇(𝑡𝑡)) [A] 

 

SOC(a) = 10060 ∙ ∫ 𝐴𝐴(𝑡𝑡)
𝐶𝐶

𝑎𝑎
0 𝑑𝑑𝑑𝑑 + 𝑠𝑠𝑠𝑠𝑠𝑠 [%] 

 

Egrid = 1
60 ∙ ∫ 𝑃𝑃(𝑡𝑡)𝑑𝑑𝑑𝑑1440

0  [kWh] 

 

Epv = 𝜂𝜂∙𝐴𝐴∙𝐿𝐿
1000∙60 ∙ 

∙ ∫ 𝐼𝐼𝑠𝑠(𝑡𝑡) ∙ (1 + 𝐾𝐾 ∙ 𝑇𝑇(𝑡𝑡)1440
0 )dt [kWh] 

 

PEwys = 𝐸𝐸𝑤𝑤𝑤𝑤𝑤𝑤 ∙ 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔−1 ∙ 100 [%] 

 

PEpob = 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝 ∙ 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔−1 ∙ 100 [%] 

 

PEzao = (𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 − 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝) ∙ 

∙ 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔−1 ∙ 100 [%] 

 

 

	 (3)

where:	A(t) – function of charge or discharge cur-
rent in time (t) for a given day A,

	 C – energy storage capacity Ah,

	 soc – the state of the initial charge of the 
energy storage on a given day %.

Formulas for calculating the energy 		
taken from the grid and produced 			 
by PV installations

Energy taken from the national energy system 
on a given day: 

	

Ad(t) = 𝑃𝑃(𝑡𝑡)
𝑈𝑈𝑑𝑑𝑑𝑑𝑑𝑑

 [A] 

 

Ac(T) = 𝜂𝜂𝑝𝑝𝑝𝑝 ∙ 𝐴𝐴𝑝𝑝𝑝𝑝 ∙ 𝐿𝐿𝑝𝑝𝑝𝑝 ∙
𝐼𝐼𝐼𝐼(𝑡𝑡)
𝑈𝑈𝑐𝑐

 ∙ 

∙ (1 + 𝑡𝑡𝑝𝑝𝑝𝑝 ∙ 𝑇𝑇(𝑡𝑡)) [A] 

 

SOC(a) = 10060 ∙ ∫ 𝐴𝐴(𝑡𝑡)
𝐶𝐶

𝑎𝑎
0 𝑑𝑑𝑑𝑑 + 𝑠𝑠𝑠𝑠𝑠𝑠 [%] 

 

Egrid = 1
60 ∙ ∫ 𝑃𝑃(𝑡𝑡)𝑑𝑑𝑑𝑑1440

0  [kWh] 

 

Epv = 𝜂𝜂∙𝐴𝐴∙𝐿𝐿
1000∙60 ∙ 

∙ ∫ 𝐼𝐼𝑠𝑠(𝑡𝑡) ∙ (1 + 𝐾𝐾 ∙ 𝑇𝑇(𝑡𝑡)1440
0 )dt [kWh] 

 

PEwys = 𝐸𝐸𝑤𝑤𝑤𝑤𝑤𝑤 ∙ 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔−1 ∙ 100 [%] 

 

PEpob = 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝 ∙ 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔−1 ∙ 100 [%] 

 

PEzao = (𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 − 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝) ∙ 

∙ 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔−1 ∙ 100 [%] 

 

 

	 (4)

Figure 5. Algorithm 1 diagram
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Energy produced by PV installations on a 
given day:

	

Ad(t) = 𝑃𝑃(𝑡𝑡)
𝑈𝑈𝑑𝑑𝑑𝑑𝑑𝑑

 [A] 

 

Ac(T) = 𝜂𝜂𝑝𝑝𝑝𝑝 ∙ 𝐴𝐴𝑝𝑝𝑝𝑝 ∙ 𝐿𝐿𝑝𝑝𝑝𝑝 ∙
𝐼𝐼𝐼𝐼(𝑡𝑡)
𝑈𝑈𝑐𝑐

 ∙ 

∙ (1 + 𝑡𝑡𝑝𝑝𝑝𝑝 ∙ 𝑇𝑇(𝑡𝑡)) [A] 

 

SOC(a) = 10060 ∙ ∫ 𝐴𝐴(𝑡𝑡)
𝐶𝐶

𝑎𝑎
0 𝑑𝑑𝑑𝑑 + 𝑠𝑠𝑠𝑠𝑠𝑠 [%] 

 

Egrid = 1
60 ∙ ∫ 𝑃𝑃(𝑡𝑡)𝑑𝑑𝑑𝑑1440

0  [kWh] 

 

Epv = 𝜂𝜂∙𝐴𝐴∙𝐿𝐿
1000∙60 ∙ 

∙ ∫ 𝐼𝐼𝑠𝑠(𝑡𝑡) ∙ (1 + 𝐾𝐾 ∙ 𝑇𝑇(𝑡𝑡)1440
0 )dt [kWh] 

 

PEwys = 𝐸𝐸𝑤𝑤𝑤𝑤𝑤𝑤 ∙ 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔−1 ∙ 100 [%] 

 

PEpob = 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝 ∙ 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔−1 ∙ 100 [%] 

 

PEzao = (𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 − 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝) ∙ 

∙ 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔−1 ∙ 100 [%] 

 

 

	 (5)

The integral is calculated in the range from 
0 to 1440 due to the fact that the measurements 
were taken every minute during the entire day, 
based on insolation measurements and the tech-
nical data of the PV installation located in Ta-
ble 1. The above charts in Figure 7 show that 

Figure 6. Algorithm 2 diagram, R – discharge voltage ES V, CH – charging voltage ES V, K – temperature 
coefficient PV %°C–1, C – energy storage capacity Ah, A – area of one PV panel m2, L – number of PV panels, 
η – efficiency of the PV panel %, P(t) – power consumption during kW, J(t) – insolation function during Wm–2, 

T(t) – temperature function over time °C, soc – initial charge state ES %, u – inverter starting value Wm–2\
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for the number of 17 panels, the graph of en-
ergy produced from PV in the period when en-
ergy production is highest coincides more or less 
with the graph of energy taken from the grid, i.e. 
about 35 kWh, which allows assuming that an 
energy storage with a capacity of 37.8 kWh will 
be suitable for operation for a facility with such 
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where:	Ewys – energy sent to the grid on a given 
day taking into account the algorithm a1 
and a2 kWh, Egrid – Equation 4 energy 
taken from the grid without considering 
the PV installation on a given day kWh.

Percentage of energy consumed by the sys-
tem after considering the energy produced by 
PV installations:
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where:	Epob – energy consumed by the system, 
taking into account the energy produced 
by PV Equation 5 on a given day kWh,  
Egrid  – energy taken from the grid by the 
system without taking into account the 
PV installation on a given day kWh. 

Percentage of energy saved due to the use of 
PV and energy storage:
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Thus, in a situation where Equation 8 is close 
to 100 %, the system must have drawn minimal or 
zero energy from the power grid on a given day. 
This implies that the energy taken from the grid 
without considering PV generation Equation 7 is 
also zero.

ANALYSIS OF THE IMPACT OF ENERGY 
STORAGE CAPACITY ON THE EFFICIENT 
USE OF ENERGY PRODUCED BY PV 
INSTALLATIONS

The analysis of the impact of capacity on the 
energy efficiency of the PV installation was first 
carried out for the capacity of 37.8 kWh, because 
on the basis of Figure 7 it can be stated that the 
energy produced at the time when the insola-
tion conditions during the year are the best was 
about 35 kWh. Then the capacity was reduced to 
31.5 kWh in order to check how the installation 
would behave in the situation of reduced capacity.

Table 1. Numerical value of parameters to simulate the 
operation of PV and ES installations

Symbol Unit Numerical value

u Wm-2 100

tpv %°C–1 0,0035

A m2 1.98

L - 17

η % 0,15

Note: The number of panels is assumed to be 
seventeen panels, the other parameters are examples 
of parameters for a PV panel. 

Figure 7. Energy charts
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On the basis of the results of calculations 
and charts, it can be concluded that algorithm 2 
compared to algorithm 1 gave much better re-
sults in terms of efficiency in the use of PV en-
ergy throughout the year. For both the 37.8 and 
31.5kWh capacity, it is clear that the amount of 

energy sent to the power grid was higher for a1 
than for a2. The averaged values in Tables 2 and 
3 for the capacity of 37.8 kWh clearly indicate 
that for a1 a large amount of energy was sent to 
the power grid in the months when production 
from PV installations was the highest, while for 

Table 2. Average values of parameters for individual months a1, capacity of 37.8 kWh
Average values SOCmin SOC24:00 SOCmax Epv Egrid PEwys PEpob PE

Month % % % kWh kWh % % %

January 29.97 30.55 40.02 5.37 37.96 0.00 86.40 13.60

February 30.20 33.28 43.27 6.21 36.42 0.00 82.56 17.44

March 39.12 49.75 66.17 14.66 34.27 2.08 60.73 39.27

April 55.79 68.08 81.95 18.00 32.81 8.25 51.31 48.70

May 78.85 89.39 99.98 27.88 30.94 31.43 38.09 61.91

June 80.99 90.93 100.06 26.73 30.93 29.24 40.23 59.78

July 52.61 76.16 98.04 27.12 30.95 20.24 30.40 69.60

August 64.26 79.61 94.29 27.17 31.47 21.28 32.55 67.45

September 58.99 75.82 93.13 26.45 32.16 15.57 31.45 68.55

October 40.69 51.32 68.42 14.66 34.27 2.08 57.80 42.20

November 30.58 33.55 45.41 6.07 36.43 0.00 79.81 20.19

December 29.97 30.55 40.06 5.38 37.87 0.00 86.35 13.65

Note: A large number of months with an average SOCmax above 90%.

Figure 8. SOC chart (minimum, maximum, end of day) algorithm 1

Figure 9. Graph of energy sent and saved for algorithm 1
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a2 these amounts were noticeably lower. The re-
sults for a1 contained in Figure 8 show that for 
algorithm 1 between days 110 and 193 the energy 
storage did not discharge below the level of 75%, 
similarly for the capacity of 31.5 kWh, where in 

Figure 12 the mentioned period when the en-
ergy storage did not discharge completely was 
extended, while decreasing from 75% to about 
60%. Where for algorithm 2, the difference be-
tween the two graphs shown in Figures 10 and 14 

Table 3. Mean values of parameters for individual months a2, capacity of 37.8 kWh
Average values SOCmin SOC24:00 SOCmax Epv Egrid PEwys PEpob PE

Month % % % kWh kWh % % %

January 29.90 29.92 31.91 5.37 37.96 0.00 86.48 13.52

February 29.98 30.15 33.25 6.21 36.42 0.00 82.26 17.74

March 30.14 32.39 41.93 14.66 34.27 0.00 56.38 43.62

April 30.11 35.18 44.70 18.00 32.81 0.00 44.46 55.54

May 39.83 52.63 68.06 27.88 30.94 0.49 9.29 90.71

June 35.65 46.74 60.25 26.73 30.93 0.00 15.19 84.81

July 36.13 54.68 76.77 27.12 30.95 2.35 15.15 84.85

August 44.55 57.22 71.58 27.17 31.47 3.26 15.13 84.87

September 36.74 49.89 65.79 26.45 32.16 0.00 16.98 83.02

October 30.13 32.39 42.44 14.66 34.27 0.00 55.52 44.48

November 29.98 30.15 33.61 6.07 36.43 0.00 82.08 17.92

December 29.97 29.98 31.97 5.38 37.87 0.00 86.42 13.58

Note: Low average amount of energy sent to the grid and large amount of energy saved. 

Figure 10. SOC chart (minimum, maximum, end of day) algorithm 2

Figure 11. Graph of energy sent and saved for algorithm 2
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was minimal. Tables 4 and 5 containing averaged 
results of the simulation for ES capacity of 31.5 
kWh were similar to those for the capacity of 
37.8 kWh, where the values of energy sent to the 
grid increased, due to the decrease in the capacity 

of ES. This was due to the fact that when fully 
charged, the energy storage during the night dis-
charge did not reach full discharge, so a large 
amount of energy was still stored when charging 
started the next day, which was not the case for 

Figure 12. SOC chart (minimum, maximum, end of day) algorithm 1

Table 4. Mean values of parameters for individual months a1, capacity 31.5 kWh
Average values SOCmin SOC24:00 SOCmax Epv Egrid PEwys PEpob PE

Month % % % kWh kWh % % %

January 29.95 30.66 42.06 5.38 37.87 0.00 86.35 13.65

February 30.24 33.92 45.92 6.21 36.42 0.00 82.57 17.43

March 38.00 49.85 69.11 14.66 34.27 2.66 60.69 39.31

April 50.32 64.81 81.35 18.00 32.81 8.47 52.53 47.47

May 59.24 79.89 98.59 26.65 30.94 16.53 27.47 72.53

June 57.83 78.86 96.28 25.25 30.93 13.15 29.58 70.42

July 60.84 80.46 97.98 27.12 30.95 19.57 30.18 69.82

August 59.00 76.76 94.29 27.17 31.47 21.63 32.74 67.26

September 53.44 72.78 93.09 26.45 32.16 16.39 32.23 67.77

October 36.95 48.20 67.57 13.85 34.27 2.19 60.39 39.61

November 30.22 33.78 47.54 6.07 36.43 0.00 80.38 19.62

December 29.95 30.66 42.06 5.38 37.87 0.00 86.35 13.65

Note: Increase in energy sent to the grid compared to Table 2.

Figure 13. Graph of energy sent and saved for algorithm 1
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a2. For Figures 9 and 13, it is difficult to see an 
improvement in energy efficiency. In turn for a2 
the results contained in Figures 11 and 15 show 
that for this algorithm the best energy efficiency 
was obtained, because the PEzao for this algorithm 
was almost always equal to zero both in terms of 
the capacity of 37.8 and 31.5 kWh. On the other 
hand, comparing the results contained in Figures 
10 and 14, it can be concluded that despite the 
reduction in capacity, full charging of the energy 
storage was rare.

ANALYSIS OF THE OPERATION OF 
A PHOTOVOLTAIC INSTALLATION 	
WITH AN ENERGY STORAGE

For the calculation of the payback time of 
the installation, it was assumed that the price 

for one kilowatt hour is 0.357 PLN ∙ kWh-1 be-
cause this is the lowest energy price recorded in 
2024 in Poland, which allows concluding that 
the installation with the use of a specific algo-
rithm and the number of batteries will certainly 
not pay for itself until the estimated moment. 
It was also assumed that the energy sent to the 
grid is not taken into account in the calculation 
of the payback time of the installation, because 
for the simulation it was assumed that the power 
grid is always able to receive it, but it might not 
be possible for the national energy system due 
to the frequent need to disconnect such instal-
lations due to overproduction of energy. It can 
be added that the PV installations with energy 
storage are designed precisely to prevent energy 
transmission to the grid, as transmission of en-
ergy to the power grid has many adverse conse-
quences for the grid itself and other photovoltaic 

Table 5. Mean values of parameters for individual months a2, capacity 31.5 kWh
Average values SOCmin SOC24:00 SOCmax Epv Egrid PEwys PEpob PE

Month % % % kWh kWh % % %

January 29.96 29.97 32.37 5.38 37.87 0.00 86.42 13.58

February 29.97 30.18 33.90 6.21 36.42 0.00 82.26 17.74

March 30.16 32.87 44.31 14.66 34.27 0.00 56.38 43.62

April 30.13 36.21 47.64 18.00 32.81 0.00 44.46 55.54

May 37.13 51.75 71.00 26.65 30.94 0.76 13.26 86.74

June 32.72 45.24 62.19 25.25 30.93 0.00 19.00 81.00

July 36.16 51.90 69.89 27.12 30.95 1.00 14.88 85.12

August 42.46 56.50 72.85 27.17 31.47 5.11 16.43 83.57

September 36.79 52.35 71.12 26.45 32.16 0.50 18.22 81.78

October 30.16 32.85 44.92 13.85 34.27 0.00 57.80 42.20

November 29.96 30.17 34.32 6.07 36.43 0.00 82.08 17.92

December 29.98 29.98 32.37 5.38 37.87 0.00 86.42 13.58

Note: More energy saved compared to Table 3. 

Figure 14. SOC chart (minimum, maximum, end of day) algorithm 2
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installations located in the immediate vicinity 
of such an installation. 

On the basis of Figures 16 and 17, it can be 
indicated that for a PV installation operating un-
der the a2 algorithm with a 3 × 5 energy storage, 
the shortest payback time of about 14 years was 
obtained. This is the lowest result among all those 
included in Table 6. The difference between the 
price of 37.8 kWh and 31.5 kWh energy storage 

was PLN 1065. The aforementioned difference 
translated into a reduction in the payback time by 
about 1 year for both algorithms. For the variant 
with reduced capacity and with algorithm 2 used, 
a result was obtained that turned out to be lower 
than the operating time of the batteries used in 
the energy storage. Taking into account the fact 
that the batteries contained in the energy stor-
age must be replaced after about 15 years. As the 

Table 6. Cost estimates of a PV installation with energy storage
Item name Quantity Price [PLN] Cost [PLN]

PV panels 17 500 8500

Hybrid inverter 1 6000 6000

Batteries 18 or 15 355 6390 or 5325

Mounting system 1 2500 2500

Wiring, electrical protection - 2000 2000

Labor - 6000 6000

sum 31390 or 30325

Note: The two numbers in the battery row refer to the two capacity variants due to the different number of batteries 
installed 3 × 6 or 3 × 5.

Figure 15. Graph of energy sent and saved for algorithm 2

Figure 16. Payback time of an installation with an energy storage capacity of 37.8 kWh
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batteries for a2 were often charged to less than 
90%, it can be assumed that the battery life op-
erating under such conditions could be even lon-
ger than 15 years. Therefore, on the basis of the 
results, it can be concluded that the cost of such 
an installation will pay off, provided that there is 
no reduction in electricity prices and no fees for 
the transmission of excess energy to the national 
energy system are charged. 

CONCLUSIONS

On the basis of the results of the analysis of the 
impact of capacity on the effective use of the ener-
gy from PV installations and the economic analysis 
of PV installations with energy storage, it can be 
concluded that the a2 algorithm for the capacity of 
31.5 kWh gave the best efficiency results among 
all modeled variants. This efficiency applies to both 
logistical energy management and the return on in-
stallation costs. Better results of a2 are due to the 
sequence of energy transmission, where it is first 
used in the household, and only later, if there is a 
surplus of energy, it can be stored. While for a1, 
the energy was first directed to the energy storage 

and only then to the household after reaching full 
charge, which in the summer meant that the energy 
storage was not able to discharge, hence the worse 
results in terms of energy efficiency. On the other 
hand, from the economic point of view, an energy 
storage system with a reduced value from 37.8 kWh 
to 31.5 kWh turned out to be a better solution based 
on the information in Table 7. The energy storage 
with a capacity of 31.5 kWh was cheaper by PLN 
1065 and this difference for both a1 and a2 resulted 
in a shorter payback time of the installation costs by 
about a year, which, with a difference in energy effi-
ciency and battery life of 15 years, allows conclud-
ing that the use of a2 with a capacity of 31.5 kWh 
is the best solution, because the life of the batteries 
will be longer than the payback time.
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