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A B S T R A C T   

Thermal energy counts for a large part of the total energy consumption. To reduce fossil fuel consumption for 
heat and cold generation, different low temperature heat sources have been considered. Water networks have 
been considered as a large amount of water flow through it. To measure the thermal potential of the system, this 
paper provides a method in unsteady state to determine water temperature and flow in large water systems made 
of buried pipes. The model has been applied to a raw water supply system made up of 5000 km of piping and 
carrying 200 million m3 annually situated in the south of France. Water temperature is calculated considering 
heat exchange and the spatial specificities of the network (diameter of the pipes, depth, type of soil …). Soil and 
water temperature measurements have been made to validate the model values. The model can predict water 
flow and temperature according to time with good accuracy: maximal error of 10% on the flow is obtained, the 
root mean square error on the calculated temperature is 0.84∘C, and the correlation coefficient between the 
calculated and the measured temperature values is 0.98. The impact of adding several heat (or cold) injections in 
the system has been evaluated with the model. After a 2 MW heat exchange, the water temperature is increased 
by at least 1circC for 10 km downstream the exchange.   

1. Introduction 

As part of COP 21, France is committed to reduce its energy con
sumption by 50% and to increase the share of renewable energy to 32% 
in 2030. In this context, the reduction of consumption for heating and 
cooling is essential. To reduce the use of fossil fuels, different low 
temperature heat sources can be used for heat pump operations. Sewage 
systems, seawater, groundwater, drinking water, or air can all be used as 
heat sources [1]. In this paper, the raw water network of ”canal de 
Provence” is studied [2]. Drinking water networks have been considered 
for heat and cold recovery by Van der Hoek et al. [3]. Especially, the 
integration of heat pump into district heating networks have been 
studied in Almere (Netherlands) by Blokker et al. [4], in Wrocław 
(Poland) by Piotr and Elzbieta [5], in Milan (Italy) by De Pasquale et al. 
[6] and in Copenhagen (Danemark) by Hubeck and Graudal [7]. These 
studies explain that water temperature is the key parameter to estimate 
the thermal potential of the system. Water system thermal behavior has 
also been studied to prevent excessive temperature [8–10]. In order to 
preserve water quality, some countries (including France) have a 

regulation that limit water temperature to 25∘C [11]. 
For water temperature calculation, the heat exchange between pipes 

and the surrounding soil must be evaluated. Most of the studies [4,8,9] 
assume that the presence of a pipe does not influence the temperature of 
the surrounding soil (undisturbed soil model). The assumption is made 
because the residence time of water in the system is higher than the time 
to reach thermal equilibrium. De Pasquale et al. [6] demonstrate that 
this assumption leads to an important error on the heat transfer, over
estimated by a factor of one hundred. These authors compare two 
models: the first model uses a shape factor to evaluate the heat exchange 
between the land surface and the pipe. Shape factors allow to rapidly use 
existing analytic solutions for steady-state problems. They are given for 
different cases by Incropera et al. [12] (in this case, a horizontal cylinder 
buried in semi-infinite medium). The second model is the Krarti-Kreid
er’s model [13]. It considers a layer of soil as lagging around the pipe. In 
a recent article, Hubeck-Graudal et al. [7] use a similar model for the 
calculation of soil thermal resistance. They suggest that the development 
of a transient model for the heat exchange would be a “meaningful 
improvement”. That is why the development of a transient model is 
proposed in this paper. 

* Corresponding author. 
E-mail addresses: gautier.hypolite@etu.univ-amu.fr (G. Hypolite), jean-henry.ferrasse@univ-amu.fr (J.-H. Ferrasse), olivier.boutin@univ-amu.fr (O. Boutin), 

sandrine.delsole@canal-de-provence.com (S. Del Sole), jean-francois.cloarec@canal-de-provence.com (J.-F. Cloarec).  

mailto:gautier.hypolite@etu.univ-amu.fr
mailto:jean-henry.ferrasse@univ-amu.fr
mailto:olivier.boutin@univ-amu.fr
mailto:sandrine.delsole@canal-de-provence.com
mailto:jean-francois.cloarec@canal-de-provence.com
www.sciencedirect.com/science/journal/13594311
https://www.elsevier.com/locate/apthermeng
https://doi.org/10.1016/j.applthermaleng.2021.117261
https://doi.org/10.1016/j.applthermaleng.2021.117261
https://doi.org/10.1016/j.applthermaleng.2021.117261
http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2021.117261&domain=pdf


2

In the petroleum industry, temperature calculations in buried pipes 
are also of interest. Some hydrocarbons are heated for transportation to 
decrease their viscosity and prevent the formation of solids [14,15]. For 
gas transportation, temperature influences the pressure and the flow 
rate [16,17]. Steady state shape factors are also used for the calculation 
of heat transfer for a general case of buried pipelines [18,19]. Barletta 
et al. [14] propose an unsteady method for oil temperature calculation 
in a single pipes. This method takes into account the presence of pipes on 
soil temperature. Assuming a sinusoidal variation of soil temperature 
and using suitable auxiliary variables, the transient problem is con
verted into a steady problem. Then, the heat transfer between soil and 
pipe can be calculated using the shape factor and two tabulated pa
rameters. In this industry, transportation is not done in networks but 
through single pipes. Thus, only the calculation of the heat exchange is 
made, the network calculation is not necessary. 

A key input parameter in the thermal model is the soil surface tem
perature. Blokker et al. [8] use a complete energy balance at the soil 
surface to determine soil surface temperature. Agudelo-Vera et al. [10] 
use the model presented in [8] with weather forecast to predict water 
temperature. Oosterkamp et al. [16] investigate the impact of soil sur
face temperature on heat transfer calculations. The best results are ob
tained using measured soil surface temperature (also called Land Surface 
Temperature LST). Comparable results are obtained by using a complete 
energy balance at the soil surface. However, most of the time the value 
of LST and complete weather data are not available. Therefore, air 
temperature is often used as an approximation of LST [6,7]. 

In this study, the land surface temperature measured by satellite 
[20,21] is used for the first time as an input parameter for water tem
perature calculation. The value is derived from the NASA satellites Terra 
and Aqua [22]. The two satellites are part of the Earth Observing System 
mission. Each satellite provides two values of LST per day with a spatial 
resolution of one kilometer. Satellite values are compared to in situ 
measured data for validation in the chosen area. 

The goal of this study is to determine an accurate method to deter
mine the temperature in water networks. The method must correctly 
describe the transient aspect of the problem, be based on a minimum 
number of measurements, and be easily applicable to any water systems. 
This article details the modeling of water flow and temperature in water 

supply systems. The method has been applied to the raw water system of 
”canal de Provence” in the south of France. The system carries water 
from the alps to the south east of France, and is situated in the coun
tryside. It is made of 5 000 km of buried pipes that carry 200 million 
cubic meters of raw water annually [2] (the study was done over 15 000 
pipes and 17 000 nodes). Water temperature is obtained by coupling a 
heat transfer model, hydraulic and thermal solving, and meteorological 
data under transient conditions. As said before, one of the novelties of 
this article is to consider the transient state, for that the method of 
Barletta et al. is integrated to a network calculation. 

2. Materials and methods 

The originality of the method which is developed is to solve heat and 
mass conservation on extended water system, taking into account the 
transient aspect of the heat transfer. 

2.1. Thermal model 

Water temperature is obtained by solving heat and mass balance into 
pipes (eq. (1)) and at pipes junctions (eq. (2)). 

∂h
∂t

= − v
∂h
∂x

+
4

πρD2
in

⋅Φ(t) (1)  

hi =

∑

j
Qjhj + S

/

ρ
∑

j
Qj

(2)  

Where h is the water specific enthalpy, ρ the water density, Din the inlet 
diameter of the pipe and Φ the heat flux per unit of length from the 
surrounding soil to the pipe. i and j respectively refer to flow leaving and 
entering the node. Q is the water volumetric flow rate and S a source 
term that can be used to model heat exchange on the network. First, the 
value of S is set to zero. 

Transport calculation is presented with a Lagrangian time based 
approach [23]. Therefore for a given fluid parcel in the flow, eq. (1) 

Nomenclature 

ṁ Mass flow, kg.s− 1 

A,B Dimensionless parameter, – 
Am Amplitude, ◦C 
Cp Heat capacity, J.kg− 1

.K− 1 

D Pipe diameter, m 
f Darcy friction factor, – 
H Burring depth from soil surface to pipe center, m 
hvol Volumetric enthalpy, J.m− 3 

l Length, m 
Nu Nusselt number, – 
Pr Prandtl number, – 
Q Water flow rate, m3.s− 1 

R Thermal resistance, K.m.W− 1 

Re Reynolds number, – 
S Source term, W 
t Time, s 
v Water velocity, m.s− 1 

z Depth, m 

Greek symbols 
α Thermal diffusivity, m2.s− 1 

λ Thermal conductivity, W.m− 1.K− 1 

Λ0 Shape factor, – 
Ω Dimensionless angular frequency, – 
ω Angular frequency, s− 1 

Φ Heat flux per unit of length, W.m− 1 

ϕ Phase difference, – 
ρ Density, kg.m− 3 

σ Dimensionless burying depth, – 
θ Dimensionless temperature, – 

Superscripts, subscripts 
cond Conduction 
conv Convection 
in Inlet 
m Mean 
out Outer 
ref Reference 
soil Soil 
tot Total 
w Water 

Acronyms 
FEM Finite Element Method 
LST Land Surface Temperature 
MSX Epanet Multi-Species eXtension  
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becomes eq. (3). 

dh
dt

=
4

πρD2
in

⋅Φ(t) (3)  

The calculation of heat transfer between the pipe and the surrounding 
soil is a transient problem as the soil temperature varies according to the 
season as well as the time of day. Φ(t) cannot be determined through 
analytical solution, it is necessary to model these flux variations. The 
heat flux per unit of length is given in eq. (4). The methods for heat flux 
calculations are presented in Section 2.1.2. 

Φ(t) =
T∞(t) − Tw(t)

Rtot(t)
(4)  

with Rtot the total thermal resistance, T∞ a reference temperature, and 
Tw the water temperature (the reference temperature depends on the 
model). The volumetric enthalpy of water is given by (5). 

h = Cp⋅(Tw − Tref ) (5)  

By substituting Tw from eq.(5) and (4) into (3) one obtains eq. (6), with 
parameters given in eq. (7). 

dh
dt

= a⋅h+ b (6)  

a =
− 4

π⋅ρ⋅Cp⋅D2
in⋅Rtot

b =
− 4⋅(Tref − T∞)

π⋅D2
in⋅Rtot

(7)  

In this case, a and b are constant on a given hydraulic time step of length 
Δt. Then the problem given in eq. (6) is a first order linear differential 
equation that can be solved analytically (eq. (8)). 

h(t +Δt) =
(

h(t) +
b
a

)

⋅exp(a⋅Δt) −
b
a

(8)  

2.1.1. Water temperature calculation 
For each time step, the calculation is made by first computing the 

evolution of enthalpy according to time. Then the transportation in the 
pipes is determined and then heat and mass balances at the nodes are 
solved. The evolution of the tracked parameter according to time is 
specified as a set of Differential–Algebraic Equations (DAE) (in this case 
eq. (6) and (7)). 

As in [6–9], the model equations are solved with the software Epanet 
MSX (Multi-Species eXtension) [24]. Epanet [25] is an open source 
software, largely used for hydraulic calculations in water systems. The 
Lagrangian model from [23] is used by MSX to track the variables into 
the network. The evolution of volumetric enthalpy is computed using eq. 
(8). Modifications on the Epanet MSX source code have been made to 
allow to directly solve this problem instead of a numerical method. The 
direct solving of the differential equation instead of a numeric method 
allows to improve accuracy and speeds up the calculation. 

2.1.2. Heat transfer model 
To compute the value of heat transfer between soil and pipes (value 

of Φ(t) in eq. (1)), five models are compared:  

• Undisturbed soil model  
• Shape factor model  
• Krarti-kreider’s model  
• Numerical model (finite element method)  
• Barletta’s method 

The first four models can be found in [6] and the last one is presented in 
[14]. For all these models, the input data is the land surface temperature 
that can be written as a Fourier series (eq (9)). 

Tsoil(t, 0) = Tm +
∑N

n=1
ansin(nωt+ϕn) (9)  

By solving the heat equation in soil, the temperature at the depth z in the 
soil without pipe is given by eq. (10). 

Tsoil(t, z) = Tm +
∑N

n=1

[

an⋅exp
(

−

̅̅̅̅̅̅̅̅̅̅
nω

2αsoil

√

⋅z
)

⋅sin
(

nωt + ϕn −

̅̅̅̅̅̅̅̅̅̅
nω

2αsoil

√

⋅z
)]

(10)  

2.1.2.1. Undisturbed soil model. The assumption of this model is that the 
soil temperature is not influenced by the presence of the pipe. Thermal 
resistance is computed assuming a steady state. The temperature of the 
pipe’s outer wall is equal to the temperature of the soil at the buried 
depth (eq. (11)). 

T∞(t) = Tsoil(t,H) (11)  

The total thermal resistance (eq. (12)) is the sum of two terms ac
counting for convection inside the pipe (eq. (13)) and conduction (eq. 
(14)) through the pipe wall. 

Rtot = Rconv +Rcond (12)  

Rconv =
1

πDinhconv
(13)  

Rcond =
ln(Dout/Din)

2πλpipe
(14)  

The convection heat transfer is obtained with the Nusselt number and 
the Gnielinski correlation [12]. 

2.1.2.2. Shape factor. Assuming a steady conduction between the soil 
surface and the pipe, another approach is to use a shape factor [7,18,19]. 
Incropera et al. [19] give the shape factor for steady-state conduction 
between a cylinder buried in a semi-infinite medium and the surface (eq. 
(15)). 

Λ0 =
2π

acosh
(

2H
Dout

) (15)  

Where H is the buried depth of the pipe (distance between the soil 
surface and the pipe center). The total thermal resistance is given by eq. 
(16). 

Rtot = Rconv +Rcond +
1

λsoilΛ0
(16)  

The reference temperature is the soil surface temperature (T∞ = Tsoil(t,
0)). 

2.1.2.3. Krarti-Kreider. For the calculation of heat flux between water 
pipe and soil, De Pasquale et al. [6] use a model developed by Krarti and 
Kreider [13]. The model was first made for the calculation of heat ex
change between air pipe and soil with a daily variation. In this model, a 
layer of soil around the pipe is considered as lagging. The layer thickness 
l is given by eq. (17). The model is valid when the layer thickness is small 
compared to the buried depth [13]. 

l =
̅̅̅̅̅̅̅̅
αsoil

ω

√

(17)  

With αsoil the soil thermal diffusivity and ω the angular frequency of the 
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periodic variation (the period is one year). ω is given by eq. (18). 

ω = 1.991⋅10− 7rad.s− 1 (18)  

For a typical value of soil thermal diffusivity αsoil = 7⋅10− 7m2.s− 1, the 
layer thickness is l = 1.88m. This value is higher than the pipes diameter 
and the buried depth, therefore the hypothesis on the thickness is not 
valid. 

The temperature at the pipe buried depth is taken as the reference 
temperature (T∞ = Tsoil(t, H)) and thermal resistance is given by eq. 
(19). 

Rtot = Rconv +Rcond +
ln(Dout+l

Dout
)

2πλsoil
(19)  

2.1.2.4. Finite element method. As a reference, the heat transfer is solved 
with a transient numerical method. The calculation is performed using a 
finite element method as in the studies [14,6]. The heat equation is 
solved in a plane orthogonal to the pipe. The computational domain and 
the boundary conditions are shown on Fig. 1. The size of the computa
tional domain is 10 m by 10 m. The calculation is simplified by 
considering only the right half of the plane with a symmetric condition 
(null heat transfer) on the left boundary. The water temperature in the 
pipe (15◦C) is given as boundary condition and the thermal resistances 
are specified (convection at the inner surface plus conduction through 
the pipe wall). The land surface temperature (eq. (9)) is specified as the 
top boundary condition. The bottom condition is assumed adiabatic as 
the temperature at this depth (10 m) does not vary with time. The in
fluence of pipes on soil temperature can be seen up to 3 m around the 
pipe. Therefore, temperature is not influenced on the right boundary and 
the boundary can be considered adiabatic. The calculation is made using 
Matlab partial differential equation toolbox. Matlab solver is based on a 
2D finite element method. 

2.1.2.5. Barletta’s method. The method was developed in order to 
calculate the heat flux between the soil and a buried pipeline, assuming 
a sine variation for the soil surface temperature. Barletta et al. [14] give 
a method that transforms the transient resolution into a steady one (see 
appendix 1). If the first harmonic of eq. (9) is considered, the variation of 
land surface temperature as a function of time is given by eq. (20). 

Tsoil(t, 0) = Tm +Am⋅sin(ωt+ϕ) (20) 

Fig. 1. Calculation domain with boundary conditions.  

Fig. 2. Raw water system layout, colored according to water flow on the 30rd of June 2018; size of link is proportional to pipe diameter; the network is located at the 
north east of Marseille. With water temperature measurement position: M1 to M3 (water temperature is also measured at inlet points). 
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With Tm the mean annual temperature, Am the amplitude of the oscil
lation, and ω the angular frequency corresponding to a period of one 
year (eq. (18)). 

The heat flux per unit length between the soil and the outer wall of 
the pipe is then calculated eq. (21). 

Φ(t) = − λsoil⋅Λ0⋅
[(

Tout
pipe − Tm

)
+ Am⋅(A⋅sin(ωt + ϕ) + B⋅cos(ωt + ϕ)) ]

(21)  

Where Λ0 is the shape factor given in eq. (15). A and B are from the 
method of Barletta et al. [14] (see appendix). These factors can be 
tabulated as they only depend on the two parameters given in eq. (22) 
and (23). 

Ω =
ωD2

out

4αsoil
(22)  

σ =
2H
Dout

(23)  

The pipes are buried so that the top of the pipe is one meter deep. 
Therefore, for a given conductivity, Ω and σ depend only on the pipes 
radius as well as A and B. By rearranging eq. (21) with the parameter γ of 
eq. (24) and considering conduction through the pipe wall, one obtains 
eq. (25). 

γ(t) = A⋅sin(ωt+ϕ)+B⋅cos(ωt+ϕ) (24)  

Φ =
Tm − γ(t)⋅Am − Tw

Rcond + Rconv + 1/(λsoilΛ0)
(25)  

The total thermal resistance is the same as in the shape factor model (eq. 
(16)) and the reference temperature is given by eq. (26). 

T∞ = Tm − γ(t)⋅Am (26)  

The reference temperature depends on the pipe diameter. For this 
reason, the reference temperature must be calculated as a function of 
time. The implementation of this method into MSX enables the 
description of the transient aspect of the heat transfer. 

2.2. Hydraulic model 

A hydraulic model that described water flow and pressure for 
extended periods is developed on a subpart of the entire network. It is 
made of 205 km of pipes with two inlet points and is located at the 
northeast of the city of Marseille (see Fig. 2). It has two inlet points and 
five temperature measurement points. 

The input data are extracted from the network monitoring. The 
available measurements from the network are:  

• Hourly flow and pressure measurements at the inlet and key points 
on the network,  

• Hourly water level in tank,  
• Hourly flow measurement for clients with large consumption,  
• Annual water consumption for each client. 

The structure of the network is given as a set of pipes and nodes (length, 
diameter, material, and position of pipes are known). Nodes represent 
the junction between pipes, tanks, inlets of the network and the con
sumption points. 

Water consumption is given according to time for different kinds of 
consumers (see Fig. 3). For domestic and watering use, there is no 
flowmeter at the delivery station. The consumption curve 1 and 2 are for 
watering and domestic use respectively (they show the normalized share 
of the annual demand). The system shown in Fig. 2 includes 800 wa
tering delivery points for a consumption of 3,125,000 m3 and 2224 
domestic delivery points for a consumption of 1,250,000 m3 in 2018. For 
watering use the consumption is high during summer when crops need 
to be irrigated. 

The industrial customers with a significant consumption are equip
ped with flowmeter. Therefore, the consumption curves are made of 
measured value (curves 3 and 4 of Fig. 3 are two examples). 

2.3. Temperature measurement 

2.3.1. Soil temperature measurement 
The heat transfer model needs the soil surface temperature as an 

input. Unlike air temperature, this temperature is not widely monitored. 
Land Surface Temperature (LST) can be assumed to be equal to the air 
temperature. An energy balance can be done at the land surface, but a 
large number of parameters are needed (air temperature, solar 

Fig. 3. Pattern for water consumption according to the type of customers, pattern 1 for watering and 2 for domestic use, pattern 3 and 4 for customers equipped with 
flowmeter (large consumption). 
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radiation, wind velocity, albedo). All of these parameters are not known 
in most cases. In this study, satellite measurements are used and vali
dated with in situ measurements. The water system of ”canal de Pro
vence” is mainly situated in non-urban area. Therefore, the field cover is 
mostly natural. 

In situ measurements have been made to evaluate the land surface 
temperature and the thermal diffusion in the soil around a pipe. Two 
probes were installed, one above a pipe and one at 5 m in the plane 
orthogonal to the pipe (diameter 800 mm). Measurements are made 
each 10 cm between the surface and the depth of 80 cm (nine temper
ature sensors). At 5 m, the soil temperature is not influenced by the 
presence of the pipe. This probe is used to evaluate the soil behavior 
without a pipe, particularly the soil thermal diffusivity. 

Soil surface temperature varies according to the time of day and the 
season. The daily variation of temperature is absorbed at a depth of 30 
cm. Below this depth, it is possible to conclude that only the seasonal 
variations have an impact. Fig. 4 shows the monthly mean of soil tem
perature. Due to thermal conduction in soil, the amplitude of soil tem
perature variation is reduced with depth and a phase shift appears. 

The satellites Terra and Aqua of the Earth Observing System program 
(EOS) provide dailies values of LST. In the place of interest, the mea
surements are made at 11 am and 10 pm for the Terra satellite and 1 pm 
and 2 am for the Aqua satellite (the hour is given in solar time). The 
history for the measurement since the year 2000 with a spatial resolu
tion of 1 km is available on-line [20,21]. 

LST has been validated in several places around the world [26]. The 
satellite measurements for the given location, are compared to in situ 
measurements. The correlation coefficient of r2 = 0.91 indicates that 
satellite values are in good agreement with in situ values. Therefore, the 
satellite measurements are able to describe the variation of LST ac
cording to time (day measurement catch the maximum value and night 
the minimum, the time series for satellite and in situ measurements can 

be found in the supplementary material). 
A Fourier transform is used to fit a sine function with the LST mea

surement history [27–29]. As the soil temperature at 1 m depth has no 
daily variation, only the first harmonic of the Fourier transform is used. 
The values are the upper boundary conditions for the heat transfer in the 
soil. Fig. 5 shows the satellite measurement of LST for the past ten years 
in the south of France (city of Toulon). The approximation is calculated 
with a Fourier transform, which coefficients (eq. (9) and (20)) are Tm =

17.21∘C; Am = 9.80∘C; ω = 1.991⋅10− 7 ; ϕ = 2.82. It can be noticed that 
the angular frequency value, obtained with the Fourier transform on 
measured data, exactly correspond to a period of one year ((18)). 

2.3.2. Water temperature measurement 
Water temperature measurements are monitored on the network in 

order to validate the model. The measurements are made at inlet points 
and at some water delivery stations in the network of Fig. 2 (points M1, 
M2, and M3). 

3. Results and discussions 

3.1. Hydraulic 

The calculation has been made for years 2017 and 2018 for the water 
system shown in Fig. 2. Demands for consumers are given with one hour 
time step. Pipe roughness is determined using pressure measurement on 
the network. In order to validate the hydraulic model, the calculated 
inlet flow (eq. (27)) is compared to the measured one. The water flow at 
the system inlet point is compared to the calculated value. The corre
lation coefficient over the 17520 measurements is r2 = 0.96. Therefore, 
the distribution of consumption over time is validated. 

Fig. 4. Measured soil temperature between the surface and 80 cm deep: monthly mean in 2019–2020.  
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Qin(t) =
∑

n
Qn

out(t) (27) 

Fig. 6 shows the incoming water flow rate in January and June. 
During winter, the global demand is mainly due to industrial uses 
(measured with a flowmeter). During summer, consumption consists of 
industrial uses (same as in winter) and the more irregular watering uses. 
Small deviations between measurements and calculations come from the 
assumption that all the consumers have the same profile of consumption. 

The water flow into the network is shown in Fig. 2. Water enters the 
network through two inlet points situated on the west of the network. 
Water is distributed through two connected main pipes and then to 
delivery points through many smallest pipes. Water flow in the system 
can vary rapidly with significant differences in value up to 100l.s− 1 in 

the main pipes of the water system. 

3.2. Soil temperature measurement 

The soil temperature measurement on the probe that is five meters 
horizontally from the pipe is used to evaluate the thermal diffusivity. 
The heat equation is solved by a finite difference method. Temperature 
measurement at the soil surface is used as an upper boundary condition. 
The root mean square error on soil temperature at 80 cm depth is 
minimized by adapting the soil thermal diffusivity. The minimum error 
(root mean square error on all measuring point) is obtained for a soil 
thermal diffusivity of eq. (28). Soil temperature at 80 cm depth for this 
value of diffusivity is shown in Fig. 7. The calculated value is very close 
to the measured one (the curves are overlapping on a large part of the 

Fig. 5. Satellites land surface temperature since 2009 and the approximation of the values calculated with a Fourier transform.  

Fig. 6. Comparison between calculated and measured values for incoming water flow in January and June 2018.  
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year). 

αsoil = 7⋅10− 7m2.s− 1 (28)  

For a soil diffusivity between 5⋅10− 7 and 1.2⋅10− 6m2.s− 1, the root mean 
square error on soil temperature at 80 cm is below 0.5◦C. These values 
are in agreement with typical values for soil thermal diffusivity 
[27,30,31]. 

The soil temperature measured above the pipe is compared with the 
calculated values. The method for the calculation is described in para
graph Section 2.1.2.4. The pipe boundary condition is either the 

measured water temperature or the rate of heat transfer calculated with 
Barletta’s method [14]. Results obtained for the two types of boundary 
conditions and measured values are shown in Fig. 7. The good agree
ment shows that Barletta’s method [14] can be used for water temper
ature calculation. It can also be noticed the important influence of the 
presence of the pipe. The maximum soil temperature at 80 cm deep is 
5∘C lower above the pipe than 5 m away. 

3.3. Thermal model 

The heat transfer between the soil and a pipe has been computed for 
the different models, according to Eqs. (4), (12), (16), (19), and (25). 
The parameters are shown in Table 1 and results in Fig. 8. The undis
turbed soil model is excluded from Fig. 8 as it values are about 100 times 
higher than with other methods (this result is in agreement with [6]). 
For that reason, the impact of the soil cannot be neglected in the heat 
flux calculation. 

Fig. 8 shows the difference of value from a finite element method 
with values from the shape factor model, Krarti Kreider’s model, and 
Barletta’s method. The method of Barletta et al. gives the same result as 
the finite element method, which was expected as the Barletta’s is a 
reformulation of the finite element method. The benefit of this method is 
that it reduces the calculation time and the result can be obtained from 
tabulated parameters. Krarti kreider’s overestimates the absolute value 
of heat transfer by up to 30%. The error can be explain as the model is 
out of its hypothesis as already mentionned in paragraph Section 
2.1.2.3, that is here verified and computed. 

For a pipe with a constant inlet temperature (Tin) and a constant flow 
rate (ṁ), the energy balance on the pipe is given in eq. (29). Therefore, 
the water temperature can be calculated with eq. (30). 

Fig. 7. soil temperature at 80 cm depth: measured values at 5 m of the pipe; calculted without pipe; measured values above the pipe; calculated values with imposed 
water temperature; calculated values with specified rate of heat transfer (calculated with Barletta’s method). 

Table 1 
Parameters for heat transfer calculations.   

Symbol Value Unit 

Pipe diameter Din  200 mm 
Water Temperature Tw  15 ◦C  
Water velocity v 1 m.s− 1  

Soil thermal diffusivity αsoil  7⋅10− 7  m2.s− 1  

Mean temperature Tm  17.26  ◦C  
Amplitude Am  9.8  ◦C  
Angular frequency ω  1.991⋅10− 7  rad.s− 1  

Phase difference Φ  2.82  – 
Inlet temperature Tin  18 ◦C  
Pipe depth z 1.1  m 
Pipe conductivity λpipe  46 W.m− 1.K− 1  

Dimensionless burying depth σ  11 – 
Dimensionless angular frequency Ω  1.81⋅10− 3  – 

Parameter A of Barletta’s method A − 0.7312  – 
Parameter B of Barletta’s method B 0.1793  –  
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d(T∞ − Tw)

dx
+

T∞ − Tw
ṁCpRtot

= 0 (29)  

Tw = T∞ − ( T∞ − Tin)⋅exp
(

− x
ṁCpRtot

)

(30)  

Water temperature obtained with eq. (30) for the different models are 
compared in Fig. 9. The calculation is made considering an inlet tem
perature of Tin = 15∘C on the 30th of June (Tsurf = 26.47∘C). With the 
undisturbed soil model, the water reaches the thermal equilibrium with 
the ground after about 400 m, whereas with the other models, it takes 
about 200 km. The different models do not use the same temperature to 
calculate the heat transfer. As a result, even if the thermal resistances are 
of the same order of magnitude, the choice of the model has a strong 
impact on the calculated water temperature. The use of shape factor 
model leads to an important error on the equilibrium temperature, as the 
reference temperature (T∞) is the surface temperature. The error on 
equilibrium temperature is up to 5∘C. 

Finally, because of its ability to describe the heat flux as well as the 
reference temperature (T∞), Barletta’s method is used. 

Since the convection thermal resistance is small compared to the 
total thermal resistance (about 1000 time lower), the water velocity 
impact on the heat flux is small (less than 1%). But as the water tem
perature depends on the mass flow in the pipe, the impact of velocity on 
the water temperature is important. The length of pipe needed to reach a 
given temperature linearly depends on the water velocity. Indeed, if the 
thermal resistance does not depend on the water velocity (Rconv≪Rtot), 
then the length (L) needed to reach a given temperature Tg between Tin 

and T∞ is given in eq. (31) from eq. (30). 

L = − v⋅
πD2

in

4
⋅ρ⋅Cp⋅Rtot⋅ln

(
T∞ − Tg

T∞ − Tin

)

(31)  

The pipe diameter has a strong influence on the rate of heat transfer as 
the contact surface increases with it. For a given velocity, the water mass 
flow increases with the square of the diameter. As a result, the length of 
pipe to reach a thermal equilibrium also increases with the square of 
pipe diameter (eq. (31)). 

3.4. Water system temperature 

The heat exchange on the network has been solved according to (eq. 
(7), (8), (16), (24), and (26)). The calculation time with a cpu intel® 
Xeon(R) W-2135 CPU @3.70 GHz is 31 min. 

3.4.1. Validation of the model 
The result of the hydraulic calculation (see Section 3.1) is used as an 

input parameter for the thermal calculation. The inlet temperatures on 
the network are known and are specified as a boundary condition. The 
calculated values are compared to the measured ones at the points M1 to 
M3 of Fig. 2. Fig. 10 indicates the temperature and the flow for three 
points of the network during the year 2018. The difference in water flow 
profile between the three points is characteristic of the profiles that can 
be encountered. For M1 (Fig. 10(a)), the water flow is high and fluctu
ating (the base value is 40l.s− 1). For M2 (Fig. 10(b)) the flow is small 
(between 2l.s− 1 and 5l.s− 1) and some rare peaks of 50l.s− 1 can be 
observed. For M3 (Fig. 10(c)), flow is highly fluctuating between 0l.s− 1 

and 60l.s− 1, with short time flow calls (with a typical value of one hour 
between two flow calls). The aspect of flow charts is due to the fluctu
ation of flow that leads to the overlapping of the curves. 

The calculated water temperature matches the measured value for 
the three points (Fig. 11, r2 = 0.98). The root mean square error on the 
modeled values is 0.84∘C. Therefore, the model can take into account the 
variability of flow according to time. As the points M1 and M2 are 1.5km 
apart, the temperature is almost the same. 

Fig. 8. Difference in heat flux calculated with models and with finite element method. The parameters used for calculation are presented in Tab.le 1.  
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3.4.2. Water system behavior 
The water temperature profile on the network on June 30th at 

midday is shown in Fig. 12. The water temperature mainly depends on 
the season with a variation of about 10∘C between the 30th of June and 
the 31st of December. Water temperature is almost independent of the 
time of day (maximum variation of 1∘C). 

Water temperature in main pipes, (see Fig. 2), is close to inlet water 
temperature. On the contrary, in final pipes with higher residence time, 
water temperature is close to the soil temperature. It can be explained 
because the pipes are smaller and the speed in these pipes is lower. It is 
the two factors that increase the length to reach thermal equilibrium 
between pipes and soil (section 3.3). 

3.4.3. Sensitivity analysis 
The sensitivity of water temperature to input parameters has been 

studied. 
The impact of amplitude (Am) and mean value (Tm) of LST are 

studied (eq. (20)). Fig. 13 shows the impact of mean land surface tem
perature Tm (10∘C; 15∘C; 20∘C) on water temperature at point M3. For 
each point on the network, increasing mean LST leads to an offset on the 
water temperature. As the water temperature depends on both inlet 
temperature and heat transfer, the temperature offset depends on the 
distance from the inlet points (E.g. for M3, 0.15∘C/∘C). 

Results for LST amplitude are similar to those obtained for mean LST: 
amplitude of water temperature increases with LST amplitude but the 
mean value of water temperature remains constant. For each point on 
the network, the amplitude linearly depends on LST amplitude(E.g. for 
M3 the impact is 0.25∘C/∘C). Finally, as the variations of soil tempera
ture are absorbed with depth, LST has a small impact on water tem
perature. 

The model sensitivity to soil thermal conductivity is studied on 
Fig. 14. Heat exchange between pipes and soil is proportional to soil 

thermal conductivity (see eq. (25)). For high conductivity values, water 
temperature is strongly influenced by soil temperature. For small con
ductivity values, water temperature is slightly influenced by soil tem
perature and remains close to inlet water temperature. The impact of soil 
thermal diffusivity has also been studied. As described in eq. (10) the 
value of soil thermal diffusivity impacts soil temperature amplitude and 
phase differences. For thermal diffusivity between 2⋅10− 7m2.s− 1 and 2⋅ 
10− 6m2.s− 1 the maximum deviation is 2∘C. 

4. Application: impact of heat exchange on the network 

The model is able to take into account the addition of heat exchanges 
on the network. The source term in eq. (2) is specified for given nodes. 
The water temperature after heat exchange Th is given by (32). 

Th = T0 +
S

ṁCp
(32)  

With T0 the water temperature before heat exchange. 
Some of the applications that can be considered are datacenter 

cooling, large compressor cooling, district heating networks or heating 
and cooling in industry. 

For heating purposes, the network is use as a heat source and the 
source term is negative S < 0. Therefore, according to eq. (32) the water 
temperature decreases during the heat exchange. For cooling purposes, 
the network is use as a heat sink and the source term is positive S > 0. 
The temperature increases during the heat exchange. 

The model that has been developed is able to take into account 
positive or negative source term. As an example, a positive source term 
of 2MW is added to the network (Fig. 15). The increase of temperature at 
this point is around 3∘C (depending on the water flow). The temperature 
increases downstream the heat injection point. After this point, the 

Fig. 9. water temperature along a pipe on June 30th, comparison between the different models. The parameters used for the calculation are presented in Tab.le 1.  
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exchange between soil and pipe tends to bring the temperature back to 
the initial value. The influence is seen in the main pipe over a long 
distance, the water is heated by at least 1∘C for 10 km downstream the 
exchange. Indeed, these pipes have a large diameter (d = 500mm), and 
the length to reach a given temperature depends on the square of the 
diameter (as described by eq. (31)). In smaller pipes, water reach soil 
temperature before the delivery points. 

Similar calculation can be done for using the water network as a heat 
source by specifying negative source term. The water temperature 
decreased after the exchange. As before, the influence can be seen for a 
long distance in the main pipes. 

5. Conclusion 

The finding of this work is mainly to propose a dynamic model that 
describes the thermal behavior of large water systems. The model can 
predict the evolution of water temperature in every pipe of an extended 
water system during the year. The temperature in a large raw water 
network has been studied under steady periodic conditions. The tran
sient heat transfer between the pipe and the surrounding soil is 

calculated. For that purpose, a method, initially developed in the pe
troleum industry to compute temperature in single pipes, has been 
applied to extended water systems. The direct solving for differentials 
equations has been implemented to speed-up calculation. 

The novelty is also the use of satellite measurement for land surface 
temperature evaluation, the value is used as an upper boundary condi
tion. Measurements have been performed to validate the satellites 
values. These values are readily available in all places. They can be used 
to replace a complete energy balance at the soil surface. 

The model can be used to determine the temperature in different 
water systems (such as drinking water networks) for extended periods of 
time. As satellite measurements are available in all places, water systems 
in other locations can be modeled. 

This model allows the calculation of heat exchange on water net
works. They represent a large amount of water that can be used for 
district heating or cooling purposes. In this case, the last result shows 
that it is possible to ensure that the upper and lower limits for water 
temperature are not reached. 

The work that will follow this study will be based on the heat po
tential calculation of the entire network. For this purpose, the heat 

Fig. 10. water temperature (measured and calculated value) and water flow (measured value) during year 2018 for measurement points: (a) M1; (b) M2; (c) M3 (see 
Fig.. 2). 
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Fig. 11. Comparison between measured and calculated water temperature for year 2018 for points M1, M2 and M3.  

Fig. 12. Modeled water temperature in the raw water network (presented in 2) on the 30th of June 2018 at midday (soil temperature is .21.6∘C).  
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Fig. 13. impact of LST mean value on water temperature.  

Fig. 14. Impact of soil thermal conductivity on water temperature (constant thermal diffusivity αsoil = 7⋅10− 7m2.s− 1).  
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exchangersoptmal placement must be identified. Another issue that 
emerges from this study concerns the sizing of exchange systems in 
agreement with the dynamic aspect of the source temperature and flow. 
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6. Appendix: Method of Barletta et al. 

The first problem is to solve the heat equation in a plane orthogonal 
to the pipe. The temperature on the soil surface is given with a sine 
function, the vertical and bottom boundary (far from the pipe) are 
adiabatic. Coordinates in the initial plane are x and y. Barletta et al. [14] 
give a method to calculate the heat flux between the pipe and the sur
rounding soil. The value of the heat flux is given by eq. (20) and requires 

the calculation of two parameters A and B that are given by eq. (33) and 
(34). 

A =
1

Λ0
⋅
∫

∂L*
n→⋅∇*θ1dl

̅̅̅̅→
(33)  

B =
1

Λ0
⋅
∫

∂L*
n→⋅∇*θ2dl

̅̅̅̅→
(34)  

Where variables θ1 and θ2 are the solutions to the problem (35). 

∇∗2θ1 = − Ωθ2 (35)  

∇∗2θ2 = − Ωθ1 (36)  

With the boundary condition: 

θ1 = 0; θ2 = 0 On the pipe surface
θ1 = 1; θ2 = 0 On the surface

n→⋅∇→
*
θ1 = 0; n→⋅∇→

*
θ2 = 0 On the vertical and bottom sides 

Fig. 15. modeled water temperature with a heat exchange on the 30th of June 2018 at midday difference with the reference value presented in Fig. 12. Heat 
exchange is represent by. a black square. 

Fig. 16. Value of parameter A and B of Barletta’s method [14] according to Ω. and σ.  
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Where the subscript ∗ denotes the dimensionless domain where the 
coordinates are x* = x/r and y* = y/r (r is the pipe radius) and the pipe 
center has the coordinates [0,0]. 

∂L* is the boundary of the duct in the dimensionless domain; n→ is the 
vector normal to ∂L*. 

Contrary to the initial problem, the system (35) is steady, it is solved 
with a finite element method using Matlab (createpde function). The 
computational domain used for the calculation is similar as the one of 
Fig. 1. Then parameters A and B are obtained by integration of the 
gradient of θ1 and θ2 on the pipe surface using a trapezoidal numerical 
integration. The values obtained by [14] are recalculated to validate the 
method. A maximum difference of the order of 10− 4 is obtained. The 
values for A and B according to Ω and σ are given in Fig. 16. 
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Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.applthermaleng.2021.117261. 
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[2] Société du Canal de Provence, http://www.canal-de-provence.com/Accueil/tabid/ 
36/language/fr-FR/Default.aspx (2020). 

[3] J.P. van der Hoek, S. Mol, S. Giorgi, J.I. Ahmad, G. Liu, G. Medema, Energy 
recovery from the water cycle: Thermal energy from drinking water, Energy 162 
(2018) 977–987, https://doi.org/10.1016/j.energy.2018.08.097. 

[4] M. Blokker, A.M. van Osch, R. Hogeveen, C. Mudde, Thermal energy from drinking 
water and cost benefit analysis for an entire city, Journal of Water and Climate 
Change 4 (1) (2013) 11–16, https://doi.org/10.2166/wcc.2013.010. 
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