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ARTICLE INFO ABSTRACT

Rainwater harvesting systems (RWHS) are increasing in popularity because of their ability to alleviate water
pressure on centralized systems, minimize or delay rainfall runoff, and fit relatively easily in both the cen-
Sizing tralized/decentralized infrastructure organization. Adequately sizing RWHS is critical to optimizing their op-

Keywords:
Rainwater harvesting

Optimization eration because under-sizing results in systems that are unable to provide a sufficient, reliable source of water
Tank size . P . . . o . . .
Simulation while oversizing increases the capital costs incurred with limited marginal benefits and poses potential water

quality risks.

In this paper, we conduct a systematic literature review to assess the state-of-art in the field of optimization of
domestic rainwater harvesting systems. Sizing of storage is identified as the most important objective of opti-
mization, yet sizing for cost is the most frequently implemented outcome of optimization. Optimizing for a local
maximum is often favored over simulation-based optimization methods that produce global maxima. To derive
more realistic sizing estimates, future optimization studies will have to take into account greater variation in
water demands as well as various climate change scenarios, especially given that rainfall frequency and quantity
are critical design variables of a rainwater harvesting system.

1. Introduction

Urbanization and shrinking cities are having an impact on infra-
structure, particularly aging water infrastructure. At the center of de-
centralized water infrastructure lies rainwater harvesting systems
(RWHS). The vital importance of RWHS is the effect they have on the
three water networks (potable, stormwater, and wastewater) in terms of
decreasing water demand on the potable water network, decreasing
stormwater runoff, and, if coupled with greywater recycling systems,
decreasing the quantity of wastewater generated by using water mul-
tiple times before discharge (Ghisi and Ferreira, 2007).

Tanks are the costliest individual component of the system since
they account for 30 % of the whole-of-life costs (Gurung et al., 2012).
As a result, capital costs make up (80 %-82 %) the majority of the
lifecycle costs (Stewart, 2011). Simulations have shown that installed
tanks can be oversized with respect to demand (Ward et al., 2010), and
thus to optimize lifecycle costs, care should be taken to correctly size
the system to decrease the cost associated with an oversized tank and to
avoid increasing water age (Wales, 2006). In fact, modeling tools have
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been developed to simplify the evaluation and design of RWHS with a
specific focus on the task of storage sizing. Different types of models
include:

e Empirical relationship methods (e.g., Ghisi, 2010; Palla et al., 2011),
where empirical relationships are used to describe the sizing of
rainwater tanks. Parameters used typically include rainfall, water
demand, and roof area.

e Stochastic parametric and non-parametric methods (e.g., Basinger
et al., 2010; Cowden et al., 2008; Guo and Baetz, 2007), which use
stochastic techniques to simulate important parameters in tank de-
sign, for which data is missing or incomplete.

e Continuous mass balance simulation of the tank inflow and outflow
(e.g., Campisano and Modica, 2012; Fewkes, 2000; Imteaz et al.,
2011a; Liaw and Tsai, 2004; Mitchell, 2007; Sample and Liu, 2014),
where mass balances typically represent the inflow, outflow, and
losses of the tank in order to characterize the tank size. The models
may use different time scales and algorithmic models (yield before
spillage and yield after spillage) to estimate tank sizes (Jenkins and
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Pearson, 1978).

The purpose of this systematic literature review (SLR) is to define
what is typically being optimized in the literature with respect to
RWHS, the methods used, limitations of existing studies, and implica-
tions for practice. In this SLR, we focus on articles related to optimizing
the variables related to RWHS design that directly impact the tank size.

It is also worth noting, from a credibility standpoint, that while
storage size is a significant determinant of system cost, other moder-
ating variables could result in cost changes. For example, incorporating
a treatment system for potable use may only be feasible above a certain
system capacity. Thus, cost functions for smaller sizes would have an
advantage if this factor was considered, mainly for the primary purpose
of optimization. The nature of optimization is to find the best or most
effective use of resources. Hence, with regards to RWHS, optimizing a
RWHS goes beyond the sizing of the tank and could involve other ob-
jectives. This research will take the intent of optimal sizing into account
in the SLR.

2. Methodology

We performed an SLR on the optimal sizing of RWHS in order to get
a clear understanding of how these analyses are implemented. We chose
to use the SLR as our main method for gathering and processing in-
formation because: a) it closely follows scientific methods, b) it limits
bias with the general goal of producing a methodical synopsis of the
research in a particular field of study, and c) it identifies research or
knowledge gaps and areas for future studies (Petticrew and Roberts,
2008). An SLR is needed here in order to get an accurate picture of
existing approaches for optimally designing RWHS to uncover oppor-
tunities for future research and development. We adopted the Cochrane
method for conducting the SLR, supplemented by the PRISMA (Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses)
checklist to ensure consistent and complete presentation of methods
(Higgins and Green, 2011; Moher et al., 2015).The Cochrane method
allows researchers to ground their outcomes on the results of studies
that meet specific quality criteria, since the most dependable studies
will offer the best proof for making decisions about a variety of topics,
which minimize the effect of bias across different sections of the review.
The first step of a meta-analysis using this method is defining the
research questions related to the research subject; hence, we defined
the following questions that needed to be answered by the SLR:
Research Question 1: What variable(s) is being optimized to size
RWHS in the literature?
Research Question 2: What methods are being used in the literature
for the optimization process?
Research Question 3: What are the limitations of the current op-
timization analyses and how can they be overcome in future work?
We searched for publications in the following databases:
Engineering Village (Compendex, 1884-present and Inspec, 1898-pre-
sent), Web of Science (core collection, 1900-present), Scitech Premium
(Proquest, 1946-present) and Scopus (1800s-present). RWHS are gen-
erally defined as systems harvesting rainwater from rooftops with the
purpose of providing water for domestic usage (potable and non-po-
table). The first step was to define the relevant keywords in order to
find pertinent publications related the topic of research. A preliminary
analysis of some of the related literature revealed that “rainwater” was
the most commonly used term to describe RWHS. Hence, our first
search term was “rainwater”. The terms “optimal” and “optimum” were
also commonly used in the pertinent and relevant literature. Hence, our
search string ended up being (rainwater) AND (optimal) and its varia-
tions (optimum), (optimize), (maximize) (maximum), (minimize) and
(minimum). The search terms were found in the title, abstract, and
keywords of existing publications in the databases. We did not limit the
categories of the search areas given that this field is multi-disciplinary
by nature. We only selected journal articles dating from the year 2000

Resources, Conservation & Recycling: X 6 (2020) 100033

(at the start of the previous decade) published in English. Identical
publications found using different databases were excluded. The
screening process is as follows: we read the titles first, the abstracts next
and the complete texts last and at each stage of the process, we dis-
carded the unrelated works for the defined area of research and works
which did not state sizing as a main objective. Journal articles in other
languages were excluded, as well as a nominal amount of articles that
we did not have access to through our university libraries.

After the selection process, the following information was compiled:

® Year of publication.

o Author-specified keywords used.

e Country of publication.

e Optimization purpose as stated in the objectives section. If the ob-
jectives section was missing, we extracted the optimization purpose
from the introduction. We excluded works where optimization or
sizing was not listed in the objectives of the paper.

o Key parameters that characterized the optimization being described
(RWHS design variables, simulation methods, and optimization de-
cision variables).

We performed an examination of the data collected and compiled
our conclusions in the following sections.

3. Analysis

The review was performed in March 2019, then updated in
September 2019. We found 2695 relevant journal articles to the search
criteria we used:

e Engineering Village (Compendex and Inspec databases): 476 re-
levant articles were found in both databases.

o Web of Science: 795 relevant articles were found after the search in
the Web of Science database.

e Scitech Proquest (main database): 652 relevant articles were found
after a search of the Scitech Proquest main database.

® Scopus: 772 articles were found after a search in the Scopus data-
base.

After the thorough screening process previously described, we were
left with 45 directly relevant articles based on PRISMA as shown in
Fig. 1.

Works focusing on alternative water usages, (e.g., Al-Ansari et al.,
2013; Llopart-Mascaroa et al., 2015; Londra et al., 2018; Panigrahi
et al., 2005, 2007; Roman et al., 2017; Traore and Wang, 2011) mul-
tiple water sources, (e.g., Appan, 2000; Behzadian et al., 2018;
Gabarrell et al., 2014; Hunt et al., 2011; Notaro et al., 2017; Zhang and
Hu, 2014) documenting the performance in different climates or cli-
mate change (e.g., Mwenge Kahinda et al., 2010; Rashidi Mehrabadi
et al., 2013; Zhang et al., 2019), suitability rather than optimality (e.g.,
Balogun et al., 2016; Imteaz et al., 2013; Nolan and Lartigue, 2017),
minimizing contaminants (e.g., Won et al., 2019), optimizing top-up
rates and volumes (e.g., Barry and Coombes, 2008) and sizing for
spatial quantity and arrangements (e.g., Huang et al., 2015; Kuok and
Chiu, 2018) were excluded.

Although these works were excluded from the analysis at the ab-
stract phase of the screening process (Fig. 1), we evaluated them to
make sure that the findings were not significantly different than the
works that were included in the review and that we did not miss va-
luable insights that would have otherwise been overlooked based on the
previously explained search criteria.

Fig. 2 summarizes the distribution of the journal articles across the
multiple databases, meaning how many of relevant publications were
found in each database, namely:

e Engineering Village: 476 journal articles found, 35 articles
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Literature search:

* Engineering Village: 476
* Web of Science: 795

* Scitech Proquest: 652

* Scopus: 772
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Fig. 1. Flowchart of systematic literature review using PRISMA (Moher et al., 2015).

800

772 795
700 652
600
500 476
400
300
200
100 34 37 41 38
0 | || | |

Web of Science

=

Engineering
Village

Scitech Proquest Scopus

® Total Number of Publications m Relevant Publications

Fig. 2. Total and relevant numbers of publications across the databases.

remaining following screening.

e Scitech Proquest: 652 journal articles found, 38 articles remaining
following screening.

® Scopus: 772 journal articles found, 42 articles remaining following
screening.

e Web of Science: 795 journal articles found, 40 articles remaining
following screening.

Some articles were found on multiple databases while others were
only listed on one. Ultimately, the greatest number of journal articles
meeting all criteria for inclusion were found in Scopus database, fol-
lowed by Web of Science, then Scitech Proquest and lastly Engineering
Village, as shown in Fig. 2.

Most of the publications regarding optimally sizing RWHS were
found in “Resources, Conservation and Recycling”, followed by the “Journal
of Hydrology” and “Journal of Cleaner Production”. The distribution of
the publications is summarized in Fig. 3.

Fig. 4 shows the distribution of journal articles by location of study
and year of publication. The country with the most publications related
to the optimizing of domestic rooftop rainwater harvesting is the USA
(7), followed by Australia and Taiwan (6).

We analyzed the author-supplied keyword strings used in the se-
lected publications. Overall, there were 147 keyword strings specified,

except for the two oldest publications (Jenkins, 2007; Liaw and Tsai,
2004) which did not specify keywords. Fig. 5 shows the most frequently
used keyword strings in the selected articles; rainwater harvesting was
the most frequently used. The word “optimization” appears three times
as a keyword out of the 45 articles.

To get a better insight into the use of the keywords, we analyzed the
frequency of the actual words used, rather than the strings that were
found originally. The term “rainwater” is the most frequently used,
followed by “harvesting”, “water” and “tank”. We illustrated the oc-
currence of the keywords and their frequency with the help of a word
cloud, as shown in Fig. 6 where the font size indicates the word fre-
quency (Heimerl et al., 2014).

Given that the driving purpose of the SLR was to address the re-
search questions described in the methodology section, the next section
presents the results of analyzing the actual content of the papers and a
discussion of those results.

4. Results and discussion

This section is organized in two parts: in the first part, questions 1
and 2 address the methods and variables used for size optimization of
RWHS while question 3 delves into the discussion pertaining to those
methods and the recommendations for future research.

4.1. What variables are being optimized with regards to sizing RWHS in the
literature?

The results of the analysis of the relevant articles show that the
general approach to RWHS size optimization can be summed up as
follows: Optimizing the size of the tank while optimizing one or more
variables related to the design of RWHS. Several variables were opti-
mized in the relevant works, as shown Table 1. In the following section,
we will list the optimization variables associates with the relevant
works and we will discuss in details how these variables were opti-
mized.

4.1.1. Cost

Twelve articles in the final data set optimize the costs associated
with RWHS design, as shown in Table 1. Those costs are expressed as
shown in Table 2. The most used parameter in cost optimization is cost
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Resources, Conservation and Recycling

Journal of Hydrology

Journal of Cleaner Production

Water Science and Technology

Water Resources Management

Water

JAWRA Joumal of the American Water Resources Association
Water Science and Technology-Water Supply

Science of the Total Environment

Global Nest Journal

Renewable Energy

Journal of Urban and Environmental Engineering

Journal of the South African Institution of Civil Engineering
Journal of Asian Architecture and Building Engineering
Intemational Journal of Environmental Science and Development
Hydrological Research Letters

Hydrological Processes

Desalination and Water Treatment

Australian Joumal of Water Resources
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Fig. 3. Summary of the distribution of the relevant publications among different journals.

of water from centralized treatment, which would be displaced by the
RWHS. The table headings are the cost elements, investment variables,
and investment metrics used to optimize RWHS’ costs:

Capital costs: costs associated with the tank, pumps and pipes
(when included in the cost).

Maintenance costs: costs associated with the required maintenance
of the system over its lifetime.

Operation costs: costs associated with running the system such as
the power needed for the pumps and the disinfection.

Water costs: costs associated with the town water supplied or the
cost of the water saved by using the RWHS.

Environmental costs: costs associated with any runoff from the site
(runoff from the RWHS tank or drainage).

Inflation rates: measure at which the average price of a product
increases over time

Discount rates: percent change of prices from one year to the next.
Rebates: amount paid by way of reduction, return, or refund on
what has already been paid.

Payback period/ Return on investment: amount of time required
to break even

Benefit-cost ratio: relationship between the cost of the project and
its benefits expressed in monetary value
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Fig. 5. Keywords frequency in relevant publications.

o Net-present value: life cycle costing tool which decides the values

of future investment

It is interesting to note that in all the cost optimization analyses, the
capital costs of the RWHS are always taken into consideration because
a) the optimization function’s output is the size of the tank and b) ca-
pital costs make up the majority of the costs (Stewart, 2011). The
second most used metric in cost optimization is water costs. This “water
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Fig. 4. Distribution of the relevant publications by country and year.
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e Time-based reliability, which is the fraction of time that demand is
fully met (Cowden et al., 2008; Karim et al., 2015; Khan et al., 2017;
Khastagir and Jayasuriya, 2011; Koumoura et al., 2018; Lawrence
and Lopes, 2016)

The advantages of using the volumetric reliability are:

® Less restrictive: it takes into account the fraction of the time when
demand is partially met.

® Less influenced by the computational time step: the volumetric re-
liability can be used with sub-daily, daily, weekly, monthly and
yearly time-steps.

e Less influenced by the system’s characteristics: rainfall data can be
missing or unavailable for the desired simulation period.

The advantages of using the time-based reliability are as follows:

Clearer understanding of the inter-annual rainfall variability.
Better descriptive of the system’s failure: the system fails when it is
unable to meet all demand.

The volumetric reliability indicator is most commonly used when
the output is a measure of the water saving efficiency while the time
reliability indicator can describe the fraction of time, over the analysis
period, when the demand will be fully met. If the ultimate purpose of
the analysis is to maximize the volume supplied by rainfall, the volu-
metric reliability is more representative of the system. If the purpose is
to design a system that can maximize the amount of time when full
water demand is met, then the time reliability is the better factor.

4.1.3. Effectiveness/ performance

As shown in Table 1, seven articles in the final data set optimized
the effectiveness/performance of a RWHS to determine the size of the
tank. A large-scale analysis for sizing for effectiveness or performance
of a RWHS depends on the author-specified indicators chosen in the
analyzed works as follows in Table 3.

The rainwater utilization indicator, used by Cheng and Liao (2009),
is the result of a principal component analysis which is a statistical
technique that that uses an orthogonal transformation (linear trans-
formation which preserves a symmetric inner product) to convert a set
of observations of possibly correlated variables (entities each of which
takes on various numerical values) into a set of values of linearly un-
correlated variables called principal components. In this case, the au-
thors used observations of the demand (annual demand divided by the
collection area and the average annual rainfall) and storage (the storage
capacity divided by the collection area and the average annual rainfall)
fractions for their analysis. Additional indicators include:

e The water-saving efficiency is the volumetric reliability, defined in
the previous section.

o The overflow ratio is the fraction of rainfall that is not utilized.

o The detention time is the length of time water is retained in the tank.

e The rainwater use efficiency is the proportion of rainwater actually

Table 3
Effectiveness/performance indicators used.
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used.
e The demand-area ratio is the demand per unit area.
o The deficit rate is the percentage of the demand not met.

Auguste and de Gouvello (2009) developed three indicators per-
taining to a reliability curve (percentage of days where different water
demands are met) to assess the size of the optimized tank from the town
water supplier’s point of view. Cheng and Liao (2009) developed a
rainwater utilization indicator that can be used to analyze regional
rainfall characteristics, and to come up with representative variables
and weights (which indicate the interrelationship of the variables of a
rainwater harvesting system that can be revised to amend the para-
meters for the optimal system). Those scores can then be compared to
the water saving potential of different RWHS which can lead to an
optimized storage design. Muklada et al. (2016) developed the water
saving efficiency and rainwater use efficiency indicators to optimize the
performance of the system. Lopes et al. (2017) used the demand-area
ratio and the deficit rate indicator in order to optimize the size of the
storage tank for a combination of demands and roof areas. Palla et al.
(2011,2012) developed a demand fraction and a storage fraction in-
dicators in order to assess the performance of the RWHS and find the
optimum tank size. Vialle et al. (2011) used the water saving efficiency
as an indicator of the performance of the system.

It is interesting to note that all the authors used two or more in-
dicators to assess the performance of the RWHS and size the tank, as
opposed to the previous section where only the reliability (volumetric
or time-based or both) was used for that purpose.

4.1.4. Meeting water demands

As shown in Table 1, five articles in the final data set optimized the
size of the tank to meet water demands. The water demands, as spe-
cified by the authors, are as follows:

® Seo et al. (2012) introduced variability in daily water demand for
four homogeneous and four heterogeneous users and analyzed the
impacts of that variability on the individual rain barrel sizes when
those barrels are connected (physical and non-physical connec-
tions) to the four users. The output is a comparison of the sizes of
the barrels before and after connecting them.

e Fernandes et al. (2015) designed a system that could optimize the
tank size to satisfy low (non-potable) water demands (such as
cleaning cars and washing pavements). Low or non-potable water
applications are typical when capacity largely exceeds demand.

e Londra et al. (2015) optimized the size of the tank in order to
meet a certain fraction of the total water demands: 30, 40, and 50
% of the total water demands for households.

e Rostad et al. (2016) sized tanks to meet the water demand for
toilet flushing in four major cities in the US in residential and
mixed residential neighborhoods given typical urban household
characteristics (roof area, estimated number of residents). The
authors track how increasing water demand affects the reliability
of the system as well as rainfall runoff.

Effectiveness Performance

Auguste and de Gouvello (2009)
saving efficiency
Cheng and Liao (2009)
Palla et al. (2011)
Vialle et al. (2011)
Palla et al. (2012)
Muklada et al. (2016)
Lopes et al. (2017)

Rainwater utilization indicator

Reliability indicators: fraction of days when demand is 100 % met, less than 10 % met and daily water-

Water-saving efficiency, overflow ratio, detention time
System efficiency, water-saving efficiency

Water-saving efficiency, median value of detention time
Water-saving efficiency, rainwater use efficiency
Demand-area ratio, deficit rate
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e Fonseca et al. (2017) developed a web-interface decision support
system (DSS) to optimize tank sizing using inputs pertaining to
water needs from users. The output of the application is maximum
tank sizes and annual efficiency values as well as a probability of
non-exceedance in order to establish conditions for wet, mean and
dry years. High non-exceedance values for a particular tank size
are more conservative estimates of the estimated efficiency.

It is interesting to note that, in contrast to the previous section, the
reliability indicator is being used here to track the performance of the
system rather than it being the main design parameter.

4.1.5. Roof area

As shown in Table 1, three articles in the final data set focused on
designing the system with an emphasis on the optimal roof area as
follows:

e Hashim et al. (2013) proposed a model that can propose optimal
roof areas and tank sizes for a large RWHS.

e Rowe (2011) suggested increasing the roof areas of houses in
Bermuda in order to meet the existing storage capacity available.

e Wallace and Bailey (2015) recommended increasing both the
available catchment areas and storage volumes in order to meet
water demands during dry periods for Micronesian communities.

Two of these articles describe island communities (Rowe, 2011;
Wallace and Bailey, 2015), where conventional thinking would focus on
increasing the tank size in order to meet more water demands. How-
ever, Rowe (2011) found that a) many existing water tanks were
oversized in Bermuda, hence, either overfilled or underfilled and b) that
the optimum capacity of tanks is 0.37 m® per 1 m? of catchment area.
Wallace and Bailey (2015) recommend increasing the rainwater
catchment areas because of unused storage available that can then be
used to sustain water demands during drought periods. In the third
article, Hashim et al. (2013) optimized the rainwater catchment area to
sustain a large rainwater harvesting system (communal RWHS).

4.1.6. Water savings

As shown in Table 1, two articles in the final data set focused on
optimizing the tank size to save on the use of centrally-treated muni-
cipal water as follows:

e Imteaz et al. (2011b) optimized the size of two large existing tanks
with the optimization criteria being total overflow losses (= 0)
and water saved (= constant value).

e Tsihrintzis and Baltas (2014) optimized the tank size to not use
public water, allowing additional water to overflow, with tanks
sized to provide adequate supply throughout the year.

4.1.7. Other variable optimization
As shown in Table 1, five articles in the final data set focused on the
following variables or system characteristics to size the tank:

® Bocanegra-Martinez et al. (2014) optimized the system to minimize
the fresh water use and its total cost.

e Sample and Liu (2014) optimized the system for the dual purpose of
meeting water needs and providing runoff capture.

e Allen and Haarhoff (2015) optimized the design of the system for
constant water demand, i.e., for daily consumption.

e Chao-Hsien et al. (2015) optimized the system specifically for irri-
gating green roofs.

® Seo et al. (2015) proposed a rainwater harvesting sharing scheme
whereas the individual storage would be reduced.
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The aforementioned works analyzed the variables used for opti-
mally sizing the RWH tank. As reported in Table 1, the authors have
mostly optimized using the cost and reliability of the system as the main
decision variables. The following section looks at the optimization
process and the methods used.

4.2. What methods are being used in the literature for the optimization
process?

The following section looks at the methods and variables used for
the sizing of the tank in the 45 relevant studies, as well as the opti-
mization methods used.

4.2.1. Methods and variables used for the sizing of the tank

Of the 45 relevant papers that look at storage sizing for RWHS, we
extracted the following data points: the resolution with which rainfall
data are incorporated in the model, the approach to simulating the level
of water in the tank at any point in time, and the rate and resolution
with which demand is modeled. Mass balances typically represent the
inflow, outflow, and losses of the tank in order to capture water levels
in the tank and calculate the optimal tank size. The model may use
different time scales and algorithmic models such as yield before spil-
lage (YBS) and yield after spillage (YAS) to estimate tank sizes (Jenkins
and Pearson, 1978) as well as parametric methods such as the storage-
reliability-yield (SRY). The results of the data points extracted from our
units of analysis are shown in Table 4.

As shown in the first data column in Table 4, rainfall is represented
in most studies using historical data, which does not explicitly take into
account potential large changes that could occur quickly due to climate
change. In fact, in one study in Australia, the authors found that climate
change will adversely impact residential RWHS by reducing water
savings and reducing reliabilities (Haque et al., 2016). Adding more
storage without minimal increase in the total cost of ownership or even
redistributing rainwater could help manage the effects of climate
change on RWH. Running or verifying the analysis on wet and dry years
using sensitivity analysis can better inform about the performance of a
RWHS under a climate change scenario.

What the second data column in Table 4 shows is that the most used
tank sizing method to model the performance of a RWHS is the water
mass balance method, proposed by Jenkins and Pearson (1978). In fact,
51 % of the simulation modeling is done using the mass balance
method, followed by 29 % using the YAS, 11 % using the YBS and 7%
using both YAS and YBS methods. The YAS release rule is more con-
servative than the YBS rule in terms of output (Fewkes and Butler,
2000). According to Rostad et al. (2016) and Mitchell et al. (2008), the
mass balance approach strikes a balance between the outputs of both
release methods.

As for the third data column in Table 4, the variability in water
demand is not typically accounted for because most works consider
daily average water demand except for two works where a lognormal
distribution is used to reflect the daily variability in water demand.
Eight of the studies use average daily values for water demand but vary
those averages based on weekdays/weekends, humid/dry weather,
monthly changes in water demands. This gap could be managed by
conducting a sensitivity analysis to the water demand or varying the
water demand.

It is noteworthy that the columns are sorted by year, and there have
been no easily observable trends in the literature regarding these var-
ious approaches.

4.2.2. Optimization methods

Optimization is the process of choosing the best solution out of a set
of multiple outputs. Hence, the optimal solution is the one with the
highest expected utility (Gigerenzer and Selten, 2002). For any given
real-world problem, an optimization problem can usually be formulated
in a generic form as follows:
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Table 4

Results of the extraction of data points from our units of analysis.
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Rainfall

Simulation approach

Water demand

Liaw and Tsai (2004)

Jenkins (2007)

Cowden et al. (2008)

Auguste and de Gouvello (2009)
Cheng and Liao (2009)

Chiu et al. (2009)

Islam et al. (2010)

Khastagir and Jayasuriya (2010)
Imteaz et al. (2011b)

Khastagir and Jayasuriya (2011)
Palla et al. (2011)

Rowe (2011)

Vialle et al. (2011)

Campisano and Modica (2012)
Imteaz et al. (2012)

Palla et al. (2012)

Seo et al. (2012)

Hashim et al. (2013)

Santos and Taveira-Pinto (2013)
Bocanegra-Martinez et al. (2014)
Gurung and Sharma (2014)
Sample and Liu (2014)
Tsihrintzis and Baltas (2014)
Allen and Haarhoff (2015)
Chao-Hsien et al. (2015)

Chiu et al. (2015)

Fernandes et al. (2015)

Karim et al. (2015)

Londra et al. (2015)

Okoye et al. (2015)

Seo et al. (2015)

Daily, historical
Daily, historical
Daily, stochastic
Daily, historical
Daily, historical
Daily, historical
Daily, historical
Daily, historical
Daily, historical
Daily, historical
Daily, historical
Daily, historical
Daily, historical
Daily, historical
Daily, historical
Daily, historical
Daily, historical
Daily, historical
Daily, historical
Monthly, historical
6-minute interval, historical
Daily, historical
Daily, historical
Daily, historical
Yearly, historical
Daily, historical
Weekly, historical
Daily, historical
Daily, historical
Monthly, historical
Daily, historical

YBS

YBS

Water mass balance
YBS, YAS

YAS

YBS

YAS, YBS

Water mass balance
Water mass balance
Water mass balance
YAS

Water mass balance
Water mass balance
YAS

Water mass balance
YAS

SRY (based on YAS)
Water mass balance
YAS

Water mass balance
Water mass balance
YBS

Water mass balance
YBS, YAS

YBS

YBS

Water mass balance
Water mass balance
Water mass balance
Water mass balance
SRY (based on YAS)

Daily, average

Daily, variable (monthly)

Daily, average

Daily, variable (weekday and weekend)
Daily, average

Daily, average

Daily, variable (weekday and weekend)
Daily, variable (daily and seasonal)
Daily, average

Daily, average

Daily, average

Daily, average

Daily, average

Daily, average

Daily, average

Daily, average

Daily, variable (lognormal distribution)
Daily, average

Daily, variable (weekdays)

Monthly, variable (seasonal)

Daily, average

Daily, average

Daily, average

Daily, average

Yearly, variable (seasonal)

Daily, average

Weekly, variable (seasonal)

Daily, average

Daily, average

Daily, average

Daily, variable (lognormal distribution)

Silva et al. (2015)

Wallace and Bailey (2015)
Lawrence and Lopes (2016)
Muklada et al. (2016)
Pelak and Porporato (2016)
Rostad et al. (2016)
Fonseca et al. (2017)

Khan et al. (2017)

Lopes et al. (2017)

Ndiritu et al. (2017)

Nnaji et al. (2017)
Koumoura et al. (2018)
Lani et al. (2018)

Nguyen et al. (2018)

Daily, historical
Daily, historical
Daily, historical
Daily, historical
Daily, stochastic
Daily, historical
Daily, historical
Daily, historical
Daily, stochastic
Daily, historical
Daily, historical
Daily, historical
Daily, historical
Daily, historical

YAS Daily, average
YAS Daily, average
Water mass balance Daily, average

YAS Daily, average
Water mass balance Daily, average
Water mass balance Daily, average
Water mass balance Daily, average
YAS Daily, average
Water mass balance Daily, average
YAS Daily, variable (weekday, weekend, monthly)
Water mass balance Daily, average
Water mass balance Daily, average
Water mass balance Daily, average
YAS Daily, average

minimize/maximize f; (x)
subjecttof;(x) < b;, i = 1,...,m @D

where x is the optimization variable and b; the constraints or firm re-
quirements that limit the possible choices. A solution of the optimiza-
tion problem (1) matches to a choice that has minimum cost (or max-
imum utility), from all available choices (Boyd and Vandenberghe,
2004). The optimization approaches used in existing RWHS studies are
all based on single-objective or multi-objective optimization. The sizing
studies evaluated in the SLR deal with the decision-making related to
appropriate sizing of the system while maximizing/minimizing one or
more variables related to the design of a RWHS.

Based on the review of the optimization methods of the selected
works, the RWHS sizing optimization articles are divided into two
primary decision-making styles: simulation-based optimization and
satisficing (which is a combination of satisfy and suffice (Chun, 2015)).
Simulation-based optimization problems are formulated in terms of a
defined objective function that a) is based on mathematical proofs and
b) has an extreme solution or an optimal solution. In contrast, satisfi-
cing problems, as proposed by Simon, have moderate goals where op-
timality may be difficult to implement because of the presence of un-
certainty or ambiguity (Simon, 1959; Stirling and Goodrich, 1999).
With this approach, one keeps on looking for an optimal outcome until

an acceptable solution is found according to a standard chosen by the
user (Stirling, 2003). According to Byron (1998), satisficing represents
a stopping instruction that can decrease the search time for other, better
options as defined by the user. For example, in the case of RWHS, when
one variable is pre-defined by the author (e.g., finding the optimal size
for a defined volumetric reliability), then the solution to the problem
becomes a local solution rather than a global solution as defined by the
simulation-based optimization problem. The advantages and dis-
advantages of both optimization methods are as follows:

e Mathematical optimization can find the absolute optimal solution
whereas satisficing finds a local optimal solution based on the de-
cision maker’s preference (Wierzbicki, 1982).

e In some situations, uncertainty and complexity can inhibit the
search for an optimal solution, making it reasonable to stop when
finding a functioning one (Stirling and Goodrich, 1999).

e Optimization requires having all the relevant facts, which is nearly
impossible to comply with (Stirling, 2003).

The main methods for simulation-based optimization can be clas-
sified as follows (Carson and Maria, 1997):

e Gradient based search methods: these methods evaluate the
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response function gradient to measure the form of the objective
function and employ deterministic mathematical programming
techniques such as the finite differences, likelihood ratios, pertur-
bation analyses and frequency domain methods.

® Stochastic optimization: this method allows the location of a local
optimum for an objective function whose outputs are unknown
analytically but rather can be estimated or measured.

® Response surface methodology (RSM): this method includes fitting a
series of regression models to the output variable of a simulation
model and optimizing the resulting regression function.

e Heuristic methods: these methods represent the field of direct search
methods (requiring only function values) and mix exploration with
exploitation resulting in efficient global strategies. Those methods
include genetic algorithms, evolutionary strategies, simulated an-
nealing, tabu search and Nelder and Mead’s simplex search.

e Asynchronous teams: this method is a process that involves multiple

problem solving strategies that can cooperate in tandem.

Statistical methods: these methods involve the use of statistics in

order to solve optimization problems, such as, importance sampling

methods, ranking and selection, and multiple comparisons with the
best.

The criteria for classifying the selected works as a simulation-based
optimization problem or a satisficing problem is based on whether the
optimization method used follows the definition of simulation based
optimization. The following criteria for simulation-based optimization
methods are:

o The optimization problem is formulated in a mathematical form as
shown in (1).

o The problem solving method can be clearly attributed to one of the
methods specified in Carson and Maria (1997), presented in the
previous list. Table 5 presents the results of classifying the studies
based on optimization methods used.

The works that use a simulation-based optimization approach (Chiu
et al., 2009; Hashim et al., 2013; Muklada et al., 2016; Ndiritu et al.,
2017; Nnaji et al., 2017; Okoye et al., 2015; Sample and Liu, 2014)
have a defined objective function, one or multiple decision variables
(depending on the output) and a collection of constrains that bound the
function as shown in Table 6.

An analysis of the methods of optimization of the RWHS was pre-
sented. As reported in Table 4 and Table 5, a few works used simula-
tion-based optimization and most works use a satisficing approach to
optimization. The following section looks at the limitations of the
current optimization processes used and how to manage them in future
works.

4.3. What are the limitations of the current optimization analyses and how
can these be overcome in future works?

In decision making theory, Beyth-Marom et al. (1991) postulate that
an output is optimal when the process is optimized as well, i.e., being
able to practice the following steps:

a List relevant action alternatives;

b Identify possible consequences of those alternatives;

¢ Assess the probability of each alternative occurring;

d Establish the relative value or utility of each alternative, and;

e Integrate those values and utilities to find the most attractive course
of action.

Having a well-defined mathematical objective function bounded by
one or multiple constraints or following a well-defined optimization
method appears to be a methodical optimization process, especially
when a multi-objective optimization process is required (Bocanegra-
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Martinez et al., 2014; Chiu et al., 2009; Hashim et al., 2013; Ndiritu
et al., 2017; Okoye et al., 2015; Sample and Liu, 2014). In a review of
simulation-based optimization methods related to building perfor-
mance, Nguyen et al. (2014) identified three distinct phases in the si-
mulation-based optimization process: pre-processing, running the op-
timization and post-processing phases. The major tasks of the three
phases are as follows:

® Pre-processing: this phase’s main objective is to formulate the op-
timization problem, to set the constraints and to identify the vari-
ables.

e Running the optimization: the main objectives of this phase are
monitoring the optimal solution, controlling the termination criteria
and detecting any errors.

® Post-processing: the results are analyzed and presented during the
post-processing phase.

The RWHS sizing simulation-based optimization works are pre-
sented in the same manner as described by Nguyen et al. (2014). The
satisficing works are also based on the same structure with three dis-
tinct phases using iterative methods which output a local optimum
rather than a global one. As Nguyen et al. (2014) found with regards to
optimization and building performance analysis, it is often difficult to
verify whether a global optimum is achievable by optimization. The
same can be applied to the optimization of RWHSs for several reasons:

a) The uncertainty of water demands: in most of the optimization
works, water demand was illustrated as a discrete average which
realistically is not the case because demand profiles vary between
outwardly similar households in comparable locations as a result of
a difference in socio-environmental factors. In a recent peak water
demand study in over multiple years and in multiple locations across
the US for single and multi-family dwellings, the researchers found
that the average water use was 60.1gpcd (gallons per capita per day)
and almost 98 % of homes registered leaks. Interestingly, leakage
represented almost 17 % of the average daily water use (Buchberger
et al., 2015). Toilets had the highest use in terms of gpcd. The tally
showed that residential water use has a tendency to be higher on
weekends than otherwise. In its latest water use report (for the year
of 2015), USGS estimated the average domestic water consumption
(indoor and outdoor use) per capita per county and the differences
between counties run as low as 2 gped up to 1,429 gped with a
national average of 87.4 gpcd (USGS, 2017).

What is sorely lacking in water research across most water-centric
disciplines is access to usage data, which in turn reduces the stochas-
ticity inherent to water demand modeling. City and town managers are
aware of the privacy concerns associated with releasing water metering
data because of inadequate cyber security measures surrounding the
usage of those devices (McDaniel and McLaughlin, 2009). Smart water
metering, intelligent infrastructure and the Internet of Things (IoT)
(Saad et al., 2019) are bound to decrease the unpredictability with the
increase in digital security surrounding the usage of metering devices.
Indeed, the use of big data and machine learning (Chen et al., 2019)
will increase the understanding we currently have of water demands,
expanding in turn the granularity of the variables which will be con-
ducive to better performing RWHSs.

b) The uncertainty of future rainfall patterns: all of the optimization
works considered in this review have based their rainfall analysis on
historical data or synthetic data (based on historical rainfall) up to
113 years (Jenkins, 2007). The optimal tank size could in effect be
optimal for the time of the design; however, RWHS have a lifecycle
ranging between 20 and 40 years (and in some analyses up to 60
years) Climate change is expected to impact rain patterns quite
significantly over this time period, which could make the
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Table 5

Results of the optimization methods used in the selected works.
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Satisficing optimization

Simulation-based optimization

Liaw and Tsai (2004) Yes
Jenkins (2007) Yes
Cowden et al. (2008) Yes
Auguste and de Gouvello (2009) Yes
Cheng and Liao (2009) Yes

Chiu et al. (2009) No

Islam et al. (2010) Yes
Khastagir and Jayasuriya (2010) Yes
Imteaz et al. (2011b) Yes
Khastagir and Jayasuriya (2011) Yes
Palla et al. (2011) Yes
Rowe (2011) Yes
Vialle et al. (2011) Yes
Campisano and Modica (2012) Yes
Imteaz et al. (2012) Yes
Palla et al. (2012) Yes
Seo et al. (2012) Yes
Hashim et al. (2013) No
Santos and Taveira-Pinto (2013) Yes
Bocanegra-Martinez et al. (2014) No
Gurung and Sharma (2014) Yes
Tsihrintzis and Baltas (2014) Yes

Sample and Liu (2014) No

Allen and Haarhoff (2015) Yes
Chao-Hsien et al. (2015) Yes
Chiu et al. (2015) Yes
Fernandes et al. (2015) Yes
Karim et al. (2015) Yes
Londra et al. (2015) Yes

Okoye et al. (2015) No

Seo et al. (2015) Yes
Silva et al. (2015) Yes
Wallace and Bailey (2015) Yes
Lawrence and Lopes (2016) Yes
Muklada et al. (2016) Yes
Rostad et al. (2016) Yes
Pelak and Porporato (2016) Yes
Fonseca et al. (2017) Yes
Khan et al. (2017) Yes
Lopes et al. (2017) Yes
Ndiritu et al. (2017) No
Nnaji et al. (2017) No
Koumoura et al. (2018) Yes
Lani et al. (2018) Yes
Nguyen et al. (2018) Yes

Heuristic model

Heuristic model - Solution found using GAMS (2019) solver

Multiobjective mixed-integer nonlinear programming (MINLP) — using GAMS (2019) solver

Non-linear metaheuristic model

Linear programming model

Multiobjective optimization model — Pareto optimal solution
Regression model

Table 6

Decision variables used in the simulation-based optimization articles.

Decision variable(s)

Chiu et al. (2009)

Hashim et al. (2013)
Bocanegra-Martinez et al. (2014)
Sample and Liu (2014)

Cost and maximum tank volume

Total costs

Total costs, purchased water

Net benefits (water supply and runoff
capture)

Cost of purchased water, cost of RWHS
Yield, reliability, storage

Reliability

Okoye et al. (2015)
Ndiritu et al. (2017)
Nnaji et al. (2017)

optimization analysis that are based on historical rainfall data less
valuable for future planning (Haque et al., 2016; Meehl et al., 2007).
In fact, in a study of the impacts of climate change on RWH, the
authors found that accounting for tank size adjustments, catchment
areas and water demand rates will be needed in order for RWHS to
be sustainable (Zhang et al., 2019). The use of representative years
in terms of rainfall to be used as extreme years to test the system
(wet, dry and average) on top of the historical data can decrease the
uncertainty associated with changing rainfall patterns, but they may
or may not capture the types of changes we may see in a changing

climate.

One way to reduce the stochasticity inherent in predicting future
rainfall patterns is better approaches to prediction of weather in the
context of global change at the local scale. Future works should also
consider the possibility of increasing available storage, such as com-
munal water spaces in order to utilize excess rainfall as well as store
available rainfall in times of drought.

c) Lack of grounding in practice: most of the research on RWHS does
not necessarily factor in real-world conditions when modeling the
performance of the systems. For example, most of the optimization
studies considered in this review output a range of sizes or a specific
size that the authors consider optimal without taking into account
the fact that tanks come in discrete sizes. One solution could be the
use of modular rainwater harvesting systems which can be built to
hold unlimited amount of rainwater and can fit anywhere. Another
example would be that the simulated models do not also take into
account the fact that the roof technologies are changing in ways that
may make our assumptions about yield less accurate. Hotter tem-
peratures on metal roofs (which are becoming more common in
residential construction in many areas) mean more evaporation
during the first part of a rain event while the roof cools which are

10
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not really accounted for in the models. The use of intelligent sensors
can predict future weather patterns and prime the roofs accordingly.
The cutoff (the minimum amount of water available in the tank to
prevent the system from running dry) and freeboard volumes (the
rainwater overflows in the freeboard section of the tank) are not
necessarily included in the models which impact the ultimate tank
size. The use of discrete tank sizes is a more realistic approach to the
simulation process.

In a broader sense, the future of the RWH systems will be a nexus of
a traditional modeling approach with the inclusion of all the informa-
tion collected by the IoT, that are not readily available presently.
Currently, researchers rely on rainfall and water usage as the primary
inputs for RWH modeling. In the future, inputs such as land cover
changes, modular construction, and even future building usage on top
of the current inputs will help expand our understanding of RWHS
models, transcend the current socio-economic spectrum as well as ex-
ploit local weather patterns over the RHWS?’ lifecycle. Instead of using
past data to model today’s water usage, researchers will be able to
model for tomorrow’s water usage, today.

5. Conclusion

In this paper, we conducted a systematic literature review of works
pertaining to optimal sizing of rainwater harvesting systems for do-
mestic water usages. After the screening process, 45 works were re-
levant based on our search criteria. The most common optimized
variable with regards to sizing a rainwater harvesting system was the
cost of the system, followed by the reliability of the system and effec-
tiveness/performance of the system. Most works used historical rainfall
and average water demands as input to their systems, while the most
used sizing method was the water mass balance method. 7 works used
simulation-based optimization methods to find the global optimum
while the rest used satisficing approaches to find local optimums in
terms of sizing.

Simulation-based optimizations provide the closest, in terms of
process and output, means to finding global optimal solutions whereas
satisficing decision-making is generally calibrated according to the
opportunity cost of delay and the computational cost of considering
more options and collecting more data. All optimization publications
rely on historical rainfall data to make a decision on the size of RWHS
but truly optimal sizes that span the lifecycle of the system will have to
take into account the changing rainfall patterns. The uncertainty of
water demands and future rainfall patterns, and lack of grounding in
practice are all gaps in the current research. The combination of the use
of smart water meters, intelligent infrastructure and the IoT will pro-
vide better understanding of water needs. More research on climate
change on the local level will reduce the stochasticity inherent in future
rainfall patterns. Moreover, taking into account more real-world con-
ditions (with the use of smart sensors) can increase the precision of the
output of the simulations, hence improve the optimality of the sizing of
rainwater harvesting systems.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

References

Al-Ansari, N., Ezz-Aldeen, M., Knutsson, S., Zakaria, S., 2013. Water harvesting and re-
servoir optimization in selected areas of South Sinjar Mountain, Iraq. J. Hydrol. Eng.
18 (12), 1607-1616.

Allen, J.E., Haarhoff, J., 2015. A proposal for the probabilistic sizing of rainwater tanks
for constant demand. J. S. Afr. Inst. Civ. Eng. 57 (2), 22-27.

11

Resources, Conservation & Recycling: X 6 (2020) 100033

Appan, A., 2000. A dual-mode system for harnessing roofwater for non-potable uses.
Urban Water 1 (4), 317-321.

Auguste, G., de Gouvello, B., 2009. Consequences to water suppliers of collecting rain-
water on housing estates. Water Sci. Technol. 60 (3), 543-553.

Balogun, LI, Sojobi, A.O., Oyedepo, B.O., 2016. Assessment of rainfall variability, rain-
water harvesting potential and storage requirements in Odeda Local Government
Area of Ogun State in South-western Nigeria. Cogent Environ. Sci. 2 (1), 1138597
1138524 pp.

Barry, M.E., Coombes, P.J., 2008. Optimisation of mains trickle top-up volumes and rates
supplying rainwater tanks in the Australian urban setting. Aust. J. Water Resour. 12
(2), 171-178.

Basinger, M., Montalto, F., Lall, U., 2010. A rainwater harvesting system reliability model
based on nonparametric stochastic rainfall generator. J. Hydrol. 392 (3-4), 105-118.

Behzadian, K., Kapelan, Z., Mousavi, S.J., Alani, A., 2018. Can smart rainwater harvesting
schemes result in the improved performance of integrated urban water systems?
Environ. Sci. Pollut. Res. 25 (20), 19271-19282.

Beyth-Marom, R., Fischhoff, B., Quadrel, M.J., Furby, L., 1991. Teaching decision making
to adolescents: a critical review. Teach. Dec. Making Adolescents 19-59.

Bocanegra-Martinez, A., Ponce-Ortega, J.M., Napoles-Rivera, F., Serna-Gonzalez, M.,
Agustin Jaime, C.-M., El-Halwagi, M.M., 2014. Optimal design of rainwater collecting
systems for domestic use into a residential development. Resour. Conserv. Recycl. 84,
44-56.

Boyd, S., Vandenberghe, L., 2004. Convex Optimization. Cambridge university press.

Buchberger, S., Omaghomi, T., Wolfe, T., Hewitt, J., Cole, D., 2015. Peak Water Demand
Study: Probability Estimates for Efficient Fixtures in Single and Multi-family
Residential Buildings. American Society of Plumbing Engineers, Rosemont, IL.

Byron, M., 1998. Satisficing and optimality. Ethics 109 (1), 67-93.

Campisano, A., Modica, C., 2012. Optimal sizing of storage tanks for domestic rainwater
harvesting in Sicily. Resour. Conserv. Recycl. 63, 9-16.

Carson, Y., Maria, A., 1997. Simulation optimization: methods and applications. In:
Proceedings of the 29th Conference on Winter Simulation. IEEE Computer Society.
pp. 118-126.

Chao-Hsien, L., En-Hao, H., Chiu, Y.-R., 2015. Designing a rainwater harvesting system
for urban green roof irrigation. Water Sci. Technol. 15 (2), 271-277.

Chen, M., Challita, U., Saad, W., Yin, C., Debbah, M., 2019. Artificial neural networks-
based machine learning for wireless networks: a tutorial. IEEE Communications
Surveys & Tutorials.

Cheng, C.L., Liao, M.C., 2009. An evaluation Indicator of rainwater harvesting systems in
Northern Taiwan. J. Asian Archit. Build. Eng. 8 (1), 229-236.

Chiu, Y.R., Liaw, C.H., Chen, L.C., 2009. Optimizing rainwater harvesting systems as an
innovative approach to saving energy in hilly communities. Renew. Energy 34 (3),
492-498.

Chiu, Y.R., Tsai, Y.L., Chiang, Y.C., 2015. Designing rainwater harvesting systems cost-
effectively in a urban water-energy saving scheme by using a GIS-simulation based
design system. Water 7 (11), 6285-6300.

Chun, Y.H., 2015. Multi-attribute sequential decision problem with optimizing and sa-
tisficing attributes. Eur. J. Oper. Res. 243 (1), 224-232.

Cowden, J.R., Watkins, D.W., Mihelcic, J.R., 2008. Stochastic rainfall modeling in West
Africa: parsimonious approaches for domestic rainwater harvesting assessment. J.
Hydrol. 361 (1-2), 64-77.

Fernandes, L.F.S., Terencio, D.P.S., Pacheco, F.A.L., 2015. Rainwater harvesting systems
for low demanding applications. Sci. Total Environ. 529, 91-100.

Fewkes, A., 2000. Modelling the performance of rainwater collection systems: towards a
generalised approach. Urban Water 1 (4), 323-333.

Fewkes, A., Butler, D., 2000. Simulating the performance of rainwater collection and
reuse systems using behavioural models. Build. Serv. Eng. Res. Technol. 21 (2),
99-106.

Fonseca, C.R., Aleida Yadira, V.-Fs., Carlos, Da.-D., Ivén, G., Verénica, H., 2017. Design of
optimal tank size for rainwater harvesting systems through use of a web application
and geo-referenced rainfall patterns. J. Clean. Prod. 145, 323-335.

Gabarrell, X., Morales-Pinzon, T., Rieradevall, J., Rovira, M.R., Villalba, G., Josa, A.,
Martinez-Gasol, C., Dias, A.C., Martinez-Aceves, D.X., 2014. Plugrisost: a model for
design, economic cost and environmental analysis of rainwater harvesting in urban
systems. Water Pract. Technol. 9 (2), 243-255.

GAMS, 2019. General Algebraic Modeling System (GAMS). (Accessed 14 August 2019).
https://www.gams.com/.

Ghisi, E., 2010. Parameters influencing the sizing of rainwater tanks for use in houses.
Water Resour. Manag. 24 (10), 2381-2403.

Ghisi, E., Ferreira, D.F., 2007. Potential for potable water savings by using rainwater and
greywater in a multi-storey residential building in southern Brazil. Build. Environ. 42
(7), 2512-2522.

Gigerenzer, G., Selten, R., 2002. Bounded Rationality: The Adaptive Toolbox. MIT press.

Guo, Y., Baetz, B.W., 2007. Sizing of rainwater storage units for green building applica-
tions. J. Hydrol. Eng. 12 (2), 197-205.

Gurung, T.R., Sharma, A., 2014. Communal rainwater tank systems design and economies
of scale. J. Clean. Prod. 67, 26-36.

Gurung, T.R., Sharma, A., Shivanita, U., 2012. Economics of Scale Analysis of Communal
Rainwater Tanks. Urban Water Security Research Alliance.

Haque, M.M., Rahman, A., Samali, B., 2016. Evaluation of climate change impacts on
rainwater harvesting. J. Clean. Prod. 137, 60-69.

Hashim, H., Hudzori, A., Yusop, Z., Ho, W.S., 2013. Simulation based programming for
optimization of large-scale rainwater harvesting system: malaysia case study. Resour.
Conserv. Recycl. 80, 1-9.

Heimerl, F., Lohmann, S., Lange, S., Ertl, T., 2014. Word cloud explorer: text analytics
based on word clouds. In: 2014 47th Hawaii International Conference on System
Sciences. IEEE. pp. 1833-1842.


http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0005
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0005
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0005
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0010
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0010
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0015
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0015
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0020
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0020
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0025
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0025
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0025
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0025
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0030
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0030
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0030
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0035
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0035
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0040
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0040
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0040
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0045
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0045
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0050
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0050
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0050
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0050
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0055
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0060
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0060
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0060
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0065
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0070
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0070
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0075
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0075
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0075
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0080
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0080
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0085
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0085
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0085
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0090
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0090
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0095
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0095
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0095
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0100
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0100
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0100
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0105
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0105
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0110
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0110
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0110
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0115
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0115
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0120
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0120
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0125
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0125
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0125
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0130
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0130
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0130
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0135
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0135
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0135
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0135
https://www.gams.com/
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0145
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0145
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0150
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0150
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0150
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0155
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0160
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0160
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0165
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0165
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0170
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0170
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0175
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0175
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0180
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0180
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0180
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0185
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0185
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0185

M. Semaan, et al.

Higgins, J.P., Green, S., 2011. Cochrane Handbook for Systematic Reviews of
Interventions. John Wiley & Sons.

Huang, C.-L., Hsu, N.-S., Wei, C.-C., Luo, W.-J., 2015. Optimal spatial design of capacity
and quantity of rainwater harvesting systems for urban flood mitigation. Water
(Switzerland) 7 (9), 5173-5202.

Hunt, J., Anda, M., Ho, G., 2011. Water balance modelling of alternate water sources at
the household scale. Water Sci. Technol. 63 (9), 1873-1879.

Imteaz, M.A., Rauf, A., Aziz, M.A., 2011a. eTank: A Decision Support Tool for Optimizing
Rainwater Tank Size.

Imteaz, M.A., Shanableh, A., Rahman, A., Ahsan, A., 2011b. Optimisation of rainwater
tank design from large roofs: a case study in Melbourne, Australia. Resour. Conserv.
Recycl. 55 (11), 1022-1029.

Imteaz, M.A., Adeboye, O.B., Rayburg, S., Shanableh, A., 2012. Rainwater harvesting
potential for southwest Nigeria using daily water balance model. Resour. Conserv.
Recycl. 62, 51-55.

Imteaz, M.A., Ahsan, A., Shanableh, A., 2013. Reliability analysis of rainwater tanks using
daily water balance model: variations within a large city. Resour. Conserv. Recycl.
77, 37-43.

Islam, M.M., Chou, F.N.F., Liaw, C.H., 2010. Evaluation of dual-mode rainwater har-
vesting system to mitigate typhoon-induced water shortage in Taiwan. Water Sci.
Technol. 62 (1), 140-147.

Jenkins, G.A., 2007. Use of continuous simulation for the selection of an appropriate
urban rainwater tank. Aust. J. Water Resour. 11 (2), 231-246.

Jenkins, D., Pearson, F., 1978. Feasibility of Rainwater Collection Systems in California.
Contribution-California. University.

Karim, M., Rimi, R.A., Billah, M., 2015. Analysis of storage volume and reliability of the
rainwater harvesting tanks in the coastal area of Bangladesh. Desalin. Water Treat. 54
(13), 3544-3550.

Khan, S.T., Baksh, A.A., Papon, M.T.L,, Ali, M.A., 2017. Rainwater harvesting system: an
approach for optimum tank size design and assessment of efficiency. Int. J. Environ.
Sci. Dev. 8 (1), 37-43.

Khastagir, A., Jayasuriya, N., 2010. Optimal sizing of rain water tanks for domestic water
conservation. J. Hydrol. 381 (3-4), 181-188.

Khastagir, A., Jayasuriya, N., 2011. Investment evaluation of rainwater tanks. Water
Resour. Manag. 25 (14), 3769-3784.

Koumoura, K.A., Feloni, E.G., Londra, P.A., Baltas, E.A., Tsihrintzis, V.A., 2018.
Uncertainty analysis in sizing rainwater harvesting tanks in an isolated island with
limited water resources. Glob. Nest. J. 20 (3), 534-540.

Kuok, K.K., Chiu, P.C., 2018. Space-saving rainwater harvesting tanks for double story
houses in Kuching, Sarawak. Prog. Color Colorants Coat. 8 (1), 24-28.

Lani, N.H.M., Syafiuddin, A., Yusop, Z., Adam, U.B., Amin, M.Z.B., 2018. Performance of
small and large scales rainwater harvesting systems in commercial buildings under
different reliability and future water tariff scenarios. Sci. Total Environ. 636,
1171-1179.

Lawrence, D., Lopes, V.L., 2016. Reliability analysis of urban rainwater harvesting for
three Texas cities. J. Urban Environ. Eng. 10 (1), 124-134.

Liaw, C.H., Tsai, Y.L., 2004. Optimum storage volume of rooftop rain water harvesting
systems for domestic use. JAWRA J. Am. Water Resources Assoc. 40 (4), 901-912.

Llopart-Mascaroa, A., Farreny, R., Gabarrell, X., Rieradevall, J., Gil, A., Martinez, M.,
Puertas, J., Suarez, J., del Rio, H., Paraira, M., 2015. Storm tank against combined
sewer overflow: operation strategies to minimise discharges impact to receiving
waters. Urban Water J. 12 (3), 219-228.

Londra, P.A., Theocharis, A.T., Baltas, E., Tsihrintzis, V., 2015. Optimal sizing of rain-
water harvesting tanks for domestic use in Greece. Water Resour. Manag. 29 (12),
4357-4377.

Londra, P.A., Theocharis, A.T., Baltas, E., Tsihrintzis, V.A., 2018. Assessment of rainwater
harvesting tank size for livestock use. Water Sci. Technol. Water Supply 18 (2),
555-566.

Lopes, V.A.R., Dornelles, F., Guilherme Fernandes, M., Medellin-Azuara, J., 2017.
Performance of rainwater harvesting systems under scenarios of non-potable water
demand and roof area typologies using a stochastic approach. J. Clean. Prod. 148,
304-313.

McDaniel, P., McLaughlin, S., 2009. Security and privacy challenges in the smart grid.
IEEE Secur. Priv. 7 (3), 75-77.

Meehl, G.A., Stocker, T.F., Collins, W.D., Friedlingstein, P., Gaye, T., Gregory, J.M., Kitoh,
A., Knutti, R., Murphy, J.M., Noda, A., 2007. Global Climate Projections.

Mitchell, V.G., 2007. How important is the selection of computational analysis method to
the accuracy of rainwater tank behaviour modelling? Hydrol. Processes: Int. J. 21
(21), 2850-2861.

Mitchell, V., McCarthy, D.T., Deletic, A., Fletcher, T.D., 2008. Urban stormwater har-
vesting—sensitivity of a storage behaviour model. Environ. Model. Softw. 23 (6),
782-793.

Moher, D., Shamseer, L., Clarke, M., Ghersi, D., Liberati, A., Petticrew, M., Shekelle, P.,
Stewart, L.A., 2015. Preferred reporting items for systematic review and meta-ana-
lysis protocols (PRISMA-P) 2015 statement. Syst. Rev. 4 (1), 1.

Muklada, H., Gilboa, Y., Friedler, E., 2016. Stochastic modelling of the hydraulic per-
formance of an onsite rainwater harvesting system in Mediterranean climate. Water
Sci. Technol. Water Supply 16 (6), 1614-1623.

Mwenge Kahinda, J., Taigbenu, A.E., Boroto, R.J., 2010. Domestic rainwater harvesting
as an adaptation measure to climate change in South Africa. Phys. Chem. Earth Parts
A/B/C 35 (13), 742-751.

Ndiritu, J., Moodley, Y., Guliwe, M., 2017. Generalized storage-yield-reliability

12

Resources, Conservation & Recycling: X 6 (2020) 100033

relationships for analysing shopping centre rainwater harvesting systems. Water
9 (10).

Nguyen, A.-T., Reiter, S., Rigo, P., 2014. A review on simulation-based optimization
methods applied to building performance analysis. Appl. Energy 113, 1043-1058.

Nguyen, V.M., Ichikawa, Y., Ishidaira, H., 2018. Exploring optimal tank size for rainwater
harvesting systems in Asian tropical climates. Hydrol. Res. Lett. 12 (1), 1-6.

Nnaji, C.C., Emenike, P.C., Tenebe, I.T., 2017. An optimization approach for assessing the
reliability of rainwater harvesting. Water Resour. Manag. 31 (6), 2011-2024.

Nolan, N., Lartigue, C., 2017. Evaluation of the performance of rainwater harvesting
systems for domestic use in Tlalpan, Mexico City. Civil Eng. J.-Tehran 3 (3), 137-151.

Notaro, V., Liuzzo, L., Freni, G., 2017. Evaluation of the optimal size of a rainwater
harvesting system in Sicily. J. Hydroinformatics 19 (6), 853-864.

Okoye, C.O., Solyali, O., Akintug, B., 2015. Optimal sizing of storage tanks in domestic
rainwater harvesting systems: a linear programming approach. Resour. Conserv.
Recycl. 104, 131-140.

Palla, A., Gnecco, 1., Lanza, L.G., 2011. Non-dimensional design parameters and perfor-
mance assessment of rainwater harvesting systems. J. Hydrol. 401 (1-2), 65-76.
Palla, A., Gnecco, 1., Lanza, L.G., La Barbera, P., 2012. Performance analysis of domestic
rainwater harvesting systems under various European climate zones. Resour.

Conserv. Recycl. 62, 71-80.

Panigrahi, B., Panda, S.N., Agrawal, A., 2005. Water balance simulation and economic
analysis for optimal size of on-farm reservoir. Water Resour. Manag. 19 (3), 233-250.

Panigrahi, B., Panda, S.N., Mal, B.C., 2007. Rainwater conservation and recycling by
optimal size on-farm reservoir. Resour. Conserv. Recycl. 50 (4), 459-474.

Pelak, N., Porporato, A., 2016. Sizing a rainwater harvesting cistern by minimizing costs.
J. Hydrol. 541, 1340-1347.

Petticrew, M., Roberts, H., 2008. Systematic Reviews in the Social Sciences: A Practical
Guide. John Wiley & Sons.

Rashidi Mehrabadi, M.H., Saghafian, B., Haghighi Fashi, F., 2013. Assessment of re-
sidential rainwater harvesting efficiency for meeting non-potable water demands in
three climate conditions. Resour. Conserv. Recycl. 73, 86-93.

Roman, D., Braga, A., Shetty, N., Culligan, P., 2017. Design and modeling of an adaptively
controlled rainwater harvesting system. Water 9 (12), 974.

Rostad, N., Foti, R., Montalto, F.A., 2016. Harvesting rooftop runoff to flush toilets:
drawing conclusions from four major U.S. cities. Resour. Conserv. Recycl. 108,
97-106.

Rowe, M.P., 2011. Rain water harvesting in Bermuda. JAWRA J. Am. Water Resources
Assoc. 47 (6), 1219-1227.

Saad, W., Bennis, M., Chen, M., 2019. A Vision of 6G Wireless Systems: Applications,
Trends, Technologies, and Open Research Problems. arXiv preprint
arXiv:1902.10265. .

Sample, D.J., Liu, J., 2014. Optimizing rainwater harvesting systems for the dual purposes
of water supply and runoff capture. J. Clean. Prod. 75, 174-194.

Santos, C., Taveira-Pinto, F., 2013. Analysis of different criteria to size rainwater storage
tanks using detailed methods. Resour. Conserv. Recycl. 71, 1-6.

Seo, Y., Choi, N.J., Park, D., 2012. Effect of connecting rain barrels on the storage size
reduction. Hydrol. Process. 26 (23), 3538-3551.

Seo, Y., Park, S.Y., Kim, Y.-O., 2015. Potential benefits from sharing rainwater storages
depending on characteristics in demand. Water 7 (3), 1013-1029.

Silva, C.M., Sousa, V., Carvalho, N.V., 2015. Evaluation of rainwater harvesting in
Portugal: application to single-family residences. Resour. Conserv. Recycl. 94, 21-34.

Simon, H.A., 1959. Theories of decision-making in economics and behavioral science.
Am. Econ. Rev. 253-283.

Stewart, R., 2011. Verifying potable water savings by end use for contemporary re-
sidential water supply schemes. Waterliness Report Series(61).

Stirling, W.C., 2003. Satisficing Games and Decision Making: With Applications to
Engineering and Computer Science. Cambridge University Press.

Stirling, W.C., Goodrich, M.A., 1999. Satisficing games. Inf. Sci. 114 (1-4), 255-280.

Traore, S., Wang, Y.M., 2011. On-farm rainwater reservoir system optimal sizing for in-
creasing rainfed production in the semiarid region of Africa. Afr. J. Agric. Res. 6 (20),
4711-4720.

Tsihrintzis, V.A., Baltas, E., 2014. Determination of rainwater harvesting tank size. Glob.
Nest. J. 16 (5), 822-831.

USGS, 2017. Water Use in the U.S., 2015. (Accessed 11 January 2019). https://owi.usgs.
gov/vizlab/water-use-15/#view = VA&category = irrigation.

Vialle, C., Sablayrolles, C., Lovera, M., Huau, M.C., Montrejaud-Vignoles, M., 2011.
Modelling of a roof runoff harvesting system: the use of rainwater for toilet flushing.
Water Sci. Technol. Water Supply 11 (2), 151-158.

Wales, N.S., 2006. Managing Urban Stormwater: Harvesting and Reuse. Department of
Environment and Conservation NSW.

Wallace, C.D., Bailey, R.T., 2015. Sustainable rainwater catchment systems for micro-
nesian atoll communities. J. Am. Water Resour. Assoc. 51 (1), 185-199.

Ward, S., Memon, F., Butler, D., 2010. Rainwater harvesting: model-based design eva-
luation. Water Sci. Technol. 61 (1), 85-96.

Wierzbicki, A.P., 1982. A mathematical basis for satisficing decision making. Math.
Model. 3 (5), 391-405.

Won, Y., Han, M., Park, H., Kim, M., 2019. Optimal rainwater tank design for control of
particulate contaminants. Water Sci. Technol. Water Supply 19 (2), 574-579.

Zhang, X., Hu, M., 2014. Effectiveness of rainwater harvesting in runoff volume reduction
in a planned industrial park, China. Water Resources Manage. 28 (3), 671-682.

Zhang, S., Zhang, J., Yue, T., Jing, X., 2019. Impacts of climate change on urban rain-
water harvesting systems. Sci. Total Environ. 665, 262-274.


http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0190
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0190
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0195
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0195
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0195
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0200
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0200
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0205
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0205
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0210
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0210
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0210
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0215
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0215
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0215
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0220
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0220
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0220
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0225
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0225
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0225
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0230
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0230
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0235
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0235
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0240
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0240
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0240
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0245
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0245
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0245
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0250
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0250
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0255
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0255
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0260
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0260
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0260
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0265
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0265
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0270
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0270
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0270
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0270
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0275
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0275
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0280
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0280
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0285
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0285
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0285
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0285
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0290
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0290
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0290
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0295
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0295
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0295
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0300
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0300
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0300
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0300
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0305
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0305
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0310
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0310
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0315
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0315
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0315
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0320
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0320
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0320
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0325
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0325
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0325
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0330
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0330
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0330
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0335
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0335
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0335
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0340
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0340
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0340
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0345
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0345
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0350
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0350
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0355
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0355
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0360
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0360
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0365
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0365
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0370
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0370
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0370
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0375
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0375
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0380
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0380
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0380
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0385
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0385
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0390
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0390
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0395
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0395
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0400
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0400
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0405
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0405
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0405
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0410
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0410
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0415
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0415
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0415
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0420
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0420
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0425
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0425
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0425
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0430
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0430
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0435
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0435
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0440
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0440
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0445
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0445
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0450
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0450
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0455
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0455
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0460
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0460
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0465
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0465
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0470
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0475
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0475
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0475
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0480
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0480
https://owi.usgs.gov/vizlab/water-use-15/#view=VA%26category=irrigation
https://owi.usgs.gov/vizlab/water-use-15/#view=VA%26category=irrigation
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0490
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0490
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0490
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0495
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0495
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0500
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0500
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0505
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0505
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0510
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0510
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0515
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0515
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0520
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0520
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0525
http://refhub.elsevier.com/S2590-289X(20)30004-9/sbref0525

	Optimal sizing of rainwater harvesting systems for domestic water usages: A systematic literature review
	Introduction
	Methodology
	Analysis
	Results and discussion
	What variables are being optimized with regards to sizing RWHS in the literature?
	Cost
	Reliability
	Effectiveness/ performance
	Meeting water demands
	Roof area
	Water savings
	Other variable optimization

	What methods are being used in the literature for the optimization process?
	Methods and variables used for the sizing of the tank
	Optimization methods

	What are the limitations of the current optimization analyses and how can these be overcome in future works?

	Conclusion
	Declaration of Competing Interest
	References




