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Highlights 

 Hybrid system producing 15 m³/day freshwater + 8.1 kg/day green hydrogen 

 989 m² PV array (247 kWp) meets 100% energy demand 

 CO₂ reduction of 301.5 tons/year vs conventional systems 

 Levelized water cost: $1.2/m³, hydrogen cost: $4.5/kg 

 Complete energy autonomy through hydrogen storage 

Abstract: This study presents an integrated renewable energy solution for simultaneous desalination and green hydrogen 

production, optimized for water-stressed coastal regions with high solar potential. The system combines mechanical vapor 

compression (MVC) desalination (1.5 m³/h capacity) with photovoltaic power (247 kWp) and electrolytic hydrogen storage (8.1 

kg/day), enabling 24/7 operation in Mediterranean climates like Tunisia [1]. 

Key innovations include: 

1. Energy autonomy: PV supplies 1,233 kWh/day (9 sunlight hours), with hydrogen backup covering nighttime demand (135 

kWh) [2]. 

2. Resource efficiency: 9:1 water-to-hydrogen stoichiometry achieves closed-loop operation [3]. 

3. Economic viability: Levelized costs of $1.2/m³ for water and $4.5/kg for hydrogen at Tunisian solar irradiance (5.8 

kWh/m²/day) [4]. 

Techno-economic analysis confirms a 301.5-ton annual CO₂ reduction versus grid-powered alternatives, with a 5–7-year payback 

period under current Tunisian energy policies [5]. The 989 m² PV array demonstrates scalability for similar arid coastal regions, 

addressing both water scarcity and renewable energy storage challenges. 

Keywords: off-grid desalination, solar-hydrogen hybrid, Mediterranean climate, MVC-RO comparison, decarbonized water 

production 

I. Introduction 

Global Water-Energy Nexus 

According to the World Health Organization (WHO), approximately one in ten people lacked access to clean drinking water in 

2023 [6]. The study forecasts that many countries, including Tunisia, will face extreme water shortages by 2040 [7]. 

Approximately 97% of the Earth's water is saline, and 3% is freshwater, with around 70% of that frozen as ice. Groundwater 

accounts for 29.75%, and lakes and rivers comprise only 0.25% of freshwater [8]. Desalting seawater or brackish water presents a 

viable solution. 

Desalination by distillation has been practiced for over 2,000 years [9]. Regardless of the specific process used, seawater or brackish 

water must be introduced into the desalination unit, where energy is supplied to extract freshwater and brine. The main desalination 

techniques include: 

 Thermal processes: Multi-flash, Multiple-effect, Vapor Compression 

 Membrane processes: Reverse osmosis, Electrodialysis, Nanofiltration 

 Unconventional processes: Humidification/dehumidification, Membrane distillation, Direct osmosis 

Tunisia benefits from over 3,000 hours of sunshine per year, with southern regions receiving up to 3,400 hours/year, particularly in 

the Gulf of Gabes. Solar irradiation ranges from 1,800 kWh/m²/year in the north to 2,600 kWh/m²/year in the south. The average 
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daily horizontal irradiation is between 4.2 kWh/m²/day (northwest) and 5.8 kWh/m²/day (south), with an average of about 9 hours 

of sunshine daily [10]. 

Green Hydrogen Potential 

Green hydrogen is increasingly recognized as a pivotal element in the global transition to clean energy. Produced 

through electrolysis powered by renewable sources like solar and wind, it offers a sustainable alternative to fossil fuels, particularly 

in sectors such as transportation, steel manufacturing, and chemical production [11]. 

Key Growth Drivers: 

 Falling renewable energy costs (solar/wind) make electrolysis more economical [12]. 

 Industrial demand: Steel, chemicals, and refining sectors seek carbon-free alternatives [13]. 

Challenges: 

 High production costs (currently ~$3-6/kg, needs to fall below $2/kg) [14]. 

 Infrastructure gaps: Lack of pipelines, storage, and distribution networks [15]. 

 Energy-intensive process: Requires massive renewable energy capacity [16]. 

Future Outlook: 

 By 2030, green hydrogen could meet ~10% of global energy needs (IRENA) [17]. 

 Cost parity with grey/blue hydrogen expected by 2030 in regions with cheap renewables [18]. 

Figure 1 and Figure 2 show water stress score (3.3), significant solar potential (GHI=222.5W/m2) and wind potential (5.9m/s) for 

Tunisia, which can be exploited for green hydrogen production [19]. Water stress score measures the ratio of total water withdrawals 

to Tunisia is among the top 25 countries with a high water stress score and high solar potential available renewable surface and 

groundwater supplies [19]. 

 

Figure1: water stress score vs solar potential (GHI: global horizontal irradiance) for Tunisia and similar countries 
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Figure2: Average water stress score vs Wind Energy Potential for Tunisia and similar countries 

Study Innovation 

 First integrated analysis of MVC desalination + PV + hydrogen storage for Tunisia. 

 Novel control strategy for 24/7 operation. 

System Design and Process Flow Diagram 

This study proposes the design and sizing of a green, autonomous desalination plant, incorporating suitable modules from both 

international and local markets. The proposed desalination process flow diagram, shown in Figure 3, includes four interconnected 

sectio 

 

Figure 3: Process Flow Diagram of Desalination Plant 

1. Desalination unit (MVC process, 1.5 m³/h capacity). 

2. Photovoltaic panels (247 kWp, 989 m²). 

3. Electrolyzer (McPhy H15, 8.1 kg/day H₂). 

4. Hydrogen generator (H2sys, 135 kWh backup). 

The system operates as follows: 

 Daytime: PV powers MVC desalination and electrolyzer. 

 Nighttime: Stored hydrogen fuels generator for continuous operation. 
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Key Components 

Table 1 shows the key components of the proposed system: 

Table 1: Key components 

Component Specification Manufacturer 

MVC Unit 1.5 m³/h, 75 kW MECO BES400MSS 

Electrolyzer 10 Nm³/h, 60 kW McPhy H15 [20] 

PV System 247 kWp, 412 panels Monocrystalline 600W 

H₂ Storage 50 kg @ 350 bar Hexagon Purus [21] 

Energy and Economic Analysis 

Daily Energy Balance 

 MVC Desalination: 675 kWh/day (9h operation). 

 Hydrogen Backup: 135 kWh (8.1 kg H₂). 

 Total PV Requirement: 1,233 kWh/day (247 kWp). 

Cost Breakdown 

Table 2 shows the Cost Breakdown of the proposed system: 

Table 2: Cost Breakdown 

Cost Item USD % of Total 

PV System 74,160 37% 

Desalination Unit 65,000 33% 

Electrolyzer 48,000 24% 

Installation 12,000 6% 

Total 199,160 100% 

Environmental Impact 

Carbon Footprint 

The proposed system reduces operational emissions to 0.05 kg CO₂/m³ (92% lower than grid-powered RO). Embodied carbon 

breakdown, Table3: 

 PV System: 42 g CO₂/kWh (c-Si, 25-year lifespan) 

 Electrolyzer: 1.2 kg CO₂/kg H₂ (PEM type) 

 MVC Unit: 0.8 kg CO₂/m³ (stainless steel construction) 

Table3:  Embodied Carbon Comparison of Desalination Technologies 

Technology Operational Embodied Total 

 

Proposed System 

(kg CO2/m³) 

0.05 

(kg CO2/m³) 

0.12 

(kg CO2/m³) 

0.17 

Seawater RO 2.50 0.15 2.65 

MED (6-effect) 15.00 0.20 15.20 

For thermal desalination plants, embodied carbon is 12-18 kg CO₂/m³ [22]. 
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Case Study: Tunisia Application 

Site Specifications 

 Location: Gabès, Tunisia (34°N, 10°E). 

 Solar resource: 5.8 kWh/m²/day. 

 Water salinity: 38,000 ppm. 

Performance Metrics  

Table 3 shows the performance metrics of the proposed system: 

Table 4: Performance Metrics 

Parameter Value 

Annual water output 5,475 m³ 

Annual H₂ production 2,956 kg 

PV capacity factor 22% 

System availability 92% 

II. Discussion 

Comparative Advantages 

Table 5 shows the Comparative Advantages of the proposed system: 

Table 5:  Comparative Advantages 

Metric Proposed System Seawater RO [22] 6-effect MED [2] Notes 

Energy (kWh/m³) 4.5 3.5 12 RO assumes 40% energy recovery 

CO₂ (kg/m³) 0.05 2.5 15 MED uses natural gas 

Water cost ($/m³) 1.2 0.8 2.1 Excludes brine management costs 

Footnote: RO and MED data sourced from [22] and [2], adjusted for Tunisian energy prices ($0.10/kWh). 

While energy consumption is higher than RO, the carbon footprint is significantly lower, and the system achieves complete off-

grid operation. 

Scenario-Based Sensitivity Analysis 

Table 6 shows the Scenario Analysis for Financial Robustness under Key Operational and Policy Conditions: 

Table 6: Scenario Analysis  

Scenario LCOW ($/m³) Payback Period (years) 

Baseline 

5.8 kWh/m²/day irradiance 

1.20 6.5 

(Nominal Tunisian conditions)   

Resource Stress 

4.6 kWh/m²/day irradiance 

1.51 8.2 

(20% solar deficit) (+26%) (+26%) 

Policy Support   

30% CAPEX subsidy 0.96 4.9 

(Tunisian RE Act 2023) (-20%) (-25%) 

The 26% LCOW increase during drought conditions underscores the need for oversizing  
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PV capacity by 15%. Policy interventions can mitigate financial risks, with 30% subsidies  

reducing payback periods below 5 years [23]. This aligns with IRENA's recommendation for  

risk-adjusted desalination financing in MENA [17] 

Generalizability Framework 

• Mediterranean: Suitable for all regions with 4.5 kWh/m²/day  

• Sahel: Requires 20% larger PV array for dust storms  

• Islands: Higher viability due to avoided fuel imports 

Policy Implications 

 Tunisian Renewable Energy Act 2023 feed-in tariffs [23]. 

 EU Green Hydrogen Import potential [24]. 

System Resilience 

Intermittency Mitigation  

Hydrogen Storage Sizing: 

 3-Day Autonomy Requirement: 

Quantity of Hydrogen 

𝑀𝐻2  =
135kWh

39.4 kWh/kg
𝑥3𝑥1.2 = 12.3𝑘𝑔 

(20% safety margin included) 

MVC Maintenance: 

 Fouling Control Protocol: 

Weekly CIP with citric acid (2% solution at 60°C) 

Quarterly membrane inspection (30% replacement threshold) 

Efficiency Degradation  

PV Performance: 

 Annual degradation: 0.5% [25] 

 25-year output: 82% of initial yield 

 247 kWp PV array at 34° optimal tilt for Gabès 

Electrolyzer Aging: 

 Efficiency drop: 1.5% per 10,000 hours (McPhy H15 specs) 

 Stack replacement: 8-year interval 

Policy & Replicability 

Tunisia’s Hydrogen Export Strategy  

Tunisia's hydrogen export potential leverages: 

-Geographic Advantage: 150 km from H2Med's proposed Pantelleria hub 

-Cost Competitiveness: $3.3/kg CBAM-adjusted price vs. $4.1/kg Moroccan exports 

-EU Demand: 2.5 Mt/year import target by 2030 

H2Med Pipeline Integration: 

 Capacity: 2 Mt/year by 2030 

 Tunisia's allocation: 5% (100,000 t/year) 
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 Cost advantage: $0.18/kg vs. shipping 

CBAM Impact (2030): 

Adjusted Cost=$4.5−(CBAM Credit)=$4.5−$1.2=$3.3/kg 

*(Assumes €50/ton CO₂ tax)* 

MENA Regional Synergies  

The proposed system demonstrates significant adaptability across MENA coastal regions, as quantified in Table 7. 

Adaptation Matrix: 

Table 7: MENA Adaptation Matrix 

Parameter Morocco Egypt Saudi Arabia 

Irradiance (kWh/m²/day) 5.3 5.9 6.4 

PV Oversizing +15% +5% -10% 

Brine Disposal Cost $0.15/m³ $0.25/m³ $0.10/m³ 

NEOM Comparison: 

 Similarities: PV-MVC-RO hybrid design 

 Differences: 10x scale (150 m³/day vs. 1,500 m³/day) 

 Learning curve: 12% cost reduction expected for Tunisian scale-up 

 Tunisia's modular design offers faster deployment (6-month vs. NEOM's 18-month timeline) but requires 15% higher specific costs 

at scale. 

III. Conclusion 

This case study convincingly demonstrates the feasibility and scalability of integrating solar desalination with hydrogen storage for 

resilient, off-grid water production in high-irradiance, water-stressed areas. It sets a solid precedent for Mediterranean and MENA 

coastal nations, especially under supportive policy frameworks like subsidies and export incentives. 

The following points summarize the relevance of this study: 

 Demonstrated technical feasibility for arid coastal regions. 

 Economic viability at electricity prices >$0.12/kWh. 

 Scalable solution from 15 m³/day to 10,000 m³/day. 
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Nomenclature 

 GHI: Global Horizontal Irradiance (kWh/m2/day) 

 LCOW: Levelized Cost of Water ($/m3) 

 MVC: Mechanical Vapor Compression 

 PEM: Proton Exchange Membrane (electrolyzer) 

 TDS: Total Dissolved Solids (ppm) 

 CBAM: Carbon Border Adjustment Mechanism (€/ton CO2) 

 CAPEX: Capital Expenditure 
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