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 الملخص 

المشروع إلى تقييم الجدوى التقنية والاقتصادية لإنتاج الأمونيا الخضراء في الجزائر اعتماداً على الهيدروجين الأخضر المنتج  يهدف هذا  

تربط بين إنتاج الكهرباء من   Power-to-Ammonia بواسطة التحليل الكهربائي للماء باستخدام الكهرباء المتجددة. تمت دراسة منظومة

هروضوئية وطاقة الرياح في موقع الأغواط جنوب غرب، وإنتاج الهيدروجين في المنطقة الصناعية بأرزيو عبر الشبكة الطاقة الشمسية الك

ساعة( لتحليل إنتاج الكهرباء المتجددة،    8760الكهربائية الوطنية. تم تطوير نموذج محاكاة زمني بدقة ساعة واحدة على مدار سنة كاملة )

إدارة تخزين الهيدروجين، وإنتاج الأمونيا. كما تمت مقارنة أربع تهيئات مختلفة تشمل تقنيتي التحليل الكهربائي  وتشغيل المحلل الكهربائي، و

ميغاواط. وأجُري تقييم تقني واقتصادي اعتماداً على مؤشرات    50و  20باستطاعتي   (PEM) وغشاء التبادل البروتوني (ALK) القلوي

وتكلفة الأمونيا   (LCOH) ن والأمونيا، معامل الاستغلال، نسبة الإتاحة، تكلفة الهيدروجين المستويةالأداء الرئيسية مثل إنتاج الهيدروجي

 .، بهدف تحديد التهيئة الأكثر ملاءمة لدعم إزالة الكربون من صناعة الأمونيا في الجزائر(LCOA) المستوية

، تخزين PEM ،ALK، التحليل الكهربائي للماء، Power-to-Ammoniaالأمونيا الخضراء، الهيدروجين الأخضر،  :الكلمات المفتاحية

 .، إزالة الكربونLCOH ،LCOAالهيدروجين، الطاقة الشمسية، طاقة الرياح، 

Résumé 

Face aux enjeux de décarbonation de l’industrie chimique, l’ammoniac vert apparaît comme une solution 

prometteuse pour réduire les émissions associées à la production conventionnelle d’ammoniac. Ce projet 

étudie l’intégration d’hydrogène vert dans une unité existante de synthèse Haber–Bosch située à Arzew, 

alimentée par une production électrique renouvelable hybride photovoltaïque-éolienne implantée à 

Laghouat Sud-Ouest et injectée dans le réseau électrique national. Un modèle horaire Power-to-Ammonia 

a été développé afin de simuler la production d’électricité renouvelable, l’électrolyse de l’eau, le stockage 

d’hydrogène et la production d’ammoniac sur une année complète. Quatre configurations combinant les 

technologies d’électrolyse PEM et alcaline avec des capacités de 20 MW et 50 MW ont été évaluées. Les 

performances techniques ont été analysées à travers la production d’hydrogène et d’ammoniac, le facteur 

de charge, le comportement du stockage et la disponibilité du procédé. Une évaluation technico-économique 

basée sur le CAPEX, l’OPEX, le coût actualisé de l’hydrogène (LCOH) et le coût actualisé de l’ammoniac 

(LCOA) a permis d’identifier la configuration la plus adaptée pour une intégration progressive de 

l’hydrogène vert dans l’industrie ammoniacale algérienne. 

Mots-clés : Ammoniac vert, Hydrogène vert, Power-to-Ammonia, Électrolyse PEM, Électrolyse alcaline, 

Énergies renouvelables, LCOH, LCOA. 

Abstract 

In response to the decarbonization challenges facing the chemical industry, green ammonia has emerged as 

a promising solution for reducing emissions associated with conventional ammonia production. This project 

investigates the integration of renewable hydrogen into an existing Haber–Bosch ammonia synthesis unit 

located in Arzew, supplied by a hybrid photovoltaic-wind renewable energy system installed at the Laghouat 

South-West site and connected through the Algerian power grid. An hourly Power-to-Ammonia simulation 

model was developed to represent renewable electricity generation, water electrolysis, hydrogen storage, 

and ammonia production over a full year. Four configurations combining PEM and Alkaline electrolyzer 

technologies with capacities of 20 MW and 50 MW were evaluated. Technical performance was assessed 

through hydrogen and ammonia production, capacity factor, storage behavior, and process availability. A 

techno-economic assessment based on CAPEX, OPEX, Levelized Cost of Hydrogen (LCOH), and 

Levelized Cost of Ammonia (LCOA) was then conducted to identify the most suitable configuration for the 

progressive integration of green hydrogen into the Algerian ammonia industry. 

Keywords: Green ammonia, Green hydrogen, Power-to-Ammonia, PEM electrolysis, Alkaline electrolysis, 

Renewable energy, LCOH, LCOA. 



 

 

Contents 

List of figures 

List of tables 

List of Abbreviations 

General Introduction ..................................................................................................................... 18 

Chapter 01: State of Art ................................................................................................................ 22 

1.1 Introduction ..................................................................................................................... 22 

1.2 Conventional Ammonia Production ................................................................................ 22 

1.2.1 Definition and Role of Ammonia ............................................................................. 22 

1.2.2 Industrial Applications and Future Demand ............................................................ 22 

1.2.3 Classification of Ammonia Production Pathways .................................................... 23 

1.2.4 Environmental Impact of Conventional Ammonia Production ................................ 24 

1.2.5 Energy Transition and the Need for Sustainable Ammonia ..................................... 24 

1.2.6 Haber–Bosch Process and Reaction Fundamentals ................................................. 25 

1.2.7 Process Description of the Haber–Bosch System .................................................... 25 

1.2.8 Catalysts and Reactor Design ................................................................................... 26 

1.2.9 Energy Consumption and Process Efficiency .......................................................... 27 

1.2.10 Limitations of Conventional Ammonia Production ................................................. 28 

1.2.11 Transition Toward Sustainable Ammonia Production ............................................. 28 

1.2.12 Grey and Electrified Ammonia Production .............................................................. 29 

1.2.12.1 Grey-Ammonia Production ............................................................................... 29 

1.2.12.2 Electrified (Green) Ammonia Production ......................................................... 29 

1.3 Hydrogen Production Technologies ................................................................................ 31 

1.3.1 Introduction .............................................................................................................. 31 

1.3.2 Conventional Hydrogen Production ......................................................................... 33 

1.3.2.1 Steam Methane Reforming (SMR) ................................................................... 33 

1.3.2.2 Autothermal Reforming (ATR) ........................................................................ 34 

1.3.2.3 Steam Reforming with Carbon Capture and Storage (CCS) ............................ 34 

1.3.2.4 Coal Gasification .............................................................................................. 35 

1.3.3 Hydrogen Production via Electrolysis ...................................................................... 36 

1.3.3.1 General Principle of Electrolysis ...................................................................... 36 

1.3.3.2 Alkaline Water Electrolysis (AWE) ................................................................. 36 

1.3.3.3 Electrolysis Proton Exchange Membrane Water (PEMWE) ............................ 38 



 

 

1.3.3.4 Anion Exchange Membrane Water Electrolysis (AEMWE) ............................ 40 

1.3.3.5 Solid Oxide Electrolysis Cells (SOEC) ............................................................ 42 

1.3.4 Comparison of Electrolysis Technologies ................................................................ 44 

1.3.5 Hydrogen Storage Systems for Power-to-Ammonia Applications .......................... 45 

1.3.5.1 Hydrogen Storage Technologies ....................................................................... 46 

1.3.5.2 Technology Selection for the Present Study ..................................................... 46 

1.3.6 Air Separation Unit (ASU) ....................................................................................... 47 

1.3.6.1 Air Separation Technologies ............................................................................. 47 

1.3.6.2 Membrane Separation ....................................................................................... 47 

1.3.6.3 Selection of Technology for Green Ammonia .................................................. 49 

1.4 Renewable Energy for Green Ammonia Production ....................................................... 49 

1.4.1 Introduction .............................................................................................................. 49 

1.4.2 Main Renewable Energy Sources............................................................................. 50 

1.4.2.1 Wind Energy ..................................................................................................... 50 

1.4.2.2 Solar Photovoltaic Energy ................................................................................ 50 

1.4.3 Challenges of Renewable Energy Integration .......................................................... 50 

1.4.4 Energy Management and Integration Strategies ...................................................... 51 

1.4.5 Environmental and Economic Implications ............................................................. 51 

1.4.6 Transition Toward Decentralized Production .......................................................... 51 

1.5 Techno-Economic Assessment of Green Ammonia Systems ......................................... 52 

1.5.1 Capital and Operating Expenditures (CAPEX and OPEX)...................................... 52 

1.5.2 Financial Parameters: WACC and CRF ................................................................... 52 

1.5.3 Levelized Cost Indicators: LCOH and LCOA ......................................................... 52 

1.6 Conclusion: ...................................................................................................................... 53 

2 Chapter 02: System Modeling Simulation and Sizing ......................................................... 55 

2.1 Introduction ..................................................................................................................... 55 

2.2 Description of the production system, General architecture ........................................... 56 

 ................................................................................................................................................ 56 

2.3 Justification of the renewable energy mix ....................................................................... 57 

2.3.1 Choice of solar PV and wind .................................................................................... 57 

2.3.2 Meteorological input data ......................................................................................... 57 

2.3.2.1 Criteria for the Renewable Energy Nodes (High Plateaus: Djelfa & Laghouat)

 58 

2.3.2.2 Criteria for the Electrolysis and PtX Node (Coastal Hub: Arzew) ................... 58 



 

 

2.3.3 Selected sites: Djelfa Sud and Laghouat South-West .............................................. 59 

2.4 Electrolyser Selection and Technical   Specifications ..................................................... 60 

2.4.1 Selection criteria ....................................................................................................... 60 

2.4.2 Case A — ITM Power POSEIDON 20MW (PEM) ................................................. 60 

2.4.3 Case B — ITM Power ALPHA 50 (PEM 50MW) .................................................. 62 

2.4.4 Case C — Thyssenkrupp nucera scalum® 20MW (Alkaline) ................................. 63 

2.4.5 Case D — Nel Hydrogen A485 (Alkaline 50MW) .................................................. 65 

2.5 Python Optimisation: Algorithmic Architecture and Step-by-Step Methodology .......... 66 

2.5.1 Objective and Computational Approach .................................................................. 66 

2.5.2 Execution Sequence and Numerical Logic .............................................................. 66 

2.5.3 Optimisation results — PEM cases .......................................................................... 70 

2.6 Dimensioning the inputs of the Haber Bosch unit ........................................................... 71 

2.6.1 Project Context and Integration Strategy ................................................................. 71 

2.6.2 Maximum hydrogen input in the Haber Bosch unit ................................................. 71 

2.6.2.1 Haber–Bosch Operational Flexibility ............................................................... 72 

2.6.2.2 Need for Hydrogen Buffer Storage ................................................................... 73 

2.6.3 Hydrogen-to-Ammonia Conversion Factors ............................................................ 73 

2.6.3.1 Theoretical Stoichiometric Limit ...................................................................... 73 

2.7 Hydrogen Storage Capacity Sizing .................................................................................. 74 

2.7.1 Hydrogen Storage Technology and Operating Pressure .......................................... 74 

2.7.2 Hydrogen Storage Capacity Sizing Methodology .................................................... 74 

2.7.3 Hydrogen Storage Capacity Sizing Results.............................................................. 75 

2.8 Compressor sizing ........................................................................................................... 76 

2.8.1 Role of the Compressor in the Power-to-Ammonia Chain ...................................... 76 

2.8.2 Target Pressure: Storage and Haber–Bosch Synthesis ............................................. 76 

2.8.3 Compression Thermodynamics Isothermal Work .................................................... 76 

2.8.4 Validation of the Compression Energy Demand ...................................................... 77 

2.9 Hourly Simulation Model ................................................................................................ 77 

2.9.1 Overview and Simulation Framework ..................................................................... 77 

2.9.2 Technical hourly simulation ..................................................................................... 78 

2.9.2.1 Renewable Electricity Generation .................................................................... 78 

2.9.2.2 Electrolyzer Power Input and Operating Logic ................................................ 79 

2.9.2.3 Hydrogen Production ........................................................................................ 80 



 

 

2.9.2.4 Water Demand .................................................................................................. 80 

2.9.2.5 Compressor Power Consumption ..................................................................... 81 

2.9.2.6 Hydrogen Distribution to Ammonia Synthesis ................................................. 81 

2.9.2.7 Hydrogen Storage Charging ............................................................................. 82 

2.9.2.8 Hydrogen Storage Management........................................................................ 83 

2.9.2.9 Hydrogen Supply from Storage to Ammonia Synthesis ................................... 84 

2.9.2.10 Total Hydrogen Flow to Ammonia Synthesis................................................... 84 

2.9.2.11 Ammonia Production and Nitrogen Demand.................................................... 85 

2.9.2.12 Electrolyzer Operating Status ........................................................................... 85 

2.9.2.13 Renewable Energy Curtailment ........................................................................ 86 

2.9.2.14 Simulation Workflow Summary ....................................................................... 86 

2.9.3 Output Performance Indicators ................................................................................ 87 

2.9.3.1 Annual Production Indicators ........................................................................... 87 

2.9.3.2 Capacity Factors and Operating Indicators ....................................................... 87 

2.9.3.3 Renewable Energy Utilization .......................................................................... 88 

2.9.4 Techno-economic model: Economic Input Parameters ........................................... 88 

2.9.4.1 Renewable Energy Generation Systems ........................................................... 88 

2.9.4.2 Electrolyzer System .......................................................................................... 89 

2.9.4.3 Compressor ....................................................................................................... 90 

2.9.4.4 Hydrogen Storage System ................................................................................. 90 

2.9.4.5 Haber–Bosch Unit and Nitrogen Supply .......................................................... 90 

2.9.4.6 Water Cost ........................................................................................................ 91 

2.9.4.7 Discount Rate (WACC) .................................................................................... 91 

2.9.5 Economic Simulation: Equations and Methodology ................................................ 91 

2.9.5.1 Capital Expenditure (CAPEX) .......................................................................... 92 

2.9.5.2 Annual Operating Expenditure (OPEX) ........................................................... 92 

2.9.5.3 Capital Recovery Factor (CRF) ........................................................................ 93 

2.9.5.4 Levelized Cost of Hydrogen (LCOH) ............................................................... 93 

2.9.5.5 Levelized Cost of Ammonia (LCOA) ............................................................... 93 

2.10 Conclusion ................................................................................................................... 94 

3 Chapter 03: Results and discussion ...................................................................................... 96 

3.1 Introduction ..................................................................................................................... 96 

3.2 Model Validation and Operational Behaviour ................................................................. 96 



 

 

3.2.1 Renewable Resource Complementarity ................................................................... 96 

3.2.2 Validation of Hydrogen Production and Storage Dynamics .................................... 98 

3.2.3 Validation of Haber–Bosch Minimum Load Constraint over the Complete Year ... 99 

3.2.4 Hydrogen Mass Balance Validation ....................................................................... 101 

3.2.5 Buffer Storage Operational Behaviour ................................................................... 102 

3.3 Comparative Analysis of the Four Electrolyser Configurations.................................... 103 

3.3.1 Annual Ammonia and Hydrogen Production ......................................................... 103 

3.3.2 Electrolyser Capacity Factor .................................................................................. 105 

3.3.3 Renewable Energy Curtailment.............................................................................. 106 

3.3.4 Specific Ammonia Yield per Installed Megawatt .................................................. 107 

3.3.5 Haber–Bosch Plant Availability and Downtime .................................................... 108 

3.3.6 Hydrogen Mass Balance Across All Configurations ............................................. 109 

3.3.7 Buffer Storage Utilisation Across All Configurations ........................................... 110 

3.3.8 Water and Nitrogen Consumption .......................................................................... 111 

3.3.9 Summary Table ...................................................................................................... 112 

3.4 Techno-Economic Results ............................................................................................. 112 

3.4.1 Capital Expenditure Breakdown ............................................................................ 112 

3.4.2 Annual Operating Expenditure (OPEX)................................................................. 114 

3.4.3 Levelised Cost of Hydrogen (LCOH) .................................................................... 115 

3.4.4 Levelised Cost of Ammonia (LCOA) .................................................................... 116 

3.4.5 Summary and Configuration Ranking .................................................................... 117 

3.5 Discussion ...................................................................................................................... 118 

3.5.1 Renewable Resource Complementarity and System Performance ........................ 118 

3.5.2 Buffer Storage Sizing: Physical and Economic Justification ................................. 118 

3.5.3 Electrolyser Technology Comparison: PEM vs. Alkaline ..................................... 119 

3.5.4 Levelised Cost Analysis and Competitiveness ....................................................... 120 

3.6 Conclusion ..................................................................................................................... 121 

General Conclusion ..................................................................................................................... 124 

Bibliographie ............................................................................................................................... 127 

Appendix ...................................................................................................................................... 133 

 

 

 



 

 

 

 

 

 

 

 

 


