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Abstract
Jharkhand, located in eastern India, is endowed with abundant mineral resources but faces unevenly distribution of water resources availability. With the expansion of mining activities, large volumes of mine water are generated which is often underutilized or regarded as a pollutant. This study investigates the reuse potential of mine water from the Gidi ‘A’ mining region through the application of structured multi-criteria decision-making tools. Two complementary methods were employed: the Analytic Hierarchy Process (AHP) to prioritize five decision criteria such as water quality, environmental impact, technical feasibility, cost-effectiveness, and sustainability, and the Entropy Method to objectively assess the variability and reliability of stakeholder evaluations across five alternative water management strategies.
The AHP results indicated that water quality and environmental impact were the most influential criteria, reflecting strong concern for ecological and health-related outcomes. Among the alternatives, infrastructure investment ranked highest, though it exhibited the greatest divergence in stakeholder opinions. The AHP consistency ratio (CR = 9.24%) confirmed acceptable reliability of expert judgments. The entropy analysis further emphasized that while respondents favoured large-scale infrastructure improvements, long-term sustainability requires balancing these investments with recycling, green technologies, and conservative water-use practices. By integrating AHP and Entropy approaches, this study establishes a comprehensive, transparent, and adaptable decision-support framework for mine water reuse in coal-mining regions. The findings contribute to advancing sustainable water resource management, promoting both environmental protection and efficient resource utilization in Jharkhand and similar mining-intensive settings.
Keywords:  Water resource management, Mine water utilization, Analytic Hierarchy Process (AHP), Entropy Analysis, Water Quality, Infrastructure investments.

1 Introduction 

The urgent need for universal access to safe drinking water has intensified globally due to rapid population growth and increasing industrialization, exacerbating pressure on water resources (CGWB, 2018; WRI, 2021). In areas with extensive coal mining, such as China and the United States, mine water poses environmental and health risks but also offers opportunities for sustainable water resources management (Zhu et al., 2018). China, where over 60% of water sources are severely polluted, is pioneering efforts to treat and reuse mine water in regions like Inner Mongolia. Similarly, in coal-rich areas like Appalachia in the United States, initiatives are underway to explore using mine water as a possible resource for drinking water supply (National Academies, 2019). Water pollution is also a significant environmental challenge in Pakistan, with direct implications for both public health and the economy (Asif et al., 2024, 2025; Jatoi et al., 2023). The shift in perspective from viewing mine water as a challenge to considering it as a potential resource is not a mere intellectual endeavour; it arises from the pressing need for augmenting the water resources. About 2.2 billion people worldwide lack access to properly managed drinking water services, which poses health challenges and environmental issues (WHO, 2021a). India, a nation with a population exceeding 1.3 billion, faces the dual challenges of water scarcity and pollution. The reality is underscored by the WHO's estimation that approximately 163 million Indians lack access to clean drinking water, painting a stark picture of the water resources scenario in the country (WHO, 2021b). 

The interaction between water scarcity and coal mining is crucial, particularly in states like Chhattisgarh and Jharkhand. In Chhattisgarh's Korba coalfield, innovative approaches are explored to integrate mine water into broader water management strategies (Singh et al., 2019). Amidst global water scarcity and industrial dynamics, the intricate relationship between water resources and coal mining gains prominence, particularly concerning coal mine water. Globally, coal extraction generates coal mine water, enriched with minerals and pollutants, presenting both environmental challenges and potential strategic resource utilization in sustainable water management (Pandey et al., 2019; Nanda et al., 2020). This interplay is especially significant in India, where abundant coal reserves coincide with severe water scarcity. India, facing severe water stress, confronts a paradox as coal-rich regions significantly contribute to the nation's energy needs. Notably, in states like Jharkhand, extensive mining operations yield substantial coal mine water (CPCB, 2021). Consequently, integrating mine water into broader water resources becomes imperative. Jharkhand, positioned at the heart of India's coal belt, faces unique challenges. While contributing significantly to coal production, regions like the Jharia coalfield grapple with underground coal fires, subsidence, and ground deformations (Singh et al., 2018). The resulting mine water quality requires comprehensive evaluation.

Jharkhand contends with a multitude of water resource challenges, exacerbating the already complex water management scenario in the region. The state grapples with persistent issues of water scarcity, reflecting an imbalance between water demand and supply (Kumar et al., 2018). The mining industry plays a vital role in the state's economy, contributing significantly to its GDP and providing employment opportunities to a large number of people, particularly in rural areas. The mineral map of Jharkhand, depicted in Fig. 1, illustrates the distribution of key minerals across the state, highlighting its rich mineral potential and the significance of the mining sector in driving economic growth and development (Government of India, 2017). In recent years, attention has also been drawn to the Gidi “A” Mines in the Ramgarh district. The Gidi A Mines, operated by Central Coalfields Limited (CCL), are known for their high-quality coking coal reserves, which are essential for the production of steel. 
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Fig. 1. Mineral map of Jharkhand (JSMDC, 2023)

In the present study, Analytical Hierarchy Process (AHP) and Entropy Analysis for prioritization and decision-making has been explored for enhancing water resources management. It uses a combined approach involving the Analytic Hierarchy Process (AHP) and the Entropy Method. AHP allows for expert opinion in ranking different reuse strategies, while the Entropy Method ensures data-based objectivity by reducing personal bias. This dual-method approach creates a balanced and reliable decision-making framework. The following sections present a literature review, the study area and methods, detailed analysis using AHP and Entropy, a discussion of the results, and key conclusions and recommendations for sustainable water reuse in mining regions. 

2 Materials and Methods

2.1 Study Area Description 

Gidi A, situated within the Argada region of Ranchi, Jharkhand, stands as a vital nexus of coal mining activities. Nestled amidst the undulating terrains of the state's coal-rich landscape, Gidi A is renowned for its extensive coal deposits and robust mining infrastructure. The region's topography is characterized by rolling hills, intersected by water bodies and lush greenery, forming a picturesque backdrop to industrial operations. However, this juxtaposition of natural beauty and industrial activity underscores the imperative for sustainable water resource management.  Spanning an area of 187.98 ha, Gidi A's topography has undergone significant alteration due to extensive quarrying operations, resulting in the proliferation of pits and heaps of overburden dumps. This transformation has reshaped the landscape, with the region's drainage system primarily feeding into the Damodar River, delineating its southern boundary. Table 1 provides a concise overview of the geographical context of Gidi A, located in the South Karanpura coalfield of Jharkhand, India. Gidi A's hydrogeology is intricately linked with its geological makeup, with groundwater movement influenced by rock permeability and fault zones (Clark & Patel, 2019).

Table 1. Geographical Context of Gidi A

	Feature                                               Description

	Location
	South Karanpura coalfield, Jharkhand, India

	Sponsor
	Central Coalfields Limited (CCL), a subsidiary of Coal India Limited (CIL)

	Coordinates
	23.691251° N, 85.359806° E (exact)

	Status
	Operating

	Capacity
	0.11 million tonnes per annum

	Reserves
	3.7 million tonnes

	Coal Type
	Subbituminous

	Mining Method
	Surface, open cast

	Topography
	Hilly, with elevations ranging from 300 to 500 meters above sea level

	Climate
	Subtropical, with hot summers and mild winters

	Average annual rainfall
	1,200 mm

	Nearest major river
	Damodar River (20 km north)

	Vegetation
	Dry deciduous forests

	Soil Types
	Red sandy loam, lateritic

	Land Use
	Mining, agriculture, and forestry

	Natural Hazards
	Floods, droughts

	Geological Features
	Gondwana Supergroup sedimentary rocks

	Human Settlements
	Villages of Gidi and Religara

	Infrastructure
	Haul roads, conveyor belts, coal handling facilities

	Biodiversity
	Rich in reptile and bird species




2.2 Analytic Hierarchy Process (AHP)

The AHP serves as a structured decision-making framework crucial for the evaluation and prioritization of criteria (Saaty, 1980) pertinent to the integration of mine water into water resources of Jharkhand. The methodology enables stakeholders to conduct paired comparisons, facilitating analysis of various factors including water quality, ecological impact, societal concerns, and infrastructure impact (Saaty, 2008).  Tailoring the criteria for the AHP to the specific needs of Gidi ‘A’ mines in Jharkhand required collaboration with CCL authorities and engagement with stakeholders. Five criteria such as water quality, environmental impacts, technical feasibility, cost effectiveness, and sustainability were considered for guiding water resource utilization strategies in the mining areas. 

The Saaty fundamental scale assigns numerical values from 1 to 9 to express preferences in pairwise comparisons. A value of 1 denotes equal importance, while higher values signify increasing preference. Table 2 provides the Pairwise Comparison Matrix (A1). Criteria were chosen based on a comprehensive literature review and expert consultations. After determination of the weight for the criteria, the water quality (W), environmental impacts (E), technical feasibility (T), cost effectiveness (C), sustainability(S) were determined as 
        
 
                                                                                                          (1)
 
                       
             
  are the values from the Table 2 obtained from the weight and n is number of criteria. Let the sum (W), (E), (T), (C), (S) are denoted by K. 
                                                                                                                         (2)
The values (W), (E), (T), (C), (S) are divided by K. The obtained result, if aligned, give a new  matrix which is denoted by A2. When values of   matrix are added, this is always equal to 1. 
                                                                                                                                  (3)Consistency Index is given by 
                                                                                                                                                    (4)
Here  is the average of all the value of matrix and (n) is no of criteria. Check for Consistency Ratio (CR) is given by 
                                                                                                                                    (5)
RI = Random Index which is obtained by a Table 3. If CR< 0.1 or less than 10%, it is in the acceptable range and can be moved forward 

Table 2. Pairwise Comparison Matrix

	
	Water Quality
	Environmental Impacts
	Technical Feasibility
	Cost Effectiveness
	Sustainability

	n
	1
	W1
	W2
	W3
	W4

	Environmental Impacts (E)
	E1
	1
	E2
	E3
	E4

	Technical Feasibility (T)
	T1
	T2
	1
	T3
	T4

	Cost Effectiveness (C)
	C1
	C2
	C3
	1
	C4

	Sustainability(S)
	S1
	S2
	S3
	S4
	1




Table 3. Random Consistency Index (RI) values corresponding to various matrix sizes used in the Analytic Hierarchy Process (AHP)

	Matrix Size
	Random Consistency Index 
	Matrix Size
	Random Consistency Index 

	1
	0
	6
	1.24

	2
	0
	7
	1.32

	3
	0.58
	8
	1.41

	4
	0.9
	9
	1.45

	5
	1.12
	10
	1.49



2.3 Entropy Method 

Entropy method provides a structured approach to handling uncertainty and complexity in assessing alternatives. Entropy quantifies the randomness or uncertainty within a system. Within the context of Gidi A, Jharkhand, where factors such as water availability, quality, accessibility, and environmental impact play pivotal roles, the integration of entropy process can provide valuable insights. Initially, the entropy of each criterion was calculated to quantify the uncertainty or variability associated with them. This helps in identifying the inherent information content within each criterion, thereby facilitating their prioritization and weighting within the AHP framework. For instance, a criterion with high entropy indicates greater uncertainty, suggesting the need for more attention and resources in assessing and addressing its impact on water resources management. Conversely, criteria with lower entropy signify less uncertainty, potentially signalling areas where interventions may yield more predictable outcomes. 

The matrix is normalised by the given formula
                                                                                                                               (6)
Where,   denote the sum of all values present in the column of the matrix, represented as (F1), (F2), (F3), (F4), (F5) as shown in Table 4. Table 4 represents a framework designed to evaluate and compare different water management alternatives against a set of key decision criteria under the context of climate resilience and sustainability. Each alternative, ranging from water treatment technologies to conservation measures, is assessed using five main criteria: Water Quality, Environmental Impacts, Technical Feasibility, Cost Effectiveness, and Sustainability. The “SUM” row (F₁–F₅) represents the aggregated scores or priority weights obtained after evaluating each criterion and alternative.

Table 4. Decision Matrix for Evaluating Water Management Strategies in Mining Areas of Jharkhand using the Entropy Weight Method 
	Criteria      Alternative 
	Water Quality
	Environmental Impacts
	Technical Feasibility
	Cost Effectiveness
	Sustainability

	Water treatment technology
	a1
	a2
	a3
	a4
	a5

	Recycle and reuse
	b1
	b2
	b3
	b4
	b5

	Infrastructure 
Investments
	c1
	c2
	c3
	c4
	c5

	Green technology
	d1
	d2
	d3
	d4
	d5

	Conservative measures 
	e1
	e2
	e3
	e4
	e5

	SUM
	F1 
	F2 
	F3
	F4
	F5



 denotes the normalised matrix which is determined by Equ. 4 and shown in Table 5. Table 5 represents the normalized form (pᵢⱼ) of the decision matrix used for evaluating various water management strategies applied in Jharkhand’s mining-affected regions. It is a crucial intermediate step in the Entropy Weight Method (EWM), which determines objective weights of evaluation criteria based on the degree of variation in data across alternatives. Each row corresponds to a water management alternative, while each column represents a decision criterion. The normalization process converts all raw scores (xᵢⱼ) into dimensionless ratios so that they can be compared across different scales and units. The normalized value pᵢⱼ expresses the proportionate performance of the ith alternative under the jth criterion. Table 5 is pivotal in identifying which water management options—such as green technologies or recycle-reuse systems—perform best under multiple criteria in Jharkhand’s mining regions, providing an objective, data-driven basis for decision-making in environmental planning.
Entropy value is determined by the given formula
 ,j=1,2,...n                                                                                                         (7)
                                                                                                                                  (8)
The weight vector is calculated using the following equation
,         j=1,2,……n                                                                                           (9)
where,
 denotes Entropy Value
 denoted Weight Vector 
 is also knows as degree of diversification ()

Table 5. Normalized decision matrix for evaluating water management strategies in mining areas of Jharkhand using the Entropy Weight Method 
	Criteria      Alternative
	Water Quality
	Environmental Impacts
	Technical Feasibility
	Cost Effectiveness
	Sustainability

	Water treatment technology
	
	
	
	
	

	Recycle and reuse
	
	
	
	
	

	Infrastructure investments
	
	
	
	
	

	Green technology
	
	
	
	
	

	Conservative measures 
	
	
	
	
	

	
	R1
	R2
	R3
	R4
	R5



These methods enable a systematic and quantitative assessment of the relative significance of each criterion, providing valuable insights into prioritizing water resource management strategies. Pairwise comparison matrix with derived weight according to Saaty’s Fundamental Scale is shown in Table 6. Water Quality (W), Environmental Impacts (E), Technical Feasibility (T), Cost Effectiveness (C) and Sustainability (S) were determined using Equ. 1 and found to be as 2.40, 1.55, 1, 0.64 and 0.41, respectively.  Later the sum, K, was determined as 6.02. Individual criteria were divided by K in order to get the elements of matrix A2.  was determined to be as 5.50 and CI was 0.11. Finally, CR was found to be 9.24%. Usually, entropy value is given from between 1 to 5 for non-quantifiable values. 1 being equally important and 5 being strongly important than other alternatives. In case of entropy method, the matrix was normalised as given in Table 7.  Further, the values in each column were divided by the sum. Each value in each cell was multiplied by the log of that value and sum was taken for each column. Objective weight of considered alternatives were found to be 19.27% for Water Treatment Technology, 15.30% for Recycle and Reuse, 57.80% for Infrastructure Investments, 6.42% for Green Technology and1.19% for Conservative Measure. 

Table 6. Pairwise comparison matrix with derived weight according to Saaty’s Fundamental Scale (Matrix A1)
	
	Water Quality
	Environmental Impacts
	Technical Feasibility
	Cost Effectiveness
	Sustainability

	Water Quality (W)
	1
	3
	3
	3
	3

	Environmental Impacts (E)
	 1/3
	1
	3
	3
	3

	Technical Feasibility (T)
	 1/3
	 1/3
	1
	3
	3

	Cost Effectiveness (C)
	 1/3
	 1/3
	 1/3
	1
	3

	Sustainability (S)
	 1/3
	 1/3
	 1/3
	 1/3
	1



Table 7. Normalizing the matrix for different alternatives

	
	Water Treatment
	Recycle and Reuse
	Infrastructure Investments
	Green Technology
	Conservative Measures

	Water Quality
	3
	3
	2
	4
	3

	Environmental Impacts
	4    
	3
	2
	3
	4

	Technical Feasibility
	3    
	4    
	3
	4
	3

	Cost Effectiveness
	2    
	2    
	3    
	3
	4

	Sustainability
	4    
	3    
	2    
	4    
	3

	SUM
	16    
	15    
	12
	18
	17



3 Results and Discussion

Through AHP criteria such as water quality, environmental impact, technological feasibility, cost-effectiveness and sustainability, the consistency ratio was found to be as 9.24%. Additionally, the entropy analysis provided insights into the preferences for alternative technologies, with Infrastructure Investments emerging as the preferred option among respondents. These results underscore the significance of aligning water resource management strategies with the priorities and preferences as evidenced by the criteria weights and alternative preferences for study area.

3.1 AHP Analysis 

Fig. 2 illustrates the relative priority weights of evaluation criteria derived through the Analytic Hierarchy Process (AHP) for assessing water management strategies in mining areas of Jharkhand. Water Quality holds the maximum weight (0.35), indicating that the foremost concern in mining-affected regions is improving and maintaining water standards. Contamination from acid mine drainage, heavy metals, and suspended solids makes this criterion critical. Strategies emphasizing treatment technologies, recycling, and pollution control are therefore given the greatest preference. Environmental impact carries a significant weight (0.30), underscoring the need to reduce ecological degradation, soil erosion, and habitat loss caused by mining. Alternatives that minimize ecosystem disruption, such as green technologies and eco-restoration measures, score highly under this criterion. Technological feasibility highlights practicality and reliability of the water resource management technologies under consideration, including factors such as ease of implementation and compatibility with existing infrastructure. Cost-effectiveness emerged as another significant consideration, accounting for 12% of the overall importance. Sustainability shows the least weight (0.05), suggesting it is indirectly captured through other high-weighted criteria like environmental and water quality improvements. However, this does not diminish its relevance; rather, it implies that immediate restoration outcomes are prioritized before long-term sustainability considerations. 



Fig. 2. AHP derived criteria weights for evaluation of water management strategies in mining areas of Jharkhand

The AHP-derived weights collectively indicate that environmental protection and water quality improvement dominate the decision framework for mining-area water management. These weights form the basis for calculating each alternative’s overall composite score, obtained by multiplying the alternative’s performance rating under each criterion by its respective weight. Consequently, alternatives such as Water Treatment Technologies and Recycle–Reuse systems are likely to achieve higher aggregate AHP scores, reflecting their stronger alignment with critical environmental and water-quality objectives. This AHP analysis emphasizes a water-centric and environmentally driven decision model, suitable for the mining context of Jharkhand, where ecological restoration, pollution control, and safe water reuse are the most pressing challenges.

3.2 Entropy Analysis 

The high weight (0.58) indicates that infrastructure-based interventions are the most preferred option for sustainable water management in Jharkhand’s mining zones (Fig. 3). This includes the development of storage ponds, drainage networks, pipelines, sedimentation basins, and decentralized treatment units. These measures offer long-term hydrological stability, reduce surface runoff and sedimentation, and ensure continuous water availability for both industrial and domestic needs. With a score of 0.19, treatment technologies rank as the next best option. This reflects their strong contribution to water quality improvement, particularly in addressing acid mine drainage and heavy metal contamination. Technologies such as coagulation, filtration, reverse osmosis, and constructed wetlands show measurable improvements in key quality indicators, making them crucial for environmental restoration. The 0.15 weight signifies a significant but secondary role of water recycling and reuse systems. While effective in reducing freshwater dependency, these systems are sometimes limited by high setup and maintenance costs or technical constraints in rural or mining-dominated regions. However, they are valuable for industrial reuse, dust suppression, and irrigation, contributing to the circular water economy.


Fig. 3. Entropy-based weighted scores of water management strategies in mining areas of Jharkhand

The 0.07 weight shows that eco-technological solutions are recognized but remain supplementary. The minimal weight (0.01) indicates that behavioral and policy-level interventions, though conceptually important, have limited measurable impact compared to infrastructure-heavy solutions. The entropy results suggest that data-driven and physically measurable interventions such as infrastructure investments and treatment systems carry the greatest influence in improving water conditions in Jharkhand’s mining landscapes. This reflects a prioritization of engineering and hydrological reliability over softer, less quantifiable interventions. These results provide insights into the potential pathways for enhancing Gidi ‘A's mine water utilization within the broader framework of water resource efficiency.

4 Conclusions

This study evaluated the reuse potential of mine water through an integrated Analytic Hierarchy Process (AHP)–Entropy Method framework to ensure a balanced assessment of subjective judgment and objective data variability. The AHP results revealed that water quality (35%), environmental impact (30%), and technological feasibility (18%) were the most influential criteria, reflecting strong emphasis on maintaining purity, ecological sustainability, and practical applicability of interventions. In comparison, cost-effectiveness (12%) and sustainability (5%) received lower relative weights, suggesting that while economic efficiency is valued, it is secondary to environmental restoration and technological reliability. The consistency ratio (CR) of 9.24% indicates acceptable consistency in expert judgments, though future applications should explicitly report and improve this ratio to enhance methodological robustness.

The Entropy analysis objectively ranked the alternatives and identified infrastructure investments as the most preferred strategy, signifying their critical role in ensuring reliable storage, conveyance, and treatment capacity. Recycle and reuse options achieved a moderate preference (15%), reflecting a growing recognition of their practical feasibility and contribution to circular water management. The high weight (0.58) indicates that infrastructure-based interventions are the most preferred option for sustainable water management in Jharkhand’s mining zones. Conversely, conservative measures, though assigned the lowest weight (1%), demonstrated high agreement among respondents, indicating their perceived relevance in regulatory compliance, awareness building, and baseline risk mitigation. The findings suggest that Gidi A and similar mining regions can significantly improve mine water utilization by focusing on strategies that enhance water quality, reduce environmental degradation, and adopt technically feasible, cost-effective, and sustainable approaches. The integration of AHP and Entropy methods provides a systematic, transparent, and hybrid decision-support framework for evaluating water management alternatives that accommodate both expert judgment and data-driven evidence, thereby aligning implementation priorities with multi-stakeholder expectations.
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Entropy Analysis 	
Water Treatment Technology	Recycle and Reuse	Infrastructure Investments	Green Technology	Conservative Measures	19.27	15.3	57.8	6.423	1.1879999999999999	

AHP Analysis Report	
Water Quality	Environmental Impact	Technological Feasibility	Cost-effectiveness	Sustainability	35	30	18	12	5	
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