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Abstract

Currently, Switzerland is facing fundamental changes in its energy markets due to economic and technological
developments as well as political decisions at home and abroad. Of the approximately 60 terawatt hours of
electricity consumed annually in Switzerland, around 18 terawatt hours are consumed by private households (status
as of 2011) [1]. Thus, there is a widespread interest in the electrical consumption of buildings. For example, it
is of great interest to understand what purposes electricity is used for in order to set priorities for reducing its
consumption.

The total yearly electrical energy demand of buildings is currently predominately used for accounting purposes.
Thus, big data sets are potentially available. Within this thesis, two data sets for residential buildings in two
Swiss municipalities were analysed. The age-related segmentations of the buildings in the data sets were discovered
and visualized with bar graphs. In addition, the electrical energy demands were analysed and visualized with box
plots.

Additionally, the specific electrical energy demands with respect to energy reference areas were calculated and
visualized with empirical cumulative distribution functions. Furthermore, a new approach was used to divide
the distributions of the overall specific electrical energy demands into shares for appliances, space heating and
domestic hot water production. The outcomes obtained by using this method were compared with values from
existing surveys concerning the electricity consumption in typical households as well as with standard values for
domestic hot water demand. The comparison showed that the extracted heat demands tend to be too low. However,
the new approach seems promising in terms to extract different shares from the total yearly specific electrical energy
demand for buildings from big data sets. Further developments, based on this work, in terms of a comprehensive
analytical methods are required.

It is important to note that an improvement of the reliability of the method or an extension of the methods requires
additional data sources.

Zusammenfassung

Die Schweiz steht derzeit aufgrund der wirtschaftlichen und technologischen Entwicklung sowie der politischen
Entscheidungen im In- und Ausland vor grundlegenden Veränderungen in den Energiemärkten. Von den rund
60 Terawattstunden Strom, die in der Schweiz jährlich verbraucht werden, entfallen ca. 18 Terawattstunden auf
private Haushalte (Stand 2011) [1]. Daher steht der Stromverbrauch der Privathaushalte im Zentrum des Interesses.
Eine zentrale Frage ist, für welche Zwecke der Strom verwendet wird, um Prioritäten für die Reduzierung des
Stromverbrauchs zu setzen.

Für die Elektrizitätsrechnung wird der jährliche elektrische Energiebedarf von Gebäuden berechnet. Daher ex-
istieren sehr grosse Datensätze des elektrischen Energiebedarfs. Im Rahmen dieser Arbeit wurden zwei Datensätze
von zwei Schweizer Gemeinden analysiert. Die Altersstruktur der darin enthaltenen Gebäude wurde mit Balkendia-
grammen visualisiert. Zudem wurden die elektrische Energiebedarfe analysiert und mit Boxplots visualisiert.

Zusätzlich wurde der spezifische elektrische Energiebedarf in Bezug auf die Energiebezugsfläche berechnet und mit
empirischen kumulativen Verteilungsfunktionen visualisiert. Darüber hinaus wurde ein neuer Ansatz zur Aufteilung
der Verteilung des gesamten spezifischen elektrischen Energiebedarfs in Anteile für Geräte, Raumheizung und
Warmwasser angewendet. Die Ergebnisse der Methode wurden mit Werten aus bestehenden Erhebungen zum
Stromverbrauch in typischen Haushalten sowie mit Richtwerten für den Warmwasserbedarf verglichen. Der Ver-
gleich zeigte, dass die erhalten Wärmebedarfe tendenziell zu niedrig sind. Der neue Ansatz scheint jedoch vielver-
sprechend zu sein, um aus Datensätzen des jährlichen elektrischen Energiebedarfs von Gebäuden unterschiedliche
Anteile nach Nutzungszweck zu erhalten. Es sind weitere Entwicklungen erforderlich, um auf der Grundlage dieser
Arbeit eine umfassende Analysemethode zu entwickeln.

Es ist jedoch zu berücksichtigen, dass für zuverlässigere Ergebnisse und für eine Weiterentwicklung der Methode
mehr Daten benötigt werden.
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Latin Characters

A Area m2

cp Specific Heat Capacity (isobaric) (W · h)/(kg · K)
e Specific Energy Demand (W · h)/(a · m2)
E Energy Demand (W · h)/a
f ECDF Difference Function −
m Mass kg
Q Quantity of Heat W · h
T Temperature ◦C
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DHW Domestic Hot Water
ER Energy Reference
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Acronyms and Abbreviations

a Annum
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CREST Competence Center for Research in Energy, Society, and Transition
d Day
DHW Domestic Hot Water
FAWA in German for: Feldanalyse von Wärmepumpenanlagen
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HP Heat Pump
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LUASA Lucerne University of Applied Sciences and Arts
` Litre
m Meter
MFH Multiple-Family Home
nJAZ in German for: normierte Jahresarbeitszahl
RH Resistance Heater
s Second
SCOP Seasonal Coefficient of Performance
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IV



Definitions

Air/Water Heat Pump Heat Pumps which valorises energy from the environment/ambient air.

Appliances Appliances are used to accomplish household functions such as cooking, cleaning,
lighting and food preservation, and for entertainment.

Brine/Water Heat Pump Heat Pumps which valorise energy from the ground. They are normally more
efficient than air/water heat pumps, especially in winter, due to the higher tem-
perature of the ground compared to the outside air.

COP The Coefficient of Performance (COP) describes the efficiency of a heat pump
and is defined as the ratio between the useful heat transfer for heating or cooling
and the required drive energy. The useful energy can either be heating or cooling
energy depending on whether the heat pump is used to provide heating or cooling.
The COP is normally related to a specific operating condition [2].

DHW Water used for domestic purposes such as drinking, food preparation, sanitation
and personal hygiene

JAZ 2 The JAZ (in German for: Jahrearbeitszahl) 2 is used for evaluation of the heat
pump’s performance on an annual basis in real applications and it also takes the
losses of hot water storages into account, refer also to [3].

Minergie-Standard Swiss Quality standard for low-energy-consumption buildings.

nJAZ 2 The nJAZ (in German for: normierte Jahrearbeitszahl) 2 is the climate-
standardized JAZ 2, refer also to [3].

Oil/RH The expression stands for the main energy carriers for space heating (precedes
the slash) and DHW production (follows the slash) in a building. For example,
Oil/RH means that the space is heated with oil (oil heating), and electricity is
used for DHW production (resistance heater). Note that this expression is used
in the indices as well (see also Section 2.3).

Rolle Rolle is a municipality in the Canton of Vaude in Switzerland on the north-
western shore of Lake Geneva. It has about 6, 218 (2017) inhabitants [4].

SCOP The SCOP, or Seasonal Coefficient of Performance, describes the average COP
on an annual basis [2].

Wohlen Wohlen is a municipality in the Canton of Berne in Switzerland, located approx-
imately 5 km west to the city of Berne. It has about 9, 215 (2017) inhabitants
[4].
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1 Introduction

1.1 Motivation

Currently, Switzerland is facing fundamental changes
in its energy markets. Buildings are responsible for
a significant fraction of Switzerland’s overall energy
consumption [5]. Of the approximately 60 terawatt
hours of electricity consumed annually in Switzer-
land, around 18 terawatt hours are accounted for by
private households (status as of 2011) [1].

There is a widespread interest in the development and
distribution of the electrical consumption of build-
ings. For example, it is essential to understand what
purposes electricity is used for in order to set priori-
ties for reducing its consumption.

1.2 Objective

The yearly electrical energy demand for buildings is
used for accounting purposes. Thus, big data sets ex-
ist and are potentially available to researchers.

The aim of this thesis is to explore how algorithmi-
cally the shares of individual uses of electricity can
be extracted from the lumped consumption signals in
big data sets. The division of the electrical energy de-
mand may result in a simplification of the electrical
energy demand shares.

The approach shall be tested on two independent
data sets. The outcomes shall then be compared with
reference values from existing surveys regarding the
electricity consumption in typical households as well
as with standard values for the Domestic Hot Water
(DHW) demand. Furthermore, the outcomes shall be
explained via descriptive and exploratory statistical
methods.

1.3 Current State of Research

In recent years, a large number of approaches to sim-
ulating and predicting building energy demand have
been proposed. For example, Rahman, Srikumar, and
Smith present a recurrent neural network model to
generate medium- to long-term predictions of elec-
tricity consumption profiles in commercial and resi-
dential buildings [6]. Crawley, Hand, Kummert, et al.
provide a comprehensive overview of the building en-
ergy performance simulating programs and tools de-
veloped in the past 50 years in their survey [7].

In 2012, Zhao and Magoulès stated that many statis-
tical models have been developed to predict building
energy demand. The many attempts have been made
due the complexity of building energy behaviour and

the influence of many factors, such as climate condi-
tions (e.g., humidity and ambient temperature), and
building structures and characteristics [8].

Daut, Hassan, Abdullah, et al. provide a review of
the building electrical energy consumption forecast-
ing methods which include both conventional and ar-
tificial intelligence (AI) methods [9].

Frehner, Geidl, Worlitschek, et al. present a method-
ology for predicting the thermal energy demand of
residential buildings with installed heat pumps using
linear regression models in combination with electric-
ity monitoring data of the heat pump systems as well
as meta data from the dwellings [10].

The Swiss Federal Office of Energy (SFOE) released
a report presenting a set of consumption values for
typical Swiss households. It used the raw data of a
household survey on electricity consumption admin-
istered in 2011 [11].
Besides updating the values of previous studies, in
particular, this report clarified open issues in method-
ology and calculation methods.

The Swiss Household Energy Demand Survey
(SHEDS) was been developed as part of the research
agenda of the Competence Centre for Research in En-
ergy, Society, and Transition (CREST). This survey
started in 2016 and has an estimated completion date
in 2020. It is designed to collect a comprehensive
description of Swiss households energy-related be-
haviours, the longitudinal changes in such behaviours
and the potential for future energy demand reduc-
tions [12].

1.4 Initial Situation

Two data sets are analysed in this thesis. The data
sets encompass almost all buildings in Rolle, a vil-
lage on the north-western shore of Lake Geneva and
Wohlen, a village located approximately 5 km west
to the city of Berne.

The population sizes of the two municipalities are
similar. While the village of Rolle has about 6, 218
inhabitants; Wohlen has 9, 215. The data sets provide
the yearly electrical energy demand for the majority
of the 1, 650 buildings in Rolle and for all 3, 658 apart-
ments distributed over 1, 945 buildings in the data set
of Wohlen. Furthermore, the datasets contain meta
data categories of the buildings and usage that do not
overlap completely.
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2 Materials/Methods

2.1 Data Sources

The following three different collections of data were
analysed in this thesis.

• A data set of building/heating system proper-
ties, estimated energy demands and measured
electrical energy demands of 1, 650 buildings in
the municipality of Rolle in the canton of Vaud,
Switzerland (hereafter: data set Rolle).
Each buildings was assigned to one of the group
listed in Table 3.1 by the Lucerne University
of Applied Sciences and Arts (LUASA). Addi-
tionally, the buildings are each assigned to one
of the following four building groups; single-
family homes (SFHs), multiple-family homes
(MFHs), building with partially or without res-
idential use by the Swiss Federal Statistical Of-
fice (SFSO).
The buildings are characterized by meta data
consisting of numerical variables, such as
length, width, year built and energy reference
area, and categorical variables, such as the
afore-mentioned building groups and main en-
ergy carriers for space heating and DHW pro-
duction.
The dataset contains three different estimates of
the yearly heat energy demand for most build-
ings performed by the LUASA, the University
of Geneva and the Canton of Vaud. Moreover,
the dataset contains the yearly electrical energy
demand for a fraction (1, 202) of the buildings.

• A data set containing the yearly electrical en-
ergy demand for 3, 958 apartments distributed
over 1, 945 buildings in the municipality of
Wohlen in the Canton of Berne, Switzerland
(hereafter: data set WohlenA). The buildings
are each assigned to the same four building
groups, as previously mentioned, by the SFSO.
Additionally, the living areas of the apartments,
year built, and main energy carriers for space
heating and DHW production are provided. If
an apartment is renovated, its renovation pe-
riod is contained in the data set. Unfortunately,
in contrast to the data set Wohlen, additional
meta data concerning the apartments, such as
ceiling height is missing.

• The historical developments of the population
of the municipalities of Rolle and of Wohlen
(hereafter: population data) were obtained
from the SFSO [4].

It is important to note that the author should clar-
ify that the estimates of the (yearly) heat energy de-
mand in the data set Rolle are based on linear mod-

els. Therefore, it was decided to further analysed
the (yearly) electrical energy demands from both data
sets, which are based on measuring data. These elec-
trical energy demands contained in the two data sets
for Rolle and Wohlen were used for accounting. Un-
fortunately, the exact monitoring period of both data
sets is not known and may even be different for two el-
ement in the same data set. Comparing the electrical
energy demand for apartments or building not mea-
sured over the same period could potentially falsify
the results. However, since no further information
was present and no more consistent data is accessi-
ble, this data set was selected anyway.

2.2 Pre-processing

The two data sets and the population data were
imported into the programming platform MATLAB
and the Statistics Toolbox version 9.3.0, R2017b [13]
(hereafter: MatLab). A third data set (hereafter:
data set WohlenB) was generated based on the data
set WohlenA. In WohlenB, the data of WohlenA are
aggregated per building and not per apartment. The
living area and electrical energy demand of the build-
ings were generated by summing up the living areas
and electrical energy demands of the apartments at
the same address. The buildings were assigned based
on the same energy carriers for space heating and
DHW production as those listed for the apartments
contained in. This assumption is not critical since
the main energy carriers of the apartments within the
same building were identical.

2.3 Notation

For simplicity, a slash expression was introduced to
combine the main energy carriers for space heating
and DHW production. The main energy carrier for
space heating comes first, then, the energy carrier
for DHW production follows the slash. For example,
Oil/Oil stand for a building in which both the space
is heated and DHW is produced with oil.
Even though, strictly speaking, resistance heaters and
heat pumps are not energy carriers, the notation in-
cludes their use. Here, "RH" stands for heating with
resistance heaters, while "HP" stands for heating with
heat pumps.

2.4 Segmentation of the Samples

In order to describe the number of the main energy
carriers used in the buildings found in the the data

2



sets of Rolle and WohlenB, the buildings were filtered
according to their main energy carriers and counted.
To visualize the results, various bar graphs were gen-
erated by using the MatLab function bar().

2.5 Subgroups

The buildings of both data sets (Rolle and WohlenB)
were divided into various subgroups grouped accord-
ing to their building groups, years built/renovation
year and main energy carrier combinations (for heat-
ing space and DHW production). The apartments
in the data set WohlenA were also divided into sub-
groups organized according to their main energy
carrier combinations as well as to their number of
rooms.

2.6 Descriptive Data Analysis

The (yearly) electrical energy demands and specific
(yearly) electrical energy demands (introduced in Sec-
tion 2.8) for these subgroups were explored with typ-
ical descriptive statistics in order to obtain quanti-
tative descriptions, such as means (averages), medi-
ans, subgroup sizes, and standard deviations. They
were calculated via the the corresponding MatLab
functions mean(), median(), size(), quantile() and
std(), respectively. These functions were also used
to describe the outcome of the specific electrical en-
ergy demand shares analysis. The obtained values are
listed in various tables in Chapter 3.

2.7 Exploratory Data Analysis

In order to graphically present the full variation in
the electrical energy demands and specific electrical
energy demands for the subgroups, box plots were
generated. The MatLab Regression Application was
used to generate box plots for many subgroups in
the same Figure efficiently. Furthermore, the elec-
trical energy demands and specific electrical energy
demands were visualized via Empirical Cumulative
Distribution Functions (ECDFs). They were gen-
erated by the MatLab function ecdf(). The corre-
sponding plots are shown in Chapter 3 and in the
Appendix. Note that the reason why some plots are
shown in the Appendix is that almost the same infor-
mation in the ECDFs (with the exception of upper
outliers) are contained in the box plots.

2.8 Specific Electrical Energy
Demand

The aims of the subsequently described methods
were:

• to find differences between various specific elec-
trical energy demand distributions,

• to extract the shares, i.e., the ECDF differences,
representing the specific electrical energy de-
mand for appliances, space heating and DHW
production from the total specific electrical en-
ergy demand distributions,

• to explore whether the Seasonal Coefficients
of Performance (SCOP) can be extracted from
these portions and how this is distributed.

The specific electric energy demands were introduced
in order to have more comparable values. They were
computed by means of the following equation:

e = E

AER

[
kW · h
a · m2

]
, (2.1)

where e is the total specific electrical energy demand.
E stands for the total electrical energy demand for
the buildings and apartments and AER is the energy
reference area.

Afterwards, as previously mentioned, the specific
electrical energy demands were explored with the de-
scribed methods in Sections 2.6 and 2.7.

The small subsample size of various subgroups (orga-
nized according to energy carrier combinations), es-
pecially in the data set Rolle, presented a serious lim-
itation. Therefore the following analyses were limited
to the SFHs (according to the SFSO) contained in the
dataset WohlenB.

2.8.1 Specific Electrical Energy Demand
Model

In order to extract the electrical energy demand
shares required by appliances, space heating and
DHW production, the following model for SFHs was
introduced:

e = eApp + eDHW + eSpace, (2.2)

where e denotes the total specific electrical energy
demand (obtained with Equation (2.2)). The terms
eSpace and eDHW represent the specific electrical en-
ergy demand required for space heating and DHW
production, respectively. The term eApp represents

3



the specific energy demand for (home) appliances us-
ing electricity. The model assumes that the specific
electrical energy demand of a SFH consists of these
three share. Additionally, it was assumed that these
shares are constant for single-family homes.

To estimate the contribution of appliances eApp, the
specific electrical energy demands for the Oil/Oil
SFHs eOil/Oil were considered. It was assumed that in
these buildings no electricity is used for space heating
and DHW production.

eOil/Oil = eApp +��
0

eSpace +��
0

eDHW (2.3)

Furthermore, it was assumed that the specific electri-
cal energy demands for Oil/RH SFHs eOil/RH repre-
sent the electrical energy demand for appliances and
DHW production with resistance heaters.

eOil/RH = eApp +��
0

eSpace + eDHW,RH (2.4)

In contrast to an Oil/RH SFH, it was assumed that
the specific electrical energy demand of an RH/RH
SFH eRH/RH consists additionally of the share for
space heating with a resistance heater. An (ther-
mal) efficiency of 100 percent was assumed for the
resistance heaters. Therefore, the electricity demands
eSpace,RH and eDHW,RH directly translates into heat
demands.

eRH/RH = eApp + eSpace,RH + eDHW,RH (2.5)

The electrical energy demand of a HP/HP SFH
represents the electrical energy demand for appli-
ances, heating space and producing DHW with heat
pumps.

eHP/HP = eApp + eDHW,HP + eSpace,HP (2.6)

As a building has only one energy carrier combina-
tion, these quantities can only be calculated as dif-
ference between different buildings. Thus, not the
shares of the specific energy demand for single SFHs
were computed, instead, the differences between dif-
ferent ECDFs of e were computed. An ECDF of e is
denoted by ε.

The difference between two ECDFs (ECDF differ-
ence) is denoted by ∆. The ECDFs difference of two
data vectors A and B was computed by subtracting
their values (specific electrical energy demands) at
quantiles between 0.001 and 0.999 with a step size of
0.002. The corresponding function is denoted by f .
The interval was choosen as 0.002, which is slightly
smaller than the step size of the ECDF containing the
most observations (483), i.e. , smaller than the dis-
tance between two quantiles of two data points next

to each other in these subgroup. Note that the step
size ( 1

n ) of a ECDF depends inverse proportionally
on its sample size (n).

The MatLab function quantile(X, p) was used which
returns the element of a data vector X at a cumula-
tive probability p. The function uses linear interpo-
lation to calculate a value at a quantile between two
elements.

∆(p) = f(A, B, p) = quantile(A, p) − quantile(B, p)
for p = 0.001, 0.003, ..., 0.999

(2.7)

The ECDF difference representing the specific elec-
trical energy demand for DHW production with a
resistance heater is denoted by ∆DHW,RH and was
computed by means of the following equation:

∆DHW,RH = f(εOil/RH SFHs, εOil/Oil SFHs) (2.8)

εOil/RH SFHs represents the ECDF containing the
specific electrical energy demands for Oil/RH SFH,
while εOil/Oil SFHs represents the ECDF containing
the specific electrical energy demands for Oil/Oil
SFHs.

The specific electrical energy demands for space heat-
ing with resistance heater ∆Space,RH was computed by
means of the following equation:

∆Space,RH = f(εSFHs,RH/RH, εSFHs,Oil/RH) (2.9)

However, to compute ∆DHW,HP, the ECDF of the
electrical energy demands for the Oil/HP SFHs had
been used. The subsample size of this subgroup is
12. The sample size of the smallest subgroup that
was used to calculate other ECDF differences was 55.
Because of the great difference, the ECDF difference
∆DHW,HP was not considered.

Since the ECDF of HP/RH and HP/HP SFHs are
nearly the same, the ECDF difference ∆Space,HP had
been almost zero for most probabilities p. Thus, this
ECDF difference was excluded. The agreement of the
two distributions was unexpected and is discussed fur-
ther in Section 3.3.

The difference between the ECDF of Oil/Oil SFHs
and the HP/HP SFHs represents the specific electri-
cal energy demand for space heating and DHW pro-
duction with heat pumps ∆Space+DHW,HP and was
computed with the following equation:

∆Space+DHW,HP = f(εHP/HP SFHs, εOil/Oil SFHs)
(2.10)

Additionally, the ECDF difference between Oil/Oil
SFHs and the RH/RH SFHs was computed and
represents the specific electrical energy demand for
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space heating and DHW production with a resistance
heater.

∆Space+DHW,HP = ∆Space,RH + ∆DHW,RH =
f(εRH/RH SFHs, εOil/Oil SFHs) (2.11)

The distributions of the obtained ECDF differences
were visualized in histograms by using the MatLab
function histogram(X), where X is a data vector. Ad-
ditionally, the means and standard deviations were
calculated and are listed in Sections 3.6 and 3.7. Sub-
sequently, these measures were verified for compli-
ance with typical electrical energy demands for Swiss
apartments and buildings, as stated in the report Typ-
ischer Haushalt-Stromverbrauch [14].

2.8.2 SCOP Distribution

The ratio of the heat output generated by a heat
pump to the electrical power required to generate
this heat is defined as the Coefficient of Performance
(COP).

It was assumed that the heat required for space heat-
ing and DHW production could be represented by
∆Space+DHW,RH. This approximation relies on the
assumption that the efficiency of the RH is 100 per-
cent. Furthermore, it was assumed that heat pump’s
inputs could be represented by ∆Space+DHW,HP. Since
the ECDF differnces represent the distribution of
the yearly specific heat/electrical energy demands,
the ratio of these two ECDF differences represents
the Seasonal COP (SCOP) distribution, denoted by
ΘSCOP.

ΘSCOP = ∆Space+DHW,RH

∆Space+DHW,HP
(2.12)

The ratio of the two ECDF differences ∆A and ∆B

was defined as the ratios of values at the respective
percentage p and is denoted by Θ:

ΘC(p) = ∆A(p)
∆B(p)

for p = 0.001, 0.003, ..., 0.999
(2.13)

Recall that a split of SCOP for DHW production and
space heating was not performed as the subsample
sizes of the required subgroups were too small.

The histogram were used to represent the distribu-
tions of the ΘSCOP graphically. It was assumed
that the distribution of ΘSCOP consists of SFHs with
air/water or brine/water heat pumps due to the fact
that these types account for the large majority of heat

pumps sold between 2010 and 2017 [15]. For simplic-
ity, it was assumed that the SCOP of these two heat
pump types are normally distributed (with different
mean values and deviations). In order to extract the
contributions of these two heat pump types in the dis-
tribution of ΘSCOP, a Gaussian mixture model object
was fitted with two components, i.e. with two normal
distributions. To fit the Gaussian mixture model, the
MatLab function fitgmdist(X, k) was used, which re-
turns a Gaussian mixture distribution model with a
fixed number of components k to data X. Each com-
ponent is defined by its mean and proportion.
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3 Results

3.1 Segmentation of Data Set Rolle

It was assumed that the types of main energy carri-
ers used to heat spaces and produce domestic heat
water (DHW) influence the electrical energy demand
strongly. For example, it was assumed that heating
space or producing DHW with a resistance heater re-
sults in a greater electrical energy demand than heat-
ing for example, with oil.

The two bar graphs in Figures 3.1 and 3.2 display
the histograms of the energy carriers for space heat-
ing and DHW production for the buildings contained
in the data set Rolle built between 1877 and 2017.
Unfortunately, the renovation years of the buildings
could not be considered due to missing data in the
data set Rolle. However, since it was assumed that
the population and the newly constructed buildings
are correlated, the population data was added to the
diagrams. The left vertical axis shows the number
of buildings, while the right vertical axis shows the
number of inhabitants.

Each of the 15 bars represents one decade (counted
from xxx7 to xxx7). The height of each bar is the
number of construction objects completed within this
decade. The coloured segments on each bar represent
the buildings according to their main energy carrier
for space heating in Figure 3.1 and for DHW produc-
tion in Figure 3.2.

A clear upward trend can be observed over the past
70 years in the number of inhabitants. Since more
inhabitants require more living space, it is not sur-
prising that the number of new buildings increased
as well. Oil is the prevalent energy carrier for both
space heating and DHW production in buildings built
between 1927 and 1987, while between 1987 and 2017,
gas is the most common energy carrier. The causes
for this change are presumably the two oil crises in
1973 and 1979, which led to the planning and, in
the years that followed, construction of new build-
ings with gas heating systems. The reason for the
shift between the oil crises and the change in the en-
ergy carriers preferences is presumably that buildings
under construction or in planning (with oil heatings)
were completed prior to the planning and construc-
tion of new buildings with gas heatings.

Another noteworthy fact that may have contributed
or led to this shift is that new gas deposits were
discovered and developed in Europe in the 1960s.
The natural gas transit pipeline Trans-Europe Nat-
ural Gas Pipeline (TENP) from Holland to Italy en-
abled in the 1970s the supply of sufficient natural gas
for Swiss cities and to meet the growing demand for
gas heating systems [16].

Solar energy, as the "main energy carrier" for DHW
production and the electricity used to operate heat
pumps in space heating systems, has become more
popular in the last two decades. Reasons for this
popularity may well include increased environmental
awareness, the introduction of the Minergie standard
and further developments in heat pump and collector
technologies (e.g., higher reliability, reduction in op-
erating costs) as well as cantonal and federal financial
contributions.

Furthermore since 1987, there has been a decrease
in the number of resistance heater producing DHW.
The major driver for this decline is probably a policy
change which resulted in an announced ban for newly
installed heating systems.

It can be recognized that the number of inhabitants
fell slightly from 3, 658 in 1970 to 3, 409 in 1981, then
strongly increased in the following decades to 6, 168
in 2017. There is a significant difference in population
growth between Rolle and Switzerland. The popula-
tion of the municipality grew by 130 percent between
1950 and 2017, whereas the population of Switzerland
grew by 78 percent in the same period, i.e., the pop-
ulation of the municipality of Rolle has grown almost
twice as fast as the population of Switzerland.

An interesting fact is that the Swiss voters approved
the total revision of the energy law with a majority
of 58 percent of the total votes. This law aims at
developing the existing potential for energy efficiency
and taking advantage of renewable energies (solar,
wind, geothermal, biomass) [17]. The voters of the
municipality of Rolle approved this law with a ma-
jority of 77 percent. This larger majority could be
an indication that the people entitled to vote in the
municipality of Rolle are more environmentally con-
scious than an average Swiss voter is [18].
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Figure 3.1: Population and Buildings According to Space Heating Energy Carrier, 1867-2017, Data set Rolle1

Figure 3.2: Population and Buildings According to DHW Production Energy Carrier, 1867-2017, Data set Rolle

1Note that while gas is listed uppermost in the legend, it is at the bottom of each stack bar in the bar charts
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The segmentation of the building groups assigned by
the LUASA (e.g., SFH or MFH) in the data set Rolle
is discussed hereafter.

Table 3.1 shows the percentage of all 1, 650 buildings
in the LUASA-building groups listed. The majority
of the buildings in the municipality of Rolle (1, 203
of 1, 650) are used for residential purposes, about
37.5 percent are used as SFHs, 24.5 percent as MFHs
and 10.6 percent as mixed-use buildings. Assuming
that the mixed-use buildings are counted as build-
ings used solely for residential purpose, 52 percent of
the 1, 203 buildings used for residential purposes are
SFHs and 33 percent are MFHs. The latest Build-
ings and Dwellings Statistics 2017 report, released in
November 2018, states that 57 percent of the build-
ings in Switzerland, which are used solely for resi-
dential purposes, are SFHs [19]. The ratio of SFHs
to residential buildings is thus slightly lower in Rolle
compared to the Swiss average.

Figure 3.3 displays the distribution of the same build-
ings as in Figures 3.1 and 3.2, but grouped according
to their LUASA-building groups. It can be recog-
nized that the ratio of newly built SFHs to newly
built MFHs is highest between 1997 and 2007. Gen-
erally, the number of newly built buildings has in-
creased over the last decades with the maximums in
the last two decades. These trends may be explained
by the economic growth in this period. In fact, the
real gross domestic product per capita of Switzerland
increased by approximately 30 percent between 1997

and 2007 [20], while the interest rates on mortgages
in Switzerland dropped by approximately 1.5 percent
[21].

Table 3.1: Buildings according to their
LUASA-building class, Data Set Rolle

Class Number Percentage
[−] [%]

Single-Family Homes 619 37.5
Multiple-Family Homes 406 24.6
Garages 217 13.2
Mixed Use 175 10.6
Light Industry 88 5.3
Sales 30 1.8
Clubhouses 25 1.5
Administration 20 1.2
Industry 18 1.1
Schools 15 0.9
Agriculture 11 0.7
Retirement homes 8 0.5
Restaurants 8 0.5
Hotels 3 0.2
Grammar Schools 3 < 0.2
Castles 1 < 0.2
Churches 1 < 0.2
Hospital 1 < 0.2
Indoor Swimming Pools 1 < 0.2
Sum of all buildings 1, 650 100

Figure 3.3: Number of Buildings According to their Building Groups, 1867-2017, Data set Rolle
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3.2 Segmentation of Data Set Wohlen

In this section three bar graphs are shown. They rep-
resent the histograms of the data set WohlenB.

Figure 3.5 displays the population of the municipal-
ity of Wohlen, presented as a red line, and the num-
ber of constructed objects, i.e., buildings, organized
according to their building year. The left vertical
axis shows the number of newly constructed build-
ings, while the right vertical axis shows the number
of inhabitants.

It can be recognized that the number of inhabitants
increased continuously between 1960 and 1990, then
remained at the same level of approximately 9, 000
inhabitants.

There is a significant difference in population growth
between Rolle and Wohlen. The number of inhabi-
tants of Wohlen grew by approximately 215 percent
between 1950 and 2017 while the number of inhabi-
tants in Rolle grew by 130 percent during the same
time period (Switzerland had a growth of 78 percent
during this period).
The reason for this strong growth in Wohlen is that
the nearby Bremgartenwald and the Aare River acted
as natural barriers to construction activity until 1960.
Prior to 1960, most of the population was made up of
farming families and their servants. Employees rep-
resented a minority, and industry was almost com-
pletely missing. After 1961, the demand for living
space increased tremendously. The Hinterkappeln
district, in particular, started to strongly grow from
a base of about 600 inhabitants.

Today, about half of the inhabitants of Wohlen live
in Hinterkappelen [22]. Figure 3.4 shows building ac-
tivities in this district. Thus, it is not surprising that
the majority of buildings in Wohlen were built or ren-
ovated between 1960 and 1990.

Figure 3.4: Construction of Buildings in
Hinterkappelen, probable in the 60s or
70s, Wohlen [22]

Figures 3.6 and 3.7 display the distribution of the en-
ergy carriers for space heating and DHW production
of the buildings built or renovated between 1960 and
2017.

The buildings are grouped according to year built or,
in contrast to Figures 3.1, 3.2 and 3.3, according to
their renovation year (if they were renovated). The
bar width is not uniform since the buildings are orga-
nized in the data set WohlenB according to building
periods of different lengths.

As mentioned previously, in Rolle, oil is the prevalent
energy carrier for both space heating and DHW pro-
duction for buildings built between 1927 and 1987,
while between 1987 and 2017, gas dominates. In
Wohlen, the most prevalent energy carrier for DHW
production is clearly electricity used for resistance
heaters. A possible reason for the difference observed
between the two municipalities might be that most
buildings in Wohlen were built between 1960 and
1990, while, in Rolle, most buildings were built be-
tween 1997 and 2017. Another reason might be that
the Mühleberg hydroelectric power station and Müh-
leberg nuclear power stations are approximately 5 km
from Wohlen. Another interesting factor that may
contribute to the large number of resistance heaters
in Wohlen is that the inhabitants of Wohlen seem less
environmentally conscious than those in Rolle. This
observation is based on the fact that voters in Wohlen
approved the total revision of the energy law with a
majority of 63 percent of the total votes cast, whereas
the voters of in the municipality of Rolle approved
this law with a majority of 77 percent [18].

The large number of systems producing DHW with
resistance heaters indicates that there is energy-
saving potential in Wohlen if the resistance heaters in
buildings, built or renovated between 1970 and 2000,
will be replaced with heat pumps or solar (thermal)
collectors in the future. This energy-saving potential
is estimated in Subection 3.6.1.

In about 50 percent of the buildings in Wohlen, space
is heated with oil, while only approximately 5 percent
of the buildings have their space heated by gas.
Recall that in Rolle, approximately 35 percent of the
buildings have their space heated with gas and ap-
proximately 24 percent remarkably have their space
heated with oil. These differences may be due to gas
being more common in Rolle, as discussed in Sec-
tion 3.1. Another interesting fact is that solar collec-
tors make up a smaller share of DHW production in
Wohlen than Rolle. The reason is presumably that
fewer buildings were built (or renovated) in the last
two decades in Wohlen compared to Rolle.
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Figure 3.5: Population and Number of newly constructed Buildings, 1919-2017, Data set WohlenB

Figure 3.6: Population and Buildings According to Space Heating Energy Carrier, 1919-2017, Data set WohlenB
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Figure 3.7: Population and Buildings According to DHW Production Energy Carrier, 1919-2017, Data set
WohlenB
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3.3 Electrical Energy Demand

Various box plots representing the electrical energy
demands for SFH subgroups, grouped according to
their main energy carrier combinations, are shown
in Figures 3.8 (data set Rolle) and 3.9 (data set
WohlenB). Note that only the subgroups with the
nine most common (according to data set Wohlen in
SFHs) energy carrier combinations (for space heating
and DHW production) are shown. The number in the
legend represents the subsample size.
The vertical axis presents the (yearly) electrical en-
ergy demand. The boxplots’s central rectangle spans
the first quartile to the third quartile (Interquartile
Range, IQR), i.e., 25 to the 75 quantile. The segment
inside the rectangle shows the median. The dashed
lines extending parallel from the boxes are used to
visualize the "minimum" and "maximum". The mini-
mum and maximum visualize the lowest and highest
observation still within 1.5 IQR. Outliers are sample
value beyond the minimum or maximum and plotted
as individual crosses. These box plots are shown in
order to display the full range of variation of the to-
tal electrical energy demand and to compare the sub-
groups in the two data sets. Note that the ECDFs of
a portion of the same sugroups can be found in the
Appendix (Figures A1 and A2).

The corresponding descriptive statistics (quartiles)
are listed in Table 3.2. Two outliers are not shown be-
cause they are beyond the range of the vertical axis,
namely, one Gas/Gas SFH with an electrical energy
demand of 9.83 ·105 MW·h

a and one HP/HP SFH with
an electrical energy demand of 2.60 · 106 MW·h

a , both
in the data set Rolle. It could be clarified that the
first-mentioned outlier represent a villa on the Lake
Geneva. A possible reason for the high electricity con-
sumption may be an indoor pool. The reason for the
high electricity consumption of the other outlier could
not be clarified. Also the use of satellite pictures led
not to an explanation.

Recall that, in general, the potentially different mea-
suring periods of the electrical energy demands for
the two data sets as well as the different geographical
location (weather conditions) of the two municipal-
ities could be responsible for part of the differences
between the subgroups. According to MeteoSwiss,
the mean annual temperature in 2017 in Nyon (ap-
proximately 8 km south-west of Rolle) was 11.2◦ C,
whereas the mean annual temperature in the City
of Bern (approximately 5 km east of Wohlen) was
9.7◦ C. The heat demand inverse proportionally de-
pends on the ambient temperature. Thus, a higher
energy demand for space heating in Wohlen can po-
tentially explained in part by the fact that the am-
bient temperatures in Rolle tends to be higher than

in Wohlen. However, since the mean annual tem-
peratures differ from year to year and the measuring
periods are not known, this cannot be concluded un-
equivocally.

SFHs using electricity as the main energy carrier for
both space heating and DHW production (RH/RH,
HP/RH and HP/HP) have, generally speaking, the
biggest electrical energy demand. This is not sur-
prising since electricity is used for appliances, space
heating and DHW production in contrast to other
subgroups, such as Oil/Oil and Gas/Gas.
The descriptive measures of the RH/RH SFHs are
highest. This again is no surprise since resistance
heaters are less efficient than heat pumps.
Surprisingly, the difference between HP/RH and
HP/HP within the data set WohlenB is relatively
small although heat pumps are supposed to gener-
ated heat more efficiently. This finding is confirmed
by the distributions of the specific electrical energy
demands for HP/RH and HP/HP SFHs and will be
further discussed in Section 3.4. The subsample sizes
of these two subgroups in Rolle are relatively small to
enable a statistically reliable statement with.

The discrepancy in the quartiles of the two subgroup
RH/RH SFHs is relatively small. This indicates that
the electrical energy demand distribution in Rolle and
Wohlen are similar despite the potentially different
measuring period and energy reference areas.

Outliers can be recognized mainly for subgroups with
relatively high numbers of observations. Remarkable
is that the subgroup RH/RH SFHs in the data set
Wohlen, although the subsample size is 238, has only
three outliers.
Generally, outliers represent buildings which have a
relatively high electrical energy demand. Large de-
mands can have various reasons, such as a big en-
ergy reference area requiring more electricity (e.g., to
heat or run entertainment system), a high number
of inhabitants or, as in the subgroups Oil/Oil and
Gas/Gas, SFHs in which resistance heaters are used
as supplementary heating systems (in winter). Other
reasons for a high electrical energy demand include
a large number of electrical appliances, private hand-
crafts which require much electricity are performed
or the use of electricity is less efficient (e.g., incan-
descent lamps instead of energy-saving lamps). Note
that outliers can not have an electrical energy demand
less than 0 kW·h

a·m2 (would mean electricity generation),
while they have virtually no upper limit.

The subgroup Oil/Oil SFHs contains the most obser-
vations in the data set Wohlen and the second most
observations in the data set Rolle. Recall that the
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electrical energy demand of these SFHs represents
mainly the electrical energy demand for appliances.
All three quantiles are higher for the subgroup of the
data set Rolle than they are for the subgroup of the
data set WohlenB. A possible reason may be that the
age distribution of the two subgroups is different. Gas
is more common in newer buildings in Rolle, whereas
gas is generally not common in Wohlen. That is, in
newer SFHs in Wohlen oil is commonly used as main
energy carrier for space heating in contrast to Rolle
where mostly gas is used. This difference in fuels
may influence the electrical energy demand and con-
tribute to the difference. In [14], it is stated that the
electrical energy demand for appliances is dependent
mainly on the number of inhabitants. Thus, another
factor is that the number of inhabitants per SFH is
higher in Wohlen than in Rolle. Social factors which
lead to a higher "density of inhabitants" such as sta-
tistically higher rents in Wohlen than in Rolle, may
be responsible as well.

The comparison between Wood/RH and Oil/RH in
the data set Wohlen shows that the descriptive statis-
tics are of the same magnitude. This is not surprising
since, in these SFHs, the electricity is "only" used for
appliances and DHW production. Wood/Wood SFHs

have even a slightly higher electrical energy demand.
This however is not the outcome that should be ex-
pected since no electricity is used for DHW produc-
tion.
A possible explanation is that supplementary resis-
tance heaters for space heating and DHW production
systems are used or that a portion of these SFHs are
likely farmhouses. It seems possible that, at farm-
houses, activities are carried out that require electri-
cal energy not carried in Oil/Oil SFHs, such as repair
works (e.g., welding). Another factor that may influ-
ence the result here as well is the small subsample
size.

The difference between Oil/Oil and Oil/RH repre-
sents the electrical energy demand for DHW produc-
tion. This difference will be discussed further in the
Sections 3.4 and 3.6.

In summary, the analysis showed that the electrical
energy demand for the considered subgroups is either
similar or explainable although important informa-
tion about the data is missing such as the measuring
period and SFHs sugbroups of different energy refer-
ence areas were compared.
In the next section the specific electrical energy de-
mand of various subgroups will be analysed.

Table 3.2: Descriptive Statistics for the Electrical Energy Demands of SFHs, Data sets Rolle and WohlenB

Energy Carrier
for Space

Energy Carrier
for DHW 25%-Quantile Median 75%-Quantile

Rolle Wohlen Rolle Wohlen Rolle Wohlen
MW·h

a
MW·h

a
MW·h

a
MW·h

a
MW·h

a
MW·h

a

Resistance Heater Resistance Heater 9.92 8.02 14.2 12.6 18.4 18.0
Gas Resistance Heater 3.27 4.16 4.91 4.76 8.93 6.32
Gas Gas 3.34 2.89 4.39 4.36 6.86 5.77
Heat Pump Resistance Heater 12.1 5.50 19.9 7.70 25.3 10.4
Heat Pump Heat Pump 8.50 4.86 13.6 8.99 18.3 12.7
Oil Resistance Heater 4.09 4.38 5.05 5.70 6.31 7.59
Oil Oil 3.27 2.71 5.34 4.05 8.93 6.14
Wood Resistance Heater 2.33 3.16 6.54 5.59 15.0 8.30
Wood Wood 2.79 4.18 4.92 6.28 8.32 7.50
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Figure 3.8: Box Plots representing Electrical Energy Demands for SFHs, Data set Rolle

Figure 3.9: Box Plots representing Electrical Energy Demands for SFHs, Data set WohlenB
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3.4 Specific Electrical Energy Demand

The following results were obtained via the methods
described in Section 2.8.

For the calculation of the specific electrical energy de-
mands the energy reference area was used. For the
two data sets, it was not possible to confirm whether
the same source and same reference for the area calcu-
lation was employed. Therefore, the available areas
are employed due to unavailable alternatives. An-
other possibility considered was to define a specific
energy demand based on the dwelling area or number
of inhabitant. The promising alternative representa-
tion based on the number of inhabitants could not be
pursuit due to missing data.

Various ECDFs representing the (yearly) electrical
energy demands for subgroups in both data sets are
shown in this section and the following Sections. The
horizontal axes of these Figures represent the specific
electrical energy demand while the vertical axes rep-
resent the cumulative probability.

The subsample size required to represent a subgroup
accurately was unknown and is a much discussed sub-
ject in research. Various factors such as the power of
the study, level of significance, effect size, precision
and variability affect the sample size required for an
empirical study. Important factors, such as the mea-
suring period for both data sets are unknown. Thus,
the required subsample size could not be conclusively
clarified.

In Figures 3.10 and 3.11 five and six ECDFs of SFH
subgroups, gathered according to their main energy
carrier combinations, with more than 20 samples, are
shown. The ECDFs represent the specific electrical
energy demands for these SFHs subgroups for the
data sets Rolle and WohlenB. Note that the corre-
sponding box plots can be found in the Appendix
(Figures A3 and A4).

Since only subgroups with more than 20 observations
are shown, different combinations for the two data
sets are shown. In Table 3.3 the corresponding means,
medians, 75 percent quantiles and standard devia-
tions are listed.

The curve representing Oil/Oil SFHs is closest to the
vertical axis at a probability of 50 percent (median) in
Figure 3.11. This is not surprising, as these buildings
consume no or almost no electrical energy neither for
heating space nor for DHW production. Thus, this
curve represents the distribution of eApp. The sub-
group’s medians and 75 percent quantiles are of the
same order of magnitude. Most of these buildings
have a specific electrical energy demand between ap-
proximately 10 and 40 kW·h

a·m2 since the curve is steepest

in this range. The specific electrical energy demand
for appliances will be further discussed in the next
Section.

The curve of Oil/RH SFHs in Figure 3.11 is further
to the right (approximately 15 kW·h

a·m2 ) than the curve
for Oil/Oil. This difference represents the additional
electrical energy demand for DHW production with
resistance heaters eDHW,RH, instead of oil. This ad-
ditional energy demand will be discussed further in
Section 3.6. In contrast to Figure 3.11, the curve of
Oil/RH SFHs in Figure 3.10 runs almost identically
as the Oil/Oil SFHs curve. This result is surprising
and indicates that buildings in Rolle in which DHW
is produced with oil or RH have almost the same
specific electrical energy demand. The same can be
observed for the curves HP/RH and HP/HP in Fig-
ure 3.11, which are nearly the same. This result is
highly counter-intuitive, since heat pumps heat more
efficiently than resistance heaters. This results can
not be further explained with the available data. The
differences in the subsample size (135 to 55 and 25 to
165) might have a slight impact on the results.

In Figure 3.10, the curve representing Gas/Gas SFHs
has a similar shape to the Oil/Oil SFHs. The me-
dians, and 75 percent quantile confirm this observa-
tion. This was expected, since electricity is used in
both subgroups only for appliances. Note that, in
Figure 3.11, Gas/Gas SFHs are not shown due to a
subsample size of less than 20. The fact that gas is
more common Wohlen than in Rolle was already dis-
cussed in Sections 3.1 and 3.2.

The difference between the curves Oil/Oil and
RH/RH SFHs represents the specific energy demands
for space heating and DHW production with resis-
tance heaters. It can be assumed that this dif-
ference is equal to the overall specific thermal en-
ergy demands for space heating and DHW produc-
tion.

Interestingly, the curve Wood/RH is shifted to a
higher specific energy demand than Oil/RH in Fig-
ure 3.11. A possible explanation for this might be
the discussed reasons given in Section 3.3.

Surprisingly, the median of HP/Collector SFHs in
Rolle is almost identically to the median of HP/HP
SFHs in Wohlen even tough the main energy carrier
for DHW production is not electricity.
The observation that the difference between the SFHs
using electricity for DHW production and SFHs not
using electricity to produce DHW is unexpected rel-
atively small and is previously discussed.

An additional explanation for the small difference be-
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tween a party of the curves representing HP/HP and
HP/Collector SFHs may be that almost no electricity
is used in summer to produce DHW but in winter the
DHW is produced mainly with supplementary RH.
Doing so, results in an inefficient use of electricity
in winter, leading to higher specific electrical energy
demands for HP/Collector SFHs.

From both figures, it can be recognized that RH/RH
SFH have by far the greatest specific electrical energy
demands. The reason is that both space heating and
DHW production account for the specific electrical
energy demand in contrast to other SFHs in which
electricity is only used for appliances (e.g., Oil/Oil)
or only for appliances and DHW (e.g., Oil/RH).
It should be noted that the shapes of the curves for
Rolle and Wohlen are different. The shape of the
RH/RH curve from the data set Wohlen is almost
a line, i.e., almost the same probability for the spe-
cific electrical energy demand in a range from 30 to
160 kW·h

a·m2 indicating a plateau distribution. The shape

of the RH/RH curve for Rolle indicates a positive-
skew normal distribution, since the highest probabil-
ity is in a range from 40 to 80 kW·h

a·m2 , whereas a lower
probability (curve is less steep) is in a ranges from
20 kW·h

a·m2 to 40 and from 80 to 200 kW·h
a·m2 . A reason may

be that the age structure of buildings is different be-
tween Rolle and Wohlen.

The slopes of most curves become smaller at approx-
imately 90 percent of the way through the data. This
means that there is a similar percentage of upper out-
liers in most groups. Another interesting finding is
that most ECDFs start between 0 and 10 kW·h

a·m2 . This
start indicates that there are SFHs in almost all sub-
groups which have relative small specific electrical en-
ergy demands. These SFHs may be vacant or holiday
homes.

The big difference between the medians and means
in Table 3.3 shows the effects of the upper outliers.
Thus, most means are higher than the corresponding
medians.

Table 3.3: Descriptive Statistics for the Specific Electrical Energy Demands for SFHs, Data sets Rolle and
WohlenB

Energy Carrier Energy Carrier Data Set Mean Median 75%-Quantile Standard
for Space for DHW Deviation

kW·h
a·m2

kW·h
a·m2

kW·h
a·m2

kW·h
a·m2

Oil Resistance Heater Rolle 30.8 20.2 36.7 26.3
Oil Oil Rolle 27.7 22.2 30.8 31.5
Gas Gas Rolle 46.6 25.5 37.9 257
HP Collector Rolle 52.0 48.6 57.4 19.0
Resistance Heater Resistance Heater Rolle 80.0 65.2 81.1 61.1
Oil Oil WohlenB 34.6 26.9 42.6 24.6
Oil Resistance Heater WohlenB 46.6 41.3 56.2 25.6
Wood Resistance Heater WohlenB 63.2 46.9 69.7 54.5
HP Resistance Heater WohlenB 58.1 48.0 68.1 35.8
HP HP WohlenB 57.9 52.3 74.6 31.8
Resistance Heater Resistance Heater WohlenB 97.1 87.3 125.5 60.0

16



Figure 3.10: ECDFs representing Specific Electrical Energy Demands for SFHs, Data set Rolle2

Figure 3.11: ECDFs representing Specific Electrical Energy Demands for SFHs, Data set WohlenB

2Note that while Oil/RH and Oil/Oil are listed uppermost in the legend, they are closest to the vertical axis at a cumulative probability
of 0.5 (median).
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3.5 Contribution from Appliances

3.5.1 Contribution from Appliances for
Multiple-Family Homes

In this and the following Subsections, the specific elec-
trical energy demand contribution from Appliances is
discussed.

Figure 3.12 shows four ECDFs representing the spe-
cific electrical energy demand for all apartments in
Oil/Oil MFHs contained in the data set WohlenA or-
ganized according to their number of rooms ranging
from 5 to 45 kW·h

a·m2 .
In these apartments, the total specific electrical en-
ergy demand represents the energy demand for appli-
ances eApp. Due to the number of observations it was
decided to use the specific electrical energy demands
of Oil/Oil MFHs to represent eAPP. The correspond-
ing means, medians and standard deviations are listed
in Table 3.4. As previously stated, upper outliers are
responsible for the relatively large differences between
the means and medians.

The ECDF closest to the vertical axis represents two-
room apartments and indicates the lowest specific
electrical energy demand. The dashed curve repre-
senting three-room apartments and lies further to the
right than the curve representing two-room apart-
ments. The curves of four- and five-room apartments
are almost the same, indicating a similar specific
electrical energy demand distribution. Recall that
the electrical energy demand for appliances depends
mainly on the number of inhabitants, according to
[14]. Hence, data points of the ECDFs above the
median likely represent apartments with a high ratio
of inhabitants to the energy reference area and vice
versa.

Figure 3.13, adopted from the Typischer Haushalt-
Stromverbrauch report [14], displays the number of
persons living in 549 apartments in MFHs in Switzer-
land organized by the number of rooms. The report
used the raw data of an household survey on electric-
ity consumption.

It shows that most of the 549 apartments have four-
rooms. These apartments have mostly two or three
inhabitants. Three-room apartments have mostly
two, followed by one inhabitant, while two-room
apartments have mostly one inhabitant.
Hence, a possible explanation for the higher electrical
energy demand in three-room apartments compared
to four-room apartments is that there are more per-
sons per room (or energy reference area), resulting in
a higher energy demand per square meter. Another
factor perhaps leading to this result could be that
a portion of the two-room apartments are used by
weekly residents or persons who do not cook (e.g., due

to more sparse cooking facilities in two-room apart-
ments or lifestyle-related reasons).

For interpretation, the above results are compared
with "reference" values of the Typischer Haushalt-
Stromverbrauch report [14].
This report states that the electrical energy demand
E for appliances of apartments in a MFH correlates
linearly with the number of persons x by means of
the following equation (see also Figure A9 in the Ap-
pendix):

E = 1320 + 531 · x

[
kW · h

a

]
(3.1)

In consequence, the electrical energy demand for a
two-person household is 2, 380 kW·h

a .
According to the SFSO, the average living space in
three-room apartments in the Canton of Berne with
two inhabitants is 31 square meters per person, which
increases to 37 square meters per person for four-
room apartments [11].

Hence, the resulting area for an average three-room
apartment is 62 square meters, increasing to 74 square
meters for an average four-room apartment. Assum-
ing that the calculated areas are equal to the energy
reference area results in a specific electrical energy
demand of 38 kW·h

a·m2 for a three-room apartment and
32 kW·h

a·m2 for a four-room apartment. If the calculation
is conducted for a four-room apartment with three in-
habitant, then the specific electrical energy demand
is 26 kW·h

a·m2 .

Recall that the ECDFs as well as the medians in Ta-
ble 3.4 are based on measurements, whereas the ref-
erence values are obtained from a household survey
on electricity consumption.
The comparison indicate, that the ECDFs are plausi-
ble and that the assumption that the specific electri-
cal energy demand for Oil/Oil apartments represents
the demand for specific electrical energy demand ap-
pliances is plausible.

Table 3.4: Descirptive Statistics for Oil/Oil
Apartments, Data Set WohlenA

Number of Rooms Mean Median Standard
Deviation

kW·h
a·m2

kW·h
a·m2

kW·h
a·m2

2 22.2 18.7 18.2
3 26.3 19.9 27.4
4 31.7 22.1 38.2
5 30.3 22.2 31.2
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Figure 3.12: ECDFs representing Specific Electrical
Energy Demands for Oil/Oil
Apartments, Data set WohlenA

Figure 3.13: 549 Apartments Organized by Number of Rooms and
Inhabitants [14]
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3.5.2 Contribution from Appliances for
Single-Family Homes

Figure 3.14 shows the four ECDFs representing the
specific electrical energy demands for Oil/Oil and
Gas/Gas SFHs contained in the two data sets (Rolle
and WohlenB). The same ECDFs are shown in Fig-
ures 3.10 and 3.11, with the exception of Gas/Gas
Wohlen due to its small subsample size. The ECDFs
are shown on the same graph in order to better high-
light the differences between them.

Recall that the ECDFs represent the distribution of
the specific energy demand for the appliances eApp.
The corresponding means, medians and standard de-
viations are listed in Table 3.5. It can be recognized
that the curves are almost identical. The sample sizes
indicate that gas is much less popular in Wohlen than
in Rolle. This fact was discussed in Section 3.2. The
medians are roughly similar in the range of 25 kW·h

a·m2 ,
except for Gas/Gas in Wohlen. This difference can
be explained by the relatively small subsample size,
which does not allow a reliable comparison. The
shapes of the curves suggest that the underlying dis-
tributions of eApp are almost the same and are inde-
pendent of the locations of the single-family homes
and main energy carriers (oil or gas).

Moreover, the relatively small differences between the
three curves (except Gas/Gas Wohlen) indicate that,
although the data acquisition method to collect the
data from Rolle and the measurement periods are un-
known, the specific electrical energy demands for the
same subgroups (SFHs grouped according to main
energy carrier combinations) in the two data sets are
similar. Furthermore, an electrical energy demand
for appliances of 25 kW·h

a·m2 meets the specific electri-
cal energy demands in MFHs based on the Typis-
cher Haushalt-Stromverbrauch report [14], as calcu-
lated previously.

Table 3.5: Descirptive Statistics for Oil/Oil and
Gas/Gas SFHs, Data sets Rolle and
WohlenB

Main Energy Mean Median Standard
Carriers Deviation

kW·h
a·m2

kW·h
a·m2

kW·h
a·m2

Oil/Oil Rolle 27.7 22.2 31.5
Gas/Gas Rolle 46.6 25.5 257
Oil/Oil Wohlen 34.6 26.9 24.6
Gas/Gas Wohlen 66.8 35.4 117

Figure 3.14: ECDFs representing Specific Electrical
Energy Demands for Oil/Oil and
Gas/Gas SFHs, Data sets Rolle and
WohlenB

3.5.3 Contribution from Appliances for
Single-Family Homes Grouped by
Age

Figure 3.15 shows four ECDFs representing the spe-
cific electrical energy demands for Oil/Oil SFHs con-
tained in the data set WohlenB grouped by the year
they were built or their year of renovation (if reno-
vated). The corresponding means, medians and stan-
dard deviations are listed in Table 3.6.

The sample sizes indicate that there are only a few
SFHs which were either not renovated after or built
before 1961. Furthermore, it can be recognized that
the lower quartile of SFHs built or renovated since
1961 on are almost the same. Whereas, the SFHs
built from 1996 on have, in the upper quartile, a
higher specific electrical energy demand. The high
mean of SFHs built or renovated from 1996 on com-
pared to the other means confirms this observation.
Reasons for this might be that in a portion of the
SFHs built or renovated between 1996 and 2017, more
electricity is used for appliances, such as entertain-
ment electronics, or that the user behaviour of in-
habitants in newer SFHs is different from the user
behaviour of inhabitants in older buildings. Another
factor that may lead to this result is that the building
technology of these newer SFHs, such as ventilation
or automatic sun shading consume more electricity
than they do in older SFHs or are missing in older
SFHs.
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Table 3.6: Descriptive Statistics for Oil/Oil SFHs
organized by Year Built or Year of
Renovation, Data set WohlenB

Year Built/ Mean Median Standard
Renovation Year Deviation

kW·h
a·m2

kW·h
a·m2

kW·h
a·m2

before 1961 34.1 36.7 14.1
1961 − 1980 33.4 27.0 24.8
1981 − 1995 30.2 24.3 19.5
after 1995 39.9 29.3 29.2

Figure 3.15: ECDFs representing Specific Electrical
Energy Demands for Oil/Oil SFHs
Organized by Age, Data Set WohlenB

3.5.4 Contribution from Appliances for
Multiple-Family Homes Grouped by
Age

Figure 3.16 shows four ECDFs representing the spe-
cific electrical energy demand for three- and four-
room apartments in Oil/Oil MFHs contained in the
data set WohlenA. The apartments are organized by
the year they were built or renovation year (if ren-
ovated). Their corresponding means, medians and
standard deviations are listed in Table 3.7. This
figure visualizes the differences in the specific elec-
trical energy demands for appliances in apartments
from different building periods. Figure 3.12 shows
that two- and three-room apartments have notice-
ably lower specific electrical energy demands for ap-
pliances than four- and five-room apartments. How-
ever, four and five-room apartment have almost the
same specific electrical energy demands for appli-

ances. To eliminate the impact of this trend in the
analysis, only three- and four-room apartments are
shown. From Figure 3.15, it can be recognized that a
portion of the newer SFHs (later built or renovated)
have higher specific electrical energy demands. The
pattern is even more pronounced in apartments newer
than 1995. These MFHs have a significantly higher
electricity consumption for appliances than apart-
ments in older MFHs. The reason for the higher
specific electrical energy demand in apartments in
MFH may be the same, as discussed previously for
SFHs. This result is a surprising aspect of the data.
It was assumed that newer or more recently renovated
buildings would have a lower specific energy demand
than older residential buildings due to the use of more
energy-efficient appliances.

Table 3.7: Descriptive Statistics for Oil/Oil
Apartments, Data set WohlenA

Year Built/ Mean Median Standard
Renovation Year Deviation

kW·h
a·m2

kW·h
a·m2

kW·h
a·m2

before 1961 29.2 20.9 30.3
1961 − 1980 30.8 21.0 40.1
1981 − 1995 31.0 23.1 22.1
after 1995 44.6 32.1 39.3

Figure 3.16: ECDFs representing Specific Electrical
Energy Demands for Oil/Oil
Apartments, Organized by Age, Data
set WohlenA

21



3.6 Contributions from Space Heating and DHW Production for Single-Family
Homes

In this Section, the contributions from space heating
and DHW production to the total specific electrical
energy demand are discussed.

Figure 3.18 on the left shows three ECDFs rep-
resenting the specific electrical energy demand for
Oil/Oil, Oil/RH and RH/RH SFHs in the data set
WohlenB. The diagram on the right in this figure
shows the ECDF differences between Oil/RH and
Oil/Oil, namely ∆DHW,RH and between Oil/RH and
RH/RH, namely ∆Space,RH.

The ECDF difference ∆DHW,RH represents the elec-
trical energy demand for DHW production with re-
sistance heater, while ∆Space,RH represents the en-
ergy demand for space heating with a resistance
heater.

The distributions of the ECDF differences ∆Space,RH
and ∆DHW,RH are shown via the histograms in Fig-
ure 3.19. The same data are shown via the histogram
in Figures A5 and A6 in the Appendix but with bin
widths of 2.5 and 7.5 kW·h

a·m2

The histogram plot shows that the distribution of
∆Space,RH is more widely spread out compared to the
distribution of ∆DHW,RH.

The distribution of ∆DHW,RH is asymmetrical to the
left, indicating a negatively skewed distribution and
lower specific energy demand for DHW production
than space heating. The report Typischer Haushalt-
Stromverbrauch [14] states that the energy demand
for DHW production depends mainly on the num-
ber of inhabitants. Hence, the left-tailed observations
may be SFHs with a below-average ratio of inhabi-
tants per energy reference area. Another reason for
the limited specific energy demand for DHW produc-
tion, i.e., no upper outliers, may be that the specific
energy demand for DHW production with a resistance
heater depends only on user behaviour (DHW de-
mand). Furthermore, the electrical energy demand
for space heating with resistance heating depends on
several other factors, such as building envelope area,
window area and building insulation what presum-
ably explains the wider spread of the distribution
∆Space,RH.

In order to check the plausibility of the results,
the specific electrical energy demand for DHW
production, according to the Typischer Haushalt-
Stromverbrauch report [14], was calculated as de-
scribed hereafter.

The report graphically represents the number of
rooms and inhabitants of 215 Swiss SFHs. The corre-
sponding graph is shown in Figure 3.17. According to

this figure, the largest number of the analysed SFHs
have two inhabitants and five or six rooms.

Furthermore, the report states that the electrical en-
ergy demand for DHW production with resistance
heating EDHW,RH correlates linearly with the num-
ber of inhabitants x according to the following equa-
tion (see also Figures A10 and A11 in the Ap-
pendix):

EDHW,RH = 1400 + 800 · x

[
kW · h

a

]
(3.2)

The relative high offset represents the thermal losses,
for example, in the water pipes between the boiler and
the shower or the bathroom. A part of these thermal
losses may contribute to space heating. Interestingly,
according to the Typischer Haushalt-Stromverbrauch
report [14], the offset, i.e., average thermal losses for
a MFH is 200 kW·h

a lower due to the fact that the boil-
ers of MFHs are less often installed in the basement.
It follows that the electrical energy demand for a SFH
with two inhabitants is 3000 kW·h

a . As a numerical il-
lustration the 3 MWh energy are converted to a mass
of DHW by the following equation:

m = Q

∆T · cp
, (3.3)

where Q represents the heat quantity which, in our
example, is equal to 3 MW · h. Note that since the
DHW is produced with a resistance heater (thermal
efficiency of 100%), the electrical energy is equal to
the heat quantity. cp represents the specific heat ca-
pacity of water and is approximately 4, 200 J

kg·K or
1.17 W·h

kg·K .
If the water is heated from 15 ◦C to 60 ◦C, the temper-
ature difference ∆T is 45 K. Energy of 3 MW results
in a DHW mass of approximately 19, 000 kg equal to
156 `

d .

The average energy reference area of the SFHs con-
tained in the data set WohlenB is approximately 181
square meters. The resulting specific electrical energy
demand for producing DHW eDHW,RH in an average
size SFH with two inhabitants in Wohlen is approxi-
mately 17 kW·h

a·m2 . The result of the same calculation for
three inhabitants is 21 kW·h

a·m2 , and, for four inhabitants,
it is 25 kW·h

a·m2 . The mean of ∆DHW,RH is 12.0 kW·h
a·m2 ,

and the median is 12.8 kW·h
a·m2 , per Table 3.8. The dis-

tribution of the ECDF difference ∆DHW,RH seems to
be approximately 30 percent lower compared to the
result obtained with the values from the Typischer
Haushalt-Stromverbrauch report [14].
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Table 3.8: Descriptive Statistics for ∆DHW,RH and
∆Space,RH

Distribution Mean Median Standard
Deviation

kW·h
a·m2

kW·h
a·m2

kW·h
a·m2

∆DHW,RH 12.0 12.8 4.35
∆Space,RH 50.3 46.0 34.7

The calculation of the ECDF difference is based on as-
sumption that the Oil/Oil and Oil/RH SFHs have the
same specific electrical energy demand for appliances
eApp. Thus, a possible explanation for the rather
small ECDF difference might be that the specific
electrical energy demand for appliances in Oil/Oil is
slightly higher than in Oil/RH, SFHs resulting in a
smaller specific electrical energy demand for produc-
ing DHW.

However, the relatively small difference between the
"reference values" and the extracted ECDF differ-
ences, although main factors, such as the measure-
ment period could not be considered, suggests that
the calculation method and underlying assumptions
to obtain the share for DHW producing led to a plau-
sible result.

3.6.1 Energy-Saving Potential in Wohlen

In the data set Wohlen, there are 693 SFHs in which
DHW is produced with a resistance heater.

They have an approximate total energy reference area
of 102, 000 square meter energy reference area. In or-
der to estimate the savings potential for the SFHs
contained in the data set WohlenB roughly, the fol-
lowing assumption is made:
The mean specific electrical energy demand for heat-
ing DHW with resistance heater will be conserva-
tively assumed to be almost halved when DHW is
produced with heat pumps (SCOP=1.75) instead.
Then the median for heating DHW with HP would
be approximately 6.9 kW·h

a·m2 . The savings potential, if
all resistance heaters in SFHs were to be replaced
with heat pumps, would be 5.1 kW·h

a·m2 , respectively
520, 000 kW·h

a for Wohlen. The same assumptions for
MFHs lead to a savings potential of approximately
232, 000 kW·h

a .

The municipality of Wohlen stated that it has set it-
self the target of reducing the share of non-renewable
energies by 25 percent by 2025. In order to achieve
this goal, various measures have been defined. If an
additional 25 percent of the resistance heater boil-
ers were to be replaced with heat pump boilers in
SFHs and MFHs, the municipality could save a min-
imum of 188, 000 kW·h

a·m2 in electricity. According to
Messmer and Frischknecht, 1 kW · h consumed elec-
tricity in Switzerland corresponds to 0.182 kg CO2
greenhouse gas emissions (see also Figure A12 in the
Appendix) [23]. It follows that the greenhouse gas
emissions of Wohlen could be reduced by approxi-
mately 34, 200 kg CO2.

Figure 3.17: 215 SFHs organized by number of Rooms and Persons [14]
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Figure 3.18: Left: ECDFs representing Specific Electrical Energy Demands for Oil/Oil, Oil/RH and RH/RH
SFHs, Right: The corresponding Differences ∆DHW,RH and ∆Space,RH, Data set WohlenB 3

Figure 3.19: Histograms of ∆DHW,RH and ∆Space,RH

3Note that the scale for the horizontal axis is twice as large in the left diagram compared to the right diagramm.
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3.7 Contribution from Total Heat Demand for Single-Family Homes

In this Section, the contribution from the total heat
demand (space heating and DHW production) to the
total specifc electrical demand is discussed.

The ECDF representing the specific electrical energy
demand for Oil/Oil, HP/HP and RH/RH SFHs are
shown in Figure 3.21 on the left. The correspond-
ing ECDF differences between the Oil/Oil SFHs
and RH/RH SFHs ∆Space+DHW,RH and between the
Oil/Oil SFHs and HP/HP SFHs ∆Space+DHW,RH are
shown in Figure 3.21 on the right. The distributions
of the ECDF differences are shown in Figure 3.22.
Additional histograms with different bin widths are
displayed in the Appendix (Figures A7 and A8). The
corresponding means, medians and standard devia-
tions are listed in Table 3.9.

The curves for ∆Space+DHW,RH and ∆Space+DHW,HP
in Figure 3.21 when p is between 0.95 and 1 can be ex-
plained by outliers in the subgroups Oil/Oil, HP/HP
and RH/RH SFHs.

The distribution of the ECDF difference
∆Space+DHW,RH has various peaks indicating that
the distribution is a combination of several distri-
butions representing buildings with different atti-
tudes (e.g., building’s period, insulation or user be-
haviour).

The two peaks in the distribution of ∆Space+DHW,HP
may be an indication of a combination of two differ-
ent distributions. The distinguishing feature of the
two distributions may be the heat source of the heat
pumps (air- or ground-source).

The centre of the distribution of ∆Space+DHW,RH is
significantly higher compared to the centre of the dis-
tribution of ∆Space+DHW,HP (as per Table 3.9). This
result is not surprising since heat pumps heat more
efficiently than resistance heaters.

Table 3.9: Descriptive Statistics for ∆Space+DHW,RH
and ∆Space+DHW,HP

Distribution Mean Median Standard
Deviation

kW·h
a·m2

kW·h
a·m2

kW·h
a·m2

∆Space+DHW,RH 23.3 25.2 10.1
∆Space+DHW,HP 62.4 60.4 35.6

The Energieplanungsbericht 2013, Bericht des
Regierungsrats über die Energieplanung des Kantons
Zürich [24] shows the (total) specific heat demand for
space heating and DHW production (Energiekenn-
zahl Wärme) averaged over four years and a total
energy reference area of 87 square kilometres energy

reference area for residential buildings in the Canton
of Zurich. The specific heat demands were organized
by the building periods of the residential buildings.
The red curve represents the status of the specific
heat demand in 2011. The corresponding graph is
shown in Figure 3.20.

The ECDF difference ∆Space+DHW,RH represents the
heat demand. Thus, the curve, representing the sta-
tus as of 2011, can be compared with the distribution
of ∆Space+DHW,RH in Figure 3.22.

The averaged specific heat demand of the anal-
ysed building in the Canton of Zurich is between
approximately 80 and 175 kW·h

a·m2 . The median of
∆Space+DHW,RH is 60.4 kW·h

a·m2 . The reason for the
difference may be that the specific electrical energy
demand for appliances in Oil/Oil is higher than in
RH/RH SFHs resulting in a smaller specific elec-
trical energy demand for space heating and DHW
production when using resistance heaters (as de-
scribed in Section 3.6). Another factor may be that
∆Space+DHW,RH is calculated based on the electric-
ity demand over one year while the specific energy
demands of the Energieplanungsbericht 2013, Bericht
des Regierungsrats über die Energieplanung des Kan-
tons Zürich [24] are averaged over four years.

Figure 3.20 shows that buildings which have Minergie
Standard 2009 have a specific heat demand of ap-
proximately 60 kW·h

a·m2 , respectively 30 kW·h
a·m2 for build-

ings built from 2001 on.

The average of ∆Space+DHW,HP is 23.2 kW·h
a·m2 . Assum-

ing that optimistically the heat output of heat pumps
is approximately three times higher than the (elec-
trical) input, the mean of the specific heat demand
of ∆Space+DHW,HP would be 69.9 kW·h

a·m2 (3 · 23.3). If
the SFHs in the data set Wohlen, which have in-
stalled heat pumps have achieved almost Minergie-
Standard, then the ∆Space+DHW,HP seems to be plau-
sible.

Nevertheless, the extracted heat demands for space
heating and DHW production seems to be too low
compared with the reference values from the two in-
dependent sources ([14] and [24]). If the output of the
method applied on new data is also too low, a pos-
sible improvement is the introduction of correction
factors.
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Figure 3.20: Four Year Averaged Mean Energy Index of Residential Buildings in the
Canton of Zurich [24]
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Figure 3.21: Left: ECDFs representing Specific Electrical Energy Demands for Oil/Oil, HP/HP and RH/RH
SFHs, Right: The corresponding Differences ∆Space+DHW,HP and ∆Space+DHW,RH, Data set WohlenB

Figure 3.22: Histograms of ∆Space+DHW,RH and ∆Space+DHW,HP
4

4Note that the scale of the vertical axis differs from the histogram in Figure 3.19 since it depends on the bin width.
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3.8 SCOP based on Contributions from total Heat Demands for Single-Family
Homes

The COP of a heat pump is determined by the ratio of
amount of the useful heat generated to the electricity
consumed.

Recall that since resistance heaters have a ther-
mal efficiency of 100 percent, it was assumed that
the useful heat generated by the heat pumps can
be represented as the electric energy demanded
to heat space and produce DHW with resistance
heaters ∆Space+DHW,RH. Moreover, the ECDF
∆Space+DHW,HP represents the specific electrical en-
ergy demand for space heating and DHW production
with heat pumps.

The ratio of these ECDF differences, i.e., the ratio of
the heat demands to the electrical energy demands for
heat pumps, represents the SCOP. Since the ECDF
are on a yearly basis, the result corresponds to the
distribution of the Seasonal COP.

ΘSCOP = ∆Space+DHW,RH

∆Space+DHW,HP
(3.4)

The distribution of ΘSCOP depends linearly on
∆Space+DHW,RH and inverse proportionally on
∆Space+DHW,HP. The outcome is shown in Fig-
ure 3.23. The horizontal axes represents the probabil-
ity p used to compute the ECDF differences, while the
vertical axis represents the values of ΘSCOP.

The points in a range between a probability of 0 and
approximately 0.03 and between approximately 0.95
and 1 can be explained by outliers in the SFH sub-
groups which were used to compute ∆Space+DHW,RH
and ∆Space+DHW,HP.

The histogram in Figure 3.24 represents the distribu-
tion of the ΘSCOP. The highest probability for ΘSCOP
is mainly within a range of approximately 2 and 3.5.
In Table 3.10 the means and proportions of the two
components from the fitted Gaussian mixture model
object are listed.

Table 3.10: Components of Gaussian mixture model
fitted to ΘSCOP

Mean Mixing proportion
[−] [−]

Component 1 2.54 0.965
Component 2 3.65 0.035

To check the plausibility of the two components from
the Gaussian mixture model of ΘSCOP, the compo-
nents were compared with the "reference values" in

Feldanalyse von Wärmepumpenanlagen FAWA 1996-
2003 report [3] The SFOE investigated the perfor-
mance of heat pumps as part of a long-term project
and shared the results within this report.
The report contains the distribution of the cliatmate-
standardized annual nJAZ (nJAZ 2, klimanormierte
Jahresarbeitszahlen, see also Definitions) of 221 heat
pumps installed in Swiss buildings. The values were
obtained via measurements. The distributions are
graphically represented and organized according to
the heat pump source (air- and ground-source).
Recall that the the SCOP is calculated as the ra-
tio of the electricity used for heating with resistance
heaters to the electricity used for heating with heat
pumps. Hence, it is important to note, that the ob-
tained SCOP distribution considers also the losses in
the heat pump system components such as hot water
storages which are not installed in resistance heater
systems. Thus, it is not critical to compare the distri-
bution of SCOP with the nJAZ 2 distributions which
takes thermal losses in the thermal storages as well
into account. The corresponding graphs are repre-
sented in Figure 3.25. The vertical axes in these
graphs represent the frequency, while the horizontal
axes represents nJAZ 2.
The averages and standard deviations of the nJAZs
2 distributions of the air/water and brine/water heat
pumps analysed within the FAWA report [3] are listed
in Table 3.11.

Table 3.11: Descriptive Statistics for Air/Water and
Brine/Water Heat Pumps from the
FAWA report [3]

Mean Standard
Deviation

[−] [−]
nJAZ 2 Air/Water Heat
Pumps 2.6 0.4

nJAZ 2 Sole/Water Heat
Pumps 3.4 0.7

The mean of component 1 from the Gaussian mix-
ture model of ΘSCOP is very similar to the mean of
air-source heat pump in the FAWA report, while the
mean of Component 2 is very similar to the mean of
ground-source heat pump in the FAWA report. The
mixing proportions indicate that only 4 percent of
the heat pumps in HP/HP SFHs contained in the
data set Wohlen valorise heat from the ground, while
96 percent valorise the heat from the ambient air.
Since the heat sources of heat pumps in the data
set Wohlen is missing and other sources of infor-
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mation about the percentage of heat pump types in
Wohlen are missing, this outcome could not be com-
pared. However, according to the Fachvereinigung
Wärmepumpen Schweiz (FWS), the majority of the
number of heat pumps sold between 2010 and 2017
are air-source heat pumps [15].

In Section 3.6, it was stated that, based on a
comparison with existing studies, the ECDF differ-
ence ∆Space+DHW,RH seems to low. Therefore. the
ΘSCOP needs to be interpreted with caution. If
∆Space+DHW,RH were be bigger, the distribution of
the ΘSCOP would be shifted to the right in Fig-

ure 3.24. Another note of caution is due here, since
the possibility was not considered that SFHs exist
which have heat pumps installed which have different
heat sources.

However, this finding, while preliminary, confirms the
view that the electrical energy demands for heat-
ing space and DHW with resistance heaters and
heat pumps extracted from the SFHs in the data
set WohlenB are plausible. That is, the obtained
ECDF differences led to a plausible SCOP distribu-
tion.

Figure 3.23: Points representing ΘSCOP
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Figure 3.24: Histogram representing the distribution of ΘSCOP
5

Figure 3.25: Left: Frequencies of nJAZ 2 of Air/Water Heat Pumps analysed. Right: Frequencies of nJAZ 2 of
Brine/Water Heat Pumps, both Diagrams are adobted from the FAWA. [3]

5Note that the layout and bar width of this histogram were adapted to the layout of the histograms in the FAWA report (Figure 3.25)
in order to enable a better comparison.
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4 Conclusion

Within this thesis two independent data sets were
analysed. A new approach for dividing the distribu-
tions of the overall specific electrical energy demands
into shares for appliances, space heating and DHW
production was developed and validated. The inputs
for this method were the specific electrical energy de-
mands for SFHs with different main energy carriers
for space heating and DHW production.
Thereby, a metric was defined to calculate the ECDF
differences and their ratios. As distributions instead
of single buildings were compared, the new approach
takes influences, such as user behaviour, into ac-
count.

The outcomes of the method were compared with val-
ues from existing surveys for the electricity consump-
tion in typical households as well as with standard
values for the DHW demand. Furthermore, the dis-
tributions of the electrical energy demand and spe-
cific electrical energy demand were explained with de-
scriptive statistics such as means, and so forth, and
exploitative statistics, such as box plots. Addition-
ally, the age-related segmentation of the buildings in
both data sets were analysed and visualized with bar
graphs.

The extracted heat demands (ECDF differences) for
space heating and DHW production are lower than
the standard values. Possible explanations may be
the potentially different measurement periods or that
the share for appliances in RH/Oil SFHs is slightly
lower than the specific electrical energy demand for
Oil/Oil SFHs (represents share for appliances). A
possible improvement is that the assumption that the
specific electrical energy demand of Oil/Oil SFHs is
equal to the demand for appliances for other sub-
groups (e.g., Oil/RH SFHs) should be extended with
correction factors.

The ratio of the specific electrical energy demand
for space heating and DHW production with resis-
tance heating to the specific electrical energy demand
for space heating and DHW production with heat
pumps, i.e., the distribution of the SCOP were com-
puted. The outcomes were compared with nJAZ 2
obtained with measurements of the electrical input
and thermal output of various heat pumps installed
in Swiss buildings. The comparison of the distribu-
tions showed promising results.

However, further work is required to develop, based
on this work, a comprehensive analytical method.
The new approach seems to be promising for com-
puting the shares of the specific electricity demand
for large data sets. Applying the method on bigger
data sets is necessary in order to obtain more accurate
results. For example, a subdivision of the subgroups
would enable to analyse the extracted multi-modal

distributions within this thesis.

Since big data sets of the yearly electrical energy de-
mands exist, the author recommends a further de-
velopment of the method as soon as new data sets
are available to researchers. Potential future devel-
opment of the method could include the computa-
tion of the specific electrical energy demands with
respect to the hull surface (as this is one of the main
drivers for space heating demand) or number of in-
habitants (as this is one of the main drivers for DHW
demand).

A possible challenge is that the distributions of the
heat demand for space heating and/or DHW pro-
duction were calculated by use of the distribution of
buildings using resistance heaters for space heating
and/or DHW production. The trend was observed
that almost no new buildings are built with resis-
tance heaters which can be explained with prospec-
tive changes of the legal requirements. Therefore, a
computation based on the RH/RH buildings could be
challenging in the future.

However, possible application fields of a further-
developed method are:

• to calculate the shares for different subgroups
with the same energy carrier combination, for
example grouped by the year built or number of
inhabitants, which could enable a comparison of
different shares for the same energy carrier com-
bination. This would enable a statement about
the energy shares in buildings built in different
building periods.

• to analyse the shares between different measur-
ing periods in the same buildings. Doing so
would enable to analyse the effect of the mea-
suring period to the shares. Furthermore, this
may enable to make statements about the im-
pact to the shares of higher annual tempera-
tures (due to global warming).

• to subdivide the buildings with heat
pumps grouped by the source heat or year
built/renovation year. This would enable the
assessment of different distributions of the
SCOP without costly measurements being nec-
essary.

• to analyse the total yearly electrical energy de-
mand shares over several years. This would al-
low to analyse, for example, the electrical en-
ergy demand for DHW production prior and
after an electric boiler replacement or prior and
after the installation of a heat pump system.
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6 Appendix

Figure A1: ECDFs representing Electrical Energy Demand for SFHs, Data set Wohlen

Figure A2: ECDFs representing Electrical Energy Demand for SFHs, Data set Wohlen
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Figure A3: Box plots representing Electrical Energy Demand for SFHs, Data set Rolle

Figure A4: Box plots representing Electrical Energy Demand for SFHs, Data set WohlenB
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Figure A5: Histograms of ∆DHW,RH and ∆Space,RH (bind width 2.5 kW·h
a·m2 )

Figure A6: Histograms of ∆DHW,RH and ∆Space,RH (bind width 7.5 kW·h
a·m2 )
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Figure A7: Histograms of ∆Space+DHW,HP and ∆Space+DHW,RH (bind width 2.5 kW·h
a·m2 )

Figure A8: Histograms of ∆Space+DHW,HP and ∆Space+DHW,RH (bind width 7.5 kW·h
a·m2 )
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Figure A9: Extract from Page of from Typischer Haushalt-Stromverbrauch report [11]
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Figure A10: Extract from Page 17 of Typischer Haushalt-Stromverbrauch report [11]
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Figure A11: Extract from Page 18 of Typischer Haushalt-Stromverbrauch report [11]
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verkaufter Wasserkraft nicht enthalten ist. Durch den Abzug der in der Schweiz 
produzierten zertifizierten Wasserkraft kommt es vor allem zu einer Erhöhung der 
Anteile von Strom aus schweizerischen Kernkraftwerken (29.6 %) und von 
Stromimporten (36.0 %). 

In Tab-Z. 1 ist eine Übersicht der Umweltkennwerte der Schweizer Strommixe für das 
Jahr 2014 präsentiert. 

Tab-Z. 1 Umweltkennwerte der Schweizer Strommixe 2014 

 

Die Treibhausgasemissionen des Stroms betragen 13.0 g CO2-eq/kWh (9.0 g CO2/kWh) 
für das durchschnittliche Schweizer Stromprodukt aus erneuerbaren Energien und 
29.8 g CO2-eq/kWh (23.6 g CO2/kWh) für den Schweizer Produktions-Strommix. Die 
Treibhausgasemissionen des Schweizer Lieferanten- und des Verbraucher-Strommixes 
sind mit 149.4 g CO2-eq/kWh (138.5 g CO2/kWh) und 181.5 g CO2 - eq/kWh 
(169.0 g CO2/kWh) deutlich höher. Die erhöhten Treibhausgasemissionen stammen 
hauptsächlich aus dem Import von Strom unbekannter Herkunft über den Stromhandel, 
zu einem geringen Teil auch aus dem bekannten Import von Strom aus fossil-
thermischen Kraftwerken. Da der Anteil von Strom unbekannter Herkunft gegenüber 
2011 deutlich zugenommen hat und zudem dieser Strom neu mit dem der Realität 
deutlich besser entsprechenden europäischen Residualmix modelliert wird, sind die 
spezifischen Treibhausgasemissionen des Lieferanten- und des Verbraucher-
Strommixes 2014 gegenüber denjenigen der Strommixe 2011 um 63 % beziehungs-
weise über 79 % höher. 

Der nicht erneuerbare Primärenergiebedarf des Produktions-, Lieferanten- und des 
Verbraucher-Strommixes liegt bei 6.1, 6.8 und 8.4 MJ/kWh. Das durchschnittliche 
Schweizer Stromprodukt aus erneuerbaren Energien weist einen deutlich tieferen nicht 
erneuerbaren Primärenergiebedarf von 0.1 MJ/kWh auf. Der nicht erneuerbare 
Primärenergiebedarf des Produktions-, Lieferanten- und Verbraucher-Strommixes ist 
vor allem auf den Strom aus Kernkraftwerken zurückzuführen. Auch die Stromimporte 
aus nicht überprüfbaren Energieträgern tragen zum erhöhten nicht erneuerbaren 
Primärenergiebedarf des Lieferanten- und des Verbraucher-Strommixes bei. Der tiefe 
nicht erneuerbare Primärenergiebedarf des durchschnittlichen Schweizer Stromprodukts 
aus erneuerbaren Energien ist mehrheitlich im geringen spezifischen nicht erneuerbaren 
Primärenergiebedarf von Strom aus Wasserkraft und anderen erneuerbaren Energien 
begründet. 

Der erneuerbare Primärenergiebedarf des durchschnittlichen Schweizer Stromprodukts 
aus erneuerbaren Energien ist mit 4.2 MJ/kWh knapp doppelt so hoch wie der 

Indikator Einheit
Produktions-
Strommix

Lieferanten-
Strommix

Stromprodukt 
aus 
erneuerbaren 
Energien

Verbraucher-
Strommix

Treibhausgas-Emissionen g CO2-eq/kWh 29.8 149.4 13.0 181.5

Primärenergiebedarf, nicht erneuerbar MJ/kWh 6.1 6.8 0.1 8.4

Primärenergiebedarf, erneuerbar MJ/kWh 2.4 2.3 4.2 1.9

Gesamtumweltbelastung UBP/kWh 214 299 46 359

Figure A12: Extract from Umweltbilanz Strommix Schweiz 2014 report [23]
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