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Background

Heat recovery from wastewatelingreasingly gaiing interest in Sweder significant portion

of the heat energy used for heating tap water reaches the sewer @Hsom, 201p With
increasing heat regery installationsat households and precinctse effect of such upstream
instdlations on temperature at wastewater treatment plant inlet and subsequently its impact on
nitrogen removal, especially during winters becsraaimportant aspect to considérhis is

an internal report in the research project Sustainability Analysis ctedater (WW) Heat
Recovery (WWHR) +H fibarhetsanalys av Wmerervinning ur avloppsvatten (ENWA), in
Swedish

This report aims at understanding the impact of upstream heat recovery (housetrssddgrin
heat pump installations etc.) on the KSppaistewater treatment planW TP) performance.

A unique aspect at KSppala and increasingly at other cities in Sweden is the yelties
sewer tunnels that coaat the trunk sewers MWWTPs This report also attempts to deberi
the heat transfer lgnomea in these sewer tunnelBinally, during the process of data
collection and processirfigr modelling the sewer tunnedeveral data measurement issues were
noticed These aréiscussed in this repoiespitethe limited data, the model developed throws
light on thetemperature variations in the sewer tunnel andgttential impact of future heat
recoveryinstallationson nitrogen removadt the WWTP

The report first describes the models used followgdhe case study description for sewer
tunnels and WWTP. Finally, the scenarios for WWTP evaluation are detailed. Results from the
case studies are discussed and an overview of the data collection issues noticed is given.

Model description

Sewer tunnel model

The model describes temperature variations in sewer systems using energy balance equations
for the majoiheat transfeprocessem sewer gstems conduction, convection and biochemical
heat generation)AbdelAal et al., 2014, 20185aagi et a].2019.

A mechanistic model that can estimate heat transfer phenomena based on energy balances for
the different heat transfer processes as well as a detailed hydraulic model is available.
Additionally, when limited data is available, a conceptual modelling apprtfaat combines

all the heat transfer processes into a single energy balance equation is also developed. In this
approach, the flow rate is also modelled conceptually as a seriesrgbnegwithout the need

for extensve sewer infrastruare data likediameters, slopes etc.). Both the approaches can be
used tosimulate gravity as well as pumped sewer systems.

Wastewater treatment plantmodel

Activated sludge models are used to describe the biological processes (A% et al.,

2015) The primary clarifier is modelled ugg Qiterpohl & Freund(1992) Takas $§ settler
modelapproachTaktcs et al., 19913 used talescribethe secondary settlers. A point settler

is used to model the sand filters. The anaerobic digesters are modelled using B&sane

et al., 2002)Other physicochemical processes (thickeners, dewatering units etc) are modelled



using the BSM2 planlvide model libraries(Gernaey et al., 2014)The model has been
calibrated and validated from an earlier projéangll, 2016.

Since, the WWTP is located underground, no heat transfer processes like solar radiation,
conwection due to wind etc. that govern the temperature variations are included.

Case study details

Sewer tunnel

Figure 1: KSppala swe tunnel layout and the key inlet pointsqiudingsea links)The drawing is representational and is not
scaled. Only the locations included in the study are represented.

The tunnel system representedrigure 1connects the trunk sewers from different parts of the
city to the wastewater treatment plant. Multipleetrpoints exist for the tunnel systeAntuna
pumping station is considered as the furthermost inlet. Major inlet points with high flow rates
are included in the model while the smaller ones are excluded. List of all the inlet points
considered in the matlare mentioneth Table 1 The tunnel also has pumping sta@long

the way (Edsberg,ASTR). The location Verket in the figure is the KSppala WWIRraddition,

two sea links (VSrniand Nacka) are also connected to the WWITHe wastewater is pumped
through two undesea tunnels, each with two parallel pipesthe case of ¥mds, only one

pipeis operated at any given time while both the pipes are operated in parallel for the Nacka
sealink.

Temperature and flomatemeasurements are available at severations in the tunnel arat

the WWTP inlet.These measurements are used as inputs to the nindebf the 17 inlets,
Solna did not have flow rate data for the simulation period while a totdlinfels did not lave
temperature datéor January 2019. Fokugust2019 13 inlets did not have temperature data
Temperature data from StSk&&y and Nacka pipe 1 are used for several locatiémsthe

sea links fom VSrm@ and Nacka, flow rate measurements are availabthe downstream
location near the WWTRHence, the downstream flow rate is used as upstream data for the
model. Since, it is a pumped system, the upstream and downstream flow rates will be similar.
However, temperature data is only available for dn® pipes in the sdank from Nacka to

the WWTP. Hence, the same temperature is used as input for all the three sea linkiinlets.
total, the amount of flow rate with assumed tempeeavalues ivery high and can have an
impact on the simulation relst



Tablel: Summary of the inlet points and data availabifiy the sewer tunnel

No Inlet location Flow rate Mean flow rate Temperature Mean temperature
availability ~ (I/s) availability iC)
Jan Aug Jan
2019 2019 2019
1 Antuna Yes 220 211 Yes(Aug
2019)
StSke(Jan
2019
2 StSket Yes 99 99 Yes 9.7
3  Bollstarts Yes 24 17 StSket
4 Borgvyen  Yes 18 18 StSket
5 Karby Yes 92 79 Taby
6 TSy Yes 22 12 Yes 9.4
7  ..strabanv Yes 115 111 Taby
8 Noratorg Yes 26 20 Taby
9 Danderyds Yes 15 13 Taby
sjukhus
10 Johan baner Yes 65 52 Taby
11 Solna 2017 data 293 231 Taby
12 Dalgd@&gen Yes 14 12 Taby
13 Kyrkviken Yes 56 44 Taby
14 Talluden Yes 4 3 Taby
15 Nacka Pipel No 67 53 Yes 8.8
(downstream
flow rate
available)
16 Nacka Pipe 2 No 74 62 NackaPipe 1
(downstream
flow rate
available)
17 VSmds Yes 76 62 NackaPipe 1
18 Verket Yes 1485 1355 Yes 119

(WWTP)

Aug
2019
16.7

16.5

14.8

15.5

17.2




Wastewater treatment plant

Figure 2: KSppala WWTP layoyrnell, 2016 used for the scenario analysispresenting the water line and sludge line.

The WWTP consists of a primary clarifier followed by biological reactors and secondary settler.
Sandfilters provideadditional polishingfter the secondary clarifiers. The sludge liretudes

thickeners that compress the sludge from both primary and secondary clarifiers before sending
them to the digester86% of the primary sludge is thickened using gravity thickeaed the

UHVW GRHVQYW QHHG DQ\ WKLFNHQLQJ 7KH VOXGJH IURP
centrifugesThe reject water from anaerobic digesters is fed back to the livegdreforethe

primary clarifier (Figure 2) It is important to note thahe modelused in the analysis only

simulates the new section of the WWTP.

The mean pollutant loads used for the simulation are mentiorfeble 2 These are based on
actual WWTP data from 2@1For the simulation studynly the lines 7 to 11 are considered.

Table2: Average influent concentration used for the simulation stNdye that the data is from 2018.

Pollutant Average concentration

Jan 2019 Aug 2019
Total COD (g/m) 394 539
NH4-N (gN/n?) 21 30
TN (gN/n?) 34 50

NOs-N (gN/n?) 0.4 (assumed 0.4 (assumed

Scenarios

Three different scenariaae simulated for both summekuygust2019 and winter January
2019 periods. The temperature inputs to the sewer tunnels are dtiarextie| the scenarios.
The basis for a maximum ofi& drop in temperature is from the other case studies where we
noticed that upstream heat recgvéat showers, household levés limited influence on the
WWTP influent temperatureompared to heaécovery at a precinct level or at sewer pumping
stationsln that regard, & jC drop is higher than the expected temperature drop noticed from
the scenario analysis in LinkSping and Malms case studies.

1. SC1+1{C drop in temperature at all sewer inlets



2. SC2+2 {C drop in temperature at all sewer inlets

3. SC3+3iCdrop in temperature at all sewer inlets

Results

The simulations and scenario analysiscarried out for both the periods (Jan 2019 Andust
2019). The analysis of results for dany 2019 is presented in the text here eamahilar
graphs/tables foAugust2019 ardancluded in Aopendix1.

Data analysis for the sewer tunnel measurements

In orderto verify the data quality for the flowate measuremats from Antuna, Sket and
Bollstart, the flowratefrom the Edsbergpumping station is compared to the total flow from
the three upstream poir(®ntuna, Siet and Bollstass). Figure3aindicates that th flow rate

at Edsberg is sevartimes higher than the total upstream flow. Whilegehmay be some other
minor upstream inlets that are ignored, it is not possible to have such a huge discidpancy.
rate datdrom Edsberg is not recorded during the winter period and hence could not be used for
the analysisThe flow rates of the upstien inlets are considered more reliable and used in the
modelling study. The flow rate at the second pumping stati8ifR alsodoes not match with
the total upstream flo@rigure3b). Finally, a comparison wasade betweethe total incoming
flow rate pdreamtunnel inletsand the sea link inletsvith the measurements at WWTP inlet
(Figure3c). Results indicate a good matdespitethe missing flow rate at the Solna inlet (for
which flow rate data from 2017 is assumedgnce, flow rate data quality at the upstream inlets
and the sea links is considered satisfactory for the simulation study.

3000 T T 2500
Edsberg L-STR
2250 | Antunpa+StfiketHBollstanas | 1875 Upstream L-STR |
Qg Q
< =
£ 1500 £ 1250
3 3
0 . . 0 . .
01-Aug 11-Aug 21-Aug 31-Aug 12-Jan 18-Jan 24-Jan 31-Jan
days days
a b
2500 T T 14

— WWTP
1875 All inlets

0] /\}W‘\,‘\/'{(\’\/\;\/\P \! \;\;\/\/\;\f\f.

625

C)
o
N
@

105

flow rate (I/s)

temperature (o

8.75

0 : - 7 : :
12-Jan 18-Jan 24-Jan 31-Jan 12-Jan 18-Jan 24-Jan 31-Jan

days days

c d

Figure 3: Data analysidor the sewer tunnel




Secondly, the temperature measurements at the WWTP are compared to theifbted
temperature from all the upstream poiffsgure 3d). The temperature for all the upesdm

points together (assuming thithey are all mixed at the same point) is lowamntthe WWTP
temperature. This is difficult to explain,&s generalthere is a dropn temperaturas we move
downstream in a sewer pip@ exceptional cases, there can be an increaseniperaturebut

we did not have enough information to reach taaclusion. It should be noted temperature
measurements are not available for all the upstream p@intg.3 of the 17 inlets (including

the sea links) have temperature measurements and the same values are used for the rest of the
inlets (from the closestvailable location).This weighs heavily on the uncertainty in the
simulation results.

Model calibration +Sewer tunnel

The model calibration for the sewer model is carriecogirst calibrating the conceptual flow

rate model by identifying the number of reservoirs in series and the residence time constant for
each reservoir. This is done using a teatlerror approach to achieve a reasonable model fit

for the influent flowrate athe WWTP (Figure4a). Themodel reproduces the daily variations

and the timing of th@eaksbut the average flow rate prediction is lower than the actual data.
Considering the uncertainties in the upstream flow rate data, this is regardedisiaa @y

fit.

For the temperature model, the heat transfer parameters for the conceptual sewer model for the
gravity system are calibrated to achieve a reasonable temperature prediction at the WWTP inlet.
For the pumped sewer stretches, the default peteamfrom(Saagi etal., 2019 are usedAs

noticed in the earlier analysfEigure 4h), thetemperatureneasurement at WWTP is higher

than the upstreamrgerature, which is not feasibldence, aemperature bias in introduced

to increase théemperature at all inlet poinfdan 20192.2 iC; Aug 2019 1.5C). The
temperature corrected model prediction gives a very good modelhig. sewer model
predictions \ithout the temperature correctiame also mentioned iRigure 4b. The WWTP

model calbration is done in an earlier project (Arnell, 2016). The current model uses pollutant
load data from 2018 as model inputs. Since, our goal is to evaluate the influence of upstream
heat recovery on WWTP performance, this assumption is reasonable.

x10°

2 15
model-downstream model-downstream
data-downstream data-downstream
~15F 1 13 r 1
o © \’ model no bias,
P —
= A : J\\J.«\\/u\\\
IR ¢ TV
S 2
k5 £
=05 - L g9t
0 . . 7 . .
12-Jan 18-Jan 24-Jan 31-Jan 12-Jan 18-Jan 24-Jan 31-Jan
days days
a b

Figure 4: Model calibrationfor the WWTP inlet



Analysis +Sea links

The sedinks from Nacka and ¥md3 to the WWTP are modelled as pumped sewer systems
with a mechanistic heat transfer model. Figdreshows the temperature arildw rate
predictions for one of the séak pipes from Nacka. It should be noted thpstreanflow rate
information isnotavailable. However, since it is a very stimrmped sewepipe (length around

2 km), the upstreamflow rate can be expected to be very similar to twevrstream
measurements. The model results also indicate the (faguge B). An interesting aspect that

is observed from the temperature data is that there is a significant delay (arfosydn2the
temperature dynamics between the upstream and downstream locations &jigalthough

the flow rate measurements do not have any delay. This delay is also well reflected in the model,
which predicts the downstream temperature as well as the time delaai@ly. This can be
attributed to theesidence time and theeat transfer dynamics in the sewer pipe.
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Figure 5: Temperatureand flow rate analysis for the Nacka sea link

Scenarios analysistWastewater treatmentplant

During the evaluation period, the defaWWTP inlet temperature has a mean valuelbf7

i C. With the different scenarid$C1, SC2, SC3}Yhe mean valgare 107 C, 9.8jC and8.8

i C, respective} (Figure 6a; Table)3Hence, there is a {C loss in temperature observed due

to the sewer tunnel considering all the sewer inlet locations.imhportant to considahat

some of the inlets are closer to the WWTP than otHeéss the maximum WWTP inlet
temperature, a similar trend @wia 1;C drop between each scenario) carobserved for SC1

and SC2vhile the reduction in temperature from SC2 to SC3 is ofdy®. This is interesting

to note and can be due to the drop in temperature gradient (between wastewater and the
surrounding environmetih the sewer pipe) as we approach lower temperatiiresnalsobe

noticed that the meaWWTP outlet temperaturdoes not vary much in compasisto the inlet
temperature. However, the values are significantly smoothened, mainly due to the large reactor
volumes(Figures 6a & B).
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Figure 6: Scenario analysis resulter the WWTP inlet and outlet temperatures

The effluent quality in terms aimmonia (NH-N) andtotal nitrogen (TN) concentrations is
evaluatedas nitrogen removal is of mainmeernwhen reducing inlet wastewater temperature.

It is clear that nitrification performance degrades with temperature, which is also expected
(Figure 73 Table 3. However, the loss in performance for the simulated scenarios is not
significant.The increase in the mean MN concentration for eachT drop in temperature is

less than 0.1 g/ This is still within the yearly average limit of 3 gimven for the dyamic

data. Similar trend is observed for the TN concentrgfiagure 7b) The mean TN increases

by around 0.1 g/Awhile the max TN concentration increases by approximately 0.2 Ghis
increase is also within the yearly average TN limit of 10°gience, the nitrogen performance

Is not severelaffecteddue to the existing capacity in terms of aeration and reactor volumes to
handle the nitrogen removal during wintétowever, it should be noted that heat recovery can
impact the overall capacity andet maximum capacity that can be handled by the WWTP can
be reached earlier than expected. This would mean that future plant upgrades will be needed
earlier than planned.

Table3: Key evaluation metrics for the WWTP irtietnperature, effluent NN and TN for the different scenarios

Default SC1 SC2 SC3

WWTP inlet Mean 11.7 10.7 9.8 8.8
temperaturejC) Max 13.0 120 11.0 105
WWTP effluent Mean 029 .0.34 041 051
NH4-N conc (gN/ml)) Max 053 0.61 071 0.90
WWTP effluent TN Mean 6.40 648 6.59 6.71
conc (gN/mi) Max 753 767 7.84 8.05

Sudden changes in the effluent quality are noticed in the @ajslan 21 +Jan 24in Figures

7a & )). This is due to the variation in the influent quality. The inflysoltutant loadsor

the model consisof daily average values that are multiplied by a standard diurnal variation
curveto generate dynamic data
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Figure 7: Dynamic results for the WWTP effluent NNl and TNconcentrations for the different scenarios.

Conclusions

In conclusion, it can be said that for the predicted temperature drop at WWTP inlet, the nitrogen
removal performance will still be within the limitsonsidering upstream heat recovery at
households Another aspect to take into consideration is that, while the heat recovery does not
have an impact on the current operation due to existing over capacity, it can have an impact in
the future as loads increase. This can also mean that future upgradagbhfawe to take

place earlier than planned when significantly high (more than 50% heat recovery) is allowed at
household levelThe data analysis has thrown light on sevreal data reconciliation challenges in
the sewer tunnel measurements and that shHmeildn aredo focus on to get more accurate
insights into the process performance and heat transfer processes in the sewer system.
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Appendix 1 xSimulation results for the summer period August
2019)
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Figure A1.1 Data analysis for the sewer tunn@ug 2019).
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Figure A1.2 Model calibration for the WWTP inl¢f\ug 2019).
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Figure A1.3: Temperaturand flow rate analysis for the Nacka sea I{Akig 2019).
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Figure A1.4 Scenario analysisesults for the WWTP inlet and outlet temperatfasy 2019).
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Figure A1.5 Dynamic results for the WWTP effluent NN4and TN concentrations for the different scenatfusg2019)
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TableAl.1 Key evaluation metrics for the WWTP inleinperature, effluent NN and TN for the different scenari¢sug
2019)

Default SC1 SC2 SC3

WWTP inlet Mean 17.2 16.2 15,2 143
temperaturejC) Max 18.4 174 16.9 105
WWTP effluent Mean 029 .0.34 041 051
NHas-N conc (gN/md) Max 0.53 061 0.71 0.90
WWTP effluent TN Mean 6.40 6.48 6.59 6.71
conc (gN/mi) Max 7.53 767 7.84 8.05
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