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Abstract: This article aims to demonstrate the technical capabilities and effectiveness of an energy
production and management system for school facilities using a modular solution. The system
is assumed to generate electricity from renewable sources, such as wind or sun. The potential of
renewable energy sources in Cracow, Poland, was assessed, with a focus on solar energy (photovoltaic
panels, PV). Taking into account the installation of heating and other equipment, an analysis of the
facility’s electricity demand was carried out. The study recommended the use of a heat pump system
to heat and cool the facility. Renewable energy sources will meet 81% of the facility’s projected
annual demand, according to the study. An analysis of the energy consumption and production
profiles shows that almost 69% of the energy produced by the PV panels is consumed on site. Of
the remaining energy, 31% is fed back into the grid and sold to the grid operator or used by other
facilities within the shared settlement. The overall balance results in a small electricity deficit that
must be covered by the grid. If suitable sites are available, the facilities under study could consider
installing a wind turbine as a potential supplement to the energy deficit.

Keywords: PV panels; energy balance; modular building

1. Introduction

Modern buildings account for a significant portion of primary energy usage, approx-
imately 41%, and contribute to nearly 40% of greenhouse gas emissions in Poland [1].
Efforts are being made to significantly reduce energy consumption [2,3]. One possible
solution is to increase the use of renewable energy sources in construction [4-6]. Interest in
energy-efficient and passive construction is growing gradually, partly due to rising energy
prices [7,8]. Publications in this area cover a range of topics, from case studies [9-13] to
analyses of different scenarios of conduct [14,15]. They also include reports that provide
guidance for implementing EU policies [16]. Most European Union countries are gradually
changing the legal conditions for new buildings and those undergoing renovation and
modernization [17-20]. In the European Union, several directives have been implemented
to enhance the energy efficiency of buildings [21,22].

The purpose of this article is to present an analysis of the efficiency of the generation
system, which is based on the use of renewable energy sources and installed in “Green
Classroom” facilities. This analysis is part of the tasks related to improving energy resilience.
The “Green Classroom” is a modular facility intended to expand the usable space of existing
schools [23]. An interdisciplinary team developed the project as part of the Ministry of
Education and Science’s “Science for Society” program. The team aimed to create a concept
for a facility that could support existing school facilities. The need for this type of solution
has become increasingly apparent due to events such as the pandemic and the war in
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Ukraine. Due to the COVID-19 pandemic and the need to conduct classes in accordance
with the hygiene regulations, students had to be placed in larger rooms than before the
pandemic, with greater distances between them. It was therefore necessary to increase
the teaching space quickly and temporarily. The war in Ukraine and the wave of refugees
(mainly women and children) made it necessary to provide a place to study for a large group
of students in a short period of time. The facility could expand the space used for classes or
even make it possible to hold classes. These facilities could also provide temporary support
for specific units during renovation or modernization work. Analyses were conducted at
over one hundred facilities in Cracow to support the proposed modular facilities.

Temporary increased educational space is important in emergencies [24,25] and when
enrollments increase in a given location. Given the high cost of building traditional facilities
and demographic problems, the need to organize additional school space quickly does
not make economic sense. The proposal for a “Green Classroom” system appears to be
a viable solution for economic and mobility reasons. The facility can be easily arranged
and moved to another location to meet temporary needs for increased classroom space.
Additionally, the “Green Classroom” facilities must meet the required energy standards,
and their operation should involve minimal costs.

This article aims to introduce the concept of energy support for facilities using “Green
Class” solar energy modules. This is due to the limitations of the current electrical infras-
tructure, which cannot always meet the required energy demand. The analyses aimed
to identify the potential for installing photovoltaic panels on the “Green Class” modules,
develop a concept for the power supply system (using renewable and traditional energy
sources), and estimate the system’s efficiency.

2. Materials and Methods
2.1. Research Method

This research aimed to identify the most suitable renewable energy source to sup-
plement the energy demand of a modular “Green Classroom” facility. The Photovoltaic
Geographical Information System was used to calculate the energy demand https://re.jrc.
ec.europa.eu/pvg_tools/en/tools.html (accessed on 1 March 2024).

2.2. Research Assumptions

The facilities developed as part of the modular and mobile “Green Classrooms” sys-
tem can be implemented in any location. The optimization of the choice of renewable
energy source presented in this article covers the conditions of the Malopolska Voivodeship
(Poland), with a special focus on Cracow (up to 15 km from the city). An existing school
building is assumed to operate for 12 h per day. Under normal conditions, power is sup-
plied from the grid with a photovoltaic system. The system is designed to maximize the
use of renewable energy sources for its own needs. During emergency conditions to main-
tain the operation of priority equipment (e.g., lighting, ventilation, wastewater pumping
station), the power system will switch to island operation. During island operation, the
primary energy source will be a battery bank together with renewable energy sources. The
conditions for island operation were adopted according to the co-operation manual [26]
agreed upon with the system operator. The reliability of the power supply allows the
continuity of services to be maintained at a constant level.

The following assumptions were made in this study:

maximum use of the potential of renewable energy sources,

connection to 0.4 kV grid,

power supply autonomy time—island operation up to 2 h,

method of power supply (from the grid and/or from its own equipment, i.e., photo-
voltaic cells), cooperation of renewable energy sources with the grid,

e island operation and associated energy storage.


https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
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2.3. Potential of Renewable Energy Sources

According to the assumptions of the study, the power supply of the school facility is to
be implemented with maximum use of available renewable energy sources. Solar radiation
energy—photovoltaic (PV) panels—was selected as the most favorable possible source of
such energy for the developed facility.

The average power of the wind turbine can be determined based on the following
well-known relationship:

1
PAVZECp'P'A'U'Va (1)

where C, represents the aerodynamic efficiency of the wind turbine rotor, p represents air
density, A represents the active area of the wind turbine, V represents wind speed, and n
represents the efficiency of the electrical generator.

An analysis was conducted to assess the feasibility of wind energy in the Cracow area,
using data from the Global Atlas for Renewable Energy database (https:/ /globalatlas.irena.
org/ (accessed on 1 March 2024)) for wind turbine locations. The average wind speed
was assumed to be 6.25 m/s, and a speed correction (WSP) was applied to calculate the
average wind speed for each month of the year. The wind turbine’s installation capacity
was assumed to be 1 kW, obtained at an average wind speed of approximately 10 m/s. The
approximate relationship can be determined as follows:

Pay = 1.0% V3 (W) 2)

Using Formula (2), it is possible to calculate the average power output of the wind
turbine and the energy produced during each month. The results of the analysis are
presented in Table 1.

Table 1. The estimated electricity production from a 1 kW wind turbine for a location near Cracow.

No. Month VAV WSP VAV_Month PAV E E
m/s m/s kW kWh/Month kWh/Year
1 January 6.25 1.13 7.05 0.35 260
2 February 6.25 1.08 6.72 0.3 212
3 March 6.25 1.1 6.88 0.32 242
4 April 6.25 0.97 6.08 0.22 162
5 May 6.25 0.94 5.85 0.22 149
6 June 6.25 0.85 5.31 0.15 108 2189
7 July 6.25 0.89 5.59 0.17 130
8 August 6.25 0.89 5.59 0.17 130
9 September 6.25 0.97 6.08 0.22 162
10 October 6.25 1 6.26 0.24 182
11 November 6.25 1.08 6.72 0.3 218
12 December 6.25 1.09 6.8 0.31 234

The data show that a wind turbine with a rated capacity of 1.0 kW can generate
about 2 MWHh of electricity per year. The proposed “Green Class” modular solutions have
a relatively low height, leading to the assumption that wind energy will not be utilized.
However, it could be beneficial to use wind energy during periods of low energy production
from PV panels, such as late autumn to early spring, to improve the overall energy balance
of the facility. It should be noted that wind turbines require a considerable amount of space
to operate effectively, which precludes the use of such a solution in the conditions of the
sites studied.

To determine the maximum potential of solar radiation, we identified the area suit-
able for photovoltaic panel installation and their optimal location. We used conceptual
“Green Class” modules (Figure 1a—d) and assumed the use of monocrystalline panels. The
installation was planned for both the roof and side surfaces.


https://globalatlas.irena.org/
https://globalatlas.irena.org/
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Figure 1. (a) Top view of the basic modules. (b) Side sections of basic modules A, B. (¢) Examples

of room arrangements for classrooms. (d) Visualization of a sample set-up of three modular rooms
including sanitary facilities and technical rooms.

A unit consisting of two single modules, which constitute the minimum volume of
the educational facility, was adopted for the analysis (Table 2). The following areas were
assumed to be used:

- 75% of the roof area (approx. 14.1 m?) to be covered with PV panels allows for the
installation of 2 kWp;

- 70% of the wall area with dimensions of 7.5 x 3 m (approx. 22.5 m?) allows for the
installation of PV with a power of 3 kWp.

The analysis of the optimal arrangement of 2 kWp PV panels (made using the PVGIS
database [27] for the Cracow location) are presented in Table 2.
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Table 2. The optimal arrangement of 2 kWp PV panels for the Cracow location.

Slope Angle [°]: 39 (opt)
Azimuth angle [°]: 180 (opt)
Yearly PV energy production [kWHh]: 2079.19
Yearly in-plane irradiation [kWh/ m?2]: 1348.66
Year-to-year variability [kWh]: 104.34
Changes in output due to the following:

Angle of incidence [%]: —2.89
Spectral effects [%]: 1.74
Temperature and low irradiance [%]: —9.28
Total loss [%]: —22.92

A summary of the monthly energy production from PV panels for the proposed
optimal panel arrangement (Table 2) is shown in Figure 2.
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Figure 2. Monthly production for the optimal panel arrangement with an azimuth of 180 and an
inclination of 39°.

The authors consciously used the PVGIS database [27], which approximates the data
to some extent and averages the efficiency. In addition to the position and orientation of
the panels, the overall PV energy production will be influenced by factors such as cooling,
depending on the arrangement method. The most advantageous variant of arrangement
on walls or roof was assumed here, and the energy production was estimated by the PVGIS
application using satellite data regarding solar radiation. It is obvious that the efficiency of
PV modules depends on both temperature and solar radiation intensity. It is possible [28,29]
to precisely determine the losses and efficiency of PV systems, taking into account the
characteristics of modules, converter systems, and the MPPT algorithms used; however,
for design purposes, the PVGIS database [27] allows for an effective estimation of energy
production efficiency. The PVGIS database assumes an estimated power loss of 8% due to
temperature effects (a general value that has been found to be reasonable for a temperate
climate). In addition, it is necessary to estimate system losses that cause the power actually
delivered to the power grid to be lower than the power produced by PV modules. There
are several reasons for these losses, such as losses in cables, inverters, or additional losses in
PV modules resulting from, for example, dirt. Modules also lose some of their power over
the years, so the average annual power output over the life of the system will be several
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percent lower than the power output in the early years. For general estimates, we adopted
the loss value of 14% proposed by the PVGIS database for the average monthly energy
production by the PV system.

2.4. Optimization of the Panel Arrangement on the Roof

Due to the limited possibilities of tilt and orientation with respect to the world (az-
imuth), analyses of the optimal positioning of the panels were carried out. A preliminary
assessment of the energy production depending on the influence of the tilt and azimuth of
the panels can be made from Table 3.

Table 3. Analysis of energy production in relation to the influence of the tilt and azimuth of PV panels.

Azimuth

West South-West South South-East East

Tilt 270 240 210 180 150 120 90
Vertical 920 51% 62% 69% 72% 70% 63% 52%
80 58% 71% 80% 82% 80% 71% 51%
70 65% 78% 87% 90% 87% 79% 65%
60 71% 84% 93% 96% 94% 85% 72%
50 76% 89% 97% 99% 98% 89% 77%
40 80% 92% 99% 100% 99% 92% 81%
30 83% 93% 99% 100% 100% 93% 84%
20 85% 93% 97% 99% 97% 93% 86%
10 87% 90% 93% 95% 94% 92% 87%
Horizontal 0 90% 90% 90% 90% 90% 90% 90%

Based on the coefficients presented in Table 1, we initially selected the following
panel layouts:

e Horizontal arrangement

Technically, the simplest solution is to arrange the panels horizontally. This ensures
complete independence of production from the orientation of the segment relative to the
azimuth. The production value obtained, which is 90% of the optimal alignment, is a good
result (refer to Figure 3). However, this solution has the disadvantage of large variations
in production depending on the month of the year. From a perspective of uniform energy
production, this solution is disadvantageous because there will be a shortage of energy
during winter months and an excess of electricity during summer months (see Figure 3).
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Figure 3. Monthly production for 0° inclination.
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e  Slope of the entire roof surface

When tilting the panels, it is important to position them relative to the azimuth. The
best results are obtained for an azimuth of 180°. It is worth noting that even a slight
inclination of 10 or 20° gives results close to the optimum (Figure 4). The variability in
production is less than in the horizontal alignment; however, it is still significant.
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Figure 4. (a) Monthly production for an azimuth of 180 and an inclination of 10°. (b) Monthly
production for an azimuth of 180 and an inclination of 20°.

e  Split pitch (gable)

A possible alternative is to use a gabled setting for the panels. The results presented
below demonstrate the case of a symmetrical roof with slopes of 20°, oriented to the east
and west (refer to Figure 5). The results obtained are comparable to those of the entire roof
surface sloping at 10°.

2.5. Optimization of the Panel Arrangement on the Wall

In the previous section, the optimization of the panel placement on the roof was
presented. It was shown that the energy production varies significantly with the season.
Another solution is to utilize the wall surface for PV panel installation.
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Assuming a 7.5 x 3 m wall with 70% coverage, panels capable of generating 3 kWp
can be installed. The performance analysis of wall-mounted panels, depending on the
azimuth, is shown in Figure 6a—c.
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Figure 5. (a) Monthly production for a 20° slope and west-facing fall azimuth. (b) Monthly production
for a slope of 20° and an azimuth of fall to the east.

The optimal solution for production efficiency is to use a south-facing wall. This
applies to both the amount of energy produced and the low variability of production
throughout the seasons. It should be emphasized that moving away from the standard
optimal positioning of PV panels (inclination and azimuth) in favor of placing them on

walls (especially southern ones) is an acceptable solution from the point of view of the
generated energy.
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Figure 6. (a) Monthly production for 90° inclination and west-facing slope azimuth. (b) Monthly
production for a 90° slope and south-facing fall azimuth. (¢) Monthly production for a 90° slope and
east-facing fall azimuth.
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3. Analysis of Solutions
Given the high seasonal variability of energy production, which has a significant
impact on the energy balance, a south-facing segment wall should be used. Such an
alignment of the PV panels will reduce the average annual production to a level of 70% of
that for the optimal alignment.
Depending on the intended use of the energy obtained from the PV panels, three cases
should be considered:
e  self-sufficient module—all the energy is used to meet the needs of the module or set
of modules;
energy storage—the energy harvested is used by an adjacent building (e.g., a school);
hybrid—the energy is used primarily for the energy needs of the module, while the
surplus energy covers the needs of the adjacent building (school).
Table 4 shows the recommended use of the facade and roof area depending on the
purpose of the PV energy.

Table 4. Recommended use of fagade and roof area.

PV Positioning Horizontal Position Vertical Position
Case on the Roof on the South Wall
Self-sufficient module °
Energy storage )
Hybrid . .

3.1. Daily PV Energy Production Profiles

The choice of where to position the PV panels (horizontally on the roof or vertically
on a south-facing wall) affects not only the amount and variability of monthly energy
production throughout the year, but also the daily energy production profile. In order to
compare the two solutions, the results presented are for an equal PV capacity of 1 kWp.
The data for the analysis is from the year 2020 and was taken from the PVGIS database.
The graphical representation of the statistical features of the daily production profiles is
presented in the form of box plots (Figures 7 and 8).
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Figure 7. The box plot displays the daily average annual production of PV (1 kWp) arranged
horizontally on the roof, based on the year 2020, according to PVGIS.
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Figure 8. A box plot displaying the daily annual production of PV (1 kWp) arranged vertically on the
south wall in the year 2020, based on PVGIS data.

The daily graphs on an annual basis, after taking into account the main characteristics
(median, box length, and minimum and maximum values) are similar, taking into account
the difference in energy production values of 0.9:0.72 in favor of the panels arranged on the
roof. The significant difference is in the values obtained in the morning and afternoon for
roof-mounted panels.

Monthly average daily profiles for both cases are presented in Figure 9. It can be seen
that for wall-mounted panels, the hourly range of significant energy production (above 5%
of installed capacity) is smaller (7-17) than for roof-mounted panels (5-18). There is clearly
less variation in energy production for individual months in the case of wall-mounted
versus roof-mounted panels. The minimum average monthly production (December) is
more than twice as high for wall-mounted panels as for roof-mounted panels (Table 5),
which is a significant advantage for this type of arrangement.

600 600
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data2 —data2
500 - data3 |- 500 datad | 1
datad datad
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4001 —data7 | | 400y data7 ||
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0 . 0 .
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Figure 9. Daily graph of average monthly production of PV (1 kWp) arranged as follows:
(a) horizontally on the roof, (b) vertically on the south wall, based on the year 2020 (PVGIS).
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Table 5. Daily values of minimum and maximum energy from PV depending on the location of the

panels (averaged over the month).

PV Positioning Horizontal Position Vertical Position
Daily Energy on the Roof on the South Wall
Minimal 680 Wh 4250 Wh
Maximal 1555 Wh 2555 Wh

The profiles presented were averaged over a month. To analyze module self-sufficiency,
it is necessary to consider the least favorable case, which is the period with the lowest
energy production. For the range of data analyzed in 2020, this was December. Figure 10
below shows the energy production course in December 2020.

250 T T T T T
= . N
sl (| ] | . nh
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sol| || “ h ‘ ‘1 | “ ‘ A 11‘ I 1‘ ‘ l “‘ “ “ ” ‘(_
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Figure 10. The course of energy production in December 2020 for 1 kWp PV: (a) horizontally on the
roof, (b) vertically on the south wall.

In both cases of panel placement variants, there are days when production does not
exceed 5% of the assumed capacity. This can occur for several consecutive days under
certain conditions, as seen in the presented data where it lasted for 6 days. This situation
is highly unfavorable for the facility’s self-sufficiency, especially during a month with
high electricity demand. Considering the high cost of energy storage, it appears that a
fully self-sufficient module may not be feasible and an external power supply will likely
be required.

3.2. Selection of Electricity Storage Capacity

According to the analyses presented in the previous chapter, it is recommended to
manage the energy obtained from PV panels in a hybrid way (see Table 3). In this case, the
PV energy should primarily cover the current demand of the module, while the surplus
should be stored [30,31]. To achieve this mode of operation, an energy storage system is
required. The use of lithium-ion storage is assumed. The storage capacity should be chosen
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based on the module’s daily energy balance, taking into account the average electricity
consumption and PV production. To account for location and season, the average PV panel
production depends on the panel’s azimuth, tilt, solar radiation, and temperature.

The primary criterion for selecting storage capacity is to minimize the number of days
with insufficient energy from PV and batteries, based on average energy consumption.
The analyses were conducted for a unit installed PV capacity of 1 kWp according to
PVGIS database [27], considering two panel locations resulting from the aforementioned
studies: horizontal on the roof and vertical on the south wall. The results are presented in
Tables 6 and 7.

Table 6. Percentage of the number of days per year with an energy deficit for 1 kWp PV as a function
of battery capacity and average daily electricity consumption for the vertical arrangement of PV

panels on the south wall.

Battery Capacity (Wh)

500 1000 1500 2000 2500 3000 3500 4000
500 40.6 9 4 2 1.2 0.8 0.5 0.4
1000 100 54 34 24 20 16 13 10
Average daily 1500 100 100 64 50 43 37 33 30
energy 2000 100 100 100 74 62 58 53 49
consumption 2500 100 100 100 100 83 74 72 70
(Wh) 3000 100 100 100 100 100 92 88 87
3500 100 100 100 100 100 100 100 94
4000 100 100 100 100 100 100 100 99

Table 7. Percentage of days per year with an energy deficit for 1 kWp of PV as a function of battery
capacity and average daily electricity consumption for the horizontal arrangement of PV panels on

the roof.
Battery Capacity (Wh)
500 1000 1500 2000 2500 3000 3500 4000

500 36 7 4 3.15 2.5 1.8 141 1

1000 100 46 32 29 27 26 25 25

Average daily 1500 100 100 54 46 42 40 38 38
energy 2000 100 100 100 62 56 53 50 48
consumption 2500 100 100 100 98 68 65 62 60
(Wh) 3000 100 100 100 100 92 74 71 69
3500 100 100 100 100 100 90 80 78
4000 100 100 100 100 100 100 91 86

Tables 6 and 7 show that arranging panels on the roof results in a higher number of
days with an energy deficit for high energy consumption relative to battery capacity, with
the number of days with a deficit exceeding 50%. The vertical arrangement of panels on
the south wall yields better results in other cases. In self-sufficiency mode, it is important
to minimize the number of days with an energy deficit. A few percent improvement can be
considered satisfactory. Arranging PV panels on the wall, rather than the roof, can achieve
this result with a 40% smaller storage capacity.

Any surplus energy generated by the module can be used by other energy consumers.
In this case, the wall arrangement is more favorable due to the better distribution of
energy by month, despite the smaller total amount compared to the roof arrangement.
Figures 11 and 12 show the excess energy for the two cases of alignment and equal average
values of energy consumption (500 Wh/day) and storage capacity (3000 Wh). It should be
added that the energy storage only secures and balances the daily demand and does not
affect the monthly balance.
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Figure 11. Energy balance for laying 1 kWp PV on a vertical wall and average energy consumption of
500 Wh/day and storage capacity of 3000 Wh.
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Figure 12. Energy balance for laying 1 kWp PV on a horizontal roof and average energy consumption
of 500 Wh/day and storage capacity of 3000 Wh.

4. Analysis of Facility’s Electricity Demand

In order to estimate the demand for electricity, a single classroom with a sanitary node
or technical room was selected for analysis, for which a balance sheet should be carried
out, taking into account the heating and cooling system, ventilation, hot water preparation
needs and the operation of electrical equipment necessary for the operation of the facility.
It was assumed that the classroom will be constructed with four basic modules (Figure 1a)
with a technical or sanitary room according to the “Green Classroom” system (Figure 1c),
which will be equipped with 4 kWp PV panels on the roof and 3 kWp on the walls. The
entire PV system is to cooperate with an energy storage unit with parameters that were
defined earlier in the article.

The choice of a heat pump as a source of heating and cooling is dictated by economic
and environmental considerations. A heat pump using renewable energy is an environmen-
tally friendly device and generates significantly lower operating costs, compared to other
competing energy sources [32,33]. The operation of a single pump operating reversibly
in heating and cooling mode was envisaged for one classroom. Due to the relatively low
demand for domestic hot water, instantaneous water heaters were provided for its prepara-
tion. Cubic volumes were used as input data for the analyses. A summary of the relevant
data needed for the analyses is presented in Table 8.
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Table 8. Dimensions, area, and volume of the analyzed object.

Structure

Heated Cooled
Cubage (m®)  Cubage (m3)

Power of Installed
PV Panels

Building Area
(m?)

Cubage
(m®)

Classroom composed
1 of two basic units
(four basic modules)

4 kWp-roof;
3 kWp-side wall;
+ energy storage

52 156 156 156

Technical or sanitary

room

27 0 0

The heat pump was selected based on the average climate data for Cracow from
https:/ /pl.climate-data.org/ (accessed on 1 March 2024). Determining the maximum
heating power required for a building is challenging without considering detailed insulation
parameters. For instance, the maximum heating power for insulation standards, determined
based on standard normative data for objects of a certain cubic capacity (refer to Table 6),
varies between 7.5 kW and 3.3 kW according to the regulations in force from 2002 to
2021 (estimated conversions according to the calculator on https://ekodom.eko.org.pl/
(accessed on 1 March 2024)). Based on the current normative regulations (for example in
Poland [34-37]), the wooden structure of the modules and insulation of the walls with
15 cm thick mineral wool, and 20 cm thick insulation for the roof, along with ventilation
using a recuperation system, will result in a maximum heating device power of 3.3 kW (for
a system with a cross or rotary recuperator) or 3.4 kW (for a system with a counterflow
recuperator). The maximum power of the heating device increases to 4.2 kW in the absence
of recuperation and with the use of mechanical ventilation. Table 9 summarizes the
estimated power and thermal energy requirements according to current standards. The
tool available at https:/ /cieplo.app/ (accessed on 1 March 2024) was used for this purpose.
The maximum power of the heating device was calculated for an outdoor temperature of
—20 °C and an average indoor temperature of 20.0 °C. The heating season’s average heating
power was determined based on an outdoor temperature of 1.4 °C and an average indoor
temperature of 20.0 °C. Additionally, an estimated 100 dm?/day of DHW was required.

Table 9. Estimated power and thermal energy demand.

Maximum
Power of the
Heating Device
(kW)

Average
Heating Power
(kW)

Daily Thermal
Energy
Consumption
during the
Heating
Season/Day
(kWh)

Estimation of
Useful Heat
Energy on the
Basis of
Climate Data
(kWh)

Heating Power
at Bivalent
Temperature
—-5°C
(kW)

Design Annual
Thermal
Energy
Consumption
(kWh)

Electricity
Needed to
Prepare 100
Liters of DHW
/Day (kWh)

34

15
(56 W/m?2)

2.1 6415 6497 37 0.3

As a source of thermal energy, it is proposed to choose a reversible air-to-air heat pump
with a heating capacity calculated at an outdoor temperature of 2 °C of a min. of 4-5 kW
(monovalent operation of the heat pump is assumed, that is, without an additional parallel
energy source). The demand for thermal energy and cooling for the analyzed object must
take into account the monthly average temperatures for Cracow (Table 10). The balance of
thermal energy consumption in individual months of the year is presented in Figure 13 and
was prepared using the application https://dimplex24.pl/ (accessed on 1 March 2024).

Figure 13 shows the balance between heating and cooling energy demands throughout
the year. The heating energy demand for the year is 6497 kWh, while the cooling energy
demand is 3500 kWh. The energy demand is primarily influenced by temperature and
weather conditions. During the colder months, heating energy consumption is highest,
while cooling energy consumption is lowest. Conversely, heating energy consumption is


https://pl.climate-data.org/
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non-existent during the summer months, while cooling energy consumption increases. The
heat pump requires approximately 26,210 kWh/year of electricity at an average COP of
3.8 (Figure 14). Other components of energy consumption, such as preparing domestic hot
water (DHW), operating the ventilation system with heat recovery (recuperation), lighting,
and powering other electrical equipment (e.g., computer, projector, etc.), must supplement
the demand for electricity required to maintain thermal comfort in the rooms [38-40].
Table 11 shows the estimated power and energy requirements for other equipment.

Table 10. Summary of average monthly temperatures for Cracow.

Month

1 2 3 4 5 6 7 8 8 10 11 12

Average temperature (°C)

2.3 -0.9 33 9.3 14.1 17.5 19.5 19.1 144 9.2 43 —0.1

1200
1000

800

E[kWh] 600
400

200

0

350

Monthly heating and cooling demand
M heating W cooling

1 2 3 4 5 6 7 8 9 10 11 12

months

Figure 13. Energy balance of heating and cooling energy consumed.

Monthly electricity demand

B heating and cooling ® others

300
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months

Figure 14. Summary of monthly electricity demand.



Energies 2024, 17, 2033

18 of 21

Table 11. Estimated remaining power and electricity requirements of other equipment.

Electricity Needed to Prepare Electricity Needed for Electr{aty Requu.'ed fo-r D‘?‘ly
. . Function, Including Lighting
100 Liters of DHW Recuperation . .
and Electrical Equipment
Daily Monthly Daily Monthly Daily Monthly
1 kWh 22 kWh 1.5 kWh 33 kWh 5kWh 110 kWh

Figure 14 presents a summary of the monthly electricity demand. The assumption
is that the facility operates for 10 h a day, 5 days a week (22 days a month). The annual
energy demand is significantly overestimated as the interruption during holiday months
was not considered.

According to the data in Figure 14, the energy consumption of other equipment
(Table 10) is 1980 kWh/year. Balancing the facility’s electricity demand with PV energy
production (Figure 15), a summary of electricity shortages and surpluses was obtained for
each month (Figure 16).

Monthly electricity production from PV
600

500

400

E [kWh] 300 -
200 -

100 -

1 2 3 4 5 6 7 8 9 10 11 12
months

Figure 15. Summary of monthly electricity production from PV panels (4 kWp PV panels on the roof
and 3 kWp on the walls).

Electricity balance including energy obtained from PV

200

100

0

-100

E [kWh]
-200

-300

-400

-500
months

Figure 16. Overall summary of the shortage and surplus of electricity for the analyzed object of
“Green Class”.
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The presented energy demand balance is influenced by seasonal changes in weather
conditions. There is a significant energy shortage during autumn and winter months. The
facility’s projected annual demand is 4600 kWh per year, while the electricity produced
from renewable sources is 3752 kWh/year.

5. Summary and Conclusions

The authors proposed a modular solution called the “Green Classroom” enabling the
configuration of school space. Energy analyses were carried out for an example configu-
ration of a facility consisting of four basic modules with a technical room or a toilet. An
unconventional proposal presented in this article is the additional use of side walls for
installing PV modules, which allows for the flattening of energy production characteristics
in months with less favorable sunlight and better use of energy storage.

The analysis above demonstrates the technical feasibility and efficiency of an elec-
tricity generation and management system for an educational facility, using the latest
technology to obtain electricity from solar energy. The potential of renewable energy
sources, specifically photovoltaic panels, at the indicated location was estimated to be
3.75 MWh/year. Subsequently, an analysis of the site’s electricity demand was carried
out, taking into account the installation of heating and other equipment. To achieve this
goal, a heat pump system was proposed for heating and cooling the facility. The facility’s
estimated annual electricity consumption is 4.6 MWh/year. According to the analysis,
renewable sources will provide 81% of the facility’s projected annual demand. The use of
renewable energy to directly power the “Green Classroom” facility is not feasible due to
the daily and annual variation in electricity production from PV panels. An analysis of
the energy consumption and production profiles reveals that approximately 69% of the
energy produced by the PV panels will be consumed on-site (known as self-consumption),
amounting to 3.15 MWh/year. The remaining 31% of energy will be fed back into the
electricity grid and either sold to the utility or used by other school facilities within the
joint settlement. Regrettably, there is a shortage of 1.45 MWh/year of electricity that must
be obtained from the grid.

Despite their simplicity, the presented analyses allow us to answer whether and to
what extent a PV installation can meet the needs of unusual architectural solutions, which
include the “Green Class”. In particular, does it make sense to use an unusual arrangement
of PV panels on the walls? We argue that these solutions should also be considered, and
this is supported by the significant drop in purchase prices of PV panels in recent years.

The installation of a small wind turbine could supplement the energy shortage in the
“Green Classroom” complex (Figure 1d), provided suitable locations are available. This
could significantly improve the energy balance of the entire premise.
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