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Abstract The excessive demand for water worldwide has
promoted the development of strategies for its efficient use.
The industrial sector has developed several water recycle
and conservation strategies that have led to reduction in the
fresh water consumption and the wastewater discharged to
the environment. Comparable environmental and economic
benefits can accrue as a result of adopting similar water
strategies in the residential sector. This paper proposes an
optimization formulation for the design and operation of
networks for the recycle, regeneration, and storage of water
in residential complexes. Segregation of wastewater
streams is considered to avoid the mixing of streams with
different qualities prior to treatment and recycle. The
optimization model accounts for the simultaneous mini-
mization of the total annual cost and the fresh water con-
sumption. A case study for a residential complex of the city
of Morelia Michoacan in Mexico is used to apply the
proposed approach. The results show significant economic
and environmental benefits (such as reduction of natural
resources consumption and waste generation) for the
implementation of the proposed approach. The developed
optimization model also enables tradeoff between the
considered objectives.
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List of symbols

Acronyms
cap Capacity
capPg Capital for recirculation pipes

capPW Capital for outflow pipes
capTanks Capital for storage tanks
capTU Capital for treatment units
in Input

max Maximum

opTU Operation treatment units
out Output

Indexes

i Water using unit (sink)
Jj Housing unit

k  Water treatment unit

t  Period of time

Variables

C]fai?f ¢ Capital cost for recirculation pipes (US$)
C,i"‘l.%"l;fjmp Capital cost for recirculating pumps (USS$)
Cjc‘l_‘PPW Capital cost for output pipes (US$)
C;aiPTa“kS Capital cost for storage tanks (US$)
Cz*‘IPTU Capital cost for treatment units (US$)
ctv Unit fresh water cost (USS$)

C]i’l;Trea‘ Operating cost for treatment units (US$)
CPFW Pumping cost for fresh water (US$)
C,{’f;ff}f’ig Pumping cost for recirculating flow (US$)
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fiie Inlet water flowrate for each use (m3/day)
F, Fresh water flowrate (m3/day)
8hijil 1 Recycled water flowrate (m3/day)
8kt i Capacity for recycling pipes (m*/day)
h}cnl. i Inlet water flowrate to the treatment
v units (m3/day)
hg‘:tt Outlet water flowrate from the treatment units
(m3/day)
Lk Water flowrate after mixing for each treatment
unit (m>/day)
LF Upper limit for the capacity of the wastewater
treatment units (m3/day)
Skiz Accumulated water in the storage tanks (m%)
Sz‘;,p Capacity for the storage tanks (m?)
Wi, Water flowrate for each use (m?/day)
W;fp Capacity for the reusing pipes (m’/day)
WWei Treated water discharged to the
environment (m3/day)
Parameters
Ol i Coefficient for the water lost in the treatment
units
Bii Loss coefficient by the water using units
Y Exponent for the capital costs for the units
v Fresh water cost for each use (US$/m3 )
cPtv Pumping cost for fresh water for each use
(US$/m>)
c Operating cost for treatment units (US$/m”>)
Fciig’g % Unit fixed cost for recirculating pipes (US$)
FCii.?}]’.f;mp Unit fixed cost for pumps for recirculation
flow (US$)
FC;?PPW Unit fixed cost for pipes for different uses
(US$)
FC;iPTU Unit fixed cost for treatment units (US$)
FClamks Unit fixed cost for tanks (US$)
H, Operation annual time
Kr Factor used to annualize the capital
costs (year_l)
L Maximum limit for the treatment units (m>)
mj Demanded water for each using unit (m3/day)
Smax Upper limit for storage tanks (m’)
chiyf; ¢ Unit variable cost for recirculating pipes
o (US$/m*)
VCP™  Unit variable cost for recirculating pumps
(US$/m>)
VC;?PPW Unit variable cost for outflow pipes (US$/m>)
chiPTU Unit variable cost for treatment units (US$/m”)
VCE“;““S Unit variable cost for tanks (US$/m>)
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Binary variables

Vi,i Binary variable for the existence of the storage
tanks

X, ;; Binary variable for the existence of new pipes for
recirculating flow

Yk.i Binary variable for the existence of treatment units

i Binary variable for the existence of new pipes of
the outflow of each use

Introduction

Water is a vital resource for the survival of living organ-
isms. It plays an important role in most of the vital activ-
ities. The rapid growth in world population coupled with
the dwindling water resources resulting from the global
climate change is leading to water shortages that call for
the adoption of water conservation strategies. Several
efficient techniques for water reuse, recycle, regeneration,
and distribution have been proposed in the process indus-
try. In this context, Foo (2009) proposed a literature review
for the approaches reported for water integration in
industry. Recently, water integration techniques that
incorporate the integration of the industrial wastewater
with the surrounding environment have been reported. For
instance, several strategies for synthesizing water networks
into an eco-industrial park have been proposed (see for
example Yang et al. 2000; Chew et al. 2008, 2009;
Dakwala et al. 2009; Lovelady and El-Halwagi 2009;
Rubio-Castro et al. 2010, 2011, 2012, 2013; Aviso et al.
2010; Taskhiri et al. 2011; Tan et al. 2011; Chew et al.
2011; Yu et al. 2014). Furthermore, several strategies that
incorporate the effects of the wastewater discharges on the
environment have been reported (EL-Baz et al. 2004; Lira-
Barragan et al. 2011a, b, 2013; Atilhan et al. 2012; Burg-
ara-Montero et al. 2012, 2013a, b; Martinez-Gémez et al.,
2013; Napoles-Rivera et al., 2013). These previous studies
have shown that the methodologies proposed for water
integration in industry and the incorporation of the effect
on the environment can be extended to analyze other water
usage activities.

Residential water consumption is substantial. Water is
used for various household activities. In the US, the
Environmental Protection Agency (EPA 2014) estimates an
average usage of 100 gal/(person day) with about 70 %
used indoors (e.g., toilet, shower, dishwasher, laundry) and
the rest in outdoors activities (e.g., gardening). Mah et al.
(2009) proposed a conceptual modeling approach for
greywater treating, recycling, and reusing; obtaining fresh
water savings by 40 %. Zhang et al. (2010) showed
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Fig. 1 Schematic representation for water using in an industry (a), and the analogy for a housing complex (b)

important economic and environmental benefits for the
domestic fresh water reduction, and Friedler and Hadari
(2006) showed that this approach is feasible to be imple-
mented. Furthermore, Chang et al. (2011) proposed a sto-
chastic programming model for the optimal design of green
roofs. Davies and Simonvic (2011) implemented simula-
tion models for water using in a house incorporating eco-
nomic, environmental, and social aspects.

Figure 1 shows the similarities between water manage-
ment in industry and in residential complexes. There are a
number of sinks (water using units), sources (water dis-
charging units), fresh sources, and potential treatment units
that can be used to regenerate the used water. There are
several potential options to design a water network in a
housing complex and the optimal one in terms of a given
objective should be identified through an optimization
approach. In the industry is easier to define an appropriate
treatment for a given wastewater stream based on its con-
taminants (if the information for the stream is available);
however, in residential complexes is more difficult due to the
varying nature and number of the contaminants related to a
waste stream from the different uses. Therefore, there is a
need to develop an optimization formulation for the design of
a water network in a housing complex that involves recycle,
reuse, and regeneration while accounting for the optimum
segregation, mixing, and storage of water to simultaneously
optimize the configuration and operation of the system.

This work introduces a mathematical programming
approach for the optimal design of water networks in a
housing complex. The formulation accounts for water
recycle, reuse, and regeneration and allows the segregation,

mixing, and storage for the different types of wastewater.
The proposed optimization formulation is capable of han-
dling the simultaneous design and operation of the system.
The objective function is the minimization of the total
annual cost (TAC), which includes the capital costs for the
wastewater treatment units, required pipes, pumps, and
storage devices as well as the operating costs involving the
electric power for the pumps, the operating costs for the
treatment units and for the storage devices.

Problem statement

The addressed problem in this paper can be stated as fol-
lows: Given is a housing complex with a known number of
houses and inhabitants. The water demands for each house
are known as well as the time when these demands need to
be satisfied daily and throughout the year. The design
problem consists of determining the optimal network
structure allowing wastewater recycle, reuse, and regener-
ation. This way, the model needs to determine the optimal
treatments, pipes, pumps, and the storage devices for the
reclaimed water. The network configuration must consider
wastewater segregation and mixing to satisfy the quality
demands for the considered uses. The superstructure shown
in Fig. 2 is constructed to embed potential configurations
of interest. The example shown by Fig. 2 is just for two
residential units and five specific uses (i.e., toilet, shower,
dishwasher, laundry, and gardening). Nonetheless, the
proposed superstructure is general and can consider any
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Fig. 2 Proposed superstructure for water integration into a housing complex

number of houses and uses. In Fig. 2, the dashed lines
represent the wastewater flowrates from the houses to the
treatment units. It should be noted that wastewater from
different uses before treatment is not allowed to be mixed
to avoid degradation in water quality prior to treatment and
recycle. In Fig. 2, the solid lines represent the reclaimed
water which can be reused in the different houses and for
the different uses. Mixing of different types of reclaimed
water and fresh water may be used to satisfy the water
quality demands for the considered uses. Furthermore, the
discharged wastewater must also be treated to satisfy the
environmental regulations. It should be noted that avoiding
the mixing of different types of wastewater streams may
increase the costs for pipes but may also reduce the treat-
ment cost. Also by avoiding the mixing of streams no
component balances are required and thus non-convex
terms are avoided in the formulation. Therefore, the model
must determine the optimal network structure, type of
treatment units, size of pipes, pumps, and storages, as well
as the operating conditions to satisfy the water demands in
the housing complex at the minimum TAC and the mini-
mum annual fresh water consumption. Then, the proposed
model formulation for the superstructure is presented in the
next section.
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Model formulation

First, the indexes used are defined; i represents the different
uses (i.e., toilet, shower, dishwasher, laundry, and gar-
dening), j represents the units considered in the housing
complex, k represents the different treatment units con-
sidered, ¢ represents the different periods over the day (i.e.,
periods of 1 h to have an horizon of 24 h per day) when
water is discharged, used and stored, 7 is the processing
time for the different activities considered. The proposed
model formulation is stated as follows.

Splitting of fresh water
The fresh water consumed in the period of time ¢ (F;) is

equal to the segregated fresh water sent to the different
units j for the different uses i through the period ¢ (fj;,):

Fo=>"> fis, WeT. (1)
F
Water demands for the different uses

The water demand for each unit j for each use i over each
period ¢ (m;;,) must be satisfied with the segregated fresh
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water (fj;,) plus the sum of the recycled wastewater from
the different treatments (g ):

m; ;s :ﬁﬁiﬂl + Z ngﬁi/”,;, ViedJ, Viel, VteT,
k i

(2)

where the water demands (m;;,) are known parameters. It
should be noted that there are constraints for recycled
wastewater from any activity i’ to be used in the activity i.

Mixing of wastewater

The sum of the wastewater produced in the different units j
for the different uses i over the different periods of time ¢
(wj,i1) is equal to the wastewater segregated to the different
treatment units k (/x;,) as follows:

ZWJ}M = Zlk,z‘,r, Viel VteT. (3)
J k

Balances in the wastewater treatment units

The reclaimed water (A", . ) after treatment is equal to the
inlet wastewater (/; ;) accounting for the efficiency for the
treatment units (o ;):

A (1 — o i)l iss

kit =

Viel, VkeK, VteT. 4)

It should be noted that the wastewater inlets to the
treatment unit at time period ¢ and exits at the time period
t + tt, where #t is the processing time. In the proposed
optimization model, the processing time is given for each
treatment technology considered. Also, the -efficiency
depends on the type of treatment and this must be between
zero and one; this value can be determined from simulation
or using experimental data.

Splitting for the reclaimed water

The reclaimed water (4§",) is segregated and this can be

recycled from the different uses i’ to the different units j
(8k,iji;) and discharged to the environment (Wwy ;).

hz?it,t = Z ngﬁj:jii/’l + WWeit, Viel, VkeK, VteT.
g

(5)

Water losses in the different uses

The exit wastewater from the different uses (w;;,) is equal
to the inlet water (m;;,) accounting for the efficiency for
the use of water (ﬂj’i)

Wjir = (1 — ﬂj,i)mj,i,h Vi e I, Vk € I(7 VieT. (6)

It should be noted that the efficiency factor f;; is
function of the type of use and the unit considered; this
parameter f3;; ranges from 0 to 1 and can be determined
experimentally (i.e., the value of f8;; is 0.01 for the toilet,
0.15 for the shower, 0.12 for dishwasher, 0.2 for laundry,
and 1 for gardening).

Balances in the storage tanks

Storage tanks are required for storing reclaimed water after
recycling because the water demands are required at spe-
cific periods. Then, the water stored at period of time ¢
(Ski;) must be equal to the water stored in the previous
period (Sk,:—1) plus the inlet water over this period (h}j.‘i,,)
minus the outlet water over the period (i04,):

Skie = Skig—1 + I, — hYy,, Vi€l VkeK, VieT.

(7)
Capacity for the storage tanks
The capacity required for the storage tanks (S;'7) must be
greater than the water stored in the tank over all the periods
of time considered (S ;,):

Sfj‘," >Siis, Viel, VkeK,VteT. (8)

Existence for the storage tanks

Logical relationships are required to determine the exis-
tence for the storage tanks; and this way, when the tank
exists the binary variable (V;;) must be activated as
follows:

Sep <S8V, Viel, VkeK, 9)

where S™ is the upper limit for the storage capacity for
each tank. It should be noted that when the capacity is
greater than zero, the binary variable is activated and must
be equal to one.

Capital cost for the tanks

The capital costs for the water storage tanks (C;*"*"™) is
determined as a function of the unit fixed (FC;?"]‘S) and
variable (VCZ"}“I‘S) costs as follows:

Tank

V .
capTanks __ Tanksy; Tanks [ gcap | '
CEP™s = FCTs v+ VT (s79)

(10)
Viel, Vk e K,
where y{?“k is the exponent of the capital cost function for

the water storage tanks and this is used to account for the
economies of scale. The binary variable V;; is used to
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activate the fixed part of the capital cost when the tank is
required.

Fresh water cost

The fresh water cost (C™V) is calculated multiplying the
unit fresh water cost (') times the sum of the fresh
water consumed over all the periods of time (F;) as
follows:

™ F. (11)
t
Fresh water pumping cost

The pumping cost for the fresh water (C?™V) is calculated
accounting for the unit pumping cost (cP™) and the fresh
water required (F;):

=N, (12)
t

CPFW

Existence for the wastewater treatment units

The existence for the wastewater treatment units is
modeled through a binary variable (y;;); when this
binary variable is one the unit exists and when this
binary variable is zero the unit does not exit. Then, the
following relationship is used to activate the binary

variable:
Leis <L™yri;, VkeK,Viel VteT. (13)

where L™ is an upper limit for the capacity of the
wastewater treatment unit.

Capacity for the wastewater treatment units

The capacity for the treatment unit (L;"7) must be greater
than the flowrate manipulated through all the periods of
time considered (/x;,):

LY >y, VkeK,Viel VteT (14)

Capital cost for the wastewater treatment units

The capital costs for the wastewater treatment units
(CcapTU) are calculated accounting for the unit fixed

(FccapTU) and variable (VCCﬂpTU) costs as follows:

CcapTU FCcapTUyk + VCcapTU ( cap) Ty
- i ki )
VkeK, Viel,

(15)

where yzllj is an exponent used to consider the economies of
scale. It should be noted that the binary variable y ; is used
to activate the fixed part of the capital cost function for the

wastewater treatment units.
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Existence for the pipe segments

The existence for the new pipe segments is determined
through the binary variables z;; (for the segment from the
use to the treatment unit) and x; y ;; (for the segment from
the treatment unit to the new use) as follows:

Wi L™z, Vj€J, Viel, VteT, (16)

it jiy < LM X, (17)
VkeK,Viel' Vjel, Yicl VteT,

where L™ is the upper limit for the flow rate in the pipe

segments. It should be noticed that the pipe network is
different depending on the water quality, there is a set of
pipes in the outlet of water and another set of pipes for the
water reuse for each type; Eq. 16 shows the existence of
pipe segments for the water in the outlet of each sink and
Eq. 17 shows the existence of pipe segments for the water
reuse. The different flowrates that pass through the pipes
cannot mix to avoid the contamination of water with major
quality. In addition, it should be noted that this paper
presents a targeting approach to determine objectives
before detailed design. The detailed piping network design
is carried out in a later stage using the information obtained
with the optimization approach.

Capacity for the pipe segments

The capacity for the pipe segments (W; P and gkal i) 18
determined accounting for the maximum ﬂow rate manip-

ulated over all the periods of time as follows:

Wik >wi, Yield, Viel, VieT, (18)
Sibiji > 8hiin, VkEK, Vi el NjeJ, VreT.

(19)
Capital cost for the pipe segments
The capital costs for the pipe segments (CL‘lpPW and C,fipf"f)

are determined considering the unit fixed (FC??)PW

FCZ‘”‘}’];%) and variable (VC{*"" and VCialp];%) costs as

and

follows:

PW
capPW __ capPW o capPW cap Vi
CiPPY = FCTP™Y g + VTP (wi) ™

,, o (20)
VJ c J, Vi € I’
Pg
Tt ji
CEPPE = PO ey + VO (650,) " ()

Vk € K, Vi eI’, VJeJ, Viel.

Operating cost for the pumps



Reusing water systems in a housing complex

349

The operating cost for the pump used for the recycled water
(CryF) is determined as a function of the recycled water
Pump

(8k.iji) and the unit pumping costs (Ck’i, i,i) as follows:

pumpg Pump
Ck,iujpi = § :(Ck,i’,j,igkai'd'-,i-,f)?
t

VkeK,Viel Vjel, Yiel

(22)

Whereas, the operating cost for the pump for the used

wastewater (CPP"™") is determined accounting for the unit

pumping cost (C;%) and the flowrate (Ix;, ) as follows:

Co = "CPliy, VKEK, Viel (23)
t

Constraints for the initial and final periods for water stored
in storage tanks

The stored water at the beginning is equal to the stored

water at the end of the day as follows:
Skﬂ",:] = Skﬁiﬁz:T; Vk € K, Viel (26)

Total annual cost

The TAC accounts for the annualized capital costs for the
CP™), pumps (C5PY

P
)and pumps (G % and G377 ), as well as the annual

treatment units (
capTanks
(Cpi

), water storage tanks

operating costs for the operation of pumps (Cp'; and C™™V),
treatment units (C,fﬂTmt), and fresh water (C™V) as follows:

ECRPD LS DR D WS D D DI I DD DI
ki 7o ki k7 i k7 i
+ Hy (Zzzzcﬂfﬁg 4+ CPFW ZZcZSTreat n CFW) (27)
k7 i R

Capital costs for the pumps used for recycling water

The capital cost for the pumps used for recycling water

(C,iai??t;mp) is determined using the unit fixed (FC;i??l;mp
and variable (VC7% ™) costs, and accounting for the

economies of scale (y ;) as follows:
 pump
cappump __ cappump cappump ( _cap kil ji
Ckf.j,i = Fck,ifj,i X ji + VCkAi’.j.,i (gk,i’j,i) )

VkeK,Viel Vjiel, Yiel (24)

It should be noted that the fixed part of the capital cost
for the pumps is activated through the use of the binary
variables x; 7 ;;. Notice also that the capital costs for other
pumps are not needed because these usually exist in the
current housing complexes.

Constrained recycling streams

There are required constraints to avoid recycling streams
from some uses i to specific new uses i’ after treatment.
These constraints are given as follows:

Suijia =0, Viel,VjeJ, VkeK, VteT,

Vi (k,i) € I'(K, ). (25)

where KF is the factor used to annualize the inversion and Hy are
the days of operation per year.

Total fresh water consumed

The total fresh water consumed (TOTFRESH) for the
housing complex is determined as follows:

TOTFRESH = ) " F,. (28)
t

Objective function

The objective function is the simultaneous minimization
for the TAC and the total annual fresh water consumption
(TOTFRESH) as follows:

O.F. = {{Min TAC] and [Min TOTFRESH]}. (29)

The proposed optimization problem involves minimiz-
ing simultaneously two objectives (TAC and TOTFRESH)
and to solve this multi-objective optimization problem, the
constraint method was implemented. First, the problem for
the minimum TAC was solved (this provides the solution
for the maximum fresh water consumed). The problem for
the minimum fresh water consumption was implemented
(this provides the solution for the maximum TAC). Based
on these two extreme solutions, several problems for
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Fig. 3 Schematic
representation for the housing
complex considered in the case
study
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Fig. 4 Pareto curve for the solutions of the case study

minimizing TAC using limits for the consumed fresh water
were solved to obtain a Pareto set.

The model is a mixed-integer nonlinear problem where
the continuous variables are flowrates and costs. Each
flowrate from a source to a sink is considered as variable;
also the costs associated to the network are variables. The
binary variables are associated to the existence or not
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existence of tanks, segments of pipelines, and treatment
units. The equations can be classified in mass balances,
cost equations and use constraints; the use constraints and
the domain of the variables are set by physical limitations
such as treatment and storage capacity, these limits are
associated to the pre-selection of the used technologies.
Notice also that the use constraints function indirectly as
quality constraints, this way some connections can be
forbidden, for example toilet water cannot be reused even
after treatment in any use but gardening. Thus, no com-
ponent balances are included, and instead are substituted
with these constraints. The main assumptions and simpli-
fications of the proposed model are the following:

e Mixing of streams with different qualities is avoided.

e The quality of the streams leaving each of the
treatments satisfies quality constraints of the final uses.

e The reclaimed water cannot be used in any use
indistinctly, this is related to the quality of the water
and is defined by the user.
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Table 1 Results for the different scenarios analyzed in the case study

Concept Scenario 0 Scenario G Scenario A Scenario B
Without integration Min TAC Min fresh water
Fresh water cost (US$/year) 358,525 246,188 221,573 224,044
Pumping fresh water cost (US$/year) 8,345 5,730 5,157 5,215
Pumping recirculation cost (US$/year) 0 11,216 13,674 13,427
Capital cost for recirculating pipes (US$/year) 0 676 1,238 1,002
Capital cost for exit pipes (US$/year) 1,381 1,381 1,381 1,381
Capital cost for tanks (US$/year) 0 1,404 3,762 3,067
Capital cost for recirculating pumps (US$/year) 0 799 1,463 1,184
Capital cost for treatment units (US$/year) 1,981 1,981 3,023 2,501
Operating cost for treatment units (US$/year) 285,042 285,042 1,638,288 410,299
Total investment (US$) 33,623 62,438 108,679 91,375
TAC (US$/year) 655,275 554,422 1,889,600 662,124
Table 2 Water flows for the scenarios analyzed in the case study
Concept Scenario 0 Scenario G Scenario A Scenario B
Without integration Min TAC Min fresh water
Total fresh water (m3/day) 1,504 1,032 929 940
Total recirculated water (m3/day) 0 471 574 564
Total water after using units (m3/day) 1,289 1,289 1,289 1289
Total water entering to the treatment units (m3/day) 1,160 1,160 1,160 1,160
Total water exiting from the treatment units (m3/day) 1,160 1,160 1,146 1,160
Total water after mixing (m3/day) 1,289 1,289 1,289 1,289
Treated water discharged to the environment (m*/day) 1,160 688 571 595

e Technical aspects, such as size and material of con-
struction cannot be calculated. Instead a preliminary
cost data is related to flowrates and treatments in base
of available data for similar processes.

Case study

A case study is presented to show the application of the
proposed mathematical programming model. The consid-
ered case study corresponds to the housing complex called
“Villas del Pedregal” located in the city of Morelia,
Michoacdn in Mexico. It has two units: the first one with
894 houses and the second one with 835 houses. An
average of 4 inhabitants per house is considered giving a
total of 6,916 inhabitants. Currently, the overall fresh water
consumption is 1,504 m3/day, the wastewater discharged to
the environment is 1,160 m3/day, and the TAC for the fresh
water consumption is US$655,275/year. The unit costs are
US$0.653/m” for fresh water, US$0.0152/m> for pumping
fresh water, US$0.0652/m> for pumping recirculation
flows; the unit fixed costs are US$100 for pipes, US$2614
for recirculating pump, US$1000 for treatment units,
US$100 for tanks; and the unit variable costs were US$60/
m? for recirculating pipes, US$50/m” for pipes from output

of each sink, US$60/m?> for treatment units and US$176/m>
for tanks. The operating costs of wastewater treatments are
between US$ 3.1 and 3.9/m? for the aerobic process, US$
0.4-0.7/m> for the anaerobic process and 5.2-6.5/m> for
the membrane bioreactor. The interest discount was of
10 % and the service life was of 10 years. Figure 3 shows
the schematic representation for the housing complex
considered in this case study. The following wastewater
treatments were considered: anaerobic digestion, aerobic
digestion, and membrane bioreactors; these treatments
have been widely used for treating domestic wastewater
(BIst’akova et al. 2009; Hasar et al. 2001; Li et al. 2009;
Paris and Schlapp 2010; Ramona et al. 2004). Furthermore,
the superstructure accounts for a blank treatment which is
used to model the bypassing stream (these bypassing
streams have been widely used in the industrial water
network with significant benefits (Ponce-Ortega et al. 2009,
2010; Rubio-Castro et al. 2010, 2011, 2012; Vazquez-Ca-
stillo et al. 2013). This problem was coded in the software
GAMS (Brooke et al. 2014); where the solvers SBB,
CONOPT, and CPLEX were used to solve the associated
mixed-integer nonlinear, nonlinear and linear problems,
respectively. The problem then consists of 6,792 continu-
ous variables, 190 binary variables, 10,987 constraints, and
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Fig. 5 Schematic representation for the solution of Scenario G (minimum TAC)

this was solved in a computer with an Intel i7 processor at
2.10 GHz with 8 GB of RAM in approximately 0.78 s of
CPU time.

The Pareto curve (Fig. 4) shows the optimal solutions
identifying the tradeoffs between the minimum 7AC and
minimum consumed fresh water. Scenario A shows the lowest
fresh water and the highest TAC while Scenario G displays the
largest fresh water and the lowest TAC. The other options are
solutions that compensate these two contradicting objectives.
From this Pareto curve, options B and C appear as attractive
solutions because they have costs that are 64.90 and 67.01 %,
respectively, lower than the cost of Scenario A, whereas the
fresh water consumed is slightly greater than the minimum
one of Scenario A (i.e., an increase of 1.18 and 3.33 % for
scenarios B and C, respectively). Furthermore, the TAC for
Scenarios B and C is slightly greater than the one of the
minimum of Scenario G (19.42 and 12.43 % for Scenarios B
and C, respectively) whereas the fresh water consumed is 8.91
and 6.97 % lower than to one of Scenario G, respectively.
There are no significant differences in the TAC and the fresh
water consumed between the solutions of Scenarios B and C.
Nonetheless, the difference is in the configuration and oper-
ating conditions. Tables 1 and 2 show a summary of results;
furthermore for better understanding the most significant
cases are analyzed in detail as follows.

@ Springer

Table 3 Capacity for storage tanks of Scenario G

Treatment Sink Tank capacity (m?)
Anaerobic Shower 25.00

Anaerobic Dishwasher 25.00

Anaerobic Laundry 25.00

Scenario G

First, the solution for the minimum TAC (i.e., US$554,422/
year) was obtained. This solution represents a total fresh water
consumption of 1,032 m*/day and this is represented as Sce-
nario G. The schematic representation for the solution of this
Scenario G is presented in Fig. 5. It should be noted that for
this solution only the anaerobic treatment is required for all the
types of wastewater. The treated wastewater flows from the
toilet, shower, dishwasher, and laundry are 600, 197, 136, and
224 m*/day, respectively. For Scenario G, there are three
storage tanks required each with a capacity of 25 m’
(Table 3). Furthermore, the total wastewater discharged to the
environment is 688 m3/day, which comes from the toilet,
shower, and laundry. The TAC is distributed as 44.40 % for
fresh water, 1.03 % for pumping fresh water, 2.02 % for
pumping recirculated water, 0.35 % for capital cost for the
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Table 4 Solution of Scenario G (minimum 7AC)
Variable Flow rate (m3/day)

Toilet Shower Dishwasher Laundry Gardening

Unit 1 Unit 2 Unit 1 Unit 2 Unit 1 Unit 2 Unit 1 Unit 2 Unit 1 Unit 2
fji, (Fresh water) 127.36 162.07 134.10 125.25 89.4 83.50 160.92 150.30 - -
m; ;i (Required water) 348.66 325.65 134.10 125.25 89.4 83.50 160.92 150.30 447 41.75
wj,i; (Used water) 345.17 322.39 113.98 106.45 78.67 73.48 128.73 120.24 0.00 0.00
Ii.ir (After mixing water) 667.57 220.44 152.15 248.97 -
hy'{ (Treated water)
Treatment 1 - - - -
Treatment 2 600.80 197.77 136.93 224.07 -
Treatment 3 - - - - -
8,y (Recirculated water)
Toilet - - - - - - - - 44.70 41.75
Shower 96.09 100.85 - - - - - - - -
Dishwasher 106.35 30.58 - - - - - - - -
Laundry 18.84 32.13 - - - - - - - -
Gardening - - - - - - - - - -
wwy i, (Discharged water) 514.35 1.45 - 173.09 -

treatment units, 0.37 % for capital cost of pipes (outlet and
recirculation), 0.14 % capital costs for pumps, 0.25 % capital
cost for tanks, and 51.44 % for operating treatment units.
Comparing the solution for Scenario G with respect to the
current situation (called Scenario 0), areduction of 31.38 % in
the total fresh water consumed is observed, whereas the TAC
decreased by 15.39 %. Table 4 shows the daily distribution of
water in the main nodes of the proposed network.

Scenario A

The second scenario (Scenario A) corresponds to the
minimization of the total fresh water consumption, where
the TAC is US$1,889,600/year with a total fresh water
consumption of 929 m*/day and the total wastewater
discharged to the environment is 571 m>/day (this flow-
rate comes from the toilet and laundry). This solution
requires aerobic and membrane bioreactors for the
wastewater from the toilet. The wastewater from the
shower requires aerobic and anaerobic treatments. The
three treatment technologies are required for the waste-
water from the dishwasher and the laundry (see Fig. 6;
Table 5). Nine tanks are required for this scenario, whose
capacities are 25 m> for six tanks, and for the other tanks
the capacities are 13.69, 20.11, and 21.52 m> (Table 6).
Moreover, the TAC is allocated as 11.72 % for fresh
water, 0.27 % for pumping fresh water, 0.72 % for
pumping recirculated water, 0.16 % for capital cost of the

treatment units, 0.14 % for capital cost for outlet and
recirculation pipes, 0.08 % capital costs for pumps, 0.2 %
capital cost for tanks, and 86.8 % for operating the
treatment units. Comparing the solution for this Scenario
A with respect to the current situation (called Scenario 0),
there is a reduction of 38.23 % in the total fresh water
consumed and an increase of 188.36 % in the TAC.

Scenario B

The solution of Scenario B has a TAC of US$662,124/
year, the demand of fresh water is 940 m’/day and the
total wastewater (from the toilet and laundry) discharged
to the environment is 596 m*/day. This solution requires
anaerobic treatment for the wastewater from the toilet,
aerobic and anaerobic treatments for the wastewater from
the shower, and the three treatment technologies for the
wastewater from the dishwasher and laundry (see Fig. 7;
Table 7). For Scenario B, eight tanks are required; two
tanks for treated water from the shower, three tanks for
treated water from the dishwasher, and three tanks for
treated water from the laundry (Table 8 shows the
capacity for these tanks). In this scenario, the TAC con-
stitutes of 33.83 % for fresh water, 0.78 % for pumping
fresh water, 2.02 % for pumping recirculated water,
0.37 % for capital cost of the treatment units, 0.36 % for
capital cost for outlet and recirculation pipes, 0.18 % for
capital costs for pumps, 0.46 % for capital cost for tanks,
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Fig. 6 Schematic representation for the solution of Scenario A (minimum fresh water consumption)
Table 5 Solution of Scenario A (minimum fresh water consumption)
Variable Flow rate (m3/day)
Toilet Shower Dishwasher Laundry Gardening
Unit 1 Unit 2 Unit 1 Unit 2 Unit 1 Unit 2 Unit 1 Unit 2 Unit 1 Unit 2
fjiy (Fresh water) 96.79 89.37 134.10 125.25 89.40 83.50 160.92 150.30 - -
m;;; (Required water) 348.66 325.65 134.10 125.25 89.40 83.50 160.92 150.30 44.70 41.75
wji, (Used water) 345.17 260.39 113.98 106.45 78.673 73.48 128.73 120.24 - -
lx,i (After mixing water) 667.57 220.44 152.15 248.97 -
hY, (Treated water)
Treatment 1 538.04 78.73 51.11 73.24 -
Treatment 2 - 119.04 28.13 78.51 -
Treatment 3 4891 - 57.69 75.32 -
8k.ijiry (Recirculated water)
Toilet - - - - - - - - 44.70 41.75
Shower 86.58 111.82 - - - - - - - -
Dishwasher 99.84 37.09 - - - - - - - -
Laundry 65.44 87.36 - - - - - - - -
Gardening - - - - - - - - - -
wwy i, (Discharged water) 500.50 - - 71.25 -

and 62.00 % for operating the treatment units. Comparing
the solution for this Scenario B with respect to the current
situation (Scenario 0), a marginal increase of 1.04 % in
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the TAC and a reduction of 37.5 % in the total fresh water
consumed are observed. The reclaimed water mainly is
reused in the toilet and gardening, and the reclaimed
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water corresponds mainly to the one used in the shower,
dishwasher, and laundry. Comparing Scenarios A, B and
G, the TAC of Scenario A is 185.38 and 240.82 % higher
than Scenarios B and G, respectively. The fresh water
consumption of Scenario A is 1.17 and 9.98 % lower than
those of Scenarios B and G, respectively. On the other
hand, Scenario B is an attractive solution because this
represents a very small increment in the fresh water
consumption with respect to the minimum one and there
are significant savings in the TAC.

Table 6 Capacity for storage tanks of Scenario A

Conclusions

This paper has presented an optimization approach for
water integration in a housing complex. The proposed
approach is based on a new superstructure that allows
mixing, segregating, reusing, regenerating, recirculating,
and storing the used water in order to decrease the fresh
water consumption and the TAC. The proposed model is a
multi-objective optimization program which is formulated
as a mixed-integer nonlinear programming problem. One
objective is the minimum TAC which accounts for the
fresh water cost, operating costs for pumping and treatment
units, and the capital costs for treatment units, tanks, pipes,
and pumps. The other objective function corresponds to the

. . 3
Treatment Sink Tank capacity (m")  minimum fresh water consumption. A proper representa-
Aerobic Shower 2500 tion of the contradicting objectives through a Pareto curve
Aerobic Dishwasher 25.00 is presented in this paper where the tradeoffs between the
Aerobic Laundry 25.00 two objectives can be properly represented to guide the
Anaerobic Shower 25.00 decision makers in selecting the best solution for the spe-
Anaerobic Dishwasher 13.69 cific requirements. . . .
Anaerobic Laundry 25.00 A case study for a housing complex of the city of Morelia
Membrane bioreactor Toilet 20.11 in Mexico was presented. The results show that a significant
Membrane bioreactor Dishwasher 21.52 reduction in the total fresh water consumption can be
Membrane bioreactor Laundry 2500 obtained with the application of the proposed optimization
' approach. The results also show that the economic objective
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Fig. 7 Schematic representation for the solution of Scenario B
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Table 7 Solution of Scenario B

Variable Flowrate (m3/day)
Toilet Shower Dishwasher Laundry Gardening
Unit 1 Unit 2 Unit 1 Unit 2 Unit 1 Unit 2 Unit 1 Unit 2 Unit 1 Unit 2
fjiy (Fresh water) 122.41 74.11 134.10 125.25 89.40 83.50 160.92 150.30 - -
mj;; (Required water) 348.66 325.65 134.10 125.25 89.40 83.50 160.92 150.30 44.70 41.75
wji, (Used water) 345.17 297.59 113.98 106.45 78.67 73.48 128.73 120.24 - -
Ii.is (After mixing water) 642.77 220.44 152.15 248.97 -
R, (Treated water)
Treatment 1 - 23.50 25.00 25.00 -
Treatment 2 600.80 174.90 107.16 184.44 -
Treatment 3 - - 4.71 14.63 -
8k.ijiry (Recirculated water)
Toilet - - - - - - - - 44.70 41.75
Shower 95.95 102.44 - - - - - - - -
Dishwasher 29.77 107.16 - - - - - - - -
Laundry 100.51 41.92 - - - - - - - -
Gardening - - - - - - - - - -
wwy i, (Discharged water) 514.35 - - 81.63 -

Table 8 Capacity for storage tanks of Scenario B

Treatment Sink Tank capacity (m®)
Aerobic Shower 22.04
Aerobic Dishwasher 25.00
Aerobic Laundry 25.00
Anaerobic Shower 25.00
Anaerobic Dishwasher 25.00
Anaerobic Laundry 25.00
Membrane bioreactor Dishwasher 4.77
Membrane bioreactor Laundry 14.63

function is favorable for the reduction in the fresh water
consumption and that the required initial investment can be
recovered in a short period of time. The proposed optimi-
zation approach is general and this can be applied to any
different housing complex and including additional types of
treatment units. Finally, no numerical complications were
observed during the application of the proposed optimiza-
tion approach and this can be solved in a short CPU time.
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