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Abstract

Water reuse allocation is one of the major challenges in water resource management which requires the assessment of water
reuse alternatives, especially in regions with limitation in water resources, arid climates, population growth and increasing water
demand. Considering the complexity of the problem, water reuse allocation by using conventional methods for maximizing benefits,
minimizing cost and environmental risks, cannot guarantee optimal allocation. In this paper, Analytic Hierarchy Process (AHP)
which can be combined with Goal Programming (GP) by considering the Leopold matrix for carrying-out the Environmental Impact
Assessment (EIA) is used for sustainable water reuse allocation for multiple stakeholders in Najafabad as a case study. The results
show that the developed mathematical model with combination of quantitative evaluation and optimization can be considered as
an effective and flexible tool for creating better guidelines to adapt the requirements of various stakeholders for better allocation
of recycled water. Finally, based on sensitivity analysis in AHP, a What-If analysis in GP is performed to the robustness of the final

results of water reuse allocation.
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1 Introduction

Water reuse as an alternative source of water has grown
throughout the world, and the global approach reflects
increasing application of this unconventional approach in
many countries as a way to deal with water scarcity prob-
lems. The basic purpose of water resources management
is to reduce the level of risk acceptance and increase the
social, health and economic benefits. The issue of optimal
allocation of water resources has been promoted due to
limited water resources and unlimited stakeholders' needs
for water resources.

Using an optimization approach can handle the system's
analysis process and lead to transparent, sustainable and
cost-effective feasible plans [1]. Combination of Multi-
attribute decision making (MADM) which are commonly
used to assess potential weights of alternatives with Multi-
Objective Programming (MOP) approaches can be applied
to find an optimal solution that could handle the manage-
ment of limited resources such as water resources. As exam-
ples, Sharma and Balan [2] used AHP-GP model to select

the best supplier and Aznar et al. [3], and Ostadhashemi
etal. [4] used AHP-GP model for optimizing the appropriate
plantation area for each species and agricultural valuation.
MADM approaches are widely used in various appli-
cations whose purpose is to select the most appropriate of
different alternatives or to assess potential weighting of
alternatives to support decision making in allocation prob-
lems on the basis of known criteria of a limited number
of alternatives. The MADM method is one of the Multi-
Criteria Decision Making (MCDM) categories that have
a small and finite group of solutions based on number of
feasible ones [5, 6]. Some of the MADM’s selection cri-
teria are: ability to sensitivity analysis and performance
evaluation, flexibility, compatibility with other programs
for optimal allocation and simplicity application. AHP,
analytic network process (ANP), utility additive (UTA)
and TODIM are some of basic methods under the MADM
category [7]. A main drawback of the MADM approaches
such as AHP method is the uncertainty problem that is
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imported from the pairwise comparison matrix, which
includes some uncertain factors ordinary to environmen-
tal matters [8, 9], based on change of criteria weights of
alternatives in the AHP method sensitivity analysis and
the change of final alternative weights can be studied.

A major issue of debate within the MOP community
has concerned the use of normalization scheme for avoid-
ing pitfalls in formulations [10, 11]. In AHP technique, the
alternative weights use a normalization scheme, so this
method can handle hybrid MOP and allocation problems.

The GP method introduced by Charnes and Cooper [12]
is a tool for eliminating the impossible situation caused
due to contradiction in goals in linear programming
issues [13]. Tamiz et al. [10] later developed it by present-
ing GP method properties and applications. GP method is
the best choice when handling a set of opposing objectives
which require approval of specific thresholds or objec-
tive values according to priority sequence or their impor-
tance in the view of decision-maker that should focus their
efforts to achieve a satisfactory level of goals [14].

Gomes et al. [14] and Diaz-Balteiro and Romero [15]
used GP in order to determine the optimal forest manage-
ment. Samghabodi et al. [16] and Chang et al. [17] devel-
oped a GP model for planning a watershed and solving a
project selection problem.

Water resource problems are human problems and can-
not be solved without comprehension the human factor
behind [18, 19]. Kardoss [18] EIA in the design proce-
dure force the designers to attract more notice to the social
environment and natural. A detailed understanding of EIA
is important as an effective license for implementing civil
engineering projects in assessing environmental impacts
before developing any project and its position in compre-
hensive decision-making [20]. EIA is a well-known legal
process for predicting the positive or negative environ-
mental impacts of a project before deciding on developing
and implementing a plan and it is a process that collects
information about the environmental impacts of a devel-
opment plan and, by evaluating its effects, can take actions
to adjust the effects to an acceptable level or to review new
technology solutions [21].

In the context of water reuse management, Keremane and
McKay [22] planned water reuse schemes for sustainable
development by environmental and socio-economic dimen-
sions. Gikas et al. [23] used optimization model based on
mixed integer linear programming for calculating the finan-
cial benefits of water reuse. Lee et al. [24] performed an
optimization framework that optimizes the water reuse and

renewable energy resources in buildings. Mcheik et al. [25]
used the results of several scenarios in reuse of treated
municipal wastewater for table grapes irrigation in Jordan.

So far, the combination of MADM with MOP approaches
has not been used to obtain an optimal allocation of recy-
cled water in the context of water reuse management. This
paper presents an AHP method for weighting of urban
water reuse criteria and alternatives which is capable to
be combined with MOP methods such as goal program-
ming (GP) by considering the Leopold matrix for carry-
ing-out the Environmental Impact Assessment (EIA).

Combined method is an approach that can provide
deeper, wider and more useful knowledge and information
of the problem. It can also reduce the personal biases of
decision-makers and provide complementary information
to increase credibility and confidence of the results. In this
paper, a case study that deals with water reuse allocation
is presented to show the effectiveness of the AHP method
in combination with GP model by considering the Leopold
matrix for carrying-out the EIA by the demonstrative
application in Najafabad region. On the other hand, the
weighting of water reuse criteria and alternatives from
the AHP and quantitative environmental impacts from
the Leopold matrix output values based on sustainabil-
ity criteria presented in the UN Sustainable Development
Goals (SDGs), also termed as the Global Goals [26] are
combined with the GP model as coefficients of goals and
objective function, then this model is used to calculate the
amount of water reuse allocation. Finally, stability of the
solution evaluated based on sensitivity analysis in AHP
and What-If analysis in GP models.

2 The study region

Najafabad plain is one of sub-basins of the Zayandehrud
River basin in the west of Isfahan province with an area
of 1712 km?. Its minimum and maximum altitudes are
1580 and 2925 m, respectively. Najafabad plain is situated
between 32°20' to 32°49' N latitude and 50°57' to 51°44' E
longitude. Fig. 1 shows the location of Najafabad plain and
its irrigation networks.

2.1 Water resources

In Najafabad basin during the decay years, despite grow-
ing water demand, due to climate changes, the decline
or groundwater and surface water has created a crisis.
Therefore, water reuse management is essential for man-
aging water resources and organizing the urban water
supply situation.
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Fig. 1 Location of Najafabad Plain and the irrigation networks

2.1.1 Groundwater

Najafabad aquifer has an area of 932 km? with an aver-
age thickness of 69 m (30—120 m). Fig. 2 shows the cumu-
lative mean of piezometric level changes in its aquifer
for a 34-year time period. The general characteristics of
Najafabad aquifer are presented in Table 1.

Najafabad aquifer is recharged by direct precipitation,
seepage from the local water channels and the river, irri-
gation percolation and transitional flow. The recharge and
discharge are estimated to be about 1260 and 1398 mil-
lion cubic meters (MCM) per year, respectively. Storage
changes in the aquifer is about -138 (MCM) per year that

10

-20
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Year
Fig. 2 Cumulative mean of piezometric level changes in Najafabad
aquifer for a 34-year time period [27]

indicates an imbalance between recharging and discharg-
ing in this aquifer. Table 2 shows hydrological cycle in
Najafabad plain (MCM) per year.

2.1.2 Surface water

Zayandehrud River is the most important surface water
resource in the west of Najafabad region with length of
36 km. In recent years, despite increasing pressure of
water demand due to climate changes, the severe drought
and low-rainfall year, water has become increasingly
scarce. Fig. 3(a) shows the monthly variation of long-term
period discharge and Fig. 3(b) illustrates the annual dis-
charge values over the last 21 years for Mousian hydro-
metric station along the Zayandehrud River from October
1996 to September 2016. The mean annual discharge in
long-term period is approximately 180 m3s..

2.1.3 Potential for water reuse

Najafabad wastewater treatment plant is the main treat-
ment plant in the south of Najafabad city. Effluent of this
plant can be considered as a new strategy that can respond
to part of this problem. The total population of Najafabad
city was about 235,281 in 2016 [28]. Based on the popu-
lation growth in previous years, the predicted water con-
sumption per capita and the population for the next 25
years, the amount of wastewater production is estimated
as an average of about 420 Is™'. Table 3 shows main fea-
tures of wastewater collection and treatment plant in the

Table 1 General characteristics of Najafabad aquifer (ground water resources) [27]

Aquifer Specific storage (%) Average piezometric level
Sub-basin Average thickness ~ Max. water storage Beginning of End of period
(m) capability (MCMy  oneonfined (UC) Confined (C) period (Oct. 1991) (Sep. 2016)
Najafabad 69 3297 2 - 19.9 35.2
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Table 2 Hydrological cycle in Najafabad plain (MCM) per year [27]
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Table 3 Main features of wastewater collection and treatment system in Najafabad city
Population Wastewater collection  Diameter of Treatment system capacity
system (km) wastewater (Number of people)

Name of . Wastewater

. o End of ) collection treatment method
city Beginning . . designed  erected system Modulel Module2 ~ Module3 ~ treatment metho
project period Yy . .
(2016) (2040) (km) (km) (mm) (Constructed)  (designed) (designed)
Lagoon activated
Najafabad 235,281 350,000 527 220 200-1400 100,000 100,000 150,000 sludge system

(LASS)

Discharge (m’/s)

mFlow| 90 |156|175| 75 | 6.1 | 110|242 309 | 227 | 120 | 12.2 | 11.9 |
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Fig. 3 Variation of the Zayandehrud River discharge in Mousian
station: a) variation in monthly flow for a 21-year time period. b)
Discharge records for each year (Zayandehrud River) [27]

Najafabad city [29]. Due to inadequate government fund-
ing, the construction of about 300 km of the wastewa-
ter collection system and modules 2 and 3 of Najafabad
wastewater treatment plant will be supplied by pre-sale of
recycled water.

2.2 Alternatives

Najafabad region is more significant with respect to social,
economic, environmental and legal criteria because of the
interaction between water resources and development of
agriculture, industries and urban population density in

these areas. In this case study, based on submitted requests
information, three candidates are selected as applicable
water reuse alternatives, which are as follows: T,: Urban
landscape irrigation, T,: Agricultural irrigation, and T:
Industrial demand.

2.2.1 Urban landscape irrigation

The green space irrigation is one of the largest water uses
in Najafabad plain that includes landscaped areas around
commercial and residences, freeway medians, parks, and
playgrounds. Table 4 presents the total amounts of the
green space and parks area in Najafabad city. At pres-
ent, the total area of the green space in Najafabad city is
about 260 ha. There are 63 parks with about 120 ha area
in Najafabad. The main planted species in the green space
are cypress, mulberry, and acacia [30].

2.2.2 Agriculture irrigation

The main water user in Najafabad plain is the agriculture
sector. The aquifer offers a high potential for agriculture
but, in spite of the modern irrigation networks erected in
the region, the surface and under-ground water resources
are under a great pressure leads to serious water shortage.
Table 5 presents the total water requirement for the most
important crops in Najafabad plain based on the efficiency
of distribution and transmission irrigation systems [31].

2.2.3 Industrial demand

Isfahan power plant is the major industry in Najafabad
plain. This plant is located in the east of Najafabad Plain.
At present, Isfahan power plant has been connected to five
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Table 4 The green space and parks area in Najafabad city

Green space area Covered

Covered

3 2 H 2 2 H
Nane of city (m?) population (capita) m?/capita Parks area (m?) population (capita) m?/capita
Najafabad 2,598,790 235,281 1,190,681 235,281 5
Table 5 Crop water requirement in Najafabad plain
season Crop type Planting Date Harvest Date Net water demand (m*/ha)  Area (ha) Crop Water Requirement (MCM)
Wheat Nov Jun 4,270 21,832 93.22
Barley Nov May 3,590 4982 17.89
Winter
Onion Oct Jun 7,010 8118 56.91
Fodder Oct Jun 9,310 4920 45.81
Rice Jun Oct 7,740 15,006 111.64
Summer
Potatoes Feb Jun 6,240 5744 35.84
Vegetables Mar Oct 5,840 12,054 68.95
All year Sugar beet All year All year 9,510 1599 15.21
Orchards All year All year 9,310 6863 59.91

electricity generators with a nominal capacity of 835 MW
including two units of 37.5, one 120 and two 320 MW to
the national electricity network. The average amounts of
water requirement for cooling and other process in Isfahan
power plant is about 260 1s' [32].

3 Methodology

3.1 Analytic Hierarchy Process (AHP)

The Analytic Hierarchy Process (AHP) introduced by
Saaty [33] is a famous tool for dealing with complex deci-
sion-making, pairwise comparison and assignment quali-
tative input to crisp value that may aid the decision-maker
to set priorities and make the best decision. The AHP
method leads to capture both subjective and objective
aspects of a decision by reducing the complex decisions
and synthesizing the results.

At each level of the hierarchy, pairwise comparisons
realize the attributes and alternatives relevant weights to
each attribute. In addition, the AHP incorporates a use-
ful method for checking the consistency of the decision-
maker's evaluations results in a reduction in the bias in the
decision-making process.

Gradation (relative) scales for assessment from one
(same importance) to nine (much more important) are used
for pairwise comparisons (see Table 6). In addition, the
entries of the importance of criterion (al.j) and (a,-,-) must
satisfy the a,xa,= 1 constraint [33]. The algorithm for the
AHP method is summarized in the following steps [34]:

Step 1: Foundation decision matrix based on pairwise
comparison.

Step 2: Computation of priority (i.e., normalized eigen-
vector). Equation (1) is used for the normalized decision
matrix.

i

M =Sa M
i=1 4jj
where a,, is the importance of criterion relative to others,
i and j (subjective judgment: see Table 6).
Step 3: Then, Eq. (2) is used to calculate the local

weights (W).

il ny
=2l @
n

where n, is the normalized eigenvector,  is the total num-
ber of criteria.

Step 4: This step is to check that how consistent the
judgments is relative to large samples of purely random
judgments. So, (CR) is calculated as Consistency Index
(CI) divided by Random Index (RI), where (RI) is the
average (CI) from random matrices. (R/) values may be
different across research studies. Here Alonso and Lamata

Table 6 Gradation scales for assessment in AHP method [33]

Pairwise comparison importance in AHP method (a,_,,) Priority values

Equal 1
Marginally strong
Strong

Very strong

o 9 W W

Absolutely strong

Intermediate inputs between adjacent scale value 2,4,6,8
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used R/-values of 0.5245 and 1.1086 for the three water
reuse alternatives and five criteria on the pair-comparison
matrix, respectively. The (CR) > 0.10 indicates that there is
a concern of inconsistency in pairwise comparison. Eq. (3)

ax = ZPSI-/WI- !/ m;
(i=1)

CR:g; C[:imax—i; A
RI 1

©)

PS; = Zqij /n;qij =a; /w.
()

Step 5: Eq. (4) is used to calculate the final weight of
alternatives (R), multiplying relative weight of the criteria
into relative weights of the alternatives. Values of R, = [0—1]
are used for weighting water reuse alternatives.

k
R = 2wy x 1y, )
i=1
where w, is the priority weight of the criterion £, 7, is the
normalized value of the criterion k£ and alternative (7).
Fig. 4 shows the hierarchical structure for weighting the
water reuse alternatives.

3.1.1 Sensitivity analysis
In AHP method the weights of alternatives are dependent
on the priorities of attributes and sensitivity analysis, con-
cept can be studied under variations in the weights of attri-
bute and based on following procedure changes in attri-
bute priorities that obtain of the behavior of DMs can cause
changes in the alternative weights.

When the weight of the first attribute is varied from 0
to 1, the value of the other attributes is recalculated in a
way which the ratios between the other weights are kept
constant [35].

Suppose that we first interest in varying the weight
of the £, Eq. (5) is shown which the sum of all criteria
weights is one.

E+E, +E+E,+Es=1 ®)

When defining p, = EJE,, p, = EJE,, p, = EJE,, and
inserting p —p, into Eq. (5), we obtain Eq. (6):

Ey+ By + Ey + pyEs + pEy = 1. (©)
In Eq. (7), E3 is a function of £,

1-E,
E;y=
Prt Pyt D3t Pyt Ds

™)

And Eq. (8) which implies that all other attribute
weights are also functions of a single variable E:

E. = pl<1_E1) E - Pz(l—El)
2= > Ly =
P+ Pyt P3t Pyt ps PPyt p3t Pyt ps
ps(1-E) ®)
E = 3 1

5_ 2
Pt Pyt D3+ Pyt Ps

when E is fix, Egs. (7) and (8) determined the other attri-
bute weights. Then, these new weights of attributes are
used in the procedure of AHP to calculate the new final
alternative weights and checking whether £, changes affect
the alternative weights. If the weight of £, is changed the
similar synthesis is valid.

3.2 Leopold matrix

The Leopold matrix developed by Leopold et al. [36], for
responding to the US Policy Law of 1969, which provide
clear guidelines for state government agencies to produce
an EIA report of the projects designed by an organization.

Weighting the Water
Reuse Alternatives

' |

. .

Environmental Risk-based Economic Social Functional
criteria criteria criteria criteria criteria
Agricul 1 1 .
gricu Fura Urb.a n anFlscape Industrial reuse
irrigation irrigation

Fig. 4 Hierarchy structure for the water reuse weighting



The Leopold matrix provides a tool for numerical analysis
and weighting evaluation of the significance of possible
effects. As noted by the designers of the Leopold matrix,
there is a significant ability of using the matrix as a check-
list of a wide range of environmental actions and impacts
that can be related to the suggested operation [36].

This method evaluated the environmental impacts of
each activities in the constructional and operational phase
of the project based on the type of activities and it con-
sists of three components as follows: (1) A checklist of the
main impacts of activities on the environment in which the
proposed operation may be performed, and then the mag-
nitude of each of the impacts is estimated; (2) The assess-
ment of the significance of each of the above mentioned
impacts (for example, regional versus global or local);
(3) A summary assessment, that is a combination of the
importance and magnitude of the effects [37].

Net privilege number for impact =

magnitude of effect x significance of effect. ©)

Equation (9) was used to quantify evaluation in the
Leopold matrix. This shows the net privilege number for
impact, which is obtained by multiplying of the magnitude
in the significance scope of the impact. Summing up all
the levels of the effect horizontally and vertically together
and finally giving a positive or negative number in the
left corner of the matrix, are the basis of judgment [36].
Magnitude of effect is the degree of change due to activi-
ties, based on existing facts of environmental parameters
and scored from -3 to +3 and significance of the effect is
determined by the radius of influence and is defined with
the numbers of 0 to 5.

3.3 GP and proposed framework for water reuse
allocation

In many cases, decision-maker must achieve more than
two objectives where these goals even conflicted simulta-
neously. A GP model is a format of linear programming
model that attempts to optimize the function with multiple
objectives. A goal is an objective with a "right hand side",
which is a goal value associated with the goal. Undesirable
deviation from this set of target values in a success func-
tion is minimized. All the objectives are indicated by goal
constraints in the same procedure. Goal constraint contains
donation variables that determine the amount in which the
share of all activities in the goal is exposed to fall behind or
exceed the goal level (i.e., the right side of the constraint).
The objective function of a GP problem is to minimize the
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sum of the deviations (weights) of all objective levels asso-
ciated with management goals. When target variables are
constrained, the problem of impossibility associated with
the constraint is avoided. The algorithm for the GP method
is summarized in the following steps [13]:

Step 1: The decision variables and hard constraints val-
ues are formulated in a conventional LP method.

Step 2: The goals along with their target values are con-
verted to goal constraints by using the decision variables
that would achieve the goals.

Step 3: Determining which deviational variables repre-
sent undesirable deviations of the goals and formulating
an objective that penalizes the undesirable deviations.

Step 4: Solve the problem; the deviations can be
weighted according to their importance.

Equation (10) shows the objective function of the GP
method that seeks to minimize the deviation from goals in
the order of the goal priorities [13].

G
minz =Y. (W;D; +W D, ) (10)
i1

W is the weight per unit of overachievement deviation
D/ and W is the weight per unit of underachievement
deviation D"

In the GP method, the objective function contains some
or all of the target variables. Decision-makers may choose
larger weights for deviations that are concerned, and when
they are not concerned, deviations may be eliminated [38].
This weight selection for objective function can be simpli-
fied depending on the relative deviations instead of abso-
lute ones. Equation (11) is shown the new presentation of
the objective function.

G (Ul-_D,.‘ +U; D J

minz =y, (11)
8i

i=1

U (U7, U)) is the weight that used to a relative devia-
tion from goal ..

Target variables balance the distortion between the
levels of management and real purpose. Equation (12) is
shown the general purpose of goal constraints [38]: and T,
D,D >=0

G
Y AT, +D -D =g, fori=1,..,M. (12)
i-1

A4, is the (constant) contribution to goal i per unit of
activity j, T, is the /" activity (decision) variable and g, is
the constant measuring the target of goal 7, of which there
are M.
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Equation (13) is shown the usual LP variety of goal con-
straints [38]:

S AT <=2, fori=M+1,....m. (13)
=l "

To minimize the differences, one of deviation is always
zero and the other can diverge from zero and reach the tar-
get level, to achieve the target level Gj for goal 7, if D is
greater than zero, D;” must be added to the left-hand side
of the constraint and if D" is greater than zero, to achieve
the goal, D, must be subtracted from the left-hand side of
the constraint [13].

Fig. 5. illustrated hybrid of AHP, Leopold matrix and
post GP model procedure. In this procedure GP is used
to analyze the output of AHP and Leopold matrix which
have most closely met the DMs' goals.

4 Results

4.1 AHP application

In this part, AHP method is applied for weighting the water
reuse alternatives in Najafabad region. At first, subjec-
tive judgments are obtained from questionnaires and the
importance of the various criteria and alternatives are sep-
arately evaluated by three decision-makers and represented
in the formats of the numerical values (see Table 6) and the
proposed algorithm that assesses the criteria weights and
builds the pairwise comparisons for the five criteria and
three water reuse alternatives relevant to each attribute.

Step 1: Problem setup

v

Step 2: Defining the
elements and collect the data

\2

Step 3: Derive weights by
AHP and sensitivity

!

Step 4: Setup hybrid GP

model
W P

Step 5: Determine the

Derive EIA for three
feasible water reuse
alternatives

Calculate of water
reuse allocation
with LINGO

optimal allocation

\

Step 6: Expressing final

What-If analysis
and
recommendation

decision

Fig. 5 Hybrid model development procedure

Table 7 indicates some important criteria that have been
utilized in the literatures [39]. In the first step, according
to Table 6, the five criteria including £,: Environmental
criteria, £,: Risk-based criteria, E,: Economic criteria,
E,: Social criteria, and E: Functional criteria, were
selected. Then the questionnaires were asked to evaluate
the importance of each criterion.

Table 7 Evaluation criteria utilized in literature of water supply and demand management options

Evaluation Criteria

o Objectives
(abbreviation) )
Maintain river, local creaks, and wetlands Effects on aquifer (groundwater level and pattern)
Environmental . .
. Efficient resource use Reuse and recycling of resources
criteria (£))

Protect land ecosystem

Risk-based criteria Resilience
E) -
Vulnerability
Economic criteria Cost
(Ey) Income

Ability to meet user acceptance

Ability to meet community acceptance

Social criteria (£,) Health and hygiene

Political approval

Effects on natural habitat area

Failure duration or how quickly system returns to its
satisfactory state after a failure

Magnitude of failure
Capital, maintenance and operational cost
Products income
Water quality acceptance by user

Creates jobs, benefits and negative impacts on local area,
public education

Safety, Risk of infections

Ability to meet environmental or other regulations and
management effectiveness

Optional, operational, maintenance and construction

Functional criteria flexibility

(E5)

Durability and Interactions between the system components

Ease of handling the system

Infrastructure design life and effects on the environment
and facilities




Then, based on Egs. (1) and (2), the pairwise decision
matrix is normalized and relative weights of the attri-
butes and alternatives are determined by using the Saaty
matrix [40]. After the criterion weights, the decision and
measurement of normalized matrix are summarized and
shown in Tables 8 and 9.

Normalized criteria aggregation

Consequently, following this process, weights of the
alternatives are determined Eq. (14):

r(TlEI)xr(El)-i-r(TlEz)xr(Ez)
R(T)=| +r(LEy)xr(E;)+r(TiEy)xr(Ey,)

14
+r(T1E5)xr(E5)+r(T1E6)><r(E6) (4

=0.2547; R(T,)=0.5547 and R(T;)=0.1907.

The final weights according to normalized criteria
aggregation are presented in Table 10.

4.1.1 Sensitivity analysis application

In this case study the weight of the environmental and
social attributes are important issues in facing of envi-
ronmental protection and social crisis and the strategy to
increase or decrease of these attribute weights provides
information on the solution stability and also resulting of
change in the water reuse allocation can be studied.

Table 8 Pairwise comparison matrix and relative importance weights of
the attributes in AHP method

Criteria EE E E E Viiiﬁgts

£, 14 s 14 6 0.288

E, 4 2 133 0.120

E, 512 1 1A 2 0.076

E, 4 3 4 5 0467

E, e 13 12 151 0.050
A, =SA413,CI=0.103 RI=11086;and CR=0093<0.1  Sum: 1.000
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Table 9 Weight vectors of the criterions and alternatives for weighting

water reuse in AHP method

r(TE) E, E, E, E, E,

T, 0.589 0.055 0.149 0.122 0.207
T, 0.357 0.290 0.066 0.804 0.735
T, 0.054 0.655 0.785 0.074 0.058

3

Table 10 The final priorities and weights of the alternatives in AHP method

Ranking Alternatives Weight R(T)
2 T, 0.2547
1 T, 0.5547
3 T, 0.1907

Suppose that we first interest in varying the weight of
the environmental attribute £, Eq. (5) is shown which the
sum of all attribute weights is one.

Based on Eq. (8), the weights of attributes calculated
(£, =0.120, E, = 0.076, E, = 0.467, E, = 0.05), and based
on sensitivity analysis section p,—p, values are as follows:
p, = 1.579, p,= 6.145, and p, = 0.65

When the weight of environmental or social attribute
is varied from O to 1, the value of the other attributes are
recalculated. If the weight social criterion is changed the
similar procedure is valid. Table 11 shown the new weights
of water reuse allocation attributes and alternatives in
5 models when the weight of environmental or social attri-
butes is decreased or increased.

4.2 Leopold matrix application

The input numbers in the Leopold matrix not only identify
the environmental areas affected by each project activity, but
also work as a scale of the effect’s level. Table 12 provides
an illustration of the basic structure of EIA matrix for the
urban landscape irrigation, and Table 13 summarizes EIA
matrix for three feasible water reuse alternatives based on
the UN SDGs (G|: No Poverty, G,: Zero Hunger, G,: Good

Table 11 The new weights of attributes and alternatives in water reuse project, in 5 models

Model 1 2 3 4 5
Varying environmental or social attribute weights I*E, and 1*E, 0.25*%E, 1.25%E, 0.25*E, 1.25%E,
' 0.288 0.072 0.360 0.476 0.224
W, 0.120 0.156 0.108 0.198 0.094
w,, 0.076 0.099 0.068 0.126 0.059
w,, 0.467 0.608 0.419 0.117 0.584
W, 0.050 0.065 0.045 0.083 0.039
W, 0.2547 0.1532 0.2885 0.3416 0.2254
W, 0.5547 0.6142 0.5344 0.3905 0.6093
w 0.1907 0.2326 0.1772 0.2680 0.1653
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Table 12 ETA matrix for "urban landscape irrigation"
Project Activities
Construction phase Operation phase
2 5 > 2
- < @ P — en =
= el < 5 = [5)
2 2 E g S § 5 E
c I .Z.535 = v 2 . s g &
3] = S £ g & 8 o o s g £ 8 5 = = & ©
2 S S = 2 = £ S Z 2 8 & < 5 g £ 5=
= = Z 8 2 § 5% 8§ fws 5 8 %2 58 2 -3 8 5 E ©SE
5 = = 2 £ e s o ® 2 F 9 § 3 7 535 2 £ 2 £ 83
g = & 5 © 9 Ew 2 ££ 2z £ 53 2 & » 28 T 8 E Z &g
] = 5 < - 2 3w 2 g & 58 € & E E g S8 EQ
& 2 & % £ § Ef 88 g 2 ¢ zZ PES P e S E ZE
: - 25 S E 5282 25535 355 % 8 56
O o s S & © 3] s £ < 2 2 = $ L g =7 E°
-8 = S 2 %2 5 ¥ B=Eans § S g 3 2 B3 £ £ g
Z s = = = E 5 C s 8 £ g
= S 5 R < g £ 2 =
» = O 5 = A o 5 2
= 3 a g a 2 3
= = 2 =
Soil erosion (G,) 0 0 -1 0 0 0 0 0 0 0 0 0 4 0 0 0 0 3
Soil quality (G,,) 0 0 0 O 0 0 0 0 0 0 0 0 o6 0 0 0 0 o6
g: Air quality (G ,) -1 0 -1 0 0 0 0 0 0 0 0 0 O 0 0o 0 0 -2
g Noise (G ) -1 0 -1 0 0 0 0 0 0o 0 0 0 O 0 0o 0 0 -2
Q
g Vegetation (G, ) o 0o 0 0 0 0 -1 00 0O O0OG6G 0 00 0 5 28
-g wild life (G ,) -1 0 -1 0 0 0 -1 0 0 0 0 0 O 0 0o 0 0 -3
& Water quality (G, G ,, G,,) 0 0 0 O 0 0 0 0 0 0 0 0 o6 0 0 0 0 o6
ity of
Quantity of water resources 0 0 0 0 0 - 0 0 0 0 15 0 0 | 0 0 0 15
(G()’ GIO’ GIZ’ G13)
<
% Mental health and health (G,) 0 0 0 O 0 0 0 0 0 0 0 0 -4 0 0 0 -2 -6
j = -18
-é’ Physical health and health (G,) 0o 0 0 O 0 0 0 o o0 o0 o0 o0 -6 2 0 0 -4 -12
‘é Financial (G 0 0 0 1 0 0 0 0 0 0 0 0 O 0 0 0 0 1
S "=
=N 4
g = Employment and unemployment 0 2 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 3
& G,.G)
Recreation and tourism (G ) 0 0 0 0 0 -4 0 -4
- Landscapes (G ;) 0o 0 0 O 0 -1 0 4 o 0 0 2
N . I
5 Education and cultural situation 0 0 0 - 0 0 0 00 0 0 0 0 0 0 0 0 -1 5
3 G, G
S 7
- Land use (G,) 0 0 0 O 0 0 0 0 1 0 0 0 1
The value of land and housing (G, ) 0 0 0 O 0 0 0 0 0 0 o 0 0 O
=
g ~
5 3:/“ Distance from production site (G, G,)) 1 0 0 0 0 0 0 o 1 0 0 0 O 0 o 0 0 2 2
3
a9
Summation of Total Impact Factor 2 2 -4 0 o -1 -3 -1 1 1 15 0 13 -1 0 0 -6 14 14

A negative sign (-) in the front of the number shows that the impact is adverse and (G,) sign, following the sustainability criteria indicates the number
of UN Sustainable Development Goals (SDGs) in the EIA. The weights of water reuse allocation attributes based on Table 11 is used to weight the
"summation impact of each component" in the objective function of GP models.

Health and Well-being, G,: Quality Education, G,: Gender
Equality, G.: Clean Water and Sanitation, G,: Affordable
and Clean Energy, G,: Decent Work and Economic Growth,
G,: Industry, Innovation and Infrastructure, G : Reduced
Inequality, G : Sustainable Cities and Communities, G ,:
Responsible Consumption and Production, G ,: Climate
Action, G|,: Life Below Water, G . Life on Land, G
Peace and Justice Strong Institutions and G _: Partnerships
to achieve the Goal). These matrixes which has existing

environmental items, which might be impacted by proposed
project activity are identified as the rows and actions, which
cause environmental impacts, as the columns of the matrix.
Each cell in the EIA matrix of water reuse alternatives
indicates net privilege for impact and obtained of multiply-
ing the magnitude by the significance of the effect. In this
method, + or — sign of the effects indicate the positive or
negative impact of each environmental component and the
degree of impact indicates magnitude of the impact.



Dehaghi and Khoshfetrat | 495
Period. Polytech. Civ. Eng., 64(2), pp. 485-499, 2020
Table 13 EIA matrix for "the three feasible water reuse alternatives"
Three feasible alternatives U'rbe?n lgndscape .Agrlcgltural Industrial demand 2
irrigation (7)) irrigation (7)) (T g
-
o
2 g 3E ¢ g 8% & g 885 &%
= < e = = < (== = < = 2 q
[) = g o ) = g S 2, = g§9% § &
o o — e =] o — e o o —_ 2 8 =
. 2 = = & o = = E S = 2 E T
Components Environmental factors 5 g g8 5 g £38 5 g £8 =E
s & £ 2 5 EE B & EZ 8
O 2% 3 2% O A% O
Soil erosion (G ,) -1 4 28 2 4 20 2 0 -11
Soil quality (G ;) 0 6 9 0 0
Air quality (G ) -2 0 -2 0 -2 0
Noise (G,) -2 0 -2 0 2 0
Environmental (4)) 28
Vegetation (G ;) -1 6 -1 0 0 0
wild life (G ) 3 0 -3 0 -4 0
Water quality (G, G ,, G,,) 0 6 -1 12 0 0
Quantity of water resources (G, G,, G ,, G, -1 16 0 6 -1 0
Risk-based Mental health and health (G,) 0 -6 -18 0 0 -6 0 -1 2 5
4, Physical health and health (G,) 0 -12 0 -6 0 -1
Economic Financial (G,) 1 0 4 1 0 3 0 9 14 “
) Employment and unemployment (G , G,) 1 1 1 1 4
Recreation and tourism (G, ) 0 -4 2 0 0 6 0 0 -3
Landscapes (G ;) -2 4 -1 4 -2 0 6
Social (4,) Education and cultural situation (G,, G,,) -1 -1 0 -1 0
Land use (G15) 1 4 0
The value of land and housing (G11) 0 0 0 0
Functional (4,) Distance from production site (G9, G11) 1 1 2 2 2 4 1 0 1 &
Total Factor Impact -9 23 14 -9 36 27 -12 11 -1

The maximum benefit or minimum risk impact value
among the three feasible water reuse alternatives in each
row indicate the best EIA condition for water reuse allo-
cation when only considering that goal. In other words, by
considering the environmental components, with regards
to allocation water reuse for all of the alternatives, the
maximum impact value with score of 28 with water reuse
demand 120 I/s for urban landscape irrigation is the best
condition, while according to the effect on the economic
components, the maximum impact with score of 14 with
water reuse demand 260 1/s for agricultural irrigation is
the best condition. These aggregate scores are converted
into the constraint values in GP model, which will attempt
to consider the best EIA condition by minimizing the
deviation from the ideal score for each group.

4.3 Application of GP and proposed framework for
water reuse allocation

In the study area, we considered the Leopold matrix in
order to carrying-out the EIA for water reuse allocation by
formulating of AHP-GP models as below:

4.3.1 Constraint functions
First, we determine the following functions as constraints:

T, +T, + T, < 420. (15)

Equation (15) shows the maximum volume (1/s) of water
reuse production capacity. Where T, 7, and T}: are water
reuse allocation volume (1/s) of feasible water reuse alter-
natives include: agricultural irrigation, urban landscape
irrigation and industrial demand.

T, >120; T, >260 and T} >150. (16)

Equation (16) is minimum feasible volume of water
reuse allocation for 7}, 7, and T,. They should be equal or
more than 120, 260 and 150 1/s respectively, that are deter-
mined based on the future demand.

In GP model, Leopold matrix is used for finding the
best relative weighting (4,) of decision variables to sup-
port the constraint coefficients due to carrying-out the EIA
for water reuse allocation for each constraints (goals) and
Eq. (17) to Eq. (21) are presented the goals for this project:
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m
Max 2. 4; *T; : Maximization or minimization of all
i=1

7)

o / .
criteria per—of water reuse allocation
s

28%T, + 20T, —11#T; > 28.

Equation (17) is minimum feasible water reuse alterna-
tives impacts caused by project activities to environmental
component and the coefficients for decision variables (7
to 7)) are the sequestrated of environmental effects for each
alternative based on results of EIA matrix in Table 13. The
maximum value of multiply impact assessment per /s, in
water reuse demand for each alternative represents the best
condition when only considering that attribute. In other
words, with regards to environmental impact assessment,
alternative 7| is the maximum value with a score of 28.

—18*T, — 6*T, — 2*T, < 2. (18)

Equation (18) is maximum feasible water reuse alter-
natives impacts caused of project activities to risk-based
component and the coefficients for decision variables
(T, to T)) are the sequestrated of health risks effects for
each alternative based on results of EIA matrix in Table 13.

4¥T, + 35T, +14*T; > 14. 19

Equation (19) is minimum feasible water reuse alter-
natives impacts caused by project activities to economic
component and the coefficients for decision variables
(T, to T,) are the sequestrated of economic factors effects
for each alternative based on the results of EIA matrix in
Table 13.

—2%T, +6*T, —3*T, > 6. (20)

Equation (20) is minimum feasible water reuse alterna-
tives impacts caused by project activities to social and the
coefficients for decision variables (7, to 7)) are the seques-
trated public acceptance effects for each alternative based
on the results of EIA matrix in Table 13.

2XT, + 44T, + T, > 4. 1)

Equation (21) is minimum feasible water reuse alterna-
tives impacts caused by project activities to functional com-
ponent and the coefficients for decision variables (7, to T,)
are the sequestrated of simple application effects for each
alternative based on the results of EIA matrix in Table 13.

We determined the negative or positive deviation of the
goal based on the constraints specification. If the initial
constraint or inequality is greater than a quantity, negative

deviation must be included in the equation. This negative
deviation should be written to the left-hand side of the equa-
tion and inequality will be changed to equality. If the initial
limitation is less than a quantity, the positive deviation must
be subtracted from the left-hand side of the equation.

On the other hand, the signs D~ or D" symbols can be
added to the relationships 16 to 21 in the various men-
tioned cases. Given the properties of the constraints of this
study, we only have a positive deviation from the target of
health hazards. As a result, the following new equations

are determined:

st

28%T, +20%T, —11*Ty+ D" —D," = 4;

A +e —e¢ =28;
—11<=4, <=28;

—18*T, —6*Ty —2*Ty + D,” —=D," = Ay;

Ay te, —e =2

—18<= 4, <=-2;

A% +3*T, +14* Ty + Dy =Dy = 45,
Ay tey —et =14,

3<=4;<=14;

“2%T 4+ 6*Ty—3*T+D, —D," = A,;

Ay +e —e, =6

For environmental goal.

the more the better

FOT‘AI ~ &1max
For risk-based goal.
the more the better

For‘Az—g

2,max
For economic goal.
the more the better

For ‘Az ~ &3,max

For social goal.

the more the better

2<=d, <=6, For|dy = 24 as (22)
2% +4*T, + Ty + D —Ds" = As; For functional goal.

Asres —est =4 the more the better

1<= dy <=4 For| s = g5 e

Ty +Dy —Dg" = 4g; For urban landscape irrigation goal.
Ag+eq —egt =120;
100 <= 44 <=120;
T,+D; =Dy =43
A +e;” —e;" =260;
200 <= 4, <=260;
Ty+Dy - D" = 4
Ag+eg —eg =150;
120 <= 43 <=150;

the more the better

For‘Aﬁ — &6,max

For agricultural demand goal.

the more the better

FOT‘A7 ~ &7, max

For industrial demand goal.

the more the better

FOT‘AS ~ 88 max

where, D~ and e~ are negative deviation of environmen-
tal impact assessment, D,” and e, are negative deviation
of risk-based impact assessment, D, and e, are negative
deviation of economic impact assessment, D, and e,” are
negative deviation of social impact assessment, D, and
e, are negative deviation of functional impact assessment,
D, and e~ are negative deviation of urban landscape irri-
gation allocation, D~ and e, are negative deviation of
agricultural irrigation allocation, D" and e, are negative
deviation of industrial demand allocation.

4.3.2 Objective functions

In the GP method, simplifying the objective function not
only make selecting weight easy, but also make working
with relative deviations of goals simpler. Therefore, using



mathematical techniques and changing weight factors
and creating different solutions can help decision makers
choose the optimal solution to fulfil the objectives of the
EIA process. To indicate the relative importance of each
objective based on the weighting value which evaluated
by expert's judgment for each alternatives and criteria, we
can combine these weighting with GP model and attempt
to achieve the best recycling water allocation.

The unfavorable deviation from the goals was mini-
mized by objective function. We determined the objective
functions as below:

Objective functions of AHP-GP formulation: for model 1 to 5
minz = (W, /28)*(?D,” +¢ )+ Satisfy environmental goal
Wiy 12)%(Dy” +ey )+
Wy 114)* (D3 +e5 )+
Wiy 16)*(Dy” +ey7 )+
(Wps 1 4)*(Ds" +e5")+
Wy, 1120)*(Dg +e4 )+
Wy, 1260)*(D;” +e; )+
(W3 1150)*(Dg~ +e5 );

Satisfy risk-based goal

Satisfy economic goal

Satisfy social goal (23)
Satisfy functional goal

Satisfy landscape irrigation goal
Satisty agricultural irrigation goal

Satisfy industrial demand goal

Equation (23) is the objective function that generates
an optimal solution based on the deviational variable that
represents each goal. In the study area, AHP method is
used for finding the best relative weighting of criterion (£)
and alternatives (7)) to support the coefficients of under-
achievement deviations (D, and e;) in the objective func-
tion of GP formulating in AHP-GP models.

4.3.3 Water reuse allocation based on sensitivity
analysis models

The weights of criteria and alternatives obtained by AHP
method and also sensitivity analysis procedure of this
method is shown in Table 11. As can be seen in Table 11,
the weights are normalized, so the AHP technique can be
combined with multi objective optimization techniques
such as goal programming. Performance sensitivity anal-
ysis in proposed framework shows how recycle water are
allocated relative to water reuse alternatives with respect
to vary of each attribute as well as overall.

Table 14 The final output for water reuse allocation per l/s, by
alternatives in 5 models

1 2 3 4 5
Model
0.25%E 1.25*%E, 0.25%E, 1.25%E,
(T) 120 10 120 120 120
(T) 260 260 260 150 260
(1) 40 150 40 150 40
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The advantage of this approach is the ability to allow
the DMs to change of attributes and alternative weights
and notice the correlating change of water reuse allocation.

Finally, multiple problems based on objective and con-
straint functions were defined as mathematical linear based
on sensitivity analysis in 5 models solved by LINGO soft-
ware. The final output for water reuse allocation per /s, are
presented as follows (Table 14). In pervious section the
What-Ifanalysis is performed in 5 AHP-GP models based on
sensitivity analysis of AHP method then recycle water allo-
cation are calculated which can be provided information on
the worthy and stability of the solution in decision-making.

The advantage of this approach is the ability to allow the
DMs to change of attributes and alternative weights and
notice the correlating change of water reuse allocation.

4.3.4 Recommendation for a case study related to the
sensitivity analysis and corresponding results
In relation to the mathematical computations, it is clear that
DMs cannot do all the above calculations and some flexible
model is required to handle them simultaneously. Another
ability of this approach is the strength to create "What-If"
analysis. Therefore, when management wants to consider
change in weighting of problem, this model can be used
to answer the "If" state. This function is useful for man-
aging water reuse allocation because we can see how dif-
ferent attribute weights effect on the amount of water reuse
allocation. In this section, results of changes in the attri-
bute weights in water reuse project and the impact of this
change on the water reuse allocation in pervious section
(Tables 11 and 14) are compared and discussed as follows:
The change of the environmental attribute (£,) weight
that changes the existing the allocation of recycled water is
0.072, and this causes the allocation of urban landscape irri-
gation (7) decries from 120 to 10 I/s and the allocation of
industrial demand increase from 40 to 150 I/s. Because -75
% changes in environmental weight results (decrease in the
environmental weight from 0.288 to 0.072), in allocation of
recycled water decries, it could be recommended to the DMs
to allocate 120 1/s for urban landscape irrigation, because
change in allocation of recycled water for this alternative
need to a great change in environmental criteria weight.
Change in weight of the social attribute (E4) shows that,
depending on the value of this attribute weight and water
reuse allocation, results of model 1 can be considered as
the optimal allocation for alternatives 7, to 7. It is also
shown that allocation for industrial demand (7,) increase if
the weight of the social attribute is decreased considerably
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— at least for 0.117, which is a great change on scale of 0 to
1. If such a situation occurs, this would mean that the DMs
did not take into account the impact of the solution to be
implemented on the social, and consequently, that the deci-
sion should be reassessed to be in compliance with the glob-
ally accepted recommendations regarding sustainability.

5 Conclusions

This study introduces the summary of using AHP, Leopold
matrix and GP methods, for optimizing water reuse alloca-
tion based on proposed framework approach to support the
decision-making for water reuse allocation in the presence
of conflicting attributes. The significant attributes include:
economic, functional, social, risk-based and environmental
criteria in a region with water-stress and arid climate.

This is also the first study that considers the Leopold
matrix for carrying-out the EIA, based on maximizing pos-
itive effects and minimizing the negative effects of project
performance. Therefore, a new concept of optimal theory and
an innovative paradigm shift towards more sustainable man-
agement in water reuse allocation can be designed, which
regional control strategies for several goals are included.

Water reuse allocation is an inherently multidimensional
process. In this paper the proposed framework approach
gives a better tool which attempts to argue for water reuse
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