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A B S T R A C T

Heat-traced utility corridors (utilidors) can be used in cold regions to install the drinking water and sewer pipes
in a shallow trench above the frost depth, thereby limiting excavation needs and the associated economic, social,
and environmental costs. Several of these infrastructures were built in the 60s and 70s in Canada, Alaska, Russia,
and Norway. More recently, a new type of heat-traced utilidor was built as a pilot project in Kiruna, Sweden to
increase the viability of district heating in the area by allowing co-location of all the utility pipes in a shallow
trench. Despite several reported cases of undesirably warm drinking water from full-scale projects, previous
research efforts on heat-traced utilidors have mainly focused on pipe freeze protection, not on the prevention of
excessive temperatures of the drinking water. To ensure comfortable drinking water in terms of taste and smell,
an upper temperature limit of 15 °C is usually recommended. The objective of this study was to evaluate the
long-term ability of a heat-traced utilidor to maintain sewer temperatures above 0 °C and drinking water tem-
peratures between 0 and 15 °C. Pipe temperatures were measured continuously at two cross sections of a heat-
traced utilidor located in Northern Sweden over a period of 22months. A thermal model, set up and calibrated
on the measurements, was used to simulate the impact of extraordinary cold weather conditions on the pipes’
temperatures. The results showed that the utilidor could keep the pipe temperatures within the desired ranges in
most cases but that special care should be taken during design to limit drinking water temperatures during the
summer.

1. Introduction

In regions affected by freezing temperatures, frost can penetrate the
ground down to a maximal depth usually called the frost line depending
on the local climate. Seasonally frozen ground designates the soil layer
situated above the frost line. Drinking water and sewer pipe networks
are normally installed below the frost line to prevent any freezing of
drinking water or sewage during winter. However, in regions where the
frost line is deep (more than ∼1.5 m), these networks are sometimes
installed in seasonally frozen ground in order to limit the excavation
costs (Gunderson, 1978; Hazeni et al., 1990; Mcfadden, 1990;
Coutermarsh and Carbee, 1998; Bai and Wang, 2013). In this case,
freeze protection measures need to be implemented and several alter-
natives are available to water utilities (Smith, 1996; Schubert et al.,
2013; Pericault et al., 2017).

One alternative called heated utilidor is an insulated corridor where
sewer, water, and possibly other utility networks are placed, and in

which temperatures are kept above 0 °C with a heat-tracing system
(Schubert and Crum, 1996) or thanks to heat loss from district heating
lines. Heated utilidors may be of different sizes (from large enough for
someone to walk in, to a compact box design). They can be installed
underground or above ground and may be open or filled with insulation
or sand. Several of these infrastructures were built in the 60s and 70s in
Canada, Alaska, Russia, and Norway (Gunderson, 1978; Smith, 1996).
More recently, a compact utilidor made of expanded polystyrene was
installed in a neighbourhood of Kiruna, Sweden (Pericault et al., 2017).
The latter is equipped with a heat-tracing pipe that can re-circulate part
of the return water from the adjacent low temperature district heating
system. A sustainability assessment of this utilidor solution in com-
parison to more traditional alternatives is found in Pericault et al.
(2018).

While the original purpose of heated utilidors is to maintain the
sewer and drinking water above 0 °C, at the same time ensuring that
these systems do not excessively heat the drinking water is also
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primordial. As recommended by the World Health Organization (2008),
drinking water should be kept under 25 °C in the distribution system to
limit regrowth of microorganism. However, an upper limit of 15 °C is
preferable to ensure comfortable drinking water as people usually enjoy
fresher water (Pangborn and Bertolero, 1972) and because temperature
above 15 °C can already lead to unpleasant smells and tastes (Health
Canada, 1995). The main function of heated utilidors is therefore not
only freeze protection but rather to keep drinking water pipe tem-
perature in the range 0–15 °C and sewer pipe temperature above 0 °C. In
this paper, the ability of the utilidor to fulfil this technical function is
referred to as temperature performance.

Scientific studies of the temperature performance of heated utilidors
are scarce in the literature, even though both freezing (Smith, 1996)
and over-heating problems (Leitch and Heinke, 1970, as cited in
Smith,1996; Reed, 1977, as cited in Smith, 1996; Pericault et al., 2016)
have been reported on these infrastructures. Kennedy et al. (1988)
showed that air temperatures inside a hollow utilidor were well above
0 °C (30–40 °C) during two winters of measurements, but the resulting
drinking water temperature levels were not evaluated. In Pericault et al.
(2017), a heat-tracing temperature of 25 °C was found most promising
to ensure good temperature performance of the utilidor of Kiruna.
However, this finding derived from a short-term experiment performed
under mild climatic conditions.

Hence, the objective of the present study was to evaluate the long-
term temperature performance of a utilidor located in northern Sweden
by (a) monitoring drinking water and sewer pipe temperatures at two
cross sections of the utilidor during an extensive period and quantifying
deviations from the desired temperature ranges using a degree-day
approach, and (b) using a calibrated and validated thermal model of
one of the cross sections to simulate temperature performances under
extraordinary cold conditions.

2. Methods

2.1. Study site

The study was performed on the shallow utilidor (∼1 m) of
Tuolluvaara in the Municipality of Kiruna, Sweden. The climate in this
area is sub-arctic and the recommended frost-free depth for water pipe
installation under roads is 2.9 m. The utilidor is made of expanded
polystyrene (EPS) and includes three pipe networks: drinking water,
gravity sewer, and heat tracing. The purpose of the heat-tracing net-
work is to maintain positive temperatures in the utilidor during the cold
season by re-circulating warm water from the local low temperature
district heating network. A more detailed description of the study site,
including an aerial view, is available in Pericault et al. (2017).

2.2. Measurements

Pipes and soil temperatures were measured at two cross sections of
the utilidor system from 1 November 2016 to 31 August 2018. Cross
section 1 (CS1) was situated under a lawn covered by snow during
winter while cross section 2 (CS2) was situated under a carport that was
always free from snow. CS1 was on a pipe segment servicing two flats
referred as flats 1 and 2, while CS2 was on a pipe segment servicing
only flat 2. The geometries of CS1 and CS2 are presented in Fig. 1 to-
gether with the locations of temperature sensors. The soil outside the
trench was silty gravelly sand at cross section 1 and crushed rocks at
cross section 2. Sensors W1 and W2 were placed on the outside of the
drinking water pipe while sensors S1 and S2 were placed inside the
sewer pipe. Sensors H1 and H2 were placed on the outside of the heat-
tracing pipe while sensors SO1 and SO2 were placed in the soil 20 cm
outside the utilidor. Two soil samples were taken at each cross section
in the layer of 0–45mm crushed rocks. The soil type of these samples
was found to be GW-GP (clean gravels) according to the Unified Soil
Classification System. Temperatures of the drinking water pipes (W1,

W2), sewer pipes (S1, S2), and heat-tracing pipes (H1, H2) were re-
corded 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 manu-
facturer is± 0.5 °C, in the range −10 °C+ 80 °C. Measurements were
logged with the Intab WiSensys system and continuously uploaded for
storage on the Intab cloud. Hourly outside air temperatures were re-
trieved from the Swedish Meteorological and Hydrological Institute
(SMHI) open-data platform (SMHI, 2018) for the period 1/11/16 to 31/
08/18.

2.3. Operation of the heat-tracing system

A lower soil temperature (sensors SO2) threshold of 2 °C was used as
activation criteria for the heat-tracing system. During the first winter
(18/10/16–16/05/17), the pump re-circulating return water from the
low temperature district heating network into the heat-tracing network
was continuously in operation. Because the district heating return water
temperature was most often above the desired range of 25–30 °C, a
chiller placed just downstream the heat-tracing pump was used to cool
down the water to this temperature range. During the second winter, an
improved strategy for regulating the heat-tracing system was used to
increase resource efficiency of the system. A timer was installed on 16/
10/17 to operate the heat-tracing pump intermittently, and the chiller
was not activated. Further improvements to the heat-tracing system
were carried out from 05/11/17 to 10/12/17, including installation of
anti-return valves into the network, and the system was in full opera-
tion from 11/12/17 until 25/04/18.

2.4. Modelling

2.4.1. Initial model
A two dimensional (2D) finite volume model of cross section 2

(Fig. 1) was set up using the thermal modelling software ANSYS CFX.
The reason for selecting cross section 2 was the absence of an insulating
layer above the utilidor (no snow or turf), making the section more
vulnerable to cold and hot weather events than cross section 1 (snow
during winter, and turf). The geometry and soil layers presented in
Fig. 1 were used. Boundary conditions on the right and left of the model
were set as adiabatic, while a geothermal heat flux of 0.08W/m2

(Bishop et al., 2014) was set at the bottom of the model. The total width
and height of the numerical model were 11.7m and 6m. The average
element size of the discretization mesh was 8mm inside the water-
sewer utilidor and 30mm in the rest of the cross section.

The thermal parameters of the layer of 0–45mm crushed rocks
(identified as GW-GP soil type according to the USCS classification)
were considered temperature dependent as this material can hold water
and therefore has different thermal properties when frozen, unfrozen
and during freezing/thawing due to latent heat. The frozen and un-
frozen thermal conductivities were determined with Johansen’s method
(Johansen, 1975) considering a porosity of 0.265 (ASRTE, 1999), a
particle density of 2660 kg/m3, a volumetric water content of 0.06
(assumed equal to field capacity of coarse sand), 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 determined with the
method described in Andersland and Ladanyi (1994). The unfrozen
water content curve proposed by Geo-slope (2010) for gravels was then
used to derive temperature dependent curves for the thermal properties
of the crushed rock layer (Fig. 2), considering a value of 333.7 kJ/kg for
the latent heat of fusion/solidification of water. These curves were used
as input parameters in the initial finite volume model.

For the other material composing cross section 2, the same thermal
conductivity (concrete: 1.7W/m K; EPS: 0.035W/m K; polyethylene
pipes: 0.54W/m K) and heat capacity values (concrete: 1.2 MJ/m3 K;
EPS: 0.032MJ/m3 K; polyethylene pipes: 1.8 MJ/m3 K) as in Pericault
et al. (2017) were used. The gravity sewer pipe was considered empty
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(without wastewater flow) and a Nusselt number of 7 was used for the
in-sewer air to account for natural convection (Martini and Churchill,
1960). This corresponded to a value of 0.168W/m K for the effective
thermal conductivity of in-sewer air. The drinking water pipe was
modelled as filled with standing-still water (no flow). This scenario with
no water consumed and no sewage discharged was considered because
it corresponds to the worst flow scenario concerning freezing and
overheating risks. A simulation was run with the initial model for the
period 1/11/2016–31/7/2017 with a time step of 1 day. The tem-
perature at the upper boundary of the model (soil surface) was set equal
to the measured outdoor air temperature. This simplified approach was
selected because it yielded soil temperatures very similar (mean abso-
lute error of 0.10 °C at sensor location SO2 during the calibration
period) to the ones we obtained with a more complete approach
(Gwadera et al., 2017) that accounted for the effect of wind on the heat
transfer at the soil surface. The measured heat-tracing pipe temperature
(Fig. 1, sensor H2) was applied on the outer surface of the heat-tracing
pipes in the model. The measured district heating pipe temperatures
were also applied on the outer surface of these pipes in the model. The
outputs of the model were time series for the drinking water, sewer and
soil temperatures for the same locations as sensors W2, S2 and SO2.

To estimate if the model size was large enough to avoid boundary
effects, a simulation was run with twice the width and height of the
initial model. The results showed an average difference of 0.11 °C for
the cold water temperature at each time step compared with the size
used in the initial model. The discretization error was estimated by
running the initial model with 3.75 times more elements, and the
temperature difference for the cold water temperature was on average

0.06 °C between the refined and original mesh at each time step.

2.4.2. Calibration
The calibration was performed in four stages with temperature data

from the period 1/11/2016 to 31/7/2017. For each stage, the coeffi-
cient of determination R2 as given by Nash and Sutcliffe (1970) and the
root mean square error (RMSE) were used as indicators of model per-
formance. Firstly, three physical parameters of the soil layer of crushed
rocks were calibrated using the measurements from sensor SO2 (Fig. 1).
These parameters were the quartz content of soil particles (q), the soil
porosity (n), and the volumetric soil water content (W). For the quartz
content, values of 0.45 (initial value), 0.23 (50% decrease), and 0.68
(50% increase) were considered. For soil porosity, values of 0.265
(initial value), 0.195 (30% decrease), and 0.335 (30% increase) were
considered. For the volumetric water content, values of 0.06 (initial
value), 0.03 (50% decrease), and 0.09 (50% increase) were considered.
Parameter values giving the best model performances were selected and
kept for the remainder of the calibration process. In the second stage,
the thermal conductivity of the EPS material (λEPS) was calibrated using
the measurements from sensor W2 (right of drinking water pipe, Fig. 1).
The following λEPS values were considered: 0.035W/m K (initial
value), 0.046W/m K (30% increase), and 0.053W/m K (50% increase).
The λEPS value giving the best model performance was selected and
kept for the next stages of the calibration process. In a third stage, the
effective thermal conductivity of in-sewer air (λair) was calibrated using
the measurements from sensor S2 (inside the sewer pipe, Fig. 1). The
following λair values were considered: 0.168W/m K (initial value),
0.084W/m K (50% decrease), and 0.252W/m K (50% increase). The

40 cm 

Fig. 1. Geometry of the studied cross sections and position of the temperature sensors.
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Fig. 2. Thermal conductivity (left) and heat capacity (right) of the crushed rock layer (0–45mm) as a function of temperature. The curves remain constant above 0 °C
and below −1°C.
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λair value giving the highest model performances was selected and kept
for the final stage of the calibration process. In this stage, the location of
sensor S2 inside the sewer (θ) in the model was also adjusted to max-
imize model performances with regards to sewer temperature predic-
tion. θ corresponds to the angle between the pipe bottom and the sensor
location on the inner 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.

2.4.3. Validation
The validation period (1/8/2017–31/7/2018) was divided in two:

sub-period 1 (1/8/2017–31/1/2018) where no water/wastewater flow
was expected (no tenants in serviced flat 2) and sub-period 2 (1/2/
2018–31/7/2018) where water/wastewater flows were expected (te-
nants living in serviced flat 2). This was because model performances
were expected to differ significantly between the sub-periods, as it was
set up and calibrated for the no-flow case (corresponding to sub-period
1). The calibrated model was run for the whole validation period (1/8/
2017–31/7/2018), and the coefficient of determination R2 was com-
puted at sensor location S2, W2, and SO2 for each sub-period.

2.4.4. Simulation of extraordinary cold scenario
The temperature record for Kiruna Airport weather station

(1957–2016) was examined in order to find the 31-day and 7-day
periods with the lowest average temperature, referred to as extra-
ordinary cold scenario in this paper. The coldest 31-day period re-
corded 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 cali-
brated model was then run for the winter 1986–1987 from 15 October
to 15 April (typical period when the heat-tracing system is required).
The temperature of the outer surface of the heat-tracing pipe was set
constant and equal to 20, 25 and 30 °C (3 model runs). The geometry of
the cross section was modified by removing the upper heat-tracing pipe.
This was because the stacked heat-tracing pipes is a particularity of
cross section 2, while most of the utilidor sections are equipped with
only one heat-tracing pipe (Pericault et al., 2017).

2.5. Evaluation of temperature performance

For the measured time series of drinking water and sewer pipe
temperatures (sensors W1, S1, W2, S2), hourly averages were calcu-
lated from the raw data (time step of 4min). In cases of gaps in the data,
the hourly average was calculated with the available data point inside
the considered hour, given that at least one data point was available.
For the modelled time series at sensor locations W1, S1, W2, and S2,
only daily temperatures were available. Hourly time series were con-
structed by attributing the daily average temperature to all the hours
inside the considered day. For both measured and modelled time series
of hourly pipe temperatures, a calculation method based on degree-
days was used to evaluate indicators of temperature performances on a
monthly basis. An indicator of freezing risk D0 (°C day) was computed
for both the sewer and drinking water pipe and corresponded to the
amount of degree-days below 0 °C. An indicator of discomfort for the
drinking water consumer, D15 (°C day) was computed for the drinking
water pipe only and corresponded to the amount of degree-days above
15 °C.

3. Results

3.1. Measurements

The drinking water and sewer pipe temperatures measured from
November 2016 to August 2018 are shown in Fig. 3a (cross section 1)
and 3b (cross section 2). The heat-tracing temperature and status of the
heat-tracing system (on or off) are shown in Fig. 3c, while the measured

outdoor air and soil temperatures are shown in Fig. 3d. The deviation of
drinking water/sewer pipes temperature from the 0–15 °C/>0°C
temperature ranges were quantified for both cross sections using in-
dicators D0 and D15 (Table 1).

Temperatures of the drinking water pipes were not measured below
0 °C during the experimental period (November 2016-August 2018) as
seen in Fig. 3 and Table 1. When the heat-tracing system was activated
(winter time), drinking water pipe temperatures were most frequently
in the range 10–15 °C when the serviced flats were unoccupied and in
the range 5–10 °C when tenants were living in these flats. When the
heat-tracing system was not activated, the drinking water pipe tem-
peratures varied mainly in the range 5–15 °C following the outdoor air
temperature variations.

The drinking water pipe temperature exceeded the comfort limit
(15 °C) several times during the experimental period, as shown by in-
dicator D15 (Table 1). Some of these deviations were smaller than or
equal to 1°-day and cannot be seen in Fig. 3. A larger deviation occurred
in October and November 2017 with, in total, 22.8 and 68 degree-days
above 15 °C at cross sections 1 and 2. This event can also be seen clearly
in Fig. 3, with drinking water pipe temperatures even exceeding 20 °C
at cross section 2. The reason for this over-heating event was counter-
flows in the heat-tracing pipe network that occurred during improve-
ment works on the heat-tracing regulation system as described in part
2.3.

Another deviation occurred during the summer of 2018 at cross
section 1 with 39 degree-days above 15 °C (Table 1). The average daily
temperature of the drinking water pipe reached 18.9 °C on 5/8/2018, as
visible in Fig. 3a. The soil temperature was in the range 10–15 °C during
the summer of 2018 at cross section 1. The drinking water pipe tem-
peratures at cross section 2 also exceeded 15 °C during the summer
2018 but only for a few hours (0.8 degree-days for the whole month of
August). This did not lead to daily averages above 15 °C as seen in
Fig. 3b. The soil temperature was in the range 10–17 °C during the
summer at cross section 2. For the sewer pipe, the measured tempera-
tures were most often below 10 °C, except during summer time and at
cross section 1, when tenants were present in the serviced flats (Fig. 3a).
The soil temperatures were warmer during winter time at cross section
1 (0.5–2 °C) than at cross section 2 (−10 to 0 °C) due to the insulation
provided by the snow cover at cross section 1. Overall, the drinking
water was colder and sewer warmer when tenants were living in the
serviced flats than when they were not (Fig. 3). As seen in Fig. 3b, the
sewer pipe temperature at cross section 2 dropped below 0 °C several
times during January and February 2017. As shown in Table 1 by in-
dicator D0, it corresponded to a deviation of 14 degree-days from the
lower temperature limit of 0 °C. However, this was due to cold outside
air infiltration from a manhole along the cable of the sewer temperature
sensor. This problem was fixed in February 2017 by making the cable
passage to the sewer pipe air-tight.

3.2. Model calibration and validation

A summary of the calibration process is presented in Table 2. The
indicators of model performance (R2 and RMSE) with regards to soil,
water pipe, and sewer pipe temperature prediction are shown in Table 2
for the different tested parameter changes. The initial model predicted
the soil temperatures well (R2= 0.96; RMSE=1.06 °C). During the
first calibration stage, changes in quartz content of soil particles (q) and
soil porosity (n) did not improve the performance indicator values.
Initial q and N values were therefore kept. Increasing the volumetric
soil water content W from 0.06 to 0.09 (+50%) improved marginally
the R2 and RMSE value of soil temperature predictions but this increase
was only visible on the third decimal (values are rounded to two dec-
imals in Table 2). The W value of 0.09 was selected as the calibrated
value. Stage 2 resulted in a calibrated value of 0.046W/m K (30% in-
crease) for the thermal conductivity (λEPS) of EPS insulation. This in-
creased the R2 value for the drinking water pipe temperature from 0.54
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to 0.60. In the third calibration stage, the effective thermal conductivity
(λair) of in-sewer air was increased by 50% (new value 0.252W/m K),
which improved the R2 value for the sewer pipe temperature from 0.42
to 0.46. Finally, in the fourth stage, the temperature sensor position (Θ)
was increased from 0° to 60°, which improved the R2 value from 0.46 to
0.60 for the sewer pipe temperature.

The modelled and measured temperature time series of the drinking
water pipe, sewer pipe, and soil are presented in Fig. 4 for the cali-
bration and validation periods. The difference in soil temperature be-
tween the initial model and the model with calibrated soil parameters is
not appreciable in Fig. 4a (lines are overlapped). In general, the model
with calibrated soil parameters predicted the soil temperature well
during the calibration and validation periods, with high R2 values of
0.96 and 0.97 (Fig. 4). However, this model underestimated the soil
temperature by more than 3 °C during 5 days in January and February

2018. The largest modelling error was of 3.5 °C during the calibration
period (15/11/16) and −4 °C during the validation period (23/1/18).

For the temperature of the drinking water pipe, the improvement in
R2 value (from 0.54 to 0.60) offered by adjusting the thermal con-
ductivity of EPS insulation is not visible on the temperature time series
(lines overlapped in Fig. 4b for the “soil calibrated” and “fully cali-
brated” models). During the calibration period, the fully calibrated
model showed deviation smaller than 2 °C for 95% of the drinking
water pipe temperature measurements. During the validation sub-
period 1 (without tenants in flat 2), the model had a relatively high R2

value of 0.69 for the drinking water pipe temperature. This value was
higher than for the calibration period (0.60). This can be attributed to
the very good performances of the soil temperature model for the
period September to November 2017 (Fig. 4a). When limited to the
period December 2017 to January 2018, the coefficient R2 was

Fig. 3. Measured temperatures from November 2016 to August 2018: water and sewer pipes at two cross sections of the utilidor (a, b), heat-tracing (c), outside air
and soil (d). The status of the heat-tracing system (on/off) is also represented in (c). In (a) and (b), the presence of tenants inside the serviced flats is indicated by the
grey areas.
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considerably lower (0.23). During validation sub-period 2, the perfor-
mances of the calibrated model were lower than in validation sub-
period 1 with a R2 value of 0.51. This could be explained by the con-
sumption of drinking water by the tenants, which was not taken into
account in the model (each water consumption brings colder water
from the deeper upstream pipes). This is visible in Fig. 4b, with de-
viations of up to 5 °C during April 2018.

For the sewer pipe temperatures, the impact of the calibration was
more noticeable on the temperature time series. The model with only
soil parameters calibrated (dashed line in Fig. 4c) was most often colder
than the observations during the calibration period. However, the fully
calibrated model (continuous line in Fig. 4c) was often confounded with
the measured temperature time series during the calibration period,
except during three events where warm water was discharged in the
sewer (November 2016) or when cold air infiltrated along the cable of
the temperature sensor (January and February 2017). The fully cali-
brated model also performed well regarding sewer pipe temperatures
during the validation sub-period 1 (R2 value of 0.83, better than for

calibration). This can also be explained by the very good performances
of the soil temperature model for the period September to November
2017. The R2 coefficient was lower (0.05) for the period December
2017 to January 2018. As expected, the model performance was very
low during the validation sub-period 2, with a R2 value of −0.62 and
deviations often larger than 5 °C. This could be explained by the dis-
charge of warm water in the sewer by the tenants of flat 2 during this
period, which was not accounted for in the model.

3.3. Modelled pipe temperatures under exceptionally cold winter conditions

The use of the calibrated model for the period 15/10/1986 to 15/4/
1987 (including the coldest week and month ever recorded in Kiruna)
indicated that drinking water pipe temperatures would have remained
above 0 °C during that period (> 1 °C, see Fig. 5). The results applied
for cross section 2 (no snow cover) with one heat-tracing pipe con-
stantly at 20, 25 or 30 °C as well as no drinking water consumption nor
sewage discharge. The simulation indicated also that, for a heat tracing
level of 25 °C, the sewer pipe temperature would have dropped below
0 °C during 14 days (Fig. 5) corresponding to a deviation of 47 degree-
days. For a higher heat tracing level of 30 °C, this deviation was still
observed and represented 24 degree-days. For a lower heat tracing level
of 20 °C, sewer pipe temperatures below 0 °C were observed more fre-
quently, representing a deviation of 111 degree-days. This does not
directly mean that freezing would occur in cases of sewage flow, as
sewage is discharged well above 0 °C and has a higher heat capacity
than the surrounding cold PVC pipe and EPS insulation. However, it
could cause clogging due to freezing if solids were transported inter-
mittently in the sewer lateral due to poor self-cleansing properties. The
simulation indicated that the soil temperature would have been −21 °C
at the coldest, after 7 days with air temperatures below −30 °C.

4. Discussion

4.1. Temperature performance

The temperature measurements and the simulation indicated that
the studied utilidor system was correctly designed to prevent freezing of
the drinking water under the studied conditions. Indeed, drinking water
pipe temperatures of less than 0 °C were not measured during the

Table 1
Temperature deviations from target temperature ranges (degree-days) for pipes
at cross section 1 (under lawn) and 2 (under carport). Only the months where at
least one indicator was positive are shown. Parentheses indicate that the de-
viation occurred during improvement or maintenance work on the technical
system. Hyphens indicate lack of data.

D0: sewer pipe
below 0 °C [°C
day]

D0: water pipe
below 0 °C [°C
day]

D15: water pipe above
15 °C [°C day]

CS 1 CS 2 CS 1 CS 2 CS 1 CS 2

2017 January – (12) 0 0 0 0
February – (2.0) 0 0 0.75 0.042
July 0 0 0 0 0.13 0
August – 0 0 0 0.33 0.13
September – 0 0 0 0 0.042
October – 0 0 0 (17) (24)
November 0 0 0 0 (5.8) (44)
December 0 0 0 0 0.17 0.29

2018 January 0 0 0 0 0 0.13
July – 0 0 0 13 0
August 0 0 0 0 26 0.80

Table 2
Summary of the calibration process for the period 1/11/16–31/7/18. Final calibrated parameters are depicted in bold. The arrow represents the workflow of the 4-
stage calibration process.
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experimental period and the model that proved reliable for drinking
water temperature prediction (R2 value of 0.69 during validation
period) indicated that the drinking water pipe temperature would have
remained above 3.5 °C during the extraordinary cold weather condi-
tions simulated. Moreover, the model corresponded to the worst-case
scenario for freeze protection with regards to snow cover (no snow
cover), and sewage flow (no flow). The prevention of drinking water
freezing is, however, conditioned by the heat-tracing temperature,
which should be above 20 °C even at cross sections furthest from the
district heating house station. This needs to be considered in the reg-
ulation setting of the heat-tracing system, especially since temperature
drops in heat-tracing pipes are larger during very cold periods due to
colder soil temperatures. The calibrated model indicated that the sewer
pipe would be at negative temperatures during extraordinary cold
weather conditions if no sewage were discharged and the heat-tracing
pipe temperature was within the interval 20–30 °C. This would not
necessarily lead to freezing in case of a discharge, as the warm sewage
has to cool down to 0 °C before ice starts to build up on the pipe wall.

This may only occur over long distances since the EPS material limits
the heat loss to the surrounding soil. However, to discard any freezing
risk, it would be preferable, during very cold events, to operate the
heat-tracing system at temperatures near the upper bound of the
20–30 °C interval. This appears possible as return temperatures of 30 °C
are normally available in low temperature district heating systems
(Lund et al., 2014).

The results suggest that the studied utilidor system is able to keep
drinking water under 15 °C during most of the year. During summers,
deviations can occur because the shallow installation means that soil
temperatures can reach 15 °C at the level of the pipes (in this study
17.3 °C at cross section 2 in August 2018). This was observed during a
cohesive period of 27 days during the summer 2018 when drinking
water pipe temperatures were in the range 15–19 °C at cross section 1
and 13–15 °C at cross section 2. The drinking water temperature at cross
section 1 was then often above the 15 °C recommendation to prevent
bad taste and odour (Health Canada, 1995) but not above 25 °C (limit
for health risks, World Health Organization, 2008). However, this

Fig. 4. Modelled and observed temperatures at cross section 2 for the soil (a), drinking water pipe (b), and sewer pipe (c). R2 values are given for the soil calibrated
model in (a) and fully calibrated model in (b and c).
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deviation could not be explained purely by too high soil temperature as
the latter reached only 14.9 °C at cross section 1 during the summer
2018. A plausible reason is that the district heating utilidor was situated
directly on the top of the water-sewer utilidor at cross section 1 (Fig. 1).
Possible measures to limit drinking water temperature during summer
would be to install the utilidor deeper, to avoid direct contact between
the water-sewer and the district heating utilidors, or to increase the
insulation thickness to limit the warming process of the cold drinking
water by the surrounding soil in summer. This would be particularly
relevant for lateral connections where residence time of the water is
higher than in the rest of the network.

4.2. Representativity

The summer of 2018 in Kiruna was exceptionally warm, with two
periods of 4 and 5 respectively consecutive days measured above 20 °C.
The normal value for the longest period of consecutive days above 20 °C
in Kiruna for the period 1991–2013 is 1 day (Berglöv et al., 2015).
However, this normal value is expected to increase to 2–4 days by 2050
and 6 to 12 days by 2100, depending on the severity of climate change
(Berglöv et al., 2015). This means that the problem of too warm
drinking water observed during the summer 2018 needs to be addressed
in the future design of these types of systems, as the conditions ob-
served during the summer 2018 are likely to occur regularly and in-
creasingly during their lifetimes. This holds for cold climate regions
with warmer summer than in Kiruna. In more temperate areas, the
problem of too warm drinking water during summer has been observed
for conventional drinking water networks installed at the frost depth
(Blokker and Pieterse-Quirijns, 2013; Agudelo-Vera et al., 2014).

The winter 2017–2018 in Kiruna was about 1 °C colder than the
norm for the period 1991–2013, while the winter 2016–2017 was very
mild with an average air temperature 5 °C above the normal (Berglöv
et al., 2015). However, an increase of the normal winter air tempera-
ture by 5 °C or more is forecasted by 2070 due to climate change
(Berglöv et al., 2015). Consequently, the pipe temperatures observed
during the winter 2016–2017 seem to be more representative of the
system’s normal behaviour in the long term. However, these tempera-
tures (shown in Fig. 3) were measured in no-flow conditions for the
drinking water and sewer pipe. Regular water consumption and sewage
discharge patterns have shown to be beneficial to temperature perfor-
mances in this study (i.e. colder drinking water, warmer sewage) as
seen in Fig. 3. The forecast of a 5 °C increase in winter air temperatures
in Kiruna also suggests that the likelihood of occurrence of extra-
ordinary winter conditions, as cold as in 1986–1987, will decrease.

The studied cross sections were both situated in the downstream

part of the heat-tracing system. A large part of the system was therefore
exposed to slightly higher heat-tracing temperatures that at cross sec-
tions 1 and 2. However, drinking water pipe temperatures did not in-
crease during drinking water consumption, which suggests that tem-
perature performance was not worse in the more upstream cross
sections. Greater temperature drops along the heat-tracing pipe can be
expected in larger systems and should be addressed during design to
ensure that freeze protection in the most downstream cross section is
possible without overheating the upstream ones. In term of geometry,
cross section 1 represented the case of a pervious surface covered by
snow during winter (e.g. garden lawn, public grass strips), and cross
section 2 represented an impervious surface that is snow-free year
round (e.g. road, pavement, parking).

4.3. Thermal modelling of underground box-utilidors

Soil thermal parameters of the utility trench can vary with time and
location and usually require more effort to evaluate than the material
found in the utilidor. The investigated EPS insulation and the plastic
pipes were manufactured in a controlled environment, while filling
aggregates can be produced from various rock types, are compacted on
site, and can vary considerably in moisture content. If the natural soil is
also used for filling the trench, thermal properties of the utility trench
can vary even more from one location to another. In this study,
knowledge of the soil type obtained from field samples appeared suf-
ficient to set up a reliable soil temperature model (R2= 0.96,
RMSE=1.06 °C) by direct estimation of the quartz content (q), porosity
(n), and water content (W) values from the literature. The access to soil
temperature measurements (sensor SO2) to calibrate the model allowed
validation of the choice of initial quartz content (q) and porosity (n)
values, but did not significantly improve model performances
(R2= 0.96, RMSE=1.06 °C). Only the volumetric water content W
was increased from 6% to 9% during the calibration process and the
impact on the RMSE value was 0.002 °C, which is negligible in relation
to the sensor accuracy of± 0.5 °C. These values (W=6% and 9%)
corresponded to gravimetric water content by dry weight of 3% and
5%. The latter two are slightly lower than previous findings by
Kuznetsova (2015) where water contents between 5.9 and 10.4% were
found for crushed rocks with fine (< 0.063mm) contents below 6%
sampled from road foundations in Norway. The share of fine material
(< 0.071mm) in the samples taken in the crushed rock layer above the
utilidor were below 7%. The model performances were not sensitive to
changes in volumetric soil water content (Table 2) but only values
between 3 and 9% were considered because the studied cross section
was under a car port (i.e. sheltered from rain and snow). The volumetric

Fig. 5. Simulated drinking water and sewer pipe temperatures for the period 15/10/1986–15/04/1987 for different heat tracing temperatures.

Y. Pericault, et al. Tunnelling and Underground Space Technology 97 (2020) 103261

8



water content was therefore expected to be relatively constant and close
to the field capacity of the crushed rock layer. Similar results can be
expected under impervious surfaces in flat areas (e.g. road asphalt) but
not under pervious surfaces such as turf, where the water content varies
with precipitation and can reach higher values close to the porosity of
the soil layer. The performance of the soil temperature model was af-
fected more by changes in quartz content of the soil particles than
changes in soil porosity. However, variations of± 50% were con-
sidered for the quartz content (almost matching the 0.2–0.6 range
proposed by Johansen (1975) while variations of± 30% were con-
sidered for soil porosity (almost matching the range of 0.21–0.32 pro-
posed in ASRTE (1999) for GW-GP soil type). If the soil type is not
known and a broader range of porosity values is to be considered, the
estimation of soil porosity may be as or more important for model
performances than the estimation of the quartz content. Porosity de-
pends on the grain size distribution and level of compaction of crushed
rock layer, while the quartz content depends on the mineral composi-
tion of the rock mass that was crushed (Johansen, 1975). The calibrated
value of 45% (same as initial) for the quartz content of the soil particles
is relatively high considering that the GW-GP soil type in this study is
not natural gravel but crushed rocks. According to Sundberg (1991), the
quartz content of granite, the most common rock type in Sweden,
should be between 20 and 40%. However, a quartz content value of
23% was used during the calibration process and did not improve
model performance.

The thermal conductivity of the EPS insulation (material of the
utilidor) is dependent on temperature (Gnip et al., 2012) and moisture
(Lakatos, 2013). In this study, a value of 0.046W/m K was found after
calibration on the drinking water pipe temperature measurements (an
increase of 30% of the initial value of 0.034W/m K). This value is
compatible with the findings of Cai et al. (2018), where field specimens
of EPS with a density ≥30 kg/m3 (density of the EPS on the pilot site is
30 kg/m3) could suffer a thermal conductivity increase of 30% if the
volumetric moisture content had reached approximately 6%. In the
same study, the moisture content of EPS specimens of that density were
between 1 and 12.5% after 1 to 13 years in the field in underground
applications (EPS in the present study had been 3 years in the ground at
the time of the experiment). However, since the calibration of this
parameter was performed on the drinking water pipe temperature
measurements, the EPS thermal conductivity value giving the best fit
could be compensating for other factors. This could include heat loss at
the interaction between the EPS utilidor and the surrounding soil, de-
viations of the soil temperature model, and/or errors in the thermal
conductivity of the PE drinking water pipe. For the thermal con-
ductivity of in-sewer air, an increase of 50% of the initial value gave the
best fit to the sewer temperature measurements. This corresponds to a
Nusselt number of 10.5, which according to Martini and Churchill
(1960) is found locally inside the pipe for temperature differences be-
tween 2 and 200 °C. This Nusselt number value may correspond to the
local condition where temperature sensor S2 was installed. However,
the average value of 7 for the Nusselt number over the entire pipe
section (Martini and Churchill, 1960) would be more relevant to model
the impact of the sewer pipe on the overall heat transfer from the heat-
tracing pipe to the surrounding soil.

The use of a model without drinking water or sewage flow appears
relevant to assessing the functionality of the system during worst-case
conditions, which is valuable for design purposes. Including these flows
in the model would be preferable if the focus is to assess pipe tem-
perature during the regular functioning of the system (as in validation
sub-period 2).

5. Conclusion

In this paper, the temperature performance of two cross sections of a
heat-traced utilidor installed in seasonally frozen ground was evaluated
using temperature measurements, and a thermal model calibrated on

these measurements. Temperature performance corresponded to the
ability of the system to keep drinking water temperatures in the range
0–15 °C and sewer temperature above 0 °C. During the experimental
period of 22months, these temperatures were inside the desired ranges
at both cross sections, except for 24 days during the summer 2018 when
the drinking water temperatures were above 15 °C at cross section 1.
Three other deviations (drinking water above 15 °C in
October–November 2016, and sewer below 0 °C in January/February
2017) were observed, but occurred during maintenance or improve-
ment works on the technical system.

The calibrated model showed that the drinking water temperature
would have stayed above 0 °C during the coldest month and coldest
week ever recorded at the study site location. The simulations also
showed that, under these extreme conditions, the sewer pipe would
have been under 0 °C for 14 days in cases of no sewage flow in the pipe
(e.g. lateral connection of a villa whose tenants are on holiday) and for
a heat tracing temperature of 25 °C (regular case). Regulating the heat-
tracing temperature to 30 °C or more in cases of very cold ground would
be an option to mitigate risks of clogging-due-to-freezing in the sewer
pipe.

In light of the predictions of warmer summers in cold climate re-
gions due to climate change, special emphasis should be put on the
design of shallow heat-traced utilidors to limit the drinking water
temperatures during summer. While freezing problems during winter
can sometimes be addressed by adapting the regulation of the heat-
tracing system, this is not the case for problems of too warm drinking
water in the summer.

The satisfactory temperature performances observed during most of
the heat-tracing period were conditioned by the temperatures of the
heat-tracing pipe, which were in the range 20–32 °C. Ensuring adequate
temperature level at all sections of a utilidor, despite the temperature
drop along the heat-tracing pipe, should be addressed during design,
especially for larger systems than the one studied in this paper (more
than nine houses).

Finally, 2D thermal modelling using a finite volumes solver, to-
gether with Johansen’s method to estimate soil thermal parameters,
proved to be a relevant approach to predict pipe temperatures based on
outdoor air and heat-tracing temperatures for a trench under an im-
pervious surface. It appeared possible to set up a reliable soil tem-
perature model without calibration data if estimations of soil textures
inside and around the trench are available.
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