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covering a large portion of this heat. However, city-wide scenario analyses that evaluate heat recovery at various
locations while considering impacts on wastewater treatment plant (WWTP) performance are currently very limited.
This study presents a comprehensive model-based city-wide evaluation considering four different heat recovery loca-
tions (appliance, household, precinct and WWTP effluent) for a Swedish city with varying degrees of implementation
using an uncertainty-based approach. Results show that heat recovery at the appliance level, with heat exchangers
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1. Introduction

Two of the key targets for the year 2030 set by the European Union cli-
mate and energy framework are: at least 32% share for renewable energy;
and at least 32.5% improvement in energy efficiency (European Union,
2019). This includes heat recovered from wastewater (Directive (EU)
2018/2001, 2018). In the current situation, where energy is usually not re-
covered from wastewater, a significant portion (90%) of the energy re-
quired for urban water systems management is used for heating tap water
(Olsson, 2012). Furthermore, 85% of the energy content in wastewater is
in the form of heat while the rest is organic material and nutrients
(Larsen, 2015). The Swedish Energy Agency (2009) has estimated that en-
ergy requirement for domestic hot water is 1150 kWh/cap/yr. Several stud-
ies demonstrate that a significant part of the energy used to meet this
heating demand can be recovered using wastewater heat recovery. Heat re-
covery ratios ranging from 17% to 42% are observed by a Swedish study
that analysed different heat recovery installations (Wallin, 2021). Several
other international examples of such installations are also available in liter-
ature (Nagpal et al., 2021; Petersen, 2018; Vavricka et al., 2022).

In general, four major locations for heat recovery can be broadly de-
fined (Arnell et al., 2017):

1. Appliances level (showers, dishwashers, etc.)

2. Household level

3. Precinct level (sewer network or a pumping station)
4. System level (WWTP effluent)

Several heat recovery solutions are now available in the market for all
these locations. Heat exchangers are commonly used for small and irregular
flow conditions typically at an appliance or household level. For heat recov-
ery from precincts/sewer systems and WWTP effluents, heat pumps are
used for a more efficient energy recovery. Several large WWTPs in
Sweden and elsewhere already have heat recovery from the WWTP effluent
(Chae and Ren, 2016; Petersen, 2018) or are actively evaluating such pos-
sibilities (Spriet et al., 2020).

With growing interest in heat recovery installations, it is important to
evaluate the energy recovery potential at a system-wide scale to identify
the most effective heat recovery locations by taking into consideration the
potential effects of heat recovery on downstream processes, like WWTPs.
A particular concern is the negative impact on WWTP operation, mainly ni-
trification, due to the decreased wastewater temperature caused by up-
stream heat recovery (Wanner et al., 2005). Model-based system-wide
evaluation can be a valuable tool for decision-making taking into consider-
ation not only energy recovery potential but also downstream impacts on
WWTPs and other aspects.

Such an evaluation will require different sub-models for: 1. Wastewater
generation from households (flow rate and temperature); 2. Sewer heat
transfer; 3. WWTP; and 4. Heat recovery equipment. Models for each of
these components exist at various levels of complexity, although limited
full-scale applications are currently available. Wastewater generation is cal-
culated using either a standard dry weather profile together with informa-
tion on the population equivalents and the average per capita daily
wastewater generation (Abdel-Aal et al., 2018) or a stochastic model
based on usage statistics for each of the different household wastewater
generation sources (Sitzenfrei et al., 2017; Warff et al., 2020). Sewer heat
transfer models are initially developed as detailed two-dimensional models
(Diirrenmatt and Wanner, 2014; Elias-Maxil et al., 2017). One-dimensional
models that consider the major heat transfer phenomena are also present.
In general, one-dimensional sewer heat transfer models include a detailed
hydraulic model that is integrated with a heat transfer model either in the
same platform (Figueroa et al., 2021; Saagi et al., 2021) or by integrating
information from different software (Abdel-Aal et al., 2014). Conceptual
flow rate and heat transfer models that further simplify the model complex-
ity and reduce data requirements for model development are also described
(Saagi et al., 2021). WWTP models that include energy impacts describing
all the interactions at a plant-wide level are developed (Fernandez-Arévalo
et al., 2014, 2017). Other studies consider only the major heat transfer
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processes and integrate them into the existing activated sludge models
(Arnell et al., 2021; Lippi et al., 2009). For heat recovery equipment
models, detailed models including system configuration (Hadengue et al.,
2022) as well as steady-state models for heat exchangers and heat pumps
are used (Arnell and Saagi, 2020). In other cases, energy recover calcula-
tions (potential energy recovery and reduction in downstream tempera-
ture) are directly calculated without any separate equipment model
(Abdel-Aal et al., 2018).

Limited city-wide case studies are currently available with varying
levels of complexity (Abdel-Aal et al., 2018; Golzar and Silveira, 2021;
Hadengue et al., 2021). The current studies generally predict the WWTP in-
fluent temperature but do not directly integrate it with a WWTP model. The
wastewater generation aspect is usually simplified and many studies do not
have the information to evaluate appliance level heat recovery. The sewer
models used are generally detailed hydraulic models either using existing
hydraulic modelling software or developed using the same principles. Con-
ceptual sewer models can be valuable to overcome the complexity in
modelling the lateral connections to the main sewer systems while still con-
sidering their impact on heat transfer in the sewer system.

In this study, a comprehensive system-wide analysis is carried out for
the Swedish city of LinkOping. Several potential heat recovery alternatives
(appliance, household, precinct and WWTP level) with varying degrees of
implementation are evaluated in terms of energy recovery potential as
well as their impact on WWTP inlet temperature and eventually nitrifica-
tion performance at the WWTP. Additionally, uncertainty analysis is incor-
porated to support robust decision-making. The study integrates several
novel aspects for a city-wide heat recovery analysis, namely: i. Dynamic
flow rate and temperature information for appliance and household level
heat recovery; ii. Combination of conceptual and mechanistic sewer heat
transfer models to overcome limited data availability and model complex-
ity; iii. Heat recovery equipment models for heat exchangers and heat
pumps; and finally, iv. Integration of upstream models with a calibrated
and validated WWTP model. The sub-models for the different components
are all developed in the same simulation platform (Matlab) and inter-
connected for a holistic analysis. All the source code used for the underlying
models is open-source and the models are distributed freely at Github
(https://github.com/wwtmodels/Wastewater-Heat-Recovery-Models).

2. Methods
2.1. Model description

Four major sub-models are integrated, namely: 1. Wastewater genera-
tion model (Warff et al., 2020); 2. Sewer heat transfer model (Saagi et al.,
2021); 3. WWTP model (Arnell et al., 2021); and 4. Heat recovery equip-
ment models (Arnell and Saagi, 2020).

2.1.1. Wastewater generation model

The stochastic wastewater generation model (Warff et al., 2020) is used
to generate pollutant loads, flow rate and temperature input data for house-
holds. The model is based on the daily usage patterns for the different end-
use types (shower, bath, WC, dishwasher, washing machine and taps). The
information is gathered from The Swedish Energy Agency (2009) and
Sitzenfrei et al. (2017). This includes, for each end-use type:

« Volume of water used per usage;

+ Frequency of usage per day;

+ The mean and standard deviation for the temperature of generated waste-
water;

+ The mean and standard deviation for the flow rate of generated wastewa-
ter;

+ The mean and standard deviation for the duration of appliance usage;

» The mean and standard deviation for the time of usage (each day is di-
vided into 4 periods) for weekdays and weekends.

The daily usage patterns are used to generate probability distribution
functions for the different end-use types. Additionally, it needs information
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on the number of connected inhabitants, no. of days for which household
wastewater data should be generated, incoming cold-water temperature
and the outgoing domestic hot water temperature from the heating
system. This information is case-specific and can be easily modified by
users.

At each sample time (sample frequency is user-defined) and for each PE,
the above probability distribution functions are sampled and combined to
generate the flow rate and temperature value for each end-use type. Also,
pollutant loads (particulate chemical oxygen demand (COD), soluble
COD, ammonical nitrogen, total Kjeldahl nitrogen, total phosphorus) are
collated from various sources for each end-use type as loads (g/usage)
which is used to calculate pollutant concentrations at each time interval.
All the information generated is summarized to generate the total pollutant
concentration, flow rate and temperature values for wastewater from each
sub-catchment. Finally, heat loss as the wastewater flows through the sewer
pipes in the household to the external sewer system is calculated using an
empirical equation (Sitzenfrei et al., 2017).

2.1.2. Sewer heat transfer model

The sewer model (Saagi et al., 2021) describes wastewater temperature
variations in sewer systems using one-dimensional energy balance equa-
tions considering key processes for heat transfer in sewer systems (conduc-
tion, convection and biochemical heat generation) (Abdel-Aal et al., 2014,
2018; Saagi et al., 2021). Two different approaches are available:

1. Mechanistic model — One-dimensional heat transfer processes for heat
exchange between: in-sewer air and wastewater; wastewater and
sewer concrete pipe; sewer pipe and surrounding soil are considered in
the overall energy balance. Two state variables are used to describe tem-
perature variation in wastewater as well as the sewer pipe material. The
flow rate is modelled using a kinematic wave approximation of the stan-
dard St. Venant's equation.

2. Conceptual model — All the heat transfer processes are lumped into a sin-
gle heat transfer equation where the heat transfer coefficient is a func-
tion of the flow rate (Monod function). The driving force is the
temperature difference between wastewater and in-sewer air tempera-
ture (for gravity sewers)/soil temperature (for pumped sewers). Flow
rate is modelled using a series of reservoirs approach.

Both models are available for gravity and pumped sewer networks.
While the mechanistic model needs detailed information about the sewer
pipe characteristics, the conceptual model needs very limited flow rate in-
formation for model calibration.

In order to describe the soil temperature for the entire year, a simple
sine-wave based model is developed where soil temperature variation
across the entire year is simulated and used as input to the sewer heat trans-
fer model. The mean annual temperature, amplitude and phase-change of
the sine-wave are used as model parameters. This enables the use of the
model for long-term studies without having to adjust the soil temperature
on a monthly/seasonal basis.

2.1.3. Wastewater treatment plant model

The WWTP model (Arnell et al., 2021) integrates temperature flux
equations with the unit operation models in the plant-wide Benchmark
Simulation Model no. 2 (BSM2) (Gernaey et al., 2014) used in this study.
Temperature variation is included in all the bioreactor models using a net
energy flux that considers several processes: solar radiation; atmospheric
radiation; conduction and convection; evaporation; aeration, sensible and
latent heat losses and biological processes (Arnell et al., 2021; Lippi et al.,
2009; Makinia et al., 2005). The models include the capability to dynami-
cally adapt to seasonal variations making them suitable for long-term sim-
ulations. Apart from the wastewater process data for model calibration,
the temperature model also needs information about solar radiation, wind
speed, air temperature, humidity, barometric pressure, etc. A modified ver-
sion of activated sludge model no. 1 (ASM1) (Henze et al., 2000) is used to
describe the activated sludge units. The process models for all the other
bioprocesses are based on the BSM2 framework (Gernaey et al., 2014).

Science of the Total Environment 820 (2022) 153273

2.1.4. Heat recovery equipment models
Two different heat recovery equipment models are developed.

a. Heat exchangers
Counter-current flow heat exchanger units are modelled using standard
energy balance equations (Geankoplis, 1993).

g =€ Cunin (Thjn—Te;in) (1)

Con = i (o), o

Thout = Thin— L 3)
(- CP)h

Teou = Tein + 7 @)

(r'rrcp)c

where, q [kW] is the actual heat transfer, ¢ [ —] is the effectiveness of the
heat exchanger, Cpin [KW/K] is the minimum heat capacity, T; ; [°C] is
the temperature — index i indicates cold (c) or hot media (h), index j denotes
in- or outgoing temperature, nl1 [kg/s] is the mass transfer rate and c,, [kJ/

kgK] is the heat capacity — index i denote cold or hot media. The model out-
puts from the heat exchanger are T, ., (output temperature of the heated
water) and Ty, o4 (Output temperature of wastewater).

b. Heat pumps

The layout of a heat pump installation that is typically used in wastewa-
ter heat recovery applications is given in Fig. 1. It consists of a heat ex-
changer and a heat pump. Heat from wastewater is transferred to an
internal coolant (cold media) through the heat exchanger. This prevents
wastewater from getting in direct contact with the evaporator. The energy
from the cold media is then transferred to warm media (used for district
heating) through a heat pump in a series of steps: 1. Additional energy is
used to raise the temperature of the cold media using a compressor; 2.
This heat is transferred to the warm media through a condenser and the
cold media temperature reduces further after passing through the throttle
valve; 3. The cold media is then heated again using the energy from waste-
water. The heat capacity and density values for the different media are
given in Table 1.

The heat pump system is modelled using standard equations
(Geankoplis, 1993).

Econa = — P+ COP ()
Econd| —P
Tc,oul = Tc,in - m (6)
(m : CP)C
EC(I
Th.oul = Th,in - 7)“1 (7)
(- cp),

where, E.qq is the energy transferred in the condenser [kW]. The key de-
sign parameters are power input (P) [kW] and coefficient of performance
(COP) [—]. A standard design for heat pump installation is scaled for the
different locations based on the incoming flow rate (Table 1). Additionally,
a feedback controller (PI control) is designed to ensure that the outgoing
warm media always attains the desired temperature. The incoming warm
media has a fixed temperature (30 °C) and its flow rate is manipulated (de-
pending on the available heat content in the wastewater) to attain a fixed
output warm media temperature (60 °C). The flow rate of the internal
cold media is fixed. The power input is also limited to a maximum value
so that the cold media does not reach temperatures lower than 0 °C.
While several possibilities exist (high degree of freedom), this approach is
followed in all the model simulations to ensure that the simulation results
are comparable.
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Fig. 1. Principal illustration of heat pump for wastewater application.
(Adapted from Arnell and Saagi (2020)).

2.2. Linkdping case-study details

The Linkoping urban catchment has a total of 180,000 population equiv-
alents (PE) that are distributed across 32 sub-catchments. Two additional sub-
catchments are used to simulate industrial wastewater generation. The divi-
sion of the urban catchments into different sub-catchments and identification
of the PE and area for each sub-catchment are carried out by the utility
Tekniska Verken in Linkoéping AB, which manages the sewer system and
the wastewater treatment plant in Linkoping. Major manhole locations in
the sewer network are used as nodes for the sub-catchments (Fig. 2). Average
wastewater flow rate at WWTP inlet is 43,000 m>/d, which consists of waste-
water from domestic sources, industries (20%) and infiltration to sewers dur-
ing dry weather conditions (10%). Majority of the sewer network consists of
gravity sewers with a few pumped sewer pipes.

Primary treatment consists of grit removal, pre-aeration and chemically
enhanced primary clarification (Fig. 3). The biological treatment consists of
three parallel activated sludge units with intermittent aeration followed by
secondary clarifiers. Tertiary treatment with ozonation for micropollutant re-
moval is followed by moving bed biological reactors (MBBR) in series for post
nitrification and denitrification (N-DN). Finally, a post-precipitation and clar-
ification unit are used after which the effluent is discharged into the receiving
waters. The mixed sludge from primary clarifiers reaches the thickener and is
then sent to three interconnected digesters for anaerobic digestion. The
sludge from digesters is dewatered and the reject water subjected to further
nitrogen removal through side-stream treatment. The reject water is sent
back to the influent while the remaining sludge from the dewatering unit is
sent for disposal or reuse. Models for the specific sub-processes are also in-
cluded in Arnell et al. (2021).

2.3. Integrating the sub-models and model calibration

A calibrated and validated wastewater generation model (Warff et al.,
2020) is used for generating wastewater flow rate and temperature values

Table 1
Standard design values used for scaling the heat pump model for different locations
(Arnell and Saagi, 2020).

Q Heat capacity Density

[m®/d] (kJ/kgK) (kg/m?)
Wastewater 3283 4.181 998.2
Cold media (internal circuit) 2073 3.87 1036
Warm media (domestic hot water) 4406 4.194 999.7

from the 32 domestic sub-catchments based on data from Linkoping and
other sources. The wastewater for each domestic sub-catchment is gener-
ated based on the PE data for the sub-catchment as well as daily average
drinking water temperature data for the entire year. The outputs from the
wastewater generation model are flow rate and temperature at 15-minute
time intervals for: wastewater from showers only; wastewater from rest of
the household; incoming cold water to the heat exchangers at showers;
and incoming cold water to the heat exchanger for the entire household.
The separation of the total household wastewater into two components,
showers and rest of the households, allows for the evaluation of two heat
recovery possibilities — appliance level (at showers) and household level.
The outputs from the wastewater generation model are saved and used as
inputs to the sewer network model. Two industrial sub-catchments are as-
sumed with constant wastewater flow rate and temperature due to the
lack of detailed dynamic data. A temperature of 22 °C is used for the indus-
trial wastewater based on discussions with the utility managers at Tekniska
Verken i Link6ping AB.

The sewer network is modelled using the conceptual and mechanistic
sewer temperature models described by Saagi et al. (2021) that simulates
both the flow rate and temperature dynamics in the sewer system. The
sewer pipes within the sub-catchment are represented as a series of concep-
tual reservoir models for each sub-catchment. A constant infiltration flow
rate (10% of the domestic wastewater flow rate) is added for each sub-
catchment. The soil temperature and infiltration water temperature are as-
sumed to be similar as measurements are not available (Figueroa et al.,
2021). The model parameters for the conceptual and detailed models are
calibrated based on wastewater temperature and flow rate data at the
WWTP inlet. The conceptual flow rate model is calibrated first followed
by the calibration of the conceptual and detailed sewer model parameters
simultaneously. The model parameters are manually calibrated based on
the comparison between measured and modelled wastewater temperature
at the WWTP inlet. For the soil temperature model, since no data is avail-
able for model calibration, literature values from Forsberg et al. (2012)
and Kjellander (2015) as well as model results from a detailed soil temper-
ature model (HYDROS) (Simtinek et al., 2016) using air temperature as
input data are used as the basis. Calibration for the sewer model is based
on data from 15 Jan.—04 Feb. 2020 (period 1) while validation is from 15
April-04 May 2020 (period 2).

The calibrated and validated WWTP model from Arnell et al. (2021) is
used in this study. The IWA good modelling practices guideline is followed
for model development, calibration and validation (Rieger et al., 2012).
The flow rate and temperature values from the upstream sewer model
and pollutant load data from the year 2019 are used as model inputs. A
local weather station is installed, measuring all necessary input variables
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Fig. 2. Overview of the Linkoping urban catchment and the different sub-catchments used for modelling heat recovery from wastewater.

for the heat flux model. Gaps in data, for example due to short-term failure
in local measurements, are filled with corresponding data from nearby sites
recorded by the Swedish Meteorological and Hydrological Institute (SMHI).

The efficiency factors for the shower and household heat exchangers are
assumed as 0.49 and 0.52 based on literature values (Arnell and Saagi,
2020) and also assuming that heat recovery directly at the showers is
more efficient than that at the household level. Heat exchangers at shower
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and household level are modelled for 32 catchments. No heat exchangers/
heat pumps are simulated at the industrial catchments as the study focuses
on heat recovery scenarios mainly from domestic wastewater and no de-
tailed wastewater generation data/model is available for the industrial
wastewater.

The heat pump design mentioned in Table 1 is scaled for the different
sub-catchments based on the wastewater flow from the sub-catchment.
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Fig. 3. Plant layout for the Linkoping WWTP consisting of both the water line and the sludge line.
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Similar scaling is also done for the heat pump at the WWTP. The heat
pumps at the sub-catchment level have a coefficient of performance
(COP) of 5.9 while that at the WWTP has a COP of 3.0, owning to the
much larger flow rate and the lower wastewater temperature that it re-
ceives. The COP values are based on Arnell and Saagi (2020) and
Tikhonova (2018).

2.4. Heat recovery scenarios

Four potential heat recovery locations are selected for the study (Fig. 4).

1. Appliance level (P1) — Heat recovery from shower wastewater is
achieved using heat exchangers. Incoming cold water to showers is
pre-heated using the recovered heat.

2. Household/apartment level (P2) — The total wastewater from the house-
hold/apartment is used for heat recovery using a heat exchanger. Recov-
ered heat is used to preheat domestic hot water for the household.

3. Precinct level (P3) — Heat pumps are used for heat recovery from a major
sewer pipe or pumping station that receives all the wastewater from a
precinct or a sub-catchment. In this study, one heat pump is modelled
for each of the 32 residential sub-catchments. The heat recovered from
such a location is used for district heating.

4. System level (WWTP) — Heat from WWTP effluent is recovered using
heat pumps. The recovered heat is generally used internally at the
WWTP and/or for district heating.

For the first three locations (P1, P2, P3), different extents of implemen-
tation within the city are considered (16%, 42%, 77%) (e.g. for P1 — 16%
implies that 16% of the domestic wastewater flow from showers in the
city have heat exchangers installed for heat recovery). In order to simplify
the model development, it is assumed that household and shower heat re-
covery will either be present or absent for all the households in a sub-
catchment. Partial implementation of heat recovery at a sub-catchment
level is not considered. At the WWTP, heat recovery is carried out for the
entire effluent flow rate. In total, 11 scenarios are considered (default sce-
nario without heat recovery, three scenarios each at P1, P2 and P3, and
WWTP).

2.5. Uncertainty analysis

In order to consider the uncertainty in various sources (model and de-
sign parameters), Monte-Carlo simulations with Latin hypercube sampling
(LHS) (Iman and Conover, 1982) considering the correlation in the input
parameters are designed (Gatto and Drago, 2020; Sin et al., 2009).

Monte-Carlo methods are used to evaluate model uncertainty caused by
variation in inputs and model parameters (Saltelli et al., 2008). Random
samples from the input parameter space (with a predetermined uncertainty
range) are fed to the model and variation in the model output is observed.
Latin Hypercube Sampling (Iman and Conover, 1982) is an efficient
method to sample the input parameter space ensuring that the variability

P1 P2
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Table 2
List of parameters used for uncertainty analysis and their default values separated
for each sub-model.

Variable name Default value

Sewer heat transfer model - mechanistic
Mean soil temperature (Tipean) 5°C

Heat transfer coefficient from wastewater to in-sewer air (hya) 10 W/m>K
Thermal conductivity of concrete pipe (k) 5 W/mK
Thermal conductivity of soil (ks) 3 W/mK
Pipe thickness (wy) 0.15m

Soil depth for heat transfer (dy) 0.5m
Reaction enthalpy for COD degradation (ecoq) 14 x 10° J/kg
COD

COD degradation rate in sewers (fcoq) 1 x 10~ °kg/m>s

Sewer heat transfer model - conceptual

Overall heat transfer factor (hseywer) 2500 W/K
Nfow 0.8
Kres 700d~"
Heat recovery equipment model
Efficiency of heat exchanger at household level (¢) 0.49
Efficiency of heat exchanger at showers (¢) 0.52
Coefficient of performance for heat pumps at precinct level 5.9

(Cop)
Coefficient of performance for heat pumps at WWTP (COPywrp) 3
WWTP model
Total volume of activated sludge reactors 13,340 m®
Primary clarifier volume 6200 m*
Secondary clarifier area 4956 m*

in the samples is representative of the input parameter variability. This is
ensured by dividing the input parameter space into several sub spaces
(so-called Latin Hypercubes). A random sample for each Latin Hypercube
is chosen to ensure that the selected samples are coming from the entire
input parameter space. A major advantage is that the input uncertainty
can be represented with limited number of samples, leading to less simula-
tions and computational efforts.

The list of parameters and their ranges are mentioned in the Table 2. All
the model parameters in the sewer heat transfer model are included as the
model is not yet widely used and there is limited knowledge on the param-
eter uncertainty. The design parameters for the heat recovery models (heat
exchangers and heat pumps) are included as uncertain parameters as the
design in reality is case-specific and is difficult to generalize for the entire
city. In terms of input data, since it has been difficult to gather soil temper-
ature data or use a detailed soil temperature model, the annual mean soil
temperature used in the sine-wave based soil model is added to the list of
uncertain parameters. Finally, in order to also account for the uncertainty
in the WWTP design values, volumes of the reactors are included. The
area of the reactors has a strong influence on the heat losses in the
WWTP. Hence, it is included in the uncertainty analysis. In total, 16 vari-
ables are considered for the uncertainty analysis. While the total volume

P3 WWTP

Fig. 4. Different positions for heat recovery from wastewater — showers (P1), households (P2), precincts (P3) and WWTP effluent (WWTP).
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of activated sludge reactors and secondary clarifier area are represented in
Table 2, the simulation model has several reactors. All these reactor vol-
umes are considered separately for the uncertainty analysis. A high uncer-
tainty range of 25% is used for all the variables. We consider this as a
practically reasonable yet sufficiently high uncertainty range (Sin et al.,
2009).

Latin hypercube sampling is used to sample the input parameter space
efficiently. A modified LHS method that can handle correlations in the
input variables is used (Iman and Conover, 1982). Uniform uncertainty
range is used for all the variables. In total, 250 samples are generated for
each simulation scenario. With a total of 11 scenarios, 2750 Monte-Carlo
simulations are performed.

3. Results & discussions
3.1. Model calibration

The flow rate model for the sewer system includes both a conceptual
model (for flow rate within the sub-catchments) and a detailed hydraulic
model for the main sewer lines connecting the different sub-catchments
and the WWTP. The modelled and measured flow rates at the WWTP
inlet are in very good agreement (Fig. 5a). The model also captures the
daily flow rate dynamics. The model simulates marginally higher peak
flow rates during weekends as the underlying daily usage patterns are dif-
ferent for weekdays and weekends. The validation dataset also agrees
very well with the model results (Fig. 5b). The higher peak flow rates in
the weekend are noticed here as well. During the validation period, there
are two instances where the measured flow rate is much higher than the
modelled value. These are periods of wet weather flow. The model does
not simulate the influence of rainfall/snowmelt etc. and hence cannot cap-
ture these trends. The datasets mainly include dry weather periods as the
focus of the scenario analysis is on heat recovery during dry weather pe-
riods, which is the majority of the days during a year.

For the calibration period, while the temperature model can simulate
the diurnal temperature dynamics for wastewater at WWTP influent rea-
sonably well, the maximum and minimum daily temperature values are
not always accurately predicted (Fig. 6a). The discrepancy between mea-
sured and modelled maximum and minimum daily temperature values is
even higher in the validation period although the overall dynamics are cap-
tured by the model (Fig. 6b). One of the major reasons for the discrepancy
in both the calibration and validation periods is due to lack of in-sewer air
temperature measurements. Instead, ambient air temperature, which is eas-
ily available, is used in the model. It has earlier been observed the in-sewer
air temperature has a higher correlation with sewer wastewater tempera-
ture than ambient air temperature (Saagi et al., 2021). Secondly, the differ-
ence in the model fit for calibration and validation is due to the more noisy
ambient air temperature measurements during the validation period

Flow rate [m3/d]

15-Jan

20-Jan 25-Jan 30-Jan 04-Feb

a
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leading to higher daily variations in wastewater temperature predictions
(Fig. 6¢, d). However, for both cases, model predictions are considered ad-
equate as the goal of the modelling study is to perform scenario analysis and
not an accurate prediction of the wastewater temperature at WWTP inlet.
Secondly, comprehensive uncertainty analysis is employed to avoid relying
on a single model calibration set for the scenario analysis.

3.2. Scenario analysis

3.2.1. Energy recovery potential for the different heat recovery locations

Heat recovery potential expectedly increases with increasing degree of
implementation. During period 1, heat recovery at the shower (P1.177)
leads to maximum energy production (127 MWh/day for 180,000 domestic
population equivalents) owning to its closeness to the wastewater genera-
tion source (showers), even though the heat recovery is through a heat ex-
changer (Fig. 7a, b). The household level heat recovery (P2.177) gives the
second best energy recovery (111 MWh/day) while the heat recovery at
precinct levels (P3.177) has an even lower energy recovery (92 MWh/
day). The energy recovery values mentioned for the heat pumps are the
net energy recovery after removing the energy input for heat pumps. Dur-
ing period 2, P1.177 (96 MWh/day) and P3.177 (96 MWh/day) have similar
energy recovery followed by household heat recovery (P2.177 — 77 MWh/
day). It is interesting to note that heat recovery from P3.177 was higher dur-
ing period 2 (96 MWh/day) compared to period 1 (92 MWh/day) while it is
the reverse for shower and household locations. This is due to the limitation
in the design of the heat pumps that the internal coolant (cold media) can-
not go below 0 °C. Since the incoming cold-water temperature is lower dur-
ing period 1, this limitation is reached more frequently, leading to a drop in
heat recovery potential. A different design where the internal coolant can
be cooled to a lower temperature without the risk of freezing can extract
even more energy during this period. For the shower and household loca-
tions, the heat recovery potential is higher during period 1 than period 2.
This is due to the larger temperature difference between the incoming
cold water and the outgoing wastewater. This is advantageous as the
need for energy is also higher during the colder periods. Heat recovery
from WWTP effluent results in a comparatively lower heat recovery poten-
tial (around 54 MWh/day for both the simulation periods) versus any of the
other heat recovery scenarios with 77% degree of implementation. With
44% degree of implementation for any of the three locations, similar or
higher energy than that recovered at the WWTP effluent is possible.

3.2.2. WWTP influent temperature

The impact of the location of heat recovery on WWTP influent temper-
ature is depicted in Fig. 8 for the different heat recovery positions (shower
(P1), households (P2) and precinct (P3)) with varying degrees of imple-
mentation (16, 42, 77) using the calibrated model parameters (and without
any uncertainty). The overall dynamics between 15 Jan. and 04 Feb. 2020
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Fig. 5. Measured flow rate data at WWTP inlet compared with model results during calibration (a) and validation (b) periods.
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Fig. 6. Modelled vs. measured wastewater temperature at the WWTP inlet for calibration (a) and validation (b) periods. Measured ambient air temperature for Linkoping

during calibration (c) and validation (d) periods.

(period 1) as well as a zoomed-in view of the trend on 20 Jan. 2020 is pre-
sented. The shower and household heat recovery scenarios show a similar
and marginal impact on WWTP influent temperature (Fig. 8a, b, d, and
e). The maximum reduction in WWTP influent temperature (compared to
the default scenario) for shower and household heat recovery is 1.48 °C
and 1.32 °C for scenarios P1.177 and P2.177, respectively. The daily varia-
tion in temperature for the heat exchangers at showers and households is
very similar. The 16% implementation at both the locations does not
show any noticeable difference in temperature dynamics at the WWTP
inlet. A higher reduction in temperature is observed for the precinct level
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heat recovery (P3.177), where the mean WWTP inlet temperature differ-
ence between the default and P3.177 scenario is 1.76 °C. A similar trend is
noticed for the daily temperature dynamics with a more pronounced tem-
perature variation (both in comparison to P1 and P2 as well as for the dif-
ferent degrees of implementation at P3). This is because the precinct level
heat pumps are located comparatively closer to the WWTP versus the
heat exchangers at showers and households (Fig. 8c, f). A substantial drop
in temperature already happens (even without any heat recovery) before
the wastewater reaches the precinct heat recovery location, further heat re-
covery using heat pumps leads to a lower WWTP inlet temperature
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Fig. 7. Variation in energy recovery for the different heat recovery scenarios with uncertainty during calibration (a) and validation (b) periods.
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Fig. 8. Overview of modelled WWTP inlet temperature for showers (a), households (b) and precincts (c) with varying levels of heat recovery (16, 42, 77) during the period 15

Jan. to 04 Feb. Zoomed-in model predictions on 20th Jan. 2020 for showers (d), households (e) and precincts (f).

compared to other scenarios (P1 and P2). Secondly, heat exchangers are
used at showers and households while heat pumps are used at precinct
level allowing for a more efficient heat recovery resulting in a higher waste-
water temperature reduction. For the scenarios with 16% heat recovery, the
maximum reduction in temperature noticed is 0.31 °C, 0.27 °C and 0.34 °C
for showers, household and precincts. Similarly, 0.89 °C, 0.77 °C and 1.11
°C temperature reduction is observed for scenarios P1.142, P2.142 and P3.
142, respectively. Overall, even for the highest degree of implementation
(77% of domestic flow rate), the maximum drop in the wastewater temper-
ature at WWTP inlet is less than 2 °C.

Based on the uncertainty analysis, the mean influent wastewater tem-
perature without any heat recovery during the evaluation period is 13.97
°C and 15.21 °C for 15 Jan.-04 Feb. 2020 (period 1) and 15 April-04 May
2020 (period 2), respectively. The effect on WWTP influent temperature
is negligible (less than 0.25 °C reduction in temperature compared to the

default scenario) for the 16% heat recovery at all locations (Fig. 9a, b).
The mean temperature difference between the default scenarios and any
of the shower and household heat recovery scenarios is always less than
or equal to 1 °C. The precinct 77% leads to the highest reduction in mean
wastewater temperatures for both the periods (1.43 °C and 1.50 °C for pe-
riod 1 and period 2, respectively). The drop in average temperature can
be considered as low for such a high degree of implementation. The
WWTP effluent heat recovery does obviously not have any impact on
WWTP inlet temperature. By analyzing the heat recovery potential results
together with the WWTP inlet temperature results, the highest heat recov-
ery potential (127 MWh/day) together with an almost negligible impact on
wastewater temperature at WWTP inlet is for the shower heat recovery (P1.
177) during period 1. The results indicate that heat recovery from locations
that are farthest from the WWTP (showers, households) have the least im-
pact on WWTP inlet temperature. A similar and encouraging trend is also
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Fig. 9. Box plots depicting the mean inlet WWTP temperature for the different scenarios with uncertainty for both calibration (a) and validation (b) periods.
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Fig. 10. Variation in NH4-N concentration at the secondary clarifier effluent for the
different heat recovery scenarios during period 1.

clearly observed in various other studies on heat recovery from wastewater
(Hadengue et al., 2021). Due to the long sewer network between the far-
thest locations and WWTP, thermal damping (heat loss to the surroundings)
in the sewers will result in loosing most of this heat content even in the ab-
sence of heat recovery equipment. The closer the location of heat recovery
equipment to the WWTP, the higher is the difference in WWTP inlet tem-
perature with and without heat recovery. This is because of the limited
thermal damping due to the shorter distance from the WWTP inlet.

3.2.3. WWTP performance — impact on NH,-N removal

With lower temperatures, the NH4-N concentration in the secondary
clarifier effluent increases with decreasing temperature indicating reduced
nitrification capacity (Fig. 10). The NH4-N concentration with 16% degree
of implementation for showers, households and precincts is 5.56 gN/m?>,
5.54 gN/m> and 5.58 gN/m?, respectively. These values are very similar
to the NHy4-N concentration at the secondary clarifier effluent for the de-
fault scenario (5.5 gN/ms). The highest NH4-N concentration is noticed
for 77% implementation for precincts (6.26 gN/ms), followed by showers
(6.06 gN/m>) and households (5.98 gN/m>). The trend observed for the
NH4-N concentration increase matches with that observed for reduction
in WWTP inlet temperature (Fig. 9). This is expected and agrees with
other studies regarding the impact of wastewater temperature on nitrifica-
tion (Wanner et al., 2005). The increase is however only minimal due case
specific factors: i) the intermittent aeration is controlled towards an ammo-
nia threshold leading to extended aeration time when temperature is
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decreased; and ii) the relatively high wastewater temperature in the default
case for both periods.

However, the WWTP effluent NH4-N concentration is reduced, although
only marginally with decreasing temperature (Fig. 11a, b). During period 1,
for the scenarios with maximum heat recovery at the three locations (P1.
177, P2.177 and P3.177), the mean effluent NH4-N concentration is 0.70
gN/m®,0.70 gN/m?> and 0.68 gN/m?, respectively, in comparison to the de-
fault scenario with 0.75 gN/m?>. A similar trend is also observed during pe-
riod 2, where the mean effluent NH4-N concentration reduced by a
maximum of 0.2 gN/m?>. Also, the lowest mean effluent NH,-N concentra-
tion in period 1 is 0.68 gN/m> compared to 0.76 gN/m? during period 2
even though WWTP influent temperature is lower in the first period.

Simulations from period 1 with the default calibration parameters are
used to analyze this counter-intuitive observation further. While the NH,4-
N concentration in the secondary clarifier effluent increases with decreas-
ing temperature, the effluent NO,-N concentration in the secondary clari-
fier effluent also increases (Fig. 12a). This is due to the intermittent
aeration control in the activated sludge reactors. This control increases
the aeration time during low temperatures to improve nitrification
(Fig. 12b). The aeration time increases marginally with increasing heat re-
covery percentage for the three locations. This results in a reduction in the
denitrification capacity and hence a higher NOx-N concentration is seen in
the activated sludge effluent. The subsequent ozonation step leads to a very
high DO concentration in the wastewater that goes to the post N-DN reac-
tors. In the post N-DN process using an MBBR, the NOx-N control strategy
reduces the excess nitrate by increasing the carbon dosing. The increased
carbon dosing combined with the high oxygen availability and the resulting
higher heterotrophic biomass concentration leads to a higher consumption
of NH,4-N as the nitrogen source for growth. This series of events — a higher
nitrate concentration in the activated sludge effluent due to intermittent
aeration control; a higher heterotrophic biomass concentration due to car-
bon dosing and high dissolved oxygen availability leading to more NH4-N
consumption are causing the lowering of NH4-N concentration with lower-
ing temperatures.

In summary, it should be noted that the marginal decrease in the simu-
lated effluent NH4-N with lower WWTP inlet temperature is only specific to
this WWTP. In fact, the differences are minimal and for practical purposes
and given the uncertainty range, the effluent NH,4-N concentration is not
impacted for the simulated heat recovery scenarios.

3.3. Future research

Several potential measures to improve model prediction accuracy are:
1. The use of in-sewer air temperature instead of ambient air temperature
for the sewer model; 2. Soil temperature measurements at different loca-
tions in the city at the sewer depth levels; 3. Sewer wastewater temperature

1.8 T T T T T T T T T T T
+ +
+ F
16 . . o, o
1.4 i i T % * i N + %
— 4T + + 4
e | T i ‘ : T + \
3 12} | o I i
=) I I
= | T |
z E E | E ! E B H
~ [
T
Z o8l 1 E S E E g E A
Lol 1 1 1
1 1
06| 1 L Loy ]
o4l
F e @ PR
N AN SR S FRNEAENES &

Fig. 11. Linkoping WWTP effluent NH,-N concentration for the different heat recovery scenarios with uncertainty during the calibration (a) and validation (b) periods.
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Fig. 12. NO,-N (a) concentrations in the activated sludge reactor and post N-DN reactor effluents and the daily aeration time for the reactor (b) for different heat recovery

scenarios during calibration period without uncertainty.

data at different sewer locations in the city (Abdel-Aal et al., 2018) to facil-
itate model performance evaluation at multiple points; and, 4. Dry weather
infiltration (from groundwater sources) flow rate and temperature data.
Additionally, the design of heat pumps used in this model is scaled based
on one potential design example from a heat pump supplier. However, it
was clear that the design is case-specific and can vary depending on the lo-
cation and heat utilization options. The availability of more information on
heat pump design can be further used to reduce the uncertainty used for the
heat pump model parameters.

Aspects that are not currently included but can be of interest for future
development are: i. The impact of temperature on sewer biological and
physico-chemical characteristics (e.g. grease and oil deposits, hydrogen sul-
phide production etc.). ii. Impact of wastewater temperature on separation
processes in the WWTP. The primary and secondary clarifier models cur-
rently used do not consider any temperature impacts on settling efficiency;
and, iii. Long-term impact on maximum plant load and life span even if the
current performance is not reduced significantly with heat recovery.

To arrive at a holistic decision-making regarding heat recovery from
wastewater, several other socio-economic aspects should be considered
while this study solely focused on the technical aspects. Life cycle analysis,
life cycle costs and cost-benefit analysis for the different implementations
have not been performed. It should be noted that a large number of installa-
tions at each building are needed for shower and household level heat recov-
ery while the precinct level heat recovery requires much fewer and larger
heat pumps installed. Another aspect to consider in the decision-making is —
who profits from the recovered heat? For shower and households, it is the in-
dividual apartment/housing association owners while at the precinct and
WWTP level heat recovery is mainly used by municipalities in Sweden.

4. Conclusions

A model-based study integrating the different sub-models (wastewater
generation, heat transfer in the sewer network, heat recovery equipment,
wastewater treatment) is applied to evaluate heat recovery potential at sev-
eral locations for a Swedish city (Linkdping) using an uncertainty-based ap-
proach. Key conclusions are:

Heat recovery at showers (P1.177) leads to the highest mean energy re-
covery (127 MWh/day) while the mean wastewater temperature drop
compared to the default (no heat recovery) scenario at WWTP inlet is
less than 0.25 °C.

Maximum drop in mean wastewater temperature at WWTP inlet is 1.5 °C
for the scenario with heat recovery at precincts (P3.177) during evalua-
tion period 2.

The impact on nitrification at the WWTP is minimal partly owing to the
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special configuration of the WWTP.

Energy recovery potential varies across the year with higher recovery po-
tential during colder periods. This is due to a larger temperature differ-
ence between the incoming cold water and the wastewater.

The farther the location of heat recovery equipment from the WWTP, the
lower is the impact on wastewater temperature at the WWTP inlet.

Heat recovery from wastewater at any of the potential locations is still fa-
vorable with limited impact on WWTP performance for the specific case-
study.
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