
sustainability

Article

Developing Generalised Equation for the Calculation of
PayBack Period for Rainwater Harvesting Systems

Monzur A. Imteaz 1,* , Maryam Bayatvarkeshi 2 and Md. Rezaul Karim 3

����������
�������

Citation: Imteaz, M.A.;

Bayatvarkeshi, M.; Karim, M.R.

Developing Generalised Equation for

the Calculation of PayBack Period for

Rainwater Harvesting Systems.

Sustainability 2021, 13, 4266.

https://doi.org/10.3390/su13084266

Academic Editor: Abel Silva Vieira

Received: 11 March 2021

Accepted: 9 April 2021

Published: 12 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Civil and Construction Engineering, Swinburne University of Technology, Melbourne,
VIC 3122, Australia

2 Department of Soil Science, Malayer University, Malayer 65719-95863, Iran; m.bayat.v@gmail.com
3 Department of Civil and Environmental Engineering, Islamic University of Technology (IUT), Board Bazar,

Gazipur 1700, Bangladesh; rezaulmd@gmail.com
* Correspondence: mimteaz@swin.edu.au

Abstract: Many end-users for the stormwater harvesting systems are reluctant in implementing the
system due to uncertainties of the potential returns for their investment for such system. A common
practice of presenting potential benefit of a certain investment is through calculation of payback
period using net annual benefit from the system. Traditional practice of doing such payback period
analysis for rainwater tanks was considering individual building/roof, system volume, and specific
investment cost. It is not feasible to conduct such analysis for each and every rainwater harvesting
system installed in different buildings. To overcome this tedious practice, this study presents
development of a generalised equation for the estimation of payback period for rainwater tanks
based on roof area, initial cost, and rate of return. Based on an earlier study, several payback periods
were calculated for different roof sizes, initial costs, and rate of return. It was found that all these
variables can be correlated and embedded into a base equation of power function. Final developed
equation results were compared with the payback periods calculated through traditional practice
considering net annual savings and net present value of cumulative savings. It is found that the
developed equation can estimate payback periods with very good accuracies; for all the selected
internal rates of return correlation values ranging from 0.99 to 1.0 were achieved. Corresponding
coefficient of determinations varied from 0.988 to 0.993. Furthermore, it is found that for a fixed roof
area and rate of return, the payback period is having a power relationship (having an exponent less
than 1.0) with the initial cost.

Keywords: rainwater tank; payback period; stormwater harvesting; initial cost

1. Introduction

In the recent years, rainwater harvesting systems (RWHS) are accepted as the most
functional methods for offsetting and managing the water shortage in many parts of the
world. The rainwater harvesting is considered as an alternative source of water, which
can reduce the devastating implications of drought and assist to derive great benefit from
runoff caused by precipitation. In the normal weather, it is likely to provide significant
augmentation in the supply of water, especially through non-potable uses [1]. Furthermore,
ease of installation and maintenance might be other grounds for its popularity [2]. Rahman
et al. [3] assessed the sustainability of RWH system for Dhaka city and found that 11%
water can be saved annually from a building having a roof area of 170 m2. Study by Karim
et al. [4] showed that a potable water saving potential for residential buildings in Dhaka
city varies from 10 to 24% for a roof size of 140 m2. Basher et al. [5] studied the reliability
and economic analysis of urban rainwater harvesting in the major cities in Bangladesh and
found the annual potable water saving potentials for the residential buildings in the two
major cities varies from 30 to 40%. There are many investigations in regard to rainwater
harvesting in distinct regions with different climates. For instance, the study of Lade and
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Oloke [6] in Nigeria, Monjaiang et al. [7] in Thailand, Lawrence and Lopes [8] in the USA,
Lani et al. [9] in Malaysia, Sakson [10] in Poland, Zhang and Jing [11] in China, Matos
et al. [12] in Portugal, and Moniruzzaman and Imteaz [13], Rahman et al. [14] in Australia
imply the importance and significance of the rainwater harvesting study in each area.

However, a common reluctance against the rainwater saving is undeniable in some
countries. One of the strong grounds behind it might be the investment cost [1]. This issue
is considered as an important obstacle for most nations to the extent that many leading
experts and researchers are of the belief that there is a strong link between sustainability
of the RHSs and financial aspects of their construction [15,16]. The study of economic
aspect of the RHSs by Dijk et al. [17] indicated that strategically designed, financed, and
implemented rooftop RHSs meet large-scale urban water infrastructure needs. Evaluating
over 45 investigations on optimizing size of the RHSs by Semaan et al. [18] depicted
that the cost of the system is the most common optimised variable. Furthermore, the
payback period was identified as the most used financial method to determine the economic
possibility of the optimized sizing in compared to other financial indicators. Therefore,
considering the cost/payback for the optimized design of rainwater reservoirs can increase
reliability and satisfaction of the users. Following this look, the recent investigations
focused more attention on the evaluation and assessment of the effective economical
parameters on this practice for making more confidence and contentment. Regarding
this fact, modelling and numerical calculations could address the associated issues. The
economical sustainability of the RHSs designs for assessment of the affordability and
profitability of the investment in the RHSs was studied by Musz-Pomorska et al. [15] in
Poland. In this survey the significance of the governmental financial support and restricted
profitability of the RHSs were revealed. Moreover, it was found that the shortest time
of payback period corresponded to the maximum reuse of rainwater. Sangave et al. [19]
considered distinct scenarios for optimizing the financial efficiency of the RHSs and the
payback period. Strelets et al. [20] applied the distinct scenarios for calculating the payback
period by initial const and end use in Russia. Galal [21] examined the payback period of
the total cost for testing the financial efficiency of the RHS in the Lebanese Coastal zone
by experimental studies. Bashar et al. [5] scrutinised reliabilities and economic benefits of
the RHSs based on analysis of the payback periods. Their results showed that a period of
2–6 years would make up the cost of installation and maintenance. Numerous calculations
under different scenarios of supplied non-potable uses for rainwater storage tank sizing
was carried out by Matos et al. [1]. The results of modelling of RHS by Lade and Oloke [6]
revealed that a payback period of 8 years would be typical for a commercial system. Imteaz
and Moniruzzaman [22] through doing numerous analysis for the largest Australian
city (Sydney) have presented that payback periods for residential rainwater tanks can
vary from 20 to 101 years depending on the location, tank size, roof area and rainwater
demand. Farreny et al. [23] considered two scenarios of water prices for evaluating the
cost-efficiency of the RHSs within a Life Cycle Costing approach. Imteaz et al. [24] through
a case study of commercial buildings having large roof have presented that payback
periods varies exponentially (negative) with the price of water. The financial payback
analyses of the RHSs in Malaysia under diversified scenarios indicated that full usage is
the only solution to shorten payback period [25]. Stec and Słyś [26] through assessing the
financial efficiency of the RHSs utilisation in Poland demonstrated that the present systems
would reduce water requirement for toilet flushing only. Domínguez et al. [27] exploited
benefit/cost ratios for investigating the efficiency of the RHSs in Colombia. Abdullah [28]
demonstrated that a rainwater tank would be economically feasible in all rainfall zones of
Jordan, provided the price of water is 1 US$/m3. Abdullah [28] also demonstrated that a
period of 5–45 years is likely to require equalizing the costs associated with the installation
of the RHSs. Gato-Trinidad and Gan [29] through quantifying the cost effectiveness of
rainwater tanks rebate scheme in Australia displayed that payback period in rainwater
tanks with indoor plumbing is longer than that of outdoor due to higher investment for
the installation of indoor plumbing systems. Zhang and Jing [11] through using a daily
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water balance model for multi-storey buildings in Shanghai (China) demonstrated that
benefit–cost ratio initially increases with the increase of tank size; however, with further
increase (>25 m3) of tank size, the benefit–cost ratio decreases drastically. Nagaraj et al. [30]
have presented that creation of irrigation water harvesting structures for the augmentation
of groundwater recharge with rainwater is cost-effective and financially-viable.

The previous investigations confirm the necessity for more evaluation and analysis of
the cost/payback in the RHSs. It can be seen that even for the same city, cost implications
and payback periods vary significantly, and which are likely to be more prominent for
different geographical locations. All the above-mentioned studies on benefit–cost ratio
and payback period are for particular rainfall regime, storage volume, catchment size,
and rainwater demand. Furthermore, the estimation of the cost/payback depends on
a broad range of variables in term of social and economic, which causes a complexity
of economic sustainability of the RHSs. Therefore, this is not an efficient approach to
perform such payback period analysis for each and every condition. Rather, through
proper computational technique there should be an efficient way of performing such vital
analysis. As such it is highly recommended to have a generalised equation, which can
calculate payback period for any input parameters, especially for a particular location/city.
This paper presents development of generalised equation for the calculation of payback
period for the city of Dhaka (Bangladesh) for any initial investment for the rainwater tanks,
catchment/roof size and rate of return. Although the developed equations are valid only
for the city of Dhaka, this is a pioneer attempt of deriving such generalised equation and
the same methodology can be used for other geographical locations as well.

2. Materials and Methods
2.1. Materials

Karim et al. [31] conducted detailed calculations of economic benefits including pay-
back periods of installing rainwater tanks in commercial buildings for the city of Dhaka,
Bangladesh. Calculations were performed for five different buildings within the city hav-
ing different roof areas and rainwater tank sizes. The selected roof and tank sizes are
representative for the commercial buildings in the city. The study calculated potential
potable water savings through rainwater tank using daily water balance model applying
daily rainfall data for three distinct weather scenarios; dry year, average year, and wet
year based on historical rainfall data for the city. Eventually, total monetary savings per
year were calculated considering consecutive dry, average, and wet years, and making an
average of the outcomes calculated for these three years. The details of the RWH system
schematic and mathematical modelling algorithm of calculating potential potable water
savings are provided in Karim et al. [31]. Table 1 shows the details of the five buildings
for which payback periods were calculated using traditional method of economic analysis
described in the following section.

Table 1. Details of the buildings considered in the study.

Building Name Catchment
Area (m2) Total Floors Tank Size (m3)

Installation Cost
(BDT *)

Maintenance Cost
(BDT */year)

Evergreen Meher Tower 315 2 Basement + 14 162 30,000 10,000
Green Landmark Tower 452 2 Basement + 13 209 40,000 13,000

Green Satmahal 532 2 Basement + 14 214 45,000 15,000
Green City Regency 562 2 Basement + 22 324 50,000 18,000

Green City Edge 727 2 Basement + 15 566 60,000 20,000

* Bangladesh Taka (currency).
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2.2. Payback Period Calculation

Payback periods (in years) were calculated through comparing the cumulative annual
monetary savings in successive years with the total investment (initial installation cost +
cumulative operation and maintenance costs in successive years) of the RWH system. Net
savings for a year is the annual monetary savings subtracted by the annual operation and
maintenance costs. Net savings under different scenarios for the successive years were
converted to equivalent net present value (NPV) as per the following equation:

NPV of Savings =
n

∑
n=1

AS
(1 + r) n (1)

where “AS” is the net annual savings for a year, “r” is the rate of return and “n” is the
number of years since installation. As the calculated return periods were quite low, for
the development of generalised equation with higher accuracy, payback periods were
recalculated for an increment of 0.1 year. Considering on current “rate of return” investors
usually decide on whether or not to invest on a particular system.

2.3. Methodology

Based on the results presented by Karim et al. [31], it is observed that calculated
payback periods can be correlated with the roof area as per the Equation (2). As for a
particular location, the roof area is directly related with the amount of potable water savings
(i.e., larger the roof area, higher the amount of rainwater diverted to the tank), with the
increase of roof area payback period decreases following a power function as follows:

PBP = a× RA−b (2)

where “RA” is the roof area, “PBP” is the payback period, “a” is the constant, and “b” is the
exponent.

Again, PBP is significantly dominated by initial cost of the tank installation. For a
series of PBP curves for different initial costs, it was found that “a” and “b” in the above-
equation can be correlated with the initial cost. As for example, considering three different
initial costs, the Equation (2) can be expressed as per the following equations:

PBP1 = a1 × RA−b1 (3)

PBP2 = a2 × RA−b2 (4)

PBP3 = a3 × RA−b3 (5)

It is found that the set of “a” (a1, a2, a3) values can be correlated with the initial cost as
per the Equation (6) and the set of “b” (b1, b2, b3) can be correlated with the initial cost as
per the Equation (7) presented below:

a = c× ICd (6)

b = e× ln(IC)− f (7)

where “IC” is the initial cost, “c” and “e” are the coefficients, “d” is the exponent, and “f ” is
the intercept.

Equations (3)–(7) are based on a particular value of rate of return. Similar sets of
equations can be derived for different values of rate of return. As for example, for three
values of the rate of return, each of the above-mentioned parameters (c, d, e, and f ) will
have three different values, i.e., c⇒ {c1, c2, c3}, d⇒ {d1, d2, d3}, e⇒ {e1, e2, e3} and f ⇒ {f 1,
f 2, f 3}. It is found that the sets of “c”, “d”, “e” and “f ” can be expressed as per following
equations:

c = g× e−h∗IR (8)
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d = i× (IR) + j (9)

e = k× (IR) + l (10)

f = m× (IR) + n (11)

where “g”, “I”, “k” and “m” are the coefficients and “j”, “l”, and “n” are the intercepts of
the equations. “h” is the coefficient of the exponent for “c” and “IR” relationship. “IR” is
the rate of return, which is usually set by the government central bank. Replacing all the
above-mentioned expressions of the parameters into relevant parent equations will yield a
single generalised equation for the “PBP” as per the following format:

PBP =
(

g× e−h×IR
)
× IC(i×(IR)+j) × RA−((k×IR+l)×ln (IC)−(m×IR+n)) (12)

The following section derives each of the above-mentioned parameters based on
the calculated results of the payback periods (PBP) from the study of Karim et al. [31]
and subsequent analysis. All the mentioned parameters were derived from the best-
fit equations, which were plotted against interrelated parameters. Finally, the results
calculated through the derived equation were compared with the original calculated PBPs.
Payback periods were calculated for three internal rates of return (3%, 8%, and 12.5%),
and for three initial costs (30 K, 50 K, and 60 K) and five roof sizes (315, 452, 532, 562,
and 727 m2).

3. Results
3.1. Derivation of the Equation

Following sections describe derivation of the generalised equation for the city of
Dhaka, Bangladesh, which is applicable for any commercial building in the same city.
Residential buildings will have different PBP, as the city authority charges different water
prices for the commercial and residential sectors; commercial sector has to pay higher price.

Figure 1 presents the set of graphs showing relationships between payback periods
and corresponding roof areas for three different initial costs considering 8% as rate of
return. Costs were calculated based on Bangladesh currency, BDT. Three best-fit lines
were drawn for all the three initial costs (i.e., 30 K, 50 K, and 60 K). The best-fit equations
corresponding to the Equations (3)–(5) are as follows:

For 30 K, PBP1 = 306.1× RA−0.793 (13)

For 50 K, PBP2 = 1696.4× RA−1.016 (14)

For 60 K, PBP3 = 2789.7× RA−1.071 (15)

Coefficients (306.1, 1696.4, and 2789.7) and exponents (0.793, 1.016, and 1.071) of these
equations are drawn with initial cost as an independent variable and the plotted graphs
are shown in Figure 2a,b. For the current study, the initial cost values were taken from
the earlier study [31], which were collected from individual building’s developer. From
the best-fit lines of these graphs, it is found that the coefficients follow a power-function
pattern with initial cost, whereas the exponents follow a logarithmic pattern with initial
cost. The best-fit equations are as follows:

Coe f f icient = 0.0054× IC3.2236 (16)

Exponent = 0.4088× ln(IC) − 0.5943 (17)

where “IC” is the initial cost. The values 0.0054, 3.2236, 0.4088, and 0.5943 are the values of
“c”, “d”, “e”, and “f ” as defined in the Equations (6) and (7).
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Figure 2. Dependency of initial cost on payback period-roof area equation with: (a) Coefficient;
(b) Exponent.

Similarly, for two other internal rates of return (i.e., 3% and 12.5%), similar equations
were derived. Table 2 shows all the values of the “c”, “d”, “e”, and “f ” for all the considered
rates of return. Values from the table were plotted against corresponding rates of return. It
is to be noted that the usual range of rate of returns are considered here. As the payback
periods do not significantly vary with more smaller variations of rate of return, only the
mentioned three rates are considered for the subsequent analysis.

Table 2. Values of the coefficients “c”, “d”, “e”, and “f ” for different rates of internal return.

Rate of Return c d e f

3 0.0327 2.6237 0.3203 0.3293
8 0.0054 3.2236 0.4088 0.5943

12.5 0.0005 3.9443 0.5154 0.9322

Figure 3a–d show the relationships between each parameter and rate of return along
with the best-fit line and equation for each parameter. Derived best-fit equations are as
follows:

c = 0.1383× e−0.439×IR (18)

d = 0.1387× IR + 2.1777 (19)

e = 0.0205× IR + 0.2544 (20)

f = 0.0633× IR + 0.123 (21)
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Substituting Equations (18)–(21) into the Equations (6) and (7) and eventually into the
Equation (2), the final equation for the calculation of payback period:

PBP =
(

0.1383× e−0.439×IR
)
× IC(0.1387×IR + 2.1777)×

RA−((0.0205×IR + 0.2544)×ln (IC)−(0.0633×IR + 0.123))
(22)

It is to be noted that in the final equation Equation (22), the effect of operational cost
and rainwater demand is not included, whereas a study [15] in Poland found that both the
operational cost and rainwater demand affect the payback period. In the current study
the operational cost was insignificant and was proportional to the initial cost, as such
consideration of initical cost in the generalised equation sufficed. The same study [15]
concluded that maximum reuse of rainwater reduces the payback period. This was the case
for the current study; for all the buildings, as those are multi-storied buildings having many
occupants, rainwater use is always maximum, which yielded shorter payback periods.

3.2. Comparison with the Equation Results

Accuracy of the developed equation was assessed through calculating payback periods
using the developed equation for different input values of roof areas, initial costs, and
internal rates of return. The equation calculated values were compared with the original
PBP calculations using the cumulative net present values of the net savings as outlined in
Karim et al. [31]. Figure 4a–c shows the comparisons of the equation predicted results with
the original PBP calculations using cumulative net present values of the net savings. The
comparisons are separately presented for different values of the rate of return; Figure 4a
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for 3%, Figure 4b for 8% and Figure 4c for 12.5%. In each figure a line drawn with an
angle of 45◦ to show the ideal position of the scattered points. From the figures, it is clear
that the developed equation can estimate the payback periods with very good accuracy,
especially for lower internal rates of return and for the lower ranges of payback periods.
Figure 4a shows all the points closely matching with the ideal line. Figure 4b,c also show
very close matching of equation predicted results with the original calculations, slight
discrepancies are observed only in the higher (5 and above) ranges of the PBPs. The
co-efficient of determinations (R2) for the equation produced results are 0.993, 0.991, and
0.988 for the internal rates of return of 3%, 8%, and 12.5%, respectively. Furthermore,
the correlation coefficients among the equation produced results and the results from
traditional calculations are 1.0, 1.0, and 0.99 for the internal rates of return of 3%, 8%, and
12.5%, respectively. From the above acceptibility measures, it is clear that for 3% and 8%
inernal rates of return, the equation produced results are having excellent match with the
traditional calculations having ‘R2’ values of above 0.99 and correlation coefficents of 1.0.
For the rate of return of 12.5%, the discrepancies are insignificant, as it still produces the
results having ‘R2’ value of about 0.99 and correlation coefficent of 0.99.
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3.3. Specific Scenario

Figure 1 clearly demonstrates the relationship of roof area with the payback period,
which is following a power function with a negative exponent value and the final developed
equation contains the same function. However, from the developed equation it is difficult
to visualise the relationship of initial cost with the payback period, as the initial cost is
embedded both in the coefficient and exponent of the base equation i.e., Equation (12). To
visualise the relationship between initial cost and payback period, the developed equation
was used to calculate a series of payback periods (PBPs) for different values of the initial
cost ranging from 30 K to 100 K for a fixed roof area of 500 m2 with an 8% rate of return.
Figure 5 shows the relationship between initial costs and equation estimated payback
periods. From the figure it is clear that it follows a clear pattern; a regression line produced
with the calculated points provided a power function (with an exponent less than 1.0) as a
best-fit line having a coefficient of determination (R2) value of 1.0.
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4. Conclusions

Traditional practice of calculating payback period of any investment is conducted in-
dividually and case by case considering individual investment cost and successive benefits
over the years, while transforming future expected benefits into a reduced net present value,
which considers rate of return (in other words discount rate). Being a small sized system,
the end-users of typical rainwater tanks are not interested in performing tedious payback
period analysis for their investments. However, without such analysis, a knowledge-gap
prevails which leads to reluctance in implementing such rainwater harvesting system al-
though becoming more and more important with the tremendous demand of water under
ever-increasing population and adverse impacts of climate change. Based on payback
period calculations for costs of rainwater harvesting system and subsequent net monetary
savings for five existing commercial buildings in the capital of Bangladesh, Dhaka a gener-
alised equation is proposed. All the future monetary savings were converted to net present
value applying a rate of return and eventually accumulating successive future savings.

It was found that the payback periods for each initial cost are dependent on the roof
area, which is directly related to rainfall amounts collected on the roof. The base equation
of roof area versus payback period can be expressed as a power-function having a negative
exponent, which reveals higher the roof area lower the PBP. The coefficients and exponents
of the base equations for all the initial cost values of return can be correlated with the
initial cost and subsequently with the internal rates of return. A comparison between
the equation produced payback periods and the original calculated payback periods
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reveled that equation can calculate the payback periods with very good accuracy, especially
for lower payback periods and the payback periods with lower internal rates of return.
Insignificant discrepancies are observed only in higher payback periods calculated with
higher rate of return. Equation produced results are having coefficient of determination
values ranging from 0.988 to 0.993. Furthermore, correlations between original calculated
PBPs and equation produced PBPs varies from 0.99 to 1.0.

Such modelling exercise to derive generalised equation is useful for the stakeholders
and end-users who want to implement similar rainwater harvesting system, but are not
convinced of their potential return of benefit. This sort of equations will help in decision
making on selecting input parameters such as roof area to be connected with the storage
tank and the volume of tank which is related with the initial cost. Moreover, such equation
can be easily converted to a mobile app, which will easily deliver the outcomes to the
end-users. This is the first attempt of applied such methodology to evaluate payback period
of a stormwater harvesting system. It is to be noted that developed equation is valid for
the city of Dhaka, as it is dependent on the amount of rainfall in a particular city/location.
For other cities, the expected amount of potable water savings with the same roof size will
be different, which needs to be established through a proper RWH analysis tool, as it was
earlier done for this study. Nonetheless, similar methodology can be applied to develop
similar generalised equations for other cities/locations having different rainfall regimes.
Eventually, different equations from different locations can be combined to one equation,
which will include the rainfall amount as a variable.
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