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ABSTRACT

The building and service sector accounts for nearly 40% of total energy use in Sweden. The existing, his-
toric building stock accounts for large part of this energy use and comprises an important part of the
national pursuit to increase energy efficiency. One main problem for decreasing energy use in the existing
building stock is the lack of data describing thermal performance characteristics. This paper presents a
novel development of the change-point model for predicting the thermal performance of buildings using
selected time periods based on time-dependent variations in climate and user behavior. The predicted
thermal power characteristics include total specific heat losses (Q:ota1), €nergy use for hot water circula-
tion (HWC) and hot tap water (HTW), and balance temperature. A residential district with 73 historic
buildings in Linképing, Sweden, has been used as the study object.

The developed model is shown to be effective and robust for describing building thermal performance.
The average R? was 0.70 for predictions of specific heat losses. The sensitivity analyses conclude that the
selected time steps and months correspond to the highest R? value. The average variation width for pre-
diction of the balance temperature is 0.9 °C for buildings in the interquartile range based on a three-year
comparison of hourly heating power supply data. Moreover, from a property owner perspective, the
model is shown to be useful for identifying deviating thermal power characteristics and can easily be

used to get an overview of a district.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Residential buildings are one of the main contributors to
resource exploitation. On a global level, it is estimated that build-
ings utilize 35% of the final energy use and contribute approxi-
mately one-third of CO, emissions [1]. Energy efficiency in
residential buildings is a key factor in the work to achieve sustain-
able development in the building sector. In fact, the existing build-
ing stock is identified as the sector with the highest energy savings
potential within the European Union (EU) [2]. Despite the likely
future increase in space cooling as a result of global warming [3],
it is of interest to study the heating energy savings potential in res-
idential buildings situated in Northern European countries due to
their cold climate. This is especially the case when considering that
comfort cooling is uncommon today in buildings used for residen-
tial purposes. In Sweden, about one-third of the buildings were
built in 1945 or before (hereafter referred to as “historic build-
ings”). Due to the generally poorer thermal properties of the build-
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ing envelope in older buildings compared to newer ones [4], this
segment of the building stock is also most likely to account for a
higher energy savings potential.

There is a need to identify buildings with poor thermal perfor-
mance in order to fulfill the energy efficiency potential in the
building sector. To identify these buildings, it is necessary to map
the building stock and obtain an overview of the thermal perfor-
mance of the buildings. Furthermore, mapping a building stock
and identifying buildings with poor thermal performance is a mul-
tifaceted challenge. Large numbers of buildings cannot be analyzed
on a building-by-building basis due to large quantities of data.
Instead, this requires an approach based on automatic data pro-
cessing. In addition, there is a need to process the heating power
supply data to differentiate various thermal power characteristics
of a building. Currently, average values of key performance indica-
tors (KPIs), e.g. kWh/m?, are gathered in databases such as the
National Energy Audit Program for Buildings (GRIPEN) [5]. How-
ever, this information is not updated continuously, and describing
a building’s thermal performance in terms of specific energy use
creates interpretation difficulties since the KPIs are highly depen-
dent on the user behavior in a building, such as the set indoor tem-
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Nomenclature

E Energy (Wh)

P Hourly heating power supply (W)
Piyc Internal heat gains (W)

Psolar Solar gains (W)

Qinfiltration  Infiltration losses (W/°C)

Qtotal Total specific heat losses (W/°C)
Qtransmission 1Tansmission losses (W/°C)
Quentilation Ventilation losses (W/°C)

Ty Balance temperature (°C)

Tin Indoor temperature (°C)

Tout Outdoor temperature (°C)

List of abbreviations
BXX Building number XX
DH District heating

DTPC Differentiating Thermal Power Characteristics
HTW Hot tap water

HWC Hot water circulation

KPI Key performance indicator

perature. By using actual heating power supply data in combina-
tion with outdoor temperature, a building’s change-point model
can be determined. In literature, change-point models are also
often referred to as energy signatures. The change-point model
describes the building’s energy performance from a number of
points (often referred to as parameters), e.g. specific heat losses
(W/°C) and balance temperature (°C). Other points that are usually
quantified in a change-point model include energy use for hot
water circulation (HWC), and hot tap water (HTW), i.e., the base-
load. Hence, by using change-point modelling it is possible to gen-
erate several KPIs for evaluation of the energy performance in
buildings. These KPIs are more descriptive in terms of building
energy performance compared to specific energy use which allows
for a better understanding of a building and can be used for pur-
poses such as building classification.

A common approach for determining a building’s change-point
model involves linear regression. In this case, the change-point
model is often visualized in a power versus outdoor temperature
graph. The work performed by Hammarsten [6] in 1987 is one of
the earliest papers published in the field of change-point models.
Hammarsten [6] explained how a change-point model for building
energy performance can be modeled, and investigates the impact
of different time resolutions on the results. Other issues adressed
included how a model can be supplemented with parameters for
solar and wind. The overall conclusion of the study was that a
change-point model is a suitable approach for calculating a build-
ing’s energy performance. One issue with current change-point
models is the need for data related to user behavior in order to
accurately predict the thermal power characteristics of a building.
This data collection is rather time-consuming, especially when
investigating a larger number of buildings, such as an entire
district.

An uninvestigated area in the field of change-point models is
the exploration of the possibilities for differentiating building ther-
mal power characteristics when using only heating power supply
data with no detailed data about building operation or building
envelope characteristics. To illuminate this unexplored field of
research, the proposed research aims to develop a change-point
model, titled DTPC (Differentiating Thermal Power Characteristics),
for predicting building thermal power characteristics in terms of
specific heat losses, Qtotar, P (HWC), P (HTW), and balance temper-
ature, Ty, using hourly district heating (DH) data and local climate
data in the form of outdoor temperature. The model is imple-
mented in the Matlab software and is mainly designed to investi-
gate a building district because the main input consists of easily
accessible heating power supplies with hourly resolution, and no
measured detailed data about user behavior in the building is used.
DTPC allows buildings with poor thermal performance to be iden-
tified in building districts, and can hence be used by various actors
such as local, regional and national energy agencies with the aim of
increasing energy efficiency measures in the building sector. Fur-

thermore, DTPC can be a helpful tool for property owners in the
quest to identify a malfunctioning technical system since unex-
pected heating power supply data can easily be identified. Hence,
property owners can analyze the technical performance of a build-
ing in detail based on an initial screening of the heating power sup-
ply data.

The novelty of the present work is to model, predict and differ-
entiate the thermal performance of buildings within a district by
using statistical analysis based on selected time periods during
the year. To assess the impact of various model assumptions in
the numerical procedure a sensitivity analysis is performed with
regard to predictions of energy use for HWC, specific heat losses
and balance temperature. Seventy-three historic buildings built
between 1908 and 1945 in the residential district of Vasastaden
in Linkoping, Sweden, are selected as the study object.

2. Theoretical background
2.1. Building thermal power characteristics

This section describes the building thermal power characteris-
tics that are important to this research, as well as various types
of change-point models and related research.

2.1.1. Hot water circulation

The energy use for HWC constitutes part of the baseload in a
building and ensures an instantaneous flow of domestic hot water
at tap points. In practical terms, this means that hot water is
always available. The hot water flow is achieved using a circulation
pump. Further information about the function of HWC systems can
be seen in [7].

A major problem with energy use for HWC systems is the heat
losses that occur in the pipes. These losses vary depending on the
design of the pipes. There are estimated values for HWC energy
use, but these figures vary significantly. For residential buildings,
annual figures between 4 kWh/m? and 25 kWh/m? are stated by
BELOK [8], a cooperative project between the Swedish Energy
Agency and Sweden'’s largest residential property owners. Another
study performed by the Swedish Energy Agency and residential
owners that included 12 residential buildings showed similar fig-
ures ranging from 2.3 kWh/m? to 28 kWh/m? [9].

2.1.2. Hot tap water

The heat demand for HTW is directly linked to the residents’
behavior. It is important to be aware of the fact that user behavior
varies between individuals, apartments, and multi-family build-
ings. This requires individual calculations of the HTW energy use
for each building. The patterns for HTW energy use are generally
characterized by two peaks, one during the morning and one dur-
ing the evening [10]. A development program by the Swedish con-
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struction and real estate industry (Sveby) estimates energy use for
HTW at 25 kWh/m? for multi-family buildings [11]. Multi-family
buildings located in Stockholm, Sweden, with a total of 1,500
apartments were used as the main data source for setting the aver-
age energy use for HTW. The buildings had separated hot water
measurement but no individual charging. The corresponding figure
for single-family houses is 20 kWh/m?.

2.1.3. Specific heat losses

The specific heat loss, Qoal, describes the building’s energy per-
formance when using actual heating data, i.e., information about
the technical performance of the building is obtained. Qo cON-
sists of transmission losses through walls, roof, floor and windows,
cold bridges, and infiltration and ventilation losses. Consequently,
the energy use of a building (excluding HWC and HTW) can be for-
mulated according to Eq. (1).

E= Qtotal ' ‘// = (Qtransmission + Qventilation + Qinﬁltration) : lﬁ (])

where E is the energy use (Wh), Qcotal the total loss term (W/°C),
s the degree hours (°C-h), Qtransmission the transmission losses (W/
°C), Quentilation the ventilation losses (W/°C) and Qinfiitration the infil-
tration losses (W/°C). This results in Qoo describing the sum of the
loss term for transmission, ventilation and infiltration.

2.1.4. Balance temperature

The balance temperature describes the fictive temperature that
the heating system needs to heat up to. In other words, this corre-
sponds to when the internal heat gains and solar gains are equal to
the heat losses and no additional heating is needed for the build-
ing. The balance temperature, Ty, of a building can be calculated
according to Eq. (2).

l)IHG +Psolar
Qtotal

where Tj, is the preset indoor temperature, Pgy is the internal
heat gains from people and electrical appliances, and Py, is the
solar gains.

Tp=Ti, - (2)

2.2. Change-point models

2.2.1. General description

Linear regression, a part of statistical analysis, is often used to
determine the points in a change-point model. Commonly used
methods are based on a least-square approach. The number of
points depends on the energy balance model of the building.

Change-point models describe the actual power demand of a
building as a function of outdoor temperature. The time resolution
varies in most cases from hourly to monthly data. ASHRAE has
listed guidelines for developing change-point models based on var-
ious building energy systems [12]. Comfort cooling is modeled
with two points (slope and break point on the y-axis). A three-
point model is used for describing heating (slope, break point
and the baseload which consists of the energy use for HWC and
HTW and is not related to the building technical performance).
The three-point model can also have a fourth point, i.e., the slope
after the balance temperature, if there is a heat recovery system.
A building with heating and comfort cooling is modeled with five
points: two slopes, two break points and a baseload. For residential
buildings in a Northern European climate located within a DH area,
three-point models are the most common with DH compensating
for all energy use needed for space heating, HWC and HTW. An
illustration of a three-point model is visualized in Fig. 1 with the
energy use for HWC and HTW described by the baseload.

It is crucial to be aware of the difficulties involved in using
change-point models to describe a building’s energy performance,
such as the need for accurate heating data and knowledge about
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Fig. 1. Visualization of a three-point change-point model.

user behavior. With a malfunctioning heating system, the heating
data will not give a justified description of the building energy per-
formance. Potential issues related to user behavior include airing
that results in higher heat output from the heating system and
variations in set indoor temperatures. In addition, it is important
to emphasize the impact from internal heat gains, such as the
use of electrical appliances, which directly affects the building bal-
ance temperature. Due to differences in user behavior between
various buildings, this creates difficulties in developing change-
point models where there is no data about the internal heat gains.
This is especially the case when considering the time-dependent
characteristics of user behavior.

2.2.2. Related research

Data on actual building energy use was originally used by heat-
ing suppliers for billing purposes. More recently, a change has
occurred whereby this data is used for tasks such as estimating
building energy performance and assessing possible impact from
energy renovation measures. Claridge et al. [13] addressed the
potential of data from actual energy use as early as 1992. Possibil-
ities in the form of investigating a building’s energy systems for
proper function, evaluating energy renovation measures and possi-
ble changes in the system'’s regulation to reduce energy use were
included in the study. Change-point models have been used in
numerous other scientific investigations to determine building
energy performance in various contexts, e.g. [14-22]. The areas
of application include investigating building energy performance
before and after renovation.

Hitchin [16] reviewed the energy performance standard for
buildings, ISO 13790:2008, as well as an alternative method based
on a change-point model for calculations of monthly utilization
factors. The ISO standard is commonly used for implementing
the Energy Performance of Buildings Directive in Europe. In many
cases, when the variation in day-to-day heat gains is low the two
methods predict similar heating requirements. However, Hitchin
[16] concludes that the change-point model is generally more
robust than the standard ISO calculation. This is because the stan-
dard ISO calculation underestimates heating and cooling demand
when the day-to-day variation in heat gains is high. In addition,
it provides more information about the building, such as balance
temperature, and is therefore preferred. Kim and Haberl [15] used
a three point change-point model to calibrate an initial simulation
model against measured energy use and weather data. Two single-
family houses in Texas, USA, were selected as a case study. It was
found that the model simulated the current performance of the
building more realistically after calibration, as well as accurately
predicting future energy-efficient measures. Vesterberg et al. [14]
investigated the robustness of a linear regression method to calcu-
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late a building’s specific heat losses and heat losses to the ground.
Two multi-family buildings located in Sweden were selected as
case study. The model was based on DH data and electricity use
over the course of two years. It was concluded that the method
was robust, with specific heat losses varying by less than 2% when
using data from two different years. Linear regression was also
used by Farmer et al. [17] to determine the specific heat losses of
three dwellings located in the UK. Sjégren et al. [18] investigated
the energy performance of 100 multi-family buildings in Sweden
in terms of specific heat losses. A change-point model approach
was used, similar to the aforementioned investigation by Farmer
et al. [17]. To calculate the specific heat losses accurately, Sjogren
et al. [18] emphasize the need for data relating to household elec-
tricity use and indoor temperature. In addition, the authors ques-
tion the energy use per square meter figure as a measure of
building energy performance, as this is largely affected by user
behavior in the building. The significance of user behavior has also
been mentioned by [17,19,20]. Sjégren et al. [20] have investigated
the effects on specific heat losses depending on the time period
and the energy gained from solar gains and internal heat gains.
This study included nine multi-family buildings constructed
between 1998 and 2003, located in Stockholm, Sweden. Three
years of monthly heating data were used together with annual cold
water use, as well as electricity use for some buildings. The specific
heat losses were found to be fairly constant when calculated dur-
ing periods with small amounts of solar gains. Using change-
point modeling, Park et al. [19] quantified the energy performance
of 128 apartment complexes representative for the building stock
in Seoul, South Korea. Input data for the investigation included
building properties and monthly utility bills for natural gas, elec-
tricity and DH over the course of three years, 2009-2011. It was
stated that it is possible to determine the optimal energy renova-
tion measures by using parameters of change-point models. Meng
and Mourshed [21] found that the balance temperature varies sig-
nificantly depending on building thermal characteristics, operation
and user behavior. It is therefore not realistic to assume a fixed bal-
ance temperature. The results were found using a three-point
change-point model when studying 119 non-residential buildings
located in Cardiff, Wales. Arregi and Garay [22] used change-
point models to investigate the energy performance in three ter-
tiary buildings located in the UK, Spain and Sweden. The study
was performed using simulation procedure and monitoring data
both before and after energy renovation. The results show that
the optimum time resolution is dependent on how the building
is used, e.g. longer intervals are needed in cases with discontinuous
use to balance disruptions due to usage patterns.

Prior research in this field has not revealed the possibilities of
differentiating thermal power characteristics in a residential dis-
trict based on the use of heating power supply data alone with
no description of user behavior or building envelope characteris-
tics. In light of this research gap in the field of change-point mod-
els, the authors have developed a change-point model using hourly
heating supply data and outdoor temperature data for time-
effective prediction of thermal power characteristics.

3. Methodology description

The model presented in this paper includes five steps. Step I
consists of collecting hourly heating power supply data for the
buildings in the district and corresponding outdoor temperatures
for a continuous time period of a minimum of one year, as well
as building data in the form of heated area and construction year.
Step II consists of selecting time periods based on seasonal and
daily patterns in terms of climate and user behavior, to allow for
differentiation between various building thermal power character-
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istics. In Step III, assumptions are made connected to the model in
terms of building operation and user behavior, while Step IV con-
sists of the numerical procedures during the selected time periods
for differentiating thermal power characteristics. In Step V, the
results are interpreted and analyzed. A sensitivity analysis is then
performed with regard to the model assumptions and selection of
time periods in order to investigate and possibly improve the
robustness of the model. A schematic of DTPC is given in Fig. 2.

3.1. Data collection

The first part of the proposed methodology is the collection of
hourly heating power supply, which is three years of continuous
DH data in the current research, for the studied buildings. In addi-
tion, local climate data in the form of outdoor temperatures for the
corresponding time period needs to be collected. Furthermore, using
some type of declaration register, data about the buildings in terms
of heated area is collected. Hence, it is possible to predict perfor-
mance characteristics per heated square meter and thus compare
the thermal performance of various buildings. In addition, construc-
tion year data can also be collected to allow for a comparison of
buildings constructed in different time periods. In this research,
the Swedish energy declaration register GRIPEN [5] is used to gather
data about the heated area and the construction year.

3.2. Selecting specific time periods

A building is operated and used differently depending on the
season and the time of day. For instance, due to colder outdoor
temperatures during the winter compared to autumn and spring,
more space heating is required. HTW use for household appliances
is also more common during time periods when people are gener-
ally at home and not at work. This directly affects the amount of
energy use for HTW in the building. In short, these two examples
clarify that the heating power supply is time-dependent because
of seasonal and daily patterns in terms of climate and user behav-
ior. Therefore, by investigating specific time periods and using
numerical procedures, various building thermal power characteris-
tics, e.g. energy use for HWC and specific heat losses, can be iden-
tified. The selection of time periods for calculating the various
building thermal power characteristics is presented in Fig. 3.

The four lowest hourly averages for heating power supply in
July are used to quantify the energy use for HWC. Generally, in res-
idential building districts located in Sweden, one can ignore the
power to compensate for heat losses that occur during summer
months since the outdoor temperature is often above the balance
temperature of the building. This is especially true for July, as this
is the month with the highest average outdoor temperature. In
addition, July was the warmest month in two of the three years
for which hourly outdoor temperatures have been collected for
Linkdping. July is also the most common vacation month in Swe-
den, according to the governmental statistics agency SCB [23].
However, some heating will still occur for the heating power sup-
ply for HTW, P(HTW). To differentiate the heating power supply for
HWC, P(HWC), from other heating supply in July, the average heat-
ing power supply is calculated for each hour during the day. Hence,
hours when heating is required for P(HTW), e.g. using domestic hot
water, can generally be identified. If only the hourly average with
the lowest value is selected, there is a risk that this will not be rep-
resentative of P(HWC). The reason why the four hours with the
lowest averages are selected is explained by a detailed analysis
of the data based on hourly heating supply averages, showing a
clear baseload during this time period. It should be noted that
these findings are in the same range as the results from a study
performed by Widén et al. [24] based on two different data sets,
the first consisting of 29 people in ten households and the second
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Fig. 2. Schematic of DTPC.

consisting of two multi-family buildings with 40 people in 24
households. The study concluded that no HTW use occurred for
approximately four to five hours per day.

January and February between 00:00 and 05:00 (24-hour clock)
are used to quantify Q.. Calculating the specific heat loss using
only the heating power supply where the energy use for HWC
and HTW are also included is a complex task. However, by select-
ing time periods where the energy use for HTW is not common and
the heating supply to the building consists almost solely of space
heating and energy use for HWC, it is possible to calculate the
specific heat losses. Hence, the use of hourly energy supply data
between 00:00 and 05:00 for January and February is proposed.
This time period is characterized by no solar gains on the building
envelope, a small degree of human occupancy affecting the build-
ing energy use, which can be through airing, and the coldest overall

outdoor temperature during the year which results in a high tem-
perature difference between indoors and outdoors. It is important
to be aware that internal heat gains and solar gains decrease the
building heating demand. However, it is not within the frame of
this research to predict building energy use with consideration to
heat gains, but to predict Qa1 based on the building technical per-
formance. In addition, the heat transfer through the building envel-
ope is also affected by the amount of solar radiation on the building
envelope. Therefore, in order to accurately predict Qo it is impor-
tant to use heating data based on time periods characterized by a
small impact from internal heat gains and solar radiation. More-
over, the red bars in the top left corner of Fig. 3 show hourly energy
use for the HTW profiles for apartment buildings based on the
standard EN 12831-3 [25]. Hence, the use of HTW is generally very
uncommon during the time steps used for quantifying Qotal.
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Fig. 3. Selected time periods for quantifying the various building thermal power characteristics.

Heating power supply that occurs above the balance tempera-
ture in June is used to quantify HTW use. When predicting the P
(HTW), it is important to analyze time periods when P(HTW) can
be differentiated from P(HWC) and space heating. Therefore, it is
necessary to select time periods with fairly high outdoor tempera-
tures and when residents are present in the building to a high
degree, in order to accurately characterize user behavior concern-
ing the use of P(HTW). It is crucial to note the need for a time per-
iod with a sufficient number of hours when outdoor temperatures
are above the balance temperature in order to ensure representa-
tive P(HTW) characteristics for the building. If there are only a
few time steps with an outdoor temperature above the balance
temperature, there is a high risk of not achieving a characteristic
P(HTW) load. June, July and August are the months that fulfill the
above-mentioned conditions to a much greater extent compared
to the rest of the year, with average temperatures for Linkdping
0of 15.9 °C, 17.0 °C and 16.2 °C respectively. It can also be noted that
on average there are 168, 211 and 269 time steps during June in
2014, 2015 and 2016 with a measured outdoor temperature above
18 °C, 17 °C and 16 °C respectively. This shows that the prediction
of the P(HTW) use is not based on a few data points since there are
a significant number of time steps with outdoor temperature above
common balance temperatures in buildings. Moreover, according
to SCB, absence from work due to vacation is three to seven times
more common in July and August than in June (considering figures
between 2015 and 2018 [23]). In addition, June accounts for
between 6% and 8% of total annual vacation absence from work.
Hence, the data set for predicting P(HTW) consists of time periods
when residents are generally present in their dwellings and with
sufficient time steps of outdoor temperatures above the balance
temperature. Another important factor is the need for local and
updated P(HTW) data for accurate load profiles [26], which is the
case in the suggested research. Following the reasoning above,
the selection of time steps with outdoor temperatures above the
building balance temperature during June, using recent heating
supply data, is reinforced.

Calculations of the balance temperature are based on heating
supply data from a whole year. Hours when the outdoor tempera-
tures are higher than the balance temperature are excluded from
the calculations, i.e., during time periods when the heating system
should not be operating and there is no demand for space heating.
An example of what hours are above the balance temperature
without demand for space heating is visualized by a duration dia-
gram in Fig. 4.

3.3. Model assumptions

Since no data in the form of e.g. internal heat gains and set
indoor temperature is used in the proposed change-point model,
a number of assumptions are made. These are:

- Constant indoor temperature. The average indoor temperature
is assumed to be constant in the building and is set at 21 °C,
which is in the same range as the recommendations from the
Public Health Agency of Sweden [27].

- Internal heat gains. During the calculation of the specific heat
losses Qqotal, internal heat gains from electrical appliances and
occupants is taken into consideration. Heat gains of 3.4 W/m?
from electrical appliances is taken into account of which 70%
is accounted for as useful energy (giving a figure of 2.4 W/m?)
[11]. Heat gains from occupants is estimated at 80 W/person
[11], and the number of occupants in each residential building
is predicted using data from SCB (Statistics Sweden - a govern-
ment agency that produces official national statistics) [28]. The
average living area per person in a multi-family residential
building in Linképing is 40 m? [28], which results in heat gains
of 2 W/m? from occupants.

- No comfort cooling. It is assumed that no comfort cooling exists
and is supplied to the buildings because it is uncommon in
multi-family residential buildings located in a Northern Euro-
pean climate, especially in historic buildings.
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Fig. 4. Visualization of what hours are above the balance temperature without demand for space heating.

3.4. Numerical procedure

This section describes the numerical procedure in the proposed
change-point model. The numerical procedure is implemented
using the software MATLAB R2018b. The model takes about one
minute of CPU time on a quadcore desktop with a 3.7 GHz proces-
sor for the 73 historic buildings included in the study object.

The numerical procedure for calculating the various thermal
power characteristics starts by predicting the energy use for
HWC, see Egs. (3) and (4).

P(HWC); ; +...+P(HWC), 5,

P(HWC),= -

3)

(HWC)I m|n+ +P(HWC)1 ,min+3
) (4)

P(HWC) =

- In Eq. (3), P(HWC); (kW) represents the individual average
power for each hour of the day (i.e., i = 00:00, 01:00,..,22:00,
23:00). The numerical procedure is performed considering all
the days in July, and the average for each hour is hence calcu-
lated by dividing the sum by 31.

- In Eq. (4), P(HWC) (kW) is the hot water circulation and

P(HWC), i, (kW) is the lowest hourly average heating supply

to the building, PHWC), ;.5 (kW) is the fourth lowest hourly
average. According to Eq. (3)-(4), HWC is set to the average of
the four hours with the lowest averages in terms of heating
power supply.

Next, the specific heat losses, Qsotal, are calculated - see Eq. (5)-

(6).

Qtotal sum— Z

(P,-P(HWC))

5
Tm Tout]) ( )

Qtotal.sum
Qtotal S a—

k

(6)

In Eq. (5), P,; is the hourly heating supply to the building at hour
j. LHWC) is the hot water circulation based on the calculations in
Eq. (4). Ti, corresponds to the set indoor temperature and Ty, is
the outdoor temperature at hour j. The mathematical operation is
performed for each hour during January-February between
00:00-05:00 as shown in Fig. 4 with a set indoor temperature of

21 °C. Quoal i set as the average based on the calculations during
the selected time period according to Eq. (6), with Qotal, sum aS
the sum of all hourly Qg calculated in Eq. (5) and divided by
the number of time steps, k, in the selected time period.

By calculating Qo2 and P(HWC), it is possible to predict the bal-
ance temperature Ty, see Eq. (7) and (8). Moreover, this enables
prediction of the P(HTW) use by setting the average energy use
that occurs during outdoor temperatures above the balance tem-
perature as the P(HTW). Hence, the energy use for P(HTW) is a
fixed figure for all time steps during the year. As described in sec-
tion 3.2, June is the selected time period for predicting the P(HTW)
use.

8760

Tb‘ sum— Z

1=1

(P.-P(HWC)-P(HTW))
(Qtotal)

+Tout‘l (7)

Tb‘sum
8760 (8)

As can be seen in Eq. (7), F(HWC) is deducted from the heating
supply data during calculations of the balance temperature in the
numerical procedure. Ty, sym is the sum of all hourly balance tem-
peratures calculated during a year. The numerical procedure is per-
formed through an iterative calculation process where the balance
temperature is set to a fixed temperature in the first iteration.
Thereafter, using the calculated P(HTW), the new T, is calculated
as the average of all hourly balance temperatures, see Eq. (8). For
each iteration, the new estimated balance temperature is set to
the previously estimated T, + 10% of the absolute difference
between the calculated T, and the previously estimated Ty, The cal-
culation is performed until the tolerance level, i.e., the difference
between the last two calculated balance temperatures, is achieved.
This is less than 0.1 °C in the current research. It should be noted
that during time steps when Toy: > Ty, i.e., when the outdoor tem-
perature is higher than the balance temperature, and when there is
no heating supply for space heating, are excluded from the calcu-
lations of the new balance temperature. Furthermore, quantifying
the balance temperature allows for a final screening of the studied
buildings in terms of thermal performance, as well as identifying
deviating trends in the DH data, since both the specific heat losses
and HWC are used as input in the numerical procedure. This is
facilitated by the use of several years of continuous DH data and
outdoor temperature data. Consequently, it is possible to carry
out a time-effective plausibility check of the quantified thermal
power characteristics.

Ty=
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3.5. Sensitivity analysis

A sensitivity analysis approach is applied in this research in
order to investigate and quantify the impact of variations in
selected time periods (Step II in DTPC) and model assumptions
(Step III in DTPC) on the predicted thermal power characteristics.
This allows the parameters whose variation has the largest impact
on the result to be calculated . In this research, the model output
will be investigated depending on variation in a) the number of
hourly averages for representing energy use for HWC; b) months
and hours of a day for predicting specific heat losses; and c)
assumptions concerning set indoor temperature and internal heat
gains for predicting specific heat losses and balance temperature.

4. Description of the study object

Vasastaden is a central district located in Linképing, Sweden,
with the geographic co-ordinates latitude 58.42 and longitude
15.61. Vasastaden consists mostly of multi-family buildings built
before 1960, of which a significant proportion was built in 1945
or before.

Heating power supply to the buildings is generally distributed
via the local DH network. The district is characterized by rental
properties with approximately 6,000 residents. In the present
research, 73 historic buildings are selected as the study object with
a total heated area of 126,955 m?. The buildings were constructed
between 1908 and 1945. Hourly energy use data for each building
has been collected between 2014 and 2016 at the local energy
company Tekniska Verken AB. Outdoor temperature data for the
corresponding time period has been obtained from the Swedish
Meteorological and Hydrological Institute (SMHI) via a weather
station located at Malmsldtt, approximately 8 km west of Vasas-
taden. The mean annual outdoor temperature was 8.4 °C, 8.3 °C
and 7.8 °C for 2014, 2015 and 2016, respectively. A duration dia-
gram of the temperatures for 2014, 2015 and 2016 is illustrated
in Fig. 5. The general trend is that 2016 has the coldest outdoor
temperatures. Furthermore, heated areas for the buildings are
obtained from GRIPEN [5]. Data on the total heated area, dis-
tributed by construction year for the 73 buildings, is given in
Fig. 6. There is a large variation in heated area between the various
construction years included in the study object. A large proportion
of the total area in the district can be attributed to buildings con-
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structed in 1929, 1942 and 1944 corresponding to 58,494 m?, or
46% of the total area. It is important to note that many buildings
constructed prior to 1929 were assigned a construction year of
1929, hence the large heated area for this specific year.

Based on data from GRIPEN [5] for the studied district, the aver-
age energy use is 120 kWh/m? for the buildings constructed
between 1908 and 1925, 137 kWh/m? for the buildings con-
structed between 1926 and 1935, and 107 kWh/m? for the build-
ings constructed between 1936 and 1945. The purpose of the age
differentiation is to allow for a basic comparison of buildings con-
structed in different time periods, as well as for pedagogical rea-
sons during later interpretation of the results. Photos of
representative buildings for the time periods can be seen in
Fig. 7. The building to the left is constructed between 1908 and
1925, the building in the middle between 1926 and 1935 and the
building to the right between 1936 and 1945.

5. Results and discussion
5.1. Building thermal power characteristics using DTPC

This section presents the results in the form of quantified build-
ing thermal power characteristics using the proposed change-point
model, together with an associated discussion. First, the HWC and
HTW use are presented, followed by the specific heat losses and
balance temperature for the buildings in the studied district. Lastly,
a sensitivity analysis is presented in order to show the robustness
of the proposed model. The preliminary analysis shows signifi-
cantly varying performance characteristics when comparing
2014, 2015 and 2016 in terms of balance temperature for three
buildings: B33, B39 and B63. The balance temperature is assessed
here because it is the final step of the numerical procedure.
Through detailed investigation of the hourly heating supply over
the course of the three years it was found that the heating supply
is significantly lower during the night in B33, suggesting e.g. a low-
ered indoor temperature or a building with high thermal inertia
which emits heat during this time period when temperature
changes occur. Analysis of the heating supply data for B39 and
B63 shows ambiguous heating supply patterns for both buildings.
There are strong fluctuations in measured heating supply to the
building, which are difficult to elucidate without detailed knowl-
edge about factors such as user behavior and performance of the

® 2015 ®2016

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000
Time (h)

Fig. 5. Duration diagram of the outdoor temperature in Linkdping, Sweden, for 2014 (yellow), 2015 (green) and 2016 (red). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Total heated area by building construction year.

Fig. 7. Photos of representative building constructed between 1908 and 1925 (left), buildings constructed between 1926 and 1935 (middle), and buildings constructed

between 1936 and 1945 (right).

building’s technical system. However, possible explanations
include the use of an accumulator tank and some type of commer-
cial activity in the building. The aforementioned buildings are
henceforth excluded from the analysis. This is also the case for
deviating trends in quantified thermal power characteristics as a
result of e.g. energy renovation, which occur during one of the
three years for which heating power supply data has been
collected.

5.1.1. Hot water circulation and hot tap water use

HWC corresponds to the baseload in a building together with
HTW use. However, the baseload only constitutes part of the heat-
ing supply to a building and consequently the heating bill, and it is
difficult to separate this from space heating without individual
measurements. Therefore, despite the large number of scientific
papers within the field of change-point models, a differentiation
between these thermal power characteristics has not yet been per-
formed using only heating supply data and local outdoor tempera-
ture, to the best of the authors’ knowledge. Since both PLHWC) and
P(HTW) constitute the building baseload, the accumulated energy

use for P(HWC) and P(HTW) is first presented in this section.
Thereafter, a differentiation between P(HWC) and P(HTW) is given.

The energy use for HWC and HTW is presented in Fig. 8, calcu-
lated as the average of figures for 2014, 2015 and 2016. Buildings
constructed between 1908 and 1925 are presented at the top,
buildings constructed between 1926 and 1935 in the center, and
buildings constructed between 1936 and 1945 at the bottom. As
shown by the dotted line, the average energy use for HWC and
HTW is 19 kWh/m?, 31 kWh/m? and 26 kWh/m? for buildings con-
structed between 1908 and 1925, between 1926 and 1935, and
between 1936 and 1945 respectively. The average energy use for
HWC and HTW is 27 kWh/m? for the entire district. When compar-
ing the energy use required for HWC and HTW during 2014, 2015
and 2016, it can be seen that the variation width, i.e., the largest
difference in terms of predicted energy use when comparing the
three years, is relatively small. Thirty-nine of 70 buildings (56%)
have a variation width equal to or less than 5 kWh/m? (39%).

The energy use for HWC is presented in Fig. 9, calculated as the
average figure for 2014, 2015 and 2016. As shown by the dotted
line, the average annual energy use for HWC is 11 kWh/m?,
17 kWh/m? and 14 kWh/m? for buildings constructed between
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Fig. 8. Calculated energy use for HWC and HTW. Buildings constructed between 1908 and 1925 are presented at the top, buildings constructed between 1926 and 1935 in the
center and buildings constructed between 1936 and 1945 at the bottom. The average when including all buildings in each time period is visualized with a dotted line.

1908 and 1925, between 1926 and 1935, and between 1936 and
1945 respectively. The average energy use for HWC is 15 kWh/
m? for the district. In comparison with Belok [8] and a study by
the Swedish Energy Agency and residential owners [9], which cal-
culated the HWC at between 2.3 kWh/m? and 28 kWh/m?, it can be
noted that the energy use for HWC is in the same range as earlier
Swedish studies. Moreover, the authors wish to point out that the

10

measured hourly DH data (in kWh) is rounded to the nearest inte-
ger. Hence, considering the use of accumulative data in the numer-
ical procedure, the impact from rounded kWh data is low. In
addition, the average variation width is 2 kWh/m? (12%) when
comparing figures for 2014, 2015 and 2016 after excluding diverg-
ing heating supply trends in the data during July. This indicates
that the calculated energy use for HWC is relatively constant over-
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Fig. 9. Calculated energy use for HWC. Buildings constructed between 1908 and 1925 are presented at the top, buildings constructed between 1926 and 1935 in the center
and buildings constructed between 1936 and 1945 at the bottom. The average when including all buildings in each time period is visualized with a dotted line.
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all for each building, regardless of which of which year the DH data
is based on.

Calculated energy use for HTW for the buildings is presented in
Fig. 10. The average annual energy use for HTW is 8 kWh/m?,
14 kWh/m? and 12 kWh/m? for buildings constructed between
1908 and 1925, between 1926 and 1935, and between 1936 and
1945 respectively. The variation between the years is higher com-
pared to the previously calculated HWC. The reason for this can be
directly attributed to the energy use for HTW directly reflecting the
user behavior. However, as mentioned above, 56% of the studied
buildings have a variation width equal to or less than 5 kWh/m?
when the energy use for both HWC and HTW is included, indicat-
ing good overall reliability, especially when considering the use of
only heating power supply data and outdoor temperature in DTPC.

5.1.2. Specific heat losses

The specific heat losses for the buildings are shown in Fig. 11
and are calculated as the average figure from 2014, 2015 and
2016. The figures are presented in W/(m? o °C) to enable a compar-
ison of the thermal performance between the various buildings. In
cases where deviating heating supply trends are found during a
year compared to the other two years, these years are not consid-
ered when calculating the average. This occurs in nine out of 73
buildings (12%). A deeper analysis of the data between 00:00 and
05:00 in January and February shows that deviating heating power
supply data can be attributed to a number of reasons, such as sig-
nificantly lower heating power supply during the night compared
to the day time. This is observed in B48 and B63 during 2016, indi-
cating lower night-time temperature. Moreover,t large differences
in the calculations of specific heat losses between the years can
also be seen, which is the case in B14, with a fourfold increase in
losses during 2015 and 2016 compared to 2014. This may be the
result of connecting the heating power supply connection point
to additional buildings. Another interesting trend that can be noted
from detailed analysis of the data is that there is no registered
heating power supply to the building, which indicates a malfunc-
tioning heating system or supply sensor. This is observed in the
first quarter of 2014 in B50 and B57.

As presented in Fig. 11, the specific heat losses in the district
vary between 0.59 W/(m? o °C) and 2.25 W/(m? @ °C) due to vary-
ing building thermal performance. The average is 1.06 W/
(m? o °C). The average variation width is equal to or less than 5%
(corresponding to ~ 0.05 W/(m? = °C)) when comparing calcula-
tions from 2014, 2015 and 2016. To investigate the variability of
the data points included in the calculations, a total of 354 time
steps during a non-leap year considering the selected time period,
the average standard deviation (o) is calculated for each building
indicated by the error bars in Fig. 11. The results show a low
volatility with an average standard deviation less than 0.11 W/
(m? o °C). This means that by selecting specific time steps during
January and February, there are low differences overall in the pre-
dicted specific heat losses after processing measured heating sup-
ply data and outdoor temperature. Furthermore, it is of interest to
assess how good the fit is in terms of supplied heat to the building
at a certain outdoor temperature. It is important to mention the
control of the heating system, which may be somewhat delayed
compared to sudden changes in outdoor temperature, and hence
affects the coefficient of determination, i.e., the predicted R? value.
Other influencing factors include energy use for HTW and airing,
for example. Examples of linear regression based on hourly heat
supply dependent on outdoor temperature for four buildings -
B1, B26, B56 and B69 - together with a 95% confidence bound on
the regression line are shown in Fig. 12. The heated area is
1,241 m? for B1, 1,137 m? for B26, 891 m? for B56 and 1,069 m?
for B69. The coefficient of determination is 0.66, 0.72, 0.66 and
0.65 for B1, B26, B56 and B69 respectively. The average R? is calcu-
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lated at 0.70 for the building district, which shows that the sup-
plied heat to the building is largely explained only by varying
outdoor temperatures. It is also important to note that the heat
supply is affected by the thermal inertia of the buildings. Buildings
with a higher thermal inertia can store more heat in the building
structure and consequently emit the stored heat when tempera-
ture changes occur. This will, in turn, result in lower specific heat
losses. Moreover, the buildings’ position and exposure to wind,
which affects the buildings’ infiltration losses, also influence the
heat supply. By using equivalent temperature, it is possible to
account for the impact from variation in wind velocity. Further-
more, the weather station measuring the outdoor temperature is
located 8 km west of the buildings, which means that the outdoor
temperature between the two sites may vary slightly.

An interesting trend that can be noted when analyzing the
entire district is a correlation between building construction year
and specific heat losses; the older the building, the higher specific
heat losses per m? of heated area. However, the authors suggest
that this correlation should be further analyzed with heating
power supply data for a larger number of buildings. This is because
the correlation can be attributed to factors other than varying con-
struction approaches during the time periods, such as energy ren-
ovation performed in parts of the district. Other factors include the
distribution between opaque and transparent building envelope,
and the exposure to wind, which influences infiltration losses as
mentioned above. In addition, there are differences in the number
of buildings within each age group, as well as variations in specific
heat losses within the same age group.

5.1.3. Balance temperature

The building balance temperature is calculated simultaneously
with the energy use for HTW based on an iterative calculation pro-
cess, as described in section 3.4. The balance temperature for the
studied buildings is shown in Fig. 13, presented as the average fig-
ures for 2014, 2015 and 2016. The error bars for each building
show the maximum and minimum balance temperatures. A set
indoor temperature of 21 °C is used in the numerical procedure,
in accordance with the recommendations from the Public Health
Agency of Sweden [27]. It should be noted that it is not uncommon
from a residential property owner’s perspective to have a some-
what higher indoor temperature to satisfy tenants. (The impact
from varying indoor temperatures on the balance temperature is
investigated in section 5.2.) The average balance temperature is
16.6 °C for the district when using the set model assumptions pre-
sented in section 3.3. As shown by the dotted line representing the
average balance temperature for the three different time periods,
the balance temperature is slightly lower in newer buildings com-
pared to older ones indicating somewhat better thermal perfor-
mance. This tendency is to a great extent linked to lower heat
losses since the assumed internal heat gains are directly propor-
tional to the heated area as mentioned in section 3.3. However,
the balance temperature is also dependent on the building’s ther-
mal mass, which means that buildings with a higher thermal mass
have a lower balance temperature. Furthermore, by comparing the
calculated balance temperature for the three different years, it can
be seen that there is a low variance. The average variation width is
0.9 °C for the buildings in the interquartile range. Sixty-one of 73
buildings, or 84% of the buildings in the district, have a variation
width equal to or less than 2.0 °C. Hence, by using several years
of heating power supply data, it is shown that the robustness of
the DTPC model is fairly satisfactory. As previously mentioned in
the proposed study, the predictions of the balance temperature
are directly linked to previous calculations since this is the last step
of the numerical procedure. Therefore, unreasonable balance tem-
peratures may indicate deviating performance measures of specific
heat losses, energy use for HWC or HTW. which in turn may be
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Fig. 10. Calculated energy use for HTW. Buildings constructed between 1908 and 1925 are presented at the top, buildings constructed between 1926 and 1935 in the center
and buildings constructed between 1936 and 1945 at the bottom. The average when including all buildings in each time period is visualized with a dotted line.
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Fig. 11. Specific heat losses per heated area based on calculations for 2014, 2015 and 2016. Buildings constructed between 1908 and 1925 are presented at the top, buildings
constructed between 1926 and 1935 in the center, and buildings constructed between 1936 and 1945 at the bottom. The average when including all buildings in each time
period is visualized with a dotted line, and each error bar represents the standard deviation.

connected to e.g. a malfunctioning heating system or uncommon
user behavior. An example of deviating trends in the data identified
by analyzing quantified balance temperatures includes balance
temperatures higher than 21 °C in B53 and B70 when using heating
power supply data during 2014. Analysis of previously quantified
thermal power characteristics shows that this is the result of
unreasonable energy use for HWC in the two buildings:
155 kWh/m? and 180 kWh/m? in B55 and B73 respectively.

5.2. Sensitivity analysis

The sensitivity analysis in this research will be performed based
on the set assumptions made in the change-point model. Since the
energy use for HWC is first predicted in the numerical procedure
and is then used as an input for other numerical procedures, it is
important to demonstrate that the predicted energy use for HWC
can be performed with a high degree of reliability using the pro-
posed methodology. As mentioned in 3.2, the energy use for
HWTC is calculated as the four lowest hourly averages of heating
power supply to the building during July. Two examples (B1 and
B69) of the average hourly energy use ranked from the hour with
the lowest average to the hour with the highest average can be
seen in Fig. 14, using DH data for July 2016. The 24 hourly averages
are divided into six four-hour steps for differentiation purposes in
terms of varying hourly heating power supply. An in-depth analy-
sis of the average hourly energy use during July, and for 2015 and
2016, for the other buildings in the district shows that the overall
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trends are very similar to those presented in Fig. 14, i.e., a stable
baseload that occurs for approximately four to five hours corre-
sponding to the lowest hourly averages. In fact, the percentage dif-
ferences between the lowest hourly average and the fourth lowest
average are 53% and 5% for B1 and B69 respectively. However, the
corresponding comparison for B1 and B69 between the lowest and
sixth lowest hourly average gives a difference of 260% and 22%,
which is most likely the result of energy use for HTW. When con-
sidering the entire district and the difference between the fourth,
fifth and sixth lowest averages compared to the lowest hourly
average, the average percentage difference are 19%, 28% and 40%
respectively. These findings clearly indicate that the baseload of a
building can largely be identified by selecting the four hours with
the lowest averages, which is also in accordance with the results
from de Santiago et al. [26].

The impact of which months are used to calculate specific heat
losses (January and February by default in the proposed methodol-
ogy) is shown in Fig. 15, presented in W/(m? o °C) based on the
average figures for 2014, 2015 and 2016. The trends are the same
for all buildings, and in order to show monthly differences, a lim-
ited number of buildings are presented (buildings built between
1908 and 1925). The predicted heat losses are stable to a high
degree when using heat supply data and outdoor temperatures
during January and February, as well as during December. How-
ever, the calculated heat losses are noticeably lower during March
(14%) compared to the average when using figures for December,
January and February. Deeper investigations show that the trend
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Fig. 12. Four examples of linear regression of the heat supply as a function of outdoor temperature given by the data points, and 95% confidence bound on the regression line.

of lower specific heat losses is enhanced when including April in
the analysis. This can be explained by the building thermal inertia
and higher solar gains during March and April, compared to
December, January and February. Higher solar irradiance results
in higher solar gains entering the building and consequently more
heat stored in the building structure which can be emitted during
the night when the outdoor temperature decreases. Hence, there is
a lower need for heating power supply in order to keep the indoor
temperature at a fixed level. Moreover, when investigating the
coefficient of determination, it is concluded that using January
and February results in good predictions of the heating power sup-
ply at a certain outdoor temperature. In fact, R? is calculated at 0.70
for January-February, 0.70 for December-January and 0.44 for
February-March considering the entire district. This shows a
rather high R? during the selected months, as well as when using
December and January in the numerical procedure. Consequently,
it is possible to consider other time steps other the ones used in
DTPC with an acceptable prediction accuracy of the specific heat
losses. It is important to be aware of this, especially when investi-
gating districts in other countries with different patterns in terms
of outdoor temperature and user behavior.

Another important input for investigating and showing the reli-
ability in terms of the predictions of specific heat losses is the
selected time period during the night, i.e., 00:00-05:00. In order
to exclude as much energy use for HTW as possible in the numer-
ical procedure for predicting the specific heat losses, it is important

15

to only consider time periods during the night when the effects of
residents’ behavior on the prediction are negligible. Hence, differ-
ences in measured heating power supply can largely be explained
by differences in outdoor temperature. In terms of selected time
periods for Qora, the authors have studied the impact on R? of
using hours before midnight, as well as time periods after 05:00.
These time periods are more likely to be characterized by higher
amounts of energy use for HTW, which is confirmed by the results
presented in Fig. 16. The time intervals included in the numerical
procedure are shown on the x-axis and the calculated R? value
on the y-axis. The results show a significantly higher R? during
the time interval used in DTPC (00:00-05:00), varying between
0.68 and 0.74, compared to when using time steps before midnight
and after 05:00. It is important to note that the specific heat losses
are higher when including time steps before 00:00 and after 05:00.
Moreover, by including the entire time interval between 00:00 and
05:00, a sufficient number of time steps are used for the predic-
tions of specific heat losses - a total of 354 time steps when con-
sidering both January and February during a non-leap year.

The last model input that is investigated is the effect of varying
assumptions concerning set indoor temperature and internal heat
gains on the predictions of Q. and the balance temperature. This
is visualized in Fig. 17, with the average specific heat losses (pre-
sented in W/(m? o °C)) to the left and the average balance temper-
ature to the right when using a set indoor temperature between
19 °C and 23 °C with a step resolution of one degree. The conse-
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Fig. 13. Calculated balance temperatures. Buildings constructed between 1908 and 1925 are presented at the top, buildings constructed between 1926 and 1935 in the

center, and buildings constructed between 1936 and 1945 at the bottom. The average when including all buildings in each time period is visualized with a dotted line, and
each error bar represents the maximum and minimum balance temperatures calculated for each building.
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Fig. 14. Specific average energy use during July 2016 for B1 and B69 from the hour with the lowest average to the hour with the highest average.
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Fig. 15. Calculated specific heat losses per heated area when selecting December, January, February or March during the time period 00:00-05:00.

quence of variation in internal heat gains of + 30% from the default
of 44 W/m? is included with a step resolution of 10%. The data
points in Fig. 17 are connected only for visualization purposes.
Based on the aforementioned conditions in Fig. 17, the specific heat
losses vary between 0.91 and 1.21 W/(m? o °C) and the balance
temperature between 14.7 °C and 18.7 °C. As can be observed in
the figure, the heat losses decrease with a higher indoor tempera-
ture. This is a result of the power supplied to a building being able
to maintain a higher indoor temperature but with the same
amount of heating power supply, see Eq. (2). It can also be seen
that higher internal heat gains result in a higher predicted heat loss
factor. The heat gains contribute to indirect heating and therefore
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help keep the indoor temperature at a fixed level. Concerning pre-
diction of the balance temperature, higher indoor temperature cor-
responds to a higher balance temperature and more internal heat
gains results in a lower balance temperature. The difference
between maintaining an indoor temperature of 19 °C or 23 °C is
on average 2.4 °C in predicted balance temperature, and the differ-
ence between 30% higher internal heat gains compared to 30%
lower gains is on average 1.5 °C in predicted balance temperature.

The results presented in this section show the significance of
assessing different assumptions related to the input data. There-
fore, the use of a sensitivity analysis is a key feature of the DTPC
model. When investigating other districts, it is necessary to per-
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Fig. 17. Specific heat losses per heated area (to the left) and balance temperature (to the right) with varying assumptions regarding indoor temperature and internal heat

gains. The data points are connected only for visualization purposes.

form a similar sensitivity analysis in order to identify suitable time
periods for the numerical procedure.

6. Conclusion

The thermal performance of buildings is often given as specific
energy use (kWh/m?) annually. This metric is highly dependent on
factors such as user behavior, as has been stated in numerous sci-
entific investigations. Hence, using specific energy use to compare
the thermal status of different buildings is often not appropriate.
However, by using change-point models it is possible to describe
the actual power demand of a building as a function of outdoor
temperature. Consequently, this enables an assessment to be car-
ried out of the building’s technical performance. This paper pre-
sents a novel change-point model, titled DTPC, which has been
developed using selected time periods based on time-dependent
variations in climate and user behavior to predict building thermal
power characteristics. The model is first and foremost adapted for
investigating building districts due to the exclusive use of district
heating data, which consists of space heating, HTW use and
HWC, and there is no need for data describing the user behavior
in the building. Seventy-three historic buildings located in the dis-
trict of Vasastaden in Linkoping, Sweden, are used as the study
object.

The results show that the DTPC model is an effective way to
describe a building’s thermal performance. This is because the
model provides additional information compared to specific

18

energy use (kWh/m?) as reported in GRIPEN [5]. This information
can be used by housing companies to get an overview of the ther-
mal performance of buildings in a district. In addition, it is shown
that by using DTPC, buildings with deviating thermal performance
are easily identified in a district. The robustness of the algorithm is
satisfactory based on a comparison of quantified building thermal
power characteristics using three years of hourly DH data: 2014,
2015 and 2016. It is found that, overall, predictions of building
thermal power characteristics are independent of which year’s
DH data is used with the exception of energy use for HTW. The
observed variations in the energy use for HTW can be attributed
to user behavior and are a dynamic building characteristic. Con-
cerning energy use for HWC, an in-depth analysis of the average
hourly energy use during July shows that the baseload occurs for
approximately four to five hours, demonstrating a suitable selec-
tion of the time steps included in the DTPC model. Based on the
preset model assumptions in terms of internal heat gains and set
indoor temperature, the average specific heat loss for the district
is 1.06 W/(m? = °C), with generally low volatility in the data. The
average standard deviation is less than 0.11 W/(m? e °C) for the
building district. Quantifying the R? value shows that the selected
time period for predictions of the specific heat losses, i.e., night
time between 00:00-05:00, correspond to an average R? value of
0.70 for the district. When including time steps before 00:00 or
after 05:00, it is concluded that the dependency from outdoor tem-
perature on heat power supply is decreased, which is shown by a
significantly lower R? as well as higher specific heat losses. This
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can be attributed to occupants waking up in the morning and using
energy for HTW, for example. Predictions of the balance tempera-
ture show that, using heating power supply data from three differ-
ent years, the average variation width is 0.9 °C for the buildings in
the interquartile range. In the district 84% of the buildings have a
variation width equal to or less than 2.0 °C. Since predicting the
balance temperature is the final step in the prediction process, this
shows that DTPC is largely independent of which year of heating
power supply data was used.

The key potentialities of the DTPC model lays on the possibility
for a time-effective description of the thermal power characteris-
tics of buildings in a residential district using only heating supply
data and outdoor temperature. In addition, the model allows for
a differentiation between the thermal power characteristics
related to the building’s technical performance and the HTW use.
This means that buildings may be ranked depending on energy
savings potential based on actual technical performance. Hence,
the advantages with DTPC allow for the model to be useful for
decision-making in large-scale energy renovation. In any event, it
is important to be aware of the limitations with the model. Since
the model is developed for districts in a Northern European cli-
mate, the current version of DTPC is limited to buildings with only
heating supply and no comfort cooling. In addition, the model is
limited to analysis of residential buildings. Further development
of the model will include differentiation between transmission
losses and ventilation and infiltration losses from Qoo This may
be performed by searching for patterns in the heating supply data
related to the correlation between wind speed data and heat losses.
In addition, it is possible to develop the model for investigation of
districts consisting of different building types, such as office build-
ings and schools. In this case, it is likely necessary to include an
additional parameter for space cooling in the change-point model
since these buildings often have comfort cooling.
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