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ABSTRACT
Rainwater harvesting has been recognized as an alternative water supply method with many
environmental beneﬁts. This method can also produce drinking water for people who cannot access
safe water resources. In this study, we evaluate the newly developed rainwater for drinking (RFD)
system built at Ly Nhan Hospital in Vietnam. Most evaluation methods are not suitable for the RFD
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system because they focus on given conditions and overlook the potential of the system via
operation and management practices. The hydrological performance was evaluated based on the
system supplying drinking water sustainably, with zero no water days and a rainwater utilization ratio
of 22%. Methods for improving performance indicators under adverse conditions were determined
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Hanoi,
Vietnam

using sensitivity analysis and include increasing catchment area and tank volume and maximizing
water use by utilizing rainwater overﬂow. Among them, an additional tank should be prioritized
considering the cost, or it can be replaced by a plastic bag. The RFD system can be designed based
on system monitoring data despite a lack of daily rainfall data and unexpected changes in the
conditions. Appropriate regional RFD guidelines can be established with the continued evaluation of
the RFD system worldwide.
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HIGHLIGHTS

•
•
•

The rainwater can be used as a drinking water source in health care facilities.
Indicators about the rainwater for drinking (RFD) system are the basis of operation and
management.
The RFD system is critical to solve water and sanitation problems around the world.

INTRODUCTION
A rainwater harvesting system (RWHS) collects rainwater

whether rainwater collected from roofs is suitable for

for potable and nonpotable water use, and these systems

drinking, and their results show improper water quality,

have been used since historical periods when centralized

particularly regarding microbial quality. Vietnam has abun-

water supply systems were not well established. The

dant rainfall and has traditionally used the RWHS for

RWHS has been expanded to areas of ecosystem manage-

drinking water (Thuy et al. ). Rainwater is simpler and

ment, urban ﬂood control, nonpoint source pollution

easier for individuals to use to produce drinking water

control, integrated basin management, green infrastructure,

compared to river water, which requires treatment, and

and so on. Researchers worldwide have investigated

groundwater, which is contaminated by arsenic. Filtration
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and disinfection systems can make rainwater meet drinking

evaluate RWHS and suggest operation methods to ameliorate

water standards even though collected rainwater might con-

performance under varying conditions.

tain pollutants from the atmosphere or roofs.
The rainwater for drinking (RFD) system, consisting of
catchment, storage, and treatment components, was built

MATERIAL AND METHODS

in the Ly Nhan Health Care Facility (HCF) to produce
drinking water. The water quality from the RFD system

System conﬁguration

met all requirements by the drinking water standards of
Vietnam, QCVN 01-1:2018 (Domestic water standard) and

Ly Nhan HCF is a part of the Ly Nhan District Preventative

QCVN 06-1:2010/BYT (Drinking water standard). In this

Medical Center in Ha Nam Province and is 90 km from

study, we focus on only the quantity of rainwater and not

Hanoi, Vietnam (Figure 1). Ly Nhan is located in the Red

the water quality, which will be analyzed in future research.

River region, and most of its groundwater is contaminated

The performance of most RFD systems has been evaluated

by arsenic (Berg et al. ; Nguyen et al. ). Ha Nam

with certain ﬁxed conditions, which result in a fragmented

province has a tropical monsoon climate with 1,900 mm

understanding of the performance and cannot provide sug-

of annual rainfall, which is concentrated from May to Sep-

gestions to improve the operational efﬁciency. This type of

tember (People’s Committee of Ha Nam Province ).

conservative and passive performance evaluation is not

Seoul National University (SNU) cooperated with the

reliable due to a lack of rainfall data (Ghisi et al. )

World Health Organization representative ofﬁce in Vietnam

and could cause much overﬂow during the rainy season.

(WHO Vietnam) and the Vietnam Health Environment

No matter how well the catchment area and tank size of

Management Agency (VIHEMA) to build an RWHS called

the system are designed, the system might be useless

the RFD system. In the ﬁrst survey for understanding the

during unpredictable changes in rainfall if its operating per-

current situation, they used to boil the water for the patients,

formance is ﬁxed. Performance improvement is critical for

which incurred energy and labor expenses. To install the

sustainably utilizing the RFD system, and this system

system, which supplies 300 L of water per day, part of the

needs to be evaluated hydrologically.

roof was used for the catchment, four 4-ton tanks, and

Hydrological evaluation methods have been reported in

water treatment facilities, and drinking fountains were set

terms of reliability based on mass balance (Kim & Yoo ;

in the building (Figure 2). This system is expected to

Ward et al. ; Mun & Han ; Temesgen et al. ;

enhance water, sanitation, and hygiene as a pilot implemen-

Dao et al. ; Nguyen & Han ; Guo & Guo ).

tation of the Water, Sanitation, and Hygiene-Facility

Reliability is the most suitable nondimensional indicator

Improvement Tool (WASH-FIT). Based on the lessons

for quantitative analysis and is divided into two types, volu-

from this RFD system at Ly Nhan HCF, other RFD systems

metric reliability and time reliability (Liaw & Tsai ;

may be distributed to other medical centers in rural areas to

McMahon et al. ; Unaini et al. ), which are also con-

supply safe, clean water.

sidered as efﬁciency (Fewkes ; Palla et al. ) and

The RFD system in Ly Nhan HCF consists of ﬁve parts,

security (Umapathi et al. ). Kim & Yoo () evaluated

as shown in Figure 3: catchment, ﬁrst ﬂush tank, rainwater

three cases of an RWHS for nonpotable purposes in Korea

harvesting tank, rainwater treatment room, and drinking

using sensitivity analysis and presented the number of rain-

water fountains. Rainwater harvested from the roof ﬂows

fall days and the amount of water consumption. Guo & Guo

to a downpipe through gutters. The downpipe connected

() analyzed the water supply reliability of an RWHS in a

to the ﬁrst ﬂush tank has a valve to control the ﬂow of rain-

humid and arid area and found that the relationship between

water. When the storage tank is full, the valve will be opened

reliability and the controlling factors is nonlinear. Those

to direct overﬂow away. A ﬁrst ﬂush tank removes the ﬁrst

results presented the capacity of rainwater tanks considering

ﬂush of rainwater with contaminants because pollutants

water demand but not methods for improving operational

on a roof are mostly swept away by the initial rain. Four

performance. Therefore, this study aims to hydrologically

stainless steel tanks (4 m3 each) store the rainwater and
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Figure 1

|

Location of the study site (Ly Nhan HCF, Ly Nhan District, Ha Nam Province, Vietnam).

Figure 2

|

Layout of the Ly Nhan HCF.
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Layout of the RFD system at Ly Nhan HCF.

have a drain valve at the bottom of the tank to drain sedi-

average annual rainfall is 1,665 mm based on records from

ments from the tanks. The four tanks-in-series improve

2002 to 2018 (General Statistics Office of Vietnam ).

water quality by successively removing sediments. To

In 2005, the annual precipitation reached 1,355 mm at

improve water quality, ﬁber ﬁlters remove residual sediment,

Lang station in Hanoi, which was the only daily rainfall

and ozone is applied to remove odor and color in the ozone

we were able to obtain.

contact tanks at the water treatment room. The facilities in
the water treatment room are equipped on the basis of
requests by Vietnam agencies although the ozone contact

Evaluation methods

tanks are unusual parts of the RWHS. The drinking fountains are distributed to several buildings and equipped
with taps, nanoﬁlters, and UV lamps to guarantee the best
drinking water.
Daily rainfall data for Ly Nhan District were not
obtained and were replaced by that for Hanoi in 2005 as
an alternative (Figure 4). The amount of rainfall in Hanoi
is normally between 1,200 and 2,300 mm/year, and the

Understanding rainfall is critical to determine the optimum
design for the RWHS. A well-designed RWHS allows people
to use rainwater continuously all year in terms of supply.
As shown in Figure 5, the design changes based on
rainfall, catchment area, runoff coefﬁcient, storage tank
volume, and water demand. To evaluate the hydrological
performance of the RFD system, we applied the same mathematical equation and performance indicators as Nguyen &
Han () because they evaluated RWHS performance with
the same daily rainfall data that we obtained. The water balance under certain conditions is described as follows:
Qin,t ¼ It × A × C × 0:001
Vt ¼ Vt1 þ Qin, t Δt  Qout, t Δt  Qsup, t Δt
where Qin,t is the inﬂow rate into the tank (m3/day) at time t,
A is the catchment area (m2), C is the runoff coefﬁcient, It is
the rainfall intensity (mm/day) at time t, Vt is the accumulative water in the tank (m3) at time t, Qout,t is the overﬂow rate

Figure 4

|

Daily rainfall data from Lang station in Hanoi in 2005.
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Schematic diagram of the RFD at Ly Nhan HCF.

(day), and Qsup,t is the water supply rate from the tank

parameter for efﬁciency is RUE, which is deﬁned as the

(m3/day) at time t.

ratio of the amount of rainwater supplied to users to the
total rainwater harvested from the catchment area. RUE is

If

Vt  0 ! Qsup,t ¼ 0

also called the rainwater utilization ratio (RUR). These parameters were also applied by Mwamila et al. (),

If Vt > 0, the amount of water supply is limited by the

Temesgen et al. (), Dao et al. (), Nguyen (),

quantity of cumulative water stored and inﬂow to the tank.

and Han & Nguyen (). NWD and RUR can be illustrated as follows:

Vt1 þ Qin,t Δt < Dt Δt ! Qsup, t Δt ¼ Vt1 þ Qin, t Δt
Vt1 þ Qin,t Δt  Dt Δt ! Qsup, t Δt ¼ Dt
If

Vt  V ! Qout,t ¼ 0



X
X
NWD ¼ T × 1 
Qsup,t Δt=
Dt Δt

If Vt > V, the tank is full,
RUR ¼

X

Qsup,t Δt=

X

Qin,t Δt

Qout, t Δt ¼ Vt1  V þ Qin, t Δt  Qsup, t Δt
where Dt is the water demand (m3/day).

where T is the simulation period (day), which is mostly 365

The evaluation parameters are based on reliability and

because rainfall data for a year are applied. Qsup,t is the

efﬁciency, which estimate the amount of water used com-

water supply rate (m3/day) at time t, and Dt is the water

pared with the total amount of rainfall for the number of

demand (m3/day).

days the RFD system is well supplied with water. In this

An RFD system with low NWD and high RUR is better

study, no water days (NWD) and rainwater utilization efﬁ-

because it ensures a more stable supply and maximizes rain-

ciency (RUE), suggested by Mun & Han () and

water use with less overﬂow, which ﬂows without use. After

Mwamila et al. (), are adopted. NWD is a parameter

evaluating the RFD system at Ly Nhan HCF for the initial

for reliability and is deﬁned as the number of days in a

plan of 300 L/day of water demand, 400 m2 of the catch-

year when stored water is less than the one-day demand.

ment area, and 16 m3 of tanks, other scenarios with

Umapathi et al. () deﬁned the same concept as security,

different water demands were simulated to suggest methods

which is the average number of days with zero supply. The

for achieving lower NWD and higher RUR.
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hand, is more useful for understanding the RFD operation
and to take countermeasures in areas where rainfall is concentrated within a few months. The RFD system at Ly Nhan

System performance evaluation

HCF shows a broad range of RUR from a minimum of 5% to
The RFD system at Ly Nhan HCF obtains 22.2% annual
2

a maximum of 1,722% (Figure 7). The stored rainwater at

RUR and zero NWD with a catchment area of 400 m , a

the end of a previous month makes RUR high because

tank volume of 16 m3, and a daily water consumption of

more water is available than that collected in the month.

300 L when starting with fully ﬁlled tanks (Figure 6).
NWD changed to 4 days in the case of starting with empty
tanks, which means that the RFD system would be vulnerable to insufﬁcient rainfall initially unless operation starts
with full tanks or in the rainy season. An empty tank
cannot supply water before it is ﬁlled with rainwater from
rain events. Full tanks at the start work the same as pump
priming, the process of introducing ﬂuid into a pump to
operate it.
As shown in Figure 6, the volume of stored rainwater
changes daily with rainfall events and cannot store excessive
rainwater, which affects the RUR value. The annual RUR is
an indicator of where annual precipitation is evenly distributed throughout all 12 months. Monthly RUR, on the other

Figure 6

|

Daily changes in the RFD system over 1 year (starting with fully ﬁlled tanks).
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Frequent overﬂow in the rainy season becomes the main

To investigate the NWD and RUR related to the catch-

factor for decreasing RUR; thus, complementary operation

ment area under variable water demands, tank volume

between the rainy season and the dry season is required to

was ﬁxed at 16 m3, and the daily rainfall data in 2005

increase both monthly and annual RUR.

from Hanoi were applied. A water demand of 0.1 m3/day
requires just 200 m2 of the catchment area to achieve zero
NWD, but a water demand of 0.5 m3/day requires more

Sensitivity analysis of the RFD system

than 1,000 m2 (Figure 9). Increasing catchment area without
additional tanks can reduce NWD and RUR at the same

The two results above are based on given conditions. There-

time, but the larger the area is, the less effect it has on

fore, sensitivity analysis is essential not only for evaluation

them. Considering the expenditure of expanding the catch-

but also high-performance operation under variable con-

ment, 400–600 m2 is a suitable range.

ditions. Primarily increasing water demand, decreasing

Figure 10 presents the effect of increasing tank volume,

precipitation, and broken systems threaten normal oper-

which decreases NWD and increases RUR. There is no

ation (Figure 8). The RUR and NWD should be calculated

change in RUR by tank volume when water demand is as

with variable external factors, rainfall, and water demand

low as 0.1 m3/day, but substantial changes in RUR occur

to determine countermeasures in terms of operation under

when water demand is as high as 0.5 m3/day. As shown in

various conditions. Two operation indicators of catchment

Figures 8 and 9, 16 m3 of tank volume for 400 m2 of the

area and tank volume were evaluated under varying

catchment area is suitable for the current water demand,

annual precipitation of 1,200, 1,500, and 1,800 mm and

which requires an additional 200 m2 of the catchment area

water demand of 0.1, 0.3, and 0.5 m3/day.

or two tanks at 4 m3 to decrease NWD from 58 to 26

Figure 8

|

NWD and RUR with different external factors.

Figure 9

|

Sensitivity analysis of catchment area with different water demands.
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Sensitivity analysis of tank volume with different water demands.

when water demand increases by 0.5 m3/day. The RFD

pattern of rainfall being concentrated in a few months

system should expand its catchment area or tank volume

during the rainy season. The performance indicators were

to achieve zero NWD, and the best method is determined

analyzed by assuming a water demand of 0.3 m3/day. The

by comparing cost and effect.

lowest rainfall represented extreme drought based on the

Figures 11 and 12 show how NWD and RUR change

annual rainfall data in Nam Dhin bordering Ly Nhan. As

depending on the amount of annual rainfall. Those rainfall

a result, 2 days of NWD occur when rainfall decreases by

data are derived by multiplying certain rates to determine

1,000 mm, but it can become zero by increasing the catch-

the desired rainfall, which is assumed to have the same

ment area by 10 m2 or the tank volume by 1 m3. The

Figure 11

|

Sensitivity analysis of catchment area with different precipitation values.

Figure 12

|

Sensitivity analysis of tank volume with different precipitation values.
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current design is determined to be a nearly sufﬁcient stable

decreasing water use during drought is not recommended

water supply even in a drought year.

because the RFD system is designed for the amount of drinking water needed for humans, and this amount of water
should be secured every day.

DISCUSSION

RUR indicates whether the system is being operated efﬁciently without wasting water, so the person in charge of

The RFD system at Ly Nhan HCF was conﬁrmed to have

operation and management needs to monitor this value closely

enough capacity to supply drinking water over 1 year. The

and not use the yearly value. RUR is the ratio of total inﬂow

system was also simulated under various conditions chan-

and total water supply; in other words, RUR can be improved

ging water demand and annual rainfall. Several methods

when total inﬂow is low and water supply increases. The rain-

for improving the hydrological performance of the system

fall in the dry season is used efﬁciently because of low

are suggested from the NWD and RUR perspectives. First,

precipitation, while that in the rainy season is wasted through

the tanks should be ﬁlled with water at the start of operation

overﬂow because water demand is ﬁxed in the case of Ly

to achieve zero NWD. Most RWHS managers overlook utiliz-

Nhan. Therefore, the RUR could be improved seasonally,

ing other water resources because the RWHS is considered to

especially during monsoons (Figure 13). First, another water

use only rainfall in areas that suffer from water scarcity due to

supply line must be connected before rainwater treatment to

lack of clean water. Unless the RFD system is installed in the

produce nonpotable water. Washing dishes, laundry, and

rainy season, a lack of rainwater is clearly predictable in the

cleaning consume more water than drinking, and their water

early period after establishment. Second, the catchment

source can be replaced with rainwater during monsoon,

area determines the total amount of inﬂow to the system. A

which causes substantial overﬂow. Second, rainwater can be

sufﬁcient amount of large areas for collecting rainwater can

stored and used for drinking in the dry season using a foldable

overcome the limit of low precipitation if the costs are accep-

plastic bag that can be stored when not in use eliminating the

table considering the cost and effect. Third, augmenting tank

need for a permanent installation space.

volume decreases NWD by storing the amount of water

We can determine the optimal catchment area, tank

required during continuous days without rain. Finally,

volume, and water consumption by considering the cost.

Figure 13

|

Improvement by maximizing rainwater use.
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Cost for improving the RFD system to achieve zero NWD

Condition

Increase in catchment area (m2)

Number of 4 m3 tanks added

Cost (USD)

Water demand
0.3–0.5 m3/day

1,100
400
300

0
1
2

12,000
4,385
3,770

Precipitation
1,345–1,000 mm/year

100
0

0
1

1,000
385

Water demand
0.3–0.5 m3/day
and
Precipitation
1,345–1,000 mm/year

2,100
700
500
300

0
1
2
3

21,000
7,385
5,770
4,155

The cost is calculated based on the expenses of the RFD

the performance by changing the catchment area and tank

2

volume; in particular, extending the catchment area

of rooﬁng and 385 USD for a 4 m3 tank. Table 1 shows

decreases both NWD and RUR, and increasing the tank

the cost of various conditions and methods to respond to

volume facilitates a low NWD and high RUR during drought

the change of increasing water demand, decreasing rainfall,

and high water demand. In this study, tank installation is

or both. Even under conditions that have the same effect,

recommended prior to building a new catchment area

the cost decreases by increasing the number of tanks. If

when water demand is higher than the amount of collected

additional roof areas are available, then the cost will

rainwater. Another water supply line is also advantageous

decrease, but if not, then additional tanks are prioritized.

for reducing overﬂow waste and preparing for unexpected

When the RFD system needs to be revised due to changes

obstacles.

system at Ly Nhan HCF, which are 1,000 USD for 100 m

in rainfall or water use patterns, installing a tank is suggested
ﬁrst before increasing the catchment area.

Every RFD system should be carefully designed using
sensitivity analysis for operation under any given situation.
Moreover, monthly monitoring of RUR and NWD is important for performance improvement and reﬂects the value of

CONCLUSIONS
While RFD systems are very simple and easy to use, most of
them are designed inaccurately due to a lack of hydrological
consideration. Evaluation of the system performance is not
useful and reliable because it focuses on the design and
not the operation and management. An RWHS consisting

operation. Daily records of rainfall, water use pattern, and
volume of water in the tank should be recorded to support
better operation of the RFD system considering seasonal
management. We advise that various RFD systems should
be evaluated using sensitivity analysis to develop the appropriate RFD system guidelines reﬂecting the characteristics of
each region and seasonal management.

of just a catchment and tank cannot satisfy the current
water needs and still totally depends on the rainwater
itself for quality and quantity. The new RFD system devel-
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