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ABSTRACT 

	Aims: The goal of this study will be developing a life cycle assessment model and evaluate the environmental impacts of the hydrogen production systems based on both technologies, Electrolysis and Gasification, carrying out sensitive analysis and Monte Carlo simulations focused on the impact category Global Warming. Background: Climate change and renewable processes, solutions and their products and materials evolved in this chain have been discussed since the past decade. The international pressure to adapt the countries industrial environmental to more sustainable practices have taken place in many areas around the world. One of the strategic areas to translate into this move are the fuel, chemicals and energy production, transportation, storage and usage. Hydrogen is one of the leading options for storing energy from renewables and looks promising to be a lowest-cost option. Study design: The software openLCA Nexus is linked with the open source, and freely available, openLCA LCA software. Place and Duration of Study: Department of Chemical Engineering, SUNY College of Environmental Science and Forestry, Syracuse, New York, USA from October to November 2025. Methodology: OpenLCA was used to perform a Life Cycle Assessment (LCA). Results: Electrolysis and Gasification are viable processes to produce hydrogen and the energy source as the type of electricity modal have a significative impact for hydrogen production. The following processes have the higher to the lower impacts in the global warming category: Electrolysis (Hydropower) < Gasification (Hydropower) < Electrolysis (Wind) < Electrolysis (Grid mix). Conclusions: Finally, energy supplied from hydropower are significative CO2 input in the processes studied. It is recommended for the next studies include transportation in the processes that evolves raw materials for each technology as their investments to build the producer facility. Also increase the number of runs in a hundred factor.	Comment by Habu Mohammed: Remove this, if ti’s not the journal format.	Comment by Habu Mohammed: Was to develop	Comment by Habu Mohammed: for	Comment by Habu Mohammed: evaluating	Comment by Habu Mohammed: Electrolysis and gasification	Comment by Habu Mohammed: Remove this, if ti’s not the journal format.
	Comment by Habu Mohammed: Summarize the background and make the first part of the abstract.	Comment by Habu Mohammed: Remove this, if ti’s not the journal format.
	Comment by Habu Mohammed: The methodology parts should be improved to clearly summarize the actions performed in theresearch work.	Comment by Habu Mohammed: Remove this, if ti’s not the journal format.
	Comment by Habu Mohammed: Remove this, if ti’s not the journal format.
	Comment by Habu Mohammed: Recast the results section, include some numerical results to justify the trends.	Comment by Habu Mohammed: Remove this, if ti’s not the journal format.
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1. INTRODUCTION

The global transition toward sustainable energy systems has positioned hydrogen as a critical energy carrier for achieving carbon neutrality goals [7,11]. Climate change and renewable processes, solutions and their products and materials evolved in this chain have been discussed since the past decade. The international pressure to adapt the countries industrial environmental to more sustainable practices have taken place in many areas around the world. One of the strategic areas to translate into this move are the fuel, chemicals and energy production, transportation, storage and usage. 
The time is right to tap into hydrogen’s potential to play a key role in a clean, secure, and affordable energy future. Hydrogen can help tackle various critical energy challenges. It offers ways to decarbonize a range of sectors – including long-haul transport, chemicals, and iron and steel – where it is proving difficult to meaningfully reduce emissions. It can also help improve air quality and strengthen energy security. Hydrogen can enable renewables to provide an even greater contribution. It has the potential to help with variable output from renewables, like solar photovoltaics (PV) and wind, whose availability is not always well matched with demand. Hydrogen is one of the leading options for storing energy from renewables and looks promising to be a lowest-cost option for storing electricity over days, weeks or even months [1].
Green hydrogen is gaining global recognition as a clean energy solution, but its true potential lies in understanding the underlying science that makes it a viable alternative to fossil fuels. As a chemical element, hydrogen is the most abundant substance in the universe, yet it is rarely found in its free form on Earth. Instead, it is bound to other elements in compounds such as water and hydrocarbons. Extracting hydrogen efficiently and sustainably requires advanced scientific processes, the most prominent of which is electrolysis, powered by renewable energy sources. However, challenges remain in terms of efficiency, production costs, and storage technologies [10]. Also, biomass gasification represents a thermochemical conversion process that transforms organic matter into a combustible gas mixture (syngas) primarily composed of hydrogen, carbon monoxide, carbon dioxide, and methane [7,12]. The process occurs at elevated temperatures (700–1000 ◦C) in a controlled atmosphere with limited oxygen supply, enabling the breakdown of complex biomass structures into simpler gaseous compounds [7,13]. The hydrogen-rich syngas can be further processed through water–gas shift reactions and purification steps to produce high-purity hydrogen suitable for various applications, including fuel cells, industrial processes, and energy storage [7,13,14].
Table 1 [7,9,10] shows the overview of technology, their processes an classification for hydrogen production considering both discussed technologies as Electrolysis and Gasification. The gasification process can be represented by several key reactions that determine the final syngas composition. The primary reactions include the Boudouard reaction (C + CO2 ⇌ 2CO), the water–gas reaction (C + H2O ⇌ CO + H2), and the methanation reaction (C + 2H2 ⇌CH4). These reactions are influenced by temperature, pressure, residence time, and the gasifying agent used. The equilibrium composition of syngas depends on thermodynamic conditions, with higher temperatures generally favoring hydrogen and carbon monoxide production over methane [7, 15-17]. The theoretical hydrogen yield from biomass gasification depends on the biomass composition and process conditions. Stoichiometric calculations based on ultimate analysis data provide upper limits for hydrogen production, typically ranging from 80 to 150 kg H2 per ton of dry biomass [7,18–23]. Nevertheless, the most environmentally friendly method of hydrogen production is electrolysis, a process that uses electricity to split water molecules (H2O) into hydrogen (H2) and oxygen (O2). The general reaction for electrolysis is: (2H2O + electricity  ⇌ 2H2 + O2) and finally for electrolysis to be classified as green, the electricity used must come from renewable sources, such as solar, wind, or hydropower [10].	Comment by Habu Mohammed: Remove	Comment by Habu Mohammed: Remove	Comment by Habu Mohammed: Remove	Comment by Habu Mohammed: Remove



Table 1. Overview of technology, their processes and classification for hydrogen production
	Technology for hydrogen production	Comment by Habu Mohammed: Extensively review the technologies instead of adopting the Table. Remove the Table.


	Thecnology
	Processes
	Description
	Comon Source of Energy
	Classification 
	Reference

	Electrolysis
	Alkaline electrolysis (AEL)
	AEL is a well established method using liquid alkaline electrolytes (KOH/NaOH). It offers 60-80% efficiency and cost-effective nickel-based catalysts. Ideal for large-scale hydrogen production but requires a stable power supply. Challenges include gas crossover and limited adaptability to renewable energy fuctuations.
	Wind,  solar and hydropower
	Carbon-free
	[10]

	
	Proton exchange membrane electrolysis (PEM)
	Uses a solid polymer membranefor higher-purity hydrogen production. Highly responsive to renewable energy variaion but relies on costly materials like platinum and iridium. Research focuses on cost reduction and improve membrane durability.
	
	Carbon-free
	[10]

	
	Solid oxide electrolysis (SOE)
	Operates at high temperatures (700-900 ºC), utilizinf thermal energy for efficiency. Suitable for industrial heat integration  and energy storage but faces material degradation and high costs. Research aims to enhance  durability and scalability.
	
	Carbon-free
	[10]

	Gasification
	Thermochemical conversion - Syngas
	The process involves complex chemical reactions occurring in multiple stages: drying, pyrolysis, oxidation, and reduction. During the initial drying stage, moisture is removed from the biomass at temperatures below 200 ◦C, followed by pyrolysis at 200–500 ◦C where volatile compounds are released, leaving behind char. The oxidation stage occurs at 700–1500 ◦C with limited oxygen supply, producing heat for the endothermic gasification reactions, while the reduction stage involves the conversion of char and volatiles into syngas components. Research aims for reduce costs and improve biomass efficiency.
	Hydropower
	Renewable, non carbon-free
	[7-9]


Adapted from Kumar (2025).
 The goal of this study will be developing a life cycle assessment model and evaluate the environmental impacts of the hydrogen production systems based on both technologies, Electrolysis and Gasification, carrying out sensitive analysis and Monte Carlo simulations focused on the impact category Global Warming.

2. METHODS


2.1 Workplan  

Figure 1 shows the proposed scenarios for green hydrogen production considering the available raw materials and technologies. The first scenario was focused on hydrogen from forest biomass and the second scenario was focused on electrolysis considering hydroelectricity, wind and electricity from the regular grid mix as energy sources for the process.
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Figure 1. Scenarios for green hydrogen production and their LCA studies [2].

2.2 Data collection
Input and output information was shared accordingly each project scenario by the professor. In this case the case study 2 was selected considering scenarios for hydrogen production accordingly Figure 2.	Comment by Habu Mohammed: Re-write this section to clear convey the intended message. Move the section to materials and data collection section.
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Figure 2. Input information in the software structure. Adapted from openLCA manual [6].

2.3 Environmental impacts calculations and databases
In this study, we used a practitioner's perspective. TRACI 2.1 was chosen to use as method provided by EPA [3,4] and all impact categories as acidification (kg SO2eq), carcinogenics (CTUh), ecotoxicity (CTUe), eutrophication (KgNeq), fossil fuel depletion (MJ surplus), global warming (KgCO2eq), non carcinogenics (CTUh), ozone depletion (KgCFC-11eq), respiratory effects (KgPM2.5eq) and smog (KgO3eq) was calculated for the desired conditions according ISO 14040 and ISO 14044, ISO (2025) [24,25]. Also, sensibility analysis and Monte Carlo simulations was carried out. For the sensibility analysis an tax of 20 % were considered to calculate minimum and maximum values. Considering Monte Carlo simulations 100 runs was adopted after incorporation into TRACI 2.1 model.
[image: ]
Figure 3. Calculation method and their structure in the software. Adapted from openLCA manual and Traci manual provided by EPA [3,4,6].

2.4 LCA software 
OpenLCA was used to perform a Life Cycle Assessment (LCA). The software openLCA Nexus is linked with the open source, and freely available, openLCA LCA software [5].	Comment by Habu Mohammed: Clearly spell out how the LCA software was used to enable replication.
[image: ]
Figure 4. Open LCA structure and software enhancement. Adapted from Nexus website and openLCA manual [5,6].

3. results and discussion
3.1 Environmental impact categories
Figure 5 shows the environmental impact categories (kg.CO2eq) for hydrogen production for both processes: Gasification (84.4 kg H2) and Electrolysis (8.77 kg H2 considering 3 different electricity sources, wind, hydropower and grid mix) all in USA accordingly model graphs in Figure 6. It is relevant to the mentioned that the proposed scenarios exclude any transportation of biomass in case of gasification. Thus means, for all the impact categories evaluated the input parameters for gasification were: wood chips as biomass; natural gas; electricity from hydropower and water. In case of the electrolysis processes the input, parameters were: deionized or desalinized water and electricity. The electricity sources for electrolysis processes vary from hydropower, wind and grid mix from United States location.
	Comment by Habu Mohammed: Label the axis, use colour that’s conspicous.
The discussion is too short to narrate the key findings.
Figure 5. Environmental impact categories for hydrogen production. Gasification (84.4 kg H2) and Electrolysis (8.77 kg H2 considering 3 different electricity sources, wind, hydropower and grid mix) all in USA.
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	Figure 6. Model graphs of each studied scenario based on Electrolysis and Gasification.



Without normalization or balance for the same production yield, the higher values for impact categories were for Ecotoxicity (CTUe), Fossil fuel depletion (MJ surplus), Global warming (KgCO2eq) and Smog (KgO3eq) considering Electrolysis and Gasification, both using the energy source from hydropower.

Figure 7. Environmental impact categories for 1 kg of hydrogen production accordingly technology and electricity source in USA.
Figure 7 above shows the environmental impact categories for 1 kg of hydrogen production accordingly technology and electricity source in USA. As same case discussed in fig.5, in this case all scenarios for this technology sustainability, risk hazardous and health assessment regarding all impact categories are listed according to ISO 14040 and ISO 14044, ISO (2025) [24,25]. As previously study case Electrolysis and Gasification, both using the energy source from hydropower was present the higher values for impact categories were respectively for Ecotoxicity (79.61 CTUe and 1.88 CTUe), Fossil fuel depletion (222.04 MJ surplus and 12.10 MJ surplus), Global warming ( 153.93 KgCO2eq and 22.08 KgCO2eq) and Smog (3.60 KgO3eq and 0.66 KgO3eq) considering Electrolysis and Gasification, both using the energy source from hydropower. It is relevant to mention that for the normalized production of 1 kg of H2, the Electrolysis processes using energy source from hydropower present the most significative environmental impact compared with all other technologies. 
Even classified as carbon-free technology in this case, due to the many effects considering all environmental impact categories to generate pollution throughout the local environmental linked to the facility production, this process is not recommended based on this study and the pollution levels are higher even the non-carbon free processes as gasification. Although, this both case scenarios leaded the pollution considering the studied environmental categories it is very important mentioned that no case study considering all scenarios for energy source regarding Electrolysis and Gasification processes, accordingly the methodology and databases used at these level present carcinogenic effects.
3.2 Sensitivity Analysis
Sensitivity analysis indicates the variable input parameters that most influence Electrolysis and Gasification net emissions in this study. Figure 8 and 9 shows respectively sensitivity analysis for global warming environmental impact category of1 kg of hydrogen production via Gasification and Electrolysis processes, applying hydropower in the electrical source of energy, normalized by the higher input contribution value in kg.CO2eq/1kg of Hydrogen. In case of electrolysis 3 energy sources were evaluated as previously mentioned, wind, hydropower and from grid mix.
	
	

	[bookmark: OLE_LINK1]Figure 8. Sensitivity analysis for global warming environmental impact category for 1 kg of hydrogen production via Gasification processes, hydropower in the electrical source of energy, normalized by the higher input contribution value in kg.CO2eq/1kg of Hydrogen.
	Figure 9. Sensitivity analysis for global warming environmental impact category for 1 kg of hydrogen production via Electrolysis processes, comparing 3 electrical sources of energy, normalized by the higher input contribution value in kg.CO2eq/1kg of Hydrogen.



For both cases the higher values of emissions (kg.CO2eq/1kg of Hydrogen) considering impact category as global warming was applied as baseline to normalize the following input parameters for both technologies. For Electrolysis, the emission reference value for hydropower electricity (153.94 kg.CO2eq/1kg of Hydrogen), and for Gasification, the emissions reference value for steel section+recycling (21.13 kg.CO2eq/1kg of Hydrogen); as this both input parameters were already presented the higher emissions. Considering we assume 20 % of ratio to calculate the minimum and maximum values presented in the figure 8 and 9, the same input categories thus presented the most significative variations as -0.8 to 1.2 for steel section+recycling and for hydropower electricity also. Based on this the second highest input parameters contribution for the global warming category was in case of the Gasification, electricity from hydropower, and in case of Electrolysis was electricity from the grid mix both varying -0.0345 to 0.0517 and 0.0639 to -0.0959 respectively. It is relevant to mention that considering that natural gas and water (desalinated, deionized) weren’t present significative contributions and in case of water for the model applied with the assumptions adopted was 0 kg.CO2eq/1kg of Hydrogen. The input parameters evaluation in this case study wasn’t selected considering costs.

3.3 Monte Carlo Simulations
The Monte Carlo method, also known as statistical simulation method, is a very precise method of numerical calculation guided by probability statistical theory. It uses random numbers (or more commonly pseudo-random numbers) to solve many calculation problems [26, 27]. This uncertainty analysis was adopted, and Figure 10 shows the Monte Carlo histograms for global warming environmental impact category considering 1 kg of hydrogen produced via Gasification and Electrolysis processes; comparing 3 electrical sources of energy, from hydropower, wind and grid mix in kg.CO2eq at USA. Monte Carlo method can randomly sample the values of uncertain variables based on probabilistic analysis, and combine with the pre-determined impact assessment method to simulate, so as to obtain statistically significant environmental impact evaluation results, which can reflect the influence of uncertain factors more accurately [26].
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Figure 10. Monte Carlo histograms for global warming environmental impact category considering 1 kg of hydrogen produced via Gasification and Electrolysis processes; comparing 3 electrical sources of energy, from hydropower, wind and grid mix in kg.CO2eq at USA.
Monte Carlo histograms show visually how the data population are behaving accordingly the assumptions, input parameters and method for calculation used, TRACI 2.1. However, the supplementary data presented in this study support all the tendencies discussed in the items above. Regarding the electrical source only the Electrolysis case that apply wind as energy source present approximated statistical significance (0.0065) and the lower values for standard deviation (0.03314) and sample variance (0.0010) compared with all the other conditions tested. Visually figure 10 for the same case that uses wind as electrical source to supply energy, was the unique that present a similar normal distribution in a small data group. Nevertheless, the electrical input for energy from hydropower supply was the worst case scenario for both studied technologies, Electrolysis and Gasification, there was the higher statistical variation presented in this study as statistical significance (4.08), standard deviation (20.5664) and sample variance (422.9800). Also, the presented histograms confirm the lack of normal distribution, however this type of energy source was still the worst case scenario.

4. Conclusion and future outlook

Electrolysis and Gasification are viable processes to produce hydrogen and the energy source as the type of electricity modal have a significative impact for hydrogen production. The following processes have the higher to the lower impacts in the global warming category: Electrolysis (Hydropower) < Gasification (Hydropower) < Electrolysis (Wind) < Electrolysis (Grid mix). Finally, energy supplied from hydropower are significative CO2 input in the processes studied. It is recommended for the next studies include transportation in the processes that evolves raw materials for each technology as their investments to build the producer facility. Also increase the number of runs in a hundred factor.	Comment by Habu Mohammed: Use numerical data for better justification and to know the extent of the impact.
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APPENDIX

SUPLEMENTARY INFORMATION
Environmental impact categories calculation tables

Table 2. Environmental impact categories for hydrogen production. Gasification (84.4 kg H2) and Electrolysis (8.77 kg H2 considering 3 different electricity sources, wind, hydropower and grid mix) all in USA
	Indicator
	Electrolysis_(E)Wind - US
	Gaseification_RD - US
	Electrolysis_(E)Hydro - US2
	Electrolysis_(E)Grid - US2

	Acidification (kg SO2 eq)
	0.00923984
	5.68E+00
	6.32E+00
	-1.07E+00

	Carcinogenics (CTUh)
	1.5104E-07
	6.49E-06
	6.46E-05
	0.00E+00

	Ecotoxicity (CTUe)
	1.78568
	1.58E+02
	6.98E+02
	0.00E+00

	Eutrophication (kg N eq)
	0.000683997
	3.43E-01
	2.26E-01
	0.00E+00

	Fossil fuel depletion (MJ surplus)
	2.12786
	1.02E+03
	1.95E+03
	0.00E+00

	Global warming (kg CO2 eq)
	2.38139
	1.86E+03
	1.35E+03
	-1.08E+02

	Non carcinogenics (CTUh)
	1.63352E-07
	1.82E-04
	6.25E-05
	0.00E+00

	Ozone depletion (kg CFC-11 eq)
	6.96745E-11
	8.13E-05
	9.60E-05
	0.00E+00

	Respiratory effects (kg PM2.5 eq)
	0.000678061
	6.75E-01
	3.56E-01
	-6.55E-02

	Smog (kg O3 eq)
	0.0730212
	5.54E+01
	3.15E+01
	0.00E+00



Table 3. Environmental impact categories for 1 kg of hydrogen production accordingly technology and electricity source in USA
	Indicator
	Electrolysis_(E)Wind - US
	Gaseification_RD - US
	Electrolysis_(E)Hydro - US2
	Electrolysis_(E)Grid - US2

	Acidification (kg SO2 eq)
	0.001053574
	6.73E-02
	7.21E-01
	-1.22E-01

	Carcinogenics (CTUh)
	1.72223E-08
	7.69E-08
	7.37E-06
	0.00E+00

	Ecotoxicity (CTUe)
	0.203612315
	1.88E+00
	7.96E+01
	0.00E+00

	Eutrophication (kg N eq)
	7.79928E-05
	4.07E-03
	2.58E-02
	0.00E+00

	Fossil fuel depletion (MJ surplus)
	0.242629418
	1.21E+01
	2.22E+02
	0.00E+00

	Global warming (kg CO2 eq)
	0.271538198
	2.21E+01
	1.54E+02
	-1.23E+01

	Non carcinogenics (CTUh)
	1.86262E-08
	2.16E-06
	7.12E-06
	0.00E+00

	Ozone depletion (kg CFC-11 eq)
	7.94464E-12
	9.63E-07
	1.09E-05
	0.00E+00

	Respiratory effects (kg PM2.5 eq)
	7.7316E-05
	8.00E-03
	4.06E-02
	-7.47E-03

	Smog (kg O3 eq)
	0.008326249
	6.56E-01
	3.60E+00
	0.00E+00



Table 4. Set od non-parametric/descriptive statistics from each group of one hundred samples from Monte Carlo simulations considering the global warming category of 1 kg of hydrogen produced via Gasification and Electrolysis processes; comparing 3 electrical sources of energy, from hydropower, wind and grid mix in kg.CO2eq at USA
	
	Gaseification_Global warming (kgCO2eq)

	
	

	Mean
	22.30276603

	Standard Error
	0.286483445

	Median
	21.99841619

	Mode
	#N/A

	Standard Deviation
	2.864834446

	Sample Variance
	8.207276401

	Kurtosis
	-1.309944542

	Skewness
	0.313221989

	Range
	9.086645662

	Minimum
	18.44552899

	Maximum
	27.53217466

	Sum
	2230.276603

	Count
	100

	Largest(1)
	27.53217466

	Smallest(1)
	18.44552899

	Confidence Level(95.0%)
	0.568445307



	
	Electrolysis(Wind)_Global warming (kgCO2eq)

	
	

	Mean
	0.273615932

	Standard Error
	0.003314799

	Median
	0.264524146

	Mode
	#N/A

	Standard Deviation
	0.033147987

	Sample Variance
	0.001098789

	Kurtosis
	-1.12638485

	Skewness
	0.390922832

	Range
	0.109752177

	Minimum
	0.227296361

	Maximum
	0.337048538

	Sum
	27.36159316

	Count
	100

	Largest(1)
	0.337048538

	Smallest(1)
	0.227296361

	Confidence Level(95.0%)
	0.00657728




	
	Electrolysis(Hydro)_Global warming (kgCO2eq)

	
	

	Mean
	156.5210662

	Standard Error
	2.05664793

	Median
	152.9299804

	Mode
	#N/A

	Standard Deviation
	20.5664793

	Sample Variance
	422.9800708

	Kurtosis
	-1.226075915

	Skewness
	0.3447054

	Range
	63.28830781

	Minimum
	128.4431792

	Maximum
	191.731487

	Sum
	15652.10662

	Count
	100

	Largest(1)
	191.731487

	Smallest(1)
	128.4431792

	Confidence Level(95.0%)
	4.080835686



	
	Electrolysis(Grid)_Global warming (kgCO2eq)

	
	

	Mean
	-12.465009

	Standard Error
	0.146469263

	Median
	-12.2341178

	Mode
	#N/A

	Standard Deviation
	1.464692632

	Sample Variance
	2.145324507

	Kurtosis
	-1.08381197

	Skewness
	-0.29078793

	Range
	5.031386399

	Minimum
	-15.2884094

	Maximum
	-10.257023

	Sum
	-1246.5009

	Count
	100

	Largest(1)
	-10.257023

	Smallest(1)
	-15.2884094

	Confidence Level(95.0%)
	0.290626795













Impact categories accordinly Hydrogen Scenarios - Case study 2
Electrolysis_(E)Wind - US	Acidification (kg SO2 eq)	Carcinogenics (CTUh)	Ecotoxicity (CTUe)	Eutrophication (kg N eq)	Fossil fuel depletion (MJ surplus)	Global warming (kg CO2 eq)	Non carcinogenics (CTUh)	Ozone depletion (kg CFC-11 eq)	Respiratory effects (kg PM2.5 eq)	Smog (kg O3 eq)	0.00923984	1.5104e-7	1.78568	0.000683997	2.12786	2.38139	1.63352e-7	6.96745e-11	0.000678061	0.0730212	Gaseification_RD - US	Acidification (kg SO2 eq)	Carcinogenics (CTUh)	Ecotoxicity (CTUe)	Eutrophication (kg N eq)	Fossil fuel depletion (MJ surplus)	Global warming (kg CO2 eq)	Non carcinogenics (CTUh)	Ozone depletion (kg CFC-11 eq)	Respiratory effects (kg PM2.5 eq)	Smog (kg O3 eq)	5.68363	6.48806e-6	158.309	0.343352	1020.91	1863.16	0.000181927	8.13015e-5	0.675361	55.363	Electrolysis_(E)Hydro - US2	Acidification (kg SO2 eq)	Carcinogenics (CTUh)	Ecotoxicity (CTUe)	Eutrophication (kg N eq)	Fossil fuel depletion (MJ surplus)	Global warming (kg CO2 eq)	Non carcinogenics (CTUh)	Ozone depletion (kg CFC-11 eq)	Respiratory effects (kg PM2.5 eq)	Smog (kg O3 eq)	6.32057	6.46274e-5	698.203	0.226095	1947.26	1349.97	6.2467e-5	9.60079e-5	0.355629	31.5396	Electrolysis_(E)Grid - US2	Acidification (kg SO2 eq)	Carcinogenics (CTUh)	Ecotoxicity (CTUe)	Eutrophication (kg N eq)	Fossil fuel depletion (MJ surplus)	Global warming (kg CO2 eq)	Non carcinogenics (CTUh)	Ozone depletion (kg CFC-11 eq)	Respiratory effects (kg PM2.5 eq)	Smog (kg O3 eq)	-1.07226	0	0	0	0	-107.918	0	0	-0.0655273	0	



Impact categories for 1 kg Hydrogen - Case study 2
Electrolysis_(E)Wind - US	Acidification (kg SO2 eq)	Carcinogenics (CTUh)	Ecotoxicity (CTUe)	Eutrophication (kg N eq)	Fossil fuel depletion (MJ surplus)	Global warming (kg CO2 eq)	Non carcinogenics (CTUh)	Ozone depletion (kg CFC-11 eq)	Respiratory effects (kg PM2.5 eq)	Smog (kg O3 eq)	0.00105357354618016	1.72223489167617e-8	0.203612314709236	7.79928164196123e-5	0.242629418472064	0.271538198403649	1.86262257696693e-8	7.94464082098062e-12	7.73159635119726e-5	0.00832624857468643	Gaseification_RD - US	Acidification (kg SO2 eq)	Carcinogenics (CTUh)	Ecotoxicity (CTUe)	Eutrophication (kg N eq)	Fossil fuel depletion (MJ surplus)	Global warming (kg CO2 eq)	Non carcinogenics (CTUh)	Ozone depletion (kg CFC-11 eq)	Respiratory effects (kg PM2.5 eq)	Smog (kg O3 eq)	0.0673415876777251	7.68727488151659e-8	1.8756990521327	0.00406815165876777	12.0960900473934	22.075355450237	2.15553317535545e-6	9.63287914691943e-7	0.00800190758293839	0.65595971563981	Electrolysis_(E)Hydro - US2	Acidification (kg SO2 eq)	Carcinogenics (CTUh)	Ecotoxicity (CTUe)	Eutrophication (kg N eq)	Fossil fuel depletion (MJ surplus)	Global warming (kg CO2 eq)	Non carcinogenics (CTUh)	Ozone depletion (kg CFC-11 eq)	Respiratory effects (kg PM2.5 eq)	Smog (kg O3 eq)	0.720703534777651	7.36914481185861e-6	79.6126567844926	0.0257805017103763	222.036488027366	153.930444697834	7.12280501710376e-6	1.09473090079818e-5	0.0405506271379703	3.59630558722919	Electrolysis_(E)Grid - US2	Acidification (kg SO2 eq)	Carcinogenics (CTUh)	Ecotoxicity (CTUe)	Eutrophication (kg N eq)	Fossil fuel depletion (MJ surplus)	Global warming (kg CO2 eq)	Non carcinogenics (CTUh)	Ozone depletion (kg CFC-11 eq)	Respiratory effects (kg PM2.5 eq)	Smog (kg O3 eq)	-0.122264538198404	0	0	0	0	-12.3053591790194	0	0	-0.00747175598631699	0	



Min Value	Steel section+recycling (kg CO2 eq)	Electrycity (Hydropower)  (kg CO2 eq)	Natural Gas  (kg CO2 eq)	-0.8	-0.034517342248224	-0.000250731299623903	Max Value	Steel section+recycling (kg CO2 eq)	Electrycity (Hydropower)  (kg CO2 eq)	Natural Gas  (kg CO2 eq)	1.2	0.051776013372336	0.000376096949435855	



Min Value	Electricity (Wind)  (kg CO2 eq)	Electricity (Hydropower)  (kg CO2 eq)	Electricity (Grid)  (kg CO2 eq)	Water (desalinated; deionized)  (kg CO2 eq)	-0.00141122543463929	-0.8	0.0639528285813759	0	Max Value	Electricity (Wind)  (kg CO2 eq)	Electricity (Hydropower)  (kg CO2 eq)	Electricity (Grid)  (kg CO2 eq)	Water (desalinated; deionized)  (kg CO2 eq)	0.00211683815195893	1.2	-0.0959292428720638	0	
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