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ABSTRACT

Population growth and urban development have posed challenges for wastewater
treatment plants (WWTPs) locations in large cities such as Baghdad since they fail to meet
sustainability criteria due to outdated planning and the lack of an approved strategy to
determine the appropriate location for a WWTP in it. This study aims to develop a decision-
making strategy for sustainable sites for WWTPs by using the Fuzzy Analytic Hierarchy
Process (FAHP) and applying the strategy to evaluate the locations of the major WWTPs in
Baghdad. Nine factors affecting decision-making regarding WWTP locations were
categorized into three groups based on environmental, economic, and social sustainability
requirements. A questionnaire method was used to collect data and calculate weights for
each factor from the opinions of 12 experts. Seven factors had weight values greater than
zero, while two had zero values and were excluded. A second questionnaire calculated the
distance distribution for each factor, with experts agreeing on the ratings. Three equations
for calculating main group weights and one for total weights have been developed using the
weighted factors. The equations were applied to evaluate the locations of Baghdad's major
WWTPs, Al-Karkh, Al-Rustamiya Southern, and Al-Rustamiya Northern. The results showed
that the three locations were unsuitable due to limitations in distance from population
settlements, main and secondary roads, and surface water bodies at Al-Rustamiya Southern
and Northern WWTP locations.

Keywords: Decision-making, FAHP, Sustainable location, WWTP location, Baghdad.
1. INTRODUCTION

Planning a sustainable site entails analyzing current conditions, mapping out the local
environment, and establishing a development strategy that preserves the local natural
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features (Alibasi¢, 2022). This method prioritises short- and long-term costs, human safety,
and natural ecosystems to ensure that residential areas coexist with the land's natural
characteristics and processes. To guarantee optimal operation, regulatory compliance, and
minimal impact on the environment and community, choosing a sustainable location for a
wastewater treatment plant is a crucial choice that needs to be carefully considered. The
location of the site should be near significant sources of wastewater generation or existing
sewage lines for best collection efficiency and to reduce the expense of constructing and
maintaining a network of sewer pipes. The location of the treated effluent should be near a
suitable body of water in order to reduce the risk of contaminating recreational and drinking
water sources. This is especially important if the plant's effluent is not being treated for
reuse. Additionally, sites close to natural reserves, wetlands, and other vulnerable
ecosystems must be avoided. The site selected for the plant should have sufficient area to
support future expansion of plant capacity, as well as prospective modifications and
technological advancements if the community it serves is likely to grow in the future (Singh
etal., 2023).

In metropolitan cities like Baghdad, due to population growth and urban expansion, the old
planning of the location of wastewater treatment plants (WWTPs) has made the location of
these plants within these cities' boundaries unable to meet sustainability requirements (Al-
Zuhari, 2008). Hence, it is necessary to develop a strategy to evaluate the existing sites and
propose alternative options for those that fail to fulfil sustainability criteria. This will
guarantee the establishment of these plants in line with their acceptable standards, thereby
minimizing costs and maximizing positive impacts on the environment and surrounding
communities (Hermawan et al., 2023).

In the necessity of making a decision related to the location of a complex infrastructure
project like a wastewater treatment plant (WWTP), a number of sustainable key groups of
factors should be considered, such as environmental, economic, and social factors (Hama et
al,, 2019; Zhou et al.,, 2022). Firstly, several environmental factors influence where a
WWTP is located in order to make sure that it runs efficiently and sustainably. Here are some
key environmental aspects that affect WWTP locations: current and future population
densities should be considered to ensure that the facility can sufficiently handle the
wastewater generated by the community it serves (Abbasl and Jassim, 2019; Taghilou et
al,, 2019; Awad and Shleha, 2020; Liu et al., 2022; Zhou et al., 2022) preserving the
protected habitats, or wildlife reserves should be considered to minimize the impact on
ecosystems and biodiversity (Taghilou et al., 2019; Majed and Ghafour, 2022); as well as,
ensure a safe distance between the WWTP and water wells to preserve groundwater,
regulators set buffering distances (Taghilou et al., 2019; Majed and Ghafour, 2022).
Secondly, crucial economic aspects have to be conducted for the location of WWTPs can be
concluded by the most significant ones. WWTPs typically should be located close to water
sources, that meet the limitations of environmental regulations, in order to decrease the
costs and energy needed for water to transport the treated wastewater that discharges into
them (Abdullahi et al., 2016; Taghilou et al., 2019; Asefa and Mindahun, 2019; Majed
and Ghafour, 2022; Zhou et al., 2022). The site should be adjacent to major roads to make
it accessible for transporting materials, tools, workers, and sewer main inflow lines, which
facilitate construction and maintenance activities (Abbasl and Jassim, 2019; Taghilou et
al,, 2019; Asefa and Mindahun, 2019; Agrawal et al., 2019; Liu et al., 2022; Majed and
Ghafour, 2022; Zhou et al., 2022). The topography of the location can influence the design
and construction of a WWTP on level terrain, facilitating construction and maintenance,
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while steep slopes could increase the cost of construction and require further engineering
solutions (Sammy, 2018; Asefa and Mindahun, 2019; Majed and Ghafour, 2022).
Finally, the determination of the site of WWTPs must prioritize the most important social
factors. Proximity of a WWTP to educational institutions, historical and regional places, and
healthcare care facilities (Awad et al., 2014; Abd Hasson, 2017; Zhou et al., 2022) can
result in negative impacts such as exposure to noxious odours emitted during the treatment
processes and the visual impact of its large industrial structures, which can negatively affect
the aesthetics of the surrounding area (Demircan, 2018). Consequently, this can have a
detrimental impact on the overall environment and comfort inside the facilities of social
interest. Considering these factors during the site selection process helps in establishing a
WWTP that is not only effective in treating wastewater but also sustainable and
environmentally responsible.

Decision-makers must consider the above environmental, economic, and social
characteristics and should be using Multiple Criteria Decision Analysis (MCDA) to carry out
a thorough exploration of the ideal locations (Yuan et al.,, 2022). MCDA is an effective
decision-making tool frequently used in project management to manage complex decisions
that incorporate several criteria and alternatives. MCDA techniques assist decision-makers
in prioritizing and making informed choices by organizing the decision problem into a
hierarchical framework and using pairwise comparisons to measure subjective judgments
(Cinelli et al., 2020). Analytical Hierarchy Procedure (AHP) is one of the MCDA techniques
that was developed by Thomas L. Saaty in 1980 (Saaty, 1980). It is commonly utilized for
decision-making in different sectors, such as project management. The process entails
decomposing a complicated choice problem into a hierarchical framework comprising goals,
criteria, sub-criteria, and options. Decision-makers evaluate pairings of items at each
hierarchy level using a scale of relative importance or preference, typically ranging from 1
to 9. Saaty's eigenvector approach is used to calculate priority weights for each criterion
and option by synthesizing pairwise comparisons. Consistency checking is the final step to
verify the trustworthiness of the decisions made by the decision-maker (Al-Dhaheri and
Burhan, 2022). An extension of AHP that incorporates fuzzy logic is the Fuzzy Analytical
Hierarchy Procedure (FAHP) to handle uncertainty and vagueness in decision-making.
Within the FAHP method, linguistic expressions such as very important, important, and
moderately important, are substituted by fuzzy sets defined by membership functions.
Decision-makers offer language assessments that are transformed into fuzzy integers to
represent the level of fuzziness, rather than clear-cut pairwise comparisons (Chang,1996).
Aggregation methods like the fuzzy weighted average or fuzzy arithmetic operations are
used to determine the total priority weights (Alcantud, 2023).

FAHP can be a useful tool to determine the location of an infrastructures project as it enables
decision-makers to evaluate multiple criteria at once and assign significance to them based
on the project's goals and limitations (Wang et al., 2019; Hamlat et al., 2022; Al-Dhaheri
and Burhan, 2022; Al Mohamed et al., 2023; Lefta and Hamdan, 2024). WWTPs are one
of the more complicated types of infrastructure projects, and FAHP has been commonly
employed for site decision-making in previous studies (Anagnostopoulos and Vavatsikos,
2012; Shahmoradi and Isalou, 2013; Auadh et al., 2014; Awad and Shleha, 2020; Majed
and Ghafour, 2022; Hamlat et al., 2022; Lefta and Hamdan, 2024). The previous studies
have not identified an approved strategy for evaluating the location of a WWTP or selecting
alternate locations in Baghdad. Therefore, this research aims to develop a strategy for
making decisions about sustainable sites for WWTPs using FAHP method. The city of
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Baghdad will be used as a case study to demonstrate the application of this strategy and
evaluation the existing major WWTPs location in it.

2. RESEARCH METHODOLOGY

To meet the study aims, the procedures that follow outline the methodology employed in the
present research shown in Fig. 1.

Selection of factors affecting decision-making WWT Ps location with a
Relative Importance Index (RI1) over 68% from a previous study.

v
| Preparing the pairwise matrices of FAHP technique |
v P—
| Performing the calculations of (FAHP) algorithms |<7 Devgl(;)rf]lggr::zlnr;mse
| Eliminate factors that have a Zero weight | T
v Clarifying the Contradiction

If F2>F1, F1> F3
Then Must Be F2 > F3, Where
F3 > F2 Represents

| Measurements of Consistency Ratio |

Contradiction
+
consistency Identify which the Experts
Ratio (CR) < Have Answers Most
0.1 Contradiction from others
| Formulating the equations |
Using the Google Earth to extract the distance between factors and WWTP locations in Baghdad
| Extracting the corresponding ratings for each distance |
| Applying the rating percentage in the weights equations |
v

| Finding Evaluation and the total weight for each sites |

Figure 1. Research methodology.
2.1 Factors Affecting Selection

This study will adopt the findings of the study by (Mahmood and Hatem, 2024a), which
identified the significant factors influencing the decision-making process for the most
suitable site fora WWTP. Factors with relative important index values greater than 0.68 will
be selected (Rashed and Al-Dhaheri, 2018) and classified into three main groups:
environmental factors, economic factors, and social factors, as shown in Table 1.
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Table 1. Factors influencing a decision-making sustainable location of WWTPS (Mahmood and

Hatem 2024a).

Main Groups Factor symbol Sub-Factors RII
) Env.1 Distance from the population settlements (m) 0.971
Env1r§nmental Env.2 Distance from wells or groundwater (m) 0.877
(Env.) Env.3 Distance from protected areas (m) 0.852
) Eco.1l Topography (m.a.s.l) 0.755
Ec%nomlc Eco.2 Distance from surface water bodies(m) 0.852
(Eco.) Eco.3 Distance from main and secondary roads (m) 0.794
Social Soc.1 Distance from educational places (m) 0.729
(Soc) Soc.2 Distance from historical and religious areas (m) | 0.865
Soc.3 Distance from Health places (m) 0.816

2.2 Fuzzy Analytical Hierarchy Process (FAHP)

The multiple-criteria decision-making analysis technique(MCDM) is an effective decision-
making method. When using the analytic hierarchy process (AHP) approach to evaluate
criteria, certain aspects are deemed crucial for picking alternatives and setting their weights.
These characteristics are based on understanding and knowledge rather than precise data.
However, it is vital to emphasize that the foundation for these characteristics is negative and
detrimental to the AHP technique. The method involves specialists grading conventional
numerals (crisp) on a scale of 1 to 9. It does not account for any uncertainty in the expert
assessments (Al-Dhaheri and Burhan, 2022). To address the issue, the AHP technique was
used in conjunction with fuzzy logic. Using the AHP in conjunction with fuzzy logic improves
adaptability. The AHP combined with fuzzy logic improves adaptability in decision-making
and evaluation. The fuzzy analytical hierarchy technique (FAHP) is a method for making
decisions based on approximate and imperfect information in the same way that humans do.
Furthermore, it maintains the core characteristics of the AHP methodology. It streamlines
the handling of quantitative and qualitative data, uses a hierarchical structure, performs
pairwise comparisons, resolves conflicts, and assigns weights (Mahdi and Erzaij, 2024).

2.3FAHP Algorithm

The FAHP approach was employed after converting each expert's pairwise assessment
matrix to fuzzy form utilising numbers that were fuzzy from Saaty's scales, see Table 2, and
creating the combined fuzzy comparative matrix for the group of experts by determining the
geometric mean to arrive at the final matrix. According to the study (Chang, 1996; Rashed
and Al-Dhaheri, 2018), the FAHP approach is divided into four steps:

Step 1: The fuzzy synthetic range value of the ith object is referred to as:
M lgi, Mzgi, Mmgi, i=1,2,...,n
Where, all of the M jgi (j =1, 2, ..., m) are TFNs.

. Pa—
Si=XP=1M), + [} =137 =1M] ] (1)

To find the £mj=1 M Jgi, The fuzzy addition operation involving m extent analysis values is
carried out for a specific matrix in such a way that these conditions are met:

179



W. Mahmood and W. A. Hatem Journal of Engineering, 2025, 31(4)

B = 1), = {5 b X, E ) .

For calculating the [ £ i=1 X ™ j=1 M I4i] the fuzzy addition operation of M jg will be
performed (j=1,2,3,......m) values such that

Xj=1X)= 1Méi = {Zﬁl iy Xjtami, Xty ui} (3)

Compute the inverse of the vector above, such that:

-1
Zp =137 =] = ) (@)

) =)
Z?:ll Ui Zﬁlml Zi:

Step2: Since M1= (X1, M1, U1) and M2= (X2,M2,U2) are two TFNs, the degree to which M2
=(L1,M1,U1)=M1= (L2, M2, U2) is defined as:

(L ml > m2
={ 0 1> u2 o
11-u2 ]
\(m2-u2)—(m1-11) otherwise
(L m2 = ml
= < u2-11 lf ll - uz (6)

(u2—-m2)+(m1-11)

\ 0, otherwise

Step 3: The probability that a convex fuzzy number is bigger than k convex numbers that
are fuzzy can be stated as:

Mi (i=1,2,k)

V(M 2 M1,Mz,..Mk)= V[(M 2M1) and (M = Mz) an....[(M 2Mk)]= min V(M > M;), i=1,2,3,...k ~ (7)
When that assumes d(Ai)= min V (Si 2 Sk) for k = 1, 2, .....,n, k#i, the weight vectors can be
obtained:

W= d’ (4),d" (A2),..(d" (4, )" (8)
For comparing M1 and M2, the both values of V(M12M2) and V (M2 = M1) are needed
Step 4: The following would be the normalised weight vectors:

W = d(A1),d (4z),..(d(4, )" (9)

where W: non-fuzzy number.
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Table 2. The scales of pairwise comparisons (Saaty, 1980; Buckley,1985; Al-Dhaheri and

Burhan, 2022).
The level of preference The preference degree
(intensity of significance) for Digital Fuzzy Invert of the
one activity over another value Descriptions digital value| fuzzy value
(linguistically scale)
Equal significance 1 eB((l)ltllz;lly ztigttl}‘l,;tlgjrpo(;(?tnbmed (1,1,1) (1,1,1)
: L One activity holds a level of
Intermediate significance . : .
between (Equal and 2 importance th"f‘t 18 Con51d_ered to (1,2,3) (1/3,1/2,1)
moderate) be moderate in comparison to
another.
Experience and judgment a little
Moderate significance 3 prefer a certain activity over| (2,3,4) (1/4,1/3,1/2)
another.
Intermediate significance One activity has a moderate to
between (Moderate to 4 |significant advantage over| (3,4,5) (1/5,1/4,1/3)
strong) another.
Experiences and judgments
Strong significance 5 |strongly favor one actionover| (4,5,6) (1/6,1/5,1/4)
another.
Intermediate significance One activity has a significant to
between (strong and very 6 | extremely significant advantage| (5,6,7) (1/7,1/6,1/5)
strong) over another.
Very strong significance. 7 im;;;a;r;e fe?‘f‘z(‘ing/er Eno t‘;1eerr}.] (6,7,8) (1/8,1/7,1/6)
Intermediate significance One activity has a significant to
within (Very strong and 8 | absolute advantage over another| (7,8,9) (1/9,1/8,1/7)
complete). one.
The strongest  level of
Absolute significance 9 ;frférfgit‘or;r‘fe theaft‘;;?fynce gfl‘gi 89,10) | (1/10,1/9,1/8)
another.

2.4 Measuring the Consistency Ratio Using the FAHP Approach.

It is critical to determine the harmonic of each expert's comparison to determine whether
they are harmonic, as well as the consistency and validity of the expert’s responses. The
initial step in ensuring a low consistency ratio is that each group or matrix, whether sub or
main factors, must not exceed nine criteria. It refers to the human limitations on their ability
to digest information, as proposed by (Saaty and Ozdemir, 2003).

To be considered acceptable, consistency ratios in both matrices must be less than 10%
across all main and subcomponents. This that the experts' evaluations are genuine and
constant (Saaty, 1980). The Gogus and Boucher technique, which is described below, is
employed to ascertain the inconsistency ratio (Buckley, 1985; Al-Dhaheri and Burhan,
2022):

Stage 1: The integrated fuzzy triangular matrix is composed of two matrices containing the
middle values and the geometric mean of the upper and lower bounds of the triangular
numbers.
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w9 = that w9 = [W;?]
n (2uraii) ‘
j=1

1(aiju*aijl)2

™= N[

n

Stage 3: The following formula determines each matrix's largest eigenvalue.

Wm
A%ax:Z?zl(a?}* wi") = 27:1a:7(w_]m)

1 m 1
9 _ — S (Wi = — > w9
Amax = 25 = 1(agjy * a;)? * (ij) =27 = 1(ayy * a;L)? *w;
1A

Stage 4: Next, the index of consistency is calculated using the formula that follows:

m _ (Ahax—1)
CI™ = oD . -)

A=)
g — max
Cl = )

(10)

(11)

(12)

(13)

(14)

(15)

Stage 5: Lastly, as shown in Table 3, the consistency rate (CR) is calculated by dividing the
Cl index by the random index (RI). The matrix is consistent and approved if the value is less

than 0.1.

Table 3. Random indicators (RI) (Goodarzi and Dokht, 2015; Al-Dhaheri and Burhan, 2022)

Matrix size RIm RIg

1 0 0

2 0 0

3 0.4890 0.1796
4 0.7937 0.2627
5 1.0720 0.3597
6 1.1996 0.3818
7 1.2874 0.4090
8 1.3410 0.4164
9 1.3793 0.4348
10 1.4095 0.4455
11 1.4181 0.4536
12 1.4462 0.4776
13 1.4555 0.4691
14 1.4913 0.4804
15 1.4986 0.4880

2.5 Preparing the Questionnaires

The study used two questionnaires, the first to evaluate the factors influencing WWTP
location decision-making using the FAHP approach that was shown in Table 1, and to
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determine the weight of each component from the perspective of experts. For the purpose
of determining the percentage of agreement or disagreement among the group of experts in
the management of those facilities, the second questionnaire was designed for the purpose
of evaluating the final distances and elevations, along with their ratings, which were picked
by the experts.

2.6 Case Study Description

Baghdad is located on a wide expanse of land that is separated into two parts by the Tigris
River. The east part of the river is referred to as Al-Risafa, whereas the west part of it is
referred to as Al-Karkh. As the capital city of Iraq, more than eight million people live in an
area of around 900 km?, It is regarded as the most developed and crowded metropolitan
area in the whole country. (AbdulRazzak, 2013; Tawfeek et al., 2020). The city is divided
into 457 distinct "sectors," and sewage systems cover approximately 82% of these regions
(AbdulRazzak, 2013). It has three individual and major WWTPs: the Al-Karkh plant, which
includes both new and old projects, Al-Rustamiya Southern Plant, which has first and second
expansions, and Al-Rustamiya Northern Plant, which has a third expansion, see Fig. 2
(Ismail, 2013; Mahmood and Hatem, 2024b). Al-Karkh WWTP is located south of Al-Dora
area on the west bank of the Tigris River. This plant was designed to contain six parallel and
identical treatment lines. The initial design of the plant allowed for a capacity of 205,000
cubic meters per day, while the current inflow is 625,000 cubic meters per day
(AbdulRazzak, 2013). The Al-Rustamiya Southern plant, which has been operational since
1963, consists of two interconnected projects: the first and second expansions. It has a
designed capacity of 175,000m3/day, but the actual flow is more than 300,000m3/day. The
plant produces treated wastewater for a population of 1,500,000 on the Al-Risafa side
(AbdulRazzak, 2013). The Al-Rustamiya Northern Plant, 3rd Expansion, has been
operational since 1984. It was originally designed to treat 300,000m3/day, but it now
receives 450,000m3/day from more than 1.5 million people living on the Al-Risafa
side (Mahmood and Hatem, 2024b). Both Al-Rustamiya treatment plants treat wastewater
on Baghdad's eastern side of Al-Risafa and threeared wastewater is discharged into the
Diyala River and then into the Tigris River.

3. RESULTS AND DISCUSSION

3.1 Calculation of the Weights and Rating Levels for the Factors

Two programs using Excil have been built according to FAHP equations to simplify the
procedure of extracting the results, one to calculate the priorities of weights, the consistency
ratio and the ranking of factors affecting the decision-making of WWTP locations. The
program for the priorities of weight calculations has been fed using the data collected from
the respondent’s opinions of the first questionnaire. After obtaining the weights for each
factor, the outcomes of the fuzzy integrating matrix were copied from calculating weights
programmes to consistency ratio calculation programs in order to guarantee that the CR was
less than 10%, confirming that the findings were appropriate and acceptable. Tables 4 to 7
display the weights and rankings of the major and sub-factors, as well as the Consistency
Ratio for Middle Values (CR™) and the Consistency Ratio for Lower and Upper Values (CR8)
for each integrated fuzzy comparison matrix. Based on the sum of the weights for all the
major factors shown in Table 4, the environmental factor has the highest weight (0.581),

183



W. Mahmood and W. A. Hatem Journal of Engineering, 2025, 31(4)

making it the most important first key element in the experts' decision-making process for
where to putthe WWTP. The results also revealed that the weight of social factors was 0.277,
making it the most influential second main factor, while the lowest one was the economic
factor, with a value of 0.142. The consistency ratios for both (middle) and (lower and upper)
of the values of the fuzzy integration matrix were less than (10%) with values of CR™ equal
to (0.3%) and CRs8 equal to (1.03%).

0 90 180 360 Kilometers
T T N |

Governorate of Iraq

Legend

0 510 20 Kilometers
[ Baghdad Governorate Lecelind

e Wastewater treatment plant locations

= Tigris River within Baghdad
Figure 2. Wastewater treatment plant locations of Baghdad.

Table 4. Main factor calculations

N | Main factors (Main.F) Group Weight | The Rank | CRm CRs
1 | Environmental factors (Env.) 0.581 1

2 | Economic factors (Eco.) 0.142 3 0.3% | 1.03%
3 | Social factors (Soc.) 0.277 2

Table 5 shows the weighted total of all environmental factors used in the decision-making
process for WWTP locations. Experts consider distance from the population settlement to
be the most critical environmental sub-factor. Furthermore, the data indicated that the
weight of the distance from protected areas factor was 0.156, making it the most influential
second factor, but the factor of distance from wells or groundwater had no weight. The
consistency ratios for both the middle and upper values of the fuzzy integration matrix were
less than 10%, with CR™ equal 0.20% and CRg equal 0.64%.

Table 5. Environmental factors calculations

N | Environmental factors (Env.) Factors Weight| The Rank| CRm CRe
1 | Distance from the population settlements (Env.1) 0.844 1

2 | Distance from wells or groundwater (Env.2) 0.000 3 0.20% 0.64%
3 | Distance from protected areas (Env.3) 0.156 2
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According to the total weights assigned to each factor of economic factors group in Table 6,
Topography has the highest weight (0.430), making it the main and critical consideration in
the experts' decision-making process for determining the location of the WWTP. The
findings also indicated that the factor of distance from surface water bodies had a weight of
0.354, making it the most significant factor in this group of factors. Conversely, the factor of
distance from main and secondary roads had the lowest weight, with a value of 0.216. The
consistency ratios for the middle values and the lower and upper values of the fuzzy
integration matrix were both below 10%. The CRm value was 0.05% and the CRg value was
0.08%.

Table 6. Economic factors calculations

N | Economic factors (Eco.) Factors Weight| The Rank] CRm CRs
1 | Topography (Eco.1) 0.430 1

2 | Distance from surface water bodies (Eco.2) 0.354 2 0.05% | 0.08%
3 | Distance from main and secondary roads (Eco.3) 0.216 3

Table 7 displays the total weights of all the social factors that are considered in the decision-
making process for identifying WWTP locations. Experts consider distance from health
places as the most crucial sub-factor within the realm of social factors. Moreover, the data
revealed that the distance from educational places factor had a weight of 0.156, making it
the second most significant one. However, the factor of distance from historical and religion
places had no weight.

Table 7. Social factors calculations

N Social factors (Soc.) Factors Weightt The Rank| CRm CRs
1 | Distance from educational places (Soc.1) 0.233 2

2 | Distance from historical and religious areas(Soc.2) 0.000 3 0.19% | 0.14%
3 | Distance from Health places(Soc.3) 0.767 1

The consistency ratios for both the middle and lower and upper values of the fuzzy
integration matrix were below 10%, with CR™being 0.19% and CRe being 0.14%.

A new questionnaire has been formulated after finalising the calculation of the weights of
the studying factors using FAHP. This questionnaire only included sub-factors with a weight
that was over zero and excluded those with a score of zero. It also contained distances and
ratings for each factor considered in the decision-making process for WWTP locations. The
questionnaire was then given to experienced WWTP project managers. Its goal was to collect
their professional judgements on the distances and corresponding ratings. The experts
altered several distances as well as associated ratings in accordance with Iraqi guidelines
and regulations. The new questionnaire was given to twelve experts with over sixteen years
of experience managing WWTP plants. The goal was to determine their level of agreement
or disagreement with the designated distances and ratings. After gathering and analysing
the expert responds, it was discovered that the vast majority of them agree with the
distances and ratings, as shown in Table 8.

The data presented in Table 8 indicated the distances and elevation system levels offered
for the location of the WWTP, together with their corresponding ratings. Additionally, the
percentage of agreement among respondents in the second questionnaire was also
considered. The results indicated that four out of seven factors had a 100% agreement rate,
two factors had a 91.7% agreement rate, and two factors had an 83.3% agreement rate.

These findings support the suitability of these factors for use in the research.
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Table 8. The proposed distances and the elevation system levels and ratings
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5 Factor Buffer |Rating | % of
o Factors |Rating Standards (m)
) symbol (m) |Level |Agree
. Distance > 6000 5
é from the >5000-6000 4
&, | population | Renv.1 >4000-5000 2000 3 91.7
'S | settlements >3000-4000 2
5 (m) >2000 -3000 1
£ . >3500) 5
s D???;fe >2500-3500 4
2 protected Renv.3 >1500-2500 500 3 83.3
M= areas (m) >1000-1500 2
>500-1000 1
L. Elev. - (L. Elev. +0.2 (H Elev. - L. Elev.)) 5
(L. Elev. +0.2(H Elev. - L. Elev.))- (L. Elev. +0.4(H Elev. - 4
L. Elev.)) 3
Topograph L. Elev. +0.4(H Elev. - L. Elev.))- (L. Elev. +0.6(H Elev. -
(Iin.g;.s.% | Reco. | [ L. Elev.)))) ( ( ; i 100
(L. Elev. +0.6(H Elev. - L. Elev.))- (L. Elev. +0.8(H Elev. -
= L. Elev.))
st (L. Elev. +0.8(H Elev. - L. Elev.))- H. Elev.
Iy Distance >500-1000 5
5 from surface >1000-1500 4
g water Reco.2 >1500-2000 500 3 91.7
ot bodies(m) >2000-2500 2
>2500 1
Distance >500-1000 5
from main >1000-1500 4
and Reco.3 >1500-2000 500 3 100
secondary >2000-2500 2
roads (m) >2500 1
Distance >3500 >
from >2500-3500 4
= | educational Rsoc.1 >1500-2500 500 3 100
S places (m) >1000-1500 2
= >500-1000 1
S >3500 5
& | Distance >2500-3500 4
from Health | Rsoc.3 >1500-2500 500 3 100
places (m) >1000-1500 2
>500-1000 1

3.2 Equations for Decision-Making of WWTP Locations

Based on the previous results from applying FAHP that were presented in Tables 4 to 7,
which determined the weights of main and sub-factors and the concluded the distances and
the elevation system levels with it ratings for the factors in Table 8, the equations for the
decision-making process of sustainable WWTP locations can be concluded as following:

TW.WWTP = 0.581 Wenv.+0.142 Weco.+ 0.277Wsoc.

186

(16)




W. Mahmood and W. A. Hatem Journal of Engineering, 2025, 31(4)

where:

TW. WWTP: the total weights of selected wastewater Treatment plant
Wenv.: the weights of environmental factors.

Weco.: the weights of economic factors.

Wsoc.: the weights of social factors.

0.844 Renv.1 + 0 Renv.2 + 0.156 Renv. 3

Wenv.=
env z

0.844 Renv.1 + 0.156 Renv. 3
Wenv.= z a7

where:
Wenv.: the weights of environmental factors.
Renv.1: the rating of the distance from the population settlements to the WWTP location

Renv.3: the rating of the Distance from protected areas to the WWTP location

0.430 Reco.1 + 0.354 Reco.2 + 0.216 Reco.3
Weco.= z (18)

where:

Weco.: the weights of economic factors

Reco.1: the rating of the elevation of the WWTP location

Reco.2: the rating of the distance from surface water bodies to the WWTP location
Reco.3: the rating of the distance from main and secondary roads to the WWTP location

0.233 Rsoc.1 + 0 Rsoc.2 + 0.767 Rsoc.3

Wsoc.= 5

0.233 Rsoc.1+ 0.767 Rsoc.3
Wsoc.= z (19)
where:

Wsoc.: the weights of social factors.
Rsoc.1: the rating of the distance from educational places to the WWTP location
Rsoc.3: the rating of the distance from Health places to the WWTP location

3.3 Evaluation of the Locations of the Existing WWTPs in Baghdad

Baghdad has numerous unique and big wastewater treatment plants. These include the Al-
Karkh plant, which includes both the new and old projects; the Al-Rustamiya Southern Plant,
which includes the first and second extensions; and the Al-Rustamiya Northern Plant, which
includes the third extension (Mahmood and Hatem, 2024b). Google Earth was utilised to
calculate the actual distance from each factor to WWTP locations included in the calculation
of weights and the evaluation was conducted using GIS techniques (Al-Dhaheri and
Burhan, 2022). To establish the weight of each wastewater treatment facility in Baghdad,
the next step is to identify the ratings that correlate to each distance and then apply those
ratings to weight formulae. Through the use of Google Earth technologies, the distances
between the nearest locations of the selected factors and three wastewater treatment plant
(WWTP) locations in Baghdad are as follows: Al-Karkh WWTP, Al-Rustamiya Southern
WWTP, and Al-Rustamiya Northern WWTP. Tables 9 to 11 present the rating assigned for
each factor according to the recommended rating level.
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The obtained rate for each factors affecting decision-making Al-Karkh WWTP location that
shown in the Table 9 will be used to calculate the weights for the location by using the
developed Eq. 16 to 19. The weight of each WWTP location has been calculated by applying
the developed equations and proposed rating system. The results indicate that the weight of
the Al-Karkh WWTP location is 0.3912448. Two factors (the distance from population
settlements, and the distance from main and secondary roads) did not meet the limitations
of the proposed rating system of this research and the instructions No. 3 for the year 2011
(Ministry of Environment, 2012).

Table 9. The distances between the Al-Karkh WWTP location and its elevation with their rating

values.
s Ratin Close affected |Distance or| Rating
e Factors Standards |Buffer Levelg place to the | elevation of
< WWTP location| value | factors
= > 6000 5
5 | Distance from >5000-6000 4 Bo’ai
= . o’aitha
= the population >4000-5000 | 2000 3 Region 10 0
£ | settlements (m) >3000-4000 2
g >2000-3000 1
< >3500 5 Iraqi Reserve
_§ Distance from >2500-3500 4 for Rare
E protected areas >1500-2500 500 3 Birds in Al- 23,884 5
= (m) >1000-1500 2 Mada'in
>500-1000 1 District
227 -32 5
Topography of >32-37 4
Baghdad >37-42 - 3 Sea Level 35 4
~ | (masl) >42-47 2
S >47-52 1
g >500-1000 5
= | Distance from >1000-1500 4
E | surface water >1500-2000 | 500 | 3 Tigris River 1541 3
S | bodies(m) >2000-2500 2
= >2500 1
. >500-1000 5
%;ti‘;ledfmm >1000-1500 4 | Arab Ajbour-
secondary >1500-2000 500 3 Bo’aitha 227 0
roads (m) >2000-2500 2 Road
>2500 1
>3500 5
Distance from >2500-3500 4 AlHadi
S | educational >1500-2500 500 3 University 2533 4
@ places (m) >1000-1500 2 college
= >500-1000 1
'g >3500 5 Al Dora
v Distance from >2500-3500 4 Health
Health places >1500-2500 500 3 Center for 2646 4
(m) >1000-1500 2 Family
>500-1000 1 Medicine
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_ 0.844 Renv.1 + 0.156 Renv. 3

Wenv.

5
0.844 « 0+ 0.156 % 5
Wenv.= s

Wenv.Al — Karkh = 0.156
0.430 Reco.1 + 0.354 Reco.2 + 0.216 Reco.3

Weco.= z
0.430 x4 + 0.354 *3 + 0.216*0

Weco.=

5
1.72+1.062+ 0
Weco.Al — Karkh = c = 0.5564

0.233 Rsoc.1 + 0.767 Rsoc. 3

Wsoc. = z

0.233 4+ 0.767 x4

5

Wsoc.Al — Karkh = 0.8
TW.WWTP = 0.581 Wenv.+0.142 Weco.+ 0.277Wsoc.
TW.WWTP = 0.581* 0.156 + 0.142 * 0.5564 + 0.277 * 0.8
TW.WWTP Al — Karkh = 0.090636 + 0.0790088 + 0.2216
TW.WWTP Al — Karkh =0.3912448

Wsoc. =

3.3.2 Total Weights Al-Rustamiya Southern WWTP Location

The rates for every factor influencing decision-making for the Al-Rustamiya Southern WWTP
location, as presented in Table 10 will be utilized to compute the weights for the location
using the established Eqs. (16) to (19). The weight of the Al-Rustamiya Southern WWTP
location has been determined using the established equations and the suggested rating
system. The findings show that the weight of the WWTP location is 0.361084. Three
factors—distance from population settlements, distance from surface water bodies, and
distance from main and secondary roads—did not comply with the limitations set by the
proposed rating system of this research and the instructions No. 3 for the year 2011
(Ministry of Environment, 2012).

_ 0.844 Renv.1 + 0.156 Renv.3

Wenv.

5
0.844 0+ 0.156 * 5
Wenv.= z

Wenv. Al — Rustamiya S = 0.156
0.430 Reco.1 + 0.354 Reco.2 + 0.216 Reco. 3

Weco.= z
0.430*4 + 0.354 «0+ 0.216x%0

Weco.=

1.72
Weco.Al — Rustamiya S = = = 0.344
0.233 Rsoc.1 + 0.767 Rsoc.3

Wsoc. = z
0.233«4 + 0.767 =4

5
Wsoc. Al — Rustamiya S = 0.8

Wsoc. =
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Table 10. The distances between the Al-Rustamiya southern WWTP location and its elevation with
their rating values.

é Rating Close affected |Distance or Rating
o Factors Standards |Buffer Level place to the elevation of factor
O WWTP location value
9 > 6000 5
5 Distance from the | >5000-6000 4
= |population >4000-5000 | 2000 3 Al-Ameen Region 802 0
g settlements (m) >3000-4000 2
o >2000-3000 1
g >3500 5
= Distance from >2500-3500 4 Iraqi Reserve for
2 d >1500-2500| 500 3 Rare Birds in Al- 23884 5
@ | protectedareas (m)| ;440 1500 2 | Mada'in District
>500-1000 1
227 -32 5
Topography of >32-37 4
Baghdad (m.a.s.) >37-42 - 3 Sea Level 36 4
_ >42-47 2
g >47-52 1
= >500-1000 5
2 |Distance from >1000-1500 4
§ surface water >1500-2000| 500 3 Diyala River 90 0
£  bodies(m) >2000-2500 2
3 >2500 1
>500-1000 5
Distance from main| >1000-1500 4
and secondary road! >1500-2000| 500 | 3 Baﬁ.h‘}llad'K“t 30 0
(m) >2000-2500 2 lehway
>2500 1
>3500 5 Technical
Distance from >2500-3500 4 Institute of
S |educational places | >1500-2500| 500 3 Management/ 3306 4
& | (m) >1000-1500 2 Middle Technical
= >500-1000 1 University
'g >3500 5
v Distance from >2500-3500 4 Al-Ameen
Health places (m) >1500-2500| 500 3 neighborhood 3066 4
>1000-1500 2 clinic
>500-1000 1

TW.WWTP = 0.581 Wenv.+0.142 Weco.+ 0.277W soc.
TW.WWTP = 0.581 % 0.156 + 0.142 = 0.344 + 0.277 = 0.8
TW.WWTP Al — Rustamiya S = 0.090636 + 0.048848 + 0.2216
TW.WWTP Al — Rustamiya S =0.361084

3.3.3 Total weights of Al-Rustamiya northern WWTP location

The rates for each factor affecting decision-making regarding the Al-Rustamiya Northern
WWTP location, as shown in Table 11 will be employed to calculate the weights for the
location using the defined Egs. (16) to (19). The created equations and the proposed rating
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method were utilized in order to come at an assessment regarding the weight of the Al-
Rustamiya Northern WWTP location. The research has determined that the weight of the
WWTP location is 0.3315004. There were three factors that did not meet with the
constraints that were established by the proposed grading system of this research and
Instruction No. 3 for the year 2011 (Ministry of Environment, 2012). The three factors in
question were the distance from population settlements, the distance from surface water
bodies, and the distance from main and secondary roads.

_ 0.844 Renv.1 + 0.156 Renv. 3

Wenv. s
_ 0.844 « 0+ 0.156 % 5

5
Wenv. Al — Rustamiya N = 0.156
0.430 Reco.1 + 0.354 Reco.2 + 0.216 Reco.3

Wenv.

Weco.= z
04304+ 0.354 x0+ 0.216*0

Weco.=

1.72
Weco.Al — Rustamiya N = = 0.344
0.233 Rsoc.1 + 0.767 Rsoc.3

Wsoc. = z

0.233«5+ 0.767 3

5

Wsoc. Al — Rustamiya N = 0.6932
TW.WWTP = 0.581 Wenv.+0.142 Weco.+ 0.277Wsoc.
TW.WWTP = 0.581 %0.156 + 0.142 * 0.344 + 0.277 * 0.6932
TW.WWTP Al — Rustamiya N = 0.090636 + 0.048848 + 0.1920164
TW.WWTP Al — Rustamiya N =0.3315004

Wsoc. =

The weight of each WWTP location has been calculated by applying the developed equations
and proposed rating system. The results indicate that the weight of the Al-Karkh WWTP
location is 0.3912448, the weight of the Al-Rustamiya Southern WWTP location is 0.361084,
and the weight of the Al-Rustamiya Northern WWTP location is 0.3315004. At first look, it
may appear that the series of locations can be ranked based on their relevance or the
availability of needed distances for each of them. The Al-Karkh site is placed first in the
sequence, followed by the Al-Rustamiya Southern location, and finally the Al-Rustamiya
Northern location. Although there is no minimum requirement for the calculated weights
for the location, it can be noted that the weight value of the three evaluated locations is low.
The low value may be due to the three significant factors that got zero weights and some
other factors got not high rate. The three factors (the distance from population settlements,
the distance from surface water bodies, and the distance from main and secondary roads)
did not meet the limitations of the proposed rating system of this research and the
instructions No. 3 for the year 2011 (Ministry of Environment, 2012).

There are two reasons for this non-meeting : first, the studied WWTP projects had been
constructed for more than 40 years (the newest one), and d the huge urban expansion in
Baghdad, people's houses became adjacent to the location of them(Al-Zuhari, 2008);
second, no regulations have been issued to limit the minimum distance for constructing the
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WWTP project from water bodies or public roadways; hence, the WWTP was located in close
to rivers and main roads.

Table 11. The distances between the Al-Rustamiya northern WWTP location and its elevation with

their rating values.

s Ratin Close affected | Distance or Rating
e Factors Standards Buffer Levelg place to the elevation of
O WWTP location value factor
< > 6000 5
5 Distance from >5000-6000 4 Al-Ameen
— | the population >4000-5000 2000 3 Region 10 0
S | settlements (m) | >3000-4000 2 &
g >2000 -3000 1
E >3500 > Iraqi Reserve
£ | Distance from >2500-3500 4 e
2 protected areas >1500-2500 500 3 in Al-Mada'in 21,965 5
= | (m) >1000-1500 2 District
>500-1000 1
>27-32 5
Topography of >32-37 4
Baghdad (m.a.s.) >37-42 - 3 Sea Level 36 4
e >42-47 2
S >47-52 1
) >500-1000 5
© | Distance from >1000-1500 4
£ | surface water >1500-2000 500 3 Diyala River 110 0
£ | bodies(m) >2000-2500 2
3 >2500 1
Distance from >500-1000 >
main and >1000-1500 4 Baghdad-Kut
secondary roads >1500-2000 >00 3 highway 60 0
(m) >2000-2500 2
>2500 1
S|
Distance from >2500-3500 3 Management/
5 | educational >1500-2500 500 2 Middl 4102 5
S | places (m) >1000-1500 wadie
@ P 1 Technical
_— >500-1000 . :
8 University
3 >3500 5
“ | Distance from >2500-3500 4 Al-Ameen
Health places >1500-2500 500 3 neighborhood 1616 3
(m) >1000-1500 2 clinic
>500-1000 1

4. CONCLUSIONS

This study focused to develop decision-making strategy sustainable locations for WWTPs by
using FAHP and apply the developed strategy to evaluate the major WWTPs locations in
Baghdad. The results showed seven out of nine has got weight more than zero and used to
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form three equations to determine the total weight for the main groups factors and one main
equation to calculate the total weights for the WWTP location. The evaluation of the major
WWTPs locations in Baghdad concluded the total weights of Al-Karkh WWTP location was
0.3912448, Al-Rustamiya Southern WWTP location was 0.361084, and Al-Rustamiya
Northern WWTP location was 0.3315004. All the plants' locations did not meet the limitation
of factors (distance from population settlements, and distance from main and secondary
roads) and Al-Rustamiya Southern and Northern WWTP locations of the factor distance from
surface water bodies. It was also discovered that combining of FAHP with Google Earth tools
to evaluate WWTP locations produces successful outcomes in determining the weight of
each location and thus evaluating those sites. Furthermore, the study recommends that
Baghdad Municipality authorities look for alternative locations that can be consistent with
the developed strategy in this study. The study findings recommend adopting the proposed
strategy for decision-making of WWTP location by the competent authorities when deciding
to construct a new WWTP, due to the fact that it can be implemented by multiple
metropolitan cities, not limited to Baghdad, because it was developed based on sustainability
requirements, governmental legislation, and expert opinions from relevant departments
involved in the construction and management of wastewater treatment plants in various
Iraqi ministries.
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