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A B S T R A C T   

With significant efforts made to consider water reuse in cities, a robust and replicable framework is needed to 
quantify the degree of urban water circularity and its impacts from a systems perspective. A quantitative urban 
water circularity framework can benchmark the progress and compare the impacts of water circularity policies 
across cities. In that pursuit, we bring together concepts of resource circularity and material flow analysis (MFA) 
to develop a demand- and discharge-driven water circularity assessment framework for cities. The framework 
integrates anthropogenic water flow data based on the water demand in an urban system and treated wastewater 
discharge for primary water demand substitution. Leveraging the water mass balance, we apply the framework in 
evaluating the state of water circularity in Singapore from 2015 to 2019. Overall, water circularity has been 
steadily increasing, with 24.9% of total water demand fulfilled by secondary flows in 2019, potentially reaching 
39.6% at maximum water recycling capacity. Finally, we discuss the wider implications of water circularity 
assessments for energy, the environment, and urban water infrastructure and policy. Overall, this study provides 
a quantitative tool to assess the scale of water circularity within engineered urban water infrastructure and its 
application to develop macro-level water systems planning and policy insights.   

1. Introduction 

Over four billion people across the globe face severe water scarcity 
for at least a month every year (Mekonnen and Hoekstra, 2016). The 
situation is further complexed by the fact that over two billion people 
live in countries experiencing high water stress (UN Water, 2020). The 
circular economy (CE) movement holds potential to partially address 
this issue as it emphasizes more efficient use of (by-) products and 
end-of-life resources. Even though several qualitative propositions for 
water circularity exist today (EMF, 2018), circularity efforts have not 
been quantitatively assessed for their overall impact on a city’s water 
consumption and its wastewater system (Abu-Ghunmi et al., 2016; Sgroi 
et al., 2018; Voulvoulis, 2018). With increasing costs of sourcing, 
treatment, and distribution of drinking water, and collection of waste-
water (Derrible, 2018, 2019), metrics should be developed to estimate 
the benefits of water circularity. Renouf and Kenway (2017) highlighted 

the limited quantification of “urban water performance” at the macro urban 
scale (whole of city) to monitor progress towards established urban water 
goals. In that pursuit, cities would benefit from a system-wide quanti-
tative assessment of water circularity. This study, thus, combines the 
existing paradigms of material circularity assessment methods devel-
oped for global (Haas et al., 2015, 2020) and national scales (Mayer 
et al., 2019) with the urban water metabolism evaluation framework 
proposed by Farooqui et al. (2016) to develop a city-level water demand 
and discharge driven circularity assessment framework. 

It is important to highlight that water systems are inherently circular 
through the natural water cycle, in the same way that “biomass waste 
products re-enter the biosphere and are available for ecological cycles” 
(Haas et al., 2015, 2020). Nevertheless, spatiotemporal variations in 
both the intensity of precipitation and the location of demand can lead 
to water scarcity. Thus, this study focuses on anthropogenic water cycle 
in an urban system, which includes all human-managed water flows, and 
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is to be differentiated from circularity in the natural water cycle. 
The remainder of this article is as follows: the next section provides a 

review of past efforts on water mass balance and their applicability to 
assess urban water circularity. This section is followed by the proposed 
methodological framework and circularity indicators that can be applied 
at urban scale assessment. This framework is applied to evaluate the 
water system of a case city, Singapore, detailing datasets to support the 
analysis. Subsequently, the results of the circularity assessment are re-
ported. Finally, we discuss the implications on urban water circularity 
and water policy. 

2. Literature review 

In studies conducting Economy-wide Material Flow Analysis (EW- 
MFA), water flows are presented separately from other material flows as 
water flows are typically an order of magnitude greater by mass (Der-
rible et al., 2020; Eurostat, 2001; Krausmann et al., 2017). The 
MFA-based approach has advanced to become one of the main ways of 
assessing global (Haas et al., 2015, 2020) as well as national material 
circularity (Arora et al., 2019; Jacobi et al., 2018; Mayer et al., 2019) 
and has been recommended for assessing water circularity (Nika et al., 
2020). However, an MFA-based assessment of city-level water circu-
larity has not yet been defined. A primary characteristic of typical MFA 
studies can be stock accumulation due to the longer lifetime of materials 
such as steel, concrete etc. (Arora et al., 2019; Derrible et al., 2020) . 
However, representation of the flows of water and wastewater may not 
feature such stock characteristic given little residence time in the cir-
culation system, distinguishing it from material flows. In addition, get-
ting reliable data for water and wastewater quantities can be 
challenging due to diversified sourcing, losses, and leakage. 

In precedent studies, water flows are typically reported in the form of 
water supply and wastewater, such as in Kennedy et al. (2007) that 
compared these flows for various cities. While water flows have been 
studied and represented across cities and territories, much less work has 
examined water flows from a circularity perspective, largely because 
few water reuse programs exist in the world (See Section S1, SI-1). An 
exception to this was in a study of the urban metabolism of Los Angeles 
County (Ngo and Pataki, 2008), where water recycling in the form of 
irrigation and groundwater reinjection was reported to have contributed 
“less than 5% of total consumption” in 1990 and 2000. In another study 
of a proposed urban development in Ripley Valley, Australia, water 
flows were analyzed in various scenarios such as gray- and used water 
recycling (Farooqui et al., 2016). The authors also put forth several 
metabolism indicators for water flows, including an “internal recycling 
ratio”, which was defined as the ratio between the “volume of water 
recycled internally” and the “total volume supplied to meet demand”. 
However, this work assumes several scenarios of wastewater recycling 
and reuse to showcase the potential of water circularity. 

Further, Kenway et al. (2011a) formalized a systematic mass-balance 
framework that included both natural and anthropogenic flows and 
proceeded to apply this framework on various cities and territories in 
Australia. Kennedy (2012) also provided equations for water flows and 
extended the scope to include urban aquifers. Water flows have also 
been studied for Amsterdam in 2012 (Voskamp et al., 2017), Bangalore 
in 2013 (Paul et al., 2018) and Cape Town in 2014 (Currie et al., 2017). 
In the case of Amsterdam, water flows were analyzed looking at the 
quantity of raw and treated water imported for producing drinking 
(potable) water, and the amount of groundwater infiltration into the 
sewer. In the case of Bangalore, the accounting framework of Kenway 
et al. (2011a) was extended to include system losses and decentralized 
surface water supplies provided by private water retailers. In the case of 
Cape Town, rainfall and dam levels were of special focus as virtually all 
of the city’s water is sourced from rivers and dams which have been 
under stress from prolonged drought during the period from 2015 to 
2017. 

Existing water metabolism frameworks, thus, have been previously 

applied to hypothetical scenarios or to cities where the volume of 
recycled water is negligible with respect to the overall water system, 
focusing predominantly on mass balance without proper focus on 
circularity assessments. Hence, there is a need to extend the existing 
water accounting models and establish a quantitative framework for 
urban water circularity assessment, especially for cities that are 
considering water recycling practices. Such water circularity frame-
works can leverage upon urban metabolism studies and recent ad-
vancements in the circular economy assessments. 

Specifically, this study develops an urban water demand and 
discharge-driven quantitative circularity assessment framework that can 
be applied to different urban contexts. Further, the framework is applied 
to a case study of urban water systems in Singapore, a city which has 
developed elaborate policy and practice for reuse-driven water circu-
larity. This framework can be applied to water-constrained cities and/or 
urban systems with some efforts on gathering water flow datasets either 
through government data or with typical bottom-up water accounting 
(Derrible et al., 2020). We further estimate the maximum potential 
water circularity that may be achievable for the case city and discuss the 
implications of improved circularity rates on infrastructural policies and 
energy footprints. This research facilitates the ongoing global efforts for 
anthropogenic/engineering water circularity through a quantitative 
substance flow and circularity analysis. 

3. Methodology 

3.1. Framework 

In general, urban water demand is met by a variety of primary 
sources that may include groundwater, surface water, and seawater. 
Depending on local water governance and infrastructure, water supply 
may have centralized, decentralized, or hybrid distribution mechanisms 
for industrial, commercial, and domestic consumption (Hoffmann et al., 
2020). To develop a robust and replicable water circularity assessment 
framework, water demand and discharge can be aggregated at the 
city-level to absorb the complexities of sourcing, distribution systems, 
and diversity of socio-technical consideration across urban water sys-
tems. In this pursuit, we organize water flows in an urban system based 
on the anthropogenic water cycle, where water is sourced from various 
sources to meet the urban water demand, and it is discharged as 
wastewater of varied quality into the natural water cycle. Wastewater 
discharge from various sources across the city can be centrally collected 
for recycling and then further used to substitute primary water demand. 
It is important to highlight that the overall water cycle in an urban re-
gion includes natural flows that complement anthropogenic water cycle 
in water circularity. Additionally, there are material and energy inter-
linkages with anthropogenic water cycle responsible for indirect water 
footprint of products and services that cities supply. However, from an 
engineered water systems perspective, urban demand and discharge is 
managed and controlled by anthropogenic actors and thus we focus 
primarily on anthropogenic (engineered/human managed) water 
infrastructure for circularity assessment at a city scale. This approach is 
intended to help develop water planning and policy interventions at a 
higher level of urban water management strategy. 

To provide a representative understanding of different water flows, 
Fig. 1 shows a generic urban water system based on water mass balance 
(Farooqui et al., 2016; Kenway et al., 2011a; Paul et al., 2018) and 
proposed circularity assessment framework with indicators. Fig. 1a 
provides an overview of the urban water system from the water flow 
perspective and includes both natural and anthropogenic flows with 
inclusion of Managed Aquifer Recharge (MAR) (Page et al., 2018). MAR 
strategies like injection wells and infiltration basins can play a key role 
in sustainable urban groundwater management and are being adopted 
by many cities. Natural infiltration inhibited by impervious urban sur-
faces together with over-extraction of groundwater can contribute to 
undesirable ecological consequences like land subsidence (Chaussard 
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et al., 2013; Xu et al., 2012). Fig. 1a also depicts natural flows such as 
precipitation, evaporation, infiltration and stormwater discharge. Of all 
precipitation falling in the urban boundary, a portion could be captured 
by human-managed rainwater harvesting systems, while the remainder 
could leave the urban boundary as stormwater runoff or infiltrated into 
the groundwater. Water could also leave the urban area by evaporation 
from exposed water bodies, outdoor water features, washing, or urban 
vegetation. Fig. 1b provides consolidated anthropogenic water flows 
into and out of an urban system required for calculating water circu-
larity along with water losses across the system. The terms represent 
annual volumes, usually expressed in cubic meters (m3) per year. The 
total water input (Itotal) is defined as the total volume of water required 
to meet urban water demand of all users within a city where users 
represent all industrial and societal consumers within a city that use 
water for various end-usages. This quantity includes water drawn from 
various primary and secondary sources. Primary sources include water 
supplies from outside of the urban boundary, groundwater extraction, or 
harvested rainwater, while secondary sources include recycled gray- or 
wastewater. Urban demand includes potable and non-potable uses, and 
additional water required to meet demand with distribution losses. 

Conversely, the total wastewater generated (Oww) by the users is 
separated into three components: (a) the volume of untreated 

wastewater used to meet specialized urban water demand (Isecondary, un-

treated), (b) the volume of wastewater sent to a wastewater treatment or 
recycling plant (Oww, treatment) and (c) the volume of wastewater directly 
discharged without treatment (Odischarge, untreated). From the wastewater 
treatment plant, a portion of treated wastewater is discharged (Odischarge, 

treated) while another portion is directed for reuse (Isecondary, treated). In this 
study, discharge refers to wastewater flows leaving the urban boundary, 
such as effluent flowing into rivers and seas. 

Finally, secondary flow (Isecondary) is the total volume of water that is 
treated to a level suitable for use and forms part of total water demand. 
The total secondary flow is the sum of secondary flows from treated 
(Isecondary, treated) and untreated (Isecondary, untreated) sources. One example 
of a treated secondary flow (Isecondary, treated) is potable water recycled at 
advanced treatment plants, while untreated secondary flows (Isecondary, 

untreated) refer to the direct, non-potable reuse of wastewater (e.g. gray 
water), such as the use of laundry effluent for toilet-flushing or irriga-
tion. Secondary flows are separated into treated and untreated sources 
for accounting purposes, as treated secondary flows are likely to origi-
nate from centralized processing plants which measure input and output 
flows, while untreated flows are likely to occur in a decentralized 
manner with low data accessibility. 

For circularity assessment, we define water circularity from the 

Fig. 1. Water circularity assessment framework consisting of (a) an urban water flow diagram including natural and anthropogenic flows and (b) simplified 
schematic diagram with consolidated water flows necessary for calculating anthropogenic water circularity. 
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perspective of substitution of primary water demand and, thus, the 
fraction of wastewater that is treated to a water quality level and that 
can be reused to substitute primary water supply. The proposed 
framework defines water circularity based on primary water input and/ 
or demand substitution and discharge reusability. Quantitatively, ab-
solute water circularity can be expressed in terms of an input circularity 
rate (Cinput) , which measures the proportion of water supplied from 
recycled water to meet urban water demand. Thus, input circularity rate 
represents the dependence of the urban water system on secondary flows 
for meeting primary demand. 

As recycling efforts have been the key circularity measures in many 
cities, we extend the circularity measurement representation from the 
perspective of urban water discharge or outflow. This is inspired by the 
material circular economy concept of ‘socioeconomic cycling’ where 
both input and output socioeconomic cycling rates are tracked (Haas 
et al., 2020; Mayer et al., 2019). 

To consider the proportion of wastewater discharge that is recycled 
to a quality level that can potentially substitute primary water demand, 
we define output circularity rate (Coutput) as the fraction of treated 
wastewater out of total wastewater generated from an urban system. 
Output circularity highlights the extent of wastewater treatment in a city 
and the gap in achieving the total water circularity potential. Theoret-
ically, the maximum water circularity potential in city is represented by 
the total generated wastewater that must be treated to a certain water 
quality level for reuse. Output circularity thus assumes that the water 
quality, after wastewater treatment, can be achieved to a level that is 
sufficient to comply with the quality requirements set for any applica-
tion within the urban system. It is important to highlight that the water 
quality standards for different end-uses can vary significantly based on 
jurisdictions just as the wastewater discharge standards to natural water 
bodies. This point is also crucial for cities and/or jurisdictions where 
effluent discharge standards into water bodies and/or sea are lower than 
the water quality standards recommended for industrial or domestic 
water consumption. 

Based on inflow substitution and outflows recycling perspective, we 
define two key indicators of input and output circularity (in percent-
ages) for circularity assessment. As such, these two indicators can be 
defined in the following equations: 

Cinput =
Isecondary

Itotal
(1)  

Coutput =
Isecondary

Oww
(2) 

Additionally, a wastewater treatment rate is defined as the propor-
tion of wastewater generated that is sent for treatment: 

Rtreatment =
Oww, treatment

Oww
(3) 

Water losses from distribution (Ldist), usage (Luser), and treatment 
(Ltreatment) are also shown in Fig. 1b, and the types of water losses listed 
are non-exhaustive. In practice, such losses should be quantified in 
accordance with the local context of a selected urban water system and 
will be necessary when calculating other key quantities when such data 
is unavailable. Furthermore, quantifying losses also play a key role in 
identifying the opportunities and pathways towards greater water 
circularity. 

Since the key quantities required to calculate the water circularity 
rates are (a) the total water input (Itotal), (b) volume of wastewater 
generated (Oww), and (c) volume of water recycled and reused (Isecondary), 
it is reiterated that this study focuses primarily on the anthropogenic 
water cycle with little attention to natural flows such as precipitation, 
evaporation, and infiltration. While these are important flows in urban 
water systems, such as the role of precipitation and infiltration in rain-
water/stormwater collection, their quantities do not affect the calcula-
tion of anthropogenic water circularity and recycling ratios. Further, 

this framework assumes that the residence time of water and wastewater 
in urban systems is less than a year such that the circulation completes 
without any water ‘stock’ developments via artificial storage and/or 
reservoirs. With availability of more granular data, it is however 
possible to perform circularity assessments at shorter time periods and 
analyze seasonality effects. 

3.2. Case study of Singapore 

To apply the framework developed in this study, we leverage the 
availability of urban water system data in Singapore. Singapore is a 
dense island city-state located one degree north of the equator in 
Southeast Asia. Despite receiving more than two meters of rainfall 
annually (weather.gov.sg, 2019), Singapore is considered to face abso-
lute water scarcity. Its total renewable water resource (TRWR), known 
as the maximum theoretical amount of water actually available for a 
country at a given moment is reported to be 105.1 m3 per year per 
capita, which is relatively low (FAO, 2014; 2019). Given its small size 
and lack of aquifers (Tortajada and Buurman, 2017), water catchment 
remains insufficient to meet local water demand. Singapore has devel-
oped four major sources of water (termed as the “four national taps”): 
(1) local water catchments, (2) imported water from the Johor River in 
Malaysia, (3) desalination of seawater, and (4) water reuse through 
advanced wastewater treatment named NEWater. NEWater is of high 
quality, surpassing the World Health Organization’s (WHO) guidelines 
for drinking water quality (PUB, 2020) and its low level of organic 
substances attract industries requiring high water purity, such as wafer 
fabrication plants (PUB, 2021). 

With 17 reservoirs, over two-thirds of Singapore’s land area is 
considered as local water catchment area with long-term plans to in-
crease it to 90% by 2060 (Irvine et al., 2014). Imported water from the 
Johor River is limited by a 1962 water agreement between the Singapore 
and the State of Johor, Malaysia. The agreement allows Singapore to 
draw up to 1.14 million m3 of raw water from the Johor River per day, or 
250 million imperial gallons per day (mgd) (Tortajada et al., 2013). In 
return, the State of Johor is entitled to purchase 2% of treated water, 
that is, 22,730 m3 per day (5 mgd). With the local catchment area close 
to maximum utilization and considering that water agreements will 
eventually lapse, future increases in water demand can only be fulfilled 
with desalination and water reuse (See Section S2. SI-1). 

Singapore’s water and wastewater networks along with the avail-
ability of granular data make it an exceptional city to apply the proposed 
urban water circularity assessment framework. In contrast to combined 
sewers, stormwater and used water (i.e., sanitary wastewater) are 
collected in separate storm and sanitary sewer systems (Irvine et al., 
2014), which channel stormwater to rivers and reservoirs, and used 
water to wastewater treatment plants (Tortajada et al., 2013). The water 
distribution network is robust, with “[no] illegal connections, and all 
water connections are metered” (Tortajada and Buurman, 2017). This 
water circularity case study is further facilitated by Singapore’s central 
water management landscape, with the key actor being the national 
water agency, i.e., the Public Utilities Board (PUB). 

3.3. Data and water flows for case city 

Annual water flows in Singapore are analyzed over a five-year period 
from 2015 to 2019 (See SI-2). Data on annual water sales, the volume of 
used water treated (Oww, treatment), and the percentage of distribution 
losses (1 - εdist) are obtained from the annual publication Key Environ-
mental Statistics by the Ministry of the Environment and Water Resources 
(MEWR) (MEWR, 2021) and the Singapore Department of Statistics 
(Singstat, 2021b). It should be noted that before 2019, distribution 
losses were previously reported as unaccounted for potable water, which 
did not account for “all possible leaks” (MEWR, 2021). As such, distri-
bution losses increased from 5 to 5.6% between 2015 and 2019, to 8.2% 
in 2019. Water sales data details the volume of water sold to users in four 
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streams: potable water for domestic (Ipot,dom) and non-domestic use (Ipot, 

non-dom), NEWater sold to industries for direct non-potable use (DNU) 
(INEWater, ind), and industrial water (Iind). In contrast to high-quality 
NEWater, industrial water refers to inexpensive and lower-quality 
treated wastewater solely for industrial use (Tortajada et al., 2013). 
The variable εdist represents the efficiency of the water distribution 
network to account for leakage and/or distribution losses. All quantities 
are in annual volumes (m3 per year). In calculating the total volume of 
water required to meet urban water demand, the volume of water sold to 
users in all four streams are summed. This is then divided by the effi-
ciency of the water distribution network, εdist. Thus, Itotal is calculated 
according to Eq. (4) below: 

Itotal =
1

εdist
×
(
Ipot,dom + Ipot,non−dom + INEWater, ind + Iind

)
(4) 

In the Singapore context, secondary flows (Isecondary) consist of the 
volume of NEWater directly sold to industries (INEWater, ind) and NEWater 
added into human-managed reservoirs for indirect potable use (IPU) 
(IIPU), as well as the sales of industrial water. This is given by Eq. (5): 

Isecondary = INEWater, ind + IIPU + Iind (5) 

With the key quantities of total water input (Itotal), total wastewater 
generated (Oww) and secondary flows (Isecondary), the two circularity in-
dicators defined in Eqs. (1) and (2) can be calculated. Further, we discuss 
the scenario of maximum wastewater treatment capacity utilization for 
NEWater generation using information about existing wastewater 
treatment facilities. This is expressed with an increase in NEWater added 
into reservoirs for IPU (IIPU, max) and thus a greater secondary flow 
(Isecondary, max). At the maximum installed capacity for treated water that 
can potentially be used for primary water demand reduction, the 
circularity has been estimated as: 

Cinput, max =
Isecondary, max

Itotal
(6)  

Coutput, max =
Isecondary, max

Oww
(7) 

In the data obtained over the study period, annual total water sales 
from all four streams were observed to be greater than the volume of 
used water treated. This implies that not all of the water sold to users is 
recovered by the sewerage system. Such user losses could be caused by 
evaporation or discharge to the environment without returning to the 
sewerage system. These user losses (Luser) are calculated with the 
equation below: 

Luser = Ipot,dom + Ipot,non−dom + INEWater,ind + Iind − Oww (8) 

Losses from treating used water and recycling (Ltreatment) were 
calculated using processing efficiencies reported in the literature, with 
further details available in the Supplementary Information (Section S3. 
SI-1). 

4. Results and discussion 

In 2019, the total amount of water sold in Singapore was 663.6 Mm3, 
with the majority coming from potable water sales (500.2 Mm3), and 
NEWater and industrial sales (163.4 Mm3). Domestic users consumed 
59.5% (297.6 Mm3) of potable water sales while the remaining 40.5% 
(202.6 Mm3) were non-domestic. The volume of used water treated was 
577.6 Mm3, which implies that 86 Mm3 of water was lost at the user 
stage, including through evaporation, industrial transformation pro-
cesses, and gardening. Since all wastewater generated is collected by the 
sewerage system for treatment, Oww = Oww,treatment, and Rtreatment = 1. 
With a total population of 5.70 million persons in 2019 (Singstat, 
2021a), the overall per capita water consumption was 116.3 m3, and 
domestic potable water consumption per capita was 52.2 Mm3, or 143.0 
liters per person per day. 

Fig. 2 shows water flows of Singapore in 2019. Indirect potable use 
(IPU) of NEWater to human-managed reservoirs is assumed to be 16.6 
million cubic meters (Mm3) per year (10 mgd) (Tan et al., 2009). Inflow 
contributed by non-recycled water sources (imports, reservoirs, and 
desalination) amounted to 542.9 Mm3. That year, the volume dis-
charged to sea after treatment was 324.3 Mm3. Total system losses from 
distribution, users and treatment amounted to 218.6 Mm3. The sec-
ondary flow of 180.0 Mm3 accounted for 24.9% of total water sales 
(input circularity) and 31.2% of total wastewater generated (output 
circularity). 

To develop an alternative scenario of maximum circularity (Fig. 3), 
the main source of recycled water (NEWater) is assumed to run at 95% of 
maximum capacity. This involves the five NEWater plants currently 
operating with a total production capacity of 282.1 Mm3 per year (170 
mgd). Excess NEWater produced that is not sold directly to end users is 
assumed to be pumped into reservoirs and thus contributes to IPU (IIPU, 

max). The single industrial water plant is not assumed to run at 95% of 
maximum capacity as demand for industrial water is limited. In this 
scenario, both input and output circularity increase to 39.6% and 49.5% 
respectively. 

Despite the change in how distribution losses were reported before 
2019, input circularity grew slightly over the five-year period from 
23.8% in 2015 to 24.9% in 2019 (Fig. 4). This is largely due to an in-
crease in the proportion of NEWater and industrial water sales that grew 
from 149.8 Mm3 in 2015 to 163.4 Mm3 in 2019. Output circularity 
increased from 29.0% in 2015 to 31.2% in 2019, with a slight dip in 
2016 due to increased water demand relative to secondary water sales. 
Under the maximum circularity scenario where NEWater plants are 
assumed to operate at 95% capacity and excess NEWater is added to 
reservoirs, input circularity would grow from 29.9% in 2015 to 39.6% in 
2019. This is attributed to the completion of the fifth NEWater plant 
with a capacity of 83 Mm3 per year (50 mgd) (Boh, 2020) and the 
upgrading of an existing plant by 5 Mm3 per year (3 mgd) in 2017, which 
brought the total NEWater capacity from 194.1 Mm3 per year (117 mgd) 
in 2015 to 282.1 Mm3 per year (170 mgd) in 2019. 

The immediate limits to higher water circularity are the NEWater 
processing capacities. In order to reuse all treated used water, which is 
currently discharged into the sea in 2019, the total NEWater capacity 
would have to increase by more than 50% from 282.1 Mm3 per year 
(170 mgd) in 2019 to about 426.6 Mm3 per year (257 mgd), arriving at a 
maximum input circularity of 58.5% at 2019 consumption levels. 
However, this increase in NEWater capacity pales in comparison to the 
786.5 Mm3 per year (473 mgd) required to meet 55% of the projected 
total water demand in 2060 (PUB, 2018a). To meet such targets, there is 
a need to continue infrastructural investments for increased NEWater 
capacity in future. 

5. Discussion 

Water circularity assessment framework presented in this study 
provides an ideal mechanism for city planners and urban policy makers 
to benchmark current state of urban water circularity, establish robust 
future circularity targets based on water availability and demand, and 
ensure appropriate interventions. Two key indicators developed in this 
study, primarily the input and output water circularity rate, are crucial 
to quantify the scale of water circularity from both urban water demand 
and wastewater treatment perspective. These indictors offer an oppor-
tunity to track progress of water circularity over time under various 
measures such as investments in infrastructure, policy intervention, and 
behavior-dependent consumption trends. Framework also allows 
comparative assessments across cities, offering a clear system boundary 
of engineered urban water system and thus circumvents the complex 
natural water cycle associated modeling for easier communication with 
decision makers and wider public. 

From indicators perspective, both input circularity and output 
circularity provide important insights for the urban water system. Case 
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study for Singapore city highlights that the mass balanced approach 
used to create the urban water flow and circularity chart helps visualize 
the importance of input and output circularity estimation. Within cir-
cular economy debate, measuring waste outflows and their circularity 
has been the primary focus in academic studies which the input water 
circularity indicator tries to amend. An input water circularity rate helps 
identify the consumption based perspective of circularity by being a 
measure of primary water demand substitution. Output circularity rate 
follows the traditional waste generation-driven circularity perspective 
which highlights the scale of wastewater treated out of total wastewater 
generated from the city to a water quality level sufficient to meet in-
dustrial and/or urban water consumption standards. This indicator 
helps identify the scale of wastewater treatment and infrastructural 
capacities of the urban water system to treat and/or recycle water for 

urban consumption. Thus, having both input and output circularity in-
dicators make the proposed framework balanced from both consump-
tion and waste perspectives highlighting the pressure on water resources 
as well as the opportunities for improved recycling and reuse. It is 
important, however, to consider the treatment capacity and perfor-
mance state of existing urban infrastructure to deliver maximum water 
circularity. Given the legacy issues around water systems across cities 
where infrastructure continues to remain under poor conditions, 
achieving maximum operational capacities for improved circularity can 
be a bigger challenge from economic and environmental perspectives. 

Overall, water circularity in the form of gray- or wastewater recy-
cling both at the household and city-scale can provide a less energy- 
intensive and climate-resistant option for cities facing water scarcity 
when compared to other common measures like desalination. However, 

Fig. 2. Singapore’s water flows and the scale of water circularity in 2019.  

Fig. 3. Singapore’s water flows and state of water circularity in an alternate scenario with maximum circularity driven by total wastewater treatment capacity 
utilization in 2019. 
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construction time, financing and social acceptance can be barriers to 
implementing water recycling programs and developing infrastructure 
to safely treat and distribute recycled water, especially for advanced 
water treatment technologies. But for the case of cities in arid climates 
that currently rely on energy-intensive desalination and groundwater 
abstraction for water, these investments are likely to be favorable. For 
example, wastewater treatment and reuse in six Saudi Arabian cities was 
estimated to reduce national electricity consumption by 2%, with sav-
ings arising from treatment and transportation (Kajenthira et al., 2012). 

5.1. Energy and economic implications of water circularity 

Energy inputs for operating urban water systems and recycling 
infrastructure imply that while achieving greater water circularity could 
address water scarcity, there may be negative environmental impacts in 
other realms. Increasing the production of recycled water (e.g. NEWater 
in Singapore) comes with both environmental and economic costs. For 
Singapore, it was reported in 2018 that the PUB’s energy footprint was 1 
TWh per year (PUB, 2018b), which was about 2% of total national 
electricity consumption of 49.6 TWh in 2017 (EMA, 2018). This is 
comparable to the global and US values where energy use for water was 
1.7 ‒ 2.7% of total global primary energy consumption (Chini and 
Stillwell, 2018; Liu et al., 2016). The energy required for producing 
potable water in Singapore are 0.2 kWh/m3 from rainwater, 1 kWh/m3 

from used water via NEWater (including used water treatment) and 3.5 
kWh/m3 from sea water via desalination (Ng, 2016). As such, water 
reclamation plants in Singapore are currently 25% self-sufficient in en-
ergy by using biogas from sludge digestion (PUB, 2018b). Taking into 
account long-term plans such as reducing energy use for water pro-
cessing and increasing process efficiency, Hsien et al. (2019) found that 
a unit of NEWater at the consumer will emit 31 ‒ 35% more GHG 
emissions than a unit of tap water at the consumer, if the energy mix for 
Singapore has higher solar energy contribution in electricity production. 
Efforts in this direction have already started including large-scale 
floating solar farms that are being constructed and planned to 
(partially) power water treatment with renewable energy (Ng, 2021). 

Still, achieving greater water circularity without additional envi-
ronmental and energy costs is possible. Efforts on reduction in water 
losses from treatment, distribution and end-users would lead to decrease 
in the primary water demand as savings from water losses can be 
directed to meet the water consumption requirements. Thus, with a 
fixed level of production of recycled water, reduction in water losses will 
increase the input water circularity while reducing total energy use and 
environmental impacts as the proportion of water lost decreases in the 
overall system. For example, if the 86 Mm3 of user losses in 2019 were 
eliminated and resulted in a corresponding decrease in potable water 
sales, input circularity would increase by 3.7 percentage points. 
Assuming potable water production from rainwater (0.2 kWh/m3), the 
elimination of user losses would save at least 17.2 GWh of energy per 
year, or 1.7% of PUB’s current energy footprint. Efforts in reducing 
water losses from treatment and distribution in Singapore are already 
underway. An array of sensors and analytical tools have been deployed 
to detect leaks in the water distribution network (PUB, 2016), while the 
PUB has set a goal of raising NEWater treatment efficiency from 75% to 
90% (PUB, 2018a). Beyond this, future efforts should investigate 
reducing consumptive water use in addition to existing campaigns 
focused on overall water use reduction. 

Maintaining such a circular system, however, also comes at an eco-
nomic cost. Singapore’s water system operational cost has increased 
from S$500 million to S$1.33 billion between 2000 and 2019 (PUB, 
2019; Yuen-C, 2017). Capital cost investments for desalination, recy-
cling, pipelines and pumping stations have been estimated to be over S 
$4 billion during 2017–21 (Today, 2017; Yuen-C, 2017). A potential cost 
recovery has been sought through water pricing, which include a water 
tariff (cost of water production and distribution), a water conservation 
tax (a policy measure to promote water efficiency and conservation) and 
a waterborne fee (cost of used water collection and treatment). The 
financial implications of infrastructural requirements for achieving 
greater circularity can be significant. For example, Singapore’s latest 
investment to increase production of NEWater, comes at a cost of S$170 
million for a wastewater treatment plant with a capacity of 83 Mm3 (50 
mgd) and an operating life of 25 years (Boh, 2020). This excludes the 

Fig. 4. Input and output water circularities for Singapore from 2015 to 2019. *The indicator for distribution losses was changed in 2019.  
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operational, maintenance and land costs. 

5.2. Limitations 

The framework developed for quantifying water circularity in urban 
areas is acknowledged to have certain limitations. Firstly, while the 
approach offers key metrics to portray circularity, the assessment on 
circularity cannot exclude accompanying discussion on water quality 
and the energy, environmental and economic impacts of various treat-
ment technologies within the study context, as has been examined for 
the Singapore case. In addition, Singapore is a unique case in terms of 
data availability and governance of the water distribution network. Not 
all cities have ready data on water demand and discharge, formally 
metered connections, or full jurisdiction over the urban water system 
and, thus, transferability of proposed framework in this study depends 
on data availability for circularity estimates. Water quality is an 
important consideration for circularity efforts and has important im-
plications for social acceptance of potable water reuse given various 
cultural and local contexts around cities. Moreover, the current study is 
conducted at a yearly timescale and does not account for stored water 
from year to year. Such an approach may not be valid for cities with 
large water stores such as dams or large aquifers where ‘stocks’ of water 
may influence the inflows and outflows. Further, the impact of alter-
native water distribution models (Derrible et al., 2021) and micro-scale 
efforts such as household-level water reuse or industrial demand 
reduction due to internal recycling could not be captured with a 
macro-scale assessment. Within the case study, the maximum circularity 
scenario assumes that NEWater plants operate close to their reported 
design capacity, which might not be true due to constraints in operation 
and maintenance. In addition, no significant modeling was undertaken 
to forecast future water consumption (e.g. as performed by Lee and 
Derrible, 2020) because primary consumption data for previous years 
was used, however, forecasting can be done for future projections as 
next step. Finally, while this study focuses heavily on anthropogenic 
water flows, arguments have been made for incorporating natural water 
cycles in achieving urban water circularity (Nika et al., 2020). 

5.3. Achieving greater water circularity 

The pathways towards environmentally sustainable water circularity 
lie in infrastructural investments, technological improvement and shifts 
to low carbon electricity grids. Coupling energy parity with raw water 
treatment and wastewater treatment and recycling together with low 
carbon electricity grids can reduce the environmental impacts of 
achieving greater water circularity. As mentioned by Hsien et al. (2019), 
addressing direct emissions from organic waste at wastewater treatment 
plants can have a significant reduction in the life cycle impacts of 
recycled water. 

Additionally, advances in water circularity can be made when 
considering indirect water footprint of urban areas, such as the 
embodied water in products and food, which can overshadow real water 
flows by a large margin (Vanham, 2011). Water recovery from other 
waste streams not only increases water circularity but can offer 
co-benefits by reducing the moisture content in municipal solid waste in 
landfills, thus avoiding the generation of methane, a potent greenhouse 
gas (Mboowa et al., 2017). 

The proposed water circularity framework allows planners to gain an 
overview of the circularity of the current water system, as well as locate 
the volume and stage at which water losses occur, and subsequently 
informing interventions to improve water circularity. Applying the 
framework at finer spatiotemporal scales and use cases could reveal 
further circularity opportunities, where the water used by one sector can 
be circulated by another sector. By facilitating coordinated water 
planning at a higher level, the proposed framework guides policy de-
cisions towards urban and industrial symbiosis in water resources, 
which has been demonstrated to provide cost and water savings (Lu 

et al., 2020; Ramin et al., 2021). 
One can argue that the natural water cycle tends to be inherently 

circular and thus the additional efforts on circularity may not be vital. 
This brings in the crucial difference between natural versus anthropo-
genic water cycles. The time duration and location for achieving water 
circularity are important considerations if water circularity were to 
address the challenge of societal water demand. The natural hydrolog-
ical cycle – which includes precipitation, evaporation, freezing, melting 
and condensation – forms part of a global process of water circulation 
spanning large geographical and temporal scales (NASA, 2020). Hence, 
location-specific water demand requires anthropogenic interventions 
for timely circularity. 

In water-scarce locations, the trade-off between lack of water and 
more-energy intensive water can eventually be settled based on meeting 
the existential water demand for communities, no matter the costs. In 
this context, it is important to highlight that the emission savings cannot 
always be the basis for greater circularity. Spatiotemporal lack of re-
sources may often drive the circularity efforts fundamentally because 
the benchmark for life-saving resource availability takes precedence 
over energy considerations. 

In addition to the magnitude of water flows, the issue of water 
quality should also play a more prominent role in discussions of water 
circularity. The inputs required to recycle water (in essence, raising 
water quality to the desired levels) should be weighed against the inputs 
required to obtain water of similar quality from conventional sources. 
For example, recycling greywater for non-potable use might require less 
inputs for treatment than if it were treated for potable use and would be 
low-hanging fruit for increasing water circularity. As a nutrient carrier, 
water and its circularity play an important role in critical nutrient re-
covery, such as phosphorus (Pearce and Chertow, 2017). Water circu-
larity indicators that operate purely in the quantity domain should be 
augmented in the quality domain, like the proposed framework attempts 
to achieve in defining circularity based on water quality sufficient to 
match input water demand quality. Early attempts have been made in 
the field of material circularity, where indicators represent material 
quality with energy (Cullen, 2017; Steinmann et al., 2019). Extension of 
the current methodological framework may include the quality dimen-
sion of the water more explicitly in the circularity assessment to match 
the treatment level of the wastewater with its intended end-use, and 
identify nutrient recovery opportunities. Advancing the end-use disag-
gregation e.g. potable and non-potable circularity flows for separating 
water reuse flows will be useful for targeted interventions and estimates 
of energy costs and should be a part of the future advancements of 
circularity models. 

6. Conclusion 

Population growth and increasing urbanization have put pressures 
on water resources within urban areas and their surrounding environ-
ment. Meanwhile, the pursuit of a circular economy promises greater 
resource efficiency and sustainability. While water is already cycled 
through natural hydrologic processes, this cycle is increasingly brought 
under human control, driven by the scale of wastewater generation and 
advancements in water treatment technology due to increased pressure 
on natural/primary water sources. Furthermore, the benefits of 
achieving water circularity have significant implications on energy and 
material use. In light of significant efforts being made towards water 
circularity, this study fulfills the need for a robust and replicable 
framework for quantifying the degree of urban water circularity and the 
impact of additional circularity efforts from a systems perspective. 

A quantitative urban water circularity framework, as proposed in 
this study, can greatly help in benchmarking the progress towards 
circularity. It can also facilitate a comparison across various cities 
implementing different water management policy measures. However, 
several challenges remain in developing a better quantitative under-
standing of water circularity in cities. One of the most prominent 
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priority remains greater granularity of data which may allow spatio-
temporal assessments of water circularity from a household to council or 
regional level during different time periods and/or seasonality. Local-
ized insights for water circularity can help advance microscale in-
terventions to deal with water shortage and scarcity and eventually 
contribute to societal resilience. Further expanding the concept of 
embodied and/or virtual water may also benefit the insights on ‘lost’ 
water volumes in delivering services and products to society. In the 
assessments of circularity, material and energy inputs and interlinks 
between water, materials and energy, such as the resources required to 
build and run advanced water recycling plants, are equally important to 
consider in the future (Cullen, 2017; Kenway et al., 2011b). Nonetheless, 
macro circularity assessment tools for water remain crucial for city 
planners and governments in dealing with supply chain vulnerability 
and security efforts under increasingly warmer climates in near future. 
With a more holistic understanding of the techno-economic and life 
cycle implications of water circularity under future water demands, 
decision makers can pick the most suitable measures for their local sit-
uations. Moving forward, circular economy may play a greater role in 
alleviating water scarcity, however, the investment policies must weigh 
in on the environmental and socioeconomic costs for an urban system. 
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