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Abstract

Many cities, in both developed and developing countries, are seeking solutions for
increased freshwater demands, higher flooding frequencies, uncertain precipitation
patterns, and aged water infrastructures. Rainwater harvesting (RWH), a traditional and
reviving decentralized infrastructure may address many of these problems
simultaneously. Yet, the performance of RWH has mostly been examined from the
perspective of the individual building owner, without accounting for the wider implications
of a large-scale implementation. Here we provide a systematic analysis of the water
service, energy use, and economic costs of city-wide application of RWH in New York City
(NYCO), from the perspectives of the building owner and the city manager, respectively.
Distinct RWH systems for the city’s 1.1 million buildings were designed, tailored to the
building characteristics based on hourly rainfall data between Jan-01-2000 to April-08-
2018. Under various policy scenarios, citywide RWH implementation in NYC can meet 22-
40% of the city’s non-potable water demand. Strategic public-private partnership that
finances cost-beneficial and cost-effective RWH applications in 83% of all buildings in NYC
can meet 22% of the city’s non-potable water demand while halving the costs estimated
for a filtration alternative.

Keywords

Water management, Rainwater harvesting, Green infrastructure, Urban runoff reduction,
Urban hydrology, Potable water savings



Introduction

Challenges regarding increased freshwater demand[1-4], inundation problems[5],
uncertain precipitation patterns[6,7], and aged water infrastructures[8—10] are faced by
cities globally. These issues may be simultaneously mitigated using a traditional[11,12]
and reviving technology, rainwater harvesting (RWH)[13-15]. Currently, RWH has been
mainly implemented and studied on a small scale, from a single family house[6,16—19] to
a neighborhood with several blocks[2,5,20—23]. If implemented on a city scale, RWH may
enable additional and greater water and non-water merits, yet this speculation has not
been systematically tested[24—26]. As such, this research intends to provide a systematic
investigation of the main water and economic effects of a citywide implementation of

RWH.

Rooftop rainwater harvesting is the most common form of urban RWH [27-30]. At a sub-
city scale (i.e., from a single family house to a neighborhood with several blocks), existing
studies suggest RWH systems can reduce non-potable water demand by 2-100%[5,8—
10,23,31,32], and roof runoff by 20-100%[4,17,27,31]. The wide ranges are attributable to
differences in local precipitation patterns[3,33], the type and magnitude of water demand
for substitution [3,9,18,34], building type[34—36], cistern size[1,9,18,37], and contributing
roof size[3,9,38]. In a combined sewer system, where rain events can take up the sewer
capacity, RWH can abate the treatment needs wastewater influents, mitigating the risks
of combined sewer overflows (CSO) [10]. The ability to provide multiple water services
makes RWH a plausible infrastructure alternative in cities with different water
managerial priorities[1,8,9,15,19,27,39].

Regarding the non-water implications, existing sub-city studies focused on quantifying the
energy use[30,40,41] and economic cost-benefit ratios[1,2,9,42] as additional determinants
of RWH’s performance. Energy use of RWH ranges from 0 to 4.9 kWh/m3, mainly affected
by tank location[29], cistern size[14] and the type of pump used[14,40,41]. According to
existing studies, RWH systems tend to have a higher energy demand on a unit basis than
centralized water supply [13] (0.4 to 2.5 kWh/m3 [40,41,43]). A study comparing RWH to
the municipal water supply MWS) in Washington D.C. included the energy consumption
related to wastewater treatment and found RWH consumes 5% less energy than the
MWS[14].

The economic cost-effectiveness of RWH is uncertain as well. Most studies reported poor
benefit-cost ratios (benefits divided by costs, see Methods)[4,9,39,44], or long payback
periods[13,45] of RWH. Design dimensions are critical for RWH’s cost-effectiveness[3,42].
Studies found the benefit-cost ratio of RWH could be improved by careful tank size
selection [1,3], with one study reporting benefit-cost ratios increasing by 24%[44]. Over
and under dimensioning a tank highly influences the BC-ratio[17,44]. Big roof areas[29]
and higher occupation rates[3,42,46] affect RWH performance, it is predicted that bigger
non-residential buildings with higher occupation rates will be more cost-effective than
single-family buildings[13,14,47].



In most of the existing literature, the costs of saved potable water are compared to the
costs of installing and maintaining a new RWH system[1,2,13,39]. Accounting for
stormwater fees[9] and energy costs[4,9,29] may lift the benefit-cost ratios of RWH to over
1.0[29]. Existing studies also found the water and non-water implications of RWH to vary
across different sub-city scales [3,6,8,13,48], suggesting RWH implemented at a city scale
may be more cost-effective and deserves further research [5,15,20,39,42].

So far, only a few studies have studied RWH on a city scale[2,8,14,35,49,50]. The rainwater
harvesting potential in four major Australian and four major U.S. cities have been
assessed. Non-potable water demand reductions of 7-10% were reported in Australia[4],
and reductions of 49-81% of the toilet flushing demand in the U.S. Increasing the demand
with 100% caused a reduction from 93% to 57% in the toilet water saving efficiency for
New York City(NYC)[27], showing the importance of water demand. These studies are
based on a single average water demand value and only one RWH system design, leading
to a crude assessment. Other studies focused on a single city and determined RWH
potentials for cities like New York[8] and Dhaka city (Bangladesh)[22]. They however only
considered residential buildings[8,22]. Implementing RWH on all roof types might reduce
the pressure on current water infrastructure, as well as affecting the cities hydrology, in
line with the new Chinese initiative of sponge cities[51].

Here we performed a systematic RWH analysis on the water services and life-cycle
economic implications of RWH in New York City, considering the dimensions, purpose,
and occupation of all 1.1 million buildings in the city. Two RWH configurations were
engineered for every building, of which the performance was assessed under 18 years of
hourly rainfall data. The first RWH configuration, referred to as ‘owner sized RWH’, is
designed for favorable benefit-cost ratio over the RWH lifespan, considering the cost of
installing the RWH system vs. the decreased water and sewer rates. In the second
configuration, ‘city-sized RWH’, tanks are designed for the maximum water saving
potential, as water saving is the important benefit from the citywide perspective. NYC is
chosen due to the challenges faced with centralized water system expansion[52,53], the
risk of flooding and CSO’s (NYC is a coastal city)[54,55], and the highly supportive attitude
towards green initiatives[56].

It was revealed that RWH can provide 22-40% of NYC’s non-potable water demand and if
strategically implemented, with a cost-effectiveness of more than two times the current
filtration alternative. Outsourcing profitable RWH implementation to building owners,
and instituting cost-effectiveness thresholds for RWH qualification, have shown to
increase the cost-effectiveness of city-wide RWH strategies.



Results

Owner sized RWH shows overall favorable BC ratios, although limited to specific
building classes.

Full city, owner sized RWH implementation, leads to an average water saving of 120
million m? (Mm?3) annually and a total non-potable water saving of 2.3 billion m3 (Bm?3)
over the RWH system lifespan. Residential buildings show the highest potential for water
saving. Single-family buildings contribute most, with 54 Mm3 annually. Multifamily
buildings come second with 39 Mm?3 annually. Together with the remaining residential
building class, these three classes make up for 86% of the total water savings. The other
classes show lower water savings, ranging between approximately 5 Mm3 and 0.5 Mm3,
with one outlier; Healthcare only saves 0,032 Mm3 (32,000 m3) annually. Note, the
residential buildings contribute to almost 80% of the total number of buildings (See SI,
Fig 6).

Owner sized RWH can support a maximum of 33% of the total non-potable water demand
if implemented on all buildings. The water efficiency (i.e. total water saved divided by total
water demand), is highest in healthcare, industry, and retail, between 75-90%. The
residential buildings show varying results, single-family and multifamily buildings have
total water efficiencies of 50% and 22% respectively. Toilet flushing contributes most to
the total water demand. 63% of non-potable demand substituted by rainwater is toilet
flushing, 37% of the substituted demand is laundry. Water used for AC cooling is negligible
at a maximum of 0.6% in hot years (when AC demand is highest).

Results show low annual and high day to day variation in water savings. The water saving
potential is at maximum 17% lower from average in dry years, 2001 & 2012, and 20%
higher in wet years 2011, 2003 (Fig 3). RWH water saving performance is less variable
than rainfall. In wet years 40% more rain can fall, in dry year 32% less. The annual
variation is higher than the monthly variation. Wet months show 21% higher than average
yields and dry months show 15% lower average yields. From day to day the variation in
yields is highest. Demands show consistent behavior, yet rainfall variates highly, leading
to high yields during and after rain events. When rainfall is absent the yield decreases to
zero as the RWH tank is emptied.



Energy consumption of citywide implementation of owner sized RWH shows an average of
270,000 MWh per year (0.18% of NYC’s estimated annual energy use[57]), leading to an
energy intensity of 2.25kWh/m?3. NYC’s current water supply and treatment use only
0.70kWh/m3, RWH uses three times as much energy[58].
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If all buildings are equipped with owner sized RWH, the water savings are 2.3 Mm3in 20
years, with a total cost of $11.5B. If only the buildings with a BC ratio higher than 1 are
equipped, water saving is 1.6 Mm3, for a cost of $3.1B. Although the non-cost efficient
buildings contribute to 30% of all water savings, their cost contributes to 73% of the total
cost, showing that investing in these buildings is inadvisable. Increase in rainfall shows
higher water savings, for similar costs, as only energy cost (8% of total costs) scales with
an increase in water savings. This shows that with increased rainfall, the benefit-cost
ratios of owner sized RWH systems would increase.



The single family and mixed residential buildings perform best with median BC ratios of
2.1 and 1.8 respectively. Education and retail follow up at median BC ratios of 1, the costs
and profits are equal over 20 years. Two maintenance cost estimates were used, for big or
shared buildings a conservative UK estimate was used. For building owners for which
maintenance can be done without outsourcing to cleaning companies, a lower cost estimate
from an Australian study was used (10% of UK maintenance costs). Only the classes with
low maintenance costs showed median profitable BC ratios. Other classes ranged between
0.4 and 0.6 (Fig 1). Multifamily buildings show a low benefit-cost ratio median, however,
it has the fourth most buildings with profitable BC ratios, scoring better than education.

RWH from the owner perspective is often beneficial as 70% of all buildings show a
profitable BC ratio. Single-family and mixed residential buildings, only 2 of the 12 classes,
together cover more than 75% of all buildings and 96% of the cost-beneficial buildings.
These residential buildings are important targets for cost-efficient RWH strategies. The
relationship between BC ratios and water saving is uncertain. A higher BC ratio does not
determine a higher amount of rainwater being caught, 30% of all water savings comes
from non-cost efficient buildings(Fig 2).
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Figure 2: Water saving relative to the number of buildings, for different BC ratio ranges. The colours correspond to the
building class colours as seen in the building maps (See SI). Most important are multifamily (maroon), single family (red) and
retail (lavender). The number of buildings within a BC ratio range is indicated by the building frequency (blue).



City-sized RWH shows a reduction in cost-effectiveness, in exchange for
increased water saving potential.

Full city, city-sized RWH implementation, leads to average water savings of 140 Mm?
annually and total water savings of 2.8 Bm? over the RWH system lifespan. Residential
buildings show the highest potential for water saving. Single-family and multifamily
buildings contribute the most, at respectively 66 Mm?and 42 Mm?3 annually. Together with
the remaining residential building class, they make up for 85% of the total water savings.
The other classes perform less, ranging between 7 Mm? and 0.7 Mm3, with healthcare
facilities again underperforming at 0.035 Mm?3 annually.

The water efficiency (i.e. total water saved divided by total water demand), is highest in
healthcare, industry, and retail, between 80-95%. The residential buildings show varying
results, single-family and multifamily buildings show 60% and 25% respectively. Single-
family shows a higher increase in water savings, compared to the owner sized tanks. The
total water saving efficiency of all buildings combined is 37%. City-sized RWH is
dimensioned to increase water savings to 95% of the maximum. This explains the overall
increase in water savings and water efficiency compared to owner sized RWH.

City-sized RWH shows a slight increase in annual and monthly performance variability,
compared to owner sized RWH (Fig 3). The water savings are 23% lower from average in
dry years 2001 & 2012,(Fig 3) and 22% higher in wet years 2003, 2006 & 2011 (Fig 3).
Wet months show higher average yields, 21% higher than normal. Dry months show 16%
lower than average yields. From day to day yield is still unpredictable, and dependent on
rain events.
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Figure 3: Yearly and monthly variation in yield (water savings), and the diurnal patterns showing variation in demand. The
red and green markers indicate the maximum and minimum years respectively. The diurnal demand patterns show the daily
consistency of the toilet demand pattern, compared to the office pattern showing a demand increase during the week.



Cost-benefit ratios from city-sized RWH are significantly lower than owner sized RWH

(Fig 4). Note, in this paragraph only the benefits of reduced water costs are considered.
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Figure 4: Histograms of building distribution along BC ratios. The classes left out from the figure (i.e. offices, public offices,
secondary activities, healthcare & residential care] show distributions similar to the industry class, the lodging class, shows
similarities to single family owner.

The mixed residential and single-family buildings have a median below one, showing no
return of investment within 20 years. Retail, single family and mixed residential buildings
perform best with median BC ratios ranging from 0.9-1.1 (Fig 4). Residential care and
educational facilities follow with median BC ratios of 0.5. Maintenance cost showed to be
a limiting factor in RWH BC ratio performance. However, even when maintenance cost of
the non-residential and mixed buildings are lowered with 50%, BC ratios of the best
performing classes only reach 0.7.



Most water savings from city-sized RWH come from buildings with poor BC ratios. The
relative water saving is higher in the higher BC ratio ranges, suggesting a relation
between BC ratio and water savings.

Water savings vs Number of Buildings, City perspective
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Figure 5: Water saving relative to the number of buildings, for different BC ratio ranges.

The costs and benefits of city-wide employment of RWH should be compared to benefits
besides reduced water costs. In contrast to general U.S. city water supply systems[60], due
to upstream watershed management, only 10% of the water supply has to be filtered [53].
New York is trying to avoid having to filtrate all water, which is necessary if their waiver
1s revoked[52]. Filtration is expensive, installing a treatment plant, able to support 90%
of the city’s demand, would cost over $10 B to construct, upwards of $100 M to operate
each year, and would be the largest public works project in the city’s history[61]. A smaller
plant, the CROTON filtration plant, has been built in 2015. The expected costs were $1B
for construction, which increased to $3.7B when it was finished. Maintenance and
operation costs are estimated between $30-150M a year[62,63]. The CROTON plant now
supplies 140 Mm?3 annually, 10% of the city’s total water demand, which can be increased
to 30%.

The New York sewer system has problems coping with the water load, New York is 72%
impervious area, trigging combined sewer overflows (CSO), sending pollution into the
river and causing inundations[64—66]. New York set aside $2.9B to reduce CSO’s in the
future[56,67], and another $20B in increasing the cities resiliency against
inundations[68]. For cost-effect analysis of citywide RWH employment, different RWH
implementation scenarios are created, which are compared to the CROTON filtration
plant.



If applied strategically, RWH shows preferable traits compared to centralized
water supply alternatives.

The water saving potential of the RWH implementation strategies ranges from 1.6 Bm? to
2.8 Bm?3 over a lifespan of 20 years. Total system life costs range between $1B and $18 B.
Complete RWH tank implementation, where tanks are designed for maximum water store
potential and implemented on all the city’s buildings, shows the highest water supply
potential, comparable to alternatives at 2.8 Mm? (Scenario 1, Fig 5). Yet, the costs of this
type of RWH implementation, is costlier than alternatives, with more than four times the
cost of water filtration systems like the CROTON facility (Fig 5).

Strategies that outsource part of the RWH implementation and expenditure to building
owners, increase cost-effectiveness (Scenario 2,3, Fig 5). Results show a decrease in
governmental costs of up to 47%, assuming that owners pay and implement the RWH
systems with a guaranteed profit of 50% in 20 years (Scenario 2, Fig 5). Using this method,
cost-effectiveness increases from 0.16m3 per $ to 0.23m3 per $, which is still a low cost-
effectiveness compared to water supply alternatives like the CROTON filtration plant,
with 0.64 m? per $. Building owner tank design is based on favorable benefit-cost ratios
instead of maximizing water saving potential. Hence, the decrease in total water savings
of 13% to 2.4 Mm3.
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Figure 6: Scatter plot, showing the cost effectiveness, relative and absolute cost of different RWH implementation scenarios.
The size of the circle shows the approximate water savings. The table shows the cost of the owner,

Instituting cost-effectiveness thresholds in RWH implementation strategies, further
increases the total cost effectiveness (Scenario 4,5 & 6, Fig 5). A RWH installation needs
to returns a minimum amount of water savings for every dollar invested, to be
implemented. This method avoids ineffective RWH system implementation. In
comparison with full implementation, when raising a threshold of 0.2m? per invested
dollar, costs are reduced by 93% to only $1.2 B, in exchange for a reduction of water savings
by 44% to 1.6 Mm3(Scenario 6, Fig 5). The cost per m? resulting from this method is
1.38m?3/$, which is more than twice the effectivity of the CROTON filtration plant (0.64 m3
per $). Using this cost-efficient method, 6% of NYC’s total water demand can be supplied.
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City-sized RWH can be implemented at halve the costs of filtration alternatives. Scenario
6 shows the best cost performance due to a higher benchmark for building RWH systems,
in combination with outsourcing implementation to building owners when BC ratios are
above 1.5. Additionally, Scenario 6 is believable due to the BC ratio restriction of 1.5. BC
ratios of 1 (Scenario 3 & 5) would not carry the incentive to actually make owners
implement RWH systems. Scenarios where only owners pay show profitable results (See
SI, Table 9), although it is unknown if, without government interference, RWH
implementation is sufficiently stimulated. For maps showing Scenario 5&6 implemented
in NYC, see SI Chapter 5.
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Discussion

This research revealed that citywide implementation of RWH, if implemented
strategically, is able to support 22% of NYC’s non-potable water demand, for a cost-
effectiveness [m3/$] more than two times higher than the currently used filtration
alternative.

The performance of RWH was assessed using conservative methods. The costs of the
current filtration alternatives are estimated to be low, although recent history suggests
filtration cost to be underestimated. Plants like CROTON turned out to cost more than 3
times the original estimated price. And in this study, the same operational costs estimates
were used. A new filtration for the entire city is expected to cost $10 B, which would be
more cost effective than RWH, however, there is high uncertainty in the estimations, as
illustrated by the CROTON facility.

Previous studies showed that RWH has negative benefit-cost ratios if analyzed from the
owner perspective. This research showed that benefit-cost ratios can surpass 1 for the
smaller buildings, but only if maintenance is not outsourced (reducing the costs to 10% of
the original, see SI). Additional work is needed to explore the effect of bulk production and
economies of scale on RWH installation costs. This research did not consider the potential
cost reduction if RWH is purchased in bulk, by a government authority. If NYC installed
RWH installations connecting multiple adjacent buildings, economies of scale could result
in cost reductions.

Future RWH effectivity is negatively influenced by decreased water usage, and positively
by increased water costs. The use of water is decreasing, in NYC annual water use per
capita decreased from 800L to 400L, which is still far above other cities (e.g. Amsterdam
150L; Shanghai 200L; Paris 190L and London 170L) [69]. As US cities slowly decrease the
consumption towards normal standards, the absolute water saving ability of RWH
decreases. On the other hand, RWH will show a higher water efficiency and reliability to
provide water. The predicted future higher rainfall intensities, together with the increases
in water costs could therefore positively affect RWH performance.

More work is required to address the effect of RWH on CSO’s. Additionally, Geospatial
information can be included to analyze the effect of RWH on street runoff, and the role in
water protection. This research, due to scope limitations, could not analyze the CSO
reduction effects.

Additionally, an improved lifecycle analysis is required to thoroughly assess the effects of
RWH on energy use and greenhouse gas emissions. This study looked at the energy used
in pumping systems, without considering the energy embedded in the production and
recycling process.
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Methods

Mass Balance model
The water flows of an RWH system for building i, at time ¢ are quantified based on the
mass-balance equation:

AVi,t = Vi,t - Vi,t—1 = Qi,t - Yi,t - Oi,t (1D

Where AV, is the volumetric change of rainwater in the tank between time ¢ (Vi,t)and time
t-1 (Vi_t_l)[m?’/h]; Q; ¢ is the inflow of rainwater to the tank[m?h]; V;, the rainwater yield
used for non-potable water purposes [m?h]; and 0;, the tank overflow, i.e. spillage [m?/h]
at time £. An hourly time-step is used, given it has been proved as a sufficient temporal
resolution for RWH calculations. Larger timesteps show inaccuracy in representing RWH
system behaviour [7].

Importantly, the mass balance terms are evaluated using the Yield After Spillage (YAS)
rule, due to the accuracy with which it simulates RWH system behavior [3]. According to
the YAS rule, rainwater yields after the overflow of the tank is subtracted:

0, = max { Vi,t;)l + Qi — Si 2)
. D;,
Yie = min {Vi,t—l + Qi — Oie ®
Vieer + Qie — i
Vi = min{ ;;t_l)/i th,t it 4)

Where S; the storage capacity of the rainwater tank for building i [m?3].
Inflow: The inflow Q; ; consists of the rainfall entering the tank:
Qi,t = R * Ai,cr * @ *0 (5)

R;: describes the precipitation inflow at time ¢ [m/h], 4; ., the contributing roof area for
building i [m?], ¢ is the runoff coefficient for which a value of 0.9 is assumed for all building
classes [9], and 8 is the system filtration efficiency, for which also 0.9 is assumed[9].

The rainfall input R; was recorded at a weather station located in New York City’s Central
Park, supplied by the Northeast Regional Climate Centre (NRCC). The spatial variation
of rainfall in the city is neglected, due to the shortage of hourly rainfall data. The dataset
consists of over 18 years of rainfall data, from Jan-01-2000 to April-08-2018.
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Outflow: The non-potable water demand (Di,t)[m3/h] 1s the sum of various non-potable
water demands: laundry, toilet flushing and air conditioning (AC). A buildings occupation
and class are used for estimating the daily non-potable water demand of a building (e.g.
residents use non-potable water for toilets and laundry; office employees use non-potable
water for toilet use and AC).

Diurnal patterns are used to scale the demand estimates from a daily to hourly
resolution[70-72]. Nine different diurnal patterns are used, based on different research
projects[72—74], each linking to one or more building classes(SI,2).

Nine out of twelve building classes use one specific diurnal pattern which describes the
pattern of all water use during the day, as more accurate data is not available[72,73].
Residential buildings (Class 1,2 and 3) use more accurate water demand patterns specific
to toilet use and laundry[74].

Tank Selection: The model is initially used to calculate effective tank sizes for two
different managerial perspectives. The owner perspective requires RWH system
configuration resulting in favorable benefit-cost ratios over 18 years, considering the
capital cost and operational cost of owning an RWH system and the profits of decreased
water and sewer rates. 30 tanks within a feasible tank range are assessed of which the
highest performing tank is selected.

The government perspective assumes the profit to be within increasing water supply,
water safety, and CSO reductions. Therefore, the tank is dimensioned to reach 95% of the
maximum water saving potential, in order to get high water savings without the
exponential growth of cost.
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Dataset

Building Data: The Building Dataset is based on a conjunction of two datasets. The
Building Footprint Dataset (BFD) contains the height and roof area of NYC buildings. The
PLUTO dataset contains building type, building area and the number of floors. For more
detailed information on the available data from both the PLUTO and BF dataset, see the
SI.

The PLUTO dataset resolution is on financial tax lot level. A tax lot is a parcel of real
property meant to be owned by one or multiple owners (Figure 1, SI). However, as multiple
buildings can exist on one lot, the PLUTO dataset only gives building information on the
largest building on the lot, or in case of building area and the number of residential units,
the summation of all buildings on the lot.

Multiple manipulations are executed to get from tax lot to building resolution. The
building area is distributed according to a buildings relative volume to the volume of all
buildings on the lot, estimated using the roof area and height from the BFD. The number
of floors is estimated using building type specific median floor heights. For detailed
information on the exact methods used to get all available building dimensions and
estimate missing data, see SI.

Classification: In order to capture the differences in water use types and temporal
variability, without having to acquire this information for every building separately,
buildings are divided into multiple building classes. Every building class i gets a distinct
combination of water use types and diurnal patterns (See SI).

The PLUTO dataset originally has 270 different building classes based on building use,
these classes are aggravated into 12 building classes based on water characteristics.

Occupation Data: Occupation estimates are important in calculating the water demand
for buildings, and estimating the required pump power. There are three distinguishable
types of occupants: residents, employees, and visitors.

The number of residents in a building is estimated using the number of residential units
in a building, and multiplying this with the borough specific average household size (See
Table 2). For estimating employees and customers, occupation estimates from the
Commercial Buildings Energy Consumption Survey (CBECS), LEEDuser[81] and
Engineering Toolbox[80].
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Performance indicators
Water Efficiency: The water-related performance of the RWH systems is assessed using
the water saving efficiency:

_ YiYie
> Diy

Where 1; is the water efficiency, the percentage of non-potable water demand supplied by
the RWH system.

uft (6)

Benefit-Cost Ratio: The benefit-cost ratio (BC ratio) is the total profits of an RWH
project divided by the total costs over a time period T, used to see if a system returns the
investment costs. The calculation can be performed for a building, a building class, or an
entire strategy.

XL CWie

Ci,investment + Ci,maintenance + Ci,energy

BCR; =

()

Where BCR; is the Benefit Cost Ratio for building i; CW;; the cost of water services over
period & C;inyestment 15 @ summation of the tank and pump cost, which are influenced by
tank volume and required pump power respectively[$]; C; maintenance 1S the cost of cleaning,
repairing and replacements of the RWH system[$]; C; cnergy 1s the operational energy cost
of pumping the saved rainwater through the system. The total 20 years costs and benefits
are based on averages from 18 years of data.

Cost Effectiveness: Cost-effectiveness (CE) is used to asses the city-sized RWH
performance:
T
Y:
o5 ST ¥y ®

Ci,investment + Ci,maintenance + Ci,energy

Where CE; is the cost effectiveness in m?/$ for building i. C; jnyestment 15 @ summation of the
tank and pump cost, which are influenced by tank volume and required pump power
respectively[$]; Cimaintenance 18 the cost of cleaning, repairing and replacements of the
RWH system[$]; Cj energy 15 the operational energy cost of pumping the saved rainwater

through the system. For more information on cost factors see the SI (Chapter 2).
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