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Abstract
In cold climate regions, extensive earthworks are required to install drinking water and
sewer pipes below the frost line. This leads to high installation costs and increased disturbances to traffic and local businesses during repair or rehabilitation activities. Many
cold climate cities are equipped with a district heating network, but the economic viability of expanding these networks to new sub-urban developments is jeopardized by a
decrease in heat demand from new energy efficient buildings. In response to these challenges, a technical solution was recently developed in Sweden, to co-locate drinking
water, sewer and district heating pipes in a shallow trench above the frost depth, thereby
cutting total installation costs. In this solution, freeze protection of the drinking water
and sewer pipes is ensured by using an insulated utility corridor and a heat-tracing pipe
that recirculates return water from the district heating system. Since this solution was
recently developed, there is little knowledge of its impact on drinking water and sewage
temperatures and its sustainability in comparison to other, more traditional, alternatives.
These aspects are however essential when it comes to the applicability of this solution in
cold climate regions. Hence, the objectives of this thesis were (i) to evaluate the ability
of the co-location solution to maintain drinking water and sewer pipes within a safe,
comfortable and non-freezing temperature range and (ii) to compare this solution to
more traditional heat and water services provision alternatives from a sustainability point
of view. To address objective (i), pipe temperatures were measured continuously at two
cross sections at a pilot site in Kiruna during a period of 22 months. A thermal model,
set up and calibrated on the basis of the measurements, was used to simulate the impact
of extraordinary cold weather conditions on the pipe temperatures. The results showed
that the utilidor could keep pipe temperatures within the desired ranges (i.e. >0°C for
sewer; 0-15°C for drinking water) in most cases, but that special care should be taken
during design to limit drinking water temperature in the summer case. To address objective (ii), five provision alternatives for heat, water and sewerage were selected and their
performance with regard to seven sustainability criteria were evaluated. Three environmental (climate preservation, energy efficiency, and material efficiency), one economic
(affordability), one social (user friendliness), one health & safety (workers’ safety) and
one technical (reliability) criteria were considered. A multi-criteria method was then
applied to propose a sustainability ranking of the alternatives based on a set of weights
obtained from local stakeholders. The stakeholders selected for the case study, assigned
most weight to the reliability (29%), energy efficiency (24%) and affordability (24%) criteria. The co-location solution was outranked by two alternatives featuring geothermal
heat pumps instead of district heating. A sensitivity analysis was performed and showed
that the co-location solution (A2*) could potentially top the sustainability ranking if
geothermal energy was used as the district heating source, or if the weight given to affordability increased from 24% to 52%, because A2* was the cheapest alternative.
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Sammanfattning
I nordliga regioner, består en stor del av investeringskostnaderna för nya VA-ledningsnät
av det schaktningsarbete som behövs för att lägga ledningarna på frostfritt djup. Samtidigt minskar fjärrvärmens lönsamhet i nya stadsdelar på grund av låg värmeförbrukning
i energieffektiva byggnader. Som svar på dessa utmaningar har en lösning utvecklats och
som innebär samförläggning av fjärrvärme- och VA-ledningar i ett grunt schakt, för att
på så sätt minska investeringskostnaderna, både för VA- och fjärrvärmeverksamheten. En
isolerad kulvert i cellplast samt en frostskyddsledning i vilken returvatten från fjärrvärmesystemet återcirkuleras används för att hålla VA-ledningarna frostfria. Eftersom denna
typ av samförläggning inte tidigare utvärderats finns ännu liten kunskap om hur vattentemperaturerna i ledningarna påverkas samt om hur systemet står sig hållbarhetsmässigt i
relation till andra mer traditionella system. Därför var syftet med denna avhandling att
utvärdera systemets förmåga att hålla dricksvattenstemperaturen på ett komfortabelt och
hälsosäkert värde (under 15○C) och hålla dricksvatten- och avloppsledningar frostfria
(över 0○C). Vidare var syftet att jämföra hur hållbart detta system är för att distribuera
dricksvatten och värme samt avleda avloppsvatten, i relation till andra system.
För att utvärdera vattentemperaturerna mättes vattentemperaturerna i två tvärsnitt av
kulvertssystemet i ett pilotvillaområde under 22 månader. En termisk modell kalibrerades med temperaturmätningar från ett av de två tvärsnitten och användes därefter för att
simulera ledningstemperaturer under den kallaste vintern som registrerats i testområdet
(Kiruna, 1986-1987). Resultaten visade att samförläggningskulverten kunde hålla vattnet
inom det önskade intervallet (>0°C for avlopp samt 0-15°C for dricksvattnet) under en
stor del av tiden. Resultaten visade dock att i ett fortsatt utvecklingsarbete behöver hänsyn tas till hur isolerkulverten bör utformas och förläggas för att undvika för höga
dricksvattentemperaturer på sommaren, då dricksvattnet maximalt uppmättes till +19°C.
En multikriterieanalys användes för att utvärdera fem alternativa system för tillhandahållning av värme och VA till ett bostadsområde. Den relativa hållbarheten för alternativen utvärderades utifrån klimatpåverkan, energi- och materialeffektivitet, kostnader, användarvänlighet, arbetesmiljösäkerhet och tillförlitlighet. Vikter för kriterierna erhölls
från lokala intressenter under en workshop. Intressentgruppen satte högst vikt vid tillförlitlighet (29%), energieffektivitet (24%) och kostnader (24 %). Samförläggningslösningen
rankades som det tredje bästa alternativet medan konventionella djupt förlagda VAledningar med bergvärmepumpar i varje fastighet istället för fjärrvärme rankades högst.
En känslighetanalys visade dock att samförläggningslösningen skulle rankas högst om
värmen producerats i det nya bostadområdet med en enda stor bergvärmepump och
distribuerats som närvärme, eller om kostnaderna hade givits mer vikt vid beslutet, eftersom samförläggningslösningen var den billigaste.
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1. Introduction
Cold climate regions are characterized by a mean temperature below -3○C during the
coldest month (Köppen, 1884; Beck et al., 2018) and host more than 450 million people
in countries such as Russia, China, USA, Canada, Norway, Sweden, and Finland. In
these regions, drinking water and sewerage infrastructures need to be functional, even
during the freezing season. Indoors, this is normally achieved by the use of insulated
buildings and reliable heating systems that maintain year-round positive ambient temperatures. Outdoors, conventional solutions for freeze protection of drinking water and
sewer pipe networks vary depending on the severity of the climate. In settlements built
on permafrost or bedrock type terrain, pipes are traditionally insulated, heated, and laid
in a shallow trench or above ground (Smith, 1996; Schubert et al., 2013). In milder locations, pipes are traditionally buried below the local frost depth (e.g. 1.6 m in Stockholm;
2 m in Harbin; 2.4 m in Edmonton). Both approaches are implemented through wellestablished robust technical solutions and practices, usually benefiting from several decades of operational feedback and trial-error cycles. However, they are still resource intensive and have a number of negative socio-environmental impacts, which should be
addressed to support the transition of cold climate regions toward more sustainability.
Burial below the frost depth (usually referred to as the frost line) is laborious and leads
to high, long-term investments while water utilities need to increase investments in
network renewal (Malm et al., 2013; ASCE, 2017), and face high uncertainties concerning future population trends and the impact of climate change (Galloway, 2011). Moreover, interventions on these deep pipe networks for repair or rehabilitation require large
excavations, which are known to disturb traffic and local businesses (Hunt et al., 2014).
Besides, pipes installed just below the frost line are constantly at a positive but rather low
temperature, which is detrimental to wastewater treatment (Henze et al., 2001), and
wastewater heat recovery (Meggers and Leibundgut, 2011). On the other hand, shallow
or above-ground pipe installation strategies have traditionally been based on the use of
direct electrical heating (Gunderson, 1978) or combustion of fossil fuels for freeze protection (Smith, 1996; Schubert et al., 2013). These systems also require more care during
operation to prevent freezing, and can sometimes lead to undesirably warm drinking
water during summer (Reed 1977, as cited in Smith, 1996)
Concerning space heating and preparation of hot tap water, many cold climate communities are equipped with a district heating system. These systems have shown multiple
benefits as they allow efficient use of fuels through combined heat and power (CHP)
generation, avoid distributed air pollution, and allow the reuse of waste heat from industries (Werner, 2017). However, it is increasingly hard to achieve economic viability for
district heating projects in new suburban areas. The investment and operational (e.g. heat
loss) costs of expanding the pipe network to the new area remain unchanged, while the
1

amount of heat sold to customers is decreasing due to more energy efficient building
(Werner, 2017). Sometimes, the number of future customers is also uncertain due to the
competing heat pump market. Moreover, conventional district heating pipe networks
operating at high temperature (60-90○C) are ill-suited to integrate with renewable energy sources.Yet, district heating has been identified as an important part of future renewable energy systems (Connolly et al., 2014) if they undergo a change toward low temperature networks called fourth generation district heating (Lund et al., 2014). In such
distribution networks, heat is transported at a lower temperature level (30-60○C) making
it possible to utilize renewable low temperature heat sources (shallow geothermal, solar)
and low temperature industry heat-waste (e.g. data centre, wastewater heat recovery).
Fourth generation district heating also aims to address the problem of economic viability by reducing installation cost by the use of flexible easy-to-connect pipes and by reducing heat loss to the surrounding soil. The rate of adoption of fourth generation in
cold climate regions is, however, low and this necessary transition has not truly started in
Sweden (Werner, 2017).
Recently, a pipe co-location solution integrating low temperature district heating, sewerage, and water supply has been developed and built in Northern Sweden where the
normal recommended depth for installation of water and sewer pipes is typically larger
than 2 m. The different pipes are insulated and installed in a common shallow trench (~
1 m) and heat from the low temperature district heating system is used to protect the
sewer and drinking water pipes from freezing. This solution aims at reducing total excavation costs and appears to have the potential to solve several of the above mentioned
challenges of heat and water services provision in cold climate regions. Hence, it is relevant to advance the knowledge and understanding of this novel co-location strategy. In
particular, freezing risks, impacts on drinking water and sewage temperature and relative
sustainability in comparison to conventional solutions are essential aspects when it
comes to selecting, designing and operating shallow pipe co-location solutions.
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1.1. Study aim
As described above, a technical solution for co-locating sewer, water, and district heating
pipes in a shallow trench above the frost line has been recently developed and implemented on a pilot site in Northern Sweden. The main driver for the project was to reduce investment costs, and thereby improve the economic viability of district heating in
a context of decreasing residential heat demand. However, the technical, economic, environmental, and social impacts of implementing this pipe co-location solution have so
far not been investigated. Hence, the overall aim of this thesis was to advance the understanding of this technical solution, and assess its applicability to cold climate regions.
The research objectives were:
(1) To evaluate the ability of the solution to maintain drinking water and sewer pipes at
a safe, comfortable and non-freezing temperature range through the specific subobjectives:
a. To evaluate pipes and soil temperatures at two trench sections on the pilot
site of Kiruna for different weather and heat-tracing conditions,
b. To simulate the impact of extraordinary cold air temperatures on drinking
water and sewer pipe temperatures by setting up and calibrating a twodimensional finite volume model of one trench cross section.
(2) To compare the co-location solution to other, more traditional, provision alternatives
for water and heating services with regards to sustainability through the specific subobjectives:
a. To evaluate, on a selected case study, quantitative indicators of the environmental, economic, social, health & safety, and technical performances of the
alternatives,
b. To aggregate the indicator values into a relative sustainability score for each
alternative by using a multi-criteria approach, including the priorities of a
group of local stakeholders,
c. To identify favourable conditions for the implementation of the co-location
solution though a sensitivity analysis of the sustainability ranking.

1.2. Thesis structure
The thesis is based on four scientific papers (Figure 1) which assess the temperature performance (Papers I and II) and relative sustainability (Papers III and IV) of the earlier
mentioned shallow co-location solution for sewer, water, and district heating pipes. Paper II deals with the thermal characterisation and modelling of two trench sections on a
pilot site in Northern Sweden, under given weather conditions. Findings from Paper II
provided a basis for the experimental design and modelling related to Paper I (Figure 1).
3

Paper I presents a long-term evaluation of the solution’s temperature performance based
on experimental work on the pilot site and modelling of extraordinary cold conditions.
Paper I also complements the knowledge gained in Paper II to investigate the thermal
behaviour of the solution. Paper IV deals with the evaluation of environmental and
economic lifecycle data related to the co-location solution and more traditional alternatives. These data are used in Paper III, together with social and technical information, to
compare the co-location solution to the other alternatives from a sustainability point of
view (Figure 1). By providing information about the solution’s capacity to fulfil its main
technical function and to improve sustainability, the four papers contribute to the thesis’
overall aim of assessing the solution’s applicability to cold climate regions.
Paper I

Paper III
Relative sustainability in comparison
to traditional solutions

Ability to maintain adequate drinking
water and sewer temperatures

Licentiate thesis
Applicability of the shallow co-location
solution to cold climate regions

Paper IV

Paper I, II
Impact of heat tracing and soil temperature

Environmental and economic
life cycle data

Figure 1. Synthesis of the scientific papers in relation to the thesis topic.

The thesis comprises six chapters: Chapter 1 introduces the research topic and research
objectives. Chapter 2 presents the state-of-the-art concerning shallow co-location solutions for utility pipes and the assessment of utility pipe networks’ temperature performance and sustainability. Chapter 3 describes the research methods used to assess temperature performance and relative sustainability. These methods include temperature
measurements in the field, thermal modelling, lifecycle analysis and multi-criteria analysis. Chapter 4 presents the research results, namely measured and modelled pipe temperatures, criteria scores, sustainability ranking and a sensitivity analysis of this ranking.
Chapter 5 discusses these results in relation to the research aim and state-of-the-art. In
particular, the co-location solution is compared to other alternatives from a temperature
performance and sustainability point of view. The choice of sustainability indicators and
of methods for their aggregation is also discussed, as well as possible improvement of the
solution. Finally, Chapter 6 presents the conclusions of the research work. The four scientific papers are appended at the end of the thesis.
4

2. Background
2.1. Co-location of utility pipes above the frost line
Co-location of water and sewer pipes in seasonally frozen ground, in permafrost or
above-ground is seen in parts of Scandinavia, Finland, Russia, Alaska and Canada. In seasonally frozen ground, one strategy to reduce excavation needs is to place the pipes in a
shallow trench above the natural frost line and cover them with insulation boards (Figure 2a), sometimes called frost shields. Other utilities, such as electricity and telecommunications, are sometimes placed in the same trench.

Figure 2. (a) Co-location of stormwater (OV), drinking water (V), and sanitary sewer (SP) pipes in a
shallow trench under a frost shield – Norway (Gunderson, 1978); (b) Box-utilidor including drinking
water, telecommunications and sewer lines – Kilpisjärvi, Finland (Mcfadden, 1990); (c) Box-utilidor including sanitary sewer (SP), drinking water (V), and electrical lines (El) - Norway (Gunderson, 1978);
(d) Shallow utilidor (top is at surface level) containing pipes for heating (steam and condensation return), drinking water, fire extinction, and sewerage - Alaska (Kennedy et al., 1988).

5

Gunderson (1978) developed a design method to determine the width and thickness of
frost shields. The method takes into account the local climate, soil conditions, snow cover, installation depth, and the amount of heat given by the utilities placed under the frost
shield. Gunderson’s method also covers the case of box-shaped frost shields (Figure 2c).
This technique is relatively common in Norway, Sweden, and Finland to perform shallow installations of low pressure sewer and drinking water pipes in, for example, rocky
areas. The use of box-shaped frost shields with a gravity sewer (Figure 2b) has also been
reported (Mcfadden, 1990) in an experimental village in Northern Finland. Even
though they are usually filled with sand, box-shaped frost shields can be referred to as
utility corridors (utilidors). In the American and Canadian literature, utilidor refer to “a
structure whose function is to contain the utility piping and wiring of a community or camp.”
(Smith, 1996). Compact insulated utilidors have been used in the permafrost areas of
Alaska and Northern Canada to perform shallow (Figure 2d) or above-ground (Figure
3) installations of the utility pipes. Larger utilidors that can be inspected by walking or
crawling have also been built in these areas (Smith, 1996), as well as in Russia and Sweden (Tekniska Verken, 2017). In most documented cases, utilidors are hollow (air space
between the pipes). Design guidelines and advantages/disadvantages of utilidors are presented in the Cold Climate Utility Monograph (Smith, 1996). According to Schubert et
al. (2013), box (compact) utilidors are part of the current practice for utility services delivery in Alaska.

Figure 3. (a) Above-ground utilidor containing drinking water, gravity sewer and district heating pipes,
source - Fairbanks, Alaska (Reed, 1977, as cited in Smith, 1996); (b) Above-ground utilidor containing
drinking water, vacuum sewer and heat trace pipe – Noorvik, Alaska (Rogness and Ryan, 1977).

Heat needs to be provided to ensure positive temperatures inside the utilidors (or under
the frost shields). Sometimes the heat given by the sewer and/or drinking water pipes
can be sufficient depending on wastewater/drinking water flows and the drinking water
source (surface or groundwater). Methods are presented in Gunderson (1978) and Smith
(1996) to evaluate the heat gains from these utility pipes, as well as from electricity lines
6

if they are situated in the utilidor/under the frost shield. Single (pitorifices) or double
main recirculation systems (Schubert et al., 2013) are widely used in Alaska and Northern Canada to ensure sufficient flows in all sections of a drinking water network. Another, less resource efficient, way to maintain drinking water flow is to use bleeders or to
send let-run notices to resident during cold events (Raymond et al., 1999). Alternatively,
heat tracing systems (Smith, 1996) can be installed to protect utilidors/frost shields
against freezing. This can consist of an electric heating cable or a pipe where warm-tohot water or water-glycol mix is circulated (Figure 3b). If district heating lines are included in the utilidor (Figures 2d and 3a), their insulation can be designed to ensure that
sufficient heat is given along the utilidor to prevent freezing of the drinking water and
sewer pipes. However, this approach offers less control than a dedicated heat tracing system and has been reported to lead to undesirably high drinking water temperatures
(Leitch and Heinke, 1970, as cited in Smith,1996; Reed, 1977, as cited in Smith, 1996).

2.2. Temperature performance of sewer and drinking water networks
Drinking water temperature plays an essential role in preserving water quality, odour
and taste; it positively affects the re-growth of microorganism in the distribution network and should therefore be kept under 25○C according to the World Health Organization (2008). An increase in drinking water temperature also accelerates the decay of
chlorine in the distribution network (Li et al., 2003), which can be detrimental to
drinking water quality. It has also been shown that temperature can have a negative effect on taste, as consumers usually enjoy cooler drinking water (Pangborn and Bertolero,
1972). On the other hand, cold drinking water has a higher viscosity (Blokker and
Pieterse-Quirijns, 2013) and can therefore increase pumping costs.
Temperature is recognized as an important parameter of wastewater because it can
strongly influence several physical, chemical, and biological processes during conveyance
and treatment. The main concern is that too cold wastewater (below 8○C) can drastically
impair the nitrogen treatment process (Henze et al., 2001). In more general terms, cold
wastewater slows the biological treatment processes and may require larger treatment
units. Wastewater temperature also has a direct influence on the wastewater heat recovery (WWHR) process, which is usually performed using heat pumps. WWHR has received increased attention in recent years as up to 90% of urban water cycle energy use
is caused by hot domestic water preparation (Olsson, 2012). Whether wastewater heat is
recovered upstream or downstream of the treatment plants, warmer wastewater has been
found to increase the WWHR process efficiency (Meggers and Leibundgut, 2011).
Recognising the importance of temperature in urban water networks and the lack of
previous studies on this topic, several authors have recently focused on measuring, ana7

lysing, and modelling thermal processes in sewer (Abdel-Aal et al., 2014; Dürrenmatt
and Wanner, 2014) and drinking water networks (Blokker and Pieterse-Quirijns, 2013).
These studies were performed in temperate regions considering the heat transfer from
one pipe to the surrounding soil without soil freezing. There is therefore a need for
thermal studies of pipe co-location solutions above the frost line as they involve heat
transfer between multiple pipes, and are influenced by the phenomenon of soil freezing.
Heat transfer in frozen soils has been studied extensively in the past (Johansen, 1975;
Farouki, 1981), but applications to water and sewer networks have been limited to the
verification of pipe freeze protection (Kennedy et al., 1988; Coutermarsh and Carbee,
1998).

2.3. Sustainability assessment of utility pipe networks
2.3.1. Definitions and assessment frameworks
Sustainable development has been defined in multiple ways since it first appeared in the
1972 Stockholm conference introduced by the International Union for the Conservation of Nature. A commonly accepted definition is “Sustainable development is development
that meets the needs of the present without compromising the ability of future generations to meet
their own needs” as introduced in the Brundtland report (WCED, 1987). As noted by
Motevallian and Tabesh (2011), definitions of sustainable development generally put
emphasis on the two following key ideas:
 To regard both current and future needs,
 To integrate environment, society and economy in the decision-making
process.
From a conceptual point of view, sustainability is usually defined as an ideal status or situation that is the long-term goal of sustainable development (Mebratu, 1998). From a
more practical point of view, sustainability is used as a system attribute that measures the
compliance of a system to the principles of sustainable development. However, system
sustainability is rarely assessed in an absolute way but rather in relation to other systems
or to previous states of the same system. Assessing relative sustainability is a partlyqualitative, multidimensional problem that can be approached in various ways (Lai et al.,
2008). Therefore, several authors have developed frameworks with measureable indicators for both urban water and heat supply systems to promote an operational and consistent use of the notion of relative sustainability.
For urban water systems, a framework for assessing relative sustainability was developed
in Sweden as part of the Sustainable Urban Water Management project (1999-2005). In
this framework (Malmqvist et al., 2006), the sustainability criteria are organized in five
categories: health and hygiene; social and cultural; environmental; economic; and tech8

nical. A list of criteria and associated indicators was developed during the project and
was presented in Hellström et al. (2000). The authors also identified a list of priority indicators that should be included in the sustainability assessment process. With a similar
aim, a guidebook was produced as part of the UK-based “Sustainable Water-Industry
Asset Resource Decisions” project. In this guidebook, the criteria were organized in
four main categories: economic; environmental; social; and technical (Ashley et al.,
2004). Examples of criteria and indicator were suggested to support water utilities evaluating the relative sustainability of different technical alternatives (Foxon et al., 2002).
More recently, a sustainability assessment framework (Brattebø et al., 2013) for urban
water systems was developed as part of the TRUST project (TRansition to sustainable
Urban Systems of Tomorrow). This framework was based on 23 measurable indicators
(Alegre et al., 2014), and proposed the following definition of sustainability for urban
water systems: “Sustainability in urban water cycle services (UWCS) is met when the quality of
assets and governance of the systems is sufficient to actively secure the water sector’s necessary contributions to social, environmental and economic sustainability in the urban system as a whole.”
2.3.1. Sustainability assessment of water service networks
There are few sustainability assessment studies covering drinking water or sewer networks and integrating social, technical, environmental, and economic aspects. For drinking water distribution, there is normally no choice to make concerning the main technology, which is a pressurized pipe network. Some Life Cycle Assessment (LCA) studies
have focused on the problem of drinking water pipe material selection considering one
to seven environmental indicators (Dennison et al., 1999; Piratla et al., 2011; SanjuanDelmás et al., 2014) but did not include economic, social, or technical indicators in the
comparison. For wastewater collection networks, the most common technology is gravity sewer, but low pressure sewers or vacuum sewers are possible alternatives. Vacuum
sewers have received increased attention in recent years because of their ability to
transport concentrated domestic slurries (black water with or without kitchen waste),
resulting from source separation sanitation strategies. Sewer technologies (gravity, low
pressure, vacuum) have been compared from an integrated sustainability perspective by
Tanskanen (2018). In this study, vacuum sewer was found to be the most sustainable alternative for black water transport in a 280-household residential area in Sweden. Similar studies are not found in the literature for the conventional case where black and grey
water are transported together. Concerning the choice of wastewater pipe material, de la
Fuente et al. (2016) performed a comparative sustainability assessment of plastic and
concrete pipe for various diameters. They did not find significant differences in sustainability index between plastic and concrete pipe for the 400 mm diameter case. However,
the difference increased with diameter in favour of concrete pipes. Others studies on
sewer pipe material selection have focused on environmental indicators only (Petit-Boix
et al., 2014;Vahidi et al., 2016) or environmental and economic indicators (Akhtar et al.,
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2015). Technical alternatives (trenchless vs open-cut) for rehabilitating drinking water
(Koo and Ariaratnam, 2008), and sewer pipes (Ariaratnam et al., 2013), have been compared from a sustainability point of view, using multi-criteria approaches.
The choice of freeze protection strategy for drinking water or sewer pipes has so far not
been the focus of sustainability studies. As introduced in section 2.1, one possible freeze
protection strategy is to co-locate the utility networks in a shallow or above-ground
corridor called a utilidor. Putting aside the problem of freeze protection in cold climate
regions, the question of utility placement (burial in separated trenches, or co-location in
underground utilidors) has been studied from a sustainability perspective in more temperate locations. Hunt et al. (2014) described a method to compare the long-term economic, social, and environmental costs of open-cut utility placement versus placement
in a utilidor. The authors developed and applied the economic part of the method to
compare different utilidor designs to the open-cut placement method, for different contexts (undeveloped, suburban, and urban) and by using data from the UK. They concluded that utilidors can be a more economically viable alternative in all three location
contexts, depending on the number of utilities that are co-located and the number of
avoided street works during the period of interest. However, Hojjati et al. (2018) reviewed available sustainability assessment tools for urban underground utility infrastructure projects and concluded that none of them was sufficient to integrate the economic,
environmental, and social costs of streetworks in cities in an applicable and transparent
way.
2.3.2. Sustainability assessment of district heating networks
Ghafgazi et al. (2010) developed and demonstrated a multi-criteria approach including
economic, environmental, social, and technical aspects to evaluate district heating system
options. In a similar study, Grujić (2014) compared different district heating system options for the city of Belgrade by considering economic, environmental, and energy security aspects. Both of these studies covered heat production but not heat distribution
through the pipe network. Mróz (2008) compared different heat supply strategies for a
residential neighbourhood in Poland with regard to economic, technical, and environmental criteria. The compared options included heat distribution from the existing district heating system either by direct expansion of the pipe network or through a local
network operated at lower temperature by using a large heat exchanger. The authors
found no preference between these two options according to the priorities of local decision makers. District heating pipe technologies have not been studied from an integrated sustainability perspective but Persson et al. (2006) and Perzon et al. (2007) performed environmental lifecycle assessments of steel pipes pre-insulated with polyurethane foam (for high temperature district heating) and polyethylene pipes insulated on
site with expanded polystyrene (for low temperature district heating), respectively.
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Decision making on district heating networks is not limited to the choice of distribution temperature levels and pipe technology for a new urban area. It also includes decisions about whether or not the district heating network should be expanded at all to
this area. In this case, district heating needs to be compared to individual heating systems
from different energy sources (e.g. fossil fuels, biomass, geothermal, direct electricity,
etc.). This question has been addressed from an economic/environmental perspective by
Alanne et al. (2007) and from an economic/environmental/technical perspective by
Mróz (2008). Kontu et al. (2015) conducted a multi-criteria study for various residential
heating options, including district heating, for a new urban area in Finland. The latter
study appears to be consistent with the concept of sustainability assessment as it includes
environmental, economic, social, and also technical aspects. District heating from biomass and individual geothermal heat pumps were found to be the two most preferable
options in this study.
2.3.3. Multi-criteria analysis methods for assessment of infrastructures
Sustainability assessment can be conducted using various methods, not limited to the
family of multi-criteria analysis methods. Lai et al. (2008) grouped them into four main
approaches: cost-benefit analysis (CBA); triple bottom line (TBL); integrated assessment
(IA); and multi-criteria analysis (MCA). In distinction to the other approaches (Lai et al.,
2008), MCA methods are relatively well suited to integrate quantitative and qualitative
criteria, as well as stakeholder participation, into the sustainability assessment process.
However, because they are multi-dimensional, they can require considerable cognitive
effort from decision makers to set-up a preference model (to judge the relative importance of the criteria).
A wide range of MCA methods have been presented in the scientific literature, with
numerous applications on water, energy, and transport infrastructures (Kabir et al., 2014).
As pointed out by Rowley et al. (2012), each MCA method has theoretical and practical
implications and should be selected after analysis of the decision makers’ need. Rowley
et al. (2012) proposed a classification of MCA methods into two main categories. Type 1
methods are based on a synthetizing criterion (sometimes referred as sustainability index/score, final preference or composite indicator) which allow positioning of all alternatives on a single scale. They include the Weighted Product Model (Bridgman, 1922),
the Weighted Sum Model (Fishburn, 1967), the Analytical Hierarchy Process (AHP) approach (Saaty, 1980), and the TOPSIS approach (Hwang and Yoon, 1981). Type 1 methods are compensatory, meaning that low performance with regard to one criterion (e.g.
climate preservation) can be compensated by high performance with regard to another
(e.g. affordability). Type 2 methods are based on a preference relational system that compares the alternatives in a pairwise manner (outranking approach). They include the
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ELECTRE (Benayoun et al., 1966) and PROMETHEE (Brans and Vincke, 1985)
methods and are non-compensatory.
In a review by Kabir et al. (2014) of 330 multi-criteria analysis studies dealing with infrastructure systems, compensatory methods were used in 38% of the studies, noncompensatory methods in 14%, and 48% of the studies used a combination of two or
more methods. In a recent review by Diaz-Balteiro et al. (2017) of 271 sustainability assessment studies using MCA methods, compensatory methods were used in 83% of the
cases. The two most frequent methods were Analytical Hierarchy Process ‒ AHP (34%)
and Weighted Sum Model ‒ WSM (33%).
Some of the compensatory methods (e.g. WSM) have been recognized as relatively simple and well understandable making them transparent, applicable, and convenient to engage stakeholders (Lundie et al., 2008; Kabir et al., 2014). Lack of transparency has been
identified by Lai et al. (2008) as one the three shortcomings to address when electing a
MCA method, together with preferential interdependency and double counting. The
main criticism of compensatory MCA methods is their lack of compliance with the
principles of strong sustainability (Rowley et al., 2012; Cinelli et al., 2014). For example,
they could give high preference to alternatives with large environmental losses compensated by large economic profits, while strong sustainability considers that “certain sorts of
natural capital are deemed critical and not readily substitutable by man-made capital” (Munda,
2005). Another criticism of some simple compensatory methods (e.g. WSM) is that they
require an additional step (e.g. sensitivity analysis) to consider uncertainties in the performances of alternatives with regards to the sustainability indicators, while noncompensatory methods (e.g. ELECTRE) can do so intrinsically (Roy, 2005; Rowley et
al., 2012).
Most compensatory methods require normalization of the indicator values (e.g. cost, environmental impacts, etc.) to obtain comparable scores before they can be aggregated
into a synthetizing criterion using a preference model. Normalization can be done using
various procedures. The choice of a normalization procedure has implications concerning the meaning of the final aggregated score and stakeholders’ preferences (Rowley et
al., 2012; Pollesch and Dale, 2016). The min-max (Rowley et al., 2012) normalization
scheme is widely used in the literature. Because the latter does not conserve proportionality, it requires, during the weighing process, informing the stakeholders of the range of
performance of the considered alternatives with regard to each indicator (DCLG, 2009;
Rowley et al., 2012). However, this is often not mentioned in publications applying
“min-max” normalization. Other normalization schemes, called ratio normalizations
(Pollesch and Dale, 2016), conserve proportionality but still present some shortcomings.
For example, the inclusion of a new extremum (new alternative with best or worst indicator value for one of the criteria) affect the score of all the alternatives and can modify
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the original ranking (Pollesch and Dale, 2016). Two options have been identified to
avoid this shortcoming: one is to use an external scale (reference values from regulations
or guidelines) to normalize the indicator values (Pollesch and Dale, 2016); the other is
to calculate the synthetizing criterion using the weighed geometric mean because it
does not require normalization (Ebert and Welsch, 2004).
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3. Methods
3.1. Evaluation of temperature performance
3.1.1. Study site
The study site was a part of the residential area of Tuolluvaara in the town of Kiruna,
Sweden (Figure 4) that was equipped in 2014 with a shallow utilidor system for 9 residential units. Kiruna is located 150 km north of the Arctic Circle and has a continental
sub-arctic climate. Normal mean temperature is -2○C for the entire year, -14○C for the
month of January and 12○C for the month of July (SMHI, 2019). The normal period
with snow cover in the town of Kiruna is mid-October to mid-May (SMHI, 2019). The
recommended frost depth in Kiruna for installation of water and sewer pipes under
roads is 2.9 m (VAV, 2001).

Cross-section 1
Cross-section 2
Legend:

District heating
house station

: Sanitary sewer
: Drinking water
: Heat tracing
: Future connections

Figure 4. Aerial view of the study site in Kiruna, Sweden. The high and low temperature district heating pipes are not shown in the figure.

The district heating house station (Figure 4) is supplied with heat by high temperature
district heating pipes coming from the town’s CHP plant. The heat is transported from
the house station to the residential units using a low temperature district heating
network (Lund et al., 2014). This network consists of supply and return pipes in cross15

linked polyethylene (PEX) installed in a utilidor made of expanded polystyrene (EPS). It
has the same shape as the heat tracing network shown on Figure 4. This utilidor is
installed in a shallow trench (<1m deep) next to the utilidor containing the gravity
sewer, heat tracing and drinking water pipes (Figure 5a). District heating return water is
circulated in the heat tracing pipe network (from the district heating house station to
each building where it is reinjected into the district heating return pipe). The circulation
of district heating return water in the heat tracing network is maintained by a heattracing pump at the district heating house station. (in red in Figure 5b).

Figure 5. (a, left) Construction picture of the shallow co-location solution at the study site. From left
to right: gravity sewer pipe, heat tracing pipe, drinking water pipe, district heating return pipe, district
heating supply pipe. (b, right) Cabinet of timer-based regulation system (top) and heat tracing pump
(bottom) at the district heating house station. Description of equipment inside the cabinet of the regulation system (from left to right): relay controlling the heat tracing pump, transducer of the PT1000 soil
temperature sensor, transducer of the PT1000 heat tracing temperature sensor; power supply, Industruino controller.

3.1.2. Regulation of the heat tracing system
Regulation strategy A. During the winters of 2015-2016 and 2016-2017, the system was
regulated in order to achieve heat tracing temperatures as close as possible to 25○C in
the heat tracing pipe network. Because district heating return temperatures were most
often above this value (35-50○C), a chiller was used just downstream of the heat tracing
pump. It consisted of a plate heat exchanger which dissipated the excess heat by warming up cold drinking water and discharging it into the sewer network. The heat tracing
pump was turned on / off manually in the autumn / spring, when the soil temperature
at the level of the pipes dropped below / rose above ~1○C.
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Regulation strategy B. During the winter of 2017-2018 another, more energy and water
efficient, regulation strategy was used. This involved decommissioning the chiller and
operating the heat tracing pump intermittently with the help of a timer system (Figure
5b). The timer, based on an Industruino controller, was programmed according to the
regulation cycle described below.
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Figure 6. Target average heat tracing temperature TM as a function of soil temperature TSO. Relationship
used in regulation strategy B.

The timer recorded the soil temperature 𝑇𝑠𝑜 provided by a sensor placed just outside the
house station, under the road at the depth of the water /sewer pipes. If 𝑇𝑠𝑜 was higher
than 1○C, the regulation cycle re-started; else, it continued as follows. Based on 𝑇𝑠𝑜 , the
target average heat tracing temperature 𝑇𝑀 was determined according to the relationship
shown in Figure 6. Then, the timer operated the pump for one hour and recorded the
heat tracing temperature every minute during that hour. The corresponding hourly
mean temperature 𝑇𝐻 was then calculated. Based on 𝑇𝐻 and 𝑇𝑠𝑜 , the timer computed
the period 𝑡𝑜𝑓𝑓 during which the pump should be kept stopped in order to achieve the
average heat tracing temperature 𝑇𝑀 in the utilidor over the regulation cycle. This was
done by solving Equation 1, which is based on Newton’s law of cooling. After a waiting
period of 𝑡𝑜𝑓𝑓 , the regulation cycle re-started.

𝑇𝑀 =

𝑇𝐻 + 𝜏(𝑇𝐻 − 𝑇𝑠𝑜 ) (1 − 𝑒 −

𝑡𝑜𝑓𝑓
𝜏

) + 𝑇𝑠𝑜 ∗ 𝑡𝑜𝑓𝑓

𝑡𝑜𝑓𝑓 + 1

(1)

Equation 1 applies to durations expressed in hours and temperatures in degrees Celsius.
𝜏 is the time constant of the cooling problem and depends on the diameter of the heat
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tracing pipe, the heat capacity of the heat tracing fluid and the shape and thermal conductivity of the EPS utilidor. A value of 5.55 hours was determined for 𝜏 by fitting an
exponential function on a cooling curve of the heat tracing pipe measured at cross section 1. The variables of Equation 1 are illustrated in Figure 7 for an example with heat
tracing temperature variation in the utilidor during the regulation cycle.
TH (e.g. 40○C)

TM (e.g. 25○C)

1h

toff

Figure 7. Example of heat tracing temperature variation inside the utilidor during the regulation cycle.
The timer adjust toff with the help of Equation 1 to achieve average temperature TM.

3.1.3. Temperature measurements
Pipes and soil temperatures were measured at cross sections 1 and 2 (Figure 4) of the
utilidor system. Cross section 1 (CS1) was on a pipe segment servicing two apartments
referred as apartments 1 and 2, while cross section 2 (CS2) was on a pipe segment servicing only apartment 2. CS1 was situated under a lawn covered in snow during winter
while CS2 was situated under a carport and was always snow-free. The heat tracing water is not re-injected into the district heating return pipe directly at apartment 2 but at
apartment 1 instead. For that reason, the heat tracing pipe is looping inside the utilidor
service connection of apartment 2. Consequently, cross section 2 has two heat tracing
pipes (supply and return of the loop). The geometries of CS1 and CS2 are presented in
Figure 8 together with the locations of temperature sensors. Temperatures of the drinking water pipes (W1, W2), sewer pipes (S1, S2), and heat-tracing pipes (H1, H2) were
measured every four minutes, while the soil temperatures (SO1, SO2) were measured
every hour. Digital temperature sensors GI-695 supplied by Intab were used. The measurement accuracy provided by the manufacturer is ± 0.5°C, in the range -10°C +80°C.
Measurements were logged with the Intab WiSensys system and uploaded for storage on
the Intab cloud. Hourly outside air temperatures were retrieved from the Swedish Meteorological and Hydrological Institute (SMHI, 2018).
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Figure 8. Geometry of cross section 1 (under a lawn) and 2 (under a carport) and location of temperature sensors. Sewer and drinking water pipes are 0.9 meter deep at both cross sections. From construction pictures, the soil type outside the trench was believed to be silty gravely sand at cross section 1, and
crushed rocks at cross section 2.

A four-day experiment was performed during the period 17-21/02/2016 (Paper II) to
investigate the influence of heat tracing temperature on drinking water and sewer pipe
temperatures in the absence of drinking water consumption and sewage discharge
(worst case with regard to freezing and over-heating). During this experiment, different
heat tracing temperatures (15, 20 25, 30, 35°C) were applied at CS1 and CS2 over a period of 12 hours. For each heat tracing step, the average heat tracing temperature of the
entire step and the average drinking water / sewer pipe temperatures of the last hour of
the step were computed. For both cross sections, drinking water / sewer temperatures
for the five heat tracing steps were plotted against heat tracing temperature and linear
regressions were determined for these data points.
In the study presented in Paper I, the heat tracing system was operated normally during
a 22 month period from 1/11/2016 to 31/8/2018 and hourly averages were continuously computed and stored for the soil, water pipe, sewer pipe and heat tracing pipe
temperatures at both cross sections. Tenants moved in apartment 1 the 1/11/2017,
meaning that no regular flows of drinking water / sewerage were expected at CS1 before that date. Whereas after 1/11/2017, regular flows were expected at CS1. For apartment 2, tenants moved in on 1/02/2018, meaning that no regular flows of drinking water / sewerage were expected at CS2 before that date. Whereas after 1/02/2018 regular
flows were expected at CS2.
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3.1.4. Initial model
A two dimensional finite volume model of cross section CS2 was set up using the
thermal modelling software ANSYS CFX. The reason for selecting CS2 was the absence
of an insulating layer on the ground surface (no snow or turf), making the section more
vulnerable to freezing and overheating than CS1 (snow during winter, and turf). The
geometry and material types shown in Figure 8 were used. The right and left boundary
conditions of the model were considered adiabatic, while a geothermal heat flux of 0.08
W/m2 (Bishop et al., 2014) was applied at the bottom of the model. Johansen’s method
(Johansen, 1975) was used to determine the frozen and unfrozen thermal conductivities
of the crushed rocks, assuming a particle density of 2660 kg/m3, a volumetric water
content of 0.06, a porosity of 0.265 (ASRTE, 1999), and a quartz content of soil particles of 0.45 (Johansen, 1975). The frozen and unfrozen heat capacities of the layer of
crushed rock were calculated with the help of the procedure presented in Andersland
and Ladanyi (1994). Temperature dependent curves of both thermal parameters (thermal
conductivity and heat capacity) were then calculated taking into account gradual freezing of the soil water content between -0.2°C and -0.7°C (as proposed by Geo-slope
(2010) for gravels) and a value of 333.7 kJ/kg for the latent heat of fusion/solidification
of water. These curves were assigned to the crushed rock material in the ANSYS CFX
model of CS2. For the other materials of the cross section, the following thermal conductivities were used: concrete: 1.7 W/m.K; EPS: 0.035 W/m.K; polyethylene pipes:
0.54 W/m.K. For the same materials, the following heat capacities were used: concrete:
1.2 MJ/m3.K; EPS: 0.032 MJ/m3.K; polyethylene pipes: 1.8 MJ/m3.K. For the air inside
the gravity sewer pipe, a Nusselt number of 7 was considered in order to account for
natural convection (Martini and Churchill, 1960). This corresponded to an effective
thermal conductivity value of 0.168 W/m.K.
3.1.5. Model calibration
In all the calibration and validation runs, outside air temperatures measured were applied
to the upper boundary of the model and measured heat tracing temperatures (sensor
H2) were applied to the outside of the heat tracing pipe. The model was calibrated on
the basis of the temperatures measured from 1/11/2016 to 31/7/2017 at sensor locations SO2, W2 and S2 (Figure 8). To evaluate model performances, the Nash-Sutcliff coefficient (R2) of model efficiency (Nash and Sutcliffe, 1970) and the root mean square
error (RMSE) were used. As a first stage, the model was run for different quartz contents of soil particles (initial (0.45), 50% increase, 50% decrease), soil porosities (initial
(0.265), 30% increase, 30% decrease) and volumetric soil water contents (initial (0.06),
50% increase, 50% decrease). Model performance with regard to soil temperature (sensor
SO2) was evaluated for each parameter change. Initial quartz content (0.45), initial porosity (0.265) and 50% increased volumetric water content (0.09) were selected for the
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crushed rock material because these values yielded the highest model performances. As a
second stage, the model was run for three different thermal conductivity values for the
EPS material (initial (0.035 W/m.K), 30% increase, 50% increase). The value with a 50%
increase (0.053 W/m.K) corresponded to the highest model performance with regard to
drinking water temperature (sensor W2) prediction and was therefore selected. As a third
stage, the model was run for three different effective thermal conductivity values for the
in-sewer air (initial (0.168 W/m.K), 50% decrease, 50% increase). Highest model performance with regard to sewer temperature (sensor S2) prediction was found for the
50% increased value (0.252 W/m.K) which was consequently selected. In the last stage
of the calibration process, the model was run for different positions (θ) of sensor S2 inside the sewer (initial 0°, 30°, 60°). θ corresponds to the angle between the pipe bottom
and the sensor location on the pipe wall, as this sensor was laid but not attached inside
the sewer pipe and could lean slightly on the right or left part of the pipe wall. The value of 60° yielded the highest model performance with regard to sewer temperature
(sensor S2) prediction and was therefore selected.
3.1.6. Model validation
The validity of the model was tested over two consecutive periods. Validation period 1
started on 1/8/2017 and ended on 31/1/2018. The latter date corresponds to the “notenants” case at CS2 when no drinking water or sewage flow was expected. Validation
period 2 started on 1/2/2018 and ended on 31/7/2018.Validation period 2 corresponds
to the “with tenants” case when tenants were living in apartment 2. The model was expected to perform better during validation period 1 because it was set up and calibrated
for the “no-tenant” case. The calibrated model was run for both validation periods and
the corresponding R2 and RMSE values calculated for the water pipe (W2) and sewer
(S2) temperatures. For soil temperatures (SO2), these values were calculated for the
whole period “1/8/2017-31/1/2018”.
3.1.7. Modelling of exceptionally cold conditions
The historical temperature data (1957-2016) from Kiruna Airport weather station was
examined in order to identify the 31-day and 7-day periods with the lowest average air
temperature. The coldest 31-day period recorded was 13/12/1986 to 12/1/1987 with
an average air temperature of -25.3°C. The coldest 7-day period was included in the
coldest 31-day period and had an average air temperature of -33.8°C. The calibrated
model was then run for the winter of 1986-1987 from 15 October to 15 April (the usual period during which heat-tracing is required). The temperature of the heat-tracing
pipe was set to constantly equal 25°C. The upper heat-tracing pipe was removed from
the model. This was because the stacked heat-tracing pipes are a particularity of cross
section 2 (section 3.1.3), while most of the utilidor contains only one heat-tracing pipe.
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3.2. Sustainability assessment
The shallow co-location solution for drinking water, sewer and low-temperature district
heating was compared to other, more traditional, technical alternatives by conducting an
integrated sustainability assessment for a representative case study, followed by a sensitivity analysis. All evaluated alternatives were assumed to ensure technical requirements
for provision of water and heating services. The analysis was integrated in the sense that
the compared alternatives were technical options for providing water, sewerage and
heating services to cold climate suburban developments. This was done because the
emergence of shallow co-location solutions, such as the one studied in this thesis, means
that the list of options available for water supply and sewerage (e.g. shallow pipe installation using low temperature district heating for heat tracing) depends on the option chosen by the district heating (DH) utility (expansion of the DH network with high or low
temperature distribution technology or no expansion). The selection of the most sustainable heating option is also influenced by the technical choices of the water utility as
co-location in a shallow trench will reduce economic and environmental cost for the
expansion of the DH network. These dependencies make separated assessments inadequate for assessing the sustainability of shallow co-location alternatives for utility pipes.
3.2.1. Functional unit and system boundaries
The functional unit used for this sustainability assessment was the provision of drinking
water, hot water, sewerage services, and space heating to one household throughout one
year. The assessment covered the production of heat, the transport of heat to the new
suburban area (applies only to DH) and the transport of heat, drinking water and sewage
inside this new area. The transport of drinking water/sewage to/from the new suburban
area as well as drinking water production and sewage treatment were not included in
the assessment. This was because they would be performed in the same way for all the
alternatives compared in this study (i.e. by increased use of the existing pipe networks
and drinking water/wastewater plants). If alternatives with local wastewater treatment/drinking water production were to be compared to the centralized options, the
system boundaries would have needed to be extended. However, these alternatives were
not within the scope of the present study.
3.2.2. Selection of alternatives
For drinking water distribution, the water is distributed with a pressurised network.
However, sewage can be collected either using a gravity sewer network or with a lowpressure sewer (LPS) system (in Sweden, vacuum sewer systems are very uncommon). In
both cases, the drinking water / sewer pipes have to be protected against freezing. This
can be achieved by laying the pipes below the recommended frost line or by performing
a shallow installation with insulation and electrical or warm water heat tracing.
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For space heating and hot tap water, there are two options: connecting the new area to
the existing DH network with a high- or low-temperature grid, or not expanding the
network and letting each property owner choose their own heating system. For new
buildings, geothermal and air-to-air heat pumps are the most common alternatives to
DH in Sweden (Swedish Energy Agency, 2015). In the present work, only geothermal
heat pumps were selected as an alternative to district heating because they can provide
comparable thermal comfort, which is not the case for air-to-air heat pumps (Risberg et
al., 2015). These options for provision of sewerage, freeze protection and heat corresponded to 14 possible combinations, as presented in Table 1.
Table 1. Criteria and overall selection scores of fourteen possible combinations of sewer, freeze protection and heating system. HTDH: high temperature district heating, LTDH: low temperature district
heating, GHP: geothermal heat pumps
Combinations
Heating

Sewer

Freeze protection

Criteria scores

Overall

Data availa-

Innovation

Synergy

selection

bility

level

level

score (SE)

HDTH

Gravity

Deep burial

6

0

2

14

HDTH

Gravity

Electrical

3

0

4

11

HDTH

LPS

Deep burial

3

0

2

11

HDTH

LPS

Electrical
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A method was applied to select only five alternatives based on three selection criteria,
including data availability (S1), innovation level (S2) and synergy level (S3). Criteria scores
on a scale of 0-6 were attributed to the combinations as described in the supplementary
material of Paper III. Equation 2 was then used to compute the overall selection scores
(SE) with 𝑆2 and 𝑆3 being mid-range values of 𝑆2 and 𝑆3 scores (3 for both).
𝑆𝐸 = 𝑆1 + 2|𝑆2 − 𝑆2 | + 2|𝑆3 − 𝑆3 |

(2)
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The overall selection score was structured to attach importance to combinations with
good data availability, low or high innovation level and low or high synergy level. This
was done to favour clear comparisons between traditional and innovative alternatives as
well as separated and integrated approaches. The five combinations with the highest selection scores (in bold in Table 1) were selected as alternatives for the sustainability assessment.
3.2.3. Case description
The residential area Repisvaara South II (Figure 9) was selected for assessing the sustainability indicators (e.g. costs, environmental impacts, failure rates; as described in 3.2.4)
for the five different alternatives. The residential area is a new suburban development
planned for a currently forested area 2 km south of the town centre of Gällivare in
Northern Sweden. It comprises 7 multi-storey buildings with 20 apartments and 71 single family homes corresponding to 211 residential units (~420 inhabitants) in total. The
recommended frost depth in Gällivare for installation of water and sewer pipes under
roads is 2.6 m (VAV, 2001).

Figure 9. Map of Repisvaara South II residential area. Source: Gällivare municipality.

Based on Swedish building regulations (Boverket, 2016), the annual heat demand was
estimated at 16900 kWh for single family homes (130 m2) and 8050 kWh for apartments (70 m2). Based on average water use per person provided by the Swedish Water
and Wastewater Association (SWWA, 2016), daily water consumption was estimated at
405 L for single family homes (2.7 people) and 272 L for apartments (1.6 people).
24

A pre-design of the heat and water services provision system for the residential area was
performed for the five alternatives considered. This was done in order to obtain an inventory of the elements forming each alternative (e.g. length of pipes, number of
pumps, etc.). Further information concerning the pre-design stage is available in Paper
IV. The five alternatives, as applied to Repisvaara south II, are presented below.
Alternative 1. A gravity sewer system is used to transport the sewage from the residential
units to the existing sewer network (connection point in area B1, Figure 9). It includes
one pumping station in area A4 (Figure 9). Drinking water is conveyed from the existing network (connection point in B1, Figure 9) to the residential units through pressurised pipes. Sewer and drinking water pipes are laid below the frost depth (Figure 10a).
Heat for space heating and hot tap water is produced from biomass and peat at the CHP
plant of Gällivare and is transported to Repisvaara South II via the existing DH network. Heat is distributed inside the residential area through high-temperature DH pipes
(90-60°C) made of steel. Each house is equipped with a substation including two heat
exchangers and circulation pumps. The trench layout for DH is presented in Figure 10b.
Alternative 2*. Sewer and drinking water networks have the same shape and components as in alternative 1 but the pipes are laid at a depth of 1.3 m in an insulated utilidor
heat traced with a warm water (20 to 25°C) circulation pipe, above the ground water
level in a well-drained trench. Heat distribution inside the neighbourhood is performed
by a low temperature DH system (30-60°C) with pipes in cross-linked polyethylene
(PEX), placed in an insulated utilidor. This utilidor is in the same shallow trench as the
water-sewer utilidor (Figure 10c). The low temperature DH system is supplied with heat
from the existing DH network via a heat exchanger installed in a house station in area
B1 (Figure 9). Alternative 2* corresponds to the shallow co-location solution tested in
Kiruna in Papers I and II.
Alternative 3*. The same DH, drinking water and freeze protection systems as in alternative 2* are used. Sewage is conveyed from the residential units to the existing network
with a Low Pressure Sewer (LPS) system instead of a gravity system. A grinder pump
station at each single family home and multi-storey building discharges the sewage into
a pressurised network of small diameter pipes. The trench layout is the same as in alternative 2* (Figure 10c).
Alternative 4. The same sewer and drinking water systems as in Alternative 1 are used.
Gravity sewer and drinking water pipes are installed at a depth of 2.4 m for frost protection (Figure 10a). Heat provision is performed by geothermal heating systems situated in
each single family home and multi-storey building. The geothermal heating systems include a brine-to-water heat pump, vertical collectors and 200 m deep boreholes.
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Alternative 5. The heating system is the same as in Alternative 4 (geothermal heat pumps
with vertical collectors). As in alternative 3*, the sewage is transported from the residential units to the existing network using an LPS system. The drinking water network is
the same as in the other alternatives. The LPS and drinking water pipes are laid in a 1 m
deep trench in a box-shaped frost shield filled with 0-8 mm crushed rocks and heat
traced with an electric cable (Figure 10d).

Figure 10. Typical trench layout in Repisvaara South II for a) gravity sewer and drinking water (Alternatives 1 and 4); b) high temperature DH (Alternative 1); c) low temperature DH, drinking water and
gravity or LPS sewer with warm water heat trace (Alternatives 2* and 3*); d) LPS sewer and drinking
water with electrical heat trace (Alternative 5).

3.2.4. Criteria and associated indicators
A set of seven sustainability criteria (C1-C7) was used to compare the system alternatives. The criteria set was built by selecting, among the list defined by Hellström et al.
(2000), the criteria that were expected to be significantly affected by the choice of pipe
system for water, sewage and heat transport. At least one criteria was selected in each of
the categories proposed by Hellström et al. (2000), i.e. environment, economy, social,
health & safety and technical. Measurable indicators were also selected for each criterion
and are presented below, together with the methods used for their evaluation.
C1. Energy efficiency. The cumulative exergy demand of energy carriers (𝐼1 ) as defined by
(Bösch et al., 2007) and expressed in megajoules per functional unit was used as an indicator of energy efficiency. Cumulative exergy demand was used instead of the cumulative energy demand (VDI, 1997; Frischknecht et al., 2015) in order to account for the
difference in quality between shallow geothermal energy (low temperature heat) and
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the other primary energy sources (e.g. hydropower, nuclear, fossil, biomass, wind, solar)
that can generate high temperature heat, work or electricity.
C2. Climate preservation. The global warming potential (𝐼2 ) as defined by the international panel on climate change (IPCC, 2007), and expressed in kilograms CO2 equivalent emitted per functional unit, was used as an indicator of climate preservation.
C3. Material efficiency. The abiotic depletion potential of elements (non-fossil) resources
(𝐼3 ) as defined by van Oers et al. (2002), and expressed in kilograms antimony equivalent
extracted per functional unit, was used as an indicator of the material efficiency criterion.
A life cycle impact assessment (ISO, 2006) was performed for each alternative to evaluate the three environmental indicators I1-I3. Production, transport, construction, maintenance and use phases of the elements forming each alternative (e.g. pipes, pipe insulation, pumps, heat pumps) were covered by the assessment. Methods and input data used
to perform the life cycle impact assessment are presented in Paper III and IV.
C4. Affordability. The total cost per functional unit 𝐼4 was used as an indicator of affordability. 𝐼4 includes the amortisation of investments, interest payments and operation &
maintenance costs related to each alternative, independently of who should pay these
expenses (household, water utility or energy utility). Methods and input data used to
evaluate I4 are presented in Paper III and IV. For investments, an interest rate of 4% was
assumed, which is common for long-term investment decisions in the Swedish water
sector (Kärrman et al., 2012; Nacka Municipality., 2012).
C5. User friendliness. The number of actions to be performed annually by the users in
order to maintain the system (𝐼5 ), was used as an indicator of the user friendliness of
each alternative. The actions considered were: a) organising a yearly check-up of the district heating sub-station; b) organising a yearly check-up of the geothermal heat-pump;
c) monitoring the screen/warning lights of the geothermal heat pump and taking action
if a fault appears; d) monitoring the warning light of the LPS and calling the water utility if the light is red.
C6. Safety for workers. The frequency of work accidents (accident/worker/year) that can
be expected with each alternative (𝐼6 ) was used as the indicator of the workers’ safety
criterion. The average frequency of work accidents in Sweden in the water and heat
networks construction sector was calculated for the years 2012, 2013, 2015 and 2016
based on the data collected by the Swedish Work Environment Authority (SWEA,
2018). This calculated value was attributed to the alternatives using deep pipe installation
for the 𝐼6 indicator. For the other alternatives, the same procedure and in-data were
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used, but accidents due to material collapse/fall and falls of persons from a height were
excluded from the calculations.
C7. Reliability. Two indicators were used to evaluate this criterion. The anticipated failure rate of the sewer network 𝐼7𝑎 expressed in failure/connection/year was the first indicator. The rate of blockages in main and lateral sewers in Gällivare between 2013 and
2015 (VASS, 2017) was used as an estimate of 𝐼7𝑎 for the alternative with gravity sewer.
The rate of failure of grinder pumps and LPS pipes observed in 29 Swedish municipalities between 1991 and 1998 (Lindqvist et al., 2000) was used as an estimate of 𝐼7𝑎 for
alternatives with LPS. 𝐼7𝑎 does not correspond to the failure rate experienced by the
households but is an indicator of how often the water utility has to perform repairs/unplanned maintenance on the system.
The anticipated rate of failure of the heating system 𝐼7𝑏 (number of unmet heat demand
events per household per year) was the second reliability indicator. Frequency of failures
reported to insurance companies in Sweden (Haglund Stignor et al., 2012) for geothermal heat pumps was used as an estimate of 𝐼7𝑏 for these systems. 𝐼7𝑏 was evaluated
for the district heating options based on typical failure rates for pre-insulated pipes
(Åkerström, 2004) and taking into account the shape of the networks. These calculations
are presented in the supplementary material in Paper III.
3.2.5. Calculation of sustainability scores
The weighted sum model (WSM) was used to aggregate the indicator values of each
alternative into an overall sustainability score on the basis of weights given by a reference group. The motivation for selecting the WSM multi-criteria method is that it is a
transparent, well-proven and easily understandable technique (Kabir et al., 2014), which
is valuable for engaging stakeholders (Lundie et al., 2008). It is also applicable when all
indicators are quantitative, which was the case in this thesis (see 3.2.4).
Weights were assigned to the criteria during a “budget allocation” workshop (Nardo et
al., 2005) in which seven stakeholders from the town of Gällivare participated. Three of
the stakeholders were from the municipal water utility, one from the district heating
utility, one from the municipal urban planning unit and two from the main housing
company in the town. System boundaries, alternatives and criteria were first described
and the stakeholders were then individually asked to distribute a budget of 100 points
across the seven criteria. A discussion was held later to try to reach a consensus within
the reference group with regard to the allocation of the points budget. Because no consensus was reached, the average point distribution of each sub-group (water, energy,
planning and housing) was calculated using the arithmetic mean. The energy stakeholder did not provide a point distribution during the workshop and preferred instead to
rank the different criteria. This ranking was converted to a point repartition by using the
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average number of points given by the other sub-groups for each ranking. The average
point distribution of the reference group was then determined by computing the arithmetic mean of the point distributions of each sub-group. The weight of each criterion
(𝑤𝑗 ) was later calculated by dividing its number of points by 100, giving weights values
between 0 and 1.
Normalization of the indicator values is necessary when using the WSM method in order to calculate a sum that is meaningful. The “smaller-the-better” ratio normalization
scheme defined by Pollesch and Dale (2016) was used. This normalization scheme conserves proportionality between indicator values and gives values in the range ]0;100]
where 100 indicates the highest performance with regard to the considered criteria.
Each sustainability indicator was normalized using Equation 3, where min( 𝐼𝑗 ) is the
minimum of 𝐼𝑗 across the five alternatives and 𝐼𝑗∗ is the normalized value of 𝐼𝑗 .
𝐼𝑗∗ = 100 ×

min( 𝐼𝑗 )
𝐼𝑗

(3)

The calculation of the overall sustainability scores 𝑆𝑎 for each alternative according to
the WSM method was performed using Equation 4. Note that for criteria C1 to C6,
normalized indicator values 𝐼1∗ to 𝐼6∗ were directly used as criteria scores while, for C7,
∗
∗
the arithmetic mean of 𝐼7𝑎
and 𝐼7𝑏
was used.
6

𝑆𝑎 = ( ∑ 𝑤𝑗 𝐼𝑗∗ ) + 𝑤7
𝑗=1

∗
∗
(𝐼7𝑎
+ 𝐼7𝑏
)
2

(4)

3.2.6. Sensitivity analysis
The method developed by Triantaphyllou (2000) was used to evaluate the sensitivity of
the sustainability ranking to changes in criteria weights. The principle of the method is
to determine, for each criterion 𝐶𝑗 , the minimum change in the weight 𝑤𝑗 required to
change the top-ranked alternative. The stability of the sustainability ranking in the face
of changes in a number of input parameters was also assessed. This was done manually
by changing parameter values in a step-wise manner until the top-ranked alternative
would change. The parameters assessed were: urban density, heat demand, failure rates for
district heating and geothermal pumps, gravity sewer blockage rate, coefficient of performance (COP) of geothermal heat pumps, coal fraction of the electricity mix, biomass
fraction of the district heating fuel mix, geothermal fraction of the LTDH fuel mix, linear cost of deep trench with water and gravity sewer pipes, lifespan of geothermal heat
pumps, marginal costs of district heating, and electricity price. These parameters were
selected because they were believed to be uncertain and were related to highly weighted
criteria or because they represented a specific context (e.g. climate, energy mix) of the
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case study. For the parameter “geothermal fraction in LTDH mix”, the environmental
impacts calculated in Paper VI and the cost provided by the European Geothermal Energy Council (2014) for geothermal DH were used.
As part of the sensitivity analysis, the impact on the ranking of using the “min-max”
normalization scheme (see Rowley et al. (2012) for equations) was investigated. The
ranking was also determined using the weighed geometric mean (Equation 5) which
does not require normalization of the indicators.
6
𝑤

𝑤7

𝑗
𝑆𝑔 = (∏ 𝐼𝑗 ) (√𝐼7 𝐼8 )

(5)

𝑗=1
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4. Results
4.1. Temperature performance
4.1.1. Measured pipe temperatures
The hourly drinking water pipe temperatures measured at the pilot site of Kiruna (Figures 11a and 11c) remained above 0○C during the observation period when no tenant
lived in the flats, but exceeded 15○C (to the right of dashed line) during 100 hours (frequency of 1.2%) at cross section 1 and 47 hours (frequency of 0.4%) at cross section 2.
These deviations occurred mostly during the summer of 2017 at cross section 1 and
during the winter of 2017-2018 at cross section 2, usually at the beginning of the heat
tracing cycles of regulation strategy B. However, drinking water pipe temperatures did
not exceed 17○C during this period. The major mode (most frequent value) of drinking
water pipe temperature for the “no tenant” case was 13 ○C at cross section 1 and 11.5○C
cross section 2. Hourly sewer pipe temperatures (Figures 11b and 11d) did not drop below 0○C either during the observation periods when no tenants lived in the flat, at any
of the cross sections. The major mode of the sewer pipe temperature was 5 ○C at cross
section 1 and 6○C at cross section 2.

Figure 11. Histograms of measured water (a,c) and sewer (b,d) pipe temperatures at cross sections 1
(a,b) and 2 (c,d) for the period when tenants were not living in the serviced apartments: 1/11/201631/10/2017 and 1/11/2016-31/1/2018, respectively. All measurements from the period 20/107/11/2017 were excluded (improvement works on the system). In (d), period 24/12/2016-17/2/2017
was also excluded (erroneous measurements due to air infiltration in the sewer caused by the measurement system). Dashed line represents the 15○C upper threshold for comfortable drinking water.
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For the case with tenants, hourly drinking water pipe temperature was also continuously
positive for both cross sections during the corresponding observation period (Figures
12a and 12c). The drinking water pipe temperature exceeded 15○C during 589 hours
(frequency of 8.2%) at cross section 1 and 38 hours (frequency of 0.7%) at cross section
2.These deviations occurred during the summer of 2018. Soil temperatures during the
summer of 2018 were in the range 10-17○C. The major mode of drinking water pipe
temperature was 8.1○C for cross section 1 (colder than in the case without tenants) and
13.1○C for cross section 2. Sewer temperatures did not drop below 0○C during the observation period with tenants living in the apartments (Figures 12b and 12d). The major
mode of the sewer temperature was 11.6○C at cross section 1 and 13.6○C at cross section 2, significantly warmer than in the case without tenants. At cross section 1 which
serviced two apartments, the temperature histograms were unimodal (Figures 12a and
12b), while at cross section 2 which serviced one apartment, the same histograms were
bimodal (Figures 12c and 12d). This could be explained by the fact that no flow conditions (tenants in holiday or away for the week end) are more likely to occur in sections
servicing one apartment than in the ones servicing two apartments. The minor mode of
the drinking water temperature at cross section 2 was 7.1 ○C (Figure 12c), which is
comparable to the mode observed at cross section 1 (Figure 12a). The minor sewer temperature mode at cross section 2 was 7.6○C (Figure 12d).

Figure 12. Histograms of measured water (a,c) and sewer (b,d) pipe temperatures at cross section 1 (a,b)
and 2 (c,d) for the period when tenants were living in the serviced apartments: 1/11/2017-31/8/2018
and 1/2/2018-31/8/2018, respectively. All measurements from the period 20/10-7/11/2017 were excluded (improvement works on the system). Dashed line represents the 15○C upper threshold for comfortable drinking water.
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4.1.2. Impact of heat tracing and soil temperature
Linear relations between pipe temperature (water, sewer) and heat tracing temperature
for cross section 2 were derived from a 4 days experiment, presented in Paper II, when
there were no tenants in the serviced apartment. The soil temperature during this experiment was not measured. The goodness of fit was high, with coefficients of determination of 0.99 for both the water and sewer pipes. These relations are depicted by the
black lines in Figures 13a and 13b. In Figure 13, hourly data points measured in Paper I
during a 6.5 month period in the winter of 2016-2017 are also plotted. During this period, tenants were not living in the apartment serviced by cross section 2 (as in Paper II).
The soil temperature was this time measured during the experimental period and is indicated with a colour scale for each data point in Figure 13.
The linear relations found in Paper II indicated that drinking water pipe temperature
was more affected than sewer temperature by changes in heat tracing temperature. A rise
in heat tracing temperature from 20 to 30○C increased drinking water pipe temperature
by 3.4○C (from 9.6 to 13○C) and sewer temperature pipe by 2.4○C (from 4.8 to 7.2○C).
Moreover, the superposition of these relations with the data points of Paper I indicated
that the soil temperature was between 0 and -2○C during the 4 days experiment presented in Paper II. The validity of the linear relations presented in Figure 13 (black lines)
is therefore limited to the [0;-2○C] soil temperature range.
The influence of soil temperature on the drinking water pipe and sewer temperatures is
seen in Figures 13a and 13b. Overall, the main dot colour transitions from yellow
(1.5○C) to dark blue (-6○C) when reading the figure from top to bottom. However,
parts of the dataset do not follow this trend, in particular the data marked with ellipses
A, B and C in Figure 13. Dots inside ellipses A and B correspond to drinking water use
and corresponding sewage discharges caused by an automatic device (NASA orbital
shower) inside the serviced flat. Data points inside ellipse C correspond to erroneous
measurements caused by infiltration of cold outside air inside the sewer along the cable
of the temperature sensor. The denser part of the point clouds with a coherent colour
gradation indicates that, at cross section 2, a drop in soil temperature from 1 to -5○C decreased the water pipe temperature by 3.5○C (13.5 to 10○C for heat tracing temperature
of 25○C) and the sewer pipe temperature by 5○C (9 to 4○C for heat tracing temperature
of 25○C). This holds for the steady thermal state where water pipe and sewer temperatures had stabilized after a sufficient period without water consumption / sewage discharge.
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(a)

A

(b)

B

C

Figure 13. Drinking water (a) and sewer (b) pipe temperature plotted against heat tracing temperature
at cross section 2. Black lines correspond to the relation found in Paper II (17-21/2/2016). Data points
represent hourly averages measured from 1/11/2016 to 15/5/2017 (first winter of experiment in Paper
I, heat tracing system activated, no tenants in the serviced flat) and are coloured according to the soil
temperature (measured 20 cm outside the utilidor at the level of the pipes). Ellipse A: data points measured during transient thermal state induced by drinking water consumption; Ellipse B: data points
measured during transient thermal state induced by sewage discharge; Ellipses C: erroneous measurements caused by air infiltration into the sewer along the cable of the temperature sensor.
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4.1.3. Model performances
In Paper I, the finite volume thermal model of cross section 2 was calibrated over a 9month period. Its validity was assessed over a 6-month period without regular water
consumption (no tenants in serviced flat) and another 6-month period with regular water consumption (tenants living in serviced flat). The performance of the model is
shown in Table 2 in terms of R2 and RMSE values as well as in Figure 14 in term of
modelling errors throughout the entire experimental period (calibration and validation
periods).
The model showed a high performance regarding soil temperature prediction, with an
R2 value of 0.97 during calibration and 0.92 during validation (the distinction between
validation periods 1 and 2 was not made for soil temperature since it was not expected
to be affected by drinking water/sewage flows). However, the model underestimated soil
temperature by more than 4○C during 20 days in January and February 2018 (Figure
14a).
Table 2. Nash-Sutcliff coefficient (R2) and Root Mean Square Error (RMSE) for soil, drinking water
pipe and sewer pipe temperatures during calibration period, validation period 1 (no tenants in serviced
flat) and validation period 2 (tenants in serviced flat).

Soil temperature

Calibration period
1/11/16-31/7/17
R2=0.97
RMSE=0.94○C

Validation period 1
Validation period 2
1/8/17-31/1/18
1/2/18-31/7/18
R2=0.92
RMSE=2.00○C

Water pipe temperature

R2=0.61
RMSE=1.07○C

R2=0.70
RMSE=1.84○C

R2=0.50
RMSE=1.92○C

Sewer pipe temperature

R2=0.60
RMSE=2.27○C

R2=0.82
RMSE=1.69○C

R2=-0.57
RMSE=3.78○C

Both drinking water pipe and sewer temperatures could be explained fairly well by the
model (R2 values of 0.60 and 0.61 over the calibration period). However, modelling errors during the calibration period were considerably higher for the sewer temperature
than for the drinking water pipe temperature (see Figure 14b, 14c and RMSE values in
Table 2).
Temperatures of both pipes were well predicted by the model during the validation period 1 (R2 values of 0.70 for drinking water pipe and 0.82 for sewer pipe, higher than
during calibration). This can be attributed to the very good fit of the soil temperature
model during September and October 2017 (Figure 14a). For drinking water temperature, the modelling error was however more frequently outside the [-2;2○C] range during validation period 1 than during the calibration period. During the validation period
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2, the model showed poor performances regarding temperature predictions for both
pipes (see low R2 values in Table 2 and large modelling errors in Figures 14b and 14c).
This can be explained by the water consumed by the tenants in apartment 2, which
generated drinking water and sewage flows in the pipes at cross section 2. These flows
were not taken into account in the thermal model.
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(a) Modelling error for the soil temperature (Tmodelled - Tmeasured)
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Calibration

Validation 1
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Figure 14. Variations of modelling error for soil (a), drinking water pipe (b) and sewer pipe (c) temperatures during calibration and validation periods.

4.1.4. Modelled pipe temperatures under exceptionally cold conditions
The thermal model calibrated on cross section 2 was used to simulate soil, drinking water and sewer temperatures during the period 15/10/1986-15/4/1987 (winter with
coldest month and coldest week recorded since 1957 in the town of Kiruna where the
study site is located). The outputs (water pipe, sewer pipe and soil temperatures) and inputs (outside air and heat tracing temperatures) of the simulation are presented in Figure
15. The results indicated that the drinking water pipe temperature would have remained
positive during the extraordinary cold winter of 1986-1987. The simulation also indicated that the sewer pipe temperature would have been below 0 ○C during 14 days and
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Daily Average (◦C)

reached a minimum of -4.5○C. Moreover, the minimum soil temperature was estimated
at -20.8○C during the simulation period. The results shown in Figure 15 apply for the
no-flow case (drinking water or sewage flow) and for a cross section equivalent to cross
section 2 (no snow cover) with one heat tracing pipe (see section 3.1.7).
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Figure 15. Simulated drinking water pipe, sewer pipe and soil temperatures for the period
15/10/1986-15/04/1987. Model inputs (outdoor air and heat trace temperatures) are also represented
for the same period.

4.2. Sustainability
4.2.1. Indicator values
Five heating and water services provision alternatives for the residential area of Repisvaara South II in Gällivare, Sweden were evaluated with respect to eight sustainability
indicators (Paper III). Alternative A2* corresponds to the shallow co-location solution
installed in Kiruna and evaluated in relation to temperature performance (Paper I and
II). Alternative A3* uses the same shallow pipe co-location solution as A2* but with a
low pressure sewer instead of gravity sewer. The indicator values obtained are presented
in Table 3. I1, I2 and I3 are environmental indicators. I4 is an economic indicator, I5 a social indicator and I6 a health and safety indicator. Finally, I7a and I7b are technical indicators. Note that the total costs (I4), expressed in €/year/household, do not represent what
the household needs to pay yearly for water and heating services (see section 3.2.4).
The life cycle impact assessment showed that the use phase of the heating system had
the largest contribution to the cumulative exergy demand (78-98%) and global warming
potential (65-98%) of the alternatives. For the abiotic depletion potential of elements,
the construction phase of the heating system had the highest contribution to the indicator values (82-91%).
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Table 3. Indicator values of the five alternatives studied for the residential area Repisvaara South II. G:
gravity sewer; LPS: low-pressure sewer; HTDH: high-temperature district heating; LTDH: lowtemperature district heating; GHP: geothermal heat pump. * designates alternatives where pipes for water services and district heating are co-located in a shallow trench above the frost depth. Indicator I3 covers only the extraction of elements (non-fossil abiotic resources) from the environment.

Indicator
I1: Cumulative Exergy Demand
[GJ/year/household]

A1:
G
HTDH

A2*:
G
LTDH

Alternative
A3*:
LPS
LTDH

A4:
G
GHP

A5:
LPS
GHP

67

65

65

24

28

I2: Global Warming Potential
[tCO2eq/year/household]

1.5

1.4

1.4

0.2

0.2

I3: Abiotic Depletion Potential
[gSbeq/year/household]

0.9

1.6

1.6

2.5

2.5

I4: Total cost
[€/year/household]

730

620

650

910

880

1 a)

1 a)

2 a) d)

2 b) c)

3 b) c) d)

0.016

0.012

0.012

0.016

0.012

0.03

0.03

0.11

0.03

0.11

0.16

0.21

0.21

0.02

0.02

I5: Number of actions to be
performed by tenants
I6: Work accident frequency
[accident/worker/year]
I7a: Failure rate - sewer
[failure/year/connection]
I7b: Failure rate - heating
[failure/year/household]

a. Organise a yearly check-up of the district heating sub-station; b. Organise a yearly check-up of geothermal heat-pump; c. Monitor the screen/warning lights of the geothermal heat pump and take action
if a fault appears; d. Monitor the warning light of the LPS and call the water utility if the light is red.

4.2.2. Criteria scores
The criteria scores, presented graphically in Figure 16 and numerically in Table 5, were
obtained by normalization of the indicator values presented in Table 3. With the normalization scheme used in this study, an alternative with a score of 100 corresponds to
the highest performance with regard to the considered criterion (e.g. affordability),
meaning that the alternative had the lowest value for the indicator of that criteria (e.g.
lowest total cost). Because the normalization scheme conserved proportionality, a score
of 25/100 means that the alternative had an indicator value four times as large as the
lowest indicator value for that criterion (e.g. was four times more expensive than the
cheapest alternative). A score strictly equal to zero cannot occur as it corresponds to an
indicator value equal to infinity.
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Figure 16. Criteria scores for the five alternatives studied. Scale from 0 (low performance, centre) to
100 (high performance, edge). Abbreviations: G: gravity sewer; LPS: Low pressure sewer; HTDH: high
temperature district heating; LTDH: low temperature district heating; GHP: geothermal heat pump. *
designates alternatives where pipes for water services and district heating are co-located in a shallow
trench above the frost depth.
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The shallow co-location alternatives with low temperature district heating (A2* and
A3*) were found to be considerably less energy efficient and climate-preserving than
the alternatives with geothermal heat pumps (A4 and A5). This was because the heat
pumps were supplied with only 25% of the residential heat demand in the form of electricity, produced in Sweden with a low carbon footprint (mainly from hydropower and
nuclear power). The other 75% corresponded to low temperature geothermal heat of
negligible exergy content. With district heating, 100% of the residential heat demand
was covered by the combustion of high exergy fuels (peat and wood chips) at the district heating plant Gällivare. As regards material efficiency, the alternatives with low
temperature district heating A2* and A3* showed significantly lower performances than
the traditional alternative A1 with high temperature district heating and deep buried
water / sewer pipes. This was mainly due to more resources needed for the extra heat
exchanger and circulation pumps required for reduction of the temperature when
switching from high to low district heating temperatures.
The shallow co-location solutions with low temperature district heating (A2* and A3*)
were 11 to 15% cheaper than alternative A1 (traditional district heating and deep water/gravity sewer pipes) and 26 to 32% cheaper than the alternatives with geothermal
heat pumps (A4 and A5). This was due to the reduction in excavation costs offered by
shallow co-location of the pipes and the high construction costs of geothermal heating
systems in comparison with district heating. A2* and A1, both including district heating
and gravity sewer, were assessed to be more user friendly than the other alternatives because they required the tenants to only organise a yearly check- up of the district heating sub-station. The alternatives with geothermal heat pump and/or LPS grinder pump
were estimated to demand more care from the tenants for maintenance of the system
because they required one to two more actions per year (Table 3).
The shallow co-location solutions A2* and A3*, as well as alternative A5 with geothermal heat pumps and low pressure sewer (LPS), were found to be 25% less unsafe for
workers than the other alternatives because they do not involve work around/in deep
trenches. All alternatives corresponded however to a low work accident frequency (12 to
16 accident/year/1000 workers). As regards reliability, alternative A2* had a considerably
lower score than alternative A4 with geothermal heat pump and gravity sewer. This was
mainly due to the district heating network section of 2.5 km connecting the newly
built area to the town centre of Gällivare. Any failure on this section would put at risk
the provision of heat to all the households. The reliability score of the alternative A3*,
with district heating and low pressure sewer, was even lower due to the higher failure
rate per connection found for grinder pumps used in LPS systems than for the gravity
sewer network.
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4.2.3. Criteria weights
The point distributions given by the seven stakeholders during the budget allocation
workshop are presented in Table 4. The calculated mean point distribution of each subgroup is also presented. Energy efficiency was the criterion for which sub-group mean
values were most spread (from 19 to 33 points) and corresponded to a standard deviation of 5 points. Reliability and affordability were the criteria with second and third
most spread sub-group mean values, corresponding to a standard deviation of 4 points.
The mean point distribution of the entire reference group was computed and divided
by 100 to obtain the final weight (w) of each criterion (Table 4). The reference group
gave significantly more importance to reliability (w=0.29), affordability (w=0.24) and
energy efficiency (w=0.24) than to material efficiency (w=0.06), user friendliness
(w=0.06), workers’ safety (w=0.06) and climate preservation (w=0.05).
4.2.4. Sustainability scores and ranking
For each alternative, the weighted sum of the seven criteria scores (Table 5) was computed using the weights derived from the budget allocation workshop with the reference group (Table 4). The weighted sum corresponded to an overall sustainability score
of the alternatives and was the basis for their ranking. For the conditions defined in this
study, the alternative with deep buried gravity sewer and geothermal heat pumps (A4)
was ranked first with a sustainability score of 84/100, mainly because it had the highest
score with regard to two of the three highest weighted criteria (reliability and energy
efficiency). The second alternative in the ranking with a sustainability score of 70/100,
was A5 (low pressure sewer and geothermal heat pumps). A5 had the second highest reliability and energy efficiency scores.
Among the shallow co-location alternatives based on low temperature district heating
(A2* and A3*), A2* had the highest overall sustainability score (65/100) and was ranked
third. A2* had the highest score with regard to one of the three highest weighted criteria (affordability). Furthermore, the alternative A2* outranked the traditional alternative
with deep buried gravity sewer and high temperature district heating (A1) by only 2
points. The main differences between these two alternatives were that A2* was more affordable and safer for workers than A1 but less material efficient.
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p2

16
11
11
26
5
5
26

p1

21
5
5
21
11
5
32

21
5
5
21
11
5
32

p3
19
7
7
23
9
5
30

Mean

Water
sub-group
21
5
5
32
3
2
32

p1
21
5
5
32
3
2
32

Mean

Planning
sub-group
24
4
10
21
6
4
32

p1
24
4
10
21
6
4
32

Mean

Energy
sub-group
33
3
3
22
6
11
22

p1
33
3
3
22
6
11
22

p2
33
3
3
22
6
11
22

Mean

Housing
sub-group

Mean
of subgroup
means
24
5
6
24
6
6
29

Standard
deviation of
sub-group
means
5
2
3
4
2
3
4

0.24
0.05
0.06
0.24
0.06
0.06
0.29

Final
weight
(w)

Weight

0.24
0.05
0.06
0.24
0.06
0.06
0.29

Criterion

C1. Energy efficiency
C2. Climate preservation
C3. Material efficiency
C4. Affordability
C5. User friendliness
C6. Safety for workers
C7. Reliability
Overall weighted score
Ranking

A1:
G+HTDH
36
14
100
85
100
75
56
63
4
A2*:
G+LTDH
37
14
54
100
100
100
55
65
3
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Scores
A3*:
LPS+LTDH
37
14
54
96
50
100
18
50
5

A4:
G+GHP
100
100
35
68
50
75
100
84
1

A5:
LPS+GHP
87
88
34
70
33
100
63
70
2

Table 5. Overall weighted scores and ranking of the five alternatives determined with the weighted sum model. Criteria scores and criteria weights are also presented. Abbreviations: G: gravity sewer; LPS: Low pressure sewer; HTDH: high temperature district heating; LTDH: low temperature district heating; GHP: geothermal heat pump. * designates alternatives where pipes for water services and district heating are co-located in a shallow trench above the frost depth.

C1. Energy efficiency
C2. Climate preservation
C3. Material efficiency
C4. Affordability
C5. User friendliness
C6. Workers' safety
C7. Reliability

Criterion

Table 4. Point distributions obtained during the budget allocation workshop (seven stakeholders), intermediate calculation steps and calculated criteria weights
(sum equal to unity).

4.2.5. Sensitivity analysis
The stability of the top-ranked alternative (A4: gravity sewer and geothermal heat
pump) in the face of individual changes in criteria weights was evaluated and appeared
to be relatively high. The most sensitive criteria weight was affordability, which required
a minimum increase of 249% in order to replace A4 by A2* (shallow co-location solution with gravity sewer and low temperature district heating) as the top-ranked alternative. This corresponded to a new weight value of 0.52 for the affordability criterion after
re-normalization (re-normalization is to keep the sum of weights equal to unity). The
second most sensitive criteria weight was material efficiency, which required a 525% increase in order to replace A4 by A1 (traditional trench with a gravity sewer and high
temperature district heating). This corresponded to a new weight value of 0.29 for the
material efficiency criterion after re-normalization.
The sensitivity of the sustainability ranking to changes in selected input parameter values was evaluated and is presented in Table 6. The ranking was found to be rather stable. Replacing the top-ranked alternative by changing the selected input values was either not possible (i.e. for urban density, heat demand, coal fraction and biomass fraction
in energy mixes, district heating and electricity costs) or required major changes. The
coefficient of performance of the geothermal heat pumps was the most sensitive parameter and required division by 2.8 (−64%) in order to replace A4 (gravity sewer and geothermal heat pump) by A2* (gravity sewer and LTDH) as the top-ranked alternative.
The second most sensitive parameter was the blockage rate in the gravity sewer system,
requiring multiplication by 4.7 (+370%) in order to replace A4 by A5 (LPS and geothermal heat pump) as the top-ranked alternative. The analysis showed that the shallow
co-location solution with low temperature district heating A2* could top the sustainability ranking if more than 94% of the heat originated from one central geothermal heat
pump station installed in the neighbourhood.
The sensitivity of the sustainability ranking to the choice of normalization method and
aggregation method was also evaluated. With a min-max (Rowley et al., 2012) normalization scheme instead of the smaller-the-better ratio normalization (Pollesch and Dale,
2016), the sustainability ranking became: A4 (61/100) >A2* (55/100) >A5 (49/100)
>A1 (45/100) > A3* (35/100). If using the weighted geometric mean, which does not
require normalization of the indicator values, the ranking became: A4 (3.2) > A5 (4.0)
> A1 (5.1) > A2* (5.2) > A3* (6.6). This is discussed further in chapter 5.
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Table 6. Operations required on selected input parameters to change the top-ranked alternative (A4:
gravity sewer and geothermal heat pump) and corresponding new sustainability ranking. Abbreviations:
f.u: functional unit, DH: district heating, r.u: residential unit, co: connection, NP: not possible, GHP: geothermal heat pump, COP: coefficient of performance LTDH: low temperature district heating. * designates alternatives where pipes for water services and district heating are co-located in a shallow trench
above the frost depth.

Parameter

Unit

Original
value

Operation to
change top
alternative

New rank
(new overall weighted score)

60.1

NP

A1

A3*
NP

11030

NP

NP

0.05

÷ 20

1
(76)

3
(75)

5
(60)

2
(76)

4
(63)

Failure rate
Failure/year/r.u
geothermal
heat pump
Blockage
Block./co./year
rate gravity
sewer
COP geothermal heat
pump

0.02

× 20

1
(76)

3
(75)

5
(60)

2
(76)

4
(64)

0.03

× 4.7

4
(62)

3
(64)

5
(61)

2
(86)

1
(86)

4

÷ 2.8

3
(79)

1
(81)

5
(67)

2
(81)

4
(70)

Coal fraction in electricity mix
Biomass
fraction in
DH mix

%

1.2

NP

NP

%
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NP

NP

Geothermal
fraction in
LTDH mix

%

0

+ 94

3
(77)

1
5
2
(89) (75) (89)

4
(77)

Linear cost
deep trench

€/meter

470

× 28

5
(50)

3
4
2
1 (75)
(65) (51) (75)

Lifespan
GHP

Year

20

÷ 11.1

3
(67)

1
5
2
(70) (55) (69)

Marginal
DH cost

€/kWh

0.023

NP

NP

Electricity
price

€/kWh

0.08

NP

NP

Urban den- f.u / km of pipe
sity
Heat dekWh/year/r.u
mand
Failure rate
Failure/year/km
district heating
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A2*

A4

A5

4
(57)

5. Discussion
5.1. Comparison with conventional solutions
5.1.1. Freeze protection
Measured and modelled pipe temperatures showed that the shallow co-location solution
could prevent freezing of the drinking water during winter with a safe margin. Indeed, a
minimum water pipe temperature of 3.5○C was estimated for the winter with the coldest month/week recorded in Kiruna (1986-87) in the conservative scenario of no
drinking water flow, no snow cover and one heat tracing pipe. This was however conditioned by a constant heat-tracing temperature of 25○C. The heat tracing pipe was most
often in the range 20-30○C during the winter of 2016-2017 (Figure 13) and 25-30○
during the winter of 2017-2018 (Paper I). As regards the prevention of sewage freezing,
the measured sewer pipe temperatures during the winter of 2017-2018 were between
3.5 and 7○C at cross section 2 (under a car port, snow-free during winter) when there
was no sewage flow (Paper I). This indicates that the system is able to maintain a positive
temperature in the sewer network under normally cold conditions, as the winter of
2017-2018 was about 1○C colder than the norm for the period 1993-2013 (SHMI,
2019) in Kiruna. On the other hand, the modelling results for the winter of 1986-1987
point out that, under extraordinary cold weather conditions and in the absence of sewage flow, negative temperatures can occur inside the sewer pipes during several consecutive days. This would not necessarily induce freezing because sewage is normally discharged by households well above 0○C (Arnell et al., 2017) but still represents a freezing
risk as solids are typically transported intermittently in small diameter sewer pipes
(Littlewood and Butler, 2003). Increasing the heat tracing temperature above 25○C under very cold soil temperature conditions appears to be a viable way of addressing this
problem, as return water in low temperature district heating systems is intended to be
30○C. In the present study, heat tracing temperatures of between 25 and 30 ○C were
achieved during the winter of 2017-2018 when regulation strategy B was used. It consisted in operating the heat tracing pump intermittently with the help of a timer whose
on/off cycles were adjusted according to soil and district heating return temperatures
(see 3.1.2).
As regards the freeze protection performance of traditional, deep buried, water and sewer pipes, most of the literature available is related to drinking water pipes. In northern
Sweden, freezing of traditionally laid drinking water pipes occurs in the vast majority of
cases in service pipes due to potentially long residence times and reduced installation
depth to reach the basement or ground floor of the building. According to Hanaeus
(1985), freezing of service pipes corresponded to costs of several hundred thousand
Swedish crowns annually for average size municipalities in Northern Sweden (Norr45

land) and up to ten times this number during severely cold winters. However, as reported by Janson (1972), freezing can also occur in traditionally laid drinking water mains.
During the winter of 1965-1966, pipe freezes were reported at depths of up to 3.0 m
(Jokkmokk), 3.2 m (Luleå), and 3.4 m (Skellefteå). This is because, depending on the soil
condition, the maximum frost depth under bare ground can be very large and unpractical to install drinking water mains (VAV, 2001). For that reason, the pipes are sometimes
buried above the maximum frost depth but deep enough to prevent freezing during
normal flow condition and a given stop time (e.g. 20 hours). Freezing may however occur in these sections in low flow conditions, especially if the drinking water source is
surface water whose inflow temperature can be close to freezing point during winter
(Janson, 1972).
5.1.2. Summer temperatures
In the summer, the main concern with shallow pipe co-location systems is to ensure
that drinking water temperature remains in a safe and comfortable range for the consumer (i.e., <15○C, (Health Canada, 1995)). As shown in Figure 12a, this was not the
case at cross section 1 (section under a lawn where the water pipe is installed 90 cm
deep) during the summer of 2018. The drinking water pipe temperature was then in the
range 15-19○C during a cohesive period of 24 days (Paper I). This was not attributed
solely to high soil temperature at cross section 1, as the latter peaked at 14.9 ○C during
this period. Another plausible explanation could be that the district heating utilidor was
situated directly on top of the water-sewer utilidor at cross section 1. Soil temperatures
at the level of the pipes were however measured between 15○C and 17.3○C during 18
days at cross section 2 (19/7-5/8/2018). This corresponded to unfavourable conditions
for cool drinking water as drinking water temperature would exceed 15 ○C in the absence of flow or after long transport distance in the network (thermal equilibrium with
the surrounding soil acting as heat sink). The summer of 2018 in Kiruna was warmer
than normal, when taking the period 1991-2013 as the reference (SHMI, 2019). However, it will correspond to a normal summer by 2070 when we take into account the
effects of climate change (Berglöv et al., 2015). This means that in the future design of
shallow pipe systems, special emphasis should be put on preventing too high drinking
water temperature in the summer case, as the conditions observed during the summer of
2018 are likely to occur regularly and increasingly during their lifetimes. This also applies for cold climate regions with warmer summers than in Kiruna. In more temperate
areas, the problem of too warm drinking water during summer has been observed for
conventional drinking water networks (Blokker and Pieterse-Quirijns, 2013; AgudeloVera et al., 2014). However, conventional drinking water networks in cold climate regions usually ensure cool drinking water throughout the summer because the soil at the
frost free level remains at relatively low temperature all year round. This means that even
if surface water is used for drinking water, too high raw water temperatures at the intake
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can potentially be mitigated by the cooling effect of the ground in the distribution network. This possibility is lost when shallow pipe solutions are used. For the sewer network, shallow pipes seem however beneficial in the summer case, as the sewage will not
be cooled down below the surrounding soil temperature (10-17○C in this study), which
is normally warmer than at the frost free depth. As mentioned in the background chapter, warmer sewage temperature is beneficial for wastewater treatment. However, higher
sewage temperature creates also more favourable conditions from the production of hydrogen sulphide gas (H2S). According to the model proposed by Nielsen at al. (1998) for
prediction of the H2S production rate in pressure mains, a temperature rise from 10○C
to 20○C increases the H2S production rate by 35%.
5.1.3. Sustainability
The integrated sustainability assessment of five technical alternatives for the provision of
heating and water services to a new residential area suggested that alternative A4 (geothermal heat pumps and deep buried gravity sewer) was more sustainable than the shallow co-location alternative A2* (with gravity sewer) and A3* (with low pressure sewer)
which were both based on low temperature district heating (Table 5). These results were
found in the context of the priorities of a group of stakeholders from the town of Gällivare, who attached most importance to reliability, energy efficiency and affordability
(Table 4). Some common priorities may be expected for decision makers in other cold
climate locations. For example, winter conditions can aggravate the consequences of system failures, which may in turn increase the perceived importance of reliability in cold
climate regions. Stakeholder preferences can however vary greatly depending on local
contexts and personal experiences.
The sensitivity analysis indicated that the sustainability ranking was relatively stable with
regard to changes of criteria weights (Paper III) but variations of more than one weight
at a time were not investigated. For example, the shallow co-location solution A2* (same
as evaluated in Paper I and II) achieved higher scores than A4 with regard to affordability and user friendliness (Figure 16). Decision makers giving more weight to both of
these criteria than in the present study may lead to a rank reversal between A2* and A4.
The sensitivity of the ranking to changes in input parameter values was also analysed in
this study (Table 6) and proved to be quite low. Yet, the influence of input parameter
changes were not evaluated in conjunction with changes in criteria weights.
The input parameters coal fraction in electricity mix and biomass fraction in district heating mix
were two parameters directly impacting on the relative climate preservation scores of
alternatives with heat pumps and those using district heating. The sensitivity analysis
showed that varying these parameters did not change the ranking of A4 as the most sustainable alternative (Table 6). This should be reconsidered if more weight were to be at47

tributed to the climate preservation criterion. The reference group in this study attributed a remarkably low weight of 5% to the climate preservation criterion, given the recognised urgency of addressing the causes of climate change (IPCC, 2014) and the prominence of climate preservation in recent European policies (European Commision,
2014).
Based on data from the literature (Åkerström, 2004; Haglund Stignor et al., 2012), it was
estimated in this study that alternatives with district heating (A1, A2 *, and A3*) would
lead to higher failure rates than alternatives with geothermal heat pumps (A4 and A5).
This made an important contribution to the overall sustainability ranking due to the
high weight given by the reference group to the reliability criteria. There are however
high uncertainties concerning the relative reliability of district heating and geothermal
heat pumps in the present case study. Firstly, national failure statistics were used while
failure rates are normally influenced by site specific parameters such as soil characteristic,
operation & maintenance practices, and quality of installation (Åkerström, 2004;
Haglund Stignor et al., 2012). Therefore, local conditions that can influence the reliability of district heating or geothermal heat pumps should also be considered in the decision making process. For example, the supply of district heat to the residential area studied in this thesis (Repisvaara) was dependent on a 2.5 km traditional high temperature
pipeline (see section 3.2.3). The latter had a considerable negative impact on the reliability of district heating options. This negative impact would be smaller in residential areas
closer to existing district heating grids with alternative routes available in case of pipe
failure (more redundancy). Secondly, PEX pipes for low temperature district heating
(A2* and A3*) is a recent technology for which failures statistics are not available at the
moment. In this study, the same failure rates as for high temperature district heating
pipes in steel were considered. However, PEX pipes may lead to fewer failures since they
are more flexible and corrosion proof than steel pipes. The sensitivity analysis showed
however that a drastic reduction in district heating pipe failure rate (-97%) would be
required to change the top-ranked alternative. Finally, and due to a lack of data on the
topic, the unavailability of the heating system (time in failure condition) was not calculated. This may affect the results, since fixing a heat pump failure (call of the technician,
diagnostic, ordering spare part, etc..) might take more time than fixing a district heating
pipe servicing several hundred households (work in emergency condition).
As regards the reliability indicator of the sewer system, the number of failures per connection was used (indicator I7b) instead of the failure rate as experienced by the households. The average number of households affected by one failure is likely to differ between a gravity system and a low pressure system. Indeed, most failures on LPS systems
occur on the grinder pump (Lindqvist et al., 2000), which affects only one connection
while statistics shows that on the gravity sewer network more than half of blockages occur in main pipes (VASS, 2017), potentially affecting more than one connection. A
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deeper analysis of this aspect would be needed to estimate its potential impact on the
sustainability ranking. The validity of the sustainability ranking as found in this thesis,
which gave preference to alternatives with heat pumps, is also conditioned by the number of households that will choose geothermal heat pumps in the absence of district
heating being available. In Sweden, 62% of heat pumps installed in 2013 were air-to-air
or air-to-water (Swedish Energy Agency, 2015). This number may be different in the
north of the country where colder climate conditions make geothermal heat pumps
more viable but still indicate that a number of household may choose an air heat pump
because it represents a lower investment. This would lower the average COP of the residential area and, in turn, decrease energy efficiency while affecting affordability. Consequently, the ranking found in the present study should be reconsidered if a large number
of residents install air heat pumps.
The shallow co-location solution A2* was shown to outperform the conventional alternatives (both with traditional district heating and geothermal heat pumps) and top the
sustainability ranking if more than 94% of the heat demand (Table 6) was covered by
shallow geothermal energy through a large heat pump situated in the neighbourhood.
This was explained by a large reduction in cumulative exergy demand (CexDe) and
global warming potential (GWP) indicators but also a lower failure rate as it decreased
the reliance on the 2.5 km pipeline connecting the new area to the existing district
heating network of Gällivare. This indicated that, beside the reduction in network heat
losses, the reduction in assembly costs and the reduction in total excavation cost by allowing shallow installation of the water/sewer pipes, the potential of low temperature
district heating to integrate local renewable energy sources (Lund et al., 2010, 2014) had
to also be utilized in order for A2* to outrank alternatives with geothermal heat pumps
(A4 and A5) with regard to sustainability as expressed by the reference group.

5.2. Indicator normalization and aggregation
The weighted sum model used in this study to calculate the sustainability scores requires
normalization of the indicator values (costs, global warming potential, failure rates, etc.)
in order to calculate a sum that is meaningful. As pointed out by several authors, normalization can be done in various ways and can significantly influence the ranking of
alternatives (Rowley et al., 2012; Pollesch and Dale, 2016). Therefore, if the normalization method is chosen arbitrarily and/or if its impact on the results is not analysed, additional subjectivity is brought into the sustainability assessment. In this thesis, ratio normalization (Pollesch and Dale, 2016) was chosen because it conserves proportionality
between the indicator values. The min-max normalization method was not selected because it requires informing the stakeholders of the spread of values for each indicator
prior to the weighing workshop (DCLG, 2009; Rowley et al., 2012). With this information, the stakeholders are expected to lower the weights of criteria with low spread,
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as the min-max normalization will return score values ranging from 0 to 1 (or any decided maximum), independently of the spread of indicator values. By doing so, the
stakeholders shape the set of weights to the specific studied case, which discards the possibility of conducting a sensitivity analysis of the results, as the spread of indicator values
will be affected. The use of the min-max normalization was nevertheless tested in this
study to evaluate its impact on the sustainability ranking (section 4.2.5). This was done
with the same weights as those used with the smaller-the-better ratio normalization
method, obtained without informing stakeholders of the spread of criteria values. It did
not change the top-ranked alternative (A4) but affected the ranking significantly, as the
rankings of A2* and A5 were switched. These results highlight the necessity to make an
informed, deliberate choice of normalization method and to adapt the weighing workshop accordingly, as this can affect the results significantly. To further investigate the influence of normalization on the results, the sustainability ranking was also determined
using the weighted geometric mean (section 4.2.5) because this is a normalization-free
method. By this method, only the positions of A1 and A2* were switched in the ranking
and these alternatives had a very low score difference: 0.1 point, in comparison to 0.8 to
3.4 points for the other pairs of alternatives. The low score difference between A1 and
A2* was already found in the original ranking: 2 points in comparison to 5 to 34 points
between the other pairs of alternatives. The similarity between the two rankings suggests
that, the joined use of the weighted sum model and the smaller-the-better ratio normalization scheme, led to overall sustainability scores fairly compliant with the definition of
meaningful synthetizing criterion as proposed by Ebert and Welsch (2004).
Compensatory MCA methods such as the weighted sum model used in this thesis, have
the drawback of allowing a trade-off between criteria, which can contradict the principle of strong sustainability (Munda, 2005; Rowley et al., 2012; Cinelli et al., 2014). This
is typically illustrated with the example of weak sustainability, where a loss of critical
natural capital (e.g. rain forest) is compensated for by good economic performance
(profits of exploiting the natural capital). Therefore, if a compensatory method is chosen
for practical reasons (in the present study transparency and stakeholder engagement), it is
important to identify the critical resources related to the sustainability criteria, to analyse
if weak-sustainability processes occurred and to estimate to what extent they influenced
the outcome of the assessment. In this project, resources fully or partly related to the
four following criteria can be seen as critical: energy efficiency (non-renewable energy),
climate preservation (a liveable climate), material efficiency (rare elements) and workers’
safety (human life). The two alternatives at the top of the ranking (A4 and A5) were the
most energy efficient (C1) / decarbonised (C2) as well as the most expensive (C4).
Therefore, weak sustainability processes seem to have played only a minor role in the
assessment. However, the poor performances of A4 and A5 with regard to material efficiency (score of 35/100 and 34/100) were largely compensated for by high perfor50

mances with regard to other criteria, but this was mainly due to the low weight given
by the stakeholders to that criterion.

5.3. Suggestions of improvement of the technical solution
To ensure sewer pipe temperatures above 0○C in the event of very cold soil temperatures (below -10○C) and avoid drinking water temperature above 15○C when soil temperatures are just below 0○C, it appears necessary to modulate the heat tracing temperature throughout the winter instead of using a constant value of 25 ○C (Figure 15). In the
present study, such modulation was achieved during the winter of 2017-2018 by operating the heat tracing pump with on/off cycles adjusted according to soil temperature and
district heating return water temperature. In milder locations where a narrower range of
negative soil temperatures is expected, a constant heat tracing temperature may be sufficient to achieve the desired drinking water and sewer temperature levels (0-15○C and
>0○C). For the summer case, ensuring drinking water temperatures below 15 ○C should
be addressed during design / construction by: (a) evaluating summer soil temperatures at
the depth of the utilidor; (b) if soil temperature will exceed 15 ○C, providing sufficient
insulation thickness to prevent warming of the cold water above that temperature during its residence time in the shallow utilidor; (c) avoid stacking the water-sewer and district heating utilidors.
Good control of the winter heat tracing system requires limiting the temperature drops
in the single-pipe heat tracing network (from the district heating house station where
the heat tracing pump is located to each house). This should be verified before using the
shallow co-location solution on systems larger than the one tested in Kiruna (9 single
family homes). However, the hydraulics of the heat tracing system can be difficult to
model during the design stage as they are fully coupled with the district heating grid.
For example, the flow in each branch of the heat tracing system depends on the pressure
level in the return district heating pipe of each house, itself dependent on the district
heating operation, demand patterns, etc. It may be more convenient for design and operation to use a dual-pipe heat tracing system, independent from the low temperature
district heating system. This would require an extra heat exchanger in the district heating house station and would double the heat tracing pipe length, thus also increasing
costs. Another aspect to consider is whether or not the entire drinking water/sewer
networks of the area considered need to be heat traced. Upstream pipe sections with
sufficient daily flow even during holiday periods may be protected from freezing solely
with the insulation provided by the EPS utilidor (Janson, 1972; Gunderson, 1978;
Öhman, 1982, 1984).
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Drinking water and sewer pipes were installed at the same level in the co-location solution evaluated in this thesis. However, in a conventional trench, the drinking water pipe
is normally installed above the sewer pipe (Svensk Byggtjänst, 2017) to mitigate cross
contamination risks. This requirement should also be considered when developing further the design of the shallow co-location solution studied in this thesis.
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6. Conclusions
In this work, a technical solution for installing drinking water, sewer and low temperature district heating pipes in a single shallow trench in seasonally frozen ground was
evaluated. The following conclusions were drawn concerning the co-location solution:
 Drinking water and sewer pipes remained at non-freezing and comfortable (below
15○C for drinking water) temperatures during most of the study period at the two
trench sections studied at the pilot site in Kiruna. The exception to this was the
summer of 2018 when daily drinking water pipe temperatures were in the range
15-19○C during 24 days at cross section 1 situated under a lawn.
 The finite volume thermal model of cross section 2, calibrated on the basis of one
year of measurements, could predict drinking water (R2=0.70, RMSE=1.84○C) and
sewer pipe (R2=0.82, RMSE=1.69○C) temperatures with fairly high accuracy during validation period 1 (case without drinking water/sewage flow). The same model
indicated that the drinking water temperature would have remained positive during
the record cold winter of 1986-1987 but that sewer temperature would have
dropped below 0○C during 14 days and reached a minimum of -4.5○C in the absence of sewage flow and for a constant heat tracing temperature of 25○C.
 In the sustainability assessment for the residential area of Repisvaara, the alternative
with geothermal heat pumps and traditional gravity sewer (A4) had a cumulative
exergy demand 63% lower than the shallow co-location solution with low temperature district heating and gravity sewer (A2*). Besides, the total cost of A2* on a life
cycle perspective was found to be 32% lower than for A4 and 15% lower than for
the traditional alternative with deep gravity sewer and high temperature district
heating (A1). Alternatives with geothermal heat pumps (e.g. A4) were estimated to
correspond to a 90% lower failure rate of the heating system than the shallow colocation solutions with low temperature district heating (e.g. A2*).
 After aggregating the indicator values using a weighted sum approach with weights
obtained from a group of local stakeholders, the shallow co-location solution (A2*)
was ranked third with a sustainability score of 65/100 and the alternative, featuring
deep gravity sewer and individual geothermal heat pumps (A4), topped the ranking
with a score of 87/100. The stakeholders gave most weight to the reliability (29%),
energy efficiency (24%) and affordability (24%) criteria.
 The stability of the top-ranked alternative (A4) in the face of individual changes in
criteria weights and a number of input parameters (e.g. urban density, residential
heat demand, failure rates) was relatively high. The sensitivity analysis also showed
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that the shallow co-location solution would top the sustainability ranking if more
weight was given to affordability (52% instead of 24%) or if more than 94% of the
district heat was produced with a central geothermal heat pump station installed in
the neighbourhood.
The results suggest that the shallow co-location solution may be a viable heat and water
services provision alternative in regions with a climate similar to Northern Sweden, given that (a) potential risks of undesirably warm drinking water during summer are addressed in the design stage, (b) heat tracing temperature can be kept close to 25○C in the
entire system during winter and increased in case of very cold soil conditions (<-10○C),
and (c) the district heating system is equally or more energy efficient and decarbonised
than the average heating system of the area if residents would choose their own individual solution.
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