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Abstract. The article presents the results of research on the efficiency of the solar collector system in

south-eastern Poland. The basis of the article are the results of actual measurements recorded by the system
measuring in 5 years (2014-2018). Three solar collectors with a total gross area of 6.3 m? are used to heat

utility water in a single-family house. The average annual heat production in this system was 1916 kWh.
The system's work was characterized by high seasonal and daily variability, which is related to the Polish

climate's specificity. Using the energy production data, the reduction of pollutant emissions achieved by
changing the energy carrier was calculated: from electricity to heat from a renewable source, which is solar

radiation. The installation of solar collectors allowed for satisfying part of the energy demand as well as
reducing the emission of greenhouse gases and other pollutants into the atmosphere.

1 Introduction

The increase in the population's energy demand has
contributed to the search for alternative sources of
energy. One of the most commonly used renewable
energy sources (RES) is solar radiation. The sun and its
energy are the primary source of most renewable energy:
wind energy (due to the movement of air masses at
different temperatures), water (the circulation of water in
nature depends on its evaporation) [1,2] and biomass [3],
whose growth depends on the phenomenon of
photosynthesis [4]. Solar energy is indicated as the most
important source of energy for humanity in the long
term, when the importance of other renewable energy
sources decreases, i.e., in about 100-150 years [5].
Currently, solar radiation is used to generate electricity
using photovoltaic panels [6] and thermo-solar power
plants [7], heat on the scale of single-family buildings
[8] and multi-family buildings [9], desalination water
[10], drying of agricultural products [11], as well as in
various hybrid combinations [12]. By appropriate
construction and location of buildings in relation to the
incident sun rays, their heat balance can be improved
[13].

One of the more straightforward ways to use solar
energy are solar collectors that convert solar radiation to
heat [14]. In the latitude of Poland, such installations are
mainly used for heating utility water. However, a
sufficiently efficient collector system can complement
the central heating of a building or swimming pool water
[15].

The most common devices for converting solar
energy into thermal energy are solar collectors of various
types: flat, tube, liquid, vacuum [16, 17]. The collector
power is selected depending on the needs of a given
household, farm, or enterprise.
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The article aims to assess the effectiveness of the
solar collector system used to heat utility water in a
single-family house. Based on 5-years measurements,
the variability of device operation was assessed, on a
monthly and daily basis. The reduction of pollutant
emissions to the atmosphere was also calculated, which
was obtained by replacing the electric water heater with
solar collectors.

2 Materials and methods

2.1 Research object

The object of research is a solar collector system used to
heat utility water in a single-family residential building
in Ptonka, Lublin Voivodeship, Poland (N: 50°50'39; E:
22°58'48"). 4 adults inhabit the house. Before installing
the collectors, the utility water was heated using an
electric boiler. The solar water heating system was
installed at the end of 2013. It consists of three flat,
liquid solar collectors with a total gross area of 6.3 m?.
They are located on the roof of the building, at an angle
of 30° to the horizontal, facing south. The installation's
pump control unit is located in the basement of the
building. The system includes a bunded buffer tank with
a capacity of 300 1, in which heated water is collected.
The system is equipped with a controller that controls:
the flow of liquid in the collectors, recirculation of the
fluid heated by the collectors, and prevents overheating
of the system during intense sunlight. During low sun
exposure, and in winter, the solar system is supported by
a 14 kW central heating boiler, powered by black coal
and wood.
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2.2 Assessment of the system's effectiveness

The system for analyzing the efficiency of the collectors
and their power is based on 4 sensors: 3 of them are
located in different places of the solar installation, and 1
at the buffer tank. It is an automatic, built-in, internal
measuring system, which gives the results of
measurements of the amount of heat energy and power
produced in daily, weekly, monthly and yearly
summaries. Thanks to such a measuring system, it is
possible to prepare solar collector performance reports.
On their basis, the device calculates the appropriate
performance values of the entire set throughout the year.
Data, including the amount of energy production [kWh]
and the average power [W] with which the system
worked in the appropriate time, are saved in the device's
memory. For proper assessment of solar systems
operation it is necessary to measure the value of solar
radiation in the solar collector plane. Pyranometers
measuring this size are usually used in large photovoltaic
systems because they are very expensive. That is why
solutions for cheaper and sufficiently accurate sensors
based on reference photocells are constantly being
sought [18].

2.3 Assessment of pollution reduction

It was assumed that the amount of energy produced
annually by collectors is equal to electricity saved during
heating of usable water. The reduction of pollutant
emissions was calculated using indicators for calculating
emissions from electricity production [19], expressed in
kg-MWh':

- carbon dioxide (CO,) — 765,

- sulfur oxides (SO,/SO,) — 0.681,

- nitrogen oxides (NO,/NO,) — 0.631,

- carbon monoxide (CO) — 0.275,

- total dust — 0.036.

Additionally, for comparison, the reduction in CO,
emissions was calculated using the formula given by
Lewandowski [20]:

Reor = A - 125 [kg COya'] ()
where:

Rcoz — reduction of CO, emissions

A — area of collectors [m?]

125 — factor reduction of CO, emission [kg CO,'m™>a]

3 Results

3.1 The efficiency of the collectors

Based on the collected data from 2014-2018, we can
trace the variability of energy production. The annual
variability, illustrated in Figure 1, coincides with
Poland's insolation index for eastern Poland [21]. The
most energy in the climatic conditions of south-eastern
Poland was obtained annually in July (average 336
kWh), and the least in December (average 7 kWh). The
average installation capacity, calculated on a monthly
basis, was 451 W in July and 8 W in December,
respectively.
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Fig. 1. Thermal energy production [kWh] and average collector
power [W] in individual months of the year (2014-2018).

It should be noted that the average values do not
reflect the actual wvariability of the installation's
operation. A characteristic, negative feature of solar
energy is its daily and seasonal variability and massive
dependence on the weather. This variability can be
traced by analyzing the results of measurements from
four selected months of 2017 (Figure 2). Even in the
month with the highest energy production rates (July), it
can be said that there were days when the capacity of the
installation was very low (July 12 — 3.20 kWh, July 31 —
3.03 kWh). Cases of overheating of water in the tank
have also been reported, which caused disturbances in
the operation of the installation. On average insolated
April 2017, there were days with full cloud cover, when
energy production was zero (April 28) or close to zero
(April 11 —0.38 kWh). Only in December, there were no
particularly large positive deviations in the value of
energy production. Even considerable insolation that
occurs this month does not have a significant impact on
the operation of solar collectors, unlike photovoltaic
panels, which in low-temperature conditions have higher
efficiency [22]. Daily variability is the highest (day-
night), therefore it is necessary to accumulate energy.
Most often, it is stored in heated water. This solution is
simple, but it has an impact on investment costs. In the
examined object, the energy storage is an insulated 300 1
water tank.
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Fig. 2. Variation of daily heat production [kWh] in selected
months of 2017.
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3.2 Reduction of emissions of substances
released into the air

Annual energy production in the installation for 5 years
ranged from 1751-2171 kWh and averaged 1916 kWh
(Figure 3). The unit efficiency of collectors amounted to

256.5 kWh - 1 m™ gross collector area. Due to the installation of solar collectors for water

heating, the household's energy demand has decreased.

s The work of collectors practically does not cause any

2017 emissions to the environment. Thus, it can be considered

200 47s 1784 1999 that the amount of energy and the resulting emission of
pollutants is eliminated when collectors produce energy.

Based on this assumption, it was calculated that due to
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1000 the functioning of the collector system, the average
annual intake of the following amounts of air pollution
500 was reduced (Table 1):
198 2 - 202 210 - 1466.05 kg CO»,
o u u u u - 1.3 kg SO,
2014 ZOhlS I szlE e 2017 2018 _ 121 kg NOX,
Thermal energy [kwh] Collector power [W] =053 kg CO,
Fig. 3. Annual heat production [kWh] and average power [W] - 0.069 kg of dust.
of the installation tested over 5 years of use.
Table 1. Reduction of air pollution emissions in individual years [kg]
Contamination Formula Year Average
2014 2015 2016 2017 2018
Carbon dioxide CO, 1339.52 1543.01 1660.82 1364.76 1422.14 1466.05
Sulfur oxides SO,/SO, 1.1924 1.3736 1.4785 1.2149 1.2660 1.3051
Nitrogen oxides NO,/NO, 1.1049 1.2727 1.3699 1.1257 1.1730 1.2092
Carbon monoxide CO 0.4815 0.5547 0.5970 0.4906 0.5112 0.5270
Total dust - 0.0630 0.0726 0.0782 0.0642 0.0669 0.0690

The calculation of the carbon dioxide reduction using
the methodology given by Lewandowski [20] is
presented below:

Reop = (3:2.1) - 125=6.3 - 125="787.5 kg CO, - a’

According to this calculation, which is based on the
surface of the collectors and not their actual efficiency,
the estimated reduction of carbon dioxide emissions is
almost twice as low. This demonstrates the estimated
nature of the calculation of the emission of pollutants
and the need to provide the methodology on the basis of
which these values are calculated.

4 Conclusions

From 2014 a solar collector system has been used in a
single-family house located in the south-eastern part of
Poland. It consists of 3 collectors with a gross area of 6.3
m2 and is used for usable water heating. Due to the
Polish climate's specific nature, the installation is most
effective in the period from March to October, which
significantly reduces the cost of water heating. The
coldest month in which collectors produced the least heat
was December (7 kWh), while in the warmest month of
July, the installation was the most efficient and produced
the most energy (336 kWh). The average annual energy
production in the examined facility was 1916 kWh.

Analysis of long-term measurement reports from the
solar system under study revealed cases of overheating
(exceeding the set permissible temperature level) of
water in the tank. This means that on days with the best
sunshine, not all available solar energy was converted
into heat. This had an obvious impact on the reported
year-round amount of heat energy produced.

An efficiently operating heating system based on a
renewable energy source, which is a solar installation,
has reduced the consumption of energy, which has so far
been heated. This resulted in an ecological effect in
reducing emissions of pollutants into the atmosphere,
including greenhouse gases.
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