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A B S T R A C T   

A UK case study area containing over 33,000 households has been used to investigate spatial and temporal 
conflicts in meeting domestic heat demand through renewable electrical energy supply and low-grade decen-
tralised heat recovery from the urban drainage network. The case study area was selected as its water infra-
structure and population density were representative of the conditions experienced by the majority of the UK’s 
urban population. The findings suggest that adopting an optimised and integrated water-energy system would 
lead to a 60% reduction in current carbon emissions, compared to a natural gas based system. The integrated 
water-energy system proposed for domestic heating showed an annual surplus of renewable energy of 716 GWh. 
However, a non-renewable source of energy of 114 GWh is required to deal with the intermittency of the demand 
and renewable energy supply. Given the renewable surplus, it would be possible to eliminate carbon emissions 
from domestic heating with the addition of local low efficiency inter-seasonal energy storage. Taking a broader 
perspective, the calculated 60% carbon emission saving is significant as the domestic housing sector contributes 
15% of the UK carbon emissions. A progressive adoption of such locally based schemes throughout the country 
would be able to make tangible reductions to national carbon emission targets.   

1. Introduction 

Climate change is already creating harmful impacts on humans and 
ecosystems, and this is expected to worsen. A substantial reduction in 
greenhouse gas emission is required. The UK, EU and China have all set 
targets for greenhouse gas emissions. Domestic energy consumption 
represents around 20% of the total energy consumption in both China 
(IEA, 2018) and the US (EIA, 2020). In the EU, households represented 
26% of final energy consumption (Eurostat, 2018), whereas in the UK, 
the domestic sector consumed 29% of the total energy (BEIS, 2019a). 
Energy was primarily used by households for heating purposes (i.e. 
space heating and hot water). In the UK, 85% of the domestic gas con-
sumption is used for space heating and hot water (DECC, 2014) and the 
domestic sector contributes to 15% of the national emissions (BEIS, 
2018). The domestic sector has to decarbonise substantially to 
contribute to the overall carbon emission reduction target (Postnote, 
2016). Changing the energy sources and reducing energy consumption 
for heating is therefore essential. 

Transitioning to carbon neutrality brings significant opportunities as 
well as serious challenges. Forward-looking research and innovative 

policies will play a key role to achieve such a target, especially in the 
domestic sector. Decarbonisation of heating by generating electricity 
and heat from renewable sources on a large scale is inevitable. Elec-
tricity demand as a share of overall energy consumption is likely to in-
crease over the long-term and this presents great challenges, as it can 
potentially create a significant increase of electricity demand which may 
require reinforcement on the electricity distribution networks and the 
need for new grid transmission infrastructure (Foxon et al., 2020). 
Therefore, there is also a growing interest in heat recovery and local heat 
networks (Spriet et al., 2020). 

Lund (2018) compared different strategies to transform the heating 
sector, and concluded that the cost of grids and storage infrastructure 
may significantly exceed the costs of the renewable energy sources 
themselves, especially if a sole-electricity approach is taken. Lund 
(2018) also concluded that an integrated ‘Smart Energy Systems’ 

approach (based on a cross sectoral use of electricity, gas and heat grids), 
with a focus on how these sub-sectors may complement and assist each 
other seems to be essential to identify and design lower cost solutions for 
transformation to a 100% renewable domestic heat system. There is, 
however, limited research done on potential interactions between 
different energy sectors. 

* Corresponding author. Department of Civil and Structuring Engineering, The University of Sheffield, Sheffield, S1 3JD, UK. 
E-mail address: fei.liu0405@gmail.com (F. Liu).  

Contents lists available at ScienceDirect 

Journal of Cleaner Production 
journal homepage: www.elsevier.com/locate/jclepro 

https://doi.org/10.1016/j.jclepro.2022.131995 
Received 8 October 2021; Received in revised form 20 April 2022; Accepted 23 April 2022   

mailto:fei.liu0405@gmail.com
www.sciencedirect.com/science/journal/09596526
https://www.elsevier.com/locate/jclepro
https://doi.org/10.1016/j.jclepro.2022.131995
https://doi.org/10.1016/j.jclepro.2022.131995


Journal of Cleaner Production 358 (2022) 131995

2

District heating is emerging as a key player in the challenge of 
reducing carbon emissions, it has large potential but only has an average 
market share of 10% in Europe (Millar et al., 2019). In the EU, the 
average percentage for the countries which have a district heating sys-
tem is 24.5%, counties with a cold climate tend to have a higher per-
centage of district heating (40–60%) than the rest (Sayegh et al., 2018). 
The cost of implementing a district heating system is high which creates 
a significant barrier, many developers or local authorities would not be 
able to cope without significant investment from central government 
(Millar et al., 2019). 

Other studies have looked at introducing decentralised technologies 
such as heat pumps on an existing district heating system to highlight 
the capability of decentralised approaches in reducing carbon emissions. 
Arnaudo et al. (2021) have assessed waste heat recovery potential and 
electricity grid loading status in a real catchment in Sweden and sug-
gested that decentralised heat pumps are suitable, but the associated 
carbon footprint heavily depends on the carbon emission factor from the 
supporting electricity sources. Arnaudo et al. (2020) looked at the 
impact of distributed heat pumps on an electricity distribution grid and 
has shown that with current demand patterns the local electricity grid 
could fail, but this could be mitigated to some extend through use and 
better management of distributed thermal energy storage units and 
thermal mass control in buildings. 

Various studies have looked at ground source heat pumps (GSHPs). 
Heat pumps offer their highest efficiencies when operating with the 
ground, or a similar stable temperature medium such as a surface water 
body as a pond as the source (Self et al., 2013). Unfortunately, ground 
source heat pumps require either a large undeveloped area (e.g. garden) 
or a deep borehole which results in high land and/or construction costs. 
As the cost of implementing the borehole heat exchanger can be up to 
half of the total installation cost of the ground source heat pump, it 
easily pushes any property owner to move towards another more 
economically viable solution (Ilisei et al., 2019). 

Another stream of studies focused on the potential of wastewater 
heat recovery. Wastewater heat recovery can happen at the wastewater 
treatment works, the sewer network, or within the houses. A compre-
hensive review of the literature on wastewater heat recovery can be 
found in (Nagpal et al., 2021). A considerable amount of research has 
focused on heat recovery from wastewater treatment works (Hao et al., 
2019). Spriet et al. (2020) investigated heat recovery at the wastewater 
treatment plant feeding into a district heating system, concluding that 
this provides a feasible and valuable contribution to sustainable urban 
energy supply, but that the spatial mix of land uses and their population 
density largely determine the lay-out and useable amount of this 
renewable energy source. An advantage of heat recovery further up-
stream in the sewer system is that this is closer to locations of heat de-
mand (Cipolla and Maglionico, 2014). Kretschmer at al. (2016) has 

investigated wastewater temperature development in a sewer system 
when evaluating wastewater heat recovery potential. Their analysis 
gave useful insights in the spatial and temporal wastewater temperature 
variation within a sewer system. Abdel-Aal et al. (2018) simulated 
several sewer heat recovery location scenarios in a case study catch-
ment, and estimated wastewater temperatures throughout the sewer 
network following heat recovery in different seasons. They reported a 
potential heat recovery of 116–207 MWh/day from a combined sewer 
network that served a population of 79,500, but did not consider where 
and whether this recovered heat may be utilised. Spriet and McNabola 
(2019) studied the heat recovery potential at a single residence scale and 
highlighted that there was a potential for reduction in heating-related 
carbon emissions but heating costs increased significantly. For a single 
residence, wastewater heat recovery system has a high capital invest-
ment, therefore, it is currently not financially competitive to traditional 
heating systems. Cecconet et al. (2020) have also analysed an applica-
tion of energy recovery from wastewater in a sewer for heating and 
cooling a building in Czech Republic by means of heat exchangers and 
pumps. They evaluated two options: 1) heating and cooling using a 
conventional system (connected to the local grid) and 2) heat recovery 
from wastewater using heat exchangers and pumps. They found that 
option 2 was more feasible as it was able to provide a 59% decrease in 
energy consumption. 

Table 1 summaries the advantages and disadvantages of the main 
options related to the use of derived heat reducing carbon emission 
within the domestic energy sector. 

To summarise, there is growing interest in using derived heat as a 
low carbon energy source, but there is still limited research on opti-
mising the combined use of electricity, gas and recovered heat networks. 
In order for heat recovery to be low carbon, both the heat source would 
need to be low-carbon, as well as any electricity used to derive the heat. 
Heat recovery from urban drainage systems, using renewable energy to 
operate the heat pumps, is promising as wastewater has been classified 
as a renewable energy source, and these systems are located near houses. 
Also, these systems may be more suitable for medium to low density 
housing, where district heating systems would not be feasible due to 

Nomenclature 

Dt Hourly heat consumption 
Yt Hourly solar generation 
Yr Optimal size of solar panel area 
Ymin, Ymax Lower/upper bound of solar panel area 
Wt Hourly wind generation 
Wr Optimal wind turbine capacity 
Wmin, Wmax Lower/upper bound of wind turbine capacity 
Ht Hourly sewer heat recovery 
St Hourly input from water service reservoir 
Sr Size of water service reservoir 
Gt Hourly input from non-renewable source 
t Time step (1 h) 
α,β, γ Carbon emission factor  

Table 1 
A comparison of different options for reducing carbon from domestic heating 
and their associated advantages and disadvantages.  

Options Advantages Disadvantages 
Existing district heating 

system (Millar et al., 
2019) 

High potential for carbon 
emission reduction 

High investment cost; 
need relatively high urban 
density. 

Existing district heating 
with new heat pumps 
with wastewater 
source (Arnaudo 
et al., 2021) 

Potential for carbon 
footprint reduction (up to 
24%) depending on 
electricity source used to 
run heat pumps 

May not be suitable for a 
small community scale; 
heat generation cost is 
higher than for district 
heating; not suitable in 
high heat demand density 
areas 

Distributed GSHP (Ilisei 
et al., 2019) 

Heat available all year 
round; could be used for 
medium & low urban 
density. Potential for 
carbon footprint 
reduction depending on 
electricity source used to 
run heat pumps 

Requires either a big 
garden space or a deep 
borehole which results in 
high cost of drilling 

Distributed heat pumps 
with wastewater 
source (Cecconet 
et al., 2020) 

Potential for heating 
consumption and heating 
related carbon emission 
reduction; energy 
efficient; could be used in 
medium to low urban 
density. Potential for 
carbon footprint 
reduction depending on 
electricity source used to 
run heat-pumps. 

Mismatch between heat 
supply and demand  
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cost. However, spatial and temporal mismatches in demand and supply 
need to be overcome. There has been very limited research on quanti-
fying where, at what times and how much surplus heat is available in 
sewer networks. 

The objective of this paper is to investigate the amount of decar-
bonisation that could be achieved in a medium population density town 
by further developing a tool for optimising the use of local renewable 
electricity sources. These sources combine wind and solar with local 
heat recovery from urban drainage systems, and energy storage in 
drinking water reservoir, by minimising the operational and embedded 
carbon emissions of the system. The size and duration of demand-supply 
gaps as well as energy surpluses will be analysed at seasonal and daily 
time scales in order to assist planners in deciding on the possibility of 
different energy mixtures, and the size and type of energy storage that 
may be needed to achieve practical decarbonisation of domestic heating. 

The novelty of this paper is to present a case study consisting of over 
33,000 households with 486 km of predominantly combined sewers, to 
investigate the spatial and temporal variability and quantify the benefit 
of integrated water-energy system. This could be valuable as it can help 
urban planners to explore how different types of local energy sources 
could optimally be combined, and identify where additional energy 
storage would be needed, and at what space-time scales. The method 
also informs when and where there is surplus energy, and can be used to 
explore what efficiency and type (heat or electrical) energy storage 
would be needed. One can easily scale up these figures from a local scale 
to a national scale for implementation. 

2. Methodology and case study description 

A case study area in the North of England, UK, which consists of a 
medium sized town, surrounded by several smaller urban areas is the 
basis of this study. The model described in (Liu et al., 2020) has been 
developed to incorporate the spatial effects of heat demand and 
renewable supply from the case study area’s water infrastructure. This 
model has been utilised to optimise the mix of mainly renewable energy 
sources that yield the lowest carbon emissions for the case study area, 
and then to investigate the distribution, size and duration of the heat 
demand-renewable supply mismatches at both hourly, monthly and 
annual timescales. The model was built to simulate the integration of 
existing water infrastructure with a range of renewable and 
non-renewable sources and the integration is designed to meet local 
hourly heat demand for households. The households were split into 
groups based on their spatial location within the case study area. This 
spatial distribution generally reflected their proximity with respect to 
existing water infrastructure. For group A, heat demand will be met by 
optimising a combination of electrical energy from wind turbines, solar 
panels, potential energy stored in the water service reservoir released as 
electrical energy, and a non-renewable back-up supply, in the UK this is 
essentially piped natural gas (methane) to individual properties. The 
heat demand from group B will be supplied by sewer heat recovery, 
supplemented with electrical energy from renewable sources (wind, 
solar) and a non-renewable source (i.e., piped natural gas). The time step 
of the simulations is hourly, energy storage is not considered and sim-
ulations are carried out over an annual time period. The nature of the 
formulated problem is constrained non-linear optimization and this is 
solved with MATLAB using the fmincon solver, a brief outline of the 
equations used is shown in appendix. A summary of model inputs and 
outputs are presented in Table 2. 

The total population in the case study area is just over 80,000, served 
by the same combined sewerage network that comprises 486 km of 
pipes. The case study simulation is of one-year duration, 2018 was 
selected as it was the latest year where all data were available. The wind 
speed and solar radiation were typical, they were not the highest or the 
lowest compared to years in the previous decade. Hourly wind speed and 
solar radiation values of 2018 for the case study area were obtained from 
the Centre for Environmental Data Analysis (CEDA, 2018). The average 

wind speed is 5.83 m/s and the average solar radiation is 0.12 kWh/m2. 
The size of the water service reservoir is estimated to be 40,000 m3 
based on the assumption of daily water consumption (including leakage) 
of 250 L/day/person and the service reservoir is able to store two days of 
drinking water (Liu et al., 2020). A typical pump efficiency of 0.8 and 
turbine efficiency of 0.6 are assumed and a 15 m drop in water level is 
assumed. Fixed pump and turbine efficiencies and flow rate are 
assumed. Predicted heat demand is based on an hourly profile for 2009 
that was initially obtained from a UK national database (UK Data Ser-
vice, 2009). This was randomised by drawing sets of 1000 households 
twenty times, and taking the average heat demand pattern, which 
resulted in a relatively stable pattern (as explained in detail by Liu et al., 
2020). The UK’s domestic gas consumption has reduced by 10.44% 
between 2009 and 2018 (BEIS, 2020), hence the demand is adjusted by 
lowering it by 10.44%, assuming the hourly pattern remains the same. 
Then the demand is scaled up to be a representative profile of the size of 
the studied groups. The carbon emission factor from wind and solar has 
assumed to be 0.0107 kgCO2/kWh (Bertasiene et al., 2015) and 0.0292 
kgCO2/kWh (Koffi et al., 2017) and a carbon emission factor of 0.2 
kgCO2/kWh has been used for natural gas (BEIS, 2019b). 

The heat recoverable from sewers is based on dry weather flow. The 
sewers in the catchment are predominantly combined and would 
therefore have intermittent rainfall inputs, which would affect the flow 
and temperature. Rainfall has not been considered due to its variability 
year to year; relatively infrequent impact on the sewer and, most 
importantly, a knowledge gap on the impact of rainfall runoff on sewage 
temperatures. Thermal energy cannot be transported over long distances 
without having major heat losses, hence, the thermal energy recovered 
from the wastewater network should be consumed within an appro-
priate distance. A radius of 100 m has been identified as the appropriate 
area for heat recovery from the sewer network to be distributed. This 
distance has been considered reasonable in the study by Spriet at al. 
(2020). Abdel-Aal (2015) presented annual sewage temperature vari-
ability at four locations in a Belgian sewer network. As Belgium has a 
similar climate to UK, this data has been used to derive appropriate 
wastewater temperatures, the temperatures reported were 8–10 ◦C in 
winter (Dec–Feb), 11–14 ◦C in spring (Mar–May), 16–19 ◦C in summer 
(Jun–Aug) and 12–16 ◦C in autumn (Sep–Nov). A polynomial equation 
of power four was fitted to estimate the daily wastewater temperature. 
Dry weather flows are estimated using a hydrodynamic sewer network 
model (Infoworks ICM, www.innovyze.com), which has been verified 
using UK water industry guidelines valid at the time the model was 

Table 2 
Summary of model inputs and outputs.  

Category Inputs Outputs 
Optimization 

routine 
Hourly wind speed, solar 
radiation, domestic heat 
demand 

Optimal solar panel area, 
optimal wind turbine 
capacity, hourly and annual 
total carbon emissions 
Hourly optimised energy 
availability and usage from 
each source 

Hourly available sewer heat 
energy, electrical energy from 
water service reservoir 
Carbon emission factors 

Sewer model Pipe network information 
(diameters, lengths, gradients, 
spatial coordinates of pipes), 
wastewater daily dry weather 
flow profiles, spatial 
distribution of population, 
daily wastewater generation 
temporal profile, daily 
wastewater generation per 
person, wastewater 
temperature profile 

Hourly sewer heat recovery 
potential 

Water service 
reservoir 

Daily water consumption per 
person, total population within 
the case study area, volume of 
the water service reservoir 

Electricity generation by 
releasing water from the 
water service reservoir  
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created (WaPUG, 2002). At locations where heat has been recovered 
from the network, the wastewater temperature drops, and it rises again 
when additional fresh wastewater enters downstream. With fresh 
wastewater being added, the mixed wastewater temperature is calcu-
lated by a function of incoming flows and wastewater temperature 
(Abdel-Aal, 2015). Heat loss or heat gain through soil and air is 
neglected in this study, but should be considered in a more detailed 
study of sewer heat recovery (Abdel-Aal et al., 2021). No heat will be 
recovered if the sewer temperature is below 10 ◦C. The coefficient of 
performance of the heat pump is assumed to be 4 (The Green Age, 2014). 

Data from the Office for National Statistics (ONS, 2019a) shows that 
the case study area has a spread of population densities slightly lower 
than the UK national values, but within a range which would be 
reasonably expected in many towns and cities in the UK. For example, in 
the case study area, 68% of the population lives in a Lower Layer Super 
Output Area (LLSOA) with a density >1000 people per square km, 
compared to 77% in England and Wales. The difference is greater for 
high population densities, with only 2% within a LLSOA >10,000 per 
square km, compared to 10% nationally. It should be noted that these 
LLSOAs are areas with an average of 1700 people. 

Households in the case study area are split into groups A and B. 
Group B households are within a 100 m radius of sewers with sufficient 
sewer flow and with sufficient heat demand for heat recovered from the 
sewer network to be distributed. Group A comprises all households not 
meeting these criteria. A cut-off flow of 25 L/s in the sewer was stipu-
lated as sufficient for heat recovery, based on the research by Abdel-Aal 
et al. (2018). The number of houses within a 100 m radius of identified 
potential sewer heat recovery locations was assessed manually using 
Ordnance Survey MasterMap, this was converted to a population based 
on the assumption of each household containing 2.4 people (ONS, 
2019b). 

The town has a total population of approximately 80,000, which is 
equivalent to a community of 33,334 households. Five locations were 
identified with both sufficient flow and sufficient households within 
100 m for a heat pump to be viable. These five locations form group B 
(see Table 3) that consists of 614 homes (just under 1500 people), so 
there are 32,720 remaining households (approximately 79,000 people) 
in the town that will be supplied by a mix of energy sources (Group A). 
These areas are shown schematically in Fig. 1, heat is recovered from all 
sewers upstream of the heat pumps. Downstream of the heat pumps and 
in separate parts of the sewer network which do not meet the criteria for 
heat recovery, no heat is recovered. For Group A, the hourly heat de-
mand ranges between 2.6 and 279 MW, and for group B between 50 and 
5240 kW. 

Main equations: 
Objective function 

f (Yr ,Wr, Sr)=
∑n

t=1

α × Yt + β × Wt + γ × Gt 

Subject to 
Ymin ≤Yr ≤ Ymax  

Wmin ≤Wr ≤ Wmax  

Dt ≤Yt + Wt + Ht + St + Gt 

Hourly energy balance = Yt + Wt + Ht + St − Dt (either positive 
or negative). 

Monthly surplus = ∑
(positive values)

Monthly deficit = ∑
(negative values) =

∑Gt 
The full detailed model is described in (Liu et al., 2020) - Reducing 

carbon emissions by integrating urban water systems and renewable 
energy sources at a community scale, included in the reference list. 

3. Results 

3.1. Group A: households not suitable for sewer heat recovery in the case 
study area 

The simulation is run for the year 2018, when total annual heat 
consumption from group A is 440 GWh. With the optimised energy mix 
for group A, the total carbon emission generated is 34,562 tCO2. The 
optimised solar panel area is 0.239 km2 and the peak wind power supply 
is 230 MW. Considering there are 32,720 houses in this group, each 
house would then be required to have just over 7 m2 of available roof 
area for solar PV panels. The actual number of wind turbines required 
depends on the selected turbine type and capacity. With this mixture of 
energy sources, 61% of the heat demand can be satisfied through 
renewable sources, and for 71% of time in the year all heat demand is 
met through renewable sources. The hourly peak supply is 230 MWh 
from wind and 30 MWh from solar. Given the estimated capacity of the 
water service reservoir, theoretically releasing all of the available water 
generates an electricity output of almost 1 MWh, which can supply a 
number of households. Importantly pump storage is a highly responsive 
source, so it can be used to meet short duration peaks in demands, not 
captured at the resolution of these simulations, but important for 
network reliability and resilience. As for the non-renewable source, 
some of this is required throughout the year, with a peak supply of 245 
MWh in the year. 

The optimal energy generation mix for group A is demonstrated for 
four consecutive randomly selected example days in both the winter and 
summer, shown in Fig. 2&3 respectively. In winter, hourly heat demand 
is high and the optimised energy mix showed regular shortages of 
renewable energy sources, and regular use of the back-up energy supply. 
Energy generation from solar and water service reservoir is reliable but 
small compared to wind and non-renewable supply, hence it is difficult 
to visualise on the plot. There is considerable surplus wind energy 
during the first 36 h, solar on the other hand has very limited surplus. 
The surplus from wind (denoted by Wind+) and solar (denoted by 
Solar+) is displayed on the secondary vertical axis. During the summer 
days, heat demand is almost ten times lower than in the winter, and can 
be satisfied using renewable sources for most of the period, with surplus 
from both wind and solar. However, some non-renewable source is still 
regularly required to cover brief shortages. Fig. 4 shows the monthly 

Table 3 
Population and heat recovery statistics for group B areas.  

Area  Heat supply area (within 100 m radius of heat pump) Upstream of heat pumpa 

No. of 
houses 

Population Population Density (per 
km2) 

Hourly heat demand 
(kW) 

Average hourly heat recovery per 
person (kW) 

Population 
equivalent 

Population Density (per 
km2) 

1 110 264 8403 9–939 1.4 4957 6850 
2 133 320 10154 11–1135 4.7 23076 4795 
3 69 166 5284 6–589 4.3 5699 7465 
4 161 387 12287 13–1374 0.4 828 9203 
5 141 339 10759 11–1203 0.6 1234 3249 
Total 614 1476 9377 50–5240 11.4 35794 5287  
a Population equivalent is taken from the hydrodynamic model, it is the total population, plus an equivalent population representing industrial and commercial 

flows. The population density is calculated using the sub-catchments areas in the hydrodynamic model with the population equivalent. 
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accumulated surplus from renewable energy and the monthly accumu-
lated amount of non-renewable supply required. Monthly surplus is the 
sum of hourly surplus from wind and solar. Monthly shortage is the sum 
of the hourly supply from the non-renewable source. Please refer to the 
appendix for the detailed calculation. For the months Dec to Feb, the 
accumulated surplus exceeds the supply from the non-renewable source 
approximately by a factor of 3, in Mar–May by a factor of 6, Jun–Aug by 
a factor of 34 and Sep–Nov by a factor of 12. Over 95% of the surplus is 
generated from wind energy. In the example, four winter days in Fig. 2 
shows the accumulated surplus is 4430 MWh and the accumulated 
deficit is 4440 MWh respectively. Four summer days in Fig. 3 shows the 
accumulated surplus exceeds accumulated deficit by a factor 47, and the 
accumulated surplus is 5437 MWh and the accumulated deficit is 116 
MWh respectively. 

3.2. Group B: households within a 100 m radius of a sewer location 
suitable for heat recovery in the case study area 

There are 614 households in this group (2% of the households in the 
case study area), and they are primarily supplied by sewer heat recov-
ery. In the one-year period simulated, sewer heat alone could cover 
demand for 43–67% of the time among the five selected areas. Total 
annual heat demand for the five areas is 1481, 1790, 929, 2167, 1898 
MW, and total demand fully satisfied using sewer heat solely is 357, 643, 

327, 258, 276 MW. On average, about 23% of the heat demand over the 
five areas can be fully satisfied using sewer heat. During winter, the 
wastewater temperature rarely exceeds 10 ◦C, hence there is almost no 
heat recovery possible, and this is when the high heat demand occurs. In 
spring and autumn, the wastewater temperature gradually rises, but 
there are still other energy supplies needed to cover any shortage. 

The detailed breakdown of the heat available from the wastewater 

Fig. 1. Schematic of case study area showing the subdivision of the sewer network into sub areas in which thermal heat recovery occurs and does not occur.  

Fig. 2. The supply mix and wind/solar surplus 1–4 Feb 2018 – Group A.  

Fig. 3. The supply mix and wind/solar surplus 1–4 Jul 2018 – Group A.  

Fig. 4. Monthly accumulated hourly surplus (from wind/solar) and shortage – 

Group A. 
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system is shown in Fig. 5, the positive values represent the surplus while 
the negative values represent shortage. The accumulated annual deficit 
in Areas 1–5 is 991, 1038, 543, 1708, 1443 MWh and the cumulated 
annual surplus is 1521, 7649, 3602, 462, 625 MWh. 

Sewer heat recovery alone is not sufficient to meet the heat demand 
at all times. When there is insufficient sewer heat recovery, a mix of 
other sources are to be used to cover the difference and the electricity 
input of the heat pump is also provided by a mix of energy sources. 
Running simulation for this group over one year, the total associated 
carbon emission is 517 tCO2. The optimised solar panel area is 1004 m2 

and optimal wind power capacity is 3.9 MW. This suggests that each 
household is required to have just over 1.6 m2 of roof area for solar PV 
panels. If a wind turbine with power capacity of 2 MW is selected, then 
two wind turbines are sufficient for this group. Heat demand can be fully 
satisfied for 85% of the time in the year using sewer heat, wind and 
solar. A non-renewable source (with a maximum hourly value of 4.6 
MWh) is used to cover any shortage and this mainly occurs in Nov–May. 

The optimal energy generation mix for four randomly selected days 
in the winter and the summer respectively, is shown in Fig. 6&7. Hourly 
heat demand is higher in the winter and there is no sewer heat recovery, 
therefore, the demand has to be supplied by a mix of wind, solar and a 
non-renewable resource. The surplus from wind (denoted by Wind+), 
solar (denoted by Solar+) and heat (denoted by Heat+) is displayed on 
the secondary vertical axis. Solar surplus is very small compared to 
wind, it is difficult to visualise from the graph. Fig. 7 shows the supply 
mix and surplus for the four randomly selected summer days, and it 
reveals that all of the heat demand can be met by sewer heat (denoted by 
Heat) alone. There is surplus from wind and solar, as well as sewer heat. 

Fig. 8 shows the accumulated energy surplus and shortage. For the 
months Nov to Apr, the accumulated surplus exceeds the supply from 
the non-renewable source approximately by a factor of 4 and in May–Oct 
there are no deficits of renewable energy. Roughly 50% of the surplus is 
generated from wind energy, and 50% by sewer heat. Over four winter 
days in Fig. 6, the accumulated surplus is 67 MWh and the accumulated 
deficit is 87 MWh. For the four summer days in Fig. 7, the accumulated 
surplus is 435 MWh and there is no deficit. 

4. Discussion 

If all the residential heat demand in the case study area was satisfied 
by the use of natural gas, the total annual carbon emission would be 
89,731 tCO2. The total annual carbon emission following the simula-
tions for group A and B is 35,079 tCO2, an emission reduction of 61%. 
The benefit of this type of local renewable energy sources integration is 
that it makes use of existing water assets and the installation of sewer 
heat recovery uses existing technology. Wind turbine and PV technology 
are relatively mature. The peak PV power production in this study is 30 
MW, and this level of local PV capacity should not cause any problems 
on the local electricity distribution network (Mondol and Jacob, 2018). 

Whereas for the wind output, to distribute a peak power production of 
230 MW would require reinforcements on the local distribution network 
or a new infrastructure. A wind turbine that is connected to the sub-
station directly, a maximum production of 10 MW would be manageable 
in the majority of cases (Northern Powergrid, 2019). Otherwise, a 
constraint would need to be imposed to limit the amount of wind energy 
to be distributed without causing issues on the network. 

In this paper it has been demonstrated that for this case study with a 
realistic population and spatial constraints that reflect common char-
acteristics of water infrastructure systems that substantial carbon 
emissions can be achieved. However, the economics of such local inte-
grated distributed systems are complex. Studies of heat recovery from 
sewers have reported a range of costs, indicating that local spatial fac-
tors are important. A major potential economic benefit of widespread 
adoption of such a local approach would be the deferment of capital 
investment in the national electricity transmission system; this would 
depend on the location, rate of adoption of such a local integrated 
approach across the country. Hence, it would currently be difficult to 
quantify this economic benefit based on this case study alone, without 
further analysis. Fig. 5. Monthly balance between sewer heat surplus and shortage for the five 

selected areas. 

Fig. 6. The supply mix and wind/solar hourly surplus 1–4 Feb 2018  

Fig. 7. The supply mix and wind/solar hourly surplus 1–4 Jul 2018  

Fig. 8. Monthly accumulated hourly surplus (from wind/solar/sewer heat) and 
monthly accumulated hourly shortage. 
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To achieve ambitious carbon reduction targets, reduction in heat 
demand and/or providing a means of renewable energy storage is 
essential. Improved housing insulation levels and changes in behaviour 
may help with the reduction in heat demand, but examination of 
existing evidence suggests that anticipated heat demand reductions 
alone are not enough. Rosenow et al. (2018) estimated the potential for 
energy savings in existing domestic buildings in the UK by 2035 (as 
percentage of 2015 energy consumption). They found that the measures 
offering the greatest technical potential for energy savings over this 
period are installing certain specific low carbon heating systems, 
building fabric improvements (e.g. various types of insulation) and up-
grades to condensing boilers, contributing to reductions in energy con-
sumption of 28, 15 and 7% respectively compared to the 2015 baseline. 
When we compare these data against the case study group A, even if a 
heat demand reduction could be achieved at 50% of the current level (by 
implementing all 3 the measures proposed by Rosenow et al.), 
re-running our simulations only led to a carbon emission reduction of 
77%, which is still some way off from carbon neutrality. 

For group A, a considerable amount of renewable energy surplus 
from wind and solar is produced, hence if there were to be some form of 
long-term inter-seasonal storage, calculations such as shown in this 
study could help identify the size, type and efficiency requirements of 
such storage. In this group, wind generated over 95% of the surplus 
energy and less than 5% from solar. The accumulated surplus at the end 
of the year is much larger than the deficit, hence an energy storage with 
low efficiency or a smaller storage with higher efficiency can help 
address the supply-demand imbalance. This would be subject to finding 
some long-term and high capacity storage option that has no or very low 
associated carbon emissions, as the final objective of the approach is to 
help deliver the net zero carbon target for domestic heating. Soil energy 
storage and recovery is currently estimated to be around 22% efficient 
(Jradi et al., 2017) and would be readily available in urban areas. The 
annual energy surplus estimated by accumulating the hourly surpluses is 
approximately 716 GWh so a total of 158 GWh may be available if long 
term heat storage and recovery in the soil of 22% efficiency is indeed 
feasible. This would be sufficient to cover the sum of the hourly deficits 
over the year, which add up to approximately 114 GWh. 

For group B, areas 1–3 have a significant amount of heat surplus for 
summer and autumn months, but a shortage in winter, and areas 4&5 
always have insufficient heat recovery. Hence, additional low grade heat 
sources or storage systems would likely be needed. In the case study, no 
energy storage has been considered, given the amount of heat surplus 
(Figs. 5 and 6), it would be very beneficial if the surpluses can be stored 
over long time periods and then be used to cover the energy deficit in 
winter. If one plans to deploy sewer heat recovery applications for a 
location, the result from this paper could be used as a guideline for towns 
with similar population density, and to investigate different energy 
storage options. In this town, approximately 2% of houses at a sufficient 
density were located within a 100 m radius of a sewer with average dry 
weather flow >25 L/s, and no heat was recovered once sewage tem-
perature is below 10 ◦C. These are both quite conservative assumptions. 
The influent temperature of the Wastewater Treatment Works (WWTW) 
should remain above 10 ◦C, however, the temperature in the sewer 
system could locally be reduced below 10 ◦C, as long as additional 
wastewater would be added into the system downstream, raising the 
temperature of the wastewater before the WWTW. Hence the study 
could be repeated on a finer spatial scale using less conservative as-
sumptions looking at lower average dry weather cut-off flows for 
installing sewer heat recovery and allowing larger local temperature 
reductions. 

The population density of the case study area is considered to be 
representative for many other urban areas. For example, according to 
the Local Administrative Units (LAU, 2020), in Germany the average 
population density of LAUs consisting of >10000 and < 200,000 in-
habitants are 505 inhabitants per km2, with a standard deviation of 457 
and approximately half of Germany’s population, just over 40 million 

people, lives in these areas. For Denmark, the average population den-
sity of LAUs consisting of >10,000 and < 200,000 inhabitants are 627 
inhabitants per km2, with a standard deviation of 1531 and approxi-
mately 75% of Denmark’s population, or 4.4 million people, lives in 
these areas. This type of housing density (for small town to medium size 
city) is common for many European urban areas. Therefore, the results 
of this study are believed to be applicable to similar such areas in 
northern Europe. If the empirical data of wind speed, solar radiation, 
residential heat demand for other climates and economies are available, 
then this new dataset can be used directly to re-run the model. For those 
who do not have access to empirical data, there are forecasting models 
to help estimate the future wind speed, solar radiation and residential 
heat demand. The water infrastructures are not likely to change over a 
multi-decade period. The methodologies for assessing sewer flows 
would also be generally applicable, the vast majority of sewer systems in 
the developed world will have a hydrodynamic model to generate the 
required data on dry weather flows. In cases where a hydrodynamic 
model is not available, then there should still be adequate knowledge of 
the sewer system layout to enable a simple model to be built to estimate 
dry weather flows, or to estimate this manually at key locations in the 
catchment. 

There are also other promising emerging opportunities to further 
utilise urban water systems to deliver the required storage of heat en-
ergy. As described by Dacquay et al. (2020) ground source heat recovery 
could be made more efficient by implementing it near sewer pipes as 
these can heat the surrounding soil. This may be even more enhanced by 
incorporating phase changing material near the sewer system for heat 
storage (Sharma et al., 2009), although considerable research would be 
needed in how to practically implement this. Sustainable drainage sys-
tems can enhance thermal conductivity of soil and may therefore also be 
useful to enhance ground source heat recovery (Ali et al., 2017). 
Furthermore, open urban surface water may also be used to provide both 
cooling in summer, and heating in winter, combined with using urban 
aquifers as a low efficiency but large scale low grade heat energy storage 
as described by De Graaf et al. (2008). Spriet et al. (2020) described 
utilizing WWTW effluent heat to feed into a district heating system, and 
also found both daily and seasonal mismatches between heat source 
availability and heat demand, with daily surplus and shortages in both 
winter and summer, and a winter deficit. They discussed that for miti-
gating daily mis-matches, excess heat may be fed into the district 
heating system, by increasing flow or temperatures to mitigate daily 
shortages. To help mitigate seasonal mis-matches they suggest excess 
heat may be utilised at the WWTW, to create biogas which can be 
stockpiled. They concluded that an integrated planning approach, 
considering both spatial and temporal demand mis-matches is essential 
to ensure best possible use of WWTW effluent heat. 

5. Conclusions 

This paper studied the spatial and temporal considerations when 
implementing sewer heat recovery and integrating wind turbines and 
solar PV as local renewable energy sources, and a drinking water 
reservoir as pumped energy storage, in order to cover domestic heat 
demand. The energy supply and heat demand were simulated hourly for 
one year, based on actual meteorological data and heat demand data. 

The case study area contained a population of just over 80,000 
within just over 33,000 households. The housing density is typical for 
small towns to medium sized cities for many European urban areas. 
Therefore, the conclusions of this study are believed to be applicable to a 
broad range of urban areas in northern Europe. 

In the case study area of 33,334 households, spatial analysis identi-
fied 614 households (Group B - 2% of all households in case study area) 
to be within 100 m radius of a sewer with enough dry weather flow for 
sewer heat recovery - making this low carbon heat technically feasible. 
For the Group B households, sewer heat is able to meet domestic heat 
demand for at least 43% of the time across the whole year studied. For 
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85% of the time a mixture of renewables (sewer heat, wind, solar) is able 
to cover their heat demand. The remaining households in the case study 
area form Group A where the heat demand is met by a combination of 
wind, solar, energy stored in the water service reservoir and a non- 
renewable back-up supply. In this group, heat demand can be fully 
satisfied for 71% of the time using the optimised renewable energy 
source mix. 

For the whole case study area, adopting the integrated water-energy 
systems would lead to a 60% reduction in annual carbon emissions when 
compared to a situation in which domestic heat demand is satisfied by 
natural gas. If the optimised integrated system is adopted, the size of 
peak PV output is unlikely to lead to the need for reinforcing the local 
electricity distribution grid, whereas the maximum wind output would 
require either reinforcement to the local electricity grid or a cap on the 
amount of wind output that could be fed into the integrated system. 
Without including any energy storage, a non-renewable electricity back- 
up is still required although its use would be limited and intermittent. 

Due to the intermittent nature of the renewable energy sources and 
peaks in heat demand, even in periods of low heat demand such as in the 
summer months there remain short time periods of several hours 
duration where there is not enough renewable energy supply to meet the 
domestic heat demand. This imbalance is significantly larger in the 
winter months. A ‘blanket’ heat demand reduction, such as increased 
home insulation was found to be insufficient to mitigate short temporal 
imbalances between supply and demand. The simulations in group A 
indicate that a non-renewable energy source with peak supply of 245 
MW (7.3 kW/household) would be required to ensure that there was no 
hourly supply-demand imbalance within the year. The simulations also 
showed that over the space of the year, the surplus renewable energy is 
considerable and local inter-seasonal energy storage with relatively low 
efficiency (around 20%) may be suitable as a heat storage option to 
cover any hourly demand-supply imbalance. 

The simulation methods described in this paper can be used by en-
gineers and land use planners to explore how different types of local 
energy sources could optimally be combined and at what space-time 
scales. The method also informs when and where there is surplus 
renewable energy, and can be used to explore what efficiency and type 
(heat or electrical) energy storage would be needed. 

In this study, only one year of UK heat demand data was available 
and geographical information on the regional variability of household 
demand was not available. However, local heat demand will be influ-
enced by factors such as poverty and house insulation levels. Weather 
data for 3 years was considered which is unlikely to contain periods of 
persistent low wind speed. For future work on analysis of other case 
study areas local heat demand data should be obtained, including in-
formation on anticipated changes in residential insulation if possible and 
wind speed data should be considered over 1-2 decades to better un-
derstand the impact of these uncertainties over the time periods required 
to justify investment in such synergistic water energy systems. These 
uncertainties would have an impact on the anticipated carbon emissions 
savings. 
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