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Abstract: Nowadays, the attention of designers and service providers is especially focused on
energy efficiency and integration of renewable energy sources (RES). However, the knowledge on
smart devices and automated, easily applicable algorithms for optimizing heating consumption by
effectively taking advantage of solar heat gains, while avoiding overheating, is limited. This paper
presents a simple method for taking into account the influence of solar heat gains in the form of solar
radiation for the purposes of forecasting or controlling thermal power for heating of buildings. On
the basis of field research carried out for seven buildings (five residential buildings and two public
buildings) during one heating season, it was noticed that it was justified to properly narrow down
the input data range included in the building energy model calculations in order to obtain a higher
accuracy of calculations. In order to minimize the impact of other external factors (in particular wind
speed) affecting the heat consumption for heating purposes, it was recommended to consider the
data range only at wind speeds below 3 m/s. On the other hand, in order to minimize the impact of
internal factors (in particular the impact of users), it was suggested to further narrow down the scope
of the input data to an hour (e.g., 10-14 in multi-family residential buildings). During these hours,
the impact on users was minimized as most of them were outside the building.

Keywords: integration of RES; solar heat gains; solar radiation; building energy model; predic-
tion methods

1. Introduction

Regarding climate change and emission of greenhouse gases, the use of renewable
energy sources (RES), such as solar radiation, in buildings is very common nowadays [1,2].
Solar radiation may be used in buildings in the form of active systems, such as flat solar
collectors [3], but is recommended especially if used passively without special additional
investment and exploitation cost.

This may be, for example, passive heating through glazing [4], which may reduce the
heat used for heating in the winter season [5].

However, due to solar heat gains, the overheating may occur in buildings not only
during heat waves [6] or normal exploitation during the summer period [7,8], but also
during the winter season [9].

This may be due to inaccurate control methods of heat supply to a room or building,
which does not fully or properly take into account the presence and influence of solar gains
on energy consumption, which was shown in the example of co-heating tests [10].

In this light, Danov et al. [11] proposed the method for introducing the solar gain into
the calculation of total heat loss coefficient. Knudsen and Petersen [12] underlined that

Energies 2021, 14, 851. https://doi.org/10.3390/en14040851

https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-5310-2508
https://orcid.org/0000-0002-9339-3338
https://orcid.org/0000-0002-6473-9627
https://orcid.org/0000-0001-8603-4647
https://doi.org/10.3390/en14040851
https://doi.org/10.3390/en14040851
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14040851
https://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/14/4/851?type=check_update&version=1

Energies 2021, 14, 851

20f16

it is not easy to simultaneously minimize overheating and energy costs; therefore, they
proposed economic model predictive control for space heating. The use of model predictive
control (MPC) may significantly reduce the energy consumption for heating [13], but there
are still some barriers in wide application of such control methods [14], connected also
with influence of external and internal factors on the building energy consumption [15].
That is why a lot of studies try to address these issues [16-19].

However, to the best of the authors” knowledge, the amount of information about
smart devices and automated, easily applicable algorithms to optimize heating consump-
tion by effectively taking advantage of solar heat gains, while avoiding overheating,
is limited.

This work contributes to this field and presents recommended parameters as well as
a simple, widely applicable methodology for proper consideration of solar radiation in
building energy model.

Section 2 presents the buildings and methodology of research. Section 3 describes the
results and discussion regarding the methodological aspects of considering solar radiation
in the creation of a building energy model.

2. Materials and Methods

The field tests were carried out in 7 buildings (Table 1) located approximately 500 m
from each other in the Lubelskie Voivodeship in Poland. These included two public
buildings (a court building and a store building) and five multi-family residential buildings.
The selection of such a set of buildings for this research was aimed at showing the obtained
dependencies of the solar radiation influence on heat consumption not only in residential
buildings, but also public buildings.

Table 1. Characteristic of the analyzed buildings.

Building Building Type Heated Floor Area (m?)
Bl multifamily 4195
B2 multifamily 3970
B3 multifamily 2910
B4 multifamily 1845
B5 multifamily 4264
B6 public—courthouse 9248
B7 public-shop 280

The buildings had thermal insulation in the external walls and the roof. However,
the methodology of determining the influence of solar radiation on the amount of thermal
power supplied to a building for heating is a universal one, and that is why it may be
successfully applied to the buildings without thermal insulation. Besides, because of the
simplicity of this method, it is not required to know the emissivity of the building or
its parts, solar absorptivity, or surface temperatures of parts of the building (windows,
walls, and roof), which necessitates conducting additional measurements and very detailed
calculations, and in this way may limit wide usage of this approach.

Each building was equipped with a central hydronic heating system with vertical
risers connected to convection radiators. The analyzed buildings were supplied with heat
from the district heating network through a thermal node located on the ground floor of
each building, which participated in the heat exchange between the heating system and
the heating and domestic hot water installation in analyzed buildings.

In each of the heating nodes, a calibrated heat meter was used to measure the heat
power supplied to a given building for heating purposes (Qh). The research consisted of
the continuous measurement of the heat power supplied to the analyzed buildings for
heating (QFh) in the period from 1 October 2015 to 30 April 2016.

In addition to the parameters related to the heat supply to the analyzed buildings,
the following weather parameters were also measured using a weather station located
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in the immediate vicinity of the analyzed buildings: outdoor temperature, wind speed
(average and maximum), solar insolation (S_insol in J/ cm?), cloudiness (Cloud_1 in %), and
cloudiness (Cloud_2 in octants).

Due to the large amount of measurement data, this analysis used only the data related
tolh.

3. Results

This section presents an analysis of the obtained research results, which was divided
into two stages. Section 3.1 shows the analysis of the influence of solar radiation on the
heat power supplied to the buildings for heating, in order to properly narrow down the
scope of input data for further analysis. Then, Section 3.2 presents the results of the outdoor
temperature correction with regard to the parameters characterizing solar radiation.

3.1. Solar Radiation and Heat Power Supplied for Heating

Solar radiation acting on the building envelope has an impact on the temporary
demand for heat power during the entire heating season. In turn, the intensity of solar
radiation may be influenced by clouding of the atmosphere caused by natural phenomena,
such as cloudiness or dust pollution. The influence of this external factor on the amount of
heat power supplied to buildings can be taken into account, involving solar insolation or
cloudiness. These parameters are available in the databases of weather applications and
services, both in the field of historical and forecast data.

However, it should be remembered that, in parallel with solar radiation, many other
external factors (in particular, outdoor air temperature and wind speed) and internal factors
(user behavior and preferences), which require an appropriate computational approach,
also affect the building.

Therefore, in the first place, a detailed analysis related to the impact of external factors
related to solar radiation (S_insol, Cloud_1, and Cloud_2) on the heat power supplied to the
building for heating purposes was carried out at different hourly ranges of data included
in the analysis and wind speed values (please see Table 2), for the purpose of appropriately
narrowing down the data scope for further analysis in Section 3.2.

Table 2. Analyzed conditions of external factors related to solar radiation.

External Factor Ranges of External Factor = Ranges of Wind Speed  Hourly Ranges
0-35; v<3m/s;
solar insolation 35-100; 3<v<6 nfl/ ) 6 am—6 pm;
(S_insol) (J/cm?) 100-200; =V S 10 am-2 pm;
V>6m/s;
> 200;
0-20;
- 20-40; v<3m/s; '
cloudme(f:; )(Cloud_l) 40-60- 3<v<6m/s 1% 11;11—_62 prrrrll,.
’ 60-80; V>6m/s; pm;
80-100;
0-2; <3m/s;
cloudiness (Cloud_2) 3-5; v S 6 am—6 pm;
(octants) 6-7; 3sv<bm/s 10 am-2 pm;
y ! V>6m/s; pm;

Therefore, in the case of solar insolation (S_insol), the dependencies of the heat power
supplied to the analyzed buildings in relation to the outdoor temperature were determined
for S_insol from the ranges: at wind speeds (average and maximum) from three different
ranges (v<3m/s,3 <v <6 m/s, and for v > 6 m/s) and two hourly intervals, from 6 am
to 6 pm and from 10 am to 2 pm.

In the case of cloudiness expressed in % (Cloud_1) and cloudiness expressed in octants
(Cloud_2), the dependencies of heat power supplied to the analyzed buildings in relation
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to the outdoor temperature at wind speeds (average and maximum) from three different
ranges (v<3m/s,3 <v <6m/sand for v> 6 m/s) and two hourly intervals from 6 am to
6 pm and from 10 am to 2 pm for Cloud_1 from the ranges 0-20%, 20-40%, 40-60%, 60-80%,
and 80-100%; and for Cloud_2 in the ranges 0-2 octant (little cloudiness), 3-5 octants
(moderate cloudiness), 6~7 (cloudy), and 8 (overcast), were determined.

The results of the analyses for individual cases were developed in the form of graphs
and were used to determine the correlation equations together with the determination
coefficients (R?), which were presented in the Figures 1-3 for building B2 and B5 and in the
form of an exemplary summary of the obtained determination coefficients for building B5

(Table 3).
140
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24
== 120 o) . cloudiness (3-5), V<3 m's
1 . g
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100 o
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Figure 1. Dependence of heat power (kW) on the outdoor temperature (°C) and cloudiness (octants), for maximum wind
speed below 3 m/s, 6 am—6 pm, and multi-family building B2.

On the basis of Figures 1 and 2, it can be seen that the logical dependencies of
the parameters related to the influence of solar radiation on the heat power supplied to
buildings are not always obtained, because with increasing cloudiness, the demand for heat
power should clearly increase. The reason for this may be the influence of other external
factors or users on the heat power needed for heating, as well as the different reactions of
individual buildings to a given external factor.

On the other hand, in the case of solar insolation (Figure 3), the logical dependencies
of heat power (Qh) on S_insol were obtained for building B5, and the same data range (for
the average wind speed below 3 m/s, for 10 am—2 pm) as in the case of Cloud_1. This is
because the demand for heat power decreases with increasing solar insolation.

Therefore, apart from the logical analysis of the obtained equations, it is also justified
to carry out a detailed analysis of the obtained values of the determination coefficients
(example for building B5 in Table 3), which show how accurately the given equation fits
the obtained results.
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Figure 2. Dependence of heat power (kW) on the outdoor temperature (°C) and cloudiness (%), for average wind speed

below 3 m/s, 10 am—-2 pm, and multi-family building B5.
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Figure 3. Dependence of heat power (kW) on the outdoor temperature (°C) and solar insolation (J/cm?), for average wind

speed below 3 m/s, 10 am—2 pm, and multi-family building B5.
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Table 3. Summary of the determination coefficients (R?) of the equations developed for multi-family building B5 for 6

am-6 pm and for 10 am—2 pm in parentheses.

Parameter Wind Speed v<3m/s 3-6 m/s v > 6m/s
0-2 octants average 0.9013 (0.9083) 0.8431 (0.7886) -(-)
maximum 0.9548 (0.9741) 0.9125 (0.9186) 0.8593 (0.8782)
3.5 octants average 0.8212 (0.8466) 0.7675 (0.8303) 1(1)
maximum 0.8363 (0.8131) 0.7960 (0.8082) 0.8026 (0.8579)
6-7 octants average 0.8307 (0.8600) 0.8011 (0.8201) 0.9911 (1)
maximum 0.8238 (0.8628) 0.8329 (0.8538) 0.8062 (0.8304)
8 octants average 0.8585 (1.000) 0.8342 (-) 0.9647 (-)
maximum 0.8496 (-) 0.855 (-) 0.8866 (-)
0-20% average 0.9094 (0.9083) 0.7674 (0.7886) -()
maximum 0.951 (0.9741) 0.9192 (0.9186) 0.8796 (0.9022)
20-40% average 0.8055 (0.8526) 0.8116 (0.8526) -(-)
maximum 0.8612 (0.9118) 0.7787 (0.8008) 0.8039 (0.8648)
40-60% average 0.8673 (0.7428) 0.5918 (0.6515) 1(1)
maximum 0.9016 (-) 0.9306 (0.8934) 0.5852 (0.8069)
60-80% average 0.7985 (0.8323) 0.7565 (0.7698) 0.9911 (1)
maximum 0.7337 (0.8737) 0.8218 (0.8360) 0.7438 (0.7687)
80-100% average 0.8501 (0.8655) 0.8124 (0.8661) 0.964 (-)
maximum 0.858 (0.8772) -() 0.8529 (0.8821)
0-35 ] /em? average 0.8450 (0.8458) 0.8034 (0.8324) 0.9385 (1.0000)
maximum 0.8562 (0.8847) 0.8331 (0.8254) 0.8339 (0.8514)
35-100 ] /cm? average 0.9051 (0.9051) 0.7859 (0.8355) 0.9858 (1.0000)
maximum 0.9329 (0.8662) 0.8964 (0.8920) 0.8522 (0.8673)
100-200 ] /cm? average 0.9085 (0.9162) 0.7832 (0.7975) -()
maximum 0.9750 (0.9718) 0.8879 (0.9068) 0.8831 (0.8806)
5200/ cm? average 0.8172 (0.7841) 0.8086 (0.6992) -(-)
maximum -() 0.9061 (0.8759) 0.7424 (0.7472)

In order to decide which of the wind speed ranges (v<3m/s,3 <v<6m/s,v>6m/s)
is the most reliable and shows the smallest disturbances (has the highest coefficient of
determination), the arithmetic averages of coefficients of determination were calculated.
The average values were calculated for each of the wind speed ranges, separately for each
building. Then, the arithmetic mean of all individual mean values of the determination
coefficients of the analyzed buildings were calculated, separately for residential and public
buildings, as shown in Figure 4. This analysis does not take into account the division into
average and maximum wind speed.

Figure 4 shows that the highest coefficients of determination occur for the wind
speeds below 3 m/s. This is the case for cloudiness in octants, solar insolation in J/ cm?,
and cloudiness in %. The obtained results are logical, because at low wind speed, the
influence of this factor (as disturbance) will be the lowest. R? for the analyzed external
factors, in the case of multi-family residential buildings, is 0.8074 (for Cloud_2), 0.9037
(for S_insol), and 0.8482 (for Cloud_1). In turn, for public buildings, the values of the
determination coefficients for the wind speed range below 3 m/s were lower (than for
residential buildings) and they were 0.8284 (for Cloud_2), 0.8251 (for S_insol), and 0.8003
(for Cloud_1).
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Figure 4. Average determination coefficients for the analyzed external factors related to solar radiation (S_insol, Cloud_1,

and Cloud_2), divided into three wind speed ranges for the analyzed multi-family buildings (MB) and public buildings (PB).

On the basis of Figure 4, the mean values of the determination coefficients for cloudi-
ness in octants and cloudiness in percent were also compared. Cloudiness in percent
showed visibly higher R? values for residential buildings, and this was the case for
v<3m/s,3 <v<6m/s,and v > 6 m/s. For example, for wind speeds below 3 m/s,
R? for cloudiness in percent is greater by 5.05% than R? for cloudiness in octants.

Then, in order to decide which of the analyzed hourly ranges (6 am—6 pm or 10 am—
2 pm) is the most reliable and shows the lowest disturbances (the highest coefficient of
determination), the value of arithmetic means of the determination coefficients were also
calculated. Figure 5 shows the average coefficients of determination for all the analyzed
five multi-family residential buildings and two public buildings, for each of the considered
hourly ranges, and for the wind speeds below 3 m/s, without division into their average
and maximum values.

From Figure 5, it can be concluded that higher average coefficients of determination
occur at 10 am-2 pm. This relationship, although more visible for Cloud_1, is also visible for
S_insol for residential buildings. This is due to the minimization of the influence of system
users on heat consumption between 10 am and 2 pm, because residents are not at home
due to their work or study, and thus the indoor temperature settings are not changed by, for
example, adjusting the position of the thermostatic head by thermostatic radiator valves.

This relationship looks different in the case of average determination coefficients for
public buildings. In the case of the results for the cloudiness effect, a much higher R? (by
6.2%) for the 10 am-2 pm interval is visible, but in the case of solar insolation, a higher
(by 1.5%) average determination coefficient was obtained for the 6 am—6 pm. This may be
caused by a much greater influence of the people staying in public buildings (compared to
residential buildings) also at 10 am—2 pm, which may disrupt the operation of the heating
system by generating internal heat gains and other behaviors.

Another aspect analyzed is whether the use of average or maximum wind speed in
a given hour in the analysis is recommended and has an impact on the obtained deter-
mination coefficients of characteristic equations for the analyzed factors determining the
influence of solar radiation on heat consumption for heating purposes. Figure 6 summa-
rizes the average determination coefficients for cloudiness (%) and solar insolation (J/ cm?),
separately for average and maximum wind speeds for the wind speed variant below 3 m/s,
and with division into multi-family buildings and public buildings.
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Figure 5. Average values of the determination coefficients for the analyzed external factors, divided into two hourly ranges
(6 am—6 pm and 10 am-2 pm) of the input data range for multi-family buildings (MB) and public buildings (PB).
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Figure 6. Average determination coefficients for the analyzed external factors, and for average and maximum wind speed
below 3 m/s for multi-family buildings (MB) and public buildings (PB).

On the basis of the results presented in Figure 6, it can be concluded that higher
determination coefficients are obtained, taking into account the maximum wind speed
values in the analyses, rather than the average values. This is the case for both solar
insolation and cloudiness for multi-family residential buildings and public buildings. This
is due to the fact that taking into account the maximum wind speed minimizes, to a greater
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extent, the influence of wind speed as an external factor on disturbances in the process
of determining the influence of solar radiation on the heat power supplied to buildings
for heating purposes. However, the problem in this case may be that only some weather
services have data on the maximum wind speed.

Despite these observations, next stage (in Section 3.2) analyzed both the variants of the
average and the maximum wind speed, as they contribute to the high R? values, especially
in the case of multi-family buildings.

On the basis of the above-mentioned detailed results and their analyses, it was found
that it was justified to use, in further considerations, only the data from 10 am to 2 pm for
the average and maximum wind speed below 3 m/s, which guarantees the best possible
consideration of the influence of both solar insolation and cloudiness on the amount of
heat power used for heating. This approach to the issue minimizes the influence of both
wind speed and system users as disturbing factors, which usually occur in parallel with
solar insolation/cloudiness and may result in incorrect consideration of the influence of
the analyzed external factors on the demand and prediction of heat power for heating
the buildings.

This will allow, using a universal calculation algorithm, development of appropriate
equations correcting the outdoor air temperature, separately for each building, which will
appropriately take into account the influence of solar insolation or cloudiness, which was
presented in Section 3.2.

3.2. Correction of the Outdoor Temperature Due to Solar Radiation

On the basis of the narrowed range of input data (see Section 3.1), the correction
of the outdoor temperature due to solar insolation in J/ cm? (S_insol) and cloudiness in
% (Cloud_1) was determined separately for each building, because each building may
react differently to specific weather conditions. An example of determining the outdoor
temperature correction both in terms of wind speed and solar insolation has already been
presented by the authors in the article [20].

Nevertheless, for the purposes of this article, an example of determining the outdoor
temperature correction due to S_insol on the example of a multi-family building, B5, is
presented below.

In this process, the correlation equations were used for four sun exposure ranges
(0-35]/cm?, 35-100 J /ecm?, 100-200 J/cm?, and >200 J/cm?) and five cloud cover ranges
(0-20%, 20-40%, 40-60%, 60-80%, and 80-100%), which were worked out as part of the
calculations in Section 3.1. Using these correlation equations, the values of heat power
delivered to buildings were determined for the outdoor temperature range of —20 °C-10 °C
(see Table 4).

Then, taking into account the fact that the correlation equations were determined
for specific data, the mean insolation was calculated for each of the ranges from which
the correlation equations were determined. Lastly, the largest possible logical range was
selected (i.e., when an increase in solar insolation leads to a decrease in heat power, and an
increase in cloudiness leads to an increase in heat power).

The next step was to determine the increase in the outdoor temperature (N), which
was a preliminary correction of the outdoor temperature in the correlation equation for
lower solar insolation, enabling us to obtain an identical result of heat power for higher
solar insolation. In the case of the example in Table 4, in order to determine the initial
correction of the outdoor temperature between the solar insolation ranging from 0-35 J /cm?
to 35-100 J/cm?. This calculation was performed according to the following method
(Equations (1) and (2)).

—3.0363:(f, + N) + 51.569 = —2.6536 -t, + 49.119 e8]

_ —2.6536-f, +49.119 — 51.569 ;

N —3.0363 ¢

@
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Using Equation (2), the values presented in column three of Table 5 were calculated.
Analogous calculations were performed between successive solar insolation intervals and
for all values of the outdoor temperature (from —20 °C to 6 °C).

Table 4. The results of calculations of the heat power (kW) supplied to the multi-family building B5 for heating, for the data
range from 10 am to 2 pm, by an average wind speed of v <3 m/s.

Solar Insolation (J/cm?)

0-35 35-100 100-200 >200

Outdoor Temperature (°C)

y = —3.0363x + 51.569 y = —2.6536x +49.119 y=—2.572x +46.783 y = —1.8021x + 39.18

10

21.206 22.583 21.063 21.159

24.2423 25.2366 23.635 229611

27.2786 27.8902 26.207 24.7632

O|IP,IN|Q|K G|V ]| 0| ©O

30.3149 30.5438 28.779 26.5653

In the next step, the sums of preliminary outdoor temperature corrections between
successive variants of the increase in the average solar insolation were determined (see
Table 6). The value for solar insolation of 0-35 J/cm? was now used as a reference value.
The process was that for the second average insolation value. The initial temperature correc-
tions from the previous step were copied. For the last two mean solar insolation values, the
preliminary temperature corrections presented in Table 5 were summed up. For example,
for solar insolation >200 J/cm? for —3 °C, it was 6.011675827 (see Table 6), because we
added preliminary temperature corrections from the solar insolation ranges 35-100 J/cm?,
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100-200 J/cm?, and >200 J/cm?, i.e., 1.18502783, 0.972565571, and 3.854082426, respectively,
from Table 6. Then, the average values of the temperature correction for the successive vari-
ants of the average solar insolation value (in the range 35-100 ]/ cm? equal to 62.68 J/ cm?,
in the range 100-200 J/cm? equal to 148.31 J/cm?, and in the range >200 J/cm? equal to
266.52 J/cm?) were calculated and amounted to 1.689194, 2.784762, and 7.836201.

Table 5. Preliminary correction of the outdoor temperature, example for a multi-family building B5.

Solar Insolation (J/cm?)

0-35 35-100 100-200 >200
Outdoor Temperature (°C)  y = —3.0363x + 51.569 y = —2.6536x +49.119 y=—2.572x+46.783 y= —1.8021x + 39.18

6 0.050653756 0.695809466 1.160031104

5 0.17669532 0.726560145 1.45937014

4 0.302736884 0.757310823 1758709176

3 0.428778447 0.788061501 2.058048212

2 0.554820011 0.81881218 2.357387247

1 0.680861575 0.849562858 2.656726283

0 0.806903139 0.880313536 2.956065319
-1 0.932944702 0.911064215 3.255404355
-2 1.058986266 0.941814893 3.55474339
-3 1.18502783 0.972565571 3.854082426
—4 1.311069394 1.00331625 4.153421462
-5 1.437110957 1.034066928 4.452760498
—6 1.563152521 1.064817606 4.752099533
-7 1.689194085 1.095568285 5.051438569
-8 1.815235649 1126318963 5.350777605
-9 1.941277212 1.157069641 5.650116641
-10 2.067318776 1.18782032 5.949455677
—11 2.19336034 1.218570998 6.248794712
—12 2.319401904 1.249321676 6.548133748
—13 2.445443467 1.280072355 6.847472784
—14 2.571485031 1.310823033 7.14681182
—-15 2.697526595 1.341573711 7.446150855
—16 2.823568159 1.37232439 7.745489891
—17 2.949609722 1.403075068 8.044828927
—18 3.075651286 1.433825746 8.344167963
—19 3.20169285 1464576424 8.643506998
—20 3.327734414 1.495327103 8.942846034

On the basis of the mean values of the outdoor temperature correction determined
in this way and the corresponding mean values of solar insolation, Figure 7 was devel-
oped, and a correlation equation was determined. This is the correction of the outdoor
temperature due to solar insolation for the analyzed multi-family building B5.

Thus, the correction of the outdoor temperature (T,*7) due to S_insol for the example
building, B5, can be calculated from Equation (3).

T," = t, + (0.0309-n — 0.8192), @)
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where:

T.“I—outdoor temperature correction, taking into account solar insolation (in the case
of cloudiness, the formula looks similar, there are only other numerical values), °C;

te—outdoor air temperature, °C;

n—solar insolation (marked as z in the case of cloudiness), J/cm? (in the case of
cloudiness, %).

The same was done in the case of Cloud_1, and on this basis, corrections of the outdoor
temperature due to S_insol and Cloud_1 for the analyzed buildings were determined and
are presented in Table 7.

Table 6. Sum of the preliminary outdoor air temperature correction values, example for a multi-family
building, B5.

Mean Solar Insolation (J/cm?)

Outdoor Temperature (°C) 16.24 62.68 148.31 266.52
6 0.050654 0.746463 1.906494
5 0.176695 0.903255 2.362626
4 0.302737 1.060048 2.818757
3 0.428778 1.21684 3.274888
2 0.554820 1.373632 3.731019
1 0.680862 1.530424 4.187151
0 0.806903 1.687217 4.643282

-1 0.932945 1.844009 5.099413
-2 1.058986 2.000801 5.555545
-3 1.185028 2.157593 6.011676
—4 1.311069 2.314386 6.467807
=5 1.437111 2471178 6.923938
—6 1.563153 2.62797 7.38007
-7 1.689194 2.784762 7.836201
-8 1.815236 2.941555 8.292332
-9 1.941277 3.098347 8.748463
—-10 2.067319 3.255139 9.204595
—11 2.193360 3.411931 9.660726
—12 2.319402 3.568724 10.11686
—13 2.445443 3.725516 10.57299
—14 2.571485 3.882308 11.02912
—15 2.697527 4.0391 11.48525
—-16 2.823568 4.195893 11.94138
-17 2.949610 4.352685 12.39751
—18 3.075651 4.509477 12.85364
-19 3.201693 4.666269 13.30978
-20 3.327734 4.823062 13.76591

Average 1.689194 2.784762 7.836201
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Table 7. Equations of the equivalent outdoor temperature corrected due to solar insolation or

cloudiness.
Building Parameter Wind Speed Equation
solar insolation average te + (0.0162n + 0.097)
2
B1 (J/em?) maximum te +(0.0277n — 0.7383)
cloudiness (%) average te + (—0.0364z + 4.1243)
maximum te + (—0.0533z + 6.1008)
solar insolation average to +(0.0311n — 1.411)
2
B2 (J/cm?) maximum t, + (0.01331 — 0.1827)
cloudiness (%) average te + (—0.0489z + 5.2973)
maximum te + (—0.0671z + 6.7361)
solar insolation average te + (0.0269n — 1.0419)
2
B3 (J/em?) maximum fo + (0.010211 — 0.1478)
cloudiness (%) average te + (—0.0891z + 8.5884)
maximum te + (—0.0832z + 6.7708)
solar insolation average te + (0.0209n — 0.7183)
2
B4 (J/em?) maximum fo + (0.0377n — 2.2845)
cloudiness (%) average te + (—0.0169z + 1.8574)
maximum te + (—0.0694z + 5.7688)
solar insolation average te + (0.0309n — 0.8192)
2
B5 (J/cm?) maximum t, + (0.02051 — 0.1347)
cloudiness (%) average te + (—0.0257z + 2.4261)
maximum te + (—0.096z + 7.024)
solar insolation average te + (0.0302n — 4.5632)
2
B6 (J/cm?) maximum t, + (0.0071 — 0.0983)
cloudiness (%) average te + (—0.0055z + 0.4776)
maximum te + (—0.0258z + 1.9022)
solar insolation average te + (0.105n — 16.683)
2
By (J/em?) maximum fe + (0.00331 — 0.0499)
cloudiness (%) average te + (—0.1532z + 13.66)
maximum te + (—0.0816z + 8.0567)

The relationship in the form of the T,/ allows determination of the influence of
external factors, in particular, solar insolation/cloudiness on the heat power supplied to
the heating system.

Taking into account the obtained results, it can be concluded that the approach that
considers the correction equations developed on the basis of the data for solar insolation
and average wind speed is characterized by the highest accuracy and logic of the obtained
relationships (see Figure 8). This is due to the larger logical ranges of data observed at this
stage for the analyzed variants.

Additionally, it should be noted that cloudiness was determined in octants or percent-
ages, which are not precise parameters (compared to solar insolation), but rather subjective
and estimated without the use of precise measuring instruments. These parameters do not
take into account the position of the Sun in the sky, which affects the amount of solar radia-
tion reaching and generating heat gains in the analyzed buildings. Therefore, as a more
reliable parameter (the average value of the determination coefficient for the equations of
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the outdoor temperature correction due to solar radiation for the analyzed buildings at the
level of 0.885), it is recommended to use solar insolation to take into account the influence
of solar radiation on the heat power supplied to the building for heating.

_9
@]
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27 :
3 y=0.0309x- 0.8192
£ R2=0.932
b 5
=
214
g
g3 o
g2 .
531
=
= 0
o 0 50 100 150 200 250 300
Solar insolation [J/cm?]
Figure 7. Outdoor temperature correction (°C) depending on the solar insolation (J/ cm?).
1.2
2
(3]
1.0 § E_
o
4
solar insolation [J/cm2] cloudiness [%]

Parameter[-]

Figure 8. Average determination coefficients of the equations of the outdoor temperature correction for solar insola-
tion/cloudiness by average wind speed.

4. Conclusions

This work proposed a universal calculation algorithm that will allow determination
of the actual impact of solar radiation on the heat power supplied to a room or building for
heating purposes, and thus it will be able to counteract the phenomenon of overheating
rooms and reduce heat consumption.
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Each analyzed building reacted differently to external factors related to solar radiation
(in particular, cloudiness or solar insolation), which results from the individual structure of
the building, its orientation, ventilation system, tightness, and behavior of occupants.

Therefore, in the first place, a detailed and multi-variant analysis of the impact of
external factors related to solar radiation (S_insol, Cloud_1, and Cloud_2) on the heat power
supplied to the building for heating purposes was carried out with different ranges of
hourly data included in the analysis and wind speed values, to appropriately narrow down
the range of input data included in the calculations.

On the basis of the conducted research, it was found that it was justified to narrow
down the scope of data included in the calculations (narrowing down to 10 am-2 pm, at
wind speeds below 3 m/s) in order to minimize the disturbances caused particularly by
wind and building users. This was due to the fact that for such a narrowed range of data, the
correlation equations for solar insolation or cloudiness from the outdoor temperature were
obtained, which were characterized by high average values of determination coefficients at
the level of 0.9043 (for solar insolation) and 0.8827 (for cloudiness in %) for the analyzed
residential buildings.

Additionally, when determining the outdoor temperature correction due to the in-
fluence of solar radiation, it was found that the obtained results for solar insolation were
more accurate (R? = 0.8850) than for cloudiness (R? = 0.8472). Therefore, it was recom-
mended to use solar insolation as a parameter as it was more reliable than cloudiness in
the calculations of a building energy model.

Besides, it was noticed that because of the simplicity of the method, it was not required
to know the emissivity of the building or its parts, solar absorptivity, or surface tempera-
tures of parts of the building (windows, walls, and roof), which necessitates conducting
additional measurements and very detailed calculations.

This was connected with the fact that this simple method was based on real data,
which were analyzed in a specific way (described above) in order to extract the influence
of solar heat gain in the form of solar radiation on thermal power for heating of buildings.

Further research in this area may be focused on the development of methods of
controlling heating systems, which, taking into account external factors (in particular, solar
insolation) and the factors related to the behavior and preferences of users of heating
systems, will allow forecast of the heat power demand and optimize its supply to achieve
high energy savings while maintaining the thermal comfort of users.
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