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Representative profiles for domestic hot water (DHW) heat use are the main instruments for improve-
ment in operation and design of DHW systems in buildings. To improve the existing method for DHW
heat use profiles development and analysis, investigations in the three nursing homes in Norway were
conducted. Statistical methods to assess the similarities of the profiles by days of the week and seasons
were proposed. The analysis allowed us to identify two seasons of DHW heat use: the warm season from
June to October, and the cold season including the rest of the year. In addition, it was investigated that
the DHW heat use in the working days was significantly different from the weekends. According to these
results, unified profiles for the months and days of the week with similar characteristics of the DHW heat
use were developed. After, the method for statistical grouping of the DHW hourly heat use was applied
to recognize the timing of the peak, average, and low heat use. Finally, the profiles for the DHW heat use
obtained for the nursing homes were compared with profiles in the national and international standards.

The drawbacks of the standards were identified.

© 2020 The Authors. Published by Elsevier B.V.
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1. Introduction

Nowadays, energy efficiency and decarbonisation are the key
driving forces in the development of European Union (EU) energy
industry. Among all sectors, buildings sector is one of the most
energy-intensive. The Energy Performance of Buildings Directive
(EPBD) estimates the share of energy use in building as 40% from
the total energy use in the EU [1]. Considering the huge potential
of energy saving in buildings, European Commission (EC) develop
a set of long-term and short-term goals for increasing energy ef-
ficiency in buildings [2]. For example, by 2020 all new buildings
should be constructed in accordance with zero emission standards,
and at least 3% of the total floor area of governmental buildings
should be renovated [1]. The energy infrastructure in buildings that
were built 30-40 years ago needs to be replaced by more energy
efficient [3]. According to Energy roadmap 2050 [3], the goal to re-
duce CO, emission to 80-95%, when compared to 1990 level, by
2050 scenarios is set [3]. To achieve this goal, all technical systems
in buildings must be designed and operated in such a way as to
ensure efficient energy use.
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Until recently, in many European countries, including Norway, a
lot of effort has been put on the investigation of the performance
of the space heating systems [4]. Meanwhile, the DHW heat use
was considered as a small part of the energy needs required for
heating. Therefore, DHW heat use has obtained little focus, espe-
cially in countries with cold climate [5]. However, with introduc-
tion of passive house technologies and improvement of building
envelope, the space heating heat use in buildings is constantly de-
creasing. At the same time, reduction of DHW heat use remains in-
significant [6]. For example, the experience from design of low en-
ergy buildings in Denmark is shared in [7]. In this study, to achieve
low heat use, passive building strategies with highly insulated, re-
source efficient, and airtight solution are used, without focusing on
DHW use. The authors in [7] conclude that detailed design values
for the passive building show that energy demand for the DHW
use is almost twice bigger than space heating. The analysis of en-
ergy use in four apartment buildings in Finland with various con-
struction years is performed in [8]. In this study, to assess DHW
heat use, the profiles obtained from measured DHW demand in
apartment buildings are used as input in IDA-ICE simulation soft-
ware. Simulation shows that in the modern buildings, the domes-
tic hot water is the most significant component in heat use. In two
buildings constructed before 2002, the DHW heat use contributes
24% and 30% to the total energy use in the buildings. However, in
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two well-insulated buildings, the DHW systems is responsible for
52% and 63% of the total energy use. As we can see, the share of
the DHW energy use tends to increase from approximately 20% in
regular buildings [5] to above 50% in passive houses and well in-
sulated buildings [9]. Consequently, heat use for DHW systems is
becoming the critical component for energy saving, especially in
passive houses and nearly zero energy buildings (NZEB) [10].

Nowadays, heat losses from the hot water tanks and the cir-
culation systems in houses, schools, and other institutions remain
high [11]. As a result, further energy saving measures in buildings
should shift the focus from improving space heating to improve
DHW systems. To realize potential of energy savings in DHW sys-
tems, the research and innovations in the field of DHW energy per-
formance becoming increasingly relevant and valuable [9].

It should be noted that the operation of the DHW systems
is associated with sanitary and health safety issues. These issues
for different types of buildings is discussed in [12]. Appearance
of Legionella bacterium in DHW systems is a serious problem.
Legionella bacterium can lead to different forms of pneumonia
and even death. The conditions for Legionella spreading are water
temperatures from 25°C to 42°C, nutrients, and stagnating water.
Therefore, many countries, including Norway, develop regulations
to minimize the risk of Legionella disease appearance. For exam-
ple, despite of energy ineffectiveness, to prevent risks of the bac-
teria growth, the DHW systems in Norway store and distribute hot
water at temperatures above 60°C. Among all buildings, special at-
tention is paid to the nursing homes, because the elderly, who usu-
ally have respiratory problems and weakened immune system, are
heavily affected by this bacterium. The safety of energy effective
solutions is the key factor in DHW systems.

The share of DHW heat use is varying from country to country
and one type of building to another [5]. For example, specific DHW
heat use in households in different EU countries are significantly
varying as shown in [13]. Comprehensive comparison of DHW en-
ergy use in residential buildings in Denmark, Norway, and Swe-
den is performed in nineties [14]. Even though that study is some-
what outdated, it describes well the general trends in the DHW
use in these countries. Sweden, Norway, and Denmark share a sim-
ilar living standard, comparable patterns of household formation,
and a similar climate. Nevertheless, the DHW heat use in Den-
mark is significantly below those in Sweden and Norway. In ad-
dition, the authors conclude that national average, electricity use
per capita for the DHW heating in Norway has almost not changed
for 15 year, and remains high when compared with other countries
within The Organization for Economic Cooperation and Develop-
ment (OECD). The authors explain this phenomenon by difference
in occupants’ behaviour and the insulation of DHW systems in
different countries. More resent research confirms this statement
[15] and it shows that the average individual DHW use reaches 40
L/person/day in Norway, while in Denmark, the average value is at
20 L/person/day [15].

For the sake of simplification, many methods propose to con-
sider the DHW use as a constant value for calculations [16]. Practi-
cal experience shows that the commonly used standards are based
on assumptions for the DHW heat use in the buildings, but these
standards do not correspond to the real use [17]. For example, sim-
plified, but meantime common way of DHW system performance
simulations is shown in [18]. Further, DHW system performance
are simulated based on daily water need as a constant value of 90
l/day per bedroom and with 25 K temperature difference between
supply and return in [18]. Such simplifications could lead to over-
sizing of the components for DHW systems and additional financial
and energy losses [19].

DHW heat use profiles are the primary instrument for estimat-
ing the DHW heat use in the buildings [5]. Analysis of DHW heat
use profiles shows the changes in heat use in different time inter-

vals [20]. The profiles of DHW heat use allow us to determine the
hours of peak energy loads and other energy load characteristics of
the building.

Performance of DHW systems is a complex and multidisci-
plinary issue. It includes economic, sanitary, behavioral, and tech-
nical areas. DHW heat use profiles is a useful for identifying en-
ergy efficient solutions within all these areas. For example, the
economic analysis of DHW pricing is performed in [21]. The study
shows that the DHW use positively correlated with income and re-
acts to the changes in water prices. Introduction of new energy or
heat tariffs is a way of reducing the DHW use is buildings. How-
ever, in order to implement advanced and flexible energy or heat
tariffs, the in-depth knowledge about profiles of DHW use is re-
quired. Technical solutions dealing with sanitary problems are con-
sidered in [22]. Some of these solutions require knowledge of the
profiles and timing when DHW water is used. Different types of
DHW heating systems are investigated in [23]. This study sum-
marises that DHW energy use can be reduced through using com-
bined systems based on traditional and renewable energy solu-
tions. However, due to unstable behaviour of renewable energy
sources, development of accurate profile and prediction of DHW
heat use becoming crucial for successful operation of combined
DHW heating systems. Most of building simulation software tools
such as IDA ICE, EnergyPlus, TRNSYS, TRANSOL, etc. require DHW
profiles as the basis for simulation of DHW systems performance in
buildings [5]. For example, it is noted that the variations between
the simulated and the real heat use for DHW are caused by inap-
propriate profiles [24]. Consequently, the authors in [24] claim that
input data for DHW volume flow rates used in the standards rep-
resent perhaps one of the more critical points in simulation mod-
els. Therefore, actual knowledge of DHW usage profiles can capture
the real heat use in buildings, making it possible to size systems
properly. Effective demand-side management, energy conservation
measures, improvement of legislation and standards require accu-
rate DHW profiles for different types of buildings [25]. As we can
see, scientific and practical work confirms the need to use profiles
of the DHW heat use to solve important issues in the DHW sys-
tems.

The issue of DHW heat use analyses in buildings based on pro-
files is investigated by researchers in Norway and abroad [5]. How-
ever, due to differences in particular characteristic of each build-
ings, quality of available data, and calculation requirements, there
is no unique method of performing appropriate analysis. The num-
ber of scientific works is dedicated to the issue of DHW energy
profiles development and analysis. For example, hourly DHW pro-
files for five groups of buildings with 1, 3, 10, 31, and 50 residents
are developed based on data from Finnish apartments in [26]. Fur-
ther, the profiles for each group with the closest to mean profile
and have a similar shape, are selected among measured candidates
as representative. The volumetric flow rates, cold and supply tem-
peratures are measured to characterise the DHW use in 20 build-
ings of different sizes in [27]. Based on the obtained data, the au-
thors executed several stochastic simulations to get a representa-
tive DHW use profiles for end users [27]. Number of methods for
DHW profiles development are based on operating schedules for
the primary DHW energy users (showers, baths, sinks, dishwasher,
and clothes washer) and occupant activities. As an illustration, the
Building America House Simulation Protocols document provides
guidance for such analysis in new and existing apartment build-
ings [28]. Lombardi in [29] shows that domestic water use can be
presented as the result of probabilistic use of domestic appliances,
each one with its particular characteristics. The research of Good
and Zhang in [30] share the experience of calculation for DHW
heat use profiles based on occupant activities. The DHW modelling
approach by the coupling of behavioural activities, energy balance
models, and stochastic modelling is presented in [31]. Time-use
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data of activities in households in Sweden are used for generating
DHW profiles in [32]. For DHW energy analysis, the occupant be-
haviour, appliance ownership, demographic conditions, and occu-
pancy rate are considered in neural network model in [33]. Most
of the reviewed research work are dedicated to the apartments
and households, meaning that required parameters were easier to
obtain. However, in non-residential buildings obtaining in-depth
knowledge about occupant activities and equipment operation be-
come time consuming and expensive task [5]. The available input
data limits the practical application of these methods.

The problem of validation of DHW simulated profiles in non-
residential buildings is proposed in [34]. For simulation, the au-
thors use SIMDEUM in [35], which is based on the design rules
for appliance performance and dominant variables in buildings. It
is assumed that the dominant variable for hotels is the number
of rooms, for offices is the number of employees, and for nurs-
ing homes is the number of beds [36]. The validation procedure
consists of two steps. In the first step, the outcome of simulation
is compared with measured demand values. In the next step, it is
proposed to check if the assumptions on the standardized building
based on the design rules are validated with measurements and
surveys [34]. This study shows that it is challenging to find infor-
mation of users and appliances in each functional room to equip
the standardised buildings. However, regular demand pattern for
dominant functional room can be obtained.

The problems of comparing the actual DHW energy use pro-
files with the standards, and their verification, are also not going
unnoticed. For example, the comparison of the actual DHW pro-
files in apartments with profile proposed by American Society of
Heating, Refrigeration and Air Conditioning Engineers (ASHRAE) is
conducted in [37]. The research shows that the primary difference
between the actual and the ASHRAE derived data is that the wa-
ter use is less evenly distributed in the actual data, and there are
higher peaks and lower troughs and much less use in the early
morning hours in the actual data. Differences in shapes and pa-
rameters of the actual DHW heat use profiles for particular types
of buildings and profiles represented in publications and standards
are considered in [38]. As a conclusion, in this work, the authors
recommend to rely on actual profiles obtained from measurement
systems for the analysis of DHW use in the existing buildings.

The aim of our paper was to improve the existing approaches
for the DHW heat use analysis and gain in-depth knowledge about
it in nursing homes in Norway. Non-residential buildings such
as nursing home, hospitals, hostels, schools, etc. in Norway and
other European countries are less studied then residential [5]. The
knowledge about actual DHW heat use profiles in nursing homes
in Norwegian is currently incomplete and contain many gaps. The
study in [39] shows that the specific heat use in the hospitals and
nursing homes in Norway is approximately 270 kWh/m? per year,
and one of the highest comparing to other types of buildings. Quite
often, profiles presented in standards for nursing homes cannot
represent the actual DHW heat use [39]. For this reason, the in-
vestigation on the DHW heat use in nursing homes in Norway is
required. Such a study is the basis for the further introduction of
energy saving in nursing homes in Norway.

In this article, we presented the methods for developing and
analysing profiles for DHW heat use. The proposed methods allow
us to assess the similarities of the profiles by days of the week and
seasons, and identify the timing of the peak heat use of the DHW
system. The methods were tested based on one-year hourly mea-
surements from three nursing homes, located in Eastern Norway.
The unified profiles for the months and days of the week with sim-
ilar characteristics of the DHW heat use were identified. For these
profiles the timing of the peak, average, and low heat use was es-
timated. The profiles obtained from measurements were compared
with profiles from the national standard SN/TS 3031:2016 [41] and

Step 1. Assess the similarities of DHW heat use profiles by
days of the week

.

Step 2. Assess the similarities of DHW heat use profiles by
seasons

v

Step 3. Developing unified profiles for the months and days
of the week with similar characteristics

!

Step 4. Determining the time zones with peak, minimum,
and average heat load for daily profiles of DHW heat use

Fig. 1. Method for the analysis of DHW heat use profiles.

international standard NS-EN 12831-3:2017 [42]. The possible ben-
efits from using more accurate energy profiles, obtained by mea-
surements and statistical analysis, are explained in this study.

The paper was organised as the following. Section 2 introduced
the method for developing profiles, divided by days of the week
and seasons with similar characteristics of the DHW heat use. In
this section, the method for determining the peak, average, and
low zones of the DHW heat use from the profiles was also pre-
sented. Section 3 explained the main characteristics of DHW sys-
tem for the case study - three nursing homes located in eastern
Norway. In Section 4, the method was implemented on the real
data. The obtained profiles for the nursing homes were analysed
and compared with the profiles of DHW heat use given in the
standards. The main results of this investigation were presented.
Finally, the main conclusions of the study were emphasized in
Section 5.

2. Method

The method for the analysis of DHW profiles included the four
main steps shown in Fig. 1.

The three following subsections covers the methods that were
used to solve issues in shown Fig. 1. Section 2.1 described the
method for comparison of the DHW heat use profiles from dif-
ferent days of the week and assessing their similarities. In this
study, we did not assume, beforehand that the profiles can be di-
vided in a certain way. Student’s t-test and Fisher’s exact test were
used for solving this issue. By using this method, the data tests
may be used for samples with standard normal distribution and t-
distribution. This allowed to us to determine the statistically jus-
tified days of the week with similar DHW heat use profiles. In
Section 2.2, a method for determining the duration and boundaries
of time zones with peak, minimum, and average heat use during
the day was showed. In Section 2.3, a statistical method for iden-
tifying the number of seasons, as well as the months included in
each season was described. By using this method, the impact of
seasonality on DHW heat use was taken into account.

2.1. Comparing similarity of DHW heat use profiles in different days
of the week

To determine the days of the week with similar characteris-
tics of DHW heat use, a method based on test statistics was pro-
posed. The similarity of two DHW heat use profiles is checked
based on the Student’s t-test and Fisher’s exact test. Appropriate
tests can be used for samples with standard normal distribution
and t-distribution.
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By applying the Student’s t-test, it was possible to check if the
mean values of DHW heat use from two days of the week were
equal or not. To achieve this, the DHW heat use within each day
was considered as a statistical sample with 24 elements, which
represented the number of hours in the day. The t-test statistical
value was calculated as follows:

T = Eprofl _Epron (1)
cal = > >
S
prof1 prof2
nprofl nprafz

where Epr1. Epropa Were the mean values of the DHW heat use in
the first and second samples. S;or1, Spropy Were the standard devia-
tions of the DHW heat use profiles in the first and second samples.
Nprofis Nprofz Were the number of elements in the first and second
samples. Finally, the equation for the standard deviation for i-th
day was written as:

= 2
E o o:— .
Spmfi _ \/Z( profi.j profz) (2)

nprofi -1

where i was the number of the sample, j was the number of ele-
ment in the sample, E, o5 was the DHW heat use in j-th element
in i-th sample.

The obtained value for t-criteria, Ty, was compared with the
critical value, T Ter may be found in literature for different de-
grees of freedom and significance level k. The comparison may lead
to three possible situations as the following:

- If Teg < Ter(Mprof1 + Nprop2 — 2, k = 0.05), then the mean values
of the first and the second samples are similar;

- If Ty = Ter(Mprop1 + Npropp — 2,k = 0.01), then the mean values
of the first and the second samples have a significant differ-
ence;

- If Teat < Ter(Mprof1 + Npropr — 2,k = 0.01) and Teal =
Ter(Mprof1 + Nprop2 — 2,k =0.05), then the mean values of
the first and the second samples may be considered as similar.
However, the final decision should be done based on the
knowledge of researchers.

Meanwhile, Fisher’s criterion allowed us to estimate the simi-
larity of two samples by variances:
2 2
max (Sprofl ’ Spron) (3)

min (52 S2

cal =
prof1”’ profl)

The comparison obtained by calculations of the Fisher criterion,
feq with its critical value, f led to the following results:

- If fea < fer(Mprof1 + Npropp — 2,k = 0.05), then the variances of
the first and the second samples are similar;

- I feqr > for(propt 4 Nprop2 — 2, k= 0.05),then the variances of
the first and the second samples have significant difference.

The two profiles are considered to be similar if both Student’s
t-test and Fisher’s exact test show the same results. If at least one
of two tests shows that the mean values or variances of profiles
in the first and the second samples are not similar, it is possible
to conclude that the profiles are dissimilar and should be analysed
separately.

Splitting the DHW profiles by the days of the week should be
made based on a large dataset, which represents DHW heat use
during the year. Therefore, in this study, it was proposed to di-
vide initial statistical data into separate weeks. Within each week,
all combinations of the daily DHW profiles should be compared
among themselves by Student’s t-test and Fisher exact test. For in-
stance, profiles for Monday and Thursday, Monday and Wednesday,
Saturday and Sunday and so on should be compared. Afterwards,
for all the combinations of days, the number of the weeks can be

Table 1
The form of the matrix of matches.

Mo. Tu. We.  Thu. Fr. Sa. Su.

Mo. nyq - - - - - —
Tu. Nyy  Maa - - - -
We. n3;  n3p N3z — - - -
Th. Ng1  N42  Ng3  Ngg - - -
Fr. Nsq Nsp Ns3 Nsq Nss - -
Sa. Ng1  Me2 Me3  Nea N5 Mg —
Su. nzq N7z nz3 nzz n7s nze nzz

identified, when statistical tests show that profiles in considered
pairs of days are similar. For further analysis, for each combina-
tions of days of the week, the number of matches of the DHW
profiles in percentage can be found as:

njj = Nj; - 100/Noeal (4)

The elements in Equation (4) are the following, n;; is number
of matches in percentage, when the DHW profiles of i-th and j-th
days were similar. N;; was the number of the weeks, when sta-
tistical tests showed that the i-th and j-th days were similar. Ny
was the total number of the weeks in the statistical data sample of
DHW heat use. i was the day of the week of the first comparable
profile (from 1 to 7). j was the day of the week of the second com-
parable profile (from 1 to 7). For better clarity, the results could be
presented in the form of matrix of the matches as in Table 1.

Based on the matrix of matches, the groups of the days of the
week with similar profiles of DHW heat use could be identified.
Namely, the days of the week, which have n; ; > 100 — error, have
similar characteristics of DHW heat use and should be placed in
one group and analysed together. The value of the error included
the accuracy of Student’s t-test, Fisher's exact test, and the per-
centage of days in the year when the building is not in operation
in typical regimes such as holidays.

2.2. Determining the time zones with peak, minimum, and average
heat load for daily profiles of DHW heat use

To implement energy management in buildings, it is essential
to identify the typical duration and boundaries of time zones with
peak load, minimum, and average heat load during the day. To
solve this issue, we proposed to perform statistical grouping of the
hourly heat use of the DHW system based on the method pre-
sented by Nakhodov in [40]. Initially, this method is used for iden-
tification of the tariff zones of electricity energy use in the power
system. In this article, we adapted the method for analysis of DHW
heat use in buildings. The method allowed us to divide the hours
of DHW heat use into several groups with statistically different
mean values within each group. It is based on an iteration pro-
cedure and analysis of the mean values of DHW heat use by ap-
plying Student’s t-test. In this case, DHW heat use profile was con-
sidered as a statistical sample e. The sample contained N=24 ele-
ments (hours) with DHW heat use in these hours equal e; (where
e; was DHW heat use in the j-th hour. j was the number of the
element in the sample). The flowchart for the algorithm for deter-
mining the time zones with peak, minimum, and average heat load
for daily profiles of DHW heat use is shown in Fig. 2.

The detailed algorithm of the method for determining the time
zones was as the following:

Step 1. Sorting the elements of the sample in the order of their
increase

The elements e; in the samplee were sorted in the order of
their increase. Such an arrangement of elements from smaller val-
ues of hourly DHW heat use to bigger values allowed us to obtain
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Step 1. Sorting the elements of the sample in the order of
their increase

'

Step 2. Identifying the initial groups for the elements that
could be considered statistically similar

!

Step 3. Checking the possibility of merging the closest
groups according to the Student's t-test (see Equation (1))

'

Step 4. Based on the groups with the elements, identifying
the critical borders that separated the DHW heat use profile
into zones with peak, average, and minimum heat use

Fig. 2. Flowchart for the algorithm for determining the time zones with peak, min-
imum, and average heat load for daily profiles of DHW heat use.

the sorted sample E with N elements E; (where E;,; > E;, i is the
number of element in sample E).

Step 2. Identifying the initial groups for the elements that could be
considered statistically similar

Based on the sample E, an iterative procedure of generating of
two statistical subsamples R; and R, with variable number of ele-
ments was applied. For each step of iteration, sample R; contained
M elements, while R, should have M+1 elements. The elements in
samples Ry and R, were taken consistently from the initial sample
E. With each iteration, the number of elements M in these sub-
samples increased by one. The value of M varied from 1 to 23.

For each step of these iterations the value of Student’s t-test for
two subsamples R; and R, were calculated by using Equation (1).

For instance: iteration 1) Ry = [E;], Ry =[E;,E;], M=1, and
Tca“; iteration 2) Ry = [E],Ez], R = [E],Ez,Egl, M=2, and TCGIZ;‘"
iteration 23) R = [E] JEo .. .E23], Ry = [E] N .E24], M=23, and
Teans:

Step 3. Checking the possibility of merging the closest groups ac-
cording to Student’s t-test

Based on the iteration procedure of Step 2, the series of t-
criteria for all the combinations of the subsamples R; and R,
Tea =[Tcann Tearz - - - Tm] were found.

If an ordered sample of hourly DHW heat use was monotonous,
then the numerical values of elements in this sample increase
evenly. In that case, the series of t-criteria obtained by iteration
procedure would also be monotonous. This means that the values
of t-criteria obtained by Equation (1) would decrease monotoni-
cally with each next iteration (T4 > T - -- > Ty)- If the ordered
sample of hourly DHW heat use was uneven, then a monotonic de-
crease of the calculated values of the t-criteria would be violated
by periodic abrupt growth (T.y; < T.giyq). Thus, the identification
of points of growth of the calculated values of the t-criteria al-
lowed us to determine between which hours there is a noticeable
statistical difference of DHW heat use. This assumption allowed us
initially to divide hours in the profile of DHW heat use into several
groups. Each of these groups was the sample of data, where DHW
heat use data varied monotonously. Created in this way, neighbour-
ing groups of hourly DHW heat use could be checked in terms of
the possibility for their further merge. For this purpose, the data
samples of two neighbouring groups were assessed by Student’s
t-test (see Equation (1)). As a result, the calculated value of the t-
criteria, Ty, could be compared with critical value, T This com-
parison could lead to the three possible situations:

- If Ty < Ter(Ngroupt + Ngroupz — 2. k = 0.05), then the mean values
of the two groups were similar and should be merged;

- If Tog = Ter(Ngroupt + Ngroup2 — 2. k = 0.01), then the mean values
of the two groups were different and they should be considered
separately;

- If Tear < Ter (Mgroupt + Ngroupz — 2, k = 0.01) and Tea >
Ter (Ngroupt + Ngroup2 — 2,k =0.05), then the mean values of
the two groups could be considered as similar. However, the
final decision should be done based on the knowledge of
researcher.

After we merged the groups based on explained above condi-
tions, the new set of groups was created. The calculations of Step 3
should be repeated from the beginning with the new set of groups
in the sample. Iterative calculations of Step 3 was continued until
the t-test showed that no groups can be merged together and that
the total number of groups could not be reduced.

Step 1. Based on the groups with the elements, identifying the crit-
ical borders that separated the DHW heat use profile into zones
with peak, average, and minimum heat use

Critical borders that separated the DHW heat use profile into
zones with peak, average, and minimum heat use can be identified
by the following:

2
Sgroup.l

Emin = Egroup,l + Tcr,l (Mgroup.l +1- 2, k= 0~01) (5)

Mgroup.l

Emax = Egroup,l(—l

Séroup,l(—l (6)

Mgroup,l(—l

+ Tcr,l(—l (Mgroup.l(—l +1- 2’ k= 0~01)

where Egroup 1. Egroupk—1 Were the mean values of the DHW heat
use in the first group and the next to the last group. Mgpoyp1,
Mgroup—1 were the numbers of the elements in the first group
and the next to the last group. Sﬁmup.], Séroup.l(—] were the standard
deviations in the first group and the next to the last group. T,
Terx—1 were the critical values of the t-criteria for the first group
and the next to the last group. The hours in which the DHW heat
use was below E,;;, should be considered as zone with the mini-
mum DHW heat use. If the DHW heat use was between E,;, and
Emax, it could be assumed that in these hours the DHW heat use
was in a zone of average heat use. The hours with the DHW heat
use higher than Epgy lied within the zone of the maximum heat
use.

2.3. Determining the seasons of DHW heat use

The method described in Section 2.2 can be applied in order to
identify the groups of months with similar characteristics of the
DHW heat use. In this case, in contrast to the sample of 24 hours
for each daily profile as considered in Section 2.2, the initial sam-
ple contains 12 elements for the monthly DHW heat use during
the year. The basic principles and procedure of calculations in both
hourly and monthly analysis was the same. As a result, the num-
ber of seasons of the DHW heat use in the year and the months
included in each season could be identified.

3. Description of buildings

One year of hourly measured data for the DHW heat use were
collected from three nursing homes located in the Eastern Norway.
The characteristics and work regimes of the nursing homes were
typical for Norwegian conditions and was expected to be repre-
sentative for DHW heat use in the similar types of buildings.



Table 2

Main properties of measured nursing homes.

Measurement

Storage

Distribution heating

Heat source

Number of rooms

Area [m?]

Electricity energy to water heaters
Electric energy to water heaters

3 x 600 liter

Electric heat tracing

Electric water heaters 3 x 25 kW

52
25

3327
2 609
6 774

NH1
NH2
NH3

2 x 900 liter

Electric heat tracing

Electric water heaters 2 x 25 kW
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Electric energy to water heater and thermal energy from district heating

3 x 400 liter

Local area heating + electric water heaters 3 x 15 kW Circulation (short-circuited)

50

Table 2 shows the main properties of the observed buildings,
and Fig. 3 shows the principle layout of the DHW plants, including
the measurement points. The energy meters are marked with EM
in Fig. 3.

For all the buildings, the measured heat use was the total heat
delivered into the system, i.e. including the heat losses. The two
buildings, NH1 and NH2 did not have hot water circulation sys-
tems, but electric heat traces. The power use of the heat tracers
were not included in the measurements, which means that the
distribution losses were not accounted. The third building, NH3,
had a circulation system, but the system was short-circuited close
to the heating plant, which means that the thermal losses in the
circulation were minimal. Based on this, it was assumed that the
measured heat use for the DHW in all the buildings were without
distribution losses, and thereby compared on equal ground.

The main differences between the nursing homes was the room
density (the total area per room), with a range from 64 to 136
m?/room. All nursing homes have private rooms only, all with the
individual bathrooms, and the nursing homes are normally fully
occupied. Therefore, the number of rooms was also representative
for the amount of people living in the buildings. For investigation,
the weather data obtained from the closest weather station were
used.

4. Results and Analysis

The section is divided in several subsections that consider spe-
cific steps of the method explained in Section 2. The analysis of the
variation of DHW heat use in the nursing homes, as well as the
indicators that explains its variability, was shown in Section 4.1.
Section 4.2 investigates the nursing homes DHW heat use profiles
aggregated by similar days of the weeks and seasons. The hours of
peak, average and minimum heat use for these profiles were stud-
ied. In Section 4.3, the standards were compared with the profiles
obtained from the measurements. The drawbacks of the standards
were highlighted.

4.1. Initial analysis of DHW heat use in the nursing homes

Even within the same building type, the characteristics of heat
use may vary. To compare buildings with different characteristics,
specific heat use may be used. Specific heat use is actual heat use
of the building divided by certain physical indicator. This indicator
explains variability of the DHW heat use in different buildings, and
makes them comparable with each other. For this purpose in build-
ings, the specific heat use per number of rooms or area is com-
monly used. To choose which of these indicators to use in further
analysis, the box plots of daily heat use were analysed as shown in
Fig. 4.

The results in Fig. 4 show that the relative difference in the av-
erage daily use is 67 % per area and 41% per room. Since the main
reason for DHW use at nursing homes are related to hygienic pur-
poses and nourishment of the residents, it is reasonable to think
that the number of rooms is better parameter for describing the
DHW heat use. Accordingly, in the further analysis, attention will
be paid mainly to the specific energy use per room. Only in the
parts of the article dedicated to the standards, where it is relevant,
the heat use per m? also will be considered. The DHW heat use
per room is quite high (see Fig. 4 b)) since rooms in the nursing
homes have large area from 64 to 136 m2/room.

The nursing homes considered in the article had similar trends
and regimes of the DHW heat use. The difference in variance in
their DHW heat use was within 30%. The energy distance test
[41] showed that distributions of the DHW heat use in nursing
homes were identical and it provided a foundation for further sta-
tistical analysis. Therefore, in order to simplify analysis and make
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Fig. 3. Principle layout of the three DHW plants.
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Fig. 4. Box plot of daily DHW heat use in the nursing homes, where: a) DHW heat use per m2, b) DHW heat use per room.

w w » »
=) 5 =) n

DHW heat use per room (kWh)
N
U

2018-04 2018-06 2018-08 2018-10 2018-12 2019-02
Time

Fig. 5. Average hourly DHW heat use in three nursing homes.

the results more representative, the average DHW heat use of the
three nursing homes was investigated. One-year data of the aver-
age specific DHW heat use for the three nursing homes are shown
in Fig. 5.

From Fig. 5 it can be noted that the DHW heat use during
the year were varying, and seasonal influence was clearly present.
Seasonality of the DHW heat use will be explained in detail in
Section 4.2. In addition, some spikes may be noted in the data,
for example on September 9", 2018 at 24:00 o'clock. These spikes
showed untypical behaviour of the DHW heat use. Untypical spikes

where taken in account in the analysis of DHW heat use. Another
point that was taken into account in the analysis was the differ-
ence in behaviour on holidays compared to ordinary days. Fig. 6
shows the DHW heat use in the nursing homes in the week with-
out holidays (from January 1%t to January 13th), the week that con-
tained Christmas holidays (from December 24 to December 30t),
and days which are official public holidays (from December 25 to
26 December, and January 15t).

As we can see from Fig. 6, the shapes of the DHW heat use pat-
terns during the public holidays on December 25 and 26 were
similar to the patterns in the weekends. The DHW heat use dur-
ing the week that contained Christmas holidays was lower than
in a regular week. This can be explained by the fact that some
families took their elder relatives home from the nursing homes
for Christmas celebrations. Finally, on the last day of holidays el-
der people were arriving back to the nursing home. Therefore, Jan-
uary 15, the DHW heat use was becoming similar to a regular day.
Thereby, during the holidays, water use was usually reduced.

4.2. DHW heat use profiles aggregated by similar days of the weeks
and seasons

Fig. 7 shows average daily DHW heat use per room for each
month and corresponding outdoor temperature.

From Fig. 7, strong negative correlation between monthly DHW
heat use and outdoor temperature may be noted. In nursing
homes, it is expected that the routines for DHW use are simi-
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Fig. 7. Daily DHW heat use and outdoor temperature for different months over the year.

lar around the year, and the variation on monthly heat use for
DHW can be described by the variation in cold fresh water inlet
temperature [42]. Through our investigation of the correlation be-
tween the monthly heat use and the lagged monthly average out-
door temperature, the highest coefficient of determination, 0.96,
was found between the monthly heat use and the average out-
door temperature of the previous month. This fits well with the
fact that the cold inlet water temperature has a slow response to
the outdoor temperature. Further, this effect leads to seasonal vari-
ation of the DHW heat use in the nursing homes. Therefore, to take
into account variation of the DHW heat use in the nursing homes
over a year, the seasonality was investigated. The number of sea-
sons during the year and the months associated with each season
were identified based on the average daily DHW heat use for nurs-
ing homes in different months, applying the method described in
Section 2.3. Using Student’s t-test, the months of the year were di-
vided into two groups with substantially different mean values of
the heat use within each group. The results of the seasonality iden-
tification are shown in Fig. 8. The groups represent the cold and
warm seasons. The cold season included the following months:
January, February, March, April, May, November, and December.
Meanwhile, June, July, August, September, and October were as-
signed to the warm season. Finally, for these seasons were devel-
oped separate profiles of DHW use.

As explained in the method, Section 2.1, at the next step of
the investigation, the days of the week were assessed for simi-
larity. The DHW heat use data from nursing homes were divided
into separate weeks. In total, there were 52 full weeks within the
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=
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Fig. 8. Cold and warm seasons of DHW heat use in nursing homes.

year. According to the method in Section 2.1, within each week,
all combinations of daily DHW profiles were systematically com-
pared among themselves by Student’s t-test and Fisher exact test.
The matrix of matching of daily profiles is shown in Table 3.

In order to find the critical value that shows when the profiles
in different days of the week could be considered as statistically
similar, the three following factors were taken in account: the ac-
curacy of Student’s t-test, the accuracy of Fisher’s exact test, and
percentage of days in the year when the buildings operation was
not typical, including holidays. The accuracy of Student’s t-test and
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Table 3
Matrix of matching daily DHW heat use profiles in nursing homes.
Mo. Tu. We. Thu. Fr. Sa. Su.
Mo. 100 — — — — — —
Tu. 93 100 - - — - -
We. 97 97 100 - — - -
Th. 87 97 93 100 - - -
Fr. 95 97 97 97 100 - -
Sa. 32 59 32 55 51 100 -
Sun. 30 71 48 71 61 97 100

Fisher's exact test were accepted equal to 5%. In addition, taking
into account the number of the days with untypical DHW heat
use, the values of the acceptable error (see Section 2.1) was es-
timated as 14%. Therefore, the days of the week in nursing homes
that have statistically similar profiles in more than 86% of the con-
sidered weeks were identified, see Table 3. Based on this conclu-
sion, the following groups of the days were identified:

- The first group: 1) Monday, Tuesday, Wednesday, Thursday and
Friday,
- The second group: 2) Saturday and Sunday.

Detailed DHW heat use profiles organized by similar days of
the weeks and seasons are shown in Fig. 9. For these profiles,
the time zones were identified based on average daily DHW heat
use by the method explained in Section 2.2. Fig. 9 demonstrated
the time zones with a peak heat load (heat use above Emax, see
Equation 6), minimum (heat use below Emin, see Equation 5) and
average (heat use in the range between Emin and Emax) heat load
of DHW. The borders between time zones in Fig. 9 are shown in
the form of the horizontal lines.

The identification of the time intervals when minimum, av-
erage, and peak heat use occurred during the day was one of
the key information from the analysis of the DHW heat use pro-
files. Thereby, the application of the method presented in the
Section 2.2 allowed us to determine the following borders of time
zones:

1) The peak heat use of the DHW heat use occurred when the
heat use was higher than: 0.19 kWh/room for Monday-Friday
in the cold season, 0.168 kWh/room for Saturday-Sunday in the
cold season, 0.147 kWh/room for Monday-Friday in the hot sea-
son, and 0.137 kWh/room for Saturday-Sunday hot season;

2) The minimum heat use of the DHW heat use occurred when
the heat use was less than: 0.066 kWh/room for Monday-Friday
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in the cold season, 0.065 kWh/room for Saturday-Sunday in the
cold season, 0.053 kWh/room for Monday-Friday in the hot sea-
son, and 0.052 kWh/room for Saturday-Sunday in the hot sea-
son;

3) The average heat use of the DHW heat use occurred when
it was between: 0.066 kWh/room and 0.19 kWh/room for
Monday-Friday in the cold season, between 0.065 kWh/room
and 0.168 kWh/room for Saturday-Sunday in the cold season,
between 0.053 kWh/room and 0.147 kWh/room for Monday-
Friday in the hot season, and between 0.052 kWh/room and
0.137 kWh/room for Saturday-Sunday in the hot season.

From Fig. 9 it can be observed that the hourly values of the
DHW heat use, as well as its peak, were much higher from Mon-
day to Friday compering to Saturday and Sunday. In general, DHW
heat use during the cold season was higher than in the warm sea-
son. Moreover, in the different seasons, there are some shifts in in-
tensity of the DHW heat use between the hours. From Monday to
Friday in the cold season, the peak of the DHW heat use occurred
from 9:00 to 15:00 o’clock, with the maximum heat use from 9:00
to 11:00 o’clock. Opposite, the evening peak in the cold season was
not clear and cannot be observed easily. Sunday and Saturday in
the cold season, the maximum of the DHW heat use was much
lower and may be noticed at 11:00 o’clock. Furthermore, the low
peak heat use appeared at 20:00 o’clock. Meanwhile, in the work-
ing days in the warm season, the peak of DHW heat use occurred
from 9:00 to 14:00 o’clock, with the maximum heat use at 10:00
o’clock and the values that are close to the maximum at 9:00 and
11:00 o’clock. In addition, two small peaks could be observed at
17:00 and 20:00 o’clock in the warm season. In the weekends in
the warm season, the peak was from 9:00 to 12:00 o’clock, and
at 14:00 and 20:00 o’clock. The minimum of the DHW in all the
profiles was at night, usually from 2:00 until 5:00 o’clock.

Changes of the DHW heat use intensity and the occurrence of
the peak values of the heat use in different profiles in Fig. 9 could
be explained by different work regimes in the nursing homes at
the weekends and the working days, as well as at different seasons.
In general, our study showed that dividing the DHW heat use pro-
files by seasons and days of the week was reasonable. The profiles
obtained in this way were more informative and allow us retrieve
additional information about DHW heat use in buildings.

4.3. Comparison of the standard profiles for DHW heat use with the
profiles obtained based on measurement data

In this section, two standards were compared with the profiles
obtained from the measurements and analysis in Section 4.2 in the
nursing homes. The Norwegian standard, “SN/TS 3031:2016: En-
ergy performance of buildings. Calculation of energy needs and en-
ergy supply” [43] is a national standard for calculations of build-
ings energy need and heat losses. Among different information,
this standard gives recommendation on DHW heat use profiles per
m? in nursing homes that should be used as an input for energy
demand calculation [43]. The standard “NS-EN 12831-3:2017: En-
ergy performance of buildings” [44] is European standard, which
is recommended for application in Norway. NS-EN 12831-3 pro-
vides reference profiles of DHW heat use per person in nursing
home. As mentioned earlier, in Norway, each room in the nursing
homes is occupied by only one person. Thus, heat use per room
is approximately equal to heat use per person. The profiles in the
both standards show DHW tap heat use without losses in the stor-
age tank and the system. Meanwhile, typically the measurements
in the nursing homes include losses in the storage tanks. For this
reason, to remove the losses from the profiles obtained by mea-
surements, the method proposed in [45] was used in this study.
This method is based on the assumption that the hourly DHW

heat use with minimum values represents system losses [43]. Con-
sequently, extracting the minimum DHW heat use during these
hours from measured data gives us approximate value of the DHW
heat use without system and tank losses. Accordingly, using pro-
files in Fig. 9, the hour with the minimum DHW heat use was
identified. After that, the DHW heat use profiles were recalculated
according to the method in [45]. The DHW system losses obtained
by this method were approximately 20% of the total DHW heat use.
For the comparison, both profiles obtained by the measurements
with adjustments according to the losses, and the profiles from the
standards SN/TS 3031 and NS-EN 12831-3 are presented in Fig. 10.
In addition, for a better understanding of the DHW heat use in the
nursing homes, the box plots of hourly DHW heat use per m? and
per room are presented in the Fig. 11.

Fig. 10 indicates on the big difference between the DHW heat
use profiles obtained from the measurements and both standards.
The comparison with actual profiles showed the following draw-
backs of the standards: 1) standards are not taking into account
seasonality and influence of the day of the week on DHW heat use,
2) standards significantly overestimate average daily DHW heat use
2) for certain hours the profiles in the standards overestimate or
underestimate DHW heat use, 3) standards can not properly reflect
hours with peak and minimum DHW heat use.

The profile in the standard SN/TS 3031, see Fig. 10. a), overes-
timated the daily DHW heat use in the nursing homes approxi-
mately 3.5 times. Even if we compare it with the maximum heat
use in the nursing homes, shown in the box plot, see Fig. 11. a), the
DHW heat use in the standard SN/TS 3031 was still much higher.
Despite this fact, the standard making the assumption that there
is no DHW heat use from 1:00 to 5:00 o’clock. The actual profiles,
see Fig. 10, showed a small amount of DHW heat use even at night
time.

Information about magnitude and timing of the peak heat use
in the buildings is crucial for solving a number of issues in en-
ergy planning. However, from Fig. 10. a) we can see that SN/TS
3031 is not representing this information in a proper way. From
the standard profile, we could assume that the morning peak of
heat use occurred from 7:00 to 8:00 o’clock, and the similar peak
could be observed from 18:00 to 19:00 o’clock. Meanwhile, in the
profile based on actual measurements, the maximum DHW heat
use was from 9:00 to 11:00 o’clock, and the evening peak was not
clearly visible. The peak value in the standard is 3.7 times higher
than in the measured profile. These differences between the pro-
files were significant and they show the drawbacks of the stan-
dard SN/TS 3031. It should be noted that a sample of three nursing
homes is probably not enough to be sure that the measurements
are representative for the national average. However, this sample
represented well the DHW heat use in nursing homes in the cen-
tral part of Eastern Norway.

The standard, NS-EN 12831-3, overestimated the daily DHW
heat use by 1.65 times, see Fig. 10. b). Unlike SN/TS 3031, the stan-
dard NS-EN 12831-3 shows DHW heat use at night time, which
makes it more realistic. The values in the NS-EN 12831-3 stan-
dard are closer to the maximum than the average hourly values
of the DHW heat use in the nursing homes presented in Fig. 11.
b). From Fig. 10. b) it may be noted that the timing of the actual
peaks of the DHW heat use did not match perfectly the informa-
tion in the standard NS-EN 12831-3. The morning peak of heat use
in the standard is shown from 7:00 to 8:00 o’clock. It is shifted
by two hours compared with the actual one, see Fig. 10. b). The
value of the maximum DHW heat use in the standard is 2.7 times
higher than in the profile based on measurement. The behaviour
of DHW in the evening time was similar to the measured profile.
Despite the fact that NS-EN 12831-3 is the international standard,
it explains the DHW nursing home heat use much better than the
Norwegian national standard SN/TS 3031.
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Fig. 11. Hourly profile of DHW heat use obtained by measurements, where: a) DHW heat use per m2, b) DHW heat use per room.

There could be several reasons for the inaccuracy of the pro-
files in the standards. First, the majority of the standards are based
on information and data obtained decades ago [17]. The introduc-
tion of new types of DHW appliances, changes in routines and
behaviours in the nursing homes are also likely changing the as-
sumed values from the standards. Consequently, standards cannot
correctly display the current state of the DHW heat use in build-
ings, because the standards are developed to give limits and guide-
lines and cannot determine the real use. The other reason is that
the profiles given in the standards are usually too simplified to en-
able their easier implementation by practitioners. These profiles
were created for certain categories of buildings: nursing homes,
school, hotel, offices, etc. However, even within one category of the
buildings, the DHW heat use can behave differently. The location of
the building in different parts of the country with specific temper-
ature conditions is also factor that could lead to uncertainty.

The above mentioned standard profiles are commonly used for
calculation of the building performance against national regula-
tions. If the standard profiles deviates significantly from the reality,
it may lead to unwanted effects. For example in Norway, there is
a demand that above 60% of the energy demand for heating and
DHW should be covered by a centralized system without fossil fu-
els. In cases with highly insulated buildings, the standard DHW
heat demand may represent above 60% of the total heating de-

mand. If the real DHW use is much lower than the standard calcu-
lation, the standard requirements on the system design will have
unwanted effects on choosing energy supply systems and sizing
the energy infrastructure.

Therefore, this study showed that dividing the DHW heat use
profiles by season and days of the week is reasonable. These pro-
files should be based on accurate and up-to-date statistical data
from real buildings and reliable methods of processing available
information. The potential for energy saving, can be achieved by
better DHW system sizing, introducing of demand-side manage-
ment, and other energy saving measures. Representative profiles
will form a basis for the proper implementation of energy saving
measures and increasing the efficiency of DHW heat use in nursing
homes.

5. Conclusions

DHW system is a significant consumer of energy in buildings.
With the introduction of highly insulated building structures and
technologies of passive houses, the share of the DHW heat use in
the total energy balance of the buildings is continuously increasing.
Accordingly, reducing the DHW heat use in buildings becoming a
more important target.
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The review of the literature showed that there is a gap in
knowledge about actual DHW heat use in buildings. Specific heat
use in the nursing homes is one of the highest comparing to other
types of buildings. Therefore, analysis of the DHW heat use in
nursing homes is particularly relevant for Norway. To increase en-
ergy efficiency in the DHW systems in Norway, an extensive anal-
ysis should be carried in various types of buildings. One of the
most critical problems of such analysis is the development of up-
to-day profiles of the DHW heat use. These profiles should accu-
rately reflect DHW heaty use in the buildings and fill gaps in exist-
ing standards. In this article, the relevant problem was investigated
for nursing homes located in the Eastern Norway.

Analysis of the measurements in three nursing homes showed
a strong negative correlation between the monthly DHW heat use
and the outdoor temperature. Consequently, seasonality is an es-
sential factor that should be taken into account for DHW heat use
profiles for nursing homes. The other significant factor identified
in the article was the day of the week. For the DHW heat use
analysis, the statistical approach that allowed us to develop uni-
fied profiles divided by months and days of the week with simi-
lar behaviour of DHW heat use was suggested. Based on this ap-
proach the months of the year for the nursing homes were divided
into two groups: the cold season (January, February, March, April,
November, December) and the warm seasons (June, July, August,
September, October). Comparison of the profiles in different days
of the week showed that weekends and working days should be
considered separately. Furthermore, a method for determining the
time zones with the peak, the minimum, and the average heat use
in the daily profile of the DHW heat use was applied.

For the nursing homes, the profiles obtained by seasons showed
that the DHW heat use in the cold season was higher than in the
warm season. Besides, nursing homes used less heat for DHW in
the weekends than in the working days. The maximum DHW heat
use in nursing homes usually occurred from 9:00 o’clock to 11:00
o’clock, and minimum from 2:00 to 5:00 o’clock.

Finally, the DHW heat use profiles obtained from the measure-
ments in the nursing homes were compared with profiles from
national standard SN/TS 3031:2016 and international standard NS-
EN 12831-3:2017. The comparison showed that the European stan-
dard, NS-EN 12831-3, overestimated the daily DHW heat use by
1.65 times, and the Norwegian standard, SN/TS 3031, overestimated
it by 3.5 times. The magnitude and timing of the peak heat use
in the buildings was also different from the standards. The Euro-
pean standard explains much better the actual DHW heat use in
the nursing homes than the Norwegian standard. For practical ap-
plication and relevant decisions related to building energy supply
systems, preference should be given to profiles obtained on the ba-
sis of statistical data collected in real buildings.

The study in this work was limited to only three nursing homes.
For this reason, in the future work, the analysis in larger amount
of nursing homes and other types of buildings will be performed.
For a larger amount of buildings, the application of different clus-
tering methods for the analysis of DHW heat use will be tested. In
addition, the question of predicting the DHW heat usage profiles
will be considered in further studies.
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