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Abstract: In order to accurately estimate the runoff coefficient
for the quantity assessment of the roof rainwater harvesting
system( RRHS), great differences in the value of event runoff
coefficient () were observed by field monitoring under
different roof types (roof slope and material) and diverse
rainfall distributions ( rainfall depth and intensity) in three
years (2010 to 2012) in Handan, Hebei, China. The results
indicate that the distribution of iz is more highly correlated
with the event rainfall depth than other factors. The
relationship between ¢ and the rainfall depth can be well
represented by the piecewise linear function. Further, based
on the daily rainfall data over the period from 1960 to 2008,
the value of the annual runoff coefficient (i ,pc) is calculated.
Although the total rainfall depth in each year is different, i ,xc
a constant ( 0.62)
approximately. The results can be used for the quantity
assessment and performance analysis of the RRHS.
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in Handan can be considered as

n recent years, roof rainwater harvesting systems

(RRHS) have been widely applied as an alternative
way to cope with the worsening urban water crisis in
many countries. Taking into consideration the uneven
spatial and temporal distribution of natural rainfall, many
studies focused on the optimum methods of rainwater tank
design for improving the cost effectiveness of the
RRHS"™. Whatever method was used, available runoff
depth (or volume) was an indispensable parameter. Some
researchers identified available runoff depth from roof
catchments with rainfall depth approximately because roof
catchments were the impervious surface™™ . However,
there were hydrological losses of rainfall runoff caused by
evaporation and minor infiltration in roof catchments'.
For this reason, the runoff coefficient was introduced to
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calculate the value of available runoff depth on either an
event or an annual basis'”.

The event runoff coefficient (ERC) is regarded as the
ratio of runoff depth to rainfall depth, which reflects the
influence of rainfall types on available runoff depth in dif-
ferent rainfall events. The value of ERC (i) was usu-
ally selected as one constant but might not be the same
S Actually, e
varies greatly, influenced by catchments characteristics

and rainfall distributions'?'.

numeric value in previous literature'

The results on the impact of
roofing types and materials on ERC indicated that . on
sloping concrete/asphalt roofs, sloping metal roofs and
flat gravel roofs were 0. 9, 0.95 and 0. 8 to 0. 85, respec-

tively'' .

Furthermore, little information was available
on ¢z under different rainfall conditions. The annual
runoff coefficient (ARC) was determined using the ratio
of total runoff to total precipitation based on the annual
rainfall data, which was adopted to assess the rainwater
harvesting potential'"*!. Catchment characteristics were
the decisive factors for the value of ARC (i,,c) in the

developing watersheds of Orlando, Florida"”'.

By con-
trast, the work in Sicilian basins indicated that average
annual rainfall depth and average annual temperature were
the main climate parameters of i ;.

The purpose of this study focuses on analyzing the in-
fluence factors of s on roof catchments and developing
a simple empirical method for estimating ¢.,.. Besides,

i arc based on daily rainfall data is also discussed.

1 Materials and Methods
1.1 Study sites

Four different roof catchments are selected in Handan
city, which is located in the south portion of Hebei prov-
ince, China. In the study region, the mean annual rain-
fall and temperature are 558. 5 mm and 13.5 C, respec-
tively. The main characteristics of selected roofs are
shown in Tab. 1. The roof materials include asphalt, con-
crete and tile and the slopes are from 2.5% to 100%,
where the selected roof types are commonly used in Han-
dan. Because i, is little correlated with the catchments
area'™, the influence of the area is ignored in this study.

1.2 Data collection

The daily rainfall data (1960 to 2008) were obtained
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Tab.1 Main characteristics of selected roof catchments

Site Material Slope/ % Area/m?
Site 1 Asphalt 2.5 52
Site 2 Asphalt 50 76
Site 3 Concrete 3 60
Site 4 Tile 100 88

from the Meteorological Department of Handan. A telem-
etry rain gauge ( SL1, China) was placed near all the
study sites, by which the rainfall data were monitored
from 116 rainfall events (2010 to 2012). The general in-
formation of monitored rainfall events is shown in Tab. 2.
Since the runoff losses are caused by infiltration and inter-

ception occur mainly at the initial rainfall, and first flush
control is widely used in the RRHS for improving the
rainwater quality'” ™', it is difficult to collect rainwater
runoff during the initial rainfall or small rainfall ( the
depth is smaller than 5 mm).

To estimate the roof runoff volume, a plastic tank with
a capacity of 2 m’ is used to store the roof rainwater. Two
series-wound tanks are, respectively, connected with the
vertical drain pipes of each selected roof, which may store
at least 45 mm-depth rainfall in a single event. When the
runoff volume exceeds the storage capacity of the plastic
tank, the data of rainfall events are also excluded.

Tab.2 General information of rainfall events monitored in this study

Number of monitored rainfall events

Year Annual rainfall depth/mm

0 to 5 mm 5 to 15 mm 15 to 25 mm 25 to 35 mm 35 to 45 mm >45 mm
2010 516.7 11 14 6 4 2 0
2011 441.7 13 8 4 3 2 1
2012 486. 6 7 14 6 5 0 1
Total 1445.0 31 36 16 12 4 2

2 Results and Discussion

2.1 Influence factors analysis of i

For different rainfall events, .. cannot be determined
as one constant, which is mentioned above. The major
factors of i, discussed include the roof slope and mate-
rial, the rainfall depth, and the intensity.

e can be calculated by the rational method, i.e.,

V1000V

dlERC :70_ HA

(1

where ... is the value of ERC; V is the volume of run-
off, m*; V, is the volume of rainfall, m’; H is the rainfall
depth, mm; A is the area of roof catchments, m’.

It is evident from Fig. 1 that ¢, in different roof
catchments is performed closely at the same rainfall
event, so the linear correlations of the ERC of site 1 with
that of other sites are analyzed and Pearson’s coefficient
(r) is used for ranking the correlation. There is a strong
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Fig.1 Comparison of ERC in different roof catchments

correlation for ... between different roof catchments.
Pearson’s coefficient of site 1 vs. site 2, site 1 vs. site 3,
and site 1 vs. site 4 is 0. 932, 0.919, and 0. 935, respec-
tively. All the three fitting curves coincide with the diag-
onal. i, is less affected by roof slope and material. In
other words, i of different roof catchments can be re-
garded nearly as the same value in a certain event.

The relationship between ERC and event rainfall depth
is shown in Fig. 2. In the most monitoring data of rain-
fall events, i ranges from 0. 50 to 0. 75, which strictly
depends on the event rainfall depth. The rainfall events
are classified by rainfall depth as shown in Tab. 2. At the
class of 5 to 15 mm rainfall depth, i, generally increa-
ses with an increase in the event rainfall depth. It is be-
cause infiltration and interception losses for certain roof
catchments in the initial stage of many rainfall events may
have little difference. The lower the rainfall depth, the
higher the proportion of infiltration and interception losses
to rainfall. However, in other classes of rainfall events
where rainfall depth exceeds 15 mm, . fluctuates
slightly on a small scale in each class. And with the in-
creasing event rainfall depth, .. is presented as a stair-
stepping decline in different classes. For the events of high
rainfall depth, evaporation losses may be increased due to
long rainfall duration. In comparison, i .. in the events
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Fig.2 Relationship between ERC and event rainfall depth
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of 15 to 25 mm rainfall depth is much higher than that in
other classes.

Besides, the rainfall intensity is an important parameter
for the runoff coefficient. The temporal variability of the
rainfall intensity is almost random during a single event,
by which the value of the runoff coefficient will fluctuate

tor the runoff coefficient affected

commonly However,
by the rainfall intensity is an instantaneous flow runoff co-
efficient, while the ERC for RRHS is a volumetric runoff
coefficient in a single event'™, s0 i, is less influenced
by the temporal variability of the rainfall intensity. The
monitoring data of three events with almost the same rain-
fall depths and different mean rainfall intensities are
shown in Tab. 3. Because of high mean rainfall intensity,
ere in event 2 is larger than those in event 1 and event 3.
Though the mean rainfall intensities in event 1 and event
3 are different, i, is nearly equal. Based on the moni-
toring data, event 2 is a small probability rainfall event,
which cannot be regarded as a general phenomenon to all
the rainfall events. Therefore, the influence of the rainfall
intensity on ERC can be ignored. The results are also ver-

ified by the data of other events in this study.

Tab.3 Influence of rainfall intensity on ERC
Rainfall

Mean rainfall intensity/

Event depth/mm (mm-h") Vere
Event 1 9.3 3.32 0.57
Event 2 9.4 24.50 0.89
Event 3 9.5 8. 64 0.58

2.2 Determination of i

According to the above results, the rainfall depth is a
decisive factor for ERC, that is, i can be determined
by the rainfall depth. In order to simplify the quantity as-
sessment of RRHS | i, is empirically estimated by the
piecewise linear function as follows:

0.018H+0.41 5<H<15
0.68 15 <H<25

Wene = 10. 64 25<H<35 (2)
0. 60 35 < H <45
0.58 H>45

As shown in Fig. 2, ¢, 1S not the same in different
rainfall classes. When the rainfall depth of an event is 5
to 15 mm, i can be calculated by a linear equation.
For other classes ( Rainfall depth is 15 to 25 mm, 25 to
35 mm, 35 to 45 mm or above 45 mm) , ¢ is 0. 68,
0.64,0.60 and 0. 58, respectively.

In order to validate the suitability of the empirical
equation above, the results of the comparison between
observed ERC ( ERC
(ERC,,) by Eq. (2) are presented in Fig. 3. The pairs
(ERC,,,, ERC
line of perfect agreement except for the data of individual

) from site 1 and estimated ones

obs
est

) are well distributed near the diagonal

est

rainfall events. Therefore, the empirical equation ( Eq.
(2)) can be used to accurately estimate the ERC.
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2.3 Determination of i,

To assess the annual available rainwater potential for
the RRHS, ARC is determined by continuous simulations
using daily rainfall data (1960 to 2008). Based on Eq.
(2), thgpe for each rainfall event can be determined using
daily rainfall data. ARC of each year can also be obtained
by continuous simulations according to the following
equation ;

l// _ 2 (HinRC,)
ARC Z H,v

where i .z is the value of ARC; H, is the rainfall depth
of each event in a year,mm; .. is the value of ERC at

(3)

H, depth rainfall; 2 (Hpgge,) is the annual accumula-

tive runoff depth, mm; 2 H, is the annual accumulative

rainfall depth, mm.

When the rainfall depth in a single event is less than 5
mm, it is difficult to generate the effective runoff on roof
catchments for the RRHS. Therefore, the data of daily
rainfall depth which is less than 5 mm are left out, that
is, the values of H, in Eq. (3) are more than 5 mm. Fur-
thermore, annual rainfall data, which can be easily ob-
tained from the meteorological department, are used to
determine the ARC instead of annual accumulative rain-
fall. So, Eq. (3) can be written as

Z (HilﬁERc,)
Yare = 7 (4)

where H, is the annual rainfall depth, mm.

The relationship between ARC and annual rainfall is
shown in Fig. 4. Based on the daily rainfall data (1960 to
2008 ), the annual rainfall has a wide range. The highest
annual rainfall depth was 1035.0 mm in 1963 and the
lowest one was 313.9 mm in 1984. However, a dramatic
result for ¢, is presented in which a slight fluctuation



Estimating runoff coefficient for quantity assessment of roof rainwater harvesting system 223

near one constant (0. 62) appeared, which was less influ-
enced by the annual rainfall depth. 0.62 can be deter-
mined appreciatively as ¢, in Handan. It can be widely
used for the quantity assessment of the RRHS potential.
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Fig.4 Relationship between ARC and annual rainfall

3 Conclusion

This paper focuses on the determining ¢z and ¢ .. for
the quantity assessment of the RRHS in Handan, China.
The results show that event rainfall depth is the controlla-
ble factor for ERC. Other factors, including roof slope,
material and rainfall intensity, can be ignored. Based on
the relationship between ERC and event rainfall depth, a
simple method is developed for the determination of i
from the piecewise linear function. The ARC is also esti-
mated by continuous simulations. i ,,. of roof catchments
in Handan is a constant, 0. 62. The results of this paper
are beneficial to improve the accuracy and simplification
for the quantity assessment of RRHS in Handan.
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