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Abstract

A computational network heat transfer model waksetil to model the potential of heat energy recpwatr
multiple locations from a city scale combined sewetwork. The uniqueness of this network model iles

its whole system validation and implementation $aasonal scenarios in a large sewer network. The
network model was developed, on the basis of aiquesingle pipe heat transfer model, to makeitabie

for application in large sewer networks and itsf@enance was validated in this study by predicting
wastewater temperature variation in a sewer netwsnkce heat energy recovery in sewers may impact
negatively on wastewater treatment processes, ili@lity of large scale heat recovery across a odtw
was assessed by examining the distribution of thstewater temperatures throughout the network faed t
wastewater temperature at the wastewater treatphemitinlet. The network heat transfer model wadied

to a sewer network with around 3000 pipes and ailatipn equivalent of 79500. Three scenarios; wjnte
spring and summer were modelled to reflect seasem@tions. The model was run on an hourly basis
during dry weather. The modelling results indicatieat potential heat energy recovery of around 166,

& 207 MWh/day may be obtained in January, March &al respectively, without causing wastewater
temperature either in the network or at the infethe wastewater treatment plant to reach a lehat was

unacceptable to the water utility.

Key words: Heat recovery, heat transfer modellimgstewater temperature prediction, clean thermabgne

1 Introduction
The potential heat available for recovery from s&we the UK is thought to be significant, whenirasted

theoretically, due to the high volumes of collectedstewater and the relatively high wastewater

1
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temperatures found throughout the UK’s combined tmd sewer networks. The UK’s 347,000km of
sewers (Defra, 2002) are generally located in urbatthments where the domestic heat demand is
estimated to be around 300 TWh/year (ECUK, 201 9nditlering heat recovery will result in a 2°C
wastewater temperature reduction (Buri & Kobel,20@he 11 billion litres of wastewater produced gpay
(Defra, 2002), would potentially result in up toG33%Wh of heat recovery per year. This estimateaised

on the first law of thermodynamics, where the po&tmate of heat recovery is the product of wastewa
mass flow rate, its specific thermal capacity dmeldonsequent temperature reduction, and assut@39a

efficient heat recovery systems installed acrasthalUK’s sewer networks.

The key technical challenge for efficient in-seweat recovery is to enable heat recovery suffiieribse

to points of local demand. To meet this challerige essential to quantify the impact of simultamebdeat
recovery at multiple locations within a sewer networlhis “locality” constraint can reduce the ouéera
system potential. For example, in Austria, Kretsehmt al. (2015) estimated that 10% of Austriandesu
can benefit from heat recovered from wastewater.tiderobarrier for recovering heat from sewers is that
any reduction in wastewater temperature may caufieutties with treatment processes and incur extra
costs at the end of system wastewater treatment (MavTP). It is therefore important to ensure teagn
with multiple locations of heat recovery, the wastger temperature reduction is limited at the indethe
WwTP. The nitrification process at the WwTP maydoenpromised by low wastewater temperatures, as
demonstrated by Shammas (1986), who tested thectropaarying the wastewater temperatures, frora 4 t
35°C, on the nitrification quality and concludedtmitrification is much more effective at temperas in

the upper part of this range, i.e. between 25 &€ 3This finding is in line with a number of oth&udies
summarised in Metcalf & Eddy (2004), who reportdattthe optimum wastewater temperature for
nitrification was estimated to be between 25 andC33revious authors such as Wanner et al. (2005)
examined the impact of the reduction in temperaturevastewater nitrification and concluded that 1°C
reduction in wastewater temperature may reducenttrdier growth by 10%. Such a reduction would
require a 10% increase in the sludge retention, ttmeaintain the same nitrification quality achid\a the

unadjusted wastewater temperatures.
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Previous studies have examined the variation irtemager temperature in order to estimate the patenit
heat energy recovery and its impact on the treatmecesses in WwTPs. Early work by Bischofsbersger

al. (1984) measured wastewater temperatures in Hanlégermany, for a year at five locations in a
combined sewer network, and observed that the waste temperatures varied between 7°C and 28°C
during the year. This temperature range was clogleat observed in other in-sewer wastewater teatyper
measurements reported in Durrenmatt and WanneBf2@¢hilperoort and Clemens (2009), Cipolla and
Maglionico (2014), Abdel-Aal (2015) and Simperl2045) in a number of combined sewer networks across

Europe.

Some studies have used simple relationships tmatgithe impact of recovering heat energy on inesew
wastewater temperature, Kretschmer et al. (20%6pated the potential heat energy recovery to beear
function of wastewater temperature, flow rate, temapure reduction and the heat capacity of water. N
estimate was made, by these authors, of the heab#tween the flowing wastewater and the in-seairer
and the surrounding soil. Assessing the impact at lke@ergy recovery from a sewer pipe has led some
authors to develop more complex computational nwdelpredict the wastewater temperature variation
along a sewer pipe taking into account heat flua the surrounding soil and into the in-sewer bm\ee the
wastewater flow. These models were developed faglesipipes but by linking pipe sections they colokd
used to estimate the cumulative effect along exdnsewer pipes (Dirrenmatt, 2006; Durrenmatt and
Wanner, 2008; Durrenmatt and Wanner, 2014; Abdél-&taal., 2014; Abdel-Aal, 2015). The model
developed by Durrenmatt and Wanner (2008), nameMPEST, was the first capable of predicting
wastewater temperature in successive sewer pipgsisRed studies have shown that TEMPEST was
implemented in a single string of sewer pipes; kn8%ong (Dirrenmatt and Wanner, 2014) and 3km long
(Sitzenfrei et al., 2017). The TEMPEST model wdgcated using a dataset collected over a 5 weebkge
from 14" February to 2%' March 2008. Elias-Maxil et al. (2017) developegsasimonious model based on
TEMPEST yet excluded computation of the heat tem$fetween wastewater and in-sewer air. They

claimed that the heat flux between the wastewatérigzsewer air was not significant and could beigd.



86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

Elias-Maxil et al. (2017) used flow and temperatda¢a collected in a 300 m long pipe to calibratd a
validate their model by adding hot water at a terafpee of 50°C for six hours instead of simulatthg
temperature variation of the wastewater. Abdel-£415) utilised measured flow and wastewater data
collected over a four month period in a small numifepipes within a combined sewer network to asaly
the sensitivity of the calibration parameters in énepirical equations describing the heat flux betwée
in-sewer air and the wastewater and between thdewater and surrounding soil. The calibration
parameters were varied from 10% to 400% of thefaule values, found in literature, and the impatt o
these variations on the predicted downstream waséswemperature was quantified. Increasing theé hea
transfer coefficient between wastewater and in-seeby four times resulted in a 0.4°C variatiemich
was the largest change among all other empiricat transfer parameters taken into account, i.d. soi
thermal conductivity, soil penetration depth ang@epiwall thermal conductivity. Hence, the senswivit
analysis indicated that the heat flux between thet@water and the in-sewer air should not be ighibran

accurate estimate of the reduction in wastewatepégature along a sewer pipe is to be obtained.

The simulations reported in this paper utilised awnek computational heat transfer model developgd b
Abdel-Aal (2015), and validated in this work, which able to predict in-pipe wastewater temperatures
throughout a large sewer network. The network Hieet model links an in-pipe heat transfer model,
accounting for air-wastewater, wastewater-pipe amdl-soil heat fluxes with a hydrodynamic sewer
network model. The model of Elias-Maxil (2015) wagplemented on a single sub-catchment in a sewer
network and was used to predict in-pipe wastewsggperatures. It was not utilised to investigate the
impact of several locations of heat recovery omsawer wastewater temperatures. The uniquenesssof th
work is the simultaneous modelling of heat recovieoyn multiple locations within a single networkesv
long durations. This has allowed the assessmetiteoin-sewer heat recovery reliability from a riabe
sewer network over different periods within a ydaredicting the rate of heat recovery and assestng

reliability are keys to making a believable econoassessment.
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2 Methodology

A heat transfer model was initially developed faiggle sewer pipe and then modified and implenteimte

a large sewer network, hence ‘single pipe’ andwioek’ heat transfer models are used in this paper t
describe both model types respectively. This sectioiefly explains the method followed in the
development of the single pipe heat transfer madel how it was initially calibrated and validat8the
build-up, calibration and validation of the sewetwork hydrodynamic model for the case study cataftm

is then described. Following these descriptionsegplanation is given as to how the single pipe heat
transfer model was further developed and then tinkih the hydrodynamic sewer network model in orde
to deliver a network heat transfer model. The mtace performance of the network heat transfer mhoges

then validated using collected field data from ¢hse study catchment.

Calibration is defined in this paper as adjustingdel parameters to minimise the differences between
predictions and observations . The validation psecquantified model accuracy by implementing the
obtained calibrated parameters in model simulateomm$ comparing predicted values with measured data
that were independent of those used for calibratiothe case of validating the hydrodynamic modékr
comparing measured and modelled flow rates andhdegdturing dry weather flow days, head loss
parameters were adjusted to take into account dbal lenergy losses and hence, improve the model
accuracy at specific locations. This section endsxplaining how the predicted wastewater tempeeatu

in the network and at the WwTP inlet, were employednodel the potential heat energy recovery at
multiple locations on hourly basis, for differenbnths.

2.1 The single pipe heat transfer model

This section briefly explains how a previously tesasingle pipe heat transfer model was developed,

calibrated and validated so that it was then sietéd use in this study.

2.1.1 Development of the single pipe heat transfer model
The aim of this single pipe model was to produceeficient sub-model that can be ultimately usedin
more complex model to obtain network temperatuneukations while accounting for all the major heat

transfer processes observed within a single sevwper. jiinplementing the first law of thermodynamicsl an
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accounting for the thermal convection between weaster and in-sewer air and conduction between
wastewater, at the invert level, and the surroumndioil through the pipe wall, the wastewater terapee

variation along a single sewer pipe can be expdesgdquation 1, (Abdel-Aal, 2015).

(1)

1 1

m (Tm_Tair) R (Tm_Tsoil) A

X
pXQXcp

Ty =T — ( s

When heat was recovered upstream of a sewer pigbeimetwork, it was assumed that wastewater
temperature at the point downstream of any heagggrrecovery location is reduced as a result ofnibat

recovery process, which can be estimated usingtteau2.

HR
Tmy1 =Tmn — (2)
pPQcp

T is temperature (K), m is an expression of thetewvester temperature location within a longitudinal
computational mesh along the pipe length, R isniarresistivity (m.K/W) between wastewater and in-
sewer air (wa) and between wastewater and soil,(@s)s the computational increment length stream-wise
(m) based on dividing each pipe into 10 incremepis,is the wastewater density (kgJnQ is the
wastewater volumetric flow rate {fa) and ¢ is the specific heat capacity for wastewater (KkgHR is the
rate of heat recovered in Watts.

Equation 1 interprets the energy balance by exprgdbe thermal convection and conduction in teohs
thermal resistivity which is a function of the wastater velocity, its surface width and the pipe tegbt

perimeter which were ultimately computed using laydic data and pipe shapes retrieved from the sewer

network hydrodynamic model.

The wastewater temperature was modelled with tiseinagtion that the in-sewer pipe flow has a free
surface. This is because typical DWF, in a sewge,das a larger proportion of in-sewer air voluméhat
of wastewater. For example, the average measurstéwater depth to pipe diameter ratio was 8% iamrb

residential sewers and 42% in large sewer colls¢ibdel-Aal, 2015).

Edwini-Bonsu and Steffler (2006) installed a scrubimea sewer pipe within a small network with 15
manholes to measure the influence of forced vdiailaon the in-sewer air velocity by switching the
scrubber on and off. Measured field data in thietegtudy showed that there was around a 10% i@riat

the in-sewer air velocity between trapped in-sewaierand forced ventilation conditions. Thereforee t
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effect of active air ventilation in the sewer pipeas neglected in the in-sewer air/wastewater ocroe
based heat transfer model. The use of a condulbisad heat transfer relationship between wastewater
the surrounding soil is based on the assumptidrthieae is no slip conditions between wastewaterianer

surface of the pipe wall, as detailed in Abdel-£015).

2.1.2 Calibration of the single pipe heat transfer model

The calibration of the single pipe heat transfedelavas performed using data collected in four pipiethe
case study catchment. Hydraulic data was logged/&/eninutes, and soil temperature was measurery eve
20 minutes, while the upstream and downstream wasée and in-sewer air temperatures were recorded
every 15 minutes in two larger collector sewers, anery 20 minutes in two smaller urban sewers. Such
data monitoring frequencies were found reasonafieamlequate to calibrate and validate the single pi
heat transfer model. The measured hydraulic anghe¢esture data was logged continuously in February,
March and May 2012 for sewer pipes located in #gecstudy catchment. Wastewater temperatures were

observed, by Tinytag (PBRF-5006-5m) sensors witt06T accuracy and better than 0.05°C resolution.

The importance of simulating the heat transfer betwwastewater and in-sewer air for the predictibn
wastewater temperature variation, as mentionedegbed the authors to study and analyse the heradfer
process between wastewater and in-sewer air. Elaian was represented in Equation 1 by the thlerma

resistivity between wastewater and in-sewer ajg)XBnd can be described by Equation 3.

1
hywaXb

Ryq = (€))

hwa IS the convective heat transfer coefficient betwamastewater and in-sewer air (V\ﬂhﬁ), b is the
surface width of wastewater running in a sewer gipg

The traditional approach in estimating the heatdfer coefficient between water and air is throtlghuse
of an empirical relationship. Flinspach (1973) meed a relation, which is a function of the relativ
wastewater velocity to that of in-sewer air, taraste the heat transfer coefficient between waswand
in-sewer air (}y). However, the origin and underlying assumptiofg-linspach’s relation is not well
recorded and it performed inconsistently. Hencel ianan attempt to improve the modelling accuracy,

new more physically based parameterisation waslogse to incorporate the influence of the wastewate
7
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surface velocity, as it is associated with in-seaievelocity (Edwini-Bonsu and Steffler, 2006) adelpth,

to estimate f, using the dimensionless Froude number.

The soil penetration depth and soil thermal conditgtwere also calibrated to estimate the thermal
resistivity between wastewater and the surroundioi) (Rys), which is given by Equation 4. This is
because, in addition to the heat transfer betweastawater and in-sewer air, the single pipe heatter
model was sensitive to the soil penetration depthits thermal conductivity (Abdel-Aal, 2015). Mawver,
measuring the soil thermophysical properties infibkel was impractical and the relevant parameberd

wide ranges in literature.

t d
R,s = L+ .
kp X wet.p kg X wet.p

(4)

t, is the pipe wall thickness (m) id the soil penetration depth (m), &d k are the thermal conductivities
for pipe wall material and soil respectively (W/ma6d wet.p is the pipe wetted perimeter (m).

Durrenmatt (2006) and Durrenmatt and Wanner (20d€grporated more parameters such as, Chemical
Oxygen Demand (COD) and its degradation rate, @r thEMPEST model. However, variation of these
parameters showed insignificant impacts (less thBd®6) on the predicted wastewater temperature
(Durrenmatt, 2006). In order to develop a compatetily efficient simulation for use in a large sewe
network, the single pipe heat transfer model wagld@ed using only relationships which were sigraifit

in terms of the predicted wastewater temperatusdibtion of the single pipe heat transfer modasw
achieved using optimisation tools in Matlab to mmige the root mean squared error (RMSE) for each
month’s dataset, using Equation 5. A time step ofi@utes, at which hydraulic data was measured, was

utilised for calibrating the single pipe heat tf@nsnodel.

N ) » 2
Z]:l(TM] TPJ)

RMSE = v (5)

T is the wastewater temperature (°C), M and P stananeasured and predicted respectively, N istohe
number of time steps and j is data point number.

The model error was also computed to assess thke 9ipe heat transfer model accuracy in terms ef ov
and under prediction, which was the average prediotinus measured wastewater temperatures fot a ful

month dataset.
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2.1.3 Validation of the single pipe heat transfer model

Validation was carried out using independent dasafsem that utilised for calibrating the singlegpeiheat
transfer model. The validation data was measuregwer sites with similar characteristics to thosed for
calibration, i.e. large collector and urban sewens] in the same period, using identical sensoesyp
described in section 2.1.2. The model validatiors \aasessed by the RMSE and modelling errors in a

similar manner described in section 2.1.2.

2.2 The hydrodynamic sewer network model

Hydraulic data, such as the wastewater flow raténoity and depth is necessary for simulating theawer
wastewater temperatures. Therefore, a hydrodynaroatel built in Infoworks CS, was used to provide th
hydraulic data for the case study sewer networl. [ifoworks CS model used a numerical scheme ie@sol
the Saint-Venant and the Colebrook-White equatior@der to calculate wastewater velocity and depth

all pipes throughout the network at all time steps.

The sewer network used in this study, consiste808B links, 3048 of which were sewer pipes (corgjuit
while the rest of the links were valves, pumps aftfter connections. There were 2296 sub-catchments
which can contribute two types of flow. Most cat@nts contributed ‘foul’ (domestic wastewater inflow
as well as ‘trade’ flows, which referred to industrinflows and occurred in a limited number of the
catchments. Some of the pipes carrying trade fldi@dsnot contain flow at all timesteps, and occadigna
there were flow reversals in this network. Heneehlzero and negative values of flow were possiblbe
hydraulic output from this Infoworks CS model. Tékere, the hydraulic output data was filtered by
replacing zero and negative values of wastewatethd&elocity and flow with a very small positivefdult
values (0.0001 m, m/s or’fe) to ensure the stability of the heat transfedefiing. This filtration process
had an insignificant effect on the predicted tatally wastewater volume, the difference did note=dt
0.5% in January, March and May, while the adjusthr@nnegative and zero wastewater level values

accounted for less than 0.7% of the total valugberthree months.
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In this study only dry weather flow (DWF) conditions working days was considered. The DWF days
were selected by observing the flow variation plotthe measurement period for each site. The atinf
events were obvious, hence periods without rainfet showed consistent flow patterns for a comiirsu

period of three or more days were considered D\W& days.

2.2.2 Building and calibration of the hydrodynamic model

Aquafin (2014) standards was utilised to constthetinfoworks CS model. The hydrodynamic model was
built using historical datasets of the pipe georesircharacteristics and connectivity. This datess wa
compared to records of the current state of thevaritand field observations and the model geomety
corrected when needed. The DWF at each model impdé¢ was estimated based on the local population
equivalent (PE), the average wastewater products per person and an empirical diurnal wastewater
profile. Trade flow was predicted from records bé tmaximum permitted industrial inputs. The diurnal
variation in flow was calibrated using measureavflates at seven locations across the network diwming

dry weather days.

2.2.3 Validation of the hydrodynamic model

A flow monitoring campaign was carried out speeifig for this study that included the installationh
flowmeters in seven locations across the sewer ar&twl'he modelled wastewater flow was visually
compared with measured data based on time-sertasats and the total flow was checked against the
measured downstream flow of the entire network. cases where the observation showed large
discrepancies (e.g. bias in wastewater depth ggréahan 2 cm), the model was updated by adjusting
relevant parameters, such as the local and pipe llesa coefficients and the height of the fixediseht
layer, so that the modelled results better matdhedobserved data. An acceptable level of performanc
level was determined by an experienced hydrodynamcleller through visual comparisons between

modelled and monitored values of flow rates atsinen locations throughout the network.

2.3 The network heat transfer model
This model was created by developing and usingsithgle pipe heat transfer model and linking thishte

hydrodynamic model. The simulation of wastewatengderatures at all locations within a large sewer

10
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network was achieved by implementing the networkthteansfer model. This section explains how the

model was developed, used for identifying heat repplocations and validated.

2.3.1 Development of the network heat transfer model

Three main datatypes were generated from the Inksv€S model, these are: the details of the network
links, hydraulic data and soil types. The detaflshe network links provided information on the wine
links were connected, link type, geometry, dimensiad the material of each link in the network. Tihke
types mainly included conduits (pipes), valves aadps, and each link had a unique identifier number
which can be utilised to identify its streamwisedbon of the network. The hydraulic data consistethe
Infoworks CS modelled wastewater flow rate, velehd depth in each link for a full year at two ot
timesteps. Table 1 shows a summary of the datgpgeddetails retrieved from the hydrodynamic model

and literature, in order to create the network lweaisfer network model.

11



305

306 Table 1: Summary of the data used to create thearktheat transfer model.

Category M odel input Value/ Range Unit Notes
Sewer . Measured ?n the case study
temperatures In-sewer air temperature 8.6t015.5 °C sewers during January, March
and May 2012.
Wastewater flow rate 0.0001to 10.6 m/s Full year Infoworks CS
Wastewater velocity 0.0001 to 2 m/s simulations, 2 minutes time step.
Hydraulic data Negative or zero values were

for each pipe replaced by 0.0001 m, m/s or

Wastewater depth 0.0001 to 4.3 m ms. Assumed stream-wise flow
direction.
Flow of wastewater discharge 3
Sub- from trade 0.0001 t0 0.007 m/s Full year Infoworks CS data, 2
catchments Flow of wastewater discharge 0.0001 to 1.85 ms minutes time step.
connected  to from foul
the sawer Trade wastewater temperature 15 °C As§um_ed, based on model
network Foul  (residential)  wastewate o validation _and  agrees = with
15 C Schilperoort & Clemens (2009)
temperature measurements.
Sewer pipe shapes Circle, egg or rectangula
Concrete, steel
S . . reinforced concrete, clay
ewer pipe materials bri .
rick, or  polyvinyl
Specifications chloride.
of each sewer Sewer length 1to 801 m Hydrodynamic model
pipe increment length stream-wis@x),
based on diving each pipe into : 0.1t0 8 m
increments
Sewer diameter 0.08 t0 5.25 m
Sewer wall thickness 0.053t0 0.3 m
Soil type surrounding each pipe  Sand gg\?:l(lloiesi by the regional soil
Soil details Measured in case  study
Soil temperature 9&10 °C
catchment.
Retrieved from the
) _ hydrodynamic model. The ids are
Pipe identifiers The  unique pipe used to organise the pipes in their
Pipe linkages identifiers stream-wise location and to

connect incoming branches at the
_ correct locations, and to connect
The unique sub- the incoming foul, rainfall and

Sub-catchment identifiers . " . X .
catchment identifiers trade flows in the right locations.

307

308 Equation 1 was used for each pipe in the networkrevtiee upstream temperatuf@,} can correspond to
309 either a i generation or ¥ and higher generation pipes. The different pipeegations reflect the
310 streamwise locations of the pipe within the sewatmork. Pipes of the®lgeneration transport wastewater
311 from the most upstream area of the network, e.d.dotrade sub-catchments, to th¥ generation pipes
312 and consequently to thé?34™ and up to the "7 generation pipes before reaching the WwTP. Fidure
313 illustrates how the pipes were connected in thevoidt at different generations. The wastewater teatpee

314 for the f' generation pipes was assumed to be equal to ibettaiged from the relevant sub-catchment,
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316

317

318

319

320

321
322
323
324

325
326

327

328
329
330
331
332
333
334

335

while the upstream wastewater temperature for f@rd higher generations was assumed to be equal to
that of the downstream temperature of the precegémgration. When more than one pipe was connéated
one or more pipes, as shown by Figure 1, the upsti@astewater temperature was computed by Equations

6 and 7.

m
> Subcatchment

K/\/\ /\/\/
N

m, p1

Pipe 1

m+n, p1

m+n, p3

15! Generation [ _)\! Tinps —>
Q; Pipe3

T
m+n, p2 2"4 Generation
Pipe 2
Q, P
T

/ Trade j

Subcatchment

Figure 1: Example of two pipes connected to a tipigke in the sewer network,, andT,,,, are the pipe
upstream and downstream wastewater temperaturggecésely, n is the number of mesh points along the
pipe length. p and T stand for pipe and wastewsgarperature respectively. The flow is assumed to be
heading into one direction shown by the arrows.

Q3 =0Q;+Q; (6)

_ Tminp1%X Q1+Tminp2XQ2
Tmps = o (7)

where; T is temperature (K or °C) and p 1,2 & 3eretio pipes 1, 2 & 3 respectively as illustratedrigure

1. m is the mesh location of the predicted wastewamperature along the pipe lengthis the number of
mesh points along the pipe length.

Model input temperatures, i.e. of wastewater at fflegeneration pipes, soil and in-sewer air, can be
retrieved from literature based on field season&h dsee Table 1). The model output is the wastewate

temperature variation along the length of each sepipe in the network, and the WwTP influent

temperature. This paper’s results will focus onrthieimum wastewater temperatures in the networkand
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336

337

338

the WwTP influent to enable the assessment of ttenpial heat energy recovery from the sewer nékwor

Figure 2 summarises the process followed for dgmetpthe network heat transfer model, which wasluse

in

this

Load hydraulic data

of upstream
wastewater, in-sewer
air and soil

v

Assume temperatures

Link network pipes on
the basis of their
streamwise locations

v

Determine thermal

2 minute time
step. Data

averaged over an
hour

Based on previous
measurements by
Aquafin and reported
in literature

Utilise information
from the

hydrodynamic
model

paper.

resistivity values for soil, Heat transfer
. coefficient between
pipes and between wastewater and in
wastewater and in-sewe sewer air was
air calibrated
N
¢ e
Categorise 1st generation is the
pipes into very upstream of the
- network, followed by
generations 2nd, 3rd etc..
¢ .
Is the pipe 1st
generation?
Yes No
\ Repeat for each
time step

Compute wastewater
temperature variation

Compute wastewater
temperature upstream g

along the 1st generatio . : -
the pipe using Equation

pipes using Equation 1

~N =

Compute wastewater temperaturg

variation along 2nd and higher pipg
generations using Equation 1

Supporting
Process Output
339

340 Figure 2: Flowchart of the process followed for theetwork heat transfer model development.
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2.3.2 Determination of heat recovery locations

The heat energy recovery locations were determinyetthe network heat transfer model based on selecti
criteria for each sewer pipe determined by the rhoder, these are: defining a minimum wastewater
temperature and a minimum flow rate. Section 2@aRrs the selection criteria used in this worlcteate

the heat energy recovery scenarios.

2.3.3 Validation of the network heat transfer model

The network heat transfer model was validated usmegsured data in four different manhole locations
within the case study 3000 pipe network. The samgtdg sensors described in section 2.1.2 were fmsed
the network model validation. Sewer pipes with eféint sizes and various streamwise locations were
selected for validation to reflect the diverse piparacteristics in a large sewer network. Locegtib and 2
were £'and 2° generation sewer pipes respectively, while locati®rand 4 were3generation pipes, and
distances between the four locations varied fronio4B500 meters. For effective data collection seasor
maintenance, the distances between monitored tosatvere relatively short to support Aquafin oparsat

carry frequent site visits. Figure 3 shows thatmns of the measured temperatures in the sewes pi

A‘ng;Werp :

“Yerchem =
1 B e >
Frentoonstellingswijke U o5 2
* %er(hem
L3
Y

- 2
Toboken

: 0 NMortsel
Wilrijk bt -

e 'Google Earth

Imagery Date: 9/24/2017 « 51°10'67.34"N ' 4°26'03.94"E elev. Om eyealt 10.59 km

Flgure 3: Locations ofmonltoredsewer sites useddlidate the network heat transfer model
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Datasets used for validation were recorded dh Jehuary, 1% March and % May 2012. Hourly averages

of the measured data were obtained and used falatialy the network heat transfer model in eackhef
four locations. The network heat transfer modeldation was based on the difference between meésure
and predicted wastewater temperatures on an htatys. The RMSE for each day (N=24) was also
computed using Equation 5 to show the overall mddéy performance. The network model error, define
as the hourly average predicted minus measurecewatdr temperatures, was computed to investigate th
model over and under prediction. A foul temperatafel5°C, which is within the range measured by
Schilperoort and Clemens (2009), was used for vatigahe network model. This is considered to be a
relatively low foul temperature, when compared wiitht measured by the aforementioned authors which
reached 35°C, and hence the validated model rageesballenging input boundary conditions for heat

energy recovery applications.

2.4 Assessment of the heat energy recovery viability

The viability of heat energy recovery in this pap@&s assessed by predicting and examining the wakte
temperature in the sewer network and at the WwTIBeant. The influent WwTP temperature can affect the
nitrification quality as mentioned in Section 1dahe wastewater temperature in the sewer netwakate

to be well above the freezing point. Water utistimay have different regulations regarding threghdbr
these temperatures. This paper measured the wabfliheat energy recovery by referring to Aquagin’
requirements regarding wastewater temperatures.affgu(2015) considers minimum wastewater
temperatures of & in the sewer network to be viable as long as\WwelP influent stays 9 or above.
Therefore, the aforementioned temperatures wenamass to be the thresholds criteria for a viablet hea
energy recovery option. These temperature threshcdsh be varied by the model user to simulate the

potential of heat recovery within the limits providiey the local regulations.

2.5 Heat energy recovery scenarios
Three scenarios were considered in this studyftecteextreme cold (January), cool (March) and matie
(May) weather conditions of the winter, spring awnmer seasons. The three scenarios utilised Hydrau

data from Infoworks CS. Apart from the variationtive hydraulic data, the main differences betwden t
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399
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404

three scenarios were the measured in-sewer ais@htemperatures, which ranged between 8.6 arefC5.
and between 9 and 10°C respectively. The calibrhgad transfer parameters were utilised for mautglli

each scenario. Table 3 lists the values of the tn@asfer parameters used in each seasonal scenario.

The minimum wastewater flow criterion for a pipele qualified for a heat energy recovery locaticasw
set to be 25, 50, 100 & 200 L/s. Although some firaners recommend minimum flow range of 10 to 15
L/s (DWA, 2009), the 25 L/s value was found to Ipprapriate in such a large sewer network. This is
because the majority of the pipes in the sewer ortwould have a wastewater flow rate between XD an
15 L/s during a DWF day, which would result in arywéarge number of heat recovery locations and
consequently, wastewater temperature reductionsdnmitoo large. The values of 25, 50, 100 and 280 L
were decided based on a number of trials. A minimastewater temperature for a pipe to be qualioed
heat recovery was decided to be 9°C, which wasldquidne minimum required for the WwTP influent.
Table 2 describes the three scenarios and thewvaet assumptions. A rate of 200 kW heat was assume
be recovered from locations that meet the tempeyand flow conditions set as minimum criteria. sThi
assumption was based on a study performed by V(@045) where estimates of the total conventional
radiator capacity for 93 flats in Belgium were lnetorder of 200 kW. The DWF days were found coesist
in terms of the wastewater flow variation, and leere random working day with DWF was selected in
January, March and May to show the potential heatgy recovery and its implications on wastewater
temperatures. Each of the three seasonal scersdmowes the potential of heat energy recovery dutinay

selected day (00:00 AM to 23:59 PM) on an hourlgi®a
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Table 2: Scenarios of heat energy recovery in Japudarch and May using different measured
temperatures of in-sewer air. HR is the rate ofthreaovery.

Time of HR from pipes

. Temperatures
HR on with HR Networ k
Scenario Datein 2012 hourly flow
bass
Min. Min. Foul In-sewer air Soil
Flow Temp
hh:mm L/s °C kW/pipe °C L/s
Monday 16"  00:00 to
1 January o300 9 8.6109.3 9
. 25, 50,
2 Monday 12 00:00t0 455 g 9 200 15 97t0108 9 0.1 to 340
March 23:59 200
Friday 4" 00:00 to
3 May 2359 9 13.7to 15.5 10

Hours between 07:00 and 08:00 AM had the highest éreergy demand in each of the scenario daysdbase
on smart meter readings for 100 residential homessa the UK (AECOM, 2014). Therefore, to invediga
the potential of heat recovery during DWF and reédy high heat demand conditions in more detaltga
between 07:00 and 08:00 AM was utilised to pressodel outcomes using probability distribution fuant

(PDF) plots of minimum wastewater temperaturefhiéertetwork.

3 Results

This section shows the calibrated parameters ofsthgle pipe heat transfer model. The section then
presents the validation results for the single @Epd network heat transfer models. The potentigieait
energy recovery, on an hourly basis, in each sgem@ad the implications of this in terms of wastéava
temperature variation are described in the final phthe section. The results of modelling eacénseio,

between 7:00 and 8:00 AM, are presented in morldehrough PDF plots and a summary table.

3.1 Calibration results for the single pipe heat transfodel
Table 3 shows the values of calibrated parametd in the single pipe heat transfer model, in idrad

large collector sewers.
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427 Table 3: Values of calibrated parameters used e gimgle pipe heat transfer model.and d are the soil
428 thermal conductivity and its penetration depth respely, R is the heat transfer coefficient between
429 wastewater and in-sewer air,Rand Rys stand for thermal resistivity between wastewatet gnsewer air
430 and soil respectively.

kdds (W/n7.K) Ba (W/n.K) Rua (M.K/W) Rus (M.K/W)
Month
Residential Collector | Residential Collector | Residential Collector | Residential Collector
February No data 100 No data 66 No data 0.02 No data 0.07
March 67 100 32 58 0.07 0.02 0.32 0.08
May 63 100 7 50 0.28 0.03 0.31 0.08
431
432

433 The calibrated parameters showed different valoeslifferent months and site characteristics, paldirly
434  hye This is likely to be due to the seasonal diffeemin the thermophysical properties of the in-seaue
435 and soil caused by the temperature variation whichld influence their thermal conductivity. Thidesdt
436 was also described in Abdel-Aal (2015). Althougbundwater level may influence the soil temperature
437 measured data showed soil temperatures in thestadg catchment did only vary slightly, by 1 °C. hi

438 may be due to the existence of groundwater, whglevel was not measured.

439 3.2 Validation results for the single pipe heat transfedel

440 The calibrated heat transfer coefficient betweerstew@ater and in-sewer air improved the modelling
441 accuracy, where the monthly RMSE obtained previousling the Flinspach (1973) relation was up to
442 0.83°C (Abdel-Aal, 2015) while implementing the nparameterisation on the same sewer pipe using an
443 identical validation method showed RMSE values .aB80C (February), 0.43°C (March) & 0.28°C (May).
444  The monthly modelling errors in the validated modiet a single pipe, ranged between -0.17 and 0.089°C
445  winter and between -0.04 and 0.06°C in summer.rdhges of the modelling errors indicate over andieun
446 prediction in each sewer pipe, which minimise therall error in the predicted wastewater tempeestur
447  across the network since the error is unlikely couaulate. Based on the modelling errors, the uésol

448 for temperature results is reported to the neamsstdecimal place.

449
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3.3 Validation results for the network heat transfer elod

Validation of the network heat transfer model resilin daily RMSE values that varied from 0.44°C in
May, 0.45°C in January to 0.72°C in March, whicim ¢ considered reasonable for the model purpose of
assessing the potential of heat recovery from see®vorks. The relatively high RMSE in March isdii

due to the larger temperature fluctuations in thg \which varied by 4°C, compared to 2°C in Janwarg
May. The mechanism of heat transfer is affectedthy seasonal temperature variation and hence,
calibrating heat transfer parameter under suclelsgmperature variation, in March, is expected talpce

discrepancy in predicted results.

The hourly modelling errors varied between -0.60.87°C in January, -0.76 to 1.2°C in March and tt.2
0.90°C in May. Similar error implications to thaid in the single pipe heat transfer model valatthe
errors in predicted wastewater temperatures, adhessietwork, is likely to be reduced since the nhode
under and over predicts, shown by the negative positive modelling errors respectively, in the thre

seasons.

3.4 Scenarios 1, 2 & 3, heat energy recovery betweed00® 23:59 PM

Figure 4 shows the potential of heat energy regowaran hourly basis over a day in January, Marah a
May, the minimum network temperatures and corresipgn®VwTP influent temperatures. The points
plotted in Figure 4 reflect the network heat transhodel outcomes for 200 kW/pipe heat recoverenh fr
pipes with flow rates higher than 25, 50, 100 & 2%€), during 24 hour periods in January, March &tay.

The DWEF variation along the day of each scenarie f@and to be consistent in each month. It was also
noticed that DWF reached its minimum value during hours between 03:00 AM and 04:00 AM and was

almost constant otherwise.

20



47¢

Min Q = 200 L/s .

16— 2 Min Q = 50 /s 11

- 1 MinQ=25&50

£ MinQ=100l/s [ ] MinQ =25 L/s
18 1= + £l I 10
141 I

i —9

13—

> >

— —
-t N
I |
- O XK XIK

-
o
I

©
I
1
|
1
|
1
'
GF = R
]
|
]
|
]
|
]
|
]
|
]
|
|
I
|
m!/
|
1
|
1
|
]
N l
]
|
]
|
]
I
|
|
1
|
1
|
1
|
1
|
1
|
1
|
1
|
1
|
1
|
]
I
]
|
]
!
|
]
|
1
|
1
|
1
|
]
|
1
|
]
|
]
|
]
|
|
|
|
|
|
|
]
1
(63}

WwTP Influent Temperature °C

Minimum Wastewater Temperature in the Network °C

Unviable Options 2 g x
8 B X X
o8 8 ;
7 +
o January Influent @ * x X " X * g . X —3
+ March Influent 0 o © i * * . | &
6 May Influent © o 5 g % * % X
- January Min Network X o o o ) P
* March Min Network 6 ®
S May Min Network ;
| | | | | . | | | =1
5 6 7 8 9 10 11 12 13 14
474 Potential Hourly Heat Energy Recovery (MWh)
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The maximum potential heat energy that can be e¥eovfrom the sewer network, over an hour, was 13.4
MWh for January, March and May. One can noticemfiieigure 4, the impact of this 13.4 MWh recovery
on the WwTP influent temperature, which varied fré&°C (January), 5°C (March) to 7.5C (May).
Higher values for the minimum required pipe flowg(e200 L/s) to recover 200 kW/pipe presented lower
number of locations, which estimated less potetiggt energy recovery. This is expected since 97#beof
sewer pipes in the network had flow rates less g¥ah/s. In this work, heat energy recovery is tdeed
viable only when the WwTP influent is above or dqoa®°C and minimum wastewater temperature in the
sewer network is 8C. Such viable options were presented by the 13&p(out of 288) plotted above the
dash dotted line in Figure 4. The network heatdi@mmodel predicted 116, 160 & 207 MWh/day to be
recovered in January, March and May respectivehe Tatter predictions of heat energy recovery hee t

total of maximum hourly values that were considesiadhle for each day.

The time of the day had a noticeable effect on e of heat recovery and minimum wastewater
temperatures in the network and at the WwTP intiukre to the variation of the DWF along the day. In
January, viable heat recovery was predicted todssiple during the time periods from midnight toCmL
AM, and between 06:00 AM and 23:00 PM, in Marcivéts from midnight to 02:00 AM and between 05:00
AM and 23:00 PM, whilst in May viable heat recovevgs possible in all the 24 hours period. Figure 5
shows the potential heat energy recovery on anhhdasis along the 24-hour periods in January, Karc
and May. The rate of potential heat recovery, padicular time of the day, was the same in eachtmo
hence Figure 5 only shows the results of the Jgmneenario. The relatively low flow rate betweenQl3
and 04:00 AM resulted in a smaller number of lawadi (41), which was much lower than other cases, e.
67 potential locations were identified between 1G@@ 11:00 AM in the three scenarios for heat reppv
from pipes with minimum flow of 25 L/s. Therefotbe maximum heat recovered between 03:00 and 04:00
AM was 8.2 MWh which was less than that of 13.4 M\pitedicted between 10:00 and 11:00 AM.
Nevertheless, the minimum WwTP influent temperataredanuary, between 03:00 and 04:00 AM, was

higher (8 °C) than that between 10:00 and 11:00 AM °@), and similarly, the minimum network
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504

temperature was always abov&C6between 3:00 and 04:00 AM, which was much highan its 1.8C

equivalent obtained between 10:00 and 11:00 AM.
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Figure 5: Potential heat energy recovery on hourésis in 18 January. Other months showed the same hourlyédresgy recovery.
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3.5 Scenarios 1, 2 & 3: heat energy recovery betweed00% 08:00 AM

This section shows the PDF of minimum network terapges for each scenario between 07:00 & 08:00
AM and summarises the outcomes of the modelledasmenduring the selected hour. The area under the
curve between two temperature points, in a PDF, plould indicate the probability of having pipesthwi
temperature values corresponding to these poirits. ADF was also plotted for the sewer network when
there was no heat recovery; to enable the compargtn the heat recovery scenarios. For effective
utilisation of the thermal energy content in theveenetwork, an ideal scenario would show a shiftards

the left, relative to the ‘no heat recovery’ PDHile maintaining the network temperature thresholds

3.5.1 Scenario 1, between 07:00 & 08:00 AM

Figure 6 shows the PDF of wastewater temperaturtheatdownstream end of each pipe in Scenario 1
between 7:00 and 8:00 AM. Recovering heat in Seéerdawould reduce the wastewater temperaturesan th
network, which was evidenced by Figure 6 showirghar probabilities of wastewater temperatures being

between 10 and € than that when no heat was recovered.
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Figure 6: Probability distribution function (PDF) of thage downstream wastewater temperature, when heatwvered in January, between 07:00 and

08:00 AM (Scenario 1). The PDF of temperatures WedaC was equal/close to zero, and hence neglectdkiplbt.
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523

524 3.5.2 Scenario 2, between 07:00 & 08:00 AM
525 Figure 7 shows the PDF of wastewater temperatateth)e downstream ends of each pipe in Scenario 2
526 between 07:00 and 08:00 AM. The heat energy regae=ulted in slightly larger probability of pipesth

527 temperatures between 11 and 12.3 °C.
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52&  Figure 7: Probability distribution function (PDF) of thage downstream wastewater temperature, when heatwvered in March, between 07:00 and 08:00
AM (Scenario 2). The PDF of temperatures beli‘C was equal/close to zero, and hence neglectdttiplbt.
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529

530 3.5.3 Scenario 3, between 07:00 & 08:00 AM

531 Figure 8 shows the PDF of pipe downstream wastewateperatures in Scenario 3, between 07:00 and
532 08:00 AM. As expected, heat energy recovery in esults in generally higher temperatures compared t
533 Scenarios 1 and 2, and increased the probabilitybtdining lower pipe temperatures (between 13d an

534 14.3°C) than that of no heat recovery.
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Figure 8: Probability distribution function (PDF) of thage downstream wastewater temperature, when heatw/ered in May, between 07:00 and 08:00
AM (Scenario 3). The PDF of temperatures bel3 T was equal/close to zero, and hence neglectdutiplbt.

30



536

537

538

539

540

541

542

543

544

545
546

547

548

549

550

551

552

3.5.4 Summary of Scenarios 1, 2 & 3, between 07:00 & OZ&MW

Table 4 summarises the findings of Scenarios lnd3afor the hours between 07:00 and 08:00 AM. The
number of locations in Table 4 refers to the nundfguipes that meet the temperature (above 9°Cllamd
flow (25, 50, 100 & 200 L/s or above) criteria faacovering heat (200 kW/pipe). The total heat eperg
recovery for each of the three scenarios was theesar each criterion, since the number of poténtia
locations was the same. The three scenarios, pegsenthis section, demonstrated five potentialbie
heat energy recovery options where the minimum &aipres were above the thresholds. The minimum
influent temperature was around 3°C below the 3ff€shold while the temperatures in some pipe2féll

below the 5°C threshold.

Table 4: Summary of potential heat energy recovesylts from Scenarios 1, 2 and 3 between 7:00 and
8:00 AM. HR stands for heat recovery.

Total HR
No. of HR  between WwTP Minimum WwTP Minimum
Scenari Min locations, 07:00 and Influent network Influent network
Month Q between 08:00 AM temperature temperature temperature temperature
07:00 and (200kW/pip Before HR Before HR After HR After HR
08:00 AM e)
L/s MWh °C °C °C °C
25 57 11.4 5.7 3.1
50 41 8.2 7.3 6.8
1 January 100 37 74 12.5 8.6 78 74
200 29 5.8 9.0 8.5
25 57 11.4 6.1 3.6
50 41 8.2 7.7 7.2
2 March 100 37 7.4 13.0 7 8.2 7.8
200 29 5.8 9.2 8.9
25 57 11.4 7.7 55
50 41 8.2 9.2 8.7
3 May 100 37 7.4 14.5 13.7 9.7 9.3
200 29 5.8 10.8 10.3

4 Discussion

Linking a single pipe heat transfer model to a bgynamic model and validating the linked model in a
sewer network setting enabled the investigatiorpatential multi-location heat energy recovery fram
sewer catchment of 79500 PE. The viable potengal lenergy recovery options varied depending on the

month, where the lowest predicted was 116 MWh/day2 GWh/year, assuming a 100% efficient heat
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recovery system. This potential viable heat enésggdequate to cover the annual heat demands @&, 250
3500 or 5300 households, assuming high, mediuml@mdJK annual gas consumption of 17, 12 and 8
MWh/household respectively (Ofgem, 2017 and Alakt 2017). March and May showed potential viable
heat energy recovery of 58.4 and 75.7 GWh/yeat,dhl@equivalent to annual heat demands of 4900 and
6300 households respectively when considering thedim demand of 12 MWh/year/household.
Accounting for the lowest potential heat energyoxeey (January) and the range of annual household
demand, 7 to 15% of the 79500 PE catchment anrerabdd can be met, without causing wastewater
temperatures in the network or in the WwTP influenbe below 5 and 9°C respectively, assuming E3 P
per household. The above percentage may rise to ¢d% and 18% of the catchment heat annual demand

when March and May scenarios are considered ragpictassuming medium annual UK heat demand.

The rates of predicted heat recovery were presentatre details for the hours between 07:00 an0®8:
AM since this is considered to be the time for higfat energy demand and showed typical represemtaiti
the daily DWF. Prediction results showed that sgté low flow threshold level for pipes to recoverat
from (e.g. 25 L/s), larger rates of heat can pidéiy be recovered, which consequently resultetbwer
wastewater temperatures (Figure 7 & Figure 8). Mms expected since the lower flow rate had less
thermal capacity and hence caused a larger wastevehperature reduction in sewers (Equation 1 On
can notice a shift in the PDF peaks from left (lamnperature) in January to the higher temperatures
May. This is due to the higher in-sewer air tempem (around 14.4°C) in May which was highly
influenced by the ambient air temperature. Tablkehdwed how recovering heat of 5.8 to 8.2 MWh, in
Scenarios 1, 2 and 3 can be achieved while me#ti@gninimum temperature criteria set by the water

utility.

Other studies have suggested that heat recovery\irastewater may reduce the deposition of fatawd
grease (FOG) (He, et al., 2017). This is becauspaeature plays a major part in influencing the FOG
hydrolysis rate where higher temperatures incré¢hserate of saponification, which increases the FOG

deposition (lasmin, et al., 2016). However, theéelatiuthors performed their study on temperature2of
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and 45°C, hence further research is needed totigaés the impact of temperature variation, ovenae

typical in-sewer temperature range (e.g. 5 to 256@%he FOG deposit formation.

This paper has not considered the practical baraérecovering heat from a sewer network. For gtam
there are physical limitations on the possibilifyirestalling heat exchangers in certain pipe sizdsch is
dependent on the rate of heat recovery. Futuré& wdl implement a multi criteria optimisation tegigue

to maximise the potential of heat energy recoveiriyhin a sewer network, without compromising on the
wastewater treatment process, and taking into adcpractical issues associated with the location and

operation of heat exchangers.

5 Conclusions

A network heat transfer model, was developed ahdatad in this study and was implemented to asess
viability of heat energy recovery scenarios, frona@e Belgian sewer network serving 79500 PE. The
network heat transfer model was based on singlet@pétransfer model, which utilised the first piptes

of heat transfer including the heat exchange betweastewater and in-sewer air, and was linked to a
hydrodynamic model to predict wastewater tempeestuhroughout the network over extended periods.
Validation of the network heat transfer model showedaily RMSE between measured and modelled in-
pipe wastewater temperatures that ranged betwednadd 0.72 °C for the different months of the year.
This was based on a constant input foul temperatui&°C, which minimised the RMSE of the measured
and modelled in-pipe wastewater temperatures.elhredelled seasonal scenarios showed potential heat
energy recovery options on an hourly basis in tl@gs with dry weather flow during January, Marcil a
May. It was found that 46% of the 288 hourly moeélheat recovery simulations predicted viable heat
recovery since they resulted in wastewater tempegatthat were always equal or above the threslublfs

°C, in the network, and 9 °C in the WwWTP influeihe predicted rate of heat energy recovery whilst
meeting the minimum temperature requirements vdr@md 116 MWh/day in January to 207 MWh/day in
May. This can meet 7% to 18% of the 79500 PE cat¢ctirheat demand, assuming a 100% efficient heat
recovery and supply system. The current network tnheasfer model will be further developed to eeatbie
automated spatial optimisation of viable heat reppvecations from a large sewer network given both
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practical constraints and the wish to achieve tighdst heat recovery that satisfies local demanture
studies may also examine the temporal availabdityheat and whether the rate of heat recovery can be

enhanced by better matching the temporal pattelocaf heat demand and recovery.
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*Potential of heat recovery form a large sewer nétwas modelled for the first time
Linked network heat transfer and network hydroayitamodels were validated
*Scales of potential viable heat recovery varieabeaally from 116 to 207 MWh/day

*Viable heat recovery can meet 7% to 18% of a 7¥IB@atchment demands



