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a b s t r a c t

This paper presents an integrated rainwater harvesting and greywater recycling system to tackle the
energy-water nexus in residences with unreliable water and electricity supply. The system is made up of
the municipal water and energy supplies, a rainwater harvesting system and a greywater recycling
system to supply the residential water demand. A combined sizing and operational optimization
approach is developed. In particular, a mixed integer linear programming model is formulated to
determine the optimal sizes of the water tanks and optimal operation of pumps to reduce potable water
consumption and electricity cost under the time-of-use tariff. The model formulated is applied to a
practical case study of a single-family house in Durban, Kwa-Zulu Natal province of South Africa. Sim-
ulations results with measured rainfall intensity over five years show that the proposed integrated
rainwater harvesting and greywater recycling system is beneficial for the household in terms of both
water savings and financial cost savings with an acceptable payback period of 4.39 years. To investigate
the validity of the results obtained in different applications, a sensitivity analysis was performed con-
cerning uncertainties in water demand, rainfall intensity, the cost of electricity and discount rate. The
findings confirm that the model developed is robust against uncertainties in these parameters. It is also
concluded that payback period of the project can be even shorter if applied to a case with a higher water
demand.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Energy and water securities are amongst the most important
global challenges for sustainable development (UNDP, 2015). One-
third of the world’s population experiences severe water scarcity at
least once in a year, while over half a billion people live under water
scarcity (V€or€osmarty et al., 2000). Agriculture, residential and in-
dustry are the three largest freshwater consumers globally, they
account for 60%, 30% and 8% of global freshwater consumption,
respectively (UNESCO, 2003). Therefore, water demand increases
rapidly with population, industrial and economic growths, thus
placing pressure on the limited available water resource (Letsoalo
et al., 2007). The World Health Organisation (Organization, 2006)
and World Bank (Jacobsen et al., 2012) reported that global water
scarcity will increase by 40% in 2030 due to the unsustainable trend
ence and Automation, Huaz-
30074, China.
of water demand and supply. TheWorld Bank states that the degree
of water scarcity will vary with regions depending on existing
water infrastructures, climatic conditions, and technological ad-
vancements, thereby stating that water scarcity will increase by
43% in North America to 280% in sub-Sahara Africa by 2030
(Jacobsen et al., 2012). Similarly, energy scarcity is a global menace
caused by insufficient energy to meet the rapidly growing energy
demand due to population, industrial and economic growths
(Huang et al., 2020), which is also well acknowledged. For instance,
the United States National Intelligence Council (2013) reported that
energy scarcity will increase by 50% in 2030.

The interdependence of energy and water is termed as ‘energy-
water nexus’, which can be understood by examples of water usage
in power generation and electricity use in water supply networks.
One of the implications of this inter-relationship is that water
scarcity will cause energy scarcity and vice versa.

In this study, the focus is on residential energy-water nexus,
which refers to the inter-relationship between energy and water
supply to the households. In particular, the ‘nexus’ in this study
refers to the interplay between effective potable water and energy
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Nomenclature

Indexes
i; j Indexes of time intervals
m Index of water tanks
y Index of years in the project lifetime

Superscripts
min;max Minimum and maximum of a variable
b Variable associated with the baseline case

Symbols
N Total number of time intervals
R South Africa currency, rand
ts Sampling interval [s]
Atm Cross-sectional area of water tank m [m2]
Hm Height of water tank m [m]
hmðiÞ Water level of water tank m [m]
Q1;Q2 Water flow rate of pumps 1 and 2 [m3/s]
Q3 Water flow rate of the unidirectional valve [m3/s]
DpwðiÞ potable water demand [m3/s]
DnpwðiÞ Non-potable water demand [m3/s]
u1ðiÞ;u2ðiÞ Binary variables indicating the on/off status of pumps

1 and 2, equal to one when the pump is on
u3ðiÞ Binary variable indicating the on/off status of the

unidirectional valve, equal to one when the valve is
open

VgwðiÞ Volume of collected greywater [m3]
VrwðiÞ Volume of collected rainwater [m3]
VovðiÞ Volume of underground water tank overflow [m3]

Ar Rainwater catchment area of roof [m2]
Rr Rainwater run-off coefficient
IrðiÞ Rainfall intensity [mm]
t Fraction of potable water collected for recycling
Dt;npw Volume of total non-potable water demand [m3]
St;npw Volume of total non-potable water supply [m3]
J Daily water cost per unit volume [R/m3 ]
Jt Equivalent daily cost of water tanks [R]
Je Daily electricity cost [R]
Jw Daily water cost [R]
Jp Daily pump switching cost [R]
Dtot Total daily water demand [m3]
kt ;kt

0 Cost of rooftop and undergroundwater tanks per unit
volume [R/m3]

AF Annuity factor used to calculate equivalent annual
cost of water tanks

r Discounting factor
L Project lifespan
reðiÞ Time-of-use electricity cost [R/kWh]
rpw Potable water cost [R/m3]
rnpw Non-potable water cost [R/m3]
rs Cost of a single pump switch [R/switch]
s1; s2 Auxiliary binary variables used to determine the

numbers of pump switching
X Decision vector
f Coefficient vector of cost function
M;b Matrix and vector of inequality constraints
Meq;beq Matrix and vector of equality constraints
Lb;Ub Lower and upper bounds of decision vector
CFðyÞ Cash flow in year y [R]
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utilisation in a residential home in terms of reducing potable water
and energy used to meet the household’s water demand, and
reducing the electrical grid’s pressure on electricity supply. To
address the conservation of water and energy resources, existing
studies have examined groundwater extraction (Gleeson et al.,
2010), seawater desalination (Pinto and Marques, 2017), rainwater
harvesting (RWH) (Boers and Ben-Asher, 1982) and greywater
recycling (GWR) (Li et al., 2009) for residential applications (Ghisi
and de Oliveira, 2007). Concludes that RWH and GWR systems
are the most sustainable solutions to water scarcity in residences.
Further, a recent study confirmed that single-family houses have
the highest potential of energy savings using a combination of
toilets replacement, greywater reuse, and rainwater harvesting in
the city of Joinville (Cureau and Ghisi, 2020). Therefore, this study
proposes an integrated RWH-GWR system as an environmentally
and economically sustainable demand side solution to the chal-
lenges of energy-water nexus in residences. The RWH and GWR
systems are briefly introduced in the subsequent paragraphs for the
completeness of this paper.

Rainwater harvesting involves the collection, treatment, storage
and use of rainwater for domestic, industrial and agricultural pur-
poses. It is gaining renewed interest and attention due to the
widespread water scarcity. There are two types of RWH system
namely, the rooftop and run-off RWH systems. The rooftop RWH
system collects water from a rooftop catchment area, while the
run-off RWH system traps and collects contaminated run-off or
stormwater for use (Imteaz et al., 2011). The rooftop RWH is
economical and most suitable for residences, therefore it is used in
this study and any mention of the RWH system subsequently refers
to the rooftop RWH system. The quality of harvested rainwater
2

depends on the atmospheric impurity level, catchment area, water
treatment, storage, and distribution pipes (Sanchez et al., 2015).
However, the use of rainwater for non-potable purposes require at
most primary treatment, while first-flush and filtration are the
least recommended treatments for potable end-uses (Gwenzi et al.,
2015). The performance of a RWH system, in terms of potable water
savings and reliability, varies with rainfall parameters (Ghisi and de
Oliveira, 2007) and catchment area (Farreny et al., 2011). It per-
forms best in wet regions (wet years in dry regions) with a large
catchment area and high non-potable water utilisation rate. In
terms of economical performance, RWH systems have a payback
period between 2� 35 years depending on the application. For
instance (Ghisi and Schondermark, 2013), studied a large number
of different residential buildings (Dom�enech and Saurí, 2011),
studied a large multi-family building, and (Chilton et al., 2000)
studied a commercial building.

Greywater is wastewater without fecal contamination that is
collected from the kitchen sinks, showers or baths, and laundry
machines. The GWR system is an assembly that collects, treats and
stores greywater for re-use (Ilemobade et al., 2013). Greywater
supply is reliable and it accounts for 43� 70% of the total waste-
water generated in residences (Siang et al., 2018). (Prathapar et al.,
2005) report that GWR has the potential of reducing 30� 50%
potable water usage for irrigation and toilet flushing. Water treat-
ment is essential to maximize the performance of GWR systems.
Greywater treatment is classified into three stages namely, phys-
ical, biological and chemical treatments (Boyjoo et al., 2013). The
physical treatment removes solids, organics and surfactants. The
biological treatment eliminates pathogen, while chemical treat-
ment disinfects the water for safe use (Ghunmi et al., 2011). Some
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common biological water treatment methods include rotary bio-
logical contactors (RBC) (Li et al., 2009), biological aerated filters
(BAF) (Al-Jayyousi, 2003) andmembrane bio-reactors (MBR) (Jeong
et al., 2018). Common chemical disinfectants include hypochlorite,
chlorine, ozone, and ultraviolet radiation. Generally, GWR is an
energy and capital intensive process that is mainly due to the en-
ergy and capital intensive nature of the water treatment process
(Christova-Boal et al., 1996). Therefore (Siang et al., 2018), proposed
a fit-for-purpose water treatment that delivers tailored treatment
depending on end-use points and the required water quality.

There are two variants of the RWH-GWR system reported in the
literature, namely, independent RWH-GWR systems and integrated
RWH-GWR systems. In the independent RWH-GWR systems, the
RWH and GWR subsystems are completely isolated from each
other, while the RWH and GWR subsystems in the integrated RWH-
GWR subsystems share water treatment and storage facilities. It is
also revealed that the performance of the RWH and GWR sub-
systems affect the performance of the overall system (Kim et al.,
2007). All three systems (RWH, GWR and RWH-GWR systems)
have high water savings potential and long payback periods,
however, their relative performance varies with rainfall, occupancy
rate, and non-potable water utilisation (Ghisi and de Oliveira,
2007). Researchers agree that GWR systems are more effective in
densely populated locations, multi-story and multi-family build-
ings, RWH subsystems are more effective in locations with regular
rainfall, and the integrated RWH-GWR system is the most effective,
reliable and robust alternative irrespective of population density
and rainfall properties according to (Zhang et al., 2009) and (Leong
et al., 2018).

This paper investigates the benefits of integrated RWH-GWR
systems when implemented in residential areas in South Africa, a
semi-arid country possessing an average annual rainfall of 500mm.
Motivations for this are twofold. On the one hand, South Africa is
facing severe water and energy insecurities similar to many coun-
tries in the world. With prolonged droughts, the City of Cape Town
and City of Johannesburg had been implementing water re-
strictions in the past few years. Additionally, the country’s national
utility grid is struggling to supply its customers and a lot of elec-
tricity load shedding had been and are still being put into place,
leaving its people with unreliable water and energy supplies. On
the other hand, residential areas of South Africa are characterized
by scatted settlements in the form of communities or individual
houses. Each household usually owns a garden that requires regular
irrigation, placing more demand for water. Therefore, an integrated
RWH-GWR system is proposed to improve water security through
water recycling and harvesting and to improve energy security and
reduce electricity cost by shifting electricity demand out of peak
demand periods taking advantage of the water storage tanks in the
RWH-GWR system for residential households.

For this purpose, the design and operation of the RWH-GWR
system are essential to ensure its efficient operation and maxi-
mize its benefits. From the design perspective, the sizing of the
water tanks required by the system plays an important role in both
the water saving and cost implications of the RWH-GWR system.
There are direct relationships between tank sizing, water savings
potential (Ghisi et al., 2007) and the reliability of water supply
systems (Notaro et al., 2016), and an inverse relationship between
tank sizing and the economic attractiveness of the water supply
systems (Ghisi and Schondermark, 2013) because increased capital
investment on large tanks will improve the water savings potential
and the reliability of water supply systems at the expense of its
economic attractiveness. Furthermore, tank sizing is affected by
internal and external factors such as demand profile, rainfall,
weather, and climatic conditions, thereby increasing the com-
plexities of accurate tank sizing. The size of the water tanks thus
3

should be determined optimally such that it meets the required
water storage for the operation of the system and reduces the
project’s capital cost.

Studies on tank sizing include: the water balance model (Thapa
et al., 2017), probabilistic method (Su et al., 2009), reliability curve
method such as (Karim et al., 2013) and (Khastagir and Jayasuriya,
2010), minimum cost based and regressive model approach
(Campisano and Modica, 2012), linear programming method
(Okoye et al., 2015), mass diagrammethod (Komeh et al., 2017) and
Neptune computer programming method (Ghisi and Ferreira,
2007). (Matos et al., 2013) states that the Rippl method and the
daily simulation method using the 80 % efficiency criteria are the
most cost-effective tank sizing methods because of their high
economic savings to installation cost ratio. These studies are mainly
about the RWH system or generic tank sizing in water systems,
while GWR systems assume fixed tank size to meet the daily water
demand only. For the integrated RWH-GWR system, studies have
focused on its tank sizing, potable water savings potential estima-
tion and economic attractiveness. For example (Ghisi and de
Oliveira, 2007), and (Ghisi and Ferreira, 2007) studied the water
savings potential estimation of RWH-GWR systems when applied
to Southern Brazil and concluded that system, although it can result
in about 33.8e36.4% and 39.2e42.7% potable water savings in
single andmulti-story buildings, is not economically viable because
of its long payback period (PBP). Aligning with this conclusion
(Zhang et al., 2009), investigated a distributed water treatment
system for RWH-GWR systems to improve the economic benefits of
such systems. However, the operational aspects were not taken into
account in the design studies.

From an operational point of view, an open-loop optimal control
and a closed-loop model predictive control strategies for an inte-
grated RWH-GWR system were developed and their relative per-
formances were compared without considering tank sizing
(Wanjiru and Xia, 2018). Other studies on operational optimization
of multiple pumps such as (Zhuan and Xia, 2013) published also do
not take into account the sizing of the water tanks/reservoirs.

As such, the studies reported investigated either the design or
operation of RWH-GWR systems. The interplay betweenwater tank
sizing and pump operation optimization is not exploited. In prac-
tice, these two are highly dependent. For instance, a big tank con-
tributes to reducing the electricity cost by shifting pump operations
out of peak demand period whereas a small tank contributes to less
investment. A holistic approach that takes both water tank sizing
and pumps operation optimization into account is thus much
needed to improve the overall performance of RWH-GWR systems.

To address this need, this paper introduces the first attempt to
develop a model for optimal tank sizing and operation of the in-
tegrated RWH-GWR system for residential applications under the
time-of-use (TOU) electricity tariff. The objective is to, firstly,
reduce the potable water consumption of the household to improve
water security by combing the benefits of RWH and GWR systems;
and secondly, improve the economic attractiveness of integrated
RWH-GWR system by minimising capital cost on water tanks and
operational cost, simultaneously. This also contributes to address-
ing the energy security challenge by reducing grid strain in peak
demand periods. In short, this work contributes to the body of
knowledge by developing a combined water tank sizing and pump
operation optimization model for RWH-GWR systems to tackle the
challenges of water and energy security that at the same time
improves the system’s economic attractiveness. Furthermore,
sensitivity analysis is conducted to evaluate the robustness of the
proposed model against uncertainties including rainfall intensity,
water demand, electricity price, and discount rate. Some insights
into this analysis are also provided to guide applications of the
RWH-GWR systems.
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This paper is organized as follows: Section 2 shows the math-
ematical model of the proposed RWH-GWR system. Section 3
shows the optimization model, Section 4 provides information
about the case study. Section 5 contains the simulation results,
discussion, Pareto, economic and sensitivity analyses of the pro-
posed model and finally, Section 6 gives the conclusion.
2. Mathematical model formulation

This section provide detailed mathematical formulation of the
residential minimum cost water supply problem using an RWH-
GWR system.
2.1. Schematic model layout

Fig. 1 shows the schematic layout of the proposed residential
water supply system. It is made-up of the RWH system, GWR sys-
tem, storage system, pumps and municipal energy and water
supplies. In this study, the connected RWH-GWR subsystems are
adopted. Therefore, the RWH and GWR subsystems share the water
treatments, water tanks, non-potable water pump, and end-use
points. In addition to the rooftop catchment area and the grey-
water collection points for the RWH and GWR systems, respec-
tively. The storage system comprises of the rooftop potable (T1) and
non-potable water (T2) tanks, and the underground tank (T3). The
rooftop potable water tank collects water that is pumped from the
municipal line to the rooftop potable water tank. Similarly, the
rooftop non-potable water tank receives treated non-potable water
(rain and greywater mixture) that is pumped from the under-
ground tank by the non-potable water pump. The municipal
potable water supply is used to meet the residential potable water
demand, while the non-potable water supply is used to meet the
residential non-potable water demand that includes toilet flushing
and irrigation. In cases when the non-potable water tanks (T2 and
T3) are unable tomeet their demand, potable water is released from
the rooftop potable water tank through a unidirectional valve to
meet this demand.

The mathematical model of the subsystems is given in the
following.
Fig. 1. Schematic layout the proposed residential RWH-GWR system.

4

2.2. Water storage tanks

All three water tanks are cylindrical, uniform cross-sectional
area tanks that collect, hold and release water to meet the resi-
dential demands. The water levels in the tanks at time intervals j ¼
1;2;…;N are expressed as:

h1ðjÞ¼h1ð0Þ þ
1
At1

Xj�1

i¼0

�
tsQ1u1ðiÞ� tsQ3u3ðiÞ�DpwðiÞ

�
; (1)

h2ðjÞ¼h2ð0Þ þ
1
At2

Xj�1

i¼0

�
tsQ2u2ðiÞþ tsQ3u3ðiÞ�DnpwðiÞ

�
; (2)

h3ðjÞ¼h3ð0Þ þ
1
At3

Xj�1

i¼0

�
VgwðiÞþVrwðiÞ� tsQ2u2ðiÞ�VovðiÞ

�
: (3)

The volume of rainwater collected by the RWH system is
expressed as (Ghisi and de Oliveira, 2007; Farreny et al., 2011):

VrwðiÞ¼ArRcIrðiÞ
1000

: (4)

The volume of greywater collected is defined as a fraction of the
potable water demand as (Wanjiru and Xia, 2018):

VgwðiÞ¼ tDpwðiÞ: (5)

The harvested rain and greywater collected are treated and
stored in the underground tank for later use. Water is lost to tank
overflow when the volume of the non-potable water in the tank
exceeds the size of the tank (Notaro et al., 2016):

VovðiÞ¼
(
At3

�
h3ðiÞ � hmax

3
�
; if h3ðiÞ>hmax

3 ;

0; otherwise:
(6)
3. Optimization model

A mixed binary linear programming problem is formulated to
solve the problem stated in the preceding sections. The objective is
to minimize the daily cost of the water supply system:

J¼ Jt þ Je þ Jw þ Jp
Dtot

; (7)

where Dtot ¼
PN

j¼1ðDpwðjÞþDnpwðjÞÞ is the total water demand. Jt is
the equivalent daily cost of water tanks:

Jt ¼ ktðAt1H1 þ At2H2Þ þ kt
0At3H3

365AF
; (8)

where kt
0 > kt in general and the annuity factor

AF ¼
1� 1

.
ð1þ rÞL

r
(9)

converts the tanks’ capital and maintenance costs into equivalent
annual costs taking into account time value of money (Sasmita,
2010). Je is the daily electricity cost:
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Je ¼ ts
XN
j¼1

reðjÞ½P1u1ðjÞþ P2u2ðjÞ�: (10)

Jw is the daily water cost:

Jw¼ ts
XN
j¼1

�
rpwQ1u1ðjÞþ rnpwQ2u2ðjÞ

�
: (11)

And, Jp is introduced to minimizes the switching frequency of the
pumps in order to alleviate pump aging as pointed out in (Lansey
and Awumah, 1994; Menke et al., 2016) etc. following the method
developed in (Mathaba et al., 2014) by adopting the cost function:

Jp¼ rs
XN
j¼1

½s1ðjÞþ s2ðjÞ�: (12)

The optimization problem is subject to the following
constraints:

um 2 f0;1g; for m¼1;2;3: (13)

s1; s22f0;1g; (14)

u1ðjÞ� s1ðjÞ � 0; (15)

u1ðjÞ�u1ðj�1Þ� s1ðjÞ � 0; (16)

u2ðjÞ� s2ðjÞ � 0; (17)

u2ðjÞ�u2ðj�1Þ� s2ðjÞ � 0; (18)

hmin
1 �h1ðjÞ � H1; for j ¼ 1;2;/;N; (19)

hmin
2 �h2ðjÞ � H2; for j ¼ 1;2;/;N; (20)

hmin
3 �h3ðjÞ � H3; for j ¼ 1;2;/;N; (21)

Hmin
1 �H1 � Hmax

1 ; (22)

Hmin
2 �H2 � Hmax

2 ; (23)

Hmin
3 �H3 � Hmax

3 : (24)

Constraints (13)e(14) are boundary constraints for the binary
decision variables. Constraints (15)e(17) initialises the auxiliary
variables as the initial status of the pump switches. Constraints
(16)e(18) minimizes the switching frequency of the pumps by
augmenting adjacent switchings. Constraints (19)e(21) are
respectively, the boundary constraints on the water level (h) in the
potable water, non-potable water and underground tanks. The
dynamics of the water levels are controlled by the switching of the
decision variables in Equations (1)e(3). Constraints (22)e(24) are
the boundary constraints for the storage volume of the potable
water, non-potable water and underground tanks, respectively.

The mathematical model formulated can be expressed in stan-
dard linear form as:

min f TX; (25)

subject to
5

8<
:

MX � b; linear inequality constraint;
MeqX ¼ beq; linear equality constraint;
Lb � X � Ub; boundary constraint;

(26)

Therefore, the optimization model can be expressed as:

f ¼ 1
Dtot

�
ktAt1

365AF
;
ktAt2

365AF
;
k0tAt3

365AF
;

ts
�
P1reð1Þ þ rpwQ1

�
…ts

�
P1reðNÞ þ rpwQ1

�
; ts

�
P2reð1Þ

þ rnpwQ2
�
…ts

�
P2reðNÞ þ rnpwQ2

�
;01�N; rs11�2N

�T
ð3þ5NÞ�1

;

(27)

X¼ ½H1;H2;H3;u1ð1Þ…u1ðNÞ;u2ð1Þ…u2ðNÞ;u3ð1Þ…u3ðNÞ;
s1ð1Þ…s1ðNÞ; s2ð1Þ…s2ðNÞ�Tð3þ5NÞ�1; (28)

The matrices and vectors of the inequality constraints can be
found in the appendix. These are combined and expressed in the
form of MX � b with:

M¼

2
666666664

M1
M2
M3
M4
M5
M6
M7

3
777777775
7N�ð3þ5NÞ

; b¼

2
666666664

b1
b2
b3
b4
b5
b6
b7

3
777777775
7N�1

; (29)

There are no equality constraints, hence its matrix and vector
are empty. Finally, the vectors of the boundary constraints are

Lb ¼
h
Hmin
1 Hmin

2 Hmin
3 0 / 0

iT
ð3þ5NÞ�1

; (30)

Ub ¼
�
Hmax
1 Hmax

2 Hmax
3 1 / 1

�T
ð3þ5NÞ�1; (31)

These matrices and vectors are given in the Appendix.
Remark 1. Energy water nexus: the energy water ‘nexus’

mentioned in the introduction refers to the interplay between
energy and water utilisation in residential houses. To this regards,
the optimization problem provides a solution to this nexus by
means of minimising the cost of water supply. This is equivalent to
minimising water utilisation and electricity supply pressure of the
electrical grid while still satisfying the household’s water demand.
In case ones wants more flexibility in fine tuning the trade off be-
tween water and energy utilisation, the following modified objec-
tive function can be used:

J0 ¼ Jt þweJe þ Jw þ Jp
Dtot

(32)

where we can be used as a weighting factor to adjust the optimi-
zation result. A larger we can be imposed to further reduce the
electricity usage.
4. Case study

A single-family building in Durban, KwaZulu-Natal province of
South Africa is selected as the case study for this research. The
building is occupied by a middle-class family with indoor and
outdoor water end-use points. The residential water demand is
satisfied by the municipal water supply, which is pumped onto the
rooftop tank from where the water is released under gravity to



Fig. 3. Baseline pump switching and water level.

Table 1
Physical parameters of the water tanks.

Water tanks Area (m2) Hmin (m) hið0Þ (m) Hmax (m)

T1 1.36 0.1 0.15 1.0
T2 1.0 0.1 0.15 1.0
T3 1.0 0 0 1.5

Table 2
Potable water and waste water discharge tariffs.

Volume (m3) 0e6 7e25 26e30 31e45 � 45
Potable water rates (R/m3) 0 17.23 23.59 51.99 57.18
Discharge rates (R/m3) 0 6.01 8.25 18.14 19.99
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meet all the residential demand to cope with water and electricity
supply outages. The pump involved is operated manually following
a simple logic that switches on the pump when the tank is empty
and switches the pump off when the tank is full. In order to
determine the benefits of the proposed RWH-GWR system, a fair
comparison between the existing system and the RWH-GWR sys-
tem is essential. Such a fair comparison is the key to avoid over-
estimation of the proposed RWH-GWR system. To this end, one
have two options. One is to compare the cost of the RWH-GWR
system against the manually operated existing system. One could
argue, however, that this option ignored the potential cost reduc-
tion of the existing system by simply introducing an optimal
operating strategy for the pump, which costs much less than the
RWH-GWR system. To avoid this doubt, the second option is to
compare the water supply cost of the RWH-GWR system against an
improved version of the existing system, in which the pump is
operated optimally. Therefore, an optimal pump operation opti-
mization model is formulated here to minimize the electricity cost
of the existing system subject to TOU tariff as follows.

min Jb ¼
XN
j¼1

tsreðjÞP1ub1ðjÞ;

s:t: hmin
1 � hb1ð0Þ þ

1
At1

Xj�1

i¼0

h
tsQ1u

b
1ðiÞ � DtotðiÞ

i
� hmax

1

ub12f0;1g:

(33)

The existing water tank is a cylindrical one with a cross-
sectional area of 0.5 m2, and minimum and maximum water level
bounds of 0.1 m and 1.0 m, respectively. The pump is rated at 700W
with a flow rate of 0.55m3/h. Fig. 2 shows thewater demand profile
of the residence. The results obtained by this optimization model
using this information are shown in Fig. 3 and are used as the
baseline to evaluate the benefits of the proposed RWH-GWR sys-
tems. In Fig. 3 and the figures that follow, light red, light yellow, and
light green background colours are used to indicate peak, standard,
and off-peak demand periods, respectively.

The proposed RWH-GWR system is limited with a rainwater
catchment area of 100 m2. The GWR system collects water from the
collection points for treatment, storage and redistribution to end-
use points. Two additional non-potable water tanks (i.e. the
rooftop non-potable water and underground tanks) are introduced
to improve non-potable water utilisation and the reliability of the
water supply system. The potable and non-potable water pumps
are the same, with rated power at 700Wand flow rate of 0.55m3/h.
Table 1 shows the physical parameters of the potable water, non-
potable water and underground tanks in the proposed system.
Fig. 2. Residential water demand profile.
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Regarding rainfall intensity, historical data from the Durban
weather station in KwaZulu-Natal province shown in Fig. 5 is used.
4.1. Water tariffs

Table 2 shows the incremental block water tariff structure for
domestic customers in the city of Durban.1 Unlike the TOU elec-
tricity tariff that the cost of electricity increases with the time of the
day, the cost of water increases with the volume of water consumed
in the incremental block tariff. The cost of water is lowest at the first
block of water consumption and increases with the range of water
consumed. In this study, the water tariff contains the incremental
block tariffs for potable water consumption and wastewater dis-
charged to the treatment plant provider by the eTheKwini
municipality.2

The greywater treatment cost is 4 R/m3 using the DeHoust GWM
products, which use BioMembrane technology to produce clear,
odourless and germ-free water quality conforming to the British
Standard 8525-:2010 for greywater reuse systems, EU bathing
water directive 2006/7/EC, and DIN 19650 class 2.3
1 http://www.durban.gov.za/Resource_Centre/Services_Tariffs/Water%20Tariffs/
Forms/AllItems.aspx.

2 http://www.durban.gov.za/Resource_Centre/Services_Tariffs/Water%20Tariffs/
Forms/AllItems.aspx.

3 https://akwasolv.co.za/products/, https://www.akwasolv.co.za/wp-content/
uploads/2018/06/WG68_GWM_500_datasheet.pdf.

http://www.durban.gov.za/Resource_Centre/Services_Tariffs/Water%20Tariffs/Forms/AllItems.aspx
http://www.durban.gov.za/Resource_Centre/Services_Tariffs/Water%20Tariffs/Forms/AllItems.aspx
http://www.durban.gov.za/Resource_Centre/Services_Tariffs/Water%20Tariffs/Forms/AllItems.aspx
http://www.durban.gov.za/Resource_Centre/Services_Tariffs/Water%20Tariffs/Forms/AllItems.aspx
https://akwasolv.co.za/products/
https://www.akwasolv.co.za/wp-content/uploads/2018/06/WG68_GWM_500_datasheet.pdf
https://www.akwasolv.co.za/wp-content/uploads/2018/06/WG68_GWM_500_datasheet.pdf
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4.2. Electricity tariff

The TOU electricity tariff is a pricing structure that varies the
cost of electricity with the time of the day, day of the week and
season of the year to encourage demand response practices.

Eskom, the South African utility company, introduced the Min-
iflex TOU tariff structure for residential customers. The local au-
thorityMiniflex structure divides a day into peak, standard, and off-
peak demand periods and is given as4:

reðtÞ¼
8<
:

0:5732; if t2½0;6�∪½22;24� : off � peak;
1:0504; if t2½9;17�∪½19;22� : standard;
3:4520; if t2½6;9�∪½17;19� : peak:

(34)

where t is the time of the day.

5. Simulation results and discussion

In simulations, the sampling interval is set to ts ¼ 15 minutes.
Optimal tank sizing and pump scheduling using the case study in
Section 4 are investigated. It noted that the model developed deals
with two time scales. Firstly, the operation of the pumps and valve
need to be optimized over 24 h. Secondly, sizes of the water tanks
must be optimized on yearly basis to take into account seasonal
changes in the rainfall intensity. Further, the yearly variations on
rainfall intensity could also have an impact on the tank sizing as
indicated by (Soares Geraldi and Ghisi, 2018).

In order to size the tanks taking into account of seasonal and
multiple year rainfall variations, hourly averaged rainfall data was
measured at a weather station close to the studied household over
five years from 01 December 2015 to 30 November 2020. South
Africa has a wet southern hemisphere’s summer between October
and March, and a dry winter and spring from April to September.
Fig. 5 shows the highest and lowest rainfall intensities over a day in
the dry and wet seasons, respectively. Fig. 4 presents the detailed
procedure followed to make use of the 5-year measured rainfall
data. In short, the tank sizes and operation optimization of pumps
are determined using the 5-year averaged rainfall data and the
resulting sizing and pump schedules are simulated using the actual
measured rainfall intensity over the 5-year period. The discounted
payback periods obtained by the 5-year average data (DPP_average)
is compared to that determined using simulation with actual
rainfall data (DPP_actual) to evaluate the impacts of multi-year
rainfall variation.

5.1. Optimal operation of the proposed RWH-GWR system

Simulation results of the developed sizing and operational
optimization model of the RWH-GRW system are briefly summa-
rized in this section.

Since quantitative analysis on pump maintenance cost with
respect to number of pump switching is very scarce, the pump
switching penalty cost rs is some times determined by trail and
error method that minimizes the number of switching while the
operational constraints of the water supply system are honoured,
such as (van Zyl et al., 2004). In view of this, rs can be viewed as a
tuning parameter according to the pumps involved. When rs ¼ 1,
the sizes of the rooftop potable water tank, rooftop non-potable
water tank and underground tank determined by the optimiza-
tion model are, 544 L, 250 L and 174 L, respectively. In this case,
Fig. 6 shows the operational aspects of the results for the day 01 Jan
4 https://www.eskom.co.za/CustomerCare/TariffsAndCharges/Documents/Eskom
%20schedule%20of%20standard%20prices%202018_19.pdf.
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2020. It can be seen that the model operates the pumps out of the
peak demand periods to minimize electricity costs in meeting the
water demand.

To demonstrate that the model is able to provide decision-
makers the flexibility to fine-tune the results based on different
preferences over capital cost, operating cost and pump switching
cost, one more set of results with rs ¼ 0 is presented in Fig. 7. It can
be seen that the model operates the pumps out of the peak demand
periods to minimize electricity costs in meeting the water demand.
The number of pump switches is increased to ten in Fig. 7 from
seven in Fig. 6.

In this case, the rooftop non-potable water tank size is increased
to 252 L and the underground water tank size is reduced to 137 L
because the pump switching cost is not considered. This illustrates
that decision-makers can tune the weighting factors to obtain the
results that work the best for their pumps.
5.2. Economic analysis

It is important to evaluate the economic feasibility of any proj-
ect. There are a number of different economic indicators such as
internal rate of return, life cycle costs, etc. that can be used for this
purpose (Sasmita, 2010). They however all serve the purpose of
giving the decision maker an indication of the profitability of the
project. To this end, they are equivalent and have their own pros
and cons. For instance, both discounted payback period (DPP) and
life cycle cost all takes into account the time value of money. The
latter, however does not consider the economic savings achieved
from the project. Internal rate of return, on the other hand, de-
termines the discounting rate that makes the project’s net present
value equals to zero. The DPP is very intuitive in the sense that it
give a clear idea about the time required for the investment to
repay itself and is used extensively by decision makers. Therefore,
DPP is used in this study to evaluate the economic feasibility of the
proposed system and is calculated by:

DPP¼my þ Y
Z

(35)

where my is the last year with negative accumulative discounted
cash flow (ADC). In other words, my is the largest number that
makes

ADC¼
Xmy

y¼0

CFðyÞ
ð1þ rÞi

(36)

negative, where r is the discounting factor and CFi is the net cash
flow in the i-th year. Y is the absolute value of ADC and Z is the
discounted cash flow in the next year, CFmyþ1. In this study, the
capital cost includes the purchasing and installation cost of water
tanks, pumps, water treatment and other accessories, which are
determined from the local suppliers and consultants and shown in
Table 3.

The figures given in Table 3, together with the operation opti-
mization result, are used to determine the net annual operating and
maintenance cost savings of the RWH-GWR system shown in
Table 4. In the DPP calculation, themaintenance cost is taken as 10%
of the capital cost of the pumps, tanks, and water treatment sys-
tems, a constant discount rate of 5.2% is assumed, which is the
inflation rate of South Africa in 2018. By contrast, the cost of elec-
tricity increases by 15% in the first three years of the project and
reduces to 9.6% in the fourth year and assumed to remain constant
for the remainder of the project according to South Africa’s elec-
tricity price increase plan. Potablewater tariff increases 15% and the

https://www.eskom.co.za/CustomerCare/TariffsAndCharges/Documents/Eskom%20schedule%20of%20standard%20prices%202018_19.pdf
https://www.eskom.co.za/CustomerCare/TariffsAndCharges/Documents/Eskom%20schedule%20of%20standard%20prices%202018_19.pdf


Fig. 4. Workflow of the optimal tank sizing and operational optimization.

Fig. 5. Measured hourly average rainfall intensity in Durban, South Africa.

Fig. 6. Operation of the proposed system on 2020-01-01 with.rs ¼ 1
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wastewater disposal tariff increases 9.9% every year according to
the Municipality’s historical price increase trend. And the service
life of the project is L ¼ 15 years.

Using the above information and following (39), the DPP (cor-
responding to DPP_average in Fig. 4) of the project was determined
as 4.39 years. Detailed economic analysis data is shown in Table 5.
This demonstrates the benefits of the model presented in this study
in comparison to the results obtained by (Ghisi and de Oliveira,
2007) and (Wanjiru and Xia, 2018), which indicated that the inte-
grated RWH-GWR system does not repay its investment in its
lifetime.

In addition, the DPP was also determined by simulating the
system’s operation over the 5 fives using actual hourly measured
rainfall data in order to verify that the economic analysis result
based on the 5-year average rainfall data can accurately reflect the
reality. This DPP (corresponding to DPP_actual in Fig. 4) is
8

determined to be 4.65 years, which is 5.9% higher than that
determined using the 5-year average rainfall data. This demon-
strates that the economic performance of the proposed system can
be reasonably estimated using averaged rainfall data over 5 years
which acceptable accuracy, which is in line with conclusion drawn
by (Soares Geraldi and Ghisi, 2018): “the use of short-term time
series instead of 30-year time series for the simulation of rainwater
harvesting systems is valid, depending on the rainfall characteris-
tics of the region”.



Fig. 7. Operation of the proposed system on 2020-01-01 with.rs ¼ 0

Table 3
Cost of RWH-GWR components.

Item Cost (R)

Rooftop PW tank 1473.39
Rooftop NPW tank 758.76
Underground tank 4235.80
Pumps 1240
Water treatment 8260
Contoller 10050
Accessories 6200
Installation 8200

Table 4
Annual savings from the RWH-GWR system.

Baseline RWH-GWR Savings

Potable water consumption
Amount (m3) 501.88 359.70 28.33%
Cost (R) 12719.92 5538.40 56.46%
Wastewater discharged
Amount (m3) 416.75 307.17 26.29%
Cost (R) 2894.76 1432.68 50.51%
Energy consumption
Amount (kWh) 638.75 638.75 0.00%
Cost (R) 129.63 130.20 �0.43%
Total operating cost (R) 15744.31 7101.28 54.90%

Table 5
Detailed economic analysis.

Year Cash flow (R) Discounted cash flow (R) ADC (R)

0 �40417.95 �40417.95 �40417.95
1 10536.22 10015.42 �30402.53
2 10536.22 9520.36 �20882.17
3 10536.22 9049.77 �11832.40
4 10536.25 8602.47 �3229.94
5 10536.25 8177.25 4947.32

Fig. 8. Optimization results with ps ¼ 1 and.we ¼ 100
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5.3. Energy water nexus

Fig. 8 is provided to demonstrate the ability of the modified
objective function (36) in achieving different energy and water
utilisation trade-off with the tuning factor we set to 100. It can be
9

seen from Fig. 8 that operation of the pumps are completely shifted
out the peak demand periods in comparison to Fig. 6, resulting even
more energy cost savings. In particular, the annual electricity cost
with we ¼ 100 is reduced to 123.31 rand (4.88% decrease) and the
annual potable water consumption in this case is increased to
384.59 m3 (6.92% increase) in comparison to the optimization re-
sults given in Table 4.
5.4. Sensitivity analysis

Practically, there are uncertainties in the design parameters and
there is a need to investigate the impact of these uncertainties on
the performance of the proposed model. To this end, a sensitivity
analysis of the important performance indicators of the proposed
RWH-GWR system, namely, sizes of the three water tanks, capital
cost, annual cost savings, and DPP of the project with respect to
water demand, electricity price, discounting rate and rainfall in-
tensity is performed. All of the four parameters are varied by factors
of �20%, �10%, 10% and 20%, respectively, and the impacts on the
performance indicators are determined and shown in Table 6. The
sensitivity of the performance indicators is then calculated by (Ray
et al., 2015)

s¼ dx=x
dp=p

(37)

where x and p represents the performance indicator and parameter,
respectively. The sensitivity represents percentage changes in the
performance indicators for 1% change in the design parameters.
Calculation results are shown in Table 7. In Tables 6 and 7, the cells
corresponding to a sensitivity value greater than 0.1 or less than �
0:1 are highlighted for clarity.

Results in Tables 6 and 7 can be interpreted from two perspec-
tives. From the design parameters’ point of view, one can conclude
that electricity price, discounting rate and rainfall intensity do not
have much of an impact on the system’s economic performance.
Although they do affect the sizes of thewater tanks, their impact on
the capital cost, annual cost savings and DPP are quite limited.
Comparatively speaking, the impacts of these three parameters
have about the same magnitude. The most influential parameter is
the water demand. Within [-20%, 20%] variation of the water



Table 6
Sensitivity analysis results: percentage changes.

T1 size T2 size T3 size Capital cost Annual cost savings DPP

water demand
20% 0.00% 10.92% 0.11% 0.16% 31.70% �27.86%
10% 0.00% 5.30% �3.14% 0.05% 14.27% �14.82%
�10% 0.00% �1.99% �12.00% �0.15% �16.52% 25.07%
�20% 0.00% 6.04% 6.69% 0.16% �39.13% 93.59%
electricity price
20% 0.00% 10.09% 0.11% 0.15% 1.98% �2.30%
10% 0.00% 16.15% 2.75% 0.27% 1.98% �2.17%
�10% 0.00% 4.04% 13.30% 0.19% 1.98% �2.25%
�20% �3.11% 16.15% 0.11% 0.14% 1.97% �2.30%
discounting rate
20% 0.00% 16.15% 0.11% 0.24% 1.98% 0.71%
10% 0.00% 4.04% 13.30% 0.19% 1.98% �0.82%
�10% 0.00% 4.04% 13.30% 0.19% 1.98% �3.64%
�20% 0.00% 8.07% 1.45% 0.14% 1.98% �5.06%
rainfall intensity
20% �0.22% 12.11% 22.56% 0.40% 1.99% �2.04%
10% 0.00% 18.60% 9.36% 0.37% 1.98% �2.05%
�10% �3.61% 14.13% �3.02% 0.06% 1.96% �2.37%
�20% 0.00% 4.04% 1.85% 0.08% 1.93% �2.32%

Table 7
Sensitivity analysis results: sensitivity.

T1 size T2 size T3 size Capital cost Annual cost savings DPP

water demand
20% 0.00 0.55 0.01 0.01 1.59 �1.39
10% 0.00 0.53 �0.31 0.00 1.43 �1.48
�10% 0.00 0.20 1.20 0.02 1.65 �2.51
�20% 0.00 �0.30 �0.33 �0.01 1.96 �4.68
electricity price
20% 0.00 0.50 0.01 0.01 0.10 �0.12
10% 0.00 1.61 0.28 0.03 0.20 �0.22
�10% 0.00 �0.40 �1.33 �0.02 �0.20 0.22
�20% 0.16 �0.81 �0.01 �0.01 �0.10 0.11
discounting rate
20% 0.00 0.81 0.01 0.01 0.10 0.04
10% 0.00 0.40 1.33 0.02 0.20 �0.08
�10% 0.00 �0.40 �1.33 �0.02 �0.20 0.36
�20% 0.00 �0.40 �0.07 �0.01 �0.10 0.25
rainfall intensity
20% �0.01 0.61 1.13 0.02 0.10 �0.10
10% 0.00 1.86 0.94 0.04 0.20 �0.21
�10% 0.36 �1.41 0.30 �0.01 �0.20 0.24
�20% 0.00 �0.20 �0.09 0.00 �0.10 0.12
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demand, the capital cost of the project remains stable while the
annual cost savings and DPP vary inversely with the water demand.
Whenwater demand goes up, the DPP will decrease and vice versa.
To be exact, the DPP of the project decreases by more than 27%
when the rainfall intensity is increased by 20% and the DPP is
almost doubled when the rainfall intensity is reduced by 20%. This
also agrees with published works, such as (Ghisi and de Oliveira,
2007), (Rahman et al., 2010), (Zhang et al., 2009), (Ghisi and
Ferreira, 2007), that the RWH-GWR is economically more attrac-
tive for customers with high water demand. The water demand’s
impacts on the water tank sizes are similar to the other three
parameters.

All parameters affect the sizes of the three tanks. Electricity
price and rainfall intensity are the most influential parameters for
the size of T2. The size of T3 is sensitive all the four parameters with
no particular trend. Capital cost of the project is most robust against
uncertainties in these parameters with negligible sensitivities
values. Annual cost savings depends mostly on the water demand.
Regarding the DPP, it is relatively stable for uncertainties in elec-
tricity price, discounting rate and rainfall intensity. It is affected
noticeably by the water demand on the other hand. As mentioned
10
in the preceding paragraph, the proposed system is more beneficial
for customers with high water demands. In particular, the DPP re-
duces to 3.17 years when the water demand increases by 20% while
it shoots up to 8.15 years when the water demand falls by 20%. In all
the other parameters’ sensitivity analysis, the DPP ranges from 4.17
to 4.43 years.

6. Conclusion

A combined water tank sizing and pump operation optimization
model is developed for integrated rainwater harvesting and grey-
water recycling systems in residences. The model is validated by a
case study in South Africa, a semi-arid country. Sensitivity analysis
of the model results in terms of tank sizes, annual cost savings and
the discounted payback period of the proposed solution with
respect to design four parameters is performed. The results show
that the model is most sensitive to the end-user water demand and
the least sensitive to the electricity price increase. ±20% change in
discounting rate and rainfall intensity also have a limited impact on
the system’s performance. The project capital cost and annual cost
savings remain stable irrespective of all of the four design
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parameters investigated. Overall, the proposed system results in an
economically attractive solution for residential users with more
than 50% annual cost savings and a discounted payback period of
about 5 years. The findings of the study indicate that when com-
bined, greywater recycling and rainwater harvesting could provide
a beneficial residential water supply solution with acceptable
economic performance. Local governments and municipalities
should consider to provide rebates and incentives to such projects.
This will reduce the investment cost and improve the financial
attractiveness of such projects for a wider adoption, which will
promote sustainable utilisation of the scarce water resource. Future
research directions include integration of renewable energy sour-
M2 ¼ � ts
At1

2
664
0 0 0 Q1 0 / 0 0 / 0 �Q3 0 / 0 0 / 0 0 / 0
0 0 0 Q1 Q1 / 0 0 / 0 �Q3 �Q3 / 0 0 / 0 0 / 0
« « « « « 1 « « 1 « « « 1 « « 1 « « 1 «
0 0 0 Q1 Q1 / Q1 0 / 0 �Q3 �Q3 / �Q3 0 / 0 0 / 0

3
775
N�ð3þ5NÞ

; (40)
ces to support the water supply system, integrated operation
scheduling of the water supply system and home appliances, and
investigation of the applicability of the proposed system in
different climate zones.
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Appendix. Appendix

The elements of the constraint matrices and vectors in (26) are
given here. In particular,M1,M2,M3,M4,M5 andM6 are matrices of
the inequality constraints (19), (20) and (21), while b1, b2, b3, b4, b5
and b6 are the corresponding vectors.M7 and b7 are the matrix and
vector of the auxiliary variables in (15), (16), (17) and (18).
M1 ¼
ts
At1
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�

3
77777777775
N�1

; (47)

M6 ¼
ts
At3

2
664
0 0 0 0 / 0 Q2 0 / 0 0 / 0 0 / 0 0 / 0
0 0 0 0 / 0 Q2 Q2 / 0 0 / 0 0 / 0 0 / 0
« « « « 1 « « « 1 « « 1 « « 1 « « 1 «
0 0 0 0 / 0 Q2 Q2 / Q2 0 / 0 0 / 0 0 / 0

3
775
N�ð3þ5NÞ

; (48)

b6 ¼

2
66666666664

h3ð0Þ � hmin
3 þ 1

At3

�
Vgwð1Þ þ Vrwð1Þ � Vovð1Þ

�

h3ð0Þ � hmin
3 þ 1

At3

��
Vgwð1Þ þ Vgwð2Þ

�þ ðVrwð1Þ þ Vrwð2ÞÞ � ðVovð1Þ þ Vovð2ÞÞ
�

«

h3ð0Þ � hmin
3 þ 1

At3

��
Vgwð1Þ þ/þ VgwðNÞ

�þ ðVrwð1Þ þ/þ VrwðNÞÞ � ðVovð1Þ þ/þ VovðNÞÞ
�

3
77777777775
N�1

; (49)

M7 ¼ ts

2
664
0 0 0 1 0 / 0 0 1 0 / 0 0 0 / 0 �1 0 / 0 �1 0 / 0
0 0 0 �1 1 / 0 0 �1 1 / 0 0 0 / 0 0 �1 / 0 0 �1 / 0
« « « « « 1 « « « « 1 « « « 1 « « « 1 « « « 1 «
0 0 0 0 0 / �1 1 0 0 / �1 1 0 / 0 0 0 / �1 0 0 / �1

3
775
N�ð3þ5NÞ

; (50)

b7 ¼ ½0 / 0 �TN�1; (51)
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