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11 Abstract

12 A computational network heat transfer model waksetl to model the potential of heat energy recpatr
13 multiple locations from a city scale combined sewetwork. The uniqueness of this network model ilnes

4 whole system validation and implementation $aasonal scenarios in a large sewer network. The
15 network model was developed, on the basis of aique\single pipe heat transfer model, to makeitable
16 for application in large sewer networks and itsf@enance was validated in this study by predictihg

Ivastewater temperature variation in a sewer netwsnkce heat energy recovery in sewers may impact
18 negatively on wastewater treatment processes, idtielity of large scale heat recovery across a netw
19 was assessed by examining the distribution of thstewater temperatures throughout the network laad t
20 wastewater temperature at the wastewater treafpfemtinlet. The network heat transfer model wadiep
21 to a sewer network with around 3000 pipes and allatipn equivalent of 79500. Three scenarios; wjnte
2 2spring and summer were modelled to reflect seasea@tions. The model was run on an hourly basis
23 during dry weather. The modelling results indicatieat potential heat energy recovery of around 166,

24 207 MWh/day may be obtained in January, March Mal respectively, without causing wastewater
25 temperature either in the network or at the infethe wastewater treatment plant to reach a leha was
26 unacceptable to the water utility.

27

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

29 1 Introduction
30 The potential heat available for recovery from sewe the UK is thought to be significant, whenirestted

3theoretically, due to the high volumes of collectedstewater and the relatively high wastewater
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32temperatures found throughout the UK’s combined &md sewer networks. The UK’s 347,000km of
88wers (Defra, 2002) are generally located in urbatthments where the domestic heat demand is
3destimated to be around 300 TWh/year (ECUK, 2019nsitlering heat recovery will result in a 2°C
35 wastewater temperature reduction (Buri & Kobel,20@he 11 billion litres of wastewater produced gay
36 (Defra, 2002), would potentially result in up to0B8Wh of heat recovery per year. This estimateased
37 on the first law of thermodynamics, where the poatmate of heat recovery is the product of wastewa
38 mass flow rate, its specific thermal capacity dmel¢onsequent temperature reduction, and assuf@39a
39 efficient heat recovery systems installed acrosthalUK’s sewer networks.
40
41 The key technical challenge for efficient in-sewieat recovery is to enable heat recovery suffibjesibse
42 to points of local demand. To meet this challerige essential to quantify the impact of simultamnebeat
43  recovery at multiple locations within a sewer natworhis “locality” constraint can reduce the overa
44 system potential. For example, in Austria, Kretsehmt al. (2015) estimated that 10% of Austriandesu
45 can benefit from heat recovered from wastewater.tidgrobarrier for recovering heat from sewers is that
46 any reduction in wastewater temperature may caufieutties with treatment processes and incur extra
47 costs at the end of system wastewater treatment (MwTP). It is therefore important to ensure tee¢n
48 with multiple locations of heat recovery, the wasiter temperature reduction is limited at the intethe
A9wWTP. The nitrification process at the WwTP maydoenpromised by low wastewater temperatures, as
50 demonstrated by Shammas (1986), who tested thectropaarying the wastewater temperatures, frora 4 t
51 35°C, on the nitrification quality and conclude@titrification is much more effective at temperat in
52 the upper part of this range, i.e. between 25 &€ 3This finding is in line with a number of oth&udies
58ummarised in Metcalf & Eddy (2004), who reportddhttthe optimum wastewater temperature for
bdtrification was estimated to be between 25 andC3%revious authors such as Wanner et al. (2005)
55 examined the impact of the reduction in temperaturevastewater nitrification and concluded that 1°C
56reduction in wastewater temperature may reducenttrdier growth by 10%. Such a reduction would
57 require a 10% increase in the sludge retention, timeaintain the same nitrification quality achid\a the

58nadjusted wastewater temperatures.



59
60 Previous studies have examined the variation irtevaser temperature in order to estimate the piaieit
61 heat energy recovery and its impact on the treatpretesses in WwTPs. Early work by Bischofsberger
6al. (1984) measured wastewater temperatures in Hanleéiermany, for a year at five locations in a
@®mbined sewer network, and observed that the waste temperatures varied between 7°C and 28°C
64 during the year. This temperature range was clo$eat observed in other in-sewer wastewater teater
6measurements reported in Durrenmatt and WanneBj2@&zhilperoort and Clemens (2009), Cipolla and
66 Maglionico (2014), Abdel-Aal (2015) and Simperl20(15) in a number of combined sewer networks across
67 Europe.
68
69 Some studies have used simple relationships tmatgithe impact of recovering heat energy on inesew
70 wastewater temperature, Kretschmer et al. (201t6hated the potential heat energy recovery to beear
71 function of wastewater temperature, flow rate, terafure reduction and the heat capacity of water. N
72 estimate was made, by these authors, of the heabétween the flowing wastewater and the in-seairer
3 @nd the surrounding soil. Assessing the impact at keergy recovery from a sewer pipe has led some
4 Tauthors to develop more complex computational nsodelpredict the wastewater temperature variation
75 along a sewer pipe taking into account heat flua the surrounding soil and into the in-sewer bo\e the
76 wastewater flow. These models were developed faleipipes but by linking pipe sections they coodd
ked to estimate the cumulative effect along exdnsewer pipes (Durrenmatt, 2006; Durrenmatt and
78Wanner, 2008; Dirrenmatt and Wanner, 2014; Abdél-#taal., 2014; Abdel-Aal, 2015). The model
7developed by Durrenmatt and Wanner (2008), nameMPAEST, was the first capable of predicting
8Pastewater temperature in successive sewer pipgdisRed studies have shown that TEMPEST was
81 implemented in a single string of sewer pipes; Bn8%ong (Durrenmatt and Wanner, 2014) and 3km long
82 (Sitzenfrei et al., 2017). The TEMPEST model wdgcated using a dataset collected over a 5 weekge
83from 14" February to 2% March 2008. Elias-Maxil et al. (2017) developegbasimonious model based on
SAEMPEST yet excluded computation of the heat tem$&etween wastewater and in-sewer air. They

85 claimed that the heat flux between the wastewatdri@sewer air was not significant and could beorgd.



86 Elias-Maxil et al. (2017) used flow and temperatda¢a collected in a 300 m long pipe to calibraid a
87 validate their model by adding hot water at a terajpee of 50°C for six hours instead of simulatthg
8 8emperature variation of the wastewater. Abdel-£415) utilised measured flow and wastewater data
89 collected over a four month period in a small nunmdfepipes within a combined sewer network to asaly
90 the sensitivity of the calibration parameters in énepirical equations describing the heat flux betwvée
9in-sewer air and the wastewater and between thdewater and surrounding soil. The calibration
92 parameters were varied from 10% to 400% of thefaule values, found in literature, and the impatt o
93 these variations on the predicted downstream wagéswemperature was quantified. Increasing theé hea
94 transfer coefficient between wastewater and in-seweby four times resulted in a 0.4°C variatiavhich
95 was the largest change among all other empiricat hansfer parameters taken into account, i.d. soi
96 thermal conductivity, soil penetration depth ang@epwall thermal conductivity. Hence, the sensivit
97 analysis indicated that the heat flux between thet@water and the in-sewer air should not be ighibran
@ curate estimate of the reduction in wastewatepégature along a sewer pipe is to be obtained.
99
100 The simulations reported in this paper utilised awpek computational heat transfer model developgd b
101 Abdel-Aal (2015), and validated in this work, whigh able to predict in-pipe wastewater temperatures
210 throughout a large sewer network. The network Hieet model links an in-pipe heat transfer model,
103ccounting for air-wastewater, wastewater-pipe amall-soil heat fluxes with a hydrodynamic sewer
4 1@etwork model. The model of Elias-Maxil (2015) wagplemented on a single sub-catchment in a sewer
105 network and was used to predict in-pipe wastews#gperatures. It was not utilised to investigate the
106 impact of several locations of heat recovery osewer wastewater temperatures. The uniquenesssof th
107 work is the simultaneous modelling of heat recovieoyn multiple locations within a single networkesv
108 long durations. This has allowed the assessmetiteoin-sewer heat recovery reliability from a riabe
109 sewer network over different periods within a ydaredicting the rate of heat recovery and assestng

110 reliability are keys to making a believable econoassessment.



111 2 Methodology
112 A heat transfer model was initially developed fairrgle sewer pipe and then modified and implentemte
113 a large sewer network, hence ‘single pipe’ andwoek’ heat transfer models are used in this paper t
114describe both model types respectively. This sectioiefly explains the method followed in the
115 development of the single pipe heat transfer madel how it was initially calibrated and validatdthe
116 build-up, calibration and validation of the sewetwork hydrodynamic model for the case study cataftm
117 is then described. Following these descriptionsegplanation is given as to how the single pipe heat
118 transfer model was further developed and then tinkigh the hydrodynamic sewer network model in orde
119 to deliver a network heat transfer model. The mtack performance of the network heat transfer rhode
120then validated using collected field data from¢hse study catchment.
121
122 Calibration is defined in this paper as adjustingdel parameters to minimise the differences between
3 12predictions and observations . The validation psecquantified model accuracy by implementing the
124 obtained calibrated parameters in model simulatemm$ comparing predicted values with measured data
125 that were independent of those used for calibratiothe case of validating the hydrodynamic modékr
126omparing measured and modelled flow rates andhdepuring dry weather flow days, head loss
1p@rameters were adjusted to take into account dbal lenergy losses and hence, improve the model
128 accuracy at specific locations. This section endsxplaining how the predicted wastewater tempeeatu
128 the network and at the WwTP inlet, were employednodel the potential heat energy recovery at
130 multiple locations on hourly basis, for differenonths.
1312.1 The single pipe heat transfer model
132 This section briefly explains how a previously ¢eshsingle pipe heat transfer model was developed,
133 calibrated and validated so that it was then swetédi use in this study.
134 2.1.1 Development of the single pipe heat transfer model
135 The aim of this single pipe model was to producestficient sub-model that can be ultimately usedain
361 more complex model to obtain network temperatuneuations while accounting for all the major heat

137 transfer processes observed within a single sewper. finplementing the first law of thermodynamicsl an



138&counting for the thermal convection between wester and in-sewer air and conduction between
139 wastewater, at the invert level, and the surroundioil through the pipe wall, the wastewater terapee

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

141 (1)

14&%hen heat was recovered upstream of a sewer pigeeimetwork, it was assumed that wastewater
143 temperature at the point downstream of any heaggmnecovery location is reduced as a result ofitbat

144  recovery process, which can be estimated usingtiequ2.

145 —# (2)

146 T is temperature (K), m is an expression of theteweater temperature location within a longitudinal
147 computational mesh along the pipe length, R isntfarresistivity (m.K/W) between wastewater and in-
148 sewer air (wa) and between wastewater and soil,(ws)s the computational increment length stream-wise
149 (m) based on dividing each pipe into 10 incremefis,is the wastewater density (kgJmQ is the
150 wastewater volumetric flow rate {fa) and g is the specific heat capacity for wastewater (KggHR is the
151 rate of heat recovered in Watts.
152
153 Equation 1 interprets the energy balance by expmgsbe thermal convection and conduction in teohs
154 thermal resistivity which is a function of the wasater velocity, its surface width and the pipe tecbt
155 perimeter which were ultimately computed using laydic data and pipe shapes retrieved from the sewer

156 network hydrodynamic model.
157

158he wastewater temperature was modelled with tiseinagtion that the in-sewer pipe flow has a free

159 surface. This is because typical DWF, in a sewee,dnas a larger proportion of in-sewer air voluméhat
160 of wastewater. For example, the average measursttwater depth to pipe diameter ratio was 8% immrb

161 residential sewers and 42% in large sewer colledi®bdel-Aal, 2015).
162

316 Edwini-Bonsu and Steffler (2006) installed a scrubibea sewer pipe within a small network with 15
164 manholes to measure the influence of forced veimraon the in-sewer air velocity by switching the

165 scrubber on and off. Measured field data in thietagtudy showed that there was around a 10% i@riat

166 the in-sewer air velocity between trapped in-sewierand forced ventilation conditions. Thereforee t



167 effect of active air ventilation in the sewer pipeas neglected in the in-sewer air/wastewater ocroe
168 based heat transfer model. The use of a condubtiead heat transfer relationship between wastewater
169 the surrounding soil is based on the assumptidrthieae is no slip conditions between wastewateriamer
170 surface of the pipe wall, as detailed in Abdel-£015).

171

172 2.1.2 Calibration of the single pipe heat transfer model
173 The calibration of the single pipe heat transfedelavas performed using data collected in four ipiethe
174 case study catchment. Hydraulic data was logged/&veinutes, and soil temperature was measureqy eve
75 120 minutes, while the upstream and downstream wasée and in-sewer air temperatures were recorded
176 every 15 minutes in two larger collector sewers, anery 20 minutes in two smaller urban sewers. Such
177 data monitoring frequencies were found reasonattkea@lequate to calibrate and validate the single pi
178 heat transfer model. The measured hydraulic anghe¢esture data was logged continuously in February,
79 March and May 2012 for sewer pipes located in theecstudy catchment. Wastewater temperatures were
80 1 observed, by Tinytag (PBRF-5006-5m) sensors wittD6W accuracy and better than 0.05°C resolution.
181
182 The importance of simulating the heat transfer betwwastewater and in-sewer air for the predictibn
183 wastewater temperature variation, as mentionedegbes the authors to study and analyse the hexatfar
184 process between wastewater and in-sewer air. Elasion was represented in Equation 1 by the thlerma

18Besistivity between wastewater and in-sewer ajg)Bnd can be described by Equation 3.

186 &y 3)

187 hua is the convective heat transfer coefficient betwemstewater and in-sewer air (W), b is the
188 surface width of wastewater running in a sewer gipg
189

190 The traditional approach in estimating the heatdfer coefficient between water and air is throtlghuse
191 of an empirical relationship. Flinspach (1973) megd a relation, which is a function of the relativ
192 wastewater velocity to that of in-sewer air, taraeate the heat transfer coefficient between wadtewand
193 in-sewer air (Ry). However, the origin and underlying assumptiofg=linspach’s relation is not well
194 recorded and it performed inconsistently. Hencel ianan attempt to improve the modelling accuraxy,

195 new more physically based parameterisation wasloleee to incorporate the influence of the wastewate
7



196 surface velocity, as it is associated with in-seaievelocity (Edwini-Bonsu and Steffler, 2006) atelpth,

197 to estimate g, using the dimensionless Froude number.

198

199 The soil penetration depth and soil thermal condiigtwere also calibrated to estimate the thermal
200resistivity between wastewater and the surroundiad) (Rys), which is given by Equation 4. This is

201 because, in addition to the heat transfer betwesstewater and in-sewer air, the single pipe heatter

202 model was sensitive to the soil penetration depthies thermal conductivity (Abdel-Aal, 2015). Maver,

203 measuring the soil thermophysical properties inftblel was impractical and the relevant paramelerd

204 wide ranges in literature.

+ 1
%-+./ . %+

205 &

4)
206 t,is the pipe wall thickness (m) id the soil penetration depth (m), &nd k are the thermal conductivities

207  for pipe wall material and soil respectively (W/ma&d wet.p is the pipe wetted perimeter (m).
208

20@irrenmatt (2006) and Durrenmatt and Wanner (20ddgrporated more parameters such as, Chemical
21®Mxygen Demand (COD) and its degradation rate, @ thEMPEST model. However, variation of these
2Ykrameters showed insignificant impacts (less tBdt%6) on the predicted wastewater temperature
212 (Didrrenmatt, 2006). In order to develop a compatstily efficient simulation for use in a large sewe
213 network, the single pipe heat transfer model wagld@ed using only relationships which were sigraifit
214 in terms of the predicted wastewater temperatuedib@tion of the single pipe heat transfer modekw
5 2Ahchieved using optimisation tools in Matlab to mirge the root mean squared error (RMSE) for each
216 month’s dataset, using Equation 5. A time step ofi@utes, at which hydraulic data was measured, was

217 utilised for calibrating the single pipe heat tri@ngnodel.

6h. 7. on°
218 8234 5= '8 % (5)

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

221

222 The model error was also computed to assess thke 9ipe heat transfer model accuracy in terms ef ov

223 and under prediction, which was the average prediotinus measured wastewater temperatures foit a ful

224 month dataset.



252 2.1.3 Validation of the single pipe heat transfer model
226 Validation was carried out using independent dasafsem that utilised for calibrating the singleoeiheat
227 transfer model. The validation data was measurasgwer sites with similar characteristics to thased for
228 calibration, i.e. large collector and urban sewensd in the same period, using identical sensoesyp
9 2described in section 2.1.2. The model validatiors wasessed by the RMSE and modelling errors in a
23@imilar manner described in section 2.1.2.
2312.2 The hydrodynamic sewer network model
232 Hydraulic data, such as the wastewater flow rag&oity and depth is necessary for simulating theawer
233 wastewater temperatures. Therefore, a hydrodynamodel built in Infoworks CS, was used to provide th
234 hydraulic data for the case study sewer network. [ffoworks CS model used a numerical scheme teesol
235 the Saint-Venant and the Colebrook-White equatior@der to calculate wastewater velocity and depth
236 all pipes throughout the network at all time steps.

237

238 The sewer network used in this study, consiste808f3 links, 3048 of which were sewer pipes (corgjuit
39 2while the rest of the links were valves, pumps atiter connections. There were 2296 sub-catchments
240 which can contribute two types of flow. Most catamnts contributed ‘foul’ (domestic wastewater inflow
241 as well as ‘trade’ flows, which referred to indistrinflows and occurred in a limited number of the
242  catchments. Some of the pipes carrying trade floddsnot contain flow at all timesteps, and occadigna
243 there were flow reversals in this network. Henaghlzero and negative values of flow were possibtbe
4 24 hydraulic output from this Infoworks CS model. Téfere, the hydraulic output data was filtered by
245 replacing zero and negative values of wastewatathgdeelocity and flow with a very small positivefdult
246 values (0.0001 m, m/s or’f) to ensure the stability of the heat transfedefiing. This filtration process
247 had an insignificant effect on the predicted tatally wastewater volume, the difference did notesct
2485% in January, March and May, while the adjustm@nnegative and zero wastewater level values

249 accounted for less than 0.7% of the total valuegberthree months.

250



2891 this study only dry weather flow (DWF) conditions working days was considered. The DWF days
252 were selected by observing the flow variation piotdhe measurement period for each site. The akinf
253 events were obvious, hence periods without rairtfet showed consistent flow patterns for a comtursu

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

255 2.2.2 Building and calibration of the hydrodynamic model
256  Aquafin (2014) standards was utilised to constthetinfoworks CS model. The hydrodynamic model was
257 built using historical datasets of the pipe georesjrcharacteristics and connectivity. This datas wa
258 compared to records of the current state of thevoriitand field observations and the model geomety
9 2Borrected when needed. The DWF at each model inpdé¢ was estimated based on the local population
260 equivalent (PE), the average wastewater productt® per person and an empirical diurnal wastewater
261 profile. Trade flow was predicted from records bé tmaximum permitted industrial inputs. The diurnal
262 variation in flow was calibrated using measureavflates at seven locations across the network diwing
263 dry weather days.
264 2.2.3 Validation of the hydrodynamic model
265 A flow monitoring campaign was carried out speailig for this study that included the installationh
266lowmeters in seven locations across the sewer or&twl'he modelled wastewater flow was visually
67 2compared with measured data based on time-sertasats and the total flow was checked against the
268easured downstream flow of the entire network. chses where the observation showed large
69 2discrepancies (e.g. bias in wastewater depth ggrdhan 2 cm), the model was updated by adjusting
270 relevant parameters, such as the local and pipe losa coefficients and the height of the fixediseoht
271 layer, so that the modelled results better matdhedobserved data. An acceptable level of performanc
272vel was determined by an experienced hydrodynamcleller through visual comparisons between
273nodelled and monitored values of flow rates atsneen locations throughout the network.
2742.3 The network heat transfer model
275 This model was created by developing and usingsithgle pipe heat transfer model and linking thish®e

6 27hydrodynamic model. The simulation of wastewatengderatures at all locations within a large sewer

10



7 27network was achieved by implementing the networkt lieansfer model. This section explains how the
278 model was developed, used for identifying heat regplocations and validated.

279
280.3.1 Development of the network heat transfer model

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

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304
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305

306

307

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

Category Model 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 0.0001 to 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 0.0001to0 4.3 m ms. Assumed stream-wise flow
direction.
Flow of wastewater discharge 3
Sub- from trade _ 0.0001 t0 0.007 /s Fl_JII year Infoworks CS data, 2
catchments Flow of wastewater discharge 0.0001 to 1.85 ms minutes time step.
connected to from foul
the sewer 1rade wastewater temperature 15 °C As§um_ed, based on moplel
network Foul  (residential)  wastewate 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 H .
. . . ydrodynamic model
pipe increment length stream-wise ),
based on diving each pipe into . 0.1t0 8 m
increments
Sewer diameter 0.08 to 5.25 m
Sewer wall thickness 0.053t0 0.3 m
Soil type surrounding each pipe  Sand growded by the regional soil
. . atabase.
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

catchment identifiers

trade flows in the right locations.

308 Equation 1 was used for each pipe in the networkrevtiee upstream temperature J can correspond to

309 either a I' generation or ¥ and higher generation pipes. The different pipeegations reflect the

31Gstreamwise locations of the pipe within the sewativork. 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. Figure

313

illustrates how the pipes were connected in the/orkt at different generations. The wastewater teatpee

31fbr the T generation pipes was assumed to be equal to ibetiadged from the relevant sub-catchment,

12



315 while the upstream wastewater temperature for f@ higher generations was assumed to be equal to
316 that of the downstream temperature of the preceg@mgration. When more than one pipe was connéated

317 one or more pipes, as shown by Figure 1, the upstreastewater temperature was computed by Equations
318 6and?7.

319

Subcatchment )
\ /\/

Pipe 1
m+n, p1
1 Generation ‘ _)\! Tnps — Trnen, p3
Qs Pipe 3
T + 2 nd .
MNP 2"% Generation
Pipe 2
Q, P
Tm, p2
/ Trade
Subcatchment j
320 -

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

325
326 @ @ OB, (6)
327 DA EFD EFD: = @)

G

328 where; T is temperature (K or °C) and p 1,2 & 3ereto pipes 1, 2 & 3 respectively as illustratedrigure
329 1. mis the mesh location of the predicted wastemtaimperature along the pipe lengthis the number of
330 mesh points along the pipe length.
331

2 33Model input temperatures, i.e. of wastewater at Megeneration pipes, soil and in-sewer air, can be
333 retrieved from literature based on field season#h dsee Table 1). The model output is the wastewate

334temperature variation along the length of each sepipe in the network, and the WwTP influent

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

13



336

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

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

338

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 ¢

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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3412.3.2 Determination of heat recovery locations
342 The heat energy recovery locations were determiyetthe network heat transfer model based on selecti
3 34criteria for each sewer pipe determined by the rhoder, these are: defining a minimum wastewater
344 temperature and a minimum flow rate. Section 2ars the selection criteria used in this worlcteate

34%he heat energy recovery scenarios.

34@.3.3 Validation of the network heat transfer model
347 The network heat transfer model was validated usmegsured data in four different manhole locations
348 within the case study 3000 pipe network. The samgtdg sensors described in section 2.1.2 were fmged
49 3the network model validation. Sewer pipes with eliéint sizes and various streamwise locations were
350 selected for validation to reflect the diverse piparacteristics in a large sewer network. Locegtib and 2
351 were ' and 29 generation sewer pipes respectively, while locati®rand 4 were™generation pipes, and
352 distances between the four locations varied fronio4B600 meters. For effective data collection sedsor
353 maintenance, the distances between monitored tosatvere relatively short to support Aquafin opersat

354 carry frequent site visits. Figure 3 shows thatmns of the measured temperatures in the sewespi

A‘ng;Werp :
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* %er(hem
s
Y

- 2
oboken

: 0 NMortsel
Wilrijk bt -
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1
355 N 'I > "< \ < 5 ’ Imagery Date: 9/24/2017  51°10/57.34% N  4°26'03.94"E elev Om eyealt 10.59 km

356 Figure 3: Locations of monltored sewer sites usedalidate the network heat transfer model
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357 Datasets used for validation were recorded dh Jewuary, 12 March and % May 2012. Hourly averages
358 of the measured data were obtained and used falatialg the network heat transfer model in eackhef
359 four locations. The network heat transfer modeldation was based on the difference between meésure

368nd predicted wastewater temperatures on an htasys. The RMSE for each day (N=24) was also
361 computed using Equation 5 to show the overall mddél/ performance. The network model error, define
362 as the hourly average predicted minus measurecewatdr temperatures, was computed to investigate th
36&0del over and under prediction. A foul temperatafel5°C, which is within the range measured by
364  Schilperoort and Clemens (2009), was used for vaigahe network model. This is considered to be a
365 relatively low foul temperature, when compared whht measured by the aforementioned authors which
366 reached 35°C, and hence the validated model regseshallenging input boundary conditions for heat
367 energy recovery applications.
368
69 3 2.4 Assessment of the heat energy recovery viability
370 The viability of heat energy recovery in this papeas assessed by predicting and examining the watde
371 temperature in the sewer network and at the WwTIBeant. The influent WwTP temperature can affect the
372 nitrification quality as mentioned in Section 1dahe wastewater temperature in the sewer netwarkate
373 to be well above the freezing point. Water utiitimay have different regulations regarding threghdbr
374 these temperatures. This paper measured the tyabfliheat energy recovery by referring to Aquadin’
37%equirements regarding wastewater temperatures.affkgqu(2015) considers minimum wastewater

376 temperatures of & in the sewer network to be viable as long asvWwelP influent stays 9 or above.
377 Therefore, the aforementioned temperatures wenemess to be the thresholds criteria for a viablet hea

78 3energy recovery option. These temperature threshcdsh be varied by the model user to simulate the

379 potential of heat recovery within the limits prouvidey the local regulations.

38@.5 Heat energy recovery scenarios
381 Three scenarios were considered in this studyftecteextreme cold (January), cool (March) and nmatée
382 (May) weather conditions of the winter, spring awhnmer seasons. The three scenarios utilised Hidrau

383 data from Infoworks CS. Apart from the variationtire hydraulic data, the main differences betwéen t
16



384 three scenarios were the measured in-sewer ais@htemperatures, which ranged between 8.6 arefC5.
385 and between 9 and 10°C respectively. The calibratsd transfer parameters were utilised for maaglli
386 each scenario. Table 3 lists the values of the tn@agfer parameters used in each seasonal scenario.
387
388 The minimum wastewater flow criterion for a pipelte qualified for a heat energy recovery locaticasw
389 set to be 25, 50, 100 & 200 L/s. Although some traners recommend minimum flow range of 10 to 15
90 3 L/s (DWA, 2009), the 25 L/s value was found to Ipprapriate in such a large sewer network. This is
391 because the majority of the pipes in the sewer oritwould have a wastewater flow rate between X0 an
3925 L/s during a DWF day, which would result in arywéarge number of heat recovery locations and
393 consequently, wastewater temperature reductionsdameiktoo large. The values of 25, 50, 100 and 260 L
394 were decided based on a number of trials. A minimastewater temperature for a pipe to be qualiibed
39 heat recovery was decided to be 9°C, which wasldquidne minimum required for the WwTP influent.
396 Table 2 describes the three scenarios and thewvaet assumptions. A rate of 200 kW heat was assume
397 be recovered from locations that meet the tempexatnd flow conditions set as minimum criteria. sThi
98 3 assumption was based on a study performed by V{@045) where estimates of the total conventional
399 radiator capacity for 93 flats in Belgium were Iretorder of 200 kW. The DWF days were found coesist
0 40in terms of the wastewater flow variation, and leere random working day with DWF was selected in
01 4 January, March and May to show the potential heatgy recovery and its implications on wastewater
402 temperatures. Each of the three seasonal scersdmwes the potential of heat energy recovery dutivey
403 selected day (00:00 AM to 23:59 PM) on an hourlsi®a

404
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411

412

413

414

415
416
417
418
419

420

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 Network
Scenario Date in 2012 hourly flow
basis
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 23:59 ° 8.6109.3 9
. 25, 50,
2 Monday 12 00:00t0 155 & 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 daysgdbase
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 detaliga
between 07:00 and 08:00 AM was utilised to pressodel outcomes using probability distribution fuant

(PDF) plots of minimum wastewater temperaturefhertetwork.

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 potentigieat
energy recovery, on an hourly basis, in each sgem@ad the implications of this in terms of wastésva

temperature variation are described in the finat phthe section. The results of modelling eacénseio,

42hetween 7:00 and 8:00 AM, are presented in mor@ldehrough PDF plots and a summary table.

422

423

424

3.1 Calibration results for the single pipe heat transfiodel

Table 3 shows the values of calibrated parametd in the single pipe heat transfer model, in widrad

425 large collector sewers.

426

18



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 snsewer air
430 and soil respectively.

kdds (W/n7.K) Bya (W/n7.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 diffeemnin 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
438may be due to the existence of groundwater, whglevel was not measured.
439 3.2 Validation results for the single pipe heat transfedel
0 44The calibrated heat transfer coefficient betweerstexmater and in-sewer air improved the modelling
1 44accuracy, where the monthly RMSE obtained previousling the Flinspach (1973) relation was up to
42 40.83°C (Abdel-Aal, 2015) while implementing the nparameterisation on the same sewer pipe using an
344 identical validation method showed RMSE values .4B80C (February), 0.43°C (March) & 0.28°C (May).
444  The monthly modelling errors in the validated modet a single pipe, ranged between -0.17 and 0.089°C
445 winter and between -0.04 and 0.06°C in summer.r&hges of the modelling errors indicate over andieun
446 prediction in each sewer pipe, which minimise tierall error in the predicted wastewater tempeestur
447 across the network since the error is unlikely couanulate. Based on the modelling errors, the uéisol

448 for temperature results is reported to the neamstdecimal place.

449
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450 3.3 Validation results for the network heat transfer elod

451 Validation of the network heat transfer model resailin daily RMSE values that varied from 0.44°C in

452 May, 0.45°C in January to 0.72°C in March, whiclm ¢ considered reasonable for the model purpose of

453 assessing the potential of heat recovery from see®vorks. The relatively high RMSE in March isdii

454 due to the larger temperature fluctuations in thg @hich varied by 4°C, compared to 2°C in Januaryg
A8/my. The mechanism of heat transfer is affectedthy seasonal temperature variation and hence,

456 calibrating heat transfer parameter under sucleltmperature variation, in March, is expected tmpce

457discrepancy in predicted results.

458

459 The hourly modelling errors varied between -0.60.87°C in January, -0.76 to 1.2°C in March and tt.2

460 0.90°C in May. Similar error implications to thauind in the single pipe heat transfer model valtatthe

461 errors in predicted wastewater temperatures, adhessietwork, is likely to be reduced since the nhode

462 under and over predicts, shown by the negative @ositive modelling errors respectively, in the #re
463 seasons.

464

465 3.4 Scenarios 1, 2 & 3, heat energy recovery betweedD0f 23:59 PM

466 Figure 4 shows the potential of heat energy regowaran hourly basis over a day in January, Marah a
46 May, the minimum network temperatures and corresipgn@VwTP influent temperatures. The points

468 plotted in Figure 4 reflect the network heat transhodel outcomes for 200 kW/pipe heat recoverenh fr

469 pipes with flow rates higher than 25, 50, 100 & 256, during 24 hour periods in January, March &fay.

470 The DWEF variation along the day of each scenaris feand to be consistent in each month. It was also
4'Moticed that DWF reached its minimum value during hours between 03:00 AM and 04:00 AM and was

472 almost constant otherwise.
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475 Figure 4: Potential heat energy recovery optionsy WP influent temperatures (left axis) and minimuastewater temperatures in the network (right akis)
47€ January, March and May, when 200 kW/pipe is receddrom pipes with flow rates higher than 25, 500 & 200.
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477 The maximum potential heat energy that can be ereavfrom the sewer network, over an hour, was 13.4
847 MWh for January, March and May. One can noticemnfiéigure 4, the impact of this 13.4 MWh recovery
479 on the WwTP influent temperature, which varied fré8°C (January), 5°C (March) to 7.8C (May).
480 Higher values for the minimum required pipe flowg(e200 L/s) to recover 200 kW/pipe presented lower
481 number of locations, which estimated less potehigt energy recovery. This is expected since 97#beof
482 sewer pipes in the network had flow rates less fhab/s. In this work, heat energy recovery is coeed
483able only when the WwTP influent is above or dgoa®°C and minimum wastewater temperature in the
484sewer network is 8C. Such viable options were presented by the 1389 (out of 288) plotted above the
85 4 dash dotted line in Figure 4. The network heatdi@nmodel predicted 116, 160 & 207 MWh/day to be
486 recovered in January, March and May respectivehe Tatter predictions of heat energy recovery hee t
487 total of maximum hourly values that were consideviattle for each day.
488
48%Bhe time of the day had a noticeable effect on rde of heat recovery and minimum wastewater
490 temperatures in the network and at the WwTP intiukre to the variation of the DWF along the day. In
491 January, viable heat recovery was predicted todssiple during the time periods from midnight taGmL
492M, and between 06:00 AM and 23:00 PM, in Marctvits from midnight to 02:00 AM and between 05:00
493 AM and 23:00 PM, whilst in May viable heat recovavgs possible in all the 24 hours period. Figure 5
494 shows the potential heat energy recovery on anhhdasis along the 24-hour periods in January, karc
495 and May. The rate of potential heat recovery, padicular time of the day, was the same in eachtmo
496 hence Figure 5 only shows the results of the Jgns@anario. The relatively low flow rate between(0iB
497 and 04:00 AM resulted in a smaller number of lawagi(41), which was much lower than other cases, e.
498 67 potential locations were identified between 1@ 11:00 AM in the three scenarios for heat recpv
499  from pipes with minimum flow of 25 L/s. Therefotbe maximum heat recovered between 03:00 and 04:00
50AM was 8.2 MWh which was less than that of 13.4 M\pitedicted between 10:00 and 11:00 AM.
508levertheless, the minimum WwTP influent temperaturdanuary, between 03:00 and 04:00 AM, was

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

22



503 temperature was always abov&6between 3:00 and 04:00 AM, which was much highan its 1.8C

4 50equivalent 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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508 3.5 Scenarios 1, 2 & 3: heat energy recovery betweed00% 08:00 AM
50fhis section shows the PDF of minimum network terapges for each scenario between 07:00 & 08:00
510 AM and summarises the outcomes of the modelledasmenduring the selected hour. The area under the
511 curve between two temperature points, in a PDF, plould indicate the probability of having pipesthwi
512 temperature values corresponding to these poitts. AIDF was also plotted for the sewer network when
3 5lthere was no heat recovery; to enable the compamgtn the heat recovery scenarios. For effective
514 utilisation of the thermal energy content in theveenetwork, an ideal scenario would show a sbiftards

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

516
5173.5.1 Scenario 1, between 07:00 & 08:00 AM

5Hgure 6 shows the PDF of wastewater temperatutheatdownstream end of each pipe in Scenario 1
519 between 7:00 and 8:00 AM. Recovering heat in Seerdawould reduce the wastewater temperaturesen th
520 network, which was evidenced by Figure 6 showirghér probabilities of wastewater temperatures being

5Xetween 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 neglectdukiplbt.
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523

5243.5.2 Scenario 2, between 07:00 & 08:00 AM
25 5Figure 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 regaesulted 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 heatmvered in March, between 07:00 and 08:00
AM (Scenario 2). The PDF of temperatures beli‘C was equal/close to zero, and hence neglectdtiplbt.
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529

5303.5.3 Scenario 3, between 07:00 & 08:00 AM
58igure 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 vesults in generally higher temperatures compaved t
533 Scenarios 1 and 2, and increased the probabilitybtdining lower pipe temperatures (between 13 an

53414.3°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.
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536 3.5.4 Summary of Scenarios 1, 2 & 3, between 07:00 & Q&M
537 Table 4 summarises the findings of Scenarios lnd23afor the hours between 07:00 and 08:00 AM. The
538 number of locations in Table 4 refers to the nunddeuipes that meet the temperature (above 9°C)faad
539 flow (25, 50, 100 & 200 L/s or above) criteria faacovering heat (200 kW/pipe). The total heat eperg
540 recovery for each of the three scenarios was theedar each criterion, since the number of poténtia
541 locations was the same. The three scenarios, pegsenthis section, demonstrated five potentialpbie
S542at energy recovery options where the minimum &zatpres were above the thresholds. The minimum
543 influent temperature was around 3°C below the %ft€shold while the temperatures in some pipeféll

544  below the 5°C threshold.

545 Table 4. Summary of potential heat energy recovesylts from Scenarios 1, 2 and 3 between 7:00 and
546 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 97 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

o47

548 4 Discussion

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

55tonth, where the lowest predicted was 116 MWh/day2 GWh/year, assuming a 100% efficient heat
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553 recovery system. This potential viable heat enésgydequate to cover the annual heat demands @ 250
553500 or 5300 households, assuming high, mediuml@mdJK annual gas consumption of 17, 12 and 8
555 MWh/household respectively (Ofgem, 2017 and Alakt 2017). March and May showed potential viable
556 heat energy recovery of 58.4 and 75.7 GWh/yeat,dh@equivalent to annual heat demands of 4900 and
556300 households respectively when considering thedim demand of 12 MWh/year/household.
58 5Accounting for the lowest potential heat energyoweery (January) and the range of annual household
5%%®mand, 7 to 15% of the 79500 PE catchment anrerabdd can be met, without causing wastewater
560 temperatures in the network or in the WwTP influenbe below 5 and 9°C respectively, assuming E3 P
61 5per household. The above percentage may rise to @49 and 18% of the catchment heat annual demand
56&2hen March and May scenarios are considered ragpctassuming medium annual UK heat demand.
563
564 The rates of predicted heat recovery were presentatbre details for the hours between 07:00 an@®8:
565 AM since this is considered to be the time for higfat energy demand and showed typical represemtati
566 the daily DWF. Prediction results showed that sgté low flow threshold level for pipes to recoverat
567 from (e.g. 25 L/s), larger rates of heat can pidéiy be recovered, which consequently resultetbwer
8 bL@vastewater temperatures (Figure 7 & Figure 8). Mmis expected since the lower flow rate had less
569 thermal capacity and hence caused a larger wastetehperature reduction in sewers (Equation 1 On
570 can notice a shift in the PDF peaks from left (lnperature) in January to the higher temperatiwres
571May. This is due to the higher in-sewer air tempem (around 14.4°C) in May which was highly
2 57influenced by the ambient air temperature. Tablehdwed how recovering heat of 5.8 to 8.2 MWh, in
73 5 Scenarios 1, 2 and 3 can be achieved while me#ti@gninimum temperature criteria set by the water
574  utility.
575
576 Other studies have suggested that heat recovaryirastewater may reduce the deposition of fatamd
577 grease (FOG) (He, et al., 2017). This is becauspaeature plays a major part in influencing the FOG
578 hydrolysis rate where higher temperatures increaserate of saponification, which increases the FOG

579 deposition (lasmin, et al., 2016). However, théeladuthors performed their study on temperaturea2of
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580 and 45°C, hence further research is needed totigaés the impact of temperature variation, ovenae
581typical in-sewer temperature range (e.g. 5 to 2568 the FOG deposit formation.

582

583 This paper has not considered the practical baroérecovering heat from a sewer network. For gptam

584 there are physical limitations on the possibilifyirtstalling heat exchangers in certain pipe sizdsich is

585 dependent on the rate of heat recovery. Futur& wdl implement a multi criteria optimisation tegigue

586 to maximise the potential of heat energy recoveiyhin a sewer network, without compromising on the

587 wastewater treatment process, and taking into axtcpractical issues associated with the location and

588operation of heat exchangers.

589 5 Conclusions
590 A network heat transfer model, was developed atidatad in this study and was implemented to as$ess
591 viability of heat energy recovery scenarios, frona@e Belgian sewer network serving 79500 PE. The
592 network heat transfer model was based on singlehmpé transfer model, which utilised the first piples
593 of heat transfer including the heat exchange betweastewater and in-sewer air, and was linked to a
4 5%ydrodynamic model to predict wastewater tempeeatiuhroughout the network over extended periods.
53/lidation of the network heat transfer model shovaedaily RMSE between measured and modelled in-
596 pipe wastewater temperatures that ranged betwednadd 0.72 °C for the different months of the year.
597 This was based on a constant input foul temperatui&°C, which minimised the RMSE of the measured
598 and modelled in-pipe wastewater temperatures.elhredelled seasonal scenarios showed potential heat
599 energy recovery options on an hourly basis in tidaes with dry weather flow during January, Marcil a
600 May. It was found that 46% of the 288 hourly moeeélheat recovery simulations predicted viable heat
601 recovery since they resulted in wastewater tempersitthat were always equal or above the threslodl8s
02 6 °C, in the network, and 9 °C in the WwTP influefitie predicted rate of heat energy recovery whilst
603meeting the minimum temperature requirements vdrmd 116 MWh/day in January to 207 MWh/day in
604hay. This can meet 7% to 18% of the 79500 PE catciirheat demand, assuming a 100% efficient heat
605 recovery and supply system. The current network tnaasfer model will be further developed to eedhle
606 automated spatial optimisation of viable heat reppvecations from a large sewer network given both
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607 practical constraints and the wish to achieve tighdst heat recovery that satisfies local demanturg
608 studies may also examine the temporal availabditheat and whether the rate of heat recovery can be

60®nhanced 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 varieabsaally from 116 to 207 MWh/day

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



