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Water saving potential and economic viability assessment
of rainwater harvesting system for four different climatic
regions in China
Chen Shiguang and Zhang Yu

ABSTRACT
Rainwater is one of the most promising alternative water sources. However, the ﬁnancial outcomes
of the rainwater harvesting (RWH) systems are not always assured as economic performance of RWH
systems vary greatly under different climatic conditions.This paper investigates reliability, water
saving and beneﬁt–cost ratio of an RWH system with different storage tanks and under three distinct
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climatic conditions (i.e., wet, average and dry year) at four cities in China. It was found that for a
standard building (1,600 m2 roof having 560 people), the rainwater supply reliability varies
signiﬁcantly (3.85–20.55%) across four cities. It was found that Guangzhou (South China) always
achieves the highest reliability, greatest annual water saving and highest beneﬁt–cost ratio under
three distinct climate conditions. By contrast, Beijing (North China) is mostly ranked as having the
lowest one. These ﬁndings are well in line with the historical annual precipitation in these regions.
Also, it was found that across these four regions, it was not possible for a RWH system to achieve a
beneﬁt–cost ratio higher than 1.0. These ﬁndings indicate that the RWH systems in most regions of
China are currently economically unfeasible without government subsidies.
Key words

| beneﬁt–cost ratio, climate condition, rainwater harvesting system, spatial variability,
tank sizes

HIGHLIGHTS

•
•
•
•

The rainfall scenario plays a decisive role in ensuring economic feasibility of an RWH system.
Guangzhou is the most promising city in terms of water savings and ﬁnancial performance.
An RWH system using 15–20 m3 storage tank was found to achieve the best ﬁnancial outcome in
four cities.
For RWH systems in most cities of China it is difﬁcult to achieve ﬁnancially viability without
government subsidies.

INTRODUCTION
Urban development, along with the economic and population

regions (Alamdari et al. ). To address the issue of water

growth experienced in many regions in China, has led to an

crises, national and local water authorities are considering

increase in the demand for water, especially in highly populated

different measures including promoting water efﬁcient devices,

areas such as the region of Pearl River Delta and Yangtze River

rainwater collection and greywater recycling (Imteaz et al.

Delta. Moreover, uncertainties associated with climate change

). Among all these sustainable water alternatives, rainwater

will intensify the pressure of future water supply in these

harvesting (RWH) is considered as the most promising
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measures due to its easy collection, less contaminated by

Guangzhou, Wuhan, Beijing and Harbin, since they represent

chemical residues (Grace ), low cost and low treatment

four different climate zones in China) of China mainland were

requirements (Zhang & Hu ). e.g., Zhu et al.() exam-

investigated. A daily scale water balance model is developed to

ined the quality of harvested rainwater in arid regions of

calculate the water saving potential and economic beneﬁts of

North China, and it was found that the rainwater harvested

the proposed RWH systems using historical rainfall data and

from a roof-yard catchment system mostly agreed with the

daily water demand data. With the realization that using his-

World Health Organization standards for drinking water.

torical rainfall data may not accurately evaluate the water

However, operating experience suggests that the efﬁ-

saving potential of a RWH systems (as Hajani & Rahman

with

(a) pointed out, the average daily rainfall of long period

the change of regional characteristics such as climate,

statistic data will be more evenly distributed than single year

rainfall, water consumption habits and tap water price

data thus probably leading to more preferable result for water

ciency

of

rainwater

collection

system

varies

(Khastagir & Jayasuriya ; Sample & Liu ).
China is one of the largest countries in the world. Its ter-

saving efﬁciency), three distinct rainfall conditions (i.e., dry,
average and wet year) are considered in this study.

ritory spans four climate zones from south to north, namely:
tropical monsoon climate, subtropical monsoon climate, temperate monsoon climate and temperate continental climate,

METHODOLOGY

respectively. These situation leading to a high rainfall gradient
across the country (i.e., mean annual precipitation ranging

The following sections present the study site, and detail the

from 400 mm in the northwest to over 3,000 mm in the south-

methodology assumed in this work to compute the water

east over China mainland). Considering the changes of

savings efﬁciency, beneﬁts and costs of the RWH system.

rainfall in different regions, the beneﬁts of an RWH system
may various. Therefore, it is obvious that rainwater avail-

Survey region

ability as well as water demand for the speciﬁc location
should be considered when assessing the water saving poten-

The study considered four different cities across China, from

tial and ﬁnancial viability of an RWH system (Lin et al. ).

south to north according to the geographical location these

However, China currently has only limited regional data for

were Guangzhou, Wuhan, Beijing, and Harbin, which

the operation of RWH system, yet there is an issue here in

locates on the north edge of the Pearl River Delta Plain, the

the national guidelines only provide general advice, they do

west edge of Yangtze Plain, the north edge of the North

not pay attention to the varied conditions that exist through-

China Plain, and the central of the Northeast China plain,

out China, such as rainfall patterns, water demand proﬁle,

respectively. Figure 1 shows the geographic locations of the

levels of runoff, and tap water price, etc. (Ma et al. ).

selected cities along with their average annual rainfalls.

Local authorities simply imitate other cities’ guidelines that

These cities represented four typical climate zones, namely

may not be suitable for their area since every city has its

tropical monsoon climate, subtropical monsoon climate,

own distinctive climatic conditions, water demand proﬁle

temperate monsoon climate and temperate continental cli-

and public water price (Nguyen et al. ).

mate, respectively. The average annual precipitation of

As the rainfall patterns, water demand scenarios as well

these four target cities is 1,799.8 mm, 1,256.0, 624 and

as water price in China vary greatly from one city to another,

616 mm (statistical average from 1990s to 2019s), respect-

there is a need for a comparative study regarding the rain-

ively, while the average annual temperature in these four

water supply reliability and economic beneﬁts of an RWH

cities is 22.5  C, 16.6  C, 11.6  C and 3.5  C, respectively.

system to help the authorities to set a more accurate guideline for different cities (Bashar et al. ).

Scenario assumption

In this study, the impacts of spatial variability and climate
conditions on water saving potential and ﬁnancial perform-

For economic beneﬁts analysis of the RWH system in differ-

ances of RWH systems at four different cities (i.e.,

ent cities, a base scenario of multi-storey ofﬁcial building
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Location of the fours, Guangzhou, Wuhan, Beijing and Harbin.

that has 560 employees was assumed. For the uniformity in
2

contaminants from roof runoff before water enters into the

analysis, a impervious roof size of 1,600 m is considered,

tank. in such a way that the quality of this water can satisfy

which is a very common roof size for the ofﬁcial buildings

the demands of the different uses.

in these cities. The target building is assumed to have an
RWH system for non-potable use. The water consumption

Data

of this building is calculated based on per capita water
consumption quota, and the available rainwater can be

In order to conduct an economic beneﬁt analysis, daily rain-

estimated by precipitation and catchment area.

fall data for four study cities, information about the water

The newly established RWH systems were synthesized into

demand proﬁle, and detailed ﬁnancial data of installing and

the water network in the ofﬁce building to satisfy the non-pota-

operating a RWH system are therefore need to be collected.

ble water demands. Three different water use are considered,
they are toilet ﬂushing, hand washing, and cleaning, which do

Rainfall data

not require potable water quality since there are only four
kinds of sanitary appliances in the toilet of the ofﬁce building,

To analyze the water supply reliability of RWH system, the

i.e. toilet, urinal, wash basin and sink. A sediment and ﬁltration

latest decades historical rainfall data were considered. Histori-

treatments process was considered for regenerating rainwater.

cal daily rainfall data from 2010 to 2019 were obtained from

First ﬂush and leaf-eater devices are considered to ﬁlter

the National Meteorological Science Data Center of China
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(http://data.cma.cn). Considering the variation of climate

According to the data registered by water meters in

between years, as such for each study city, three years’ data rep-

another similar ofﬁce building located in Guangzhou, the

resent dry year, average year and wet year were used,

average daily water consumption during the period

respectively. The dry, wet and average years were identiﬁed fol-

between January to December 2019 was 44.3 m3, it was

lowing the recommendation of Bashar et al. (). The year

well in accordance with the value calculated according to

receiving annual rainfall close to the average annual rainfall

the standard for design of building water supply and

of the period between 2010 and 2019 is considered as the aver-

drainage (GB50015-2019), which demonstrated that the

age year, e.g., in Wuhan, precipitation in 2014 is 1,207.6 mm,

estimated water consumption data were accurate and

which is very close to the average annual rainfall of

reliable.

1,256 mm (see Figure 1), is selected as the average year.
While the dry and wet years are identiﬁed as the years receiving
the lowest and highest annual rainfall during the period
between 2010 and 2019. Selected years and corresponding
rainfalls for each city are shown in Table 1.

Financial data
The costs analysis considers the capital and operating costs
of the RWH system. The capital costs include the facilities
expenses and installation cost. The RWH system used in
this study consists of a ﬂush diverter, a stainless tank, mos-

Water demand scenarios

quito nets, PVC pipelines, a set of physical ﬁlters, and
The total water consumption at the target building was

additional facilities, etc. Price information of the RWH

determined based on the standard for design of building

system components was mainly obtained through a market

water supply and drainage (GB50015-2019). In China,

survey.

daily water consumption quota in ofﬁce building were esti-

Table 2 provides a summary of the initial capital (exclud-

mated ranges from 30 to 50 L per person per day

ing storage tank) of an RWH system. The estimated total

according to climate conditions and economic development

facilities expenses are 14,901 yuan (CNY) (Table 2). The

level, 90% of which can be replaced by non-potable water.

installation cost was estimated at 10% of the total facilities

In this study, rainwater is considered only for non-

expenses, which is equivalent to 1,490.1 CNY, thus the

potable uses, they are toilet ﬂushing, hand washing, and

total capital cost is 16,391.1 CNY.

cleaning. The daily non-potable water consumption at

In this study, inﬂuences of different tank capacity on the

target building in Guangzhou,Wuhan,Beijing and Harbin

cost–effectiveness of an RWH system are assessed. The tank

was estimated at 45 L, 40 L, 35 L, and 30 L per capita,

size was deﬁned based on market availability with the goal

respectively, and these water demand were assumed to be

of determining the maximum beneﬁt–cost ratio (BCR). The

constant from Monday to Friday. Therefore, the total

prices of storage tanks (stainless steel) with different sizes

average daily water consumption for target building is equiv-

are listed in Table 3.

alent to 22.5, 20, 17.5 and 15 cubic metres, respectively. The

The annual operating cost here refers to the expenses of

water consumption on weekends is estimated to be one-ﬁfth

purchases, installatons, operating costs and maintenance for

of that in weekdays.

the infrastructure (water tanks, pumps and pipes) needed for

Table 1

|

Selected years and corresponding rainfalls of four study site

Guangzhou

Wuhan

Beijing

Harbin

Year

Rainfall (mm)

Year

Rainfall (mm)

Year

Rainfall (mm)

Year

Rainfall (mm)

Dry

2011

1,631.7

2018

1,110.6

2014

455.5

2017

480.8

Average

2018

1,870.8

2014

1,207.6

2018

546.6

2018

651.3

Wet

2019

2,459.2

2016

1,810.2

2016

669.1

2019

705.6
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The components costs of an RWH system

No.

Item

Unit

Amount

Unit price (CNY)

Total price (CNY)

1

GDM treatment unit

Set

1

6,800

6,800

2

Flush diverter

Set

1

140

140

3

Water level control valves

Set

1

480

480

4

Liquid chlorinator

Set

1

265

265

5

Flow meter (DN 50)

Set

2

110

220

6

Mosquito nets

Set

1

56

56

7

Flat ceramic membrane

Set

1

500

500

8

Pipelines (DN 50, 1.6 Mpa)

Metre

280

15.42

4,312

9

90 degree elbow

Set

45

1.0

45

10

Tee joint

Set

33

19

627

11

Gate valve

Set

56

26

1,456

12

Installation costs (including labour cost)

10% of total facilities expenses

Total capital cost (except for storage tank, sum of 1 – 12) 14901
Note: Average currency data from 07/2019 to 07/2019,1 yuan (CNY) was equal to 0.1427 USD.

Table 3

|

Price of different water tanks (stainless steel) available on the market

Size (m3)

1

2

3

4

5

6

7

8

10

12

15

20

30

Price (CNY)

388

792

1,228

2,098

2,268

2,890

3,520

4,150

4,940

6,550

8,160

11,608

18,600

The price information in the table comes from market survey.

the RWH system by the building owners, as well as deprecia-

from an RWH system (e.g., reducing resources consumption

tion of ﬁxed assets. In this study, the periodic replacements

from water treatment processes) is not considered in the

of ﬁlter materials, daily consumption of disinfectants, as well

beneﬁt–cost analysis due to limited data availability

as maintenance, replacement and management of the RWH

(Campisano et al. ).

system were taken into account, while the labour costs and

The terminal domestic water price, including water

losses during suspended period have been neglected.

supply price and sewage treatment fee, both of which vary

Because the harvested rainwater from roof to storage tank

substantially across the country, is employed in the econ-

and from the storage tank to the points of user are delivered

omical viability analysis of RWH system. Terminal water

by gravity, therefore no power consumption in this case. The

prices of the four locations in 2019 are shown in Table 4.

amount of material, labour, and chemical consumption are
directly collected from existing RWH system and from
some historical data in previous studies, which are estimated

Table 4

|

Terminal water price at Guangzhou, Wuhan, Beijing and Harbin in 2019

at 10% of the total capital cost. In this study, the annual
depreciation cost of equipment is estimated at 4% of the
total capital costs.
The beneﬁt comes from a reduction in the annual potable water bill achieved from an RWH system, which is
estimated as the product of potable water savings and
water tariff. The value of possible environmental beneﬁts
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fee (CNY/m3)

water price (CNY/m3)

Guangzhou

0.95

2.93

3.88

Wuhan

1.10

2.47

3.57

Beijing

1.36

5.00

6.36

Harbin

0.95

3.35

4.30
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each study site, which is calculated as:

Vc ¼

R × Ac × Rc
1000

(1)

involve water saving potential (savings in drinkable
water annually) and BCR of the RWH system. In order

where Vc is the volume of daily available rainwater (m3), R

to calculate the water saving of an RWH system, a water

the local daily rainfall (mm), Ac the catchment area (m2)

balance simulation model on daily time scale in Microsoft

and Rc the surface runoff coefﬁcient, assumed equal to 0.8

Excel is built that considers various factors such as daily

to represent losses of 20%.

rainfall, runoff coefﬁcient, daily water demand, tank

In this work, the water saving performance of the pro-

capacity and tank spillage. In the water balance model,

posed RWH system was evaluated using two indicators,

rainfall is regarded as inﬂow and the consumption, as

which are annual water saving and percentage of reliability

well as possible spill as outﬂow following the method out-

(R). The daily consumed rainwater is calculated based on

lined by Su et al. (). Figure 2 demonstrates the

the following equations:

ﬂowchart of logical sequences and formulations used in
the daily water balance model tailored to the target ofﬁcial

Ct ¼ D t

if

Vt þ St 1  Dt

(2)

building. As illustrates in Figure 2, running the model
allows the water saving (by calculating the cumulative con-

Ct ¼ Vt þ St1

if

Vt þ St1 < Dt

(3)

sumed rainwater from storage tank) of the system to be
examined.
According to the water balance model, the potential
volume of rainwater harvested was estimated based on the

where Dt is the daily demand (m3) on day t, St1 is the stored
water at the end of the previous day (m3), Ct is consumed
rainwater (m3) and Vt is the harvested rainwater (m3).

catchment area in target building and daily rainfall data

According to the logical sequences in the water bal-

obtained from the meteorological observation stations of

ance model, the consumed water (Ct) is determined

Figure 2

|

Flowchart of daily water balance model.
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depending on whether the sum of harvested rainwater and

ratio of the sum of all the discounted beneﬁts and dis-

the previous stored rainwater (VtþSt1) is enough to satisfy

counted costs. It is assumed that the RWH system has a

the daily non-potable demanded (Dt) or not. For example,

life of 40 years.

if the sum of harvested rainwater and the previous stored

For

BCR

analysis,

the

approach

outlined

in

rainwater is greater than or equal to the non-potable

Cbabuilder () is used, which is calculated by the

demanded, the consumed rainwater is equivalent to the

following formula:

non-potable water demand. Otherwise, the consumed rainwater is equal to the sum of harvested rainwater and the
previous stored rainwater as shown in Equation (4) and
Equation (5). This compute procedure will repeat for

Σst¼0
BCR ¼

Σst¼0

each day of the year.

St Pt
(1 þ i)t
It þ Mt

(6)

(1 þ i)t

The reliability of the RWH system is calculated as the
ratio of the number of days when intended non-potable

where St is the volume of water saved over a period of time t

water consumption is met fully by the available rainwater

(m3), Pt is the cost of water over a period of time t (CNY/

and the total number of simulated days, which is deﬁned

m3), It is the investment required for a period of time t

as follows:

(CNY), Mt is the maintenance costs over a period of time
(CNY), s is the system life span (year), t is the system oper-

N
Rt ¼
× 100%
365

(4)

ation period (year), and i is the discount rate (%).

where, Rt is the reliability of the RWH system to be able to
supply the intended demand (%), N indicates the number of

RESULTS AND ANALYSIS

days in a year when rainfall–runoff achieve to meet the daily
The application of the daily water balance model allowed us

water demand in the target building.
In the economical feasibility analysis, the BCR is

to evaluate the system performance in each study city. The

performed considering the installation and maintenance

following sections present the results of water saving analy-

costs, annual drinkable water savings of an RWH

sis and economic analysis of the RWH system across four

system. For the beneﬁts, potential water saving was con-

locations.

verted to monetary savings by multiplying the unit price of
water with the unit volume of water saved. Water price

Reliability analysis

comes from the data issued by the local water company
(Table 4).

Based on the daily rainfall data of the identiﬁed dry, average

To carry out the economic performance analysis, all the

and wet years on record, the rainwater supply reliability of

present and future values are converted to present day CNY

the proposed RWH system at four regions for a series of

value. In this study, a discount rate of 6% is consider accord-

rainwater tank was determined and the results are shown

ing to the economic evaluation methods and parameters of

in Figure 3(a)–3(d). It is noticeable that, although non-

municipal public facilities construction projects (Ministry

linear, the reliability of RWH system increased with the

of Housing and Urban-Rural Construction of the People’s

tank sizes from 1 to 30 m3 in four locations. The supply

Republic of China ). To convert a nominal cost (CN)

reliability is zero for a rainwater tank less than 5 m3 at all

to a discounted cost (CD), following equation is used

these four cities (Figure 3(a)–3(d)), and then the reliability


CD ¼ CN ×

1
(1 þ dn )y



kept on increasing even with a tank size of up to 30 m3 L
ð5Þ

in all four cities. For example, at Guangzhou, a 7 m3 rainwater tank can meet the non-potable demand for 6.7% of

where dn is the nominal discount rate per annual and y is the

the days in a wet year, which increases to 20.5% for a

appropriate number of years. The BCR is estimated as the

30 m3 tank size. This is because larger tanks are expected
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Effects of tank sizes on the reliability of the proposed RWH system across four locations: (a) Guangzhou, (b) Wuhan, (c) Beijing and (d) Harbin.

to capture more rainwater generated from a given catch-

21% at the four study cities, especially those under dry

ment area so that the higher reliability of rainwater supply

climate conditions such as Beijing (3.84–6.30%) and

could be achieved.

Harbin (4.38–8.22%). According to these results, it can be

As shown in Figure 3, there are notable differences

concluded that for a great part of the country, rainwater

in reliability across four cities. Among the four cities,

solely is unable to supply total water demand throughout

Guangzhou achieved the highest reliability (14.2%, 14.2%

the year, but rather, rainwater should be used for non-pota-

and 20.5% for dry, average and wet years, respectively),

ble purposes with the aim of reducing potable water demand

Wuhan comes second (13.7%, 11.2% and 11.8% for dry, aver-

from the public water supply system.

age and wet years, respectively), followed by Harbin (4.38%,

It can be seen from Figure 3, the time-based reliability

8.22% and 7.40% for dry, average and wet years, respectively),

of RWH system under the same storage tank scenarios

while Beijing is the lowest one (3.84%, 5.20% and 6.30%

varies greatly among years. For example, the maximum

3

for dry, average and wet years, respectively) for a 30 m tank

reliability varied between 14.2% and 20.5% across the

scenario. These reliability values over the four selected

dry, average and wet years at Guangzhou. For Wuhan,

locations are generally connected with its annual rainfall

the maximum reliability ranges from 11.2% to 13.7%

data (as shown in Table 1).

over three distinct years. For Beijing and Harbin, the

As can be seen from Figure 3, the RWH systems are

maximum reliability is in the range of 3.84–6.30% and

almost not able to ensure a supply reliability higher than

4.38–8.22%, respectively. The differences in reliability
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of the RWH system for different years at the same

among these four regions. As expected, Guangzhou

location suggest that there is a considerable inter-annual

achieved highest annual water savings (1,776.5 m3) for a

variation in rainwater supply reliability at each region.

30 m3 rainwater tank scheme, whereas Beijing is lowest.

As mentioned above, the reliability values of the city are

It was found that a maximum spatial variation of 1,300 m3

generally connected with its annual rainfall data. However,

can be expected among these regions and extent of vari-

it can be observed that at Wuhan, the values of time-based

ations is comparatively higher for larger rainwater tank

reliability in dry years is signiﬁcantly higher than those in

sizes (Figure 4(a)–4(d)). The higher values of annual water

average years and wet years, with the calculated reliability

saving in Guangzhou and Wuhan result from more collect-

of dry years is 22–91% higher than that in average years

able rainwater caused by higher annual precipitation. Take

and 16–45% higher than that in wet years (Figure 3(b)),

Guangzhou as an example, its annual rainfall volume in a

respectively. The same scenes also appeared at three other

wet year is 2,459 mm, which is 3.68 and 3.49 time higher

cities. For instance, it can be observed from Figure 3(d)

than

that at Harbin, the values of supply reliability under wet

respectively.

that

of

Beijing

(669.1)

and

Harbin

(705.55),

years are less as compared to those under the average year

In general, RWH systems with larger storage capacities,

for rainwater tank range from 6 m3 to 30 m3, despite the

in more humid regions, have higher annual water saving.

average year have less rainfall availability (Table 1).

However, it is interestingly to note that the annual water

From this ﬁnding it can be concluded that it is not

saving in wet years is lower than that in average years at

necessary that regions with higher annual rainfalls will

Beijing. A similar situation occurred in Wuhan where

have higher reliability. As documented by Zhang et al.

annual water saving in average years is comparatively

() the supply reliability of the RWH system mainly

lower than that in dry years and for all tank sizes. From

depends on the rainfall event characteristics and the water

these results we can draw a conclusion that the potential

use patterns, this indicator tend to increase if the rainfall

water savings do not depend solely on total annual rainfall

events and water consumption are evenly distributed in tem-

amount, but also on rainfall pattern of a particular region.

poral, contrarily, it can signiﬁcantly aggravate the reliability.

In other words, under similar conditions an area with

Which leads to the conclusion that, up to a point, the supply

lower annual rainfall may provide higher water savings

reliability of RWH system are not solely dependent on

due to rainfall pattern (Imteaz et al. ).

annual rainfall amounts, rather it also depends on proper

From Figure 4(a)–4(d) it is clear that climate change

demand and rainfall pattern of a particular location

variabilities for expected water savings are more signiﬁcant

(Imteaz et al. ).

at Guangzhou and Harbin than that at Wuhan and Beijing.
For instance, when at Guangzhou, in an average year the

Water savings

maximum annual water saving is expected to be 28.3%
lower than that in a wet year and in an average year the

The performance of an RWH system in reducing potable

maximum annual water saving is expected to be 29.6%

water consumption is examined by quantifying its annual

higher than that in dry years (Figure 4(a)). For Harbin, com-

water saving, deﬁned as the total volume of rainwater sup-

pared to average year’s annual water savings, in wet years

plied by the system. Figure 4 showing the expected annual

15.3–35.2% higher annual water savings and in dry years

water savings achieved by an RWH system for a series of

10.8–35.4%

tank sizes, under three distinct climatic conditions from the

(Figure 4(d)). Nevertheless, as can be seen from Figure 4(c),

four regions. As clearly shown, the amount of annual water

the calculated water savings in wet years are very close to

saving increased linearly with increasing storage capacity

the water savings in average years (with difference less

across four locations. This is because a larger tank offers an

than 5.8%) at Beijing under similar tank capacities. Simi-

opportunity to capture more rainwater for the RWH system.

larly, there is only a 4.9–5.3% difference (depending on

It can be seen from Figure 4, there is signiﬁcant

tank size) between wet years and dry years at Wuhan

difference in terms of water saving for RWH systems
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Annual water saving in four cities: (a) Guangzhou, (b) Wuhan, (c) Beijing and (d) Harbin.

Beneﬁt–cost ratio analysis

BCR values of the RWH system at Guangzhou increased
from 0.1 – 0.15 to 0.7 – 0.98 for tank sizes from 1 to 20 m3.

The BCR, reﬂecting the relationship between input and

and then drop for storage capacities beyond 20 m3

output of the project, is a basic standard which evaluates

(Figure 5(a)), which reﬂects a typical single peak BCR pat-

the economic beneﬁt of investment, and judges whether

tern. Similar trends were observed at Wuhan, Beijing and

an investment plan is feasible or not (Morales-Pinzón

Harbin. As illustrated in Figure 5(c) and 5(d), there is notice-

et al. ). In this study, the BCR is deﬁned as the ratio

able increase in the BCR with the tank sizes increasing from

between the converted annual beneﬁt and the converted

1 to 15 m3. When the rainwater tank sizes were increased up

annual cost of the project (as Equation (7)).

to 15–20 m3, the BCR values tended to drop with further

Figure 5(a)–5(d) provides the effects of tank sizes on

increase in tank sizes, implying that further investment for

the BCRs of RWH system at four locations. It can be seen

increasing tank capacity gives no increase in BCR. Accord-

from these ﬁgures that the BCRs of the proposed RWH

ing to the results, it is not difﬁcult to draw the conclusion

system increased to peak values rapidly across four studied

that RWH systems with too small or too large storage

regions, and then decreased with storage tank beyond a cer-

capacities cannot provide high BCRs.

3

tain capacity (varies from 15 to 20 m , depending on

It can be seen from these results that a 15 or 20 m3 tank

geographical and climatic conditions). For instance, the

presents the most favourable ﬁnancial outcomes for the 14
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Effects of tank sizes on the beneﬁt–cost ratio of the proposed RWH system across four locations: (a) Guangzhou, (b) Wuhan, (c) Beijing and (d) Harbin.

different tank scenarios considered here. For example, as

for the other three cities are relatively smaller due to the

shown in Figure 5(a), the most economically feasible tank

low collectable rainwater. For example, the highest BCR

sizes in wet, average and dry years at Guangzhou were

is 0.63 at Wuhan for a 20 m3 rainwater tank in wet

around 20 m3 as the BCR gets it peak value of 0.98, 0.74

years. The highest ratios at Beijing and Harbin are

and 0.68, respectively. While the maximum BCR in

0.48 and 0.51, respectively, both with a 15 m3 rainwater

Wuhan is obtained at tank size of 15 m3 for dry years,

tank in wet years. Whereas in dry years, the highest

20 m3 for average and wet years, respectively (Figure 5(b)).

BCRs at Beijing and Harbin are only 0.39 and 0.29,

Both at Beijing and Harbin, the maximum BCRs of RWH

respectively.

system are obtained at tank sizes of 15 m3 for dry and wet
years, 20 m

3

for average years, respectively (Figure 5(c)

As can be seen from Figure 5(a)–5(d), the BCRs in
four regions under all rainwater tank sizes are less than
1.0. Even in humid areas such as Guangzhou (with

and 5(d)).
Also it is found that the BCR values vary signiﬁcantly

annual rainfall of 2,459 mm), the highest BCR is still less

with locations and climate scenarios. Clearly, the highest

than the desired value of 1.0. While in Beijing and

3

Harbin, its upper limit values vary from 0.29 to 0.51

rainwater tank in wet years, while a 20 m3 rainwater

depending on climate conditions. These results suggest

tank in average and dry years at Guangzhou only gives

that it is not ﬁnancially viable to apply an RWH system

a BCR of 0.74 and 0.68, respectively. Beneﬁt–cost ratios

in these regions.

BCR is found at Guangzhou with 0.98 for a 20 m
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mainly because the costs increase at a faster rate than the
beneﬁts for the 20–30 m3 tanks scheme although both

In this paper, a comparative study of supply reliability and

beneﬁts and costs are increasing.

economical feasibility of an RWH system at four different

The water saving potential of the proposed RWH system

regions of China is presented. According to the simulation

obtained in our study is compared with similar previous

result, Guangzhou is the most promising city in terms of

studies. For instance, Sample & Liu () evaluated RWH

water savings and ﬁnancial performance among the

systems across a wide range of locations in Virginia, USA

four study regions, an annual potable water savings of

and found that for a 10 m3 tank in a high density residential

1,776.5 cubic metre was obtained and a time-based

area having a roof area of 1,000 m2 and with 50 occupants,

reliability of 20.55% can be achieved by an RWH system

the RWH system reliability ranges from 0.25 to 0.35. How-

from a typical high-rise public building (with rooftop area

ever, in our study, with the assumed non-potable water

2

of 1,600 m ), then followed by Wuhan and Harbin, while

demand (30–45 L/person/day) it is difﬁcult to achieve a

Beijing was found to be the worst water saving and ﬁnan-

reliability higher than 21% across four cities. The main

cial performance region across the four studied sites. The

reason for the lower reliability value achieved in our study

highest annual water saving for Guangzhou is supported

may due to the relatively higher water demand supposed

by the fact that Guangzhou received the highest amount

here (it should be noted that the assumed number of occu-

of annual precipitation among all cities. These results

pants in our study is 560).

further highlight that the climate condition is the key

Mehrabadi et al. () found that average annual water

factor to determine whether an RWH system is ﬁnancially

saving in Kerman (an arid city in Iran with mean annual

viability or not.

rainfall of 150 mm) for a 15 m3 RWH system (with 180 m2

Tank size is a salient feature in regards maximization of

roof area) is 22 m3. In the current study, Beijing has a

RWH and determination of optimum tank size is a complex

mean annual rainfall of 624 mm, in this region a 20 m3

function depending on rainfall pattern, catchment area

RWH system (roof area of 1,600 m2) can achieve an average

and demand proﬁle (Rahman et al. ). Figure 3 illustrates

annual water saving of 379–450 m3 for non-potable use. If

that gradual increases in tank capacity usually help

the water saving value of Kerman is multiplied by the ratio

increase the rainwater supply reliability, but the relationship

of mean annual rainfalls of Beijing (546 mm) and Kerman

between the reliability and tank size is nonlinear. The

(150 mm), and then multiplied by the ratio of roof area of

pattern should be take into consideration the size of tank

Beijing (1,600 m2) and Kerman (180 m2), the water savings

in design of RWH systems. The evolution of water saving

in these two arid cities (Kerman in Iran and Beijing in

with tank capacity (Figure 4) showed that the annual

China) are quite comparable. Whereas in another study,

water saving in the four cities still had not peaked within

Domenech & Sauri () found that for Sant Cugatdel

3

the 1–30 m tank range, this is because the distribution of

Valles in Barcelona, Spain (mean annual rainfall of

precipitation events is highly non-uniform over time in

515 mm) an RWH system (22 m3 tank size and roof area

those regions, successive increase in the tank capacity

of 107 m2) can achieve average annual water savings of

affords an opportunity to store more rainwater according

43 m3 for toilet and laundry use. In our study, Wuhan has

to the water balance model. It can be inferred that the

a mean annual rainfall of 1,256 mm, the average annual

water saving of the RWH systems in Guangzhou,Wuhan,

water saving (20 m3 tank size and with a roof area of

Beijing and Harbin tends to further increase if a larger

1,600 m2) is 1,089 m3–1,127 m3. Considering the selected

tank was used, since there had been a steady increase in

annual rainfall in our city is higher and the assumed roof

3

annual water saving within the range of 1 m –30 m

3

(Figure 4). However, the BCR value signiﬁcant decreases
3

areas are larger, the annual water savings at Wuhan in our
study compare well with the case in Barcelona.

with tank sizes beyond 15 or 20 m (depending on climate

Economic analysis revealed that the investment cost of

conditions) for an RWH system in these cities, this is

an RWH system could not be equalized within the lifespan
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of the RWH system at the four study regions. As can be seen

with potential beneﬁts for reducing urban ﬂood frequency.

from Figure 5, the expected BCRs achieved by a RWH

If all these multiple beneﬁts were taken into account, the

system under optimal rainwater tank at the four cities

ﬁnancial beneﬁts would increase and, consequently, the

(Guangzhou, Wuhan, Beijing and Harbin) ranged from

actual payback period would be shorter than predicted

0.38 to 0.98 (depending on tank sizes and climate scen-

(Farreny et al. ). Consequently, installation of an RWH

arios), which are less than the desired value of 1.0. A

system should continue to be encouraged. These ﬁndings

similar conclusion was made by Kyoungjun & Chulsang

highlight the need for government subsidies to achieve the

() who found that a BCR higher than 20% could not

ﬁnancial viability for building owners.

be gained for a RWH system due to the price of water

Information from this study will be useful for local

being too low in South Korea. In those cases, the implemen-

government authorities, who can provide guidance for

tation of RWH systems generated only negative cash ﬂows,

building owners. Overall, the reliability of RWH systems

with the sum of the cost of implementation and the cost of

with different tank sizes under various climatic conditions

operation and maintenance greater than the beneﬁts of

varies widely for these regions. The temporal variability of

water saving generated from an RWH system (Lani et al.

precipitation is one of the most important factors in design-

). Hajani & Rahman (b) believe that a less than

ing an RWH system. Although the quantities of alternative

1.0 BCR may have partly resulted from unreasonable

rainwater found is far less than the total water demand,

valuation of water prices used in the calculation. The valua-

water supply authorities should consider the potential of

tion of per cubic metre of water should be differentiated

rainwater recycling to partially offset the potable water

in arid and humid climatic zones given a reasonable

demand in these cities. Installation of RWH systems in

market adjustment mechanism. Sample & Liu () stated

public ofﬁce buildings will not only lead to economic sav-

that the current water price needs to be increased by

ings and water stress relief but also go further in

about 100% to achieve a BCR of 1.0 at most arid or

alleviating the pressure of urban drainage systems in cities.

semi-arid areas.

Government should take initiatives to educate the urban

According to the past water tariff records, it is expected

dwellers on water conservation beneﬁts associated with

that water tariffs in urban areas of China are going to

RWH implementation in urban areas to achieve a sustain-

increase. Thus the monetary savings will be increased and

able development (Bashar et al. ). The current study is

the BCR will be improved with the rise of water price in

speciﬁc to four major cities in China mainland, however

the future. In addition, it should be mentioned here that in

this paper presents an insight into potential regional vari-

this study, the results of the economical feasibility analysis

ations of economic returns of RWH systems and this study

performed should be considered conservative. Firstly, in

will motivate others to conduct similar comparative investi-

this economic evaluation, the values of possible environ-

gations elsewhere.

mental and social beneﬁts from an RWH system were not
considered due to limited data availability. For example,
an RWH system has the potential for reducing resources

CONCLUSION

consumption in providing water supply that were not considered (Fowler et al. ), these may contribute to the

This paper examines the performance of an RWH under

reduction of greenhouse gas emissions from water pumping

four different precipitation scenarios in China. Overall,

and water treatment processes which causing climate

the water saving potential and ﬁnancial performance of

change. However, these should also be included in the

RWH systems under various climatic conditions varied

beneﬁts

large-scale

greatly for different cities. Among the studied regions,

implementation of RWH systems in densely urbanized

Guangzhou was found to be the most promising city with

areas may contribute to a reduction in peak discharges

regards to annual water saving and BCR for the RWH

into stormwater drainage systems (Burns et al. ),

system, with a BCR value up to 0.98. However, for

reduce the size of downstream drainage infrastructure, and

Wuhan, Beijing and Harbin, for an optimal tank scheme

of

the

RWH

system.

Secondly,
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under three distinct climate conditions, the expected BCR is
in the range of 0.56 – 0.64, 0.38 – 0.46 and 0.39 – 0.51,
respectively, indicating that this infrastructure is economically unfeasible for most cities in China. However,
implementation of RWH systems in urban areas should
still be promoted as this proposed green infrastructure may
be more beneﬁcial in the future than we now predict as
some environmental and socioeconomic impacts are usually
difﬁcult to estimate in ﬁnancial terms. Future research will
focus on reﬁning the data in order to comprise the external
beneﬁts such as the environmental and socioeconomic
impacts that come from proposed green infrastructures in
economic analysis, and expanding the regional investigation
across the whole country.
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