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Abstract

To address the challenges of the energy transition, reducing consumption and optimizing energy
production is crucial for all industrial sectors. In the future, water issues will be as important as en-
ergy issues, making the optimization of water supply systems critical. The water sector represents
large energy consumption for pumping and heating. In regards to this consumption, water systems
have a great potential for energy recovery through hydroelectric production or thermal energy re-
covery. This article aims to quantify the energy potential of water supply systems, which has not
been well understood until now. The energy potential of these systems encompasses hydropower
recovery and thermal potential, including heat recovery and cold recovery. For that, a method is
developed to estimate this potential, including the recoverable power, its location, and its temporal
variation. The method can be used for hydroelectricity production, as well as for heat and cold
recovery. The results indicate a hydraulic potential of 15 MWh.km™'.year™' , and respectively
1650 MWh.km™" .year™" for heat recovery and 766 MWh.km™' .year~' for cold recovery.

Keywords: Water system energy recovery, Energy efficiency, Water system analysis, Thermal
energy, Dynamic modeling

1. Introduction

The abundant use of fossil fuels, initiated by coal mining and then by oil and gas exploitation,
is no longer sustainable because of the significant greenhouse gas emissions and the limited avail-
ability of resources. In addition to a significant reduction in energy consumption, it is necessary to
transition towards low-carbon and highly efficient energy systems. Among energy uses, thermal
uses account for a significant share of primary energy consumption (45% for France [1]). There-
fore, these uses play an important role in the energy transition. Improving the performance of heat
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pumps (HP) is a solution for reducing primary energy consumption in heat production. Currently,
air/air heat pumps represent more than 75% of the installed equipment, but these systems have sig-
nificantly lower efficiency than air/water systems [2]. The same applies for cooling applications,
and therefore, the use of water as a hot reservoir improves the systems’ efficiency. Identifying
low-temperature heat sources (or sinks) for air/water heat pump operation is therefore an impor-
tant issue. Potential heat sources include sewage systems, seawater, groundwater, drinking water,
or air [3].

In this study, the focus is on the potential of pressured water network (drinking water or raw
water network) for energy production. In addition to being utilized as heat source, energy can also
be recovered from pressurized water system in the form of hydropower.

Indeed, water supply systems, which have been underutilized, have the potential to gener-
ate significant energy from the large volumes of water they transport. This article presents a new
method for evaluating the available energy, both thermal and hydropower, in a water system, which
remains unknown. The method introduces several novelties, including the ability to (i) evaluate the
energy potential of an entire network, (ii) consider temporal and spatial variations of the potential,
and (iii) account for constraints on water pressure and temperature, as well as the dynamic opera-
tion of the network. To overcome these challenges, the method is based on a recursive algorithm
that has been developed to compute the available energy. The water supply systems potentials are
hydropower recovery (1.1) and thermal potential, which consist of heat recovery (1.2) and cold
recovery (1.3).

1.1. Hydropower recovery

Energy uses for water systems operation represent a significant part of global energy usage,
accounting for approximately 6 % of global energy uses [4, 5]. Thus, water systems have a signif-
icant role in climate change mitigation. The water systems’ energy efficiency can be increased by
optimizing the sizing and control of networks and pumping stations and by reducing leaks [4].

The average energy intensity of water systems has been used as a metric to evaluate improve-
ments in energy efficiency [6]. However, this method does not consider the temporal and spatial
variability of water flow and pressure. Liu and Mauter [7] propose using a new metric, called the
"marginal energy intensity" (MEI),which they defined as "the energy intensity of the next unit of
water consumed at a specific location and time." They compute the MEI values over a network
using a flow backtracking algorithm.

Hydroelectric power generation on the networks can also be considered to improve water
system efficiency. To this day, in most networks, pressure reduction is obtained using pressure
breaking valves [8]. However, hydro-energy recovery from water systems shows a high potential
[9, 10, 11, 12, 13].

Although small hydro-power plant have been considered [10], the use of Pumps As Turbines
(PAT) has been studied recently by numerous authors [14, 15, 16, 12] to mitigate the expensive
cost of a hydropower plant. The use of pumps as turbines allows recovering energy by replacing
pressure-reducing valves with a lower cost than turbines [8]. Tricarico et al. [17] propose to
minimize the surplus pressure at the network node to optimize the water system operation. The
optimal operation is obtained by reducing pumping cost and maximizing energy recovery. The
optimization is performed using an evolutionary algorithm. The integration of PAT in a dynamic
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model has been studied by De Marchis et Freni [18, 19] to represent the water supply system
modifications.

The plant location is a key parameter in the plant efficiency, Mohammadi et al. [20] give a
method based on cost, maintenance, and hydraulic attributes to select the optimal plant location.
The evaluation of water flow and pressure according to time is another issue that has been raised
[14]. For this purpose, dynamic modelization of water system can be performed to determine flow
and pressure [10, 17, 12].

While many studies have looked at energy recovery, the full system potential has not been fully
studied. In this paper, a new method to evaluate the available energy of a water system is presented.
The novelty of the method, is to evaluate the energy potential according to time and location using
a recursive algorithm. The method uses value of flow rate and pressure as input, both are already
computed thanks to available software such as Epanet. The consideration of the time and location-
based variability of the system energy intensity is a major improvement proposed by our method.
Indeed, as it was highlighted by Liu and Mauter [7], the spatial and temporal variability of water
system energy intensity is a limitation to energy efficiency improvement.

1.2. Heat recovery for heating

In addition to power recovery, thermal energy can be recovered from water supply systems.
The recovery of thermal energy from raw water has been identified and tested in South Korea [21].

Cho and Yun [21] describe the installation of heat pumps for heating and cooling in the city
of Cheongju. They suggest using raw water as a source instead of outdoor air because water is
warmer than air in winter and colder in summer. The COP obtained is 3.3 for the heating season
and 7.2 for the air conditioning season. Oh et al. [22] suggest integrating a heat pump, whose heat
source is raw water system, for heating and cooling a water treatment plant. The aim was to study
the system’s operation, they obtain a COP of 4.2 for the annual operation, showing that, the use
of raw water as a heat source provides a significant improvement compared to an air source heat
pump with a typical COP value below 3 [2].

The other thermal use of pressurized water networks concerns drinking water systems. Kilkis
[23] suggests a method to improve urban system performance including heat recovery from drink-
ing water system. The energy recovered using a heat pump can then be distributed through an
urban heating network [24]. The use of a heat pump using drinking water as a heat source has
been investigated in the Netherlands by Blokker et al. [25], in Italy by De Pasquale et al. [26], in
Denmark by Hubeck-Graudal et al. [27], and in Poland by Piotr and Elzbieta [28]. The challenge
in these studies is to assess the benefits of heat production with a heat pump, using a drinking
water network as a heat source. For the studies concerning Netherland, Italy, and Denmark, the
water supply systems are modeled with the software Epanet [29] to evaluate water flow, and with
Epanet MSX [30] to assess water temperature evolution in the network.

Blokker et al. [25] propose to heat 900 houses in the city of Almere in the Netherlands with a
drinking water heat pump system, which would result in an annual production of 11.5 GWh.year™'.
The quantity of water flowing in the system is not desrcibed. The drinking water temperature
decreases by 1.16°C in the heat pump. The water temperature evolution in the network after the
exchange is calculated assuming that the presence of pipes does not affect the ground temperature.
The use of the heat pumps results in an average decrease of 0.125°C at the consumers’ taps. As
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part of the water is heated before use, reducing the temperature at the tap leads to an increase in
consumers’ energy consumption. Blokker et al. [25] estimate that the additional energy needed to
heat the water is 851 MWh.year™!, which represents 7% of the energy produced by the heat pump.
They evaluate that the CO, emissions reductions obtained with the system are 30 % compared to
the reference scenario (heating with a gas boiler).

For the city of Milan in Italy, De Pasquale et al. [26] are studying a 4.9 MW heat pump
installation on the drinking water network, in which a mean flow of 314 L.s7! circulates. The
exchange led to a temperature reduction of 3°C for the water entering the network. In this case,
the reduction in temperature at consumers’ tap leads to an increase in energy consumption for
water heating of 3.6 GWh.year™!, which corresponds to 30 % of the energy produced by the heat
pump.

Hubeck-Graudal et al. [27] are studying a similar system for the city of Copenhagen in Den-
mark to produce 35.9 MW of heat with a network carrying a mean flow of 1366 L.s~'. Here, the
energy required for water heating corresponds to 29 % of the energy extracted by the heat pump.
Considering this additional energy requirement, the equivalent COP of the entire system is 1.7.
Hubeck-Graudal et al. [27] conclude that the system should only be considered when there are no
other heat sources available.

Piotr and Elzbieta [28] suggest recovering up to 3.9 GWh.year™" in the water system of the city
of Glogow in Poland; the flow in the system varies between 55 L.s™!' and 138 L.s™!. They do not
model the water supply system. Therefore, they do not consider the energy needed to reheat the
water. Moreover, a very optimistic COP of 5.2 was used for assumptions, which is very different
of the COPs between 2 and 3.2 used by De Pasquale et al. [26] and Hubeck et al. [27].

For the city of Almere, the need for heating is very low, but the exchange model does not
consider that the presence of pipes influences the ground temperature. For the city of Copenhagen
[27], the degree of ground heat utilization (38%) is more than three times higher than that found
by De Pasquale et al. (10.3%) in Milan [26].

This discrepancy can be explained by the difference in the thermal model used in the two
studies (the undisturbed soil model used for Copenhagen overestimates the heat exchange between
soil and pipes) and the water residence time in the pipes. A higher residence time increases the heat
exchange between the pipes and the soil, thus leading to a higher degree of ground heat utilization.
According to Hubeck et al. [27], the water residence time is higher in the Copenhagen network
than in the Milan network.

1.3. Heat recovery for cooling

Less few studies consider only cooling applications. Van der Hoek et al. [31] identify cold
production as an interesting use of drinking water networks. Guo and Hendel [32] study the use
of water for cooling during heat waves. They considered several applications for cooling in Paris,
such as cooling subway stations, producing ice for apartments cooling, and cooling streets by
watering the roadway. For the subway stations cooling, the proposed solution could cool up to 240
stations in Paris with a temperature increase in the network of 1°C (Guo and Hendel [32]).

Van der hoek et al. [31] describe a cooling system with the drinking water networks of Am-
sterdam that serves the pharmaceutical process of the company Sansuin. The system has been
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operational since 2018 and provides a portion of the company’s cooling needs, reducing electric-
ity consumption for cooling by a factor of ten.

The regulations requires that the temperature after the exchange remains below 15°C. To
maintain a sufficient temperature difference in the heat exchanger, the system operates when the
network temperature is below 14°C, which is typically from November to April. The exchanger
is coupled to an energy storage system in an aquifer to take advantage of cooling with mains
water all year round. The installation makes it possible to recover 5.6 GWh of cold per year and
to reduce CO, emissions by 1,100 tonnes per year. In the future, production should increase to
11.1 GWh.year™" ([33]). In this case, the drinking water is heated, and the end-users reduce their
energy consumption for hot water production

Despite studies on the utilization of water networks for heat exchange, there is currently no
method for determining the global potential of these networks. Indeed, the studies that examine
heat recovery from water systems only consider heat exchange at the inlet point of the network
which limits the evaluation of the global thermal potential and the potentials’ locations. To over-
come this limitation, a new method was developed to assess the possibility of conducting multiple
exchanges within the same network and to identify potential locations. This method enables the
evaluation of the thermal potential of the network for a single application (either heating or cool-
ing) across the entire network. Indeed, the evaluation of the thermal potential for the combination
of heat and cold applications requires adding constraints on the exchanges, such as a minimum
distance between two exchanges. Without such constraints, the results would give an infinite po-
tential consisting of an succession of heat and cold exchange of the same power at the same place.

1.4. Water temperature modeling

It appears that heat and cold recovery from water supply systems are promising, but a better
evaluation of the temperature in the networks is necessary to reduce the number of assumptions
made in the calculation. Additionally, the temperature changes after the exchanges affect the
systems’ efficiencies, leading to the need for end-users to reheat the water.

Water temperature in networks has been widely studied to assess water quality. Agudelo-Vera
et al. [34] conducted a comprehensive a literature review on the modeling of water temperature in
networks. EPANET-MSX software was used to model temperature in water networks by Blokker
et al. [25], De Pasquale et al. [26], Hubeck-Graudal et al. [27] and Hypolite et al. [35]. However,
the results obtained in these studies vary based on the choice of heat exchange model between
the pipes and the ground. De Pasquale et al. [26] and Hypolite et al. [35] compare exchange
models from the literature. They show the importance of considering the impact of pipes on soil
temperature around the pipes. Furthermore, Hypolite et al. [35] proposed a novel approach that
takes into account the dynamic aspect of the heat exchange between the pipes and the soil.

2. Materials and methods

2.1. Network description

The Canal de Provence water network is used to illustrate the method. The Canal de Provence
is a raw water network made up of 5,600 km of buried pipes that transport 200 million cubic meters
of raw water per year [36].
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Figure 1: Map of the A network, colors and lines thickness representing the pipe diameter

A dozen micro-power plants representing a power of 3.8 MW are installed on the canal de
Provence network. These plants produce 12 GWh.year™' of hydroelectricity. The method is
demonstrated on a portion of the network referred to as network A, which is located east of the
city of Toulon in southern France and consists of 460 km of pipes with one entry point (as shown
in Figure 1). The model was also applied to a second sub-section (called network B), consisting
of 205 km of pipes with two entry points and located northeast of the city of Marseille in southern
France. These two networks were selected due to their size and significant flow.

2.2. Influence of heat exchanges on the network

The system that is considered for thermal recovery on water system is described in figure 2
Depending on the application and the required temperature level, the exchange system can be a
reverse cycle machine (heat pump or refrigeration machine) or a direct exchange. For hydropower
production, the systems that can be used are turbine or PAT. These system has been widely de-
scribed in the literature and will not be discuss further here.

In the pipe, the water is initially at the temperature 7. It is then heated or cooled in the system
to the return temperature 7. The diverted flow is then re-injected into the pipe, where after mixing,
the water temperature becomes 7,,. The flow in the supply line (before the bypass) is noted 7,

the diverted flow is noted ni,. The energy exchanged in the system (Q) is given by equation 1.
C,, is the heat capacity of water. Here, it is assumed that the heat exchange is not limited by
the user’s temperature, which is equivalent to assume that the user’s temperature is below 7, for
cooling applications and above for heating applications.
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Figure 2: Schematic diagram of the valorization system for heat recovery
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The temperature after mixing is fixed; therefore, the thermal power depends on the water flow
rate and temperature. In the network, the temperature of the water tends to approach that of the
surrounding ground. It is then possible to make a new exchange after a certain distance.

For water flow and temperature determination in the water system, the hydraulic and thermal
model by Hypolite et al. [35] is used. User profiles are defined to evaluate the flows. If for
some users, the consumption is known with hourly precision, for others, the hourly consumption
is estimated based on a weighted average of the total consumption The hydraulic calculation is
performed using the Epanet software [29]. The thermal model uses the method of Barletta et
al. [37] for calculating the heat exchange between the soil surface and the pipe. Barletta’s method
introduces two coefficients that account for the temporal variability of the soil surface temperature.
It uses a form factor to evaluate the impact of pipes on soil temperature. The differential equation
governing the evolution of the temperature is solved with Epanet MSX [30]. The soil surface
temperature, which is a boundary condition, is obtained from satellite measurements [38]. The
model allows the addition of heat exchanges on the network by adding a source term to the energy
balance of the node as shown in equation 2.

QW+ S [p
29
Equation 3 gives the relation between the value of the source term and the water temperature

after heat exchange. Therefore, the source term (S) can be directly specified or calculated using
equation 3 by setting the desired water temperature after the exchange.

hi;x:O —

(2)



T,=T;+ (3)

m-C,

For heating, the network serves as a cold reservoir, and the source term is negative S < 0.
According to the equation 3, the water temperature decreases during heat exchange. For cooling,
the network serves as a hot reservoir, the source term is positive S > 0, and the temperature
increases during the exchange.

2.3. Network’s energy potential calculation

The proposed method to evaluate the energy potential of the network is based on a model of the
network on Epanet and Epanet MSX. Pressure and flow values are used to calculate hydropower
potential, while temperature and flow values are used for thermal potential calculations. The
algorithm described in this section is implemented in Matlab, and the code can be found on GitHub

The method consists of the following steps: (i) computing the available energy on the entire
network, which is the energy that can be extracted from the network while maintaining its normal
operation,i.e. , keeping a sufficient pressure for hydraulic application and keeping the temperature
in an acceptable range for thermal application; (ii) identifying the location with the maximum
available energy value and adding a turbine or a heat exchange at that location; (iii) re-evaluating
the network’s potential with the turbine or heat exchange and finding the second-best location;
(iv) evaluating the maximum exchange potential iteratively adding turbines or exchanges to the
network.

The expressions for thermal and hydro power have the same form. In both cases, the power is
proportional to the mass flow rate multiplied by a difference in a physical quantity (pressure for
hydro and temperature for thermal). Hence, a similar method can be used for both

Thermal- and hydro-power expression have the same form. In both cases, the power is propor-
tional to the mass flow rate multiplied by a difference in a physical quantity (pressure for hydro
and temperature for thermal). Hence, a similar method can be used hydraulic, heating, or cooling
applications. For hydroelectricity production, adding a turbine will decrease the pressure down-
stream. The pressure is reduced by the turbine pressure drop at all the downstream points. Adding
a heat exchange will change the temperature downstream. In this case, the temperature change is
not the same everywhere as it depends on the water temperature. We will first present the hydraulic
calculation. Then, the necessary modifications for the thermal calculation (to take into account the
influence of temperature on temperature change) will be exposed.

2.3.1. Hydraulic potential
The hydraulic potential is the hydraulic energy that can be extracted from the network, keeping
the required pressure at any node in the network.

2.3.1.1. Available pressure calculation. At a given node (n) in the network, the available pressure
AP,(n) is the difference between the actual pressure and the pressure necessary to operate the
network. The pressure available for node n at time ¢ is given by equation 4.

niens(n,t)

AP,(n,t) = min( min (AP,(n;,t) — DP,_, (1)), P(n,t) — P.(n,1) 4)

8



ns(n, t) is the set of nodes that are directly downstream of node #n at time ¢ (directly means that
a single pipe segment separates the nodes). Since the direction of water circulation in the network
can change over time, the set of downstream nodes is time-dependent and must be calculated for
each time step. DP,_,. is the head loss in the pipe segment between nodes n and n;. P(n) is the
pressure at node n. P,(n) is the minimum required pressure at node n : for delivery node (node
with consumption), P, is a contract value (consumer dependent), for the other nodes the value is
set to avoid a depression in the pipes (P, = 10° Pa).

To calculate the available pressure at a node, knowledge of the available pressure downstream
of that node is required. A recursive method is used for the calculation. If a node has no down-
stream nodes, meaning that it is at the end of the network, the available pressure is given by
equation 5.

AP,(n,t) = P(n,t) — P.(n,t) (5)

The calculation is performed by calling the recursive function for input nodes and for tanks.

2.3.1.2. Available power calculation. Equation 6 gives the mechanical energy that can be ex-
tracted at node n.

W(n,t) = Py - Hi(n, t) - AP,(n, t) (6)

W is the turbine power, and 7 is the mass flow of fluid entering the node. Integration of the
power over time gives the energy potential (eq. 7).

E(n) = ff W(n,t) - dt (7

2.3.1.3. Algorithm. The energy potential is computed for each node in the network. The algorithm
finds the network node with the largest potential and adds a turbine to this node. Adding a turbine
to the network will modify the potential of the other nodes. The potential is modified for two
reasons: (i) the pressure downstream of the turbine node will be reduced, leading to a reduction of
potential for these points, and (ii) the available pressure for upstream nodes could also be reduced,
as decreasing the pressure at these nodes will reduce the pressure at the turbine node. Therefore,
the network’s pressure and the hydraulic potential are recalculated before adding another turbine.
The calculation is repeated as long as the potential is higher than a fixed value (E,,;,). Adding
the turbine reduces the downstream pressure by AP,. Upstream, the necessary pressure must be
recalculated.
The algorithm for hydraulic potential calculation is shown in figure 3, 4, 5, 6.
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2.3.2. Heat potential

A calculation similar to the hydrodynamic calculation is performed to evaluate the network’s
thermal potential. In this case, the temperature evolution in pipes depends on the water temperature
(as the heat exchange between the pipes and the ground is influenced by on the water temperature).
The heat Q that can be exchanged at a node n is given by equation 8a. Integration of heat over
time gives the available energy (equation 8b).

On,t) = m(n,1) - Cp, - AT,(n,1) (8a)
EMn) = ff Q(n, t)dt (8b)
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The available temperature AT, at a node in the network is given by equation 9a if the node is not
terminal, and by equation 9b if it is terminal. 7', is the temperature limit in the network. For heating
applications, this is the minimum allowable temperature (7,;,); for refrigeration applications, this
is the maximum allowable temperature (7 ,,.).

AT,(n,t) = min mi(n )(ATa(ni, t)—=DT,_,.),|T(n,t) — T.(n,1) (9a)
niens(n,t
ATy(n,t) = |T(n, 1) — T,(n,1)| (9b)

DT,_,, is the temperature difference between the inlet and the outlet of a pipe. This value
depends on the temperature of the water in the pipe. (n — n;) refers to the pipe between the nodes
n and n; The calculation of this parameter is given by equation 10.

Twater - TOO(n - ni, t)

DT,_, = 10
S =D -Cp - RO — 1 1) (19)

The values of total thermal resistance (R,,,), water flow (7i1) and exchange temperature (7,)
are obtained from the thermal and hydraulic calculations [35]. The water temperature for the
calculation of the exchange (7',4.,) is assumed to be equal to the average temperature of the water
entering and leaving the pipe.

The calculation for the simulation of the exchanger addition is similar to the hydrodynamic
calculation, with the new temperature calculation considering equation 10 The algorithm presented
in figures 3, 4 and 6 is repeated by replacing the available pressure with the available temperature.
The algorithm in figure 5 is modified to take into account the calculation of the heat exchange (eq.
10), the new algorithm is presented in the figure 7. Differences with the hydraulic calculation are
marked in red.

2.4. Hypothesis

This study only focuses on pressurized water systems, and therefore cannot be applied to open
channels. The calculation of hydropower in open channels is entirely different and cannot be
adapted from our method. However, the calculation of thermal potential can be adapted, but a
model for heat exchange between water and air must be added.

The hypotheses made for the energy potential calculation are of two types: (i) hypotheses on
network hydraulic and thermal modeling and (ii) hypotheses on the calculation of energy potential
from the results of the modeling.

The hypotheses regarding network hydraulic and thermal modeling are described in detail in a
previous study [35]. The main hypotheses regarding pressure and flow calculation are based on the
distribution of water consumption throughout the year. The flow for some consumers is measured,
but for others, only the annual consumption is known. The modeling results have been validated
against measurements and a maximum difference of 10% on the water flow has been observed for
an entire year. The temperature calculation uses a model that computes heat exchange between the
soil and pipes, which assumes a periodic variation of the soil surface temperature. This variation
was determined using satellite-measured temperatures. The hypothesis on the thermal model has
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been validated with measurements of the water temperature, with a root mean square error of
0.84°C for a year.

For the energy potential calculation, the hypothesis is based on the location of the turbine
(or heat exchanger). The equipment is placed at the location with the highest potential for the
calculation.

2.5. Data and software availability

Original data of this study including water temperature, pressure and flow according to time
are available at Mendeley Data [39].

3. Results and discussions

3.1. Hydraulic potential

The hydrodynamic potential has been calculated for the two sub-network A and B. The algo-
rithm is applied to find the five highest potentials in each networks. For network A (see figure 1)
the potential is 6.97 GWh.year™',which is the sum of the five potentials presented in figure 1. The
potential of network A corresponds to an average power of 795 kW. For network B, the potential
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18 3.05 GWh.year‘l. These values , as well as the networks’ lengths and flows, are summarized in

table 1.

Constraint Network A Network B Total Network
Size - 469 km 205 km 5600 km
Mean inlet flow rate - 1136 L.s7! 260 L.s~! 6000 L.s~!
Max inlet flow rate - 2659 L.s™! 1004 L.s™! -
Min inlet flow rate - 14 L.s7! 73 L.s7! -
Hydraulic - 6.97 GWh 795kW 3.05GWh 348 kW - -
Heating Twin=4°C 775GWh 88 MW 310GWh 35MW 6478 GWh 740 MW
Cooling Tiax =25°C 359 GWh 41 MW 137GWh 16 MW 2961 GWh 338 MW
Cooling Tpax =35°C 561 GWh 64 MW 218GWh 25MW 4651 GWh 531 MW

Table 1: Potentials for energy recovery for the year 2018. For each network, the left column gives the energy potential
in GWh per year; the right column gives the corresponding average power in MW. Values for the total network are
obtained by extrapolating the sub-networks value over the total length of pipes.

The map in figure 8 shows the potential distribution on network A. The available power varies
linearly with flow rate and is thus concentrated on the main lines where flow is significant. How-
ever, the available pressure is highly dependent of the location on the network. It is, therefore,
challenging to predict a priori the location of high potentials. The calculation allows highlighting

these locations.

1131 797

1200

2338

11000

800

600

Water flow [l/s]

400

200

0

Figure 8: Water flow in network A on June 30 and distribution of hydraulic potential (black circles; the associated

values are in MWh/year).

Figure 9 shows the available power evolution over time for the 3 locations with the most
significant potential. The available power is highly variable, with important jumps. These jumps
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Figure 9: Hydraulic power exploitable on the network.

and variations are primarily due to the flow variation in the pipes, which is imposed by consumers’
demand. One of the difficulties for turbine installation at these locations is the temporal variability
of the available power.

The potential for hydroelectricity production in canal de Provence is already largely exploited.
A plant is installed at the locations of network A with the potential of 1945 MWh.year~'. The
location with the 2338 MWh.year~" is currently being studied for a micro-power plant installation.
The method then allows finding the points with high potential that had already been identified from
the flow and pressure values. Furthermore, it highlights smaller potentials that were previously
unidentified.

As far as the authors are aware, there have been no studies that have evaluated the total energy
potential for hydropower recovery from water supply systems. As a result, it is not currently
possible to compare our findings with existing literature. Furthermore, our results are highly
dependent on the specific characteristics of the water network, such as the mean flow rate and
elevation profile. The values generated by the algorithm represent the total amount of recoverable
energy, which represents a theoretical maximum. To actually recover this energy, it is necessary to
extract the maximum power at any given moment. As a result, the primary benefit of this method
is to identify strategic locations within a network model for the production of hydroelectricity.
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Figure 10: Network A layout colored according to the available thermal energy for heating (with 7,,;,, = 4°C).

3.2. Heat and cold potential

We simulate an exchange of 1.5 MW to understand the recovery mechanism in pipes after heat
exchange. The increase in water temperature coming from the canal is of the order of 3°C (de-
pending on the water flow). In pipes, the exchange with the ground tends to bring the temperature
back to the initial value. In the mainline, the water temperature is influenced over a long distance.
The water is heated by at least 1°C over 10 km downstream of the exchange. Indeed, these pipes
have a large diameter (d > 500 mm), and the length to reach a given temperature depends on the
square of the diameter ([35]). In smaller pipes, the water reaches ground temperature before the
delivery nodes.

The available thermal energy for heating applications of the initial system has been calculated
with equation 8, the minimum temperature is 7',;,, = 4°C. Figure 10 shows the available energy in
the water system. The available energy linearly depends on the flow. It is then concentrated in the
large-diameter pipes in which high water flows circulate. This potential represents a few hundred
gigawatt-hours per year. This figure highlights both the very significant potential and the unequal
distribution of this potential on the network. Finally, figure 10 shows the location with sufficient
power to identify potential users.

The calculation of thermal potentials has been performed for both networks. The potentials
are computed as long as they are higher than 1 GWh/year.

For heating, the temperature constraint is set at 4°C, while for cooling, it is set at 25°C. Table
1 summarizes the thermal potential values, which vary depending on the application (heating or
cooling) and the temperature constraint imposed. The network has a potential of several hundred
gigawatt-hours per year. Table 1 also presents the associated annual average power values.

For the two sub-networks A and B, the ratio of the potential to the length of the pipeline is
similar. Assuming that this ratio is the same for all 5 600 km of pipelines, the sub-networks’ po-
tential is extrapolated to estimate the total system potential. The column concerning the complete
network presents the extrapolated values. The value of the temperature constraint has a strong
influence on the thermal potential; increasing the constraint by 10°C thus increases the potential
by 60%.

Figure 11 then shows the distribution of the locations with the highest potential (and the cor-
responding value). The potential is concentrated at the inlet point where the entire flow passes. If
an exchange is made there, the water enters the network at the temperature limit. The remaining
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Figure 11: Water temperature in network A on June 30 and distribution of thermal potential (black circles; the associ-
ated values are in GWh/year).

heat that can be extracted corresponds to the exchange between the pipes and the soil. This heat is
small compared to the potential of the water entering the network (20 % of the total potential).

The temporal evolution of the three most significant potentials is presented in figure 12 (the
values in the legend of figure 12 correspond to the potentials displayed in figure 11). The po-
tential’s temporal variability significant, making it necessary to find users whose needs match the
available power to get the most out of the potential.

As for the total hydro-potential, there are currently no established methods in the literature
for evaluating the total thermal potential of a water system. In comparison of value from Table
1, the heat recover in the case study of the city of Copenhagen [25] is 11,5GWh.year™, it is
4.8GWh.year™" in the case study of Milan[26], and it is 3.9GWh.year~! in the case of Glogéw [28].
Furthermore, the cooling application using the Amsterdam water system allows for the recovery of
5.6GWh of cold per year, which is expected rise to 11.1GWh.year! in the future. These values are
significantly lower when compared to those in Table 1, This is because these studies only evaluate
the water at the inlet of the network, and do not provide a comprehensive evaluation of the entire
water system’s potential. In their study, Ahmad et al. [40] determined the retrievable thermal
energy for cooling based on the drinking water flow rate in the heat exchanger and the constraint
on the return temperature. The inlet water temperatures used in their study are for the years 2018
and 2019 and are slightly (2°C to 3°C) lower than the values observed in our case. They only
considered a single exchange and did not compute the entire network potential. Therefore, the
value they obtained can be compared to the potential at the inlet point of our network. In our
case, a potential of 285GWh.year™' can be recovered at this point with a mean water flow rate of
1136L.s~" (cf. Figure 12). The value from Ahmad et al. [40] for the same water flow rate and
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Figure 12: Thermal power that can be recovered on network A for cooling with T),,,, = 25°C. The legend value
correspond to the potentials displayed in figure 11

temperature constraint is 498 GWh.year™". This value is almost twice the one obtained in our case,
which can be explained by the fact that they assumed a constant water flow rate, while the flow
rate is variable in our network. In particular, in the case of the Canal de Provence, the water flow is
much larger in the summer due to irrigation, which corresponds to higher water temperatures that
are less favorable for cooling purposes. This highlight the importance of considering the temporal
variability of water flow for potential calculation.

4. Conclusion

The results presented in this study estimate the energy potential of a water supply system,
i.e., the maximum amount of energy that can be extracted from the network while respecting the
constraints of maintaining a low and high temperature of the water. The only input required for
the calculation are the network calculation result files, which makes the method easily applicable
to other networks.

The hydraulic calculations show potentials of respectively 7 GWh.year™' and 3 GWh.year™!
for sub-networks of respective lengh of 469 km and 205 km.

The thermal potential values obtained were extrapolated over the entire 5 600 km of pipelines.
The total potential is several hundred megawatts for the production of heat or cold. The available
energy is 6478 GWh.year™" for heating and 2961 GWh.year™" for cooling.

However, exploiting these potentials could be challenging due to the temporal variability of
the available power and the distribution of the potential on the networks. In this study, we have
developed a tool to estimate and locate the interesting potentials for the installation of exchangers
or hydroelectric power stations without a priori knowledge of the network.

Although the available power is significant, it is not evenly distributed over the network. In the
search for the adequacy between the users’ needs and the resource, it is thus important to consider
the geographical aspect. Especially, the distance between the users and the resource must remain
sufficiently small. This limitation is of economic order; the cost of the pipes between the users and
the water system must be offset by the energy savings realized. Therefore, the acceptable distance
will depend on both the installation cost and the exchange power.

18



The calculation only evaluates the thermal potential for a given application (heating or cool-
ing). It may be interesting to consider coupling these applications by alternating heat and cold
production. This type of application involves the notion of synergy between users. The succession
between the types of use could considerably increase the network’s potential provided that good
consistency between the applications is ensured. The evaluation of the thermal potential for the
simultaneous use of heat and cold applications involves determining the optimal distribution of
heat and cold supply in a given network. This is a perspective of this work that can be achieved by
adding the addition of constrains on the exchanges.
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