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A novel freeze protection strategy for shallow buried
sewer pipes: temperature modelling and ﬁeld
investigation
Youen Pericault, Mikael Risberg, Mattias Vesterlund, Maria Viklander
and Annelie Hedström

ABSTRACT
The burial of sewer and water pipes below the maximum ground frost depth can be very costly and
laborious in regions with cold winters. If a freeze protection measure is applied, the utility lines can
be installed in a shallower trench to reduce the excavation needs. One freeze protection measure, so
called heat tracing, consists of supplying heat along the pipes. In this work, the use of 4th generation
district heating as a heat tracing solution was investigated at a pilot site in Kiruna, Sweden. The
inﬂuence of the system on sewer and water pipe temperatures was studied at a snow-free and
snow-covered cross section. To this end, ﬁve heat tracing temperatures were tested and the
corresponding sewer and water pipe temperatures were measured. The ﬁeld experiment was also
simulated with a two dimensional ﬁnite volume model. The study showed that, under the climatic
W

conditions of the experiment, a heat tracing temperature of 25 C allowed prevention of freezing of
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the pipes while keeping drinking water pipes in a safe temperature range at both cross sections. The
other main result was that the developed ﬁnite volume model of the sections showed a good ﬁtting
to the experimental data.
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INTRODUCTION
The traditional way to protect sewer and water lines from
freezing in the winter is to bury them below the maximum
ground frost depth. However, a shallower installation is
sometimes preferred in order to reduce the excavation and
backﬁlling costs. This is usually done if the frost penetration
is severe (typically more than 2 metres) or if the bedrock is
situated above the design frost depth. Such practice is
reported in continental sub-arctic (McFadden ) and
polar climates (Hazen et al. ) but also in rocky areas
affected by a wet continental climate (Gunderson ; Coutermarsh & Carbee ). Avoiding the deep burial of sewer
and water pipes gives the opportunity to place these utilities
in a common trench with district heating, electricity and
telecommunication lines. In this way, expenses during construction and maintenance works can be shared between
the utility providers. Another advantage of shallow buried
sewer pipes is the possible reduction of groundwater
doi: 10.2166/wst.2017.174
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inﬁltration, since the pipes are less likely to be under the
groundwater table. On the other hand, pipes installed
above the ground frost depth have the disadvantages of
being more affected by trafﬁc loads and requiring a freeze
protection solution. The latter represents extra costs,
energy use and emissions during the manufacturing and,
possibly, also during the operation of the system.
One measure to prevent freezing is to properly insulate
the sewer and water pipes either individually (Coutermarsh
& Carbee ; Bai & Wang ) or together in a hollow
(Kennedy et al. ) or sand-ﬁlled (McFadden ) utility
corridor (utilidor). In pipe network sections inﬂuenced by
a continuous ﬂow, insulated pipes are usually sufﬁcient to
prevent freezing. However, sections with intermittent ﬂow
patterns such as dead ends, house connections and low density areas are subjected to freezing even with insulation. In
this case, several solutions are available to provide heat to
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the pipes. A background ﬂow can be maintained in the
water and sewer pipes using bleeding valves or by sending
let-run notices to the residents (Raymond et al. ). Recirculation systems can also be used to ensure a continuous
ﬂow in water pipes. This might provide heat to the sewer
if a utilidor is used (Schubert et al. ). Heat-tracing is
another widely used solution that consists of supplying
heat along the pipes with an electrical tape or with hot
ﬂuid circulation pipes. The freeze protection strategy studied
in this paper is a heat-traced utilidor currently tested in a
new residential area of Kiruna in northern Sweden. The
sewer and water lines are installed in an expanded polystyrene (EPS) utilidor at a depth of approximately 1 metre,
whereas the frost penetration can reach 2.5 metres in this
area. The system is heat traced with pipes of warm water
diverted from the 4th generation district heating system of
the neighbourhood.
To our knowledge, such a solution has not been
implemented in the past, probably because 4th generation
district heating is an emerging technology. Related examples
are reported in the literature though. Kennedy et al. ()
studied a heat traced utilidor in central Alaska to verify its
ability to prevent freezing and to evaluate the thermal
impact on the surrounding soil. Haviland () compared
different utilidor designs in terms of energy efﬁciency and
economics, based on calculations of the equivalent thermal
resistance of the system. However, no study has been found
in the literature concerning the inﬂuence of utilidor heat
tracing on sewer and water pipe temperatures. These temperatures are of importance, since they can affect wastewater
treatment efﬁciency and drinking water quality. For
example, high drinking water temperature may negatively
affect important performance indicators such as ‘customers’
complaints’ and ‘violations of water quality analysis’ (due to
enhanced bacteria growth) proposed by Marques & Monteiro (). The utilidor in Kiruna has snow-covered
sections that require less heat for frost prevention than its
critical snow-free sections. During the ﬁrst year of operation,
this sometimes resulted in drinking water temperatures
above the local regulation threshold for water quality of
20 C. Cold climate engineering manuals (Smith ; Freitag & McFadden ) focus on freeze protection in heattraced utilidors but provide little guidance to limit drinking
water temperature and estimate the impact of these systems
on sewage temperature.
The current research project concerning the heat tracing
solution installed in Kiruna aims at: (a) proposing operation
practices and, if needed, re-design of the system to prevent
freezing of the utility lines while ensuring healthy and
W
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comfortable drinking water temperatures; (b) estimating
the district heat consumption of the system and its impact
on sewage temperature. The main objective of this paper is
to compare the thermal behaviour of a snow-free and a
snow-covered section of the utilidor of Kiruna under given
climatic conditions. The second objective is to assess the relevance of two dimensional (2D) ﬁnite volume modelling for
future thermal characterizations of the system’s cross
sections. To this end, two cross sections were studied experimentally with temperature measurements during late
winter 2016. A ﬁnite volume simulation of the experiment
was conducted using the ANSYS CFX software, and results
were compared with experimental data. The case study,
experimental setup, experimental protocol and ﬁnite
volume model of the study are presented in the Methods section of this paper. The Results and discussion section mainly
provides a comparative analysis of the cross sections’
thermal behaviours and presents the corresponding implications for the regulation of the system. The methodology
and main ﬁndings are then summarized in the Conclusion
section.

METHODS
Case study
The city of Kiruna has a population of 18,000 and is located
in Northern Sweden. The climate is continental subarctic
with short summers and long, cold winters. The air temperatures are usually negative from October to April, with
average daily temperatures of 17 C during January and
February (SMHI a). On average, snow cover lasts from
mid-October to mid-May and reaches a maximum of
80 cm during this period (SMHI b). Major parts of
Kiruna, including its city centre, will be relocated before
2030 because of mining activities, which are the cause of
land subsidence. The heat density will be necessarily
reduced in the new city, especially in residential areas composed of energy efﬁcient single family houses. To adapt its
district heating network to the reduced heat demand, the utility company of the city has implemented an innovative
distribution system for the expansion of Tuolluvaara residential area. The pilot project consists of eight plots connected
to a 4th generation district heating system. This technology
greatly reduces the network heat losses in comparison
with the current district heating generation and is well
suited for low heat density areas (Lund et al. ). Moreover, the 4th generation district heating pipes are placed
W
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together with the sewer and water pipes in a single shallow
trench to reduce their installation costs and improve the
competitiveness of district heating in the area.
With lower operating temperatures and small ﬂexible
pipes, 4th generation district heating also offers new possibilities for conveniently heat tracing water and sewer pipes.
Therefore, the sewer and water pipes were placed in a shallow utilidor (∼1 metre below grade), well above the design
frost depth of 2.5 metres, at the pilot site. The utilidor in
EPS is freeze protected with part of the district heating
return water (between 30 and 35 C) circulating in a pipe.
This heat tracing pipe is depicted in orange on the aerial
view presented in Figure 1 (the full colour version of this
ﬁgure is available in the online version of this paper, at
http://dx.doi.org/10.2166/wst.2017.174). The district heating
return water is pumped from the district heating house station
to the different properties, where it is re-injected into the district heating return pipe. At each house connection, the heat
tracing ﬂow is controlled by a thermostatic valve regulated
according to the heat tracing ﬂuid temperature. The sewer,
water and heat tracing pipes have a constant spacing along
the EPS utilidor. This can be seen in the picture of the
utilidor’s construction in Pericault et al. (). The 4th generation district heating supply and return pipes are insulated
and placed in the same trench as the water-sewer utilidor
(∼0.7 metre below grade), as shown in Figure 2.
W
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Experimental method
Two cross sections of the system utilidor and surrounding
soil and snow cover were analysed at the study site. Their
locations are indicated in Figure 1. Cross section 1 is situated under the lawn of habitation A1 (Figure 1) and is
covered by snow during winter. Cross section 2 is under
the carport of the same property (Figure 1); it is free of
snow during winter and exposed to outdoor air temperatures. The geometries of cross sections 1 and 2 are
presented in Figure 2. Due to practical reasons during the
construction, the cross sections have different geometries.
As seen in Figure 2, the district heating lines are situated
right above the water-sewer utilidor at cross section 1, but
are located to the right of the sewer-water utilidor at cross
section 2. The heat tracing water is not re-injected into the
district heating return pipe directly at habitation A1 but at
habitation A2. For that reason, the heat tracing pipe is
doing a loop in the A1 house connection. Cross section 2
has consequently two heat tracing pipes (supply and return
of the loop).
The thermal behaviour of the utilidor at cross sections 1
and 2 was investigated during an experimental test period,
from 2016-02-17 to 2016-02-21. The average air temperature
during the week preceding the experiment was 3.7 C.
During the experiment, this average was of 4.1 C.
W

W

Aerial view over the pilot site. The district heating pipes are not visualised here. The full colour version of this ﬁgure is available in the online version of this paper, at http://dx.
doi.org/10.2166/wst.2017.174.
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Geometries of the studied cross sections and temperature sensors’ locations. The full colour version of this ﬁgure is available in the online version of this paper, at http://dx.doi.
org/10.2166/wst.2017.174.

The aim of the experiment was to determine, for each
cross section, the inﬂuence of the heat tracing temperature
TH on the sewer pipe temperature TS and the water pipe
temperature TW. To this end, the heat tracing water temperature was lowered by 5 C every 12 hours from the district
heating house station, and the temperature variations of
TH, TS and TW were recorded every 3 minutes using sensors
installed in the utilidor (red markers on Figure 2). According
to the manufacturer, the uncertainty of the temperature sensors is smaller than 0.5 C in the temperature range 10 C
to 85 C. The experiment was conducted when the tenants
of habitations A1 and A2 were not at home in order to
avoid water consumptions during the measurements. The
reason for this was to investigate the consumption scenario
where the pipes were most prone to freezing and overheating.
W

W

W

W

Modelling method
2D ﬁnite volume models of cross sections 1 and 2 (Figure 2)
were built using the modelling software ANSYS CFX. The
model size was 25% wider and 14% deeper than the
trench size to avoid perturbations due to edge effects in
the area of interest (the utilidor and adjacent soil). To
account for the non-linear phenomenon of soil freezing,
the soil thermal parameters were deﬁned as temperature
dependent. An undisturbed turf sample was taken at cross
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section 1, its dry density and water content were determined
using a drying oven. The soil particle density of the same
sample was determined with a pycnometer to estimate the
turf porosity at the sampling location. Based on these
values, the frozen and unfrozen thermal conductivity of
turf were calculated according to the method proposed by
Andersland & Ladanyi () for organic soil. The frozen
and unfrozen heat capacities of turf were also determined
according to Andersland & Ladanyi ().
A similar procedure was used for the layer of silty
gravely sand (Figure 2), but the frozen and unfrozen thermal
conductivities were calculated according to Johansen’s
method ( Johansen ) for mineral soils. The layer of
crushed rocks could not be sampled, but an average grain
size of 2 cm was estimated from pictures of the construction.
Dry density and porosity values measured by StormTech
() on soil samples having a similar grain size (3/4
inches) were used to determine the thermal parameters of
the crushed rock layer. The same calculation method as
for the silty gravely sand was used, considering a water content of 6%. The thermal parameters used in the model are
summarized in Table 1. The transition from unfrozen to
frozen thermal parameters was modelled using the unfrozen
water content curves suggested by Geo-slope (8). The
latent heat of water solidiﬁcation was considered in the,
temperature dependent, heat capacity function of the different types of soil.
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Physical parameters of the materials used in the ﬁnite volume model. Values in parentheses correspond to frozen state
Dry density kg/m3

Water content m3/m3

Porosity m3/m3

Thermal conductivity W/m.K

Volumetric heat capacity kJ/m3.K

Turf

300

0.32

0.5

0.18 (0.25)

3,320 (2,680)

Silty gravely sand

1,600

0.09

0.4

1.05 (0.82)

1,720 (1,540)

Crushed rocks

1,600

0.06

0.4

0.92 (0.69)

1,590 (1,470)

Concrete

2,400

–

–

0.8

1,800

EPS

28

–

–

0.035

32

A transient heat conduction analysis of the experiment
presented on the previous page was conducted with the
2D ﬁnite volume models of the cross sections. The left and
right boundaries conditions of the models were set as adiabatic. For the bottom boundary condition, an average
geothermal heat ﬂux of 0.08 W/m2 was considered. The
ground surface temperatures were set equal to the air temperature measured at the study site. Based on the Swedish
Meteorological and Hydrological Institute data, a time-variable heat transfer coefﬁcient was introduced at the ground
surface of cross section 1 to model the insulation provided
by the snow cover. A value of 0.25 W/m.K was assumed
for the thermal conductivity of snow. The district heating
and heat tracing pipes temperatures were set according to
the measured values from sensors DS1, DR1 and H1. A
pre-simulation of the year preceding the experiment was
run to obtain the initial temperature ﬁeld in the cross sections. A time step of one day was used for the presimulation. The experiment was then simulated with a
time step of 60 minutes. The temperature evolutions at

Figure 3
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Heat tracing pipe temperature applied at cross section 1 during the experiment.
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sensor locations S1, W1, S2 and W2 were plotted to study
their response to the heat tracing temperature variations
(values from sensor H1).

RESULTS AND DISCUSSION
The evolution of heat tracing temperature applied at cross
section 1 during the experiment is seen in Figure 3. The
temperature step of 25 C was maintained during 36
hours because of water consumptions observed during
the ﬁrst 24 hours at this temperature. The other temperature steps (15, 20, 30 and 35 C) were applied every 12
hours. Because of their proximity (3 metres), only a very
small temperature drop was expected between cross sections 1 and 2. The heat tracing temperatures measured at
cross section 1 (Figure 3) were therefore used for both
cross sections when analysing the results. The measured
and modelled pipes temperatures corresponding to each
heat tracing steps of Figure 3 are presented in Figure 4
W

W
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Comparison of experimental and modelling results. Inﬂuence of heat tracing temperature on water (left) and sewer temperature (right) at cross sections 1 and 2.

for cross sections 1 and 2. The x-values of the data points
correspond to the average heat tracing temperature applied
during the heat tracing steps of 12 hours. The values on the
y-axis correspond to the average water (Figure 4 left) and
sewer (Figure 4 right) temperature during the last hour of
each heating step.
The measured water pipe temperatures showed a
linear dependence to the heat tracing temperature
within the range [15; 35 C] for both cross sections (data
series ‘CS1 experiment’ and ‘CS2 experiment’, Figure 4
left). A linear regression model was ﬁtted to these data
series with the least square approach. Coefﬁcients of
determination of 0.99 were obtained for both cross sections, conﬁrming the linear dependence of drinking
water temperature on heat tracing temperature. The
experimental results for the drinking water pipes also indicated that a heat tracing temperature of 15 C was
sufﬁcient to prevent drinking water from freezing at
both cross sections (temperatures of 9 and 7.6 C for
cross sections 1 and 2), under the studied climatic conditions. A heat tracing temperature of 15 C could be
achieved at these locations by having a low heat tracing
ﬂow and therefore an important temperature drop
between the district heating house station and property
A1 (drop from 30–35 C to 15 C). The results of the experiment also showed that heat tracing temperatures greater
than 30 C were leading to drinking water temperatures
above 15 C at cross section 1, which is favourable for
bacteria growth (Ainsworth ). These results indicate
that to preserve water quality, the system installed in
W
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Kiruna should be operated carefully to avoid heat tracing
temperatures above 30 C in snow-covered sections.
The measured sewer temperatures increased linearly for
heat tracing temperatures below 25 C. A linear regression
model was ﬁtted with the least square approach to the
measured sewer pipe temperatures for heat tracing temperatures below 25 C (data series ‘CS1 experiment’ and ‘CS2
experiment’ in Figure 4 right). The coefﬁcient of determination was 0.98 for cross section 1 and 0.99 for cross
section 2. For higher heat tracing temperatures, sewer temperatures at both cross sections showed a reduction of their
rate of change. A suggested explanation for this is that
high pipe temperatures enhanced the air ﬂow in the sewer
coming from outdoor (air at less than 0 C) intakes. As presented in Figure 4, the sewer temperature at cross section 2
was measured to be 3.5 C for the coldest heat tracing step.
This is a relatively low temperature to prevent freezing risk,
knowing that the system was not studied under a severe cold
event and that cross section 2 was free of snow. However,
heat tracing temperatures of about 25 C provided a more
reliable freeze protection to the sewage (6 C measured at
cross section 2), while keeping water pipes below 15 C.
The difference in thermal behaviour between the snowfree and snow-covered section was signiﬁcant. For each heat
tracing level, the sewer and water pipe temperatures at cross
section 2 were lower than at cross section 1. This difference
was on average 1.8 C for the water pipe and 2.4 C for the
sewer pipe. Larger gaps can be expected under colder climatic conditions though, which should be investigated in a
future study.
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The ﬁnite volume modelling results for drinking water
temperature showed good ﬁtting to measured data (Figure 4,
left). Indeed, the coefﬁcient of determination of the ﬁnite
volume model for water pipe temperature was 0.93 for
cross section 1 and 0.95 for cross section 2. The temperature
dependences obtained by ﬁnite volume simulation also
appeared to be linear, with slightly different slopes than
the experimental results. The thermal ﬁnite volume model
correlated well to the sewer temperature evolution
measured for heat tracing temperatures lower than 25 C,
but did not explain the non-linear behaviour observed at
higher temperatures during the experiment. The sewer temperatures were therefore overestimated for the 35 C heating
step (Figure 4, right). Within the heat tracing temperature
range (15 C; 35 C), the coefﬁcient of determination of the
ﬁnite volume model for sewer pipe temperature had a
value of 0.53 (very poor ﬁt) for cross section 1 and 0.93
for cross section 2. However, a better ﬁt was observed at
cross section 1 within the heat tracing temperature range
(15 C; 30 C) with a coefﬁcient of determination of 0.70.
Deviations between predicted and measured values
were smaller than 1.2 C at both cross sections, with the
exception of the sewer pipe at cross section 1 when heat
traced at 35 C (deviation of 2.6 C from this measurement).
These reasonable deviations and the moderate-to-high coefﬁcient of determination values suggest that the ﬁnite volume
model adequately simulated the phenomenon of frost penetration in the soil surrounding the utilidor.
W
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temperature variations. The numerical model developed in
this work was shown to be a functional tool to work in
this direction. The sensibility of the model should be analysed beforehand though.
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CONCLUSION
In this paper, the thermal behaviour of two cross sections of
a shallow utility corridor, freeze-protected with 4th generation district heating, was investigated experimentally and
numerically. The main conclusion was that, under the climatic conditions of the study, a temperature of 25 C for
the heat tracing water is appropriate to prevent freezing of
sewer and drinking water lines while keeping drinking
water in a safe temperature range (between 10 and 15 C).
Also, the snow-free and snow-covered sections were affected
differently by the heat tracing, with an average difference of
2.4 C for the sewer pipe and 1.8 C for the water pipe.
Finally, the ﬁnite volume model showed good capability to
predict the temperatures measured at both cross sections,
with an exception for the gravity sewer pipe when heat
traced, with water warmer than 30 C. To improve design
and operation practices, a wider range of cross sections
should be investigated under typical and critical yearly
W
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