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Abstract Water is one of the most important resources in
the world because it is essential for the life. Recently,
several strategies for the proper use of water in different
sectors (industrial, agricultural and domestic) have been
ported, which involve options such as recycling, reusing
and regeneration. However, the overall water management
in a macroscopic level has received lower attention. In the
macroscopic level, numerous water uses are involved and
several sources of freshwater can interact to satisfy the
freshwater demands, where also recycling, reusing and
regeneration strategies can be implemented. Therefore, in
this paper is proposed a new optimization formulation for
the proper use of water in a macroscopic level involving
water recycling, reusing and regeneration as well as
accounting for the impact in the surrounding watershed. A
case study from the central-west part of Mexico was ana-
lyzed, and the results show that is possible to reduce the
freshwater consumption by 21 % with an investment of US
$686,510,000/year.

Keywords Water management - Rainwater harvesting -
Optimization - Recycling - Reuse

Abbreviations
Acronyms (superscripts)
A, agri  Agriculture

bw Black water
cap Capacity
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de San Nicolds de Hidalgo, Morelia, Michoacan 58060,
Mexico

D Direct discharges

G, gar  Gardening

GW Greywater

H Residential discharges

I Industrial

In Inlet

L Loses

Out Outlet

p Precipitation

R, res Residential

t Treated flowrate

tbw Treated black water

tgw Treated greywater

tww Treated wastewater

U Uses

wWwW Wastewater

Variables

A Conditioned area for rainwater
harvesting

BW™* Flowrate for treated black water from
the residential sector

Cost Cost

N Capacity for piping

F,f Flowrate

GW Flowrate for the treating greywater

O Outlet water from the reach r over the
time period ¢

TAC Total annual cost

TotFresh Total freshwater flowrate

S Flowrate for the stored water

TBW ischaree Flowrate for treated black water that is

sent to discharge into different reaches
of a river over the time period ¢
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discharge—reach

Flowrate for treated black water that is
distributed to any reach r over the time
period ¢

Flowrate from treated greywater for
residential sector that is reclaimed
Flowrate for treated greywater that is
discharged into different reaches of a
river over the time period ¢

Flowrate for treated industrial
wastewater that is distributed to any
reach r over the time period ¢

Flowrate for treated wastewater for the
industrial sector that is available for a
further use over the time period ¢

Uses of any reach r over the time period
t

Flowrate discharged from tributary uses
trib to the reach r over the time period ¢
Flowrate for the treating wastewater
from the industrial sector

Composition of the outlet water of a
pollutant ¢ of any reach r over the time
period ¢

Reactive term to account for the
chemical and biochemical reactions that
take place in the reach

Unit fixed cost for area to rainwater
harvesting

Maximum available area

Unit fixed cost for treating water
Unit fixed cost for storing to
rainwater harvesting

Unit fixed cost for piping from a
source to a sink

Unit variable cost for area for
rainwater harvesting

Unit variable cost for treating
wastewater

Unit variable cost for storing
harvested rainwater

Maximum capacity available for
the treatment unit for black water
Unit variable cost for piping from a
source to a sink

Exponent to take into account the
economies of scale

Direct discharges of any reach

r over the time period ¢

Flowrate needed for different
purposes

fMAX

FT; trib s

GWMAX
H.,

Ir,tribA,t

SS —MAX

S
uc

UPC

URC

UTBWC?}SCharge_reaCh

UTGwcC

Urwwc

uwc
V(!
WwMAX

X

reach—mx
XC

x5

c,r,trib,t

Maximum capacity available for
the pipe segment from a source to a
sink

Flowrate of discharges from
tributaries trib of any reach r over
the time period ¢

Maximum capacity available for
treatment units for greywater
Residential discharges to any reach
r over the time period ¢

Flowrate discharged from
industries to tributary trib of the
reach r over the time period ¢
Factor used to annualize the
inversion

Loses to any reach r over the time
period ¢

Precipitation from the reach r over
the time period ¢

Factor of precipitation over the
time period ¢

Maximum available capacity for
the storage device

Flowrate discharged

Cost of water from a fresh
source

Operating cost for piping from a
pond to a sink

Operating cost for piping from
rainwater harvesting to a sink
Operating cost for piping from
treated black water to discharge
at any reach r over the time
period ¢

Operating cost for piping from
treated greywater to a sink
Operating cost for piping from
treated industrial wastewater to a
sink

Operating cost for piping from well
w to a sink

Operating cost for treating water
Maximum capacity available for
treatment units for industrial
wastewater

Composition of the pollutant
Maximum composition of the
outlet water of a pollutant ¢
Composition of the pollutant ¢ in
untreated flowrate for any tributary
trib, for any reach r over the time
period ¢
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Binary variables

y Binary variable to activate the existence for a
harvesting rainwater area (A), treatment units (f), pipe
section (p) and storage units (S)

Greek symbols

o Fraction that is associated with water lost through a
sector

f Fraction of water that can be treated for a future use

Sets

C Set for different pollutants in the river (clc = 1,
. 0

P Set for available ponds (plp = 1, ..., P)

R Set for available reaches (rlr = 1, ..., R)

T Set for time periods in years (ft = 1, ..., T)

TRIB Set for the tributaries in the river (tribltrib = 1, ...,
TRIB)

w Set for available wells (wlw =1, ..., W)

Introduction

Water is one of the most important resources for the human
life, which is used for industrial, agricultural and domestic
activities. Recently, around the world sever water scarcity
problems have been observed because of its intense use.
Figure 1 shows the intense interactions between the
activities involved for the use of water. In the recent past,
the water was considered as a renewable resource because
it belongs to a cycle; nevertheless, nowadays the situation
has changed because of the pollution problems. Although

WATER DISTRIBUTION

Oceans

97%
Fresh water
3%

Fig. 1 Water distribution around the world (CONAGUA 2012)

that the planet has about 1400 million of km® of water
(SEMARNAT 2014), recently there has been observed an
overexploitation of the freshwater bodies and this has
promoted the water scarcity. In the industrial sector, the use
of water networks through recycling, reusing and regen-
eration has been successfully applied. In this context, Foo
(2009) presented an extensive review of pinch-based
techniques for synthesizing water networks in continuous
processes; it should be noticed that the pinch-based tech-
niques represent the basis for the water integration in the
industrial processes. Gows et al. (2010) presented a review
for industrial water minimization involving batch pro-
cesses. Jezowski (2010) presented a review regarding
industrial water networks using graphical and mathemati-
cal programming techniques. The mathematical program-
ming techniques are able to yield better solutions than other
approaches. Ng et al. (2010) presented an optimization
formulation to determine the target for the minimum water
consumption in industrial processes. Fu et al. (2012)
developed an approach for the water consumption in dif-
ferent processes. These previous reported approaches have
identified significant reductions in the water consumption
in the industrial processes; this has motivated the imple-
mentation of rigorous optimization formulations for the
synthesis of water networks in other activities. In this
context, Santos-Pereira et al. (2002) discussed some of the
issues related to crop irrigation management focusing on
management policies under water scarcity situations. Jho-
rar et al. (2009) proposed a water distribution model for
irrigating under low precipitation conditions. Agrofioti and
Diamadopoulos (2012) showed that adapting the existing
wastewater plants to include tertiary treatment might help
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to satisfy up to 4.3 % of the irrigation requirements in the
Greek island of Crete. Additionally, other studies have
been proposed for water reclamation. This way, Hurimann
(2011) reported that the use of reclaimed water in single
households has potential to satisfy some of the demands
mainly of irrigation. Zaneti et al. (2012) presented a study
of the use of reclaimed water in washing vehicles. Al
Khamisi et al. (2013) recommended the use of reclaimed
water to satisfy crop water requirements.

Recently, some strategies have been proposed to
consider the reuse of water in different human activities.
For example, Chilton et al. (1999) implemented an
analysis for a water collection system installed in a mall.
Appan (2000) proposed the use of a rainwater collection
system in the Nanyang Technological University in
Singapore. Cheng et al. (2006) presented a quantitative
evaluation method for rainwater harvesting. Besides,
rainwater harvesting has been explored as a viable
alternative. In this context, Eroksuz and Rahman (2010)
proposed the use of rainwater tanks in multi-unit build-
ings. Domeénech and Sauri (2011) implemented a com-
parative study of the use of rainwater in single- and
multi-family buildings. Domeénech et al. (2012) studied
the use of harvested rainwater in developing countries.
Rahman et al. (2012) proposed the use of rainwater tanks
in detached houses. Bocanegra-Martinez et al. (2014)
presented an optimization formulation for rainwater har-
vesting and distribution in households. Garcia-Montoya
et al. (2015a) proposed a mathematical model for syn-
thesizing domestic water networks involving greywater
recycling, and then, Garcia-Montoya et al. (2015b)
incorporated the environmental impact assessment for
this approach. Furthermore, Rojas-Torres et al. (2014)
reported a multi-period mathematical programming
model for the optimal planning of water storage and
distribution in a macroscopic system. In addition, for
agricultural water management, Raul et al. (2011) pre-
sented a simulation model to mitigate the irrigation water
deficit in a rice crop system considering groundwater as
an alternative source without compromising the resource.
Additionally, Arredondo-Ramirez et al. (2015) presented
an optimization approach for designing agricultural water
networks involving recycling, reusing and regeneration.
Previous approaches have identified that is possible to
deduce significantly the freshwater consumption in dif-
ferent human activities through water integration
techniques.

In addition, several strategies have been reported to
solve the water distribution problem. In this context, Oli-
veira-Esquerre et al. (2011) proposed a method for mini-
mizing the water use considering water reuse and involving
geographical and hydrogeological information. Napoles-
Rivera et al. (2013) presented an optimization approach for
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the sustainable water management for macroscopic sys-
tems. Numerous methods for synthesizing interplant water
networks based on heuristic rules have been reported. In
this context, Foo (2008) implemented a numerical tool to
calculate the minimum freshwater in inter-plant integra-
tion, and Rubio-Castro et al. (2010) reported a global
mathematical programming approach for solving the same
problem. Additionally, multi-objective  optimization
approaches have been proposed by Boix et al. (2012).
Moreover, Lopez-Diaz et al. (2015) presented a mathe-
matical model for water integration in eco-industrial parks
with the purpose of mitigating the environmental impact of
industrial effluents discharged into watersheds. Zhang et al.
(2013) presented an approach for the solution of a
macroscopic system under uncertainty using reclaimed
water as alternative water source. Also, Alnouri et al.
(2014) proposed an effective water integration and
matching among available water streams using a spatially
constrained approach that utilizes the shortest path options.
Nevertheless, they did not include different users, water
storage and the availability of natural resources. Then,
Napoles-Rivera et al. (2015) considered alternative water
sources under parametric uncertainty for the optimal multi-
annual water storage and distribution scheduling. It should
be noted that the above-mentioned works have not con-
sidered the interaction with the surrounding watershed and
involving multiple cities.

Furthermore, the proper water management in the
watersheds has been recently accounting for. This way, the
material flow analysis technique (MFA) has been used to
track the chemical species through watersheds. In this
context, Baccini and Brunner (1991) developed a MFA
model to analyze ecosystems with human activities that
exchange mass and energy with their surroundings. Lam-
pert and Brunner (1999) proposed a MFA model to track
the major nutrients in the Danube River. Lovelady et al.
(2009) reformulated a MFA model to determine the max-
imum allowable discharges to ensure the sustainability of a
watershed. Lira-Barragan et al. (2011) presented an opti-
mization formulation for the proper facility sitting
accounting for the water management in the surrounding
watershed. Burgara-Montero et al. (2012) proposed an
optimization approach to design distributed treatment sys-
tems for the effluents discharged to the rivers. In addition,
Martinez-Gomez et al. (2013) incorporated safety issues to
the industrial wastewater discharges during the synthesis of
industrial water networks. Lopez-Villarreal et al. (2014)
included the pollution treading in the water management in
watersheds.

It should be noted that the above-mentioned works have
not considered the simultaneous interaction of the sur-
rounding watershed in the optimization for the use of water
in a macroscopic level (see Fig. 2). This interaction is very
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Gardening

Agriculture

Fig. 2 Problem statement

important because there are several water uses and
wastewater discharges that interact with the surrounding
watershed; in addition, the implementation of water recy-
cling, reusing and regeneration, as well as storage and the
incorporation of rainwater harvesting options affect the
surrounding watershed. Furthermore, these aspects also
interact with other uses and discharges as well as natural
phenomena, which affect drastically the watershed and the
final disposal for this water. Therefore, this paper proposes
a general mathematical programming model for the sus-
tainable water management in a macroscopic level, which
considers the different water uses (industrial, agricultural
and domestic) as well as the incorporation of water reusing,
recycling, regeneration and rainwater harvesting to deter-
mine the effect in the surrounding watershed and in the
final disposal. It should be noticed that the addressed
problem is too complicated to formulate using the pinch
analysis. The environmental assessment in this paper was
considered through the pollutants constraints through the
watershed, and a single period approach is used.

Industry

Tributary

Problem statement

The addressed problem in this work is described as follows.
For a proper use of water in a macroscopic system, dif-
ferent sources of freshwater are given, including ponds and
wells with different amounts of available water and chan-
ges through the year. Also, there are specific users with
given water quality requirements and demands (i.e., resi-
dential, gardening, industrial and agriculture), also there
are considered the water uses and discharges in the sur-
rounding watershed, which affect specific points in the
rivers. Also, the natural phenomena like precipitation,
evapotranspiration, filtration and the chemical and bio-
chemical reactions that take place in each section of the
river are considered. With all this information, the problem
consists in determining the optimum way to satisfy the
water demands for agricultural, residential, industrial and
gardening uses accounting for the sustainability constraints
for the water bodies as well as for the watershed. In this
way, several recycling, reusing and regeneration options
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are considered, in addition to incorporate the rainwater
harvesting option. The problem then consists in determin-
ing the optimum water network in the macroscopic system
to satisfy the water demands at the minimum cost and with
the minimum environmental impact. The optimization
approach determines the needed units (treatments, storages
and pipes) as well as the involved flowrates. The proposed
mathematical programming model is general, it is based on
the proposed superstructure of Fig. 3, and this can be
applied to different case studies with the corresponding
data. The major benefits for the presented approach are that
it includes the interactions between different water uses
and discharges accounting for the surrounding watershed,
and the model allows determining water targets before the
detailed design. The major drawbacks of the presented
model are that it is a steady-state approach and that it does
not account for the involved uncertainty for different water
sources (i.e., rain) and users. For a future work, it is rec-
ommended to propose a proper stochastic optimization
approach for handling the involved uncertainty. Next sec-
tion presents the mathematical model, and the application
to a case study is presented in the Case Study section,
where the used data are reported or referenced.

Model formulation

This section presents the proposed model formulation,
which is general and can be applied to different case
studies. First, the used indices are described; hence, t rep-
resents the time periods in years, p is any available pond,
w is any available well, r represents the reaches, ¢ repre-
sents the pollutants in the river, trib represents the tribu-
taries. The complete description of the used symbols is
presented in the nomenclature section. The presented
model is a similar representation of the typical sources—
sinks industrial water networks; the main constraints are
associated with the used data to characterize the different
water sources and sinks; also in this case, there are several
options for water sources (harvested rainwater and
reclaimed water) and several forbidden recycling options
because of the water quality needed in the sinks, another
important point is to characterize the watershed and to
model this as a set of reaches. Finally, natural phenomena
must be included in the model. Figure 4 shows a general
description to yield the mathematical formulation to
address this problem. This figure indicates that first it is
needed to identify the main water source and sinks. Then,
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Fig. 4 Approach to yield the
mathematical model

>

V
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the available treatment technologies are also identified.
And the surrounding watershed is also identified and
characterized to determine the needed reaches. Then, there
are needed water balances for the identified sinks, sources,
treatment technologies as well as for the reaches in the
watershed. With this information, then the potential units
are placed at the superstructure to determine their existence
through binary variables. Then, the objective function is
determined, and the problem is coded and solved. Then, the
proposed model formulation is stated as follows.

Mass balance for ponds

The used water from any pond p over the time period ¢

(F},’f;“d) is equal to the water sent for residential use

pond—residential pond—gardening

ot ), plus gardening use (f;; ), plus
industrial use (2" "™) | plus  agricultural use

(fp:ct)ndfagriculture)

pond __ pepond—residential pond —gardening pond—industry
FPvt _‘fl;vt +‘f1‘71t +‘f1‘71t (1)

ond—agriculture
+h , Vp, Vi

Mass balance for wells

The used water from any well w over the time period ¢
(Fye!) is equal to the water sent for residential use

o . 11— gardening
(fyell-residential) “plus gardening use (f; = %), indus-

ell—industry

i 11—agricult
trial use (fvz p well —agricul ure):

) and agricultural use (f,;;

well __ rcwell—residential well—gardening well—industry
Fw,t —Jwyt +fw,t + w,t
well —agriculture
+h , Yw,Vr (2)

Rainwater harvesting

There is considered the rainwater harvesting for different
uses, including residential, gardening, industrial and agri-
culture. The mass balance for the rainwater harvesting for
different activities is similar and only is presented as an
example the one for the case of residential rainwater har-
vesting as follows. The harvested rainwater over the time
period ¢ (Frainwater—residential=in) ¢ equal to the precipitation
in that time period (R,) multiplied by the conditioned area
in the residential sector (AR):

Rt . AR — F;mnwaterfremdennalﬂn, Yt (3)

Similar relationships are used for gardening (using
F;'amwater—gardemng—m, R, an d AG), industrial ( F;amwater—mdustry—m,
R, and A") and agriculture (F"™Aeragietlue=in o and AM).

Rainwater storage

The harvested rainwater for the different uses can be
stored. For example, the stored rainwater for residential use
over a time period ¢ (Srinvater—residentialy j¢ equa] to the stored
rainwater at the end of the previous time period
(Srainwater—residential) 1y the harvested rainwater over the
current time period (Frainvater—residential=iny “minyg the used
water for residential purposes (Frainvaer-residential —outy,
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Srainwaterfresidential _ Srainwaterfresidenlial + Frainwaterfresidential7in
t — M1 t

_ F;'amwaterfresmennal70ut ’ Yt ( 4)

Similar  relationships are used for gardening
( S;ainwaler—gardening, Ffrainwaler—gardening—in and Ftrainwater—gardening—out)

s

and
rainwater —agriculture
(S

( Srainwaterf industry Fminwaterf industry —in
t ot

industry

ainwater —industry —out .
FmvaerTindsy=outy - and  agriculture
Ftrainwaterfagﬁcmturefin and F;ainwaterfagn‘cuhurefout)_

s

Water use

There are needed water balances for the different uses; for
example, the balance for the residential use is stated as
follows. The needed water for residential purposes over the

time period ¢ (F’ {eSide“‘ial) is satisfied with the one sent from
pond—residential

any pond (fp;
well (fyell-residential) " 51ys the one obtained from harvested

rainwater ( Ftrainwater—residential—out):

fpond—residential 4 well—residential
p.! w,t
P w

+ Ftramwater—remdent]al—oul _ 1:;;(=,51dem1al7 V¢ (5)

), plus the one obtained from any

Similar relationships are stated for gardening (Ff"*""¢,
pond—gardening ~well —gardening gardening tored—outy :
foi Swa , tgw; , TWWSOrEE=o) Hindus-

. industry ~pond—industry well—industry j-rainwater—industry —out
trial (F, 9fp,t SJwi , ) and

. agriculture pond—agriculture well —agriculture
agricultural  (F; s Jor ) w,t )
Ffainwater —agriculture—out i tgw?griculture ) Lses.

It should be noticed that the interaction between industry
and residential sectors is not allowed because the differ-
ences in the involved pollutants and the water quality
required in each sector.

Processing of residential water

The used water in the residential sector over the time
period ¢ (F' {e“idemial) is processed in the residences, and part
of this water is lost (in this case, the conversion factor
gresidential j¢ ysed, which can be determined experimentally
as was indicated by Garcia-Montoya et al. 2015a), then this
used residential water is discharged after a processing time

rt as greywater (GW'esidentialy and black water (BW!esidential).

t+rt
residential residential __ residential residential
F o =GW i +BW , Vi
(6)
BW;emdenual — befresuientlal . Gw;emdentlal’ Yt (7)

Treating residential greywater

The discharged greywater from residential use over the
time period ¢ (GWf“ide“‘ial) is treated, and part of this water
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will be available for a further use after the greywater

processing time gwt (TGWﬁngt“‘ial) accounting for the

conversion factor (gresidential=ew
2015b):

residential residential —gw __ residential
GW! B = TGWiSsidenial,

) (see Garcia-Montoya et al.

vt (8)

It should be noted that
Bresidentialfgw

the conversion factor

can be determined from experimental reports
(see Garcia-Montoya et al. 2015b).

Treating residential black water

The black water discharged from the residential use over
the time period # (BW™sidential) jg treated accounting for a
conversion factor (fei9ential=b"y and the treated black
water (TBW!eSidentialy wi]] be available after the black water
processing time bwt:

residential residential—bw __ residential
BW; ! ﬁ - TBwt+bwt )

Vit 9)

The conversion factor
'Bresidentialfbw

for treating black water

can be determined experimentally (Garcia-
Montoya et al. 2015b).

Greywater distribution

The treated greywater from residential use over the time
period ¢ (TGW?"’Sidemial) can be stored for a future use
(TGWf“’red_i“) or this can be discharged to the environment
(TGWdischarge ) .

P :

TGW;esidential — TGW?tored—in + TC}V\/;‘iischarge7 V¢ (10)

Storing greywater

The stored greywater at the end of the time period 7 (SSV)
is equal to the stored greywater at the end of the previous
time period (SSY), plus the treated greywater sent to the
storages over the time period (TGWS°®d=i") minus the
treated greywater distributed to different uses over the time
period (TGWStred—outy:

S,GW _ SS\Y + TGW?loredfin _ TGW?toredfout’ Yt (1 1)

Distribution of treated greywater

over the time

distributed  for

The treated greywater
(TGW;*=")  can  be
agriculture

(tgw& ") and for agriculture (tgw’

period ¢
gardening

) as follows:

TGW?tored—out _ tgwtgardening + tgwitlgriculture’ V¢ (12)
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It should be noticed that the treated greywater must satisfy
the environmental norms to use it in gardening and agri-
culture and to avoid human health problems. This is
ensured through the used treatment technologies.

Using industrial water

The industrial water used over the time period ¢ (F\""") is

industry
t+it
time it accounting for a conversion factor (") as
follows:

discharged as wastewater (WW ) after a processing

industry _ _industry __ industry
indsy  gindots _ sy gy (13)

Treating industrial wastewater

The industrial wastewater discharged over the time period ¢
(WWmSTy must be treated accounting for a conversion factor
(f"9"1Y) and the corresponding treated industrial wastewater

(TW W}T&S‘,vtrty) is available after a time period wwt:

Wwindustry . ﬁindustry Twwmduitl'y Vt (]4)

+wwt

Distribution of treated industrial wastewater

The treated industrial wastewater can be distributed over

the time period ¢ (TWW!™"™) (o the storage units

(TWWStored=iny - and  discharged to the environment

(Twwitndustryfdischarge):

Twwinduslry _ Tww?toredfin + r-rvvvvitndustry7discha:ge7 V¢
(15)

Storing treated industrial wastewater

The stored industrial wastewater at the end of the time
period 7 (S is equal to the one at the end of previous
period (S™""™), plus the inlet treated industrial wastewater
(TWWstered=iny minus the one distributed (TWWStored—out):

industry
Sl

— Smdustry _|_TWWstored in Twwfloredfout, Yt

(16)

Distribution of treated greywater

The total greywater discharged to the environment over the
time period 7 (TGW"™€) cap be distributed to any reach

discharge—reach
r (Z tgwy ¢ ):
T

TGW?ischarge _ Z tgwdlscharge reach V¢ (17)

r

It should be noticed that the leakages for the water
distribution have not been considered.

Distribution of treated black water

The black water discharged to the environment over the
time period # (TBWY*™"8%) can be distributed to any reach
r (Z t]:)Wdlscharge reach)

TBWtresidential — Z tbwcriftschargefreach, Yt (18)
r

Distribution of treated industrial wastewater

The treated industrial wastewater that is discharged to the

dustry—disch
environment over the time period ¢ (TWWndusty—discharge,

can be distributed to any reach (Z tww dmh‘”ge reach.

Twwindustry—dlscharge § tVvvvdmcharge reach Yt (]9)

Overall balance for any reach

The watershed is divided in several reaches, accounting for
the different water inputs and outputs. The outlet water
from the reach r over the time period ¢ (Q, ) is equal to the
inlet water to this reach (Q,_;,), plus precipitation (P, ),
discharges from tributaries (FT; i), direct discharges
(D.,), residential discharges (H,,), additional discharges for

discharge—reach

treated greywater (tgw,, ), treated black water

disch h L .
(tww, 2T treated industrial discharges minus los-

ses (L) and uses (V;):
Qr,t = Qrfl,t + Pr,t + Z FTr,lrib,t + Dr,t + Hr,t

trib
4 tgwdlscharge —reach +tbwdl<charge —reach

dlscharge reach Lr
t

—+ tWW r s vr? vt (20)

Component balance for each reach

The component balance for each reach is determined
multiplying the flowrates of Eq. (20) times the corre-
sponding compositions, and including the reactive term
(ke (X;efﬁh)g‘) to account for the chemical and biochemical
reactions that take place in the reach:
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reach reach § :
Qr,t et Qr 1, Xcr 1t + Pr,t : Xg,r,t + FTr,trib,t'

trib

Xtrib . + Drr X + Hr[

c,r,trib,t cr.t crt

discharge—reach tgw dlscharge reach
+tgw) <Xy +tw
tbw discharge—reach tww
Xcrt+tww Xcrt_l‘” crt
Vv reach
— Voo X2, — k(X7 Ve,V Ve

@)

Overall balance for each tributary

The balance for each tributary states that the dis-
charged flowrate from each tributary to the reach

r (FTiwin,) is equal to the one discharged from

( ntreated)

e ( realed)

rtrib 1 industrial

untreated treated
(Irtribs), precipitation (Ppgip,) and direct discharges
(D tribs), minus losses (L i) and uses (Upip,) Over a

given time period:

untreated treated
FTr,trib,t = Sr trib,¢ + Sr trib, + Ir,lrib,t + Pr,lrib,t + Dr‘trib,t

— L by — Vr, Vtrib, Vt

r trib,t 5

(22)

Component balance for each tributary

The component balance for each tributary accounts for
each term of previous relationship multiplying by the
corresponding composition and the reactive term for the
chemical and biochemical reactions (k.(X” e x i, )7 as

follow:
untreated St treated t
FTT trib,¢ * ( X trlb N Sr trib,¢ Xc r,trib,t Sr trib,z Xc JI,trib,¢
1 P
+ If trib,z XL 1 trib, + Pr,trib,z : Xcﬁr,tribﬁt
L
+ Dl’ trib,# Xc r,trib,¢ Lf trib,r * Xantrib.t
U T [
- Ur,trib,t ' Xc‘r,trib.t - k (Xcrtrlb t) ’

Ve, Virib, Vr, ¥t
(23)

Environmental constraints

The pollutant concentrations should be restricted
depending on the reach as follows:

Xreach < Xreach mx

c,r,t

Ve, Vr, Vit (24)
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Freshwater cost

The freshwater cost (Cost™™M™ar) i5 equal to the sum of
freshwater from any pond (UCFregh pordp ) plus the sum

of freshwater from any well (UCQ{‘;S}I’WEHFW,,):

COStFreshwater _ § : § UCFreshfpond A F .

+ Z Z UCFre%h well | w .

(25)

Rainwater harvesting cost

The rainwater harvesting cost (CostRainwater—harvestingy fyq¢
accounts for the factor used to annualize the inversion (kg),
which multiplies the capital costs for conditioning the areas

for rainwater harvesting associated with residential
(R . yAR | pAR . (AR)CAR), gardening (a0 - yAC + pAGC.
(A%)S™), industrial (a1 - yAT + HAT . (A1)

YAA £ pAA L (AN e

CAI) and agricul-
tural (a®A

. _ st CAR
COStRamwater harvesting _ kF . [aAR

-yAR | pAR L (4R)CH)
.yAG + pAC. (AG)CAG]
_yAI 4+ AL (AI)CAI}

YAA L pAA (AA)CAA

+kF . [aAG
+ kg - [CZAI
+kF . [ClAA

]
(26)

In previous relationship, y corresponds to a binary
variable associated with the existence of the required area,
whereas a, b and ¢ are unit factors used to account for the
capital costs.

Activation of binary variables associated
with rainwater harvesting areas

There is needed a constraint to activate the binary variables
(y) for conditioning the rainwater harvesting area (A), when
this is required, using the maximum available area (AMAX)
for the different types of uses. For example, for the resi-
dential sector this relationship is stated as follows:

AR S AR*MAX . yAR (27)

Similar relationships are needed for gardening, industry
and agriculture. It should be noticed that these uses are the
ones recommended by the norms for the direct use of
harvested rainwater avoiding health problems (SEMAR-
NAT 2014).
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Storing rainwater harvesting cost

The capital cost for storing rainwater accounts for the
factor used to annualize the inversion (kg) multiplied by the
cost for storing rainwater for residential (a°® - ySR4-

BSR- ($SR)T),  gardening (a5 - 356 4 b5 - (550)T,
(aSI .ySI A (SSI)CSI) and
(@A - ySA 4 bSA . (SSA)CSA) uses:
CostRainwater—storing _ . [4SR (SR | pSR SSR)CSR]

+ kg - [aSG -ySG 4 pG. (SSG)CSG]

Tk @Sy BT (SSI)CS]]

T N RS S (o

(28)

industrial agricultural

In previous relationship, the constants a, b and ¢ are
parameters used in the corresponding capital cost functions
(see Bocanegra-Martinez et al. 2014).

Capacity for storing rainwater tanks

There is needed to determine the capacity for the rainwater
storage tanks. For example, the capacity for the storage
devices for rainwater for residential use (S5}) must be greater
than the one required in any time period (Srainwater—residentialy,

SSR 2 Sxf'ainwaterfresidential , Yt (29)

Similar relationships are needed for the storage devices
of harvested rainwater for gardening, industrial and agri-
cultural uses.

Activation of binary variables for storage devices
for harvested rainwater

When the capacity of the storage device for harvested
rainwater for residential use (SSR) is greater than zero, the
associated binary variable (yS®) must be one, otherwise this
binary variable should be zero. This is modeled through the
maximum available capacity for the storage device
(SSR-MAX) 45 follows:

SSR < SSR*MAX . ySR (30)
Similar relationships are needed for the binary variables
associated with the existence of the storage devices for

harvested rainwater for gardening (y59), industrial (y3") and
agricultural (y5*) uses.

Wastewater treatment costs

The annual wastewater treatment cost (CostTreamenty
accounts for the operating cost for treating greywater

(VCEM . S° GWresidentialy © plyg the annualized capital cost
t

for the treatment unit for
[a®"" . Y8V 4 pEWL. (GW“’S)CM]), plus the operating costs

for treating black water (VC™™ . 5" BWresidentialy a5 well as
t

greywater (kg

the corresponding capital cost (kg - [@®™ - yPVt 4 pOWL.

(BWreS)Cle]) and the operating cost for treating industrial

wastewater (VC*™' - 5" WW"™) and the corresponding
t

capital cost for the needed units

(kF . [awwt _ywwl + bwwt . (Wwind)cwm]):
CogtTreatment _ y7cgwt | Z ngesidential + kg
t

. [ath . ngl -+ bth . (GwrSS)Cg“"]

+ Vcle . E Bwfesidenlial + kF
' (31)

bwt

. [abwt .ybwt + povt. (B‘Nres)C ]

+ Vcwwt . Z Wwinduslry + kF
t

. [awwt . ywwt + pVL, (Wwind)CWW‘}

It should be noted that, in previous relationship, VC
corresponds to the unit treatment cost and a, b and ¢ cor-
respond to the factors used to account for the capital costs
(see Lira-Barragan et al. 2011). One limitation of the
proposed approach is that it does not consider properties
such as pH, BOD or toxicity as optimization variables;
however, the model considers that the involved treatment
technologies are able to satisfy the environmental regula-
tions for these properties.

Capacity for treatment units

The capacity for the treatment unit for greywater (GW™)
must be greater that the greywater processed over any time
peri od (Gwresidential).

p :

GWres 2 GW;‘esidential , Yt (32)

which is similar for the capacity for the treatment units for
black water (BW™) and industrial wastewater (WW%)

Activation of binary variables for treatment units

When the used capacity for the treatment unit is greater
than the maximum one available, then the corresponding
binary variable must be greater than zero. This way, the
binary variable for the existence of the treatment units for
greywater (y&"') is modeled as follows:

GWres < GWMAX . ygwt (33)
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Similar relationships are needed for the existence of the
treatment units for treating black water (y**') and industrial
wastewater (yWW!).

Cost for storing treated used water

The  total cost for  storing  treated  water
(CostStoring—treatedwatery - accounts for the capital costs for

storing  greywater  (aSt2% . ySEW 4 pstew( Sstgw)cslgw) and
industrial wastewater (@¥™" - yStWW 4 pstww (gstww)C .
= kF . [astgw . ystgw + bstgw (Sstgw)cs(gw]
—+ kF . [aslww _ystww
4 W (SS[WW)CS‘WW]

Co StSloringflrealedwater

(34)

where kp corresponds to the annualization factor (see
Napoles-Rivera et al. 2015).

Capacity for storing treated water

The capacity for storing treated greywater (S™€¥) must be
greater than the one needed over any time period (SE):

S > g6V (35)

Similar relationships are needed for the capacity for
storing treated industrial wastewater (S*VV).

Activation of binary variables for storage devices
for treated water

The binary variable associated with the existence of storage
devices for treated greywater (y*€") must be activated
when the capacity needed (S*&V) is greater than zero:

Sstgw < SgwMAX .ystgw (36)

The activation for the binary variable associated with
the storage device for treated industrial wastewater (y*™"“)
is modeled in a similar way.

Piping costs

The total piping cost (Cost"P) accounts for the pumping costs
(UPC - f) and the capital costs (ap - y 4 bp - (<)) for the
different pipe sections considered, which is modeled as follows:
CostPiPing — Z Z ZUpcjource—sink . tsouce—sink T kg

source sink

source—sink source—sink
> ap Y .

source sink

source—sink source—sink
+bp (f )

Csource—sink

@ Springer

It should be noticed that there are considered the dif-
ferent pipes for the different types of streams considered.
Also, the detailed piping network can be designed after the
targets can be identified with the proposed approach.

Capacity for pipes

The capacity for the pipe between any pond for residential
use (frfap’P"“d’reSidemial) must be greater than the one needed

pond—residential

over any time period (f;

Pt ), which is stated as

follow:

fcapfpondfresidential > fpondfresidential
P =

p.t ) VPth

(38)

Similar relationships are needed for the other pipe
segments.

Activation of binary variables associated
with the pipe segments

The binary variable associated with the pipe for the seg-

ment pond-residential use (yh~Pord-residentialy must be acti-

vated when the needed capacity (fgap’p"“d’r“ide“ﬁal) is

greater than zero and lower than the maximum available
pond—res—MAX\.

(/3 ):

fcap—pond—residential <fp0nd—res—MAX
—'p

p—pond—residential
b vp

¥ ;
(39)

Similar relationships are needed for the other pipe
segments.

Total annual cost

The total annual cost (TAC) is equal to the freshwater cost
(CostFreshWatery = plus  the harvesting
(CostRainwater—harvesting) = 1,15 the rainwater storing cost
(CostRainwater—storing) " 1315 the treatment cost (Costreamenty

plus the piping cost (Cost™P"), which is stated as follow:

TAC = CostFreshWater + COStRamwater—harvestmg
+C OStRamwaterfstormg + COStTreatment + COStPlpmg

(40)

rainwater cost

Total freshwater consumption

Total freshwater consumption (TotFresh) is equal to the
sum of the used water from any pond p over any time

period ¢ (Ff,’f;“d), plus the sum of the used water from any

: : 11y,
well w over any time period 7 (F}7"):
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(41)

TotFresh = Z Z Frondy Z Z el
P t Wt

Objective function

The optimization formulation is stated as a multi-objective
mixed-integer nonlinear programming (mo-MINLP) prob-
lem, where one objective is the minimization of the total
annual cost and the other one is the minimization of the
total freshwater consumption subject to the relationships
(1-41), which is stated as follows:

Objective Function = Min TAC; Min TotFresh
Subjectto (1—41)

Case study

In this paper is considered a case study from the west-
central part of Mexico, this corresponds to the Balsas
watershed, which is shown in Fig. 5a. This watershed has
770 km of length and 16,587 hm*/year (CONAGUA
2012). The considered watershed discharges to the Lazaro
Cardenas region, which is one of the municipalities of the
state of Michoacan that is located near to the Pacific Ocean
(see Fig. 5b). For the rainfall data, the statistical reports of
previous years in the region are considered (CONAGUA
2012).

The problem consists in finding the optimal distribution
of the water management in the macroscopic system that
satisfies the water consumption of 5,000,000 m3/year, and
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Fig. 5 a Location of the hydrologic region, Balsas River, b Lazaro Cardenas, which is the final discharge for the balsas watershed

E Pareto curve
°
14000000 W 846000
> —
826000 Current situation
> 806000
12000000 =
S 786000
=
£ 766000
10000000 2
= 746000
,&\T 726000 €D A
— 8000000 =
& 06000 *Rainwater harvested, m’x10°
2 686000 ~— @—O—@——g *Reclaimed water, mx10°
£ 6000000 3400 3600 3300 4000 4200 4400 4600 4800 5000
Total Fresh Water m3x10%/y
4000000
B (c] D A Current situation
2000000
" d " d " d a4 2 d °
0
3400 3600 3800 4000 4200 4400 4600 4800 5000

Total Fresh Water m3x10%/y

Fig. 6 Optimal Pareto solutions for the case study
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Fig. 7 Solution of Scenario A

Table 1 Results for different Pareto solutions for the case study

Concept Current situation Scenario A Scenario B Scenario C  Scenario D Scenario E
without integration (minimizing (minimizing (minimizing (minimizing (minimizing
TAC) TAC) TAC) TAC) TFW)
TAC x 10° ($/year) 858,350 686,510 689,630 688,940 688,250 14,061,000
Total freshwater x 10° (m3/year) 5000 3952 3500 3600 3700 3480
Freshwater cost x 10° ($/year) 3265 2580 2285 2350 2416 2272
Rainwater harvesting cost x 10* ($/year) 0 4224 7650 6893 6135 8515
Treatment cost x 10° ($/year) 64,969 64,969 64,969 64,969 64,969 65,969
Greywater x 10% (m*/year) 276 276 276 276 276 600
Black water x 10° (m>*/year) 83 83 83 83 83 600
Wastewater x 10° (m*/year) 120 120 120 120 120 120
Piping cost x 10° ($/year) 790,120 614,730 614,730 614,730 614,730 13,984,000
Discharge treated greywater x 10 (m*/year) 194 0 0 0 0 0
Discharge treated black water x 10 (m’/year) 33 33 33 33 33 33
Discharge treated wastewater x 10 (m*/year) 108 8 8 8 8 102

the water demands are 83 % for agriculture, 12 % for
residential use, 3 % for industrial use and 2 % for gar-

harvesting is used, which is distributed to different desti-
nations. The water demand and use in the residential area is

divided into greywater and black water, where one part of
the greywater is reused for gardening and agricultural use,

dening. Ponds and wells are used to meet the demands of
freshwater in the mentioned scheme; also rainwater
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Fig. 8 Solution of Scenario E

and the other part is discharged to the river. On the other
hand, the treated black water is discharged to the river. The
treated industrial wastewater is reused in gardening, and
some is discharged to the river. The conversion factor of
residential water for losses in the pipeline, evaporation,
leaks, etc. is gresidential — 0 6 and the one for black water
from residential use is g®Vresidential — (03 For treating
greywater and black water from residential use, the con-

version factors are ﬁremdentlal—gw — 0.7 and ﬁremdentlal—bw _

0.4, respectively. In the case of wastewater from industrial
use, the conversion factor is %" = 0.8 and for treating
this water the conversion factor is f™"Y = 0.9. For
rainwater, it is considered the total area available for col-
lecting. For the case study, the river is divided in 23
reaches, and then, the river flows into a lake. In this case,
the time periods are years, and fluctuations through a year
are not considered. For the case study, the horizon time is
of 20 years and this is used for annualizing the inversion
and for the predicted demands and rainfall. The problem to
use smaller discretized time periods is associated with the
complexity of the model and the probability to find an
optimal solution. Additional data used are presented in

Treatment
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industn
WW, Y
e

industry
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1&)(1.05 m ’/ Yy
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Table 4 in Appendix. The schematic representation of the
addressed problem is shown in Fig. 3. The model was
coded in the software GAMS (Brooke et al. 2016), and this
consists of 129 binary variables, 4165 continuous variables,
11,940 constraints, and each point of the Pareto curve was
solved in a computer with an i7 processor at 3.2 GHz and
12 GB of RAM in 600 s, where the epsilon constraint
method was implemented to obtain a set of Pareto solu-
tions. The model corresponds to a Multi-Objective Mixed-
Integer Nonlinear Programming problem (mo-MINLP),
and the solvers DICOPT with CONOPT and CPLEX were
used.

Results

Firstly, the solution for the minimum TAC was obtained
(this solution provides the highest freshwater consumption
in the Pareto front); then, there is obtained the solution for
the minimum freshwater consumption (this solution pro-
vides the highest TAC in the Pareto front). Then, a set of
constrained solutions for different upper values of the
freshwater consumption (between the limits obtained
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Fig. 9 Solution of Scenario B

before) and minimizing the TAC are obtained. This
approach allows obtaining the Pareto curve shown in
Fig. 6. It should be noted that the solutions above this
Pareto curve correspond to suboptimal solutions, whereas
the solutions below this Pareto curve correspond to infea-
sible solutions, and the solutions of the Pareto curve are
optimal solutions that compensate these two contradicting
objectives. Notice in Fig. 7 that the solution of Scenario A
corresponds to the minimum TAC, which corresponds to
US $686,510,000/year and the costs are primarily associ-
ated with pumping costs and the cost of water treatment, as
it is shown in Table 1. As an example, for this case is
presented in detail the analysis of the economic objective
function. First, there are consumed 3952.23 x 103 m3/year
of freshwater at a unit cost of $0.6530/m> for ponds and
$0.7314/m> for wells to yield a freshwater cost of
$2,580,806/year. The total harvested rainwater is 754 x
10° m3/year; then, the reclaimed water is 294 x 10° m%/
year. There are generated 276.923 x 10° m’/year of
greywater, 83.077 x 10° m3/year of black water and
120 x 10° m3/year of wastewater with a unit cost of $176,
$180 and $3.5/m’, respectively. Additional results for the
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Industry Wastewater
Treatment

oy D

Scenario A of the case study are presented in Table 5 in
Appendix.

The network distribution for the solution of Scenario A
is shown in Fig. 7. It should be noticed in this figure that
there is used freshwater from pond 1. The total used water
comes from ponds (83.9 %) and rainwater harvesting
(16.1 %), whereas the total harvested rainwater for this
Scenario A is 753.92 x 10’ m’ (19.9 % for industrial use,
and 80.1 % for agricultural use). Furthermore, the total
reused greywater is 193.846 x 10° m®, which is reused
mainly for agricultural uses. Furthermore, the treated
industrial wastewater is 108 x 10° m3, and 92.6 % of this
is reused for gardening. One important point of the pro-
posed approach is that it allows interacting with the sur-
rounding watershed; this is, the solution determines the
optimal reach to discharge the different types of wastew-
ater to satisfy the environmental constraints and the inter-
action with the natural phenomena of filtration,
precipitation and chemical and biochemical reactions that
take pace in the watershed. In this case, the treated grey-
water is segregated to discharge to different reaches; sim-
ilarly the treated black water and industrial wastewater are
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Fig. 10 Solution of Scenario C

discharged to different reaches of the watershed. This
increases the piping and pumping costs, but it allows a
better interaction of the discharges with the phenomena
that appear in the watershed to satisfy the environmental
constraints.

The solution for the minimum freshwater consumption
is shown in Fig. 8; this solution corresponds to Scenario E
of Fig. 6. It should be noticed that this solution presents the
total used water coming only from ponds (72.5 %), and the
rest is from harvested rainwater (27.5 %) While, the har-
vested rainwater for this Scenario E is 1320.334 x 10° m*
(35.7 % for residential use, 7.2 % for gardening, 11.4 %
for industrial use and 45.7 % for agricultural use). More-
over, the total reused greywater is 193.846 x 10° m” and it
is reused for agricultural (100 %) uses. Additionally, the
treated industrial wastewater is 108 x 10° m3, where
4.9 % is reused for gardening.

Comparing the solutions of Scenarios A and E, solution
A consumes 13.6 % more freshwater than solution of
Scenario E; however, the cost increases 95.6 % from
solution A to solution E. On the other hand, the harvested
rainwater in Scenario A is 42.9 % lower than the one of
Scenario E; however, the reused industrial treated
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wastewater is 1752.54 % greater in Scenario A with
respect to Scenario E.

Furthermore, there are identified attractive solutions
such as the ones of Scenarios B, C and D (Figs. 9, 10, 11,
respectively). These solutions present a slight difference in
the TAC and similar to the solution of Scenario A. The
main difference with respect to the solution A is in the
harvested rainwater. It should be noted that in all scenarios
all the treated greywater is reused. Furthermore, in Sce-
narios A, B, C and D, the concentration of the different
pollutants (nitrogen, sulfur, arsenic) in the flowrate leaving
the last reach (i.e., reach 23) is lower than Scenario E.

The results show different concentrations for the pollu-
tants (i.e., nitrogen, sulfur and arsenic) in the flowrate in
the final disposal, which corresponds the reach number 23
of the watershed. Noticed that scenarios A to D have the
same concentration (1.362 ppm for nitrogen, 0.808 ppm
for sulfur and 0.0360 for arsenic); the mean difference is
between Scenario A (minimizing TAC) and Scenario E
(minimizing TFW). In Scenario E, the pollutant concen-
trations at the end of the watershed are 1.472 ppm for
nitrogen, 0.880 ppm for sulfur and 0.035 for arsenic. For
the case when the TAC is minimized, the water
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Fig. 11 Solution of Scenario D

consumption is higher and therefore the concentrations of
the pollutants nitrogen and sulfur are lower than for the
case of minimum TFW. For arsenic, the behavior is dif-
ferent; in this case, the concentration for the minimum
TAC is higher than for the case of the minimum TFW.
Furthermore, the proposed approach allows analyzing
the concentration of the pollutants through the different
sections of the river. In this case, for the case of the min-
imum TAGC, all the treated greywater is reused, whereas the
treated black water and industrial wastewater are dis-
charged to a specific reach of the river to save this way in
cost associated with pumping (see Table 2). In the case for
the minimum TFW, all the treated greywater is also reused,
whereas the treated black water remains the same flowrate

Table 2 Results for the distribution of different flowrates of treated
wastewater for the case of minimum TAC

Treated greywater Treated black water Treated industrial

wastewater
Reach Flowrate Reach Flowrate Reach  Flowrate
m® x (m® x m> x
10%/year) 10%/year) 10%/year)
0 0 14 33.231 13 8

Table 3 Results for the distribution of different flowrates of treated
wastewater for the case of minimum TFW

Treated greywater Treated black Treated industrial

water wastewater
Reach Flowrate Reach Flowrate Reach Flowrate
(x10° (x10° (x10°
m3/year) m3/year) m3/year)
0 0 9 0.743 5 1.755
10 0.743 7 0.328
11 26.543 5.426
12 0.745 10 5.426
13 0.744 11 41.134
14 0.744 12 5.431
15 0.743 13 5.429
16 0.743 14 5.427
17 0.742 15 5.425
18 0.742 16 5.424
17 5.423
33.232 18 5.421
19 3.814
20 2.345
21 2.249
22 2.148
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(32.231 m® x 10%/year), but the distribution is over dif-
ferent reaches of the river. However, treated industrial
wastewater is higher (102.650 m®> x 10°/year), and it is
discharged to different reaches (see Table 3).

Finally, the current situation does not involve the rain-
water harvesting and the use of reclaimed water; in this
case, the total cost is $858,350,000/year, for Scenario A the
cost is decreased 20.0 % but needing an investment of
$686,510,000/year. In a similar way, for Scenario E, the
total freshwater decreases 30.4 %, but the needed inversion
is $14,061,000,000/year.

Conclusions

This paper has presented an optimization formulation for the
proper use of water in a macroscopic systems accounting for the
interactions with the surrounding watershed. The proposed
model incorporates the optimal water management of existing
resources and involves the incorporation of alternatives sources
as reclaimed water and harvested rainwater. One of the most
important contributions presented in the proposed approach is
that it involves the interaction with the surrounding watershed
through the water uses and discharges and incorporates envi-
ronmental constraints through the watershed. This way, for a
proper interaction of the water management system and the
watershed, the proposed optimization formulation has been

formulated as a multi-objective optimization approach, and a
suited method is proposed to show the results through Pareto
optimal solutions that compensate both objectives, allowing
this way that the decision maker can take the solution that best
satisfies the specific requirements.

A case study from Mexico has been considered for
the application of the proposed approach. The results
shown through Pareto curves have allowed identifying
interesting solutions since the economic and environ-
mental points of view. Also, the importance of consid-
ering simultaneously the interactions of the water
management system together with the surrounding
watershed has been highlighted. Furthermore, the
importance to incorporate the pumping cost allows to
identify the best compromise between the environmental
impact and the total annual cost.

It should be noticed that a future work is needed to include a
stochastic analysis for the involved uncertainty in the system.
Furthermore, the dynamics about the system should be
improved in a future study. Also, the water footprint and other
environmental metrics can be included in the study.

Appendix

See Tables 4 and 5.

Table 4 Parameter used for the

case study Concept Value
Conversion factor of black water from residential 0.3
Conversion factor residential 0.6
Conversion factor residential greywater 0.7
Conversion factor residential black water 0.4
Conversion factor industry 0.8
Conversion factor industry-wastewater 0.9
Precipitation (m) 0.7549
Maximum of residential area (m2) 625
Maximum of gardening area (m?) 200
Maximum of industry area (m?) 1000
Maximum of agriculture area (m?) 800
Feed for residential uses (m>/year) 600 x 10°
Feed for gardening uses (m3/year) 100 x 10°
Feed for industry uses (m3/year) 150 x 10°
Feed for agriculture uses (m>/year) 4150 x 10°
Maximum of residential storing (m*/year) 25 x 10°
Maximum of gardening storing (m*/year) 1 x10°
Maximum of industry storing (m*/year) 1135.6 x 10°
Maximum of agriculture storing (m*/year) 1000 x 10?
Cost Freshwater from pond ($/m>) 0.653
Cost Freshwater from wells ($/m3) 0.73136
Cost Greywater treatment ($/rn3) 176
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Table 4 Parameter used for the
case study

Table 5 Additional results for
the Scenario A of the case study

@ Springer

Concept Value
Cost Black water treatment ($/m>) 180
Cost Wastewater treatment ($/m3) 3.5
Pond/well Residential Gardening Industry Agriculture
Pumping cost ($/m’°)

1 23 2.3 23 2.5

2 23 2.3 2.3 1

3 1 1 1 5

4 4.6 4.6 4.6 2.5

5 2.3 2.3 1 2.5
Rainwater Reclaimed treated water

Residential 2 Greywater 3
Gardening 2 Wastewater 3
Industry 2

Agriculture 2.5

Reach Treated greywater Treated black water Treated wastewater
Discharge

1-5 7 7.5 7

6-10 5 55 5

11-15 3 3.5 3

16-20 3 3.5 3

21-23 5 5.5 5

Concept Value

Feed pond-residential (m3/year) 600 x 10°

Feed pond-agriculture (m*/year) 3352234 x 10°

Area industry (m?) 198.702

Feed rainwater industry infout (m*/year) 150 x 10°

Area agriculture (m?) 800

Feed rainwater agriculture in/out (m*/year) 603.92 x 10°

Greywater residential (m3/year)

Treated greywater residential (m3/year)
Treated greywater stored in/out (m*/year)
Treated greywater-agriculture (m*/year)
Black water residential (m3/year)

Treated black water residential (m3/year)
Wastewater industry (m3/year)

Treated wastewater industry (m3/year)
Treated wastewater stored in/out (m3/year)
Treated black water discharge (m3/year)
Treated wastewater discharge (m>/year)
Cost freshwater ($/year)

Cost rainwater harvesting ($/year)

Cost treatment ($/year)

276.923 x 10°
193.846 x 10°
193.846 x 10°
193.846 x 10°
83.077 x 10°
33.231 x 10°

120 x 10°

108 x 10°

100 x 10°

Reach 14: 33.231 x 10°
Reach 13: 8 x 10°
2,580,809 x 10°
4224916 x 10°
64,969,288 x 10°
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Table 5 continued
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