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ABSTRACT: Renewable energy sources (RESs) are used more and more frequently as energy sources
for heating and domestic hot water (DHW). However, there are many factors influencing energy effi-
ciency, thus also ecological benefits. Before making a decision on what kind of RES is useful and reli-
able, a comprehensive analysis should be conducted, taking into account technical, financial and
ecological factors. This paper discusses different variants of energy sources that could be applied in a
kindergarten building to prepare hot water in place of existing solutions (district heating system, DHS).
An air heat pump (AHP) with photovoltaic panels (PV) was considered the most reliable energy source
in the analysed building in terms of economic and environmental considerations. The simple payback
time (SPBT) for this investment was estimated to be 14.55 years. This solution causes the lowest CO,
emissions. Another system with solar collectors supplying hot water preparation in the heat centre can
also be recommended. The simple payback time in this case was slightly higher (14.94 years), and
a decrease in CO, emissions was observed compared to the actual conditions.
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Introduction

Each owner of the building faces the decision about the energy source for
heating, ventilation and cooling (HVAC), domestic hot water (DHW) and lighting.
Despite the fact that we need to choose between renewable (RES) and non-re-
newable energy sources, there is also a variety of kinds of RESs to be considered
the best solution in the case of each building and user. Renewable energy sources
are naturally replenished, sustainable, and eco-friendly. The major types of RES
are:
¢ Solar energy,
¢ Wind energy,
¢ Geothermal energy,
¢ Hydropower from flowing water,
¢ Ocean energy,

e Biomass.

RESs are frequently used. However, non-renewable energy sources like natu-
ral gas, coal or oil play a crucial role in the generation of energy for different
purposes (IEA, 2022). Thinking about the safety of each solution, we take into
account the safety of delivering energy (in the context of existing circumstances),
maintaining the source by users (including the financial side of this issue) and for
the surroundings. As shown by Sadowska et al. (2022), the emission of pollutants
strictly depends on the combustion technology or type of fuel used.

An overview of the literature

According to Polish law (Announcement, 2022), DHW installation should be
designed and constructed in a way that allows the amount of thermal energy
needed to prepare hot water to be kept at a reasonably low level. This is the
necessity to analyse all stages, starting from heat generation, by its distribution
and accumulation to regulation.

For years, energy was generated from fossil fuels, while in the last decade,
various RESs have been used more frequently. Liu et al. (2023b) conducted a
study of the effect of zero-carbon transformation of public kindergartens in Bei-
jing. Liu et al. (2023b) focused their study on the kindergarten and concluded
that the utilisation of renewable energy such as solar energy, wind energy, and
geothermal energy, enhancing the awareness of green energy conservation and
integration of the building with the environment were crucial to achieving sus-
tainable development. Before the selection of the optimal energy source, a pre-
liminary analysis should be conducted. As presented by Kolendo and Krawczyk
(2018), the decision about the installation of solar flat or vacuum collectors on
buildings’ roofs should be predated by analysis of data on solar potential, expo-
sure, slope, surface and roofs’ shape. Achbab et al. (2022) used the precise recon-
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struction of the territory in a 3D urban model called digital surface model (DSM)
in the analysis that included geographical location, shade, tilt, orientation, roof
accessibility and topography to estimate the energy production of solar panels.
Additionally, the profile of users should be taken into account, e.g., education
buildings or offices have different week and day schedules than residential build-
ings. The usefulness of modern tools like GIS & T technology, multi-criteria deci-
sion support, and remote sensing techniques, including airborne laser scanning,
etc., for analyses, was shown by Krawczyk and Kolendo (2017), Krawczyk et al.
(2019), Liu et al. (2023a), Shono et al. (2023).

In existing kindergartens located in Bialystok, hot water is most often pre-
pared in heat centres supplied by a combined heat and power plant (CHPP); thus,
in this paper, various options to include RES in a heat production for DHW were
analysed.

Research methods

The procedure of selecting of a reliable energy source supplying the DHW
system in the kindergarten used in this article comprises several sequential
stages, as illustrated in Figure 1.

- type of the building and usable area
Stage 1 - number of building users and usage profile
Gathering data about the considered building - type of existing DHW system and heat source
- recorded amount of heat for DHW preparation

ﬂ - climatic conditions resulting from the location of the building
- analysis of the shape of the building and its roof
Stage 2 - orientation in relation to the cardinal directions
Preliminary analyze for the possibility — shading elements
of using RESs for DHW preparing - location of the building on the plot and its layout

- selection of different variants of DHW energy sources that

could be applied in the kindergarten

- calculation of thermal energy consumption for DHW and

Stage 3 comparison with actual heat consumption
Computational analyses — - calculation of renewable energy yield in individual variants
- assessment of the cost effectiveness of investments
ﬂ - estimating the ecological effects
Stage 4 - comparative analysis of the results
decision stage —»| - selection of a reliable energy source suppling DHW system in

the considered kindergarten

Figure 1. Research methods diagram
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The amount of energy needed to prepare domestic hot water Q,, can be
determined from Equation 1.

Vi Cw Pw (Ow—60) kR tR
Nw,tot

where:

V,, - unit daily demand for domestic hot water [dm3/(m?-day)],

¢, — specific heat of water [J/kgK],

pw - water density [kg/m?3],

Oy - hot water temperature in a draw-off tap [K],

6, - temperature of cold water [K],

kg — correction coefficient due to breaks in use of the domestic hot water system [-],

tg— number of days in a year [-],

Nw.ot — average seasonal total efficiency of the hot water preparation system [-], cal-
culated based on the Formula 2:

Nw,tot = Nw,g " Nw,a " Nw,e " s, (2)

where:

nNwe — average seasonal efficiency of heat generation of the domestic hot water sys-
tem [-],

Nwq — average seasonal efficiency of heat transfer of the domestic hot water system
[-1,

Nwe — average seasonal efficiency of the use of heat of the domestic hot water system
[-1,

ns — average seasonal efficiency of heat accumulation in the capacitive elements of
the domestic hot water system [-].

In the Polish building certification system in force in 2008-2014 (Regulation,
2008), the annual consumption of thermal energy using the calculation method
was determined based on the daily demand for DHW (V) related to number of
people (dm3/(person-day)). According to the current law (Regulation, 2015) it is
determined based on a DWH consumption rate related to the usable area (dm?3/
(m2-day)). In practice, in the case of DHW systems, the usage profile in the con-
text of daily, weekly and monthly needs is also very important. In part of kinder-
gartens, there is a kitchen where dishes are prepared, and plates and pots are
washed, which increases the hot water load significantly. In other preschools,
lunches are delivered by an external catering company, which results in hot water
needs just for washing hands. Therefore, to correctly estimate the amount of heat
needed for preparing hot water, the calculated demand should be compared with
the measured heat consumption. This is legally required in the Polish energy
audit system (Nowakowski, 2012), but it is also extremely important when
selecting new energy sources, including RESs. The hot water temperature is set
at the level from 55 to 60°C, while cold water in the winter season is assumed to
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be 10°C (Announcement, 2022). Polish regulations (Regulation, 2002) and liter-
ature (Nowakowski, 2012) recommend estimating DHW consumption in kinder-
gartens as 15-20 dm?3/(child) but do not take into account the usage profile of the
institution.

In the absence of a separate measurement of heat for heating and hot water
preparation in heating nodes powered by combined heat and power plants
(CHPP) in the months of the heating season (from January to May and from Sep-
tember to December), the amount of heat for hot water preparation can be deter-
mined from Equation 3:

Zmonth

—viIQw
QWav:I—V,IX—XII = =4 ‘;” 4 (3)

where:
Qewav:vixxy — computational monthly heat needs for DHW [G] /month].

When calculating the average water consumption in months during the heat-
ing season, one of the summer months (August), with a different usage profile
(during which children have a summer break and do not attend kindergarten),
was omitted.

Energy yield from solar radiation can be determined from the Formula 4:

Qsor = Zﬁ%(%h(Aac I np), (4)

where:

A, - total active surface of solar collectors or photovoltaic panels [m?],

I - the sum of total solar radiation on a surface with a given orientation and the tilt
angle [kWh/(m?-month)],

ny,) - the average efficiency of solar collectors taking into account zero-loss efficiency,
heat loss coefficient, temperature of absorber surface, temperature of second
glazing and inlet temperature of the working fluid and incident solar radiation
/ photovoltaic panels conversion efficiency][-].

A simple payback time (SPBT) can be used for the economic assessment of
the investment. The SPBT indicator, described by Formula 5, determines the time
after which an investment begins to generate economic profit, taking into account
the investment incurred.

Ny

SPBT = 5%, (5)

where:

Ny -  costof system [PLN],

Aoy - annual savings in energy costs resulting from the application of the improve-
ment [PLN/year].
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In order to determine the reduction of CO, emissions (AEM) to the atmos-
phere resulting from the combustion of the fuel in the CHPP, the amount of pol-
lutant emissions was calculated before and after replacing the heat source for
DHW according to Formula 6:

AEM = Qyo "Wy — Quq * Wy, (6)

where:

Q(o,1y - the amount of energy needed to prepare DHW before and after replacing the
heat source [G]/year],

wg - CO, emission factor resulting from fuel combustion in the CHPP in Bialystok [kg/

GJ],

w; - CO, emission factor after replacing the heat source [kg/G]].

Characteristics of the considered building
with preliminary analysis for the possibility of using RESs
for preparing hot water

A kindergarten building, shown in Figure 1, located in the north-eastern part
of Poland (in Bialystok), was selected for the research. The geographic coordi-
nates of the case study are, respectively, longitude 23°10'E and latitude 53°06'N.
The average monthly temperature for this location is given in Table 2.

Table 1. The average monthly temperature (8y,) in Bialystok

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

(°C) 49 120 |17 |73 132159 173145121 /71 |16 -1.3 |69

Source: authors’ work based on https:/www.gov.pl/web/archiwum-inwestycje-rozwoj/dane-do-
obliczen-energetycznych-budynkow [23-11-2023].

It is a two-storey building with a partial basement, put into use in 1985. The
heated area is 946 m?, while the volume is 4040 m3.

The building was constructed on the basis of a typical project, using industri-
alized large-block technology. Thermal modernization was carried out in the
building, and it was adapted to the needs of people with disabilities, which was
achieved, among other things, by building a ramp at the main door.

The analysed kindergarten building is located on a plot with an area of over
4000 m?, and the building development area is 484 m?. The main facade is ori-
ented towards the south-west. A large part of the kindergarten plot is covered
with trees, which shade most of the surroundings and the building’s facades.
However, the trees are not high enough to shade the roof. The ventilated flat roof
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is shaded only by the roof elements and roof infrastructure, which does not pre-
vent it from being used to place PV panels. In the plan, the building has a shape
similar to a rectangle (Figure 3) with dimensions of approximately 15 m and 37 m.

The kindergarten building in question has a heat center supplied by a com-
bined heat and power plant (CHPP). The actual heat consumption in 2022 is pre-
sented in Figure 4. Due to the lack of a separate measurement of heat consump-
tion for water preparation, it was calculated based on formula 3.

Figure 2. The view of the kindergarten building under consideration

- o .
N b »

Figure 3. View of the location of the tested building with its layout on the plot
Source: authors’ work based on Miejski System Informacji Przestrzennej (2023).
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Figure 4. Measured total heat consumption in the kindergarten building in 2022
and computational needs for hot water preparation

The assumptions for the analysis and simulations

The computational annual heat needs for hot water preparation amounted to
131.23 GJ and was 29% lower than calculated in the energy audit (National
Energy Conservation Agency, 2018). For further analyses, a value based on the
measurement results was adopted.

In the case study, the following variants of energy sources could be applied
for preparing hot water in place of the existing solution (DHS - Variant 0):

e Variant 1: Air heat pump (AHP) and existing energy sources (DHS),
e Variant 2: Air heat pump (AHP) and photovoltaic panels (PV),
e Variant 3: Solar collectors (SC) and existing energy sources (DHS).

The selection of the air heat pump was based on the thermal power of the
domestic hot water system obtained from an energy audit (National Energy
Conservation Agency, 2018). The installation of an air/water heat pump with
a power of 21.7 KW was assumed.

Due to the orientation, shape and shading elements on the roof of the build-
ing (Figure 3), it was decided to install PV panels and solar collectors facing
south-west. When determining the value of the tilt angle of these devices, the
graph developed by Zukowski and Radzajewska (2015) was used. The optimal
angle for the considered location of the building was 32°. Statistical climatic data
for energy calculations of buildings in Poland were used to determine the yield
from solar radiation energy (Ministerstwo Inwestycji i Rozwoju, 2008). The
adopted values are shown in Table 2.
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Table 2. The sum of total solar radiation in Bialystok on a surface with a SW orientation and
the tilt angle qual 30°

month 1 2 3 4 5 6 7 8 9 10 11 12 Total
© ) r~ S = K & < ~ < o~

kWh/m? o~ < < > > > S S S 1= © ~ S
© Lo N < oo oo = ~ — —~ o ~ ~

o o < o 15} 152 Is2) — — o o~ ~ ~

~ 1) NS > — — = — > < N — >

Source: authors’ work based on https://www.gov.pl/web/archiwum-inwestycje-rozwoj/dane-do-obli-
czen-energetycznych-budynkow [06-10-2023].

Unit energy prices were based on data provided by their producers and dis-
tributors. In a case of combined heat and power plant (CHPP) in Bialystok (Enea,
2023; Optimal Energy, 2023) energy prices for a unit of supplied heat amounted
to: 108.36 PLN/G] and 23447.28 PLN/MW/month and for electricity: 1.779
PLN/kWh.

Results of the research and discussion

In each of the considered variants, the heat demand for hot water prepara-
tion was estimated, taking into account RESs. In Variants 1 and 2, Formulas 1 and
2 were used. In the variants in which photovoltaic panels (Variant 2) and solar
collectors (Variant 3) were proposed, the heat yield from solar radiation energy
was determined from Formula 4.

In Variant 1 (Table 3) the AHP will only operate up to a certain bivalent point,
e.g. 5°C, and then it will be disconnected because the amount of electricity sup-
plied for its operation (internal defrosting and heating) will make this work
unprofitable and then the system will be switched to power supply from the
existing DHS. According to the average monthly temperature data for Bialystok,
assuming a bivalent point, in January, February and December, the entire hot
water will be prepared from the heating station, while in March and November
- for part (half) of the month. However, in the remaining months, the maximum
yield from heat pumps was assumed.

Electricity consumption for the AHP in Variant 1 was estimated assuming 2
hours of work in March and November and 4 hours during 7 months (from April
to October) and 30.5 (approximately) days per month. In Variant 2 the operation
of the AHP throughout the entire year and the production of electricity for its
needs from PV panels was assumed. The results of energy demand calculations
in this variant are presented in Table 4.
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Table 3. Results of energy calculations in variant 1

month 2 3 4 5 6 7 8 9 10 11 12 Total
Heat demand for DHW
D I N A s A =< T A . A R S B BN
(@] (@] (@] (@] (@] (@] (@] [ee] (@] (@] (@] (@]
Q, kWh = = = = = = =2 < = o = o ©
5| 5 B 5 5| ®» & N ®» e B > 0=
Energy demand supplying from the existing DHS and from AHP (total renewable and non-renewable energy
o~
<t < o~ o~ <t < N
< < ~ r~ < < ~
From DHS o = o ol o o 2
— — ) ) — — )
o o — o o o o o (ew) — o o -—
& 3 3 3 3 83 3 ¢ e
From AHP 2 =2 2 ¢ 2 3 2 3 2
rs) — — — — — — [re} S
o o — o o o o o~ o — o o ~N
degree of coverage % ol g gl s g/ g/ o g g 2
o o o — — — — — — rs) — — [7s)
o
Electricity consump-tion for the E 8| 2 8 =2 28 = 3
pump (5.34kWe) kWh » 2 S8 B2 8 &
o o o O O O O O N O o o [Ye)
*In August many children go for holidays that results in reduced energy consumption.
Table 4. Results of energy calculations in variant 2
month 2 3 4 5 6 7 8 9 10 1 12 | Total
Heat demand for DHW
8
I I I I I 3I FT 8 3 T I I 4
Q, kWh S o o o I o o9 x® S| T S T Q
5| 5 | 5 B » & N ®» & 5 > =
Energy demand supplying from AHP (total renewable and non-renewable energy
Electricity consumption forthe | 2 | & © 8 © 8 i 8 =2 8| 2| 3
pump (5.34kWe) kWh S X B2 8 28l vl &
O Yol O O O O O O O O O © M~
Energy yield from 50 PV (50 photovoltaic panels with an active surface and PV conversion efficiency of 20.4%)
o 2 2. 8 2 5 9 3 5 - 3 o =
kWh — 0 < o5 S |~ S | o — © S NN
o~ o [e¢) N N~ N~ N < o~ — o [Te) g
| 8 &2 2 & 8|8/ |2 & F =2
jee) < =3 — o~ <~ = e} s} (>
degree of coverage % b O T O - = == s A v e I A
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month 1 2 3 4 5 6 7 8 9 10 11 12 Total
possibility of using solar
energy fordomestichotwater | | o | 6| o © o | © o o © | = | o 3
— S — o] — <o — — oo — (o] N o
purposes o~ oo o o o~ o o~ o o o o o ™
kwh > 83 8 3 8|3 8 &3 &8 & & K
amount of electricity supplied - o | o ~
from the power grid o S| o] o
*In August many children go for holidays that results in reduced energy consumption.
Based on the data presented in Table 4, it can be seen that despite a signifi-
cant overproduction of electricity from planned PV panels in summer, it was not
possible to cover energy needs in the winter months (January, November and
December). The missing amount of electricity must be supplied from the power
grid.
Table 5 shows the results of energy calculations in Variant 3, where SC was
proposed, supporting the heating of hot water by existing energy sources (DHS).
The number of solar collectors has been selected in such a way that there is no
excess production of thermal energy in the summer (except for August, when
most children do not attend kindergarten and the excess hot water can be used
for cleaning work in and around the building).
Table 5. Results of energy calculations in variant 3
month 1 2 3 4 5 6 7 8 9 10 11 12 Total
Heat demand for DHW
o
I I I T 3T 3 3T 8 3 3 3 3 3
Qb S s 2 2 2 g 2 8 2 g 2 g ¥
R R I e O = I A N O - S =T I =T
Energy yield from 12 SC (12 collectors with an active surface and an optical efficiency of 74%)
38
(@2} <t o~ o o~ D — 4
From SC 8 8 5 2 3 2 38 8 2 8 8 = 8
58 2 & &/ & 3|2 8 F =8 =
o < [=)] @ o Lo [ee] S < o — o I~
degree of coverage % R TR 2 T <3 Y= R A A B S -
— o~ <t O D D D — O o — — 0
o
Heat from DHS T R 8L 8 o vl o« S| = 8 8 &
kwh el 8| 3| &l 3| 2| 3| gkl 8|8 53
Lo < N~ o o o — — — O N~ O
o~ o~ — — — — o~ o — o~ o~ o~ —
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To indicate the reliable energy source supplying DHW system in the analyzed
kindergarten building, an economic analysis was carried out. Maintenance costs
were calculated for the existing state and the proposed 3 variants (1-3) of energy
sources. In the next step, investment costs were estimated, based on detailed
systems schemas and installation cost estimate. Total maintenance and invest-
ment costs were used to calculate the SPBT economic indicator. CO, emissions
were also determined. The obtained results are summarized in Table 6.

Table 6. Results of the economic and ecology analysis

Evaluated indicator Unit Variant 0 | Variant1 | Variant2 | Variant 3

kWh/year 36452.80 | 15597.22 | - 16696.13
Heat from DHS

GJ/year 131.23 56.15 - 60.11
Prices for a unit of supplied heat PLN/GJ 108.36
Prices for a unit of thermal power PLN/MW/month | 23447.28
Unit value of CO, emissions
(for Heat from DHS) (KOBIZE, 2023a) | <9/6Y 49.73
Energy from the power grid kWh/year - ‘ 5233.20 ‘ 656.77 ‘ -
Unit value of CO, emissions
(for electricity from power grid) kg/MWh 761
(KOBIZE, 2023b)
Prices for a unit of supplied heat PLN/kWh 1.799
Maintenance costs PLN/year 14220 15499 | 1182 6514
(no charge for thermal power)
Maintenance costs
(nith charge for thermal power) PLN/year 19150 20428 | 1182 | 11443
Investment costs PLN 126122 135300 | 261422 | 115173
Saving of maintenance costs PLN - -1279 17968 | 7707
SPBT years - - 14.55 14.94
EM CO, t/year 6.526 6.775 0.500 2.989

Based on economic and ecological analysis, an air heat pump with PV panels
turned out to be the reliable energy source supplying DHW system in the ana-
lyzed kindergarten building. Despite the highest investment cost, the investment
will pay off the fastest (after 14.55 years) and has the lowest impact on the envi-
ronment, assessed by the amount of CO, emissions.

A system with solar collectors supporting the heating of DHW from the DHS
can be also recommended. The simple payback time in this case was 14.94 years
and a decrease in CO, emissions was observed compared to the condition of the
existing building.
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However, in Polish economic conditions and with the current mix of electric-
ity produced in the network, it is not recommended to use heat pumps, which
additionally in winter, must be supported by DHS, which does not allow waiving
the payment for thermal power and makes the investment unprofitable and not
bringing any environmental benefits. It is worth mentioning that subsidy pro-
grams for the purchase of heat sources that are periodically offered in Poland, as
well as changes in electricity prices (in the analysis, government-guaranteed
prices for 2023 were taken into account), may influence the results obtained.

Conclusions

¢ In order to correctly estimate the amount of heat needed for DHW in educa-
tion buildings like kindergartens, when selecting new energy sources, it is
advisable to compare the calculated heat demand with the measured heat
consumption, as significant differences are observed.

e In Polish climatic conditions, it is difficult to ensure that the heat demand for
DHW preparation in kindergartens is fully covered with RESs due to low
energy yield in winter.

¢ The highest solar yields in summer do not correspond with high energy con-
sumption as a result of holidays in educational institutions.

* Without conducting an economic efficiency analysis, it is not possible to indi-
cate the reliable energy source supplying domestic hot water (DHW) sys-
tems in the buildings.

¢ Price volatility, varied availability of subsidy programs for the purchase of
heat sources and short-term policy of government-guaranteed prices result
in high uncertainty regarding the real payback time and may introduce vari-
ability in the optimal solution (especially in case of small differences in SPBT
of analysed variants).

This paper presents the methodology for analysis that can be used for other
climate conditions and national environmental, economic and social conditions.
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TEMPO TRANSFORMACJI ENERGETYCZNEJ W KRAJACH
EUROPEJSKICH W LATACH 2004-2021

STRESZCZENIE: Odnawialne Zrédta ciepta sg coraz czesciej wykorzystywane do zasilania syste-
mow ogrzewania i przygotowania cieptej wody uzytkowej. Na ich efektywno$¢ energetyczng, a co za
tym idzie takze korzysci ekologiczne jakie niesie ich zastosowanie, wptywa jednak wiele czynnikdw.
Przed podjeciem decyzji, jaki rodzaj OZE jest w danym przypadku uzyteczny i uzasadniony, nalezy
przeprowadzié¢ kompleksowa analize pod katem uwarunkowar technicznych, finansowych i ekologicz-
nych. W artykule omdwiono rézne warianty zastosowania OZE w budynku przedszkola. Za najbardziej
odpowiednie pod wzgledem ekonomicznym i Srodowiskowym uznano powierzchng pompe ciepta
z panelami PV. Okres zwrotu tej inwestycji wynosi 14.55 lat. Rozwigzanie to skutkuje najnizsza emisje
CO,. Mozna réwniez poleci¢ system z kolektorami stonecznymi wspomagajacymi przygotowanie cie-
ptej wody w weZle cieplnym. Prosty czas zwrotu inwestycji w tym przypadku wynidst 14.94 |at i zaob-
serwowano spadek emisji CO, w poréwnaniu do stanu istniejgcego.

StOWA KLUCZOWE: przedszkole, pompa ciepta, energia stoneczna, SPBT, emisja CO,
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