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Popular summary

District heating is a common way of heating houses in Sweden today, which is both reliable

and easy to use. However, the heating may not always work correctly, resulting in the house

getting cold and not getting hot water in the tap when washing your hands. This type

of problem is often due to something going wrong in the house’s heating system. These

faults not only a�ect those who live in the house but can also have a negative impact on

the district heating system. Therefore, it is common for district heating companies to o�er

help to the customers who experience that something is wrong with the heating system in

their buildings. There may also be faults in the houses that customers do not notice, and

the district heating companies must �nd those faults as well. In this dissertation, I have

investigated why district heating companies want to �nd and remove faults in the buildings,

why faults occur in the buildings, and how district heating companies can work to �nd

and correct more faults in the buildings.

So, why do district heating companies want to �nd more faults? I have investigated this

by interviewing several district heating companies. They say that the biggest reason why

they want to �nd faults is that the building’s return temperature is a�ected. The return

temperature is the water temperature that leaves the building after the heat from the district

heating system has been delivered. Suppose the return temperature from the building is

high. In that case, it means that the building has not been able to utilize the heat in the

water in an e�cient manner. Thus, the high return temperature has a negative impact on

the entire district heating system, as the heat is not used e�ciently in the system. If high

return temperatures can be avoided, heat can also be produced more e�ciently in several

types of heat production plants. A more e�cient heat production leads to reduced use of

resources and more environmentally friendly heat production. Therefore, district heating

companies need to �nd faults in buildings that lead to increased return temperatures.

The faults in the buildings can be due to many di�erent things. I have investigated this in

my dissertation by asking many Swedish district heating companies what the most common

faults in their systems are. In a building connected to district heating, a district heating

substation transfers the heat from the district heating system to the building’s heating

system. The substation consists of many di�erent components such as valves, various

meters, and a heat exchanger. These components may break or stop working correctly,
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for example, if a temperature sensor has stopped working or if a mouse has gnawed o�

an electrical cord. Sometimes the error can also be due to the human factor. For example,

suppose someone changes the settings in the substation’s regulator, which determines how

much heat is to be delivered to the building. In that case, the changed settings may cause

an unnecessarily high energy consumption in the building.

To get more structured information about the faults in the buildings, I have developed a

way to name the di�erent faults. This way of naming faults makes it easier if the district

heating companies would like to collaborate on how they handle faults and, for example,

compare which errors are the most common ones in the industry. The naming is based on

several di�erent levels, where you must �rst describe where in the building the fault has

appeared. Then you must explain which component it is that is faulty, what the fault is, if

the fault has been corrected, and if so, what was done to correct the fault. By �lling in this

information every time you �nd a fault in a building, the district heating companies will

know more about the faults that occur in their district heating system. They will also be

able to help their customers even more by utilizing this knowledge.

The district heating substation also has a meter, which measures four di�erent measurement

values: the water temperature that enters the building, the return temperature from the

building, how water passes through the building, and how much energy is used in the

building. The measured values can be used to �nd faults in the buildings by analyzing

the measurements with the help of computers. Faults may be detected in this way since a

fault will create changes in the measured values, for example, if the fault causes the return

temperature to increase. Because there are so many buildings in a district heating system,

the data analysis must be fast. In this dissertation, I have examined two di�erent data

analysis methods, which show that this type of data analysis is possible. However, we need

to know more about the customer data to create even better methods for fault detection.

More information would make it possible to investigate whether the data analysis tools

�nd faults in buildings that have had faults in them in reality.

Last but not least, it is also important that the district heating companies work with the

faults systematically. Therefore, they may need to adjust the way they work today and,

above all, look more actively for faults in the buildings. Some district heating companies

do this today, and if they detect faults, they contact their customers to help them correct

the faults. To further develop this work, I have developed a proposal on how a district

heating company can work to �nd more faults in its district heating system. The work�ow

contains several sub-steps, where customer data analysis is one of the essential parts. To

ensure that the work�ow is possible to introduce in reality, I have conducted a workshop

where several Swedish district heating companies participated and helped me evaluate the

working method. In this way, we have developed a work�ow that contains several smart

solutions, which can help solve many of the problems related to fault detection and fault

handling in the buildings.
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Populärvetenskaplig

sammanfattning

Fjärrvärme är ett vanligt sätt att värma upp hus i Sverige idag, som är både pålitligt och

enkelt att använda sig av. Det kan dock hända att uppvärmningen inte fungerar som den

ska, vilket kan resultera i att huset blir kallt, och att det inte kommer något varmvatten i

kranen när man ska tvätta händerna. Ofta beror den här typen av problem på att något

har blivit fel i det uppvärmningssystem som �nns i huset. Dessa fel påverkar inte bara de

som bor i huset, utan kan även påverka fjärrvärmebolaget på ett negativt sätt. Därför är det

vanligt att fjärrvärmebolagen erbjuder hjälp till de kunder som upplever att något är fel i

värmesystemet i deras byggnader. Det �nns också fel i husen som kunderna inte märker av,

och det är viktigt att fjärrvärmebolagen hittar de felen också. I den här avhandlingen har

jag undersökt anledningar till varför fjärrvärmebolag vill hitta och ta bort fel i byggnaderna,

varför fel uppstår i byggnaderna, hur man kan hitta �er fel i byggnaderna, och hur man

skulle kunna arbeta för att åtgärda felen.

Varför vill då fjärrvärmebolagen hitta �er fel? Detta har jag undersökt genom att intervjua

ett antal fjärrvärmebolag, som säger att den största anledningen till att de vill hitta fel

är att byggnadens returtemperatur påverkas. Returtemperaturen är temperaturen på det

vatten som lämnar byggnaden efter att värmen från fjärrvärmesystemet har levererats. Om

returtemperaturen från byggnaden är hög, innebär det att byggnaden inte har kunnat

ta tillvara på värmen i vattnet på ett e�ektivt sätt. Detta får en negativ påverkan på hela

fjärrvärmesystemet, i och med att värmen inte används e�ektivt i systemet. Kan man

undvika höga returtemperaturer kan man också producera värme mer e�ektivt i �era typer

av värmeproduktionsanläggningar. Detta leder till minskad användning av resurser och en

mer miljövänlig värmeproduktion. Därför är det viktigt för fjärrvärmebolagen att hitta fel i

byggnader som leder till ökade returtemperaturer.

Felen i byggnaderna kan bero på många olika saker, och detta har jag undersökt i min

avhandling genom att fråga ett stort antal svenska fjärrvärmebolag vilka de vanligaste felen

i deras system är. I en byggnad kopplad till fjärrvärme �nns det en fjärrvärmecentral som

överför värmen från fjärrvärmesystemet till byggnadens uppvärmningssystem och består

av många olika komponenter som ventiler, olika mätare och en värmeväxlare. Alla dessa
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komponenter kan gå sönder eller sluta fungera som de ska, till exempel om en tempera-

turmätare har slutat fungera eller om en mus har gnagt av en elsladd. Ibland kan felet också

bero på den mänskliga faktorn, om någon till exempel ändrar inställningar i regulatorn i

fjärrvärmecentralen som bestämmer hur mycket värme som ska levereras till byggnaden på

ett sätt som leder till onödig energiförbrukning.

För att få mer strukturerad information om felen som �nns i byggnaderna har jag tagit

fram ett sätt att namnge de olika felen. Detta underlättar om fjärrvärmebolagen skulle vilja

samarbeta kring hur de hanterar fel, och till exempel jämföra vilka fel som är de vanligaste

inom branschen. Namngivningen är baserad på �era olika nivåer, där man först ska beskriva

var i byggnaden har uppstått. Därefter ska man förklara vilken komponent det är som det

�nns ett fel på, vad felet är, om felet har tagits bort, och vad som i sådana fall gjordes för

att ta bort felet. Genom att fylla i den här informationen varje gång man hittar ett fel i

en byggnad, kommer det på sikt bli möjligt att skapa bättre dataanalysmetoder som kan

hitta felen automatiskt. Fjärrvärmebolagen kommer också att veta mer om vilka fel som

förekommer i deras fjärrvärmesystem, och de kommer att kunna hjälpa sina kunder ännu

mer med hjälp av den kunskapen.

I fjärrvärmecentralen �nns också en mätare, som mäter fyra olika mätvärden: tempera-

turen på vattnet som kommer in i byggnaden, returtemperaturen från byggnaden, hur

stor volym vatten som passerar genom byggnaden, och hur mycket energi som används

i byggnaden. Dessa mätvärden kan användas till att hitta fel i byggnaderna, genom att

analysera mätvärdena med hjälp av datorer. Detta beror på att ett fel kommer att skapa

förändringar i mätvärdena, till exempel om felet gör så att returtemperaturen ökar. I och

med att det �nns så många byggnader i ett fjärrvärmesystem är det viktigt att dataanalysen

sker snabbt. I den här avhandlingen har jag undersökt två olika metoder för denna typ av

dataanalys, som visar att denna typ av dataanalys är möjlig. Vi behöver dock veta mer om

kunddatan för att kunna skapa ännu bättre metoder för feldetektering. Mer information

skulle göra det möjligt att undersöka om dataanalysen hittar fel i byggnader som faktiskt

har haft fel i sig i verkligheten. Ett slags facit helt enkelt.

Sist men inte minst är det också viktigt att fjärrvärmebolagen arbetar med felen på ett

systematiskt sätt. Detta innebär att de kan behöva justera sättet de arbetar på idag, och

framför allt leta mer aktivt efter fel i byggnaderna. Vissa fjärrvärmebolag gör detta idag, och

då kontaktar de kunderna för att hjälpa dem hantera felen. För att bygga vidare på detta

har jag tagit fram ett förslag på hur ett fjärrvärmebolag kan arbeta för att hitta �er fel i sitt

fjärrvärmesystem. Arbetssättet innehåller �era delsteg, där analys av kunddata är en av de

viktigaste delarna. För att se till så att arbetssättet är möjligt att införa i verkligheten har

jag genomfört en workshop där ett antal svenska fjärrvärmebolag medverkade och hjälpte

mig utvärdera arbetssättet. På så sätt har vi tagit fram ett arbetssätt som innehåller �era

smarta lösningar, och som kan hjälpa till att lösa många av de problem som är relaterade till

feldetektering och felhantering i byggnaderna.
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Chapter 1

Introduction

District heating is a heating alternative that has the potential to satisfy both space heating

and domestic hot water (DHW) demands in an environmentally friendly, resource-e�cient,

and cost-e�cient way [1]. Therefore, district heating has been identi�ed as playing a key

role in the decarbonisation of the European heating sector [2]. The bene�ts of district

heating are more prominent when the system is being supplied by renewable heat sources

such as geothermal and solar thermal heat and excess heat from power production and

industrial processes based on biomass or waste incineration [3]. The district heating systems

further provide a possibility to increase the �exibility of the energy system by integrating

the heating and electricity sectors if thermal energy storages and large-scale heat pumps are

introduced into the energy systems [4]. Such integration creates important synergy e�ects

between the di�erent energy sectors that will be crucial in the future energy systems [5].

There is thus a need to implement district heating on a large scale in future energy systems.

Today, the district heating technology has had varying success in penetrating the national

heat markets. The average utilization of district heating in the world and the European

Union amounts to approximately 10 % [6]. However, the national �gures vary signi�cantly

– in some countries, district heating corresponds to well below 10 % of the heat market.

In contrast, some countries have a high penetration of district heating in the heat market

with more than 50 % of the market shares [6]. In Sweden, district heating accounts for ap-

proximately 50 % of the heat market and is supplied by a signi�cant share of renewable and

recycled heat [7]. Thus, district heating is already a well-established and environmentally

friendly heating method in Sweden. However, the recent development in the heat market

has led to Swedish district heating being less competitive. Challenges include increased

competition from other heating alternatives such as cheaper, more e�cient heat pumps

(particularly in small, private houses) and decreased heat demands from customers due

to energy e�ciency measures and warmer climates. District heating is also challenged by

negative customer perceptions, which are related to the natural monopoly situation of

district heating, as well as historically high prices [8]. These challenges also occur in other
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countries where district heating is an already well-established heating method. An addi-

tional challenge in these countries is the competition from other cheap heat sources, such as

gas boilers [9]. In countries where district heating is not as common, extra challenges arise

since the technology has to penetrate already existing heat markets and overcome barriers

such as high capital investment costs, customer unawareness, and national legislations and

policies [10]. It is thus crucial for district heating to face and overcome these challenges

to stay competitive and acquire increased market shares. Otherwise, it will be di�cult for

district heating to live up to the role the technology has been identi�ed to play in the future

energy systems.

Although district heating is facing somewhat di�erent challenges in di�erent countries, the

solutions to the problems could still be very similar. In the end, the main goal of dealing with

these challenges is to achieve cost-competitive heating that is energy and resource-e�cient,

where heat is supplied with low greenhouse gas emissions [1, 11]. One determining factor

in this work is to decrease the distribution temperatures in the district heating systems,

and speci�cally the return temperature. By reducing the return temperature, it would be

possible to reduce the supply temperature as well. However, it is essential to reduce the

return temperature before reducing the supply temperature since it is crucial not to reduce

the temperature di�erence between the supply and return temperature when decreasing

the distribution temperatures [1]. Reduced distribution temperatures would result in lower

heat losses from the system, the possibility to introduce low-temperature heat sources

such as geothermal and excess heat from industries, and increase the power-to-heat ratio

in combined heat and power (CHP) plants [3, 12]. These aspects improve both the cost

competitiveness and environmental pro�le of the district heating system. Despite the

importance of lower temperature levels, many current district heating utilities cannot

decrease their system’s temperature levels. One can then ask why this is the case.

Frederiksen and Werner [1] state that there are four main reasons why current return

temperatures are higher than they theoretically could be: (i) Bypass �ows between supply

and return pipes in the district heating system, (ii) Low supply temperatures at peripheral

substations because of high heat losses, (iii) Faults in customer heating systems, and (iv)

Faults in customer substations. Bypass �ows exist in most district heating systems and are

created by connecting the supply and return media pipes using a bypass valve. The bypass

makes it possible to maintain a su�cient supply temperature at the customer substations,

irrespective of where in the system a substation is located by maintaining a �ow in the

system at all instances[13]. The bypass �ows are especially important during periods of low

heat load in the system. Low supply temperatures at the peripheral substations are often

compensated by higher �ows through the substation, causing higher return temperatures [1].

Issues (i) and (ii) are the responsibility of the district heating utilities and are already well

known in the industry.

The focus of this PhD thesis is instead on the two fault categories related to the customer
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installations in the district heating systems: faults in customer heating systems and faults

in customer substations. Potentially, each customer installation connected to a district

heating system may contain faults in one or both of these categories. Previous studies have

shown that as many as 74 % of the customer installations may contain faults [14]. These

faults may thus be the foremost reason why the return temperature is higher than desired

in a district heating system [1]. Therefore, faults belonging to one of these two categories

must be corrected when working towards reduced distribution temperature levels.

Faults in the customer substations and internal heating systems occur in the interface

between the district heating system, which is the responsibility of the district heating utility,

and the installations connected to the system, which most often are the responsibility of

the customer. Thus, there is a shared responsibility between the utility and the customers

regarding these faults [1]. However, many of the faults do not a�ect customer comfort

and will not be identi�ed by the customers. In most cases, the faults mainly a�ect the

e�ciency of the district heating system, thus mainly a�ecting the district heating utility [15].

Therefore, utilities that want to decrease their distribution temperatures must work actively

to detect, identify and correct these faults.

This thesis focuses on how district heating utilities may work with fault handling in cus-

tomer installations as a tool to reduce their return temperature levels. The utilities can

make use of customer data that is gathered for billing purposes to detect faults. Faults in

customer installations will alter the behaviour of either the customer heating system or

the customer substation, and this change of behaviour will manifest itself in customer

data [14, 16]. The customer data consist of the parameters measured by the heat meter in the

district heating substations: heat consumption, water volumetric �ow, supply temperature,

and return temperature [1]. By analysing this data and looking for deviating patterns, it is

possible to detect faults in customer installations connected to district heating systems [15].

If making the analysis automated, it should also be possible to detect faults more rapidly

than other types of manual fault detection. Fault detection in district heating customer

installations using data analysis has been the focus of several recent research projects, for

example, [14, 15, 17–19]. However, there are very few studies that focus on the ”bigger

picture” of fault handling. That is, dealing with research questions such as: ’what is the

state-of-the-art fault handling?’, ’how may the fault handling processes be improved?’, and

’how may fault detection based on data analysis �t into, and improve, the current fault

handling processes?’.

The work conducted in this thesis approaches the problem of fault handling in district

heating customer installations from a holistic point of view, and the results include both

organizational and technical aspects of fault handling. The results include methods for

fault detection based on data analysis, suggestions on how data analysis may be utilized as

a natural part of the utilities’ fault handling processes, and proposals of frameworks that

must be developed to improve fault handling processes. The point of view taken is that
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of the utilities – after all, they bene�t the most from eliminating faults in the customer

installations.

1.1 Objectives

The overarching objective of this thesis has been to contribute to improving the fault

handling processes at current district heating utilities. The focus of the thesis has been to

understand and identify the speci�c challenges that arise when integrating data analysis

of district heating customer data as a natural part of the utilities’ fault handling processes

and to �nd (parts of) the solutions to these challenges. The results include speci�c fault

detection methods, data quality, organizational aspects regarding how utilities are currently

working with fault handling, and how these fault handling processes may be improved.

Furthermore, the aim was to explore the possibilities to introduce this knowledge and these

processes into future district heating systems. The speci�c objectives of the thesis were to:

1. Implement data analysis methods for fault detection on data from ”real-world”

customer installations connected to district heating, and identify challenges related

to the implementation of such methods (Papers i, ii and iv).

2. Investigate what faults occur in customer installations in district heating systems,

and how data sets from these installations may be labelled in a standardized way

to facilitate implementation and validation of fault detection methods (Papers iii

and iv).

3. Investigate how district heating utilities are currently working with fault handling

to understand the fault handling processes that are in place today, and how these

processes may be improved by implementing fault detection based on data analysis

(Papers iii, iv and v).

1.2 Limitations

The research work presented in this PhD thesis has been conducted from a Swedish perspec-

tive. Thus, the Swedish district heating context has been applied to the studies, regarding,

e.g., organizational, technical and legislative aspects. Further, it has been assumed that

high-resolution (i.e., hourly) district heating customer data is available when developing

the fault detection methods. All customer data included in the studies have been collected

from real-world district heating utilities.
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1.3 Outline of thesis

Chapter 2 presents basic concepts and fundamentals regarding district heating. Special

attention is being paid towards describing concepts that are important for the work con-

ducted in this thesis. Chapter 3 focuses on the ”main character” of the work conducted

in this thesis - the customer installation and its components. Chapter 4 then focuses on

concepts related to the analysis of data and fault detection speci�cally. In Chapter 5, the

methodologies used in the research work and discussions regarding the choice of methods

are presented. Chapter 6 summarizes the most important results of the thesis and an anal-

ysis of the results. The �nal chapter, Chapter 7, presents a concluding discussion of the

research work and an outlook on future challenges and suggestions for continued research

in this research area. The papers written and published during the course of the research

work are appended at the end of the thesis.
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Chapter 2

District heating – basic concepts &

fundamentals

The main idea of district heating is to produce heat in one location to meet the heat de-

mand in another location. The heat transfer is done by connecting the local heat sources

to a pressurized pipe system that carries the heated water to the customer installations.

A simpli�ed illustration of a district heating system may be seen in Figure 2.1, where 1

represents production of heat, and 2 represents distribution of heat. 3 represents the cus-

tomer installations connected to the district heating system, but to simplify the illustration

only one installation has been drawn in the �gure. 4 represents the substation located in

the customer installation, and 5 represents the internal heating system of the installation,

which includes both space heating and domestic hot water. The customer installation,

substation and internal heating system will be described in further detail in Chapter 3.

This chapter will focus on some basic concepts related to the district heating system. This

includes what heat sources a district heating system may be supplied by, and the current

and future potential of the district heating systems. The chapter further discusses how heat

is distributed in the district heating system, and how the need for heat varies in the system.

Furthermore, an explanation of the bene�ts of decreased temperature levels is included.

2.1 Heat supply in district heating

District heating makes it possible to utilize local heat resources that would otherwise go to

waste to meet the heat demand of local heat customers. District heating systems are local

or regional markets, as opposed to, e.g., the electricity market. Thus, the local conditions,

such as geographical location and the available heat sources, have a signi�cant in�uence on

the system operation, its related economic situation, and related environmental aspects [1].
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Figure 2.1: A simplified illustration of a district heating system, where 1 represents production, 2 represents
distribution, 3 represents the customer installations, 4 represents the customer substation,
and 5 represents the internal heating system.

Modern district heating systems provide considerable �exibility in what heat sources can

be used to deliver heat. As opposed to the earlier district heating systems, which were

supplied by central boilers employed to burn fossil fuels [1], there are typically a variety of

di�erent, decentralized production units in a district heating system today [1]. A district

heating utility is responsible for monitoring the district heating system and ensuring that

enough heat is supplied to meet the heat demand of the customers in the system. This way

of operating the system makes it possible to operate the district heating system using the

principle that the production units with the lowest operational costs should be used for

baseload. The production units with the highest operational costs should instead be used

for peak loads in the system [20]. This operation strategy makes it possible to achieve as

low production costs as possible [1] and to include several di�erent heat sources, depending

on what local sources are available and what sources are bene�cial to use from a market

perspective. These aspects make it possible to utilize available heat resources in a very

e�cient way [1].

The heat source �exibility is visible in the international district heating supply statistics. A

large share of district heating is still supplied by fossil fuels internationally (90 % globally

and 70 % in the EU), primarily being utilized in CHP and boiler plants [6]. However,

several European countries have shown that it is possible to utilize renewable and recycled

heat sources in the district heating systems. In 2018, biofuels accounted for 62 % of the

total energy input to the Swedish district heating systems [7]. During the same year, fossil

fuels accounted for approximately 8 % of the energy input [21]. Other European countries,

such as Norway, Iceland and Denmark, also have large shares of renewables in their district

heating systems [22].
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The share of renewable and recycled heat in the district heating systems varies between

di�erent countries due to, among other things, the availability of natural resources, market

drivers, and national policies [23]. However, both current and future district heating sys-

tems are expected to be fuelled entirely by renewable and recycled heat in the future. These

heat sources include geothermal and solar heat, heat from CHP and waste incineration,

and waste heat from processes in industry and commercial buildings [3]. The decentral-

ization of heat suppliers also makes it possible to incorporate so-called prosumers in the

district heating systems. A prosumer may be de�ned as “a person who both consumes and

produces a particular commodity“ [24] – the commodity, in this case, being district heating.

The most common ways that a prosumer in a district heating system produces heat are heat

production in solar collectors and excess heat from facilities with great cooling demands.

In current district heating systems with conventional district heating temperatures, it is

common that the temperature of the heat that is delivered by prosumers has to be upgraded

to match the temperatures in the district heating system [25].

2.2 Current and future potential of district heating

District heating has historically been introduced in the energy systems as a way to achieve

fuel savings, replace individual boilers in buildings, increase e�ciency in CHP plants,

ensure the security of supply of heat, and replace oil with other fuels such as coal, biomass

and waste [3, 23]. Today, and particularly in the future, district heating is identi�ed as an

integral part of a sustainable energy system. The European Union has identi�ed district

heating as an essential solution in future energy systems to help in decarbonizing Europe [5,

26]. The primary motivations for including district heating in such energy systems are its

inherent fuel �exibility, its capability of utilizing residual heat from di�erent processes, and

its energy e�ciency characteristics [3].

Despite the many bene�ts of district heating, the technology still accounts for a relatively

small share of the total heat deliveries globally, and it has had varying success in penetrating

the market. In countries with large market shares, such as Sweden, Denmark and Finland,

district heating corresponds to approximately 50 % of the residential heat market [6]. In

countries with small market shares, there are very few district heating systems due to a lack

of awareness and competitiveness of the technology and missing incentives for introducing

district heating in national legislations and policies [23]. Russia, China, and the European

Union accounted for approximately 85 % of the district heating delivered in the world in

2014 [6], which shows that there is still a great potential to further increase the market

shares of district heating in the future.

However, the current district heating systems have to develop to reach their full potential

in the future sustainable energy system [27, 28]. Historically, district heating has developed

9



through three generations that have entailed lower distribution temperatures, more material

lean components, and the utilization of prefabricated components to reduce workforce

requirements at construction sites [3]. All these factors have made district heating an

increasingly competitive alternative on the heat market. To further strengthen this position

today and in the future, there is a need to improve and further develop the district heating

systems. The main point of improvement in the current district heating systems is to

decrease the distribution temperatures.

Decreased distribution temperatures will entail several positive consequences, such as

improved system e�ciency, the possibility to introduce more renewable and recycled heat

sources of low temperatures that it would otherwise not be possible to make use of, and

reduced heat losses from the distribution systems [3, 23]. These bene�ts may also be

obtained in new district heating systems if they are built and operated according to the

speci�cations of the fourth generation of district heating (4GDH). The concept of 4GDH

is de�ned and described in a paper written by Lund et al. [3]. The main idea behind 4GDH

is to supply district heating at lower temperatures than the current district heating systems.

The suggested supply and return temperature levels of 4GDH are 45–55
◦

C and 20
◦

C,

respectively [3].

Thus, there are di�erent national challenges related to the development of district heating,

depending on how mature the technology is in the country. In countries where district

heating corresponds to a large share of the heat market, the second and third generations

of district heating (2GDH and 3GDH, respectively) are the most common technologies

used [6]. These generations have many technological di�erences; although both genera-

tions distribute heat using hot water, the supply temperatures of the second generation

are often above 100
◦

C, the water is distributed in pipes contained inside concrete ducts,

and large shell-and-tube heat exchangers are utilized to deliver heat to the customers. The

third generation typically has supply temperatures below 100
◦

C, the water is distributed in

prefabricated, pre-insulated steel pipes that are directly buried in the ground, and compact

substations using plate heat exchangers are installed in the buildings to deliver heat to the

customers [3]. The main challenges in systems from these two generations regarding their

role in the future energy systems are their high distribution temperatures, high distribution

losses, ine�cient equipment in buildings connected to the system, and the high capital

investments required to remediate these issues [23]. In countries where district heating

is not yet widespread, the technology should be implemented according to the speci�ca-

tions of 4GDH to enable the inclusion of renewable and recycled heat immediately. The

main characteristics of the 4GDH are the low distribution temperatures that lead to the

integration of renewable and recycled heat, lower distribution losses, and the use of pre-

insulated, �exible pipes made from, for example, plastic materials [3, 28]. The challenges

related to the development of entirely new district heating systems include high capital

investments required to develop the infrastructure needed, lack of customer awareness of
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and con�dence in the technology, and lack of legal frameworks and policies that promote

the development of district heating [6, 23].

It is not only the technology that should develop if district heating should remain a com-

petitive alternative on the heat market. The competition from other heating alternatives,

such as heat pumps, is increasing as these technologies are becoming cheaper and more

e�cient. This competition, in combination with negative customer perceptions about

the natural monopoly status of district heating, may cause customers to leave the district

heating systems for other heating alternatives [8, 29]. One way to mitigate this problem is

to improve the long-term relationships with the district heating customers while working

to minimize the negative perceptions about district heating. One way of doing this is to

work in a more service-oriented way towards the customers [8]. Many utilities are currently

doing this by o�ering their customers maintenance agreements to help them make sure that

their installations are performing well [30]. These maintenance agreements are typically

designed to perform preventive maintenance, where the utilities perform maintenance

in the buildings at preplanned, speci�c points in time. It is also common that the utili-

ties perform corrective maintenance, which is de�ned as unplanned maintenance tasks

performed to restore the functional capabilities of a failed or malfunctioning system [31].

However, the current maintenance schedules may often be expensive in terms of labour

costs, costs of spare parts, and outage costs, and the costs will increase if maintenance has to

occur frequently [32]. To reduce the costs related to maintenance, it would be bene�cial to

transition towards condition-based or predictive maintenance. Both strategies rely on data

from the process to decide whether it is time to perform maintenance. Condition-based

maintenance relies on speci�c conditions or thresholds. In contrast, predictive maintenance

predicts the condition of a system in the future and decides whether maintenance will be

needed or not based on that prediction [33, 34]. By introducing such maintenance schemes,

it would be possible to work more actively with the district heating customers and their

installations, thus creating a closer and improved customer relationship.

2.3 Distribution of district heating

Heat is transferred in the district heating systems through di�erent combinations of mass

�ow and temperature di�erence [1]. Thus, the customers may a�ect the amount of heat

delivered to the building in two ways: either by increasing the mass �ow rate through the

substation or by increasing the temperature di�erence over the substation. This relationship

may be seen in Equation 2.1, which describes the heat transfer rate in a district heating

customer installation [1].
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Q̇ = ṁ · (hs − hr) = ṁ · cp (Ts − Tr) = ṁ · cp · ∆T (2.1)

where

Q̇ : Heat transfer rate [J/s]

ṁ : Mass �ow rate [kg/s]

hs : Enthalpy of the incoming district heating water [J/kg]

hr : Enthalpy of the outgoing district heating water [J/kg]

cp : Speci�c heat capacity for water, av. temperature & const. pressure [J/(kg · K)]

Ts : Supply temperature [K]

Tr : Return temperature [K]

∆T : Delta T, temperature di�erence between Ts and Tr [K]

The role of the district heating supplier is to always provide the customers with the condi-

tions that they need to be able to extract heat from the district heating system. This task is

done by controlling the supply temperature and the di�erential pressure in the system [1].

The di�erential pressure is the pressure di�erence between the supply and return pipes and

decides the direction of �ow in the district heating system. Due to the pressure drop in the

�ow direction, the di�erential pressure will decrease further away from the heat supplier.

Thus, the �ow will travel in the direction away from the supplier. The pressure drop means

that it may be hard to maintain su�cient pressure in the entire district heating system.

This problem may be solved by installing decentralized circulation pumps in the system.

Using such distributed circulation pumps has also been shown to reduce the overall power

consumption of the circulation pumps [1, 35]. The pressure di�erence between the supply

and return pipes is called the di�erential pressure. There has to be a di�erential pressure of

at least 0.1 MPa at each heat delivery point to ensure that the equipment in the customer

installation is working correctly [36]. The di�erential pressure should, however, not exceed

0.6 MPa, since this may cause noise problems [37].

The temperature di�erence between the supply temperature and the return temperature is

decided by some factors in the district heating system. Both supply and return temperature

depends on local conditions in the district heating system and will vary between di�erent

systems [1]. In general, systems with high distribution temperatures have narrow pipes or

customers with high-temperature demands. Systems with low distribution temperatures

are typically supplied by steam-based CHP plants or large heat pumps [1].

The supply temperature is determined by the heat suppliers when the water is heated

at the supply units. The required temperature level depends on, among other things,

the temperature requirements of the customers and their heat comfort demands. The

customers’ temperature requirements depend on design choices in the customers’ internal

heating systems and may vary depending on the age of the system and national standards.

In general, older internal heating systems have higher design temperatures. In Sweden,
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many internal heating systems were designed according to older building standards, in

which design temperatures of 90/70
◦

C or 80/60
◦

C supply/return were common. More

modern internal heating systems are designed for lower internal distribution temperatures

of 55-60/40-45
◦

C supply/return [1, 38]. The return temperature in the district heating

system is mainly decided by the aggregated cooling performance of the individual customer

installations. Thus, lower return temperatures from the customers will result in lower

distribution return temperature [1].

2.4 Heat loads in a district heating system

Each customer installation connected to the district heating system will have a unique heat

demand. The heat demand at each individual instance is determined by how large the need

for space heating and domestic hot water is. The amount of heat power required to meet

this heat demand is called the heat load of the building. The aggregated heat load of all

customer installations in the district heating system, plus the distribution losses, is called

the heat load of the system [1, 39].

There are three di�erent ways of representing the heat load in a district heating substation

(or system) graphically: heat load duration diagrams, consecutive heat load diagrams, and

heat power signatures. The heat load duration diagrams display the daily or hourly heat

loads sorted in descending order from left to right [1]. The consecutive heat load diagram
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Figure 2.2: Illustration of a consecutive, hourly heat load diagram for a customer installation located in a
district heating system in Sweden. The outdoor temperature is also illustrated in the figure.
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Figure 2.3: Illustration of an hourly heat power signature for a customer installation located in a district
heating system in south Sweden.

represents the heat load as a function of time [1], and an example of this type of diagram may

be seen in Figure 2.2. The Figure displays the hourly heat load as a function of time during

one year for a customer installation in a district heating system in south Sweden (orange).

The outdoor temperature is also displayed in the diagram (blue). The heat power signature

is shown in Figure 2.3. Instead of representing the hourly heat load as a function of time,

this diagram displays the hourly heat load as a function of the outdoor temperature. The

data displayed in Figure 2.3 originates from the same customer installation as in Figure 2.2.

As may be seen in Figures 2.2 and 2.3, the heat load of a building varies during the year

depending on the outdoor temperature; the space heating demand will be higher during

cold winter days than during warm summer days when the main heat load will originate

from the DHW use. Thus, the aggregated heat load in the district heating system displays

seasonal variations and the outdoor temperature is the main driving force behind these

variations [1]. The heat load also varies over days and weeks. Weekly variations usually

depend on the fact that some types of customer installations have di�erent heat load

patterns during weekdays and weekend – for example, schools and o�ce buildings. Daily

heat load variations mainly depend on dynamic heat loads caused by the changes in the

weather, and di�erent social behaviours that generate heat demand peaks during mornings

and evenings. Such behaviours include, for example, cooking and showering [1].
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2.5 Bene�ts of decreased temperature levels

A reduction of the distribution temperatures is bene�cial for many di�erent aspects. The

main bene�t of decreased return temperatures is the fact that it will be possible to decrease

the supply temperature while still being able to deliver the required amount of heat to

the customers [1]. A reduced supply temperature would make it possible to introduce

more low-temperature heat into the district heating systems. Such heat sources include

renewable heat from solar thermal and geothermal resources, excess heat from industries,

commercial buildings and sewage treatment plants, and heat from prosumers [3, 12, 20].

Thus, by reducing the supply temperature, the district heating systems would be able to use

this low-temperature heat to a more extensive extent. The district heating utilities would

then be able to deliver more environmentally friendly heat to their customers, and at the

same time, make district heating more cost-competitive [3, 40]. Another aspect related to

reduced supply temperatures is that the power-to-heat ratio in CHP plants increases at the

same heat demand when the supply temperature is lower. An increased power-to-heat ratio

means that more electricity is produced in the CHP, causing an increase of the revenues

from the plant [41]. The coe�cient of performance (COP) of large-scale heat pumps would

also increase [42].

There are also bene�ts directly related to reduced return temperatures. A reduced return

temperature is bene�cial when �ue gas condensation is installed in the district heating

system. Decreased return temperatures generate higher energy e�ciency in the condenser,

yielding a higher energy output from the process [43]. By reducing the return temperature,

it is also possible to decrease the �ow rate in the system if the supply temperature is kept at

a constant level. A decreased �ow rate reduces the need for pumping in the system [1, 44].

Decreased distribution temperatures also yield several bene�ts that are important from

a district heating system perspective. Lower temperature levels make it possible to use

new pipe materials, such as plastic, since they will be less exposed to thermal stress when

the temperatures are lower. These pipe types have lower related installations costs than

conventional pipe types such as steel pipes. They may also be cheaper than the conventional

pipe types [11, 45]. When distributing heat in a pipe system, heat losses occur due to the

temperature di�erence between the water �owing in the pipes and the surroundings. This

relationship may be seen in Equation 2.2, which describes the heat loss Qhl from a single

insulated pipe buried in the ground [46]. The equation shows that the heat loss from a

pipe is proportional to the temperature di�erence between the water in the pipe and the

temperature at the ground surface. It will thus be bene�cial to reduce both the supply

and the return temperature. However, the largest bene�t in terms of heat losses will be

obtained when decreasing the supply temperature since the largest heat loss will occur in

the supply temperature pipe [47].
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Qhl = 2πkg (T − T0) · h1 (H/ro, β) (2.2)

where

Qhl : Heat loss [W/m]

kg : Thermal conductivity of the ground [W/(m·◦C)]

T : Average temperature in the pipe [
◦

C]

T0 : Temperature at the ground surface [
◦

C]

h1 : h1 (H/ro, β) = ln

(
2H
ro

)
+ β = Heat loss factor [-]

H : Distance between center of pipe and ground surface [m]

ro : Jacket pipe radius [m]

β :
kg
ki

ln

(
ro
ri

)
[-]

ki : Thermal conductivity of the pipe insulation [W/(m·◦C)]

ri : Carrier pipe radius [m]

Except for decreasing the distribution temperatures, there are also other solutions to re-

ducing the heat losses from the district heating systems. Such solutions include increasing

the insulation of the pipes and using alternative pipe designs such as twin pipes instead

of single pipes [47]. However, these solutions require an update of the infrastructure if

implemented in an existing district heating system and may thus be more expensive than

reducing the return temperatures.
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Chapter 3

The customer installation

Each building connected to a district heating system contains two main components:

the customer substation and the building’s internal heating system(s). A district heating

customer substation is the heat transferring interface between the district heating system

and the customer’s internal heating system. The substation consists of several di�erent

components, including heat exchangers, temperature sensors, controller, and control valves.

The substation usually also includes a heat meter that measures the amount of heat delivered

in the building.

The internal heating systems(s) may be described as the pipe system inside the house that

delivers heat to all rooms and hot water to all taps in the building. There are two main

types of internal heating systems: the space heating system and the domestic hot water

(DHW) system. The space heating system delivers heat to each room in the building,

while the DHW system delivers warm water to the taps. The internal heating systems

include several di�erent components, such as valves, temperature sensors, radiators, and

taps. These components, including the substation and its components, are in this thesis

referred to as the customer installation. The customer installations may vary signi�cantly

in size, and a multitude of di�erent activities may occur in them. This variation means

that each installation in a district heating system is somehow unique. These aspects also

imply that all customer installations in a district heating system will have di�erent heat

demands [1]. In the following chapter, the customer installation and its components will

be described in detail. This includes the customer substation, the space heating system, the

DHW system, and the district heating meter.

3.1 Customer substations

The customer substation may be designed in many di�erent ways, but the main di�erence

in design depends on whether the substation includes heat exchanger(s) or not. These
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(a) A simplified illustration of a substation with
direct connection in the space heating sys-
tem, and indirect connection in the domestic
hot water system.

(b) A simplified illustration of a substation with
indirect connection in both space heating
and domestic hot water systems.

Figure 3.1: A simplified illustration of the two most common ways to create hydraulic separation in the
district heating substation.

designs are referred to as direct or indirect connection. Figure 3.1 displays a simpli�ed

illustration of the most common solutions of direct and indirect connection principles.

Figure 3.1a shows a customer substation with a directly connected space heating system

and an indirectly connected DHW system. Figure 3.1b shows a customer substation with

indirect connection in both space heating and DHW systems.

A direct connection does not include a heat exchanger, which means that there is no

hydraulic separation between the district heating system and the internal heating system

of the customer. Thus, the water circulating in the internal heating system is water from

the district heating system. The exact opposite of this is the indirect connection, which

includes a heat exchanger. The heat exchanger causes a hydraulic separation between the

internal heating system and the district heating system [1]. Most DHW systems are supplied

by indirect connections, while the connection design for the space heating systems to a

large extent depends on national standards. While the indirect connection is the most

common solution in, for example, Sweden and Finland, the direct connection is the most

prevailing design in, for example, Denmark and Germany [1, 20].

3.1.1 Customer substation ownership

There are di�erent business models regarding the ownership of the customer substation:

the customer may be the owner, the district heating utility may be the owner, or there

may be shared ownership. There are also other business models where the ownership

of the substation depends on the type or size (with regards to heat power demand) of

the building connected to the district heating system. In Sweden, the substation is most

commonly owned by the customer [1]. This ownership structure means that it, on paper, is

the customer’s responsibility to make sure that their installation is performing as it should.

However, the utility is most often the party that bene�ts the most from well-performing

customer installations. According to Brange et al., the performance of the installation is
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often better when the utility is responsible for the maintenance of the installation [48].

However, not all customers sign up for the maintenance agreement o�ered by the utilities.

Therefore, it is essential to create other incentives for the customers to work on the per-

formance of their installations. One such incentive is to introduce a �ow component in

the price model, which means that the customer pays for the amount of water that passes

through the substation. According to Equation 2.1, to transfer the same amount of heat to

the building, the mass �ow rate in the substation will increase if the return temperature

increases. Thus, if a price component proportional to the mass �ow rate is introduced in

the price model, an incentive for the customer to reduce the return temperature from their

installation is created [49].

3.1.2 Customer substation connection principles

The connection principle describes how the components in the customer installation

are connected. Examples of connections principles are the parallel-connection, the two-

stage connection, and di�erent types of series connections. Today, the parallel-connected

substation is the most common connection principle in Sweden and will be used as the

standard example in this thesis. The interested reader is referred to [50] for an overview of

these connection principles.

Figure 3.2 displays a detailed connection scheme for an indirectly parallel-connected district

heating customer installation. The detailed corresponding list of numbered components

may be found in Table 3.1. The components in Figure 3.2 are in this thesis divided into

four di�erent categories: primary system district heating, district heating metering, space

heating system, and domestic hot water components. The components are divided into

categories depending on where they serve a function in the customer installation. For

example, all components contributing to the heating of the building are located in the

space heating category.

3.2 Space heating systems

The purpose of the space heating system is to create thermal indoor comfort during the

winter months. The system consists of four main components: heaters in the individual

rooms, a system that distributes the heat in the building, a heat source (district heating

in this case), and a control system [51]. In the case of district heating, the most frequently

used heaters are hot-water radiators. However, in more modern space heating systems, it is

increasingly common to install under�oor heating instead. Under�oor heating requires

lower design temperatures than most radiators, making it an attractive and desirable option
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for the future, low-temperature 4GDH systems. In some customer installations, usually

non-residential buildings, ventilation systems are used for space heating [45].

The amount of heat being delivered to the space heating system depends on the outdoor

temperature. Lower outdoor temperature means that more heat is needed to maintain a

comfortable indoor climate. The heat is adjusted by increasing or decreasing the supply

temperature in the space heating system. This temperature is called the secondary supply

temperature. This adjustment is made by controlling the valve that limits the �ow through

the heat exchanger. The relation between the outdoor temperature and the required

secondary supply temperature is most often prede�ned by a linear relation [52]. In larger

buildings, a circulation pump is normally installed in the space heating system to maintain

circulation within the system [1].

3.3 Domestic hot water systems

The domestic hot water system prepares and delivers hot water to all delivery points (for

example, showers and taps) in the building. The DHW demand occurs when someone

opens a tap in the building. This generates a stochastic heat demand which is very hard to

predict. However, the DHW system must always be ready to meet that heat demand. This

is accommodated by keeping the set point value of the secondary DHW supply temperature

at a constant level throughout the year. This ensures that the temperature level is always

su�cient [45].

There are two main ways to prepare domestic hot water in an indirectly connected sub-

station: using accumulation tanks, or instantaneous heat exchangers. Instantaneous heat

exchangers are the prevailing method for DHW preparation in the Swedish DH systems

of today [20]. Regardless of what preparation method is utilized, there is a distance in

the building between the tap and the heat source. This distance can make it di�cult to

maintain the secondary supply temperature at a su�cient level in larger installations such

as multi-family buildings. In larger buildings, such as multi-family buildings, this may be

a problem, since it may entail long waiting times for the heated water to arrive at the tap.

Therefore, it is common to install DHW circulation in buildings to reduce the waiting

time and enable a fast and e�cient withdrawal of DHW [53].

3.4 District heating metering

District heating metering takes place in the customer installation and is utilized for billing

the district heating customers according to their actual consumption of heat [54]. In the

European Union, billing should be done at least every month. Thus, the district heating
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utility has to collect meter readings from their customers at least once a month. In Sweden,

it is more common that the utilities collect meter values daily, providing the utilities with a

large amount of district heating customer data [14, 16]. There is also a requirement from

the Swedish Energy Markets Inspectorate (Energimarknadsinspektionen) for the district

heating utilities to, according to regulation EIFS 2014:2, provide their customers with

information about their historical district heating consumption at least twice a year [55].

The heat meter is located on the district heating side of the substation. It consists of one

�ow sensor, two temperature sensors and one integrator that calculates the amount of

energy delivered to the installation during a speci�c time. The �ow sensor is typically placed

in the return pipe, and there is one temperature sensor in the supply and return pipes,

respectively [1].
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Chapter 4

Fault detection and diagnosis using

data analysis

Fault detection based on customer data analysis is one of the key components of the work

conducted in this thesis. The interest in such solutions has increased as the information and

communication technologies (ICT) have developed and improved in the district heating

systems. By installing more connected sensors and smart meters and implementing di�erent

software tools, it is possible to obtain a smart district heating system where automated fault

detection is a natural part of the work conducted by the utility. The following chapter will

introduce the fundamentals of fault detection based on data analysis and some previous

work that has been conducted within the district heating industry related to such tasks.

4.1 De�nition of fault

When speaking of fault detection, it is essential to know what is considered to be a fault.

According to Isermann, a fault may be de�ned as ”An unpermitted deviation of at least
one characteristic property of the system” [56]. A fault can occur in all types of systems,

and due to many di�erent reasons, for example, human-induced faults, mechanical faults,

and technical issues [18]. A fault is an indication that the system is not performing as it

should. If not corrected, a fault may cause both malfunctions (intermittent irregularities

in ful�lment of a system’s desired function) and failures (permanent interruptions of a

system’s ability to perform a required function under speci�ed operating conditions) [56].
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Figure 4.1: Implementation of a conventional FDD method, adapted for the case of buildings in district
heating from [57], [61].

4.2 Fault Detection and Fault Diagnosis

Fault detection and diagnosis (FDD) may be described as a collection of methods developed

to monitor a system’s behaviour, to determine if a fault is present in the system, and to

determine the characteristics and root cause of the detected fault(s) [57]. The idea behind

FDD is that a fault should be detected and corrected at an early stage so that a system

operator can perform counteractions such as maintenance or repair [58]. An illustration

of an implementation of a general fault detection and diagnosis method may be seen in

Figure 4.1. A number of sensors or metering points that collect data from the system of

interest are needed to perform FDD. This data is then preprocessed, a procedure that

prepares and transforms the collected data set into a suitable format for the data analysis

step. Data processing may include several tasks, such as removal of duplicate values, feature

extraction, and removal of outliers [59]. To develop a suitable fault detection model, one

must identify what system parameters are essential to the system’s behaviour and what

system parameters will change if a fault is present in a system. These are the features that are

of interest to analyse when performing FDD. The analysis of data, that is, the fault detection

and diagnosis, may be carried out in many di�erent ways. FDD methods may be broadly

divided into two main categories: (i) Model-based and (ii) Process History-based [60].

4.2.1 Model-based fault detection

Model-based FDD methods are based on mathematical models based on a priori knowledge

of the system of interest to model the system’s output. The output of the model is compared

to the actual measurements obtained from the system. The comparison is based on the

di�erence between the two, that is, the residuals between the model output and the actual

measurements. The analysis of the residuals indicates the system’s performance; for example,

very large or constantly �uctuating residuals may be an indication that the system is not

performing as it should [62, 63]. These methods are thus based on the dependencies
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between di�erent measurable signals, which will generate an altered output when a fault is

present in a system [64].

The model-based fault detection and diagnosis methods may further be described as quali-

tative or quantitative [62]. Qualitative model-based methods are based on relationships

derived from qualitative knowledge of the system at hand. These methods include, for

example, expert knowledge of the system that gives information about whether the system

is in a faulty state or not and limit checking methods that utilize threshold values that a mea-

sured variable should not exceed if being in a normal state. A disadvantage of the qualitative

model-based methods is that they are not based on the system’s underlying physics. This

means that they generally are not capable of representing new system conditions. Quanti-

tative model-based methods are based on mathematical models of the system’s underlying

physics, that is, the mathematical relationships between the inputs and outputs of the

system. Thus, quantitative model-based methods consist of mathematical representations

where the parameters in the model bear physical meanings. One disadvantage of this type

of method is that the system complexity and lack of good data make it hard to develop an

accurate model of the system [58, 60, 62].

4.2.2 Process history-based fault detection

The second broad category of fault detection methods, process history-based methods,

includes methods that do not utilize a priori knowledge of the system to detect faults in the

system. These methods utilize available historical data to derive models of the system, that

is, mathematical relations between measured input and measured output signals. Process

history-based methods include methods such as black-box and grey-box models. In black-

box models, the model features and parameters have no physical meaning. In grey-box

models, the parameter estimates can be traced to actual physical principles of the system

being modelled [62]. One important class of methods that may be attributed to the process

history-based methods are machine learning methods [65].

4.2.3 Machine learning

Machine learning (ML) methods may be applied to many di�erent tasks, including email

spam �ltering, image recognition, and fraud detection on social media [66]. Several studies

have also shown that ML may be successfully applied to fault detection and fault diagnosis

problems [65, 67]. ML may be described as models that learn the behaviour of a system

from data collected from the same system. The ML methods are thus capable of learning

the behaviour of a system without being explicitly programmed [68]. This way of learning

is especially advantageous when modelling real-world systems, which may be very complex

and hard to model using analytical models based on the physics of the system [66].
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Machine learning methods may be divided into two main categories, based on how the

algorithm learns the system’s behaviour: supervised learning and unsupervised learning.

Both supervised and unsupervised methods have been shown to have applications in fault

detection and diagnosis [65].

In supervised learning, labelled data sets are utilized to learn the behaviour of the system.

Labelled data sets contain information about the desired target class. The target class is what

the algorithm should learn to predict. Thus, the algorithm is trained in a supervised way

by comparing its own output with the target outputs, learning the mapping between the

inputs and outputs of the modelled system. The two main tasks carried out by supervised

learning are classi�cation and regression. Suppose the task is to predict a discrete value,

such as if a fruit is an apple or a pear – then, we use classi�cation methods. If the task is

instead to predict a continuous variable, such as the price of the fruits at the grocery store,

we use regression methods [69, 70].

In unsupervised learning, no labelled data sets are available. The lack of these data sets

means that the algorithm has to discover hidden structures in the data on its own. Thus,

all variables given are used as input to the algorithm. Unsupervised learning may be used

for several di�erent tasks, the most prominent one being clustering. Clustering is methods

that use similarities in data to create groups, or clusters, of data points that are similar to

each other [65, 69].

Selecting a data science assistant - TPOT

When performing data analysis using di�erent ML applications, several di�erent steps need

to be carried out to obtain a well-performing algorithm, for example, feature engineering,

model selection, and algorithm selection. This may be a very time consuming and chal-

lenging task before obtaining a well-performing ML application. These tasks are typically

carried out today by allowing a data scientist to work with the data analysis until a satisfying

result is obtained. However, this somehow contradicts the cornerstone of ML, which is to

allow the computer to learn on its own without being speci�cally programmed. In recent

years, researchers have therefore become interested in automating all steps of developing

an ML application. This would also allow for less experienced data scientists to utilize the

bene�ts of ML [71].

When speaking of ML applications, it is common to talk about ML pipelines. An ML

pipeline may be described as the sequence of tasks carried out in ML, that is, collecting data,

cleaning data, feature preprocessing, model selection, parameter optimization, and model

validation. Developing a well-performing pipeline may be tedious and time-consuming

work, which makes it an excellent candidate for automation. Thus, several research projects

have focused on the development of such pipeline optimizers [71].
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One such automated ML tool used in this thesis is the Tree-based Pipeline Optimization

Tool, TPOT. The developers of TPOT describe the tool as a data science assistant that may

be used to obtain a well-performing ML pipeline for a given problem by carrying out feature

preprocessing, model selection, and hyperparameter optimization. TPOT may be used to

solve supervised problems and is thus suitable for classi�cation and regression problems.

The tool is based on the scikit-learn library in Python, from which several di�erent operators

are collected to implement the pipeline. Since many di�erent combinations of operators are

possible, the task of TPOT is to try out and optimize di�erent combinations to maximize

the classi�cation or regression accuracy. This optimization is done using genetic tree-

based programming, which means that TPOT builds its pipeline by testing di�erent

combinations and sequences of operators, and the parameters of the operators, using tree-

like structures to reach the best combination of operators, according to certain criteria [72].

An advantage of TPOT compared to other automated ML tools is that it provides a more

�exible ML pipeline. This �exibility may, on some occasions, cause the model to over�t

the data, which the user of TPOT has to be aware of [71].

4.3 Fault detection in district heating customer data

During recent years, the problem of fault detection customer installations has gained in-

creasing interest. At the same time, more customer data have become available, which

has made it possible to use more advanced fault detection and diagnosis algorithms. The

possibility to use customer data analysis to detect faults has signi�cantly improved since

the European Energy E�ciency Directive became e�ective in 2012. The directive states that

all energy customers should be billed according to their actual energy consumption [54], as

opposed to earlier billing methods where the district heating utilities instead used estima-

tions about their customers’ consumptions to base the bills on [1]. This demand on energy

metering includes consumption of district heating, and thus actual measurements of the

district heating customers’ consumption are now available. The Swedish district heating

utilities are, according to regulation EIFS 2014:2, obliged to provide their customers with

information about their historic consumption on a daily basis [55]. Furthermore, since

2015, all Swedish district heating customers are billed according to their actual use of district

heating, as stipulated in the Swedish district heating law [73]. Although the demand for

metering is usually of a lower resolution, most heat meters can measure the consumption

with an hourly resolution [15]. Thus, there is a large amount of customer data available

from Swedish district heating systems that may be utilized for fault detection purposes.

Earlier work on FDD in district heating customer installations primarily investigates how

well the installation is performing by using the over�ow method [14]. The over�ow method

assumes that there is an ideal value of the temperature di�erence over the substation, or

cooling, that the substation should obtain. The over�ow may then be described as the
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extra amount of district heating water that has to pass through the substation when the

cooling of the substation is small, compared to the water volume that would be needed if

the cooling had the ideal value during a speci�c time (day, week, month, year). The over�ow

may be calculated using Equation 4.1. The over�ow method has mainly been utilized for

analysis of monthly or annual values of the parameters collected from the customers’ heat

meters since it was implemented when meter values were still collected manually by the

district heating utilities [1].

overflow = Va − Vi = Va − Ea
ρcp∆Ti

(4.1)

Where

Va : Actual water volume through installation during a speci�c time [m
3

]

Vi : Ideal water volume through installation during a speci�c time [m
3

]

Ea : Actual heat used in installation during a speci�c time [J]

ρ : Density of water [kg/m
3

]

cp : Speci�c heat capacity for water, av. temperature & const. pressure [J/(kg · K)]

∆Ti : Ideal ∆ T of the installation [K]

In [14], Gadd and Werner utilize temperature di�erence signatures to detect faults. The

temperature di�erence signature is a diagram that displays the daily average temperature

di�erences as a function of outdoor temperature. The authors implemented the method

manually on a smaller data set consisting of data from 140 di�erent substations, out of

which 14 substations were known to have faults during the investigated time. Ten of these

substations were identi�ed using the temperature di�erence signature, proving that the

developed method is viable for detecting faults in district heating data. In a subsequent

study, Gadd and Werner investigated what types of fault may be identi�ed in customer

substations. They also investigated how many of the analysed datasets may be considered

to contain a fault or be showing symptoms of faults [15]. 74 % of the investigated data sets

were identi�ed as containing faults or showing symptoms of faults.

Other studies have shown that many di�erent types of data analysis are applicable for

fault detection in district heating customer data. Both model-based and process history-

based methods have been utilized. Some developed methods focus on comparing the

substation’s performance to itself, whereas others compare the performance to a cluster of

similar substations. Sandin et al. [16] utilize limit checking and outlier detection to detect

faults in district heating customer data. Abghari et al. have developed a higher-order data

mining approach to model a substation’s behaviour on a weekly basis [74]. The method

is based on sequential pattern mining and clustering of weekly heat demand patterns

from individual substations, after which the behaviour of each cluster is modelled. The

substations’ behaviour pro�les are then associated with di�erent performance indicators.

In [17], Calikus et al. utilize ”the degree of abnormality” of heat power signatures to rank
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individual buildings. The heat power signatures are estimated using robust regression, and

the ranking of the buildings is performed using three di�erent approaches: outlier-based,

dispersion-based and aggregated ranking. Calikus et al. further explore heat load patterns

in [75], where the authors cluster heat load pro�les to create 15 clusters of heat load patterns

from which representative heat load patterns are extracted. The authors then identify

heat load patterns that deviate signi�cantly from the identi�ed clusters’ heat load patterns.

In [19], Farouq et al. presents a reference-group based approach for detecting customer

installations that display a deviating behaviour. The reference groups were based on a

k-nearest neighbour approach, utilizing the return temperatures from the investigated

installations to identify the reference groups for each installation in the data set. If an

installation deviates signi�cantly from its reference group, it is considered faulty. Xue et al.

utilizes association analysis to identify correlations hidden in clusters of di�erent operating

patterns in two customer installations located in China [76]. These correlations are then

represented as association rules, which may be used for fault detection. A large change in

such a correlation indicates that a fault may be present in the installations.

All of the studies mentioned above focused on fault detection. Other studies have focused

on individual faults and detecting faults in individual components or system changes.

In [77], Abghari et al. propose a decision support system based on k-means clustering and

support vector regression (SVR) to identify manual changes in the heating program used

in the substation. In [78], Pałasz and Przysowa use an ensemble classi�er to predict the

failure of heat meters using data from real-world heat meters in a district heating system.

Brés et al. produce synthetic data sets containing di�erent faults using coupled building

and system simulations [79]. These data sets are then utilized to develop a fault detection

and diagnosis method based on binary decision trees. One signi�cant result from the study

was that it showed the value of having access to secondary side data when performing fault

diagnosis. Skaarup Østergaard et al. use heat cost allocators in a multifamily building to

calculate the return temperature from eight radiators in the building [80]. These results

were then utilized as an indicator of faults in the individual radiators.
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Chapter 5

Methodology

This thesis is about fault handling in district heating customer installations. The problem

has been approached from a holistic perspective, using a multidisciplinary approach to

investigate how the fault handling processes may be improved in the district heating industry.

This perspective includes organizational aspects such as how utilities may work with fault

handling and the development of data analysis tools that may be used to detect faults

using district heating customer data. Due to the multidisciplinary nature of the project,

several di�erent methods have been used. The methods include programming to develop

fault detection algorithms, interviews, literature studies, surveys, and workshops. By

approaching the problem from di�erent angles, it was possible to obtain a broader picture

of challenges and solutions within the topic and reach the aims of the thesis work.

In this chapter, the methodologies used in the project will be presented. An overview of the

methods used in each scienti�c paper that was written and published during the PhD thesis

work will be presented along with relevant theoretical background related to the individual

methodologies. A discussion regarding why the methodologies were chosen is also included

in the chapter. The chapter is written in chronological order; that is, the methodology

is presented in the order the studies were conducted. This structure allows the reader to

follow the methodological choices that have been made throughout the project more easily.

5.1 Data sets being used in the thesis

When starting the project, the initial idea was to develop algorithms that could detect and

diagnose faults in customer installation using real-world customer data. The reason for

working with real-world data from active customer installations was that the aim was to

develop methods that could be implemented rapidly after development. In theory, fault

detection in district heating customer installations is ”only” an application area for data
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analysis. However, all such areas of applications come with their challenges and limitations.

In the case of analysing district heating customer data, many of these challenges originate

from the lack of information about the customer data. The challenges include not knowing

when a speci�c fault has occurred, making it hard to validate and evaluate developed data

analysis methods to make sure that they are identifying buildings that have contained a

fault during the investigated time. The problem of not having labelled data often occurs

in real-world applications of fault detection and may be solved in di�erent ways. One

approach to solving this problem is to generate arti�cial or synthetic data sets. To generate

such data sets is a common strategy when developing fault detection algorithms for cases

where labelled data is missing. Another common approach is to generate experimental data

in a laboratory to obtain data with di�erent faults and operating conditions. However,

many of the fault detection methods developed for this type of data have been hard to

transfer to the real-world application. The problems arise due to, among other things, the

fact that the synthetic data sets do not capture the large variety that exists in real-world data.

These data sets are thus often most useful when wanting to model a speci�c condition or

setting [81]. Therefore, it was decided to use real-world data in this project to capture the

complexity and variety in the district heating building population. Using these data sets

would also make it possible to implement the developed methods in the district heating

industry e�ciently.

The data used in this thesis originate from two di�erent district heating systems located in

the south of Sweden. Both datasets contain hourly measurements of heat power consump-

tion, mass �ow, supply and return temperatures. The datasets also include timestamps of

when the measurements occurred, as well as average hourly outdoor temperatures. Further,

the datasets include unique numerical identi�ers for each substation.

5.2 An initial approach – fault detection using data analysis

The �rst two papers in this thesis focused on developing algorithms for fault detection for

real-world district heating customer data sets. As mentioned in the previous section, there

are di�erent ways to mitigate the fact that there is little information available regarding

the data sets that are being investigated. One common approach to solving this problem

is to model a well-performing entity’s behaviour and then allow that model to perform

predictions for subsequent data sets. Any faults are then detected as deviations from the

normal behaviour in the model predictions [82].

This approach was explored in Paper i in this thesis, where a model for a well-performing

customer installation was developed using a machine learning approach. The installation

was selected from a data set consisting of approximately 1 000 customer installations after

calculating the over�ows for all installations and then visually inspecting the 10 installations
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with the best over�ows. The most well-performing one, according to energy, mass �ow rate,

and temperature performance, without signi�cant outliers and following an expected be-

haviour over the year, was then selected for the study. The method was based on modelling

the mass �ow rate of one district heating substation. Other modelling parameters were also

considered, but after testing di�erent combinations of input and output parameters, it was

decided that the mass �ow rate was the most suitable output parameter. In Equation 2.1,

it is clear that either the mass �ow rate or the temperature di�erence in the installation

will change if there is heat demand in an installation. If the installation is not working

as it should, it is likely that the temperature di�erence will be small, which means that

the parameter that will vary is the mass �ow rate. The mass �ow rate thus gives a good

indication of the performance of the customer installation. The fault detection method was

developed in Python using TPOT, which resulted in a machine learning pipeline capable of

carrying out data pre-processing and modelling. The model was trained and evaluated for a

data set consisting of hourly measurements from the selected customer installation. Once a

well-performing model of the speci�c installations had been obtained, the fault detection ca-

pability of the model was tested for the same installation. The fault detection capability was

tested by introducing the model to data sets where arti�cial faults were induced. The model

outputs for the faulty data sets were then compared to the outputs for the well-performing,

original data set by calculating the residuals between the model outputs and the actual

measurements from the customer installation. By comparing these residuals to each other,

it was possible to investigate whether the model performance changed when introduced to

a data set containing faults. Investigation of residuals is a common fault detection principle,

for example, presented by Venkatasubramanian et al. in their comprehensive review of

process fault detection and diagnosis methods [60], and Pakanen et al., who implement

this type of method to perform fault detection on the control valve on the primary side of a

district heating substation [83]. The comparison conducted in Paper i was made using both

the hourly residuals and the cumulative sum of the residuals. The latter gave a possibility

to investigate whether the residual pattern re�ected a general pattern of deviation from the

normal behaviour or only a random variation in the residuals.

Another common approach to fault detection is, as mentioned in Section 4.2.1, to intro-

duce di�erent limit checking methods where thresholds are utilized to analyse whether an

investigated process is in a normal state or not. This approach was investigated in Paper ii,

where the aim was to investigate how simple statistical fault detection methods could be

automated to detect faults in district heating customer installations. The limit checking

approach has previously been implemented in the case of district heating in earlier research

works. Gadd et al. utilize it to investigate the cooling performance of 135 substations [15],

while Sandin et al. evaluate the heat power signatures of 996 customer installations to

identify faulty behaviour [16]. When implementing limit checking, the thresholds may

take both linear and constant values, depending on the investigated parameter. Constant

thresholds are created by values that are somehow representative of the behaviour of the
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process being investigated, for example, the mean of the measured parameter, while linear

thresholds may be created using a function that models the behaviour of the process of

interest [58]. Both kinds of thresholds were utilized in Paper ii. Three di�erent parameters

were investigated in the paper: delta T, return temperature, and heat power consumption.

All three parameters were investigated as a function of the outdoor temperature. These

three parameters are seen as good indicators of the performance of a customer installation.

They are commonly investigated and analysed within the district heating industry to per-

form manual fault detection of district heating customer installations. The threshold values

of the limit checking were calculated from a reference case of well-performing customer in-

stallations, which were selected based on their low yearly over�ows. Linear thresholds were

implemented for the delta T and the heat power consumption, and constant thresholds

were selected for the return temperature. To create the linear thresholds, piecewise linear

regression was utilized to predict the average behaviour of the reference case installations.

Piecewise linear regression is utilized to �t multiple linear models to di�erent ranges of

the data that is being modelled. The di�erent ranges are separated by breakpoints, which

may be selected manually or automatically by an algorithm [16]. This modelling approach

was selected due to the way that the district heating parameters vary with the outdoor

temperature, as described in Section 3.2. The limit checking method was implemented as

an algorithm in R, utilizing the standard packages. The algorithm was tested on a data set

consisting of data from 3 000 customer installations in the same district heating system

from April 2015 - March 2016. The fault detection algorithm included a data pre-processing

step, and daily average values were used to perform the fault detection analysis.

5.3 An attempt at validating the fault detection methods

The work in Papers i and ii was conducted using real-world data sets from real customer

installations in real district heating systems. The fault detection methods did detect deviat-

ing behaviours in the data sets, which indicates that they have the capacity to detect faults

in customer installations. After developing fault detection methods, a logical next step is to

validate the methods. In this case, validation was carried out to investigate whether the fault

detection methods were capable of detecting installations that had one or several faults in

the substation or internal heating system. However, the validation of the methods was not

as straightforward as anticipated. The reason for this was that none of the district heating

utilities from which the data was obtained had a systematic way of recording information

about faults that occurred in a customer installation at a speci�c point in time. This was

also the case for other utilities that were contacted. The utilities did record if they had

conducted some repair work or exchanged any components. However, this information

was not related to the customer data and any deviations that might have occurred in it.

Thus, a large amount of data was available, but it was not possible to know whether there
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were any faults present in these data sets. Neither was it possible to know which, if any,

customer installations could be considered to be well-performing, at least not on a larger

scale. Thus, no labelled data was available, making it hard to validate the fault detection

methods on a larger scale. When reaching this conclusion, it was decided to shift the re-

search focus towards improving the existing situation, so that labelled data from customers

can be gathered by the utilities and the current fault handling process can be improved.

5.4 Shifting focus – learning more about current fault

handling processes

The problem of obtaining more information about the customer data may be approached

in di�erent ways. One crucial aspect was already identi�ed: to relate the customer data sets

to other customer information already available, such as service and customer records. This

raised the question of why this was not already the case at the utilities. Why did the utilities

not know more about their customers and their related data? This indicated that there

were several other aspects related to faults and customer data that would be of interest to

investigate. When looking at the bigger picture, the work conducted in this thesis aims to

contribute to the reduction of the return temperature levels in the current district heating

systems and maintain the low return temperatures in both current and future systems by

eliminating faults in customer installations. Thus, well-de�ned fault handling processes

have to be in place at the utilities. It also means that it is essential to eliminate as many faults

as possible and to eliminate new faults at an early stage. Fault detection and diagnosis based

on analysis of customer data plays a signi�cant role in this process. However, considering

the current status of the knowledge of the faults in the current district heating systems,

it was apparent that more work would be needed to implement data analysis methods in

the district heating systems. A holistic approach to the fault handling process was needed

that considered both fault detection and diagnosis methods, how to implement these in

the fault handling work at the utilities, how to handle customer data and information

related to faults in the customer installations, and how to involve both customers and

utility employees in the fault handling processes.

The �rst step in this process was to investigate the current fault handling processes at

current district heating utilities. That is, how are utilities currently working with their

customers to reach lower return temperatures? The aim of Paper iii was therefore to

investigate, from a holistic point of view, what kind of measures, and combinations of

measures, are implemented by utilities today to reach low return temperature levels. The

aim was also to investigate how the utilities are actively working to eliminate faults in

the customer installations. Another important aspect to investigate was what faults are

most frequently identi�ed when visiting the customer installations. By investigating this,
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it would be possible to know what kind of faults to prioritize in both fault detection

and fault elimination schemes. Thus, the study conducted in Paper iii focused on both

organizational and technical aspects of the fault handling processes at the utilities that took

part in the study.

The organizational aspects of the current fault handling processes were investigated in a

series of interviews. Interviews may be conducted in many di�erent ways. The interview

format depends on the context in which it will be used and what kind of data the interviewer

aims to obtain. One of the main di�erences in research methodology is whether the

interviewer aims to obtain quantitative or qualitative data. Quantitative data may be

described as measurable data and facts, which may be turned into statistics for analysis,

and may be utilized to answer questions such as ”how many?”. Qualitative data instead

describes the respondents’ experiences of a matter and includes their interpretations of the

matter. The gathering of this kind of data makes it possible to answer ”why” questions [84,

85].

Another main di�erence is how the interview is structured. There are three main types

of interview structures: the structured interview, the semi-structured interview, and the

unstructured interview. The structured interview provides the highest level of standard-

ization in the interview format. The structured interview consists of a predetermined set

of questions where each participant is asked the same set of questions in the same order.

This methodology is typically utilized when intending to gather detailed and organized

information on speci�c topics or issues. The structured interview typically generates quan-

titative data. An unstructured interview is the exact opposite of a structured interview: the

interview is focused on a general topic and agenda, but no speci�c questions are prepared.

Instead, the interview is conducted as a conversation between the interviewer and the

interviewee(s). This type of interview is suitable when one is interested in developing new

insights on a topic and gathering data on general themes instead of speci�c questions. The

unstructured interview generates qualitative data. The semi-structured interview com-

bines qualities from both the structured and the unstructured interview to explore a set of

central topics while still allowing for exploration of general themes by asking follow-up

questions. The interview is conducted using an interview guide containing a list of topics

and questions that should be treated during the interview. Due to the nature of the semi-

structured interview, it is possible to obtain both quantitative and qualitative data during

these interviews [86].

In Paper iii, a series of qualitative, semi-structured interviews were conducted. This ap-

proach was used since answers related to speci�c questions and themes were sought while

still making it possible for both interviewer and interviewees to elaborate more on di�erent

topics if needed. Representatives from six Swedish district heating utilities participated.

Five of the participating utilities were included in the study due to their low annual average

return temperatures, indicating that they might actively work to keep their customers’
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return temperatures at low levels. By interviewing such utilities, it was possible to identify

key aspects of already successful fault handling processes. The last participating utility had

higher return temperatures than the rest. This utility was included to investigate whether

there were any indications of di�erences in how utilities with low and high return tem-

perature levels work with their customers and customer installations. Moreover, the size

of the utilities varied, providing the possibility to investigate if there were any indications

of possible di�erences in how large and small utilities respectively worked with fault han-

dling. After conducting the six interviews, few new facts emerged and thus, the study was

considered to be saturated.

The distribution of the most frequently occurring faults was investigated by conducting a

web-survey study where Swedish district heating utilities were asked to report how often

di�erent faults appeared in their district heating systems. The questions included in the

survey were based on a literature review of faults that may occur in a customer installation.

A large variety of district heating literature was investigated and included technical reports,

research papers, and district heating books. The survey was sent to 139 Swedish district

heating utilities, out of which 56 utilities answered the survey. The surveyed utilities were all

members of the Swedish district heating association, Swedenergy, in 2018, which represents

approximately 98 % of the district heating supplied in Sweden [87].

A survey study was used since the goal was to obtain quantitative data on the fault distribu-

tion. Therefore, there was no need to collect more qualitative data. A survey study may be

described as a type of structured interview and may be conducted using paper and pen, over

the phone, face-to-face, or by using di�erent forms of computer-aided tools. The latter has

become increasingly common as the technology for web-based surveys has developed [88].

In a survey study, the respondents are consistently introduced to the same set of questions

in the same order. The questions are often designed as close-ended questions, that is,

questions that can only be answered by selecting from a number of prede�ned alternatives

such as ”yes, no, maybe” or ranking scales with a various number of levels (for example, 1 to

5). This type of questions makes it possible to learn general patterns from a large group of

people, for example, investigating general trends in how people behave, their experiences,

and their opinions on di�erent matters [89, 90].

In a survey study, there are some sources of errors that the survey creator has to be aware of.

On an aggregated level, the sources of errors may be referred to as the total survey error. The

total survey error a�ects the bias and variance of the survey statistics and consists of four

main types of error: sampling error, coverage error, nonresponse error, and measurement

error. Sampling error occurs because the survey respondents typically represent a part, or

sample, of the population we are interested in surveying. Thus, the respondents’ answers

to the survey represent only a part of the populations’ answers and not the answers of

the entire population. Coverage error occurs when parts of, or individuals from, the

population are missing from the sampling frame used to draw a representative sample. The
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sampling frame may be described as a list of individuals in the population that should be

represented in the survey sample. Nonresponse error occurs when parts of the sample

do not answer the survey, resulting in parts of the population not being represented in

the survey statistics. Nonresponse error may take the form of item nonresponses or unit

nonresponses. Item nonresponses occur where individual questions in the survey are not

answered by the respondent, while unit nonresponses occur when respondents refuse the

survey as a whole. Measurement error occurs when there are inaccuracies in the answers

of the respondents, creating a di�erence between the true value and the values estimated

from the survey responses [91].

The sampling and coverage errors of the survey conducted in Paper iii may be considered

as being small since the survey was sent to almost the entire population of district heating

utilities in Sweden. The measurement error was also considered small since most ques-

tions in the survey were designed as close-ended questions. There was also room for the

respondents to clarify their answers if needed. The nonresponse error may be considered

more signi�cant, since approximately 40 % of the utilities did not answer the survey. It

might be that the utilities answering the survey were the ones that experienced many faults

in their district heating systems. However, the likelihood of the nonresponding utilities

not experiencing any faults at all in their systems is small. It was also clear from the survey

responses that the utilities that answered the survey represented di�erent frequencies of

fault occurrences.

5.5 A taxonomy for labelling deviations in customer data

The work conducted in Paper iii gave an overview of several aspects that were of importance

to identify key aspects of successful fault handling processes. One such important tool

is a standard method to describe or denominate faults. Therefore, Paper iv aimed to

develop a deviation cause taxonomy that may be used to label deviating behaviours in the

customer data. The purpose of the taxonomy was twofold: (i) to provide a structured and

standardized way to label deviations in district heating customer data that are caused by

faults in district heating systems, and (ii) to help to create labelled data sets that may be

used to develop automated fault detection and fault diagnosis methods. The taxonomy was

developed through a sequence of activities, where an initial draft was developed during an

internal workshop conducted in the collaboration organization Smart Energi. Smart Energi

is a Swedish initiative that creates collaboration opportunities for digital development in

the energy industry [92]. The initial draft was then improved and extended by gathering

more fault labels from literature reviews, service reports, business systems, and site visit

reports from several district heating utilities. The proposed taxonomy was then evaluated

by discussing its structure and contents with energy specialists and service technicians at

district heating utilities involved in Smart Energi. The last step was to send the taxonomy
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for referral to 128 of the utilities that were members of Swedenergy in 2020. The referral was

done by conducting a survey study regarding the contents and structure of the taxonomy.

46 individuals representing 44 of the member utilities answered the survey. In similarity

with the survey study conducted in Paper iii, the sample, coverage, and measurement errors

may be considered small. Once again, the primary source of error was the nonresponse

error, as described for the method in Paper iii.

5.6 Developing a work�ow for fault handling

After conducting the �rst four studies, one thing was clear: there was interest amongst the

district heating utilities in implementing fault detection and diagnosis using data analysis.

However, many utilities experienced that they did not have the appropriate frameworks

and experience to do so. Therefore, Paper v aimed to develop a suggestion for a work�ow

that can be implemented when intending to utilize data analysis for fault detection and

get more insights into the advantages (and drawbacks) that may arise during the practical

implementation of this work�ow. The �rst step of this process was to outline a preliminary

suggestion for a fault handling work�ow based on data analysis, using the experiences and

information obtained in the previous studies. The suggested work�ow was then evaluated

and improved by conducting an online workshop. A number of district heating experts

from eight Swedish district heating utilities participated. The experts were all somehow

involved with fault handling at their respective utility. The group of experts included

technical service personnel, people being organizationally responsible for fault handling at

their utility, and people working with energy services that aim to help improve the fault

handling at the utilities. By including several di�erent utilities, it was possible to obtain

a more holistic perspective of di�erent organizational and technical challenges that may

occur when implementing a new fault handling process at a utility. By having several

di�erent roles represented during the workshop, it was possible to investigate aspects and

challenges related to speci�c parts of the organizations.

The workshop was carried out as a qualitative, semi-structured group interview. A group

interview may be described as a systematic questioning of several individuals simultaneously

in formal or informal settings [93]. The discussion is guided and monitored by a moderator

that has prepared an interview guide with relevant topics. In this case, a qualitative, semi-

structured approach was chosen due to the possibility to obtain answers regarding some

speci�c themes while still having the possibility to ask further in-depth questions about the

topics. It is also common practice that an observer is present during the group interview.

The role of the observer is to observe the group interactions, and they may also help the

moderator take notes during the interview [94]. An advantage of the group interview

format is that the group setting provides a stimulating environment where the group may

stimulate the interviewees to recall certain events or insights [93]. The collaborative aspect
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of the group interview is essential and is also seen as one of the main advantages of the

data collection method [95]. By allowing the interviewees to interact with each other, it is

possible to obtain information on collective views of a topic [94, 95]. Thus, the collective

view of a topic is seen as more important than the aggregate view of the topic [95]. The

group interview may also be challenging. Challenges include that some participants may

be dominant in the discussions and that some participants may tend to conform to the

responses of other participants, even though they do not actually agree with what has been

said [93, 95]. Therefore, the moderator must be aware of these issues to ensure that all

participants’ opinions are voiced during the discussion [94].

During the workshop, the suggested work�ow was discussed. The utilities’ previous experi-

ences of fault handling were also discussed to understand what challenges and opportunities

may arise when implementing a fault handling process based on automated fault detection

in an existing organization. These issues were also investigated by performing a short survey

before the workshop. The survey included three questions listed below.

1. What methods are you currently using to detect faults in your customer installations?

2. What roles within your organization are currently involved in your fault handling

processes? Which role has the main responsibility?

3. Are you using any digital tools to facilitate your fault handling process? If so, what

tools?

Seven of the participating utilities answered the survey. The utility that did not answer the

survey was allowed to answer the questions during the workshop. The results from the

survey were then presented during the workshop and served as a basis for the discussion

regarding the utilities’ current fault handling processes.
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Chapter 6

Results and analysis

This Chapter presents the most important results from research Papers i- v, as well as an

analysis of the results. The results are presented in a ”bottom-up” approach, starting with

the results related to the current situation of fault handling. This includes results regarding

what faults occur in the customer installations and what faults were considered the most

frequently occurring ones, and how utilities are currently working with fault handling.

These results include both technical and organizational aspects. The results regarding the

current fault handling processes are �nalized with a presentation of how the utilities carry

out fault detection today. The results related to future fault handling processes include an

overview of the results from the thesis work where fault detection methods were developed

and a presentation of the fault handling process developed in Paper v.

6.1 Faults in district heating customer installations

A district heating customer installation contains a multitude of di�erent components,

as described in detail in Chapter 3. All of these components may somehow malfunction

or fail, which means there are many potential faults in a customer installation. When

speaking of faults in customer installations, it is important to have a broader de�nition

of the word fault. The most apparent faults are components that break or malfunction.

However, due to the complexity of a real-world system such as a district heating customer

installation, a fault should be de�ned according to the de�nition in Section 4.1. That is, a

fault is an indication that a system is not working as it should. The de�nition of the word

fault thus includes not only malfunctioning physical components but also, for example,

changes in the system settings that cause the performance of the system to decrease. In

the case of a district heating customer installation, a fault may therefore include anything

that causes the performance of the installation to decrease. Such faults include a customer
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changing the settings in the controller, having no DHW circulation (which makes the

DHW temperature hard to control), and leaking heat exchangers.

An overview of faults that may occur in a district heating customer installation is presented

in Table 6.1. In the table, the faults are divided into �ve fault categories based on the faulty

component: Actuators, Control system and controller (including sensors, wires, etc.),

Control valves, Customer’s internal heating system, and Heat exchangers.

Table 6.1: Faults that may occur in a district heating customer installation. Table compiled from results
in Paper iii [96].

Fault category Fault description

Actuator

Actuator cannot change position of valve

Actuator does not close completely

Broken actuator

Incorrect actuator stroke time

Poor connection between actuator and valve

Control system

and controller

Controller broken

Customer changes settings

Incorrect control sequence

Incorrect set point value

Outdoor temperature sensor incorrectly placed

Temperature sensor broken

Temperature sensor gives the wrong signal

Temperature sensor placed on the wrong pipe

Temperature sensor placed too far away from heat exchanger

Control valve

Control valve leaks in closed position

Control valve seizes in closed position

Control valve seizes in open position

Leaking gaskets

Oversized control valve

Customer’s internal

heating system

Air in the system

Low pressure in expansion vessel

No DHW circulation

Poor balancing of radiator system

Set point value close to/higher than district heating temperatures

Thermostatic radiator valves missing/broken

Uncontrolled �ow in secondary circuits

Unnecessarily large �ow in DHW circulation

Heat exchanger

Broken heat exchanger plates

Cracking

Fouling

Leakages

Shell-and-tube heat exchanger
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Figure 6.1: Distribution of the most frequently occurring fault categories [96].

6.1.1 Most frequently occurring faults

There is thus a large number of faults that need to be detected and corrected. It is possible

that several di�erent fault detection tools will be needed to carry out this task since each

fault may generate very di�erent deviations in the customer data. Thus, it is possible that

several analysis tools would have to be developed to detect the full range of faults. It would

therefore be valuable to have a possibility to prioritize between the di�erent faults, starting

with the ones that occur most frequently. This group of faults is likely to have a large impact

on the district heating system due to its abundance. They should thus be prioritized in the

fault handling processes and the development of the fault detection methods.

Figure 6.1 shows how the utilities answered when asked which fault category, out of the

�ve categories presented in Table 6.1, their most frequently occurring fault belonged to. As

may be seen in the �gure, two additional categories have been added to the categories in

Table 6.1: Leakages and Inferior gaskets. These two categories emerged when analysing the

responses from the survey study conducted in Paper iii. Leakages include all leakages that

may occur in all parts of a customer installation. Inferior gaskets include all malfunctioning

or failing gaskets that appear in a customer substation and internal heating system. As

seen in the �gure, the most frequently occurring faults belonged to the leakages category,

closely followed by faults in the customer’s internal heating system. This fault distribution

indicates what faults should be prioritized when developing fault detection algorithms and

working with fault handling in customer installations.
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6.1.2 Developing a taxonomy of fault labels

Another interesting aspect that emerged from the surveys and interviews is that there

were some discrepancies in how the di�erent utilities named and classi�ed faults. Some

utilities associated particular faults with fault categories other than those to which the

faults had been assigned in the survey study. It was also common that the utilities reported

the symptom of a fault rather than the fault itself. An example of this is that many utilities

reported that leakages were their most common fault. However, a leakage is a symptom

that occurs due to a fault, for example, broken pipes or inferior gaskets. Thus, there were

several indications that a mutual, clearly structured nomenclature, or taxonomy, for faults

was needed. A taxonomy would facilitate the discussion on di�erent faults and make it

possible to compare results and statistics within the district heating industry and research.

From both research and industrial perspectives, a bonus is that if all utilities were to use the

same, structured way to name faults, it would be possible for the utilities to gather valuable

information about their customer installations and the faults that occur in them. This

information would, in turn, facilitate the creation of labelled data sets by labelling speci�c,

deviating data patterns with a fault label. A fault label may be described as one or a few

words that describe the details about the cause of a deviation in data, that is, the fault that

caused the deviation. The taxonomy for faults in district heating customer installations

should consist of a number of di�erent fault labels, clearly describing the faults.

Therefore, the results of this thesis include a taxonomy of di�erent fault labels that may

be used to label deviations in district heating customer data. The overall structure of the

taxonomy is presented in Figure 6.2. The taxonomy includes information about what fault

Figure 6.2: Overall structure of the deviation cause taxonomy [97].
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Figure 6.3: The taxonomy covers the most common issues that generate deviations in district heating
customer data. 39 of the respondents answered this question [97].

has occurred in an installation and if something has been done to correct it, what has been

done to correct it, and when the fault was corrected. By utilizing the taxonomy regularly, a

large amount of labelled data from many di�erent district heating systems would become

available. These data sets would make it possible to, �rst and foremost, validate already

developed fault detection methods and improve their accuracy signi�cantly. It would also

be possible to develop more general fault detection (and fault diagnosis) methods that may

be implemented in many di�erent district heating systems. The full description of the

taxonomy and its contents may be found in Paper iv.

The taxonomy was well-received among the utilities that responded to the taxonomy referral

survey. They stated that the taxonomy covered the most common reasons why a deviation

in customer data occurs, as shown in Figure 6.3. The �gure shows how the responding

utilities answered when asked whether they think the taxonomy contains the essential

fault labels. Most utilities agreed or strongly agreed that the taxonomy covered the most

frequently occurring faults. Two utilities disagreed that this was the case. Their reason for

this was that many faults might occur in an installation, but not all may cause a deviation

in customer data.

The responding utilities also showed great interest in using the taxonomy to register infor-

mation about the faults in their customer installations, which may be seen in Figure 6.4.

The �gure shows how the responding utilities answered when asked whether they would

be interested in using the taxonomy in their fault handling processes. The results show

that most of the responding utilities would be interested in using the taxonomy to register

faults. Ten utilities answered that their interest in using the taxonomy was neutral. Some

of these utilities stated that they could not give an answer about their interest since they

did not get any information regarding how and if the taxonomy could be implemented in

a user interface. This lack of context may also be why three utilities stated that they were
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not interested in using the taxonomy and shows the need to put the taxonomy into a clear

context when presenting it.

Figure 6.4: I/we would be interested in using the taxonomy to register faults. 41 of the respondents
answered this question [97].

6.2 How district heating utilities work with fault handling

today

The results showed that faults in customer installations are a common problem and that

many di�erent faults may occur in the buildings. When asked about faults in their customer

installations, the utilities stated that this is a common problem that they would like to work

against. Their main incentives for working with this problem were related to production

and distribution conditions in their district heating systems that bene�ted from decreased

return temperatures. The incentive was also related to an economic value in a reduction of

the return temperatures. Previous research has shown that the cost reduction gradient for

reducing the return temperature may amount to up to 0.5e per MWh and
◦

C, but that

it varies between di�erent district heating systems [1]. If a utility is interested in knowing

the economic value of reduced return temperature in its own system, it must calculate

the cost reduction gradient for its speci�c district heating system. However, few utilities

participating in the studies conducted in this thesis had done this. This meant that they

had little knowledge of the actual economic value of reduced return temperature levels in

their systems.

The results related to the organizational aspects of fault handling further showed that few

utilities had a clear stakeholder in their fault handling processes. The lack of stakeholder

meant that no one actually demanded that the fault handling process was to be carried out.

The utilities experienced this to be a problem since no one followed up on the fault handling
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process and made sure that the work was being carried out. The lack of stakeholder also

made it hard to allocate resources to the fault handling process, both in terms of person-

hours and economic resources. Many utilities, therefore, mainly conducted the fault

handling process if time was available and had no clear organizational structure for fault

handling. A problem related to the latter is that there may be a lack of clarity regarding

what part of the organization should carry out the actual fault correction. It is common

practice in a district heating utility to divide the responsibility for heat meters and the rest

of the substation between two di�erent divisions. Thus, if there is a fault in the heat meter,

the fault should be treated by the division responsible for heat meters. This example shows

the need to allocate the correct fault instances to the correct utility division, which means

that the division should be allocated resources to perform the assigned work. However, the

utilities expressed that they currently had no structured way of performing these kinds of

allocations.

There was thus room for improvement in the current fault handling processes, particularly

regarding the organizational aspects. These challenges may also contribute to the current

large number of faults in the district heating systems. However, the results in the thesis

work also showed that some utilities had succeeded in reaching lower return temperatures

by working actively with fault handling in their customer installations. These utilities

had actually investigated the value of reduced return temperatures and were therefore

aware of the negative impact increased return temperatures would have on their system’s

performance and economics. A signi�cant contributor to their success in reducing the

system temperatures was that they involved their customers in the fault handling process.

The customer involvement was done by creating di�erent types of incentives for their

customers to eliminate faults in their installations. One way to create a monetary incentive

was to introduce a component in the price model directly related to the mass �ow. This led

to an increased district heating tari� if the return temperature from the installation was

high, since this will cause volume �ow through the substation to be high as well (according

to Equation 2.1). Thus, the customer would have to eliminate any faults causing a high

return temperature to receive a lower district heating tari�. Another contributing factor,

generating an incentive for the customers to work with faults in their installations, was the

relationships with their customers. Most of the utilities with low return temperatures had a

smaller number of customers, making it possible to maintain a more personal relationship.

The personal relationship was created by performing regular service visits and providing

the customers with clear information about why and how they should eliminate faults

in their buildings. Other solutions were to o�er the customers a free of charge survey of

their installation when needed and encourage the customers to call the utility whenever the

heating of the installation was not working as it should. Another important aspect of the

successful fault handling processes was to gain physical access to the substations and internal

heating systems to look for faults in the building. This aspect may seem trivial, but several

of the utilities stated that they currently experienced issues with gaining physical access to
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the installation – either due to the customer not wanting them in their installations or due

to lack of maintenance agreements. It was not very common that the utilities had physical

access to the customer’s internal heating system, since they were mainly responsible for

the performance and maintenance of the district heating customer substation. However,

utilities that were currently successful in fault handling stated that they also, at least in

some cases, were allowed to monitor the internal heating systems as well.

Many of the solutions mentioned above match very well with how smaller utilities were

working with fault handling. The larger utilities stated that some of these solutions were

hard to implement due to the large number of customer installations in their district

heating systems. The fault handling process thus required a large number of person-hours,

especially for the detection of faults. These utilities would bene�t from having a clear

organization for fault handling, with resources and person-hours allocated for this type of

work.

6.3 How district heating utilities carry out fault detection

today

The results related to how utilities are currently working with fault detection show a

need for, and interest in, fault detection based on customer data analysis in the district

heating industry. This need was identi�ed during the interviews, surveys and workshop

conducted in this thesis. However, most utilities currently identi�ed most faults when

conducting service visits to their customer installations. These service visits were part of the

customers’ maintenance agreements. This way to detect faults meant that most faults were

identi�ed after they had already occurred and had already impacted the system negatively.

An important aspect of this approach to detect faults is that fault detection was not the

district heating utilities’ primary objective of the service visits. The main objective of these

visits was instead to maintain a good relationship with their customers and maintain the

customers’ con�dence in district heating. Detecting faults in the customer installations

was thus primarily seen as a bonus to the other bene�ts of having maintenance agreements.

There were, however, several utilities conducting fault detection using other methods.

Some of the utilities were already, to some extent, analysing customer data to identify

customer installations with undesirably high return temperatures. However, their analysis

methods were primarily based on analysis of individual customer installations, and most

utilities performed the analysis manually. A common method for doing this was to extract

top-ten-lists of installations with poor performance, for example, by analysing the return

temperatures or over�ows of the installations. These customers were then contacted to

help them improve the performance of their installation.
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Figure 6.5: Different measurements/values Swedish utilities used to identify poorly performing customer
installations [96].

Other common methods for fault detection were monthly checks of customer data, analysis

of quality index based on the installation performance, analysis of return temperature levels,

analysis of �ow, and the over-consumption or over�ow method. The parameters being

investigated are summarized in Figure 6.5. Combination of values refers to a combination

of the di�erent parameters measured in the heat meter that were analysed together to

investigate the performance of the installation. The QW values are calculated by dividing

the �ow rate with the heat used in the building during a speci�c time, for example, during

a week or a month. This calculation results in a number that makes it possible to compare

customer installations of di�erent sizes and heat demands with each other.

The fault detection methods listed above were based on identifying large deviations in one

or some of the parameters measured by the heat meter in the customer substation. This

means that the current fault detection methods were primarily based on comparing new

data to historical data. The current fault detection methods were thus primarily suitable

for corrective maintenance planning methods, and to some extent, also condition-based

maintenance [33, 34]. However, to reach the full potential of condition-based mainte-

nance, the methods would have to become more automated and analyse multiple customer

installations at the same time. The current methods would not be suitable for predic-

tive maintenance, where a model capable of predicting the future states of the customer

installations would be needed.

The methods currently being used for fault detection made it possible for the utilities

to detect the customer installations that deviated most signi�cantly from the expected

behaviour. However, the utilities experienced that they were currently not capable of
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detecting faults that had a continuously negative e�ect on the system but that were not

clearly performing poorly when a human being was analysing the customer data. Such

faults include, for example, faults occurring in the space heating system that are not clearly

visible in the customer data when a DHW load is present in the system as well, and long-

term drifting values in measurement equipment. These faults may only be possible to

identify during night-time when there is no DHW load, and if the night-time data is not

being investigated, it will be challenging to identify these faults. Therefore, an automated

fault detection method would be bene�cial for the detection of such faults. The utilities

also asked for methods capable of detecting imminent faults; that is, detecting when the

performance of a customer installation starts to deviate from the normal behaviour. Such

deviations may be an indication of an imminent fault and should thus be investigated

immediately. The latter type of fault detection aligns with predictive maintenance schemes

and would be an interesting aspect of future fault detection methods. The utilities thus

expressed a need for, and a clear interest in, more rapid and automated fault detection

methods in order to be able to speed up their fault detection processes.

6.4 Fault detection methods based on analysis of district

heating customer data

The studies conducted in Papers i and ii were focused on automated fault detection in

district heating substations and internal heating systems. Two di�erent fault detection

approaches were investigated, and the results from both papers indicated that there is great

potential in detecting such faults using automated data analysis methods. The studies re-

sulted in two fault detection methods implemented on real-world district heating customer

data, and both methods were capable of detecting deviations in the data.

The results from Paper i include a description of the ML pipeline that was developed in the

study using TPOT. The pipeline may be seen in Figure 6.6. As may be seen in the �gure,

the ML pipeline consisted of two main steps: data pre-processing and modelling.

Figure 6.6: Illustration of the TPOT pipeline developed in Paper i [98].
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(a) Cumulative sum of residuals for data set with
drifting outdoor temperature meter [98].
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(b) Cumulative sum of residuals for data set with
drifting supply temperature meter [98].

Figure 6.7: Figure of the cumulative sum of residuals for data sets containing two different faults: a
drifting outdoor temperature meter and a drifting supply temperature meter. Blue lines
represents the residuals between the mass flow rates from the data set that did not contain
faults and the model outputs for this data set. Red lines represents the residuals between the
mass flow rates from the data set where faults had been induced and the model outputs for
this data set.

The data pre-processing step comprised four di�erent steps: data standardization, genera-

tion of polynomial features, robust feature scaling, and feature selection. The modelling

step consisted of the regressor that predicted the mass �ow rate in the installation, which in

this case was the Gradient Boosting Regressor (GBR). The full description of the pipeline

and its components may be found in Paper i.

Furthermore, the results from Paper i showed that the developed method could detect

faults that were arti�cially induced in data from a well-performing customer substation.

Although not being implemented on a data set known to contain actual faults, the method

still shows great promise for fault detection. It also shows promise for fault diagnosis since

the method displays di�erent behaviours for di�erent faults. This may be seen in Figure 6.7

where the cumulative sums of residuals for two of the investigated faults (drifting outdoor

temperature meter and drifting supply temperature meter) are displayed. In the �gure, the

blue line represents the residuals between the mass �ow rates from the data set that did not

contain faults and the model outputs for this data set. The red line represents the residuals

between the mass �ow rates from the data set where faults had been induced and the model

outputs for this data set.

As may be seen in the �gure, the residuals are di�erent for the two di�erent faults. Both

faults were induced in the data sets after August 2016. Shortly after this, the cumulative

sum of residuals for the data set with a drifting outdoor temperature meter starts deviating

from the cumulative sum of residuals for the original data set. This deviation may be seen

in Figure 6.7a. In October 2016, the deviation was quite signi�cant, which indicates that

the model predictions for the data set containing a fault have changed compared to the

predictions for the original data set. When comparing these conclusions to the cumulative

sum of residuals for the data set with a drifting supply temperature meter in Figure 6.7b, it
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is clear that the di�erence in the model’s behaviour is not as signi�cant between the original

and the faulty data set. Thus, there is an indication that the developed model predicts the

mass �ow rate di�erently for di�erent faults. This behaviour is precisely what is expected

from a fault diagnosis algorithm - the capability to distinguish between di�erent faults.

The algorithm developed in Paper ii was implemented on a data set from 3 000 real-world

customer installations. The results show that a large number of customer installations

(1273 or 43 %) were identi�ed as poorly performing by the algorithm. Figure 6.8 displays a

visualization of the limit checking methods that were implemented for the three investigated

parameters: delta T, return temperature, and energy consumption. As seen in the �gure,

linear thresholds were used for delta T or cooling (Figure 6.8a) and energy consumption

(Figure 6.8b, values are normalized to make it possible to compare installations of di�erent

sizes with each other), while a constant threshold was used for the return temperature

(Figure 6.8c). In Figure 6.8, the grey circles represent the reference case values, and the black

lines represent the thresholds. The blue circles represent the values of a well performing

substation and the red circles represent the values of a poorly performing substation.

As may be seen in the �gure, the values of the well performing customer installation are

located inside the threshold values as is expected if the installation is working as it should. In

contrast, a large share of the values of the poorly performing installation is located outside

the threshold values. This indicates that the installation is not performing as it should, since

a well performing installation should have its main share of the values inside the thresholds,

as explained in Section 5.2.

When moving forward to start validating the results from the fault detection studies, some

issues occurred due to the lack of labelled data, especially in Paper ii. All the identi�ed

installations had a large over�ow, indicating that they were not performing as well as possible,

compared to an ideal case (in this case, the ideal case was a cooling in the substation of

45
◦

C). This indicated that the developed algorithm detected installations that did not

have an optimal performance. However, to truly validate the method, it would have to be

implemented on data sets known to contain speci�c faults at speci�c occasions – that is,

being implemented on labelled data. Implementation on this type of data would make it

possible to analyse whether the algorithm detected installations that actually contained or

had contained a fault. It would also be possible to improve the algorithm’s performance to

reduce the number of false alarms. However, no such data was available from the district

heating utility. It was possible to validate smaller batches of the results by hand by visualizing

the data and discussing data and data patterns with district heating experts and service

technicians. However, this kind of validation is very time-consuming, which means it

is not applicable for validating larger data sets. Labelled data would thus contribute to

improving both the validation process and the fault detection methods themselves. This is

also clear when comparing the fault detection capabilities in the district heating domain to

other related and similar domains such as fault detection in the heating, ventilation, and air
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(a) The limit checking method using linear thresholds for
the cooling of the substation as a function of the
outdoor temperature [99].

(b) The limit checking method using linear thresholds for
the energy consumption (normalized) as a function of
the outdoor temperature [99].

(c) The limit checking method using constant thresholds
for the return temperature as a function of the outdoor
temperature [99].

Figure 6.8: Visual representation of the limit checking methods implemented in Paper ii. Grey circles
represent the reference case values, black lines represent the limit checking thresholds, blue
circles represent the values of a well performing substation, and red circles represent the
values of a poorly performing substation [99].
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conditioning (HVAC) domain. Several research papers related to fault detection in water

chillers, for example, [100–104], successfully utilize the same data set from the ASHRAE

RP-1043 project to validate their developed fault detection methods. ASHRAE RP-1043

was a research project which conducted several experimental studies which resulted in

labelled data sets that contained both faulty and fault-free data [100].

The lack of labelled data does not only a�ect the access to data that is known to contain faults

– it also a�ects the access to data that is known to originate from a customer installation

without faults. There was thus di�culty in �nding well-performing installations for the

reference case in both Paper i and Paper ii. In these studies, this problem was solved by

analysing the data set for customer installations with low, even negative, over�ows and

then visualizing the data from these installations. In this way, it was possible to obtain

customer data that could be used to develop the fault detection methods in both Paper i

and Paper ii. However, this aspect is something that needs to be further considered when

implementing the methods in a real-world district heating system. The choice of reference

case installations will become very important when doing so.

6.5 Future fault handling processes at the district heating

utilities

The results showed that all utilities, irrespective of size, agreed that they want to work more

systematically with fault handling. Some key factors in the work towards obtaining more

systematic fault handling processes have been identi�ed – to calculate the economic value

of eliminating faults in the system, identify a clear stakeholder in the fault handling process,

and allocate resources to the fault handling process. An aspect related to this is that the

results from the taxonomy referral survey study showed that the utilities are interested

in adapting and improving their fault handling processes on a larger scale to detect more

faults in their customer installations. Thus, there is a need for tools and frameworks in the

district heating industry that may help the utilities improve their fault handling processes.

By implementing automated fault detection tools, the utilities saw an opportunity to detect

and correct more faults. However, this was not the only opportunity that they identi�ed.

They also saw a possibility to develop new energy services and business models, making

it possible to improve both the fault detection capability in the system and the customer

relationships at the same time. One such solution was that they saw an opportunity to

develop a new type of maintenance agreement, where data analysis is utilized to detect

faults in the customer installations. The utility would then reach out to the customers

immediately and o�er them help to correct the fault in their installation. This would

simplify the fault handling process for the customers – all they would have to do is to say

yes to a service visit to get the fault corrected. It would also create an actual incentive for the

56



customers to correct the faults in their installations. By working in this manner, it would be

possible to �nd and correct more faults compared to today, and the customer relationships

would be strengthened.

There was also a need to develop structured, holistic approaches to fault handling where

utilities can eliminate a large number of faults. These approaches include an entire cycle of

fault handling – from automated data analysis methods, to fault correction, to reporting

faults, to improving data analysis methods. A suggestion for this type of fault handling

process is presented in Paper v. The suggested fault handling process may be seen in

Figure 6.9. The process is structured as a cycle to make the most of the information

obtained during the process. The fault handling process starts at the top of Figure 6.9 with

the collection of customer data and customer information (step 1). The following steps are

then carried out: analysis of customer data (step 2), decides on continued fault handling

(step 3), creates work order (step 4), performs site visit (step 5), creates a report from site

visit (step 6), and reports back to di�erent systems (step 7). Therefore, it is important to

carry out each step of the process and not exclude any of them. It is also important to

decide when a fault has been treated and corrected to close a case of fault handling. Some

deviations in customer data may require several iterations of the fault handling process

before being considered “solved”. This iteration may have to happen if a deviation in data

has more than one root cause; that is, more than one fault is present in the installation. In

this work�ow, it is suggested that this decision should be carried out in step 2 of the process

after an entire fault handling cycle has been completed. Two essential parallel tracks are not

part of the fault handling process itself: other indications of faults and documents decision.

All steps of the fault handling process, including the parallel tracks, will be described in

further detail below.

In step 1 of the process, customer data and customer information are collected. This data

will serve as input to the data analysis tool.

In step 2 of the process, data analysis is carried out to detect deviating behaviours in customer

data. This requires an automated data analysis tool capable of performing fault detection

and a data analyst surveying the analysis. The output from the data analysis tool should be

an indication that there may be a fault in a customer installation. There may also be other

indications of fault in a fault handling process, for example, if a customer contacts the

utility about a problem with heat comfort in the customer installation. Therefore, other

indications of faults are included in the work�ow as well. These indications may serve as

input for the data analysis tool if there is a need to analyse data before deciding to visit the

customer installation. They may also serve as direct input for step 3 of the fault handling

process, for example, if the fault is urgent and has to be treated as soon as possible.

In step 3, a service admin (short for service administrator) decides whether a fault indication

should be further treated in the fault handling process or not. To make this decision, the
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Figure 6.9: Suggested workflow for fault handling of district heating customer installations using analysis
of customer data [105].
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service admin may have to collect more information about the customer installation by

contacting the customer, visualizing di�erent parameters of customer data, or reading

previous service protocols. The service admin also has to decide if the fault should be

prioritized or not, depending on the system impact and severity of the fault. If it is decided

that the fault should not be treated further in the process, this decision must be documented.

The reason for this is that if an indication of a fault has occurred multiple times for the

same installation without the fault being treated further, it may be valuable to visit and

investigate the installation for faults.

In step 4, the service admin creates a work order for the fault indication that is to be

further handled in the process. The work order should include information about the

customer installation, such as what components are installed in the installation and if faults

existed in the installation on previous occasions. There could also be instructions regarding

preparatory work that has to be carried out before visiting the installation. For example, if

customer data has to be investigated further before performing the visit. The work order

should also specify, if needed, what part of the organization should carry out the work

order.

In step 5, a site visit is performed by a service technician that inspects the installation. The

service technician also �lls out a service protocol during the visit, preferably using a service

application, where information obtained during the visit is recorded. The recorded infor-

mation should be in a standardized format. In this thesis, it is suggested that the taxonomy

developed in Paper iv should be utilized to record information about identi�ed faults.

However, it is also important to record if no fault has been identi�ed in the installation,

since this provides valuable input for the data analysis tool.

In step 6, a report from the service visit is created. The information included in the report

should be based on the information in the service protocol.

In step 7, the site visit report is reported back to the district heating utility. Its contents may

be used for several di�erent purposes, for example, billing the customer for the work that

has been carried out and updating the record of components installed in the installation.

Thus, there is a need to report the information to several di�erent systems, such as the

utility’s business and customer systems. These systems also include the data analysis tool.

By reporting back to this tool, it is possible to create labelled data sets by relating the

information in the service protocol to deviations in the data. This work procedure will

generate data sets that may be utilized to improve the performance and accuracy of the

fault detection method.
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Chapter 7

Concluding discussion

The work conducted in this thesis has treated the subject of fault detection in district heating

customer installations. The objective of the thesis has been to develop solutions that help

improve the fault handling capabilities of the district heating industry by suggesting both

organizational and technical solutions to the problem. More speci�cally, the solutions

have been centralized around customer data analysis and the challenges that arise when

implementing such methods. Therefore, the faults in focus have been the ones that cause a

change in district heating customer data. The problem has been approached by developing

methods for fault detection based on data analysis and identifying key frameworks needed

for the successful implementation of such tools. It was, therefore, important to investigate

current fault handling processes to identify the largest potentials for improvement. Several

such areas were identi�ed and included a taxonomy for labelling deviations in district

heating customer data, organizational aspects such as clear stakeholders in the fault handling

process, and the importance of creating incentives for the customers to eliminate faults in

their installations.

The work in this thesis has been conducted with both current and future district heating

systems in mind. In current systems, it is essential to detect and eliminate faults causing high

return temperatures so that they may transition towards decreased distribution tempera-

tures, thereby allowing a more environmentally friendly and resource-e�cient heat supply.

In future systems, which would be designed to operate at low distribution temperatures,

there will be a need to rapidly detect, diagnose, and correct new faults that occur in the

customer installations. If the faults go undetected, there is a risk that unwanted increases

in the distribution temperature levels occur. Increased temperature levels would have a

negative impact on the entire system since there is a risk that it would not be possible to

e�ciently utilize the low-temperature heat sources that future district heating systems will

be supplied by. Thus, there are lower margins for temperature changes in future systems,

making rapid fault detection even more crucial in the future. Thus, successful fault han-
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dling processes serve a purpose in both types of systems, but their implementation will

be somewhat di�erent. In current systems, they will have to be implemented step-wise

to allow the organization to adjust to and realize the new fault handling processes. In

future systems, improved fault handling schemes should be implemented from the start

of the operation of the district heating system to reduce the possibility of signi�cant fault

occurrences. The results of this thesis may thereby contribute to increased energy e�ciency

and decreased environmental impact of both current and future district heating systems.

Fault detection in district heating customer installations is essential due to the negative

impact that these faults have on the system’s e�ciency. As shown in Paper iii, more than 30

di�erent faults belonging to �ve di�erent fault categories may occur in an installation. The

faults presented in this thesis may not even be the complete list of faults; other faults may

occur if, for example, the substation is designed to �ll a particular purpose in a building that

requires speci�c components to be installed in the installation. The results related to the

most frequently occurring faults may also vary between di�erent district heating systems.

The utilities who participated in the study were all Swedish, and the results may thus be

a�ected by the national characteristics of Swedish district heating. Other countries may

have a di�erent distribution of faults and may also have other fault categories represented

in their statistics.

The results also show that the utilities’ primary way of detecting faults in their customer

installations, the service visits, is not the optimal way to perform fault detection. Even

though faults are detected, the utilities mainly see this as a bonus to the other bene�ts

obtained when performing service visits (improved customer relationships and customers’

trust in the services provided by the district heating utility). There is thus a need to develop

methods dedicated to the rapid and automated detection of faults. This topic was explored

in the �rst two papers of this thesis, which showed that it is possible to detect deviations

in district heating customer data using data analysis. Both methods use data collected

from customers’ heat meters, which is the data most utilities currently have access to. The

methods are thus analysing variables the utilities already have access to and are familiar with.

This is advantageous since new fault detection methods should be easy for the utilities to

assimilate and implement in their fault handling processes. There will otherwise be a risk

that the developed methods are not being used actively in the industry.

However, the results in this thesis have also shown that there are challenges in developing

methods for fault detection in customer installations. The main challenge is the lack of

labelled data, making it hard to validate the developed fault detection methods. The devia-

tion cause taxonomy developed in Paper iv may be utilized to help solve this problem by

labelling deviations in customer data with the fault labels presented in the taxonomy. This

requires information on what fault label should be utilized for each deviation. The infor-

mation may be gathered by allowing the technical service personnel to record information

about identi�ed faults in a service application, where the taxonomy is implemented in a
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user interface. The deviation may then be labelled with the correct fault label, creating data

sets that have been labelled by experts within the district heating industry. Such data sets

are valuable inputs for both the development and validation of fault detection methods.

Even though few labelled data sets are available today, minor adjustments to the current

fault handling process would make it possible to obtain such data sets. A suggestion is

to implement (at least parts of) the fault handling process suggested in this thesis – more

speci�cally, to implement the steps related to creating service reports with standardized

information and reporting structured information back to the utility where the deviations

in data are labelled with the fault label in question. This involves the implementation of a

user interface based on the taxonomy developed in Paper iv.

The results regarding how the utilities are currently working with faults in customer instal-

lations show that some organizational aspects of fault handling could be improved. An

important aspect is that few utilities have a clear stakeholder in the process, which results

in di�culties in allocating resources for fault handling and a lack of follow-up of the fault

handling work within the organization. A way to clarify who should take the lead on the

fault handling process would be to investigate the value of reduced return temperatures

in the district heating system. Identifying such a value would clarify what part within the

organization bene�ts the most from it and should thus be the stakeholder in successful

fault handling processes.

Furthermore, an outcome of this PhD thesis is that there is a need to approach fault handling

in customer installations from a holistic point of view within a utility. It is not possible

to allow parts of an organization to work individually with these issues ”when they have

time to spare”. The work has to be conducted in a structured way regularly, and someone

has to be responsible for the work being carried out. By implementing a fault handling

process such as the one described in Paper v, it would be possible to work actively with

fault handling and methodically eliminate faults. The automated fault detection methods

currently being developed, both in this thesis and in other research, are primarily suitable

for condition-based or corrective maintenance schemes. Therefore, the fault handling

process suggested in this thesis is developed with these types of fault detection methods in

mind. However, the fault handling process would also be suitable to use in a predictive

maintenance scheme. The key to developing this type of maintenance scheme is that the

automated fault detection methods improve and develop towards predictive fault detection

instead. The rest of the fault handling process could be more or less the same in a predictive

maintenance scheme. The developed fault handling process further assumes that the utility

has access to the customer installation so that a fault may be corrected. However, the

results show that this is not always the case. On most occasions, the utility has access to the

customer substation but not to the internal heating system of the customer. The lack of

access is a problem since the results in Paper iii show that one of the fault categories, where

many of the faults occur, is the customer’s internal heating system. Future maintenance
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agreements could thus be designed to also include maintenance of the internal heating

system. Such agreements would be bene�cial for both the utility and the customer, who

would be able to receive help to �x a fault in their installation, no matter where in the

installation the fault is located.

An important aspect of the results presented in this thesis is that they are not aiming to

give de�nitive answers to how fault handling is best conducted or what faults are the most

common ones. District heating operates like a local heat market, and each district heating

system has its own unique conditions and characteristics in terms of size, heat supply, and

distribution methods. In addition, each customer installation in a district heating system is

unique, making the handling of faults a very complex problem. It is thus impossible, and

would not make sense, to provide solutions suitable for all fault instances, for all systems,

at all times. The results, however, aim to provide suggestions and recommendations of

how fault handling processes may be improved to help solve the problems that the utilities

are currently facing. They also give an overview of di�erent aspects that a utility would

have to consider when starting to work in a more organized manner with fault handling.

However, the utility would have to identify its speci�c conditions, such as what business

systems and other systems are involved in current fault-related work, and what parts of the

organization should be involved in and in charge of the fault handling process, to be able

to succeed with their fault handling.

The main limitation of the work in this PhD thesis is that it has been conducted from a

Swedish perspective. This context may have a�ected the generality of the results in terms

of the national characteristics and maturity of the Swedish district heating technology.

This is mainly the case when discussing the results related to fault distribution, since local

conditions may a�ect these results. An interesting extension of the work conducted in this

thesis would be to investigate the fault distributions of other countries. The results related

to fault detection methods, organizational aspects of fault handling, and the deviation

cause taxonomy are of a more general nature. For example, the fault handling process is

designed to �t the organization of many di�erent utilities. The taxonomy may easily be

adapted if a connection principle other than the parallel-connection is used. These results

are therefore more easily transferable to the context of other countries as well.

The work conducted in this thesis has been performed from the utility’s point of view, since

they have the most to bene�t from eliminating faults in customer installations. However,

this work also a�ects the customer and requires close collaboration between the utility and

the customer. It would thus be interesting to investigate the fault handling problem from

the customer perspective in future studies, especially questions related to maintenance

agreements and incentives for correcting a fault. Other future studies may include using the

deviation cause taxonomy to collect labelled data and develop fault detection methods using

this data as input. It would also be interesting to implement the developed fault handling

process and investigate the challenges and opportunities that arise when implementing the
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process in practice. Related to this is to develop a method for utilities to investigate the value

of structured fault handling processes. This method should include the economic value of

reduced return temperatures and other values such as improved customer relationships.
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holm, Sweden: Svensk Fjärrvärme AB, 2009. In Swedish.

[51] Catarina Warfvinge and Mats Dahlblom. Projektering av VVS-installationer. Lund,

Sweden: Studentlitteratur AB, 2016. In Swedish.

[52] Jonas Gustafsson and Fredrik Sandin. “District heating monitoring and control

systems”. In: Advanced District Heating and Cooling (DHC) Systems. Ed. by Robin

Wiltshire. Woodhead Publishing, 2016. Chap. 12, pp. 241–258.

[53] Water E�ciency Labelling and Standards Regulator. Consideration of hot water
circulators for inclusion in the WELS scheme: Background research project. Canberra,

Australia: Department of the Environment, Water, Heritage and the Arts, 2008.

[54] The European Commission. Annex to the Commission recommendation on the
implementation of the new metering and billing provisions of the Energy Efficiency
Directive 2012/27/EU no C(2019) 6631 final. 2019.

70



[55] Energimarknadsinspektionen (The Swedish Energy Markets Inspectorate). En-
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[87] Energiföretagen Sverige. Tillförd energi. 2021. url: %5Curl%7Bhttps://www.

energiforetagen.se/statistik/fjarrvarmestatistik/tillford-

energi/%7D (visited on 11/04/2020). In Swedish.

[88] Kathryn White. “Web-Based Questionnaire”. In: Encyclopedia of Quality of Life
and Well-Being Research. Ed. by Alex C. Michalos. Dordrecht, Netherlands:

Springer, 2014.

[89] Amy Blackstone. Principles of Sociological Inquiry – Qualitative and Quantitative
Methods. Saylor Foundation, 2012.

[90] Dana Lynn Driscoll. “Introduction to Primary Research: Observations, Surveys,

and Interviews”. In: Writing Spaces: Readings on Writing. Vol. 2. Anderson, USA:

Parlor Press, 2011.
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[97] Sara Månsson et al. “A taxonomy for labeling deviations in district heating customer

data”. In: Smart Energy 2.100020 (2021).
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