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Abstract; This paper is based on the rainwater collection
project in the retrofit of the Dongyi teaching block in Zhejiang
University Xixi Campus. The analysis incorporates the local
meteorological data, utilization, and
precipitation adjustment. The rainwater collection system in
this program also adds the condensation water from the
heating, ventilation and air conditioning (HVAC) system and
the concentration from the reverse-osmosis system used for

recycling  water

watering greens and supplying waterscapes. By calculating,
the quantity of the HVAC condensation water in summer is
3.48 m’/d, and the quantity of the reverse-osmosis
concentrated water is 198 to 396 L/d. This method solves the
water shortage caused by high evaporation in summer and low
precipitation in winter. Supported by empirical monitoring
data, the proposed method significantly
economic efficiency of the system during the summer period.
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increases the

As urbanization has sped up in recent decades, the
water resources and urban water environment are
crucial to human existence and development. This phe-
nomenon is more significant in developing countries, es-
pecially nations or regions of booming economies .
Currently, more than 400 cities in China suffer from
moderate or severe water shortage’.

the dilemmas of water shortage, environment and ecolo-

In order to solve

gy, the enviromental experts have shifted their focuses on
the collection and utilization of rainwater.

Hangzhou, a typical southern city in China, has abun-
dant water resources. However, the pollution from rain-
water, domestic and industrial wastewater has exceeded
the self-purification capacity of the water body, resulting
in a reduced amount of usable water sources. Owing to
this, Hangzhou is now a representative city with a water-
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quality-induced water shortage. Fortunately, the city re-
ceives sufficient rainfall with an annual volume of 1 403
mm on average. The water shortage can be significantly
improved if rainwater is exploited effectively. Among the
medium for collecting the rainwater, building surfaces are
the best choice for the relatively higher water quality,
convenience for water collection, and suitability for water
recycling .
include road, square, playground, and green spaces. The

Other suitable surfaces to collect rainwater

number of potential water-collecting places in Hangzhou
makes the rainwater collection scheme feasible and prom-
ising. Apart from mitigating the water shortage, the rain-
water collection and recycling scheme may also contribute
to reducing the increasing pressure on water supply ( espe-
cially in Shanghai) , as well as to relieving problems such
as water and soil erosion, and river pollution.

1 General Information

Zhejiang University Xixi Campus is located in the
north-west of the city center in Hangzhou. The campus
has an area of 456 000 m’ and the footprint of school
buildings is 370 000 m*>. The Dongyi teaching block is
seated at the east of the main entrance of university with
the Tianmu Road on its south side.

The Dongyi teaching block was built in February, 1983
with a building footprint of 1 461.2 m*, and the overall
floor area of 6 949 m’. This building was reconstructed in
2009 as an office building for the Architectural Design
and Research Institute of Zhejiang University. There are
about 300 people working in the Dongyi teaching block.
The roof area is 1 223 m®. The building is surrounded by
2 343 m’ of green space and 122 m’ of water landscape.

2 Material and Methods
2.1 Conventional rainwater system analysis

The conventional rainwater system, also known as the
natural rainwater system, balances the rainfall volume,
the water requirement of grassland and landscape water,
the runoff volume and evaporation capacity. The number
of days with insufficient rainfall can be calculated based
on the conventional rainwater system. Supplement water
will be added into the system manually to meet the water
demand. The climate of Hangzhou is warm and humid.
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There is the plum rain season during June and July, fol-
lowed by the typhoon season with heavy rain in the mid-
dle of August.

2.1.1 Balance system of daily precipitation and wa-
ter requirement

The annual average precipitation of Hangzhou is 1 403
mm, with a daily average of 3.8 mm. The design rainfall
intensity is 31. 8 mm/d"*’. The rainfall intensity is une-
ven during different months and days. When it rains
heavily, the redundant rainwater overflows and is dis-
charged. However, during the period with continuous
sunny days, there is a severe lack of water for the grass-
land and waterscape.

2.1.2 Balance system of monthly precipitation and
water requirement

The monthly precipitation and evaporation is demon-
strated in Tab. 1.

In the conventional rainwater system, evaporation is
higher than precipitation in July, August, October and
November. The runoff volume and the evaporation vol-
ume of green plants make the grassland and waterscape
around the Dongyi teaching block face water shortage.

Tab.1 Monthly precipitation and evaporation

Month Precipitation/mm Evaporation/mm
January 66.0 42.9
February 80.3 56.4

March 127.8 81.3

April 128.8 113.6

May 160. 8 146.5
June 217.4 144.5
July 148.8 212.9
August 154.9 181.6
September 156.6 129.4
October 78.1 103.7
November 60.2 68.8
December 51.3 53.7
Annual 1403.0 1335.3

2.2 Existing rainwater collection system analysis

In this project, the rainwater collection system is em-
ployed to collect the rainwater from the roof. The water
is filtered and disinfected by the millipore system. Subse-
quently, it is stored in the collection tank. The water col-
lected will be used to water the greens and supply the wa-
terscape. The specific process is shown in Fig. 1.

Watering greens |

Storm drainage system l——>| Filter and disinfect I——' Collecting tank

/

Initial split-flow

Supplying waterscape I

Fig.1 Technological process of rainwater collection system in the Dongyi teaching block

The roof water is collected with the siphon rainwater
collection system via the initial flow device into the rain-
water utilization structures, which consist of plastic mod-
ules. The design is calculated with a 57. 5 mm hourly
precipitation rate in Hangzhou at one year recurrence in-
tervals. The initial 2 mm rainwater is discharged in the
initial split-flow system. After filtering and disinfecting,
the water will be stored to supply water for the greens and
the waterscape.

The structures are of integrated design, and the collec-
ting tank is built with plastic modules whose loading ca-
pacity is higher than 0.45 N/mm’. A connecting rod is
used to connect each layer of plastic modules in the tank,
and clamping slots are utilized to connect each line. The
structure of the system is completely underground.

2.2.1 Quantity calculation of rainwater collection

1) Water quantity for watering the greens

Since Hangzhou is located in the subtropical transition
zone, the climate is warm and wet with abundant water.
So the majority of plants around the Dongyi teaching
block are drought tolerant indigenous plants. According
to Ref. [ 5], the quantity of water for greens can be cal-
culated with 0.28 m’/(m’ - a). There is 2 342 m’ grass-
land in this project; therefore, the annual water demand

for greens is
Qgreens =0.28 x2 342 =655.8 ma/a

2) Water quantity for supplying the waterscape

According to Ref. [6], the volume of the supplying
water should be 3% to 5% of the water circulating in the
waterscape system outside. In view of the climate of the
city and the situation of this reconstruction project, the
quantity of the supplying water is chosen to be 5% . The
area of the east waterscape is 41 m’ and the area of the
big waterscape beside the north door is 81 m*>. The depth
of these two waterscapes is 0. 35 and 0.45 m, respective-
ly. So the volumes are 14.4 and 36.5 m’, respectively.
One cycle of the water circulation is 5 d. Therefore, the
volume of the circulating water should be 2. 88 and 7.3
m’/d. Moreover, this system will be working for 365
d/a. As a result, the annual supplying water of water-
scape including evaporation can be calculated as follows

=5% x (2.8 +7.3) x365 +179 =363 m’/a

Qwalerscape

3) Total water quantity

Overall, the volume of water for watering the greens
and the waterscape are 655. 8 and 363 m’/a, respective-
ly. The total water quantity is 1 019 m’/a.
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The annual average precipitation of Hangzhou is 1 403
mm. According to Ref. [ 7], the total quantity of the de-
sign runoff water can be calculated as follows:

W =10y, h, F

where W is the total design quantity of runoff water, m’;
. is the storm water runoff coefficient; h, is the design
precipitation, 1 403 mm; F is the catch ment area, hm’.

As shown in Tab. 2, the quantity of recycled water is
estimated as 90% of the total design quantity from the
runoff water, the initial split-flow is 10% generally. So
the recycled water quantity Q. is

0.=90% x (1 -10% ) X h, x F+1000 =
90% x (1 -10% ) x1 403 x1 223 +1 000 =
1389.9 m’/a

Tab.2 Catchment area and quantity of collection water in project

Catchment place Catchment area/m> Under layer

Runoff coefficient

Initial split-flow Total runoff water/(m® - a~! )

Roof water 1223 Stereoplasm roof

0.9 10%

1389.9

Because of the instability of rainwater, the control rate
is set to be 87.9% . As a consequence, the design quanti-
ty of rainwater collection Q, is as follows:

0,=0,%x0.879=1389.9x0.879 =1221.7 m*/a

The quantity of the collected rainwater is higher than
that of the annual water requirement (1 019 m’/a).
Therefore, it is feasible to fulfill the requirements of non-
traditional water sources in this project.

In order to save the cost of installing the pipes and to
avoid intersecting with other pipes outside, the collection
tank is installed under the grassland behind the Dongyi

teaching block. The rainwater is thus collected and ele-
vated by the elevator pump before being utilized. The de-
sign daily precipitation p, is 31. 8 mm, and the control
rate is 87.9% . Therefore the storage volume V is

V=0.9%x(1-10%) xFxp,+1000x0.879 =
0.9x(1-10% ) x1223 x31.8 +1000 x0.879 =
27.7 m’ =30 m’

However, as shown is Tab. 3, the precipitation rate in
a year is uneven, and the water required for watering the
greens fluctuates. The collecting tank cannot be filled to
its full capacity every day.

Tab.3 Monthly precipitation and evaporation for waterscape

Month Precipitation/ Evaporation/ Water inflow/ Water evaporation/ Profit and Continuous Overflow/
mm mm m® m? loss/m?* precipitation/m* m®
January 66.00 42.90 8.1 5.2 2.9 0.00 2.9
February 80.30 56.40 9.8 6.9 2.9 0.00 2.9
March 127.80 81.30 15.6 9.9 5.7 0.00 5.7
April 128. 80 113.60 15.7 13.9 1.8 0.00 1.8
May 160. 80 146.50 19.6 17.9 1.7 0.00 1.7
June 217.40 144.50 26.5 17.6 8.9 0.00 8.9
July 148.80 212.90 18.2 26.0 -7.8 -7.8 0.00
August 154.90 181.60 18.9 22.2 -3.3 -3.3 0.00
September 156.60 129.40 19.1 15.8 3.3 0.00 3.3
October 78.10 103.70 .5 12.7 -3.2 -3.2 0.00
November 60.20 68. 80 .3 8.4 -1.1 -1.1 0.00
December 51.30 53.70 3 6.6 -0.3 -0.3 0.00
Annual 1 403.00 1335.30 174.6 163.1 11.5 -15.7 27.2
Monthly average 119.25 111.28 14.6 13.6 0.1 0.13 15.6%

4) Monthly profit and loss vs. quantity of rainwater
collection

The precipitation rate in Hangzhou is higher than the
evaporation rate normally. However, in the second half
of the year, the monthly average precipitation volume is
smaller than the evaporation volume. In this project, the
areas of the waterscape are 41 m’ and 81 m’, with depths
of 0.35 and 0.45 m, respectively. The calculation of the
monthly gain and loss of waterscape leads to an annual
gain of 11.5 m’ and a continuous precipitation of 0. 13
m. As there is 0.3 m regulatory height in the waterscape

in this project, it will not affect the waterscape.

Based on the calculation of this rainwater collection de-
sign in the project, the roof water is collected to water the
greens and supply the waterscape ; the runoff coefficient of
the roof and the ground is estimated as 0.9. The quantity
of rainwater is calculated as 10% of the initial split-flow.

According to the calculation, if the rainwater collection
system is designed as shown in Tab. 4, it is enough to
fulfill most of the water requirement in a year. However,
there are periods that require supplement water due to the
unevenness of the precipitation rate.
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Tab.4 Numerical procedure of annual water collection
Month Precipitation/ Collection  Collection water Watering Supplying Total saving Profit and Continuously
mm roofwater/m® in tank/m?’ greens/m’ waterscape/m’ water/m® loss/m® supplying/m?
January 66.00 71 56.8 16.8 5.7 15.3 37.8 19 0
February 80.30 86.3 69 16.8 7.6 15.3 39.7 29.3 0
March 127.80 137.4 110 50.5 10.9 15.3 76.7 33.3 0
April 128.80 138.5 110.8 50.5 15.3 15.3 81.1 29.7 0
May 160. 80 172.9 138.3 50.5 19.7 15.3 85.5 52.8 0
June 217.40 233.7 187 100.9 19.4 15.3 135.6 51.4 0
July 148.80 160 128 100.9 28.6 15.3 144.8 -16.8 16.8
August 154.90 166.5 133.2 100.9 24.4  15.3 140.6 -7.4 7.4
September 156. 60 168.3 134.6 50.5 17.4  15.3 83.2 51.4 0
October 78.10 84 67.2 50.5 14 15.3 79.8 -12.6 12.6
November 60.20 64.7 51.8 50.5 9.2 15.3 75 -23.2 23.2
December 51.30 55.1 44.1 16.8 7.3 15.3 39.4 4.7 0
Annual 1 .403.00 1538.4 1230.7 656 179.4 184 1019 211.6 0

Thus, the innovation in this project includes both the
rainwater collection system design, the supplement water
supply with the HVAC condensation water and the re-
verse-osmosis concentrated water. The latter two parts of
water reduce the influence of the unevenness from rainwa-
ter collection. In addition, it helps the system to gain a
stable water resource in the long term to insure sufficient
water supply.

2.2.2 Influence of adding HVAC condensation wa-
ter to the system

The majority of the HVAC condensation water in China
is discharged. However, the HVAC condensation water is
formed by condensing the water vapor in the air, which
means that it is pure water. Reusing the HVAC condensa-
tion water is beneficial to protecting the environment,
thus improving economic effectiveness and maximizing
resource utilization. Moreover, although it often rains in
summer in Hangzhou, the temperature outside is very
high, leading to a higher evaporation rate. In addition,
the higher quantity of condensation water in summer from
more intensive use of the HVAC system makes it possible
to balance the supply and demand when evaporation is
taken into account.

The amount of the HVAC condensation water can be
calculated by the moisture content of the outside air, the
design moisture content of inside air and the fresh air vol-
ume in the system equilibrium state'*’.

Therefore, the total fresh air volume is 22 600 m’/h.
The external dry-bulb air temperature in Hangzhou is
36.5 C, the wet-bulb air temperature is 27.9 T, the
relative humidity is 80% , and the moisture content is
21.403 g/kg. The internal dry-bulb air temperature of the
Dongyi teaching block is 26 C, the relative humidity is
60% , and the design moisture content is 12. 947 g/kg.
The density of air is 1. 136 g/L. Therefore,

QHVAC condensation — Vfrcsh air X <doulsidc - dinsidc) =

22 600 m’/h x 1. 136 g/L x (28.403 g/kg -
12.947 g/kg) =217 L/h

Since the air conditioners work on average 16 h/d, the
daily HVAC condensation water is calculated to be 3. 48
m’/d.
2.2.3 Influence of adding the concentrated water to
the R-O system

The advantages of reverse-osmosis include no phase
transition, easy operation and less pollution to the envi-
ronment. It is thus widely used in water treatment. How-
ever, it produces water with a higher concentration of or-

ganic and inorganic matters"’.

In this project, all of the
drinking water system in the tea rooms utilizes the re-
verse-osmosis system to transform tap water into potable
water. As drinking water is one of the necessities in daily
life, the volume of the reverse-osmosis concentrated wa-
ter is relatively stable.

The key in utilizing concentrated water is to ensure the
quality. Since the concentrated water in this project is
produced by the reverse-osmosis system with tap water,
the quality is relatively good. The disinfection and the di-
lution with rainwater make sure that it fulfills the standard
of non-drinking water. The quality of concentrated water
is shown in Tab. 5.

The design quantity of daily drinking water in the of-
fice building is about 1 to 2 L/ (person + d). There are

Tab.5 Water quality of concentrated water

Parameters Value
pH 7.17
Chroma 1
Stink None
Turbidity/NTU 0.22
TDS/(mg - L°1) 3.2
Ammonianitrogen/(mg + L") 0.02
COD/(mg - L") 12.7
BODs/(mg - L") 3.81
DO/(mg - L") 7.14
Cre/(mg - L") 0.08
Cyw/(mg - L71) 0.055
Totalresidual chlorine(mg + L~") 0
Escherichia coli/ (unit - L") 0
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300 people working in the Dongyi teaching block. So the
quantity of daily drinking water is 300 to 600 L/d. Ac-
cording to the product description, the amount of concen-
trated water is 60% of the effluent pure water leading to
198 to 396 L/d concentrated water produced daily.

2.3 Practical application of the existing design system

The amount of water collected from the condensation
and the rainfall compensates for the unevenness of precip-
itation effectively. This makes the water tank more effec-
tive during the months with water deficits. Therefore,
this part of water yield should be included in the quantity
of efficient water.

We calculated the water balance, taking into account
the air conditioner condensation water and reverse-osmo-
sis concentrated water.
monthly precipitation is 148. 8 mm, and roofing rainfall
harvesting is 160 m’. After multiplying it with runoff co-
efficient and abandoning part of the initial flow of rainwa-
ter, the rainfall collection tank is 128 m’. Combining
with the quantity of air-conditioner condensation water,
the reverse-osmosis concentrated water, the concentrated
water discharge of 9.21 m’ and the condensation water of
107.6 m’, the total amount of water in the storage pond
is 244.8 m’. The landscape water demand is 144.8 m’ in
July. As above, it is easy to say that the water collected

Taking July as an example,

is higher than the demand, this system can, therefore,
solve the water scarcity problem.

3 Results and Discussion

After a period of test runs and normal operations re-
cently, the rain water collection system has operated in a
stable and safe fashion in the Dongyi teaching block. It is
an independent and self-sufficient system, which does not
require extra water supply from taps.

The quality of water reaches the miscellaneous urban
water quality standard.

Tab. 6 indicates that the quality of water fulfills the
standard both before and after being filtered. However,
the sample before filtering is of better quality than the
sample after filtering. This is because the former is col-
lected on a sunny day while the latter is collected on a
rainy day. Thus, the former is made up only of conden-
sation water and concentrated water, while the latter is
mixed with rainwater. In addition, the tank was washed
one day before the second sample was collected. The sed-
iment which was at the bottom of the tank was likely to
have stayed in the water with suspension. This situation
should be improved when the system runs for a long
time.

It was a sunny day when the samples were tested.

According to the actual measurement, it collected 6 m’
of reclaimed water in the collection tank between 13 :30
PM and 13.:30 PM the next day. The water was made up

Tab.6 Comparison of water quality of urban landscaping and
this project"'"’

Items Urban landscaping Before filtering After filtering
pH 6.0t09.0 7.21 7.12
Chroma 30 1 2
Stink None None None
Turbidity/NTU 10 6.43 7.82
TDS/(mg - L~") 1 000 8 14
BOD,/(mg - L") 20 3.84 6.78
Ammonia nitrogen/
; 20 0.28 0.2
(mg-L7)
Cr./(mg-L7") 0.118 0.415
Cyy/(mg - L") 0 0.002
DO/(mg - L) 1.0 6.25 6.61
Total residual Contact after 3 min
chlorine/ =1.0, end 0 0
(mg-L°") of pipe=0.2
Escherichia coli/
3 0 0
(unit - L°1)

of only condensation water and concentrated water. As
the calculation above indicates, the amount of condensa-
tion water and concentrated water was 3. 88 m’. It seems
that the actual value is twice the design value. The design
quantity of condensation water can be calculated with the
moisture content of air outside and inside while the sys-
tem reaches the equilibrium state. Nonetheless, the actual
quantity is much higher than that in the design. The rea-
son is that the moisture content of air outside is higher
than the standard value in these days in Hangzhou. Some
staff in the office turned on air conditioners with windows
open to ventilate the room because the building was newly
renovated. It leads external air into the building, which
makes it impossible for the air to reach the equilibrium
state. As a result, the mass of water vapor was passively
added into the system.

The area of grassland is 2 342 m” in this project and the
daily water requirement for watering the greens is 2
L/(m’ - d), equivalent to 4. 68 m’/d. In summer, the
evaporation rate is much higher than that in other sea-
sons, so it is in urgent need of water. As the discussion
suggests, the reclaimed water together with condensation
water and concentrated water can solve this problem com-
pletely.

4 Conclusions

1) Condensation water as a part of the water resources
was added into the rainwater collection system in this pro-
ject in Hangzhou. This is an effective mitigation measure
for the high water consumption in low rainfall months.
Air conditioners will be turned on for eight to ten hours
daily in summer; the output volume of condensation wa-
ter is sufficient and stable. After disinfecting the conden-
sation water, water can be recycled to irrigate the greens.

2) Reverse-osmosis concentrated water as another part
of the water resources was also added to the rainwater col-
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