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ARTICLE INFO ABSTRACT

Keywords: Wastewater from urban areas contains a large amount of thermal energy. It constantly exchanges this energy
Heat transfer analysis with its surrounding. This study analyzes the thermal exchanges between wastewater and its immediate
Sewer pipe

environment. A mathematical model is constructed that allows to predict the level and velocity of the water
in the sewer as a function of time. From this information, the model calculates the heat transfer between
the wastewater and the surrounding soil. The results show that the soil temperature can be modified over
a maximum thickness of 5 to 10 m. Close to the sewer, soil temperature is constantly influenced by the
wastewater, while the soil beyond 10 m does not participate to the exchange. Regarding the heat exchange
between wastewater and its environment, the results show that at least 90% of the heat exchange takes
place with soil through the part of the pipe in contact with the wastewater while only 10% of the exchange
takes place through the air contained in the pipe. The simulations also show the interest of carrying out
charge/discharge of thermal energy with the ground surrounding a sewer. For a sewer of 1800 m length and a
wastewater flow of 65 m?/h during the day and 35 m?/h during the night, one can expect to transfer up to 76
kW during the day and discharge 40 kW during the night. In addition, the flow rate plays an important role
in the heat transfer process, especially with a partially filled sewer pipe. A higher flow rate means a larger
wet area in the pipe and thus an increase in heat exchange. This preliminary analysis shows that the sewer
network can be used as an underground thermal storage system to cope with the variations in heating and
cooling demand with the goal of improving urban energy efficiency.

Thermal energy storage
Heating and cooling

1. Introduction water, or waste...) [4,5], or to integrate renewable energy sources

(e.g. solar, wind, geothermal...) [6,7]. The implementation of these

The link between extreme weather events and global climate change
is becoming increasingly clear. In order to avoid these climate disasters,
it is essential to reduce greenhouse gas (GHG) emissions until carbon
neutrality is achieved. This objective concerns in particular cities,
which account for 70% of the world’s energy consumption and the
corresponding GHG emissions [1,2]. This share is increasingly high
with the global trend towards urbanization. Although the challenge
is significant, there are opportunities to decrease the amount of GHG
produced by densely populated cities. This is because energy supply
and consumption in urban areas is highly centralized, which allows the
energy system optimization through a variety of actions. For example,
research on smart building envelopes can help reduce heating and
cooling needs [3] by adjusting solar gain through variable facade
reflectivity. As far as energy production is concerned, heat pumps can
be used to recover low quality energy (e.g. thermal energy from air,
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new generation heating and cooling networks is a critical point in the
construction of new districts. These networks operate in a closed circuit
with an increasing use of energy recovery at the point of consumption.
This is fundamentally different from the conventional network that has
an input-output type of operation [8]. In the new network approach,
the consumer becomes a prosumer, which means that a consumer can
also act as a producer. In the coming years, the use of this term is
expected to increase in the field of heating and cooling of buildings.

1.1. Heating and cooling recovery

Heating and cooling recovery from urban water cycle, including
both drinking water and wastewater, represents huge and low-carbon
thermal energy sources [1,9]. One the one side, heat recovery from
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wastewater can provide building heating through a district heating
network. On the other, cold recovery from drinking water [10] can
increase energy efficiency of cooling units and, together with cold
storage, provide electricity savings as well as peak grid demand low-
ering. In December 2018, wastewater was officially recognized by the
European Union as renewable source of energy [11].

As a potential decarbonized source for the next-generation of urban
energy configuration, wastewater heat recovery in district heating have
been investigated from different perspectives. Hao et al. [12] compared
energy recovery potential from wastewater in the form of thermal
and chemical energy. The enthalpy-based thermodynamic approach has
shown a higher potential for energy recovery from wastewater heat
than from the biochemical transformation of organic matter. The chem-
ical energy only accounts for about 10% of the total energy recovery
potential, in spite of its high exergy value. Meggers et al. [13] have tried
to integrate the heat recovery from hot water just after usage, through
a household heat pump. This led to a significant energy demand
reduction by comparison to scenarios without this type of recovery.
Similarly, Deng et al. [14] have done experiments on the recovering of
thermal energy from shower water using heat exchangers. Their results,
calculated on the basis of the standard method for evaluating the build-
ing energy saving performance (NEN 7120+C2:2012, 2012) show that
61% to 64% and 57% to 62% energy efficiency can be achieved under
Winter and Summer conditions respectively. Yet, the above individual
systems cannot guarantee the matching between energy demand and
recovery supply. In this regard, wastewater heat recovery works better
at the district-scale. Guo and Hendel [1] took Paris as an example to as-
sess the heat recovery potential through data from a field-performance
monitoring. Their study shows that the recovery system gave up to
75% green gas emission reductions and 30% energy savings. This study
obviously proved the significant role played by the heat recovery in
urban area. Similarly, van der Hoek et al. [10,15], from TU Delft and
Waternet, studied the energy transition of Amsterdam water cycle. They
made a feasibility analysis based on economic benefits and potential
CO, emission reduction by the heat recovery from wastewater. They
showed that cold recovery from water mains led to 90% reduction
of GHG emissions. Hepbasli et al. [4] comprehensively summarized
the studies about Wastewater Source Heat Pump systems in terms of
applications and performance assessments. Their review demonstrates
that wastewater, as a low-grade heat source, can be utilized in heat
pump system and the corresponding systems present higher efficiency
and are more environment-friendly.

Another important factor is the energy transport vector for district
heating and cooling, in which wastewater energy recovery can be inte-
grated. Spriet et al. [11] attempted spatio-temporal analyses of energy
demand and supply. Their results demonstrates the importance of the
matching between the wastewater energy recovery and the demand of
the energy distribution infrastructure. The upcoming 4th generation of
district heating [8] provides opportunities to low-temperature heating.
In this regard, the underground wastewater should play a more signifi-
cant role in the future district heating system. In a more drastic manner,
de Chalendar et al. [16] demonstrated a fully integrated electrified
heating and cooling network on the campus of Stanford University. The
system allows significant reduction in terms of carbon footprint with
a particular role of the thermal energy storage elements. Their results
showed district-scale thermal storage is critical in a future low carbon
city.

1.2. Modeling of wastewater dynamics

The characteristics of wastewater depend on human activities and
local weather conditions. The variability of these parameters leads to a
great fluctuation of wastewater characteristics in terms of flow and tem-
perature which must be taken into account in the wastewater energy
recovery processes. As for renewable energy sources, the precise model-
ing of the energy source is a prerequisite to its integration in an energy
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demand management system. Beside experimental studies, researches
have been led to build up mathematical models to analyze the dynamic
behavior of the underground sewer pipe system. Elias-Maxil et al. [17]
built up a model to predict the flow rate at specific positions in the
sewer system under different weather conditions. Their study linked a
stochastic model for wastewater discharge to Saint-Venant equations
or shallow water equation (derived from Navier Stokes equations to
describe dynamic state of fluids under shallow water conditions) and
achieved validated simulations results. Diirrenmatt et al. [18] have
experimentally validated their simulations to predict the evolution of
wastewater in terms of temperature and discharge rate. They have
developed an open source program, TEMPEST, to facilitate the design
of heat recovery from sewer network. The above two simulation studies
are focused on the dynamic behavior of the wastewater in the pipe.
Meanwhile, important heat exchange can happen between wastewater
in sewer and the surrounding soil. Similar to Borehole Thermal Energy
Storage (BTES) system, sewer—soil systems can be an easy-to-implement
as Thermal Energy Storage (TES) medium. To the best of our knowl-
edge, the analysis of the corresponding energy exchange around the
wastewater, including air and soil, is still lacking in the modeling of
wastewater dynamics.

In summary, wastewater is discharged from buildings then flows
to a WasteWater Treatment Plant (WWTP) through a sewer. Studies
has confirmed that thermal energy potential is greater than organic
potential through the production of bio-methane [12]. Compared to
deploying other costly energy efficiency of renewable energy projects it
is worth to use wastewater existing infrastructure in all urban areas by
interconnecting buildings. Meanwhile, the thermal energy availability
of wastewater is highly influenced by heat losses to air, soil and pipe,
and thus is a complex transient phenomenon.

In this study, we construct a dynamic model considering the evo-
lution of wastewater flow and the radial heat transfer along a sewer
pipe. The study is focused on the coupling of energy transfer between
wastewater, sewer and soil, including the air contained in the sewer.

The paper is organized as follows. First, a mathematical model is
built and validated to describe the dynamic state of wastewater. The
heat exchange between soil and sewer pipe along the radial direction
of the pipe is taken into account. Then, results are analyzed to answer
the question whether the soil surrounding the pipe has a potential role
as thermal storage medium to buffer the variations of wastewater. Then
the influence of soil thickness and inlet conditions on the energy storage
function are discussed. Finally, perspectives are given to shed light on
plausible application of sewer pipe system to the future’s energy system.

2. Theoretical model

A general hydro-thermal model of a sewer partially filled of wastew-
ater, based on the work of Diirrenmatt et al. [18,19], is shown in
Fig. 1. This model handles sewer pipes located at several meters below
the surface. Given this depth constraint, we have assumed that the
influences of ground level temperature and geothermal energy can be
neglected.

The modeling process includes three steps: (i) calculation of the
wastewater flow in the sewer, (ii) modeling of air flow, including
air temperature and humidity, (iii) modeling sensible heat transfer
between wastewater, pipe and soil and latent transfer between wastew-
ater and air. Each of these processes is described separately in the
following sub-sections. Specifically, the model takes into account the
inlet flowrate and temperature. For the modeling, we firstly solve
the one dimensional Saint-Venant equations (with respect to x) to
determine the height of water along the pipe. Then the temperature
of wastewater and air in the headspace are solved. A radial symmetry
condition is assumed for the heat transfer between wastewater and
pipe, and between pipe and soil. This means that the heat transfer in
pipe and soil along tangent direction is neglected.
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Fig. 1. General schematic of the hydro-thermal model of a sewer system.

Dynamic state of wastewater

One dimensional Saint Venant equations are used to describe the
dynamic behavior of the wastewater flow in a partially filled sewer:

A 0A
%+i*K+V*%+K* -
ot b X ox b ox h=constant
+ Jocw * P/(py, % b) =0 M
4 4 oh

Here h, A, V, p, refer to the height, wet cross-section area, velocity
and density of wastewater; b = 0A,,/0h refers to the free surface width
in the pipe; S, and S, are designated as friction slop and channel
bottom slop respectively, particularly the slop rate S, is necessary to
overcome the frictional resistance in a steady flow by gravity. In this
study, the cross section along the flow direction is uniform and so
—& = 0. J,, is the mass flux due to evaporation or condensation
between water and air in the headspace of the pipe. Its expression is
given in Table 3 of Appendix. P is the wet perimeter.

Airflow in the headspace

In this study, it is assumed that pressure equilibrium of air between
inlet and outlet is constantly satisfied. So the airflow in the headspace
is only caused by the variations of wastewater depth. The mass balance
of the airflow Q, in the headspace per unit of sewer is given by:

04, 00,
ot ox
where A, is the cross-sectional area of the air headspace, A, = A —
A,,. According to Eq. (3), the Q, can be obtained by integrating of
cross-sectional area of wastewater starting from the inlet:

X 3A,(tx)
0,(t.x) = / T dx+ 0y O
0 t

Here the Q,, is the steady term of O, and can be evaluated with the
expression by Edwini-Bonsu.et al. [20] and David.J et al. [18]

=0 3

0. = 0856 ‘ P

a0 L o a’w,s Ua +P
Details about the determination of V,,
in Appendix.

dx ()

in a circular conduit is given
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Temperature and humidity

Vapor load X per mass unit of dry air, air temperature 7, in the
headspace and wastewater temperature 7, are given by:

0A,X OV AX) 1

a—‘;+0—xa:p_*(Jec*P_Jcp*Ua_Jc{a*Aﬂ) 6
a

0A,T, O(VA,T,) 1 )

Jat + ox - Cq * Py * (qana + Gy * P+ qcaAa) @

04, T, VAT, 1

% # = F(quUw - qwaP - qech + q,CODAw) (8)
wPw

The meanings of P, U, A are given in Table 3 of Appendix. g, is the
heat transfer rate per unit area between wastewater and pipe.

Heat transfer in pipe and soil

Temperatures T,(x, r,1) and T,(x,r,t) in the pipe and in the soil are
given by :

BTP kp 1

— + V- (———VT,) = —q,, (C)]
ot Ppp Ppp

I vy o kegry- L, 10
at sTs ’ pScS P

Where, g, is the heat transfer rate at the interface between soil and
pipe.

Boundary conditions

The height of the wastewater at the inlet is required for solving the
dynamic state equations Egs. (1) and (2):

h(x =0,1) = h(t) an

For the heat and humidity equations Egs. (6), (7) and (8), Dirichlet
boundary conditions at the inlet are required:

T,(x=0,1)=T,@#):;T,(x=0,t) =T,(1); X(x =0,1) = X(t) 12)

For the heat transfer equations in pipe and soil (Egs. (9) and (10))
Neumann conditions are required.
At the interface between wastewater and pipe wall this boundary
condition is written as:
oT,,,(t,r = D/2,x)
pw
by = k(T = T) 13)

At the interface between air and pipe wall the boundary condition
is defined as:
A OT,,(t,r = D/2,x)

P or

At the interface between pipe wall and soil the boundary condition
is defined as:

oT,(t,r = D/2 + s,x) oT,(t,r = D/2 +5,x)
A or =4 or

In these equations, T, is the wastewater inlet temperature, T,
(resp. T,,) is the temperature at the interface between pipe wall and
wastewater (resp. between pipe wall and air), Aps (resp. 4,) is the heat
conductivity of the pipe (resp. soil) and s is the wall thickness.

The outer boundary condition of the soil layer is Dirichlet condition
at the interface between disturbed and undisturbed soil

= kpa(Tpa - Tw) ~ep (14)

(15)

Ty(t,r=D/2+s+6,x) =T,

(,00

(16)

The value of §, is the thickness of soil layer surrounding the sewer
pipe where the temperature is disturbed by the sewer pipe. Let us
remind that we assumed the top of the sewer pipe lays at a depth of
several meters from the ground surface. For soil and wastewater the
boundary conditions depends on T, T, and T,,, which are different
under winter conditions as shown in Table 1. The data are retrieved
from Chalhoub et al. [21] who conducted on-field soil temperature

measurement at different depths in the region of Paris, France.
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Table 1

Winter boundary conditions for soil and wastewater. * means that the variable is not
involved in the specific condition; — indicates that the variable is not constant in the
specific condition.

T Initial conditions inlet T, Ty
Steady solution * 13 °C
Winter 55°C IC1(as Fig. 5(a)) 13°C-3°C/+2°C -

IC2(as Fig. 5(b)) 13 °C -

Initial conditions

Due to soil thermal inertia, once deeper soil layer is involved, initial
conditions could significantly affect the results. Specifically, for a soil
layer of 10 m. One way to set up the initial conditions is to use steady
solution of Egs. (9) and (10) (i.e. assuming 97 /ot is equal to zero in both
equations). This assumes that the boundary conditions at the water side
T, and at the soil side T}, keep constant for several years which may
not be realistic for on-site applications.

Therefore in this study we have chosen to test tree possible initial
conditions for winter:

1. Steady solution with constant boundary conditions: 13 °C for
Ty and 5.5 °C for T, - Here, the analytical solution of Eq. (10)
(0T /ot = 0) for temperature profile in soil is introduced.

2. Initial condition 1 (IC1): A daily cycle of 2 °C above and 3 °C be-
low 13 °C for the inlet temperature is added to the undisturbed
pipe and soil temperature and lasts for one month (720 h), as
shown Fig. 5(a). The temperature profile along r direction after
one month is shown in Fig. 5(c).

3. Initial condition 2 (IC2): A constant temperature of 13 °C is set
as inlet temperature for one month, as shown in Fig. 5(b). The
corresponding temperature profile along r direction after one
month is plotted in Fig. 5(c).

In addition, it should be noted that spatial IC1 and IC2 for pipe
and soil are established with simulation from an initial constant tem-
perature of 5.5 °C of water, pipe wall and soil. In the following, the
expression “initial conditions” specifically refers to IC1 and IC2.

Time step and grid cell size

Different grid sizes are adopted to discretize the domain in axial
and radical directions. For the radical direction, as we will discuss
in Section 3, based on the semi-analytical solution Eq. (17), the transfer
rate of the characteristic physical information (the temperature in this
study), namely the time needed to transfer the temperature between
consecutive nodes within the radial grid is much larger than the time
step Ar, adopted. Then no special limit on the radial grid size (4r) is
necessary and the grid size is set to s/4 in the pipe wall and to §,/10
in the soil.

The variation of water temperature along the flow (axial) direction
is used as a criterion to verify the proper choice of time step ¢, and
grid size in the axial direction (g,). The temperature trend should not
contain drastic shift in a very short distance or a brief time step. The
trade-off is to satisfy CFL stability conditions while maintaining an
acceptable computing load. In this study, we associate 1, = 2 s with
g, = 10 m in all studied cases. This choice gives accurate simulation
for reasonable computational efforts. The details of the grid refinements
study are given in Appendix through Figs. 12 and 13.

The temperature and mass variations Egs. (1)-(8) are solved with
commercial software COMSOL Multiphysics [22] based on the module
“General form PDE(g)”, while the heat transfer process in the pipe
and soil (Egs. (9)-(10)) are simulated by module “Heat transfer in
Solids(ht)”.
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Fig. 2. Evolution of wastewater flowrate Q,, in m?/s, from discharge to the outlet.
The dynamic response delay from inlet to outlet is about 1 h~3 h, depending on the
specific flowrate at the inlet.
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Fig. 3. Evolution of wastewater temperature from discharge to outlet.

3. Validation of the model
Validation with experimental results

The COMSOL model has been validated with regard to TEMPEST
by comparing the values obtained for the wastewater temperature
T, and the flowrate at the outlet Q,. The validation of TEMPEST
data has been completed by Diirrenmatt et al. [18] through on-field
experimental studies. The data of flowrate and temperature at the
inlet from TEMPEST were measured in a section of the sewer between
Riilang and Oberglatt in the Canton of Zurich, Switzerland [18].

In Figs. 2 and 3, we compare flowrate evolution during 48 h as well
as the inlet/outlet temperature distribution during the same period of
time. It appears clearly that, with the same Q,, and T, the values given
by COMSOL and TEMPEST overlap. This result shows that the COMSOL
model can be used to deeply investigate the system.

One particular characteristic of the sewer system is the time shift
between inlet and outlet in terms of temperature and flow rate. Indeed,
according to inlet (discharge) flow rate, evolution at the outlet can
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Fig. 4. Evolution of wastewater temperature from discharge to the outlet, with 0.1 m
and 10 m soil layers.

be delayed by about 1 to 3 h (Fig. 2). In addition to time delay,
temperature evolution with time (Fig. 3) has smaller amplitude at the
outlet than at the inlet. This is due to the thermal inertia of pipe-soil
system. These features are different from most conventional thermal
systems and can be potentially used for Thermal Energy Storage (TES)
applications.

Finally, let us note that the validations are made with the same
soil depth (6,= 0.1 m) as in the case studied in TEMPEST [18]. This
means it is assumed that for soil area deeper than 0.1 m from the
sewer, the temperature is no longer influenced by the wastewater
in the pipe. Beside, following the procedure of TEMPEST, a steady
solution is achieved and taken as the initial condition for later dynamic
calculation. However, this procedure might bring problems when the
thickness of soil layer is large and the heat capacity of the soil part
cannot be neglected. As shown in Fig. 4, when the depth of the soil
involved in the model is changed from 0.1 m to 10 m, the temperature
at the outlet shows significant differences, at least within the first hours
(Fig. 4 shows a 50 h calculation period). Although these differences
seem to be diminishing as the calculation period prolongs (period from
45 h to the end), it makes the depth of the soil around the sewer
and the corresponding initial conditions emerge as prominent factors,
especially when we try to introduce a sharp change of energy input or
output to the water, as in the strategies used in the studies concerning
TES.

Influence of initial conditions and soil depth

As discussed above, when deeper soil layer is involved, the initial
conditions influence the whole system and changes the outlet tempera-
ture, in particular at the beginning of operating period. Using the three
initial conditions, i.e. IC1 (Fig. 5(a)), IC2 (Fig. 5(b)) and steady solution
(analytical solution, Fig. 5(c)) of the temperature profile described
above, the corresponding radial soil temperature profiles are plotted in
Fig. 5(c). We notice very close profiles for conditions IC1 and IC2 while
these curves are still far from the steady state one. The role played
by such differences on the following study depends on the duration
of the simulated period as shown in Fig. 6. Here we impose the same
daily temperature cycle as IC1 after each of the three initial conditions.
Results in terms of outlet temperature show clear differences during the
first several days, but these differences no longer exist after ten days.
This indicates the soil-pipe system requires long enough operating time
to remove the influence of initial conditions. As the focus of our study is
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Fig. 5. The variations of inlet temperature for Initial Condition 1 (a) and Initial
Condition 2 (b); and their corresponding temperature profile along r direction in (c). AT
is temperature difference between wastewater and undisturbed soil, here AT =7.5 °C.

hourly to daily TES applications, we should carefully define appropriate
initial conditions upon which all our conclusions are based.

In addition, the soil thickness (§,) involved in the heat transfer
with the sewer is another important parameter. As a typical transient
heat conduction phenomenon, the influential thickness depends on soil
properties and time duration. To approximate the soil thickness that
must be taken into account by the model, we use the classical transient
analytical solution of heat transfer in semi-infinite case:

M:l—erf( X

)
TY_T} 2\/&

where T'(x, t) refers to temperature at distance x from the pipe wall and
at time ¢. T} is the initial temperature of the whole domain while 7} is
the shock temperature at the surface x = 0 and a the thermal diffusivity.

In our case, we assume a quasi-steady situation when the ratio
(T(x,1)=T;)/(T, —T;) is less or equal to 1%, i.e. at time ¢, soil beyond x
is no longer influenced by the surface boundary condition 7.

As the a,,,cre0 1S greater than a,,;, a value of a equal to a,,; is
adopted in order to find the smallest value of x above which equi-
librium is reached. For most wastewater dynamic studies focusing on
sub-hourly flow-temperature evolution, one can assume the duration
of 1 h characterizes the dynamics of the inlet temperature. In this case,
assuming « = a,,; = 0.5 x 107 m?/s, Eq. (17) states that x must be
greater than 0,154 m in order to reach the equilibrium. Accordingly,

a7
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Fig. 6. The evolution of outlet temperature based on three different initial conditions:
Steady solution, IC1 and IC2.

the depth should satisfy x < 1 mand x < 10 m for 7 =1 h and ¢t = 4286 h
respectively.

Studying hourly or daily thermal energy storage requires hourly
or daily temperature variation conditions. In Fig. 7(a), an artificial
evolution of inlet temperature T,, is introduced to show the influence
of a sharp change of T,, on the heat flux at different depths of soil
below the pipe wall. Here, we assume that a sharp decrease of inlet
T,, happens during the initial 2 h, then T,, remains constant at 11 °C.
Fig. 7(b) represents the variations of heat flux along z direction per
meter of pipe (¢) with the distance below the pipe wall at 1 h (ie.
when T, is changing at the inlet) and 2160 h (i.e. a long enough time
after the change of T,, allowing us to assume that the steady state is
reached). From the profile of ¢, we can conclude the heat flux through
the soil at 10 m or deeper approaches zero and is not influenced by the
variations of wastewater temperature for a period as long as 3 months.
We thus choose to model x = 10 m of soil depth below the pipe wall
which can cover both short and long terms cases. Nevertheless, for most
hourly TES scenarios, heat flow from or to the wastewater only happens
within a much thinner soil layer. This will be discussed later.

4. Results and discussions

Before presenting the results, let us define several parameters used
later:

1. Gpux = G * Uy, heat transfer rate between wastewater and pipe
per unit length along x direction (flow direction);

2. 4y = 4pUs = 4ua P = decw P + o pAws the energy variation rate
of water per unit length along x direction. In the following we
assume g, A, = 0;

3. Gt = fOL dpuwxdx, the total heat transfer rate throughout pipe,
and ¢q;;, = fliz dpuxdx the total heat transfer rate from /; to I;

4. g,,, the heat transfer rate per unit of length along x direction at
a certain depth below the pipe

Division of heat dissipation

Firstly, we aim to quantify how thermal energy is dissipated from
wastewater to its surrounding environment, ie. air and soil. Fig. 8
shows the proportion of g,,,, to g, in the situation shown in Fig. 4.
The ratio keeps above 90% most of the time. This indicates that, the
4, dominates the evolution of energy of wastewater, and other energy
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variation of wastewater g,,.

terms like heat transfer from wastewater to air can be neglected. So
it is reasonable to pay most of our attention to heat transfer between
wastewater and pipe when trying to interpret the variation of energy
of wastewater in the pipe.

TES charging and discharging

In the following, we discuss the feasibility of achieving TES, first fol-
lowing protocols of charging and discharging, as shown in Fig. 5(a)(4T
= 42 °C during daytime and AT = -3 °C during night), second setting
13 °C as inlet temperature.
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As shown in Fig. 9, within 48 h of winter condition, we have
considered an undisturbed soil temperature of 6° [21], and a variable
temperature at the inlet. Here we use 13 °C as the bench value for
wastewater temperature at the inlet. During the night, i.e. from 0 to
6 h, 22 h to 28 h and 46 h to 48 h, T,, at the inlet remains at low
value (10 °C) and collects the heat energy from the pipe and soil,
while it remains at 15 °C during daytime and charges the pipe and soil
with energy. From the perspective of T,, at the outlet, the value keeps
correlated to the inlet value during the initial period (T1, limited by the
initialization), then as T, increases at inlet (T2(a), T2(b), T2(c) and T3),
it varies correspondingly but keeps lower than the inlet value. During
this process, heat is continuously transferred from water to the pipe
then to the soil (thermal charge phase). The crossover between these
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Fig. 10. TES functionality: total heat transfer rate in different situations. The black
curve gives the heat flux when T, at the inlet keeps constant at 13 °C. It refers to
the left y axis. Curves blue and dashed red refer to periodic variations of T,, as in
Fig. 9(a). Blue curve refers to the left y axis while dashed red curve refers to the right
y axis. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

two temperatures happens at T3, which means the start of the energy
discharge to wastewater from the pipe (thermal discharge phase). This
energy collection lasts until a new increase of inlet temperature.

The evolution of heat flux g,,,, from T1 to T4 is shown in the sub
figures of Fig. 9. During the charge phase (T2 to T3), g,,, remains
negative while it keeps positive during the discharge phase (T3 to T4).
The dynamic of g,,, evolution along the axial length is also shown
in these figures, especially in the sub-figure showing T2. From T2(a)
to T2(c), as more wastewater with higher temperature flows into the
sewer, larger ¢, extends along length from the inlet until the turning
point appears when the T,, at the inlet no longer increases and keeps
constant at 13 °C.

Total heat flux during the charging and discharging process

As defined above g, is the heat flux between the wastewater and
pipe integrated along the whole length of the pipe. In Fig. 10, dynamic
variations of ¢,, are plotted under two situations: (i) 7, at the inlet
keeps equal to 13 °C; (ii) T,, at the inlet has the same profile as in
Fig. 9. Fig. 10 shows that, in the first case, the total heat flux changes
a little with time but remains close to zero indicating that the steady
state is quite reached. In the second situation, when the periodically
variable temperature is set at the inlet, significant variations of the total
heat flux between negative and positive value appear. This means that
the heat exchange between wastewater and pipe is bidirectional. These
variations closely correspond to the changes of the temperature at the
inlet. An increase of T,, at the inlet causes a decreasing total heat flux
while a positive value comes up after a lasting decrease of T,,. Besides,
the highest values of 59 kW and 41 kW can be reached respectively
during charging and discharging period.

The distribution of heat flux along pipe

Fig. 11 shows the evolution of the heat flux g,,, with time for
three different positions in the pipe : the inlet, the middle and the
outlet. Like the total heat flux g,,, the local heat flux g,,,, also oscillates
between negative and positive values, although there is a clear lag
for the variations at middle position (925 m) and outlet (1850 m).
Meanwhile, it can be seen that the maximum values during the charging
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Fig. 12. The variations of temperature along flow direction with different time steps
t,: t= 190 min, g, =10 m, CFL = (V't,/g,) is the Courant Number.

or discharging process decrease along the pipe, varying from 70 W/m at
1 m to 30 W/m at 1850 m. This means that density of heat flux decays
along the flow direction and so does the heat storage capacity. This is
because the maximum temperature difference between wastewater and
pipe always appears at the inlet. In terms of application, it appears that
the recovery equipment should be mounted near the wastewater inlet
to the sewer in order to collect more energy.

5. Concluding remarks

In this study, we build up a dynamic model of the interactions be-
tween wastewater, sewer and soil. This model was used for sewer pipes
located at several meters below the surface where the influences of
ground level temperature and geothermal energy can be neglected. This
model was developed in COMSOL and validated by results previously
reported by TEMPEST. The tool was used to investigate the dynamic
variations of wastewater flow rate and temperature in a sewer pipe and
its heat exchange with the surrounding environment.

The main conclusions are the following:
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Table 2
The values of constant parameters in the model from Egs. (3) to (10).

Symbol Meaning Values

Pa Density of air above the water 1.19 [kg/m?]

¢, Heat capacity of air 1007 [J/(kg K)1
[ Heat capacity of water 4181 [J/(kg K)]
c, Heat capacity of pipe 690 [J/(kg K)]
[ Heat capacity of soil 559 [J/(kg K)]
Pw Density of water 998.2 [kg/m?]
s Density of pipe 2300 [kg/m?]
X Density of soil 1500 [kg/m’]
A, Heat conductivity of pipe 1x 107 [m?/s]
A Heat conductivity of soil 0.2x 107 [m?/s]

1. Heat transfer depth in soil: the thickness of the soil layer taken
into account greatly influences the solution in terms of heat
transfer process. In the current study, 10 m is considered as an
optimal thickness.

2. Ninety percent of heat is dissipated through the wet part of the
pipe instead of air in the head.

3. Sewer can play an important role in TES: We have studied
an example of infrastructure and flow rate and have shown
that realistic temperature variations at the input allow heat
charging and discharging with the ground. Preliminary values
of 76 kW and 40 kW can be reached respectively for charging
and discharging.

4. Flow rate plays an important role on the heat transfer process in
partially filled sewer pipes as higher flow rate means larger wet
area leading to an increase of heat exchanges.

5. Regarding the TES functionality, the study unveils the impor-
tance of initial conditions before implementing heat/cold stor-
age. A proper measurement of the vertical soil temperature
distribution, for a depth as high as 10 m is necessary to establish
the most realistic underground temperature profile as initial
conditions.

Our ongoing studies are focused on the coupling of sewer with a
renewable thermal plant (like solar energy) to quantify the role of sewer
on TES. Besides, an optimal control strategy of charging/discharging
can be searched with the developed model. Another area of work could
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Table 3
Nomenclature in the model from Egs. (3) to (10) and the their corresponding expressions. It should be noted that the P, U, A are achieved by
fitting curves with respect to the height  of the wastewater. This function is completed through module of “Variable Definition/Interpolation”

in COMSOL.
Symbol Meaning Expressions
P Width of water level(m) P = f(h) (Fitting curve)
U Perimeter U = f(h) (Fitting curve)
A Cross-sectional area A = f(h) (Fitting curve)
D Nominal diameter of the sewer pipe 0.9 m
14 n
Vs Wastewater velocity at the surface Vot ﬂ(% * ZASIog%)
Vi =1/8R,,So, W' =hif h<D/2 or W' =D —h
Psar(T) saturation partial pressure at temperature 7' Psar(T) = pme’%
Jecw Mass flux during evaporation or condensation Jeecw = ¥ecwPsat(Top = P/ Ppg
oo Mass transfer coefficient ey = 8.75V/1V,, = V| (W/m?/mbar)
hyg enthalpy of evaporation hy, =245x10° J/kg)
Jep Mass flux of condensation on pipe Jep = deplhpg
9ep Heat flux of condensation on pipe 4ep =0 when p,(T,) < pou(T,o) or
Gep = ep(Pa = Dot (Tpa)) When po(T,) 2 poy(T0)
a, Coefficient of heat transfer of condensation on pipe a, = 8A75\|Wu| (W/m? /mbar)
il Mass flux of condensation in air Jea =0 when X < X, or
Jle=pa(X = X,)/t; when X > X,
9o Heat flux between headspace air and pipe Gpa = Ty = T,)
[ heat transfer coefficient with respect to hydrodynamic state a,, = % (Re, > 10000 and 0.7 < Pr, < 160)
T, pipe temperature at the interface between pipe wall and air Initial value is given
e Heat flux between water and air Qo = ¥0o(T, = T,)
W heat transfer coefficient of g, Ao = 5.85V/1V, = V,,| (W/m>/K)
. . . qéa =0 when X(T,) < X, (T,) or
q, Heat flux during condensation or evaporation process
4., = hygil, when X(T,) > X, (T,)
- Heat flux between water and pipe o = Ko (T = Typ)
Ko heat transfer coefficient of g, kpy =1/, +1/f)
1/f heat transfer resistance by biofilm growth on the pipe wall 0.005(m*K /W)
[ heat transfer coefficient with respect to hydrodynamic state @, = % (Re,, > 10000 and 0.7 < Pr,, < 160)
Ty pipe temperature at the interface between pipe wall and water Initial value is given
Gecrw Heat flux of evaporation and condensation Geew = Yoers(Pyg(Ty — P,))
9 o Heat produced during bio-degradation Geod = €eoqlcod
[ enthalpy of bio-degradation reaction e = 1.4%x107 (J/kg)
Teod degradation rate oo = 2.8 %1070 (kg/m?/s)
Qs Heat flux between pipe and soil
be to improve the model to make it capable of taking into account under the Investissements d’avenir program (ANR-16-IDEX-0003) in
the long-term, seasonal variation of the temperature at the surface of addition to the contributions of the institutions involved.

the ground as well as the influence of the geothermal energy. These
improvements will require the development of a truly 3D model.

Appendix
CRediT authorship contribution statement

Chuanyu Zhang: Investigation, Software, Writing — review & edit- Time step and grid size verification
ing. Xiaofeng Guo: Funding acquisition, Supervision, Writing — re-
view & editing. Laurent Royon: Review. Patrice Chatellier: Funding
acquisition, Supervision, Review. Figs. 12 and 13 present the variation of temperature along flow
direction (axial direction) with different time steps 7, and g,. By com-
parison, when the 7, > 2 s or g, < 10 m, drastic variations without
physical meaning appear around some grid points. In this situation,

Data availability

Data will be made available on request. the local velocity V' = V + y/gh is comparable or larger than the

Acknowledgments characteristic time of the model V* = Ax/At and accuracy of the

solution cannot be assured. So in this study ,in order to optimize the

This study has received supports from the I-SITE FUTURE, a govern- computation load, we chosen for all the studied cases a time step 7, of
ment grant managed by the Agence Nationale de la Recherche, France 2 s associated to a space discretization of g, = 10 m.
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Fig. 14. Comparison in terms of wastewater temperature from TEMPEST and Comsol at 4 h and 10 h.

Validation with TEMPEST regarding spatial temperature distribution

We also compare the x-direction temperature profiles obtained by
our COMSOL model against TEMPEST results. Fig. 14 shows these
profiles at 4 h and 10 h with the same initial conditions as Fig. 3.

Similar to Fig. 3, the spatial results show good agreement at both
4 h and 10 h from the beginning, considering the whole length of the
sewer pipe (1850 m).

Constant parameters

The following symbols and abbreviations are used in the study (see
Table 2).

Nomenclature

The following symbols and abbreviations are used in the study (see

Table 3).
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