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Received 12.02.2021 In the paper an economic, ecological and energy analysis of a home photovoltaic on grid installation
Accepted 18.05.2021 was presented. The increase in ecological awareness of the Polish society contributes to the continuous
Available online 14.06.2021 growth of interest in green energy. However, many people haven’t been aware of the ecological, eco-
Keywords nomic and energy benefits of photovoltaic installations yet, so the following analysis is made. The
solar panel analysis concerns a photovoltaic installation with a capacity of 3.96 kWp located in O$cieciny near
renewable sources of energy Wioctawek. The photovoltaic installation consists of 11 monocrystalline panels with a power of 360
inverter Wp, a 4 KTLM Sofar Solar inverter and other necessary components. The first part presents basic

issues related to photovoltaic installations. Parameters related to the proper functioning of the photo-
voltaic installation were replaced. The analysis of the literature will help to understand the essence of
the proper functioning of the photovoltaic installation. In the practical part, an analysis of a selected
home photovoltaic installation was carried out. Based on the available data, it has been calculated that
the installation will have a payback period of over 9 years. The photovoltaic installation will produce
approximately 3 582.61 kWh of electricity and will contribute to the reduction of 70 tons of carbon
dioxide during the entire operation.
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1. Introduction amounted to 51.86 GW, which means that the share of renew-

L . o able energy sources (RES) in the energy sector is 12.5%. In
n housgh_olds, _electrlcny consumption is steadily INCreas-  the RES sector, photovoltaics ranks second (after wind farms)
ing, electricity prices are also rising, and the government in jn, the production of electricity in Poland. In 2020, the highest
Poland has committed to shutting down some coal-fired power monthly production was in April, and the daily production was

plants by 2030 in order to meet climate goals. It may cause  on August 12, that day, photovoltaic installations produced
that in the future we will have a problem with the deficitin 12 3 Gwh of electricity (PSE data).

electricity.
However, Poland's environmental awareness is growing

year by year, and more and more people are aware of the con- 5000
sequences of producing energy from non-renewable fuels 4000
(Ulewicz et al. 2021; Tutak et al. 2020). Therefore, for envi-

ronmental and economic reasons, more and more people are = 3000
investing in home photovoltaic installations and thus becom- E 2000
ing producers of electricity for their own needs, i.e. prosumers =

(Figure 1). § 1000

At the end of December 2020, the installed capacity for pho- & 0 - = m B I

tovoltaics in Poland was 39.670 MW. This means an increase
of over 200% compared to December 2019. The installed ca-
pacity for all renewable energy sources in December

2015 2016 2017 2018 2019 2020
Year

Fig. 1. Photovoltaic market in Poland (The data taken from the
Institute of Renewable Energy)
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The helioelectric method is based on the direct conversion
of solar radiation energy into electricity, using photoelectric
cells. The material used to build photovoltaic cells are crystal-
line or amorphous semiconductors, usually silicon (Si). In or-
der to produce the photovoltaic effect, phosphorus or boron
are added to the silicon crystal. By adding phosphorus to sili-
con, n-type silicon is obtained, and by doping silicon with bo-
ron, p-type silicon is obtained. Plates p and n pushed together
form a p-n junction. When the light radiation absorbed in the
area of the joint and in the material adjacent to the area on both
sides of the joint has an energy greater than the band gap, elec-
tron-hole pairs are formed which are separated by the electric
field of the joint. The separated minority carriers on one side
of the junction become majority carriers with an infinite life-
time on the other side, generating potential differences. After
the circuit is closed, a current flows in it (Mrozinski and
Flizikowski, 2016; Mrozinski and Piasecka, 2016).

Nevertheless photovoltaic cells have both advantages and
disadvantages. The main advantages include their long-term
and failure-free operation, which allows to significantly re-
duce the emission of harmful compounds, causing dangerous
respiratory diseases. The disadvantages of PV cells mainly
concern their production, as it is energy-consuming, which in
turn entails the emission of harmful combustion products. The
last phase of the life of photovoltaic modules may also be a
problem due to the presence of heavy metals in PV panels. The
advantage of this branch of energy is the inexhaustibility and
unlimited availability of solar radiation. The disadvantage is
the uneven intensity of solar radiation depending on latitude,
time of day or year, and the still high cost of the devices used
(Piasecka et al., 2021).

The results of the presented analysis may be useful in de-
signing intelligent buildings in terms of their thermal comfort
(Majewski et al., 2020), as well as in methodological issues
related to the assessment of repeatability (Szczotok et al.,
2017).

The main aim of the work is analyzing the principle of op-
eration of a selected home photovoltaic installation. On the
basis of the main goal, authors tried to assess the economic,
environmental and energy benefits of the selected photovol-
taic installation. At the very beginning, the literature was ana-
lyzed. During the analysis of the literature, the aim was to
evaluate the necessary components affecting the correct oper-
ation of the photovoltaic installation.

2. Literature review

The principle of operation of the photovoltaic installation is
as follows. The intensity of solar radiation sends photons to-
wards the PV panels, which are absorbed by the photovoltaic
cells. The generated DC current through the wires is directed
towards the inverter, where the DC current is converted into
AC current. Then, the alternating current supplies the receiv-
ers or is fed into the power grid or charges the batteries. The
installation consisting of batteries must have a battery charg-
ing and discharging controller that will control over-charging
and discharging of the batteries. Currently, the technology of
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photovoltaic installations with batteries is not popular in Po-

land due to the high price of batteries. Below a literature re-

view of the most important components of photovoltaic instal-
lations was presented.

The most important element of photovoltaic installation are
photovoltaic cells that converts directly the energy of solar ra-
diation into electricity of direct current. These cells are con-
nected in series and placed in the housing to form a photovol-
taic module. According to the general classification, cells are
divided into three generations (Mrozinski and Flizikowski,
2016; Szymanski, 2020):

e | generation cells, which are produced on the basis of
crystalline silicon wafers (currently they have the largest
share in the sales market), the advantage of these cells is
the prevalence of silicon, good adaptation to photovoltaic
conversion and efficiency up to 22%.

e |l generation cells are thin-film cells that are cheaper to
produce and can be made of amorphous silicon, polycrys-
talline cadmium telluride. The efficiency of this type of
cells is about 10-15%. The main disadvantage of the sec-
ond generation cells is the LID effect (light induced deg-
radation), i.e. fast but short-term degradation under the in-
fluence of solar radiation. The decrease for this type of
cells reaches several dozen percent of the nominal power,
usually 10-30%, therefore the power given by the manu-
facturers applies to the state after degradation.

o Il generation cells are cells consisting of two or more ma-
terials with different energy gaps, each of which absorbs
this part radiation, which it can most effectively convert
into electricity. The advantage of these cells is low cost
and simplicity of production. The main disadvantage is
low efficiency and short service life.

As mentioned, the most popular are the first generation cells
made of crystalline silicon cells. Generating electricity thanks
to silicon photovoltaic cells is possible by creating a p-n type
semiconductor junction in a silicon wafer. Under the influence
of solar radiation, incident photons with an energy greater than
the width of the semiconductor gap create an electric current.
In this way, the wave and corpuscular properties of light be-
come visible. The wave properties dominate the interactions
related to reflection, refraction, diffraction, scattering, polari-
zation, and the particle properties dominate in absorption,
emission and luminescence (Corcelli et al., 2017).

Most PV cells are based on P-type silicon, which means that
boron is added making the material a P-junction. The N junc-
tion is formed by sputtering phosphorus on the wafer surface.
It is believed that N-type cells will be more popular in the fu-
ture, as they eliminate the LID phenomenon and are less sen-
sitive to pollution (Wrzesinski, 2017).

The | generation PV cells and modules are divided accord-
ing to the degree of silicon crystallization into monocrystalline
and polycrystalline. Monocrystalline cells are made of a single
crystal of silicon and have a higher efficiency than polycrys-
talline panels by about 5%. Crystalline silicon does not occur
in nature. It is produced by various methods, the most popular
method is the method developed by the Polish scientist Jan
Czochralski. It consists in removing a single crystal from lig-
uid silicon with the addition of boron, formed in the form of a
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cylinder, and then cutting it into plates (type P), with a radius
of several centimeters. Monocrystalline cells are dark blue to
black in color, often with rounded corners. The photovoltaic
module with polycrystalline cells is made of polycrystalline
silicon. starting material is a block of silicon weighing approx-
imately 100 kg, formed in a furnace by a melting and directed
crystallization process. The block is divided into solids and
then cut into square tiles. Polycrystalline cells are light blue in
color with visible crystal edges (Mrozinski and Flizikowski,
2016; Tytko and Géralczyk, 2013).

The PV cells in the module are connected by means of a thin
metal strip, whose task is to conduct electricity. The silicon
PV cells on the front and back sides have a prepared area for
soldering these tapes, called the busbar. Initially, two busbars
were used, but it has been noticed that more busbars increase
the efficiency of the modules. Modules with more busbars
have less stresses developed during the soldering of the strip.
Which increases safety against the appearance of microcracks
and slower degradation of the module. Another advantage of
more busbars is that the distance the electrons have to travel is
reduced, resulting in less losses (Goe and Gaustad, 2014).

After the PV cells are connected, they are laminated to pro-
tect them from damage. In the lamination process, connected
links are placed between the encapsulating material and the
pane. To increase the power of a photovoltaic generator, sev-
eral modules are connected in parallel, in series or in series-
parallel, thanks to this connection it is possible to obtain gen-
erator power up to several megawatts (Tytko, 2020).

The power of photovoltaic modules depends on the electri-
cal parameters and environmental conditions. The most im-
portant is the intensity of solar radiation and the operating tem-
perature of the module. All parameters of the modules are
included in the catalog card, determined for specific test con-
ditions, the so-called STC conditions. The STC conditions in-
dicate under which conditions the efficiency of the modules was
tested, these conditions are based on the PN-EN 61853-1: 2011
standard. The STC conditions say that the module has a max-
imum power at an intensity of 1000 W/m?2, a temperature of
25°C and for a radiation spectrum for an atmosphere thickness
of 1.5. Usually, modules do not work in such conditions, there-
fore most manufacturers provide cell operating conditions in
nominal NOCT conditions. The tests determine the tempera-
ture at 20°C, radiation intensity 800 W/m?, solar radiation
spectrum for the atmosphere thickness of 1.5 and wind speed
1 mfs.

In the Figure 2 there can be seen change the current depend
on the solar radiation (E) in constant temperature (T = 25°C).
The low solar radiation is cause of descend the maximum
power point (MPP), which results in a reduction of electricity
production.

Another important parameters of PV modules are the short
circuit current (ls), the current at the maximum power point
(Impp), the open circuit voltage (Vo) and the voltage at the
maximum power point (Vmpp). By multiplying the current at
the maximum power point (Impp) and the voltage at the maxi-
mum power point (Vmpp), the maximum power of the module
(Pmax) under given environmental conditions will be obtained.

ARCHIWUM INZYNIERII PRODUKC]JI

92

These parameters strongly depend on the intensity of solar ra-
diation. As the solar radiation intensity level decreases, the
Impp @nd lsc currents decrease. In turn, solar conditions will
have a small effect on the voltage of the module. Changing the
current value will consequently change the power of the PV
module.
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Fig. 2. Influence of solar radiation intensity on the power of
a photovoltaic panel (developed on the basis of Mrozinski and
Flizikowski, 2016)

The factor that affects the power of photovoltaic modules is
temperature. Temperature affects the vibrations of the atoms
of the crystal lattice that builds the photovoltaic cell. The vi-
brations of the network hinder the flow of current, which re-
duces the electromotive force. As the temperature rises, the
power of PV modules will decrease. Therefore, it can be seen
that PV modules have the highest production in the spring sea-
son than the summer season. The indicator informing about
the decrease in power with increasing temperature is provided
by the temperature indicator of power. The lower the temper-
ature power index, the lower the power loss with increasing
temperature. There are differences between the types of mod-
ules in the value of the maximum power temperature index.
As a rule, thin-film modules lose half slower power with in-
creasing temperature than mono or polycrystalline modules.
The cell temperature depends on the radiation intensity, wind
speed, air temperature and installation assembly. In the sum-
mer, the temperature on the surface of the modules can be up
to 70°C, therefore, incorrect installation of the module on the
roof without the possibility of free air flow may cause signifi-
cant drops in the installation power (Szymanski, 2020;
Wrzesinski, 2017).

The quality of the module is indicated by the fill factor (FF),
which is the ratio of real power to apparent power. Solar cells
are sold in three main quality classes:

e grade A cells without flaws,
e grade B cells with few flaws,
e grade C cells with numerous flaws
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The fill factor is calculated using the formula placed in Figure 3.
The higher the cell class, the higher its power and quality. A
perfect PV cell has a shunt resistance Ry, that goes to infinity
and a series resistance that goes to 0. If the shunt resistance
drops, it is due to a failure of the photovoltaic cell. Grade A
photovoltaic modules should have a fill factor above 0.75,
grade B cells within 0.7-0.72, grade C cells with a fill factor
between 0.6 and 0.7 (Mrozinski and Piasecka, 2016).
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Fig. 3. Current-voltage characteristics of a photovoltaic module
(developed on the basis of Mrozinski and Piasecka, 2016)

What current or voltage will flow from the modules to the
inverter depends on how the PV modules are connected and
the weather conditions. When connecting modules in parallel,
it should be remembered that it causes an increase in the in-
tensity of the flowing current, in turn the voltage is equal to
the nominal voltage of one PV module (Figure 4). Serial con-
nection of PV modules increases the voltage, while the current
remains equal to the nominal current of one PV module (Figure
5). In installations, avoid combining photovoltaic modules with
different electrical parameters or different manufacturers.
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Fig. 4. Parallel connection of photovoltaic panels (developed on the
basis of Mrozinski and Flizikowski, 2016 )

Another important element of a photovoltaic installation is an
inverter, whose task is to convert electricity from photovoltaic
modules that produce direct current into alternating current, with
parameters compliant with the public grid (230/240 V, 50 Hz). In
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addition to the current conversion, the inverter performs con-
trol, safety and installation monitoring functions. These de-
vices can be divided into transformer and transformerless.
Transformer inverters have a transformer that separates the
DC side from the AC side. The inverters can be divided de-
pending on the cooperation with the network or off gird in-
verters are devices that do not cooperate with the power grid
and do not introduce electricity into it. The surplus energy is
stored in batteries. On grid inverters are devices that synchro-
nize with the public grid, thus feeding energy into the grid.

1[A]a

T =CONST

E=CONST

»

Usoc U[V]

Ulioc Uzoc

Fig. 5. Series connection of PV modules (developed on the basis
of Mrozinski and Flizikowski, 2016)

The efficiency of the inverter depends on the degree of load
and voltage level. Therefore, manufacturers of inverters pro-
vide the efficiency characteristics of inverters as a function of
load and voltage level on the DC side. The inverter works op-
timally when it is loaded in the range of 20-80% of nominal
power, while lowering the power below 20% causes a rapid
decrease in efficiency. This device can operate within the
specified DC voltage range. The starting voltage Vst is above
the minimum operating voltage Vmin but below the voltage
Vmppt-min. Means that when the voltage on the DC side exceeds
Vs, the inverter will switch on and start looking for the max-
imum power point. As long as the voltage does not exceed
Vmppt-min, the inverter will not be able to run at its nominal
power.

Modern inverters allow to measure a wide range of their
work. They allow to read the amount of electricity produced,
it is possible to read DC input, AC output, inverter operating
status and errors. The computerized monitoring system allows
to see the inverter operation alarms, which are sent to the user
by e-mail or text message about problems with the installation.
These devices most often communicate using the Modbus
RTU interface, some communicate using Modcus TCP, and
the new trend is the use of power line communication (PLC).
As part of wireless communication, it is possible to communi-
cate using Bluetooth or Wi-Fi (Tytko, 2020).

The cables in a photovoltaic installation are often over-
looked when optimizing an installation. Cabling is low cost in
relation to the value of the installation. It is worth noting that
there should not been savings on this component, because any
damage may result in the need to disassemble and reassemble
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the entire cabling, which is associated with high costs. For this
reason, the best quality cables with a high safety factor, high
resistance to UV radiation, humidity, low and high tempera-
ture should be used. It is worth to route the cables and protect
them with a special cover. The conductors on the DC side are
different to the conductors on the AC side. The cable on the DC
side has a larger outer diameter due to thicker insulation. The cable
should have a silver core, which proves that the copper wires are
tinned (Lelek etal., 2016).

The photovoltaic installation should also be properly se-
cured so as not to cause dangerous situations that threaten the
lives of residents who use it, or damage to the system element.
The installation should be overcurrent protected on the DC
side with fuses, whose task is to break the circuit in the event
of too high current flow. It is not recommended to use AC
fuses as they may not fulfill their function. Fuses for PV in-
stallations are characterized by a very short circuit break time
when a certain current level is exceeded. These devices should
have gPV characteristics. The PN-HD 60364-7-712:2016
standard makes it possible to bypass overcurrent protection on
the DC side when the installation consists of one or two strings
of PV panels connected in parallel. On the AC side, it is im-
portant to use an overcurrent breaker in the event of a short-
circuit current on the mains side. For this purpose, type B
overcurrent circuit breakers are used. They are fire protection
elements, so it is important that their operation time is quick.
The maximum tripping time cannot be longer than 0.2 s. The
installations also use the residua current device. Provides pro-
tection against electric shock. Type B RCDs should be used
that detect leakage current, sinusoidal, direct, pulse. The
standards stipulate that RCDs are not to be used when the in-
verter has an AC-DC separation transformer. The individual
elements of the photovoltaic installation should be protected
against lightning. It is important to use appropriate insulation
gaps, i.e. the free space between the elements of the lightning
protection system and the elements of the photovoltaic instal-
lation. The assembly of the lightning protection system is com-
bined with the use of appropriate surge protection (Tytko, 2020;
Szymanski, 2020).

3. Experimental

The analyzed photovoltaic installation is a home on grid in-
stallation located on the roof of a single-family building, inhab-
ited by two adults in Osigciny. The installation uses 11 mono-
crystalline the Longi Solar modules with a power of 3.96 kWp
and an efficiency of 19.3%. They were attached at an angle of
30° to the horizontal and azimuth of 130°. Longi Solar mod-
ules are made of cells cut in half (called half cut). As a result,
there are no 60 cells in the module, only 120, this slight change
allows you to get about 5-10 Wp more power from the PV
module. Another noteworthy effect is the reduction of the
power loss on the PV cell-PV module line, which results in an
increase in efficiency in periods of high insolation, i.e. an in-
crease in the fill factor and higher module efficiency. These
modules are based on PERC type cells, which can be trans-
lated as cells with bottom emitter passivation. The backward
passivation of the emitter reduces the attraction of electrons to
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the aluminum electrode and causes sunlight to be reflected
back into the cell. In the Table 1 the basic parameters of 360
Wp photovoltaic panels by Longi Solar was shown. The man-
ufacturer both presented the electrical parameters for the STC
and NOCT conditions. It is clear that these parameters differ
from each other. It is worth noting that the power for real con-
ditions is 93.3 W lower than for laboratory conditions.

Table 1. Parameters of panel Longi Solar 360 Wp

Electrical and Mechanical Characteristic
STC NOCT

Maximum Power (Pmax, Wp) 360.00 266.70
Open Circuit Voltage (Voc, V) 40.90 38.20
Short Circuit Current (Ise, A) 11.20 9.03
Voltage at Maximum Power (Vmpp, V) 33.70 31.10
Current at Maximum Power (Impp, A) 10.69 8.57
Module Efficiency (%) 19.30
Operational Temperature 40°C- 85°C
Nominal Operating Cell Temperature 45°C +£2°C
Front Side Maximum Static Loading (Pa) 5400
Rear Side Maximum Static Loading (Pa) 2400
Temperature Coefficient of Pmax +0.057%/C
Temperature Coefficient of Voc +0.286%/C
Temperature Coefficient of ls +0.370%/C
Hailstone test 25 mm Hailstone at

the speed of 23 m/s

The quality of the module is indicated by the fill factor (FF),
which is the ratio of real power to apparent power The fill fac-
tor (FF) for the STC and NOCT conditions is:

Impp * Vmpp —0.77

Voc * Ise

@

FFnocr =

Isc- the short circuit current, Impp - the current at the maximum power
point, Voc - the open circuit voltage, Vmpp -the voltage at the maxi-
mum power point
I -V
—PP__TPP = 0.79
Voc * Isc

@

FFsrc =

It can be seen that the fill factor for the STC and NOCT
conditions is different. However, in both conditions it is more
than 0.75 (Formula 1 and 2), which means that the cells were
made of high quality materials.

The manufacturer assures that the power of the modules will
drop 0.37%/C. The panel will withstand a static strength on
the front side of 5400 Pa, a static strength on the rear window
2400 Pa. They are resistant to hailstones with a diameter of 25 mm
and speeds of 23 m/s.

The installation uses the Sofar Solar 4KTLM one-phase in-
verter. This type of inverter converts the direct current gener-
ated by the photovoltaic modules into alternating current. The
generated electricity goes to the home network to supply the
receiver and the excess electricity goes to the power grid,
which becomes a virtual electricity storage. This energy can
be retrieved from the grid on days with low insolation or at
night when the installation has low efficiency. It is worth em-
phasizing that in Poland there is a discount system in the ratio
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of 1: 0.8, so investors can receive energy with a 20% loss on
storage.

The installation includes protections in the form of overvolt-
age limiters, overcurrent switches, DC and AC switchgear and
earthing rod.

An application was used as a research method. The applica-
tion allows to monitor the photovoltaic installation via the
website home.solarman.cn (after logging in). You must first
create an account, then after entering the data related to the
photovoltaic installation, i.e. position, azimuth, angle of incli-
nation and power, you can start monitoring the installation.
Based on the monitoring of the installation, you can plot a
graph of electricity production in individual months, during
the day and year of operation of the installation. After entering
the data, the installation allows to calculate the amount of CO,
emission reduction and the economic benefits. Thanks to the
monitoring of the installation, it was possible to conduct an
economic, ecological and energy analysis of a home photovol-
taic installation.

4. Results and discussion of exploitation

One of the phases of the exist-
ence of a technical object is oper-
ation. Exploitation is a process
that includes two phases - the use
of an object and its operation.
Most module manufacturers on
the market ensure that their mod-
ules have a service life of approx-
imately 25 years. This does not
change the fact that the use of a
photovoltaic installation is asso-
ciated with its operation in order
to ensure its proper suitability.
The most important task during

Energy consumption [kKWh]
(=)

(=]

the operation of a photovoltaic 0
installation is to satisfy the user

with electricity. In the next part,

the operational analysis of the

home photovoltaic installation

was performed.

4.1. Energy benefits of operating a photovoltaic
installation

If the photovoltaic generator is correctly selected, it should en-
sure the full energy demand of a residential building. Taking into
account that in Poland, on average, one person uses 1200 kWh,
the daily value is approximately 3.3 kWh. The analyzed instal-
lation was installed in August 2020, the diagram on the Figure
6 shows electricity production in the months from August
2020 to January 2021. According to the data presented in the
diagram, it can be seen that the installation in 2020 produced
213.77 kWh and in 2021 5.6 kWh, i.e. a total of 219.37 kWh. In
the Figure 6 it was shown that the highest production was in
October, therefore the analysis of the efficiency of the photo-
voltaic installation for this month was analyzed.
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Fig. 6. Electricity production in individual months

The diagram of electricity production on individual days is pre-
sented the Figure 7. From the data taken from the chart, it can be
stated that the production in this month was 102.54 kWh.

910111213141516171819202122232425262728293031
Days

Fig. 7. Energy production on individual days of October

Assuming that the average insolation in October is 1.54 KWh / m?
and using the Formula 3, it is possible to calculate the amount of en-
ergy that can be, obtained with a photovoltaic installation. The for-
mula takes into account the inefficiency in absorbing solar ra-
diation, therefore it was multiplied by the factor 0.75.

E=P,-0.75-]:S'n ©)
E - energy obtained from the photovoltaic installation, Pm - power of

photovoltaic modules, J - solar radiation flux density, S - surface of
photovoltaic modules, n - number of photovoltaic modules.

Using the Formula 3, it can be calculated that for the power of
3.96 kWp of photovoltaic panels and the insolation of 1.54 kwh /
m? and for modules with an area of 1.87 m? (1.776 x 1.052 m) and
the average value of insolation is:
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E=3.84-0.75-154-187-1=91.33kWh (4)

This result shows that the photovoltaic modules produced
about 12% more electricity. Based on the assumption that a
person consumes 3.3 kWh per day, it can be concluded that
for about 15 days the installation provides the building's total
electrical demand.

Using Formula 5, it is possible to calculate the amount of en-
ergy produced by the installation for different modules.

] Pp WW
=

Q)

EI'Z

Er. - real energy of the installation [kWh], J — insolation [KWh/m?],
Pm - power of photovoltaic modules [kW], WW — performance ratio,
I - radiation intensity STC [1 kW/m?]

In order to calculate the real energy, a performance ratio, an
insolation, a power of photovoltaic modules must be estab-
lished. The study assumes an average insolation of 1000 kWh
/m?, an installation power of 3.96 kW, the performance ratio
is still unknown. It is possible to estimate it by determining all
losses of the installation. There are losses in the installation
(Szymanski, 2020):

e  cabel losses approx. 1%,

e inverter losses approx. 3-7%,

e panel losses due to temperaturg approx. 4-8%,

o losses due to work at low intensity of solar radiation, ap-
prox. 1-3%,

losses due to shading, dirt approx.1-5%,

o losses due to current mismatch in PV panels approx.1%,
e losses on bypass diodes approx. 0.5%.

The performance ratio for the analyzed installation is 83%,
for installations optimized in every detail it can be even 88%,
in the case of weak components this ratio can be at the level
of 75%. On the basis of the established the performance ratio,
it is possible to determine the real energy for the discussed in-
stallation and for the most and the least effective.

Real energy for the discussed installation:

1000-1.09-3.96-0.83 (6)
rz = 1 = 3582.61kWh
Real energy for the best optimized installation:
1000-1.15-3.96-0.88 (7)
rz = 1 = 4007.52 kWh
Real energy for an installation with weak components:
1000 1.09-3.96 - 0.75 (8)
= = 3237.30 kWh

rz 1

The insolation was multiplied by the correction factor, for
the analyzed installation it is 1.09, and for the installation ori-
ented towards the south it is 1.15. Based on the results, it can be
determined that the installation will produce approximately
3582.16 kWh of electricity (Formula 6), approximately 424.91
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kWh less electricity than the most efficiently optimized installa-
tion (Formula 7), and 345.31 kWh more electricity than the in-
stallation with weak components (Formula 8).

4.2. Ecological benefits of operating a photovol-
taic installation

Assuming that 1 kWh emits 700 g of CO; (the emission in-
dex for 2020), in October the analyzed installation reduced
carbon dioxide (CO2) emissions by 71.78 kg. The life cycle of
a photovoltaic installation is assumed to be around 25 years.
In the Table 2 an estimate of the carbon dioxide reduction over
the entire life cycle of the PV plant was presented. The table
includes a 0.5% decrease in the production of solar panels
each year. In 2020, the installation reduced 149.64 kg carbon
dioxide due to the fact that it did not start up until August. In
the following years, taking into account the decrease in the in-
stallation capacity, a total of 70 tons of carbon dioxide will be
reduced.

Tab. 2. Reduction of carbon dioxide in individual years of operation
(own research)

Reduction of CO2
Year Reduction [kqg] Year Reduction [kg]
2020 149.64 2033 2605.68
2021 2772.00 2034 2591.82
2022 2758.14 2035 2577.96
2023 2744.28 2036 2564.10
2024 2730.42 2037 2550.24
2025 2716.56 2038 2536.38
2026 2702.70 2039 2522.52
2027 2688.84 2040 2508.66
2028 2674.98 2041 2494.80
2029 2661.12 2042 2480.94
2030 2647.26 2043 2467.08
2031 2633.40 2044 2453.22
2032 2619.54 2045 2439.36

Nevertheless, it is worth emphasizing that photovoltaic in-
stallations in the operation phase do not affect harmful to the
environment. The environmental analysis should also include
the phase of production and waste menagement of the photo-
voltaic installation. The authors of the article entitled Eco-En-
ergetical Life Cycle Assessment of Materials and Components
of Photovoltaic Power Plant, Energies present the impact of a
photovoltaic installation in various phases of its existence. The
authors emphasize that the production phasa and waste man-
agement in the form of landfill storage had the greatest impact
on the environment. Recycling of photovoltaic waste would
reduce the impact in this phase of the life cycle. The produc-
tion of photovoltaic modules causes emissions to the environ-
ment of hazardous compounds for humans, including sulfur
dioxide and oxide, nitrogen oxide and solid particles of less
than 10 pm.


https://pl.bab.la/slownik/angielski-polski/entitled
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4.3. Economic benefits of operating a photovoltaic instal-
lation

Investing in renewable energy sources is associated with
certain costs. In Poland, there are several forms of co-financ-
ing in renewable energy sources, including: my electricity pro-
gram, thermo-modernization relief, clean air program or pref-
erential loans for the purchase of a renewable energy source.
In the discussed case, the purchase of a photovoltaic installa-
tion with a capacity of 3.96 kWp was associated with costs of
PLN 23 549.49 (€5 153.10). Investors took advantage of the
My current program PLN 5 000 (€1 094.10) and PIT thermo-
modernization relief PLN 3 152.00 (€689.71). The Table 3
shows the costs and income from the photovoltaic installation
in the various years of operation of the photovoltaic installa-
tion. The revenue column takes into account the savings
caused by electricity production, they differ, as the installation
loses about 0.5% of its efficiency each year. In the first year,
the income amounted to PLN 8 295.23 (€1815.1) because sub-
sidies and no need to purchase 213.17 kWh electricity were
included. The costs’ column includes the annual service of the
photovoltaic installation, about PLN 250.00 (€54.70) per year,
fees related to connection to the grid, about PLN 19.60 (€4.29)
per month (these are fixed fee, power fee, transition fee and
subscription fee) and replacement of the inverter after about
15 years of its use.

Tab. 3. Costs and income from the photovoltaic installation (own re-
search)

Year Income [PLN] | Costs [PLN] Opera[tI;oLnﬁI] profit
2020 8295.23 23582.68 -15287.50
2021 2122.56 485.20 1637.36
2022 2111.95 485.20 1626.75
2023 2101.33 485.20 1616.13
2024 2082.76 485.20 1597.56
2025 2069.50 485.20 1584.30
2026 2056.23 485.20 1571.03
2027 2042.96 485.20 1557.76
2028 2029.70 485.20 1544.50
2029 2016.43 485.20 1531.23
2030 2003.16 485.20 1517.96
2031 1989.90 485.20 1504.70
2032 1976.63 485.20 1491.43
2033 1963.37 485.20 1478.17
2034 1950.10 485.20 1464.90
2035 1936.84 5735.20 -3798.36
2036 1923.57 485.20 1438.37
2037 1910.30 485.20 1425.10
2038 1897.04 485.20 1411.84
2039 1883.77 485.20 1398.57
2040 1870.51 485.20 1385.31
2041 1857.24 485.20 1372.04
2042 1843.97 485.20 1358.77
2043 1830.71 485.20 1345.51
2044 1817.44 485.20 1332.24
2045 1804.18 485.20 1318.98
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Net Present Value (NPV) can be calculated from the table
data, thanks to this, it is possible to assess whether the invest-
ment in photovoltaics is profitable. The Formula 9 allow to
calculate NPV:

CF._,
1+t °

n
NPV = Z
t=1

NPV- net present value, CFt — cash flow (net) for the period t, r —
discount rate, lo — initial outlay, t- subsequent periods (usually years)
of exploitation of the investment.

)

Using the excel spreadsheet, it was calculated that NPV is
PLN 16 320.67 (€3 571.26). This means that NPV > 0, the in-
vestment is profitable.

Based on Formula 10, it can be calculated the payback pe-
riod for the investment in a photovoltaic plant:

No
T=t+—
P

(10)
T - payback period, t - the last year at the end of which the expendi-
ture is not reimbursed, No - outlays not reimbursed at the end of the
year t, P- net revenues in the next year.

Using Formula, it has been calculated that the payback pe-
riod is around 9 years (Formula 11):

T—t+N°—9+
=t+p=

462.88
1517.96

= 9.3 years (11)

5. Summary and conclusion

The research goal was achieved through the analysis of the
home photovoltaic installation. The research allowed to ana-
lyze the ecological, economic and energy aspects of a home
photovoltaic on grid installation.

At the beginning of the work, literature analyzes related to
the photovolataic installation were carried out. It can be con-
cluded that in Poland the interest in photovoltaic installations
is increasing year by year. Poles deepen their environmental
awareness and invest in renewable energy sources. This can
be stated on the basis of the data published by the Polish Power
System (PSE). The data indicate that in 2020 the installed ca-
pacity of photovoltaic installations was 39.670 MW. Which
means that photovoltaics ranks second in the production of
electricity, taking into account all renewable energy sources.
This may be due to the fact that in 2020 we had various sup-
port measures for this type of investment in Poland. Poland,
as well as other member states of the European Union, invests
billions of zlotys every year to develop renewable energy
sources. By 2030, it has adopted the goal that renewable en-
ergy sources will produce energy at the level of 27%. | cannot
fill it, it is a high-level goal, because now renewable energy
sources produce about 12.5% of energy. Poland still has a long
way to go to reduce energy production from non-renewable
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energy sources. It would be worth creating new support pro-
grams for investors, in particular for people who consume
electricity the most, i.e. farmers and companies.

The main advantages include their long-term and failure-
free operation, which allows to significantly reduce the emis-
sion of harmful compounds, causing dangerous respiratory
diseases.

The biggest disadvantage of photovoltaic modules is their
energy-intensive production, which in turn causes the emis-
sion of harmful combustion products. The last stage of the life
of PV modules can also be a problem due to the presence of
heavy metals in PV panels. Another disadvantage of photovol-
taic panels is their low efficiency in converting radiation en-
ergy into electricity. All over the world, research is being car-
ried out to increase the efficiency of converting energy
radiated into electricity.

The analysis of the literature showed that photovoltaic in-
stallations seem to be simple systems, but in fact they are not.
Improper selection of a component may contribute to prob-
lems with the operation, production or exploitation of photo-
voltaic installations. Efforts were made to replace all the nec-
essary elements of the photovoltaic installation to show what
it should look like. Each of the above-mentioned elements is
important because their mismatch may reduce the efficiency
of the installation, and thus the production of electricity. Nev-
ertheless, the panels and an inverter play an essential role in
the overall design. Not only functional but also economical.
There are many producers of photovoltaic panels and inverters
in Poland and around the world. Many people have a problem
with choosing the right PV array. Attempts were made to show
what parameters to look at in order to choose the right type
and model of the panel. Before buying, the investor should
look at the parameters of the solar panel, such as: short circuit
current (Isc), the current at the maximum power point (Impp),
the open circuit voltage (Voc) and the voltage at the maximum
power point (Vmpp), the temperature indicator of power and fill
factor, which indicates the quality of the photovoltaic cell.

The attention should be paid to the safety of the installation
so that it has all the necessary security measures and that they
comply with the standards. Improper protection of the instal-
lation may cause damage to some element of the installation
or fire. Therefore, it is worth paying attention to safety that the
installations should be installed by specialists in this field.

In the practical part, the operation of a home photovoltaic
installation was analyzed. The analysis used applications
monitoring the photovoltaic installation, thanks to which the
analysis was possible. As mentioned in the literature, it was
possible thanks to the inverter, which has the function of con-
necting to the Internet. This installation was mounted on a ga-
ble roof facing east. During the analysis, the parameters of the
Longi Solar monocrystalline panel, being a component of the
tested installation, were examined. It can be concluded that it
is a high-quality photovoltaic cell, because the fill factor was
at the level of FFnoct = 0.77 and FFstc = 0.79, also the cells
used in these panels have a low power temperature index
(0.37% / C), which makes it more resistant to high air temper-
atures. These panels were also manufactured in the hut cut and
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PERC technology, which contribute to increasing the effi-
ciency of the cells and greater resistance to shading. The panel
will withstand a static strenght on the front side of 5400 Pa, a
static strenght on the rear window 2400 Pa. They are resistant
to hailstones with a diameter of 25 mm and speeds of 23 m /s.
Thanks to this strength, the panels are protected against ex-
treme weather conditions.

The results show that having a photovoltaic installation un-
doubtedly affects the ecological, economic and energy bene-
fits. The data on energy production in October was used dur-
ing the analysis. October is not the most favorable month for
high efficiency photovoltaic installations in Poland. Despite
this, the installation produced 12% more electricity than the
average data show and satisfied the electricity for 15 days of
residents. Based on the available formulas, it was calculated
that the photovoltaic installation will generate 3582.61 kWh
electricity annually. Another benefit is the reduction of CO,,
thanks to the installation it was possible to reduce about 71.78
kg of carbon dioxide in October. About 70 tons of carbon di-
oxide can be reduced over the life cycle. The constant increase
in electricity prices brings the economic benefits of having a
photovoltaic installation. In October, the installation allowed
to save PLN 142.82 (€31.25) assuming the electricity price of
PLN 0.67 (€0.15) per kWh. During the economic analysis, cal-
culations related to the profitability of the photovoltaic instal-
lation were made. The net present value (NPV) calculation
shows that the investment is profitable because NPV = PLN
16 320.67 (€3 571.26), i.e. NPV > 0. The payback period is
approximately 9 years.

The installation was compared in terms of electricity pro-
duction with an installation with an efficiency of 88% and an
installation with an efficiency of 75%. On this basis, it was
found that the tested installation produces approximately
424.91 kWh less electricity than the most efficiently opti-
mized installation (Formula 7), and 345.31 kWh more elec-
tricity than the installation with weak components (Formula
8). It was not possible to compare the tested installation with
another installation, because it is difficult to find installations
with the same power and different components.

The analysis of the home photovoltaic installation has
shown that despite the financial, ecological and energy-re-
lated, during operation, attention should be paid to its proper
operation. Photovoltaic installation, like any device / machine,
needs appropriate service in order to maintain its viability.
During the entire period of operation, proper installation ser-
vice should be ensured, which is to maintain the cleanliness of
the module surface, the safety of module connections and
faster detection of any damage.

It is also worth emphasizing that the photovoltaic installa-
tion in the operation phase do not affect harmful the environ-
ment, but in the production and waste menagement their im-
pact is significant. During production, they emit dangerous
compounds for people and the environment and in waste me-
nagement. Therefore, it is necessary to carry out activities
aimed at reducing the energy consumption of the photovoltaic
module manufacturing process and its impact on the environ-
ment by recycling photovoltaic panels and constructing more
environmentally friendly materials.
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