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Abstract: The article presents the results of research on the impact of material and construction
solutions on energy demand and greenhouse gas emissions. Field research was conducted in an
existing free-standing greenhouse located in southern Poland. The research period covered the entire
calendar year. The measurement data were used in the next step to validate the computational model
using the numerical method of elementary balances. The data distribution was also analyzed in
terms of basic statistics. The validated and verified model was used in the further part of the analysis
to conduct computer simulations for three variants, differing in terms of material and construction
solutions. The variants included: no foundation insulation, extruded polystyrene (XPS) insulation
and the use of single-chamber polycarbonate panels with thermal insulation of the foundations. The
obtained results showed a high agreement between theoretical and real data (85–89% for the coefficient
of determination (R2) and 84–88% for the GOF method). In the case of variant 1, which in terms of
material and construction solutions corresponded to the actual construction of the greenhouse, it
was found that the annual energy demand for heating purposes amounted to 153,234 kWh/year.
In variant 2, in which additional thermal insulation relative to the zero state was used, the energy
demand for heating purposes was lower and amounted to 147,704 kWh/year. The lowest heat load
was characteristic of variant 3, in which 116,294 kWh/year was required to cover heating needs.
The variant with polycarbonate and foundation insulation brought energy savings of 24% and a
reduction of CO2 emissions by 24%. In addition, replacing fuel from hard coal with natural gas
brought significant benefits, reducing pollutant emissions by 51%. The paper is a new approach to
the use of the mentioned numerical method for the assessment of gaseous pollutant emissions in this
type of building based on numerical simulations of energy consumption.

Keywords: numerical modeling; validation; thermal insulation; heating system; greenhouse gas
emission reduction

1. Introduction

In recent years, especially in the European Union, there has been a clear trend
aimed at reducing the emission of gaseous pollutants into the atmosphere. Concerns
about the progress of the global warming phenomenon contribute significantly to this
undertaking [1–3]. Despite the growing prominence of environmental issues in political
and economic discussions, economic policy decisions during crises often emphasize im-
mediate economic recovery over long-term sustainable development [4,5]. The prevailing
standard of living and the rapid pace of civilization development make the reduction of
harmful gas emissions into the atmosphere extremely difficult and expensive and pro-
motes various social resistances [6,7]. Despite these challenges, many technical solutions
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require long-term research in the field of reduction of the emissions of undesirable gases
into the atmosphere. Therefore, various research institutions address this issue by exam-
ining different sectors of the economy. One of the sectors considered is industry. This
sector is responsible for about 30–47% of global greenhouse gas emissions, with a signifi-
cant share of energy-related carbon dioxide emissions and gases emitted from industrial
processes [8–10]. In addition to industry, agriculture is an important sector influencing
atmospheric pollution. Agriculture, including crop and livestock production, forestry and
land use changes, is responsible for 30% of global greenhouse gas emissions caused by
human activity. Agricultural activity alone is responsible for about 12% of total global
greenhouse gas emissions. Thus, over the last two decades, greenhouse gas emissions
from the agricultural sector have accounted for 12–30% of global greenhouse gas emissions
caused by human activity [11–13].

One of the highly energy-intensive types of agricultural production is the cultivation
of plants in greenhouses. The aforementioned energy consumption results mainly from the
need to maintain an appropriate internal air temperature, which entails the need for heating,
depending on the location of the facility. For the sake of order, it should be noted that green-
house facilities in colder climates require more energy for heating, while those in warmer
climates need more energy for cooling [14–16]. Additionally, it should be emphasized that
the demand for energy for heating purposes in greenhouses varies significantly depending
on the season, with higher energy consumption most often occurring in winter compared to
summer [17,18]. The energy demand of a greenhouse is also mainly influenced by the type
of material and construction solutions adopted. In this aspect, the most important thing
is to maintain the appropriate thermal resistance of partitions and light transmittance of
transparent partitions [19,20] and to use the potential of the ground under the greenhouse
as much as possible [21,22]. Thermal insulation of greenhouse foundations and appropriate
parameters of thermal resistance of the casing can significantly reduce greenhouse gas
emissions by reducing energy consumption and improving heating efficiency [23,24]. The
average ratio of CO2 equivalent savings to emissions for current insulation products such
as extruded polystyrene (XPS) is 48:1, which indicates a significant reduction of greenhouse
gases into the atmosphere. Modern and environmentally friendly building materials with
a high thermal resistance value can provide energy savings of up to 31.2 kWh/m2 per
year, which translates into a significant reduction of CO2 emissions, especially when using
“clean” fuels such as natural gas [25,26]. While professionals largely agree on the key inputs
and methods that contribute to GHG emissions, there is minimal consensus on the most
effective strategies for reducing the carbon footprint over a building’s entire lifecycle [27,28].
The effectiveness of thermal insulation in reducing greenhouse gas emissions depends on
the climate, fuel type and heating system efficiency. For example, the greatest reductions in
carbon dioxide emissions were observed in regions where hard coal is used for heating,
with a reduction of up to 18.7 kg-CO2/m2 per year when switching to natural gas [29–31].
Thermal insulation of vegetable greenhouse foundations can reduce the total energy de-
mand by about 44% and reduce the carbon footprint by 24% and 28%, respectively [32].
From the point of view of energy savings and the use of “clean” energy carriers, renewable
energy cannot be forgotten. The interest in alternative or renewable energy sources for
heating greenhouses is currently high due to their high energy load for heating purposes
and the relatively high price of fossil fuels. Important alternative energy sources are solar
collectors, heat pumps, biomass and cogeneration systems [30,33]. The use of alternative
energy sources is particularly important in terms of reducing pollutant emissions, as re-
cent research indicates that heated greenhouses consume between 240 and 500 kWh/m2

of energy per year, and various improvements in efficiency and renewable energy can
save between 15% and 48% of energy in year-round operation [34,35]. In countries with
transitional climates, it is necessary to implement a heating strategy during the winter
months to maintain the optimum temperature in greenhouses for specific crops. Heating
greenhouses, especially those constructed with glass partitions, causes significant heat
losses, and these losses are aggravated by large differences in air temperature between the
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interior of the greenhouse and the outside environment. In order to reduce energy losses
through transparent partitions in greenhouses, polycarbonate sheets are being increasingly
used, which have a solar radiation transmittance coefficient comparable to glass. Studies
conducted by Fabrizio [23] have shown that the implementation of transparent polymers,
which exhibit excellent thermal properties compared to glass and do not significantly
reduce the transmission of solar radiation, can potentially reduce the energy demand for
heating greenhouses by up to 30%. Within the energy balance of greenhouses, a certain
part of the heat exchange is attributed to the ground substrate, which plays an important
role in determining the temperature in the cultivation zone [21].

The research conducted in this article aims to introduce a new contribution to the
energy assessment of greenhouses, taking into account greenhouse gas emissions into the
atmosphere by using a specialized method of elementary balances. The aim of the work
is to determine the impact of the material and construction diversity of greenhouses on
energy management and the emission of harmful gases. This article is a new approach
to the use of the aforementioned numerical method to assess greenhouse gas emissions
in buildings of this type based on numerical simulations of energy consumption. The
elementary balance method, based on detailed physical analysis, has great potential in
the context of using the results of numerical analyses to estimate emissions. In contrast
to traditional methods based on simplified models, the elementary balance method takes
into account a detailed analysis of the temperature distribution inside the facility and
in its structure, as well as the heat flux flowing through the partitions at each stage of
the process. This approach allows for the analysis of diverse material and construction
solutions that could be omitted in less detailed analyses. The elementary balance method is
universal and can be applied to various types of energy technologies, both conventional
and renewable. This allows for the comparison of different technological solutions, among
others, in terms of emissions and energy efficiency. Undertaking research on the application
of the elementary balance method in energy analyses, in terms of emission estimation, fills
a significant gap in previous research while opening up new possibilities for more effective
and sustainable management of energy resources in agricultural buildings.

2. Materials and Methods
2.1. Research Object and Measuring Apparatus

Field studies were conducted in an existing free-standing greenhouse located in
southern Poland. The cultivation area was 483.36 m2. The greenhouse structure was
made of steel sections to which a single-layer 4 mm thick glass covering was attached.
The structural elements were anchored pointwise in a concrete foundation, which was
the foundation of the entire facility. Due to the climate zone and the depth of ground
freezing, the foundation was placed at a level of 1.00 m below the ground level. Neither the
foundation nor the floor of the greenhouse were thermally insulated. The tested facility was
used for flower production (Dianthus caryophyllus). The microclimatic conditions inside the
greenhouse were regulated by a heating and ventilation system in order to ensure optimal
parameters for plant growth. Air exchange was possible thanks to mechanically tilted vents
located in the upper part of the external walls and roof. The heating in the building was
provided by a central heating system, fueled by hard coal, with tubular heaters placed along
the longitudinal axis of the building, 2.50 m above the ground surface in the greenhouse.
The aim was to maintain the internal air temperature in the range of 8 ◦C to 24 ◦C. The
building did not have an air conditioning system, which made it difficult to regulate the
temperature in the warmer period. The ground survey under and around the greenhouse
showed that the study area is covered with sandy clay to a depth of 1.50 m. The study was
conducted from 21 July 2021 to 20 July 2022. It included continuous measurement of the
indoor air temperature (Tint.), outdoor air temperature (Text.) and ground temperature in
the greenhouse (L1, C1, R1) and its surroundings (E1 and E2). The location of measurement
points was planned at the intersection of the transverse and longitudinal axes of the study
object (Figure 1).
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Figure 1. Arrangement of measurement points of inside air temperature (Tint.), (◦C), outside air
temperature (Text.), (◦C) and ground temperature in the greenhouse (L1, C1, R1), (◦C) and in its
surroundings (E1 and E2), (◦C), (a) plan, (b) cross-section A-A.

The above-mentioned parameters were measured using 7 PT-100 sensors (ACSE Sp. z
o.o., Krakow, Poland) with an accuracy of ±0.1 ◦C and a measurement error of ±0.1 ◦C.
The measurement data were recorded every 60 min on the computer’s hard drive using a
multi-channel Hewlett-Packard Data Logger.

2.2. Method and Calculation Variants

The acquired measurement data were the basis for computer simulations of the energy
consumption of the greenhouse under study. The calculations were performed based on
the elementary balance method. This method is known for its efficiency and accuracy in
modeling three-dimensional and transient heat flow in the context of soil and building
component structures. This division process is called model discretization. Energy and
temperature balance calculations are performed for each balance-differential element,
assuming a specific time interval. A 60-min time step was assumed in the calculations,
corresponding to the measurement frequency in real conditions. In order to perform
the calculations and detailed analyses, specialized computer software WUFI®Plus (ver.
3.5.0.1, IBP Fraunhofer, Stuttgart, Germany) and the MS Excel and Statistica packages (ver.
13, TIBCO Software, Palo Alto, CA, USA) were used. The calculations were performed
based on the elementary balance method. This method involves dividing the complex
structure into cuboid balance-differential elements. For each balance-differential element,
the technical parameters of the materials used in the model are given, such as: bulk density,
specific heat, thermal conductivity coefficient, frame factor, average coefficient of heat gain
from solar radiation, external surface emissivity, heat transfer coefficient. The model takes
into account the boundary conditions (current values of air temperature inside and outside
the analyzed object, the temperature of the ground medium and adiabatic planes) and their
variability throughout the entire research period.

The heat flow is calculated in a non-stationary approach, assuming a time step (For-
mula (1)), where: i—element number, Φixiyiz,. . . —heat flow between element ixiyiz and
neighboring elements [W], ∆τ—time step.

∆Q = ∆τ (Φixiyiz,ix+1iyiz + Φixiyiz,ix−1iyiz + Φixiyiz,ixiyiz+1 + Φixiyiz,ixiyiz−1 + Φixiyiz,ixiy+1iz + Φixiyiz,ixiy−1iz ) (1)
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For each balance-differential element resulting from the prepared geometric model
that corresponds to actual dimensions, the energy balance is calculated based on the Crank-
Nicolson explicit and implicit difference quotient. The method and equations used were
described in detail, among others, in the work of Gdula [36].

The main goal of the simulation was to determine the actual energy demand for
heating purposes and to determine the directions and values of heat flow. Three variants of
material and construction solutions were adopted for the calculations (Figure 2).

Energies 2025, 18, x FOR PEER REVIEW 6 of 19 
 

 

 

Figure 2. Calculation variants adopted for numerical calculations. 

For each calculation variant, the technical parameters of the materials were selected 
based on the PN:EN 6946:2017 standard [37] (Table 1). 

Table 1. Technical parameters of the materials used in calculations. 

 Materials Used and the Ground Adopted for the Greenhouse 

Physical Parameter 
Concrete 

C20/25 XPS Polystyrene 
Single Panes 

of Glass 
Single-Chamber 
Polycarbonate Sandy Clay 

Bulk density  
[kg·m−3] 2322.00 40.00 - - 1800.00 

Specific heat  
[J·kg−1·K−1] 

850.00 1500.00 - - 1000.00 

Thermal conductivity coefficient  
[W·m−1·K−1] 

1.70 0.035 - - 1.70 

Frame factor [-] - - 0.90 0.80 - 
Average coefficient of heat gain 

from solar radiation  
[-] 

- - 0.85 0.60 - 

External surface emissivity [-] - - 0.85 0.80 - 
Heat transfer coefficient  

[W·m−2·K−2] 
- - 5.00 3.50 - 

The calculation model assumes the isolation of a ground cuboid under the building 
and in its surroundings, in which three-dimensional heat flow occurs (Figure 3). 

Figure 2. Calculation variants adopted for numerical calculations.

For each calculation variant, the technical parameters of the materials were selected
based on the PN:EN 6946:2017 standard [37] (Table 1).

Table 1. Technical parameters of the materials used in calculations.

Materials Used and the Ground Adopted for the Greenhouse

Physical Parameter Concrete C20/25 XPS Polystyrene Single Panes of
Glass

Single-Chamber
Polycarbonate Sandy Clay

Bulk density
[kg·m−3] 2322.00 40.00 - - 1800.00

Specific heat
[J·kg−1·K−1] 850.00 1500.00 - - 1000.00

Thermal conductivity coefficient
[W·m−1·K−1] 1.70 0.035 - - 1.70

Frame factor [-] - - 0.90 0.80 -
Average coefficient of heat gain from solar

radiation
[-]

- - 0.85 0.60 -

External surface emissivity [-] - - 0.85 0.80 -
Heat transfer coefficient

[W·m−2·K−2] - - 5.00 3.50 -

The calculation model assumes the isolation of a ground cuboid under the building
and in its surroundings, in which three-dimensional heat flow occurs (Figure 3).
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The variant computer simulations were preceded by validation and verification of the
computational model. The correct fit of theoretical data resulting from the simulation was
verified based on the coefficient of determination (R2) method (Formula (2)), where: mi—is
the result of parameter measurement, m—the average of the parameter measurement,
si—the result of parameter simulation, s—the average of the parameter simulation, and
the GOF (goodness-of-fit) method (Formula (3)), where: mi—measurement result, m—the
average of the parameter measurement, si—the result of parameter simulation, s—the
average of the parameter simulation [38,39]. The coefficient of determination (R2) method
assumes that the simulation data are correctly fitted if more than 75% of the data shows
compliance. In the case of the GOF method, at least 80% compliance between the actual
and measurement data is required.

R2 =

 ∑n
i=1 (mi − m)·(si − s)√

∑n
i=1(mi − m)2·∑n

i=1(si − s)2

2

·100[%] (2)

GOF =

1 −

√
∑n

i=1(mi − si)
2√

∑n
i=1(si − m)2

·100 [%] (3)

Theoretical data were also assessed against the actual data using Spearman’s statistical
correlation analysis. The results were supplemented with a graphical interpretation of the
data distribution on box-plot charts. Theoretical data obtained from variant simulations
performed on the previously validated model were then used to estimate the energy
demand and heat flow directions from the tested greenhouse. The annual demand for fuel
for heating purposes was calculated using Formula (4), where: B—annual fuel demand
[kg/year], Q—annual energy demand [MJ], Wo—calorific value of the energy carrier
[MJ/year], η—efficiency of the heating device [-]. Then, pollutant emissions were calculated
based on Formula (5), where: E—pollutant emission [kg], EF—emission factor [g/GJ]. The
calculation methodology was carried out based on the guidelines recommended by the
National Centre for Emission Management and Balancing (KOBIZE), (Table 2). This method
allows for determining the emission of selected pollutants into the atmosphere for heating
systems diversified in terms of the heat carrier [40,41].

B =
Q

Wo·η
(4)

Table 2. Calorific value and pollutant emission factors.

Type of Pollution Coal
[g/GJ]

Natural Gas
[g/GJ]

Total dust 350.0 0.5
CO2 96,370.0 57,650.0
NOx 160.0 50.0
SOx 410.0 0.4

Fuel type Calorific value [MJ/kg]

Coal 25.28
Natural gas 48.00

E = B·Wo·EF·10−6 (5)

For each variant, the efficiency of the coal boiler was assumed to be η = 0.75 and the
efficiency of the gas boiler to be η = 0.92. The simulations also included air infiltration into
the building at the level of 0.5 h−1. Other parameters, such as wind speed and direction,
total precipitation and solar radiation intensity, were assumed based on the data obtained
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for a typical meteorological year (Figure 4). These data were also implemented during the
variant simulation process.
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3. Results
3.1. Analysis of Measurement Data

The results of the Tint. and Text. measurement data were analyzed for the entire mea-
surement period (Figure 5). In the case of Tint., the recommended values for the type of
crop were exceeded. In total, 24 ◦C was exceeded for 995 h (11% of the total length of the
research period). Tint. reached values lower than the minimum recommended value (8 ◦C)
for a total of 1116 h, which corresponds to 13% of the length of the research.
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Figure 5. Measured indoor air temperature Tint.and outdoor air temperature Text. over the entire
research period.

The average Tint. value for the period studied was 14.7 ◦C with a standard deviation
of 7.1 ◦C. The average Text. value was 7.4 ◦C with a standard deviation of 10.6 ◦C. In order
to determine the heat flow through the soil substrate, taking into account this area for the
greenhouse energy analysis, ground temperature measurements were carried out (Figure 6).
During the spring and summer, heat transfers vertically or diagonally downward from the
entire greenhouse floor into the deeper layers of the ground. In contrast, during autumn
and early winter, the heat flow reverses, moving vertically and diagonally upward from
the ground back into the greenhouse. In the summer, the temperature distribution in the
upper ground layer showed that ground temperatures decreased approximately 6 h more
slowly than the minimum air temperature. This caused a moderate rise in air temperature.
Over a 24-h measurement period, the direction of heat flow shifted. During the day, heat
moved from the air into the top layer of the ground.
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Figure 6. Ground temperature at points E1, L1, C1, R1 and E2.
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In winter, temperatures at a depth of −0.10 m displayed maximum and minimum
values with a noticeable delay compared to air temperature near the ground. This delay,
along with shifts in heat flow direction, contributed to greater thermal stability in the plant
zone. For most of the day—including afternoon, night, and morning hours—the upper
ground layer absorbed heat from deeper layers and transferred it to the air inside. Around
midday, when air temperatures in the greenhouse peaked, heat flowed from both the air
and deeper ground layers into the top layer of the ground.

The average ground temperature at point C1 was similar to the average Tint. value and
amounted to 14.8 ◦C. At points L1 and R1, the ground was cooled by 1.1–1.4 ◦C compared
to point C1 due to strong interaction with the external microclimate and a lack of thermal
insulation. The operation of the heating system and the impact of the external microclimate
contributed to significant diversification of the thermal conditions of the ground inside the
greenhouse. The range of data for points L1, C1 and R1 indicates differences in ground
temperature ranging from 19.8 ◦C to 22.3 ◦C, and at points E1 and E2 from 21.8 ◦C to
22.6 ◦C. The detailed data distribution is presented in the box-plot (Figure 7).
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3.2. Validation and Verification of the Computational Model

The acquired measurement data were implemented for calculations using the nu-
merical method of elementary balances, supported by specialist engineering software
WUFI®Plus. The model validation was presented on the example of ground temperature
for three selected measurement points, E1, L1 and C1 (Figure 8). Points E1 and E2 were
characterized by temperature characteristics that did not differ statistically significantly
(p < 0.05). Analysis of the obtained results showed a very strong correlation between actual
and calculated data (0.92, Spearman correlation) and no statistically significant differences
(p < 0.05). Verification of the reliability of the validated model performed using the R2 and
GOF methods showed a high compliance of actual and calculated data (Figure 9). In the
case of all measurement points, compliance was achieved at the level of 85–89% for the R2

method and 84–88% for the GOF method.
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3.3. Variant Analysis

Energy analysis was carried out for three variants, discussed in detail in Section 2.2. In
the case of variant 1, which in terms of material and construction solutions corresponded
to the actual construction of the greenhouse, it was found that the annual energy demand
for heating purposes amounted to 153,234 kWh/year. In variant 2, in which additional
thermal insulation of the zero state was used, the energy demand for heating purposes
was lower and amounted to 147,704 kWh/year. The lowest heat load was characteristic of
variant 3, in which 116,294 kWh/year was required to cover heating needs (Figure 10). The
use of thermal insulation of the foundations contributed to energy savings of 4% per year.
Analysis of the research results for variant 3 showed, in turn, that the use of single-chamber
polycarbonate for the greenhouse casing, together with the insulation of its foundations,
can allow for energy savings of around 24% per year. It should be noted that the above
results were obtained for the same indoor air temperature requirements (8–24 ◦C), and for
other assumptions (e.g., for a different type of crop) the results may be different.
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Figure 10. Thermal energy flow through the heating system, transparent partitions, ventilation,
ground and foundation of the tested greenhouse.

The obtained results of the energy consumption simulation were used in the next
step of the analysis to calculate the emission of pollutants into the atmosphere. The
computational analysis referred to two types of energy carrier, hard coal (actual state) and
an alternative fuel—natural gas. The highest demand for fuel for heating purposes was
noted for variant 1 (29,095 kg of coal or 12,492 kg of gas). Due to the increased thermal
protection of the greenhouse casing and foundations, the lowest fuel demand was found
for variant 3 (22,081 kg of coal or 9480 kg of gas) (Figure 11).
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Figure 11. Annual demand for solid and gas fuel for heating purposes.

Emissions of harmful compounds were determined for total dust, carbon dioxide and
nitrogen and sulfur oxides (Figure 12).
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Figure 12. Emission level for (a) total dust, (b) carbon dioxide, (c) nitrogen oxides and (d) sulfur
oxides.
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The analysis of the emissions of the aforementioned compounds in relation to the
unit of crop area in the tested greenhouse showed that the total emission for variant 1 is
148 kg/m2. In variant 2, the total emission was reduced by 5.34 kg/m2. The lowest unit
emission value was recorded in variant 3 (112.36 kg/m2). The aforementioned values refer
to the case when the greenhouse is heated by a coal boiler with an efficiency of η = 0.75.
In the case of changing the fuel to natural gas (boiler efficiency η = 0.92), a unit emission
reduction for each of the variants was found at the level of 51% (from 58 kg/m2 to 76 kg/m2

lower emission of harmful compounds).

4. Discussion

The article uses a numerical model based on the elementary balance method, which
effectively and precisely allows for heat flow modeling, especially in the analysis of three-
dimensional structures, for the adopted boundary conditions and assumptions [42,43].
The model was validated based on year-round, real measurement data, which signifi-
cantly influenced the reliability of the obtained simulation results. The obtained results
showed a high agreement between theoretical and real data (85–89% for the coefficient of
determination (R2) and 84–88% for the GOF method). The high correlation of data from
simulations with real data suggests that the model reflects the real operating conditions
of the greenhouse for the adopted assumptions well, which confirms its usefulness for
further energy and environmental analyses [37,44]. It is also worth mentioning the potential
limitations of numerical modeling. The models are based on certain simplifications (e.g.,
regarding material parameters or climatic conditions). Real conditions, such as changing
precipitation or seasonal climate variability (periodically lying snow cover), can affect the
obtained simulation results in a more dynamic way than the model predicts. However, with
the appropriate selection of input parameter values, these limitations can be minimized,
and the reliability of the obtained theoretical data can be verified by using indicators and
methods such as R2 or GOF [38,44]. The conducted studies have shown that the numerical
method can be used for indirect estimation of potential energy savings and reduction of
pollutant emissions for different material and construction solutions. The use of such meth-
ods significantly speeds up the analysis process and is crucial in planning future technical
improvements and optimizing existing buildings [45–47]. The use of modern thermal
insulation materials, such as XPS polystyrene insulation and single-chamber polycarbonate
panels, had a significant impact on reducing energy demand and emissions of pollutants
into the atmosphere. Variant 3, which included both foundation insulation and polycarbon-
ate panels, brought the greatest energy savings (24%) and the greatest reduction in CO2,
dust and sulfur oxide emissions. The analyzed technical solutions can significantly improve
the energy efficiency of this type of building, not only reducing their carbon footprint, but
also contributing to more sustainable use of the facility in long-term operations [23,48–50].
It should be noted that the results of the current research are based on climate data for one
location. In the future, the authors plan to extend the research with comparative analyses
for different regions characterized by different climatic conditions. This may allow for
a more precise definition of the tested assumptions in different atmospheric conditions.
Continuing research will also include expanding the analysis to include other heat sources
and heating systems such as hybrid systems (combining renewable energy with traditional
sources) or solely systems based on renewable energy sources.

5. Conclusions

The use of more efficient energy solutions and clean energy sources has great potential
to reduce the greenhouse sector’s carbon footprint. The verified numerical model enabled
the performance of variant analyses of different material and construction configurations
of greenhouses. Thanks to the model, it was possible to estimate potential energy savings
and reductions in pollutant emissions, which is crucial for planning future research related
to greenhouse modernization and optimization. The following conclusions were drawn:
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1. The appropriate selection of materials and construction solutions significantly affects
the energy demand of greenhouses.

2. The use of foundation insulation and single-chamber polycarbonate panels (instead
of single panes) in variant 3 achieved energy savings of 24% compared to the initial
variant 1.

3. Foundation insulation contributed to energy savings by 4%.
4. Variant 3 (foundation insulation and single-chamber polycarbonate panels) reduced

CO2 emissions by 24% compared to the basic variant. Emissions of sulfur oxides,
nitrogen oxides and dust were also reduced.

5. Changing the fuel from hard coal to natural gas would reduce the total unit emission
by an estimated 51% compared to hard coal.

6. The obtained results showed a high compliance of theoretical and actual data (85–89%
for the coefficient of determination (R2) and 84–88% for the GOF method). In further
stages of research, it is therefore possible to use the applied model for analyses of
adding insulation and modern materials using renewable energy (e.g., solar panels or
heat pumps).

7. The solutions tested in the greenhouse can be adapted to other types of buildings
requiring thermal regulation (e.g., agricultural warehouses or public utility buildings).
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