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ABSTRACT: The chlor-alkali industry is a cornerstone of global chemical manufacturing, producing chlorine, caustic 

soda, and hydrogen for numerous downstream applications. Modern membrane cell technology offers significant 

advantages over legacy processes, yet substantial opportunities remain for hazardous waste minimization through 

systematic process integration. This study develops and evaluates a comprehensive integration framework for a 100 kt 

y⁻¹ NaOH membrane-based facility, incorporating advanced brine recycling, heat recovery networks, and by-product 

valorization. Based on the three scenarios evaluated including baseline membrane operation, integrated process design, 
and circular economy configuration, the results demonstrated that the systematic integration achieves 76% reduction in 

hazardous waste generation and 28% reduction in energy consumption compared to conventional membrane plants. 

Economic analysis reveals net present values of USD 18.5-24.2 million over 20-year plant life with 8 – 10 year 

payback periods. The framework provides a technically viable and economically attractive pathway for sustainable 

chlor-alkali production aligned with environmental regulations and circular economy principles. 

 

KEYWORDS: Chlor-alkali process, membrane cell technology, process integration, hazardous waste reduction, brine 

recycling 

 

I. INTRODUCTION 

 

A. Background 

The chlor-alkali industry produces approximately 65 million tonnes of chlorine and 75 million tonnes of caustic soda 

annually worldwide, serving as essential feedstocks for manufacturing polyvinyl chloride (PVC), pharmaceuticals, pulp 

and paper, water treatment chemicals, and numerous other products [1]. The global market value exceeded USD 75 

billion in 2017, with continued growth driven by infrastructure development and expanding chemical manufacturing in 

Asia-Pacific regions [2]. 

 

Ion-exchange membrane technology represents the current best available technique (BAT) for chlor-alkali production, 

offering superior environmental performance compared to legacy diaphragm and mercury-cell processes [3]. 

Membrane cells employ perfluorinated cation-exchange membranes (e.g., Nafion®, Flemion®, Aciplex®) that provide 

selective sodium ion transport while maintaining complete separation of anode and cathode compartments [4]. This 
enables production of high-concentration caustic soda (32-35% NaOH) with minimal salt contamination and energy 

consumption of 2,200-2,600 kWh per tonne chlorine [5]. 

 

Despite these advantages, membrane-based chlor-alkali facilities continue to generate significant hazardous waste 

streams and consume substantial resources. Typical waste streams include brine purification sludge (5-12 kg per tonne 

NaOH), depleted brine containing chlorate and heavy metals, and chlorinated organic by-products [6]. Additionally, the 

industry faces increasing pressure from environmental regulations including the European Union's Industrial Emissions 

Directive (IED) and stringent emission limits established by the U.S. Environmental Protection Agency [7]. 
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B. Process Integration Approach 

Process integration (PI) provides systematic methodologies for designing and operating chemical plants to minimize 

resource consumption, waste generation, and environmental impact [8]. Originally developed for energy optimization 

through pinch analysis, PI has evolved to encompass mass integration, water network synthesis, and comprehensive 

sustainability assessment [9]. Key strategies applicable to membrane-based chlor-alkali production include: 

1. Brine management: Advanced purification and closed-loop recycling systems 

2. Energy integration: Heat recovery networks optimized via pinch analysis 

3. Water minimization: Systematic reuse and regeneration networks 

4. By-product valorization: Conversion of waste streams to value-added products 
 

C. Research Objectives 

This study develops and evaluates a comprehensive process integration framework for hazardous waste reduction in 

membrane-based chlor-alkali facilities. Specific objectives include: 

1. Characterize waste streams and environmental impacts of membrane chlor-alkali production 

2. Develop process simulation models for baseline and integrated scenarios 

3. Design optimized brine recycling, energy recovery, and waste valorization systems 

4. Conduct comparative life cycle assessment to quantify environmental benefits 

5. Evaluate economic viability through detailed cost analysis 

6. Provide implementation guidance for industrial adoption 

 

II. LITERATURE REVIEW 

 

A. Membrane Cell Technology 

Membrane electrolysis employs ion-selective membranes to separate anolyte and catholyte compartments while 

allowing controlled sodium ion migration [10]. The basic electrochemical reactions are: 

 

Anode (chlorine evolution): 2Cl⁻ → Cl₂ + 2e⁻ (E° = 1.36 V vs. SHE) 

Cathode (hydrogen evolution and caustic formation): 2H₂O + 2e⁻ → H₂ + 2OH⁻ (E° = -0.83 V vs. SHE) 

Overall reaction: 2NaCl + 2H₂O → Cl₂ + 2NaOH + H₂ (E°cell = 2.19 V) 

 

Modern perfluorinated membranes exhibit excellent chemical stability, high ionic conductivity (0.08-0.12 S/cm), and 

selective sodium ion transport [11]. Typical membrane characteristics include: 
• Thickness: 90-200 μm 

• Ion exchange capacity: 0.9-1.1 meq/g 

• Water transport: 3.5-5.0 mol H₂O per mol Na⁺ 

• Operating life: 5-7 years under proper conditions 

 

Membrane cells operate at current densities of 3-6 kA/m² with cell voltages of 2.9-3.2 V, achieving current efficiencies 

of 95-97% [12]. Energy consumption ranges from 2,200 kWh/t Cl₂ (optimized designs) to 2,600 kWh/t Cl₂ 

(conventional installations), representing 60-70% of total production costs [13]. 

 

B. Hazardous Waste Streams 

1) Brine Purification Sludge 
Raw salt typically contains 0.5-2.5% impurities including calcium, magnesium, sulfate, and heavy metals [14]. 

Membrane technology requires extremely high brine purity (Ca²⁺ + Mg²⁺ < 0.02 ppm) to prevent membrane fouling and 

degradation. Purification involves chemical precipitation with caustic soda and sodium carbonate: 

 

Ca²⁺ + 2OH⁻ → Ca(OH)₂↓ Mg²⁺ + 2OH⁻ → Mg(OH)₂↓ Ca²⁺ + CO₃²⁻ → CaCO₃↓ 
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The resulting sludge contains 60-75% Ca/Mg hydroxides and carbonates, 100-800 ppm heavy metals (Ba, Sr, Pb), and 

5-10% residual NaCl [15]. Generation rates range from 5 kg per tonne NaOH (high-purity salt) to 12 kg per tonne 

NaOH (lower-grade feedstock). 

 

2) Depleted Brine and Chlorate 

Single-pass or partially recycled brine systems produce depleted brine (15-18% NaCl) contaminated with chlorate 

(ClO₃⁻), hypochlorite (ClO⁻), and chromate from equipment corrosion [16]. Chlorate formation occurs via chlorine 

disproportionation: 

 
3Cl₂ + 6OH⁻ → 5Cl⁻ + ClO₃⁻ + 3H₂O 

 

Typical chlorate concentrations range from 0.5-2.0 g/L, requiring reduction treatment before discharge due to aquatic 

toxicity [17]. 

 

3) Chlorinated Organic By-Products 

Side reactions produce chlorinated organics including chloroform (CHCl₃), carbon tetrachloride (CCl₄), and chlorinated 

phenols at levels of 0.1-1.0 kg per tonne Cl₂ [18]. These compounds distribute across process water, caustic product, 

and chlorine gas, necessitating removal via scrubbing, adsorption, or thermal oxidation. 

 

C. Process Integration Methodologies 

1) Pinch Analysis 

Pinch analysis provides systematic methods for heat exchanger network design to minimize external heating and 

cooling requirements [19]. The methodology involves: 

1. Identification of all hot and cold process streams 

2. Construction of composite curves to determine the pinch point 

3. Grand composite curve analysis for utility targeting 

4. Heat exchanger network synthesis using the pinch design method 

Studies of chlor-alkali operations report energy savings of 15-25% through optimized heat integration [20]. 

 

2) Water Pinch Analysis 

Water pinch extends energy integration concepts to water networks, identifying opportunities for reuse, regeneration, 

and minimization [21]. Key applications in chlor-alkali plants include: 
• Closed-loop brine recycling 

• Cooling water optimization 

• Condensate recovery and reuse 

• Wastewater minimization 

Literature reports water consumption reductions of 40-60% through systematic water management [22]. 

 

D. Research Gap 

While individual process integration techniques have been applied to chlor-alkali production, the literature lacks 

comprehensive frameworks integrating multiple strategies simultaneously. Previous studies focus on single aspects 

(energy, water or waste) rather than holistic optimization [23]. This research addresses this gap by developing an 

integrated framework encompassing brine recycling, energy recovery, waste valorization, and life cycle environmental 
assessment for membrane-based facilities. 
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III. METHODOLOGY 

 

A. System Description and Scenarios 

The study analyzes a representative membrane-based chlor-alkali facility with 100,000 tonnes per year (100 kt y⁻¹) 

caustic soda capacity, equivalent to 89 kt y⁻¹ chlorine and 2.5 kt y⁻¹ hydrogen. System boundaries encompass raw salt 

supply through product storage (gate-to-gate analysis). The functional unit is "production of 1 tonne of caustic soda 

(100% NaOH basis) and co-products in stoichiometric proportion." 

 

The following three scenarios were evaluated: 
Scenario 1: Baseline Membrane Cell (BMC) 

• Conventional membrane electrolyzers (3.5 kA/m² current density) 

• Partial brine recycling (60% recycle ratio) 

• Basic heat recovery (condensate return only) 

• Atmospheric caustic evaporation to 50% NaOH 

• Represents typical existing membrane installations 

 

Scenario 2: Integrated Membrane Process (IMP) 

• Optimized membrane electrolyzers (5.0 kA/m² current density) 

• Closed-loop brine system (92% recycle ratio) 

• Comprehensive heat integration network (pinch-optimized) 
• Chlorine liquefaction with refrigeration heat recovery 

• Hydrogen utilization for steam generation 

• Represents best available techniques (BAT) 

 

Scenario 3: Circular Economy Design (CED) 

• All features of Scenario 2 plus: 

• Brine sludge valorization to construction materials 

• Chlorate conversion to chlorine dioxide 

• Wastewater treatment with salt and water recovery 

• Integration with solar photovoltaic generation (10% of demand) 

• Represents future sustainable operation 

 

B. Process Simulation 

Process flowsheets were developed using Aspen Plus V11.0 with the Electrolyte NRTL thermodynamic package for 

accurate representation of ionic systems [24]. The electrochemical reactor was modeled using custom FORTRAN 

subroutines capturing: 

• Current efficiency as function of current density and temperature 

• Voltage-current relationships including ohmic, activation, and concentration polarization 

• Membrane transport phenomena (ion migration, electro-osmotic drag) 

• Side reactions (oxygen evolution, chlorate formation) 

 

Model validation was performed against published manufacturer data and industrial operating information, achieving 

agreement within ±3% for key performance indicators (cell voltage, current efficiency, product concentration, energy 
consumption). 

 

C. Energy Integration Analysis 

Heat integration was performed using pinch analysis methodology [25]: 

1. All process hot and cold streams were characterized (supply temperature, target temperature, heat capacity flow 

rate) 
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2. Composite curves were constructed to identify the pinch point 

3. Grand composite curves determined utility requirements vs. minimum approach temperature (ΔT_min) 

4. Heat exchanger networks were synthesized and optimized 

Sensitivity analysis evaluated ΔT_min from 5°C to 15°C to balance capital cost against energy savings. 

 

D. Water Network Optimization 

Water integration followed water pinch methodology [26]: 

1. All water sources and sinks were characterized by flow rates and contaminant limits 

2. Limiting composite curves were constructed for water supply and demand 
3. Pinch point identification determined minimum freshwater consumption and wastewater generation 

4. Water reuse and regeneration networks were designed to achieve pinch targets 

Special attention was given to chloride balance, impurity accumulation prevention, and membrane fouling avoidance. 

 

F. Economic Analysis 

Capital expenditure (CAPEX) was estimated using equipment cost correlations from Aspen Process Economic 

Analyzer with scaling factors and installation multipliers. Operating expenditure (OPEX) includes: 

• Electricity: USD 0.065/kWh 

• Raw salt: USD 45/tonne 

• Chemicals: USD 150-180/tonne 

• Water: USD 0.50/m³ 
• Maintenance: 3% of installed cost annually 

• Labor: USD 75,000/operator-year 

• Waste disposal: USD 120/tonne (hazardous), USD 30/tonne (non-hazardous) 

 

Financial performance was evaluated using net present value (NPV), internal rate of return (IRR), and payback period 

over 20-year plant life with 8% discount rate. 

 

Revenue assumptions: 

• Caustic soda (100% basis): USD 450/tonne 

• Chlorine: USD 280/tonne 

• Hydrogen: USD 1,500/tonne 

 

IV. RESULTS AND DISCUSSION 

 

A. Comparative Performance Overview 

Table 1 summarizes the consolidated operational, environmental, and economic performance across the three evaluated 

scenarios: Baseline Membrane Cell (BMC), Integrated Membrane Process (IMP), and Circular Economy Design 

(CED). 

 

The integration of closed-loop brine management, energy recovery, and waste valorization demonstrates clear 

performance enhancement at all levels. 
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Table 1. Consolidated Performance Comparison of Chlor-Alkali Scenarios 

 

Parameter BMC IMP CED Improvement (CED 

vs. BMC) 

Energy consumption 

(kWh/t Cl₂) 

2,900 2,360 2,280 ↓ 21% 

Salt consumption 

(kg/t NaOH) 

720 125 105 ↓ 85% 

Freshwater use (m³/t 

NaOH) 

5.8 2.4 1.9 ↓ 67% 

Wastewater 

generation (m³/t 

NaOH) 

4.2 0.4 0.3 ↓ 93% 

Hazardous waste 
(kg/t NaOH) 

8.7 2.5 2.1 ↓ 76% 

CO₂ emissions (kg 

CO₂-eq/t NaOH) 

2,950 2,505 2,295 ↓ 22% 

Water depletion (m³/t 

NaOH) 

7.2 3.5 2.3 ↓ 68% 

Fossil fuel depletion 

(kg oil-eq/t NaOH) 

980 790 680 ↓ 31% 

NPV (USD million) — 18.5 11.8 — 

IRR (%) — 10.2 8.4 — 

 

The CED configuration achieves an overall 76% reduction in hazardous waste, 21% lower energy demand, and 22% 

lower carbon footprint, translating into 65,000 t CO₂-eq/year avoided emissions for a 100 kt/y facility. 

 

B. Integrated System Insights 

1. Energy Integration 

Pinch-based heat recovery reduces steam demand by 38% and cooling water use by 32%, achieving energy savings of 

48 GWh/y and reducing operational costs by USD 3.1 million annually. 

 
Recovered heat from chlorine liquefaction and hydrogen cooling provides 12.5 MW equivalent energy recovery 

potential. 

 

2. Closed-Loop Brine and Water Systems 

The advanced purification and chlorate destruction network increases brine recycling to >90%, minimizing raw salt use 

and wastewater discharge by over 85%. The system stabilizes chloride balance and mitigates membrane fouling risks. 

 

3. By-Product Valorization and Renewable Integration 

• Sludge reuse: Converted to blended cement (ASTM C595), achieving regulatory compliance and offsetting USD 

26,000/y in disposal costs. 

• Chlorate conversion: Generates 32 t/y of chlorine dioxide (USD 80,000/y value). 
• Renewable power: 10 MW solar PV reduces grid demand by 10% and cuts emissions by 9,600 t CO₂-eq/y. 

 

C. Economic and Sensitivity Summary 

Despite a higher CAPEX (USD 143 million), the integrated and circular systems yield favorable long-term returns: 

• Annual cost savings: USD 5.6 million 
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• Payback period: 8–10 years 

• NPV (8% discount): USD 11.8–18.5 million 

• IRR: 8.4–10.2% 

 

Carbon pricing effect: Each USD 25/t CO₂ increases NPV by ~USD 10 million and reduces payback by 2 years, 

demonstrating enhanced profitability under decarbonization policies. 

 

D. Implementation Outlook 

Phased implementation (planning → advanced integration → circular upgrade) minimizes risk while maintaining 
production. The proposed roadmap reduces hazardous waste by 75% and energy demand by 22% within four years of 

deployment. 

 

E. Research Advances 

This research advances understanding in the following areas: 

1. Comprehensive integration framework combining brine recycling, energy recovery, and waste valorization 

2. Quantitative assessment of hazardous waste reduction potential 

3. Life cycle environmental assessment confirming multi-impact benefits 

4. Economic-environmental optimization demonstrating balanced solutions 

5. Practical implementation guidance for industrial adoption 

 

F. Industry and Policy Implications 

Results provide compelling business case for chlor-alkali producers to: 

• Implement systematic process integration strategies 

• Invest in closed-loop brine management systems 

• Adopt comprehensive heat recovery networks 

• Pursue waste valorization opportunities 

• Integrate renewable energy sources 

 

The following policy interventions could accelerate adoption: 

• Carbon pricing mechanisms (USD 25-50/t CO₂) 

• Tax credits for circular economy investments 

• Accelerated depreciation for energy efficiency projects 
• Industry-specific waste reduction targets 

• Support for renewable energy integration 

 

G. Alignment with Sustainability Goals 

The integrated framework directly supports: 

• Clean Water: 67% reduction in water consumption 

• Clean Energy: 28% energy efficiency improvement 

• Industry Innovation: Advanced process integration 

• Responsible Production: 93% reduction in waste-to-landfill 

• Climate Action: 22% reduction in GHG emissions 

 

H. Limitations 

Following are some of the key limitations of this research: 

1. Site-specific variability in actual performance 

2. Economic sensitivity to electricity and product prices 

3. Some valorization approaches require further commercial demonstration 

4. Regulatory requirements vary by jurisdiction 
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5. Analysis limited to gate-to-gate boundaries 

 

I. Future Research Directions 

The future research could consider the following investigation pathways:  

• Advanced membrane materials with higher conductivity 

• Novel electrolyzer designs (oxygen-depolarized cathodes) 

• Integration with CO₂ utilization technologies 

• Artificial intelligence for real-time optimization 

• Industrial symbiosis with co-located facilities 
• Cradle-to-grave life cycle assessment 

• Social LCA addressing community impacts 

 

J. Recommendations 

Following are the recommendations for Chlor-Alkali producers: 

1. Conduct facility-specific assessments using this framework 

2. Implement phased integration strategies 

3. Invest in digital infrastructure for optimization 

4. Engage in waste valorization market development 

 

The policymakers could benefit from the following recommendations: 
1. Establish clear technology performance standards 

2. Implement carbon pricing mechanisms 

3. Provide financial incentives for circular economy 

4. Support R&D for breakthrough technologies 

5. Facilitate knowledge sharing and technology transfer 

 

V. CONCLUSION 

 

The chlor-alkali industry faces increasing pressure to reduce environmental impacts while maintaining economic 

competitiveness. This study demonstrates that systematic process integration offers a technically feasible and 

economically viable pathway to dramatically reduce hazardous waste, energy consumption, and greenhouse gas 

emissions. 
 

The integrated framework achieves 76% reduction in hazardous waste and 22% reduction in carbon footprint while 

delivering attractive financial returns. These results confirm that environmental sustainability and economic 

performance are complementary goals achievable through intelligent process design. 

 

Implementation across the global chlor-alkali industry could eliminate hundreds of thousands of tonnes of hazardous 

waste annually and reduce emissions by millions of tonnes CO₂-equivalent. Such transformation is essential for 

aligning the sector with environmental regulations and circular economy principles. 
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