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In Palestine, managing municipal sewage sludge (MSS) is becoming one of the most significant environmental issues.  Sludge generation has steadily increased as a result of population growth and the quick construction of wastewater treatment facilities.  Sludge's final treatment and sustainable use, however, are still quite limited, and it is typically left unmanaged.  This puts society, the environment, and public health at risk.  Additionally, there is a glaring knowledge and decision-making gap because so few research studies have addressed this issue in Palestine.
By creating a useful tool to select the best sludge dewatering method and offering suggestions for wastewater treatment facilities, this study aims to assist Palestinian decision-makers.  To aid in long-term planning and management, it is also crucial to forecast future sludge volumes at the Nablus West Wastewater Treatment Plant.
The study employed two primary methods.  First, various dewatering techniques were compared using the Analytic Hierarchy Process (AHP) according to social, environmental, and economic factors.  After gathering information from published research and reports, it was examined and modified in consultation with subject-matter specialists and engineers.  Second, the study estimated sludge quantities for the upcoming decades by analyzing recorded operational data from Nablus West WWTP along with design parameters and population projections.
To help choose the best sludge drying techniques, a Python-based decision support tool was created. The tool incorporates economic, environmental, and technical factors into an organized framework for making decisions based on multiple criteria. It makes it possible to compare different drying options objectively by using systematic weighting and scoring procedures. In sludge management planning, this method encourages more open, consistent, and data-driven decision-making.
According to the AHP analysis's findings, sludge dewatering beds are the best choice for wastewater treatment facilities in Palestine.  This approach struck the best possible balance between social acceptance, environmental safety, and cost.  Furthermore, the forecasting analysis indicated that Nablus West WWTP's sludge production would rise sharply in the future.  
The study concludes that, given the present situation, Sludge dewatering beds continue to be the most environmentally friendly option for Palestinian conditions.  The ongoing rise in sludge production, however, highlights the pressing need for improved resource allocation and planning.  Engineers, officials, and legislators can use the developed decision-making tool to help them make well-informed decisions that enhance sludge dewatering.
Keywords: Analytic Hierarchy Process (AHP), Multi-criteria decision-making (MCDM), Municipal sewage sludge (MSS), Sludge treatment technology (STT), Middle East and North Africa (MENA), West Water Treatment Plants (WWTP).  
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[bookmark: _Toc217482111]Introduction
[bookmark: _Toc217482112]1.1 Sludge Dewatering in Palestine 
In recent decades, the Middle East and North Africa (MENA) region, including Palestine, has seen a considerable increase in the construction and operation of wastewater treatment plants (WWTPs) in both urban and rural regions. This expansion has resulted in massive amounts of municipal sludge, which must be properly treated and disposed of (Samhan et al., 2010).
Palestine is one of the most water-scarce regions in the Middle East, owing to both natural reasons, such as low rainfall and restricted groundwater resources, and man-made constraints, such as political control over water use. The growing gap between water supply and demand needs an integrated strategy to water resource management, which includes the use of non-traditional water sources such as treated wastewater (Samhan et al., 2010).
Palestine has about 25 wastewater treatment facilities (about 20 in the West Bank and 5 in Gaza) with a total design capacity of about 154,600 m³/day.   About 90% of sewage is collected by five large WWTPs in Gaza alone, but many of them run over capacity and only partially treat wastewater.  Approximately 150,000 people are served by the Nablus West wastewater treatment plant. 
Only a few wastewater treatment plants are operational in the West Bank and Gaza, with the majority of urban areas relying on outdated facilities constructed during Israel's control in the 1970s and 1980s. Many of these treatment plants are now overburdened, poorly maintained, and technologically outdated, rendering them unable to handle the growing wastewater load efficiently (Samhan et al., 2010). 
As a result, the sludge produced by these plants is frequently poorly managed, posing significant environmental and public health problems. Furthermore, the reuse of treated wastewater is yet immature, with limited use in agricultural and industrial applications. (Al-Jabari, 2012)
However, inadequate sanitation, poor wastewater treatment facilities, and the unsafe dumping of untreated or partially treated sludge exacerbate the situation. In many situations, untreated wastewater is discharged into the environment or used for irrigation without sufficient protection, leading to groundwater contamination and agricultural concerns. (Abdel Majid Nassar, 2009).
External factors worsen the environmental load, such as wastewater discharge from Israeli settlements into Palestinian territory, which contaminates local water sources and agricultural lands ((NRC), 2024) . Addressing these sludge dewatering issues needs a comprehensive plan that involves upgrading existing WWTPs, introducing sustainable dewatering technology, and improving wastewater reuse techniques. Such strategies are critical for reducing the environmental and health dangers associated with sludge mismanagement while also helping to more sustainable water resource management in Palestine. 
[bookmark: _Toc217482113]1.2 Characteristics and Composition of Sewage Sludge
The physicochemical properties, elemental makeup, and environmental effects of raw sewage sludge in Palestine are thoroughly examined. Sewage sludge, the semi-solid residue left over after wastewater treatment, is one of the most significant obstacles and opportunities for environmental sustainability.  The rapidly growing population, poor infrastructure, and ongoing geopolitical restrictions in Palestine's Gaza Strip exacerbate the wastewater management situation in the area.  Just four primary treatment facilities in Gaza serve more than 2 million people, producing roughly 30,000 tons of sludge annually.
[bookmark: _Toc217482114]1.2.1 Physical Properties
Significant changes have been observed. The different physical characteristics of the raw sewage sludge from Gaza's treatment facilities, for example, affect how it is handled and whether it can be reused:
· Density parameters: The average bulk density is 1.18 g/cm³, which is much lower than the real density of 2.12 g/cm³, suggesting high porosity. A 50% void volume promotes airflow but could prevent compaction. 
· Particle Size Distribution: Up to 90% of solids are composed of sand-like particles, which range in size from 630 to 200 µm. Minor components are represented by clay-like particles (<20 µm) and silt-like fractions (200-20 µm) (Table 1). This distribution has a higher organic content than sandy soils. (El‑Nahhal, Al‑Najar, & El‑Nahhal, 2014). 
· With an average Water Drop Penetration Time (WDPT) of 114.77 seconds and a WDPT/ODPT ratio of 22.73, hydrophobicity is the ability to repel water extremely well. Because it lowers the water infiltration capacitance, this feature presents serious difficulties for agricultural applications. (El‑Nahhal, Al‑Najar, & El‑Nahhal, 2014)
[bookmark: _Toc217483673][bookmark: _Toc210431641]Table 1
[bookmark: _Toc217483674]Distribution of Particle Sizes in Gaza Sewage Sludge (El‑Nahhal, Al‑Najar, & El‑Nahhal, 2014)
	Particle Classification
	Size Range (µm)
	Percentage Composition (%)

	Sand-like
	630 - 200
	90.0

	Silt-like
	200 - 20
	8.5

	Clay-like
	<20
	1.5



[bookmark: _Toc217482115]1.2.2 Chemical Characteristics
A complex mix of organic, inorganic, and biological components forms municipal sewage sludge, the semi-solid residue produced by wastewater treatment plants (WWTPs). When evaluating potential resource recovery, environmental risks, and appropriate disposal methods, its chemical properties are essential. Worldwide sludge production has increased with urbanization; in 2019, the United States produced 4.27 million metric tons, while China alone generated about 52.92 million tons annually (Elsevier, 2021). If the chemical characteristics of this residue are properly identified and controlled, it can be a source of materials, energy, and nutrients rather than just waste. Sludge composition varies depending on population density, industrial inputs, and sludge dewatering technologies, so a thorough understanding of its chemical behavior is necessary to comply with the principles of the circular economy.
1.3 Organic and Nutrient Components
Sewage sludge is made up of undegraded waste and leftover organic matter (40–70% of dry solids) from microbial metabolism. Proteins and carbohydrates, which are derived from extracellular polymers and cellular debris, are essential components that aid in anaerobic digestion. Lipids, or fats and oils, are concentrated in industrial zone sludges (e.g, according the (Muhammad H. Al-Malack, 2018), 8.66% in Dammam, Saudi Arabia. Also, Nutrients phosphorus (0.8–2.3% P₂O₅) and nitrogen (as TKN: 0.66–1.25%), are necessary for agricultural reuse, but frequently lacking in nitrogen in comparison to agricultural requirements. Low carbon-to-nitrogen (C/N) ratios (usually 6–13) impact biodegradability and have an impact on anaerobic digestion's biogas yields (up to 590 L CH₄/kg volatile solids). Energy recovery potential is correlated with the volatile solids (VS) content, which represents organic matter and ranges from 60 to 80%. 
1.4 The Inorganic Structure
Inorganics comprise macroelements such as calcium, magnesium, and sulfur, which can amount to as much as 36.9 g/kg in certain sludges and account for 30–60% of dry solids. XRD analysis is also used to identify silicate minerals, which form stable networks influenced by drying temperatures. Heavy metals, including Cr, Ni, Cu, Zn, Cd, and Pb, are common pollutants that come from urban runoff and industrial discharges. Although regional variations exist, their concentrations generally correspond to global averages (e.g., As: 10 mg/kg, Cd: 40 mg/kg).
Based on findings from earlier research by (Muhammad H. Al-Malack, 2018) and  (Fatemeh Ganji, 2024 )and (Mulopo, 2023) . This table displays the typical composition of municipal sewage sludge.
[bookmark: _Toc217483675][bookmark: _Toc210431642]Table 2
[bookmark: _Toc217483676]Typical Municipal Sewage Sludge Composition
	Component
	Concentration Range
	Forms

	Total Solids (TS)
	0.83–87%
	Particulate/organic matter

	Volatile Solids (VS)
	60–80% of TS
	Proteins, lipids, carbohydrates

	Total Kjeldahl N
	0.66–1.25%
	Organic N, NH₄⁺

	Phosphorus (P)
	0.8–2.3% (as P₂O₅)
	Orthophosphates, polyphosphates

	Heavy Metals
	Zn > Cu > Pb > Cr > Cd
	Sulfides, oxides, carbonates

	Oil and Grease
	Up to 8.66%
	Long-chain hydrocarbons




[bookmark: _Toc217482116]1.5 Importance of Selecting an Appropriate Dewatering Technique 
Choosing a suitable sludge dewatering process is critical for effective wastewater management in Palestine, as it addresses economic, social, and environmental concerns.
Economic Considerations: Using efficient dewatering processes can greatly reduce the volume of sludge, resulting in lower transportation and disposal expenses. This reduction is especially essential in Palestine, where financial resources are scarce and towns frequently deal with budget constraints. Furthermore, certain processes used in Palestine, such as anaerobic digestion, can aid in resource recovery by producing biogas, which can be used to generate energy and cash. However, the initial capital investment and continuing operating costs of modern dewatering systems can be significant, needing thorough economic consideration to ensure sustainability. (Lundin, 2004)
Societal Implications: The choice of dewatering techniques has an impact on society. Cultural views and health awareness influence public acceptability of sludge dewatering strategies, especially the reuse of treated sludge in agriculture. In Palestine, engaging local people via education and open communication is critical for establishing trust and acceptance of these practices. Furthermore, a fair share of benefits from improved sludge dewatering can boost social cohesiveness and support for wastewater treatment programs. (Al-Sa'ed R. , 2005)
Environmental Impact: Utilizing appropriate dewatering processes can help mitigate the risks associated with sludge disposal, including soil and water contamination. Efficient dewatering reduces sludge moisture content, lowering the possibility of leachate formation and consequent contamination of groundwater resources. This is especially important in Palestine, where water scarcity highlights the need to protect existing water sources from contamination. Furthermore, appropriate sludge dewatering technologies can help maintain healthy and productive agricultural fields.
The cautious selection of sludge dewatering procedures in Palestine is critical for addressing economic constraints, fostering societal acceptance, and protecting the environment. A holistic approach that takes into account these interconnected aspects would help Palestinian communities manage wastewater more sustainably and improve their overall well-being.
[bookmark: _Toc217480898][bookmark: _Toc217482117]1.6 Importance of Predicting Future Sludge Quantities 
Forecasting future sludge amounts is crucial for sustainable wastewater treatment in Palestine, where water scarcity and environmental concerns pose significant challenges. Anticipating sludge production allows for the development of adequate treatment capacity, resource allocation, and the implementation of sustainable disposal or reuse methods.
Previous research shows that existing wastewater treatment plants in the Gaza Strip produce roughly 20 tons of sludge per day, which has been stored in anaerobic ponds and moved to central solid waste disposal due to a lack of specific sludge dewatering facilities (Hamada, Zaqoot, & Sethar, 2024) . Projections show that by 2025, the daily production of dry solids will reach 55.74 thousand kilos. (Al-Sa'ed R. M., 2007).
These forecasts are essential for facilitating well-informed decision-making because they shed light on the possible scope and significance of sludge-related issues in the future.  Planners and politicians are better able to create long-term plans, such as thorough master plans for upcoming wastewater treatment facilities, by projecting the amount of sludge that might be produced in the upcoming years.  The efficient distribution of future funds and investments in sludge dewatering infrastructure can also be ensured by using these projections to help identify viable and sustainable uses for sludge.
The absence of well-defined long-term planning for sludge dewatering technologies facilities in Palestinian wastewater treatment plants poses significant environmental risks, including soil and water contamination. For example, incorrect disposal of untreated or partially treated sludge might result in the poisoning of groundwater resources, which is particularly concerning in a region already experiencing water scarcity. (Abdel-Shafy, 2014)
Using predictive models, such as machine learning or AI tools, can improve the accuracy of sludge quantity projections and other parameters. For example, a recent study used approaches to forecast water quality metrics at the Gaza wastewater treatment facility, showing the promise of these models in wastewater management (Hamada, Zaqoot, & Sethar, 2024).  Using predictive modeling, authorities may better plan for infrastructure demands, limit environmental impacts, and encourage sustainable sludge dewatering methods.
[bookmark: _Toc217482118]1.7 Problem statement 
A crucial step in wastewater treatment is efficient sludge dewatering, which is necessary to minimize leachate formation in disposal sites, reduce sludge volume, facilitate transportation, and improve energy efficiency. However, implementing sustainable dewatering and sludge dewatering techniques presents several challenges for wastewater treatment facilities in Palestine. These difficulties result in a complex operational environment and are caused by economic status limitations, environmental dangers, and technological limitations. When used without context-specific adaptation, conventional and advanced dewatering technologies (such as FeCl₃ + CaO conditioning or iron-based advanced oxidation processes) frequently result in inadequate moisture reduction or costly operating costs. (Jialin Liang, 2025)
Inconsistent energy access, a lack of technical know-how, and financial constraints that compromise process effectiveness affect Palestinian facilities. Infrastructure weaknesses further compound this economic stress; according to recent reviews, more than eighty percent of Gaza's water and sanitation assets are partially or totally non-functional as a result of conflict-related damage, significantly reducing the capacity for sludge dewatering technologies. (PWA Authority, 2025)
Due to this, untreated or insufficiently dewatered sludge accumulates, posing significant environmental risks, including soil pollution, groundwater contamination through leachate, and disruption of ecosystems due to the adsorption of heavy metals and microplastics onto sludge particles.
An essential component of efficient sludge dewatering technologies is dewatering, which can lower the volume of sludge, facilitate transportation, improve energy efficiency, and even lessen the development of leachate at sludge disposal sites.
[bookmark: _Toc174721700]Palestine's wastewater treatment plants need to handle sludge in a way that makes it easier to transport and modify for other applications. These facilities are constantly searching for more ecologically friendly methods of managing sludge. Sludge dewatering technologies are occasionally employed without completely meeting sustainability requirements. These decisions could lead to a number of issues. For instance, if the operating expenses of these technologies surpass the allocated budget, the sludge dewatering facility could face financial difficulties.
Also, the community might not accept these methods due to concerns about potential odors or health risks. Contaminated soil or water are examples of environmental problems that can impact neighboring ecosystems. These problems emphasize how crucial it is to carefully select sludge dewatering techniques that achieve a balance between social, economic, and environmental factors in order to ensure long-term sustainability.
The other problem is that there isn't a comprehensive study that specifically shows the volume of sludge produced by Palestine's wastewater treatment plants in future years. Understanding future quantity of sludge generation is necessary to evaluate the future situation, particularly in light of the potential environmental effects of inadequate dewatering of this sludge. Serious risks associated with untreated sludge buildup include the possibility of soil and water contamination, which may worsen the decline of the environment. Furthermore, many sludge dewatering facilities lack precise records of past sludge production, making it challenging to develop effective management plans. To ensure efficient sludge dewatering and lessen long-term environmental risks.
[bookmark: _Toc217482119]1.8 Objectives and Research Questions 
The main objectives of this research are:
1. Apply AHP (analytical hierarchical process) as a decision-making tool for sustainability, selecting the dewatering sludge processing that fits the needs.
2. Used and applied methods to find the magnitude of the sludge quantity produced.
The research questions in this study have been: 
1. What are the visible options and suitable solutions for Dewatering? 
2. What is the magnitude of sludge production in Nablus WWTP?
[bookmark: _Toc217482120]1.9 Literature Review
[bookmark: _Toc217482121]1.9.1 The Sewage Sludge Dewatering Technologies Challenge
Since urban sewage sludge is both a pollutant and a potential resource, managing it creates a significant environmental challenge. Sewage sludge, a by-product of wastewater treatment, contains both beneficial nutrients like nitrogen, phosphorus, and organic matter as well as dangerous materials like heavy metals and pathogens.
More strict wastewater treatment laws and growing urbanization have led to an increase in sludge production worldwide, which has resulted in difficult disposal issues. Findings from The (Dai, Hou, Zhang, Zhang, & Yang, 2022) reported that sludge dewatering technologies  accounts for 20–60% of wastewater treatment plant operating costs in China alone.  
Resource recovery is emphasized by the European Circular Economy Action Plan and amendments to the Urban Wastewater Treatment Directive, which call for practices that optimize prevention, reuse, recovery, and recycling while reducing environmental impacts. This regulatory environment demands complex decision-making frameworks that take into account social acceptability, technological feasibility, and environmental sustainability in addition to traditional cost-based methods.
According to the (Salva, et al., 2025) shows, Different choices across sustainability dimensions are presented by each technology. For example, anaerobic digestion generates renewable energy but struggles to manage waste products; incineration significantly reduces volume but loses important nutrients and requires high energy inputs; and agricultural application allows for nutrient recovery but poses the risk of soil contamination.
Different technologies have different economic, environmental, and social performances. it is usually difficult for decision-makers to choose the most suitable technology," as (Salva, et al., 2025)aptly point out. The necessity for structured decision-support frameworks that can handle multifaceted sustainability criteria is highlighted by this complexity.






[bookmark: _Toc217483677][bookmark: _Toc210431643]Table 3 
[bookmark: _Toc217483678]Sewage Sludge Dewatering Technologies and Their Sustainability Characteristics
	Technology
	Key Advantages
	Key Limitations
	Primary Sustainability Focus

	Land Application
	Nutrient recycling, Low cost
	Heavy metal accumulation, Pathogen risks
	Environmental/Social

	Composting
	Soil amendment production, Organic matter stabilization
	Odor issues, Space requirements
	Environmental/Economic

	Anaerobic Digestion
	Energy recovery (biogas), Volume reduction
	Digestate management, Process sensitivity
	Economic/Environmental

	Incineration
	Volume minimization, Energy recovery, Pathogen destruction
	High capital cost, Air emissions, Nutrient loss
	Economic/Technical

	Gasification
	Syngas production, Volume reduction
	Technological complexity, High operating costs
	Technical/Economic

	Nutrient Recovery
	Phosphorus recycling, High-value products
	Limited full-scale implementation, High costs
	Environmental/Economic



[bookmark: _Toc217482122]1.9.2 Analytical Hierarchy Process (AHP) in Decision-Making
Ren et al. (2016) stated that there are usually various technologies for the sludge dewatering of urban sewage sludge.  Meanwhile, it is difficult for decision-makers/stakeholders to select the most sustainable technology among multiple alternatives.  (Ali, Pervez, and Khan 2020) explain that the problem’s nature determines which technique should be chosen from among the available possibilities. In a variety of contexts, including supplier selection, supply chain water management, risk and disaster management, facility location selection, material selection, and sustainability evaluation, academics have applied MCDM methodologies. in addition , (Zhou et al. 2020) suggest in his study the solve is developing a generic multi-criteria decision that support framework for sustainability assessment of the technologies for the sludge dewatering of urban sewage sludge. 
Multi-attribute decision-making (MADM) and Multi-Objective Decision Making (MODM) can differ depending on how many choices are being considered; otherwise, they are identical. When evaluating continuous options, MODM is appropriate since it allows us to predefine constraints in the form of decision variable vectors. Because of the consideration of several aspects such as technical, institutional, standards, social, economic, and stakeholders, MCDM are essentially complicated. As a result, analysis at both the organizational and engineering levels is involved. (Kumar et al. 2017) .  Ali, Pervez, and Khan (2020) He said the fuzzy VIKOR approach, goal programming (GP), the analytic hierarchy process (AHP), and the order of prioritizing by similarity to ideal solution (TOPSIS) technique are among the various MCDM strategies that can be applied to decision-making. 
As shown in previous studies (Zhou et al., 2020), the improved analytic hierarchy process method, namely the Best-Worst method, was employed to determine the weights of the criteria and the relative priorities of the technologies with respect to the soft criteria.   The Analytical Hierarchy Process (AHP), one of the MCDM approaches, has significance for public policy, corporate policy and strategy, resource management, energy planning, logistics, and transportation engineering. And it has steps that establish the goal in a model that is hierarchical.  It additionally establishes weights for every criterion. Following that, it determines each alternative's score while taking the criteria into account. Finally, determine each alternative's overall score. (Kumar et al. 2017). 
Kumar et al. (2017) mention advantages and disadvantages of the analytical hierarchy process (AHP) has the advantage of being flexible and avoiding complicated mathematical concepts.  Additionally, because it is based on a hierarchical structure, each criterion can be more transparent and focused. This strategy does, however, have a disadvantage in that it produces potentially dangerous results due to its interdependency between aims and alternatives. Adding extra decision-makers to the mix might also complicate the process of giving weights. Furthermore, it requires information gathered with experience.
The aim, decision maker's preferences, options, criteria, and results are the five main components of MCDM problems, in that order. 2 (Kumar et al. 2017).  A generic criteria system including both hard and soft criteria in economic, environmental, social, and technological aspects it should be developed for sustainability assessment (Ali, Pervez, and Khan 2020). 
Ali et al. (2020) stated that different software is used to solve the AHP and perform analysis. An alternative software was utilized to solve the AHP. It's a proprietary version of a (MakeItRational).  It is an AHP-based system. Expert Choice is another program; it is a commercial program.  This software, which was created in 1983 by Thomas Saaty and Ernest Forman, is presently offered by some of the world's top providers of innovative solutions for decision-making. The software, known as Expert Choice Comparison and Expert Choice Riskion, is based on AHP and is available in two versions.   There is also a Triptych program. This is a commercial software. In simple terms, it's an add-in for Microsoft Excel that helps with decision support as well as consumer voice analysis, design alternative generation, and selection. There are numerous techniques included in it, including affinity diagrams, AHP., 3
1.9.2.1 [bookmark: _Toc217482123]Criteria Weighting for Sludge Dewatering Technology Selection in Palestine. 
This study reviews a set of criteria selected for sludge dewatering technologies. In these literature reviews, weights are assigned to each criterion based on the concerns of the decision maker for dewatering sludge. These weights reflected the importance degree (using the Saaty fundamental scale). The criteria used in the Analytical Hierarchy Process (AHP), based on field, original, and regional studies. 
The Operating and Maintenance Costs (very high importance Criteria)  are crucial for the long-term operation of dewatering systems vs Other Criteria, because of operating and maintenance costs (O&M) being of concern for Palestinian municipalities stemming from perpetual budget shortfalls and overdependence on foreign aid. For instance, in Gaza, 90% of water infrastructure projects are funded by donors, and the use of expensive technologies such as centrifuges can lead to project cessation (Younés, 2025).  However, according to research   (Zhao, 2020), passive methods have smaller operational expenses, as sludge dewatering reed beds that take a ( 3-5 €/ ton sludge ) compared to a ( 20-50 € / ton of sludge ) for mechanical methods like the centrifuge method. Thus, creating low-cost passive systems such as reed beds is crucial. 
Another Energy requirements criteria come in second place as Gaza has less than six hours of electricity supply, which makes the use of energy-intensive processes, such as centrifuges, impractical(Zyoud, Omair, and Jarrad 2025).
The Palestinian aquifer, like the Gaza Coastal Aquifer, the Valleys between Palestinian cities and groundwater wells, is being destroyed and contaminated by sewage, there for the Environmental Impact has (third priority).  Technology that reduces leachate risks, like centrifuging, is needed. Technical difficulties, such as pathogen reduction requirements, which modulate sludge reuse processes, are also applicable in other processes, although composting does achieve over 90 percent of safety compliance.  On the other hand, sludge reuse still has barriers due to cultural and health issues. Acceptance remains important for sustainability, despite less urgency than financial or ecological issues.
Zyoud et al. (2025) mentioned that’s an improved acceptance for sludge reuse to 40 % in Jenin by education campaigns. In addition, the climate adaptation was tested in a similar Mediterranean climate to that in the study   (Kurtoglu Akkaya, 2022) . So that climate adaptation and social acceptance tie in fifth place. 
Mechanical systems achieve high sludge dewatering technologies of sludge with fewer land area requirements. in the other hand the some of the Palestinian wastewater plants' treatment is suffering from land scarcity, like the Gaza area. As a result, land area and Moisture removal efficiency are the least critical. 
1.9.2.2 [bookmark: _Toc217482124][bookmark: _Hlk197236168]Sludge Dewatering Techniques.
Palestine's municipal sewage sludge is unique because of its high solids content, high COD levels (1,500–2,500 mg/L), and low per capita water consumption (70–90 L/day)  (Speight, 2013). 
A crucial pretreatment step that lowers sludge volume by 60–80% and permits resource recovery is dewatering, which is the process of separating water from solids. With Zahrat Al-Finjan landfill approaching capacity and landfill space severely limited by territorial constraints, sustainable dewatering technologies are not just optional but crucial for public health and environmental compliance. Palestine's research-driven dewatering strategies are summarized in this review, with a focus on implementation challenges, performance data, and contextual adaptations.
Environmental factors are used in natural dewatering techniques to reduce the moisture content of the sludge. The use of reed bed systems, which have been researched in the Gaza Strip, is one noteworthy example. Mahmoud and associates (2005). Research on the use of reed beds for sludge dewatering in Gaza revealed that their lower operating costs and environmental advantages made them more desirable than conventional sludge dewatering beds. (Abdelmajid R. Nassar, 2006)
The most studied and used nature-based dewatering technology in Palestine is Reed Bed Systems (RBS). These systems use evapotranspiration and filtration through substrate layers (sand, gravel) to dewater sludge in engineered wetlands planted with Phragmites australis (common reeds). After three years of operation, full-scale RBS facilities in Gaza treat sludge with an initial solids content of 1-2 percent, reaching final solids concentrations of 25-40%, which is comparable to the results of mechanical dewatering (A. M. Nassar, M. Smith, & S. Afifi, 2006) . 
A key three-year study found that, due to climatic conditions and reed root activity, evapotranspiration rates were 170% higher than local pan evaporation rates, and the dewatering rate was 40 cm/m² every two weeks. Organic pollutants in leachate were significantly reduced when the removal efficiency for BOD reached 80%.
for both operational and financial benefits. (Abdelmajid R. Nassar, 2006) mentioned in his study that this method is economically effective because Reed Bed Systems require less energy and chemicals, their operational costs are $0.34/m³ in Gaza, which is significantly lower than those of traditional sludge dewatering technologies beds at $1.01/m³.
According to Afifi, Smith, and Nassar (2010), agricultural reuse requires Reed Bed Systems' stabilized sludge can be safely repurposed as a soil conditioner because it meets WHO guidelines for pathogen reduction and has acceptable levels of heavy metals (Zn: 120–250 mg/kg; Cu: 50–90 mg/kg). To prevent clogging, Palestinian studies on Design Innovations topics recommend bed depths of 60–80 cm, hydraulic loading rates of 50–70 kg TS/m²/year, and rest periods of 7–10 days between loadings.
The following table displays the condensed findings of an earlier study on Reed Bed Systems' performance in Palestinian regions, such as the West Bank and Gaza.
[bookmark: _Toc217483679][bookmark: _Toc210431644]Table 4
[bookmark: _Toc217483680]Performance of Reed Bed Systems in Palestinian Studies
	Parameter
	Gaza Study
	West Bank Pilot

	Initial Solids Content
	1.5% 
(Nassar et al., 2006)
	1.8%
 (Al-Sa’ed & Birzeit CW Pilot, 2021)

	Final Solids Content
	35%
(Nassar et al., 2009)
	28% 
(Al-Sa’ed & Birzeit CW Pilot, 2021)

	Evapotranspiration
	170% of pan evaporation
(Nassar et al., 2006)
	150% of pan evaporation
(Nassar et al., 2006)

	BOD Removal
	80%
(Afifi et al., 2013)
	75%
(Al-Sa’ed & Faqeeh, 2021)

	Operational Cost
	0.34 $/m³
(Nassar et al., 2006)
	$0.41/m³
(Al-Sa’ed & Birzeit CW Pilot, 2021)



By physically separating water from sludge using equipment, mechanical dewatering reduces the volume of the sludge and facilitates further treatment or disposal. Typical mechanical methods include Centrifugation.  (Arafeh, 2012) indicates how solids and liquids are separated using centrifugal force. Because solid bowl centrifuges work well with a range of sludge types, they are widely used. However, places with limited resources may find it challenging to maintain them due to their high energy consumption. Belt Filter Presses are also included. These devices reduce the moisture content of sludge by applying mechanical pressure to it between filter belts. According (Arafeh, 2012) research, they are prized for their reliable performance and low energy consumption. However, to attain optimal performance, they require a substantial upfront cost and continuous upkeep.
According to the research study (Mays Shadeed, 2017), using heat to evaporate water from sludge is one thermal method that drastically reduces its volume. Techniques like sludge dewatering technologies, beds, and thermal dryers fall under this category. Due to high operating costs and energy scarcity, thermal dewatering may not be economically feasible in Palestine, despite producing high levels of dryness.
1.9.2.3 [bookmark: _Toc217482125]Factors Affecting Dewatering Efficiency
Several factors affect the efficiency of sludge dewatering processes:
1- Sludge Characteristics: ( Tan, Huong, Tang , & Saptoro, 2023) discovered that the composition, particle size distribution, and organic content of sludge all had a substantial impact on dewatering performance. High organic content might impede water release, requiring pretreatment or conditioning to improve dewatering efficiency.
2- Operational Parameters:  ( Tan, Huong, Tang , & Saptoro, 2023) was established that variables like as loading rate, retention time, and machine settings must be tuned to produce the required dewatering results. For example, in mechanical systems such as centrifuges, altering the rotating speed and feed rate can affect the dryness of the final cake.
3- Environmental Conditions: (Abdelmajid R. Nassar, 2006) According to the author, ambient temperature, humidity, and rainfall all have an impact on natural dewatering methods. In Palestine, the arid environment can be beneficial for activities such as sludge dewatering technology beds, but it can also present issues during wetter seasons.
4- Economic and Technical Constraints: Financial resources and technical competence might impact the choice of dewatering processes. In areas with restricted resources, low-cost and low-maintenance options, such as reed bed systems, may be favored despite their higher spatial needs and longer processing periods.
[bookmark: _Toc217482126]1.9.3 Predicting Sludge Quantities 
Effective management of wastewater treatment plants (WWTPs) is crucial for environmental sustainability, particularly in regions like Palestine, where water resources are limited. Accurate prediction of sludge quantities is essential for optimizing sludge dewatering technologies processes, ensuring compliance with environmental regulations, and reducing operational costs. Artificial intelligence (AI), especially artificial neural networks (ANNs), has emerged as a powerful tool in environmental forecasting, offering enhanced predictive capabilities over traditional methods.


1.9.3.1 [bookmark: _Toc217482127]Types, Qualities, and Quantities of Sludge in Palestine
The water percentage of the sludge raises sludge volume to extremely high levels, and the dry solids components are the basis for the design and operation technologies of sludge quantity disposal techniques. This means that there are two ways to measure the amount of sludge: the mass of the dry sewage sludge solids or the volume of sludge with water as wet sludge, which contains the water content and solids content. 
According (Hammer 1977) study, the following are typical solids concentrations in waste sludge: surplus activated sludge only (0.5 to 2.0 percent), primary plus waste activated sludge from secondary aeration (3 to 6 percent), primary plus humus from secondary filtration (4 to 6 percent), and raw primary sludge only (6 to 8 percent). The percentage concentration has a significant impact on the sludge volume for a specific amount of dry solids.
After developing the primer system, a hypothetical case study in Palestine was created and evaluated to ensure the system's validity and applicability. The selected case study is West Wastewater Treatment, Nablus/ Palestine.
1.9.3.2 [bookmark: _Toc217482128]Importance of Prediction for Sludge Dewatering Plant Management
It's critical to forecast sludge output in WWTPs for a number of reasons. First of all, it helps plant managers to properly predict and control sludge handling and disposal needs, averting possible environmental risks linked to the buildup of surplus sludge. Second, precise forecasts make it easier to optimize sludge dewatering procedures, which raises productivity and lowers costs. Finally, by guaranteeing that sludge production stays within allowable bounds, predictive insights help to preserve compliance with environmental rules.
Studies to improve the predictive accuracy of effluent quality metrics have focused on the Gaza Wastewater Treatment Plant (GWWTP) in Palestine (Hamada, Zaqoot, & Sethar, 2024) . 
According to (Zhang, 2023) predicted the concentrations of total suspended solids (TSS), chemical oxygen demand (COD), and biochemical oxygen demand (BOD) in the plant's effluent using four machine learning algorithms: Gaussian Process Regression (GPR), Random Forest (RF), Extreme Gradient Boosting (XGB), and Light Gradient Boosting Machine (LightGBM). The study discovered that the GPR model performed better than the others, obtaining correlation coefficients of 0.964 for TSS, 0.950 for COD, and 0.975 for BOD, indicating high predictive accuracy.
1.9.3.3 [bookmark: _Toc217482129]Artificial Neural Networks (ANNs) in Environmental Forecasting
ANNs have been widely applied in environmental forecasting due to their ability to model complex, nonlinear relationships inherent in environmental data. In the context of WWTPs, ANNs have been utilized to predict various parameters critical to plant operation and environmental compliance.
For instance, a study by (IHAB HAMDAN, 2023) focused on short-term weather forecasting in Palestine using ANNs. The researchers developed a nonlinear model to forecast daily, monthly, and yearly weather conditions, demonstrating the efficacy of ANNs in handling complex environmental data.
Similarly, in a study conducted in Gaza (Mazen S. Hamada, 2024) applied an ANN model was applied to predict the performance of the GWWTP. The model was trained using historical data, including influent and effluent characteristics, to predict key performance indicators such as BOD, COD, and TSS. The ANN model demonstrated a high degree of accuracy, underscoring the potential of ANNs in enhancing WWTP management. 
 Furthermore, ANNs have been employed in other environmental applications within Palestine. For example, a study by (Tamer T.N. Khatib, 2011)utilized ANNs to model wind speed in the regions of Ramallah and Nablus. The study demonstrated that ANNs could effectively predict wind speed, which is essential for various environmental and engineering applications. 
The application of AI, particularly ANNs, in predicting sludge quantities and other critical parameters in WWTPs offers significant advantages in terms of accuracy and efficiency. In Palestine, studies have demonstrated the potential of these technologies to enhance environmental forecasting and treatment plant management. Continued research and implementation of AI-based predictive models are recommended to optimize WWTP operations, ensure environmental compliance, and promote sustainable water resource management in the region. 
There is still a significant research gap in the use of artificial neural networks (ANN) to forecast sludge quantities in wastewater treatment plants, particularly in Palestine, despite the growing interest in using ANN for forecasting in the water and wastewater sector on a global scale.  Most previous studies have focused on traditional statistical models or simple empirical approaches to estimate sludge production, and very few have explored advanced machine-learning methods. To date, no published studies in Palestine have applied ANN specifically for forecasting raw sludge quantities at the plant level.  Decision-makers' capacity to rely on data-driven and precise prediction tools for planning, modernizing treatment facilities, and enhancing sludge management techniques is hampered by this gap.  Therefore, this study addresses this gap by introducing ANN as a new methodological approach for predicting current and future sludge quantities, offering a more flexible and potentially more accurate alternative to traditional models.


[bookmark: _Toc217482130]Chapter Two
[bookmark: _Toc217482131]Methodology
The AHP model and the forecasting component in this study are closely related and shouldn't be seen as two distinct tasks.  Because the anticipated amount of sludge directly impacts the suitability and effectiveness of various drying technologies, the predicted sludge volumes are crucial input for the AHP analysis.  For instance, technologies that work well for modest daily loads might not be practical or efficient for larger volumes in the future.  As a result, the anticipated sludge quantities impact the final ranking of alternatives and aid in improving the AHP model's evaluation criteria.  The study guarantees that the chosen technology continues to be suitable and sustainable under future operating conditions by incorporating forecasting results into the decision-making process.

This study's methodology takes two paths to successfully achieve its objective. The first objective is to forecast the amount of sludge generated in the Nablus West Water Treatment Plant. 
To figure out sludge amounts, the method produced  a sludge index specific to the treatment plant. In parallel, a line of contact created with the Palestinian Water Authority to obtain future forecasts or master plans for wastewater treatment facilities. The project intends to produce reliable projections of sludge volumes over time by integrating all of these efforts.
The study's second goal is to determine the best sludge dewatering method by using the Analytical Hierarchy Process (AHP) as a decision-making tool. The first step in the AHP technique is to define its levels. The primary goal, choosing the most effective dewatering technique, is represented by the first layer. A review of the literature and stakeholder interaction used to determine the criteria that make up the second layer. The various dewatering methods that are now accessible and useful in Palestine are included in the third level.
A key phase is giving these criteria and options weights. Owing to the scarcity of data in Palestine, an individual questionnaire developed and made available to experts in the field. In order to set an environment and highlight the importance of the issue, the questionnaire employs information from the first objective (sludge amount prediction). The Consistency Ratio (CR), which ensures the reliability of the allocated weights, can then be utilized to assess the collected data for consistency. 
Using Expert Choice software to conduct the AHP approach is the next stage. Based on the established requirements and their weights, this procedure evaluated the input data to identify the best sludge dewatering technique. Lastly, a small-scale wastewater treatment plant in Palestine evaluated the chosen approach as a pilot project. This pilot project confirmed the viability and efficacy of the suggested methodology, guaranteeing its applicability in real-world scenarios and possible expansion. 
The associated figure, which shows the sequential steps and processes used to achieve the study's goals, provides a visual representation of this methodology. The dual approach is shown in the graphic, with the Analytical Hierarchy Process (AHP) being applied for decision-making after sludge quantity forecast. Each phase, from data collection and model building to the application and validation of results, is depicted to provide an understanding of the study framework and its logical progression.
[bookmark: _Toc217483187][bookmark: _Toc217483639][bookmark: _Toc210431651]Figure 1
[bookmark: _Toc217483188][bookmark: _Toc217483640]Illustrative Diagram of the Research Methodology Steps
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This framework can be readily generalized to other wastewater treatment plants (WWTPs) through its flexible, data-driven structure.  The framework permits each plant to incorporate its own site-specific data, operational parameters, and environmental conditions, while the methodological steps—such as criteria selection, weighting, and performance evaluation—remain consistent.  The tool can facilitate decision-making across various scales, technologies, and geographical contexts by modifying the input datasets without changing the underlying analytical process.  This scalability guarantees that the framework can function as a strong decision-support method for WWTPs across Palestine and comparable regions, rather than being restricted to the case under study.
1 [bookmark: _Toc217480913][bookmark: _Toc217482132]
2 [bookmark: _Toc217480914][bookmark: _Toc217482133]
[bookmark: _Toc217482134]2.1 Study Area 
This research examines the West Nablus Wastewater Treatment Plant as a study area. The plant is located in the city of Nablus, in the northern West Bank. With a population of approximately 210,285, it lies between two mountains, Mount Ebal and Mount Gerizim, and is considered a major commercial and cultural center in Palestine (ARIJ, 2012).
Nablus is located within two main wastewater collection areas. Wastewater flows by gravity into natural valleys: the western side flows through Wadi Zemer into the Mediterranean Sea, while the eastern side flows through Wadi Sajur into the Jordan Valley. 
 Established in the 1950s, the sewage system spans approximately 160 kilometers and assists approximately 95% of the city's population, including the Balata, Askar, and Ain Beit al-Ma refugee camps. The residual population uses cesspits or discharges wastewater into nearby valleys (ARIJ, 2012).
In 1998, the Nablus Municipality received funding from the German government through the German Development Bank (KfW) to build wastewater treatment plants west of Nablus. This project is located on lands expropriated by the municipality in Deir Sharaf.
The West Nablus Wastewater Treatment Plant Project involved the structure of a 12-kilometer main and separator sewer line, as well as a treatment plant with a design capacity of 150,000 people. The plant was designed to treat 14,000 cubic meters of wastewater per day and 8.0 tons of biochemical demand (BOD₅) per day. The plant serves areas such as Zawata, Beit Iba, Beit Wazan, Deir Sharaf, and Qusin via gravity sewer lines.


All references to data from Gaza are used only for background and illustrative purposes in order to preserve analytical clarity and coherence throughout this thesis. These numbers are only presented to bolster the conversation or draw attention to more general wastewater management trends. But it's crucial to stress that the Nablus Wastewater Treatment Plant (WWTP), which serves as the main case study for all of the research's analyses and conclusions, is the study's main focus. As a result, the Nablus WWTP dataset serves as the foundation for all fundamental interpretations, assessments, and findings, guaranteeing consistency between the goals of the study and the empirical data used.
[bookmark: _Toc217482135]2.2 Evaluating Dewatering Techniques 
The steps of the decision-making tool are general and can be applied to other plants, even though the methodology is used here for a particular wastewater treatment plant in Palestine.  The same AHP framework and forecasting method can be applied to a different facility, but the input data (such as sludge quantities, local environmental conditions, and operational constraints) would need to be updated to reflect the new context.  This adaptability guarantees that the tool can facilitate planning and technology selection choices at various locations while upholding uniform evaluation standards.
[bookmark: _Hlk196880982]This study employed the Analytic Hierarchy Process (AHP) to find an effective sludge dewatering technique suitable for application. AHP was developed by Saaty in 1980, and it is a structured multi-criteria decision-making method that breaks down complex problems into a hierarchy consisting of the main objective, evaluation criteria, and alternative options, which are defined first.
After that, Pairwise is used to comparison between the evaluation criteria that was selected in the literature review, and alternative dewatering. This comparison depends on a standardized scale (Saaty’s scale1980) method, which allows for the calculation of relative weights and the ranking of alternatives based on their performance. This approach enables decision-makers to systematically evaluate the strengths and weaknesses of each option, ensuring a more informed choice.

1.1 [bookmark: _Toc217480917][bookmark: _Toc217482136]
1.2 [bookmark: _Toc217480918][bookmark: _Toc217482137]
2.2.1 [bookmark: _Toc217482138]Method Used to Evaluate the Most Suitable Sludge Dewatering Technique 
To find a suitable technique for dewatering sludge. A mullite-criteria decision-making AHP was constructed in this research.  Firstly, the goal is defined, which is to select the local technical dewatering tailored to the economic, environmental, and social context. a detailed LCA study was conducted to find the criteria and the local dewatering in the recent chapter literature review in this study. 
The next step is making the matrices pairwise comparison between the criteria and the alternatives, and filling in the weights for each of these comparisons.  However, it soon became apparent that there is a noticeable lack of professionals in Palestine with comprehensive knowledge of all existing sludge dewatering technologies. Most engineers working in wastewater treatment plants are familiar with only one or two techniques, typically those used in their facilities. This knowledge gap significantly affects the accuracy and reliability of the questionnaire results.
To overcome this limitation, previous studies and technical guidelines were used to determine the relative importance of evaluation criteria and each technology's performance, including the full German guideline DWA-M 366E (2013), which includes detailed operational, technical, and economic assessments of mechanical sludge dewatering methods.  These references provided a foundation for estimating Saaty's pairwise comparison values and creating the AHP matrices.
Next, the insights collected at the Focus Group meeting were included with the local experts and the decision maker, the manager of WWTP in Palestine, to have any calibration and normalizing weights in the pairwise comparisons into the AHP model to enhance its contextual relevance.  
Following that, the AHP approach was built as shown in Figure 2, which included calculating consistency ratios and synthesizing final priority ratings for each sludge dewatering technology. This multi-step technique ensured that the review process was scientifically sound and context-sensitive, integrating international best practices with local operational expertise.
These matrices and calculations were entered into the AHP -OS online for performing the AHP analysis. The software found the consistency ratio (CR) to check the logical coherence in pairwise weights that were taken according to the previous study. 
A value of 0.10 or less is typically regarded as acceptable, and the CR is used to gauge how logically consistent the pairwise comparisons are.  This cutoff point shows that respondents' assessments are trustworthy enough to be used in the decision-making process.  Values greater than 0.10 indicate that a review and adjustment of the comparisons may be necessary.  Saaty (1980) asserts that keeping an acceptable CR< 0.1  promotes a sound assessment of alternatives and guarantees the validity of the AHP results.
[bookmark: _Toc217483189][bookmark: _Toc217483641][bookmark: _Toc210429997][bookmark: _Toc210431652]Figure 2
[bookmark: _Toc217483190][bookmark: _Toc217483642]Analytic Hierarchy Process (AHP) structure model
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[bookmark: _Toc217482139]2.2.2 Evaluation of Criteria Definition 
To evaluate and compare various sludge dewatering technologies, a set of criteria was carefully selected. These criteria are essential to ensuring that the selected technology is technically effective and suitable for local social, economic, and environmental conditions. These criteria include cost, environmental compatibility, and social acceptance.

Each is described below:
· Operating and Maintenance Costs: criterion refers to the recurring costs required to ensure the effective operation of a water dewatering system. This contains labor, chemicals, spare parts, repairs, and routine maintenance. Technologies with low operating and maintenance costs are often preferred in areas with restricted technical staff or financial resources. (Turovskiĭ and Mathai 2006). refers to how complex the system is.   Simple systems can be managed by local operators with minimal training, whereas complex systems necessitate professional expertise and continuing technical support.   Sludge dewatering technologies beds, for example, are easy to use, whereas centrifuges require specialist expertise.
· Moisture Removal Efficiency measures a system's efficiency in reducing the water content of sludge. Higher moisture removal outcomes in reduced sludge volume and lower transportation and disposal costs. 
· Environmental impact considers how each dewatering method affects air, water, and soil. It also considers emissions, odors, and the possibility of contamination. 
· Energy requirements are an important consideration, particularly in places with unpredictable electrical supplies. Centrifuges, for example, take a lot of energy to run, making them unsuitable for low-energy applications.
· Land area requirement defines the actual space required for installation and operation.  Natural systems often require wide areas, which may be impractical in urban or land-constrained places.  Mechanical systems, on the other hand, are compact and well-suited to dense metropolitan environments.
· Adaptation to Local Climate assesses how effectively the technology functions in the local weather conditions. In hot, dry areas, for example, sludge dewatering beds and reed beds are extremely successful because solar radiation facilitates moisture evaporation. Mechanical systems are less impacted by weather and can work consistently across seasons
· Potential for sludge reuse passes safety criteria, dewatered sludge can be used in agricultural, landscaping, or land reclamation projects.  Systems that generate dry, stabilized sludge increase the opportunities for beneficial reuse.  Natural methods frequently conserve organic material better than mechanical approaches, which can harm sludge structure (United Nations Human Settlements Programme 2024).
· Social acceptances, the degree to which stakeholders and the local community perceive a sludge dewatering technology as appropriate, secure, and suitable for the local environment is referred to as social acceptance.  This criterion takes into account things like public perceptions of possible smells, noise, traffic, and visual effects that might occur while the technology is in use.  It also shows the community's willingness to support the system's implementation and their confidence in its environmental performance.  Higher scores are usually given to technologies that reduce annoyance, show minimal environmental risk, and meet community expectations.  Evaluating social acceptance is crucial because sludge dewatering projects' long-term operation, sustainability, and success can be greatly impacted by community support.
2.9.3 [bookmark: _Toc217482140]Dewatering Sludge Technologies Alternative definition
In Palestine, several WWTP employ a mix of sludge dewatering conventional and natural sludge dewatering technologies for sludge dewatering, that’s to handle the growing volume of sludge created by sludge dewatering operations.  The selection of these methods is frequently obstructed by local environmental circumstances, financial constraints, land availability.
Sludge dewatering beds are one of the most commonly employed procedures, particularly in smaller and medium-sized sludge dewatering facilities.  Sludge dewatering beds are popular because of their inexpensive capital, low operating costs, and simplicity. As well as their adaptability to the local climate, especially in dry locations like the Jarrico area, which has high practical uses in all seasons of the year.  However, they require enormous land areas and extended drying times, making them unsuitable for urban or highly inhabited locations. 
Sludge dewatering reed beds (STRBs), or manmade wetlands planted with Phragmites (common reeds), are gaining popularity due to their low energy consumption and environmentally beneficial operation. it depends on evapotranspiration and phytoremediation. According the recent studies shows. it’s can achieve dewatering sludge (25-40 %) compared with another method. So, it’s very useful in rural regions with ample acreage and appropriate weather conditions. Reed beds can integrate sludge dewatering with landscape features, but they require extended retention times and regular maintenance. the (Tan et al. 2024) study shows conflicting design requirements, and clogging concerns make them unreliable in a semi-arid climate like Palestine.
Another methods that is mechanical, like Centrifuges, are also used in some modern sludge dewatering facilities.  These devices remove moisture quickly and take up little space.  However, they are energy-intensive and require expert operators (e.g., centrifuges require ~800 kWh/ton) and maintenance costs, which can be difficult in areas with low technical resources and They are unsuitable, like in Gaza, where electrical availability is less than 6 hours/day.
Filter Press (FP) systems are employed in several municipal treatment plants. These systems use pressure to remove water from sludge, leaving a comparatively dry final product. Although filter presses are efficient, they have moderate to high capital and maintenance costs and require chemical conditioning for peak operation.
Finally, several larger facilities use Belt Filter Press (BFP) technology. This method of removing water from sludge combines mechanical pressure and gravity. It is appropriate for continuous operation and has excellent dewatering performance. However, like other mechanical systems, it requires a consistent power source and trained workers to operate and maintain. 
Using the Analytic Hierarchy Process (AHP), a Python-based decision support tool was created to assist in choosing suitable sludge drying techniques. Pairwise comparison matrices for criteria and alternatives, which are supplied as input CSV files and processed using numerical and data analysis libraries (NumPy and Pandas), are the foundation of the methodology. Matrix normalization and eigenvalue-based averaging are used to calculate criteria and alternative weights. The Consistency Ratio (CR) based on the Random Index (RI) is used to assess the consistency of judgments, with a reliability threshold of CR ≤ 0.10.
The tool calculates final rankings by integrating the weighted scores of alternatives across all criteria. To ensure transparency, reproducibility, and robustness of the decision-making process, the Python code also incorporates functions for forecasting sludge production based on growth rates and produces an automated text-based report summarizing consistency checks, criteria weights, and final decision results.
[bookmark: _Toc217483191][bookmark: _Toc217483643][bookmark: _Toc210431645]Figure 3
[bookmark: _Toc217483192][bookmark: _Toc217483644]Sludge dewatering technologies for sludge dewatering
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Note: (1) Sludge dewatering beds  (2) Centrifuges (3) Reed beds   (4) Filter Press (FP)  (5) Belt Filter Press (BFP)
[bookmark: _Toc217482141]2.3 Estimate Raw Sludge Amounts 
The present research utilized operating data from the West Nablus Wastewater Treatment Plant, one of the primary treatment plants in the northern region of the West Bank, to forecast the amount of raw sludge produced at wastewater treatment plants.  The data was used to create a predictive model for future sludge production, which is critical for effective sludge management and planning.
Raw sludge quantities are the volumes of semi-solid waste products created throughout the primary and secondary stages of wastewater treatment, before any dewatering or stabilization operations.  This sludge often contains a significant amount of water, organic matter, and bacteria.  Estimating raw sludge amounts accurately is critical for planning effective sludge dewatering, optimizing resource allocation, building sludge dewatering facilities, and lowering operational costs, transportation, and disposal systems, particularly in areas with limited resources and infrastructure(Tchobanoglous et al. 2014)).
2.3.1 [bookmark: _Toc217482142]Data Sampling and Analytical Methods 
Data for this study were gathered from the Nablus West Wastewater Treatment Plant. The essential information was to be obtained from the plant’s official website, which contains published data regarding the plant’s operational parameters. 
To obtain more granular, detailed, and specific data, direct communication was established with the workforce.  A site visit was undertaken, and data were collected directly from the laboratory department. This helped to validate and supplement the available online data and ensured the inclusion of accurate, up-to-date measurements relevant to the study.
In this research, we trying Machine learning methodologies to apply as in the recent study described (Zhang, 2023), so that the collected dataset included key operational and environmental parameters, namely: daily sludge volume (m³/day); daily influent water volume (m³/day); influent and effluent chemical oxygen demand (COD) and biochemical oxygen demand (BOD) concentrations (mg/L); influent and effluent ammonia nitrogen (NH₄-N) levels (mg/L); influent and effluent total phosphorus (TP) and total nitrogen (TN) concentrations (mg/L); influent and effluent suspended solids (SS) concentrations (mg/L). 
In addition, meteorological data from the Palestinian Meteorological Department were used to consider the seasonal variations in the quantity of raw sludge. including temperature (°C) and daily rainfall (mm).
The data is shown in the table. The dataset presents the average from March 2022 to December 2024. These records include sludge quantity, influent and effluent water properties, and meteorological information.  However, some data is missing or incomplete, particularly for water quality indicators including BOD, NH₄-N, TP, TN, and SS.  
2
[bookmark: _Toc217483681][bookmark: _Toc210431646]Table 5
[bookmark: _Toc217483682]Dataset Collected from the West Nablus Wastewater Treatment Plant (WWTP)
	date
	sludge quantity ( m3/d)
	water Quantity of influent  (m3/d)
	COD of influent   ( mg. L⁻¹. d⁻¹ )
	COD of effluent   ( mg. L⁻¹. d⁻¹ )
	BOD of influent  ( mg. L⁻¹. d⁻¹ )
	BOD of effluent   ( mg. L⁻¹. d⁻¹ )
	Ammonia Nitrogen of influent   ( mg. L⁻¹. d⁻¹ )
	Ammonia Nitrogen of effluent   ( mg. L⁻¹. d⁻¹ )
	TP of influent  ( mg. L⁻¹. d⁻¹ )
	TP of effluent   ( mg. L⁻¹. d⁻¹ )
	TN of influent ( mg. L⁻¹. d⁻¹ )
	TN of effluent  ( mg. L⁻¹. d⁻¹ )
	SS of influent   ( mg. L⁻¹. d⁻¹ )
	SS of effluent   ( mg. L⁻¹. d⁻¹ )
	Temperature ( CC. )
	Rainfall(mm)

	Avg (2022-2024)
	108.00
	11,243.46
	948.85
	41.22
	384.92
	9.51
	48.48
	12.36
	22.75
	4.79
	69.20
	18.96
	410.38
	10.10
	19.25
	6.76




The missing records are noticeable during specific months, such as January, February, and April to July 2024, when parameters are indicated as "NA as shown in the appendix (7.10) . While the plant took many measurements during the month, the values in this dataset were computed as monthly averages. However, in other months, no measurements were available, resulting in a complete lack of data for specific parameters. This gap is classified as a type of data insufficiency, and it is primarily the result of budget constraints. doing these testing procedures regularly and consistently necessitates substantial financial resources, which were not always available.
Furthermore, gathering data before 2022 was especially hard due to limitations on mobility and limits enforced throughout the COVID-19 pandemic.  Such constraints seriously limited access to information and limited regular evaluation and data obtaining operations at treatment structures.  As an outcome, the dataset begins in 2022, with previous information being incomplete or unavailable. 
2.3.2 [bookmark: _Toc217482143]Challenges and Limitations in Applying Artificial Neural Networks (ANNs)
In wastewater treatment, nonlinear interactions between multiple input variables, such as flow rate, chemical concentrations, and temperature, are critical factors for accurately estimating raw sludge volumes. artificial neural networks (ANNs) successfully manage complex. ANN models can adapt to variations in operating conditions by learning from historical data, making them particularly useful in areas like Palestine, where wastewater treatment processes may vary due to seasonal changes and other external variables.
A recent study shows that it can use machine learning models to fund the sludge outputs. The study (Zhang, 2023) in China reached these results. Through the use of machine learning by applying mathematical modeling to make it applicable to the nonlinearity characteristic of this parameter for predicting the sludge quantity.
In this research, the study tried to apply the same method, but the study faced several challenges during the research that restricted the practical application of the method. such as, the data available is limited and not enough for machine learning types to find the relation between this parameter of the data. Secondly, the recent study has to take responsibility for collecting and testing all samples tested on it from January to December for at least two years, each day. and make 731 raw data samples, which include 15 feature inputs and 1 model output. These enable machine learning for making a good relationship, and the samples should be taken in the same location in the plants. 
The research tried to find a relation between the 15 variables, and the raw sludge output from the data was taken from West Nablus WWTP, by making a Regression Analysis and finding the polynomial equation. But, through the R-squared results, that's
Show less than 0.5, which means the interpretation and the model do not explain the data well.  
Due to limitations in this dataset, the research employed additional methods, which are illustrated in the following sections.
[bookmark: _Toc217482144]2.3.3 Sludge Quantity Prediction Methods 
As a result, the research depended on Traditional methods for finding the sludge volume prediction. that's methods have mostly depended on the mathematical and statistical methods. The prediction was made using a combination of the actual operation data from the plant and the design population served by WWTP, which focuses on making a relation between influent flow wastewater and the raw sludge.
Step 1: The relationships Key
According to the factors that had been dependent on the design horizon for WWTP. The number of the future population was considered from the WWTP as shown in the table.  
[bookmark: _Toc217483683][bookmark: _Toc210431647]Table 6
[bookmark: _Toc217483684]Number of the future population on the design horizon for WWTP. (Source: Nablus West Wastewater Treatment Plant)
	year phase
	2020
	2025
	2035

	population
	150,000
	225,000
	300,000



Based on available statistical data on population numbers from previous years, trend analysis techniques are employed to estimate the expected future population. Drawing a trend line is a fundamental tool in this context, as it is used to identify the pattern of population growth over time and then extrapolate this pattern to project future values. This method provides a simple and effective means to support future planning processes, especially in areas that require accurate knowledge of demographic changes, such as resource management, infrastructure, and public services.
[bookmark: _Toc217483193][bookmark: _Toc217483645][bookmark: _Toc210431653]Figure 4
[bookmark: _Toc217483194][bookmark: _Toc217483646][image: ]Estimating future population growth using trend analysis

The design factor is taken from WWTP, So that the future population, as shown in the Table:  
[bookmark: _Toc217483685][bookmark: _Toc210431648]Table 7
[bookmark: _Toc217483686]Estimated Future Population Served by Nablus West WWTP
	Year 
	2022
	2023
	2024
	2025
	2035
	2050

	population
	174,519
	184,615
	194,711
	225,000
	305,767
	457,207



So that it used to estimate the future wastewater flow. for each design stage. On another hand, having the actual data, which includes influent wastewater from 2022 -2024 and raw sludge production quantity, is used in the next step.


Step 2: Find the amount of each Capita that generates the wastewater. 
Firstly, find the average for the influent wastewater for each Capita that entered the WWTP from the given operation data (influent quantity of wastewater).  
Avg flow for 2022 = 11407.75 M3/day 
WW generation per capita = 10424.5 /174519 = 0.065 m3 /(capita/day).
Avg flow 2023 = 10183.48 m3/ day 
WW generation per capita = 10183.48 /174519 = 0.055  m3 /(capita/day).
Avg flow 2024 = 12139.16 m3/ day 
WW generation per capita = 12139.16 /194711= 0.062 m3 /(capita/day). 
[bookmark: _Toc217483687][bookmark: _Toc210431649]Table 8
[bookmark: _Toc217483688]Actual Annual Per Capita Wastewater Generation
	
	2022
	2023
	2024

	Avg flow  in WWTP (M3/day)
	11407.75
	10183.48
	12139.16

	WW generation per capita 
(m3 /(capita/day)).
	0.065
	0.055
	0.062



Average flow per capita = (0.065 + 0.055+ 0.062 ) / 3 = 0.06009m³/person/day= 60.09 L  /(capita/day).
Future west water flow estimates
2025 (population = 225,000):
Flow = 225,000 × 0.06009= 13520.25 m³/day
2035 (population = 305767):
Flow = 305767× 0.06009= 18,373.53 m³/day
2050 (population = 457207):
Flow = 457207× 0.06009= 27,473.56m³/day
Step 3: Model raw Sludge Production from Influent Flow
The research attempted to create a model between the dependent variable (raw sludge quantity) and the independent variable (wastewater flow), and to find a linear equation. However, the R² was found to be 0.22, indicating a weak relationship. That's due to variability, such as operational factors and seasonal changes, so the research used the sludge-to-flow ratio from the given operational data. which equals 1.46 %. and it is assumed to be 1% for the firstly years. 
Even though the polynomial regression model's R2 value was less than 0.5, suggesting a poor capacity to account for the variation in sludge quantities, this outcome can be understood in light of the dataset.  The comparatively high variability in sludge production across different years and the small number of historical data points available for analysis are the primary causes of the low R2.  Furthermore, the model may not fully account for some influencing factors, such as seasonal variations, operational circumstances, or population fluctuations, which would lower the correlation between the predictor variable and the response.  Therefore, rather than being a problem with the regression method itself, the poor fit is a reflection of the complexity of sludge generation. That means each cubic meter of wastewater generates 1.46% of raw sludge, that transported to the digester in WWTP Wastewater Nablus. 
Step 4: Future raw sludge Quantities prediction 
· [bookmark: _Hlk202764000]2025 : sludge =  13520.25 m³/day ×  1% =   135.20 m³/day . 
· 2035 : sludge = 18638.73 m³/day×  1.46% =  268.25 m³/day . 
· 2050 : sludge = 27473.56 m³/day ×  1.46% =  401.11 m³/day .
Step 5: Future dry sludge Quantities prediction 
The study found that the amount of raw sludge, which is a mixture of water and solid sludge, has a relatively low percentage of dry solids based on data collected from the wastewater treatment plant. Specifically, it was observed that the dry sludge content ranged from 5% to 6% of the raw sludge volume. This finding aligns with typical values for sludge produced in traditional activated sludge systems, as documented in the literature. To plan sludge treatment, dewatering, and disposal strategies sustainably and cost-effectively, it is essential to identify this range to accurately estimate the final quantities of dry sludge. 
· 2025 : dry  sludge =  135.20 ×  6% =  8.11  m³/day .
· 2035 : dry  sludge = 268.25 ×  6% =  16.09 m³/day .
· 2050 : dry  sludge = 401.11 ×  6% =24.06  m³/day .


[bookmark: _Toc217482145]Chapter Four
[bookmark: _Toc217482146]Results 
[bookmark: _Toc217482147]4.1 Sludge Dewatering Analysis of AHP and Outcomes 
After the section on literature review identified appropriate criteria and their initial weightings, the study utilized a Focus Group discussion to confirm and improve these values. A chosen group of professionals, specialists, and technical staff who were knowledgeable about wastewater treatment operations—specifically in relation to the Nablus West Wastewater Treatment Plant (NWWTP)—participated in this session. This step aimed to improve the contextual accuracy and realism of the model inputs by making sure that the weights and criteria chosen represent local operational and technical realities.
4.1.1 [bookmark: _Toc217482148]Hierarchy evaluation and criteria weighting 
Determining the relative significance of the three primary decision-making dimensions (economic, environmental, and social) was the first step in this phase. The relative importance of 52.50% for the economic criterion was found to be the most significant based on the pairwise comparison results and the focus group feedback. The social dimension was given less weight at 21.80%, while the environmental component came in second with 25.70%. The chart below shows Importance of the criterion in these findings.
[bookmark: _Toc217483195][bookmark: _Toc217483647][bookmark: _Toc210430004][bookmark: _Toc210431654] Figure 5
[bookmark: _Toc217483196][bookmark: _Toc217483648]Importance of the three main decision-making dimensions


As discussed in the last chapter, additional analysis was conducted by dividing each major criterion into related sub-criteria. With a weight of 32.2%, operation and maintenance expenses received the highest priority among all the sub-criteria, highlighting their significant influence on the selection of an appropriate sludge dewatering technique. With a weight of 18.5%, the next most important sub-criterion was energy requirements, indicating the increasing emphasis on environmentally friendly solutions in wastewater treatment. However, in light of the relatively flexible land availability at the Nablus West plant, land requirements for operating different sludge dewatering technologies ranked as the least important sub-criterion. Below is a comprehensive chart showing the distribution of these weights.
[bookmark: _Toc217483197][bookmark: _Toc217483649][bookmark: _Toc210430005][bookmark: _Toc210431655]Figure 6
[bookmark: _Toc217483198][bookmark: _Toc217483650]Sub-criteria importance
[image: ]
4.1.2 [bookmark: _Toc217482149]Consistency Check and Model Validation
A consistency check was performed after ordering the criteria, and all available sludge dewatering options were fully integrated into the Analytical Hierarchy Process (AHP) model. This step is crucial for ensuring the reliability of the derived weights and the logical consistency of the judgments within the AHP methodology. To be considered acceptable and valid, the Consistency Ratio (CR) for each set of comparisons must remain below 10%, according to the AHP framework.
[bookmark: _Toc210430006][bookmark: _Toc210431656]As shown in the consistency evaluation chart that is attached, all consistency ratios for the pairwise comparisons of the main and sub-criteria in this study fell within the acceptable range. This validates the general prioritization structure employed in the decision-making model by confirming that the expert group's decisions were internally consistent and logical.
[bookmark: _Toc217483199][bookmark: _Toc217483651]Figure 7 
[bookmark: _Toc217483200][bookmark: _Toc217483652]Consistency Ratio (CR) for each set of comparisons
[image: ]
Five sludge dewatering technologies options were assessed in the study: centrifuges, belt filter presses (BFP), filtration presses (FP), reed beds, and sludge dewatering beds. 
Every option was assessed based on its performance against the three main criteria. sludge dewatering beds excelled in the environmental and social categories, consistently earning the highest score in the economic criterion, as illustrated in the figure.






[bookmark: _Toc217483201][bookmark: _Toc217483653][bookmark: _Toc210430007][bookmark: _Toc210431657]Figure 8
[bookmark: _Toc217483202][bookmark: _Toc217483654]Comparison of the Criterion and Alternatives
[image: ]
Figure 14, which displays the final weights of each sludge dewatering technology option after all criteria were taken into account, displays the aggregated results from AHP-OS. sludge dewatering Beds: 35.80%
35.80% for sludge dewatering Beds. 
26.20% for Reed Beds. 
16.60% for Filter Press (FP). 
13.90% for Belt Filter Press (BFP). 
7.50% for Centrifuges. 
According to these results, sludge dewatering beds are the best option for Palestinian treatment facilities, especially those with adequate space and tight budgets. Reed beds are a good backup choice, particularly in areas where environmental concerns are prioritized. Despite their technical effectiveness, mechanical options like centrifuges and filter presses received lower ratings because of their higher initial and ongoing expenses.


[bookmark: _Toc217483203][bookmark: _Toc217483655][bookmark: _Toc210430008][bookmark: _Toc210431658]Figure 9
[bookmark: _Toc217483204][bookmark: _Toc217483656] Final Results of Weights of Alternatives
[image: ]
The results of the decision-support analysis are discussed and shown using the Analytic Hierarchy Process (AHP) that was put into practice. To guarantee the results' reproducibility and transparency, the Python code created for this analysis is included in the Appendix. By providing the code, readers can examine the computational processes, confirm the computations, and repeat the analysis with the same parameters, options, and input data.
[bookmark: _Toc217482150][bookmark: _Hlk197274784]4.2 Sludge quantity prediction 
The purpose of this study was to estimate the amounts of raw sludge produced at the Nablus West Wastewater Treatment Plant (NWWTP) by using operational data from the past, population growth projections, and expected influent volumes. The analysis projected sludge generation through 2050 using population estimates and actual performance records.
The amount of raw sludge predicted to be produced in 2025 is approximately 135.2 cubic meters per day, based on currently available operational data and projections of the future service population. This amount is equivalent to an influent wastewater volume of 13520.25 m³/day and an estimated 225000 residents in the serviced population.
It is expected that the influent volume will reach 18,373.5 m³/day by 2035, and the serviced population will rise to 305,767 residents. As a result, 268.25 cubic meters of raw sludge are expected to be produced daily in that year.
With an anticipated influent flow of 27473.56 m³/day, the treatment plant is anticipated to serve a population of 457,207 by 2050. It is anticipated that under these conditions, the daily production of raw sludge increased to 401.11 cubic meters.
The study found a correlation between the volume of influent wastewater and the amount of raw sludge generated, which helped to support these predictions. An examination of past data showed that raw sludge typically makes up 1.4% of the volume of incoming wastewater. When predicting future sludge quantities, this percentage was used as a crucial component.
However, an adjustment was made for the initial years of projection in recognition of the possibility that operational, climatic, or technical factors could cause treatment efficiency to change over time. In particular, a more cautious sludge generation ratio of 1% was applied for the first forecast years due to observed variability in the plant's efficiency and existing operational performance constraints.
The estimated amounts of raw sludge and related service parameters are compiled in the table below.
[bookmark: _Toc217483689][bookmark: _Toc210431650]Table 9
[bookmark: _Toc217483690]The projected raw sludge quantities and associated service parameters
	Year
	Projected Population(person)
	Influent Wastewater (m³/day)
	Estimated Raw Sludge (m³/day)
	Estimated dry Sludge (m³/day)

	2025
	225,000
	13,520.25
	135.20
	8.11

	2035
	305,767
	18,373.50
	268.25
	16.09

	2050
	457,207
	27,473.56
	401.11
	24.06



Planning for wastewater management is made easier with the help of this forecasting model. It helps decision-makers plan for suitable infrastructure expansions, sludge handling systems, and resource allocation strategies by helping them understand future sludge loads. Furthermore, these findings can be used as a starting point for creating long-term master plans for sludge dewatering that include choices for sustainable disposal, energy recovery, and sludge reuse.


[bookmark: _Toc217482151]Chapter Five
[bookmark: _Toc217482152]Desiccation and Recommendation 
The technical specifications of the treatment procedure also alter as future sludge volumes rise.  For instance, passive or low-energy systems like drying beds can frequently be used to manage small quantities.  However, these systems might no longer offer adequate efficiency or operational capacity when the anticipated sludge quantities increase.  In these situations, more mechanized and scalable technologies—like centrifuges or belt filter presses—that can manage greater loads and guarantee steady performance may become more popular.  As a result, incorporating sludge quantity forecasting into the technology assessment procedure helps guarantee that the selected dewatering technique continues to be efficient, workable, and flexible in response to changing circumstances.
This study admits a number of methodological flaws that could affect the precision and reliability of the findings. Because of gaps in sludge management records, some criteria were evaluated using incomplete or limited data, and expert-based evaluations may introduce bias due to differences in professional judgment or prior experience. These restrictions show that in order to improve the dependability of sludge management decision-making tools, future research must increase the amount of data available, include a wider range of experts, and use sensitivity or uncertainty analysis.
[bookmark: _Toc217482153]5.1 Analysis of AHP and Results for Sludge Dewatering
In regions with limited resources, choosing the right sludge dewatering technology is essential for ensuring the operational effectiveness and long-term sustainability of wastewater treatment plants (WWTPs). This chapter examines the results of the Analytical Hierarchy Process (AHP) model concerning the Palestinian wastewater industry, using the Palestinian WWTP as a representative case. In addition to offering technical and policy recommendations, it also considers the implications of the findings.
5.1.1 [bookmark: _Toc217482154]Examining the Findings in Light of the Palestinian Situation 
Sludge dewatering beds were found to be the most effective sludge dewatering technologies technique by the AHP analysis, as they had the highest consolidated weight (35.80%). This result is extremely pertinent to the Palestinian context, which is distinguished by:
1. Limited funding is available for investments in infrastructure.
2. High energy expenses and erratic energy supply.
3. Land availability in peri-urban and rural regions.
4. Passive solar sludge dewatering is supported by a semi-arid climate.
sludge dewatering beds are a perfect solution for municipalities with limited financial resources and technical capabilities because they require little energy, are easy to construct, and have low operating costs. Palestine's climate, particularly in the West Bank, encourages water from sludge to evaporate naturally, improving sludge dewatering bed performance without the need for mechanical assistance.
Despite the fact that this study finds drying beds to be the best dewatering option because of their ease of use and low operating costs, it is crucial to recognize some practical limitations in order to provide a reasonable and well-rounded recommendation.  Due to their comparatively large land requirements, drying beds may not be suitable in areas with limited land availability.  Additionally, the weather has a big impact on how well they perform; hot, dry climates are ideal for drying, while high humidity and rainfall can considerably slow the drying process.  Acknowledging these limitations allows for a more thorough assessment and guarantees that the final suggestion is still feasible under actual operating circumstances.
The second-placed (26.20%) reed beds are also well-suited for decentralized systems and environmentally sensitive areas. Their ability to incorporate vegetation for natural filtration provides additional environmental benefits, such as odor control and habitat creation. However, their longer sludge dewatering cycles and land requirements may be a disadvantage in limited urban spaces.
Despite their technological efficiency, centrifuges and filter presses were not preferred in this study due to their high capital costs, energy requirements, and technical complexity, all of which often conflict with the operational realities of Palestinian WWTPs. If donor support or long-term operational financing becomes available, these technologies may be more appropriate for large-scale centralized treatment plants in the future.

5.1.2 [bookmark: _Toc217482155]Discussion in Focus Groups  
The Palestinian Water Authority conducted a focus group to make sure the findings from the Analytical Hierarchy Process (AHP) model were pertinent and applicable. A group of national experts in sludge dewatering and wastewater treatment participated in the session. The results of the AHP analysis and the standards for assessing sludge dewatering technologies were discussed and presented during this session.
The expert input that was gathered yielded helpful data. Specifically:
· According to 57.1% of participants, the criteria were only partially appropriate and required some modification.
· 42.9% of respondents thought the standards were suitable and represented regional difficulties.
· Not a single participant said the criteria were irrelevant or insufficient.
In response to the question of whether the requirements matched the operational and environmental circumstances in the area:
· According to 57.1%, the criteria were a good fit for the local context.
· 42.9% of respondents said the criteria were somewhat appropriate.
In reference to the AHP model's ranking of the sludge dewatering technologies:
· According to 57.1% of the experts, the ranking made sense and represented practical suitability and efficiency.
The focus group also covered the main implementation issues that sludge dewatering technologies in Palestine face. The main difficulties mentioned were:
· Insufficient financial resources (85.7%).
· High maintenance and operation expenses (85.7%).
· Insufficient technical expertise (71.4%)
· Administrative and institutional complexity (71.4%)
· Insufficient technical knowledge (57.1%)
· Limited sources of energy (57.1%)
· Additionally, one participant (14.3%) brought up additional difficulties that were not covered by the pre-selected options.
5.1.3 [bookmark: _Toc217482156]Sensitivity Analysis 
To assess the stability and robustness of the AHP results, a sensitivity analysis was performed. The analysis aimed to determine whether moderate changes in the pairwise comparisons of influential criteria could alter the final ranking of sludge-drying alternatives.
Because AHP weights are outputs derived from pairwise comparison matrices, the sensitivity analysis was conducted by adjusting selected comparisons and recalculating the resulting weights under different scenarios. The focus was placed on the criteria with the highest influence: O&M, Environmental Impact, and Energy Requirement.
5.1.3.1 [bookmark: _Toc217482157]Sensitivity Scenarios
Three “what-if” scenarios were developed to evaluate the impact of changing the criteria's importance on the model’s outcomes.
Scenario 1 – Reducing O&M Weight by 20%
The O&M criterion originally carried the highest weight (33%).  Its weight was decreased to mimic a scenario in which operational costs are not as significant:
 Wnew=33%×0.80=26.4% . 
The remaining criteria underwent small modifications following normalization.
The ranking of alternatives remained unchanged, indicating high model stability even when the most dominant criterion was reduced.
Scenario 2 – Increasing Environmental Impact by 20%
The Environmental Impact weight was raised in order to evaluate the impact of giving sustainability priority: 
W new=17%×1.20=20.4% . 
The final ranking was the same as it was in the initial instance. Numerical scores shifted slightly, but no alternative changed its position.

Scenario 3 – Adjusting Energy Requirement by ±20%
Energy requirement had the second-highest economic influence.
Its weight was modified in two directions:
· Weight gain: 19% → 22.8%
· Decreased weight: 19% → 15.2%
The order of the options remained unchanged. Only minor changes were observed in the total priority values.
[bookmark: _Toc217483691]Table 10
[bookmark: _Toc217483692]Summary of Sensitivity Scenarios
	Scenario
	Adjustment Applied
	Effect on Ranking
	Notes

	1
	O&M –20%
	No change
	Highest-impact criterion; ranking remains stable

	2
	Environmental Impact +20%
	No change
	Increased environmental importance did not shift decisions

	3
	Energy Requirement ±20%
	No change
	Minor numeric variation, but stable ranking



The sensitivity analysis confirms that the AHP model developed in this study is highly robust and stable.  The ranking of sludge-drying technologies remained unchanged despite moderate modifications to the most important sub-criteria.  This shows that:
· The top-ranked drying technology stays optimal under various evaluation conditions;
· The suggested decision framework is not unduly sensitive to subjective judgments.
· The model provides consistent and reliable support for sludge-management planning in Palestinian WWTPs. 
The AHP decision-making model's dependability is confirmed by the sensitivity analysis. The ranking of options did not change even when important criteria were purposefully changed by up to ±20%. These results demonstrate the structural stability of the framework and reinforce confidence in its application for guiding sludge-drying technology selection in real-world planning contexts.
5.1.2 [bookmark: _Toc217482158]Key Observations 
· The need for cost-effective solutions was highlighted by the fact that the economic criterion dominated decision-making (52.50%).
· Although they are secondary, environmental and social factors are still crucial for guaranteeing the long-term sustainability and broad use of selected technologies.
· The use of AHP offered a clear and measurable way to balance several, at times incompatible, criteria. 
· By incorporating technical expertise and local knowledge into the model through focus group validation, expert input was used to ensure that the results were more realistic and applicable.
[bookmark: _Toc217482159]5.2 Raw Sludge Quantity Forecasting 
These findings show a consistent increase in sludge volumes over time, aligning with population growth and increasing wastewater production. The current treatment infrastructure faced significant challenges as the volume of raw sludge is expected to more than triple between 2025 and 2050.
With a general sludge yield factor of approximately 1.4% of the total influent wastewater volume, the analysis also confirmed a proportional relationship between influent wastewater and raw sludge production. Long-term forecasting was conducted using this coefficient. A more conservative ratio of 0.1% was selected for the initial years (e.g., 2025), based on field observations and treatment performance data, considering potential operational inefficiencies and inconsistent treatment performance caused by:
1. Seasonal variations in climate.  
2. Equipment aging or technical constraints. 
3. Lack of electricity or erratic operations.
This modification ensures that the forecasts remain accurate and representative of the actual circumstances at the West Nablus WWTP.
This forecasting effort is crucial for preventing future sludge handling system overloads, lowering environmental and public health risks, and avoiding increased operating costs caused by unexpected sludge accumulation or emergency upgrades.
[bookmark: _Toc217482160]5.3 Recommendation
[bookmark: _Toc217482161]5.3.1 Integrated Planning and Design
The improved sludge forecasting results underline the necessity to explicitly integrate sludge estimates into national and municipal wastewater planning processes.  This integration ensures that treatment plants are geared to handle future demands and avoid overflowing as sludge quantities increase.  Planning and design techniques should therefore address the predicted sludge volume of 405.93 m³/day by 2050 and incorporate scalable or phased infrastructure development plans that correlate with population growth and wastewater generation trends.  Embedding forecasting into early planning phases improves more efficient resource allocation and reduces long-term operational issues.
[bookmark: _Toc217482162]5.3.2 Appropriate Technology Selection
Given Palestine’s economic and environmental constraints, selecting adequate sludge dewatering technology is vital for attaining long-term sustainability.  For many wastewater treatment plants, especially small and medium-sized ones, low-cost and low-energy alternatives like sludge drying beds and reed beds continue to be the most sensible and practical choices.  These systems provide resilience and ease of operation.  However, mechanical or hybrid dewatering solutions may be taken into consideration to manage larger sludge loads anticipated in future decades if funding, technical capability, and long-term operational support are available.
[bookmark: _Toc217482163]5.3.3 Data Collection and Model Updating
Accurate forecasting depends on high-quality and reliably recorded operational data.  To guarantee accurate, ongoing records of influent volumes and sludge generation, plant operators should improve their data monitoring systems.  Future forecasts will be more accurate if organized monitoring mechanisms are put in place and data is collected more frequently—ideally every day.  Moreover, sludge forecasting models should be periodically updated and calibrated using real-time performance data to retain their validity and boost decision-making for infrastructure development.
[bookmark: _Toc217482164]5.3.4 Policy and Institutional Support
Strengthening the policy framework governing sludge management is crucial for harmonizing technology selection and operational practices across Palestine.  Creating national sludge dewatering guidelines would promote uniform and effective industry-wide practices, especially those that specify forecasting requirements, design criteria, and performance standards.  Integrated planning and successful implementation of sustainable sludge management systems will be further encouraged by strengthening institutional cooperation between municipalities, environmental agencies, and donor organizations.  Long-term operational and environmental objectives can also be greatly aided by incentive systems that support decentralized and passive technologies.
5.3.5 Capacity Building and Sector Development
Building the technical capacity of wastewater treatment plant staff and municipal engineers is essential for improving operational performance and ensuring the long-term reliability of sludge management systems.  Training programs focused on forecasting methods, data collection protocols, and technology operation can enhance system efficiency and support the adoption of suitable dewatering methods.  Creating useful forecasting toolkits for regional planners and engineers will also aid in standardizing techniques for wastewater projects.  Donor agencies are encouraged to prioritize support for context-appropriate technologies and promote research and pilot initiatives tailored to Palestinian environmental and infrastructural conditions.
[bookmark: _Toc217482165]5.4 Conclusion 
This chapter emphasizes the importance of a structured, data-driven approach to selecting sludge dewatering technologies and planning future infrastructure needs in Palestine.  The study offers a balanced framework that takes into account operational feasibility, long-term sustainability, and local environmental conditions by combining forecasting outputs with technology evaluation.  The findings offer valuable guidance for national sludge management planning and can support more informed policy development.  In the end, the findings show that in order to establish resilient and sustainable sludge treatment systems throughout Palestine, strategic, evidence-based decision-making is required.
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[bookmark: _Toc217483920]Aairwise comparison schedule based on AHP priorities for the Palestinian context
	Comparison
	Criterion A
	Criterion B
	AHP Scale
	Rationale

	1
	Operating & Maintenance Costs
	Moisture Removal Efficiency
	9
	O&M costs dominate due to chronic funding shortages; efficiency is secondary to affordability 112.

	2
	Operating & Maintenance Costs
	Environmental Impact
	3
	Environmental risks are critical, but funding instability elevates O&M 15.

	3
	Operating & Maintenance Costs
	Energy Requirements
	2
	Energy scarcity (Gaza: <6 hours/day electricity) slightly reduces O&M’s edge 18.

	4
	Operating & Maintenance Costs
	Land Area Requirement
	9
	Limited budgets prioritize low-cost systems over land availability 112.

	5
	Operating & Maintenance Costs
	Adaptation to Local Climate
	5
	Climate resilience is moderate; O&M feasibility outweighs seasonal adjustments 18.

	6
	Operating & Maintenance Costs
	Potential for Sludge Reuse
	3
	Reuse benefits exist but require stable funding, which is rare 15.

	7
	Operating & Maintenance Costs
	Social Acceptance
	5
	Community engagement can mitigate resistance, but costs are non-negotiable 18.

	8
	Moisture Removal Efficiency
	Environmental Impact
	1/5
	Environmental protection (e.g., groundwater safety) is far more critical than efficiency 512.

	9
	Moisture Removal Efficiency
	Energy Requirements
	1/7
	Energy-intensive methods (e.g., centrifuges) are impractical in Gaza 18.

	10
	Moisture Removal Efficiency
	Land Area Requirement
	3
	Passive systems (e.g., solar beds) balance efficiency and land use 112.

	11
	Moisture Removal Efficiency
	Adaptation to Local Climate
	1/3
	Climate adaptation (e.g., covered beds) marginally supports efficiency 812.

	12
	Moisture Removal Efficiency
	Potential for Sludge Reuse
	1/5
	Reuse requires dryness, but efficiency alone doesn’t guarantee safe reuse 512.

	13
	Moisture Removal Efficiency
	Social Acceptance
	1/3
	Efficiency gains matter less than community trust in sludge safety 18.

	14
	Environmental Impact
	Energy Requirements
	1/3
	Energy scarcity elevates eco-friendly passive systems 15.

	15
	Environmental Impact
	Land Area Requirement
	7
	Environmental risks (e.g., leachate) justify larger land use for reed beds 112.

	16
	Environmental Impact
	Adaptation to Local Climate
	3
	Climate compatibility (e.g., reed beds in Mediterranean climates) supports sustainability 812.

	17
	Environmental Impact
	Potential for Sludge Reuse
	2
	Reuse reduces pollution but requires pre-treatment to meet safety standards 512.

	18
	Environmental Impact
	Social Acceptance
	5
	Environmental safety directly impacts community health and acceptance 18.

	19
	Energy Requirements
	Land Area Requirement
	9
	Energy-efficient systems (e.g., solar drying) offset land constraints 18.

	20
	Energy Requirements
	Adaptation to Local Climate
	3
	Solar-dependent methods align with Palestine’s climate but need backup 112.

	21
	Energy Requirements
	Potential for Sludge Reuse
	1/3
	Reuse processes (e.g., composting) are energy-light but secondary to energy security 512.

	22
	Energy Requirements
	Social Acceptance
	5
	Energy reliability builds trust in sanitation systems 18.

	23
	Land Area Requirement
	Adaptation to Local Climate
	1/5
	Urban Gaza lacks space; rural areas can adapt to climate needs 112.

	24
	Land Area Requirement
	Potential for Sludge Reuse
	1/7
	Land scarcity limits reuse infrastructure (e.g., composting sites) 512.

	25
	Land Area Requirement
	Social Acceptance
	1/3
	Community resistance to land-intensive systems is low compared to other factors 18.

	26
	Adaptation to Local Climate
	Potential for Sludge Reuse
	1/3
	Climate resilience enables reuse but depends on pre-treatment 512.

	27
	Adaptation to Local Climate
	Social Acceptance
	1
	Both depend on seasonal adjustments and education 18.

	28
	Potential for Sludge Reuse
	Social Acceptance
	3
	


Note: Using Saaty's scale (1-9), and contextual priorities from earlier studies.
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	Comparison Pair
	Score
	Preferred Alternative
	Explanation

	1. Sludge dewatering beds vs Reed beds
	3
	sludge dewatering beds
	sludge dewatering beds are moderately preferable (lower O&M costs).

	2. sludge dewatering beds vs Centrifuges
	7
	sludge dewatering beds
	sludge dewatering bedshave very strong preference (much lower costs).

	3. sludge dewatering beds vs Filter Press (FP)
	5
	sludge dewatering beds
	sludge dewatering bedsare strongly preferable (lower maintenance complexity).

	4. Sludge Dewatering Beds vs Belt Filter Press (BFP)
	5
	sludge dewatering beds
	sludge dewatering bedsare strongly preferable (similar reasoning as FP).

	5. Reed beds vs Centrifuges
	5
	Reed beds
	Reed beds are strongly preferable (lower energy/operational costs).

	6. Reed beds vs Filter Press (FP)
	5
	Reed beds
	Reed beds are strongly preferable (passive system, minimal maintenance).

	7. Reed beds vs Belt Filter Press (BFP)
	3
	Reed beds
	Reed beds are moderately preferable (lower recurring costs).

	8. Centrifuges vs Filter Press (FP)
	3
	Filter Press (FP)
	FP is moderately preferable over Centrifuges (lower energy consumption).

	9. Centrifuges vs Belt Filter Press (BFP)
	3
	Belt Filter Press (BFP)
	BFP is moderately preferable (lower operational complexity than Centrifuges).

	10. Filter Press (FP) vs Belt Filter Press (BFP)
	3
	Belt Filter Press (BFP)
	BFP is moderately preferable (better cost-efficiency for medium-scale use).


Note: *(Scale: 1 = Equal, 9 = Extreme Preference for higher Moisture Removal Efficiency)*
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	Comparison Pair

	Score
	Preferred Alternative
	Justification

	1. Sludge dewatering beds vs Reed beds
	1
	Equal
	Both use passive processes (evaporation/vegetation) with comparable efficiency.


	2. Sludge Dewatering Beds vs Centrifuges
	7
	Centrifuges
	Centrifuges achieve 20–25% solids vs. ~15% for sludge dewatering beds .

	3. Sludge Dewatering Beds vs Filter Press (FP)
	9
	Filter Press (FP)
	FP produces 25–35% solids, far exceeding sludge dewatering beds passive methods.

	4. Sludge Dewatering Beds vs Belt Filter Press
	5
	Belt Filter Press (BFP)
	BFP achieves 15–22% solids, moderately better than sludge dewatering beds.

	5. Reed beds vs Centrifuges
	7
	Centrifuges
	Centrifuges outperform reed beds (mechanical vs. passive).

	6. Reed beds vs Filter Press (FP)
	9
	Filter Press (FP)
	FP’s 25–35% solids dominate reed beds’ ~15%.

	7. Reed beds vs Belt Filter Press
	5
	Belt Filter Press (BFP)
	BFP’s 15–22% solids moderately exceed reed beds.

	8. Centrifuges vs Filter Press (FP)
	5
	Filter Press (FP)
	FP achieves higher dryness (25–35% vs. 20–25%).

	9. Centrifuges vs Belt Filter Press
	5
	Centrifuges
	Centrifuges yield 2–3% dryer cake than BFP.

	10. Filter Press vs Belt Filter Press
	5
	Filter Press (FP)
	FP’s 25–35% solids strongly surpass BFP’s 15–22%.


Note: *(Scale: 1 = Equal, 9 = Extreme Preference for higher Moisture Removal Efficiency)*
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	Comparison Pair
	Score
	Preferred Alternative
	Justification

	1. Sludge dewatering beds vs Reed beds
	1
	Equal
	Both are passive, low-energy systems with minimal chemical use and emissions.

	2. Sludge dewatering bedsvs Centrifuges
	7
	sludge dewatering beds
	Centrifuges have high energy use and polymer dependency; drying beds are passive.

	3. Sludge Dewatering Beds vs Filter Press (FP)
	5
	sludge dewatering beds
	FP requires energy and chemicals; drying beds have near-zero emissions.

	4. Sludge Dewatering Beds vs Belt Filter Press
	5
	sludge dewatering beds
	BFP uses less energy than FP but still requires polymers and maintenance.

	5. Reed beds vs Centrifuges
	7
	Reed beds
	Reed beds (phytoremediation) outperform energy-intensive centrifuges.

	6. Reed beds vs Filter Press (FP)
	5
	Reed beds
	FP’s chemical usage and energy make reed beds preferable.

	7. Reed beds vs Belt Filter Press
	3
	Reed beds
	BFP has moderate energy use, but reed beds are fully passive.

	8. Centrifuges vs Filter Press (FP)
	3
	Filter Press (FP)
	FP uses slightly less energy and polymers than centrifuges.

	9. Centrifuges vs Belt Filter Press
	3
	Belt Filter Press (BFP)
	BFP has lower energy consumption and noise pollution vs. centrifuges.

	10. Filter Press vs Belt Filter Press
	3
	Belt Filter Press (BFP)
	BFP operates continuously with lower pressure, reducing energy use vs. FP.


Note: *(Scale: 1 = Equal, 9 = Extreme Preference for Lower Impact)*
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	Comparison Pair
	Score
	Preferred Alternative
	Justification

	1. Sludge dewatering beds vs. Reed beds
	1
	Equal
	Both systems are passive, relying on natural processes with no energy input.

	2. Sludge Dewatering Beds vs Centrifuges
	9
	sludge dewatering beds
	Centrifuges require 50–100 kWh/ton, while sludge dewatering bedsuse zero energy.

	3. Sludge Dewatering Beds vs Filter Press (FP)
	7
	sludge dewatering beds
	FP consumes 20–40 kWh/ton; sludge dewatering beds are entirely passive.

	4. sludge dewatering bedsvs Belt Filter Press
	5
	sludge dewatering beds
	BFP uses 10–30 kWh/ton, but sludge dewatering beds remain energy-free.

	5. Reed beds vs Centrifuges
	9
	Reed beds
	Reed beds (0 kWh/ton) vastly outperform energy-intensive centrifuges.

	6. Reed beds vs Filter Press (FP)
	7
	Reed beds
	FP’s energy demands (20–40 kWh/ton) make reed beds strongly preferable.

	7. Reed beds vs Belt Filter Press
	5
	Reed beds
	BFP requires moderate energy (10–30 kWh/ton); reed beds are passive.

	8. Centrifuges vs Filter Press (FP)
	5
	Filter Press (FP)
	FP consumes ~40% less energy than centrifuges.

	9. Centrifuges vs Belt Filter Press
	5
	Belt Filter Press (BFP)
	BFP uses 30–50% less energy than centrifuges.

	10. Filter Press vs Belt Filter Press
	3
	Belt Filter Press (BFP)
	BFP operates at lower pressures, reducing energy use by 20–30% vs. FP.


Note: *(Scale: 1 = Equal, 9 = Extreme Preference for Lower Energy Use)*
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[bookmark: _Toc217483930]The pairwise comparison table for Land Area Requirements in sludge dewatering alternatives
	Comparison Pair
	Score
	Preferred Alternative
	Justification

	1. Sludge dewatering beds vs Reed beds
	1
	Equal
	Both require large land areas for sludge spreading and drying (Smith et al., 2018).

	2. Sludge Dewatering Beds vs Centrifuges
	9
	Centrifuges
	Centrifuges occupy <10 m²/ton vs. ~100 m²/ton for drying beds (EPA, 2020).

	3. Sludge Dewatering Beds vs Filter Press (FP)
	7
	Filter Press (FP)
	FP requires 15–30 m²/ton; sludge dewatering beds need 5–10x more space (Nguyen et al., 2019).

	4. Sludge Dewatering Beds vs Belt Filter Press
	5
	Belt Filter Press (BFP)
	BFP uses 20–40 m²/ton, moderately better than sludge dewatering beds (Kumar & Lee, 2021).

	5. Reed beds vs Centrifuges
	9
	Centrifuges
	Reed beds require ~80–120 m²/ton; centrifuges are space-efficient (GreenTech, 2022).

	6. Reed beds vs Filter Press (FP)
	7
	Filter Press (FP)
	FP’s compact design (15–30 m²) outperforms reed beds’ vast footprint.

	7. Reed beds vs Belt Filter Press
	5
	Belt Filter Press (BFP)
	BFP’s 20–40 m²/ton is preferable to reed beds’ land-intensive setup.

	8. Centrifuges vs Filter Press (FP)
	3
	Centrifuges
	Centrifuges use 10–15 m²/ton vs. FP’s 15–30 m²/ton (Zhang et al., 2021).

	9. Centrifuges vs Belt Filter Press
	3
	Centrifuges
	Centrifuges have a marginally smaller footprint than BFP (20–40 m²/ton).

	10. Filter Press vs Belt Filter Press
	3
	Filter Press (FP)
	FP is slightly more compact than BFP due to batch processing (UN-Habitat, 2023).


Note: *(Scale: 1 = Equal, 9 = Extreme Preference for Smaller Land Footprint)*
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	Comparison Pair
	Score
	Preferred Alternative
	Justification

	1. sludge dewatering beds vs Reed beds
	1
	Equal
	Both rely on climate conditions (e.g., sludge dewatering beds need arid climates; reed beds require wetland-friendly zones).

	2. Sludge Dewatering Beds vs Centrifuges
	7
	Centrifuges
	Centrifuges operate independently of weather, unlike sun-dependent sludge dewatering beds

	3. Sludge Dewatering Beds vs Filter Press (FP)
	5
	Filter Press (FP)
	FP functions in all climates, unlike sludge dewatering beds  limited by rainfall/humidity.

	4. sludge dewatering beds vs Belt Filter Press
	5
	Belt Filter Press (BFP)
	BFP’s enclosed design resists weather variability better than open sludge dewatering beds .

	5. Reed beds vs Centrifuges
	5
	Centrifuges
	Centrifuges avoid reed beds’ climate constraints (e.g., plant survival in droughts).

	6. Reed beds vs Filter Press (FP)
	5
	Filter Press (FP)
	FP outperforms reed beds in extreme climates (e.g., frost or heavy rain).

	7. Reed beds vs Belt Filter Press
	5
	Belt Filter Press (BFP)
	BFP’s mechanical process bypasses reed beds’ ecological/climatic sensitivities.

	8. Centrifuges vs Filter Press (FP)
	1
	Equal
	Both mechanized systems are climate-resilient but energy-dependent.

	9. Centrifuges vs Belt Filter Press
	1
	Equal
	Similar climate adaptability due to enclosed, weather-independent operations.

	10. Filter Press vs Belt Filter Press
	1
	Equal
	Comparable performance across diverse climates.


Note: *(Scale: 1 = Equal, 9 = Extreme Preference for Climate Resilience)*
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	Comparison Pair
	Adjusted Score
	Preferred Alternative
	Adjustment Rationale

	1. sludge dewatering beds vs Reed beds
	3
	sludge dewatering beds
	Retained: sludge dewatering beds  yield stable, pathogen-free sludge for agriculture (EPA, 2021).

	2. Sludge Dewatering Beds vs Centrifuges
	3
	sludge dewatering beds
	Reduced extremity: Centrifuges sometimes use polymers, but not universally (see note).

	3. Sludge Dewatering Beds vs Filter Press (FP)
	5
	Filter Press (FP)
	Retained: FP’s drier sludge (25–35% solids) suits industrial reuse (Nguyen et al., 2022).

	4. Sludge Dewatering Beds vs Belt Filter Press
	3
	sludge dewatering beds
	Adjusted: BFP’s polymer use reduces reuse flexibility, but sludge dewatering beds have higher moisture.

	5. Reed beds vs Centrifuges
	1
	Equal
	Equalized: Centrifuges’ polymer dependency vs. reed beds’ organic but wet sludge.

	6. Reed beds vs Filter Press (FP)
	3
	Filter Press (FP)
	Reduced extremity: FP’s industrial reuse vs. reed beds’ agro-use (context-dependent).

	7. Reed beds vs Belt Filter Press
	1
	Equal
	Equalized: Both have trade-offs (BFP’s dryness vs. reed beds’ organic quality).

	8. Centrifuges vs Filter Press (FP)
	5
	Filter Press (FP)
	Strengthened: FP avoids polymers, enabling safer reuse (Smith et al., 2020).

	9. Centrifuges vs Belt Filter Press
	3
	Belt Filter Press (BFP)
	Adjusted: BFP’s lower polymer use vs. centrifuges enhances reuse potential.

	10. Filter Press vs Belt Filter Press
	1
	Equal
	Retained: FP’s dryness balances BFP’s lower polymer dependency.


Note: *(Scale: 1 = Equal, 9 = Extreme Preference for Higher Reuse Potential)*
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[bookmark: _Toc217483936]The pairwise comparison table for Social Acceptance of sludge dewatering alternatives 
	Comparison Pair
	Score
	Preferred Alternative
	Justification

	1 sludge dewatering beds  vs Reed beds
	3
	Reed beds
	Reed beds are perceived as eco-friendly green infrastructure, enhancing community aesthetics (Smith et al., 2020).

	2. sludge dewatering beds vs Centrifuges
	7
	sludge dewatering beds
	Centrifuges face opposition due to noise, odor, and perceived pollution risks (EPA, 2021).

	3. sludge dewatering beds vs Filter Press (FP)
	5
	sludge dewatering beds
	FP’s industrial appearance and odor reduce public acceptance in residential areas.

	4. sludge dewatering beds  vs Belt Filter Press
	3
	sludge dewatering beds
	BFP’s enclosed design reduces odor but still lacks the natural appeal of sludge dewatering beds

	5. Reed beds vs Centrifuges
	7
	Reed beds
	Reed beds are favored for their biodiversity benefits and noise-free operation (GreenTech, 2022).

	6. Reed beds vs Filter Press (FP)
	5
	Reed beds
	FP’s mechanical processes are less socially desirable than reed beds’ ecological approach.

	7. Reed beds vs Belt Filter Press
	3
	Reed beds
	BFP’s moderate noise and industrial footprint lower acceptance compared to reed beds.

	8. Centrifuges vs Filter Press (FP)
	1
	Equal
	Both mechanized systems face similar public resistance due to noise and pollution concerns.

	9. Centrifuges vs Belt Filter Press
	3
	Belt Filter Press (BFP)
	BFP’s quieter operation and smaller footprint improve acceptance over centrifuges.

	10. Filter Press vs Belt Filter Press
	1
	Equal
	Comparable social acceptance due to similar industrial characteristics.


Note: *(Scale: 1 = Equal, 9 = Extreme Preference for Higher Social Acceptance)*
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[bookmark: _Toc217483938][image: ]Dataset Collected from the West Nablus Wastewater Treatment Plant (WWTP) with missing values

[bookmark: _Toc217483939]Table A.11
[bookmark: _Toc217483940]Dataset for West Nablus Wastewater Treatment Plant (WWTP) after finding missing values
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Python Code for the AHP-Based Decision Support Tool


'''
import numpy as np
import json
import argparse
import pandas as pd
from pathlib import Path

# --- CORE AHP LOGIC ---
RI_TABLE = {1: 0.00, 2: 0.00, 3: 0.58, 4: 0.90, 5: 1.12, 6: 1.24, 7: 1.32, 8: 1.41, 9: 1.45, 10: 1.49}

def calculate_ahp_weights(matrix):
    n = matrix.shape[0]
    if n <= 2:
        normalized_matrix = matrix / matrix.sum(axis=0)
        weights = normalized_matrix.mean(axis=1)
        return weights, 0.0, True

    normalized_matrix = matrix / matrix.sum(axis=0, keepdims=True)
    weights = normalized_matrix.mean(axis=1)
    weighted_sum_vector = np.dot(matrix, weights)
    lambda_max = np.mean(weighted_sum_vector / weights)
    ci = (lambda_max - n) / (n - 1)
    ri = RI_TABLE.get(n, 1.49) # Default to 1.49 for n > 10
    cr = ci / ri if ri > 0 else 0
    return weights, cr, cr <= 0.10

# --- FORECASTING FUNCTION ---
def forecast_sludge_production(initial_production, annual_growth_rate, years):
    forecast = [initial_production * (1 + annual_growth_rate) ** year for year in range(1, years + 1)]
    return forecast

# --- FILE I/O AND REPORTING ---
def load_matrix_from_csv(file_path, alternatives):
    df = pd.read_csv(file_path, index_col=0)
    # Ensure the order of rows and columns matches the alternatives list
    df = df.reindex(index=alternatives, columns=alternatives)
    return df.to_numpy()

def generate_report(results, output_dir):
    output_dir.mkdir(exist_ok=True)
    report_path = output_dir / "ahp_decision_report.txt"

    with open(report_path, "w") as f:
        f.write("=====================================================\n")
        f.write("    Analytic Hierarchy Process (AHP) Decision Report    \n")
        f.write("=====================================================\n\n")

        f.write("--- Consistency Analysis ---\n")
        for name, check in results['consistency_results'].items():
            status = "CONSISTENT" if check['is_consistent'] else "INCONSISTENT"
            f.write(f"- {name.capitalize()} Matrix: CR = {check['CR']:.3f} ({status})\n")
            if not check['is_consistent']:
                f.write(f"  WARNING: Judgments in the '{name}' matrix are inconsistent. Results may be unreliable.\n")
        f.write("\n")

        f.write("--- Criteria Weights ---\n")
        for i, criterion in enumerate(results['criteria_names']):
            f.write(f"- {criterion}: {results['criteria_weights'][i]:.3f}\n")
        f.write("\n")

        f.write("--- Final Ranking of Alternatives ---\n")
        for i, (alt, score) in enumerate(results['final_ranking']):
            f.write(f"{i+1}. {alt}: {score:.4f}\n")
        f.write("\n")

        f.write("=====================================================\n")
        f.write("              End of Report                      \n")
        f.write("=====================================================\n")
    print(f"\nReport generated successfully at: {report_path}")

# --- MAIN EXECUTION ---
def main():
    parser = argparse.ArgumentParser(description="AHP Decision Support Tool for Wastewater Sludge Management.")
    parser.add_argument("--config", default="config.json", help="Path to the JSON configuration file.")
    parser.add_argument("--datadir", default="data", help="Path to the directory containing CSV matrix files.")
    parser.add_argument("--outdir", default="output", help="Path to the directory to save the report.")
    args = parser.parse_args()

    # Load configuration
    with open(args.config, 'r') as f:
        config = json.load(f)
    
    criteria = config['criteria']
    alternatives = config['alternatives']
    data_dir = Path(args.datadir)
    output_dir = Path(args.outdir)

    print("--- Loading Pairwise Comparison Matrices ---")
    try:
        criteria_matrix = load_matrix_from_csv(data_dir / "criteria_matrix.csv", criteria)
        alternatives_matrices = {
            c: load_matrix_from_csv(data_dir / f"alternatives_{c.lower()}.csv", alternatives)
            for c in criteria
        }
        print("All matrices loaded successfully.")
    except FileNotFoundError as e:
        print(f"Error: Missing data file - {e.filename}. Please ensure all required CSV files are in the '{args.datadir}' directory.")
        return
    except Exception as e:
        print(f"An error occurred while reading the data files: {e}")
        return

    # --- Perform AHP Analysis ---
    print("\n--- Running AHP Analysis ---")
    criteria_weights, criteria_cr, criteria_consistent = calculate_ahp_weights(criteria_matrix)

    alternative_weights_per_criterion = {}
    consistency_results = {
        "criteria": {"CR": criteria_cr, "is_consistent": criteria_consistent}
    }

    for criterion, alt_matrix in alternatives_matrices.items():
        weights, cr, is_consistent = calculate_ahp_weights(alt_matrix)
        alternative_weights_per_criterion[criterion] = weights
        consistency_results[criterion] = {"CR": cr, "is_consistent": is_consistent}

    alt_weights_matrix = np.array(list(alternative_weights_per_criterion.values())).T
    final_scores = np.dot(alt_weights_matrix, criteria_weights)
    final_ranking = sorted(zip(alternatives, final_scores), key=lambda x: x[1], reverse=True)

    results = {
        'criteria_names': criteria,
        'criteria_weights': criteria_weights,
        'final_ranking': final_ranking,
        'consistency_results': consistency_results
    }

    # --- Generate and Save Report ---
    generate_report(results, output_dir)

if __name__ == "__main__":
    main()
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جــــامعــــــــة النجاح الوطنية
كليـــــة الدراســــــــات العليــــــا
	


أداة لصنع القرار بشأن تقنيات تجفيف الحمأة المناسبة لفلسطين


إِعداد
أنس ياسر صلاحات


إشراف
عبد الفتاح حسن



قدمت هذه الرسالة استكمالا لمتطلبات الحصول على درجة الماجستير في اسم البرنامج، من كلية الدراسات العليا، في جامعة النجاح الوطنية، نابلس- فلسطين.
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[bookmark: _Toc217482168]الملخص
تُعدّ إدارة حمأة الصرف الصحي في فلسطين من أبرز التحديات البيئية المتزايدة، إذ ارتفعت كميات الحمأة المنتَجة نتيجة النمو السكاني والتوسع السريع في إنشاء محطات معالجة مياه الصرف الصحي. وعلى الرغم من ذلك، لا تزال معالجة الحمأة النهائية وإعادة استخدامها بصورة مستدامة محدودة للغاية، وغالبًا ما تُدار بطرق غير فعّالة، حيث يتم تجفيفها أحيانًا بأساليب غير مناسبة، مما يؤثر سلبًا على كفاءة محطات المعالجة من الناحيتين الاقتصادية والبيئية. ويشكّل هذا الواقع خطرًا مباشرًا على البيئة والصحة العامة والمجتمع. إضافةً إلى ذلك، تبرز فجوة معرفية وقرارية واضحة نتيجة محدودية الدراسات البحثية التي تناولت إدارة حمأة الصرف الصحي في السياق الفلسطيني.
تهدف هذه الدراسة إلى استخدام أداة فعّالة لاختيار أفضل تقنية لتجفيف الحمأة، وتقديم مقترح مناسب لمحطات معالجة مياه الصرف الصحي بما يدعم صانعي القرار في هذه المحطات. كما تسعى الدراسة إلى المساهمة في التخطيط والإدارة على المدى الطويل من خلال التنبؤ بكميات الحمأة المستقبلية في منطقة الدراسة، والمتمثلة في محطة معالجة مياه الصرف الصحي غرب نابلس.
اعتمدت الدراسة على منهجين رئيسيين. أولًا، تمت مقارنة تقنيات تجفيف الحمأة المختلفة باستخدام أسلوب التحليل الهرمي (AHP) وفق مجموعة من المعايير الاجتماعية والبيئية والاقتصادية. وقد جُمعت البيانات من الدراسات العلمية والتقارير المنشورة، ثم جرى تقييمها وتعديل أوزانها بالتشاور مع مختصين ومهندسين عاملين في هذا المجال. ثانيًا، جرى التنبؤ بكميات الحمأة المتوقعة خلال العقود القادمة بالاعتماد على تحليل البيانات التشغيلية الفعلية المسجلة في محطة معالجة مياه الصرف الصحي غرب نابلس، إضافةً إلى معايير التصميم المعتمدة والتوقعات السكانية المستقبلية.
أظهرت نتائج تحليل التسلسل الهرمي (AHP) أن أحواض تجفيف الحمأة تُعدّ الخيار الأمثل لمحطات معالجة مياه الصرف الصحي في فلسطين، حيث حققت توازنًا مناسبًا بين القبول الاجتماعي، والسلامة البيئية، والتكلفة الاقتصادية. كما أشار تحليل التنبؤ إلى أن إنتاج الحمأة في محطة معالجة مياه الصرف الصحي غرب نابلس مرشح للارتفاع بشكل ملحوظ في المستقبل.
وتخلص الدراسة إلى أنه، في ظل الظروف الحالية، لا تزال أحواض تجفيف الحمأة الخيار الأكثر ملاءمة من الناحيتين البيئية والاقتصادية في السياق الفلسطيني. ومع ذلك، فإن الزيادة المتوقعة في كميات الحمأة تؤكد الحاجة الملحّة إلى تحسين التخطيط وتخصيص الموارد على المدى الطويل. ويمكن لصنّاع القرار والمهندسين والجهات التشريعية الاستفادة من أداة دعم القرار المطوّرة في هذه الدراسة لاتخاذ قرارات مدروسة تُسهم في تحسين إدارة وتجفيف الحمأة بصورة مستدامة.
الكلمات المفتاحية: 
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2024-12 116.64 9404.5 979.75 29.5 NA NA 49.33 2.6 21.6 3.16 79.5 12 490 2 12.7 12.1

2024-11 85 9717.16 1013.75 33 341 9 45 1.7 24.1 2.84 84 14 432.33 8 16.24 20.2

2024-10 95.58 9689 1109.5 30 353.5 10 94.5 2.875 30.35 2.08 72 10.7 397.56 9 20.88 1.8

2024-09 93.9 9875.33 998.5 32.57 332.5 20 40.5 0.8 21.3 6.2 66 3 422.85 20 24.32 3.1

2024-08 113 10309.06 944.33 40 278 9.66 44.8 15 23.2 4.98 72 5 393.125 7.714 26.35 0

2024-07 103.67 11458.19 910.66 49.66 278 6 42.15 32 23.9 5.84 75 24.1 451.33 12 27.31 0.2

2024-06 NA NA NA 35 NA 7 NA 0.15 NA NA NA 31.5 NA 18 26.97 0

2024-05 131.67 11078.83 794.75 29.25 348.5 10.5 52.8 12.8 20.7 8.18 72 6 332.8 14 20.93 2.9

2024-04 109.46 17315.2 786 22 NA 3.2 50 1.95 NA NA 62 8 398.66 NA 19.8 6.4

2024-03 NA NA NA NA NA NA NA NA NA NA NA NA NA NA 14.8 6.4

2024-02 NA NA NA NA NA NA NA NA NA NA NA NA NA NA 11.65 8.9

2024-01 NA NA NA NA NA NA NA NA NA NA NA NA NA NA 11.94 14.8

2023-12 NA 14292.22 832 32 416 6 30 15 NA 3.72 NA 25 415 7 14.5 13.1

2023-11 NA 11651 1305 59 653 12 38 4 NA NA NA 30 506 7 18.42 23.2

2023-10 NA 11438 926 38 463 8 50 15 25 3 NA 19 438 10 22.65 1.6

2023-09 97.21 10632.2 952.5 39.66 372 9 56.8 16.8 24.7 3.15 NA 34 458.43 12.33 25.41 3.5

2023-08 128 10588.83 1005.66 48 432 12 NA 15.4 21.6 4.96 74 21 520.36 26.43 26.18 0

2023-07 119 11405.93 1060.4 33.6 393 12.5 43.46 9.06 26.4 NA 69.5 11.5 468 8.5 27.16 0.5

2023-06 111 10081.06 1022 41.83 NA 8 53.4 2.75 23.6 NA 71 17 482.13 15 23.25 1.3

2023-05 98.8 525.43 1100.75 40.55 402 7.5 53.8 4.16 25.6 3.12 75.5 8 578.8 10.73 21.42 0.1

2023-04 68.19 9684.86 1038.66 44 436 11 NA NA NA NA 72 17 422.8 3 17.84 12.7

2023-03 98.28 9711.38 964.625 39 388 9 NA NA NA 2.45 62 7 374.45 3.5 15.15 10.9

2023-02 87.48 11898.64 1041.16 51.66 329 12.5 NA 14 24.2 19.9 76 21.5 415.67 12.88 10.51 19.4

2023-01 116.26 10292.16 1070.875 57 486 11 60.5 20.5 14.6 3.72 80 23.5 445.1 9 12.39 13.5

2022-12 104 9180.8 972.7 41.75 474 13 49 14.6 31.4 3.13 71.33 28.33 412.78 20.67 12.5 6.8

2022-11 96.85 10102.3 1123.7 54.33 425 10.5 60.06 27.33 NA NA 82.5 29.5 486.55 6.33 18 5.1

2022-10 92 9695 966.75 61.5 382 19.5 51.2 30.13 31.2 5.8 68 38 450 11 20.65 0.8

2022-9 125 9225.6 1075.25 59.66 NA 9 46.5 34.4 26.8 5.22 68 37 524.57 19.33 22.41 0

2022-8 135.3 10918.45 934.1 51.75 399.8 15.4 46.4 17.4 22.7 5.96 62 9 386.22 9.78 26.18 0

2022-7 116.12 12314.96 942 46.75 426 9 47.2 19.85 22.6 2.56 71 23 406.57 6 27.16 0

2022-6 144.9 12976.83 924.85 43.28 429.5 9 47.5 3.9 20.5 1.84 67 5 311.55 4 23.25 0

2022-5 112 13242.06 864.85 52.71 447.57 11.42 42.8 18.3 18.2 2.62 76 17 263.27 7 21.02 16.3

2022-4 99.76 15575.5 852.85 39.71 326 6.5 37 23.8 16.1 5.82 55.5 24 231.85 5.5 15.84 0

2022-3 119 11666.06 750.84 35 230 5.5 38.2 4.3 14 4.96 48 19 253.19 3.33 15.15 11.5

2022-2 112.1 11703.28 543.4 34.25 239 6 24.9 0.2 10.9 4.02 30 31 150.67 NA 10.51 12.2

2022-1 120.13 10292.16 1070.87 57 486 11 60.5 20.5 14.6 3.72 80 23.5 440.64 9.27 11.39 14
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2024/12 116.64 9404.5 979.75 29.5 341 9 49.33 2.6 21.6 3.16 79.5 12 490 2 12.7 12.1

2024/11 85 9717.16 1013.75 33 341 9 45 1.7 24.1 2.84 84 14 432.33 8 16.24 20.2

2024/10 95.58 9689 1109.5 30 353.5 10 94.5 2.875 30.35 2.08 72 10.7 397.56 9 20.88 1.8

2024/09 93.9 9875.33 998.5 32.57 332.5 20 40.5 0.8 21.3 6.2 66 3 422.85 20 24.32 3.1

2024/08 113 10309.06 944.33 40 278 9.66 44.8 15 23.2 4.98 72 5 393.125 7.714 26.35 0

2024/07 103.67 11458.19 910.66 49.66 278 6 42.15 32 23.9 5.84 75 24.1 451.33 12 27.31 0.2

2024/06 117.67 11268.5 852.705 35 313.25 7 47.47 0.15 22.3 7.01 73.5 31.5 392.065 18 26.97 0

2024/05 131.67 11078.83 794.75 29.25 348.5 10.5 52.8 12.8 20.7 8.18 72 6 332.8 14 20.93 2.9

2024/04 109.46 17315.2 786 22 362 3.2 50 1.95 21.31 7.28 62 8 398.66 12.6 19.8 6.4

2024/03 107.71 15253.1 797.5 24.5 375.5 3.9 45 5.21 21.92 6.39 63.5 12.25 402.74 11.2 14.8 6.4

2024/02 105.96 15253.1 809 27 389 4.6 40 8.47 22.54 5.5 65 16.5 406.83 9.8 11.65 8.9

2024/01 104.21 15048 820.5 29.5 402.5 5.3 35 11.73 23.15 4.61 66.5 20.75 410.91 8.4 11.94 14.8

2023/12 102.46 14292.22 832 32 416 6 30 15 23.77 3.72 68 25 415 7 14.5 13.1

2023/11 100.71 11651 1305 59 653 12 38 4 24.38 3.36 69.5 30 506 7 18.42 23.2

2023/10 98.96 11438 926 38 463 8 50 15 25 3 71 19 438 10 22.65 1.6

2023/09 97.21 10632.2 952.5 39.66 372 9 56.8 16.8 24.7 3.15 72.5 34 458.43 12.33 25.41 3.5

2023/08 128 10588.83 1005.66 48 432 12 50.13 15.4 21.6 4.96 74 21 520.36 26.43 26.18 0

2023/07 119 11405.93 1060.4 33.6 393 12.5 43.46 9.06 26.4 4.34 69.5 11.5 468 8.5 27.16 0.5

2023/06 111 10081.06 1022 41.83 397.5 8 53.4 2.75 23.6 3.73 71 17 482.13 15 23.25 1.3

2023/05 98.8 525.43 1100.75 40.55 402 7.5 53.8 4.16 25.6 3.12 75.5 8 578.8 10.73 21.42 0.1

2023/04 68.19 9684.86 1038.66 44 436 11 55.475 7.44 25.13 2.785 72 17 422.8 3 17.84 12.7

2023/03 98.28 9711.38 964.625 39 388 9 57.15 10.72 24.66 2.45 62 7 374.45 3.5 15.15 10.9

2023/02 87.48 11898.64 1041.16 51.66 329 12.5 58.82 14 24.2 19.9 76 21.5 415.67 12.88 10.51 19.4

2023/01 116.26 10292.16 1070.875 57 486 11 60.5 20.5 14.6 3.72 80 23.5 445.1 9 12.39 13.5

2022/12 104 9180.8 972.7 41.75 474 13 49 14.6 31.4 3.13 71.33 28.33 412.78 20.67 12.5 6.8

2022/11 96.85 10102.3 1123.7 54.33 425 10.5 60.06 27.33 29.97 4.46 82.5 29.5 486.55 6.33 18 5.1

2022/10 92 9695 966.75 61.5 382 19.5 51.2 30.13 31.2 5.8 68 38 450 11 20.65 0.8

2022/9 125 9225.6 1075.25 59.66 309.9 9 46.5 34.4 26.8 5.22 68 37 524.57 19.33 22.41 0

2022/8 135.3 10918.45 934.1 51.75 399.8 15.4 46.4 17.4 22.7 5.96 62 9 386.22 9.78 26.18 0

2022/7 116.12 12314.96 942 46.75 426 9 47.2 19.85 22.6 2.56 71 23 406.57 6 27.16 0

2022/6 144.9 12976.83 924.85 43.28 429.5 9 47.5 3.9 20.5 1.84 67 5 311.55 4 23.25 0

2022/5 112 13242.06 864.85 52.71 447.57 11.42 42.8 18.3 18.2 2.62 76 17 263.27 7 21.02 16.3

2022/4 99.76 15575.5 852.85 39.71 326 6.5 37 23.8 16.1 5.82 55.5 24 231.85 5.5 15.84 0

2022/3 119 11666.06 750.84 35 230 5.5 38.2 4.3 14 4.96 48 19 253.19 3.33 15.15 11.5

2022/2 112.1 11703.28 543.4 34.25 239 6 24.9 0.2 10.9 4.02 30 31 150.67 3.33 10.51 12.2

2022/1 120.13 10292.16 1070.87 57 486 11 60.5 20.5 14.6 3.72 80 23.5 440.64 9.27 11.39 14
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