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Abstract 

 

Hydrogen has the potential to decarbonize sectors and encourage cross-sector 

developments. The vast Icelandic Renewable Energy Sources (RES) - and its future 

potential for expansion with wind and hydropower projects - could make green H2 

production and its consequential transportation to Austria both economically and 

environmentally feasible. This dissertation focuses on the environmental side of the 

equation, aiming at unfolding the different environmental impacts by using LCA as an 

analytical tool. 

Two electrolyzers are compared in the study; namely the Polymer Electrolyte Membrane 

(PEM) - & Alkaline Electrolyzer (AEC). The comparison is carried out through three 

scenarios, where Icelandic electricity is the variable. Liquefaction, storage and transport 

processes are added to the scenarios, while the Austrian case excludes these phases. A 

cradle-to-gate concept is used for the system boundary and the functional unit is set as 1 

kg H2 produced. 

Through the LCIA it was found that the best-case scenario for the electricity feedstock 

is from the Icelandic hydropower plants and the second-best scenario is that of the 

Icelandic grid mix. AEC was found to be the best fit for the Icelandic case, as its 

electricity grid mix consists mostly of baseload power, while PEMEC would be the 

suitable option for Austria, considering its share of intermittent RES (IRES). However, 

PEMEC’s environmental footprint is larger than AEC’s due to noble metal loadings for 

its electrodes. The operation and liquefaction phases contributed most significantly to 

the impact categories due to their energy-intensity.  

Additional research could be done on high-temperature electrolysers, eg.: Solid Oxide 

Electrolyzer (SOEC), to add more variety to the comparison scenarios. Comparing future 

Austrian scenarios such as the 2040 and 2050 electricity grid mixes would give an idea 

of the longevity for such a potential project.  

 

Keywords: green hydrogen, electrolysis, LCA, hydrogen supply chain.  
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Útdráttur 

 

Vetni er hægt að nota til að losa kolvetni og hvetja til þverþróunar milli geira. Miklir 

íslenskir endurnýjanlegir orkugjafar og framtíðarmöguleikar þess með viðbótar vind- og 

vatnsaflsframkvæmdum gætu gert græna vetnisframleiðslu og afleidda flutninga hennar 

bæði efnahagslega og umhverfislega framkvæmanlega. 

Lokaritgerð þessi beinist að umhverfishlið jöfnunnar og miðar að því að rannsaka 

mismunandi umhverfisáhrif verkefnisins með því að nota vistferilsgreinigu (LCA) sem 

verkfæri. Tvö rafgreiningartæki eru notuð í rannsókninni, nefnilega Polymer Electrolyte 

Membrane - (PEM) og Alkaline refgreining (AEC).  

Samanburðurinn er gerður með þremur sviðsmyndum sem gerir íslenska 

raforkusamsetningu breytuna í samanburðunum. Bætt er við sviðsmyndirnar þrjár, 

vetnisvökvunar (liquefaction), geymslu- og flutningsferli, en austurríska tilfellið útilokar 

þessa áfanga.  

Í gegnum mat á áhrifum vistferilsgreiningar (LCIA) kom í ljós að besta atburðarás 

rafmagns er sú frá íslenskum vatnsaflsvirkjunum og næstbesta atburðarásin er sú með 

notkun íslenskri rafmagnsblöndu. AEC reyndist henta best fyrir Íslensku aðstæður, þar 

sem rafmagnssamsetning þess byggist á grunnhleðsluafli í meirihluta. PEMEC væri 

hentugur kostur fyrir Austurríki, miðað við hækkandi hlutdeild sveiflukennda 

endurnýjanlegra orkugjafa (IRES). Umhverfisfótur PEMEC er þó stærri en AEC þar sem 

fyrri notar eðalmálma fyrir rafskautin (electrodes).  Rekstrar- og vetnisvökvunar 

(liquefaction) stig höfðu mestu áhrif að áhrifaflokkunum, en þessi stig eru orkufrek.  

Fleiri rannsóknir gætu verið gerðar með rafgreiningu við háan hita, td. Solid Oxide 

Electrolyzers (SOEC), til að auka meiri fjölbreytni í samanburðar atburðarrásum. 

Viðbótar samanburður á spáð austurrískum rafmagnsblöndum á árunum 2040 og 2050, 

myndi gefa hugmynd um langlífi slíks mögulegs verkefnis. 

 

Leitarorð: græn vetnisframleiðsla, rafgreining, vistferilsgreining,  vetnis framboð- keðja. 
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1.   

1Introduction 

1.1 Hypotheses:  

The following research questions were raised early in the study and the consequent 

hypotheses were formulated (Table 1): 

 

• Which electricity source would be more environmentally friendly for H2 production? 

• How would the transportation affect the results?  

• Which water electrolysis technology is better for H2 production, PEMEC or AEC? 

 

 

Table 1 - Research hypotheses: 

Research Hypotheses:  

Hypothesis A:  

The hydrogen produced from the virtual Icelandic electricity mix based 

on the Guarantees of Origin (GO) data is not more environmentally 

friendly than that of the Austrian case. 

Hypothesis B:  
Hydrogen production from the Icelandic electricity mix is more 

environmentally friendly than that of the Austrian case. 

Hypothesis C:  

Hydrogen production from the Icelandic electricity mix is more 

environmentally friendly than that of the Austrian case, even if the 

transportation from Iceland to Austria is comprised in the calculations.  

Hypothesis D:  
Hydrogen production from Icelandic hydro resources is more 

environmentally friendly than that from the Icelandic grid mix. 

 

 

1.2 Background:  

Hydrogen has the potential to decarbonize sectors and encourage cross-sector 

developments. The vast Icelandic renewable energy sources, and its future expansion potential 

with additional wind and hydropower projects, could make green hydrogen production and its 

consequential transportation to Austria both economically and environmentally feasible. There 

has already been foreign interest in H2 production at Hellisheiði from Swiss; and Austria could 

potentially get in line for importing green hydrogen from Iceland if it would be financially 

feasible, and more environmentally friendly than producing it in Austria. Thus, the results from 

this study will prove useful for Icelandic geothermal – and hydropower plants which could be 

interested in exporting H2 from their excess or baseload electricity.  
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1.3 The Icelandic electricity mix  

Electricity supply:  

The Icelandic electricity mix consisted of 69.1% hydropower and 30.9% geothermal 

power in 2019 (Figure 1). The currently existing wind power generation in Iceland is minimal; 

only adding up to ~0.034% of Iceland’s total electricity generation in 2019. Electricity 

generated by fossil fuels is only responsible for ~0.014% of the total. Note that the small 

fractions for wind and fossil-based electricity power generation are not visible in the pie chart. 

The potential for wind power is very promising in the country, although such projects have 

failed to take off, as of yet. Additional hydropower projects are also planned in Iceland, with 

great opposition from non-governmental organizations, wishing to preserve the Icelandic 

nature and landscapes.   

 

Hydroelectric Production:  

Due to its mountainous landscape and a considerable amount of precipitation (~1016 

mm/year), Iceland serves as an ideal location for harnessing the power of its rivers into 

hydroelectric power production. A quarter of the rainfall can be used for power generation and 

if all of it were to be harnessed, it would equal 64 TWh production annually (Heberling, G., 

2015), which is almost 5 times the amount which was produced in 2019. There are currently 

52 hydropower plants in Iceland and in 2019 the production equaled roughly 13.5 TWh of 

electricity, produced by large - and small-scale power plants.  

 

The largest hydroelectric power plants in Iceland are Fljótsdalsstöð (690 MW) and Búrfell 

(370), with their installed capacities combining up to 50% of the total hydro capacity in the 

country and are both operated by Landsvirkjun (NEA, OS-2020-T012-01). For the full list of 

power plants and their annual production in 2019 see Appendix B. Landsvirkjun, the national 

power company of Iceland, generates 3/4 of Iceland‘s electricity through its 18 power stations 

over the country, including hydro -, geothermal - and wind power plants and is one of the 

largest renewable energy producer in Europe (Landsvirkjun).  

 

Hydropower is season-dependent with a large annual variation and based on the conditions 

(the precipitation, glacier melting and electricity demand), not all of the potential power is 

harnessed by the hydropower plants. The excess water entering the reservoir is redirected into 

the spillways which bypass the hydropower plant and subsequently rejoin the river (Heberling, 

G., 2015). Generally speaking, there are larger flows in the summer - due to melting ice and 

Figure 1 - Icelandic electricity supply shares in 2019 (NEA, 2021) 
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glacier - than in the winter (Nawri et. al, 2014). Due to the increasing rate of glacier melt, as a 

result of climate change, the hydro potential will improve in the next decades, although for 

strategic long-term planning this news aren’t good.   

 

It is evident that the demand and the precipitation, thus the amount of water entering the 

reservoir of the power plants, vary. Figure 2 shows the production of electricity from the 

Icelandic hydropower plants in 2019, where the lowest production was in August (1‘033 GWh) 

while the highest production rate was matched in March, with 1‘227 GWh (NEA OS-2020-05, 

2020).  

This data suggests that during the warmer months, where the rate of glacier melt is higher 

and thus the rivers have a larger volume of water flow; the water is directed into the spillways. 

If we plug the relative demand for electricity from 2019 into the same graph, it is evident that 

the hydroelectric production follows the demand closely (Figure 3), suggesting that valuable 

potential electricity is being wasted.  

 

Figure 2 - Icelandic hydroelectric production in 2019 (NEA, 2021) 

Figure 3 - Icelandic hydroelectric production vs demand in 2019. 

The relative demand is the percentage share of the total electricity production by hydropower 

plants. 
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Electricity, that could otherwise be stored in form of hydrogen and be utilized for various 

industrial purposes or be sold off as an exported product to other countries, eg. Austria. The 

Transmission System Operator (Landsnet) has the responsibility to keep a balance between the 

generated renewable electricity fed into the grid system and the demand. Thus, the two 

trendlines are meant to stay close to each other in the most ideal case.  

 

 

Geothermal Production:  

Although hydropower plants produce the majority of the renewable electricity in Iceland, 

there is a considerable amount of electricity produced by geothermal power stations across the 

country; 6.018 TWh in 2019 to be precise.  

 

 

Geothermal power is used as a baseload generation. However, considering its non-

dependency on weather conditions, its production is more stable than that of hydropower. 

However, the production still has to follow the demand as seen in Figure 4, although in 

principle, the generation could more-or-less represent a flat line. The fluctuation between the 

highest and lowest values is roughly 77 GWh. This makes the control of geothermal power 

stations and their production more reliable throughout the year. Thus, could hydrogen be 

produced on a more stable scale; whereas using the excess electricity from hydro would 

fluctuate due to its seasonal variance. 

  

Figure 4 - Icelandic geothermal electricity production vs Demand in 2019 (NEA, 2021) 

The relative demand is the percentage share of the total electricity production by geothermal power. 

plants. 
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Table 2 shows the geothermal power plants capable of utilizing geothermal heat for electricity 

generation. Thus, the listed capacity [MWe] does not include the thermal capacity of each 

geothermal power plant as it is not important for the studied electrolyzers.  
 

Table 2 - Icelandic geothermal power plants and their electricity generating capacity (NEA, 2021) 

Power Plant 
Capacity 

[MWe] 

Generation 

[GWh/yr] 

1st operational 

year [yr] 
Operator 

 Hellisheiði  303 2'468.6 2006  Orka Náttúrunnar 

 Nesjavellir  120 1'045.8 1998  Orka Náttúrunnar 

 Reykjanes I/II  100 852.7 2006  HS Orka 

 Svartsengi  76 564.8 1977  HS Orka 

 Krafla  60 419.8 1978  Landsvirkjun 

 Þeistareykjavirkjun  90 649.0 2017  Landsvirkjun 

 Bjarnarflag  3 15.4 1969  Landsvirkjun 

 Flúðavirkjun  1 2.0 2018  Small Scale  

Total: 753  6'018     

 

The Hellisheiði Power Plant gains more focus in this study, as the industrial park 

established close to the power plant already has a functional AEC pilot plant on site, and this 

park has been chosen as the hypothetical site for this study as well. The power plant is a double 

flash (DF) Combined Heat & Power (CHP) plant and is the largest one in Iceland, with a 

capacity of 303 MWe (electric) and 133 MWth (thermal) (Karlsdottir et al. 2019). In 2018, Orka 

Náttúrunnar (ON) announced its experimental European research project on hydrogen 

production; in collaboration with Icelandic companies Orkan and Iceland New Energy 

(Richter, A., 2018).  
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Wind Power:  

 

Iceland’s hydro - & geothermal power generation can sufficiently satisfy the electricity 

& heating demand of the Icelandic domestic - and industrial use. The currently existing wind 

power generation in Iceland is minimal; only adding up to ~0.034% of Iceland’s total 

electricity generation in 2019 (NEA, 2021). However, wind projects could have a role to play 

in the near future, as a result of wind turbines becoming financially competitive. Another 

important reason backing wind power is the windy conditions in the country. Additionally, 

wind power could be compatible with hydropower as the difference in their capacity factors 

(CF) could balance each other out. Hydropower has a higher CF during warmer seasons, while 

the opposite is true for wind power (Figure 5).  

  

It is difficult to estimate how the wind power capacity will develop in the coming years, 

as not all planned projects get accepted, and some will take years until the development is 

given green light. One of the integral parts of the process is the submission of an Environmental 

Impact Assessment (EIA), which is required for projects above 10MW capacity and are 

evaluated by the National Planning Agency (NPA). Another Agency that has a say in the 

projects is the Rammaáætlun (the Icelandic Master Plan for Nature Protection and Energy 

Utilization). The Master Plan ranks energy projects and divides them into three categories: 

‘appropriate for development’, ‘under consideration’, and ‘protected’, based upon the law on 

the protection and utilization of energy resources (Landsvirkjun).  

Landsvirkjun was in the process of assessing the feasibility of two large-scale wind 

projects; Búrfellslundur - 200MW - and Blöndulundur - 100MW (Landsvirkjun, 2019). 

The outcome of these two projects was – at the time of this dissertation – was unknown. 

However, it would change the electricity mix considerably and also provide new options for 

H2 production. Considering the intermittent nature of wind power generation, more responsive 

electrolyzers are needed to store its excess electricity in form of H2; as compared to hydro and 

geothermal, wind power is meant to generate intermediate - or peak load.  

  

Figure 5 - Synergy of wind and hydropower (Landsvirkjun, 2019) 
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1.3.1 Electricity Consumption: 

The Icelandic National Energy Authority (Orkustofnun), from here abbreviated as 

‘NEA‘, had summarized the electricity sales by usage category in 2019 (Figure 6). From this 

data, it is visible that the majority (78.6%) of the electricity sales go to the industrial sector in 

Iceland. Furthermore, if we go into detail in the industry sector, it is evident that the aluminum 

smelters are responsible for the vast majority of the electricity consumption; equalling 83.8% 

of the electricity sales headed towards the industry sector. It is also notable to mention that the 

data centers add up to 47.8% of the consumption in the service sector, while the sector itself is 

responsible for 11.2% of the total electricity sales. 

 

Veitur, the regulated body responsible for the utility distribution in the capital region, 

consumed 4.1% of the total, with the el. generation, el.- and district heating equalling 45.8%, 

23.9%, and 22% of the electricity utilized by Veitur, respectively.  

 

Moreover, the agricultural - and the fishing industry were accountable for 1.2% and 0.4% of 

the total, while 4.5% of the electricity sales in 2019 was acquired for domestic usage. 

 

1.3.2 Guarantee of Origins / Certificates  

Iceland is a part of the EU ETS (European Emissions Trading Scheme), as a part of its 

commitments under the European Economic Area (EEA) agreement. The ETS is a cap-and-

trade system, which places a ceiling limit on how much carbon a company is allowed to emit 

during its operation. If a company cannot perform under this limit, it must purchase certificates 

from other companies in the EEA. This has presented an opportunity for Icelandic renewable 

energy companies such as Landsvirkjun to increase their revenue by selling their green 

electricity certificates.  

Such certificates from the production of renewable energy in Iceland are sold off to Europe by 

various Icelandic companies. Consequently, various alternative energy sources appear in the 

energy data sheets, such as nuclear energy and fossil fuels; despite none of the afore-mentioned 

sources are produced in the country itself. 

Figure 6 - Percentage share of Icelandic electricity sales by usage category in 2019 (NEA, OS-2020-05) 
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Thus, making sure that the energy is not counted twice in the guarantees of origins (NEA, 

2012). The National Energy Authority publishes a yearly report, in which the GOs and the real 

Icelandic energy production are compared and categorized by  percentage share and this data 

is visualized in Figure 7.  

 

The importance of the GOs to this study is to provide an example of hydrogen 

production in Iceland in the case when no certificates are bought from an Icelandic renewable 

energy producer. Thus, the company would use electricity which’ origin is largely non-

renewable. This virtual electricity mix based on the GO data will correspond to Scenario A, or 

the worst-case scenario (section 2.2.1) 

The CO2 emissions linked with the sold certificates must be quantified by the NEA as 

well. These figures do not include the emissions associated with electricity production by 

hydro - and geothermal power plants, in correlation with Directive 2009/28/EB. Additionally, 

the NEA states that fossil fuel-based electricity production is less than 0.01% of the total and 

can therefore be dismissed in the figures. As a result, only the CO2 emissions associated with 

the GOs are counted and are illustrated in Figure 8.   

Figure 7 – Icelandic certificate sales (2011-2019), based on the GOs data (NEA, 2019). 

Figure 8 - CO2 emissions associated with the GOs between 2011-2019 (NEA) 
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1.4 Austrian electricity mix 

The Austrian electricity mix is more versatile than that of the Icelandic one and comprises 

more non-renewable sources, including coal, oil and natural gas; which together add up to a 

20.7% share in 2019. Alike Iceland, the primary electricity source is hydropower due to 

Austria‘s alpine topography, numerous rivers, and high precipitation (IHA, 2020); equalling a 

share of 59.6% of the total. Other RES such as wind and solar power shares stood at 10% and 

2.3%, respectively (Figure 9).  

Austria is looking to phase out the fossil fuels from their electricity production by 2030, while 

by 2050 the aim is to reach climate neutrality, or in other words net-zero CO2 emissions. For 

this study, an Austrian projected electricity mix is used for the year 2030, based mainly on 

assumptions, as no publication can guarantee for a certainty how the electricity grid mix will 

develop by 2030. These targets are also motivated by the EU climate and energy targets for 

2030 (Section 1.9.1), where it is stated that the GHG reduction target of at least 40% has to be 

achieved by the member states compared with the 1990 levels for the period between 2021-2030 

(Federal Ministry for Sustainability and Tourism, 2020). For the study, the following assumptions 

were made for the Austrian electricity grid mix, by 2030 (Table 3.) The data was extracted from 

the ‘additional measures scenario‘ from the Federal Environment Agency and the reason for the 

use of 2015 as the reference year is due to the GaBi process for the current Austrian el. grid mix 

dating back to 2017. Although the aim is to phase out fossils from the grid mix, it is evident that 

some projections do not deem that realistic, However, the el. generation from RES will increase in 

the given period.  

Table 3 - 2030 AT el. grid mix projections compared to 2015. 

Source: 2015 (TWh) 2030 (TWh) Difference 

fossils  15 11 -26.67% 

Hydro 37 42 11.90% 

Biomass 4 5 20.00% 

PVs  1 3 66.67% 

Wind  5 9 44.44% 

Figure 9 - Austrian electricity mix by source in 2019 (IEA, 2019) 
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1.5 Life Cycle Assessment  

Life Cycle Assessment (LCA) has gained increasing importance during the last decades, as 

one of the most suitable analytical tools to measure the environmental impacts associated with 

a product or service. For this dissertation, multiple LCAs had been reviewed, to gain a better 

overview of the different findings on hydrogen production worldwide.  

Governments are faced with growing populations, consequential rises in energy demands, and 

an increase in global GHG emissions associated with these trends. The restrictions on 

emissions in the EU, via the Emissions Trading Scheme (ETS), have put pressure on 

companies to re-evaluate their production methods.  

 

LCA has become an increasingly popular tool to assess the possible impacts associated with 

the consumption -, as well as the production side, of a product or service. LCA can assist in: 

identifying opportunities to improve a product’s environmental performance, informing 

decision-makers in industry, selection of relevant indicators of environmental performance & 

marketing. (Finkbeiner et al. 2006) 

 

A LCA is conducted by defining product systems as models, describing the key elements 

of physical systems. The product system is subdivided into a set of unit processes, which are 

linked to each other by intermediate flows and/or waste for treatment; and are further linked 

to other product systems by product flows, and to the environment by elementary flows (BS, 

2006).  An example of such a set of unit processes can be seen in Figure 10.  

 

The details of how LCA is used as a tool for this dissertation is detailed in section 2.2. under 

methodology.  

 

 

 

 

  

Figure 10 - Example of a set of unit processes within a product system. 
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1.5.1 LCA steps:  

 

The four steps of LCA are illustrated in Figure 11, where the arrows show the relationship 

between the phases. LCA, being an iterative technique, the individual phases use results from 

other phases and this relationship contributes to the comprehensiveness and the consistency of 

the study and the ultimate results (BS, 2006). The interpretation, although regarded as the 

fourth step, interlinks with all the other steps.  

1.5.1.1 Goal & Scope:  

 

The first step includes the following considerations for the goal and the scope of the LCA, as 

comprised in Table 4. The main considerations for the first step of the LCA are shown in Figure 

12. 

Table 4 - Considerations and items for the goal & scope phase (BS EN ISO 14040-2006.): 

Goal: Scope: 

States the intended application The product to be studied and the functions 

of the product system 

Reasons behind carrying out the study The functional unit, the system boundary 

and the allocation procedures 

The target audience (to whom the results of 

the LCA is intended to be communicated 

to)  

Impact categories selected and the 

methodology for the impact assessment 

(LCIA); with the subsequent interpretation 

to be used. 

Whether the results are planned to be used 

in comparative assertions intended to be 

publically disclosed or not.  

Data requirements, initial data quality 

requirements, assumptions, limitations and 

the type/format of the report required for the 

study.  

  

Figure 11 - The four steps of a Life Cycle Assessment. 
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o Functional unit:  

 LCA, being a relative approach, is structured around the functional unit which is defined 

in this phase. The functional unit (FU) defines what is being studied and the subsequent 

analysis is relevant to the defined FU, as all inputs and outputs in the life cycle inventory (LCI) 

and hence the life cycle impact assessment (LCIA) are related to it (BS, 2006). Thus, the 

primary purpose of the FU is to provide a base for comparing the LCA result; by creating a 

reference to which the inputs and outputs are related.  

o System boundary:  

The system boundary defines the unit processes to be included in the system. Ideally, 

the product system should be modelled in a way that the inputs and outputs at its boundary are 

elementary flows. This condition is met for the input if the studied material/energy entering 

the system has been drawn from the environment without previous human transformation. In 

order to meet the condition for the output, the studied material or energy leaving the system 

must be released into the environment without any following human transformation.  

 

o limits of analysis  

In an LCA study, there are different limits of analysis that need to be clarified in an early 

stage of the study. It starts by choosing which phases should be included in the study and there 

are various concepts exist for that, including cradle-to-cradle, cradle-to-grave and cradle-to-

gate; the first concept being the most comprehensive as it involves all of the steps of LCA and 

is often referred to within circular economy.  

 

The different phases include:  

• Raw material or energy extraction  

• Manufacturing & processing  

• Transportation 

• Usage & retail 

• Waste disposal / recycling  

 

In the case of cradle-to-cradle, the waste disposal phase is accompanied by a recycling 

phase, essentially closing the loop, for a circular-economy way of thinking. Cradle-to-gate 

only assesses a product until it leaves the factory gate, before it is transported to the consumer; 

thus, cutting out the use and disposal phase. Cradle-to-gate analysis can significantly reduce 

the complexity of LCA and thus create insights faster, especially about internal processes. 

Cradle-to-gate assessments are often used for Environmental Product Declarations (EPD), 

which are standardized documents showcasing a product‘s potential environmental and human 

health impacts (Ecochain). The concept chosen for this study is cradle-to-gate and is detailed 

further in the methodology (section 2.2.1)    

Figure 12 - Main decisions that have to be made in the 1st phase of the LCA. 
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1.5.1.2 Life Cycle Inventory (LCI): 

 

The LCI step consists of quantifying and identifying the list of all the necessary input 

and output flows which together, form the product system (Table 5). The result of an LCI will 

be an extensive table comprising all the interactions between the system and the environment; 

these interactions are often referred to as ‘loads’. The inventory can either be based on 

literature review or process simulation, although primary data from producers bring the most 

precise results. Later, the outcome of the LCI is used to assess impact categories, a process 

referred to as ‘characterization’. Thus, the LCI serves as the base for the Life Cycle Impact 

Assessment (LCIA), converting the content into environmental damages (ScienceDirect).  

 
Table 5 - Input and output flows of an LCI: 

1.5.1.1  Life Cycle Impact Assessment (LCIA): 

This step translates emissions and resource extractions into a limited number of 

environmental impact scores, by using characterization factors; which indicate the 

environmental impact per unit of stressor (Huijbregts et al. 2016).  

There are many different impact assessment methods, however, two mainstream ways 

exist to derive characterization factors; namely at mid - or endpoint level. This is one of the 

main distinctions between the different methods, looking at different stages in the cause-effect 

chain to calculate the impacts (Meijer, 2014).  

 

The difference can be explained simply, by using the cause-effect chain (aka. cause-impact 

pathway) of a toxic chemical as an example. Emissions of the chemical into the groundwater 

will allow it to flow into a lake, where the chemical concentration might increase to a 

dangerous level (Figure 13). An endpoint method looks at the environmental impacts at the 

end of a cause-effect chain, while the midpoint method analyses the impacts earlier on; 

typically, at the point after which the environmental mechanism is identical for each 

environmental flow assigned to that impact category (Huijbregts et al. 2016). 

 

Inputs  

(consumption of natural resources) 

Outputs  

(emissions to the environment) 

Water Atmosphere (air) 

Energy Land (soil) 

Raw materials Water 
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During the LCA study, it is important to define and understand the audience to which the 

results will be presented as early in the process as possible. The chosen method will reflect on 

the interpretation difficulty, complexity, statistical uncertainty and the nr. of impact categories 

analyzed (Table 6).   

Results for the midpoint method can be more difficult to interpret, as they comprise a large 

number of impacts, offering more detail in return. Contrary to the endpoint -, the midpoint 

method helps in identifying the source of the impacts, rather than showing it as one of the three 

areas of protection (Meijer, E.; 2014).   

 

Characterization factors at the endpoint level usually report damage at the following areas of 

protection:  

• human health, 

• ecosystem quality, 

• and resource scarcity (resource depletion) 

Table 6 - Comparison of the main properties for the mid-and endpoint method: 

*See section 2.2.5 for the list of impact categories 

 

Interpretation of the endpoint results doesn’t require extensive knowledge of the environmental 

effects, suiting an audience who doesn’t have a background on such effects. However, the 

drawback of this method is a higher statistical uncertainty, as data gaps and assumptions can 

pile up through the cause-effect chain. With the utilization of this method, it is important to 

check whether the differences are significant in the results (Meijer, E.; 2014).  

 

 

 

  

Property: Midpoint method: Endpoint method: 

Interpretation difficulty Higher Lower 

Level of detail Higher Lower (Limited to three 

areas of protection) 

Statistical uncertainty Lower Higher 

*Nr. of impact categories  18 (ReCiPe 2016)  3  

Required knowledge  Higher  Lower  

Figure 13 - Example of a cause-effect chain for a toxic chemical (Meijer, 2014). 
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1.5.2 Impact categories 

Bhandari et al. 2014 had reviewed twenty-one studies that address the LCA of hydrogen 

production methods and had found that the main impact categories that the studies had focused 

on were the Global Warming Potential (GWP) and the Acidification Potential (AP). Table 7 

provides an overview of the impact categories comprised in the ReCiPe 2016 method with a 

hierarchist perspective (H) at midpoint level, and their descriptions.   

Table 7 - Overview of the main impact categories used for ReCiPe 2016 v1.1 (H): 

Impact Category: Unit Description 

GWP 
Global Warming 

Potential 
kg CO2-eq 

Indicator of potential global warming due to 

emissions of GHGs to air 

PM2.5 
Particular Matter 

Formation 
[kg PM2.5 eq.] 

Mainly formed from gas to particle conversions 

and chemical interactions with the surrounding 

atmosphere, causing the particle to grow and/or 

change the composition. 

ADPfossil 
Abiotic Depletion 

Potential (fossil fuels) 
[kg oil eq.] 

Indicator of the depletion of natural fossil fuel 

resources 

WD  Freshwater Depletion  m3 Depletion of freshwater resources 

FAETP 
Freshwater Aquatic 

Ecotoxicity Potential 
[kg 1,4 DB eq.] 

Impact on freshwater organisms of toxic 

substances emitted to the environment 

FEP 

Freshwater 

Eutrophication 

Potential 

[kg P eq.] 

Occurs due to the discharge of nutrients into the 

soil-or freshwater bodies and the subsequent rise 

in nutrient levels (phosphorus and nitrogen). 

HTPcancer 
Human Toxicity 

Potential, cancer 
[kg 1,4-DB eq.] 

Impact on humans of toxic substances emitted to 

the environment, cancer-related 

HTPnon-cancer 

Human Toxicity 

Potential,  

non-cancer 

[kg 1,4-DB eq.] 
Impact on humans of toxic substances emitted to 

the environment, non-cancer-related 

IRP 
Ionizing Radiation 

Potential 
[kBq Co-60 eq. 

to air] 

When the radionuclides decay, they release 

ionizing radiation. Human exposure to ionizing 

radiation causes alterations in the DNA, which in 

turn can lead to cancer and birth defects.  

ALOP 
Agricultural Land 

Occupation Potential  
[Annual crop 

eq.*yr] 

The amount of either agricultural land or urban 

land occupied for a certain time. 

MAETP 
Marine Aquatic 

Ecotoxicity Potential 
[kg 1,4-DB eq.] 

Impact on seawater organisms of toxic substances 

emitted to the environment 

MEP 

Marine 

Eutrophication 

Potential 

[kg N eq.] 

Indicator of the enrichment of the aquatic 

ecosystem with nutritional elements, due to the 

emission of nitrogen of phosphor-containing 

compounds. 

MDP 
Metal Depletion 

Potential 
[kg Cu eq] Indicator of the depletion of metal resources.  

POCPeco  

(ecosystems) 

Photochemical Ozone 

Creation Potential, 

Ecosystems 

[kg NOx eq.] 

Indicator of emissions of gases that affect the 

creation of photochemical ozone in the lower 

atmosphere (smog) catalyzed by sunlight. 

POCPhh 

(human 

health) 

Photochemical Ozone 

Formation, Human 

Health 

[kg NOx eq.] 

Indicator of emissions of gases that affect the 

creation of photochemical ozone in the lower 

atmosphere (smog) catalyzed by sunlight. 

ODP 
Stratospheric Ozone 

Depletion 
kg CFC-11-eq 

Indicator of emissions to air that cause the 

destruction of the stratospheric ozone layer. 

AP 
Acidification of soil 

and water 
kg SO2-eq 

Indicator of the potential acidification of soils and 

water due to the release of gases (eg.: nitrogen 

oxides and sulfur oxides). 

TETP 
Terrestrial 

Ecotoxicity Potential 
[kg 1,4 DB eq.] 

Impact on land organisms of toxic substances 

emitted to the environment 
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The main role of the impact categories is to group complex data into accessible and actionable 

numbers, grouping different emissions into one effect on the environment. They assist in 

creating “actionable” statements of how the emissions influence the environment (Hillege, 

2019). Thus, the method of an LCIA depends very much on what a company defines as 

“actionable” and this will ultimately influence the mix of the chosen impact categories and the 

level of depth for the analysis. Figure 14 shows the relationship between the impact categories 

comprised in the ReCiPe 2016 LCIA method and the damage pathways; with their ultimate 

links to the three endpoint areas of protection. The ReCiPe mid- vs endpoint method has 

fundamentally the following categories:  

• Midpoint method: 18 problem-orientated impact categories 

• endpoint method: 3 damage-orientated impact categories 

 

Figure 14 - Overview of the impact categories from ReCiPe2016 and their relation to the areas of 

protection (RIVM Report, 2016).   
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1.5.3 LCIA methods 

Various Life Cycle Impact Assessment (LCIA) methods exist, where each method has 

different characterization factors included. The methodologies and their impact categories are 

presented in Table 8, where the tick marks represent that the impact category is available under 

the given method.  

Table 8 - List of impact categories included in the different LCIA methods, (Alcero et. al,2016): 

Impacts: 
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Acidification 
  -    -    

Climate Change 
  -    -    

Resource 

Depletion   -     -   

Ecotoxicity 
  -    - -   

Energy Use - -  - - - - - - - 

Eutrophication 
  -    -    

Human toxicity 
  -    -    

Ionising 

Radiation -  -    -   - 

Land use -  -    -   - 

Odour -  - - - - - - - - 

Ozone layer 

depletion   -    -    
2PM / 

Respiratory 

inorganics 
- - -    -    

Photochemical 

oxidation   -   - -    
1 CED = Cumulative Energy Demand       2 PM = Particulate Matter 

1.5.3.1 ReCiPe 2016 method: 

ReCiPe 2016 is an improvement on ReCiPe 2008, and its predecessors CML 2000 and 

Eco-indicator 99. It was developed in a collaboration between the Dutch National Institute for 

Public Health and the Environment (RIVM), Radboud University Nijmegen, Norwegian 

University of Science and Technology, and PRé (Huijbregts et al., 2016). Alike other LCIA 

methods, the main goal of the ReCiPe method is to transform the extensive list of the LCI 

scores into a limited number of indicator scores. The indicators are determined at two levels, 

at a midpoint and an endpoint level; with 18 and 3 indicators assigned to each level, 

respectively (Huijbregts et al., 2016).   
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The ReCiPe method can also differ by choice of the three cultural perspectives; 

representing a set of choices on problems like time or expectations, so that with proper 

management or future technology developments - future damages could be avoided. These 

cultural perspectives are shown in Table 9. 

 

Table 9 - The three cultural perspectives of the ReCiPe 2016 method (Huijbregts et al. 2016): 

Perspective: Explanation:  

(E) – Egalitarian long-term; based on precautionary principle thinking 

(H) – Hierarchist 
consensus model; as often encountered in a scientific model – this 

perspective is considered the default model.  

(I) – Individualist 
short-term; optimism that technology developments can avoid 

many problems in the future.  

 

1.5.3.2 LCIA methods in reviewed studies: 

ReCiPe 2016 was the most popular choice for a LCIA method from the relevant LCA studies 

reviewed for hydrogen production (Table 10). Note that where the mid-and endpoint level is 

not specified, the method chosen for the study did not have such an option.  

Table 10 - List of the chosen LCIA method by the reviewed LCA studies: 

Study & Year 
Location of 

study 
Scope LCA method Midpoint Endpoint 

(Zhao et al. 

2020) 
Denmark 

Cradle-to-

grave 

ReCiPe 

2016 (H)  
-  

(Mehmeti et al. 

2018) 
Multinational 

Cradle-to-

grave 
ReCiPe 2016 

  

(Bareib et al., 

2019) 
Germany 

Cradle-to-

gate 
ReCiPe 2016  -  

(Zhao & 

Pedersen, 2018) 
Denmark 

Cradle-to-

grave 
ILCD 2011 

 
-  

(Lundberg, 2019) 
Sweden & 

EU-28  

Cradle-to-

gate 
CML 2001 -  -  

(Valente et al., 

2015)  
Italy 

Cradle-to-

gate 
CML / IPCC -  -  
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1.6 Power-to-gas  

Power-to-gas (PtG) is a process where a power source (eg.: electricity), gets converted 

into a form of gas, eg. methane (CH4) or Hydrogen (H2). The foremost reason for the increase 

in the PtG research is due to the increase in intermittent renewable energy sources (IRES), 

such as wind and solar power. As of today, electricity storage is a capital-intensive and 

limited option, however, using excess energy to produce various gases is a viable option.  

Electrolysis is used to convert the excess electricity into hydrogen, a process that uses 

electricity to split water (H2O) into hydrogen (H2) and oxygen (O2). Thus, hydrogen 

produced from electricity can serve as a link combining the electricity-, transport - and 

heating sector into one market (Schiebahn et al., 2015). Furthermore, hydrogen can be 

combined with a carbon or carbon dioxide source (CO/CO2) to produce methane, through a 

methanation process (Figure 15). However, this paper focuses primarily on H2 production 

from water electrolysis technologies.  

 

Figure 15 - Simplified graphical illustration of power-to-gas processes (Schiebahn et al. 2015). 

1.6.1 Hydrogen Production:  

Since the introduction of the hydrogen economy in the 1970s (Dawood et al., 2020) there has 

been growing interest and research in the utilization of hydrogen. With the global warming 

mainly being blamed on our reliance on fossil fuels, - and the ambitious goals set out by the 

EU and UN to reduce the GHG emissions in the energy sector - hydrogen presents an 

opportunity to be used as:  

• an energy storage option  

• a product from RES through electrolysis 

• a fuel with clean combustion, without the emissions of CO2 and oxides of nitrogen 

(NOx) & sulfur (SUx) (Bhandari et al.) 

• a promising energy career to decarbonize both the energy and transport sectors 

(Matute, et al., 2019) 

• a mean to decarbonize industries that are otherwise difficult to decarbonize (eg. 

steel). 

 

In most of the literature the author had reviewed, H2 production was analyzed from RES, such 

as wind and solar. This was unsurprising as most of the states in Europe are basing their 

renewable energy strategies on these two sources; as geothermal - and hydro energy, are more 

dependent on geographical locations. Considering the intermittency, due to weather-

dependency and supply/demand fluctuations; the reviewed papers were mostly intended to 
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research the energy storage possibilities via hydrogen production – not focusing as much on 

other uses of H2. Table 11 summarized the different Global Warming Potential values by the 

publication reviewed.  

 

Table 11 - GWP values of the reviewed publications on hydrogen production LCAs: 

Study & 

Year 

Energy 

Source 

LCA 

method 
FU 

GWP for Electrolysers 

analysed [kg CO2-eq.] 

    AEC PEMEC 

(Valente, 

Iribarren & 

Dufour, 2018) 

Hydropower CEDnr 
1 kg H2 

produced 
0.77 -1.02 - 

PV CEDnr 
1 kg H2 

produced 
2.18 - 

Wind power CEDnr 
1 kg H2 

produced 
1.2 - 

Biomass 

gasification 
CEDnr 

1 kg H2 

produced 
1.72 - 

(Mehmeti et 

al. 2018) 

Grid 

Electricity 

ReCiPe 2016 

(mid- & 

endpoint 

1 kg H2 

produced 
- 29.54 

(Mehmeti et 

al. 2018) 
Wind power 

ReCiPe 2016 

(mid- & 

endpoint 

1 kg H2 

produced 
- 2.21 

(Lundberg, 

2019) 

Electricity 

Grid mix (SE) 
CML 2001 

1 kg H2 

produced 
 2.6 

 

Multiple technological pathways exist to produce H2, which (Dawood, Anda, & Shafiullah, 

2020)  provide an overview of in their paper. They state, that due to multiple factors, hydrogen 

produced by water electrolysis is favoured over all other technologies. These factors include:  

• reducing cost trend  

• high purity, with the absence of unwanted impurities due to carbon - and sulphate 

oxide contents etc.  

 

Other feedstocks to produce hydrogen include (Bhandari et al.):  

• Fossil resources (eg.: natural gas and coal) – eg.: steam-methane reforming. 

• Biomass (can be directly transformed into H2 through gasification and reformation)  

 

The paper also focuses on emerging technologies that could benefit the development towards 

a hydrogen economy by reducing capital cost and increase production efficiency. The 

technologies that have relevancy to this paper, have been summarized in Table 12. Other 

emerging technologies that were mentioned by Dawood, Anda, & Shafiullah, 2020 include 

photosynthesis, photocatalytic generation, dark fermentation followed by photo-fermentation , 

and unitized regenerative.  
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Table 12 - Emerging hydogen production technologies (Dawood, Anda & Shafiullah, 2020): 

Technology Brief Description eff. [%] R&D area 

Anion 

Exchange 

Membrane EC 

(AEM) 

Semi-permeable membrane designed to conduct 

anions while being 

impermeable to gases such as oxygen or hydrogen 

67-74 

- Catalyst 

- Membrane 

- Efficiency 

Membraneless 

electrolyser 

Two independent laminar flow streams 

can be separated up to a certain length, 

which ensures the formation of a virtual 

layer separating the anode and cathode 

40-80 

- Increase 

pressure 

- Scale 

- Unitized 

regenerative 

- Efficiency 

Membrane 

Reactor 

A membrane is a mass selectivity 

structure. Membrane reactor allows 

hydrogen transfer under a variety of 

driving forces like pressure, temperature, 

electric potential, etc. 

64-90 

- Membrane 

- CCS 

- Catalyst 

- Process 

Intensification 

Plasma arc 

decomposition 

Natural gas is passed through a plasma arc 

to generate H2 and carbon soot (high temperature 

pyrolysis) 

9-85 

- Graphite 

production 

- Catalyst 

Battolyser 
Batteries that can produce hydrogen 

after fully charged 
70-90 

- Efficiency 

- H2 production 

control 

1.6.2 Hydrogen classification:  

Multiple technological pathways exist to produce synthetic hydrogen, which are identified by 

a colour-coded classification, mostly associated with the origin of the energy (Table 13).  

Table 13 - Colour-based classification of the different H2 production processes: 

Label: Description:  

 

Green 
Produced from RES via electrolysis of water (or other renewable source 

such as biomass) and is completely carbon free. 

 

Blue 
Produced from fossil fuel-based sources (eg.: natural gas or coal), but the 

carbon emissions are captured and stored during the process. 

 

Grey 
Produced from fossil fuel-based sources (eg.: natural gas or coal). No 

mitigation effort provided through capture and storage. 

 

Brown Produced through coal gasification 

 

Apart from the commercial classifications, other colour classifications include (Roeth, 2021):  

• Turquoise: H2 produced by the thermal splitting of methane (CH4 pyrolysis). Instead 

of CO2, solid carbon is produced.  

• Yellow: H2 is produced by electrolysis using grid electricity.  

• Pink/purple/red: H2 produced by electrolysis using nuclear power  

• White: H2 produced as a byproduct of industrial processes.   
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1.6.3 Utilization opportunities for hydrogen in Iceland 

(Schiebahn et al., 2015), had analysed the technological and economic aspects of PtG 

technology and had performed a case study in Germany. According to their findings, the 

country had looked at three alternative routes for utilizing power-to-hydrogen, or renewable 

power hydrogen (RPH)  

1. Using hydrogen in a dedicated infrastructure for applications that require H2 (i.e. fuel-

cell-based transportation and industrial processes)  

2. Direct feed-in of the RPH into the natural gas grid, considering the maximum 

allowable H2 concentration in the grid. 

3. Methanation of the produced H2 combined with CO2 and subsequent feed-in of the 

renewable power methane (RPM) into the natural gas grid, in unlimited quantities.  

 

In Iceland’s case, where no such gas grid has been established, only the 1st option and partially 

the 3rd option is viable - excluding the feed-in into the gas grid.  
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1.6.4 Steam methane reforming (SMR): 

Hydrogen does not exist in its molecular nature, thus must be produced by means of energy 

input (Carmo et al., 2013). Hydrogen production from natural gas through a process called 

Steam Methane Reforming (SMR) is the primary conversion pathway used to date and 

produces syngas (H2 & CO). Over 95% of the global H2 production is carried out via SMR, 

where natural gas functions as the feed-in-stock, thus the method is also known as ‘natural gas 

reforming’ (Rapier, 2020). Natural gas contains mainly methane (CH4), mixed with heavier 

hydrocarbons and carbon dioxide (CO2) as well. (Mehmeti et al. 2018). 

 

In order to produce H2 from methane (CH4), the following steps have to occur:  

 

Steam-methane reforming  𝐶𝐻4 + 𝐻2𝑂. ⇄ 𝐶𝑂 + 3𝐻2 (Eq. 1) 

 

Water-gas shift   𝐶𝑂 + 𝐻2𝑂. ⇄ 𝐶𝑂2  + 𝐻2  (Eq. 2) 

 

In the SMR, CH4 is combined with high-temperature steam to strip its carbon and form 

carbon monoxide and hydrogen (Eq. 1). 

 

To provide SMR as a baseline for this study, a cradle-to-gate LCA publication was used by 

Susmozas, Iribarren, & Dufour, 2013. In this publication, the environmental profile of H2 

production from poplar gasification was compared to conventional SMR. The results have 

been characterized into a few impact categories as shown in Table 14. The final results are 

constructed by four sub-systems:  

• natural gas production and supply  

• conditioning and steam reforming  

• WGS and hydrogen purification  

• cooling water supply   

 

The Functional Unit (FU) for the reviewed publication was set as 1 kg H2 and the LCA phases 

followed the cradle-to-gate concept, identical to this study, making the values comparable with 

the results from this dissertation.   

 

Table 14 - Environmental footprint of 1kg H2 produced by SMR (Susmozas, A. et al.): 

Impact category Unit Results for SMR (1 kg H2) 

Global Warming Potential (GWP)  kg CO2-eq. 10.56 

Acidification Potential (AP) kg SO2-eq. 8.44E-3 

Ozone Depletion Potential (ODP)  kg CFC-11 eq. 1.21E-6 

Cumulative Energy Demand (CED) MJ 185.08 

 

The consumables for SMR are quite different to that of the electrolysis hydrogen conversion 

pathways; for 1 kg H2 produced 1.11 kWh electricity, 21.87 kg H2O & 165 MJ natural gas is 

required as feedstock (Mehmeti et al. 2018). Therefore, most of the environmental impacts are 

associated with natural gas being used as the feed-in stock.  
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1.7 Electrolysis:  

Electrolysis converts electric energy into chemical energy, forming the core element of 

the power-to-gas concept (Schiebahn et al. 2015). During this process, water (H2O) is split into 

hydrogen (H2) and oxygen (O2) through the application of electrical energy (Eq. 3). 

 

𝐻2𝑂 + 𝑑𝑖𝑟𝑒𝑐𝑡 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 → 𝐻2 + 𝑂22
1  (Eq. 3) 

 

As far as resources sustaining its operation are considered, water electrolysis only requires 

H2O as feedstock and electricity. The electricity can be supplied by renewable (eg. wind -, 

solar-, hydro - & geothermal power) or non-renewable resources (eg. nuclear-, fossil-fuel -

based). The H2 produced by the electrolysers is usually cooled, purified, compressed and 

stored. Some electrolyzers are able to produce H2 at high pressure, thus making the 

compression stage redundant or reduces the amount of compression required. Such 

electrolysers can therefore save economic costs and energy associated with compressing the 

H2 (Bhandari et al. 2014). 

 

The impacts that the electrolyzers have on the environment vary, depending on which 

electricity source is chosen. Thus, the hotspots in the life cycle assessments carried out on H2 

production are usually identified as the electricity source and the stack itself. However, 

electrolysers in PtG processes have some special needs, incl. high efficiency (to avoid 

unnecessary energy losses), the ability to produce H2 at elevated pressure (to reduce energy 

demand and investment costs for compressors), long lifetime and investment costs to allow for 

cheap hydrogen production (Schiebahn et al. 2015).  

 

Certain barriers remain in the path of investments in the water electrolysis technologies; such 

as uncertainty regarding the future cost and performance improvements (Schmidt et al. 2017) 

In general, electrolyzers do not require continuous maintenance as they barely include any 

mobile elements. They are suitable for decentralized applications in residential, commercial 

and industrial areas, due to their silent operating nature and a high degree of modularity  

(Bhandari et al. 2014).  

Several studies have been carried out to compare the different water electrolysis 

technologies, most of them focusing on the AEC, PEM & SOEC technologies. Zhao et al. had 

carried out a LCA, comparing the previously mentioned three technologies, with the functional 

unit taken as 1m2 single repeating unit (SRU) of the stack area (incl. the non-active areas as 

well). An SRU consists of one cell, a frame and an interconnector; and to scale the electrolyser 

up to higher capacities, multiple SRUs are conventionally stacked in series; hence the name 

“stack”.  

 

However, most of the studies had expressed the functional unit by the amount of hydrogen 

produced at the hand of the electrolyser(s); and had commonly been expressed in the unit of 

kg, eg. 1kg H2 produced or Nm3 (normal cubic meter).  
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 Zhao et al. consider the following key parameters, expressed in the following units, for the 

two different technologies focused on in this study (Table 15).  

Table 15 - Key parameters for the PEMEC & AEC stacks (Zhao et al. 2020): 

* Power = Voltage [V] * electric current [A] 

 

The full load hours (FLHs) directly impact the amount of hydrogen produced per 

lifespan of each electrolysis technology. Thus, it is one of the most important decisions that 

need to be made early on during the study. Due to downtimes as a result of maintenance, repair 

etc.; the electrolyzer can not operate through the whole year without service interruptions. 

However, as the electricity in both the Icelandic and the Austrian case is extracted directly 

from the grid, higher FLHs are reachable than in the case of intermittent RES. If electrolyser 

operations are not coupled to intermittent PV and wind power sources or to the negative 

residual load in the network, 8,000 full load hours per year become possible, instead of approx. 

2,000–3,000 hours for IRES (Smolinka et al., 2018).   

Parameter: PEMEC AEC 

Current Density [A/m2] 18’000 4’000 

Cell Voltage [V] 1.7 1.8 

*Electric Power [kW] 30.6 7.2 

Lifetime [hour] 50’000 85’000 

System Efficiency [%] 60 65 

Total H2 Over Lifetime [ton/m2] 40 19 
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1.7.1 Alkaline Electrolysis:  

Alkaline Electrolysis Cells (AEC) has been the dominant water electrolysis technology 

for large-scale industrial applications since 1920 (Schmidt et al., 2017). The AEC consists of 

two electrodes, separated by a gas-tight diaphragm, as visualized in Figure 16.   

When a direct current (DC) is connected to these electrodes, hydrogen is produced at the 

cathode (-) and oxygen at the anode (+). In order to maximize its ionic conductivity, the 

assembly is immersed in a liquid electrolyte that is usually a highly concentrated aqueous 

solution of  potassium hydroxide (KOH) in 25-30 wt.% mass fraction (Bhandari et al. 2014) 

The following reactions take place during the process (Bhandari et al. 2014), as in Eq 4-6. 

 

𝑨𝒏𝒐𝒅𝒆: 4𝑂𝐻− → 𝑂2 + 2𝐻2𝑂 + 4𝑒− (𝐸𝑞. 4)  
 

𝑪𝒂𝒕𝒉𝒐𝒅𝒆: 4𝐻+ +  4𝑒− → 2𝐻2    (𝐸𝑞. 5) 

 

𝑺𝒖𝒎:  2𝐻2𝑂 →  𝑂2 +  2𝐻2 (Eq. 6) 

 

Advantages of using AEC include its availability, durability, low capital cost and avoidance 

of using noble metals, which is one of PEMEC‘s environmental hotspots. 

Disadvantages include inefficient system size (due to the low current density and operational 

pressure) and limited dynamic operation, where frequent start-ups and varying power input 

can negatively affect the system. AEC is not suitable for H2 production from RES and the 

inertia caused by the ionic transport in liquid electrolytes underlines that fact. Another 

drawback is the alkaline electrolyte‘s highly corrosive characteristic (Bhandari et al. 2014). 

The advantages and disadvantages have been summarized in Figure 17.  

  

Due to its limitations, developments linked to AEC are directed at increasing the operating 

pressure and system design to enable dynamic operation. Operating at a higher pressure has 

the advantage of reducing the energy expenditure for compressing the H2, while its 

disadvantage lies in a reduced purity due to an increased permeability for gases through the 

membrane caused by high temperatures and pressures (Bhandari et al. 2014). 

 

The H2 purities from this technology can reach up to 99.9% and higher purities can be 

reached by catalytic conversion and adsorptive drying units (Bhandari et al. 2014). However, 

AEC is the most mature electrolysis technology available today which can be utilized at a 

large-scale, while PEMEC can only be operated at small- or medium scale as of yet (Schmidt 

et al. 2017).  

Figure 16 - Simplified conceptual set-up of the AEC technology (Schmidt et al. 2017). 
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Although the lifetime of AEC can reach up to 30 years, general maintenance is required 

between every 7-15 years, to replace or reactivate the electrodes and replace the diaphragms 

(Bhandari et al. 2014).  

  

Figure 17 - Pros & Cons for AEC Electrolysis (Schmidt et al. 2017). 
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1.7.2 Proton Exchange Membrane Electrolysis (PEM): 

Also known as Polymer electrolyte membrane (PEM) - or solid polymer electrolyte 

electrolyzers (SPE), the technology of Proton exchange membrane electrolysis cells (PEMEC) 

is based on the solid polymer electrolyte concept, which was first introduced by General 

Electric in the 1960s  (Schmidt et al., 2017). It was meant as a solution to overcome the 

drawbacks of AECs.  

Contradictory to the AEC, PEM electrolyzers do not require a liquid electrolyte. They consist 

of a gas-tight thin polymer membrane as visible in Figure 18. The most commonly used 

membrane is a 0.2mm thick Nafion membrane (Bhandari et al. 2014). Due to this membrane 

being a critical component of PEMEC and its assembly being very compact, the lifetime of 

this technology is more limited than that of AEC. The compactness is on account of the anode, 

cathode and membrane components forming a membrane-electrode assembly (MEA) 

constitute. Water (H2O) is oxidized at the anode to produce oxygen; while electrons and 

protons that circulate across the membrane to the cathode (where they are reduced, closing the 

circuit) produce H2 (Bhandari et al. 2014) 

The following reactions take place during the process (Bhandari et al. 2014), as visible in Eq 

7-8.  

 

𝐴𝑛𝑜𝑑𝑒:  𝐻2𝑂 →  𝑂2
1

2 + 2𝐻+ +  2𝑒−   (eq. 7) 

 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒: 2𝐻+  +  2𝑒− → 𝐻2  (eq. 8) 

 

Advantages of PEMEC include high power density and cell efficiency, highly compressed and 

pure oxygen (with a 99.99% purity, or even 99.999% in some cases), flexible operation and 

fast dynamic response times (which makes it suitable for IRES). This is due to the proton 

transport across the polymeric membrane responding quickly to power fluctuations (Bhandari 

et al. 2014). 

 

Figure 18 - Simplified conceptual set-up of PEMEC technology (Schmidt et al. 2017). 
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Disadvantages include noble metal use for its electrodes (notably platinum, iridium or other 

noble metals), high complexity (frequent start-ups and varying power inputs can negatively 

affect system efficiency and gas purity). Last, but not least, the expensive and environmentally 

harmful use of materials (expensive catalyst, fluorinated membrane materials and noble 

metals).  

 

PEM electrolyzers are currently only available for a low- and medium scale production 

applications. Although there is a substantial development in that area, with products already 

capable of reaching capacities as large as 100MW (eg. Siemens Silyzer) by using a full module 

array.  Additionally, the water used as a feedstock for PEMEC has to match purity standards, 

to avoid mineral deposition in the cells and non-desired electrochemical reactions (Bhandari 

et al. 2014). The advantages and disadvantages of PEM electrolyzers have been summarized 

in Figure 19.  

 

 

In the case of PEMEC, development is focused on reducing system complexity to enable 

system scale-up, using less expensive materials to reduce capital costs, avoid the use of noble 

metals to mitigate its environmental impacts and use more sophisticated stack manufacturing 

processes (Schmidt et al. 2017). Figure 20 showcases some of the necessary components for 

the PEMEC system, incl. BoP components and the stack itself. The inputs and outputs are 

visualized with arrows. Note that the anode gas drying and purification system is optional, 

unless the produced O2 is used as well 

. 

 

Figure 19 - Pros & Cons for PEMEC Electrolysis (Schmidt et al. 2017). 
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Current R&D is focused on making high-temperature electrolyzers commercially available, 

which could reach higher efficiencies by withstanding higher temperatures. However, the 

technology is not yet available at other scales than the laboratory, thus not included in this 

study as one of the electrolyzers compared. The author had looked into one option for a high-

temperature electrolyzer, namely the solid oxide electrolyzer (SOEC) and more information 

can be found under Appendix A.1 

 

SOEC has a huge potential for future H2 production, however, issues remain with the durability 

of the ceramic materials at high temperature (s) and long-term operation (Carmo et al. 2013). 

Already, at laboratory scale, high-temperature electrolyzers are being tested and R&D aims at 

reducing the operation temperature to increase the longevity of its materials.  

 

Platinum & Iridium:  

The majority of PEMEC‘s environmental impacts are associated with its noble metal use for 

the electrodes, namely iridium (Ir) and platinum (Pt). Mining, purifying and refining these 

metals is an extremely energy-intensive process and only a very small portion of the extracted 

ores get converted into high purity Pt and Ir. Nuss & Eckelman, 2014 had assembled extensive 

information on the cradle-to-gate environmental burdens of 63 metals, including Pt & Ir.  

 

The results showed, that if all metals are compared at a FU of 1kg mass, the Platinum Group 

Metals (PGMs) – comprising of Pt, Ir, etc - showcase the largest environmental burdens 

alongside gold. Pt had a GWP value (kg CO2-eq./kg metal) of 12‘500 while Ir was calculated 

at 8‘860. The energy intensity is well shown in the CED results (MJ-eq./kg), where Pt requires 

243‘000 MJ and Ir 169‘000. From the four impact categories, incl. HTP; Ir scored higher in 

one category only – the acidification potential (Nuss & Eckelman, 2014). See Section 3.1 for 

impact values comparison. 

 

  

Figure 20 - Example of a PEMEC system layout for a hydrogen 5.0 production at 30 bar 

pressure, adopted from (Bareiß et al. 2019). 
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1.7.3 Comparison of the electrolysers: 

The main requirements to enable the electrolyzers to operate with an intermittent power 

source (eg. wind or solar) are:  

• dynamic operation (enabled by the fast response of system components),  

• operation at a lower dynamic range (without negative impacts on gas purity) 

•  short cold-start times or energy-efficient stand-by operation (Schmidt et al. 2017).  

Table 16 - Overview of the electrolyzers and their main characteristics: 

Characteristic Unit AEC PEMEC 

Current Density  A/cm2 0.2 – 0.5 [2] 1.5 – 2 [1,2,5] 

Operating Temperature  [°C] 60 – 80 [3,4] 50 – 80 [3,4] 

Operating Pressure  [bar] 6-30 [1,3,4] <200 [3] 

Cell area  [m2] <4 [3] <0.3 [3] 

Cell voltage  [V] 1.8 – 2.4 [3] 1.8-2.2  [3] 

Electrolyte - liquid alkaline [1,4] Proton exchange 

membrane [1] 
(-) Cathode  - Ni, Ni-Mo alloys [3,4] Pt, Pt-Pd [3] 

(+) Anode - Ni, Ni-Co alloys [3,4] RuO2, IrO2 [3] 

System Efficiency (LHV) [% ] 63 – 67% [1,2,6] 60 – 67% [2,1] 

*Production Rate  [m3
H2 h-1] <760 [3] <40 [3] 

Stack Lifetime  [h] 75’000-85’000 [1,2] 25’000 – 61’320 [2,5,6] 

Gas Purity [%] 99.5-99.9 [3,4] 99.99 [3] 

Min. part load  [%PN] 20-40% [1] 5-10% [1] 

Load Change  [%PN/s] <10% /s [1] 10-100% /s [1] 

Cold start time  [min] <60 [3] <20 [3] 

Availability  - Large-scale [1] Small to medium scale 

[1] 

Investment Cost  
  

[€/kWel] 1000-1200 [3] 

 

1860-2320 [3] 

 

Maturity  - Mature, commercial [3] Developing  

*Dependent on system capacity. 

[1] (Schiebahn et al. 2015) [2] (Zhao et al. 2020) [3] (Schmidt et al. 2017) [4] (Bhandari et al. 2014)                  

[5]  (Bareiß et al. 2019) [5] (Smolinka et al., 2018) 
 

PEMEC is the most suitable option to fulfill these requirements (Table 16). AEC also has the 

potential to meet the requirements to operate with an intermittent power source if their system 

components can be successfully engineered to cope with it (Schmidt et al. 2017).  

 

The author listed and compared some state-of-art electrolyzers to find guidelines on 

efficiencies, capacities and production rates. An overview of the given PEMEC products is 

provided in Appendix A.2. 
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1.8 Hydrogen Transport 

Considering its low volumetric density, it is more efficient to transport hydrogen 

compressed and/or liquefied. Various methods exist to tackle this problem, but some are more 

energy-intensive others. Wulf & Zapp, 2018 focused on comparing H2 transport through five 

different systems - where the focus was on comparing the conventional hydrogen transport in 

a liquefied state and Liquid Organic Hydrogen Carriers (LOHCs) - such as toluene and 

dibenzyltoluene. The comparison method used, was LCA and life cycle costing. What all 

systems had in common is that hydrogen loss (eg.: through boil-off) could not be prevented. 

For the H2 production, AEC was used powered by electricity from wind power.  

 

Liquefaction of H2 requires about 24-36% of its energy content through electricity 

consumption, although the authors used renewable electricity from wind power in their 

assessment. This method is currently one of the most common for long-distance transportation, 

while LOHCs could potentially be the most common method in the near-future (Wulf & Zapp, 

2018).  

LOHCs are aromatic carbohydrates that bind H2 in a catalytic reaction. Hydrogenation 

is an exothermic reaction where heat at 150 °C temperature level is released in the process; 

while dehydrogenation is an endothermic process requiring temperatures between 270 °C – 

350 °C, depending on the used chemical compound. Platinum on carbon (Pt/C) can be used as 

the catalyst for both processes. The storage capacities of the LOHCs vary between 5.8-7.3 

wt%, depending on the chosen compound (Wulf & Zapp, 2018).  

As a significant advantage compared to cryogenic and high-compressed hydrogen, LOHCs 

can be handled like diesel during transport and distribution - under ambient conditions. The 

LOHCs can store up to 6.2 wt% hydrogen by hydrogenation; however, the dehydrogenation 

of the LOHCs require high energy demand as temperatures above 300 °C are needed for the 

process (Wulf & Zapp, 2018).  

 

In strategic long-term planning, transporting H2 in a gas grid network is the most 

economically and environmentally friendly option. However, in this comparative study, the 

produced H2 will be transported from Iceland to Austria using truck, ship and train, in a liquid 

state.  
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1.9 Contribution towards the environmental EU & UN targets 

Although Iceland is not a part of the European Union (EU), it is part of the European Economic 

Area (EEA). Thus, the country is legally bound to follow the energy directives set out by the 

European Commission.  

 

According to the Directive 2009/28/EC, the European Commission had set out mandatory 

renewable energy targets for all European Member States, including the member states of the 

European Economic Area, which also comprises Iceland, Norway and Liechtenstein.  

In Iceland‘s National Renewable Energy Action Plan Iceland details its goal of becoming 

carbon neutral by 2040.  

 

To honour its obligations under the Paris Agreement, the EU has established targets to be 

achieved, as seen in Table 17. According to these targets, a reduction of  GHG emissions, 

compared to that of 1990 levels, has to take place by 20% and 40%; by 2020 and 2030, 

respectively (European Council). Whereas the long-term goal for 2050 aims at the member 

states becoming carbon neutral.  

 

Hydrogen production from renewable power sources plays a vital role in achieving these 

targets, as its utilization could help decarbonize different sectors, such as the transportation 

sector and steel industry – which is otherwise difficult sectors to decarbonize by other means.   

Table 17 - EU energy targets and their legal basis: 

2020 climate & 

energy package 

2030 climate and 

energy 

framework 

2050 long-

term 

strategy 

Relevant 

legislation 
Legal basis / Policy 

20% reduction 

in greenhouse 

gas emissions 

(from 1990 

levels) 

At least 40% 

reduction 

in greenhouse gas 

emissions (from 

1990 levels) 

Climate 

neutral 

EU ETS 

Directive 

2003/87 with 

subsequent 

amendments 

Article 175 TEC 

(now 192 TFEU) / 

environmental policy 

20% of energy 

from renewables 

At least 32% of 

energy from 

renewables 

- 

RES Directive 

2009/28 

RES Directive 

2018/2001 

(effective from 1 

July 2021) 

Articles 95 and 175 

TEC (now 114 and 

192 TFEU) / internal 

market and 

environmental policy 

Article 194 of the 

TFEU / energy 

policy 

20% 

improvement 

in energy 

efficiency 

At least 32.5% 

improvement 

in energy 

efficiency 

- 

Energy 

Efficiency 

Directive 

2012/27/EU with 

subsequent 

amendments 

Article 194 of the 

TFEU / energy 

policy 
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As the market for hydrogen economy is developing and the group of stakeholders are 

expanding continuously, looking at the long-term strategy of how a project can impact the 

Sustainable Development Goals (SDGs) is important for a project. The SDGs had been set 

out by the United Nations; thus it is currently the most joint effort for a holistic sustainability 

effort in the world. If we strictly concentrate on the climate change issue, the Paris Agreement 

has more weight on a global scale, however, the UN SDGs comprise all three pillars of 

sustainability with the economical-, environmental- and social considerations all comprised 

in the goals. Figure 21 higlights the SDGs relevant to this study, whereas the ones that are 

considered irrelevant have been lowlighted. As LCAs usually comprise most of the 

environmental impacts - depending on the choice of the method - more than half of the SDGs 

are relevant, most of them environmental.  

 

 

Figure 21 - UN Sustainable Development Goals relevant to this study. 
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2Methodology 

2.1 Literature Review  

Hydrogen production technologies are still developing and there is a considerable 

amount of R&D being carried out on the different electrolyzers. Thus, had the author decided 

to review only contemporary papers where applicable to provide an up-to-date status of where 

hydrogen production technologies (especially electrolysers) stand today and what they could 

accomplish in the near future. This was more important for the PEM electrolyzer, which is 

more novel than AEC. However, AECs are also developing particularly with high-pressure 

AECs and optimized BoP components. Additionally, results for the publications on the steam-

methane reforming (SMR) conversion pathway were used as reference values, with a special 

focus on the limitations and scope to match this study and to make the comparisons viable. 

The necessary data for the Life Cycle Inventory (LCI) was either attained from the software’s 

database or literature review, using secondary data to fill in the data gaps. Thus, some data 

collected from the literature review are not as detailed as data from the software itself and not 

as detailed as primary data from producers. Acquiring data from producers proved to be 

difficult; a broader description of data uncertainty can be found in Section 2.3.  

2.2 Software 

The chosen software for the study is GaBi, a LCA tool developed by Sphera that has access to 

the database established by Ecoinvent and its database as well. The processes required for 

modelling the system were either extracted from the ‘Professional Database’ in GaBi or from 

Ecoinvent’s version 3.6 database.  

Figure 22 - Modelling scheme for the GaBi LCA software including all the phases. 

The modelling for the LCIA (Figure 22), is shown in a simplified modelling scheme for one 

of the comparison scenarios. The hydrogen losses had also been modelled in the software and 

for the final output to be 1kg (liquid or gaseous) H2 as the FU in this study, GaBi had 

automatically scaled up the necessary processes to make up for the hydrogen losses suffered 

throughout the liquefaction, storage and transportation phases.   
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2.3 Scope & Goal 

In order to get multiple comparisons between the Icelandic and the Austrian case; the 

author had decided to set up three scenarios of comparison where the variable in the 

scenarios is the Icelandic electricity mix (Figure 23). 

 

As introduced earlier (section 1.5), it is important to set the limits of analysis as early as 

possible during the study, as it will narrow down the necessary data that will form the inventory 

and thus vital for consequentially analyzing the environmental impacts in the LCIA. The 

chosen concept for this study is ‘cradle-to-gate ‘, which includes the phases illustrated in 

Figure 23; where the case-specific main processes have been listed below each phase of the 

study.  

 

 

Figure 24 – Cradle-to-gate phases and case-specific processes included in the study. 

 

 

• The Icelandic electricity mix is a virtual electricity grid mix, based on 
data on the certificate sales of the Guarantess of Origin (GOs) system, 
attained from the Icelandic NEA (section 1.3.5)

Scenario A: 

• The Icelandic electricity mix corresponds to the real, current grid mix; 
where the input is ~100% renewable electricity. (section 1.3.1)

Scenario B:

• In this scenario, the electricity is solely provided by the Icelandic 
hydropower plants and is thus assumed to be the best case scenario 
regarding associated environmental impacts. (section 1.3.1)

Scenario C: 

Figure 23 - The three comparative scenarios between the Icelandic and Austrian cases. 



2.3 SCOPE & GOAL  37  

  

2.3.1 System Boundary 

 

The system boundary for the study is visualized in Figure 25, where the two analyzed 

electrolyser technologies (PEMEC & AEC) and the electricity mix (and the power plants 

producing it) form the main variables in the system. The system boundary for the Austrian 

case the processes listed under the transportation phase are excluded. Thus, the system 

boundary only comprises the manufacturing - and operation phases where the electricity data 

is taken from the Austrian grid mix.   

The electrolyzer plant(s) operation forms the central part of the system boundary, where 

the water and electricity consumptions are taken into consideration, as well as the required 

maintenance to make sure the plant can operate properly throughout the project’s lifespan (30 

years). The maintenance hours are projected in the Full Load Hours (FLHs) or the hours per 

year that the EC operates; where the necessary downtimes are meant for inspections, 

maintenance and degrade/corroded component substitutions. The FLHs throughout a given 

year influence the produced amount of H2 and thus the subsequential Liquefaction plant -, 

storage - and tanktainer sizes. The main component requiring maintenance is the stack of the 

electrolysers and other electric components of the electrolyzer system.  

Excluded phases are the usage & waste phases, eg. the decommissioning of the power plants 

and the electrolyzer plants, as well as the waste materials from the system are excluded from 

the system boundary. Additionally, oxygen (O2) as a co-product from the electrolysis pathway 

is excluded, as in this study it is assumed that the produced O2 will be released to air. However, 

O2 is often utilized for different industrial processes or even as medical gases in specific cases.  

  

Figure 25 - System boundary for the study. 
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2.3.2 Functional Unit  

 The Functional Unit (FU) is set to be ‘1kg of hydrogen produced’. In order to scale the end 

results of the characterization to match the impacts of 1kg H2 produced, we need the 

following parameters (Eq. 9):  

• Full load hours (FLHs) – [h/yr] 

• Stack lifespan – [h]  

• Time frame – [yrs] 

• Nr of stacks required / time frame – [pcs] 

• Production Rate (PR) – [kg H2 / h] 

 

 

The electrolyzer’s lifespan is usually specified by the summed-up hours which an 

electrolyzer operates through during its lifespan. However, the FLHs affect the nr. of 

electrolyzers required through the study time frame. This study has specified the FLHs being 

8‘000 hours/year. Thus, the amount of electrolyzers required for the 30-year time frame is less 

than what it would be if the FLHs would stand at 8‘760 h/yr, or a full year. Naturally, no 

electrolyzer can be operated for a full year without maintenance or inspections. However, if 

an electrolyzer’s FLHs are specified in between 2’000-3’000 hours a year (eg. with intermittent 

power sources), it would mean that the lifespan could be longer in years.  

 

Eq. 9 shows the most essential parameters required to specify the total amount of H2 produced 

by each electrolyzer. These parameters had been plugged into the LCA software to calculate 

the FU-equivalent amount for each impact category, - i.e., how the production of 1kg H2 affects 

the environment.  

  

𝑡𝑖𝑚𝑒 𝑓𝑟𝑎𝑚𝑒 [𝑦𝑟]

𝑆𝑡𝑎𝑐𝑘 𝑙𝑖𝑓𝑒𝑠𝑝𝑎𝑛 [ℎ] 𝐹𝐿𝐻𝑠 [ℎ 𝑦𝑟Τ ]Τ
∗ 𝑆𝑡𝑎𝑐𝑘 𝑙𝑖𝑓𝑒𝑠𝑝. [ℎ] ∗ 𝑃𝑅 [𝑘𝑔 𝐻2 ℎ]Τ  (Eq. 9) 
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2.4 Life Cycle Inventory (LCI) 

2.4.1 LCI for PEMEC:  

For the Life Cycle Inventory (LCI), the data was mostly collected from Zhao et al., 2020 

& Bareiß et al., 2019; due to their publications being recent and both providing a holistic LCI. 

The former had presented a more in-depth inventory for the electrolyzer stacks, while the latter 

gave data on the Balance of Plant (BOP) for a containerized PEM electrolyzer with a capacity 

of 1MW. The BoP contains the majority of the materials necessary for assembling and 

operating a PEM electrolyser system.  

  

The author had thus decided to combine the two LCIs of the above-mentioned 

publications and thus structure an inventory that includes components and processes for the 

stack and the BOP for the PEMEC. Zhao et al. 2020 had described the necessary materials for 

one single repeating unit (SRU), while Bareiß et al., 2019 had listed the materials for 1MW 

PEMEC. However, to find out how many SRUs are needed to match a capacity of 1MW, a 

scaling factor had to be introduced for the LCI of the stack; this process is explained in Figure 

26. Where the active part of a PEMEC is 66.7% and considering that Zhao et al. had included 

the non-active parts of the stack in their LCI for a FU of 1m2 SRU; the scaling factor is 55.5 

for 1MW capacity. Thus, all materials from Zhao et al.,2020 had to be scaled by multiplying 

the mass of each material from the publication with the scaling factor.  

 

Figure 26 - Illustration of the steps taken to scale the LCI from Bareib - & Zhao et al. 
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It was necessary to only scale the stackable components of the stack linearly, as the 

framing components could not be scaled in the same manner. The LCI for the non-active 

materials of the stack (frame and gasket) were taken from Bareiß et al.,2019 as the LCI had 

already been scaled up to 1MW. In this publication the active areas of the quadratic cell format 

were assumed to be 500 cm2 each, and were used to estimate the size of the current collectors 

(5mm thick) and the endplates (10mm thick). Figure 27 illustrates the active and non-active 

area of the PEM water electrolyzer in the lower power class. 

The 1 MW capacity PEMEC is essentially the same as the illustration, only with more cells 

stacked to produce the necessary output. Note that the illustration is not to scale. The materials 

used for the whole system of the PEM electrolyser (incl. the BOP), if containerized, has the 

distribution as Figure 28 showcases. Note that the active materials are marked by ‘*’.  

 

Figure 27 - Simplified drawing of a PEMEC stack in the lower power class up to 100kW 

(Bareiß et al. 2019) 

Figure 28 - Mass shares of the materials needed for a 1MW PEMEC system over 30 years. 
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Out of all the materials needed for the system (Table 18), the materials needed for the 

stack only account for roughly 7%, over the 30 years study time frame, meaning that the 

majority of the mass share is due to the BoP. The mass share in Figure 28 also includes the 

lifespan of the materials and their substitutions once they have lost their structural integrity 

due to degradation/corrosion. The PEM stack uses noble metals such as platinum and iridium, 

which are expensive, and their production has significant environmental impacts associated 

with them. Such is the case with titanium, which is also required by the PEMEC stack and - 

although not classified as a noble metal- is very resistant to corrosion (Hämäläinen, Ritala, & 

Leskelä, 2014). Titanium makes up the vast majority of the mass share of the PEMEC stack 

(91%), as a result of the thick titanium bipolar plates which connect one cell to another.  
 

Table 18 - Components and materials required for 1MW PEMEC over a lifespan (Zhao -, Bareiß et al.): 

Component Material 
mass 

[kg] 

FU  

[kg] 
Dataset Type Locat. 

Oxygen 

Electrode:  

Titanium felt 12.54 1.16E-05  Titanium production, primary u-so GLO 

Iridium 0.72 6.64E-07 
Platinum mix, primary production 

(Section 2.7) agg. GLO 

Electrolyte Nafion 115 9.26 8.54E-06 
Polytetrafluo-roethylene granulate 

(PTFE) Mix 
agg. DE 

Hydrogen Carbon paper 10.98 1.01E-05 Carbon black production agg. GLO 

Electrolyte: Platinum 0.075 6.91E-08 Platinum mix, primary production agg. GLO 

Interconnect: Titanium plate 528 4.86E-04 Titanium production, primary u-so GLO 

Frame: Stainless steel 100 2.35E-05 
Stainless steel sheet 

(EN15804 A1-A3) 
agg. EU-28 

 Rubber gasket 1.16 2.74E-07 Synthetic rubber production u-so RoW 

Assembly 
Electricity 

[kWh / 1MW] 
5‘360 4.94E-03 

Electricity grid mix 1kV-60kV; 

AC 

 
agg. EU-28 

Total (w/o electricity): 794.31    5.4E-04     

 

Platinum and iridium are well known for their catalytic properties and their ability to 

control the rate of chemical reactions. Additionally, these materials show outstanding 

resistance to chemical attack even at high temperatures (Hämäläinen, Ritala, & Leskelä, 2014), 

making them the ideal choice as the catalyst for the electrodes in the cells. R&D focuses mainly 

on decreasing the PEMEC’s dependency on these noble metals and finding alternative 

materials.  

 

For the PEMEC stack, not every material could be found in the GaBi/Ecoinvent databases, as 

some of them are very specific or are specified as a product (eg. Nafion), rather than a material.  
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Table 19 shows the materials required for the BOP and their mass percentage shares 

compared to the whole PEMEC system, including the stack materials summed up from Table 

18 and scaled for the 30-year study timeframe. Thus, the stack’s mass proportion compared to 

the whole system could be attained from this data.  
 

Table 19 - BoP Materials required for 1MW PEMEC over a 30-year time frame (Bareiß -,Sharma et al.): 

Materials Component 
Mass 

[kg] 

FU  

[kg] 
Share 

[%] 
Dataset Type Nation 

Steel 
Container, 

Pump, etc. 
13'700 3.2E-03 41.7% Steel hot rolled coil agg. GLO 

Stainless Steel 
Air blast 

chiller 
1'507 3.6E-04 4.6% 

Stainless steel product 

(grade 304) - value of scrap; 
agg. EU-28 

Copper 

Transformer, 

rectifier, PLC, 

etc. 

8‘082 1.9E-03 24.6% 
Copper mix  

(99,999% from electrolysis) 
agg. GLO 

Aluminum 
Transformer, 

rectifier 
1'370 3.2E-04 4.2% 

Aluminum profile (EN15804 

A1-A3);  

primary production 

agg. EU-28 

Polyethylene 
Vessel, piping, 

tank 
300 7.1E-05 0.9% 

Polyethylene pipe (PE-HD); 

technology mix 
agg. RER1 

Concrete 
Infrastructure, 

Foundation 
5'600 1.3E-03 17.0% 

Concrete C35/45,  

Ready-mix concrete 

(EN15804 A1-A3) 

agg. EU-28 

Display 

panels 

17 inch, 

displays 
1 piece - -  

display production, liquid 

crystal, 17 inches 
agg. GLO 

1MW PEM 

Stack 
Stack 2‘317 5.5E-04 7.0% Table 18 - - 

Total : 32'876 7.7E-04 100%    
1 RER = Europe (old name) 
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2.4.2 LCI for AEC:  

 

The mass share for the AEC showcases the difference between PEMEC & AEC well; where 

it is noticeable that the share of the stack - amongst other components of the whole AEC system 

-, is higher than that of the PEMEC‘s. The AEC stack forms 22.2% of the whole system (Figure 

29) which include all the necessary BoP materials as well. Note that the active materials are 

marked with a ‘*’. Considering that the AEC is not as compact in assembly as PEMEC, it is 

realistic that AEC‘s stack materials require more mass in comparison with the PEMEC‘s stack; 

in this case around 3.8 times more.   

Even so, the AEC’s stack excludes the use of noble metals which are the primary 

environmental burden of the PEMEC stack. The list of materials and their mass for assembling 

a 1MW alkaline electrolyzer stack are listed in Table 20, where the high percentage of nickel 

from the total mass is explained as it is required for multiple components. The LCI was 

constructed from two sources: Zhao et al., 2020 & Koj et al., 2015, where the former 

publication provided a LCI for a conventional AEC and Koj et al. had analyzed a high-pressure 

AEC with optimized BoP components.  

 

The AEC‘s BoP materials weigh more than the PEMEC‘s, although an optimized BoP LCI 

was used from Koj et al. Thus, using a conventional, outdated and unoptimized BoP LCI would 

have resulted in an even higher mass share for the BoP.  The heavier BoP components can be 

explained by the AEC requiring more components to compress the hydrogen during the 

process compared to that of PEMEC. The BoP materials and components for a 1MW AEC 

system are listed in Table 21. 

 

 

  

Figure 29 - Mass shares of the materials needed for a 1MW AEC System over 30 years. 
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Table 20 - Components and materials required for 1MW AEC over a lifespan (Zhao et. al, 2020 & 

Koj et al., 2015): 

Component Material 
mass 

[kg] 

FU  

[kg] 
Dataset Type Locat. 

Oxygen 

Electrode: 
Nickel 949 3.49E-04 Nickel (Class 1, >99.8% Nickel) agg. GLO 

Hydrogen 

Electrode:  

Nickel 886 3.26E-04 Nickel (Class 1, >99.8% Nickel) agg. GLO 

Aluminum 37.2 1.37E-05 
Aluminum profile (EN15804 A1-

A3); primary production agg. EU-28 

Carbon 

Monoxide 24.2 8.90E-06 
Carbon monoxide (via synthetic 

gas 
agg. DE 

Cell frame: Steel 4‘036 1.49E-03 
Steel forged component 

(EN15804 A1-A3) 
agg. EU-28 

 Nickel 707 2.60E-04 Nickel (Class 1, >99.8% Nickel) agg. GLO 

Gasket:  

Aramid fibres 10 3.60E-06 
Aromatic Polyester Polyols (APP) 

production mix 
agg. EU-28 

Acrylonitrile 

butadiene‐

styrene (ABS) 13 4.79E-06 

Acrylonitrile butadiene‐styrene 

(ABS) agg. EU-28 

Graphite 36 1.32E-05 Market for graphite agg. GLO 

Tetrafluorethyl-

ene (TFE) 6.5 2.40E-06 
Market for tetrafluoroethylene agg. GLO 

Assembly 
Electricity 

[kWh / 1MW] 
1‘380 5.08E-04 

Electricity grid mix  

1kV-60kV; AC  agg. EU-28 

Total (w/o electricity): 7‘173 2.64E-03   

Table 21 - BoP materials for 1MW AEC over the 30yr time frame (Koj et al., 2015): 

Materials Component 
Mass 

[kg] 

FU  

[kg] 
Share 

[%] 
Dataset Type Nation 

Steel 
Container, 

Pump, etc. 
13'700 3.7E-03 34.50% Steel hot rolled coil agg. GLO 

Stainless Steel 
Intermediate 

cooler 
687 1.8E-04 1.73% 

Stainless steel product 

(grade 304) - value of scrap; 
agg. EU-28 

Heat 

exchangers- 

Heat 

exhangers 
204 5.5E-05 0.51 Appendic C, Table C.4 - - 

Copper 

Transformer, 

rectifier, PLC, 

etc. 

8'215 2.2E-03 20.69% 
Copper mix  

(99,999% from electrolysis) 
agg. GLO 

Cast Iron Pump 153 4.1E-05 0.39% 
Cast iron component (EN15804 

A1-A3) 
  

Aluminum 
Transformer, 

rectifier 
1'370 3.7E-04 3.45% 

Aluminum profile (EN15804 

A1-A3);  

primary production 

agg. EU-28 

Polyethylene 

Vessel, piping, 

H2O tank, 

KOH tank 

969.1 2.6E-04 2.44% 
Polyethylene pipe (PE-HD); 

technology mix 
agg. RER1 

Concrete 
Infrastructure, 

Foundation 
5'600 1.5E-03 14.1% 

Concrete C35/45,  

Ready-mix concrete 

(EN15804 A1-A3) 

agg. EU-28 

Display 

panels 

17 inch, 

displays 
1 piece - -  

display production, liquid 

crystal, 17 inches 
agg. GLO 

1MW AEC 

Stack 
Stack 8‘811 2.4E-03 22.19% Table 20 - - 

Total (w/o) waste: 39'709 1.1E-02 100%    
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2.4.3 Consumables for PEMEC & AEC operation 

To operate, PEM and AEC electrolyzers need a water and electricity source, as well as 

an aqueous solution of potassium hydroxide (KOH) for AEC’s alkaline electrolyte. (Mehmeti 

et al. 2018 had listed the different resources per kg of H2 produced, which is summarized in 

table 22.  

Table 22 - The amount of water and de-ionized water required for the production of 1kg H2 

(Mehmeti et al. 2018): 

Resource: AEC PEMEC Dataset Type Nation 

Water 

[kg / kg H2] 
10 18.04 Water (deionised) agg. EU-28 

Electricity 

[kWh / kg H2] 
53.9 54.6 

Electricity grid mix 

1kV-60kV; AC 
agg. IS 

Electricity 

[kWh / kg H2] 
53.9 54.6 

Electricity grid mix 

1kV-60kV; AC 
agg. AT 

KOH 

[kg / kg H2] 

3.78E-

04 
- Market for tetrafluoroethylene agg. GLO 

 

For the detailed Life Cycle Inventory for the PEMEC and AEC, see Appendix C.  

2.4.4 Transportation: 

For the sake of simplicity, the method of liquefaction was chosen for this study as the 

LCI was readily available from literature review and the method of transporting H2 via liquid 

organic hydrogen carriers (LOHCs) are still undergoing R&D. For the transportation 

processes, the use of the framed tanktainers to transport the LH2, allowed for flexibility in the 

choice of transport means. The processes required for transportation are listed in Table 23. 

Transportation of the produced hydrogen will be initially carried out by truck-trailer between 

Hellisheiði and the port of Reykjavík, thereafter by ship to Rotterdam and finally; by train to 

Schwechat, Austria.   

Table 23 - List of processes required for transportation: 

Processes Dataset  Classification Type Locat. 

Liquid 

Hydrogen 

tanktainer  

Stainless steel product (304) – value of 

scrap 

Materials production 

/ Metals and 

semimetals 

agg. process EU-28 

Truck trailer 

production 

Truck-trailer production (20t - 28t gross 

weight) 
Systems / Vehicles 

agg. 

process 
GLO 

Truck trailer 

consumption 

Transport, truck-trailer (40 t total cap., 

24.7t payload) (A4); diesel driven 

Transport services / 

Road 

agg. 

process 
EU-28 

Container Ship 

production 

Ocean container ship production (27,500t 

DWT) 

 

Systems / Vehicles 
agg. 

process 
GLO 

Container ship 

consumption 

Container ship ocean incl. fuel, 27,500 

dwt payload capacity, ocean going; 

heavy fuel oil driven, cargo 

Transport services / 

Water 

agg. 

process 
EU-28 

Electric Train 

production  
Train production (electric locomotive) Systems / Vehicles 

agg. 

process 
GLO 

Train 

consumption 

Rail transport incl. fuel, average train, 

gross tonne weight 1,000t / 726t payload 

capacity; electricity driven, cargo 

Transport services / 

Rail 

agg. 

process 
EU-28 
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2.5 Life Cycle Impact Assessment  

For the LCIA ReCiPe 2016 (H) at midpoint level had been chosen as the method used for the 

study. The reason behind the choice are the following considerations:  

• Multiple reviewed LCA publications used this method, especially the more recent 

ones.  

• It was updated in 2016, which means it is one of the most up-to-date methods for 

LCIA. 

• It comprises 18 impact categories, which give a good holistic approach for the 

characterization factors.  

• Developed in cooperation between four renowned institutes, this method is well 

established and respected.  

 

The (H) in brackets represents the Hierarchist perspective, which is considered to be the default 

model for the LCIA. The midpoint level was chosen due to the endpoint level being limited to 

the three areas of protection and provides less detail and more data uncertainty. Additionally, 

using the midpoint level requires a higher level of interpretation and more scientific details as 

opposed to the endpoint level, where the interpretation difficulty is quite low.  

 

The impact categories used in ReCiPe 2016 are listed in section 1.5.2 

2.6 ISO standards  

The LCA for the dissertation has been carried out following the standards published by the 

International Organization for Standardization (ISO):  

- ISO 14040:2006 (Principles & Frameworks) 

- ISO 14044:2006 (Requirements & Guidelines).  

 

These standards are used by multiple reviewed publications and by using the standards, the 

study aims at following structured guidelines to make the understanding of the dissertation 

easier and quicker for those already initiated in LCAs. By harmonizing the methodology with 

the ISO guidelines, a reader who has no insight into LCAs can also interpret the methods easier 

than with a custom methodology structure.  
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2.7 Data Uncertainty 

Considering that the majority of data was extracted through literature review, the author 

was faced with several data uncertainty, which had an impact on the precision of the LCA 

study. Table 24 shows a compact list of such uncertainty, while each point is further detailed 

below the table.  

Table 24 - Data uncertainty in the study: 

Dataset required Dataset used instead Appendix Description 

IS el. from 

hydropower (1-

60kV) 

AT electricity from hydropower - (I) 

IS virtual el. grid 

mix based on GOs 

EU-28 grid mix ratio for fossil 

fuels 
- (II) 

Platinum & Iridium 

production (A1-A3) 

Market for Platinum, GLO 

(Ecoinvent v.3.6) 

See appendix 

C.1  
(III) 

PEMEC Stack 
Simplified material requirements 

from LR* 

See appendix 

C.1  
(IV) 

PEMEC BoP 
Simplified material requirements 

from LR 

See appendix 

C.2  
(V) 

AEC Stack 
Simplified material requirements 

from LR 

See appendix 

C.3  
(VI) 

AEC BoP 
Simplified material requirements 

from LR 

See appendix 

C.5  
(VII) 

AEC Heat 

exchangers 
New dataset created from LR 

See appendix 

C.5  
(VIII) 

Liquefaction Plant 

(500 kg H2 / day) 
New dataset created from LR 

See appendix 

C.6  
(IX) 

ISO 20“ cryogenic 

tanktainers 
New dataset created from LR 

See appendix 

C.7  
(X) 

Transport process 

for Eimskip‘s 

container ship 

Container ship ocean incl. fuel, 

27,500 dwt payload capacity 

(GaBi) 

See section 

2.3.4  
(XI) 

AT/ISL Electricity 

grid mix (ref. year 

2017) 

Electricity grid mix 1kV-60kV; 

AC (ref. year: 2017) 

 

See appendix 

C.1 & C.4  
(XII) 

AT 2030 el. mix New dataset created from LR See section 1.4 (XIII) 

Stack lifespan from 

producers 
Stack lifespan from LR See section 2.7 (XIV) 

*LR – Literature Review  

 

(I) The dataset for ‘Icelandic electricity from hydropower’ does not exist in the 

GaBi/Ecoinvent databases yet, so the author took the liberty to use the closest alternative to 

the Icelandic hydropower, which turned out to be the Austrian electricity from hydropower. 

The Carbon intensity (g CO2-eq/kWh production) for the Icelandic hydropower is lower than 

that of Austria. However, to answer the research questions, using electricity from hydropower 

was assumed to result in a significant difference to alternative scenarios. 
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(II) The share of the ‘Icelandic virtual electricity mix based on the guarantees of origin data’ 

(Scenario A), was not detailed for the fossil fuel share in 2019. However, – by knowing the 

share of the EU-28 grid mix from the same year - the author could fill in the data gaps by using 

the same share for the fossil fuels of the GOs data as the process for the EU-28 grid mix.  

(III) For ‘Platinum production ‘, only one process was available – namely the ‘market for 

Pt‘ from the Ecoinvent version 3.6 database. This process involves all the transportation 

processes which are required to transport the Platinum from one phase/place to the other.  

Considering that the majority of Pt is extracted from South Africa and a significant amount 

from Russia - the transportation can span over very long distances. It was found that compared 

to LCA values on the GWP and AP impact categories from LR; the used process from 

Ecoinvent had a lot higher values – which affect the results for the PEMEC stack significantly.  

Additionally, since no process was available in GaBi/Ecoinvent for ‘Iridium production ‘, the 

author had used LR to find the cradle-to-gate GWP value for of Iridium. Thus, was it possible 

to compare it to the GWP of Platinum in GaBi and find the proportional value for Iridium. 

Considering that both of these materials have similar ore mining, processing and refining 

stages (and are both part of the platinum group metals); it was deemed right to use the 

proportional value of Platinum for the Iridium process based on their GWP differences from 

the LR. However, the same proportion is not necessarily true for all impact categories, thus – 

the uncertainty of the data remains. 

(IV - VII) The materials required for a ‘1MW PEMEC/AEC stacks & BoP’ are without a 

doubt more detailed in real-life compared to what could be found from LR. The author had 

attempted to contact producers of the above-mentioned electrolysis technologies, but without 

luck. However, the simplified material requirements for the two stacks are only a minor part 

of the results as visible in the graphs in the scenario comparison results (section 3.4). 

Additionally, the data concerning which material belongs to which BoP component was not 

accessible. Thus, the component-specific description of each material is missing from the 

study, resulting in a simplified form of LCI for the BoP materials. 

As for the ‘BoP materials’ required for a 1MW AEC electrolyser system, the author had to 

make assumptions to construct the most realistic LCI from LR possible. Such assumptions 

included, that the AEC BoP uses the same –, and the same amount of materials for the rectifier 

and the transformer as the PEMEC BoP. Additionally, the concrete and steel required for the 

infrastructure, foundation, container and pumps; were also identified as the same for the two 

electrolyzer systems.  

(VIII) Considering that there is no such process/dataset in either GaBi or Ecoinvent as ‘heat 

exchangers’ (HXs), the author had to construct the LCI from LR. A boiler process for a HX, 

which contained similar materials as the list of materials found from the LR was used to 

construct the specific process for the HXs, with all the weights adjusted to the LR values.  The 

total weight of the heat exchangers was given by a publication from LR, with the necessary 

materials as well, although lacking the mass required for each material.  

(IX) The materials required for the ‘liquefaction plant’ - to transform hydrogen from gas form 

to a liquid state-, was attained from LR as well. The publication used, had listed materials 

required for a large-scale plant capable of processing a 50‘000 kg H2/day, while the identified 

amount of H2 produced by the two 1MW EC systems was below 500 kg H2/day for 

PEMEC/AEC. Thus, had the author linearly scaled the mass of the materials found from the 

publication to suit the study. The uncertainty lies in how the materials for such a liquefaction 

plant would be scaled in reality. The author had deemed further research on the topic 

unnecessary due to the liquefaction materials amounting to an insignificant share of the 

impacts compared to the liquefaction operation, which is energy-intensive.  
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(X) The author had contacted producers of ‘cryogenic ISO 20 feet tanktainers’, capable of 

storing liquid H2 throughout the transportation processes. However, none of the producers 

could provide sensitive data such as the full inventory of the material requirements and data 

on the venting/boil-off ratios. Thus, had the author used data from LR instead with additional 

data from the producers’ websites to construct the process for the ISO 20 feet tanktainers. In 

reality, the LCI for these tanktainers is more complicated and detailed.   

(XI) Eimskip had been identified as the most realistic option for shipping the LH2 tanktainers 

overseas to Rotterdam, with prior transportation from the Hellisheiði Industrial Park to the port 

of Reykjavík by truck. Through Eimskip‘s website, the author was able to find precise data on 

the payload capacity and the weight of the container ships used and match the closest 

alternative process from the GaBi database. The uncertainty remains in the DWT (deadweight 

tonne) for Eimskip‘s ship, as no such data was found in detail, although the DWT is specified 

for the process used from GaBi. Eimskip‘s container ships are specified in TEUs (twenty feet 

equivalent units) which translate roughly to 12 tons/TEU acc. to LR. Thus, was the author able 

to convert the amount of TEU to an assumed DWT amount to match it to the closest alternative 

option for a process in GaBi.  

(XII) The ‘electricity grid mix’ from Austria and Iceland form an integral part of the 

comparisons, as they pose as the variables. The electricity source forms the largest part of the 

results as the operation phase has the biggest environmental footprint. The electricity mix data 

from GaBi is dated back to 2017. Although, having accurate data for the calendar year of 2019 

would have been beneficial for the Austrian case, as Iceland‘s electricity mix (being already 

~100% green) would not have differed significantly between 2017 -2019. However, Austria – 

being responsible for reaching the EU energy targets – would have a higher share of RES in 

2019 compared to 2017. As the electricity grid mix processes in GaBi include more details 

than that of creating a process from the LR, it was deemed right to use an outdated version for 

the grid mixes rather than construct a new process.  

 

(XIII) The ‘electricity grid mix for 2030’ does not exist in GaBi/Ecoinvent, as it is based on 

assumptions rather than scientific/physical data. Despite this, the author had looked at the 

projections for Austrian electricity mix and by using the share of RES from LR, was able to 

construct a new process in the software. This was done by using the existing data from the 

Austrian grid mix process in the software and scale the shares of each electricity source to 

match the projected 2030 values from LR.  

 

(XIV) The ‘lifespan for PEMEC & AEC’ is a very case-specific and usage-specific value and 

can only be estimated if no input is accessible from manufacturers. Therefore, the lifespan used 

in this study can be either under-or overestimated, depending on many variables, such as the 

nr. of start-ups, downtimes, FLHs and pressure of the H2 output etc.  
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2.8 Key Parameters – Electrolyzers 

The most important parameters have been extracted from the literature review (Table 

25), where the values were used to calculate the total hydrogen production from each 

electrolyzer and to model its consumables in the software (GaBi). The consumables are vital 

for the calculations, as it is well-known from the literature review that the operation of the 

electrolyzers has the biggest environmental footprint. The case-specific processes chosen for 

the consumables can be seen in Appendix C.1 for PEMEC, and Appendix C.4 for AEC. 

Table 25 - Key parameters required for the electrolyzer results: 

Parameter Unit PEMEC AEC 

Study time frame [yr] 30 

FLHs, Full Load Hours [h/year] 8’000 

Stack lifetime [h] 61’320 (7 yrs) 175’200 (20 yrs) 

System efficiency,  [𝜂] 73.5% 65% 

PR, Production rate [kg H2 / h] 17.7 15.5 

Nr. of stacks / time frame  - 3.91 1.37 

Total H2 production / 30 yrs [kg] 4.25 million 3.72 million 

Consumables: 

El. Consumption, stack assembly [kWh /1MW 

stack] 
5’360 1’890 

El. Consumption, operation [kWh / kg H2] 57.5 53.9 

H2O consumption, deionised, 

operation 
[kg /kg H2] 9.1 10.11 

 

For the sake of comparing the two electrolyzers, the nr. of stacks required per 30 years are not 

rounded up, as it could provide an unfair advantage to either one of the electrolyzers. The nr 

of stacks required directly affect the mass of materials needed for the active parts of the stacks; 

as such materials need to be replaced after being degraded and/or corroded. It is assumed that 

only the active parts would be exchanged, being subjected to corrosion/degradation; and that 

the non-active materials are not substituted. However, in reality – where an electrolyzer could 

be manufactured in a 3rd party country/location – this could not be the case. With lower FLHs, 

the lifespan would last longer in years, meaning fewer materials required throughout the study 

time frame, although this would result in less H2 production (PR) as well.  
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3 

3Results 

3.1 PEMEC Results:  

It was evident from the literature review that the biggest contribution to the 

environmental impact categories would come from the noble metal demand of the PEMEC 

stack itself. Figure 30 shows the percentage share of the impact categories for the production 

of the PEMEC stack materials throughout the 30-year study time frame. The time frame takes 

the lifetime of the active materials of the stack (all materials apart from synthetic rubber and 

stainless steel) into consideration as well, where the corroded/degraded materials are replaced. 

The results show that the impact of iridium and platinum rate significantly high on each impact 

category, with iridium being responsible for 60%, 63.8%, 85.1% of the GWP, MD and AP 

categories; while platinum contributed to 8.5%, 9% and 12% in the same categories, 

respectively.  

  

Figure 30 - Percentage share impact categories for 1MW PEMEC stack materials and electricity over 30 years. 
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Albeit the amount of iridium (2.94 kg) and platinum (0.294 kg) requirements for a 1MW stack 

throughout the time frame of this study is quite low; the production of these metals – 

particularly the ore beneficiation processes - are very energy-intensive. Thus, do they 

contribute to the impact categories in far greater weight than the other materials or metals per 

kg mass. Titanium (Ti) also has a high influence on the categories, but this can be attributed to 

the fact that the bipolar plates of the stack require a high amount of Ti; 2‘066 kg to be exact 

during the PEMEC‘s 30-year operation. One of the R&D areas for PEMEC stacks is aimed at 

reducing the thickness of the bipolar plates in order to reduce the amount of titanium required. 

Table 26 comprises the value differences between the datasets used/created and values from 

the literature review for platinum, iridium and titanium.   

Nafion, which is a brand name for the membrane used in PEMEC, uses sulfonated 

tetrafluoroethylene (TFE). This material can resist corrosion and maintain its strength 

throughout a wide range of temperatures. Considering its use of TFE, which is polymerized 

from chlorodifluoromethane (R22), it contributes to the Ozone Layer Depletion (ODP), which 

is expressed in the unit of CFC-11 (Trichlorofluoromethane). Nafion is responsible for 20.3% 

of the stack‘s Ozone Depletion Potential (ODP).  

The electricity used to assemble the stack itself is required each time that the lifetime of the 

active materials have expired, mainly due to corrosion or degradation. The electricity is taken 

from the EU-28 average grid mix as the study does not specify which country the electrolyzers 

are assembled in. Notably, the grid mix has the largest share of impact on the Agricultural 

Land Occupation Potential (ALOP) category, where the usable land for agriculture/urban land 

is occupied by the power plants, that generate electricity. 

Carbon black, stainless steel, synthetic rubber and copper are amongst the materials scoring 

lowest in most of the impact categories, which can be explained by the noble metals‘ large 

impacts compared to these materials. However, if we look at the 1-3% range (Figure 30), where  

copper has a significant impact on the Terrestrial Ecotoxicity Potential (TETP), amongst the 

low-scoring materials; with 1.25% of the total TETP. Copper does not break down in the 

environment and can accumulate in plants and animals.  

The frame materials visually contribute to one impact category; the Human Toxicity Potential 

(cancer-related), where the welding fumes from the stainless steel (SS) production are the 

likeliest contributors due to its nickel and chromium content. 

Table 26 - Environmental burdens of platinum, iridium & titanium compared to literature review: 

Material 
Impact 

category 
Unit 

Ecoinvent 

/Sphera 

(Nuss & 

Eckelman, 

2014) 

(IPA, 2013) 

Platinum (Pt) 

GWP [kg CO2-eq/kg] 70’680 12’500 33’000 

AP [kg SO2-eq/kg] 3‘530 2‘200 - 

CED(*)/PED [MJ-eq./kg] 1’380’000 243’000* 387’000 

Iridium (Ir) 

GWP [kg CO2-eq/kg] 50’100 8’860 - 

AP [kg SO2-eq/kg] 680 3’100 - 

CED(*)/PED [MJ-eq./kg] 978’150 169’000* - 

Titanium(Ti) 

GWP [kg CO2-eq/kg] 8.1 29.6 - 

AP [kg SO2-eq/kg] 0.11 0.036 - 

CED*/PED [MJ-eq./kg] 485 115* - 
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Grouping the materials by stack components was necessary to provide a base for comparison 

between the two stacks (PEMEC & AEC). The ECs use different materials for their electrodes, 

frame materials, electrolyte etc.  

 

Figure 31 shows the percentage share of the impact categories for the production of the 

PEMEC stack components throughout the 30-year study time frame. The anode (oxygen 

electrode) consists of iridium as the electrode catalyst and titanium as its porous transport layer 

(PTL), while the cathode (hydrogen electrode) is made from a platinum catalyst and black 

carbon for the PTL. The bipolar plates, electrolyte and current collectors are made of titanium, 

Nafion (ETFE) and copper, respectively; while the framing consists of stainless steel and 

synthetic rubber gaskets to seal the assembly.  

 

 

If we group these materials by stack components, the outcome is quite similar to Figure 30, 

since the two noble metals and titanium control the biggest share of the impacts, as stated 

earlier.  

 

  

Figure 31 - Percentage share of impact categories for 1MW PEMEC stack components and 

electricity over 30 years. 
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PEMEC Balance of Plant (BoP): 

 

Although the LCI for the BoP materials were faced with data uncertainty (section 2.6), 

the main components were attainable from the literature review. Having a more detailed LCI 

of the components would result in more precise results. Nevertheless, considering that most 

of the impacts are associated with the electricity required for the operation of the system, the 

data uncertainty for the BoP materials does not gain significant importance in this study.  

 

Most of the impacts associated with the BoP materials for a 1MW PEMEC system is due to 

the copper requirement of the system (8‘080 kg/30yr time frame). However, for the GWP, the 

share of the impact for copper is almost identical to that of steel‘s, with the two metals 

weighing in with 38.75% and 38.3% respectively (Figure 32). The rest of the GWP consists of 

the impact made by stainless steel (10%) Aluminum (10.5%) and the display, concrete and 

polyethylene with <1% each.  

The liquid crystal display (LCD) is responsible for the majority of the impact on the freshwater 

categories, with 67.1% and 82.6% of the FAETP & FEP, respectively. The reason is the waste 

handling from the LCD production and the use of chromium (Cr) and arsenic (As). LCD 

production also impacts the HTPcancer (15.5%) due to its materials (eg. Cr and As) which are 

responsible for the highest share of toxicity that can cause cancer in humans. Arsenic can also 

lead to poisoning in humans if elevated levels of the chemical elements occur in the body.  

Figure 32 - Percentage share of impact categories for 1MW PEMEC system BoP materials over 30 years. 
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3.2 AEC Results:  

 

The alkaline electrolyzer (AEC) stack uses very different materials compared to the 

PEMEC stack. It excludes the use of noble metals and uses nickel and aluminum for its 

electrodes. The LCI for the framing materials is more varied than that of PEMEC‘s with the 

frame consisting of steel and nickel; while the gasket is constructed from aramid fibres, 

Acrylonitrile Butadiene Styrene (ABS), graphite and tetrafluoroethylene (TFE). 

 

For the AEC stack materials, nickel (Ni) had the largest impact by far in most of the categories; 

with 76.2% of the GWP, 84% of the ADPfossil, 93.35% of the WD, 98.9% of the HTPcancer, 

97.8% of the MDP and 99.4% of the AP (Figure 33). The share of impacts for Ni can be 

explained by its mass share of the total LCI for the stack itself, as it equals ~30% (3‘220 kg) 

of the total mass share over the 30-year time frame. Ni production is very harmful to the 

environment, as these results highlight as well. Ni can be released into the environment from 

the stacks of large furnaces used to produce the alloys or from waste treatment.    

Figure 33 - Percentage share of impact categories for 1MW AEC stack materials and electricity 

over 30 years. 
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Steel is another metal that scored higher than the rest of the materials in most impact categories, 

particularly in the GWP, ADPfossil, ALOP, MEP and both POCP (hh & eco) categories; with 

19.8%, 13.1%, 8.5%, 21.9% and 11.8%, respectively. The impact steel has on the Marine 

Eutrophication Potential (MEP), comes from the release of its industrial waste from steel 

production. The same can be said for the Freshwater Eutrophication Potential (FEP), where 

steel was responsible for 3.3% of the total, suggesting that less of its industrial waste is 

streamed into freshwater compared to marine water. 

 

Another notable material, that impacts the environments, is TFE - which is responsible for 

19.2% of the FEP and 66% Ozone Depletion Potential (ODP). The latter can be explained 

similarly to Nafion‘s ODP (see section 3.1.1), which also required TFE. 

  

Figure 34 - Percentage share of impact categories for components, electricity and KOH required for 

a 1MW AEC stack assembly over 30 years. 
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Out of the materials on the lower score of the impact categories, aluminum (Al) contributes to 

the Water Depletion (WD) and Ionizing Radiation Potential (IRP), with a share of 1.6% and 

2%, respectively. However, Al constitutes only 0.46% of the kg mass share required by a 1MW 

AEC stack over 30 years and is used for the cathode (alongside nickel and carbon monoxide). 

Primary smelting and production of aluminum require a lot of water, where most of the blue 

water footprint is due to electricity consumption of the process, explaining the WD. Further 

examples of materials scoring low on the impact shares are aramid fibres, ABS, graphite and 

carbon monoxide. 

Similar to the PEMEC stack materials, the AEC materials were also grouped by component in 

Figure 34. The potassium hydroxide (KOH) electrolyte for AEC is used for the operation 

phase. For the sake of comparing the two electrolyzers by stack components the amount of 

electrolyte over the 30-year time frame is included in Figure 34. The alkali solution that 

functions as the electrolyte in AEC also contains water apart from the KOH to make the 

proportions for the KOH solution required for AEC. Thus, is it explained that KOH -which is 

solved in water, is difficult to get through the waste handling without impacting the freshwater 

harmfully – amounting to 92.9% of the FEP. KOH also contributes to the Ionizing Radiation 

Potential (IRP) with 52.6%, as its rare isotope of potassium (potassium-40), is radioactive.  

 

AEC Balance of Plant (BoP): 

 

Optimizing the BoP materials and components is a well-researched area today for water 

electrolyzers and the key R&D area is to lessen the material burdens of these components by 

optimization. Such optimized BoP components are more important for the AEC electrolyzer 

than the PEMEC, as it is a more mature technology and some outdated BoP from the literature 

review can be very different from the optimized ones.  

 

Alike the BoP for PEMEC, most of the impacts are associated with the transformer and rectifier 

of the AEC BoP system, as it requires copper and aluminum (Figure 35). The Ionizing 

Radiation Potential (IRP) of Aluminum is very significant with a share of 79.2% of the total.  

 

The Global Warming Potential (GWP) consists mostly of copper, steel, aluminum and stainless 

steel, with 39.6%, 35.4%, 14.5% and 4.6%, respectively.  

 

Copper is largely responsibly for most of the impact categories, notably the Particulate Matter 

Formation (MP2.5 - 76.6%), the Human Toxicity Potential (HTPnon-cancer – 91.7%), the ALOP 

(90.6%), Marine & Terrestrial Ecotoxicity Potential (MAETP – 84.7% & TETP - 98.6%) -, 

MDP (88.9%), ODP (77.7%) and Acidification Potential (AP – 78%). These major impacts 

are due to the energy-intensive production processes of copper, i.e. the mining, beneficiation 

and drying processes. 

 

The LCD (liquid crystal display), scores high on the Freshwater impact categories (FAETP – 

67.1% & FEP – 83.5%) as well as the marine water categories. although not as significantly 

as the impact on freshwater (MAETP – 13.5% & MEP – 19.4%).  
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The reason is the waste handling from the LCD production and the use of Chromium and 

Arsenic. LCD also impacts the HTPcancer due to the production of its materials contributing to 

toxicity and can cause cancer in humans.  

 

 

  

Figure 35 - Percentage share of impact categories for 1MW AEC system BoP materials over 30 

years. 
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3.3 Transportation: 

The main transport considerations are listed in Table 27, where the outcome of each 

consideration is detailed and explained.  

Table 27 - Transportation considerations and outcomes: 

Consideration Outcomes:  

Means of transport:  

 

Transport Steps:   

1. Truck (Hellisheiði  Reykjavík port) 

2. Ship (Reykjavík port  Rotterdam 

port)  

3. Train (Rotterdam port   Schwechat, 

Austria)  

 

Total distance:  

Distances:  

32 km 

2’282 km 

 

970 km.  

         

3‘284 km 

Method of hydrogen 

conversion 

Liquefaction of the hydrogen: 

1. Liquefaction Plant  

2. Storage vessel 

3. Transport 

Liquefaction plant 

size & amount of 

materials 

500 kg H2 /day (the daily production by PEMEC or AEC does not 

exceed this limit) 

Container ship 

schedule & size 

 

Eimskip, the largest Icelandic shipping company, ships once a 

week between Reykjavík, Iceland and Rotterdam, Netherlands.  

 

From Eimskip‘s website the following information could be 

attained for the container carriers shipping between the given two 

locations:  

• Jonni Ritscher (1‘853 TEU*) 

• Vera D (1‘678 TEU*)  

 

Capacity /nr. of ISO 

20-feet liquid 

tanktainers used.  

 

The capacity range for a twenty-feet ISO cryogenic tanktanier is 

between 10‘000-26‘000 liters or 700 -1‘840 kg.  

 

The amount of LH2 after liquefaction produced in one week by the 

electrolyzers is as follows:  

• 3‘170 kg LH2 for PEMEC 

• 2‘777 kg LH2 for AEC 

 

In any case, at least 2 pcs of 20-feet tanktainers are required, as the 

produced amount of LH2 per week exceeds the capacity range for 

one 20-feet tanktainer.  

Note: One trailer is capable of transporting two 20-feet 

tanktainers. 

*TEU = twenty feet equivalent unit   
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The hydrogen supply chain shows all the necessary processes to produce, distribute and 

dispense the hydrogen. Figure 36 shows the case-specific hydrogen supply chain, where the 

H2 production is carried out via electrolysis and the final distribution/dispense is excluded as 

it is not a part of the scope of this study.  

As visible in Figure 36, some processes are subjected to hydrogen losses, including 

liquefaction, storage and the transportation processes via cryogenic tanktainers. The 

calculation of the H2 losses over the 30-year study time frame for AEC and PEMEC are 

presented in Appendix D (Figures D6a. & D6b.)  

 

PEMEC has higher H2 losses throughout the 30-year study time frame, mainly due to the higher 

production rate (17.7 kg H2 /h) than that of AEC (15.5 kg H2 /h). If we look at the values per 

FU (1 kg H2 produced), we find that 2.66 g and 2.64 g are lost on average for 1 kg H2 for 

PEMEC and AEC, respectively. The liquefaction phase contributes mostly to the H2. losses, as 

1.62% of the total hydrogen is lost throughout the process of converting hydrogen from gas 

form to liquid form. The storage contributes the least to the losses, while the transportation - 

carried out via 20” ISO cryogenic tanktainers – is specified with a 0.2% loss per day. 

Considering that the ship transport takes three days between the port of Reykjavík and 

Rotterdam; the highest loss occurs there during the transportation process.   

 

 

  

Figure 36 - Hydrogen supply chain including the transportation means and H2 losses [1]Wulf and 

Zapp 2018, [2] Reuß et al. 2017, [3] Petitpas 2018. 
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3.4 Scenario comparisons: 

The scenarios were compared to the Austrian case, as well as an assumed projection for the 

Austrian electricity grid mix in 2030 to add a future outlook. Additionally, hydrogen 

production by steam-methane reforming (SMR) was added for a reference value, as SMR is 

the primary energy conversion pathway used for H2 production today. Further results for the 

scenario comparisons can be found in Appendix D.5 

 

Global Warming Potential (GWP):  

Figure 37 shows the impact on the GWP by the three scenarios compared to the Austrian case 

and the 2030 Austrian projected grid mix. Additionally, the impact on the GWP by SMR is 

provided as a baseline, illustrated with a straight dotted line.  

 

Figure 37 - Scenario comparison results for the GWP per FU, expressed in kg CO2-eq. 
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From these results, it is clear that the virtual el. grid mix based on the guarantees of origins 

(GO) certificates data (scenario A) provides the worst impact on the GWP, while the Icelandic 

electricity mix (scenario B) – consisting mostly of hydropower – is not far from the scenario 

based on electricity from hydropower (scenario C). Considering that Austria‘s el. grid mix 

(AT) is still quite dependent on non-renewable energy sources (eg. natural gas), it is 

unsurprising that its impact on the GWP is more than 6 times bigger compared to the Icelandic 

case (B) and more than 15 times larger compared to Scenario C. Although AT & AT30, 

exclude the liquefaction, storage and transportation phases, the impact is still a lot higher than 

that of the Icelandic case. The extensive characterization results for the scenario comparison 

can be found in Appendix D.5  
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Acidification Potential (AP): 

 

Figure 38 - Scenario comparison results for the AP per FU, expressed in kg SO2-eq. 

As for the Acidification Potential (Figure 38), the impact in Scenario C is slightly higher than 

that of Scenario B, which means that a 100% hydroelectric feedstock for the electrolyzers 

contribute more to acidification. As the operation of the hydropower plants does not contribute 

greatly to the AP, it is assumed that the manufacturing of the plants makes up most of the AP. 

Similar to the GWP, the operation phase is responsible for most of the impacts. Compared to 

H2 production by SMR, the Austrian case has a slightly worse AP, while the 2030 projection 

is better than the SMR value - especially for the AEC energy conversion pathway. The 

extensive characterization results for the scenario comparison can be found in Appendix D.5 
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Primary Energy Demand (PED): 

 

Figure 39 - Scenario comparison results for the PED per FU, expressed in MJ. 

The PED for the different scenarios and the Austrian case shows a closer result than the 

previous two impact categories. The PED is summed up from the non-renewable – and 

renewable energy sources, which explains the decrease in the differences between the Icelandic 

and the Austrian case scenarios. Scenario B, or the electricity based on the Icelandic grid mix, 

demands more primary energy. However, the electricity based on Icelandic hydropower 

(Scenario C) has a lower PED than the Austrian case. Although green power plants are more 

environmentally friendly in operation, their construction is energy-intensive and therefore the 

gap between the scenarios is smaller. The extensive characterization results for the scenario 

comparison can be found in Appendix D.5  
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4 

4Discussion 

4.1 PEMEC:  

As iridium (Ir) and platinum (Pt) make up the largest part of the impact categories, it was 

important to take a closer look at how realistic the values were from the processes found and 

constructed in GaBi. Through literature review, standard cradle-to-gate values were found for 

Pt and Ir for the GWP, AP, HTP and the Cumulative Energy Demand. A reference check was 

used to find out how close the values are per kg mass of Pt and Ir. Thus, it was found that the 

GWP values used in this study, per kg of Pt and Ir produced, were off by a factor of 5.6– 

meaning that the used processes had a larger GWP compared to the reference found through 

literature review.  

 

There are various reasons for this vast difference in the Pt and Ir values between GaBi 

and the referenced publication: 

• The referenced publication used processes from Ecoinvent which are outdated 

today, as a result of the year of publication. Consequently, the GWP has 

increased with time due to the increase in energy demand for Pt and Ir 

production due to the depletion of the metal resources. This would be backed 

up by the fact that Pt and Ir scored the highest by far (per kg mass) in the metal 

depletion potential (MDP). 

• The process for Pt found in Ecoinvent comprises the ‘market for platinum‘ and 

thus, includes all the transportation processes as well. Considering that roughly 

80% of the Pt reserves are located in South Africa; it could be explained by the 

travel distances.  

• Mining Pt and Ir is extremely energy-intensive due to the fact that only a very 

small fraction of the mined ores is made up of pure Pt and Ir (1-6 g Pt/tonne of 

ore / 0.0001-0.0006%) The other two stages (processing and refining) are also 

energy-intensive, with the former requiring high temperatures.  

 

This issue is also addressed in the data uncertainty (section 2.7).  

 

As a continuation of this study, a sensitivity analysis would be useful to determine how 

the different impact values for platinum and iridium would affect the end results for each 

electrolyzer. The difference between the values would be best showcased for the electrolyzer 

stacks themselves, as the end results for the comparison scenarios would not be affected in a 

major manner by it.  
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4.2 AEC:  

Current R&D efforts for the AEC are aimed at increasing the cell voltage and the 

compatibility with IRES, as well as optimizing the BoP components. If AECs will be 

compatible with such electricity sources as wind- and solar power, the AEC‘s usage 

opportunities will be broader. Thus, would they prove to be the best solution for both the 

Icelandic and Austrian case, as long as the use of noble metals is excluded for the stack itself.  

 

However, being less compact than PEMEC, the stack has a larger mass and requires large 

shares of nickel and steel. For the BoP, optimized components were used from the literature 

review to provide an up-to-date comparison between the two electrolyzers. If a conventional 

BoP LCI had been used instead, the manufacturing phase would weigh more in on the results 

and the gap between the two electrolysers would also be smaller. This could be an interesting 

addition to the comparisons between the electrolyser technologies in the future.  

 

Furthermore, from the results, it is visible that using the alkaline electrolyzer is a more 

environmentally friendly option, although PEMEC is the right choice where the feed-in stock 

electricity comes from IRES instead of baseload power. Thus, AEC is the ideal choice for the 

Icelandic case, as the el. grid mix primarily consists of baseload power, eg. hydro and 

geothermal. 

 

4.3 Input parameters for the electrolysers:  

• Full load hours & stack lifespan: 

  

Considering that the Austrian electricity mix comprises IRES (eg. wind – and solar 

power), using a PEM electrolyzer would be the ideal choice. However, in this study the 

electricity input comes from the grid mix itself, which is assumed to stem from baseload power, 

thus allowing the electrolyzers to reach higher FLHs. Nevertheless, by using IRES, the full 

load hours would need to decrease significantly, which would make the lifespan of the 

electrolyzer longer in terms of years. Frequent start-ups also affect the lifespan in hours, as 

does the case-specific usage of the electrolyzers. Therefore, it is important to mention that the 

lifespan for the PEMEC is based upon assumptions from literature review and would be quite 

different in a real-life scenario, with data from the producers themselves.  

 

• Nr. of stacks per study time frame:  

 

The number of stacks required per the 30-year study time frame are underestimated, as 

the number of stacks for each electrolyzer is not rounded up as they realistically would be. The 

aim was to provide a fair comparison between the two electrolyzers, without altering the study 

time frame set as 30 years. Thus, with the given FLHs, the resulting nr. of stacks required 

ended up being very different for the two cases, as PEMEC lifespan was taken as 7 years as 

opposed to that of 20 years for the AEC stack, without FLHs taken into consideration. 

However, the lifespan of the electrolyzers is normally specified in hours. If the nr. of stacks 

would be rounded up, one of the two electrolyzers would gain an unfair advantage over the 

other, due to the influence of the study time frame. In this case, PEMEC would gain an 

advantage due to its shorter lifespan.  
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4.4 Scenario comparisons – Hypotheses  

Although all of the initial hypotheses were proven correct by the results, they were not 

met for all impact categories, as the Primary Energy Demand (PED) proved to be different 

from the rest. However, this does not affect the environmental friendliness of the scenarios, 

only the demanded primary energy for the production. There, Scenario B - where the electricity 

comes from the Icelandic grid mix - the PED is higher than the Austrian cases, but Scenario C 

is lower still.  

 

The most environmentally friendly scenario is the one where the electricity is based on the 

Icelandic electricity from hydropower (Scenario C), as proven by the results. The 

transportation does not affect the results significantly, but it had a higher impact than the 

storage. The manufacturing -, liquefaction and operation phases affected the results the most, 

where the operation had the biggest impact, due to its energy intensity. The Liquefaction phase 

is also energy-intensive and without utilizing a green electricity source, the case of liquefying 

gaseous hydrogen becomes less attractive – as the results prove. If this phase would be added 

to the Austrian cases, the Icelandic results would gain even more favour.  

 

Hydrogen production by steam-methane reforming (SMR) proved to have a higher GWP 

value than the Icelandic – and Austrian case, except for the virtual Icelandic grid mix 

(Scenario A); which had by far the highest score on the GWP category. Even though SMR 

uses natural gas as feed-in stock, its GWP is quite close to that of the Austrian (AT) case; 

underlying the base of why importing green hydrogen could be more environmentally 

feasible for Austria in the near future. Austria’s electricity grid mix consists of a large share 

of natural gas, out of the conventional thermal sources. For the Acidification Potential (AP), 

the SMR production rates lower than the Austrian (AT) electricity mix and higher than the 

Icelandic grid mix (B) and el. from hydropower (C). The PED required for the SMR 

hydrogen production pathway is lower than all the cases, which can be explained by the 

commercial scale of SMR used to produce H2 today. In the coming decades, with R&D 

focusing on decreasing the PEMEC‘s & AEC‘s environmental footprint, this gap could 

decrease significantly in the next years or decades. Not to mention, if and when the water 

electrolyzers hit larger production scales 

4.5 Transportation 

The chosen method for transporting hydrogen in a liquid state is suitable for long-range 

transportation, such as the case is in this study. The transportation between Iceland and 

Rotterdam is the longest part of the transport process. Boil-off losses make such transportation 

less attractive, but using liquid organic hydrogen carriers (LOHC) is gaining a large focus in 

this research area and could be a very important step to include the LOHC option for such a 

study. However, it is difficult to find LCI data for such a transportation method and the correct 

means of transportation to carry it out, as it is still being researched as of today.  

 

The boil-off losses do not make a large impact on the FU of 1kg H2 produced, however when 

looked at a larger scale – eg. the 30-year time frame – the losses seem more significant 

compared to the whole production. Such losses for LH2 transportation could be reduced by 

using super-insulated cryogenic tanks and with more sophisticated liquefaction processes, as 

the liquefaction itself resulted in the largest share of H2 losses.  

 

With more frequent transportation, the storage losses can be mitigated, as the longer LH2 is 

stored, the more losses occur – mainly due to boil-off. Using spherical storage vessels can 

mitigate such losses, due to more favourable surface-area-to-volume ratios.  
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5Conclusion 

Exporting green H2 from Iceland to Austria is certainly a viable option from an 

environmental point of view. However, as financial aspects are left out of the scope of this 

study, such aspects are very likely to influence the feasibility and viability of such a project. 

The share of RES in the Austrian grid mix are set to be on the rise in the next decades and 

Austria is bound to be climate neutral by 2050. This study found that even with the 2030 

Austria el. grid mix added as an assumed projection to impact assessment, the Icelandic real 

electricity grid mix is still more attractive from an environmental point of view.  

Thus, a project where Austria imports green hydrogen from Iceland could at least remain viable 

during the time frame of this study; as Iceland‘s electricity grid mix is already ~100% 

renewable. Additionally, using the excess electricity from the Icelandic grid mix and 

hydropower plants, could make an even more attractive case for H2 production in Iceland with 

the consequential transportation phases included to export it. 

 

The environmental impacts of the PEM electrolyzer are largely due to its noble metal loadings, 

where the Pt and Ir use for the catalyst of the electrodes score the highest amongst most impact 

categories. Considering its heavy mass share of the total stack, titanium also contributes greatly 

to the impact categories, due to the thick bipolar plates in the stack. With R&D focusing on 

lessening the noble metal usage of the PEMEC stack and the titanium bipolar plate thickness, 

a future analysis might show very different results for the stack itself.  

The Alkaline electrolyser excludes the use of noble metals, and this proved to be the most 

significant difference between the environmental impacts of the two electrolyzers. The biggest 

difference between the two analyzed electrolyzers stemmed from the manufacturing - and 

operation phases, where the different electricity consumption rates played a key role; while the 

liquefaction-, storage- and transport phases were identical for both AEC & PEMEC. 

 

The operation phase was found to influence the impacts most severely, as expected from the 

literature review. However, by increasing the share of RES in the electricity mix, the share of 

the operation phase in the total impact becomes less dominant. Thus, using the electricity from 

hydropower showed that the transportation processes gained more importance compared to the 

whole impacts.  

 

The best-case scenario was found to be the electricity from hydropower (scenario C) used as 

the feed-in stock for the electrolysers. Scenario B, where the el. mix followed the real, 

Icelandic grid mix data from 2017 (the date of the process from GaBi), also showed great 

potential compared to the Austrian case, with far better results in most impact categories. The 

worst-case scenario was the virtual Icelandic electricity mix (scenario A), by far – which 

stemmed from the high share of fossil fuels in the virtual el. mix, based on the guarantees of 

origins data from 2019.  

 

Analyzing the Primary Energy Demand (PED) as an addition to the ReCiPe 2016 impact 

categories, the study found that the best case would still be Scenario C. Scenario B no longer 

competed with the Austrian cases, as it required more primary energy for the H2 production.  

 

The steam-methane reforming (SMR) conversion pathway was found to have higher impacts 

for GWP and AP than both the Icelandic and Austrian cases (excluding the virtual electricity 

mix). However, for the PED, SMR proved to require less energy for H2 production, as it is a 

conversion pathway commercially used, on larger scales than electrolysers; with more than 

95% of hydrogen being produced by this method today.   
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Appendixes 

Appendix A – Electrolyzers  

A.1 – SOEC: 

Out of the three types of electrolysers this paper analyzes, Solid Oxide Electrolysis Cells 

(SOEC) is the least-developed technology (Schmidt et al. 2017).  

As of yet, the technology is limited to laboratory scale, as it has not been commercialised. Due 

to its use of solid ion-conducting ceramics as the electrolyte, SOEC can operate at higher 

temperatures than any of the electrolysers mentioned previously. SOEC can use steam as 

feedstock for electrolysis at high temperatures up to 1000 °C, resulting in higher efficiencies 

(Bhandari et al. 2014).  

 

Steam is fed to the cathode, where the water is reduced to produce H2 as visible in Figure 

A.1.1 The oxide anions generated at the cathode pass through the solid electrolyte to the 

anode, where they recombine forming O2 and closing the circuit with the released electrons.  

(Bhandari et al. 2014). 

Figure A.1.1 – Simplified conceptual set-up of the SOEC technology (Schmidt et al. 2017) 

Figure A.1.2 – Pros & Cons for SOEC Electrolysis (Schmidt et al. 2017) 
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This developing technology has numerous advantages over PEM and AEC electrolysers. It 

could have high electrical efficiency, low material costs and the ability to operate in reverse 

mode or co-electrolysis. (Figure A.1.2) Reverse mode enables operation as a fuel cell, which 

is the same technology fuel cell electric vehicles (FCEVs) use. Co-electrolysis produces 

syngas, a combination of carbon oxide and hydrogen (CO+H2) and carbon dioxide (CO2). 

Theoretically, 40% of the energy required to produce H2 from steam electrolysis can be 

substituted by heat at a temperature of 1000 °C, resulting in a 25% reduction in electricity 

demand (Bhandari et al. 2014). This makes SOECs an attractive solution to cases where a high-

temperature source is available, eg.: nuclear reactors, geothermal energy and solar thermal 

energy.   

Disadvantages include severe material degradation due to high operating temperatures and 

that currently, SOEC is at a R&D stage, operated only available at laboratory scale. 

Current research is focused on stabilizing existing component materials, developing new 

materials and lowering the operating temperature to 500-700 °C from 650-1000 (Schmidt et 

al. 2017).  
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A.2 – PEMEC products analysis: 

 

Table A.2.1- Overview of the compared electrolyzer products:  

  

Siemens 

Silyzer 300 

Nel MC250 

Containerized 

Nel MC500 

Containerized 

HYLYZER 

500-30 

HYLYZER 

1000 

 

Design 

Scalable 

(10-100MW) 
outdoor outdoor 

Indoor/ 

outdoor 

Indoor 

/scalable 

system (≤ 20 

MW) 

Capacity / power 

demand 

<17.5 MW / 

per full 

module array 

(24 modules) 

1.25 MW 2.5 MW  2.5 MW 5MW 

 

H2 production 

1113-22250 

Nm3/h 

2400-48000 

kg/24h 

100-2000 kg/h  

246 Nm3 /h 

531 kg /24h 

22.10 kg /h 

492 Nm3 /h 

1,062 kg /24 h 

44.25 kg /h 

500 Nm3 /h 

1078 kg /24h 

44.92 kg /h  

1000 Nm3 /h 

2156.1 kg 

/24h 

89.84 kg /h  

Startup time < 1 min < 5 min < 5 min   

Dynamics 
0-100% in 

10% / s 

10-100% in < 15 

sec* 

10-100%< 15 

sec* 
5-100% 5-125% 

Output pressure N/A N/A N/A 30 barg 30 barg 

Water 

consumption 

(deionized 

water) 

10 liter / kg H2 10 liter / kg H2 10 liter / kg H2 

<15.5 

liter/kg 

kg H2  

N/A 

H2 quality / 

purity 

5.0 (ultra-high 

purity) 
≤ 99.9998% ≤ 99.9998% 

99.998% 

(higher 

purities 

optional) 

>99.99% 

Average power 

consumption 
N/A 

4.5 kWh/Nm3 

50.4 kWh/kg 

4.5 kWh/Nm3 

50.4 kWh/kg 

≤ 5.1 

kWh/Nm³ 

56.7 kWh/kg  

4.3 

kWh/Nm3  

Nr. of cell stacks 
24 module 

array 
N/A N/A 2 2 

 

Comment 
N/A 

Scalable modular 

design with a full 

potential of 

4000 Nm3/h 

Scalable 

modular design 

with a full 

potential of 

4000 Nm3/h  

N/A N/A 

Reference Siemens Nel Nel Cummins Cummins 

* Production capacity dynamic range   

  



   77 

 

  

 

Appendix B – List of Power Stations Operating in Iceland 

Table B.1 - Icelandic hydropower plants and their generation in 2019:  

 

Power Plant  
Capacity 

[MW] 

Generation 

[MWh/yr] 

Generation 

[GWh/yr] 

Operational 

[Year]  
Operator 

 Fljótsdalsstöð  690         4'836'079.4  4'836.1 2007  Landsvirkjun  

 Búrfell  370         2'606'442.1  2'606.4 1969  Landsvirkjun  

 Hrauneyjafoss  210         1'203'990.8  1'204.0 1981  Landsvirkjun  

 Sultartangi  120             946'379.2  946.4 1999  Landsvirkjun  

 Sigalda  150             890'542.4  890.5 1977  Landsvirkjun  

 Blanda  150             725'452.3  725.5 1991  Landsvirkjun  

 Búðarháls  95             604'326.6  604.3 2013  Landsvirkjun  

 Vatnsfell  90             368'813.7  368.8 2001  Landsvirkjun  

 Írafoss  48             263'247.8  263.2 1953  Landsvirkjun  

 Laxá  28             164'898.6  164.9 1939  Landsvirkjun  

 Steingrímsstöð  26             142'030.7  142.0 1959  Landsvirkjun  

 Ljósafoss  15             115'122.8  115.1 1937  Landsvirkjun  

 Djúpadalsvirkjun I/II  3               17'289.0  17.3 2004/2006 Fallorka 

 Glerárvirkjun II  3               26'345.0  26.3 2018  Fallorka 

 Glerárvirkjun I  0                 1'470.0  1.5 2005  Fallorka 

 Andakíll  8               23'586.4  23.6 1947  Orka Náttúrunnar 

 Lagarfoss I/II  27             191'296.6  191.3 1975/2007 Orkusalan 

 Skeiðfoss  5               22'937.5  22.9 1945  Orkusalan 

 Grímsá  3               18'778.0  18.8 1958  Orkusalan 

 Rjúkandi  2               13'344.0  13.3 1954  Orkusalan 

 Smyrlabjargaá  1                 7'521.3  7.5 1969  Orkusalan 

 Mjólká  11               70'625.9  70.6 1958  Orkubú Vestfjarða 

 Þverárvirkjun  2                 5'512.9  5.5 1953  Orkubú Vestfjarða 

 Fossárvirkjun  1                 5'464.4  5.5 2015  Orkubú Vestfjarða 

 Tungudalsvirkjun  1                 4'252.2  4.3 2006  Orkubú Vestfjarða 

 Reiðhjallavirkjun  1                 1'700.2  1.7 1958  Orkubú Vestfjarða 

 Blævardalsárvirkjun  0                 1'302.2  1.3 1975  Orkubú Vestfjarða 

 Fossa- og 

Nónhornsvatn  1                    999.6  1.0 1937  Orkubú Vestfjarða 

 Mýrarárvirkjun  0                    389.3  0.4 1965  Orkubú Vestfjarða 

 Búðará  0                 1'837.0  1.8 1930  

Rafveita 

Reyðarfjarðar 

Small scale hydro p. 35 179'488 179.5 N/A N/A 

Total: 2'096 13'461'466 13'461   
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Table B2 - Icelandic geothermal power plants and their generation in 2019: 

 

Power Plant  
Capacity 

[MW] 

Generation 

[MWh/yr] 

Generation 

[GWh/yr] 

Operational 

[Year]  
Operator 

 Hellisheiði  303          2'468'583.5  2'468.6 2006  Orka Náttúrunnar 

 Nesjavellir  120          1'045'802.7  1'045.8 1998  Orka Náttúrunnar 

 Reykjanes I/II  100             852'663.0  852.7 2006  HS Orka 

 Svartsengi  76             564'825.8  564.8 1977  HS Orka 

 Krafla  60             419'835.6  419.8 1978  Landsvirkjun 

 Þeistareykjavirkjun  90             649'037.5  649.0 2017  Landsvirkjun 

 Bjarnarflag  3               15'425.1  15.4 1969  Landsvirkjun 

 Flúðavirkjun  1                 1'965.0  2.0 2018  Small Scale  

Total: 753 6'018'138 6'018   

 

 

Table B3 - Icelandic wind power and their generation in 2019: 
 

Power Plant 
Capacity 

[MW] 

Generation 

[MWh/yr] 

Generation 

[GWh/yr] 

Operational 

[Year] 
Operator 

 Hafið  2                 6'569.1  6.6 2013  Landsvirkjun  

 Hábær 

(Þykkvibær)  1                        0.1  0.0 2014  Small scale  

Total: 2 6'569 6.6   
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Appendix C – List of LCI Processes:  

Table C.1a - PEMEC Stack materials: 

 

Processes Component(s) Dataset  Classification Type Locat. Source 
Ref. yr / 

Validity 
Phases 

Titanium 
- O2 electrode (PTL) 

- Interconnect 

Titanium 

production, 

primary 

242:Manufacture of 

basic precious and 

other non-ferrous 

metals 

 

unit 

process 
GLO 2 

Ecoinvent 

(v. 3.6) 
2004 

Cradle-

to-gate 

Platinum 

- O2 electrode 

(catalyst - CL) 

- H2 Electrode  

- Interconnect 

Platinum mix, 

primary 

production 

Materials 

production / Metals 

and semimetals 

 

agg.  

process 1 
GLO 

Sphera 

Profess. 

Database 

2020-

2023 

Cradle-

to-gate 

Iridium 
- O2 electrode (CL) 

 

Platinum mix, 

primary 

production 

Materials 

production / Metals 

and semimetals 

 

agg.  

process 1 
GLO 

Sphera 

Profess. 

Database 

2020-

2023 

Cradle-

to-gate 

Carbon 

Paper 

(carbon 

black) 

- H2 electrode (PTL)  
Carbon black 

production 

 2011:Manufacture 

of basic chemicals 

 

agg.  

process 
GLO 

Ecoinvent 

(v. 3.6) 

2000-

2020 

Cradle-

to-gate 

Nafion: - Membrane 

Polytetrafluo-

roethylene 

granulate 

(PTFE) Mix 

 

Plastic Production 
agg. 

process 
DE 

Sphera 

Profess. 

Database 

- - 

Copper - Current Collector 

Copper sheet 

(EN15804 

A1-A3) 

Systems / 

Construction 
agg. 

process 
GLO 

Sphera 

Profess. 

Database 

2020-

2023 

Cradle-

to-gate 

Stainless 

Steel 
- Frame  

Stainless steel 

sheet 

(EN15804 

A1-A3) 

 

Systems / 

Construction 

 

 agg. 

process 
EU-28 

Sphera 

Profess. 

Database 

2020-

2023 

Cradle-

to-gate 

Rubber 

gasket  
- Frame  

Synthetic 

rubber 

production 

2013:Manufacture 

of plastics and 

synthetic rubber in 

primary forms 

 

unit 

process 
RoW 3 

Ecoinvent 

(v. 3.6) 

1995-

2003 
?? 

Electricity 

for stack 

assembly 

(EU-28) 

- Assembly 

Electricity 

grid mix  

1kV-60kV; 

AC 

 

Energy carriers and 

technologies / 

Electricity 

agg.  

process 
EU-28 

Sphera 

Profess. 

Database 

2017-

2023 

Cradle-

to-gate 

1 agg = aggregated process 
2 GLO = Global average / globally averaged situation 
2 RoW = Rest of World 

 

Table C.1b - Consumables for the operation of the PEMEC:  

 

Processes Component(s) Dataset  Classification Type Locat. Source 
Ref. yr / 

Validity 
Phases 

Electricity  

(ISL) 
 - Input 

Electricity 

grid mix   

1kV-60kV; 

AC 

Energy carriers and 

technologies / 

Electricity 

agg.  

Process 
IS 

Sphera 

Profess. 

Database 

2017-

2023 

Cradle-

to-gate 

Electricity  

(AT) 
- Input  

Electricity 

grid mix   

1kV-60kV; 

AC 

Energy carriers and 

technologies / 

Electricity 

agg.  

Process 
AT 

Sphera 

Profess. 

Database 

2017-

2023 

Cradle-

to-gate 

Water  

(de-ionized) 
- Feed-in-stock 

Water 

(deionised) 

Materials 

production / Water 

agg.  

Process 
EU-28 

Sphera 

Profess. 

Database 

2020-

2023 

Cradle-

to-gate 
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Table C.2 -  PEMEC BoP materials: 

 

Processes Component(s) Dataset  Classification Type Locat. Source 
Ref. yr / 

Validity 
Phases 

Steel 
- Container  

- Pump 
Steel hot rolled coil 

Materials 

production / Other 

materials 

agg.  

Process 
GLO 

Sphera 

(World-

steel 

2019) 

2019-

2024 

Gate-to-

gate 

 

Stainless steel 
- Air blast 

chiller 

Stainless steel 

product (grade 304) 

– value of scrap;  

Materials 

production / Metals 

and semimetals 

 

agg.  

Process 
EU-28 

Sphera 

Profess. 

Datab. 

2014-

2024 

Cradle-

to-gate 

Copper 

- Transformer 

- rectifier  

- PLC 

Copper mix 

(99,999% from 

electrolysis) 

Materials 

production / Metals 

and semimetals 

agg.  

Process 
GLO 

Sphera 

Profess. 

Datab. 

2020-

2023 

Cradle-

to-gate 

Aluminum 
- Transformer 

- rectifier  

Aluminum profile 

(EN15804 A1-A3); 

primary production 

Systems / 

Construction 

agg.  

Process 
EU-28 

Sphera 

Profess. 

Datab. 

2020-

2023 

Cradle-

to-gate 

Polyethylene 

(plastic) 

- Vessel 

- piping  

- tank 

Polyethylene pipe 

(PE-HD); 

technology mix 

Materials 

production / Plastics 

agg.  

Process 
RER1 

Sphera 

Profess. 

Datab 

2005-

2012 

Cradle-

to-gate 

Concrete 
-Infrastructure 

- Foundation 

Concrete C35/45, 

Ready-mix concrete 

(EN15804 A1-A3) 

Materials 

production / Other 

mineralic materials 

agg.  

Process 
EU-28 

Sphera 

Profess. 

Datab 

2020-

2023 

Cradle-

to-gate 

Display  - Display  

display production, 

liquid crystal, 17 

inches 

2620:Manufacture 

of computers and 

peripheral 

equipment 

agg.  

Process 
GLO 

Ecoinve

nt 

(v. 3.6) 

2001 
Cradle-

to-gate 

1 RER = Europe (old name) 

 

Table C.3a -  AEC Stack Materials: 

 

Processes 
Component(s

) 
Dataset  Classification Type Locat. Source 

Ref. yr / 

Validity 
Phases 

Nickel 

- O2 electrode 

- H2 electrode 

- Cell frame 

Nickel (Class 

1, >99.8% Nickel) 

Materials 

production / Other 

materials 

 

agg. 

process 
GLO 

Sphera 

Profess. 

Datab 

2017-

2023 

Cradle-

to-gate 

Aluminum - H2 electrode  

Aluminum profile 

(EN15804 A1-A3); 

primary production 

Systems / 

Construction 

agg.  

process 
EU-28 

Sphera 

Profess. 

Datab. 

2020-

2023 

Cradle-

to-gate 

Carbon 

monoxide 
- H2 electrode 

Carbon monoxide 

(via synthetic gas) 

Materials 

production / 

Inorganic chemicals 

 

agg.  

process 
DE 

Sphera 

Profess. 

Datab 

2020-

2023 

Cradle-

to-gate 

Steel - Frame  

Steel forged 

component 

(EN15804 A1-A3) 

 

Systems / 

Construction 

 

agg.  

process 
EU-28 

Sphera 

Profess. 

Datab 

2019-

2024 

Cradle-

to-gate 

Aramid 

fibres 
- Gasket 

Aromatic Polyester 

Polyols (APP) 

production mix 

Materials 

production / Plastics 

 

agg.  

process 
EU-28 

Sphera 

Profess. 

Datab 

2014-

2024 

Cradle-

to-gate 

ABS  - Gasket 

Acrylonitrile 

butadiene‐styrene 

(ABS) 

Materials 

production / Plastics 

 

agg.  

process 
EU-28 

Sphera 

Profess. 

Datab 

2013-

2022 

Cradle-

to-gate 

Graphite - Gasket Market for graphite 

16390: Other 

minerals n.e.c. 

 

agg.  

process 
GLO 

Ecoinvent 

(v. 3.6) 
2011 - 

Tetrafluoro

-ethylene 

(TFE) 

- Gasket 
Market for 

tetrafluoroethylene 

34730: Polymers of 

vinyl chloride or 

other halogenated 

olefins, in primary 

forms 

agg.  

process 
GLO 

Ecoinvent 

(v. 3.6) 
2011 - 

Electricity 

for stack 

assembly 

(EU-28) 

- Assembly 
Electricity grid mix  

1kV-60kV; AC 

Energy carriers and 

technologies / 

Electricity 

agg.  

process 
EU-28 

Sphera 

Profess. 

Database 

2017-

2023 

Cradle-

to-gate 
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Table C.3b AEC consumables: 

 

Processes Component(s) Dataset  Classification Type Locat. Source 
Ref. yr / 

Validity 
Phases 

Electricity  

(ISL) 
 - Input 

Electricity 

grid mix   

1kV-60kV; 

AC 

Energy carriers and 

technologies / 

Electricity 

agg.  

Process 
IS 

Sphera 

Profess. 

Database 

2017-

2023 

Cradle-

to-gate 

Electricity  

(AT) 
- Input  

Electricity 

grid mix   

1kV-60kV; 

AC 

Energy carriers and 

technologies / 

Electricity 

agg.  

process 
AT 

Sphera 

Profess. 

Database 

2017-

2023 

Cradle-

to-gate 

Water  

(de-ionized) 
- Feed-in-stock 

Water 

(deionised) 

Materials 

production / Water 

agg.  

process 
EU-28 

Sphera 

Profess. 

Database 

2020-

2023 

Cradle-

to-gate 

KOH 

solution 
- Electrolyte  

Potassium 

hydroxide 

production 

34231: Chemical 

elements 

agg.  

process 
RER 

Ecoinvent 

(v. 3.6) 
2015- - 

 

Table C.4 AEC BoP materials: 

 

Processes Component(s) Dataset  Classification Type Locat. Source 
Ref. yr / 

Validity 
Phases 

Copper - Transformer / 

Rectifier  

- Programmable 

Logic Controller 

(PLC) 

Copper mix 

(99,999% from 

electrolysis) 

Materials 

production / 

Metals and 

semimetals 

agg. 

process 
GLO 

Sphera 

Profess. 

Datab. 

2020-

2023 

Cradle-

to-gate 

Aluminum  - Transformer / 

Rectifier  

 

Aluminum 

profile 

(EN15804 A1-

A3) 

Systems / 

Construction 

agg. 

process 
EU-28 

Sphera 

Profess. 

Datab 

2020-

2023 

Cradle-

to-gate 

steel - Container 

- Pump Steel hot rolled 

coil 

Materials 

production / Other 

materials 

agg. 

process 
EU 

Sphera 

(World-

steel 

2019) 

2019-

2024 

Gate-to-

gate 

 

Cast Iron - Pump Cast iron 

component 

(EN15804 A1-

A3) 

Systems / 

Construction 

agg. 

process 
DE 

Sphera 

Profess. 

Datab 

2020-

2023 

Cradle-

to-gate 

Polyethylene - Vessel 

- Piping  

- Water Tank  

- KOH Tank  

Polyethylene 

pipe (PE-HD); 

technology mix 

Materials 

production / 

Plastics 

agg. 

process 
RER1 

Sphera 

Profess. 

Datab 

2005-

2012 

Cradle-

to-gate 

Concrete - Infrastructure  

- Foundation 

Concrete 

C35/45, Ready-

mix concrete 

(EN15804 A1-

A3) 

Materials 

production / Other 

mineralic 

materials 

agg. 

process 
EU-28 

Sphera 

Profess. 

Datab 

2020-

2023 

Cradle-

to-gate 

Stainless steel - intermediate 

cooler  
Stainless steel 

product (grade 

304) - value of 

scrap; 

Materials 

production / 

Metals and 

semimetals 

 

agg. 

process 
EU-28 

Sphera 

Profess. 

Datab. 

2014-

2024 

Cradle-

to-gate 

Display  - Display  

display 

production, 

liquid crystal, 

17 inches 

2620:Manufacture 

of computers and 

peripheral 

equipment 

agg. 

process 
GLO 

Ecoinvent 

(v. 3.6) 
2001 

Cradle-

to-gate 
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AEC BoP materials (2): 

 

Processes Component Dataset  Classification Type Locat. Source 
Ref. yr / 

Validity 
Phases 

Iron (carbon 

steels) 

Heat 

Exhangers 

Cast iron 

component 

(EN15804 A1-A3) 

Systems / 

Construction 

agg. 

process 
DE 

Sphera 

Profess. 

Datab 

2020-

2023 

Cradle-

to-gate 

Steel (low-

alloy steel) 

Steel pipe 

(EN15804 A1-A3) 

Materials 

production / Other 

materials 

agg. 

process 
EU-28 

Sphera 

Profess. 

Datab 

2020-

2023 

Cradle-

to-gate 

Stainless steel 

(high-alloy 

steels) 

Stainless steel 

product (304) – 

value of scrap 

Materials 

production / Metals 

and semimetals 

agg. 

process 
EU-28 

Sphera 

Profess. 

Datab 

2014-

2024 

Cradle-

to-gate 

Aluminum 
Aluminum profile 

(EN15804 A1-A3) 

Systems / 

Construction 

agg. 

process 
EU-28 

Sphera 

Profess. 

Datab 

2020-

2023 

Cradle-

to-gate 

Copper 

Copper mix 

(99,999% from 

electrolysis) 

Materials 

production / Metals 

and semimetals 

agg. 

process 
GLO 

Sphera 

Profess. 

Database 

2020-

2023 

Cradle-

to-gate 

Zinc 
Special high grade 

zinc (99.99%) 

Materials 

production / Metals 

and semimetals 

agg. 

process 
GLO 

Sphera 

Profess. 

Database 

2018-

2023 

Cradle-

to-gate 

Brass 

Brass (CuZn20) – 

80% copper, 20% 

zinc 

Materials 

production / Metals 

and semimetals 

agg. 

process 
EU-28 

Sphera 

Profess. 

Datab 

2020-

2023 

Cradle-

to-gate 

Titanium 
Titanium 

production, primary 

Systems / 

Construction 

unit 

process 
GLO 

Ecoinvent 

(v. 3.6) 
2004 

Cradle-

to-gate 

Nickel (Ni-

base alloy) 

Nickel (Class 

1, >99.8% Nickel) 

Materials 

production / Other 

materials 

agg. 

process 
GLO 

Sphera 

Profess. 

Datab 

2017-

2023 

Cradle-

to-gate 

 

Table C.5 Liquefaction Plant materials: 

Processes Dataset  Classification Type Locat. Source 
Ref. yr / 

Validity 
Phases 

Chromium 

Steel 

Chromium steel drilling, 

conventional 

2592: Treatment and coating 

of metals; machining  

agg.  

process 
GLO 

Ecoinvent 

(v. 3.6) 

2006-

2007 
- 

Reinforced 

steel 

Steel rebar; production mix; 

at plant. 

Materials production / Other 

materials 

agg.  

process 
EU 

Sphera 

Profess. 

Database 

2019-

2024 

Cradle 

to steel 

factory 

gate 

Concrete 

Concrete C35/45, Ready-

mix concrete 

(EN15804 A1-A3) 

Materials production / Other 

mineralic materials 

agg.  

process 
EU-28 

Sphera 

Profess. 

Database 

2020-

2023 

Cradle-

to-gate 

Copper 
Copper mix (99,999% from 

electrolysis) 

Materials production / Metals 

and semimetals 

agg.  

process 
GLO 

Sphera 

Profess. 

Database 

2020-

2023 

Cradle-

to-gate 

Aluminum 

alloy 

Aluminum alloy production, 

AlLi /AlMG3 

 

2420:Manufacture of basic 

precious and other non-

ferrous metals 

 

agg.  

process 
RER1 

Sphera 

Profess. 

Database 

1998 
Cradle-

to-gate 

Electricity 

(ISL) 

Electricity grid mix   

1kV-60kV  

Energy carriers and 

technologies / Electricity 

agg.  

process 
IS 

Sphera 

Profess. 

Database 

2017-

2023 

Cradle-

to-gate 

1 RER = Europe (old name) 
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Table C.6 - Storage vessel material: 

 

Processes Component(s) Dataset  Classification Type Locat. Source 
Ref. yr / 

Validity 
Phases 

Chromium 

Steel 
storage tank  

Chromium 

steel drilling, 

conventional 

2592: Treatment 

and coating of 

metals; machining  

agg.  

process 
GLO 

Ecoinvent 

(v. 3.6) 

2006-

2007 
- 

 

 

Table C.7 - Transport processes: 

 

Processes Dataset  Classification Type Locat. Source 
Ref. yr / 

Validity 
Phases 

Liquid 

Hydrogen 

tanktainer 

Stainless steel product (304) – 

value of scrap 

Materials production / 

Metals and semimetals 

 

agg. 

process 
EU-28 

Sphera 

Profess. 

Datab 

2014-

2024 

Cradle-

to-gate 

Truck 

trailer 

production 

Truck-trailer production (20t - 

28t gross weight) 

Systems / Vehicles 

 

agg. 

process 
GLO 

Sphera 

Profess. 

Database 

2020-

2023 

Cradle-

to-gate 

Truck 

trailer 

consump. 

Transport, truck-trailer (40 t 

total cap., 24.7t payload) (A4); 

diesel driven 

Transport services / 

Road 

agg. 

process 
EU-28 

Sphera 

Profess. 

Database 

2020-

2023 
- 

Container 

Ship 

production 

Ocean container ship 

production (27,500t DWT) 

 

Systems / Vehicles 

 

agg. 

process 
GLO 

Sphera 

Profess. 

Database 

2020-

2023 

Cradle-

to-gate 

Container 

ship 

consump. 

Container ship ocean incl. fuel, 

27,500 dwt payload capacity, 

ocean going; heavy fuel oil 

driven, cargo 

Transport services / 

Water 

agg. 

process 
EU-28 

Sphera 

Profess. 

Database 

2020-

2023 
- 

Electric 

Train 

production 

Train production (electric 

locomotive) 
Systems / Vehicles 

agg. 

process 
GLO 

Sphera 

Profess. 

Database 

2020-

2023 

Cradle-

to-gate 

Train 

consump. 

Rail transport incl. fuel, average 

train, gross tonne weight 1,000t 

/ 726t payload capacity; 

electricity driven, cargo 

Transport services / Rail 

 

agg. 

process 
EU-28 

Sphera 

Profess. 

Database 

2020-

2023 
- 
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Appendix D – Results:   

Table D.1 PEMEC Stack results: 

 

Impact Unit 
El grid 

mix 

Stainl. 

steel 

sheet 

carbon 

black 
Platin. Nafion Titan. Irid. 

synth. 

rubber 
Copper Total: 

GWP [kg CO2 eq] 1.94E-03 3.16E-04 1.84E-05 4.88E-03 1.16E-03 1.47E-02 3.46E-02 3.08E-06 1.95E-05 5.76E-02 

PM2.5  [kg PM2.5 eq.] 6.92E-07 4.76E-07 3.75E-08 7.01E-05 1.60E-07 3.11E-05 4.96E-04 5.67E-09 6.95E-08 5.99E-04 

ADPfossil [kg oil eq.] 8.23E-04 9.43E-05 1.74E-05 2.13E-03 2.91E-05 5.14E-03 1.51E-02 2.03E-06 4.96E-06 2.34E-02 

WD [m3] 7.99E-06 2.67E-06 2.26E-08 2.71E-05 1.28E-06 1.35E-04 1.92E-04 4.73E-08 1.97E-07 3.66E-04 

FAETP [kg 1,4 DB eq.] 1.48E-07 2.15E-08 4.21E-07 1.80E-03 5.34E-06 1.97E-04 1.27E-02 1.14E-07 3.67E-08 1.47E-02 

FEP  [kg P eq.] 6.15E-09 3.86E-10 1.23E-09 6.18E-06 2.88E-08 7.30E-06 4.38E-05 9.15E-10 3.66E-11 5.73E-05 

HTPcancer [kg 1,4-DB eq.] 8.38E-07 3.09E-04 2.23E-07 6.52E-04 9.39E-06 5.35E-04 4.62E-03 1.16E-07 6.20E-08 6.12E-03 

HTPnon-

cancer [kg 1,4-DB eq.] 4.70E-05 1.09E-05 8.02E-06 1.06E-01 2.00E-04 1.22E-02 7.48E-01 4.09E-06 2.94E-05 8.66E-01 

IRP 
[kBq Co-60 eq. 

to air] 9.07E-05 3.42E-06 5.22E-07 2.08E-04 5.95E-06 1.42E-03 1.48E-03 1.73E-07 2.23E-08 3.20E-03 

ALOP 
[Annual crop 

eq.·y] 1.37E-04 1.29E-05 1.25E-07 1.42E-04 1.57E-06 3.06E-04 1.01E-03 9.19E-08 3.55E-06 1.61E-03 

MAETP [kg 1,4-DB eq.] 4.50E-07 2.51E-07 5.43E-07 2.16E-03 6.70E-06 2.52E-04 1.53E-02 1.43E-07 6.19E-07 1.77E-02 

MEP [kg N eq.] 4.99E-08 2.93E-09 8.34E-11 2.33E-07 2.29E-09 5.51E-07 1.65E-06 7.22E-11 6.51E-10 2.49E-06 

MDP [kg Cu eq.] 3.23E-06 2.48E-05 4.40E-08 6.09E-04 9.18E-07 1.80E-03 4.31E-03 9.08E-08 6.54E-06 6.76E-03 

POCPeco [kg NOx eq.] 2.18E-06 5.45E-07 3.90E-08 7.24E-05 1.65E-07 3.53E-05 5.12E-04 8.35E-09 4.16E-08 6.23E-04 

POCPhh  [kg NOx eq.] 2.17E-06 5.43E-07 3.75E-08 7.08E-05 1.60E-07 3.49E-05 5.01E-04 7.69E-09 4.14E-08 6.10E-04 

ODP [kg CFC-11 eq.] 6.48E-10 4.61E-11 1.28E-11 1.52E-08 3.31E-08 6.69E-09 1.08E-07 1.90E-12 8.23E-12 1.63E-07 

AP [kg SO2 eq.] 2.20E-06 1.36E-06 8.42E-08 2.44E-04 3.87E-07 5.33E-05 1.72E-03 1.17E-08 2.27E-07 2.03E-03 

TETP [kg 1,4-DB eq.] 5.78E-04 2.18E-04 2.47E-05 1.02E-02 3.59E-04 1.59E-02 7.25E-02 9.24E-06 1.26E-03 1.01E-01 

PED MJ 0.0519 0.0012 0.0008 0.0953 0.0013 0.2415 0.6748 0.0000 0.0003 1.0671 

PEDn-RES MJ 0.0357 0.0010 0.0008 0.0936 0.0012 0.2236 0.6625 0.0000 0.0002 1.0186 

PEDRES MJ 0.0162 0.0002 0.0000 0.0017 0.0001 0.0179 0.0123 0.0000 0.0000 0.0485 
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Table D.2 PEMEC BoP results: 

 

Impact Unit Alumi. 
Concr.C

35/45  

Stainl. 

steel 

(304) 

Copper 

mix 
Display Steel  PE-HD Total: 

GWP [kg CO2 eq] 2.11E-03 1.64E-04 1.99E-03 7.73E-03 1.23E-04 7.63E-03 1.91E-04 5.76E-02 

PM2.5  [kg PM2.5 eq.] 2.23E-06 6.96E-08 3.31E-06 3.08E-05 2.84E-07 4.23E-06 1.62E-07 5.99E-04 

ADPfossil [kg oil eq.] 6.39E-04 1.76E-05 5.64E-04 1.80E-03 3.98E-05 1.73E-03 1.30E-04 2.34E-02 

WD [m3] 2.92E-05 2.87E-07 3.34E-05 8.70E-05 1.05E-06 2.93E-05 3.29E-06 3.66E-04 

FAETP [kg 1,4 DB eq.] 1.55E-07 6.75E-09 4.59E-07 1.63E-05 3.57E-05 5.13E-07 5.13E-09 1.47E-02 

FEP  [kg P eq.] 1.07E-09 6.50E-11 2.88E-09 1.60E-08 1.12E-07 3.65E-09 3.37E-11 5.73E-05 

HTPcancer [kg 1,4-DB eq.] 1.64E-06 1.94E-08 5.01E-07 2.74E-05 8.41E-06 5.42E-07 1.57E-05 6.12E-03 

HTPnon-

cancer [kg 1,4-DB eq.] 6.26E-05 4.91E-06 4.29E-04 1.31E-02 7.20E-04 1.59E-04 9.96E-08 8.66E-01 

IRP 
[kBq Co-60 eq. 

to air] 4.74E-05 7.73E-07 2.47E-06 2.76E-06 9.62E-06 7.31E-07  3.20E-03 

ALOP 
[Annual crop 

eq.·y] 2.65E-05 1.05E-06 3.88E-05 1.58E-03 4.55E-06 1.14E-04  1.61E-03 

MAETP [kg 1,4-DB eq.] 7.93E-07 4.08E-08 5.27E-06 2.76E-04 4.48E-05 1.93E-06 5.94E-09 1.77E-02 

MEP [kg N eq.] 1.14E-08 4.85E-10 2.25E-08 2.87E-07 1.24E-07 2.12E-07 1.10E-10 2.49E-06 

MDP [kg Cu eq.] 1.17E-05 6.00E-06 3.24E-04 2.91E-03 2.95E-06 2.20E-04 8.26E-09 6.76E-03 

POCPeco [kg NOx eq.] 3.43E-06 2.85E-07 4.43E-06 1.78E-05 3.65E-07 9.92E-06 3.22E-07 6.23E-04 

POCPhh  [kg NOx eq.] 3.41E-06 2.83E-07 4.42E-06 1.77E-05 3.53E-07 9.88E-06 3.20E-07 6.10E-04 

ODP [kg CFC-11 eq.] 3.06E-10 1.06E-11 3.22E-10 3.52E-09 7.88E-11 3.27E-10 6.86E-13 1.63E-07 

AP [kg SO2 eq.] 6.90E-06 1.88E-07 8.43E-06 1.01E-04 6.30E-07 1.35E-05 5.54E-07 2.03E-03 

TETP [kg 1,4-DB eq.] 5.73E-04 5.45E-05 6.34E-03 5.61E-01 1.08E-03 1.85E-03 5.20E-07 1.01E-01 

PED MJ 0.0394 0.0009 0.0290 0.0968 0.0019 0.0767 0.0056 1.0671 

PEDn-RES MJ 0.0274 0.0008 0.0244 0.0772 0.0017 0.0756 0.0055 1.0186 

PEDRES MJ 0.0120 0.0001 0.0046 0.0196 0.0002 0.0012 0.0001 0.0485 
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Table D.3 AEC Stack results: 

 

Impact Unit CO Steel ABS Alum. Aram. graphi. TFE Nickel El Total: 

GWP [kg CO2 eq] 5.18E-06 2.90E-03 1.12E-05 1.23E-04 5.32E-06 6.74E-07 2.39E-04 1.11E-02 1.95E-04 1.46E-02 

PM2.5  [kg PM2.5 eq.] 8.24E-10 1.50E-06 6.25E-09 1.30E-07 3.60E-09 1.55E-09 3.28E-08 2.70E-04 8.19E-08 2.72E-04 

ADPfossil [kg oil eq.] 3.83E-06 6.33E-04 6.91E-06 3.72E-05 3.84E-06 2.30E-07 5.95E-06 4.04E-03 7.95E-05 4.81E-03 

WD [m3] 5.91E-09 3.30E-06 7.75E-08 1.70E-06 8.79E-08 2.98E-09 2.61E-07 9.80E-05 1.54E-06 1.05E-04 

FAETP [kg 1,4 DB eq.] 3.89E-10 1.62E-07 4.10E-09 9.04E-09 1.71E-09 1.44E-08 1.09E-06 1.62E-04 1.45E-08 1.64E-04 

FEP  [kg P eq.] 7.64E-12 1.03E-09 4.02E-11 6.25E-11 1.26E-10 1.96E-10 5.90E-09 2.28E-08 5.22E-10 3.07E-08 

HTPcancer [kg 1,4-DB eq.] 1.17E-09 2.18E-07 5.42E-09 9.52E-08 2.94E-09 2.72E-08 1.92E-06 2.12E-04 7.77E-08 2.14E-04 

HTPnon-

cancer [kg 1,4-DB eq.] 6.24E-08 6.85E-05 1.22E-06 3.64E-06 8.37E-07 6.11E-07 4.11E-05 5.57E-03 4.57E-06 5.69E-03 

IRP 
[kBq Co-60 eq. 

to air] 1.09E-08 4.74E-06 3.20E-07 2.76E-06 4.82E-08 4.50E-08 1.22E-06 1.19E-04 1.23E-05 1.40E-04 

ALOP 
[Annual crop 

eq.·y] 5.56E-08 3.87E-05  1.54E-06  2.43E-08 3.22E-07 4.00E-04 1.13E-05 4.52E-04 

MAETP [kg 1,4-DB eq.] 9.64E-10 6.10E-07 1.36E-08 4.61E-08 5.23E-09 2.08E-08 1.37E-06 3.40E-04 4.64E-08 3.43E-04 

MEP [kg N eq.] 3.27E-11 7.33E-08 3.20E-10 6.63E-10 6.87E-10 1.47E-11 4.69E-10 2.54E-07 4.53E-09 3.34E-07 

MDP [kg Cu eq.] 5.09E-09 7.02E-05 1.23E-08 6.79E-07 1.08E-08 2.03E-09 1.88E-07 3.19E-03 2.91E-07 3.26E-03 

POCPeco [kg NOx eq.] 5.28E-09 3.86E-06 2.08E-08 2.00E-07 1.07E-08 3.69E-09 3.38E-08 2.83E-05 2.26E-07 3.26E-05 

POCPhh  [kg NOx eq.] 5.07E-09 3.84E-06 2.02E-08 1.98E-07 1.00E-08 3.63E-09 3.27E-08 2.81E-05 2.25E-07 3.24E-05 

ODP [kg CFC-11 eq.] 1.17E-12 1.38E-10 1.07E-11 1.78E-11 5.08E-12 3.64E-13 6.78E-09 3.26E-09 6.11E-11 1.03E-08 

AP [kg SO2 eq.] 2.52E-09 4.68E-06 2.08E-08 4.01E-07 1.20E-08 3.39E-09 7.92E-08 9.32E-04 2.60E-07 9.37E-04 

TETP [kg 1,4-DB eq.] 1.31E-06 6.69E-04 9.68E-07 3.34E-05 1.33E-06 5.10E-06 7.34E-05 7.67E-01 6.01E-05 7.68E-01 

PED MJ 
0.00016 0.02822 0.00030 0.00229 0.00017 0.00001 0.00027 0.19883 0.00503 0.23529 

PEDn-RES MJ 
0.00016 0.02767 0.00029 0.00160 0.00016 0.00001 0.00025 0.17311 0.00344 0.20670 

PEDRES MJ 
0.00001 0.00054 0.00001 0.00070 0.00001 0.00000 0.00002 0.02572 0.00159 0.02859 
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Table D.4 AEC BoP results: 

 

Impact Unit PE-HD Iron Steel Al Concr. 
SS 

(304) 
Cu Display HX Total: 

GWP [kg CO2 eq] 7.04E-04 8.47E-05 8.01E-03 3.29E-03 1.87E-04 1.04E-03 8.97E-03 1.41E-04 1.91E-04 2.26E-02 

PM2.5  [kg PM2.5 eq.] 5.99E-07 3.02E-08 4.41E-06 3.49E-06 7.95E-08 1.72E-06 3.58E-05 3.25E-07 2.85E-07 4.67E-05 

ADPfossil [kg oil eq.] 4.79E-04 2.63E-05 1.72E-03 1.00E-03 2.01E-05 2.94E-04 2.09E-03 4.54E-05 5.53E-05 5.73E-03 

WD [m3] 1.21E-05 2.42E-07 4.82E-05 4.56E-05 3.28E-07 1.74E-05 1.01E-04 1.19E-06 1.87E-06 2.28E-04 

FAETP [kg 1,4 DB eq.] 1.89E-08 1.06E-08 3.03E-07 2.43E-07 7.70E-09 2.39E-07 1.90E-05 4.07E-05 1.06E-07 6.06E-05 

FEP  [kg P eq.] 1.24E-10 2.54E-10 2.77E-09 1.68E-09 7.42E-11 1.50E-09 1.85E-08 1.28E-07 3.13E-10 1.53E-07 

HTPcancer [kg 1,4-DB eq.] 5.80E-05 2.61E-08 5.78E-07 2.56E-06 2.22E-08 

-2.61E-

07 3.18E-05 9.60E-06 1.72E-07 1.03E-04 

HTPnon-

cancer [kg 1,4-DB eq.] 3.67E-07 5.45E-06 1.85E-04 9.79E-05 5.61E-06 2.23E-04 1.52E-02 8.22E-04 4.07E-05 1.66E-02 

IRP 
[kBq Co-60 eq. 

to air]  9.69E-07 

-1.02E-

07 7.42E-05 8.83E-07 1.29E-06 3.20E-06 1.10E-05 2.23E-06 9.37E-05 

ALOP 
[Annual crop 

eq.·y]  4.78E-06 1.09E-04 4.15E-05 1.20E-06 2.02E-05 1.83E-03 5.20E-06 8.34E-06 2.02E-03 

MAETP [kg 1,4-DB eq.] 2.19E-08 1.03E-07 1.63E-06 1.24E-06 4.66E-08 2.75E-06 3.20E-04 5.11E-05 8.20E-07 3.78E-04 

MEP [kg N eq.] 4.05E-10 1.91E-09 2.19E-07 1.78E-08 5.53E-10 1.17E-08 3.33E-07 1.42E-07 2.79E-09 7.30E-07 

MDP [kg Cu eq.] 3.05E-08 3.05E-06 2.07E-04 1.83E-05 6.86E-06 1.69E-04 3.38E-03 3.37E-06 1.47E-05 3.81E-03 

POCPeco [kg NOx eq.] 1.19E-06 8.35E-08 1.10E-05 5.37E-06 3.25E-07 2.31E-06 2.07E-05 4.16E-07 3.04E-07 4.17E-05 

POCPhh  [kg NOx eq.] 1.18E-06 8.30E-08 1.10E-05 5.33E-06 3.24E-07 2.30E-06 2.05E-05 4.03E-07 3.02E-07 4.15E-05 

ODP [kg CFC-11 eq.] 2.53E-12 3.35E-11 3.41E-10 4.79E-10 1.21E-11 1.68E-10 4.08E-09 9.00E-11 4.71E-11 5.26E-09 

AP [kg SO2 eq.] 2.04E-06 6.15E-08 1.39E-05 1.08E-05 2.14E-07 4.39E-06 1.17E-04 7.19E-07 8.64E-07 1.50E-04 

TETP [kg 1,4-DB eq.] 1.92E-06 1.68E-04 1.90E-03 8.97E-04 6.23E-05 3.30E-03 6.51E-01 1.23E-03 1.52E-03 6.60E-01 

PED MJ 
0.0206 0.0016 0.0762 0.0616 0.0010 0.0151 0.1123 0.0022 0.0032 0.2938 

PEDn-RES MJ 
0.0203 0.0011 0.0754 0.0429 0.0009 0.0127 0.0896 0.0020 0.0024 0.2472 

PEDRES MJ 
0.0003 0.0005 0.0008 0.0187 0.0001 0.0024 0.0227 0.0002 0.0008 0.0466 
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D.5 Scenario Results: 

 

 
Figure D.5.a – Percentage share of the impact categories for Scenario A, electricity based on 

the virtual Icelandic GOs certificates from 2019.  
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Figure D.5.b – Percentage share of the impact categories for Scenario B, electricity based on 

the Icelandic grid mix.  
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Figure X – Percentage share of the impact categories for Scenario B, electricity based on the 

Icelandic hydroelectric power.  
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Table D.5 – Characterization results for the comparison scenarios: 

 

  Scen. EC Stack M. Stack O. Liquef LH2 Stor. 

G

W

P 

Scen. 
EC Stack M. Stack O. Liquef LH2 Stor. Transp. 

AEC 3.72E-02 2.44E+01 4.56E+00 9.30E-03 6.36E-02 

B 
PEM 7.73E-02 1.12E+00 2.22E-01 9.30E-03 6.36E-02 

AEC 3.72E-02 1.05E+00 2.22E-01 9.30E-03 6.36E-02 

C 
PEM 7.73E-02 3.79E-01 9.33E-02 9.30E-03 6.36E-02 

AEC 3.72E-02 3.59E-01 9.33E-02 9.30E-03 6.36E-02 

AT 
PEM 7.73E-02 9.42E+00 0.00E+00 0.00E+00 0.00E+00 

AEC 3.72E-02 8.84E+00 0.00E+00 0.00E+00 0.00E+00 

AT30 
PEM 7.73E-02 4.63E+00 0.00E+00 0.00E+00 0.00E+00 

AEC 3.72E-02 4.35E+00 0.00E+00 0.00E+00 0.00E+00 

A
D

P
fo

ssil 

A 
PEM 2.82E-02 1.16E+01 2.03E+00 2.90E-03 1.97E-02 

AEC 1.05E-02 1.09E+01 2.02E+00 2.90E-03 1.97E-02 

B 
PEM 2.82E-02 2.61E-02 9.30E-03 2.90E-03 1.97E-02 

AEC 1.05E-02 2.57E-02 6.53E-03 2.90E-03 1.97E-02 

C 
PEM 2.82E-02 3.87E-02 1.15E-02 2.90E-03 1.97E-02 

AEC 1.05E-02 3.75E-02 8.72E-03 2.90E-03 1.97E-02 

AT 
PEM 2.82E-02 2.75E+00 0.00E+00 0.00E+00 0.00E+00 

AEC 1.05E-02 2.58E+00 0.00E+00 0.00E+00 0.00E+00 

AT30 
PEM 2.82E-02 1.32E+00 0.00E+00 0.00E+00 0.00E+00 

AEC 1.05E-02 1.24E+00 0.00E+00 0.00E+00 0.00E+00 

F
A

E
T

P
 

A 
PEM 1.48E-02 1.63E-03 2.00E-03 9.04E-07 9.62E-06 

AEC 2.24E-04 1.53E-03 2.82E-04 9.04E-07 9.62E-06 

B 
PEM 1.48E-02 4.72E-05 1.73E-03 9.04E-07 9.62E-06 

AEC 2.24E-04 5.39E-05 6.95E-06 9.04E-07 9.62E-06 

C 
PEM 1.48E-02 2.56E-05 1.72E-03 9.04E-07 9.62E-06 

AEC 2.24E-04 3.36E-05 3.19E-06 9.04E-07 9.62E-06 

AT 
PEM 1.48E-02 7.21E-04 0.00E+00 0.00E+00 0.00E+00 

AEC 2.24E-04 6.85E-04 0.00E+00 0.00E+00 0.00E+00 

AT30 
PEM 1.48E-02 4.53E-04 0.00E+00 0.00E+00 0.00E+00 

AEC 2.24E-04 4.34E-04 0.00E+00 0.00E+00 0.00E+00 
H

T
P

can
cer 

A 
PEM 5.95E-03 4.24E-03 3.89E-03 6.07E-06 2.43E-05 

AEC 3.17E-04 4.23E-03 7.72E-04 6.07E-06 2.43E-05 

B 
PEM 5.95E-03 8.81E-03 4.69E-03 6.07E-06 2.43E-05 

AEC 3.17E-04 8.52E-03 1.57E-03 6.07E-06 2.43E-05 

C 
PEM 5.95E-03 1.91E-02 6.48E-03 6.07E-06 2.43E-05 

AEC 3.17E-04 1.82E-02 3.36E-03 6.07E-06 2.43E-05 

AT 
PEM 5.95E-03 1.52E-02 0.00E+00 0.00E+00 0.00E+00 

AEC 3.17E-04 1.42E-02 0.00E+00 0.00E+00 0.00E+00 

AT30 
PEM 5.95E-03 1.71E-02 0.00E+00 0.00E+00 0.00E+00 

AEC 3.17E-04 1.61E-02 0.00E+00 0.00E+00 0.00E+00 

IR
P

 

A 
PEM 3.26E-03 1.31E+00 2.28E-01 1.85E-04 8.96E-04 

AEC 2.34E-04 1.22E+00 2.27E-01 1.85E-04 8.96E-04 

B 
PEM 3.26E-03 7.65E-04 6.39E-04 1.85E-04 8.96E-04 

AEC 2.34E-04 9.62E-04 2.31E-04 1.85E-04 8.96E-04 

C 
PEM 3.26E-03 1.05E-03 6.88E-04 1.85E-04 8.96E-04 

AEC 2.34E-04 1.23E-03 2.80E-04 1.85E-04 8.96E-04 

AT 
PEM 3.26E-03 4.24E-03 0.00E+00 0.00E+00 0.00E+00 

AEC 2.34E-04 4.22E-03 0.00E+00 0.00E+00 0.00E+00 

AT30 
PEM 3.26E-03 4.00E-03 0.00E+00 0.00E+00 0.00E+00 

AEC 2.34E-04 3.99E-03 0.00E+00 0.00E+00 0.00E+00 
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Table D.5 – Characterization results for the comparison scenario (cont.) 

 

 Scen. EC Stack M. Stack O. Liquef LH2 Stor. Transp. 

P
M

2
.5

  

A 
PEM 6.40E-04 8.14E-03 1.46E-03 1.03E-05 2.01E-04 

AEC 3.18E-04 7.63E-03 1.42E-03 1.03E-05 2.01E-04 

B 
PEM 6.40E-04 7.86E-05 5.96E-05 1.03E-05 2.01E-04 

AEC 3.18E-04 7.61E-05 2.30E-05 1.03E-05 2.01E-04 

C 
PEM 6.40E-04 1.22E-04 6.72E-05 1.03E-05 2.01E-04 

AEC 3.18E-04 1.17E-04 3.06E-05 1.03E-05 2.01E-04 

AT 
PEM 6.40E-04 2.54E-03 0.00E+00 0.00E+00 0.00E+00 

AEC 3.18E-04 2.38E-03 0.00E+00 0.00E+00 0.00E+00 

AT30 
PEM 6.40E-04 1.68E-03 0.00E+00 0.00E+00 0.00E+00 

AEC 3.18E-04 1.58E-03 0.00E+00 0.00E+00 0.00E+00 

W
D

 

A 
PEM 5.47E-04 1.25E-01 2.02E-02 1.30E-04 3.60E-04 

AEC 3.33E-04 1.19E-01 2.02E-02 1.30E-04 3.60E-04 

B 
PEM 5.47E-04 3.61E-01 6.13E-02 1.30E-04 3.60E-04 

AEC 3.33E-04 3.40E-01 6.13E-02 1.30E-04 3.60E-04 

C 
PEM 5.47E-04 2.34E-01 3.93E-02 1.30E-04 3.60E-04 

AEC 3.33E-04 2.21E-01 3.93E-02 1.30E-04 3.60E-04 

AT 
PEM 5.47E-04 1.68E-01 0.00E+00 0.00E+00 0.00E+00 

AEC 3.33E-04 1.59E-01 0.00E+00 0.00E+00 0.00E+00 

AT30 
PEM 5.47E-04 1.75E-01 0.00E+00 0.00E+00 0.00E+00 

AEC 3.33E-04 1.65E-01 0.00E+00 0.00E+00 0.00E+00 

F
E

P
 

A 
PEM 5.74E-05 3.04E-06 4.69E-06 6.02E-09 1.64E-07 

AEC 1.84E-07 3.37E-06 4.09E-07 6.02E-09 1.64E-07 

B 
PEM 5.74E-05 2.35E-06 4.57E-06 6.02E-09 1.64E-07 

AEC 1.84E-07 2.73E-06 2.89E-07 6.02E-09 1.64E-07 

C 
PEM 5.74E-05 9.49E-07 4.32E-06 6.02E-09 1.64E-07 

AEC 1.84E-07 1.42E-06 4.59E-08 6.02E-09 1.64E-07 

AT 
PEM 5.74E-05 5.99E-05 0.00E+00 0.00E+00 0.00E+00 

AEC 1.84E-07 5.67E-05 0.00E+00 0.00E+00 0.00E+00 

AT30 
PEM 5.74E-05 4.61E-05 0.00E+00 0.00E+00 0.00E+00 

AEC 1.84E-07 4.37E-05 0.00E+00 0.00E+00 0.00E+00 

H
T

P
n

o
n

-can
cer 

A 
PEM 8.81E-01 4.35E-01 1.03E-01 4.94E-04 5.01E-03 

AEC 2.23E-02 4.09E-01 7.55E-02 4.94E-04 5.01E-03 

B 
PEM 8.81E-01 1.52E-02 3.00E-02 4.94E-04 5.01E-03 

AEC 2.23E-02 1.58E-02 2.61E-03 4.94E-04 5.01E-03 

C 
PEM 8.81E-01 1.18E-02 2.95E-02 4.94E-04 5.01E-03 

AEC 2.23E-02 1.26E-02 2.02E-03 4.94E-04 5.01E-03 

AT 
PEM 8.81E-01 2.62E-01 0.00E+00 0.00E+00 0.00E+00 

AEC 2.23E-02 2.47E-01 0.00E+00 0.00E+00 0.00E+00 

AT30 
PEM 8.81E-01 1.69E-01 0.00E+00 0.00E+00 0.00E+00 

AEC 2.23E-02 1.60E-01 0.00E+00 0.00E+00 0.00E+00 
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Table D.5 – Characterization results for the comparison scenario (cont.) 

 

 Scen. EC Stack M. Stack O. Liquef LH2 Stor. Transp. 

A
L

O
P

 

A 
PEM 3.36E-03 3.57E-02 6.95E-03 1.26E-04 4.05E-03 

AEC 2.47E-03 3.36E-02 6.95E-03 1.26E-04 4.05E-03 

B 
PEM 3.36E-03 3.27E-03 1.31E-03 1.26E-04 4.05E-03 

AEC 2.47E-03 3.23E-03 1.31E-03 1.26E-04 4.05E-03 

C 
PEM 3.36E-03 5.54E-03 1.70E-03 1.26E-04 4.05E-03 

AEC 2.47E-03 5.36E-03 1.70E-03 1.26E-04 4.05E-03 

AT 
PEM 3.36E-03 1.41E+00 0.00E+00 0.00E+00 0.00E+00 

AEC 2.47E-03 1.32E+00 0.00E+00 0.00E+00 0.00E+00 

AT30 
PEM 3.36E-03 1.26E+00 0.00E+00 0.00E+00 0.00E+00 

AEC 2.47E-03 1.18E+00 0.00E+00 0.00E+00 0.00E+00 

M
E

P
 

A 
PEM 3.15E-06 1.16E-04 2.13E-05 6.23E-08 9.08E-07 

AEC 1.06E-06 1.09E-04 2.13E-05 6.23E-08 9.08E-07 

B 
PEM 3.15E-06 5.61E-06 2.19E-06 6.23E-08 9.08E-07 

AEC 1.06E-06 5.62E-06 2.19E-06 6.23E-08 9.08E-07 

C 
PEM 3.15E-06 3.40E-06 1.81E-06 6.23E-08 9.08E-07 

AEC 1.06E-06 3.55E-06 1.81E-06 6.23E-08 9.08E-07 

AT 
PEM 3.15E-06 4.43E-04 0.00E+00 0.00E+00 1.00E+00 

AEC 1.06E-06 4.16E-04 0.00E+00 0.00E+00 1.00E+00 

AT30 
PEM 3.15E-06 3.62E-04 0.00E+00 0.00E+00 0.00E+00 

AEC 1.06E-06 3.40E-04 0.00E+00 0.00E+00 0.00E+00 

P
O

C
P

eco
 

A 
PEM 6.59E-04 2.50E-02 4.41E-03 1.57E-05 5.58E-04 

AEC 7.43E-05 2.35E-02 4.41E-03 1.57E-05 5.58E-04 

B 
PEM 6.59E-04 2.65E-04 1.04E-04 1.57E-05 5.58E-04 

AEC 7.43E-05 2.54E-04 1.04E-04 1.57E-05 5.58E-04 

C 
PEM 6.59E-04 3.91E-04 1.26E-04 1.57E-05 5.58E-04 

AEC 7.43E-05 3.72E-04 1.26E-04 1.57E-05 5.58E-04 

AT 
PEM 6.59E-04 1.03E-02 0.00E+00 0.00E+00 0.00E+00 

AEC 7.43E-05 9.70E-03 0.00E+00 0.00E+00 0.00E+00 

AT30 
PEM 6.59E-04 6.18E-03 0.00E+00 0.00E+00 0.00E+00 

AEC 7.43E-05 5.80E-03 0.00E+00 0.00E+00 0.00E+00 
O

D
P

 

A 
PEM 1.68E-07 5.11E-06 8.92E-07 1.41E-09 1.99E-08 

AEC 1.55E-08 4.79E-06 8.92E-07 1.41E-09 1.99E-08 

B 
PEM 1.68E-07 4.34E-08 1.18E-08 1.41E-09 1.99E-08 

AEC 1.55E-08 4.22E-08 1.18E-08 1.41E-09 1.99E-08 

C 
PEM 1.68E-07 4.65E-08 1.23E-08 1.41E-09 1.99E-08 

AEC 1.55E-08 4.52E-08 1.23E-08 1.41E-09 1.99E-08 

AT 
PEM 1.68E-07 3.39E-06 0.00E+00 0.00E+00 0.00E+00 

AEC 1.55E-08 3.18E-06 0.00E+00 0.00E+00 0.00E+00 

AT30 
PEM 1.68E-07 2.19E-06 0.00E+00 0.00E+00 0.00E+00 

AEC 1.55E-08 2.05E-06 0.00E+00 0.00E+00 0.00E+00 

T
E

T
P

 

A 
PEM 6.70E-01 3.05E+00 9.00E-01 5.66E-03 5.25E-02 

AEC 1.43E+00 2.86E+00 9.00E-01 5.66E-03 5.25E-02 

B 
PEM 6.70E-01 6.91E-02 3.82E-01 5.66E-03 5.25E-02 

AEC 1.43E+00 6.83E-02 3.82E-01 5.66E-03 5.25E-02 

C 
PEM 6.70E-01 1.29E-01 3.92E-01 5.66E-03 5.25E-02 

AEC 1.43E+00 1.24E-01 3.92E-01 5.66E-03 5.25E-02 

AT 
PEM 6.70E-01 3.58E+00 0.00E+00 0.00E+00 0.00E+00 

AEC 1.43E+00 3.36E+00 0.00E+00 0.00E+00 0.00E+00 

AT30 
PEM 6.70E-01 3.75E+00 0.00E+00 0.00E+00 0.00E+00 

AEC 1.43E+00 3.52E+00 0.00E+00 0.00E+00 0.00E+00 
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Table D.5 – Characterization results for the comparison scenario (cont.) 

 

 Scen. EC Stack M. Stack O. Liquef LH2 Stor. Transp. 

M
A

ETP
 

A 
PEM 1.80E-02 4.16E-03 2.99E-03 6.05E-06 5.22E-05 

AEC 7.20E-04 3.91E-03 2.99E-03 6.05E-06 5.22E-05 

B 
PEM 1.80E-02 1.02E-04 2.28E-03 6.05E-06 5.22E-05 

AEC 7.20E-04 1.10E-04 2.28E-03 6.05E-06 5.22E-05 

C 
PEM 1.80E-02 9.59E-05 2.28E-03 6.05E-06 5.22E-05 

AEC 7.20E-04 1.04E-04 2.28E-03 6.05E-06 5.22E-05 

AT 
PEM 1.80E-02 2.24E-03 0.00E+00 0.00E+00 0.00E+00 

AEC 7.20E-04 2.12E-03 0.00E+00 0.00E+00 0.00E+00 

AT30 
PEM 1.80E-02 1.85E-03 0.00E+00 0.00E+00 0.00E+00 

AEC 7.20E-04 1.75E-03 0.00E+00 0.00E+00 0.00E+00 

M
D

P
 

A 
PEM 1.02E-02 1.09E-02 3.85E-03 2.19E-04 2.19E-03 

AEC 7.06E-03 1.02E-02 3.85E-03 2.19E-04 2.19E-03 

B 
PEM 1.02E-02 1.76E-03 2.26E-03 2.19E-04 2.19E-03 

AEC 7.06E-03 1.69E-03 2.26E-03 2.19E-04 2.19E-03 

C 
PEM 1.02E-02 6.53E-03 3.09E-03 2.19E-04 2.19E-03 

AEC 7.06E-03 6.15E-03 3.09E-03 2.19E-04 2.19E-03 

AT 
PEM 1.02E-02 2.66E-02 0.00E+00 0.00E+00 0.00E+00 

AEC 7.06E-03 2.49E-02 0.00E+00 0.00E+00 0.00E+00 

AT30 
PEM 1.02E-02 2.06E-02 0.00E+00 0.00E+00 0.00E+00 

AEC 7.06E-03 1.93E-02 0.00E+00 0.00E+00 0.00E+00 

P
O

C
P

h
h

  

A 
PEM 6.46E-04 2.49E-02 4.39E-03 1.56E-05 5.55E-04 

AEC 7.39E-05 2.34E-02 4.39E-03 1.56E-05 5.55E-04 

B 
PEM 6.46E-04 2.63E-04 1.03E-04 1.56E-05 5.55E-04 

AEC 7.39E-05 2.52E-04 1.03E-04 1.56E-05 5.55E-04 

C 
PEM 6.46E-04 3.88E-04 1.25E-04 1.56E-05 5.55E-04 

AEC 7.39E-05 3.69E-04 1.25E-04 1.56E-05 5.55E-04 

AT 
PEM 6.46E-04 1.03E-02 0.00E+00 0.00E+00 0.00E+00 

AEC 7.39E-05 9.63E-03 0.00E+00 0.00E+00 0.00E+00 

AT30 
PEM 6.46E-04 6.13E-03 0.00E+00 0.00E+00 0.00E+00 

AEC 7.39E-05 5.75E-03 0.00E+00 0.00E+00 0.00E+00 

A
P

 

A 
PEM 2.16E-03 2.54E-02 4.49E-03 3.10E-05 5.30E-04 

AEC 1.09E-03 2.38E-02 4.49E-03 3.10E-05 5.30E-04 

B 
PEM 2.16E-03 2.08E-04 1.18E-04 3.10E-05 5.30E-04 

AEC 1.09E-03 2.01E-04 1.18E-04 3.10E-05 5.30E-04 

C 
PEM 2.16E-03 3.34E-04 1.40E-04 3.10E-05 5.30E-04 

AEC 1.09E-03 3.20E-04 1.40E-04 3.10E-05 5.30E-04 

AT 
PEM 2.16E-03 8.10E-03 0.00E+00 0.00E+00 0.00E+00 

AEC 1.09E-03 7.60E-03 0.00E+00 0.00E+00 0.00E+00 

AT30 
PEM 2.16E-03 5.38E-03 0.00E+00 0.00E+00 0.00E+00 

AEC 1.09E-03 5.05E-03 0.00E+00 0.00E+00 0.00E+00 
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Table D.5 – Characterization results for the comparison scenario (cont.) 

 

 Scen. EC PEMEC M. PEMEC O. Liquef LH2 Stor. Transp. 

P
ED

 

A 
PEM 1.32E+00 5.45E+02 9.51E+01 1.73E-01 1.03E+00 

AC 5.29E-01 5.11E+02 9.51E+01 1.73E-01 1.03E+00 

B 
PEM 1.32E+00 4.39E+02 7.66E+01 1.73E-01 1.03E+00 

AC 5.29E-01 4.12E+02 7.66E+01 1.73E-01 1.03E+00 

C 
PEM 1.32E+00 2.59E+02 4.52E+01 1.73E-01 1.03E+00 

AC 5.29E-01 2.42E+02 4.52E+01 1.73E-01 1.03E+00 

AT 
PEM 1.32E+00 3.78E+02 0.00E+00 0.00E+00 0.00E+00 

AC 5.29E-01 3.54E+02 0.00E+00 0.00E+00 0.00E+00 

AT30 
PEM 1.32E+00 3.65E+02 0.00E+00 0.00E+00 0.00E+00 

AC 5.29E-01 3.42E+02 0.00E+00 0.00E+00 0.00E+00 

P
ED

n
r 

A 
PEM 1.23E+00 5.04E+02 8.79E+01 1.25E-01 8.46E-01 

AC 4.54E-01 4.73E+02 8.79E+01 1.25E-01 8.46E-01 

B 
PEM 1.23E+00 1.12E+00 4.01E-01 1.25E-01 8.46E-01 

AC 4.54E-01 1.10E+00 4.01E-01 1.25E-01 8.46E-01 

C 
PEM 1.23E+00 1.67E+00 4.96E-01 1.25E-01 8.46E-01 

AC 4.54E-01 1.61E+00 4.96E-01 1.25E-01 8.46E-01 

AT 
PEM 1.23E+00 1.16E+02 0.00E+00 0.00E+00 0.00E+00 

AC 4.54E-01 1.09E+02 0.00E+00 0.00E+00 0.00E+00 

AT30 
PEM 1.23E+00 5.57E+01 0.00E+00 0.00E+00 0.00E+00 

AC 4.54E-01 5.23E+01 0.00E+00 0.00E+00 0.00E+00 

P
ED

r 

A 
PEM 8.62E-02 4.10E+01 7.15E+00 4.85E-02 1.80E-01 

AC 7.52E-02 3.84E+01 7.15E+00 4.85E-02 1.80E-01 

B 
PEM 8.62E-02 4.38E+02 7.62E+01 4.85E-02 1.80E-01 

AC 7.52E-02 4.11E+02 7.62E+01 4.85E-02 1.80E-01 

C 
PEM 8.62E-02 2.57E+02 4.47E+01 4.85E-02 1.80E-01 

AC 7.52E-02 2.41E+02 4.47E+01 4.85E-02 1.80E-01 

AT 
PEM 8.62E-02 2.62E+02 0.00E+00 0.00E+00 0.00E+00 

AC 7.51E-02 2.45E+02 0.00E+00 0.00E+00 0.00E+00 

AT30 
PEM 8.62E-02 3.09E+02 0.00E+00 0.00E+00 0.00E+00 

AC 7.51E-02 2.90E+02 0.00E+00 0.00E+00 0.00E+00 
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D.6 Hydrogen losses throughout the supply chain over the 30 year study time frame: 

 

Table D.6a – H2 lossses throughout the PEMEC supply chain: 

 

 
Tkm stands for ’tonne kilometers’ which is calculated as follows: when a certain number of 

passengers [p] or amount of products [t] is transported always to the same destination, 

passenger or tonne kilometres are calculated by multiplying the all passengers [p] or 

production [t] by the one-way trip distance [km]. 
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Table D.6b – H2 lossses throughout the AEC supply chain: 

 

 
Tkm stands for ’tonne kilometers’ which is calculated as follows: when a certain number of 

passengers [p] or amount of products [t] is transported always to the same destination, 

passenger or tonne kilometres are calculated by multiplying the all passengers [p] or 

production [t] by the one-way trip distance [km]. 
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