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Abstract: Determining the demand for heat power for domestic hot water preparation is necessary to
perform a building energy assessment. For this, we need to predict domestic hot water consumption.
Considering the number of factors influencing domestic hot water consumption, it is difficult to
develop a highly accurate methodology. The aim of the study was to compare the real domestic
hot water consumption and heat power for its preparation with the values calculated based on
the available prediction methods in multi-family buildings. The analysis was carried out based
on annual monitoring (2021 year) of domestic hot water consumption and the actual demand for
heat power in eight multi-family buildings located in Grudziadz, in Central Poland. The results of
these measurements were compared with the values determined based on the available method-
ologies for forecasting the demand for heat power and domestic hot water consumption: Sander’s,
Recknagel’s, the standard method and the method according to Polish regulations from 2008 and
2015. The real average demand for heat power for domestic hot water was 89.8 & 8.5 W/person,
211.2 4+ 13.7 W/apartment and 4.8 + 0.3 W/m?, and the daily domestic hot water consumption was
26.7 + 3.6 dm3/person-day, 62.6 & 5.8 dm?/apartment-day and 1.4 & 0.1 dm?®/m?-day. The real
demand for heat power for domestic hot water was lower than that determined by the analyzed meth-
ods. The values obtained from the modified standard method based on Standard PN-92/B-01706/A1:
1999, with mean relative error of 10.5 = 4.1%, were the closest to the real values. The current ordinance
method (Regulation 2015) is characterized by an error of 45.4 & 10.2%. The predicted domestic hot
water consumption using the current ordinance was the closest to the real consumption. On average,
it was higher by 7.7 £ 5.0%.

Keywords: domestic hot water consumption; forecasting techniques; heat power demand; domestic
hot water

1. Introduction

Human population growth, economic expansion and the increase in the quality of life
have resulted in an increased demand for energy in many sectors: industrial, residential,
transport, agriculture and others. Globally, this energy most often comes from the com-
bustion of fossil fuels, which has a negative impact on the environment. This method of
energy production causes water, soil and, above all, air pollution. Increasing greenhouse
gas concentrations cause global warming, which leads to climate change. The effects of this
are an increase in temperature and more droughts, and thus a reduction in water resources
throughout the world.

Buildings are responsible for 40% of the total primary energy consumption in the
European Union and for one third of the total European greenhouse gas emissions [1]. The
research on energy consumption in buildings [2—4] and analyses performed by international
institutions such as the International Energy Agency [5] indicate that between 7.5% and
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40% of the energy consumption in buildings is heat used for the preparation of domestic
hot water (DHW).

For many years, one of the main goals of the climate policy implemented by the EU has
been to reduce greenhouse gas emissions, which is strictly associated with reducing energy
consumption, as well as energy efficiency improvement in construction and industry [6,7].
This is reflected in many documents developed and implemented in the European Union.
These are, among others, the “Conclusions on 2030 Climate and Energy Policy Framework”,
assuming GHG reduction by at least 40% by 2030 [8], and the currently binding provisions
of “The European Green Deal”, which assume a reduction in net greenhouse gas emissions
in the EU by at least 55% by 2030 (compared to 1990 levels) [9]. One of the methods
to reduce energy consumption in construction is the obligatory energy certification of
buildings in accordance with the EU directive [10]. Since 2010, EU Member States have
been obliged to perform energy assessment in terms of primary energy. For this, the
primary energy demand for various purposes is calculated, among others, for the DHW
preparation using various methodologies. One of them was the European standard EN
13790 “Energy performance of buildings—Calculation of energy use for space heating and
cooling”. However, EU Member States may use characteristic national indicators, which
better represent the specific conditions of each country [11].

The DHW consumption and energy for its preparation depends on many factors and
they are characterized by strong daily and monthly fluctuations. These include location,
weather and climate conditions, number of inhabitants, usable floor area, type of building,
economic situation of inhabitants, age of inhabitants, their individual habits and social
and cultural norms, etc. Finnish researchers showed differences in the DWH consumption
between weekdays and weekend days. They also observed that the morning peak of DHW
consumption is lower than the evening peak [12]. The same relations between week and
weekend days’ DHW consumption were also observed in South Africa. During this study,
it was additionally noted that there was a dependence between DHW consumption and
season [13]. Similar results were published by Pérez-Fargallo et al. [14]. They observed an
increase in DHW consumption by 0.2 dm3/day and 0.08 dm?/person/day with an increase
of 1 °C. On the other hand, during studies conducted in a temperate climate in Switzerland,
no statistically significant differences were found between the week and weekend days and
the seasons of the year [15]. The research also showed the effect of the size of the household
(the number of persons and the usable floor area) on water consumption [16]. During a
comparative study of the behaviors of Polish and Greek consumers, it was determined that
the DHW consumption is influenced by the national habits, the sex and age of consumers
and the type of apartment ownership (owned or rented) [17]. Another important factor
is also the DHW fee payment method in multifamily buildings, with either a flat rate or
according to meter readings. Terés-Zubiaga et al. [18] noted a 15-20% decrease in DHW
consumption in two years after equipping all apartments in the studied building with an
individual metering system. In some publications, authors present a review of parameters
influencing DHW consumption [19]. Other factors influencing, firstly, the energy consump-
tion for DHW preparation are the type of heat source and the age and technical condition of
the DWH system. It may be reduced by using technical and technological innovations—for
example, new materials and modern technical solutions [20-22].

To determine the demand for heat power for DHW preparation, necessary to perform
a building energy assessment, we focused on the prediction of DHW consumption. Con-
sidering the number of factors influencing DHW consumption, it is difficult to develop
a highly accurate methodology for this aim. In many published works, based on real
DHW consumption, authors developed new prediction models or improved the existing
ones [23-26]. These models are usually developed based on research on a relatively small
population, which significantly affects their fit with real consumption. Usually, in this
model, artificial neural network [27,28] prediction or machine learning [29] is used.

There are several methodologies for calculating the DHW and the heat power demand
for its preparation, which are included in the legal acts [30,31], standards [32] or engineers’



Energies 2022, 15, 6871 30f17

handbooks [33]. Besides developing new methods to predict DHW consumption, it is also
important to verify the existing ones.

The aim of the study was to compare the real DHW consumption and the heat power
for its preparation with the values calculated based on the available prediction methods in
multi-family buildings.

2. Materials and Methods

The analysis was carried out based on annual monitoring (in 2021) of DHW con-
sumption and the actual demand for heat power. The results of these measurements were
compared with the values determined based on the available methodologies for forecasting
the demand for heat power and DHW consumption. These were methods published in
engineers” handbooks and in legal acts.

2.1. Studied Buildings

The research was conducted in 8 multi-family buildings located in Grudziadz, in
the Kuyavian-Pomeranian Voivodeship, in Central Poland. They were supplied from
the heating network through a dual-function compact heat substation with plate heat
exchangers and a capacitive heat accumulator. All studied buildings were built in the
1980s and then underwent complex thermal modernization. Buildings differed in terms of
staffing, cubature and number of apartments (Table 1).

Table 1. Data on the analyzed buildings.

Building
1 2 3 4 5 6 7 8
Number of apartments 25 25 50 50 75 75 100 100
Number of people 53 60 131 121 165 182 249 222
Number of people per apartment 212 2.40 2.62 242 2.20 2.43 2.49 222
Heated area of building [m?] 1069 1076 2157 2153 3215 3432 4688 4270

2.2. Methods of Predictiong the DHW Consumption and Heat Power Demand
2.2.1. Sander’s Method (M1)
In this method, the predicted DHW consumption and the heat power demand for
preparing DHW are calculated based on the number of DHW points of use in the building [33].
The maximum demand for heat power is determined from Equation (1):

-_max
. max B thw'pw'Cw‘l.Z‘(Tdhw - TO)
thw - 3600 !

)

where 1.2 is the coefficient of heat loss (20%) and 3600 is due to the conversion of hours
to seconds.
The maximum demand for DHW is calculated from Formula (2):

- max

Vianw = (Vb'”h'(Pb + Vs'ns'(Ps>/ 2)

The average demand for heat power for DHW preparation is calculated using Equation (3):

Qmax t
v dhw tp- 1
Qunw = 7“72 1 £, (3)

where 24 is the number of hours in the day.

The maximum, daily and annual DHW consumption with the assumed time of
DHW tank loading and time of water heating in the DHW tank are determined from
Equations (4) and (5):
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- day - max
Vinw = Vanwtor 4)
- year - day
Vinw = 0.365-V g ®)

where 0.365 is the result of conversion of days to years and dm? to m>.
The coefficient of simultaneous consumption of DHW depends on the number of
devices in the building, and its values are presented in Table 2.

Table 2. Coefficient of simultaneous consumption ¢y, [33].

Number of Devices
1 2 4 6 8 10 12 15 18 20

Coefficient of simultaneous

consumption ¢y /4

1.15 0.86 0.65 0.56 0.50 0.47 0.47 0.44 0.42 0.40

Number of Devices
25 30 40 50 60 80 100 120 150 200

Coefficient of simultaneous

consumption ¢y /5

0.38 0.36 0.33 0.32 0.31 0.29 0.28 0.27 0.26 0.25

2.2.2. Recknagel’s Method (M2)

The nominal amount of heat power demand in a building with n apartments is
determined from Equation (6):
Y(nn;-v-wy)
3.5-5820 ' ©)
where constant 3.5 person/apartment denotes the number of inhabitants, and 5860 Wh is
the heat consumption per one bath, which corresponds to an apartment with a nominal
number N = 1. The number of inhabitants is determined based on statistical or real data.
Heat demand w, is different for each type of DHW point of use and the values are given
in Table 3.

N:

Table 3. Heat demand for DHW points of use [33].

Type of DHW Point of Use Water Consumption [dm3] Heat Demand w, [kWh]
Bath 1600 140 5.82
Bath with a small capacity 120 4.89
Bath with a large capacity 200 8.72
Shower cabin, normal 40 1.63
Shower cabin, large 100 4.07
Washstand 17 0.70
Bidet 20 0.81
Sink 33 1.16

After calculating the nominal number and determining the time of DHW consumption
Z, heat power demand in kilowatts can be obtained, as shown in Figure 1.
The average demand for heat power for DHW is calculated from Equation (7):

v wv-np-(tu—l—tb)

. a
Qe = ——5p 7~ 7)

where 24 is the number of hours in the day.
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Figure 1. The dependence of the heat demand for DHW, the nominal number and the time of DHW
consumption [33].

2.2.3. Standard Method (M3)

The method involves calculating the average and maximum hourly DHW demand
using the hourly coefficient of irregularity [32]. The maximum and average demand for
heat power for DHW can then be calculated from the following Equations (8) and (9):

- max - max

Qanw = Vanw Pw Cw (Tanw — To), 8)
- ao - av

Qinw = Vinw Pw cw (Tanw — To), )

Maximum and average hourly DHW flow is calculated from Equations (10) and (11):

. di
. Vo
Vi =~ (10)
T
- max - ao
Vinw = Vanw Kns (11)
Kj, = 9.32.n;7 9244, (12)

2.2.4. Method According to the Regulation of the Minister of Infrastructure 2008 (M4)

Using this method, the demand for heat power for DHW is calculated based on the
number of people living in the building [30]. Average heat power is calculated from the
following relationship (13):

Qu

- av
- Qu 13
Qunw — (13)

The useable energy demand for DHW preparation is calculated from Equation (14);
di

_ Vdio Mi-CooPoo (Taneo — To) ke g
1000-3600 ’

Qu (14)
where 1000 and 3600 are the results of conversion of dm® to m® and hours to seconds,
respectively. The values of average daily DHW demand per person for a temperature of
55 °C and correction factor are presented in Tables 3 and 4. The values are included in the
regulation [30].
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- di
Table 4. Average daily DHW demand per person for temperature of 55 DC—Vd;,w; Correction
factor—k; [30].

Average Daily DHW Demand

Types of Residential Buildings Reference Unit (dm>3/Person-Day)

Singly-family buildings 35

Multi-family buildings Inhabitants 18
DHW Temperature (°C) Correction Factor k¢
55 1.00
50 1.12
45 1.28

The average annual efficiency of the DHW system is determined from Formula (15):

W tot = W,g TW,s TTW,d " TTW - (15)

The annual water consumption is calculated from Formula (16):

- di
syear Vg ni-kenyg

2.2.5. Method According to the Regulation of the Minister of Infrastructure and
Development 2015 (M5)

Using this method, the demand for heat power for DHW is calculated based on the
apartment area [31]. Average heat power is calculated from Equation (17):

Qu

- av

Qihw = ——"7-—"", (17

dhw kr-1ng-nw tot )
The average annual efficiency of the DHW system is calculated from Equation (15).

The efficiency values 1y ¢, w,s, fw,4 and 7y . should be taken as the values in Table 5, in

accordance with the regulation [31].

Table 5. Selected efficiencies for the heat substation [30].

Symbol Value Description

Compact substation with casing (heating and DHW

Twg 098 preparation), with heat power over 100 kW
1w 0.85 DHW tank produced after 2005
Central water heating—a system with circulation circuits,
NMw.d 0.6 with installation risers and insulated distribution pipes;
number of DHW points of use above 30 to 100
Central water heating—a system with circulation circuits,
Nw.d 0.5 with installation risers and insulated distribution pipes;
number of DHW over 100
W, 1 Assumed value

Usable energy demand for DHW preparation is determined from Formula (18):

_ VAi'A'Cw'Pw'(Tdhw - TO)'kR'”d

Qu 1000-3600

(18)

where 1000 and 3600 are the results of the conversion of dm3 to m? and hours to seconds,
respectively.
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The annual water consumption is calculated from Formula (19):

cyear Vi Akr-ng

Vihw = 1000 (19)

where 1000 is the result of conversion from dm? to m3.
2.2.6. Comparison of Real and Forecasted Consumption of Domestic Hot Water and
Demand for Heat Power

To compare the real and forecasted consumption of domestic hot water and demand
for heat power, for both DHW heat power and DHW consumption, the relative errors of
approximation were determined according to Equations (20) and (21):

- 4o - Ao
Qe real — Qanw Mi

. av
Athw Mi - a0 '1000/0 (20)
Qanw Mi
- av - av
- av thw real — thw Mi
AV ghw mi = T -100% (21)
Vinhw Mi

The relative errors were calculated for each studied building and for each forecasting
method. Based on these values, we determined the relative errors of forecasting, which
were the average values of all buildings. To illustrate the variability of forecasting, the
standard deviation was also calculated. For comparison with other published values, DHW
consumption and heat power for DHW were related to 1 apartment, 1 person and to 1 m?.

2.3. The Real Demand for Heat Power for DHW and DHW Consumption

The real demand for heat power for DHW and DHW consumption was obtained from
the OPEC Group for 2021. This is a power company whose main goal is to meet the thermal
needs of Grudziadz city. The heating system is equipped with a telemetry system from
VECTOR SMART DATA Sp. z o.0. Substations in each building are equipped with a heat
meter that allows the user to read the measured parameters—for example, a heat meter,
cold water meter, water meter to supplement the heating network, pressure transducer,
heat substation controller, circulation pumps, control valves, etc. Depending on the device
(heat meter), GPRS, LTE Cat M1, NB IoT and radio are used for data transmission to the
monitoring center via the server. The data can be made available via the ODBC protocol,
issued to the OPC, HTTPS server. Readings are made with an interval of 1 h. Figure 2
shows an example graphic report generated in the telemetry system.

e LRI mazimm 2osz10r00 R IPETETITEY

EDEI
[ Zavinz inko buoiguiacin | Zepiss nho peoiekt ] Ekapont XLS | Exupert PHG |

e Faramenr P s mems ursazeme smatens ws  wnmem sk oix L vss
8 o o= Cows - OfEE @ O[EE B 1Mo W | W X
W et S na T B CFET |- M ar | A

Figure 2. Sample reading of data from the heat substation.
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3. Results and Discussion

During the calculations, all methods assumed the initial water temperature of 10 °C,
which is the average temperature of tap water during the year, and the final DHW temper-
ature of 55 °C, which is the minimal DWH temperature considering Polish regulations and
sanitary requirements.

3.1. Method M1

It was assumed that 50% of the apartments were equipped with bathtubs and the rest
with showers. Water consumption of 140 dm3/h was used for bathtubs, and 40 dm3/h for
showers. The DHW tank loading and time of water heating in the DHW tank were assumed
to be 2 h. These values were in line with the current Sander’s method recommendations
included in the handbook [33]. Table 6 shows the results of the Sander method calculations
for the studied buildings.

Table 6. The demand for heat power for DHW and predicted DHW consumption according to M1.

Building Number 1,2 3,4 5,6 7,8
Number of apartments, [-] 25 50 75 100
Coefficient of simultaneous consumption ¢y, [-] 0.38 0.32 0.30 0.28
Vi [m3 /year] 624 1051 1478 1840
O kW] 107 181 254 316
Qs [KW] 13.4 226 315 40.0

3.2. Method M2

The calculations assume that 50% of the apartments are equipped with a bathtub,
washbasin and sink, and the remaining ones have a shower, washbasin and sink. The
number of inhabitants was obtained from the housing association managing the buildings
(Table 1). The required heat demand was obtained from Figure 1, assuming Z = 2 h, which
was the recommended value. Table 7 presents the results of calculations of the demand for
heat power using Recknagel’s method for the analyzed buildings.

Table 7. The demand for heat power for DHW according to M2.

Building Number 1 2 3 4 5 6 7 8

Number of apartments, [-] 25 25 50 50 75 75 100 100
Number of inhabitants, [-] 53 60 131 121 165 182 249 222
Nominal number, [-] 22.0 22.0 44.0 44.0 66.0 66.0 88.1 88.1
wy, [kWh] 110 110 180 180 250 250 330 330
O [KW] 13.8 13.8 225 225 313 313 413 413

3.3. Method M3

In the calculations using method M3, the average daily DHW demand per person was
adopted on two levels: 110 dm?/person-day and 40 dm?®/person-day. The first value is
according to the standard. It was applied when DHW charges were of a flat rate, which
caused high DHW consumption. The second value (40 dm3/person-day) corresponds to
the currently assumed level of DHW consumption. The time of DHW system use was
assumed as 18 h a day. The determined DHW consumption and the demand for heat power
are presented in Table 8.

3.4. Method M4

For the calculations, it was assumed that the average daily water demand per person
was 38.4 dm?/person-day. This is the value for multi-family buildings reduced by 20%.
This reduction is due to equipping all apartments with water meters. Additionally, the
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correction coefficient ki = 1 was assumed. The number of days of apartment use was
328.5 days (10% share of annual holidays was considered). All assumed values were in
accordance with the regulation [30], where this method was described. The average annual
efficiency of the DHW system was determined from Equation (15) and data from Table 5. It
was 0.4998. Table 9 shows the calculated values, forecast of DHW consumption and heat
power demand.

Table 8. The demand for heat power for DHW and predicted DHW consumption according to M3.

Building Number 1 2 3 4 5 6 7 8
Number of apartments, [-] 25 25 50 50 75 75 100 100
Number of inhabitants, [-] 53 60 131 121 165 182 249 222
- year 110
o [m?/year] 2128 2409 5260 4858 6625 7307 9997 8913
max
0O iy kW] 60 66 119 112 141 152 193 177
- av
Qanw , kW] 15,0 164 29,7 28,0 353 38.0 482 442
P 1md /year] 774 876 1913 1767 2409 2657 3635 3241
- max40
0 iy kW] 21.8 239 431 40.6 51.4 55.3 70.1 64.3
- av
Qanw »[kW] 54 6.0 10.8 10.2 12.8 13.8 17.5 16.1

Table 9. The demand for heat power for DHW and predicted DHW consumption according to M4.

Building Number 1 2 3 4 5 6 7 8
Number of apartments, [-] 25 25 50 50 75 75 100 100
Number of inhabitants, [-] 53 60 131 121 165 182 249 222
Vi [m®/year] 669 757 1652 1526 2081 2296 3141 2800
Qs [KW] 89 101 264 244 332 366 501 447
3.5. Method M5
During the calculations, the daily demand for DHW was assumed as 1.6 dm>/m?-day,
because all buildings were equipped with water meters. The correction factor for both
multi-family and single-family buildings was the same and amounted to 0.9. In this method,
the number of days was assumed to be 365 (holiday breaks were not considered). These
assumptions were due to the regulations, which partly included a description of these
methods. The average annual total efficiency of the domestic hot water preparation system
was determined from Formula (15) and amounted to 0.4998. Table 10 shows the determined
values of heat power demand for DHW and forecasted DHW consumption.
Table 10. The demand for heat power for DHW and predicted DHW consumption according to M5.
Building Number 1 2 3 4 5 6 7 8
Number of apartments, [-] 25 25 50 50 75 75 100 100
Heated area of buildings, [m?] 1069 1076 2157 2153 3215 3432 4688 4270
Vi, [m3/year] 562 566 1134 1132 1690 1804 2464 2244
Qs [KW] 7.5 7.5 15.1 15.0 225 23.0 328 29.8

3.6. Comparison of Real and Forecasted Consumption of Domestic Hot Water and Demand
for Heat Power

Table 11 compares the real average heat power with the results of calculating the
demand for heat power for DHW according to the analyzed forecasting methods. The table
also includes the relative error of calculations for each of the analyzed buildings.
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Table 11. Real average heat power for DHW and forecast of heat power demand.

Building Number

1 2 3 4 5 6 7 8
O roats [KW1 5.81 553 10.36 11.07 14.59 16.1 21.03 18.77
Ores ity [KWI 13.4 13.4 226 26 315 315 40 40
AQu ws [%] 130.6 1423 1181 1042 115.9 95.7 90.2 113.1
O iz [KW1 13.75 13.75 25 25 31.25 31.25 4125 4125
AQu wos [%] 136.7 1486 1172 1033 1142 94.1 96.1 119.8
O W] 2128 2409 5260 4858 6625 7307 9997 8913
AQE 1% 158 197 186 152 142 136 129 135
Ol ) TkW] 5.4 6.0 10.8 102 128 138 175 16.1
AQG s, [%] 6.3 8.1 41 8.3 12.0 141 16.7 144
O mar [KW1 8.89 10.06 26.36 2435 332 36.62 50.1 44.67
AQups vias [%] 53.0 81.9 154.4 120.0 1276 1275 1382 138.0
O M5, [KW1 7.47 752 15.07 15.04 22.46 23.98 32.75 29.83
AQuny w5, [%] 26 36.0 455 359 53.9 489 55.7 58.9

The comparison of the real results with the forecasted values was also performed for
the demand for heat power for the preparation of DHW per person per day (Figure 3). The
results are presented in the form of a box plot. The line inside the box represents the median
(Me), the top and bottom lines are the upper (Qs) and lower (Q;) quartiles, respectively,
and the so-called whiskers are the minimum and maximum values. The designation x
indicates the value of the arithmetic mean. Figure 4 shows the average relative error in
forecasting the demand of heat power for DHW preparation.

300 1

= =

=
=)
2
@
=%
o
U
=
8§
2 £
g E* 150
g2 e
= [
@ 100 1
@
=
< 50 1
0
B Qav real/person-day M Qav M1/person-day [ Qav M2/person-day

1 Qav M3(110)/person-day [l Qav M3(40)/person-day [l Qav M4/person-day

| Qav M5/person-day

Figure 3. Average heat power for the preparation of DHW per person per day.
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AQavM5/person-day | 45

AQavM4/person-day 118
AQavM3(40)/person-day 10
AQavM3(110)/person-day | 155
AQavM2/person-day | 116
AQavM1/person-day | 114

0 20 40 60 80 100 120 140 160 180

Relative error of the heat power forecast [%]
Figure 4. Relative error of forecast of heat power for DHW.

Based on the values of the relative forecasting error, it can be concluded that the aver-
age heat power for DHW calculated using the third method (M3) is the most similar to real
values. Although this is a method that was developed using a flat-rate charge for domestic
hot water, it gives the best results after using the current DHW consumption per person
per day. The error ranges from 4.1% to 16.7% (mean 10.5 £ 4.1%). In the case of assuming
the DHW consumption resulting from the standard at the level of 110 dm?/person-day,
this method has the greatest error—on average, 155 £ 23%. Regarding the demand for
average heat power for DHW, determined in accordance with the regulation currently in
force, method M5 is the second best forecasting model, with a relative error ranging from
28.6% to 58.5% (mean 45.4 £ 10.2%). The other three methods (M1, M2, M4) have a similar
level of relative error. The mean relative error of the forecast was 114 4 16%, 116 =+ 18% and
118 £ 31%, respectively. The high values of relative errors and small standard deviations
for these methods may result from incorrectly adopted values of the coefficient of simul-
taneity and the nominal number and others. They were developed several dozen years ago,
with a completely different value of DHW consumption per person and a different number
of people living in one apartment, which may not reflect the current conditions. For most
methods, the increase in the forecast error increases with the number of apartments in
the building.

The comparison of the forecasted consumption of DHW with the real consumption
and the error of the relative forecasts is included in Table 12.

Figure 5 shows the comparison of the real daily DHW consumption per person with
the forecasted values. The relative error of forecasts is presented in Figure 6.

For forecasting DHW consumption, the best model was the method M5, according
to actual regulations. The relative error ranged from 1% to 15.2% (mean 7.7 £ 5.0%). M1
also has a very good fit with real consumption, for which the mean error ranges from 1.1
to 26.3 (mean 12.6 & 7.0%). The results that differ the most from real consumption were
obtained using the method M3, which assumed the daily DHW consumption per person of
110 dm?/day-person. The relative mean error was 320 + 58%. The calculations obtained
by the remaining methods, M4 and M3y, were characterized by errors of several dozen
percent, and the relative error was 47 4 20% and 53 =+ 21%, respectively.

There are few works comparing the real heat power for DHW and DHW consumption
with forecast values. Chmielewska et al. [34] monitored DHW consumption in 16 multi-
family buildings (626 apartments) for two years, located in Wroctaw. They proposed their
own model of forecasting DHW consumption, and they compared real DHW consumption
with values calculated using method M5. The average forecasting error was 17% [34].
Ratajczak et al. 2021 [11], based on a four-year study on the consumption of DHW in
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three single-family houses, found that the real DHW consumption was 21% lower than the
estimate according to the 2008 regulation (method M4) and 39% from the results obtained
based on the 2015 regulation (method M5).

Table 12. Real domestic hot water consumption and forecast demand.

Building Number
1 2 3 4 5 6 7 8
. yeur
“hio real, M3/ year] 631 547 984 1143 1739 2006 2175 2135
' Z;;“Eu’%l’ [m¥ year] 624 624 1051 1051 1478 1478 1839 1839
AV vi1s [%] 1.1 14.1 6.8 8.0 15.0 263 15.4 13.8
- year
Vanw pa, [m® year] - - - - - - - ,
- year o
Athw M2/ [/0] - - - - - - - -
- year 110
Viinw as, [m® year] 2128 2409 5260 4858 6625 7307 9997 8913
- year 110 o
AV v, [%] 337 440 535 425 381 364 460 417
- year 40
o My [m3/ year] 774 876 1913 1767 2409 2657 3635 3241
- year o
AV s [%] 26 60.2 94.4 54.6 383 325 67.1 51.8
VZZ;“W, [m¥ year] 669 757 1652 1526 2081 229 3141 2800
AV vt [%] 6.0 38.4 67.9 335 19.7 145 444 316
VZZ‘;;MS, [m¥ year] 562 566 1134 1132 1690 1804 2464 2244
AV s, [%] 10.9 35 152 1.0 28 10.1 133 5.1
115 4
= x
=) _
£ 105 4
[-*]
[=1
o 95
[
=
2 = 87
=¥
ES |
a g Fibe]
£ 2
S 2 65
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TE
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A
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Figure 5. Average daily DHW consumption per person.
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Figure 6. Relative error of forecast of the DHW consumption per person.

3.7. Comparison of the Real Heat Power for DHW and DHW Consumption with Other Works

To compare the results of this study with published values, the heat power for DHW
and DHW consumption was related to person, apartment and per 1 m? of usable floor area
of the apartment. The results are presented in Table 13.

Table 13. Real domestic hot water consumption and forecasted DHW demand.

Building Number

1 2 3 4 5 6 7 8
- av
legw person [W/person] 110 92 79 91 88 88 84 85
Qaiw apart, [W/apartment] 232 221 207 221 195 215 210 188
- av
Qo arear [W/m?] 5.4 51 4.8 51 4.5 47 4.5 4.4
- day
Vi persons [dm3/person-day] 33 25 21 26 29 30 24 26
- d
174 d%) aparts [dm3 /apartment-day] 69 60 54 63 64 73 60 58
- day
V ahw arear [dm3/m2-day] 1.62 1.39 1.25 1.45 1.48 1.60 1.27 1.37

The real average demand for heat power for DHW ranged from 79 to 110 W/person
(average 89.8 & 8.5 W/person). The obtained values are comparable with those published
in other papers. Ahmed et al. [12] noted the real demand for heat power for DWH was
from 140 to 200 W /person. In turn, Terés-Zubiaga et al. [18] recorded 150 W /person of
average real heat power for DHW. Knight et al. [35] published average heat power values
for DHW preparation for several countries. The values ranged from 77 W/person in Great
Britain to 246 W/person in Canada. In Poland, research in this area was conducted by
Szlugowska-Zgrzywa et al. [36], who recorded the real demand for heat power at the level
of 138.71 W /person. Comparing the results with other studies, they are within the range of
the published average real demand for heat power for DHW. The differences may result
from many factors: the DHW consumption, the temperature of cold water and the expected
DHW temperature.

The average daily DHW consumption per person for all the examined buildings was
26.7 + 3.6 dm?/person-day, and it is a value that is similar to other studies. Ratajczak
etal. [11], in 2021, recorded the mean real DHW consumption of 27.4 1.4 dm3/ person-day
based on their monitoring of three single-family buildings. Szaflik [37], conducting an-
nual research in six multi-family buildings, observed DHW consumption at a higher
level of 55 dm3/person-day. Moreover, higher values of 39.33 dm3/person-day were
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published by Szaflik [38]. The real consumption was calculated on the basis of annual
research in 65 multi-family buildings located in several housing estates in Szczecin (1.56 peo-
ple/apartment). In other published studies, the values of daily DHW consumption were
also higher. Szlugowska-Zgrzywa et al. [36] determined the average DHW consumption
of 43.3 dm?/person-day during three-month measurements in four multi-family tene-
ment houses (13 apartments in each building). Januszewska and Szaflik [39], based on a
14-year study (2006-2020), observed the real DHW consumption in a multi-family building
(two persons per apartment), which was 40.2 dm?/person-day.

Results of this study are also comparable with European studies. The DHW con-
sumption obtained by Gutierrez-Escolar et al. [40], based on measurements in 10 apart-
ments in Spain, was 25.7 dm3/person-day. Higher consumption was reported by Ah-
mad et al. [12] and it was 47.3 dm>/person-day. They conducted a 9-month study in
86 apartments in Finland (2.2 persons per apartment). The results of studies conducted
outside Europe are significantly higher. In Canada, the real DHW consumption was
59 dm3/ person-day [41]; in North America, 63.9 dm3/ person-day [42]; and in Latin Amer-
ica, 79-103 dm?3/ person-day [43].

4. Conclusions

The results of this research and analysis, concerning DHW consumption and forecast-
ing, can be presented in the form of the following conclusions:

- The real average demand for heat power for DHW was 89.8 £ 8.5 W /person, 211.2
+ 13.7 W/apartment and 4.8 + 0.3 W/m?. On the other hand, the daily DHW
consumption was 26.7 & 3.6 dm?/person-day, 62.6 + 5.8 dm3/apartment-day and
1.4 4+ 0.1 dm?®/m?-day.

- The real demand for heat power for DHW was lower than that determined by the
analyzed methods. The values obtained from the modified method M3 (standard
method), with a mean relative error of 10.5 4+ 4.1%, were closest to the real values.
The current ordinance method M5 (Regulation 2015) is characterized by an error of
45.4 £ 10.2%.

- The predicted DHW consumption using the current ordinance (M5) was the closest to
the real consumption. On average, it was higher by 7.7 &= 5.0%.

In summary, the current, valid method of forecasting DHW consumption (method M5)
allows for a fairly accurate representation of real DHW consumption; however, in the case
of forecasting the heat power demand for DHW, the results could be closer to the real values.
Taking into account the scope, complexity and multiplicity of factors determining DHW
consumption, it seems to be necessary to continue works related to the improvement or
development of new methods of estimating DHW consumption. In addition to the technical
factors that could be included in the methodologies, socio-economic factors and consumer
habits are important elements that are difficult to implement. All these parameters should
be included in future studies aimed at modeling the consumption of DHW.
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Nomenclature
- max

Qinw maximum demand for heat power for DHW, [kW]

V;;; maximum demand for DHW, [dm3/h]

Cw specific heat of water, [k] /kg-K]

Ow density of water, [kg/ dm?]

Tinw temperature of domestic hot water, [° C]

To temperature of cold water, [° C]

v, /s DHW consumption for bath/shower, [dm? /h]

Mp/s number of baths/showers in building, [-]

Pv/s coefficient of simultaneous consumption of DHW in apartment with bath/shower, [-]

QZZW average demand for heat power for DHW, [kW]

ta time of DHW tank loading, [h]

ty time of water heating in DHW tank, [h]

fp number of peaks of DHW consumption per day, [-]

VZZZ, daily DHW consumption, [dm?3/day]

VZZZ annual DHW consumption, [m3/year]

N nominal value of heat power demand, [-]

Vglhw average daily DHW demand per person, [dm?/person-day]

T time of using DHW system, [h]

Ky, hourly coefficient of irregularity, [-]

ng number of days in the year, [day]

Qu useable energy demand for DHW preparation, [kWh/year]

W tot average annual efficiency of the DHW system, [-]

kt correction factor of DHW temperature, [-]

w,g average seasonal efficiency of heat generation from the energy
supplied to the heat source, [-]

Mw,s average seasonal efficiency of heat accumulation in capacitive
elements of the DHW system, [-]

Mw,d average seasonal efficiency of heat transfer from the heat source to the tap valves, [-]

W e average seasonal efficiency of heat use, [-]

Vai average daily DHW demand per 1 m? of area, [dm?/m?-day]

A area of rooms with regulated temperature, [m?2]

kr correction factor of interruptions in the use of DHW, [-]

thw real  Teal heat power for DHW, [kW]

ngw Mi forecasted heat power for DHW by method Mi, [kW]

AQZZw mi relative error of DHW heat power forecasting by method Mi, [%]
V;Zw real real DHW consumption, [m3/year]

V;Zw Mi forecasted DHW consumption by method Mi, [m3/year]

AV;ZW mi  relative error of DHW consumption forecasting by method Mi, [%]
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