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A B S T R A C T

The multiplier effect describes how an initial change in a variable leads to a larger overall impact through 
interconnected processes. The utilization of reclaimed water offers a promising solution to water scarcity while 
preserving fresh water for diverse applications. Integrating reclaimed water into urban water systems alters both 
the balance and composition of water resources and affects system efficiency. However, there is currently no 
unified method for evaluating the efficiency of reclaimed water utilization (RWU). This paper introduces the 
concept of the multiplier effect to establish a comprehensive evaluation framework. The mechanism of the 
multiplier effect is dissected, an accounting methodology for the reclaimed water utilization multiplier (RWUM) 
developed. We also further identify various RWU patterns and their impacts on the multiplier estimation. By 
examining case studies in Singapore and Chongqing, the paper explores how to increase the RWUM with the 
multiplier accounting. We found that the multiplier effect enhances the optimal utilization of available water 
resources, thereby improving both the effectiveness and efficiency of urban water systems. Improving each 
component's performance increases RWUM and boosts overall water system efficiency. Selecting an appropriate 
systemic pattern significantly enhances the efficiency of reclaimed water use. Increasing reclaimed water use 
rates, refining its application patterns, and improving urban water cycle operations significantly boost RWU 
efficiency and urban water system performance. The methodology for RWUM evaluation provides a compre
hensive and standardized framework for assessing the utilization efficiency of urban reclaimed water, yielding 
comparable results. This framework can guide the planning and management of urban reclaimed water systems 
and is applicable to various global water systems for cities alike.

1. Introduction

Highly treated urban wastewater from wastewater treatment plants 
(WWTPs), also called reclaimed water, is an alternative water resource 
in water-stressed areas and cities with high water consumption intensity 
[1–3]. Reclaimed water represents a viable and effective strategy to 
alleviate water scarcity and mitigate environmental pollution [4–9]. 
Indeed, reclaimed water utilization (RWU) has emerged as a promising 
strategy to address water scarcity, safeguard the availability of fresh
water for diverse applications, and enhance urban water-use efficiency 
[10].

There are challenges stemming from water scarcity owing to arid 
climate [11] and spatial and temporal water availability disparities [8,
11,12]. Reclaimed water has diverse applications [13], including urban 

miscellaneous water, agricultural irrigation, aquifer recharge, refriger
ation in industrial processes, and even potable water supply [14,15]. 
Given that wastewater treatment can be tailored to meet various stan
dards and accommodate diverse urban demands, a portion of potable 
water supplies can be substituted with reclaimed water for non-potable 
applications. This constitutes an effective strategy to improve urban 
water efficiency and reduce freshwater consumption, thereby signifi
cantly enhancing water availability and sustainability. In regions such as 
Europe, Australia, and Taiwan, reclaimed water has emerged as an 
alternative water resource, providing non-potable water for commercial 
and industrial applications, thereby partially substituting drinking water 
and enhancing the diversity of water supply [2,9,10]. In Singapore, 
reclaimed water is the second most significant urban water resource, 
following primary fresh water [16].
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In the urban context, the introduction of RWU not only alters the 
equilibrium of urban water resources, but also modifies the composition 
of the urban water system, resulting in diverse water system patterns. 
The implementation of reclaimed water systems facilitates the comple
tion of the urban water cycle, thereby transforming the traditional linear 
urban water system (Fig. 1) into a more sustainable circular water sys
tem. In this new configuration, additional water sources beyond 
reclaimed water may also be integrated, similar to the water manage
ment system in Singapore (as shown in Fig. 2). The extension of water 
resource lifespan through enhanced and prolonged use optimizes 
resource utilization, particularly in terms of water use efficiency. The 
diversity of water resources and the emergence of new system pattern 
provide opportunities to advance the circular economy, thereby gener
ating substantial economic, social, and environmental benefits [13].

In the context of climate change, the efficiency of urban water sys
tems has become a subject of significant concern. As the RWU becomes 
more prevalent, the effectiveness and efficiency of its integration into 
urban water systems have garnered attention from scholars and urban 
planners in governmental and civic sectors. For example, Y. Chen and C. 
Chen (2014) examined the factors affecting the reuse of reclaimed water 
in Taiwan, China, and derived the optimal substitution rate and water 
quality of reclaimed water for maximizing the total social welfare [2]. 
Maier et al. (2022) estimated the water savings of urban water recycling 
programs and the effect of displacement for potable water [17]. Arora 
et al. (2022) introduced a comprehensive "Demand-and-Discharge-
Driven Water Circularity Assessment Framework" that integrates water 
mass balance analysis to quantitatively assess the degree of water 
circularity in Singapore [16]. This framework evaluated urban water 
circularity from both inflow substitution and outflow recycling per
spectives. The findings indicate that urban water circularity in 
Singapore has been steadily increasing through infrastructural in
vestments and technological advancements, with 24.9 % of total water 
demand being met by secondary flows (including reclaimed water) as of 
2019. Moreover, a maximum circularity of up to 39.6 % could be ach
ieved under full water-recycling capacity. To enhance the efficiency of 
urban water resource utilization, Singapore has established a robust 
policy framework, encompassing legal and institutional structures, to 
ensure the successful implementation of the NEWater project [13]. 
These studies have demonstrated the positive impact of reclaimed water 
utilization on enhancing the efficiency of urban water systems from 
various perspectives.

From the perspective of system composition, urban water systems 
incorporating reclaimed water exhibit considerable complexity owing to 
the versatility of reclaimed water and its variable quality. Unlike con
ventional single-source potable water supply systems, these water sys
tems deliver a wide range of water qualities via distinct circulation 
pathways to satisfy diverse needs, ultimately leading to varied end uses. 
The unique circulation pathways of reclaimed water would result in 
distinct system configurations, subsequently having significant effects 
on urban water efficiency. However, most of the existing circulation 
models fail to account for the versatility of reclaimed water and the 
variability in water quality, as well as their effect on urban water 
recycling patterns and the overall water performance of cities [1]. These 
models typically assume or imply a complete integration of reclaimed 
water systems into a singular urban water supply system, thereby 
treating all water as being supplied through a unified centralized 
network [16,18]. Consequently, it becomes difficult to compare the ef
ficiency of reclaimed water utilization across cities with different recy
cling system configurations. Furthermore, the role of the diverse water 

cycles participated by various reclaimed water applications and the 
impacts of losses within the water network on the overall water–mass 
balance require further investigation [1].

Many cities in Asia are facing growing pressures on water resources, 
leading to an increased adoption of reclaimed water utilization. [2,8,14,
16]. Although the extent of reclaimed water usage varies across regions, 
there is a growing emphasis on improving the efficiency of its utilization 
[2,13]. In China, the adoption of reclaimed water in urban areas started 
at a later stage, but it has gradually received greater attention from the 
government the public [19]. The assessment of system efficiency and 
identification of usage patterns can enhance the performance of the 
water system and optimize its configuration, particularly regarding 
reclaimed water utilization strategies. Based on most of China's urban 
reclaimed water use scenarios, this paper introduced the reclaimed 
water utilization multiplier (RWUM) to assess the effectiveness and ef
ficiency of reclaimed water utilization. By analyzing the factors of the 
multiplier effect, we identified the various system patterns of urban 
reclaimed water utilization. We examined the cases of Singapore and 
Chongqing to explore strategies aimed at enhancing the efficiency of 
reclaimed water utilization through multiplier estimation. The aim of 
this paper is to establish a clear and comprehensive conceptual frame
work for the planning and management of urban reclaimed water 
systems.

2. Multiplier effect of urban reclaimed water utilization

2.1. Conceptual framework of the urban water system model

We developed a conceptual framework model of the urban water 
system based on the reclaimed water circulation patterns common in 
Chinese cities (Fig. 3). Subsequently, a mathematical model was estab
lished based on the water and reclaimed water circulation processes, 
incorporating the concept of a multiplier for reclaimed water utilization. 
Lastly, we analyzed the factors influencing this multiplier and proposed 
potential strategies for reclaimed water utilization. Although this model 
is based on the water cycle scenario in Chinese cities, its methodology 
exhibits broad applicability. This is attributed to the similarities in the 
composition of urban water systems across countries worldwide.

2.2. Ideal model of urban reclaimed water use

In a conventional linear urban water system, raw water is sourced 
from natural bodies, such as rivers, lakes, or reservoirs. Then, it un
dergoes purification at a water treatment plant (WTP) before distribu
tion to urban users. Once used, the wastewater is treated at a WWTP to 
meet specific water quality standards prior to its discharge into receiving 
bodies of water to reduce pollutant load. In this type of system, water is 
utilized only once by the city before being returned to nature. However, 
this linear approach not only underutilizes valuable water resources but 
also leads to substantial energy wastage associated with extraction and 
transportation. When reclaimed water is introduced in the urban water 
cycle, it can be used, collected, treated, reclaimed, introduced back to 
the urban water cycle, and reused repeatedly in a closed loop [10,20]. 
Fig. 4 shows a simplified diagram of the circulation system, which also 
serves as an idealized model for urban reclaimed water utilization.

2.3. Multiplier effect of reclaimed water utilization

Reclaimed water may be used once and then discharged as effluent, 

Fig. 1. Conventional linear urban water system. After undergoing the processes of water intake, water purification, water utilization, wastewater treatment, and 
discharge in the linear anthropogenic cycle, the water eventually returns to the natural water body.
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which can be considered an overflow from the system. Alternatively, it 
may be reintroduced into the urban water recycling system for subse
quent utilization. The decision is based on the quality of the reclaimed 
water, its intended applications, and infrastructure of the urban piping 
system, which includes wastewater collection sewers and reclaimed 
water supply pipelines. However, a portion of the system's water may be 
lost at specific stages during each cycle. These losses encompass con
sumption, evaporation, depletion, and leakage at various stages, as well 
as effluent discharge [16].

In this discussion, we assume that the overall overflow rate is 
denoted by r. If the initial reclaimed water supply is Q, after the first 
cycle, Q(1 − r) will return to the water cycle system. Moreover, after the 
second cycle Q(1 − r)2 will return (Fig. 4). If such cycles continue infi
nitely, then after n times of recycle, the total amount of reclaimed water, 

derived from the initial reclaimed water Q, is 

TQ=Q + Q(1 − r) + Q(1 − r)2
+ …… + Q(1 − r)n− 1 

= Q
∑n− 1

i=0
(1 − r)i 

=
Q
r

(1) 

where r < 1, and i is the number of cycles.
Then, the multiplier of reclaimed water utilization is defined as 

K=
TQ
Q 

Fig. 2. Water cycle in Singapore (redrawn from Tortajada and Bindal, 2020 [13]). A sophisticated urban water configuration comprising multiple water resources, 
such as reclaimed water, and incorporating multiple cyclic processes.

Fig. 3. Conceptual water system model with reclaimed water utilization. Within this framework, the traditional model encompasses the acquisition, purifi
cation, and utilization of water, followed by the collection of wastewater, its treatment, and subsequent discharge into natural water bodies. Alternatively, treated 
wastewater can undergo further purification and be reintegrated into the water supply system for reuse, or be utilized to augment river environmental flow.
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=
1
r

(2) 

where, since r < 1, K must be > 1.
This formula indicates that for every unit volume of reclaimed water 

utilized, K times that volume of available water resources would be 
generated. Therefore, the coefficient K can serve as an indicator of the 
efficiency of reclaimed water utilization. K is the reciprocal of r, which 
means that the smaller the overflow rate, the larger the K, implying a 
higher recycling rate.

The ultimate outcome of multiple cycles is that the proportion of 
reclaimed water in urban water usage, or the water reuse rate [16], may 
stabilize at a specific level. Therefore, once a structured pattern of 
reclaimed water utilization is established, a consistent volume of 
reclaimed water will be integrated into the overall urban water supply. 
This is analogous to integrating a closed-loop system into the urban 
water system network. From the perspective of the closed-loop system, 
"fresh water" can be regarded as replenishing the water source and 
compensating for various losses. As K increases, the proportion of 
reclaimed water involved in the cycle also increases, indicating a higher 
degree of input circularity [16]. Subsequently, this leads to a higher 
substitution rate of reclaimed water for freshwater and a reduced need 
for external freshwater supplementation.

2.4. Mechanism of the multiplier effect

As illustrated in Fig. 4, the multiplier effect of the reclaimed water 
can be attributed to two primary mechanisms: the closed-loop effect and 
the overflow effect. The utilization of reclaimed water facilitates the 
formation of a closed loop within the urban water system, allowing a 
portion of used water to re-enter the system for multiple cycles. This 
repeated circulation maximizes the utilitarian value of water resources 
by reducing freshwater demand, thereby increase water efficiency. 
Within the water cycle, multiple pathways exist through which water 
can exit the system, including water consumption (incorporation into 
water consuming products), leakage, evaporation, and discharge. These 
pathways underscore the short-term water use patterns and highlight 
the importance and potential for optimizing water use processes to 
enhance the overall water efficiency. Overall, the "closed loop" repre
sents the core mechanism that gives rise to the multiplier effect, whereas 
"overflow" underscores the necessity of studying such effects. The 
RWUM, which measures the proportion of reclaimed water participating 
in the cycle, serves as a key parameter for evaluating the efficiency of 
reclaimed water utilization.

2.5. Composition of overflow rate and its factors

Quantifying losses plays a crucial role in ensuring water mass bal
ance [1] and identifying the opportunities and pathways for enhancing 
water circularity [16]. The overflow or loss rate, denoted as "r", is 

defined as the proportion of water that is lost from the overall circula
tion system. The variable "r" in a closed-loop system also denotes the 
proportion of fresh water that must be introduced into the system to 
ensure a stable water supply, thus referred to as the "turnover" rate [1].

Enhancing water efficiency through optimal utilization and internal 
recycling to maximize the service provision per unit of water input 
constitutes a critical objective of water management in urban areas [21,
22]. Identification of the factors of r is helpful to evaluate the role of 
reclaimed water utilization in urban water systems. The rate r is related 
to the various stages involved in the collection, treatment, and distri
bution of reclaimed water within the water cycle. Generally, the 
reclaimed loss rate r refers to the cumulative sum of all types of losses 
occurring throughout a water cycle, provided that these loss rates are 
expressed as a percentage of a given water volume.

Based on the water system composition in Fig. 4, we analyzed the 
water loss in each node of reclaimed water use. Urban reclaimed water is 
typically obtained through the treatment of municipal wastewater. The 
collection rate of urban wastewater, ①, corresponds to the sewage loss/ 
leakage rate rs, which is often caused by sewer damage, connection 
failure, or misconnection (such as sewage network connecting into the 
stormwater network). The treatment loss rt in the wastewater treatment 
and reclamation (WWTP/WRP), ②, includes self-use, leakage, and 
blowdown. The ratio of the part of the effluent discharged ③ after 
treated by WWTP, re, also influences the total loss rate. The leakage rate 
of reclaimed water distribution pipe system ④, rd, is the most important 
performance indicator of a reclaimed water supply system. It is similar 
to the urban water supply loss, thus requiring similar management. In 
the consumption process ⑤, a portion of the water will be naturally 
consumed and, consequently, overflow from the system, representing 
the main part of the water overflow in the system. This loss rate, rc, 
depends on the usage and utilization pattern of reclaimed water.

Hence, 

r= rs + rt + re + rd + rc (3) 

where rs, rt, re, rd, and rc are expressed as losses with respect to the initial 
reclaimed water volume Q.

This might be different from the measurement method in actual 
operation. Typically, water loss is calculated as the rate of loss (or rate of 
retention) at each stage of the water cycle. For example, the wastewater 
collection rate, in practice, is typically defined as the ratio of the 
collected wastewater to that of the generated one. Therefore, the 
translated loss rate can be represented as the ratio between the loss and 
generated wastewater. In this scenario, conversion becomes necessary to 
facilitate aggregation of individual loss rates using Equations (3). 
However, it is easier to use Equations (4) to calculate r. 

r=1 − (1 − r1)(1 − r2)(1 − r3)……
(
1 − rj

)
(4) 

where r1, r2, r3, …, and rj represent water loss relative to Qi at stages 1, 2, 
3, …, and j, respectively.

Fig. 4. Basic conceptual model of reclaimed water reuse. It illustrates the pathway of reclaimed water from its initial use, treatment processes, and to its eventual 
reuse. Herein, fresh water is supplied through the urban water supply system, encompassing water intake, transfer, purification, and distribution. Following its usage, 
a portion of the water is collected, treated, and reintroduced into the urban water system (shown in green line), while another portion is discharged directly into the 
receiving body of water.
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Water can exit the urban area through evaporation from exposed 
water bodies, outdoor water features, washing activities, and urban 
vegetation [16]. In Fig. 3, reclaimed water used for river flow replen
ishment or agricultural irrigation can be considered as overflow from the 
urban water cycle. In addition, the consumption process of reclaimed 
water deserves to be analyzed further. The diverse applications of 
reclaimed water necessitate its treatment and utilization through 
various processes, affecting the overflow rate. If the reclaimed water is 
used for outdoor purposes and other nonresidential municipal 
consumptive uses [23], such as plant watering, street flushing, and 
afforestation watering, including river flow replenishment or agricul
tural irrigation [24–26], this portion of the water cannot be re-collected 
by the sewer system, thus considered as system overflow [23]. Instead, 
the reclaimed water, utilized for indoor purposes, such as toilet flushing 
and laundry through dual-pipe system [5,9], or direct integration into a 
single-pipe potable water system, will be collected via sewage pipes after 
usage and reintroduced into the urban water cycle. Local conditions, 
including urban density, land use, and indoor/outdoor water demand, 
influence the water balance. Denser cities are more likely to have more 
high-rise development, less outdoor water use, and a lower proportion of 
centralized water flows converted to wastewater than less-dense cities 
[1].

From the perspective of cost efficiency and carbon emission reduc
tion, a higher wastewater recycling rate is preferable, which signifies 
that the wastewater treatment/reclamation capacity is fully maximized 
[16]. There might be an optimal recycling rate, referred as the "internal 
recycling ratio" [18] or "output circularity rate" [16]. This represents a 
low overflow rate, in terms of cost and energy consumption [2].

Neale et al. (2020) proposed that end-use efficiency can be achieved 
for both indoor and outdoor water demands via technological ad
vancements or behavioral changes attributed to awareness campaigns or 
water pricing [27]. However, it is very difficult to fully assess the loss 
rate in the water cycle. Nevertheless, based on the definition of "r", 
improving the utilization rate of reclaimed water resources can be 
achieved by reducing overflow rate from various points. The actual 
amount of water available varies across region, depending on 
site-specific factors [7]. It is evident, in any case, that through ad
vancements in technology and improved management practices, the 

water loss at each node of the system would be substantially minimized, 
thereby enhancing overall water use efficiency [13,16]. The RWUM can 
provide a reference for choosing a suitable reclaimed water utilization 
pattern.

3. Patterns of reclaimed water utilization

The model in Fig. 4 represents a relatively ideal situation. However, 
the calculation of reclaimed water efficiency varies significantly owing 
to the diverse utilization patterns of reclaimed water. The reclaimed 
water reuse pattern refers to the processes and water balance involved in 
the reclaimed water cycle.

3.1. Single-pipe system circular model

When a recycling philosophy is employed, wastewater would be 
collected, treated to a higher degree, and subsequently returned to the 
user for reuse; thus, the water loop is closed [15], as shown in Fig. 5(a). 
Water quantity (surplus effluents, Hophmayer-Tokich, 2008 [4]) 
exceeding the demand will be discharged, those difficult-to-treat parts 
are sent to special treatment process. These two parts of water overflow 
from the system; and the other water can be sent back to the cycle for 
reuse. Only a part of water at each iteration can be reused according to 
certain requirements. The model in Fig. 5(a) is over-idealized, which is, 
in most cases, used in the recycling system of industrial reclaimed water. 
It may also represent a macro analysis of reclaimed water's role in an 
urban condition based on overall balance, ignoring the details of the 
flow paths, as most existing models do. However, an urban water system 
with direct potable reuse (DPR) is likely to be of this pattern, i.e., 
reclaimed water would be directly introduced into a drinking water 
supply distribution system, either immediately downstream of a WTP or 
within the distribution system [23]. Very few cities, including the DPR 
system in Windhoek, Namibia, use this model [23,28,29].

In most urban water systems that include water reclamation, for 
security reasons, reclaimed water is usually introduced at a certain point 
before the WTP so that it can be purified again, along with raw water by 
the WTP to provide a safety buffer. In Fig. 5(b), reclaimed water is 
introduced without adding an engineered storage buffer (ESB) into the 

Fig. 5. Single-pipe water reclamation system. (a) DPR without a safety buffer, (b) DPR with WTP as a safety buffer, and (c) DPR or IPR with ESB as a safety buffer.
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raw water supply immediately upstream of a WTP [23]. The reclaimed 
water may also be introduced to the upstream ESB, such as a reservoir or 
underground aquifer, and stored for a period before being abstracted 
(Fig. 5(c)). The difference between models will determine some char
acteristics of the reclaimed water system. Since there is only one water 
supply piping network, the model of these urban water cycling patterns 
is called a single-pipe loop system and is generally used for the reuse of 
potable reclaimed water, such as in Namibia, South Africa and Big 
Spring, Texas, USA [28]. In these systems, the reclaimed water is of the 
same quality as that of other water supplies. The systems with pattern of 
Fig. 5(c) can be further divided into direct potable reuse (DPR) and in
direct potable reuse (IPR) based on the length of time it is stored before 
being abstracted from the ESB and repurified [7].

3.2. Multi-pipe system circular model for multi-purpose reclaimed water 
system

Because DPR is not widely adopted globally, single-pipe water 
reclamation system remains an option for very few cities. In fact, most 
urban reclaimed water systems have adopted a water quality standard 
that differ from potable water quality standards to accommodate non- 
potable purposes, such as urban miscellaneous water use. Thus, 
reclaimed water in the city is generally used for some specific purposes, 
such as for flushing toilets, street flushing, car washing, and afforesta
tion irrigation; this is called non-potable reuse [7,15]. The reclaimed 
water must be transported and distributed through a dedicated pipe 
system; therefore, a dual-pipe water supply system is implemented in 
these cities [7,9].

Wastewater can even be treated to achieve more qualities to satisfy 
the demand from different sectors [12]. The strategies of "fit for pur
pose", which refers to the treatment of reclaimed water to a quality that 
satisfies the requirements of the intended water reuse applications, and 
"fit for case", which emphasizes the importance of considering 
case-specific conditions, have been proposed to encourage water reuse 
economically [19]. Thus, cities are more likely to adopt systems with a 
greater number of pipes than dual-pipe systems, considering the diverse 
water quality requirements for various water utilization purposes. In 
some Australian cities, third pipe reticulation systems are used in new 
housing developments, which evolved to "fit-for-purpose" reclaimed 
water in various forms [9].

The pattern of the pipe system is influenced by cost considerations 
and urban spatial constraints. The implementation of a multi-pipe 
strategy is expected to increase the complexity and challenges associ
ated with the construction and operational management of urban water 
systems. Such systems introduce higher levels of uncertainty concerning 
environmental impacts during both the construction phase and long- 

term water utilization. These impacts also encompass potential envi
ronmental and health risks related to the provision of multiple water 
quality standards. Therefore, an increased number of pipelines does not 
inherently result in greater benefits. Furthermore, because urban space 
resources are limited, it is challenging and economically unfeasible to 
construct and operate new pipe networks in already developed urban 
areas [30–32].

An indoor use pattern is depicted in Fig. 6(a), where reclaimed water 
can be collected by the urban sewer system after use, allowing it to 
rejoin the circulation process. This scenario aligns with the utilization of 
reclaimed water for toilet flushing and laundry. However, if a portion of 
reclaimed water cannot be collected by the urban sewer system after use, 
it overflows from the anthropogenic circulation and dissipates, as shown 
in Fig. 6(b). This portion of water is returned to nature through evapo
transpiration and infiltration, eventually reconnecting to the natural 
water cycle. The difference between the two patterns affects the water 
balance and efficiency of reclaimed water recycling.

The selection of a reclaimed water utilization pattern for a city is 
influenced by factors such as the city's water resource status and water 
demand. These factors are, in turn, shaped by local conditions including 
natural endowments, the availability of water resources, and the urban 
development strategy. Different patterns of reclaimed water utilization 
result in varying levels of reclaimed water usage (i.e., the proportion of 
water participating in the closed-loop system). These patterns also affect 
the system components associated with water loss, thereby influencing 
the multiplier effect of the system. This can in turn affect water use ef
ficiency and urban management strategies, making them crucial for 
urban planning. From the perspective of water resources and environ
mental impacts, two key indicators, namely input circularity rate 
(freshwater demand) and output circularity rate (treated wastewater 
discharge), play a vital role in quantifying the extent of water circularity 
[16]. Minimizing input refers to reducing the fresh water demand in 
cities, whereas minimizing output means reducing treated wastewater 
discharge. This approach facilitates multiple cycles, thereby amplifying 
the multiplier effect within an anthropogenic system. Consequently, it 
maximizes the efficient utilization of available water resources by 
reducing the demand for freshwater and mitigating environmental im
pacts associated with effluent discharge. As discussed in the previous 
chapter, it is evident that RWUM can serve as a tool to measure such 
efficiency.

4. Case studies and discussion

4.1. Case I: Reclaimed water utilization multiplier in Singapore

Case I is from Arora et al. (2022), which is based on Singapore's 

Fig. 6. Dual-pipe water reclamation system. (a) Indoor use and (b) indoor use (consumer A) and outdoor use (consumer B).
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urban water recycling system and includes reclaimed water [16]. Fig. 7
is derived from Figs. 2 and 3 of the aforementioned paper, closely 
resembling the amalgamation of patterns (a) and (b) presented in Fig. 5. 
Based on the data provided in the paper, we estimated the rates of water 
loss at each stage of the water cycle. In Fig. 7, rdist, ruser, rtreat, rdisch and rrec 
represent the water loss/overflow rates during water distribution, urban 
water use, sewage treatment, effluent discharge, and reclaimed water 
reuse, respectively. There are differences in the water recycling process 
between Figs. 7 and 1 (b), 2, and 3 in the original paper. First, based on 
Singapore's indirect potable reuse model, the reclaimed water is rein
troduced into the reservoirs [13,16]. Hence, this portion of reclaimed 
water must undergo the collection to treatment stages at the WTP, 
leading to some unavoidable water losses. Second, there is a substantial 
loss in wastewater collection following urban water usage, underscoring 
the global challenge municipal authorities face in improving wastewater 
collection rates. This issue was not explicitly illustrated in the original 
figure. To avoid confusion, this paper posits that the water distribution 
loss denoted as rdist in Arora et al. (2022) encompasses water losses 
during water intake, water transmission, and at WTPs, as well as 
wastewater collection losses that are incorporated into user losses and 
wastewater treatment losses [16]. Although this assumption may have 
certain limitations, it allows for a simplified calculation.

Based on the original data, the water loss rates for the 2019 scenario 
were calculated as 0.0820 (rdist), 0.1297 (ruser), 0.0300 (rtreat), 0.5615 
(rdis), and 0.2373 (rrec). Therefore, using Equation (4) and K = 1.35, the 
total water loss rate was 0.7408. Similarly, in an alternate scenario with 
maximum circularity driven by total wastewater treatment capacity 
utilization, the corresponding r and K are 0.4707 and 2.12, respectively. 
By fully utilizing the reclaimed water capacity, the overflow of effluent 
discharge can be significantly reduced and the multiplier effect of 
reclaimed water utilization can be enhanced. Overall, the efficiency and 
performance of the urban water system can be optimized.

4.2. Case II: Reclaimed water utilization multiplier in an area in 
Chongqing

Situated in Southwest China, Chongqing is not only a major metro
politan area, but also a globally recognized municipality known for its 
unique mountainous urban landscape. The Bishan District, located in 
western Chongqing, lies within the valley region between the Jinyun 
and Yunwu Mountains. The district is characterized by its mountainous 
terrain and karst geology and has an average annual precipitation of 
approximately 989.70 mm. The annual per capita water supply in the 
Bishan District is only 563 m3, placing it in the category of severe water 
scarcity. Similar to many other valley regions in Chongqing, Bishan 
heavily depends on extensive inter-basin water transfers to fulfill its 
urban water supply requirements [33]. Hence, in 2010, the Bishan dis
trict began to build an urban reclaimed water treatment and supply 
system [34]. According to a 2023 survey, the total treatment scale of the 
sewage treatment plant in Bishan was 123,500 m3/d, and the daily 
urban miscellaneous water and environmental replenishment water will 
be 41,400 m3/d. The utilization rate of the current regeneration level 

will be 33.5 %.
The reclaimed water utilization pattern in Bishan District is shown in 

Fig. 8, which has similarities to Fig. 6 (b). At present, the main uses of 
reclaimed water are urban miscellaneous water and river environmental 
flow replenishment (transported to the upper reaches of the city to 
supplement river flow). Approximately 30 % of urban miscellaneous 
water is used indoor, including in public toilets and car washes. Then, it 
is returned to the urban wastewater sewer, whereas the rest is used for 
urban vegetation watering and street flushing and eventually dissipated. 
A comprehensive synthesis of various data, including wastewater 
collection rates, water loss from reclaimed water treatment, and other 
relevant parameters, was based on pertinent literature, information 
publicly released by the government, or statistical yearbook data 
[33–35], as well as the Special Plan for the Utilization of Reclaimed 
Water in Bishan District, which has not been publicly released.

Based on the acquired data, the relevant parameter values presented 
in Fig. 8 were derived through conversion, yielding the following values: 
0.1500 (ruser), 0.1500 (rcol), 0.1000 (rtreat), 0.6650 (rdis), 0.6000 (ri&w), 
0.10 (rrec), and 0.700 (rrep). The estimated water loss for urban users was 
approximately 15 %, and the sewage collection loss rate (15 %) was 
calculated based on the 85 % officially reported collection rate. The 
estimated loss in the wastewater treatment and reclamation process was 
10 % [33]. Because the utilization rate of reclaimed water was only 33.5 
%, the proportion of loss through effluent discharge was 66.5 %. 
Reclaimed water is conveyed to the upper reaches of the river via a 
dedicated pipeline to augment its environmental flow, accounting for 
roughly 60 % of the total reclaimed water volume. The remaining 
reclaimed water is distributed through the reclaimed water network (or 
water trucks) to the urban area for miscellaneous urban uses, with 30 % 
allocated for indoor applications, such as public toilet flushing and 
vehicle washing.

Hence, based on Equation (4), the total water loss rate was 0.9752, 
and the multiplier of reclaimed water utilization was 1.025. In this 
scenario, given the relatively low utilization rate of urban reclaimed 
water (only 33.5 % of the effluent from sewage treatment plants), which 
is predominantly used for environmental flow recharge in rivers and 
outdoor urban applications, most of the reclaimed water (over 97 %) 
exits the system after a single cycle. Consequently, the RWUM remains 
close to 1 in Bishan, indicating a lower efficiency water resources use 
than in Singapore and a significant potential for enhancing reclaimed 
water utilization in the future. Specific measures to enhance the water 
efficiency could include increasing the overall utilization rate and pro
moting indoor applications to boost the number of recycling cycles, 
thereby maximizing the use of scarce water resources.

4.3. Increase in the multiplier of reclaimed water utilization

In Case I, the RWUM was substantially higher than that in Case II, 
primarily owing to Singapore's advanced water management practices. 
Particularly, a portion of the reclaimed water is reintroduced into the 
urban water supply network via indirect potable reuse channels; then, it 
undergoes undifferentiated recycling with the municipal water supply in 

Fig. 7. Singapore's urban water recycling system, including reclaimed water. Where rdist, ruser, rtreat, rdisch and rrec respectively represent the water loss/overflow 
rates of water distribution, urban water use, sewage treatment, effluent discharge, and reclaimed water reuse.
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a one pipe system. Additionally, a substantial amount of reclaimed water 
is repurposed for industrial use. In both scenarios of the one pipe system 
and the industrial use system, most of the reclaimed water can be 
effectively collected ultimately through municipal sewage systems and 
reintroduced into the water cycle (Refer to Figs. 2 and 3 in Arora et al., 
2022 for further details [16]). This utilization of reclaimed water 
through multiple cycles substantially enhances the reclaimed water 
utilization multiplier, thereby improving the overall water resource 
efficiency.

In Case II, the low utilization rate of reclaimed water relative to the 
wastewater treatment volume, coupled with its predominant use for 
environmental flow replenishment in rivers and outdoor applications, 
such as urban vegetation watering and street washing, results in the non- 
recoverable water loss post-use. Consequently, it does not re-enter the 
urban water system, leading to a minimal multiplier effect for reclaimed 
water utilization, whereby nearly all reclaimed water is used only once.

From these two cases, to improve the utilization efficiency of urban 
reclaimed water, the following methods can be adopted: 

(1) Improve the utilization rate of reclaimed water: This can be done 
by making full use of the treated municipal sewage and returning 
it to the urban water cycle. This represents the most critical 
approach to enhancing water-use efficiency.

(2) Optimize the utilization patterns of reclaimed water by rationally 
planning the purpose of reclaimed water use and enhancing its 
indoor application: Increasing the proportion of indoor use can 
facilitate higher recycling frequency, thereby improving both the 
efficiency of reclaimed water utilization and the overall perfor
mance of the urban water recycling system. The purposes of 
reclaimed water utilization should be determined based on the 
specific needs of the city. Hence, analyzing the patterns and 
multiplier effects of reclaimed water usage can offer critical in
sights on how to enhance the efficiency of urban reclaimed water 
utilization and identify valuable strategies.

(3) Improve technology and enhance the operational quality of the 
urban water cycle process: Various stages within the urban water 
system can lead to water "overflow" from the system. By reducing 
the leakage rate in the water distribution network, upgrading the 
sewage pipeline infrastructure to enhance wastewater collection 
rate, and improving the efficiency of water treatment processes, 
water "overflow" can be minimized, thereby maximizing 
reclaimed water utilization. Advancements in technology are 
expected to contribute significantly across all these domains.

However, although a higher multiplier value indicates greater effi
ciency in reclaimed water utilization, such efficiency does not neces
sarily correspond to optimal operational conditions. First, the scale of 
reclaimed water supply must be aligned with urban water demand and 
intended uses. Reclaimed water utilization patterns are significantly 
influenced by a city's functional structure, spatial layout, and prevailing 

water use habits. Furthermore, the extent of reclaimed water adoption 
should be comprehensively assessed, taking into account factors such as 
cost, energy consumption, and particularly the imperative of carbon 
emission reduction [33]. Hence, the optimal recycling rate should be 
determined through scenario-based analysis tailored to the specific 
characteristics of individual cities.

4.4. Further comparison of the two cases and policy implications

Comparing Case I with Case II, it is evident that Singapore's water 
system management exhibits an exceptionally high level of refinement. 
This is attributed to the comprehensive water infrastructure, rigorous 
management systems, robust legal frameworks, and effective institu
tional collaboration established by Singapore to support its NEWater 
project [13,16]. The meticulous management of the NEWater project 
generates a substantial volume of accurate data that can be utilized for 
estimating "loss rates" and "utilization rates", thereby facilitating 
multiplier accounting and enabling more robust and reliable analyses. 
Through these analyses, it can further support informed 
decision-making and establishes a solid foundation for optimizing the 
urban water system pattern. However, in the case of Chongqing, offi
cially released data were relatively scarce [34,35], while some infor
mation was sourced from the "Special Plan for the Utilization of 
Reclaimed Water in Bishan District" (the data had not yet been officially 
released at the time of writing). This paper has also comprehensively 
utilized a limited amount of regional data from adjacent years for 
reference. Similar to most cities in China, the utilization of reclaimed 
water in Chongqing remains at a relatively rudimentary stage, and there 
are currently no comprehensive statistical data or official releases 
available. Furthermore, as indicated by the case analysis, the relatively 
underdeveloped management system for reclaimed water utilization 
and the limited availability of operational data in the Chongqing case 
result in the calculations and analysis remaining approximate. This 
aspect highlights a marked contrast with the case of Singapore, sug
gesting considerable potential for improvement in Chongqing in order to 
address the existing gap. As a region currently developing its reclaimed 
water utilization system, it is essential not only to maximize the level of 
water reuse but also to strengthen the overall management framework. 
These two aspects should be integrated to promote water reuse and, in 
turn, enhance the efficiency of the entire urban water system.

4.5. The novelty and contributions of multiplier effect approach

To our knowledge, this would be the first paper to formally introduce 
the concept of the multiplier effect in urban water system. The estima
tion of the multiplier introduces a novel methodology for evaluating the 
efficiency of reclaimed water utilization. Compared with other existing 
methods, this approach is applicable to cities in diverse regions and at 
different stages of development, facilitating comparative analysis of the 
results. Furthermore, the method identifies patterns in reclaimed water 

Fig. 8. Reclaimed water utilization pattern in the Bishan District (2023). Where rcol, ri&w and rrep respectively represent the water loss/overflow rates of 
wastewater collection, urban irrigation and river flow replenishment. The remaining symbols have the same meaning as in Fig. 7.
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utilization through multiplier accounting. The selection of different 
reclaimed water utilization patterns is influenced by multiple factors, 
such as the regional water resource endowment and the city's water 
demand. In turn, the adoption of these patterns impacts the urban water 
balance and the overall efficiency of water resource utilization. Thereby 
this approach would offer a comprehensive approach for urban water 
system planning. Finally, based on the outcomes of multiplier account
ing, reclaimed water reuse patterns can be optimized, and critical nodes 
within the utilization process can be effectively managed. This approach 
could serve as a robust foundation for decision-making and policy 
formulation in the field of urban water management, in order to cope 
with the impacts of climate change. It is applicable to various regions. 
Although the conclusions derived from data-scarce regions entail a 
certain degree of uncertainty, they nonetheless provide valuable direc
tion for improving system patterns and management, particularly with 
regard to data acquisition. Furthermore, the inherent complexity of 
urban water systems may influence both pattern selection and the 
delineation of research boundaries. To enhance the validity the gener
alizability of this method, future research should incorporate a broader 
range of case studies and datasets, particularly from cities in more 
diverse climatic zones.

5. Conclusions

Reclaimed water use significantly changes urban water system 
composition and strongly affects efficiency. Evaluating system perfor
mance and identifying water usage patterns can optimize water system 
configuration, supporting reclaimed water strategies and improving 
overall system efficiency and sustainability. To our knowledge, this is 
the first study to formally introduce the concept of the multiplier effect 
in reclaimed water utilization and identify key urban reuse patterns. The 
following conclusions are drawn: 

(1) Once reclaimed water is integrated into the urban water system, 
it can undergo multiple cycles, thereby generating a multiplier 
effect. This multiplier effect facilitates the optimal utilization of 
available water resources, thereby enhancing both the effective
ness and efficiency of urban reclaimed water usage.

(2) The RWUM is influenced by the system's composition and the 
efficiency (specifically, the water loss rate) of each water cycle 
stage. Enhancing the operational quality of each component 
within the system can increase the RWUM, thereby improving the 
overall efficiency of the water system.

(3) Reclaimed water utilization can be categorized into single-pipe 
and multi-pipe systems, each of which can be further sub
divided into various utilization patterns. The specific utilization 
patterns of reclaimed water are contingent on the water resource 
endowment and demand of cities. Selecting an appropriate 
pattern can significantly enhance the efficient use of reclaimed 
water resources. Identifying these usage patterns is crucial for 
monitoring the urban water cycle, thereby providing valuable 
insights to optimize urban water systems.

(4) Enhancing the utilization rate of reclaimed water, refining its 
application patterns, and improving the operational quality of the 
urban water cycle can substantially increase the reclaimed water 
utilization efficiency and enhance the overall urban water system 
performance.

The concept of the multiplier effect of RWU and evaluation meth
odology of RWUM offer a comprehensive and standardized framework 
for assessing the utilization efficiency of urban reclaimed water, yielding 
comparable results. Despite varying water resource conditions and 
urban water demands, which result in diverse water system patterns 
adopted by cities worldwide, this evaluation framework remains 
applicable to a wide range of water systems and provides an effective 
tool for the planning and management of urban reclaimed water 

systems.
To further validate the applicability of the multiplier approach, 

future research should incorporate more diverse case studies, especially 
those with extensive datasets. Regional differences in natural endow
ments likely affect urban water management, particularly across climate 
zones. Studies could compare how cities choose reclaimed water use 
patterns and assess their impact on efficiency. Under climate change, 
rising demand for reclaimed water and higher efficiency requirements 
challenge urban water management. Research should develop more 
efficient technologies, effective management practices, and adaptive 
policies to address the escalating challenge of urban water resource 
scarcity.
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