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Executive Summary 
 
 
Goal and Scope. The decarbonization challenge is especially dire for the energy-intensive 
industries which worldwide account for a large sum of carbon dioxide emissions. Heat is an 
essential product demanded by the energy-intensive industries and is currently produced 
through extensive use of carbon-based fuels including coal, natural gas and oil. Considering 
the need to meet (inter)national climate targets, these carbon-based fuels must be replaced by 
cleaner (i.e. less greenhouse gas emitting) alternatives. Biomass, when sourced sustainably, is 
one such mature alternative yet is still carbon based. For the energy-intensive industries, three 
of the main non-carbon-based options are: electrification, hydrogen and Iron Fuel 
Technology™. This research explores the environmental performance of these three 
alternatives in comparison to natural gas, biomass and each other in two potential future 
scenarios when implemented in an energy-intensive industry. It also proposes potential ways 
to reduce environmental impacts and highlights any foreseen (environmental) implications that 
may occur before large-scale implementation takes place.  
 
Method. The use of ex-ante life cycle assessment allows for the prospective exploration of an 
upscaled electrification, hydrogen and Iron Fuel Technology™ product system. The life cycle 
inventory database ecoinvent version 3.9.1 forms the basis for this research in which 
technology specific processes are modelled by data collected through the inclusion of domain 
experts and technology developers as well as the completion of desk research. The life cycle 
impact assessment is based on the European Commission’s proposed Product Environmental 
Footprint and the subsequent standardized set of impact categories included in this research are 
climate change; ozone depletion; human toxicity, cancer; human toxicity, non-cancer; 
particulate matter; ionizing radiation; photochemical oxidant formation; acidification; 
eutrophication, terrestrial; eutrophication, freshwater; eutrophication, marine; ecotoxicity, 
freshwater; land use; water use; resource use, minerals and metals; and resource use, fossils. 
Following the life cycle impact assessment, a contribution analysis was completed which 
highlighted multiple key parameters within processes that were subsequently tested in 
sensitivity analyses.  
 
Results. This research confirms that electrification, hydrogen and Iron Fuel Technology™ can 
limit climate change impacts in comparison to natural gas, thereby helping decarbonization 
efforts and achieve climate targets. From a solely climate change perspective, sustainably 
sourced biomass is a better alternative to electrification, hydrogen and Iron Fuel Technology™, 
but it has limited upscaling potential due to the finite availability of sustainable biomass. 
Considering other impact categories including acidification, freshwater ecotoxicity, marine, 
terrestrial and freshwater eutrophication, human toxicity cancer and non-cancer, mineral and 
metal resource use and particulate matter, electrification, hydrogen and Iron Fuel 
Technology™ all exert more pressure on the environment than steam produced through natural 
gas. Most of the exerted pressures as seen in the electrification, hydrogen and Iron Fuel 
Technology™ product systems stem from the assumed electricity mix and the expansion of the 
electricity network. As a result, some of the impacts, like those associated with expanding the 
electricity network, are inherently tied to the energy transition.  
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The comparison between electrification, hydrogen and Iron Fuel Technology™ showed that 
Iron Fuel Technology™ using scrap iron and waste hydrogen generally performed best except 
for the impact category human toxicity, cancer. Only when using a fully wind-based electricity 
mix is Iron Fuel Technology™ outperformed by direct electrification for climate change, fossil 
resource use, human toxicity cancer, ionizing radiation, land use, and particulate matter. 
Hydrogen, due to its large electricity demand for water electrolysis, consistently performed the 
worst throughout all investigated cases and can only be competitive to electrification and Iron 
Fuel Technology™ based on waste hydrogen when water electrolysis is completed with a fully 
wind-based electricity mix. The same applies for Iron Fuel Technology™ using green 
hydrogen.    
 
Discussions. This research has made the first comparison of electrification, hydrogen and Iron 
Fuel Technology™ considering its implementation in the energy-intensive industries in 
comparison to natural gas and biomass as well as comparing them among each other. It thereby 
investigated potential environmental impacts in a possible 2030 and 2050 Dutch future 
identifying hotspots and key parameters that are highly influential in determining 
environmental performance through performing ex-ante LCA. It stands out as it investigates a 
broad range of impact categories when most reviewed studies only focused on a set of impact 
categories. Consequently, the outcomes of this research can be used to guide research and 
development, monitor potential problem areas and be used as the basis for evaluation and 
further research.  
 
However, the limitation of ex-ante life cycle assessment is that it is exploratory in nature and 
subject to large uncertainties. As “what if” scenarios are examined, this research does not 
provide any conclusive results and can only be used to provide insights into potential 
environmental performances of alternatives, to identify environmental hotspots, for debate and 
to make recommendations for research and development activities. Large uncertainties in the 
research stem from temporal mismatches in foreground ex-ante data and background dated 
data, unquantified characterization factors, and slight inconsistencies regarding system 
boundaries. The largest uncertainty yet may be the development of each product system in time 
as ex-ante LCA examines and compares a potentially upscaled emergent technology to a 
mature technology in the present which may also not necessarily be a fair comparison. The 
underlying availability and quality of the data in this research reflects this. Even though 
comparison is made at the same assumed technological readiness level, the underlying data of 
the mature technology is proven to be possible whereas the data of the emerging technologies 
is assumed based on expected results. The availability and quality of the used data is therefore 
drastically different and may lead to arbitrary results. 
 
Recommendations. The results of this research suggest reducing material usage, making 
manufacturing processes of required background products more sustainable (e.g. copper) and 
decreasing electricity consumption are the most effective ways to limit environmental impacts 
in the electrification, hydrogen and Iron Fuel Technology™ product systems. Specifically for 
Iron Fuel Technology™ it is further recommended to source waste hydrogen, produce initial 
iron fuel from scrap, further improve the circularity of iron fuel and to use ship transport over 
truck transport whenever possible. For hydrogen, key recommendations include keeping 
hydrogen losses to a minimum, and technologically improving the electrolyzer and boiler 
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efficiencies. This research also highlighted that differences in case application and assumptions 
can influence the environmental performances significantly. As a result, it is strongly 
recommended to further examine electrification, hydrogen and Iron Fuel Technology™ for 
various end-use applications and under different scenarios. 
 
Conclusions. The results of this research suggest electrification, hydrogen and Iron Fuel 
Technology™ could all reduce climate change impacts in both 2030 and 2050. However, it is 
also noted that they are not fully clean alternatives, i.e. that not all environmental impacts are 
lower in comparison to carbon-based fuels. The completed ex-ante LCA showed higher 
environmental impacts for multiple impact categories, among others: acidification, freshwater 
ecotoxicity, freshwater eutrophication, human toxicity cancer and mineral and metal resource 
use among other impact categories. Some of these impacts are a direct result of the assumed 
2030 and 2050 scenarios reflecting the transition away from carbon-based fuels sketched in 
this research. The environmental impacts related to copper associated with an expansion of the 
electricity network is an example of this. To limit environmental impacts, this research suggests 
a multitude of redesign recommendations for electrification, hydrogen and Iron Fuel 
Technology™, primarily focused on increasing efficiencies, limiting electricity demand and 
decreasing emissions of background processes. Though implementing a set of these redesign 
recommendations helped decrease environmental impacts for electrification, hydrogen and 
Iron Fuel Technology™, it was shown to be insufficient to reduce environmental impacts in 
all impact categories to below the environmental impacts of carbon-based fuels or generally 
alter the environmental performance of electrification, hydrogen and Iron Fuel Technology™ 
in comparison with one another. The results therefore indicate that Iron Fuel Technology™ 
based on scrap iron and waste hydrogen is most preferable among the clean alternatives in 
decreasing climate change impacts while limiting other environmental impacts in as far as 
possible. However, it must still be noted that dependent on the specific case, the assumptions 
used, and which impact categories are prioritized, which technology is best suited may be 
subject to change. 
 
Perspectives. This research suggests that electrification, hydrogen and Iron Fuel 
Technology™ can help alleviate climate change impacts to varying degrees depending on the 
scenario assumed, but that tradeoffs of other environmental impacts will likely arise in the 
transition away from carbon-based fuels. It should therefore be cautioned that a sole emphasis 
on tackling climate change impacts, specifically decreasing CO2 emissions, may result in 
overlooking potential side effects that may be environmentally harmful. The environmental 
impacts of any technology must therefore always be holistically examined over multiple impact 
categories.  
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1. Introduction 
 
 
In 2015, 195 countries signed the Paris Agreement to limit global warming to 2℃ by 2050, 
with the aim of keeping it below 1.5℃. In the Netherlands, the government has set the goal of 
reducing greenhouse gas (GHG) emissions by 55% in 2030 in comparison to its 1990 emissions 
and to be climate neutral in 2050 (Ministerie van Algemene Zaken, n.d.-f; Ministerie van 
Economische Zaken en Klimaat, n.d.). The industry and electricity sector together are 
responsible for 51% of the Dutch carbon dioxide (CO2) emissions totaling 86.4 MT CO2/year 
in 2021 (CBS, 2022). To achieve the Dutch governments reduction goals, these two sectors 
must decarbonize drastically. Though progress has been made, the Dutch industry must further 
reduce its emissions by ~30 Mton CO2 and the electricity sector by 6-20 Mton CO2 by 2030 
(CBS, 2022; Ministerie van Economische Zaken en Klimaat, n.d., 2022; RVO, 2022). With 
2030 being less than 7 years away, decarbonization must happen quickly should (inter)national 
climate targets be achieved.  
 
With the GHG emissions of the industry and electricity sector accounting for such a large share 
of the total Dutch emissions, these two sectors are key. In this research, the focus will be on 
energy-intensive industries (EIIs). The energy-intensive industries typically refer to (industrial 
manufacturing) sectors that demand and consume large amounts of energy such as the iron and 
steel, mineral, metal, refinery, pulp and paper, food and beverage, and chemical industries, but 
the term can be broadened to include all large energy consuming sectors like the electricity 
generation sector (de Bruyn et al., 2020; EIA, 2016; Rehfeldt et al., 2017). When the term EIIs 
is used in this research, it refers to the broadest extent of the term. The energy-intensive 
industries are indispensable to Europe’s economy and employ millions of people within the 
EU27 countries (de Bruyn et al., 2020; European Commission, 2019). Currently, they use a 
variety of fuels and feedstocks (electricity, gas and other fuels) that are largely carbon-based. 
The use of carbon-based fuels as both energy source and raw material in EIIs results in two 
types of emissions: emissions that are a direct by-product of production processes, i.e. process 
emissions, and emissions resulting from the production of energy required for utilities or 
production processes, i.e. combustion emissions (Andrés et al., n.d.; EIA, 2016). To reduce 
both types of emissions, carbon-based fuels will need to be replaced with alternative, cleaner 
fuels with limited to no CO2 emissions for use as an energy source and feedstock. 
 
As energy comes in various forms and can be used as a feedstock or as fuel, this research 
specifically focuses on clean fuels for the provision of heat to EIIs. Worldwide, “heat is the 
largest energy end use” in which “industrial processes are responsible for 51% of the energy 
consumed for heat” (IEA, 2022b). Two-thirds of the industrial energy demand accounts for 
industrial heat totaling almost one-fifth of the global energy consumption (Bellevrat & West, 
2018). In Europe, heating and cooling accounts for half of the energy demand of the EU28+31 
(Rehfeldt et al., 2017). The total heating demand of Europe thereby totals 2315.6 TWh of which 
the Netherlands accounts for approximately 5.5% of this (Rehfeldt et al., 2017). Heat is thus a 
cornerstone of the energy demanded by EIIs, with coal, natural gas and oil being the dominant 
fuel sources for the heat demanded in production processes (Roelofsen et al., 2020).  

 
1 EU28 includes Great Britain before Brexit, and plus three refers to Norway, Switzerland, and Iceland 
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Heat, however, can come in different temperature ranges. Though ranges may vary slightly, 
the energy-intensive industries can generally be divided into the following temperature 
profiles: 

• high temperature heat, which refers to heat with a temperature larger than 500℃  
• medium temperature heat, which refers to heat in the range of 100-500℃  
• low temperature heat, which refers to heat below 100℃ (Rehfeldt et al., 2017). 

 
Each industry can require different temperature profiles for meeting its energy demand for 
which one or multiple applicable solutions may exist. This is case and application specific as 
this depends on the fuel characteristics, technical feasibility, operational requirements, and 
economic viability of the solution amongst other factors. Nevertheless, numerous alternative 
fuels can potentially be applicable to one or multiple of the above-mentioned temperature 
profiles. 
 
With the need for realizing the energy transition increasing in light of climate change and 
(inter)national targets, the implementation of clean alternatives for replacing carbon-based 
fuels for heat provision in EIIs is becoming a must. The term clean energy technologies / 
alternatives is often used to indicate alternative ways to produce, convert, and store energy 
other than the conventional carbon-based fuels (i.e. coal, oil, and natural gas) in which “clean” 
refers to a reduced carbon footprint in comparison to the GHG emissions of carbon-based fuels 
(Constellation, 2023; IEA, 2020; Linares et al., 2014; Zohuri et al., 2022). Realizing the energy 
transition, however, is largely dependent on these so-called clean alternatives having the 
potential to drastically reduce GHG emissions without any adverse environmental side effects. 
In this research, the term clean alternatives will be used to indicate alternative energy 
technologies that do not directly emit any CO2 emissions. 
 
For energy-intensive industries, the clean alternatives are currently limited to electrification 
and hydrogen. The start-up Renewable Iron Fuel Technology (RIFT) adds to this a third 
alternative for decarbonizing EIIs: Iron Fuel Technology™ (IFT). Though electrification and 
hydrogen are acknowledged to be able to contribute to the decarbonization problem to varying 
degrees in literature, RIFT and existing literature has limitedly researched the environmental 
benefits of IFT (Bergthorson, 2018; Bergthorson et al., 2015; Honore, 2019; IEA, 2020; 
Kosmadakis, 2019; Lechtenböhmer et al., 2016; Madeddu et al., 2020; Rahnama Mobarakeh 
& Kienberger, 2022; Schüwer & Schneider, n.d.; Sorknæs et al., 2022). Therefore, as a result, 
a comparative examination of the environmental benefits and burdens of these three clean 
alternatives and to the carbon-based industry incumbents, biomass and gas, can prove 
beneficial to good policy management, implementation and investment choices.  
 
 
1.1 Background  
In this section further elaboration is given on (i) how each technology works, (ii) what its 
potential and current state is, (iii) if there are any significant limitations and (iv) the existing 
literature on the environmental performance of each technology. This is provided for all three 
clean alternatives (hydrogen, electrification and Iron Fuel Technology™) as well as biomass 
and natural gas. Natural gas is an often-used fossil fuel for generating heat in the process 
industry and biomass is the most often non-fossil fuel used (Nederlandse Emissieauthoriteit, 
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2019; Olsson & Schipfer, 2021). Hence, these two fuels will be included in this research to 
provide a benchmark for the environmental performance of carbon-based fuels for comparison 
purposes to the cleaner electrification, hydrogen and Iron Fuel Technology™ alternatives.  
 
1.1.1 Hydrogen 
In the transition away from fossil and carbon-based fuels, hydrogen is a prominently discussed 
potential substitution in the Netherlands. It can be used to provide high-temperature process 
heat and can be used as both an energy source and feedstock (Fuel Cells and Hydrogen 2 Joint 
Undertaking, 2019; Neuwirth et al., 2022). The storable characteristics of hydrogen make it a 
desirable alternative as it allows for storage as a hydrogen molecule or in several related 
chemicals (Abdalla et al., 2018; Lan et al., 2012). Research has shown that when renewable 
energy sources are used for hydrogen production, hydrogen can be more favorable in 
comparison to fossil fuels (Abdalla et al., 2018; Baykara, 2018; Nicoletti et al., 2015). Green 
hydrogen2 can be combusted with zero emissions of carbon dioxide and the only byproduct 
being water vapor (Abdalla et al., 2018). However, limitations of implementing hydrogen at 
large scale now include the virtually absent production capacity and transport infrastructure 
(Neuwirth et al., 2022). Green hydrogen also requires a sufficient and guaranteed supply of 
renewable energy. As such, green hydrogen is currently not yet available and is only being 
tested in pilots spanning production, distribution networks as well as use cases, e.g. PosHYdon, 
The Green Village or the implementation in Lochem (Alliander, 2022; de Laat, 2020; 
PosHYdon Pilot, Dutch North Sea, 2022).  
 
Though the green hydrogen market is yet to be developed, the (grey) hydrogen industry has 
existed for decades and uses hydrogen as a feedstock (Taibi et al., 2018). The estimated value 
of it represents more than 115 billion USD (Taibi et al., 2018). Of this market, more than 90% 
of the hydrogen consumption today originates from industrial sectors (Fraile et al., 2015). The 
largest user is the chemical industry of which the production of ammonia accounts for more 
than 50% of the industry volume consumption (Fraile et al., 2015). The hydrogen produced to 
meet current demand is primarily produced via steam methane reforming of natural gas, coal 
gasification and from cracking of hydrocarbons (Fraile et al., 2015; Taibi et al., 2018). These 
production methods all emit carbon dioxide during operation and are considered as grey 
hydrogen (Fuel Cells and Hydrogen 2 Joint Undertaking, 2019). Hydrogen produced from 
fossil fuels but with the addition of carbon capture and storage (CCS) is referred to as blue 
hydrogen. Blue hydrogen is seen as a way to transition to a hydrogen economy while green 
hydrogen is not yet able to be produced at large scale (Hers et al., 2018). However, the ability 
for a lock-in of fossil fuels, the limited experience with CCS and the potential leaking of 
captured CO2 can be reason for societal backlash (Hers et al., 2018). For these reasons, blue 
hydrogen is not considered to be a long-term sustainable solution (Hers et al., 2018). As a 
result, there is need for a movement towards green hydrogen eventually. 
 
From an environmental perspective, hydrogen has been shown to emit less GHG emissions 
than the conventional fossil fuels like natural gas. The Hydrogen Council (2021) investigated 

 
2 Different colors are used to indicate the production method of hydrogen: grey hydrogen is produced from fossil 
fuels typically via steam methane reforming, blue hydrogen is fossil fuel based but makes use of carbon capture 
and storage technology, whereas green hydrogen is produced via water electrolysis using green electricity thereby 
not producing any direct CO2 emissions.  
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GHG emissions of various hydrogen pathways from well-to-use. One pathway showed that 
when hydrogen produced from natural gas with CCS is transported and consequently used in 
boilers / furnaces in industry clusters in the United Kingdom, GHG emissions could be reduced 
to over 80% in 2030 in comparison to natural gas combustion (Hydrogen Council, 2021). This 
reduction could increase to 90% in 2050 as the electricity required for hydrogen production is 
assumed to become more sustainable. According to the Hydrogen Council (2021), the grid mix 
for blue hydrogen production is also the largest contributor to GHG emissions in the value 
chain. Apart from this specific research, studies into the environmental impact of hydrogen 
with the end use of industrial heat are absent.  
 
The environmental impact of multiple hydrogen production routes and the use of hydrogen for 
mobility, however, have been studied extensively, as can be seen in the reviews of, for example, 
Bhandari et al. (2014) and Valente et al. (2017). The paper of Bhandari et al. (2014) reviews 
21 studies that investigate hydrogen production technologies through a life cycle assessment. 
Life cycle assessment (LCA) is a methodology that allows for the measurement of a product’s 
environmental impacts across all stages of its life cycle and is a common method also seen in 
existing literature when comparing environmental performance of products. The review finds 
that impact categories like climate change are often analyzed whereas other categories like 
those related to toxicity are often not. A full impact assessment is thus often absent. As for the 
findings of the reviewed LCAs, hydrogen produced through water electrolysis with green 
sources like wind and hydropower have less environmental impact in comparison to hydrogen 
production powered by grid electricity mixes or fossil fuels (Bhandari et al., 2014; Hydrogen 
Council, 2021; Koroneos et al., 2004). It is also noted that the electricity used as input for 
hydrogen production largely contribute to the environmental performance (Dufour et al., 2012; 
Hydrogen Council, 2021). As the Hydrogen Council (2021) study only focused on blue 
hydrogen, but hydrogen produced from green sources by water electrolysis has been shown to 
have a more beneficial environmental impact in numerous studies, it can be assumed that the 
use of green instead of blue hydrogen may exert even less pressures on the environment. The 
80% emission reduction in 2030 in comparison to natural gas combustion as noted by the 
Hydrogen Council (2021) could thus potentially be even higher.  
 
Also noticeable in current literature is that in most studies only a part of the life cycle is 
included in the research, with most studies focusing on XtoGate (Valente et al., 2017). The ‘X’ 
signifies the feedstock or energy source production stage whereas the ‘gate’ often refers to the 
newly produced / purified hydrogen (Valente et al., 2017). The use and distribution stage of 
hydrogen is thereby often not included. Whenever the use stage is included, the end use is often 
mobility (Valente et al., 2017). Most studies with the end use of mobility then consider the 
distribution of hydrogen to a limited extent, use high-level estimates, or consider truck transport 
(Bartolozzi et al., 2013; Di Lullo et al., 2022; Hacatoglu et al., 2012; Lucas et al., 2012).  
 
Though the transportation of hydrogen can take place in various forms including gaseous or 
liquified transport by truck, compressed via pipeline, or in the form of a numerous hydrogen 
carriers. For energy-intensive industries demanding a stable, large supply, pipeline transport is 
likely the only realistic option (U.S. Department of Energy, n.d.). In the Netherlands, the future 
hydrogen network will likely be an expansion and repurposing of the current natural gas 
pipeline network of which the government plans to connect the larger industrial clusters with 
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together (Gasunie, 2023b).  Gasunie, the energy infrastructure company responsible for the gas 
network in the Netherlands, has already started on the hydrogen network (Gasunie, 2023b). 
The European Hydrogen Backbone initiative (EHB), a collective of energy infrastructure 
companies of which Gasunie also takes part in, has also produced multiple reports on the vision 
of such a hydrogen network connecting various parts of Europe together. However, both 
Gasunie and the EHB provide no information on the environmental impact of transporting 
hydrogen. Of the reviewed literature, Di Lullo et al. (2022) provides the only in-depth overview 
of the associated emissions of each hydrogen transportation method. They find that the 
transportation of pure hydrogen via pipeline network has one of the lowest GHG emission 
footprints in comparison to the other potential hydrogen transportation methods such as truck 
transport and hydrogen carriers (Di Lullo et al., 2022). 
 
Even though a vast amount of literature exists spanning multiple parts of a potential hydrogen 
supply chain, clear gaps remain in the assessment of the full life cycle impacts of implementing 
hydrogen for the purpose of creating industrial heat for the energy intensive industries. As 
literature surrounding the production of hydrogen is relatively large, this research will build on 
the current (academic) literature and expand this to include the transportation and combustion 
stage of hydrogen for the end use of provisioning heat to an industrial counterpart.  
 
1.1.2 Electrification 
Another decarbonization alternative for the energy-intensive industries is to electrify their 
processes. Electricity is already a backbone of the energy supply system and a mature 
technology unlike hydrogen or Iron Fuel Technology™ which still requires extensive 
technological development. Roelofsen et al. (2020) has found that for the industry’s energy use 
from fuels “it is technically possible to electrify up to half of the industrial fuel consumption 
today”. For instance, for lower temperature heat demands commercial equipment is available, 
but for temperatures above 1000℃ technologies are often still in the research or pilot phase 
(Roelofsen et al., 2020). Dependent on the specific application, changes for electrification can 
be as simple as a replacement of parts, e.g. the replacement of a boiler or furnace, or may 
require an overhaul of the process (Roelofsen et al., 2020).  
 
Within the European and Dutch context, electrification is being considered as a measure to 
reduce emissions and is often mentioned in roadmap studies (Bert Den Ouden et al., 2017; 
Gerres et al., 2019; Wiertzema et al., 2020). However, a key consideration to take into account 
is that electrifying processes is only sustainable if the supplied energy is from renewable 
sources. Electrification of processes in itself does not guarantee a CO2 neutral situation (Bert 
Den Ouden et al., 2017). For large-scale electrification of energy-intensive industries, the 
generation of renewable electricity would need to increase significantly. One estimation of the 
complete electrification of the basic materials industry (thus not encompassing all energy-
intensive industries) resulted in a required electricity demand of 1713 TWh annually in 2050 
(Lechtenböhmer et al., 2016; Wiertzema et al., 2020). To put this into perspective, the current 
total electricity use of the EU industry totals approximately 1000 TWh (Lechtenböhmer et al., 
2016). Hence, a significant increase of (green) electricity will be required if industries choose 
to electrify their processes.  
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One of the challenges resulting from increasing the electricity demanded are infrastructural. 
Congestion of the electricity grid, for example, is a large issue in the Netherlands. Businesses 
cannot electrify as the current electricity grid has not been designed for meeting industrial 
demand (de Bruyn et al., 2020). New and expanded electricity grids and additional transformers 
will be required (de Bruyn et al., 2020). Direct implementation is thus hindered by the need for 
infrastructure reinforcement. Furthermore, switching to electricity-based processes can leave 
businesses at a disadvantage due to the associated higher operational expenditures and upfront 
required investments, e.g. infrastructural or installation costs (de Bruyn et al., 2020). For these 
reasons, electrification of the industries, though technically possible, is currently not upscaled. 
 
As just mentioned, electrification of the energy-intensive industries is only sustainable when 
green electricity is the source. There have been numerous studies and reviews completed to 
identify the environmental impacts of the electricity system separately in its parts: electricity 
generation technologies, see e.g. Arvesen & Hertwich (2011); Turconi et al. (2013); United 
Nations Economic Commission for Europe (2021), or the transmission and distribution 
networks, see e.g.  Gargiulo et al. (2017); Harrison et al. (2010); Jorge & Hertwich (2014). 
Fewer studies take a more holistic and full life cycle approach in which multiple parts of the 
electricity system are analyzed jointly (Berrill et al., 2016; Hertwich et al., 2015; Kouloumpis 
et al., 2015). From reviewing these studies it becomes clear that the required infrastructure in 
the electricity system contributes largely to environmental impacts like mineral resource 
depletion and has greater land occupation impacts than fossil fuels (Berrill et al., 2016; Turconi 
et al., 2013). Also impacts from the upstream processes required to generate the electricity are 
a source of large impacts, e.g. the wind turbine construction, the electricity mix used during 
manufacturing processes, and the installation and decommissioning stages (Arvesen & 
Hertwich, 2011; Turconi et al., 2013). As for the use stage of the electricity, most studies are 
largely focused on the application of electricity in buildings (e.g. Famiglietti et al. (2021); 
Rinne & Syri (2013); Vechi & Ghis (2018), with relatively few studies focusing on (subsectors 
of) the energy-intensive industries, e.g. district heating in Nitkiewicz & Sekret (2014). No 
studies were found to have examined the full life cycle impacts of producing heat directly from 
electricity via an electric boiler (e-boiler). Similarly, no literature was found to specifically 
study the environmental impact of e-boilers either. As e-boilers allow for the conversion of 
(renewable) electricity to heat, they will be key for the energy transition in meeting industrial 
heat demand in the energy-intensive industries. Studies on heat pumps and conventional boilers 
have been completed, however these impacts do not translate one-to-one to e-boilers (e.g. 
Famiglietti et al., 2021; Nitkiewicz & Sekret, 2014; Rinne & Syri, 2013). Hence, this study can 
contribute to understanding the full life cycle impacts of producing heat directly from 
electricity via an e-boiler by considering multiple parts of the electricity system. 
 
1.1.3 Iron Fuel Technology™ 
Iron Fuel Technology™ is a CO2 free, safe and circular energy technology specifically for 
district heating, industrial processes and electricity generation plants. It is an alternative for the 
use of fossil fuels in generating high temperature heat. The foundation of this technology is the 
rusting and unrusting of iron fuel (iron in powder form), which allows for the storage and 
release of energy, similar to a rechargeable battery (Renewable Iron Fuel Technology, 2022; 
RIFT, 2023).  
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Figure 1: the working principle of Iron Fuel Technology™ 
 
The working principle can easily be described in two steps, see Figure 1.  
1. Combustion – the release of energy from iron fuel in an iron fuel boiler.  

4Fe + 3O2  2Fe2O3  
The iron fuel (IF) is combusted in a boiler system in which a flame is created that releases 
energy in the form of heat (~1500°C) with no CO2 emissions. The only by-product is rust 
(iron oxide) which gets captured and is reused to form iron fuel again (step 2).  

2. Production – the storage of energy in iron fuel in an iron fuel production reactor.  
Fe2O3 + 3H2  2Fe + 3H2O 
The rust is transferred into a reactor in which it is produced to iron fuel and water in the 
form of steam with an excess of hydrogen. The newly produced iron fuel and water are 
separated out and the hydrogen is recycled within the process to make iron fuel again. This 
process requires energy, which is transferred from the hydrogen. This energy is released 
again during combustion in step 1.  

 
Iron Fuel Technology™ is a relatively new technology that has been developed since 2015, 
with practical exploration largely surrounding the Technical University of Eindhoven and the 
student team SOLID. In 2020, three ex-members of student team SOLID decided to 
commercialize the technology and founded start-up Renewable Iron Fuel Technology (RIFT). 
They have proven and developed the technology further to technological readiness level (TRL) 
4/5. It is expected that the technology is ready for commercial implementation in 2025. To 
date, the environmental impacts of this technology have been studied to a limited extent by 
some of the involved parties, but results have never been publicized. A standardized assessment 
such as an LCA has also never been conducted making the developing parties largely unaware 
of the (future) environmental impacts.  
 
1.1.4 Natural Gas 
Natural gas is a gaseous fossil fuel energy source predominantly consisting of methane (CH4) 
(U.S. Energy Information Administration, 2022b). It’s versatility in storage, transport and 
ability to be used rapidly in gas-fired plants makes it a desirable fuel (Greenfield, 2023; Shell 
International, n.d.). In the last decades, natural gas use has grown rapidly worldwide and 
currently accounts for about a quarter of the global electricity generation (Greenfield, 2023). 
In the Netherlands, natural gas was first discovered in 1948 at which point there was no market 
demand nor a gas network. The Groningen gas field, one of the largest in the world, was only 
tapped in 1959 at which stage the Netherlands became a gas producing country and a societal 
transition from coal to gas was made (ElementNL, n.d.; Nederlandse Aardolie Maatschappij, 
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n.d.). Today, the Netherlands has extensive gas infrastructure equipped for gas production, 
transport, and storage (ElementNL, n.d.). However, the winning of gas from the Groningen gas 
field resulted in numerous earthquakes in the north of the Netherlands leading to damaged 
houses and societal backlash (ElementNL, n.d.; Ministerie van Algemene Zaken, n.d.-a). In 
2018, the Dutch government therefore decided to gradually decrease the winning of gas from 
the Groningen gas field, which is now set to provide no gas per October 2023 (ElementNL, 
n.d.; Ministerie van Algemene Zaken, n.d.-a).  
 
In line with reducing CO2 emissions, the Dutch government has decided to switch to renewable 
energy sources and therefore eliminate natural gas from the energy mix in so far as possible, a 
transition which should be completed by 2050. For the energy intensive industries in the 
Netherlands this is to be achieved through swapping natural gas for alternatives like green 
electricity, geothermal energy or green hydrogen, as well as capturing CO2 in empty gas fields 
and swapping natural gas and oil for biobased feedstocks or reusing raw materials (Ministerie 
van Algemene Zaken, n.d.-b; Ministerie van Economische Zaken en Klimaat, 2019c). In the 
lead up to 2050, the role of natural gas will therefore likely gradually decrease with an increase 
in the quantity of green energy (Gasunie, 2023a). Global demand, however, is expected to 
increase the coming years only to start falling after 2030 (Greenfield, 2023; Shell International, 
n.d.). Natural gas will also likely serve as a transition fuel aiding in the integration of 
renewables and as a replacement for more polluting fossil fuels like coal (Gasunie, 2023a; 
Greenfield, 2023; Mohammad et al., 2021).  
 
Natural gas is the cleanest hydrocarbon when combusted, producing approximately half the 
CO2 emissions of coal when generating electricity (Shell International, n.d.). Other studies 
communicate similar results in that natural gas performs best in global warming potential and 
reducing combustion emissions in comparison to hard coal, brown coal, diesel and oil (H. H. 
Cho & Strezov, 2020; Mac Kinnon et al., 2018; Mohammad et al., 2021; Turconi et al., 2013). 
The paper of Cho & Strezov (2020) used existing literature studies to compile information from 
completed life cycle assessments to compare multiple fossil fuels including natural gas. In their 
review, the global warming potential impact category (i.e. climate change) was the most widely 
investigated followed by acidification potential (i.e. acidification) whereas other impact 
categories were studied more limitedly resulting in an incomplete comparison at times (H. H. 
Cho & Strezov, 2020). The results (an averaged value of the reviewed studies) showed that 
natural gas generally performed the best from an environmental perspective in comparison to 
hard coal, brown coal and diesel in producing electricity. However, Cho & Strezov (2020) 
therein also mentioned that the variation in quality of data, system boundaries and LCIA 
method limited the ability for a good comparison. Turconi et al. (2013) also clearly state that 
an “isolated focus on GHG emissions can lead to incorrect conclusions concerning the 
environmental consequences of electricity generation technologies”. Hence, a full life cycle 
assessment with consistent system boundaries could prove beneficial. All the mentioned and 
reviewed studies focused on power generation from fossil fuels rather than the end use of heat 
which is the focus of this research. As the combustion of fossil fuels produces heat which in 
turn produces electricity, similar trends and comparisons can be expected. Natural gas, as the 
fossil fuel with the least carbon emissions, can therefore be considered the environmental 
baseline which the clean alternatives (electrification, hydrogen and Iron Fuel Technology™ 
should perform better than.  
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Natural gas is formed from organisms that lived millions of years ago. As a result, the use of 
natural gas depletes the total resource volume thereby not being replenishable. As of 2018, the 
worldwide known gas reserves would be sufficient for approximately 50 years (Kuo, 2019). 
Apart from this, there is the clear limitation that natural gas is also known to negatively impact 
the environment, for example, by climate change – the reason why this research is also relevant. 
However, another disadvantage is not as apparent. The increasingly globalized natural gas 
market has given rise to spot pricing (Greenfield, 2023). As a result, the market has become 
more volatile and supply shocks can have global implications on prices (Greenfield, 2023). The 
conflict between Russia and Ukraine in 2022 caused energy prices to skyrocket and endangered 
natural gas supply security in Europe (Directorate-General for Energy, n.d.; Gasunie, 2022; 
IEA, 2022a; Ministerie van Algemene Zaken, n.d.-c). The European Union (EU) was 
dependent on Russian gas for almost 40% of its total gas consumption, highlighting the need 
for energy independency and security (IEA, 2022a). A topic that is also relevant for all other 
energy technologies that will be implemented in the future.  
 
1.1.5 Biomass 
Whereas fossil fuels make use of organisms that lived long ago, biomass makes use of 
organisms living more recently (Turgeon & Morse, 2023). It uses the stored chemical energy 
in living organisms like plants and animals of which the most common used biomass materials 
are agricultural crops, wood and waste (Turgeon & Morse, 2023; U.S. Energy Information 
Administration, 2023). These materials can be combusted to produce heat or converted to liquid 
or gas fuels. Depending on how the biomass is grown and harvested, what type of biomass is 
sourced, in what time frame it is utilized and what technologies are applied, biomass can be 
either a renewable or non-renewable source (R. Cho, 2016; Turgeon & Morse, 2023). When 
the use of biomass releases no new carbon dioxide emissions to the atmosphere as the 
replanting of harvested biomass ensures an equivalent or higher CO2 uptake, biomass is 
renewable (Goldemberg & Teixeira Coelho, 2004; Mckendry, 2002). However, if the 
contribution of CO2 emissions released into the atmosphere is larger than the CO2 sequestrated, 
a non-renewable case presents itself (Goldemberg & Teixeira Coelho, 2004). A distinction 
between modern and traditional biomass is also made in which modern biomass is produced 
sustainably and traditional biomass is not (Goldemberg & Teixeira Coelho, 2004). Modern 
biomass is seen as a key renewable energy source which can also help achieve climate change 
goals in the transition away from fossil fuels (Bains et al., 2023; Bridgwater, 2006).  
 
Reviewing literature on the environmental impact of biomass, it is seen to both improve and 
contribute negatively to environmental issues depending on the specific issue. From a GHG 
emission perspective, biomass was seen to reduce impacts in comparison to fossil fuels like 
hard coal, lignite, natural gas and oil for each MWh electricity output (Turconi et al., 2013). In 
comparison to renewable energy sources such as nuclear energy, hydropower, solar and wind 
energy, biomass emits more CO2-equivalent emissions (Turconi et al., 2013). Few studies 
analyzed the impact to renewable sources, but many studies note similar results on the GHG 
emissions in comparison to fossil fuels (Caserini et al., 2010; Cherubini & Strømman, 2011; 
Havukainen et al., 2018; Tonini & Astrup, 2012). Biomass is also seen to reduce other 
emissions including nitrogen oxides, methane, sulphur oxides and carbon monoxide (Saidur et 
al., 2011). It thereby also helps “reduce acid rain, soil erosion, water pollution and pressure on 
landfills, provide wildlife habitat, and help maintain forest health through better management” 
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(Demirbas, 2005). However, caution is required for increased impacts to land use, water 
resources, loss of biodiversity and increased deforestation in comparison to both renewable and 
non-renewable sources (Fthenakis & Kim, 2009; Saidur et al., 2011). It has been emphasized 
that the production of biomass has “adverse environmental impacts such as biodiversity loss 
caused by land use changes” (Myllyviita et al., 2012). Biomass also exerts more pressure on 
acidification and eutrophication impacts than natural gas for energy production (Havukainen 
et al., 2018). The utilization of biomass seems to bear environmental tradeoffs yet a difficulty 
in making any generalized comments about the environmental impact of biomass is that the 
environmental impacts are largely tied to the biomass source. Impacts deriving from the 
biomass supply were seen to be responsible for the largest contributions to biomass (Turconi 
et al., 2013). Unfortunately, the associated environmental impacts with using different biomass 
sources are unclear (Havukainen et al., 2018). Assuming that biomass is carbon neutral is 
therefore also challenging as it largely depends on “the type, quality and origin of feedstock, 
as well as the amount and type of co-products” (Havukainen et al., 2018; Turconi et al., 2013). 
Whether biomass can therefore be considered renewable is therefore often disputed. 
 
Furthermore, some studies only noted impacts deriving from plant operation wherein the 
upstream impacts of biomass were assumed to have no burdens (Turconi et al., 2013). They 
assume that the sourced biomass is a waste stream. This, of course, is only sometimes the case, 
but often biomass will likely be sourced sustainably from forests thereby not being residual nor 
having no environmental impact. A case study of Denmark showed that “residual domestic 
biomass resources were insufficient to cover demand for biomass energy thereby requiring 
additional cultivation of energy crops which caused significant environmental loads” (Tonini 
& Astrup, 2012). The use of biomass for energy can likely help mitigate climate change impacts 
but then exert pressures on other parts of the environment. In addition, biomass required for 
energy increases competition between the energy generation, forest and food production 
sectors (Turconi et al., 2013). Biomass therein also requires a much larger area of land than 
other energy sources including harvesting solar energy by photovoltaics (Fthenakis & Kim, 
2009). The assumption that biomass has zero burdens is its sourcing is likely incorrect, 
especially in the longer term (Turconi et al., 2013). However besides environmental pressures 
it can also create economic and societal disputes if competition between different economic 
sectors is not managed properly. For each application it must therefore be carefully examined 
whether the implementation of biomass is sustainable, especially in the long term, or whether 
adverse (environmental) impacts will outweigh the desired benefits.  
 
 
1.2 Knowledge Gap 
The need to implement sustainable alternatives to decarbonize energy-intensive industries and 
meet climate targets is clear. Electrification, hydrogen and Iron Fuel Technology™ are three 
non-carbon-based alternative fuels that allow for the possibility to decarbonize the energy-
intensive industries. In the larger picture, it suggests GHG emissions and the subsequent effects 
on climate change can potentially be limited by implementing any of these three technologies 
in comparison to carbon-based fuels. However, as has become clear from the previous section 
is that gaps remain in the understanding of the current and future environmental impacts 
throughout the life cycle of all three clean technologies as well as natural gas and biomass. 
First, gaps exist in the analysis of a full life cycle wherein all life cycle stages are considered. 
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Second, most completed assessments only focused on GHG emissions and climate change 
impacts leading to a gap in knowledge about the potential environmental impacts of the 
technologies in other impact categories. Third, there is a gap surrounding the environmental 
impacts of the specific end use this research focuses on, i.e. providing heat to energy-intensive 
industries. Fourth, a life cycle assessment on Iron Fuel Technology™ has never been 
completed. Fifth, the three clean technologies have been limitedly examined in comparison to 
carbon-based fuels and never to one another. Sixth, as some of the technologies are not yet 
mature and available at commercial scale, estimations of potential future environmental 
impacts have also been limitedly completed.  
 
 
1.3 Research Questions 
With the threat of derailing climate targets, a critical assessment of the expected environmental 
impacts of any potential decarbonization solution must be made to prevent misinformed 
decision making and investments. Life cycle assessment is a frequently used method to 
determine the (potential) environmental impacts of products for assisting in (i) identification 
of improvement opportunities of environmental performance, (ii) decision-making, (iii) 
selection of environmental performance indicators, and (iv) for marketing purposes 
(International Organization for Standardization, 2006). The use of LCA is encouraged and is 
increasingly used in environmental policy in governments and institutions around the world 
(Guinée et al., 2011). As the energy-intensive industries account for a large emission footprint 
(inter)nationally and thus are key in the decarbonization challenge, a profound understanding 
of the environmental impacts of implementing any solution in these industries is vital. As some 
of the clean technologies are not yet commercially implementable, this research will take a 
prospective approach (ex-ante LCA explained in section 2.2) and examine the potential future 
environmental impacts associated with the implementation of hydrogen, electricity and Iron 
Fuel Technology™ in providing heat to an energy-intensive industry in a future 2030 and 2050 
scenario. These three technologies will also be compared to carbon-based fuels, specifically 
natural gas and biomass. The assessment will be completed through multiple life cycle 
assessments for all five technologies spanning multiple impact categories to determine whether 
decarbonization is possible without adverse environmental impacts. 
 
The main research question of this research thereby is: 
What are the environmental impacts of electrification, hydrogen and Iron Fuel Technology™ 
when supplying 1 MWh of steam in 2030 and 2050 in relation to carbon-based fuels and to 
each other and what redesign recommendations can be made to limit the environmental 
impacts? 
 
This question can be unpacked into the following sub-questions: 

1. How do electrification, hydrogen and Iron Fuel Technology™ perform 
environmentally in 2030 and 2050 in comparison to carbon-based fuels (natural gas and 
biomass)? 

2. How do electrification, hydrogen and Iron Fuel Technology™ perform 
environmentally in 2030 and 2050 in comparison to one another? 

3. What are the environmental hotspots for electrification, hydrogen and Iron Fuel 
Technology™? 
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4. How does the environmental performance of electrification, hydrogen and Iron Fuel 
Technology™ change when the sensitivity of some parameters are tested as chosen 
based on the results from sub-question 3?  

5. What recommendations can be made for improving the environmental footprint of 
electrification, hydrogen and Iron Fuel Technology™?  

6. What non-environmental factors influence the implementation of electrification, 
hydrogen and Iron Fuel Technology™ in the future? 

 
As not all three clean technologies are able to have direct flame contact, an indirect medium of 
heat transfer was chosen namely steam. As all technologies can produce this it allows for a fair 
comparison. The specific steam temperature (240℃) and pressure (20 bar) as well as size of 
the boiler system (5-20 MW) are defined based on the requirements of the location of RIFT’s 
pilot plant. This grounds this research by a specific case. The incumbents, biomass and natural 
gas, have been chosen for comparison material as they are industry wide the most common 
carbon-based fuels for this type of application and are currently used at the pilot plant location 
(Nederlandse Emissieauthoriteit, 2019; Olsson & Schipfer, 2021).  
 
 
1.4 Research Approach 
For an overview of the research approach taken in this study, see Figure 2. Though stages are 
displayed consecutively, overlap and iteration of and between stages was possible. The 
research could also be divided into two main phases, defined by the activities before (phase 1) 
and from (phase 2) the execution of the ex-ante LCAs (further elaboration on ex-ante LCA is 
given in section 2.2). 
 
This research followed an hourglass shape with the division between phase 1 and phase two 
being the slimmest part. The first phase focused on making the transition from a wealth of 
information and problems in literature to a researchable and attainable question worth 
investigating. The information required to conduct a proper assessment to answer the research 
question was also gathered in this phase as it is a critical part of clearly defining the boundaries 
of this research. All activities undertaken in phase 1 had to be completed in order to move to 
phase 2. The second phase first focused on the ex-ante life cycle assessment and the production 
of results. These results provided the foundation for further exploration into the hotspots and 
most sensitive parameters of the investigated technologies. This research then tried to put the 
results into the broader picture by defining redesign recommendations and investigating 
limitations to both the technologies and this research. The research questions were 
subsequently answered and areas for future research were defined. Below a more detailed 
explanation of the main activities completed within each stage is given but refer to the specified 
sections for further details.  
 
Phase 1:  

• Understanding the research context: this stage focused on researching the current 
challenges surrounding decarbonization in the energy-intensive industries and the 
potential solutions for it. From there a specific, relevant and under investigated problem 
was defined, namely the limited knowledge of the environmental performances of 
potential solutions for the energy-intensive industries. A key part of this stage consisted 
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of conducting a detailed literature review and gathering background information by 
completing desk research. The outcome of this stage is reflected in sections 1.1 and 1.2.  

• Defining research questions & choosing methodologies: this stage first focused on 
defining a researchable and attainable question to the chosen problem. The main 
research question has been defined in the previous section. Subsequently, a research 
method able to provide an answer to the defined research question was selected, in this 
case ex-ante life cycle assessment due to the ability to estimate (future) environmental 
impacts. For further information on life cycle assessment consult Chapter 2.  

• Technology data collection: this stage was completed simultaneously with the scenario 
development stage. The technology data collection stage specifically focused on 
collecting data about each of the five investigated technologies through conducting 
literature reviews, examining current data within the ecoinvent database and 
completing interviews with technology developers. This data was used for input to the 
LCA unit processes as well as for defining the 2030/2050 scenarios, process alternatives 
and base case. The outcome of the technology data collection stage is primarily seen 
reflected in the underlying data used in the LCA (see Appendix B and section 4.3) and 
the distinction between process alternatives (section 3.6).  

• Scenario development: this stage focused on defining the 2030 and 2050 scenarios. In 
doing so, the base case and the process alternatives as well as the overall goal and scope 
of the LCA were further defined. The goal of the LCA has largely been defined at this 
stage because of the research questions formulated at an earlier stage. However, the 
base case and scope of the LCA are closely tied to any potential application, in this case 
the foreseen pilot of RIFT as defined through a combination of desk research and 
interviews. Hence the scope is the Netherlands in 2030/2050 so the scenarios have been 
defined by the expected Dutch electricity mix as found in reviewed literature. The goal 
and scope are handled in Chapter 3 in which the scenarios and the process alternatives 
are specifically handled in section 3.6. The base case of all process alternatives is 
further defined in 4.2.  

 
Phase 2: 

• Completing ex-ante LCA: the focus of this stage was on producing estimates of the 
environmental performance of each defined process alternative through conducting ex-
ante LCAs. Chapter 4 addresses the life cycle inventory whereas Chapter 5 provides 
the results of the ex-ante LCA including the life cycle impact assessment, the 
contribution analyses and the sensitivity analyses.  

• Defining redesign recommendations: in this stage research and development 
recommendations for improving and limiting the environmental impacts of the 
investigated technologies were made. These recommendations were based on the 
results from the sensitivity analyses. For further information refer to Chapter 6.  

• Discussion: at this stage, a reflection of what this research has achieved including its 
relevance in the broader sense and any methodological limitations are given. This 
research then also expanded the examination of each clean technology in a broader 
sense – from a technical, economic, legislative and societal perspective. It considered 
the upscaling potential of electrification, hydrogen and Iron Fuel Technology™ while 
also addressing critical (non-environmental) limitations of these technologies identified 
through interviews and desk research. For further information, the relevance of this 
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research is addressed in section 7.1, the limitations are addressed in section 7.2, and the 
upscaling potential in section 7.3.   

• Conclusion: finally an answer was provided to the posed research question(s) and 
recommendations for further research were also made, see Chapter 8. 

 
1.4.1 Research Outline 
This report generally follows the research approach as just provided. Deviation exists in what 
is reported and what the working process was. As a result, this research is structured into eight 
chapters for clear communication of the work that has been completed. The next chapter 
(Chapter 2) will explain the methodology of LCA and specifically ex-ante LCA which was 
followed in this research. In chapter three the goal and scope defining phase of ex-ante LCA 
will be addressed. Chapter four handles the life cycle inventory phase while chapter five 
discusses the results of the completed life cycle assessment including the contribution and 
sensitivity analyses. Chapter six then produces recommendations for redesigning the product 
systems to reduce the environmental impacts based on the ex-ante LCA results as well as 
recommendations for actions RIFT can take. Chapter seven then discusses the relevance and 
limitations of this research as well as the challenges for implementation and upscaling of 
electrification, hydrogen and Iron Fuel Technology™. Finally, Chapter eight will present the 
conclusions of this research and the recommendations for further research.  
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2. Methodology: (Ex-Ante) Life Cycle Assessment  
  
 
2.1 Objective and Procedure of Life Cycle Assessments 
Life Cycle Assessment (LCA) is defined as the “compilation and evaluation of the inputs, 
outputs and potential environmental impacts of a product system throughout its life cycle” 
(International Organization for Standardization, 2006). LCA is an analytical tool to evaluate 
environmental impacts of a product along the whole chain and of all processes related to the 
final consumption of the product, including all stages from extraction of resources through 
production processes to treatment processes at the end of the product’s life (Guinée et al., 
2002). ‘Product’ is interpreted in a broad sense including physical goods as well as services 
and ‘environmental impacts’ also encompasses all types of impacts exerted on the environment, 
including but not limited to land use, emissions or raw material extraction (Guinée et al., 2002). 
The term ‘product system’ is therefore often used to encompass all related processes throughout 
the life cycle leading to the final consumption of the product.  
 
LCA has a standardized methodological framework defined by the International Organization 
for Standardization (ISO) consisting of four phases: the goal and scope definition, life cycle 
inventory analysis (LCI), life cycle impact assessment (LCIA) and interpretation, as visualized 
in Figure 3 (International Organization for Standardization, 2006). The framework outlined in 
the ISO 14044 Standard details the requirements for conducting a proper LCA and will also be 
followed in this research (International Organization for Standardization, 2006). 
 

 
 
Figure 3: ISO 14040 life cycle assessment framework. 
 
The first phase of LCA is largely related to the subject and the intended use of the study. At 
this stage the research question, target audience, application, and depth and breadth of the 
research is defined in relation to the aim of the study. The scope of the research is defined in 



27 
 

terms of the temporal, geographical and technological coverage. This results in pinpointing the 
function, functional unit, alternatives and reference flows of the research. The second phase, 
the life cycle inventory, is the step in which the product systems and their boundaries are 
defined, data is collected, and multifunctional processes are dealt with. The calculations result 
in an inventory of all the quantified environmental in- and outputs throughout each product 
system. The third phase is the phase of LCA that evaluates the potential impacts of a product 
system. This evaluation is completed by assigning the life cycle inventory results to an impact 
category (e.g. climate change) which is quantified through a category indicator (e.g. radiative 
forcing). The last phase evaluates the results of the LCI and LCIA to check the overall 
robustness of the study and reach conclusions and recommendations (based on the goal and 
scope, methods, data, assumptions etc.).  
 
 
2.2 Ex-ante LCA Explained 
LCA studies have largely been ex-post analyses due to the required data for background and 
foreground processes (Cucurachi et al., 2018). Though these studies provide valuable input, 
when technologies are already matured, changes come at considerable costs. By applying LCA 
to future technologies and scenarios at an early stage of development already, alternative policy 
interventions and claims of environmental sustainability can be tested, and early design 
improvements and sound investments can be made (Cucurachi et al., 2018). The application of 
LCA in this manner is termed ex-ante LCA and is defined as studies examining “the scale-up 
of an emerging technology using likely scenarios of future performance at full operational 
scale” (Cucurachi et al., 2018). These emergent technologies, typically still at lab or pilot scale, 
are compared to the evolved incumbent technology as in the current technological landscape 
(Cucurachi et al., 2018). This, however, gives an unfair comparison as the current technological 
landscape may also develop with time. The challenge therein lies in modelling consistently 
across the different product systems as well as modelling both foreground and background 
future systems (van der Giesen et al., 2020).  
 
As the largest uncertainty is the development in time and the resulting life cycle inventory data 
that can be used as input, the help of technology developers and other domain experts can be 
key. As the clean technologies in this case are still at pilot scale (exception: electrification) the 
projected environmental impacts are only as robust as the assumptions on which the data is 
based. Where foreground data, as sourced by the LCA practitioner, is often of high uncertainty 
due to the ex-ante nature, any background data as sourced from existing LCI databases is often 
not representative of the context of the study (van der Giesen et al., 2020). Corrections to the 
upstream supply chains are often limitedly possible but should be manipulated for consistent 
modeling and a fair comparison as “background processes usually make up to 99% of all unit 
processes in a product system” (van der Giesen et al., 2020). To compensate for this mismatch 
in time, it is possible to make use of scenarios.  
 
Scenario’s form the backbone of ex-ante LCAs. They are closely tied to the temporal and 
geographical scope as defined in the research in an attempt to give a more balanced comparison 
between the emergent and incumbent technologies (van der Giesen et al., 2020). Yet future 
scenarios are still subject to uncertainty as well. It has been shown that scenarios can be 
developed and implemented based on the shared socio-economic pathways (SSPs) calculated 
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by integrated assessment models (IAMs) (Mendoza Beltran et al., 2020; van der Giesen et al., 
2020). However, IAM based LCI background data is limitedly available and has not been 
expanded to all background sectors. As such, it is of the essence that assumptions and choices 
on which temporal mismatches are made are clearly communicated.  
 
Environmental impacts of emergent technologies may also not always be known before 
commercial roll-out. Furthermore, some impacts may also not be known to contribute to a 
particular impact category or there may not yet be a suitable impact category. A lack of 
characterization factors may also leave environmental flows unclassified due to a lack of data 
and models (van der Giesen et al., 2020).  
 
Ex-ante LCA varies from the standard LCA mostly in that the information is highly uncertain. 
It also often requires more stakeholder participation and a multitude of disciplines and skills 
(van der Giesen et al., 2020). Furthermore, the high uncertainty resulting from this type of LCA 
requires a different approach. Earlier it was mentioned that there can be various purposes for 
conducting an LCA of which one was for marketing purposes. Considering this, it is important 
to note that the results of this type of LCA should not be considered as a final result but rather 
be used as a guidance for debate, evaluation and research and development (R&D).  
 
The ex-ante LCA method deals with the environmental assessment of technologies in a 
predictive manner such that environmental impact estimations can be made while retaining the 
ability to influence technological development at relatively low cost. For this reason, this 
research makes use of this type of LCA. It can provide valuable insight into the ability of an 
emergent technology to potentially outperform the market-leading competitor, understand 
where foreseen environmental hotspots are and guide R&D, business case and investment 
decisions. This research aims to be of aid to RIFT in their development towards 
commercialization and in its understanding of the potential future environmental impacts of 
their technology.  
 
This research also addresses some of the challenges inherent to ex-ante LCA as explained in 
this section. First this research makes use of scenarios, specifically two scenarios – 2030 and 
2050. These scenarios define the electricity mix and expansion of the electricity network in 
line with 2030 and 2050 expectations. The broader technological landscape may also develop 
toward 2030 and 2050 but this is not considered. The current landscape is reflected in this 
research. The scenarios, however, are consistently implemented throughout all investigated 
product systems including the incumbents as this creates a fairer comparison. Furthermore, 
foreground data was collected with the help of technology developers and domain experts 
based on expected developments towards 2030 and 2050. Hence, the foreground data is based 
on performance at mature operational scale resulting in the use of data based on predicted 
performances for the clean alternatives. The use of the temporal scope of 2030/2050 is not 
applicable for background processes. As IAM based background LCI data extending to 
multiple sectors was not available for this research, all background processes do not make use 
of a 2030/2050 temporal scope for consistency within background data.  
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3. Goal and Scope Definition 
 
In this chapter the first phase of LCA according to the ISO framework will be addressed. First 
the goal and geographical, temporal and technological scope of the ex-ante LCA are reported 
(section 3.1-3.4). Next, the function, functional unit, the alternatives and the reference flows 
are defined in section 3.5. The chapter then dives deeper into the scenarios that will be used 
and a more specific description of each of the process alternatives that will be investigated 
(section 3.6). 
 
 
3.1 Goal 
The goal of this ex-ante LCA is to compare and explore the environmental performance of 
hydrogen, electrification and Iron Fuel Technology™ to the market incumbents in the 
provisioning of heat for the energy-intensive industries and to thereby inform technology 
developers, customers, investors and policy makers of any implications or foreseen 
environmental issues before large-scale implementation takes place. The alternatives have 
different value chains exerting various pressures on the environment. By completing a LCA, 
trade-offs between product systems, processes, and life cycle stages can be identified. As a 
result thereof designs may be steered, and any environmental burdens or poor investments can 
be prevented.  
 
 
3.2 Geographical Scope 
This research is based on the pilot and first market RIFT envisions for its product. As such, the 
life cycle of all alternatives is limited to the Netherlands with data representative of this. 
Upstream processes, e.g. raw material production, may occur outside of the Netherlands and 
be imported. Whenever applicable, these processes will reflect the predicted import market of 
the Netherlands.  
 
 
3.3 Temporal Scope 
The temporal scope of this research is 2030 and 2050. As mentioned earlier, the background 
processes will not reflect this due to unavailable background LCI data. However, for the 
foreground processes this temporal scope will be reflected. The two scenarios (further 
elaborated in section 3.6) define the prospective energy mix and extended electricity network 
in 2030 and 2050. The electrification product system will therefore build on this with 
background processes reflecting state-of-the-art data. Both the hydrogen and Iron Fuel 
Technology™ product systems will also consider the defined scenarios. As they are both not 
yet commercially and technologically upscaled, for both alternatives a possible future system 
covering the year 2030 and 2050 are used in the LCA model.  
 
 
3.4 Technological Scope 
The incumbent technology, which will also be used as a benchmark, will be natural gas and 
biomass. These two fuels have shown to be the most sustainable fuels for generating industrial 
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heat and are currently market standard (Nederlandse Emissieauthoriteit, 2019; Olsson & 
Schipfer, 2021). As electricity is already a backbone of the current energy system, state-of-the-
art data regarding infrastructure, electricity generation technology and e-boilers should suffice. 
The electricity mix will be adapted to the assumed scenarios accordingly in this research (see 
section 3.6). For the hydrogen product system, the estimated TRL for producing heat varies, 
but somewhere around TRL 5 seems realistic (Hers et al., 2018). With that in mind, there are 
products being developed and tested as well as ongoing literature research on the topic, so data 
regarding the expected technical parameters used in this research for the hydrogen product 
system will be sourced from a mix of literature and interviews with manufacturers and experts. 
For the Iron Fuel Technology™ product system, the data used derives from RIFT’s commercial 
installation designs that meet business case standards. The data will origin from the engineers, 
manufacturers and suppliers of RIFT. All foreground processes are assumed at commercial 
scale.  
 
 
3.5 Function, Functional Unit, Alternatives, Reference Flows 
This research concerns itself with the challenge to decarbonize the heat demand of the energy-
intensive industries. The function can therefore be defined as the provision of heat for the 
energy-intensive industries.  
  
As explained in the introduction, there are different grades of heat which also come in different 
forms, e.g. hot water, steam, hot air. To allow for comparison, the functional unit is defined as 
the provision of 1 MWh of heat in the form of superheated steam at 240℃ and 20 bar (stack 
temperature 130℃ if applicable) for the supply to an energy-intensive industry. This is in line 
with the envisioned pilot of RIFT and based on the client’s current energy need. 
 
The clean alternatives under consideration are hydrogen, directly combusted by a hydrogen 
boiler (h-boiler), electrification, using an industrial electric boiler (e-boiler), and Iron Fuel 
Technology™, iron fuel combusted in an iron fuel boiler (IF boiler). The alternatives of natural 
gas, directly combusted by a natural gas boiler (NG boiler), and biomass, wood chips directly 
combusted in a biomass boiler, will also be included in this research as the market incumbents. 
The specific configurations of the alternatives will be explained further in section 3.6.  
 
At this temperature scale, a heat pump could potentially also be implemented, but is not being 
considered because to implement this technology sufficient waste heat is required close to the 
boiler location at which the heat is needed (Kleefkens & Spoelstra, 2014). In the foreseen pilot 
of RIFT, the use of a heat pump is practically infeasible and is therefore not considered in this 
research. 
 
The reference flows that follow from this are: 

1. Provision of 1 MWh of heat in the form of superheated steam at 240℃, 20 bar (stack 
temperature 130℃ if applicable) for the supply to an energy-intensive industry by a 5-
20 MW electric boiler. 

2. Provision of 1 MWh of heat in the form of superheated steam at 240℃, 20 bar (stack 
temperature 130℃ if applicable) for the supply to an energy-intensive industry by a 5-
20 MW hydrogen boiler. 
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3. Provision of 1 MWh of heat in the form of superheated steam at 240℃, 20 bar (stack 
temperature 130℃ if applicable) for the supply to an energy-intensive industry by a 5-
20 MW iron fuel boiler.  

4. Provision of 1 MWh of heat in the form of superheated steam at 240℃, 20 bar (stack 
temperature 130℃ if applicable) for the supply to an energy-intensive industry by a 5-
20 MW natural gas boiler.  

5. Provision of 1 MWh of heat in the form of superheated steam at 240℃, 20 bar (stack 
temperature 130℃ if applicable) for the supply to an energy-intensive industry by a 5-
20 MW biomass boiler.  

 
 
3.6 Defining Scenarios & Process Alternatives 
Earlier the importance of scenarios to ex-ante LCA was already mentioned. “Each scenario that 
the analyst builds represents a possible future state of the considered technological systems (i.e. 
the technological system of the emerging technology, and that of the incumbent) with a specific 
timeframe” (Cucurachi et al., 2018). In building scenarios, there are different starting points 
and objectives. Three scenario categories – predictive, explorative and normative – can be 
defined (Börjeson et al., 2006; Höjer et al., 2008). Predictive scenarios are based on forecasting 
what will happen, explorative scenarios aim to explore what can happen, whereas normative 
scenarios have a target as starting point and aim to understand how that target can be reached 
(Höjer et al., 2008). In this study, two different scenarios are examined in an explorative style 
to understand the “what if”. Specifically, what if implementation of an alternative took place 
in 2030 and 2050.  
 
The scenarios of 2030 and 2050 define the electricity mix and the extent of the expansion of 
the electricity network. The assumed electricity mix is based on TNO’s ‘Transform’ scenario 
as seen in Table 1 displaying the electricity sources and their percentage shares for both the 
2030 and 2050 scenario (Scheepers, 2022). The extent of the expansion of the electricity 
network was assumed using a multiplication factor. A factor of 1.5 in 2030 and 2 in 2050. This 
was estimated based on the ecoinvent documented value and secondary sources (Dones et al., 
2007; Franx, 2022; Frischknecht et al., 2007; “In 10 Jaar Het Elektriciteitsnet Verdubbelen, 
Wat Je Normaal in 40 Jaar Doet,” 2023; Jaarbeurs, 2022).  
 
Table 1: Overview of the electricity mix percentage shares based on the TNO Transform electricity scenarios (Scheepers, 
2022). 

TNO Transform Scenario 2030 2050 
Electricity from solar 14.96% 18.87% 
Electricity from wind (offshore) 42.38% 60.62% 
Electricity from wind (onshore) 19.26% 8.45% 
Electricity from natural gas 11.48% 0.05% 
Electricity from biomass  1.52% 3.93% 
Electricity from waste 1.14% 0.13% 
Electricity from nuclear 1.96% 6.67% 
Electricity from flue gasses 0.11% - 
Imported electricity 7.13% 1.27% 
Electricity from other sources including biogas and hydro 0.05% 0.02% 
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The use of the word ‘scenario’ sometimes is confused with a specific possible state of an 
alternative. In this research, a clear distinction is made between ‘scenario’, ‘process alternative’ 
and ‘product system’ to minimize this confusion. When ‘scenario’ is used this refers to the 
assumed electricity mix and expansion of the electricity network in either 2030 or 2050. The 
use of ‘process alternative’ (PA) refers to a specific configuration of an examined alternative. 
The use of ‘product system’ refers to electrification, hydrogen, Iron Fuel Technology™, natural 
gas or biomass as a system in its entirety encompassing all specific configurations of the 
alternative.   
 
In this research, there are 5 alternatives (natural gas, biomass, electricity, hydrogen and Iron 
Fuel Technology™) of which 3 are referred to as ‘clean alternatives’ as mentioned earlier 
(electricity, hydrogen and Iron Fuel Technology™). Among the clean alternatives there is one 
clear limitation for implementing both electricity and hydrogen which is that they require a 
grid connection. As a result the following market distinction can be made:  

1. Companies that have or can have access to a suitable electricity or hydrogen grid 
connection3.  

2. Companies that do not have and cannot have access to a suitable electricity or 
hydrogen grid connection. 

 
In the first case, two different options may occur. If the infrastructure is present, then 
implementation should be able to take place. If the infrastructure is not yet present but can be, 
the emissions associated with the construction of the required infrastructure must be considered 
in the environmental assessment.4 As a result two different process alternatives can exist for 
implementing the electrification or hydrogen solution: one requiring the infrastructure 
construction emissions to be accounted for and one not. In the second case, Iron Fuel 
Technology™ is the only available alternative as it does not require a grid connection. 
 
For Iron Fuel Technology™, process alternatives can be distinguished based on two factors: 
the production method of the initial iron fuel and the hydrogen source. The initial iron fuel 
batch can be produced from primary (iron ore) or secondary (scrap) iron. When production 
takes place from iron ore it will hereafter be referred to as ‘pig iron’ whereas production from 
secondary iron will hereafter be referred to as ‘scrap iron’. Box 1 explains the production 
processes in further detail. The hydrogen source can be waste hydrogen which occurs as a by-
product of chemical processes, or hydrogen produced via water electrolysis (hereafter just 
mentioned as electrolysis). This produces a total of four different process alternatives for IFT.  
 
The last two alternatives, biomass and natural gas, are representative of the market incumbents. 
As they are already upscaled this research considers only one variant for each alternative for 
both 2030 and 2050. The biomass process alternative considers sustainable wood chips as the 
biomass source. This is also in line with the current situation at the pilot location of RIFT.  

 
3 A grid connection (high voltage electricity line or hydrogen pipeline connection) is necessary for an ample 
supply of electricity or hydrogen for meeting industrial demand. 
4 A clear distinction in this research is made between the expansion of the electricity network and the construction 
of infrastructure. The expansion of the electricity network refers to the overall increase in the number of km of 
electricity lines of all types (e.g. distribution and aerial high voltage direct current lines) as defined by the assumed 
2030/2050 scenario whereas the construction of infrastructure refers to any additional electricity / hydrogen 
infrastructure required to ensure sufficient supply of fuel between the production and boiler location.  
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All 19 process alternatives are overviewed in Table 2 including whether they are applicable for 
the 2030 and 2050 scenario. Notice that process alternative D1 does not exist. This is the result 
of limited hydrogen infrastructure in 2030 (Gasunie, 2023c; Neuwirth et al., 2022; Radowitz, 
2022). Table 3 then provides a more detailed overview of the processes included in each 
process alternative highlighting the differences between them. 
 
Table 2: Process alternatives overview. 

 Process Alternative 2030 2050 
A Electrification with a need for infrastructural construction  A1 A2 
B Electrification without the need for any infrastructural construction B1 B2 
C Hydrogen with a need for infrastructural construction  C1 C2 
D Hydrogen without the need for any infrastructural construction  D2 
E Iron Fuel Technology™ pig iron + hydrogen electrolyzer E1 E2 
F Iron Fuel Technology™ pig iron + waste hydrogen F1 F2 
G Iron Fuel Technology™ scrap iron + hydrogen electrolyzer G1 G2 
H Iron Fuel Technology™ scrap iron + waste hydrogen H1 H2 
I Natural gas  I1 I2 
J Biomass based on wood chips J1 J2 

 
Table 3: Detailed overview of included processes in each process alternative.  

 Process Alternative5 
Process A1 A2 B1 B2 C1 C2 D2 E1 E2 F1 F2 G1 G2 H1 H2 
Additional construction 
of an electricity / 
hydrogen network  

x x   x x          

Hydrogen production via 
electrolysis      x x x x x   x x   

Waste hydrogen           x x   x x 
Primary initial iron 
production (pig iron)        x x x x     

Secondary initial iron 
production (scrap iron)            x x x x 

  

 
5 The ‘1’ or ‘2’ signifies whether the process alternative is based on a 2030 (‘1’) or 2050 scenario (‘2’), thus ‘A1’ 
refers to process alternative A in 2030 and ‘A2’ refers to process alternative A in 2050. Applicable to all process 
alternatives. 

Box 1: Initial iron fuel production (primary via blast furnace vs. secondary via electric arc furnace)  
 
There are two main routes for producing iron. The first follows a blast furnace route while the second makes 
use of an electric arc furnace (EAF) (Lu et al., 2015). In a blast furnace, iron ore is ‘reduced’ of its oxygen 
through carbon (specifically as coke) at high temperatures with lime facilitating the smelting process 
(ArcelorMittal, 2023a; Lu et al., 2015; The Editors of Encyclopaedia Britannica, 2023). This process produces 
pig iron (molten iron) as a result. The EAF route typically uses scrap steel in which an electric arc melts the 
scrap to produce liquid iron (ArcelorMittal, 2023c; Wente et al., 2023). Both routes produce slag as a by-
product (ArcelorMittal, 2023c). Practically, subsequent processes are required to transform the molten iron 
into iron fuel, iron in powder form. However, as the specific processes that make iron powder are not available 
within the ecoinvent database and the products resulting from the blast furnace and electric arc furnace are 
similar, the two different routes as included in ecoinvent are used as proxies in this research.  



34 
 

4. Life Cycle Inventory 
 
This chapter will cover the second phase of the LCA framework. First the system boundaries 
will be distinguished in section 4.1 and 4.2. Next the data collection stage will be addressed in 
section 4.3. Section 4.4 concerns itself with multifunctionality and the subsequent allocation 
of multifunctional processes. The use of software will be briefly addressed in section 4.5 after 
which the chapter will conclude with the results of the inventory analysis in section 4.6.  
 
 
4.1 System Boundaries  
In LCA, 3 different types of boundaries are distinguished: 

• “The boundary between the product system and the environment system; 
• The boundary between processes that are relevant and irrelevant to the product system 

(cut-off); 
• The boundary between the product system under consideration and other product 

systems (allocation)” (Guinée et al., 2002). 
The first two points will be discussed in this section whereas allocation will be discussed in 
section 4.4.  
 
Economy-Environment System Boundary 
Typically the boundary between the environment and economy is defined by the existence of 
human control over a process (Guinée et al., 2002). This study follows this norm. When heat 
dissipates in air or water is released from a plant into the environment, this is considered an 
emission and a flow from the techno- to the ecosphere. These flows form the bridge between 
the environment and economy and can be beneficial or harmful emissions and uptakes.  
 
Cut-offs 
Any cut-offs were consistently applied through all examined product systems. In Table 4, an 
overview of all cut-offs is shown.  
 
Table 4: overview of cut-offs 

Cut-off Reason 
On-site construction emissions of 
any required infrastructure 
construction or equipment including 
any machinery required 

On-site construction emissions can be difficult to estimate, and the 
impacts generated by the machinery are often also omitted in the 
reviewed literature (Berrill et al., 2016; Delpierre et al., 2021; Turconi 
et al., 2013). For consistency with other sources they have not been 
included in this research.  

Cooling materials, chemicals and 
demineralized water required in an 
e-boiler, h-boiler, IF boiler, NG 
boiler, and biomass boiler 

In all boilers, cooling materials, chemicals and demineralized water 
are required for the efficient working of the boiler and its steam 
production. As this is identical for all boilers, this has been cut-off.  

The end-of-life stage of the e-boiler, 
h-boiler, IF boiler, and NG boiler. 

As ecoinvent inconsistently in/excludes the end-of-life stage of boilers 
in processes currently in the database, this stage has not been included 
for the majority of the boilers to allow for a fairer comparison.  
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4.2 Base Case & Flowcharts  
To gain a quick understanding on what the base-case is and how each process alternative is set 
up see Box 2. The flow diagrams for each of the process alternatives are visualized in Appendix 
A, Figures A1 to A14. 
 

 
 
 
4.3 Data Collection  
Data collection took place over the time span of three months. For foreground processes, data 
was collected through literature and interviews with technology developers, suppliers, and 
manufacturers. Background data was retrieved via the ecoinvent version 3.9.1 database, cut-
off model or via the environmental footprint database. Whenever product systems make use of 
the same processes, e.g. electricity mix, the processes are consistently applied with the same 
conditions, assumptions and underlying data throughout all product systems. All unit process 
data including sources, calculations and assumptions is attached in Appendix B. In Table 5, the 
main data origins and assumptions are overviewed as used in the base case.  
 
 
 
 
 

Box 2: Base Case PA Set-Up 
 
Each process alternative follows the same set-up: a production location where the fuel is created which is 
subsequently transported to a boiler location where the heat is produced and required. The transport distance 
totals 150 km.  
 
The natural gas and biomass PAs differ in that they are modelled with ecoinvent markets. The market process 
already includes transportation and production in upstream processes. This eliminates the need for foreground 
process modelling of production and transport processes as in the case of the electricity, hydrogen and IFT 
process alternatives. Hence, the natural gas and biomass value chains appear differently in Figure 4. 
 

 
Figure 4: Base-case for process alternatives 

 



36 
 

Table 5: main data origins and assumptions overviewed for each process alternative. 

PA Data Origin Key Assumptions 
A&B - Dutch 2030/2050 scenarios created 

based on TNO ‘transform’ electricity 
scenario (Scheepers, 2022) 

- E-boiler manufacturers (B. Averhoff, 
personal communication, March 1, 
2023; J. Jansen, personal 
communication, March 13, 2023; J. 
Jansen, personal communication, 
March 30, 2023; W. Post, personal 
communication, March 9, 2023; W. 
Post, personal communication, March 
13, 2023; PARAT, 2021; Zander & 
Ingeström, n.d.)  

- Current electricity network as included in 
ecoinvent is state-of-the-art  

- No electricity transport losses.  
- Transformation losses are only accounted for in 

processes requiring low/medium voltage. 
- Electricity mix ratio within one category as 

currently within ecoinvent remains the same 
(e.g. the shares between types of photovoltaic 
panels) 

- Electricity produced from solar is at high 
voltage in contrast to low voltage 

- No material losses during network construction 
- E-boiler runs 8600 full load hours (FLH) 

 
C&D - Alkaline electrolyzer data sourced 

from literature (Koj et al., 2017) 
- Pipeline data derives from the 

European Hydrogen Backbone 
initiative (Wang et al., 2021) 

- Data regarding compressors (energy 
consumption and material weight) 
were calculated using Aspen Plus (P. 
Ibarra Gonzalez, personal 
communication, April 17, 2023) 

- H-boiler manufacturers (M. 
Hinderdael, personal communication, 
March 16, 2023; M. Hinderdael, 
personal communication, March 17, 
2023; M. Hinderdael, personal 
communication, March 27, 2023; M. 
Hinderdael, personal communication, 
March 31, 2023; M Hoerson, personal 
communication, March 2, 2023; M 
Hoerson, personal communication, 
March 3, 2023; M Hoerson, personal 
communication, March 17, 2023; M 
Hoerson, personal communication, 
March 20, 2023; M Hoerson, personal 
communication, March 27, 2023) 

- Oxygen is released into environment in 2030 
and is a byproduct with no economic value in 
2050 

- The existing hydrogen pipeline network in 2050 
is assumed to be equivalent to the extensiveness 
of today’s Dutch gas network 

- The compressor is assumed to be fully made of 
steel. 

- No material losses during network construction 
- Hydrogen pipeline operates at maximum 

capacity 
- Hydrogen compressor  
- Hydrogen is 100% pure hydrogen and contains 

no impurities 
- 0% hydrogen leakage 
- Hydrogen boiler runs 8600 FLH 
- The hydrogen boiler is assumed to consume the 

least amount of hydrogen in the range provided 
by the hydrogen boiler manufacturer 

- The best value for nitrogen oxides emissions by 
hydrogen boiler were chosen as communicated 
by hydrogen boiler manufacturer 
 

E, F, G 
& H 

- All data is from RIFT and in line with 
their energy-mass balances (M. 
Verhagen, personal communication, 
April, 2023) 

- Electric transport data based on Volvo 
trucks information (AB Volvo, 2022) 

- Pig iron produced via a blast furnace (process 
included in ecoinvent) is assumed to be a good 
proxy to produce initial iron fuel from iron ore. 

- Secondary steel production (process included in 
ecoinvent) is assumed to be a good proxy to 
produce initial iron fuel from iron scrap via an 
electric arc furnace. 

- All PAs consider that the iron fuel lasts for 25 
cycles after which it is resold to another market 
as feedstock. 

- Water from IFT process can be disposed of in 
nature in contrast to having to be treated 

- No losses during IFT transport 
- Production system runs 8760 FLH 
- IF boiler runs 8600 FLH 
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4.4 Multifunctionality and Allocation 
Processes that have more than one function are considered multifunctional processes. These 
processes may generate more than one product or use waste products in their process. There 
are three types of multifunctional processes: co-production, combined waste processing and 
recycling processes.  
• Co-production processes are defined by having more than one functional outflow, i.e. 

produce more than 1 good.  
• Combined waste processes are defined by having no functional outflows but more than one 

functional inflows, i.e. process more than 1 waste.  
• Recycling processes are defined by having both a functional inflow as an outflow, i.e. 

produce at least 1 good and process at least 1 waste. 
Through four steps, multifunctionality can consistently be recognized: (i) identify the good and 
waste flows of every process, (ii) identify the functional flows of every process, (iii) identify 
whether the process is multifunctional and (iv) resolve the problem. To exemplify, these four 
steps are overviewed in Table 6 for one of the multifunctional processes in this research. 
 
Table 6: example of the four steps for steam production via IF boiler based on pig iron and hydrogen electrolyzer. 

Process Good and Waste Flows Functional flow(s) Multifunctional Solution  
Steam 
production 
via IF boiler 
(E1) 

Inflows: Transported iron 
fuel (good), initial iron fuel 
(good), IF boiler (good), 
electricity (good) 
Outflows: steam at 240℃, 20 
bar (good), unusable iron 
oxide, filter (good), unusable 
iron oxide, cyclic (good), 
usable iron oxide (good) 

Production of steam; 
production of unusable 
iron oxide, filter; 
production of unusable 
iron oxide, cyclic; 
production of iron oxide 

Yes, co-
production 
process 

Economic 
allocation 

 
Multifunctionality must be resolved as a decision is required on which of the environmental 
interventions must be allocated to the functional unit produced by the system. Multifunctional 
processes can be dealt with in numerous ways including system expansion, substitution and 
partitioning (allocation). In this study, economic allocation is used. Economic allocation is the 
most desirable partitioning method as mentioned by Guinée et al. (2002). As some 
multifunctional unit processes have different units, it is also the only partitioning method able 
to be used in this study.  
 
There are 3 foreground multifunctional co-production processes in this study. Two processes 
are in the Iron Fuel Technology™ process alternatives, namely the iron fuel production and 
steam production via iron fuel boiler process. For these processes the current (2023) monetary 
value when reselling the unusable iron fuel / oxide to another market forms the input to the 
allocation calculations. In process alternative C2 and D2, the production of hydrogen via 
electrolysis produces oxygen as a by-product and it is therefore also a co-production process. 
The oxygen is assumed to have no economic value as the main function for completing 
hydrogen electrolysis is for generating hydrogen and a clear perspective on the potential 
economic value of the produced oxygen is also currently lacking (Kato et al., 2005; Maggio et 
al., 2022; Terlouw et al., 2022). As a result, all environmental impacts are still allocated to the 
produced hydrogen. 
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4.5 Software  
OpenLCA has been used in this study as the software of choice. As a user-friendly, open-access 
software it provides the ability for RIFT to further use and develop the created LCA model 
after the completion of this research. Due to its functions for incorporating scenarios and 
parametrization, it is also easy to adapt for testing environmental impacts for future projects 
with different parameters. 
 
 
4.6 Results of Inventory Analysis  
At the end of the inventory analysis phase, a complete life cycle inventory table was calculated 
outlining all biosphere and technosphere flows of each process alternative. These are recorded 
in Appendix C.   
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5. Results 
 
This chapter focuses on the results as produced through the completion of various analyses. 
First, an explanation of which impact categories were selected is given in section 5.1. The 
following three sections then relay the results as produced by the life cycle impact assessment 
(section 5.2), the contribution analysis (section 5.3) and the sensitivity analysis (section 5.4).  
 
 
5.1 Selection of Impact Categories 
The purpose of life cycle impact assessment is to assess the contribution of the life cycle 
inventory results to a selection of impact categories (European Commission, 2021). In this 
study, it was chosen to adhere to the standardized set of impact categories as defined by the 
product environmental footprint (PEF). The PEF is a framework based on LCA that the 
European Commission has proposed as a way to standardize companies’ assessment of 
evaluating life cycle environmental performance (Directorate-General for Environment, n.d.; 
Quist, 2023). The impact categories included in the PEF are climate change (total) (CC); ozone 
depletion (OD); human toxicity, cancer (TC); human toxicity, non-cancer (TNC); particulate 
matter (PM); ionizing radiation (IR); photochemical oxidant formation (PO); acidification 
(AC); eutrophication, terrestrial (ET); eutrophication, freshwater (EF); eutrophication, marine 
(EM); ecotoxicity, freshwater (EC); land use (LU); water use (WU); resource use, minerals and 
metals (MR); and resource use, fossils (FR) (European Commission, 2021). These impact 
categories will thus also be examined in this research.  
 
 
5.2 LCIA Results  
In Table 7, the results per MWh of superheated steam produced at 240℃, 20 bar are visualized 
for each of the examined process alternatives. For each impact category, process alternatives 
are given relative to the largest value represented by the value ‘1’ and the lowest value which 
can be ‘0’. The following formula was used to calculate these values for each impact category6:  
 

𝑧𝑧𝑖𝑖  =  
𝑥𝑥𝑖𝑖  −  𝑚𝑚𝑚𝑚𝑚𝑚(𝑥𝑥)

max (𝑥𝑥) − min (𝑥𝑥)
  

 
The use of colors aids in the quick identification of the most and least impactful process 
alternatives with red signifying the most impactful PAs, green the best performing PAs and 
white highlighting the middle of the scale. In Table 8 a quick overview of the best performing 
alternative, the best clean performing alternative and the worst performing process alternative 
for each examined impact category is displayed for the easy spotting of trends. The gas and 
biomass boiler process alternatives are representative of the baseline as the incumbent 
technologies. 

 
6 All tables that show results relative to the largest value were calculated using this formula.  
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Table 7: LCIA results of all process alternatives for each impact category shown relative to the largest impact value per impact category. 

Impact Category A1 B1 A2 B2 C1 C2 D2 E1 F1 E2 F2 G1 H1 G2 H2 I1 I2 J1 J2 
Acidification 0.50 0.50 0.60 0.60 0.83 1.00 0.99 0.78 0.22 0.90 0.24 0.72 0.16 0.84 0.17 0.06 0.06 0.62 0.62 
Climate change 0.51 0.51 0.22 0.22 0.82 0.36 0.36 0.87 0.32 0.45 0.21 0.76 0.21 0.34 0.10 1.00 1.00 0.09 0.09 
Ecotoxicity, freshwater 0.50 0.50 0.61 0.61 0.81 1.00 0.99 0.75 0.21 0.87 0.20 0.76 0.22 0.88 0.21 0.02 0.02 0.11 0.12 
Resource use, fossils 0.62 0.62 0.44 0.44 0.99 0.70 0.70 0.96 0.30 0.69 0.22 0.88 0.22 0.61 0.14 1.00 1.00 0.09 0.09 
Eutrophication, freshwater  0.63 0.63 0.54 0.54 1.00 0.86 0.85 0.93 0.26 0.81 0.24 0.84 0.17 0.73 0.15 0.01 0.01 0.08 0.07 
Eutrophication, marine 0.24 0.24 0.23 0.23 0.38 0.38 0.37 0.40 0.15 0.39 0.14 0.35 0.09 0.34 0.09 0.09 0.09 1.00 1.00 
Eutrophication, terrestrial 0.23 0.23 0.26 0.26 0.38 0.41 0.41 0.39 0.14 0.42 0.14 0.34 0.09 0.36 0.09 0.09 0.09 1.00 1.00 
Human toxicity, cancer 0.20 0.20 0.25 0.25 0.33 0.40 0.40 0.50 0.28 0.55 0.29 0.94 0.72 1.00 0.73 0.03 0.03 0.13 0.13 
Human toxicity, non-cancer 0.48 0.48 0.63 0.63 0.77 1.00 0.99 0.64 0.13 0.82 0.16 0.65 0.14 0.83 0.17 0.01 0.01 0.14 0.14 
Ionising radiation 0.34 0.34 0.63 0.63 0.53 1.00 0.99 0.44 0.08 0.81 0.14 0.44 0.08 0.81 0.15 0.00 0.01 0.04 0.05 
Land use 0.13 0.13 0.26 0.26 0.21 0.41 0.41 0.21 0.07 0.36 0.09 0.21 0.06 0.36 0.09 0.00 0.00 1.00 1.00 
Resource use, minerals and metals 0.48 0.48 0.62 0.62 0.76 1.00 0.99 0.62 0.11 0.80 0.14 0.62 0.11 0.81 0.15 0.00 0.00 0.02 0.02 
Ozone depletion 0.48 0.48 0.25 0.25 0.81 0.44 0.43 0.74 0.20 0.42 0.13 0.68 0.14 0.36 0.07 1.00 1.00 0.04 0.03 
Particulate matter formation 0.31 0.31 0.40 0.40 0.50 0.65 0.64 0.71 0.38 0.82 0.39 0.63 0.30 0.74 0.31 0.04 0.04 1.00 1.00 
Photochemical oxidant formation  0.30 0.30 0.29 0.29 0.49 0.48 0.47 0.60 0.28 0.57 0.25 0.47 0.14 0.43 0.12 0.18 0.18 1.00 1.00 
Water use 0.00 0.00 0.00 0.00 1.00 1.00 1.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.53 0.53 0.00 0.00 

 
A1: Steam production through e-boiler, 2030, with infrastructural construction; A2: Steam production through e-boiler, 2050, with infrastructural construction; B1: Steam production through e-boiler, 
2030, without infrastructural construction; B2: Steam production through e-boiler, 2050, without infrastructural construction; C1: Steam production through h-boiler, 2030, with infrastructural construction; 
C2: Steam production through h-boiler, 2050, with infrastructural construction; D2: Steam production through h-boiler, 2050, without infrastructural construction; E1: Steam production through IF boiler, 
2030, pig iron + hydrogen electrolyzer; E2: Steam production through IF boiler, 2050, pig iron + hydrogen electrolyzer; F1: Steam production through IF boiler, 2030, pig iron + waste hydrogen; F2: 
Steam production through IF boiler, 2050, pig iron + waste hydrogen; G1: Steam production through IF boiler, 2030, iron scrap + hydrogen electrolyzer; G2: Steam production through IF boiler, 2050, iron 
scrap + hydrogen electrolyzer; H1: Steam production through IF boiler, 2030, iron scrap + waste hydrogen; H2: Steam production through IF boiler, 2050, iron scrap + waste hydrogen; I1: Steam 
production through gas boiler, 2030; I2: Steam production through gas boiler, 2050; J1: Steam production through biomass boiler, 2030; J2: Steam production through biomass boiler, 2050.
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Table 8: Overview of the best, best clean alternative and worst performing process alternatives for each examined impact 
category 

 Best performing PA Best performing clean PA Worst performing PA 

Acidification Gas boiler, 2030 IF boiler, 2030, iron scrap 
+ waste hydrogen 

H-boiler, 2050, incl. 
network construction 

Climate Change Biomass boiler, 2050 IF boiler, 2050, iron scrap 
+ waste hydrogen Gas boiler, 2030 

Ecotoxicity, freshwater Gas boiler, 2030 IF boiler, 2050, pig iron + 
waste hydrogen 

H-boiler, 2050, incl. 
network construction 

Eutrophication, freshwater Gas boiler, 2050 IF boiler, 2050, iron scrap 
+ waste hydrogen 

H-boiler, 2030, incl. 
network construction 

Eutrophication, marine IF boiler, 2050, iron scrap 
+ waste hydrogen 

IF boiler, 2050, iron scrap 
+ waste hydrogen Biomass boiler, 2030/2050 

Eutrophication, terrestrial Gas boiler, 2030 IF boiler, 2050, iron scrap 
+ waste hydrogen Biomass boiler, 2030/2050 

Human toxicity, cancer Gas boiler, 2030 E-boiler, 2030, excl. 
network construction 

IF boiler, 2050, iron scrap 
+ hydrogen electrolyzer 

Human toxicity, non-cancer Gas boiler, 2030 IF boiler, 2030, pig iron + 
waste hydrogen 

H-boiler, 2050 incl. 
network construction 

Ionizing radiation Gas boiler, 2030 IF boiler, 2030, pig iron + 
waste hydrogen 

H-boiler, 2050, incl 
network construction 

Land use Gas boiler, 2030 IF boiler, 2030, iron scrap 
+ waste hydrogen Biomass boiler, 2050 

Ozone depletion Biomass boiler, 2050 IF boiler, 2050, iron scrap 
+ waste hydrogen Gas boiler, 2030 

Particulate matter  Gas boiler, 2030 IF boiler, 2030, iron scrap 
+ waste hydrogen Biomass boiler, 2030/2050 

Photochemical oxidant 
formation 

IF boiler, 2050, iron scrap 
+ waste hydrogen 

IF boiler, 2050, iron scrap 
+ waste hydrogen Biomass boiler, 2030/2050 

Resource use, fossils Biomass boiler, 2050 IF boiler, 2050, scrap iron 
+ waste hydrogen Gas boiler, 2030 

Resource use, minerals and 
metals Gas boiler, 2030 IF boiler, 2030, pig iron + 

waste hydrogen 
H-boiler, 2050, incl 

network construction 

Water use  IF boiler, 2050, pig iron + 
waste hydrogen 

IF boiler, 2050, pig iron + 
waste hydrogen 

All hydrogen process 
alternatives 

 

To decarbonize, GHG emissions must be reduced in the energy intensive industries. As derived 
from the LCIA climate change impact category results, all hydrogen, electrification and Iron 
Fuel Technology™ process alternatives perform better in this regard in comparison to natural 
gas combustion, see PAs A1-H2 in comparison to I1 and I2 in Table 7. To address the problem 
faced by the energy-intensive industries, hydrogen, electrification and Iron Fuel Technology™ 
can thus all contribute to a decrease in emissions in comparison to natural gas. Noticeable is 
that both biomass PAs (J1 and J2) have the lowest climate change scores. When biomass 
origins from sustainably harvested sources, the associated carbon emissions during combustion 
are balanced by a carbon uptake in sequestration in wood earlier in the chain and the resulting 
GHG emissions are limited (U.S. Energy Information Administration, 2022a). From a purely 
GHG emission and climate change perspective, sustainably sourced biomass would thus be a 
better solution than hydrogen, electrification or Iron Fuel Technology™.  
 
A decrease in CO2-equivalent emissions can also be seen between 2030 and 2050, see climate 
change impact category of PAs 1 vs. 2. A main difference between all process alternatives of 
2030 and 2050 is the different electricity mix assumed. The electricity mix, as in the TNO 
Transform scenario on which the mix is based, is led by more renewable sources in 2050 than 
in 2030, refer back to Table 1 for specific shares of each electricity source in each scenario. 
The consequent environmental impacts are seen to decrease CO2-equivalent emissions, as well 
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as decrease impacts in the categories of fossil resource use, freshwater eutrophication, ozone 
depletion, marine eutrophication, photochemical oxidant formation and water use, as seen in 
the difference between A1 and A2 in Table 7 for example. However, the switch to more 
renewable energy sources increases the environmental impacts of acidification, freshwater 
ecotoxicity, cancer and non-cancer human toxicity, ionizing radiation, mineral and metal 
resource use, and particulate matter. In focusing on the specific decarbonization problem, it is 
thus important to note that impacts may be transferred to exert pressure on other parts of the 
environment.  
 
From a holistic examination of the results, gas and biomass PAs tend to perform well in many 
of the studied impact categories as seen in Table 8. One or both fuels outperform the hydrogen, 
electrification and Iron Fuel Technology™ process alternatives in multiple impact categories. 
Also noticeable is that when gas performs the worst biomass performs the best or vice versa, 
as can be seen in the impact categories of climate change, fossil resource use, marine and 
terrestrial eutrophication, land use, ozone depletion, and particulate matter in Table 8. Gas 
performs the best in the categories of acidification, freshwater ecotoxicity, freshwater 
eutrophication, terrestrial eutrophication, human toxicity cancer, human toxicity non-cancer, 
ionizing radiation, land use, particulate matter, and mineral and metal resource use, whereas 
biomass performs the best in the categories of climate change, ozone depletion and fossil 
resource use. As no process alternative performs best in all impact categories, which process 
alternative performs best overall depends on which impact category (or categories) is (or are) 
prioritized.  
 
Table 8 also clearly highlights that natural gas generally performs well except for climate 
change, ozone depletion and fossil resource use. This relates to the fossil fuel nature of natural 
gas and the subsequent emissions it produces when combustion takes place. Having completed 
a literature review on all technologies (section 1.1), it is noteworthy to mention that the high 
climate change impact score of natural gas in comparison to biomass, electrification and 
hydrogen can be seen reflected in completed studies, yet the low environmental impacts of 
natural gas in other impact categories has been limitedly publicized and only in comparison to 
other fossil fuels and biomass (Berrill et al., 2016; H. H. Cho & Strezov, 2020; Hydrogen 
Council, 2021; Turconi et al., 2013). The results as seen in Table 7 and 8 showing the low 
impacts of natural gas in comparison to electrification, hydrogen and IFT, therefore raises the 
question whether natural gas needs complete phasing out or whether it could not act as a useful 
supplementary fuel in combination with cleaner alternatives. The latter could potentially limit 
significant environmental tradeoffs.  
 
Between the clean alternatives, overall the Iron Fuel Technology™ process alternatives using 
waste hydrogen (F1, F2, H1 & H2) perform the best, apart from the human toxicity, cancer, 
impact category for H1 and H2. The electrification process alternatives generally score 
somewhere in the middle of each of the impact categories, as indicated by the predominantly 
white color in Table 7. The process alternatives including hydrogen production via electrolysis 
(thus all hydrogen process alternatives and Iron Fuel Technology™ process alternatives 
sourcing hydrogen from an electrolyzer; C1, C2, D2, E1, E2, G1, and G2) are often among the 
worst performers in each of the examined impact categories as seen in the impact categories of 
acidification, climate change, freshwater ecotoxicity, fossil resource use, freshwater 
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eutrophication, marine eutrophication, terrestrial eutrophication, human toxicity non-cancer, 
ionizing radiation, land use, mineral and metal resource use, ozone depletion, particulate 
matter, and photochemical oxidant formation. This is linked to the large consumption of 
electricity required to produce hydrogen and the materials required to construct the electrolyzer 
plant.  
 
The impact category water use is worth pointing out as the results may not be as obvious. Both 
the natural gas (I1 & I2) and hydrogen process alternatives (C1, C2, & D2) display large 
impacts because they produce water as a byproduct during the combustion process whereas 
this is not the case with the other fuels. As hydrogen produces more water than natural gas, it 
thus also performs relatively poorer.  
 
Also noticeable is that the construction of additional required infrastructure for both the 
hydrogen and electricity PAs have negligible impact on all impact categories as can be seen in 
the minimal differences between A1 and B1, A2 and B2, and C2 and D2 in Table 7. From an 
environmental perspective, the need for constructing additional infrastructure between the 
production and boiler location, specifically the aerial high voltage direct current lines and the 
hydrogen pipeline spanning the 150 km distance for electrification and hydrogen respectively, 
is thus not seen as a barrier.  
 
Key Takeaways 
Of these results, two concluding comments can be made. First, these results show that there are 
tradeoffs to be made as no one technology performs well in every impact category. Take 
biomass, for example, it performs best in the climate change impact category so from a CO2 
reduction perspective this would be the go-to option. However, it is detrimental for the 
environment in increasing eutrophication of marine and terrestrial life, exerts large land use 
impacts and emits the most particulate matter and photochemical oxidants in comparison to the 
other process alternatives. If we give more value to reducing impacts other than extracting 
fossil resources, emitting greenhouse gases and destroying the ozone layer, natural gas would 
be the best performing process alternative as in these other impact categories, natural gas has 
the lowest environmental impacts. Taking only the cleaner alternatives into consideration, the 
IFT process alternative based on iron scrap and waste hydrogen (H1/2) performs well with the 
exception for the emissions of cancerous human toxins. It can also be decided that a middle of 
the road is taken for which the IFT pig iron and waste hydrogen PA or any of the e-boiler 
process alternatives would be a possible choice. Depending on what impact category more 
value is given to, the answer of which process alternative is best may differ. 
 
The results from the LCIA also show that some key processes can be identified that can be 
largely impactful to multiple impact categories, namely the electricity mix, the hydrogen 
sourced for the IF production process and the initial iron fuel production process. This is seen 
through the large difference between the 2030 and 2050 scenarios and the differences seen 
between the Iron Fuel Technology™ process alternatives. This provides insight into parameters 
that require more thorough investigation. The next section will therefore dive deeper into the 
contribution of (individual) processes toward each process alternative and impact category.  
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5.3 Contribution Analysis  
The process alternatives have key differences in the scenario (2030/2050), the hydrogen source 
in case of the IFT process alternatives, the initial iron fuel production method and the 
in/exclusion of infrastructure construction, as seen in Table 3 in section 3.6. As derived from 
the LCIA results, only some of these key differences lead to a large change in the observed 
results. As such we can focus the contribution analysis on only a set of the studied process 
alternatives as the requirement for additional infrastructure construction between the 
production and boiler location has limited impact.  
 
The process alternatives that will be examined more closely in this chapter are: steam 
production through e-boiler, 2030, including network construction (A1); steam production 
through e-boiler, 2050, including network construction (A2); steam production through h-
boiler, 2030, including network construction (C1); steam production through IF-boiler, 2030, 
pig iron + hydrogen electrolyzer (E1); steam production through IF-boiler, 2030, pig iron + 
waste hydrogen (F1); steam production through IF-boiler, 2030, scrap iron + hydrogen 
electrolyzer (G1) and steam production through IF-boiler, 2030, scrap iron + waste hydrogen 
(H1). To examine the contributions in relation to the difference in assumed scenario (and 
subsequent electricity mix) A1 and A2 are chosen, keeping the need for infrastructure 
construction the same. To further examine the contributions to the hydrogen system, C1 is 
studied. No other hydrogen process alternatives are studied as the need for extra infrastructure 
was derived to be negligible from the LCIA results and the difference of the 2030/2050 scenario 
is already studied in A1 and A2. As for the Iron Fuel Technology™ process alternatives, all 
2030 process alternatives are examined to understand more clearly the difference between a 
change in the initial iron fuel production method and a varying hydrogen source. In general, all 
process alternatives used for the contribution analysis are based on the year 2030 (exception 
A2 for understanding the effect of the 2030/2050 scenario) as the used background processes 
are likely to be closer to today’s technological state. Hence less uncertainty is present in the 
background processes in comparison to 2050 based PAs.  
 
An additional contribution analysis into the steam production through gas boiler, 2030 (I1) and 
steam production through biomass boiler, 2030 (J1) was completed but these results are in 
Appendix D as they are not critical for answering the research questions defined. Noteworthy 
to mention is that environmental impacts for both I1 and J1 occur mainly at the steam 
production process, i.e. the process in which the fuel is combusted and heat is created.  
 
In this research, 3 different types of contribution analyses were completed. The first analysis 
focused on the individual process contributions by examining all processes that contributed at 
least 1% to any impact category. This identified individual processes that were hotspots. Next, 
the contributions of processes collectively to an individual impact category were investigated 
by grouping processes into one of 8 groups: 

1. Agriculture, forestry and fishing processes,  
2. Mining and quarrying processes 
3. Manufacturing processes 
4. Electricity, gas, steam and air conditioning supply processes 
5. Water supply, sewerage, waste management and remediation processes 
6. Construction processes 
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7. Transportation and storage processes 
8. Other processes 

For a more detailed overview of what processes fall into which group see Appendix C. By 
grouping processes, a quick analysis of the type of processes contributing to different impact 
categories was able to be made. Lastly an economic flow contribution analysis was completed 
to understand where most of the total upstream or downstream impacts derived from. 
Throughout this section, the reader can identify which analysis is referred to by the use of the 
following specific key words: ‘individual’ refers to the individual process contribution 
analysis, ‘group’ refers to the grouped processes contribution analysis and ‘upstream’ refers to 
the economic flow contribution analysis. In this section, results are visually shown mainly from 
the grouped contribution analysis, but the results of the individual process contribution analysis 
and economic flow contribution analysis can be found in Appendix C.  
 
5.3.1 Electricity-Based Process Alternatives A1 and A2 
 

 
Figure 5: Group process contributions to process alternative A1 – steam production via e-boiler, 2030, including network 
construction. Abbreviations: AC: acidification; CC: climate change; EC: ecotoxicity, freshwater; FR: resource use, fossils; 
ET: eutrophication, terrestrial; EM: eutrophication, marine; TC: human toxicity, cancer; TNC: human toxicity, non-cancer; 
IR: ionizing radiation; LU: land use; MR: resource use, minerals and metals; OD: ozone depletion; PM: particulate matter; 
PO: photochemical oxidant formation; and WU: water use. 
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Figure 6: Group process contributions to process alternative A2 – steam production via e-boiler, 2050, including network 
construction. Abbreviations: AC: acidification; CC: climate change; EC: ecotoxicity, freshwater; FR: resource use, fossils; 
ET: eutrophication, terrestrial; EM: eutrophication, marine; TC: human toxicity, cancer; TNC: human toxicity, non-cancer; 
IR: ionizing radiation; LU: land use; MR: resource use, minerals and metals; OD: ozone depletion; PM: particulate matter; 
PO: photochemical oxidant formation; and WU: water use.  

As can be seen in Figures 5 and 6, multiple impact categories show visual differences between 
the process alternatives A1 (steam production via e-boiler, 2030, including network 
construction) and A2 (steam production via e-boiler, 2050, including network construction) in 
the percentage contribution of each group. The ozone depletion impact category is a good 
example of this as it shows large visual differences between A1 and A2. In A1, mining related 
processes are dominant contributors (59%) and manufacturing processes account for less (34%) 
whereas in A2 manufacturing processes are dominant contributors (88%) and mining processes 
account for less of the total group contribution (11%). This is also seen reflected on an 
individual process level. All individual process contributions can be found in Appendix C while 
an example extract is shown in Table 9. To exemplify, petroleum and gas production processes 
(mining processes) together account for 55% in A1 but only account for 3% in A2 whereas the 
production of purified terephthalic acid (manufacturing process) increases from 15% to 30% 
from A1 to A2. The decrease in mining process contributions in this case is the result of a 
decrease of natural gas in the electricity mix toward 2050 whereas the increase of 
manufacturing processes is the result of an expanded electricity network, both the result of the 
assumed 2030/2050 scenarios. A similar trend is seen in the photochemical oxidant formation 
impact category where impacts stemming from mining activities decrease while manufacturing 
activity impacts increase from A1 to A2. 
 
Table 9: Individual processes contributing >1% to the total ozone depletion impacts for A1.  

Contributing process Impact 
result 

Unit % of 
total 

petroleum and gas production, offshore | natural gas, high pressure | 
Cutoff, U - NO 

2.45E-06 kg CFC-11-Eq 40% 

petroleum and gas production, offshore | natural gas, high pressure | 
Cutoff, U - NL 

7.20E-07 kg CFC-11-Eq 12% 

purified terephthalic acid production | purified terephthalic acid | 
Cutoff, U - RoW 

7.03E-07 kg CFC-11-Eq 12% 

transport, pipeline, onshore, long distance, natural gas | transport, 
pipeline, onshore, long distance, natural gas | Cutoff, U - RU 

2.60E-07 kg CFC-11-Eq 4% 

trichloromethane production | trichloromethane | Cutoff, U - RoW 2.29E-07 kg CFC-11-Eq 4% 
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petroleum and gas production, offshore | natural gas, high pressure | 
Cutoff, U - RU 

1.76E-07 kg CFC-11-Eq 3% 

purified terephthalic acid production | purified terephthalic acid | 
Cutoff, U - RER 

1.66E-07 kg CFC-11-Eq 3% 

chlorodifluoromethane production | chlorodifluoromethane | Cutoff, 
U - RoW 

1.45E-07 kg CFC-11-Eq 2% 

trichloromethane production | trichloromethane | Cutoff, U - RER 1.07E-07 kg CFC-11-Eq 2% 
chlor-alkali electrolysis, membrane cell | sodium hydroxide, 
without water, in 50% solution state | Cutoff, U - RoW 

9.86E-08 kg CFC-11-Eq 2% 

transport, pipeline, offshore, long distance, natural gas | transport, 
pipeline, offshore, long distance, natural gas | Cutoff, U - NO 

9.15E-08 kg CFC-11-Eq 2% 

vinyl chloride production | vinyl chloride | Cutoff, U - RoW 9.11E-08 kg CFC-11-Eq 1% 
refrigerant R134a production | refrigerant R134a | Cutoff, U - RoW 9.01E-08 kg CFC-11-Eq 1% 
coking | coke | Cutoff, U - RoW 8.99E-08 kg CFC-11-Eq 1% 
transport, pipeline, offshore, long distance, natural gas | transport, 
pipeline, offshore, long distance, natural gas | Cutoff, U - RU 

7.72E-08 kg CFC-11-Eq 1% 

chlorodifluoromethane production | chlorodifluoromethane | Cutoff, 
U - NL 

6.68E-08 kg CFC-11-Eq 1% 

chlor-alkali electrolysis, membrane cell | chlorine, gaseous | Cutoff, 
U - RoW 

6.63E-08 kg CFC-11-Eq 1% 

 
Whereas the impact categories of ozone depletion and photochemical oxidant formation  
showed large group contribution differences, other impact categories show relatively little 
visual differences between the groups contributing to process alternatives A1 and A2, as can 
be seen in the impact categories of human toxicity cancer, human toxicity non-cancer and 
freshwater ecotoxicity in Figures 5 and 6. On an individual process level, the same processes 
are also seen to contribute similar quantities. To exemplify, in the impact category of human 
toxicity cancer the treatment of electric arc furnace slag totals 15% in A1 and 14% in A2 and 
the smelting of copper concentrate totals 24% in 2030 and 25% in 2050. While closer 
examining what causes this little difference between the process alternatives, it was found that 
approximately half of the upstream emissions can be traced back to the distribution network 
for all three impact categories. The emissions tracing back to the electricity network 
infrastructure come from the materials required for it, mostly copper as an important element 
for the electricity network infrastructure as the electricity lines are copper based. The small 
difference as seen in the toxicity impact categories between A1 and A2 here can thus be 
explained by the expansion of the electricity network toward 2050 inherent to the assumed 
2030/2050 scenarios. In Figure 7, the upstream impacts for the impact category of freshwater 
ecotoxicity of A1 are shown, it displays that a large portion of the upstream impacts are 
accounted to the distribution network. All upstream impacts for any impact category can be 
generated through the OpenLCA model as explained in Appendix C.  
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Figure 7: Upstream contributions for the impact category of freshwater ecotoxicity of A1. 
 
Similar to the impact categories of human toxicity cancer and human toxicity non-cancer, the 
impact category of particulate matter at group level visually also shows little differences, see 
Figures 5 and 6. On an individual process level, the top five most contributing processes have 
a slight variation in their percentage contribution from A1 to A2, but the processes remain the 
same and the total percentage contribution of the top five processes also remains similar. As a 
result, the difference between A1 to A2 in the impact category of particulate matter is limited.  
 
The largest contributors to acidification are manufacturing processes, as seen by the large 
portion of grey in Figures 5 and 6. On an individual process level, specifically the smelting of 
copper concentrate is seen to be a large contributor accounting for at least 46% in process 
alternative A1 and 50% in process alternative A2. This increase is both relative but also 
absolute increasing by more than 30%. Many activities related to copper are seen to contribute 
to multiple impact categories. This again is related to the electricity network. For the impact 
category of mineral and metal resource use, 76% of both A1 and A2 contributions stem from 
copper mine operations. When examining the mining of copper as a resource from the ground 
more than 75% of the resource uptake traces back to the use of copper in the distribution 
network.  
 
The impact category fossil resource use also finds most of the individual process contributions 
related to mining activities. Here, however, impacts are largely dominated by the individual 
processes of petroleum and gas production, uranium production and uranium mine operation. 
Whereas in A1 the petroleum and gas production processes account for 46% of emissions, this 
decreases to 3% in A2. Uranium production and uranium mine operation, on the other hand, 
increase from 10% and 9% to 25% and 23% respectively. This increase in contribution of 
uranium-based processes is the result of an increased share of nuclear energy in the electricity 
mix by approximately 4.5% from the 2030 to 2050 scenario. Likewise, the decreasing 
contribution of the petroleum and gas production process is the result of an approximately 11% 
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decrease in share of natural gas in the electricity mix from 2030 to 2050. Refer back to Table 
1 in section 3.6 to see the shares of each energy source in the 2030 / 2050 scenario.  
 
Generally, the different electricity mix inherent to the 2030 and 2050 scenario, a main 
difference between the process alternatives A1 and A2, results in both small and large 
differences in total contributions in multiple categories. To exemplify, the process of heat and 
power cogeneration by natural gas contributes to climate change by a total of 27% in the 2030 
scenario whereas this reduces drastically to 4% in the 2050 scenario in line with the decreasing 
share of natural gas toward 2050. The electricity production by lignite follows the same trend 
in that it reduces from contributing 9% in 2030 to a mere 4% in 2050. Interesting to note is that 
the electricity production by lignite has Germany as the geographical scope and is the result of 
imported electricity. In the assumed scenarios, the total share of imported electricity will 
decrease from 2030 to 2050 (7% to 1%). Therefore a small amount of imported electricity from 
Germany (0.7% of the total assumed electricity mix in 2050) can have a significant 
environmental impact (4% of the relative climate change total contributions in 2050). This 
highlights that a trace amount of fossil fuel-based electricity can relatively contribute a lot. It 
also shows that the electricity sources used in countries from which the Netherlands imports 
energy must not be considered negligible.  
 
The effect of the assumed energy mix can also be seen reflected in other impact categories. In 
the water use impact category, the largest upstream process contributor of A1 is hydro 
electricity production whereas electricity production from nuclear power is the largest process 
contributor in A2. This is again in line with the assumed electricity mix of the scenarios as 
nuclear energy increases from an electricity mix share of just below 2% to well over 6% in 
2050 whereas the share of hydropower decreases by 60%.  
 
From Figures 5 and 6 it can also be seen that the impact categories of marine eutrophication 
and terrestrial eutrophication show similar group contributions. This is also reflected in the 
individual process contributions with heat and power cogeneration from wood chips and 
blasting processes among the largest contributors in both impact categories. Noteworthy is to 
mention that for marine eutrophication, heat and power cogeneration by natural gas was the 2nd 
largest contributor in A1 (9%). However, in A2 this process contributes less than 1%. This 
again reflects the electricity mix where in the assumed 2050 scenario natural gas only accounts 
for 0.5% of the total electricity mix. Similarly the increase in biomass produced electricity from 
2030 (1.5%) to 2050 (~4%) is seen in that heat and power cogeneration from wood chips 
(biomass) is the largest single process contributor in A2 accounting for 20%, but only accounts 
for 8% in A1.  
 
Most processes contributing to freshwater eutrophication and ionizing radiation are processes 
related to water supply, sewage, waste management and remediation as seen by the largely blue 
color for these two impact categories in Figures 5 and 6. The treatment of tailings or spoil from 
mines account for the largest individual process contributions to both impact categories. For 
freshwater eutrophication, the treatment of sulfidic tailings from copper mines and the 
treatment of spoil from lignite mining together account for 83% of the total emissions in both 
A1 and A2. For the ionizing radiation impact category, the treatment of tailings from uranium 
milling and the treatment of spent nuclear fuel together account for 83% of the emissions in 
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A1 and for 81% of the emissions in A2. Whereas the treatment of sulfidic tailings from copper 
mines relates to the electricity network, the other individual processes relate to the electricity 
mix as part of the assumed scenarios.  
 
The land use impact category is the only impact category in which the group agriculture, 
forestry and fishing processes are a dominant group contributor. Hardwood and softwood 
forestry together account for most of the individual process contributions (65% in A1 and 79% 
in A2). It can also be seen that more land use impacts origin from agriculture, forestry and 
fishing processes in A2 than in A1, also reflected in Figures 5 and 6. This is largely the result 
of the increase in biomass produced electricity from 2030 to 2050.  
 
Key Takeaways 
The contribution analysis showed that depending on the impact category the hotspots may vary. 
However, a few individual process hotspots can be identified over multiple impact categories: 
smelting of copper concentrate, copper mine operations and the treatment thereof, petroleum 
and gas production processes, heat and power cogeneration from wood chips and blasting 
processes. These hotspots are related to two things: the different electricity mix and the 
expansion of the electricity network, both inherent to the assumed 2030 and 2050 scenario. The 
smelting of copper concentrate, copper mine operations and the treatment thereof, and the 
blasting processes are related to the electricity network expansion whereas the petroleum and 
gas production processes and heat and power cogeneration from wood chips are related to the 
electricity mix.  
 
To start with the electricity mix part, the increase of biomass toward 2050, though percentage 
wise relatively small, has a significant impact on the impact categories of terrestrial 
eutrophication, land use and particulate matter. To exemplify, the upstream contributions of 
biomass electricity increase from 13% to 31% from A1 to A2 for the impact category terrestrial 
eutrophication, from 59% to almost 80% for land use and from about 9% to 17% for particulate 
matter. Similarly, nuclear produced electricity increases toward 2050 for which the upstream 
impacts of ionizing radiation in 2030 total 49% but significantly dominate in 2050 with nuclear 
upstream impacts accounting for 90% of the total contributions. Now the impacts of nuclear 
and biomass generated electricity may jump out, yet the impacts of offshore wind and solar 
produced electricity also contribute. In Table 8 and 9, an overview of the percentage upstream 
impacts per energy source and by the electricity network are shown for each impact category 
for both 2030 and 2050. It easily displays how the change in electricity mix changes the relative 
contribution of impacts by each energy source. This can be clearly seen in how the impacts 
associated with natural gas significantly decrease toward 2050 in line with the large decrease 
of natural gas as a percentage share of the electricity mix, for example. Comparing this with 
the assumed energy source shares (Table 1, section 3.6), the conclusion can be made that the 
electricity mix is a large determinant in potentially reducing environmental impacts in multiple 
impact categories.  
 
The second hotspot, the expansion of the electricity network, impacts the environment as it 
requires additional copper. As a result, individual processes such as the smelting of copper 
concentrate, copper mine operations and the treatment thereof as well as blasting processes will 
increase. This has a direct impact on impact categories like acidification, terrestrial 
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eutrophication, and cancer and non-cancer human toxicity. Though these processes are partly 
fed by fossil fuels, the processes themselves also emit a range of emissions. Specifically for 
the impact categories acidification, terrestrial eutrophication and cancer and non-cancer human 
toxicity the following emissions need to be targeted: ammonia, nitrogen oxides, sulfur dioxide, 
arsenic ion, cadmium II, lead II, mercury II, nickel II, chromium VI and carbon disulfide. As 
the expansion of the electricity network is a definitive requirement for successfully achieving 
the energy transition, it is more important to look at how the emissions of these processes can 
be decreased.   
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Table 10: Percentage relative upstream emissions of the assumed electricity mix in 2030 per energy source and the electricity network as shown for each impact category.   

 2030 AC CC EC FR EF EM ET TC TNC IR LU MR OD PM PO WU 
Electricity network 57.79% 8.58% 68.85% 5.51% 41.49% 24.96% 29.48% 56.77% 76.84% 2.28% 15.89% 79.05% 14.38% 41.30% 28.24% 10.41% 
Electricity from solar 16.18% 12.70% 15.07% 8.87% 12.47% 17.55% 16.57% 11.33% 12.41% 4.69% 7.82% 14.86% 17.61% 22.32% 18.82% 37.45% 
Electricity from wind (offshore) 6.05% 5.74% 4.75% 3.66% 3.80% 8.39% 7.16% 15.93% 4.43% 1.02% 2.55% 3.76% 1.60% 11.38% 8.41% 6.23% 
Electricity from wind (onshore) 2.58% 2.49% 2.54% 1.73% 1.82% 3.65% 3.30% 7.30% 1.75% 0.50% 5.56% 1.47% 0.91% 5.91% 4.14% 2.20% 
Electricity from natural gas 5.74% 47.57% 1.11% 45.17% 0.81% 18.17% 17.76% 2.78% 0.92% 0.27% 1.24% 0.40% 57.73% 2.93% 21.98% 8.29% 
Electricity from biomass  4.21% 0.68% 1.02% 0.45% 0.34% 8.84% 13.29% 1.65% 1.21% 0.21% 59.47% 0.03% 2.19% 8.81% 7.28% 1.39% 
Electricity from waste 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
Electricity from nuclear 0.15% 0.11% 0.15% 11.93% 0.11% 1.07% 0.26% 0.15% 0.10% 49.40% 0.07% 0.04% 0.04% 1.37% 0.26% 4.71% 
Electricity from flue gasses 0.17% 1.55% 0.04% 0.09% 0.10% 0.34% 0.33% 0.90% 0.00% 0.00% 0.04% 0.00% 0.11% 0.17% 0.45% 0.03% 
Imported electricity 7.07% 20.53% 6.45% 22.58% 39.03% 16.98% 11.75% 3.13% 2.33% 41.63% 7.34% 0.40% 5.42% 5.72% 10.39% 29.30% 
Electricity from other sources 0.05% 0.03% 0.01% 0.01% 0.01% 0.03% 0.08% 0.01% 0.00% 0.00% 0.02% 0.00% 0.00% 0.06% 0.03% 0.00% 

 
 
Table 11: Percentage relative upstream emissions of the assumed electricity mix in 2050 per energy source and the electricity network as shown for each impact category.  

 2050 AC CC EC FR EF EM ET TC TNC IR LU MR OD PM PO WU 
Electricity network 64.28% 26.78% 74.67% 10.43% 64.72% 33.78% 36.00% 62.41% 79.39% 1.62% 11.02% 80.83% 37.58% 42.22% 38.91% 14.50% 
Electricity from solar 16.99% 37.41% 15.42% 15.85% 18.36% 22.42% 19.09% 11.76% 12.11% 3.18% 5.12% 14.34% 43.41% 21.54% 24.47% 49.24% 
Electricity from wind (offshore) 7.21% 19.16% 5.52% 7.43% 6.36% 12.16% 9.36% 18.75% 4.90% 0.78% 1.89% 4.11% 4.49% 12.46% 12.40% 9.30% 
Electricity from wind (onshore) 0.95% 2.54% 0.90% 1.08% 0.94% 1.62% 1.33% 2.64% 0.59% 0.13% 1.27% 0.50% 0.79% 1.99% 1.88% 1.01% 
Electricity from natural gas 0.01% 0.49% 0.00% 0.28% 0.00% 0.08% 0.07% 0.01% 0.00% 0.00% 0.00% 0.00% 0.51% 0.01% 0.10% 0.04% 
Electricity from biomass  9.07% 4.13% 2.13% 1.63% 1.03% 23.16% 31.39% 3.52% 2.42% 0.29% 79.87% 0.07% 11.07% 17.42% 19.40% 3.75% 
Electricity from waste 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
Electricity from nuclear 0.42% 0.89% 0.41% 57.58% 0.44% 3.69% 0.82% 0.41% 0.26% 90.04% 0.13% 0.09% 0.29% 3.56% 0.90% 16.71% 
Electricity from flue gasses 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
Imported electricity 1.04% 8.54% 0.94% 5.70% 8.12% 3.06% 1.92% 0.47% 0.31% 3.98% 0.68% 0.04% 1.89% 0.78% 1.92% 5.44% 
Electricity from other sources 0.02% 0.03% 0.00% 0.00% 0.00% 0.01% 0.03% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.02% 0.01% 0.00% 

 

Abbreviations: AC: acidification; CC: climate change; EC: ecotoxicity, freshwater; FR: resource use, fossils; ET: eutrophication, terrestrial; EM: eutrophication, marine; TC: human toxicity, 
cancer; TNC: human toxicity, non-cancer; IR: ionizing radiation; LU: land use; MR: resource use, minerals and metals; OD: ozone depletion; PM: particulate matter; PO: photochemical oxidant 
formation; and WU: water use. 
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5.3.2 Hydrogen-Based Process Alternative C1  
 

 
Figure 8: Group process contributions to process alternative C1 - steam production via h-boiler, 2030, including network 
construction. Abbreviations: AC: acidification; CC: climate change; EC: ecotoxicity, freshwater; FR: resource use, fossils; 
ET: eutrophication, terrestrial; EM: eutrophication, marine; TC: human toxicity, cancer; TNC: human toxicity, non-cancer; 
IR: ionizing radiation; LU: land use; MR: resource use, minerals and metals; OD: ozone depletion; PM: particulate matter; 
PO: photochemical oxidant formation; and WU: water use.  

Examining Figures 5 and 8, it can be seen that the group contributions appear very similar. All 
the environmental impacts for process alternative steam production via h-boiler, 2030, 
including network construction (C1) originate for at least 92% from the upstream impacts of 
the assumed 2030 electricity mix required to produce hydrogen. As a result, the individual 
processes contributing the most to the process alternative A1 (steam production through e-
boiler, 2030, including network construction) as examined earlier are the same as the processes 
contributing to process alternative C1. To exemplify, the individual processes contributing the 
most to acidification in A1 is the smelting of copper accounting for 46% whereas this is slightly 
lower in C1 accounting for 43%. Similar individual process contributions are seen for all 
impact categories except for water use.  
 
The reason why the water use impact category is different is because the combustion of 
hydrogen produces water in the form of steam as part of the chemical reaction. This steam is 
released into the environment together with other flue gasses leading to an increase in the 
deprived m3 of water worldwide. As a result, the individual process of producing steam by a 
hydrogen boiler (the combustion process of hydrogen) contributes 99% of the total impacts 
registered. Important to note is that the steam as a result of the reaction is a waste stream and 
different from the indirect heat production via steam as per the reference flow.  
 
The minority share of upstream impacts that are not associated with the assumed electricity 
scenario can be linked to the electrolyzer’s construction and the materials required for the 
electrolysis process such as potassium hydride and deionized water. The electrolyzer is 
constructed of numerous materials of which nickel and tetrafluoroethylene are two materials 
that are seen to significantly contribute in some impact categories such as acidification and 
ozone depletion. 
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5.3.3 Iron Fuel Technology™-Based Process Alternatives E1, F1, G1 & H1 
The IFT process alternatives can be distinguished by the source of hydrogen and the initial iron 
fuel production method used. This subsection will therefore be divided into two. First, the 
contribution differences because of the source of hydrogen will be addressed after which the 
contributions as a result of the initial iron fuel production method will be discussed.  
 

 
Figure 9: Group process contributions to process alternative E1 – steam production via IFT boiler, 2030, pig iron + hydrogen 
electrolyzer. Abbreviations: AC: acidification; CC: climate change; EC: ecotoxicity, freshwater; FR: resource use, fossils; 
ET: eutrophication, terrestrial; EM: eutrophication, marine; TC: human toxicity, cancer; TNC: human toxicity, non-cancer; 
IR: ionizing radiation; LU: land use; MR: resource use, minerals and metals; OD: ozone depletion; PM: particulate matter; 
PO: photochemical oxidant formation; and WU: water use 

 
Figure 10: Group process contributions to process alternative F1 – steam production via IFT boiler, 2030, pig iron + waste 
hydrogen. Abbreviations: AC: acidification; CC: climate change; EC: ecotoxicity, freshwater; FR: resource use, fossils; ET: 
eutrophication, terrestrial; EM: eutrophication, marine; TC: human toxicity, cancer; TNC: human toxicity, non-cancer; IR: 
ionizing radiation; LU: land use; MR: resource use, minerals and metals; OD: ozone depletion; PM: particulate matter; PO: 
photochemical oxidant formation; and WU: water use. 
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Figure 11: Group process contributions to process alternative G1 – steam production via IFT boiler, 2030, scrap iron + 
hydrogen electrolyzer. Abbreviations: AC: acidification; CC: climate change; EC: ecotoxicity, freshwater; FR: resource 
use, fossils; ET: eutrophication, terrestrial; EM: eutrophication, marine; TC: human toxicity, cancer; TNC: human toxicity, 
non-cancer; IR: ionizing radiation; LU: land use; MR: resource use, minerals and metals; OD: ozone depletion; PM: 
particulate matter; PO: photochemical oxidant formation; and WU: water use. 
 

 
Figure 12: Group process contributions to process alternative H1 – steam production via IFT boiler, 2030, scrap iron + 
waste hydrogen. Abbreviations: AC: acidification; CC: climate change; EC: ecotoxicity, freshwater; FR: resource use, 
fossils; ET: eutrophication, terrestrial; EM: eutrophication, marine; TC: human toxicity, cancer; TNC: human toxicity, non-
cancer; IR: ionizing radiation; LU: land use; MR: resource use, minerals and metals; OD: ozone depletion; PM: particulate 
matter; PO: photochemical oxidant formation; and WU: water use. 
 
Source of hydrogen 
To reiterate, the difference between E1 and F1 as well as G1 and H1 is the source of hydrogen 
with E1 and G1 having hydrogen sourced from an electrolyzer fed by the assumed 2030 
electricity market mix and F1 and H1 using waste hydrogen. The contribution analysis into C1 
(steam production through h-boiler, 2030, including network construction) showed that most 
impacts derive from the electricity mix used to produce hydrogen, thus when that hydrogen is 
used in Iron Fuel Technology™, the impacts are further transferred. As a result, this is reflected 
in process alternative E1 (steam production through IFT boiler, 2030, pig iron + hydrogen 
electrolyzer) which has for all impact categories a large majority overlap with the individual 
processes contributing the most to the process alternative A1 (steam production through e-
boiler, 2030, including network construction). At least 80% of the upstream impacts of E1 
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derive from the assumed 2030 electricity market mix and the connected upstream processes for 
all impact categories except for climate change, marine eutrophication, terrestrial 
eutrophication, and human toxicity cancer. As a result, with the exception of those impact 
categories, the group contributions are quite similar between E1 and A1, as seen when 
comparing Figures 9 and 5. For the impact categories of climate change, marine eutrophication, 
and terrestrial eutrophication 17-18% of the upstream impacts derive from the process of 
primary iron production while for the impact category human toxicity cancer this sums to 45% 
of the total emissions. Similarly, for G1 (steam production through IF boiler, 2030, scrap iron 
+ hydrogen electrolyzer) more than 80% of the upstream impacts derive from the assumed 
2030 electricity market mix and the connected upstream processes for all impact categories 
except two: cancer human toxicity and particulate matter. The group contributions of G1 and 
A1 are hence also quite similar as seen between Figures 11 and 5.  
 
Greater relative upstream impacts related to pig iron production in F1 in comparison to E1 can 
be seen in the impact category of climate change. When examining the contributions to E1 
(steam production through IF boiler, 2030, pig iron + electrolyzer) for the impact category of 
climate change the top three individual contributing processes are heat and power cogeneration 
by natural gas (21%), pig iron production (9%) and electricity production by lignite (7%). In 
the case of F1 (steam production through IF boiler, 2030, pig iron + waste hydrogen), the 
largest individual contributor to climate change is the process of pig iron production accounting 
for 24% of the total emissions after which freight transport by lorry accounts for 11% of the 
total emissions. The upstream impacts from the pig iron production are thus a heavier 
contributor in F1 in comparison to E1. This can be explained by the absence of the impacts 
related to hydrogen produced by an electrolyzer and thereby the associated electricity 
consumption because of the use of waste hydrogen in F1. To further elaborate, in comparison 
to the approximately 80% of the upstream impacts deriving from the assumed 2030 electricity 
mix and the connected upstream processes for most impact categories for E1, most impact 
categories in F1 have only approximately 25-50% of the total impact deriving from the 
upstream processes of the assumed electricity mix. This is also reflected in visual differences 
in group contributions between E1 and F1 as seen in Figures 9 and 10. With less upstream 
impacts from the assumed 2030 scenario, the proportion of impacts stemming from upstream 
processes related to pig iron production are larger in F1, with most of the impact categories 
totaling 34-57% of the total environmental impacts. Several impact categories in F1 display 
extreme cases of the proportion between impacts stemming from the assumed electricity mix 
vs. the pig iron production. The impact category human toxicity cancer, for example, accounts 
80% of its impacts from upstream processes related to pig iron production whereas the impact 
category of ionizing radiation only accounts 6% to this. Corresponding to this, cancerous 
human toxin emissions stemming from the electricity mix are a mere ~15% of the total 
emissions whereas this is about 90% in the ionizing radiation impact category. Hence when the 
relative contribution of the assumed electricity mix is high, environmental impacts are similar 
to those seen in process alternative A1 and the group contributions appear similar, as seen in 
the ionizing radiation impact category in Figures 10 and 5. However, when the relative 
contribution of the upstream impacts related to pig iron production are high, activities related 
to the manufacturing of coke and iron sinter (processes related to pig iron production) have 
higher impacts. High upstream impacts related to pig iron production can also be seen reflected 
in the photochemical oxidant formation and marine eutrophication impact categories in F1.  



57 
 

Other noticeable differences between the sourcing of hydrogen are that the relative group 
contributions of transportation processes are higher in F1 in comparison to E1, as seen in the 
impact categories of acidification, climate change, marine eutrophication and terrestrial 
eutrophication in Figures 9 and 10. Sea freight transport by bulk carrier is the largest individual 
contributing process in the impact categories of terrestrial eutrophication, marine 
eutrophication and acidification accounting for 13%, 13% and 11% of the total impacts 
respectively in F1. The absolute contribution of transportation processes, however, is higher in 
E1 in comparison to F1. This is the result of the upstream transportation processes associated 
with the electrolyzer. A similar trend is seen between G1 (Figure 11) and H1 (Figure 12) in the 
impact categories of acidification, climate change and marine eutrophication.  
 
Another interesting point to note is that the process of road construction is the largest individual 
process contributor to all four process alternatives in the impact category of land use. The 
impact also significantly increases from E1/G1 (pig iron process alternatives) to F1/H1 (scrap 
iron process alternatives) from accounting 15-16% to 41-42% of the total land use changes. 
This is reflected in Figures 9-12 in the group contribution increase of the construction 
processes. Also seen in the land use impact category is that the group contribution of the 
agriculture, forestry and fishing processes group decreases from E1/G1 to F1/H1. On an 
individual process level, this is seen in the decrease of hardwood and softwood forestry logging 
with a relative decrease of 9-10% in hardwood forestry logging and by a 13-14% decrease in 
softwood forestry logging from E1/G1 to F1/H1. The absolute contribution of the road 
construction process is lower in F1/H1 in comparison to E1/G1, in line with the general trend 
that F1/H1 exerts less environmental impacts than E1/G1 as seen in Table 7 in section 5.2.  
 
Initial Iron Fuel Production Method 
Moving on to the differences between the initial iron fuel production method pig iron (E1/F1) 
vs. scrap iron (G1/H1), it must first be said that in most impact categories the use of iron scrap 
is more environmentally friendly than the use of pig iron. For multiple impact categories 
(freshwater ecotoxicity, human toxicity non-cancer, ionizing radiation, land use, mineral and 
metal resource use) this is not the case, but the differences are minimal. Only one impact 
category, human toxicity cancer shows a very clear difference between the two production 
methods in which the use of iron scrap does not perform better. To investigate the hotspots of 
the two different production methods, we take a closer look at this impact category, human 
toxicity cancer.  
 
For G1 and H1 (the IFT scrap iron process alternatives), the treatment of electric arc furnace 
slag is seen to total 73% and 91% of the contributions respectively. To provide some context, 
electric arc furnace slag is a by-product created by the combination of lime, silicates and oxides 
which floats on top of the molten iron/steel during the production process (Mineral Products 
Association, n.d.). The liquid slag, often containing impurities, is separately discharged from 
the desired molten iron/steel and further processed and treated (Mineral Products Association, 
n.d.). The electric arc furnace is central to the production of iron/steel, allowing for the ability 
to produce iron and steel products with green electricity. The treatment of the slag, however, 
seems to be a hotspot when producing initial iron fuel from scrap iron. 
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The individual process contributing the most to human toxicity cancer for the pig iron 
alternatives (E1 and F1) is the process of coking. Coke plays an important part in the production 
of pig iron as it serves two functions: to provide the heat for melting the ore and as reductor for 
removing the oxygen from the iron ore thus creating pure iron (ArcelorMittal, 2023b). The 
coking process is the process of heating coal such that impurities are removed, and a substance 
known as coke is left over consisting of almost pure carbon (ArcelorMittal, 2023b). In process 
alternative E1, 51% of the total impacts are a direct result of the coking process whereas this 
increases to 82% in F1. Hence the relative upstream impacts related to pig iron production are 
greater in F1 in comparison to E1. This relates to the absence of the impacts related to hydrogen 
produced by an electrolyzer. The absolute contribution of the coking process, however, is lower 
in F1 in comparison to E1. This is in line with the general trend that F1 exerts less 
environmental impacts than E1 as seen in Table 5. Depending on which initial iron fuel 
production method is used, either the process of coking or the treatment of electric arc furnace 
slag will thus be a hotspot in the process alternative.  
 
Another notable point as a result of the differing two initial iron fuel production methods is the 
increased water use by the manufacturing processes in H1 (steam production through IF boiler, 
2030, iron scrap + waste hydrogen) in comparison to F1 (steam production through IF boiler, 
2030, pig iron + waste hydrogen). This stems from the water required to produce initial iron 
fuel by an electric arc furnace, accounting for 15% of the total impacts of water usage. A similar 
difference is also seen between process alternatives E1 (steam production through IF boiler, 
2030, pig iron + hydrogen electrolyzer) and G1 (steam production through IF boiler, 2030, iron 
scrap + hydrogen electrolyzer).  
 
Lastly, some impact categories are largely unaffected by a change in the initial iron fuel 
production method. The impact categories of human toxicity non-cancer, mineral and metal 
resource use and land use are examples of this. These impact categories have the same 
processes contributing most of the impacts with individual processes deviating +/- 1% between 
E1 and G1 as well as F1 and H1. As a result, the grouped contribution graphs appear very 
similar. This, however, does not mean that individual processes do not increase or decrease. It 
must be noted that the amount of iron ore mining for example does decrease when switching 
to the scrap based initial iron fuel production method from contributing 0.0034% of total 
material resource use in H1 to 0.089% in F1. However this is completely overshadowed by 
other mining activities, namely copper mining due to the impacts associated with the assumed 
2030 scenario. 
 
To summarize, a large portion of the impacts for all four process alternatives still stem from 
the assumed 2030 scenario, both the electricity mix and the expansion of the electricity 
network. Then depending on whether the initial iron fuel production method is based on scrap 
iron or on pig iron, the hotspot will either be the treatment of electric arc furnace slag or the 
coking process respectively. Transportation impacts pose a relatively limited impact with the 
exception of several impact categories, namely acidification, climate change, marine and 
terrestrial eutrophication, and photochemical oxidant formation.  
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5.4 Sensitivity Analysis  
5.4.1 Chosen Parameters 
The parameters tested in the sensitivity analyses are chosen based on two reasons: they were 
shown to be hotspots as derived from the contribution analyses results or there were economic, 
technical and/or application related reasons which RIFT expressed making the parameters 
important to study. Table 12 provides an overview of all the sensitivity parameters that will be 
tested. The process alternatives that will take part in the sensitivity analysis are steam 
production through e-boiler 2030 including network construction (A1), steam production 
through h-boiler 2030 including network construction (C1), steam production through IF boiler 
2030, pig iron + H electrolyzer (E1), steam production through IF boiler 2030, pig iron + waste 
hydrogen (F1), steam production through IF boiler, 2030, scrap iron + electrolyzer (G1), steam 
production through IF boiler, 2030, scrap iron + waste hydrogen (H1). These six PAs are 
chosen as they have already been examined more closely in the contribution analysis, are likely 
to be more resembling of today’s technological state as 2030 based PAs and because these 
alternatives provide the necessary breadth to answer research sub-question 4 sufficiently. The 
following paragraphs will explain the reason for choosing each parameter in more detail.   
 
Table 12: Sensitivity parameters tested. 

Parameter Base-case Sensitivity 1 Sensitivity 2 Sensitivity 3 
Electricity mix of production phase 
of electricity, hydrogen and IFT  

TNO scenarios for 
2030 (and 2050) 

100% 
offshore wind 

100% open-
ground solar 

 

Hydrogen leakage (C1 only) 0% 5% 10% 15% 
Hydrogen quantity required for 
combustion in a h-boiler (C1 only) 

~31 kg/MWh 33 kg/MWh   

Electricity consumption of IF 
production system (E1, F1, G1, H1 
only) 

~476 kW/t IF 388 kW/t IF 604 kW/t IF  

FLH boilers 8600 1000 3000  
FLH iron fuel production (E1, F1, 
G1, H1 only) 

8760 3000 4500  

FLH electrolyzer (C1 only) 8300 3000 4500  
Transport distance 150 500 1000 5000 
Transport method (E1, F1, G1, H1 
only) 

Truck  Ship    

 
Electricity mix of production phase of electricity, hydrogen and IFT 
From the completed contribution analysis, it becomes clear that the assumed 2030/2050 
scenarios (defined by the electricity mix and the expansion of the electricity network) are a key 
determinant for both impact categories and process alternatives. As a result, testing different 
possible compositions of the electricity mix is interesting for comparison to the base case and 
for determining whether other compositions can be more environmentally beneficial. The 
largest portion of the impacts for the clean alternatives derive from the use of electricity at the 
production stage, i.e. production of electricity/hydrogen/iron fuel.7,8 By changing the 

 
7 Important to note is that the electricity mix of the initial iron fuel production is not included in this sensitivity 
analysis. Hence the upstream initial iron fuel production impacts (both via the iron scrap / pig iron route) remain 
the same. 
8 The electricity mix of the production stage would likely not influence the market incumbents, biomass and 
natural gas. This is because the contribution analysis showed that there is a relatively limited electricity demand 
throughout the value chain and most of the environmental impacts of these two fuels do not occur at the front end 
but rather at the combustion stage.  
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electricity mix at this stage, a comparison of the different electricity mix compositions across 
the clean process alternatives can be made to understand whether it may impact the favorability 
of one alternative over another from an environmental perspective. The two analyzed 
compositions are 100% offshore wind and 100% open-ground solar energy by photovoltaic 
panels. This relates to real life cases as offshore wind is expected to be one of the main drivers 
for producing renewable energy in the Netherlands, and specifically many projects are based 
on offshore wind farms in the North Sea in combination with energy initiatives including 
hydrogen production projects (Radowitz, 2022). As for solar energy, initiatives are underway 
to import large quantities from more sun blessed areas like the south of Europe and the north 
of Africa (Hers et al., 2018; Import van Waterstof, n.d.).  
 
Hydrogen leakage 
Sensitivity analyses will also be completed on the potential hydrogen that is leaked into the 
environment. In the base case, it is assumed that no hydrogen is leaked anywhere. However, 
many authors acknowledge that leakage occurs and will occur in multiple parts of a future 
hydrogen energy system from production to end use (Fan et al., 2022; Ocko & Hamburg, 2022; 
Tromp et al., 2003). What the extent of the leakage currently is and what it will become in the 
future is unknown with numbers varying for each part of the system as well as economy wide. 
As a result, a sensitivity analysis will be run with a 5, 10 and 15% hydrogen leakage. This is in 
line with current estimates of potential hydrogen leakages in multiple parts of a future system 
(Fan et al., 2022; STUDY: Emissions of Hydrogen Could Undermine Its Climate Benefits; 
Warming Effects Are Two to Six Times Higher Than Previously Thought, 2022; Tromp et al., 
2003).  
 
Quantity of hydrogen required for combustion in a h-boiler 
Uncertainty is also present in the amount of hydrogen required for hydrogen combustion and 
subsequent steam production, as this is strongly dependent on the boiler’s design (M. Derksen, 
personal communication, 30 March 2023). During data collection, a hydrogen boiler 
manufacturer provided a range for the amount of hydrogen required for combustion. Currently, 
the base case considers the lower end of the given range. Therefore a sensitivity analysis will 
be conducted to consider the impact when a larger amount of hydrogen would be required. It 
is expected that the environmental impact would be higher as an increase in the required 
hydrogen would translate into an increased electricity input. 
 
Electricity consumption of IF production system 
As the electricity mix has been shown to be a large source of environmental impacts and a 
determinant of the environmental performance of the process alternatives, any way to decrease 
the electricity consumption will be positive on a PAs performance. RIFT has indicated that the 
electricity consumption of the IF production system can range between 388 to 604 kWh per 
ton of produced IF. The base case currently takes the middle road, so to understand whether a 
decrease or increase can substantially change the environmental performance of the IFT PAs 
in comparison to the other alternatives a sensitivity analysis will be completed on this. 
 
Number of FLH of boiler, IF production system and electrolyzer 
Sensitivity analyses will also be run on the amount of full load hours (FLH) which the boilers, 
iron fuel production system and electrolyzer run. This sensitivity analysis is important for two 
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reasons. The first is that renewable energy is not always available and in order to be sustainable, 
they may need to adapt to when renewable energy is available. Hence, base load (8600 FLH) 
may not be achievable for these systems. The second reason is economical, if a system operates 
less hours, the capital investment required often becomes a significant part of the final 
product’s cost (Lehner & Hart, 2021). The question is whether a change in FLH also changes 
the environmental performance significantly. Boilers can be run base load, peak load or as 
back-up which loosely translates into how many FLH are run per year. As for the values chosen 
for the FLH sensitivity analysis of the iron fuel production and hydrogen production system, 
they are based on the typical and estimated FLHs of the availability of renewable energy and 
the FLH that other studies have used (Hanif et al., 2022; Lehner & Hart, 2021).  
 
Transport distance and method 
The last sensitivity analyses to be completed are related to transport. The base case is assumed 
based on the RIFT pilot which covers 150 km. However, when the distance increases, the 
environmental impact that transportation processes exert on the environment may change. As 
each of the three technologies makes use of a different transportation method, it is important 
to understand the sensitivity of what additional travelling distance does in comparison to its 
competitors. Specifically for the Iron Fuel Technology™ process alternatives, the 
transportation method of using a ship in comparison to a truck has also been tested.  
 
5.4.2 Results of the Sensitivity Analyses 
In this section the main results of the completed sensitivity analyses will be highlighted, for 
further elaboration on each completed sensitivity analysis refer to Appendix E.  
 
A change in the electricity mix at the production stage from the base case to a purely solar 
electricity mix generally showed impacts increasing whereas a switch to a purely wind 
electricity mix showed impacts decreasing, see Table 13 (values are shown relative to the 
largest impact denoted by a ‘1’ while colors help visually indicate this with red signifying the 
largest impacts, green the least and white the middle). A contribution analysis specifically into 
the background electricity mix in comparison to the base case indicated similar results (see 
Appendix E). Slight discrepancies between results of the contribution analysis and Table 13 
are the result of the relative upstream impacts accounted to the electricity mix by a process 
alternative. To exemplify, in C1 (h-boiler, 2030, including network construction) it is seen that 
the five impact categories of acidification, freshwater ecotoxicity, freshwater eutrophication, 
human toxicity cancer and non-cancer all have upstream impacts from the distribution network 
accounting for at least ~30% of the total impacts in that impact category. As such the electricity 
mix used for the hydrogen production process can account for as little as 40.6%. A switch in 
the mix therefore makes less of a difference in these impact categories. In contrast, for the 
impact categories of climate change, fossil resources and ionizing radiation, the electricity mix 
to the production stage of C1 accounts for at least 85% of the upstream impacts hence being 
more sensitive to changes. Similar trends were seen in other PAs though generally the 
electricity mix is a highly sensitive parameter.  
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Table 13: Sensitivity analysis results of electricity mix presented relative to the largest impact per impact category.  

Impact Category A1 C1 E1  F1 G1 H1 

  Base 
Case 

100% 
wind 

100% 
solar 

Base 
Case 

100% 
wind 

100% 
solar 

Base 
Case 

100% 
wind 

100% 
solar 

Base 
Case 

100% 
wind 

100% 
solar 

Base 
Case 

100% 
wind 

100% 
solar 

Base 
Case 

100% 
wind 

100% 
solar 

Acidification 0.42 0.30 0.61 0.70 0.52 1.00 0.66 0.51 0.90 0.19 0.17 0.22 0.61 0.46 0.84 0.13 0.11 0.17 
Climate change 0.59 0.13 0.53 0.94 0.23 0.86 1.00 0.43 0.93 0.37 0.29 0.36 0.87 0.30 0.80 0.24 0.16 0.23 
Ecotoxicity, freshwater 0.42 0.34 0.62 0.69 0.56 1.00 0.64 0.53 0.89 0.18 0.16 0.21 0.65 0.54 0.89 0.18 0.17 0.22 
Resource use, fossils 0.63 0.09 0.39 1.00 0.17 0.63 0.97 0.31 0.67 0.30 0.21 0.26 0.89 0.23 0.60 0.23 0.13 0.18 
Eutrophication, freshwater  0.60 0.30 0.63 0.95 0.49 1.00 0.88 0.51 0.92 0.25 0.19 0.25 0.80 0.43 0.84 0.16 0.11 0.17 
Eutrophication, marine 0.47 0.21 0.63 0.76 0.35 1.00 0.80 0.48 1.00 0.30 0.25 0.33 0.69 0.37 0.89 0.19 0.14 0.22 
Eutrophication, terrestrial 0.47 0.22 0.63 0.75 0.36 1.00 0.79 0.48 0.99 0.29 0.24 0.32 0.69 0.37 0.88 0.18 0.14 0.21 
Human toxicity, cancer 0.20 0.19 0.27 0.32 0.30 0.43 0.48 0.47 0.57 0.27 0.27 0.28 0.92 0.90 1.00 0.70 0.70 0.71 
Human toxicity, non-cancer 0.48 0.42 0.63 0.77 0.67 1.00 0.64 0.56 0.82 0.12 0.11 0.15 0.65 0.57 0.84 0.14 0.13 0.16 
Ionising radiation 0.63 0.03 0.19 1.00 0.07 0.31 0.82 0.07 0.27 0.15 0.04 0.07 0.83 0.08 0.27 0.16 0.05 0.07 
Land use 0.05 0.01 0.64 0.07 0.02 1.00 0.07 0.03 0.81 0.02 0.02 0.13 0.07 0.03 0.81 0.02 0.02 0.13 
Resource use, minerals and metals 0.45 0.40 0.63 0.72 0.64 1.00 0.58 0.51 0.81 0.10 0.09 0.13 0.59 0.52 0.81 0.11 0.10 0.14 
Ozone depletion 0.46 0.08 0.61 0.77 0.19 1.00 0.71 0.24 0.89 0.19 0.12 0.22 0.65 0.18 0.83 0.14 0.07 0.16 
Particulate matter 0.29 0.20 0.55 0.47 0.33 0.87 0.68 0.56 1.00 0.36 0.35 0.41 0.60 0.48 0.92 0.28 0.27 0.33 
Photochemical oxidant formation  0.39 0.19 0.57 0.63 0.32 0.91 0.77 0.52 1.00 0.35 0.32 0.39 0.60 0.35 0.83 0.18 0.14 0.21 
Water use 0.00 0.00 0.01 0.99 0.98 1.00 0.01 0.00 0.02 0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.00 0.00 

 
A1: Steam production through e-boiler, 2030, with infrastructural construction 
C1: Steam production through h-boiler, 2030, with infrastructural construction 
E1: Steam production through IF boiler, 2030, pig iron + hydrogen electrolyzer 
F1: Steam production through IF boiler, 2030, pig iron + waste hydrogen 
G1: Steam production through IF boiler, 2030, iron scrap + hydrogen electrolyzer  
H1: Steam production through IF boiler, 2030, iron scrap + waste hydrogen
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Changes in the electricity mix also highlighted which process alternatives consumed the largest 
quantities of electricity in the production stage as these were generally more red. Process 
alternative C1 has the largest electricity consumption and hence performs poorest in most 
impact categories. As a result decreasing electricity consumption is generally beneficial. This 
was also seen in a reduction of electricity consumption in the IF production system. For the 
electrolyzer based PAs (E1 & G1) an approximately 2% decrease was found for all impact 
categories whereas for the waste hydrogen-based PAs (F1 & H1) a generally higher percentage 
(2.7-15.3%) decrease was found for the investigated impact categories. This result can be 
clarified due to the larger relative impacts accounted to the electricity consumption of the IF 
production system in F1 and H1.  
 
Similarly, limiting the hydrogen losses and reducing the amount of hydrogen required for steam 
generation positively affects the environment. This relates to a reduction in the amount of 
hydrogen required throughout the value chain and the subsequent electricity consumption 
required for hydrogen production. Specifically for hydrogen losses, the sensitivity analysis 
results show a systematic decrease for all impact categories. This is the result of hydrogen 
losses only being modelled at the transportation phase leading to a compensation of losses 
through increased production of hydrogen. In a real-life situation, hydrogen could also leak in 
the final end-use process meaning that the modelled losses in this research may not be an 
accurate portrayal of the more complex practical reality. The water use impact category follows 
a different decrease rate as the other investigated impact categories because 99% of the 
contributions to the water use impact category stem from the steam production process via a 
hydrogen boiler, thus hydrogen losses modelled at the transportation phase are relatively 
unimportant. Noteworthy is to mention that hydrogen leakages into the environment, which are 
known to contribute to climate change, are not characterized in any impact category (Derwent 
et al., 2006; EF Reference Package 3.1, 2022; Ocko & Hamburg, 2022). As a result, the effect 
of hydrogen leakage on climate change, and potentially other impact categories as well, is not 
fully reflected by the sensitivity analysis results.   
 
As for the number of FLH of a boiler, electrolyzer or the IF production system, the more FLH 
run annually the lower the environmental impacts. Box 3 explains this further. Whereas for 
boilers and iron fuel production system the number of FLH made limited impact (<1% for any 
impact category), changing the number of FLH of an electrolyzer showed larger differences, 
specifically for the impact categories of acidification and ozone depletion. This can be 
explained by two reasons: (i) the relative environmental impacts accounted to the construction 
of the hydrogen electrolyzer are higher for these two impact categories and (ii) the electrolyzer 
consists of a multitude of materials that are not present in boilers and in the IF production 
system including nickel, polytetrafluoroethylene and multiple acids among other materials. As 
a result, the number of FLH of the electrolyzer should be optimized to reduce environmental 
pressures.  
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Lastly, as far as transportation goes, the larger the distance travelled, the higher the 
environmental impacts become, as seen in Table 14 (values are shown relative to the largest 
impact denoted by a ‘1’ while colors help visually indicate this with red signifying the largest 
impacts, green the least and white the middle). However, a change in distance for process 
alternatives A1 and C1 makes a much smaller difference whereas for the IFT process 
alternatives E1, F1, G1 and H1, the potential environmental impact can drastically increase 
when the distance changes. To understand why this is the case see Box 4. Noteworthy is that 
when transport distance changes, the best performing alternative can switch as C1, E1 and G1 
perform better or worse in multiple impact categories depending on which cases you compare 
together, examine Table 14 impact category acidification for an example.  
 
Specifically for IFT, ship transport would be recommended over truck transport from an 
environmental perspective whenever both options are possible as ship transport reduces 
environmental impacts across all impact categories, as seen in Table 15 (values are shown 
relative to the largest impact denoted by a ‘1’ while colors help visually indicate this with red 
signifying the largest impacts, green the least and white the middle). The difference between 
short (150 km) and long (5000 km) distance transport by ship can also be considered negligible 
for all process alternatives. This is the result of the large quantities a ship can transport, the 
same principle as described in Box 4.  
 
 
 
  
 

Box 3: FLH explained 
 
Full load hours refer to the number of hours that a system (e.g. machinery, boilers) runs annually. The 
maximum number of FLH a system can run annually is 8760 hours. FLH have an influence as it is a key 
determinant in the “amount” of system required for the production process for which the system is designed. 
The following equation describes this:  
 

the amount of system required for a process =
(the amount of product produced by the system)

(FLH)(lifetime of the system)(capacity of the system)
 

 
To exemplify with two problems, a boiler produces 1 MWh of heat and can run either 6000 FLH or 1000 
FLH annually. It has a lifetime of 20 years and a capacity of 2 MWh of heat.  
 

the amount of system required for a process with 6000 FLH =
(1)

(6000)(20)(2)
= 4.2𝑥𝑥10−6  

 

the amount of system required for a process with 1000 FLH =
(1)

(1000)(20)(2)
=  2.5𝑥𝑥10−5 

 
As becomes clear from these two examples is that less FLH will translate to an underutilization of the 
system. This results in the system depreciating over less hours run and the environmental impacts associated 
with the system will be higher for each hour the system runs.  
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Table 14: Sensitivity analysis results of varying transport distance presented relative to largest impact.   

IC A1 C1 E1 F1 G1 H1 

  
Base 
Case 

500 
km 

1000 
km 

5000 
km 

Base 
Case 

500 
km 

1000 
km 

5000 
km 

Base 
Case 

500 
km 

1000 
km 

5000 
km 

Base 
Case 

500 
km 

1000 
km 

5000 
km 

Base 
Case 

500 
km 

1000 
km 

5000 
km 

Base 
Case 

500 
km 

1000 
km 

5000 
km 

AC 0.32 0.32 0.32 0.32 0.53 0.53 0.53 0.53 0.50 0.53 0.59 1.00 0.14 0.18 0.23 0.65 0.46 0.49 0.54 0.96 0.10 0.14 0.19 0.61 
CC 0.18 0.18 0.18 0.18 0.29 0.29 0.29 0.29 0.30 0.36 0.43 1.00 0.11 0.16 0.24 0.81 0.27 0.32 0.39 0.96 0.07 0.12 0.20 0.77 
EC 0.20 0.20 0.20 0.20 0.33 0.33 0.33 0.34 0.31 0.36 0.43 1.00 0.09 0.14 0.21 0.78 0.31 0.36 0.43 1.00 0.09 0.14 0.21 0.78 
FR 0.21 0.21 0.21 0.21 0.33 0.33 0.33 0.33 0.32 0.37 0.44 1.00 0.10 0.15 0.22 0.78 0.30 0.34 0.41 0.97 0.07 0.12 0.19 0.76 
EF 0.52 0.52 0.52 0.52 0.83 0.83 0.83 0.83 0.77 0.79 0.81 1.00 0.21 0.23 0.25 0.45 0.70 0.71 0.74 0.93 0.14 0.16 0.18 0.38 
EM 0.21 0.21 0.21 0.21 0.33 0.33 0.33 0.34 0.35 0.40 0.47 1.00 0.13 0.18 0.25 0.78 0.31 0.35 0.42 0.95 0.08 0.13 0.20 0.73 
ET 0.22 0.22 0.22 0.22 0.35 0.35 0.35 0.35 0.37 0.42 0.48 1.00 0.13 0.18 0.25 0.77 0.32 0.37 0.43 0.95 0.09 0.13 0.20 0.72 
TC 0.17 0.17 0.17 0.17 0.28 0.28 0.28 0.28 0.42 0.43 0.46 0.62 0.23 0.25 0.27 0.44 0.80 0.81 0.83 1.00 0.61 0.63 0.65 0.82 
TNC 0.49 0.49 0.49 0.49 0.77 0.77 0.77 0.77 0.64 0.67 0.70 0.99 0.13 0.15 0.19 0.47 0.65 0.68 0.71 1.00 0.14 0.16 0.20 0.49 
IR 0.62 0.62 0.62 0.62 0.98 0.98 0.98 0.98 0.80 0.82 0.84 0.99 0.15 0.16 0.18 0.34 0.81 0.82 0.84 1.00 0.15 0.17 0.19 0.35 
LU 0.12 0.12 0.12 0.12 0.19 0.19 0.19 0.19 0.19 0.25 0.33 1.00 0.06 0.12 0.20 0.88 0.19 0.25 0.33 1.00 0.06 0.12 0.20 0.87 
MR 0.63 0.63 0.63 0.63 1.00 1.00 1.00 1.00 0.81 0.81 0.83 0.93 0.14 0.15 0.16 0.26 0.82 0.83 0.84 0.94 0.15 0.16 0.17 0.27 
OD 0.30 0.30 0.30 0.30 0.51 0.51 0.51 0.51 0.47 0.50 0.56 1.00 0.12 0.16 0.22 0.66 0.43 0.47 0.52 0.96 0.09 0.13 0.18 0.63 
PM 0.08 0.08 0.08 0.08 0.14 0.14 0.14 0.14 0.20 0.25 0.34 1.00 0.10 0.16 0.25 0.92 0.17 0.23 0.31 0.98 0.08 0.14 0.22 0.89 
PO 0.14 0.14 0.14 0.14 0.22 0.22 0.22 0.22 0.27 0.33 0.40 1.00 0.13 0.18 0.25 0.86 0.21 0.27 0.34 0.94 0.06 0.12 0.19 0.80 
WU 0.00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 

 
Abbreviations: IC: impact category; A1: Steam production through e-boiler, 2030, with infrastructural construction; C1: Steam production through h-boiler, 2030, with infrastructural construction; E1: 
Steam production through IF boiler, 2030, pig iron + hydrogen electrolyzer; F1: Steam production through IF boiler, 2030, pig iron + waste hydrogen; G1: Steam production through IF boiler, 2030, iron 
scrap + hydrogen electrolyzer; H1: Steam production through IF boiler, 2030, iron scrap + waste hydrogen; AC: acidification; CC: climate change; EC: ecotoxicity, freshwater; FR: resource use, fossils; 
ET: eutrophication, terrestrial; EM: eutrophication, marine; TC: human toxicity, cancer; TNC: human toxicity, non-cancer; IR: ionizing radiation; LU: land use; MR: resource use, minerals and metals; 
OD: ozone depletion; PM: particulate matter; PO: photochemical oxidant formation; and WU: water use.
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Table 15: Sensitivity analysis results of varying the transport method (IFT PAs tested only) presented relative to largest impact.  

IC E1 F1 G1 H1 A1 C1 

 Base 
Case 

ship 
150km ship 5000 km Base 

Case 
ship 

150km ship 5000 km Base 
Case 

ship 
150km ship 5000 km Base 

Case 
ship 

150km ship 5000 km Base 
Case 

Base 
Case 

AC 0.94 0.91 0.91 0.27 0.24 0.24 0.86 0.83 0.83 0.19 0.16 0.16 0.60 1.00 
CC 1.00 0.93 0.93 0.37 0.30 0.30 0.87 0.80 0.80 0.24 0.17 0.17 0.59 0.94 
EC 0.93 0.86 0.86 0.26 0.19 0.19 0.94 0.87 0.87 0.27 0.20 0.20 0.61 1.00 
FR 0.97 0.91 0.91 0.30 0.24 0.24 0.89 0.83 0.83 0.23 0.16 0.16 0.63 1.00 
EF 0.93 0.92 0.92 0.26 0.25 0.25 0.84 0.83 0.83 0.17 0.16 0.16 0.63 1.00 
EM 1.00 0.94 0.94 0.37 0.31 0.31 0.86 0.81 0.81 0.23 0.18 0.18 0.59 0.94 
ET 1.00 0.95 0.95 0.36 0.31 0.31 0.87 0.82 0.82 0.23 0.18 0.18 0.59 0.95 
TC 0.53 0.52 0.52 0.29 0.29 0.29 1.00 0.99 0.99 0.77 0.76 0.76 0.22 0.35 
TNC 0.83 0.82 0.82 0.16 0.15 0.15 0.85 0.83 0.83 0.18 0.16 0.16 0.63 1.00 
IR 0.82 0.81 0.81 0.15 0.14 0.14 0.83 0.82 0.82 0.16 0.15 0.15 0.63 1.00 
LU 0.98 0.85 0.85 0.31 0.18 0.18 0.97 0.84 0.84 0.30 0.17 0.17 0.63 1.00 
MR 0.81 0.80 0.80 0.14 0.14 0.14 0.82 0.82 0.82 0.15 0.15 0.15 0.63 1.00 
OD 0.91 0.88 0.88 0.24 0.21 0.21 0.84 0.81 0.81 0.18 0.14 0.14 0.60 1.00 
PM 1.00 0.87 0.87 0.53 0.41 0.41 0.88 0.76 0.76 0.42 0.29 0.29 0.43 0.70 
PO 1.00 0.92 0.92 0.46 0.37 0.37 0.78 0.70 0.70 0.23 0.15 0.15 0.50 0.81 
WU 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 1.00 

 
Abbreviations: IC: impact category; A1: Steam production through e-boiler, 2030, with infrastructural construction; C1: Steam production through h-boiler, 2030, with infrastructural construction; E1: 
Steam production through IF boiler, 2030, pig iron + hydrogen electrolyzer; F1: Steam production through IF boiler, 2030, pig iron + waste hydrogen; G1: Steam production through IF boiler, 2030, iron 
scrap + hydrogen electrolyzer; H1: Steam production through IF boiler, 2030, iron scrap + waste hydrogen; AC: acidification; CC: climate change; EC: ecotoxicity, freshwater; FR: resource use, fossils; 
ET: eutrophication, terrestrial; EM: eutrophication, marine; TC: human toxicity, cancer; TNC: human toxicity, non-cancer; IR: ionizing radiation; LU: land use; MR: resource use, minerals and metals; 
OD: ozone depletion; PM: particulate matter; PO: photochemical oxidant formation; and WU: water use. 
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Key Takeaways 
The sensitivity analysis results have indicated that some parameters are more sensitive to 
determining the environmental performance of a process alternative than others. Table 16 
overviews all parameters investigated and their sensitivity.  
 
Table 16: Overview of all parameters and their sensitivity to change. A1: Steam production through e-boiler, 2030, with 
infrastructural construction; C1: Steam production through h-boiler, 2030, with infrastructural construction; E1: Steam 
production through IF boiler, 2030, pig iron + hydrogen electrolyzer; F1: Steam production through IF boiler, 2030, pig 
iron + waste hydrogen; G1: Steam production through IF boiler, 2030, iron scrap + hydrogen electrolyzer; H1: Steam 
production through IF boiler, 2030, iron scrap + waste hydrogen 

 Sensitivity 
Parameter A1 C1 E1 F1 G1 H1 
Electricity mix for production phase of 
electricity, hydrogen & IFT High High High High High High 

Hydrogen leakage  - High - - - - 
Hydrogen quantity required for hydrogen 
combustion - High - - - - 

Electricity consumption of IF production 
system - - Limited Medium Limited Medium 

FLH boilers Limited Limited Limited Limited Limited Limited 
FLH iron fuel production  - - Limited Limited Limited Limited 
FLH electrolyzer  - Limited Limited - Limited - 
Transport distance Limited Limited High High High High 
Transport method (ship/truck) - - High High High High 

 
Considering all investigated parameters, Table 17 (values are shown relative to the largest 
impact denoted by a ‘1’ while colors help visually indicate this with red signifying the largest 
impacts, green the least and white the middle) shows the best performance each PA can achieve 
based on changing the parameters tested. It shows that natural gas still performs better in the 
impact categories of acidification, freshwater ecotoxicity, freshwater eutrophication, human 
toxicity cancer, human toxicity non-cancer, ionizing radiation, land use, mineral and metal 
resource use, and particulate matter than any of the other (clean) alternatives. From a climate 
change perspective, H1 (steam production through IF boiler, 2030, scrap iron and waste 
hydrogen) now performs best. It also performs best in the impact categories of fossil resource 
use, marine eutrophication, terrestrial eutrophication, ozone depletion, and photochemical 
oxidant formation. Considering limiting extreme environmental impacts, generally, A1 (steam 

Box 4: Transport Changes Explained 
 
The required “amount” of transport infrastructure is derived by the following equation: 
 

(𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑 𝑟𝑟𝑑𝑑𝑟𝑟𝑟𝑟𝑚𝑚𝑟𝑟𝑑𝑑𝑑𝑑 𝑑𝑑𝑡𝑡 𝑑𝑑𝑟𝑟𝑑𝑑𝑡𝑡𝑑𝑑𝑡𝑡)
(𝑟𝑟𝑟𝑟𝑑𝑑𝑚𝑚𝑑𝑑𝑚𝑚𝑑𝑑𝑡𝑡 𝑑𝑑𝑟𝑟𝑑𝑑𝑚𝑚𝑑𝑑𝑡𝑡𝑡𝑡𝑟𝑟𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡𝑑𝑑 𝑡𝑡𝑡𝑡 𝑑𝑑ℎ𝑑𝑑 𝑑𝑑𝑟𝑟𝑑𝑑𝑚𝑚𝑑𝑑𝑡𝑡𝑡𝑡𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑𝑚𝑚𝑡𝑡𝑚𝑚 𝑚𝑚𝑑𝑑𝑑𝑑ℎ𝑡𝑡𝑑𝑑)(𝑡𝑡𝑚𝑚𝑙𝑙𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑑𝑑)

 

(1) 
 
As a result, if a specific transport method (e.g. electricity network or hydrogen pipeline) can transport large 
quantities the transport footprint and the associated emissions will be relatively small even over long distances. 
When a mode of transport has limited transport capacity, several of the same transport modes will need to be 
used in parallel to fulfill the quantity demanded (e.g. multiple trucks) and the subsequent environmental 
impact can increase. 
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production through e-boiler, 2030, including network infrastructure), F1 (steam production 
through IF boiler, 2030, pig iron and waste hydrogen) and H1 perform well. The PAs requiring 
hydrogen from an electrolyzer (C1, E1 and G1) still perform the worst. This again highlights 
that tradeoffs in the transition away from carbon-based fuels are likely and limiting electricity 
consumption of electrolysis is highly key. 
 
Table 17: Best possible configurations for the clean alternatives9.  

IC Best A1 Best C1 Best E1 Best F1 Best G1 Best H1 I1 base case J1 base case 
AC 0.58 1.00 0.91 0.25 0.81 0.15 0.10 1.00 
CC 0.11 0.20 0.30 0.17 0.18 0.06 1.00 0.09 
EC 0.60 1.00 0.85 0.18 0.86 0.20 0.03 0.17 
FR 0.09 0.17 0.22 0.12 0.14 0.04 1.00 0.09 
EF 0.61 1.00 0.99 0.33 0.82 0.16 0.03 0.15 
EM 0.11 0.18 0.21 0.09 0.16 0.04 0.09 1.00 
ET 0.11 0.18 0.21 0.09 0.16 0.04 0.09 1.00 
TC 0.21 0.34 0.51 0.28 1.00 0.77 0.03 0.14 
TNC 0.63 1.00 0.80 0.13 0.81 0.15 0.02 0.21 
IR 0.36 0.86 0.57 0.15 0.64 0.22 0.09 1.00 
LU 0.03 0.05 0.05 0.01 0.04 0.01 0.00 1.00 
MR 0.63 1.00 0.78 0.11 0.79 0.13 0.01 0.02 
OD 0.09 0.20 0.21 0.08 0.15 0.03 1.00 0.04 
PM 0.21 0.35 0.49 0.26 0.41 0.18 0.04 1.00 
PO 0.15 0.25 0.35 0.19 0.21 0.05 0.18 1.00 
WU 0.00 1.00 0.00 0.00 0.00 0.00 0.54 0.00 

 
Abbreviations: IC: impact category; A1: Steam production through e-boiler, 2030, with infrastructural 
construction; C1: Steam production through h-boiler, 2030, with infrastructural construction; E1: Steam 
production through IF boiler, 2030, pig iron + hydrogen electrolyzer; F1: Steam production through IF boiler, 
2030, pig iron + waste hydrogen; G1: Steam production through IF boiler, 2030, iron scrap + hydrogen 
electrolyzer; H1: Steam production through IF boiler, 2030, iron scrap + waste hydrogen; AC: acidification; CC: 
climate change; EC: ecotoxicity, freshwater; FR: resource use, fossils; ET: eutrophication, terrestrial; EM: 
eutrophication, marine; TC: human toxicity, cancer; TNC: human toxicity, non-cancer; IR: ionizing radiation; 
LU: land use; MR: resource use, minerals and metals; OD: ozone depletion; PM: particulate matter; PO: 
photochemical oxidant formation; and WU: water use. 

 
9 A1 considers a wind-based electricity mix, highest FLH of boiler, and 150km transport distance. C1 considers a 
wind-based electricity mix, highest FLH of boiler and electrolyzer, higher combustion efficiency, no hydrogen 
losses, and 150km transport distance. E1/G1 considers a wind-based electricity mix, highest FLH of boiler, IF 
production system and electrolyzer, lowest electricity consumption of IF production system, and 150km ship 
transport distance. F1/H1 considers a wind-based electricity mix, highest FLH of boiler and IF production system, 
lowest electricity consumption of IF production system, and 150km ship transport distance. 
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6. Redesign Recommendations to Reduce Environmental Impacts 
 
The environmental impacts of each process alternative have been studied extensively in this 
research and the analysis showed that several processes can be considered hotspots. The 
advantage of ex-ante LCA and its explorative nature of estimating future environmental 
impacts before technologies are mature allows for recommendations to redesign the system to 
reduce potential environmental impacts. As such, this chapter focuses on recommendations to 
reduce the environmental impacts of all three clean product systems and guide technology 
developers into areas for research and development based on the ex-ante LCA results. The first 
sections will provide redesign recommendations for electrification, hydrogen and Iron Fuel 
Technology™ in general (sections 6.1, 6.2 and 6.3 respectively). Subsequently, advice to RIFT 
will be given on what they can do to reduce the environmental impact of Iron Fuel 
Technology™ moving forward (section 6.4).  
 
6.1 Recommendations to Improve the Electricity Product System 
The electricity product system showed two hotspots: the electricity mix and the expansion of 
the electricity network, both related to the assumed 2030/2050 scenarios. In line with achieving 
climate and energy targets, the electricity mix is expected to change toward an increased share 
of renewables of mostly wind and solar energy and a significant expansion of the electricity 
network will need to be realized. The resulting environmental impacts of these two actions are 
therefore an inherent side effect to the energy transition. 
 
The first recommendation would be to choose the electricity mix wisely. The electricity system 
is the backbone of today’s energy system and it will likely only gain a more important role in 
the future. If anything, this study has highlighted how the environmental impacts from the 
electricity system transfer to every other product system that is reliant on electricity, 
emphasizing that the energy sources making up the electricity mix are key. While completing 
the contribution analysis into electricity scenarios (Appendix E), wind produced electricity 
showed to be an energy source with relatively limited environmental impacts across the board 
whereas a large share of solar produced electricity will likely have certain environmental 
impacts increasing. Referring back to Table 13, solar produced electricity showed an increase 
of impacts in the categories of marine and terrestrial eutrophication, land use, ozone depletion, 
particulate matter, photochemical oxidant formation and water use in comparison to the base 
case electricity scenario (consisting of a variety of energy sources) that is also more fossil fuel 
based. Comparing these results with other studies, similar conclusions can be drawn from 
literature. Multiple studies indeed show that wind has limited impacts in comparison with other 
electricity sources and similarly solar electricity does in cases also show increased impacts in 
impact categories like land use and mineral and metal resource use comparison to a grid energy 
mix or fossil fuels (Alam & Xu, 2023; Arvesen & Hertwich, 2012; Hertwich et al., 2015; 
Marashli et al., 2022; United Nations Economic Commission for Europe, 2021a; Varun et al., 
2009). That said, the data of the processes of both the wind and solar produced electricity from 
ecoinvent are quite dated. To exemplify, the solar produced electricity process data was last 
updated in 2015 and since then photovoltaic technologies have advanced further with 
efficiencies now reaching well over 22% (International Renewable Energy Agency, n.d.; Svarc, 
2023). Furthermore, the recycling of photovoltaic (PV) panels is currently not considered to 
the extent it could be as multiple materials are not yet recycled in ecoinvent such as silicone, 
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nickel, copper and other impact intensive materials. Considering all this, the environmental 
impact of the renewable electricity sources, in particular from solar energy, may actually be 
lower than what is presented in this study. Nevertheless, the likelihood that a switch from a 
largely carbon-based fuel energy system to a renewable energy system will provide tradeoffs 
in other impact categories is very plausible. 
 
Now to decrease these side effects in the transition to more renewable electricity sources, the 
best course of action is to decrease the environmental impacts of the hotspots of each renewable 
energy source whenever possible. Though a specific study on the impact of each electricity 
source has not been completed as it falls outsides the scope of this study, one general 
recommendation can be made: investigate ways to reduce the production process emissions of 
the materials required for PV installations and wind turbines. The impact of wind and solar 
produced electricity does not originate from the electricity production process itself in contrast 
to carbon-based fuels but rather from the upstream production processes required to construct 
the PV installation and the wind turbine. As a result, the environmental impacts associated with 
solar and wind produced electricity are indirect impacts stemming from the associated 
(production and mining) processes of the materials and chemicals used like silicon, 
trichloromethane and terephthalic acid, as well as aluminum, concrete, steel and copper. To 
help reduce impacts associated with renewable electricity production, the environmental 
impacts related to manufacturing and mining activities must thus be addressed. This 
recommendation also holds for impacts related to non-renewable sources of electricity 
production like biomass.  
 
The last recommendation regarding the electricity mix is to be aware of the electricity source 
of imported electricity. In this research, it has been shown that trace amounts of fossil fuel 
based imported electricity production (e.g. lignite) was responsible for a relatively large total 
contribution to several impact categories. Hence, regardless of whether electricity is produced 
domestically or elsewhere, the energy source is key in determining the environmental impact 
score and thus the origin of imported electricity should also be considered. 
 
Moving on to the expansion of the electricity network, one key hotspot was identified: copper. 
Copper is an essential material in the electricity network meaning that environmental impacts 
related to copper will be inherent to the energy transition. The contribution results identified 
specifically three processes related to copper: copper mine operation and beneficiation, 
smelting of copper concentrate and the treatment of sulfidic tailings from copper mines. All 
processes occur at the front end of the copper production process so this is where developments 
to decrease emissions should be focused. In recent years, developments have been made and 
the players within the copper industry are committing to achieving more sustainable practices 
(Davey, 2022). Numerous companies around the world are also becoming more transparent in 
reporting their environmental, social and economic performances (Northey et al., 2013). Some 
of the developments and recommendations to improve the environmental performance in the 
copper processes include increased automation, increased recycling, and sourcing electricity 
from renewable energy sources (Codelco, n.d.; Durrant et al., 2022; Moreau et al., 2021; 
Tankard & Chuah, 2020). To achieve environmental targets, companies, governments and 
other collectives will still need to take further steps to improve environmental performance 
throughout the copper supply chain. It is expected that the demand for copper will only increase 
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further because of its key role in the energy transition and related societal developments like 
electric mobility, thus decreasing environmental impacts along the copper supply chain is 
crucial (E. Valente & Yameogo, 2021).  
 
 
6.2 Recommendations to Improve the Hydrogen Product System  
One of the main results of this research is that the total environmental impacts of the hydrogen 
system are for the majority directly linked to the impacts from the electricity system. This stems 
from the large use of electricity required for producing hydrogen. This result is in line with 
conclusions of reviewed literature (Dufour et al., 2012; Hydrogen Council, 2021). The 
recommendation that follows from this is to decrease the energy consumption as much as 
possible at this stage. Current alkaline electrolyzers typically operate around 50 kWh / kg H2 
or higher which is what this study also considers (Collins, 2022). However, the evolution of 
electrolyzer efficiency can potentially be increased with some companies claiming to be able 
to reach much higher efficiencies reducing the energy consumption to 41.5 kWh / kg H2 

(Collins, 2022). The use of different types of electrolyzers such as solid oxide electrolyzers can 
also reduce primary electricity need to around 40 kWh / kg H2 (Jaeger & deBiasi, 2022; Pavan 
et al., 2023). Improvement is thus plausible, but these technologies are currently still in 
development and will also need to be evaluated on their environmental performance (Pavan et 
al., 2023). 
 
With hydrogen boilers still being in the technological development phase, the quantity of 
hydrogen required for combustion and thus the generation of heat at a specific temperature and 
pressure can still vary. A higher required quantity of hydrogen translates to more electricity 
input at the front end thereby increasing the environmental impacts. It is therefore strongly 
recommended that boiler manufacturers engineer towards affordable energy-efficient boilers.   
 
Losses are typically undesirable and in the case of hydrogen losses can also significantly 
increase environmental impacts. Though leakage of hydrogen is only modelled within the 
transportation stage in this study, leakage can occur at any stage of the supply chain. Limiting 
leakage losses is therefore strongly recommended to decrease the amount of hydrogen not 
utilized and to not (in)directly stimulate any environmental impacts such as the increase of 
greenhouse gases. Though a certain degree of (leakage) losses generally occurs within every 
energy system, losses can be reduced by safe handling and good practices.  
 
What is potentially easier to ensure is to optimize the number of full load hours run by the 
electrolyzer. As seen during the sensitivity analysis, a reduction in the FLH would increase the 
construction impacts accounted to the electrolyzer. To make the most effective use of 
resources, it is thus advised to operate the electrolyzer at the maximum number of full load 
hours whenever possible and design for a long lifetime. What is important to consider is that 
the electrolyzer should ideally run on renewable energy sources as this reduces the 
environmental impacts in multiple impact categories in comparison to a more predominant 
carbon-based electricity mix.  
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6.3 Recommendations to Improve the Iron Fuel Technology™ Product 
System  
In Table 18, an overview of key parameters of the IFT system are displayed. This subsection 
will provide recommendations for improving the environmental performance of the IFT system 
across multiple impact categories following the listed parameters in Table 18.  
 
Table 18: overview of key parameters in the IFT product system. 

Parameter Sensitivity to change Examined in this study 
Hydrogen source High Yes 
Initial iron fuel source High Yes 
Circularity Potentially high No 
Price of unusable iron fuel / iron oxide Potentially high No 
Electricity mix at production stage High Yes 
Electricity consumption at production stage Limited Yes 
Transport distance Medium Yes 
Transport method Medium Yes 
FLH of boiler Limited Yes 
FLH of production system Limited Yes 

 
This study investigated four different IFT system process alternatives that differed in the source 
of hydrogen (utilizing waste hydrogen or electrolysis produced hydrogen) and the initial iron 
fuel production method (utilizing pig iron based on a blast furnace production route or scrap 
iron based on an electric arc furnace production route). Regarding the source of hydrogen, this 
study recommends using waste hydrogen instead of hydrogen produced through electrolysis. 
In this research, the utilization of waste hydrogen did not carry any upstream impacts. Hence, 
the upstream impacts associated with the production of hydrogen through electrolysis and the 
associated electricity mix are eliminated when choosing to utilize waste hydrogen. 
Theoretically, the impacts of waste hydrogen may not be entirely impact free, though they are 
likely lower than producing hydrogen from green electricity through electrolysis. 
 
Regarding the initial iron fuel production method the recommendation is slightly more 
complex. This study has indicated that the use of secondary iron (scrap iron) in comparison to 
primary iron (pig iron) sees environmental benefits in the impact categories of acidification, 
climate change, fossil resource use, freshwater eutrophication, marine eutrophication, 
terrestrial eutrophication, land use, ozone depletion, particulate matter and photochemical 
oxidant formation. However, it more detrimental to the environment in the impact categories 
of freshwater ecotoxicity, human toxicity cancer and non-cancer, ionizing radiation, material 
resource use and water use. To reduce climate change impacts with the least number of adverse 
environmental impacts, it is advised to make use of secondary iron and to reduce the side 
impacts in the other impact categories as much as possible. Among the impact categories in 
which secondary iron performs more poorly than primary iron, the human toxicity cancer 
impact category stands out as it shows the most significant difference. The treatment of electric 
arc furnace slag is responsible for more than 90% of the total impacts to human toxicity cancer 
thus reducing emissions here, specifically the emission of hexavalent chromium (chromium 
VI) to water, would be most efficient. The leaching of hexavalent chromium is a known 
ecological issue and has been researched over the years with potential solutions following, e.g. 
to control the cooling regime of the slag (Engström et al., 2010; Li & Xue, 2019; Sakai et al., 
2013; Tossavainen et al., 2007). The production of hexavalent chromium also decreases the 
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potential for utilizing the produced slag which could be used in sustainable road applications, 
the construction industry, or for wastewater treatments among other applications (Li & Xue, 
2019; Sukmak et al., 2023; Teo et al., 2020). Innovative ways to increase the recyclability of 
the electric arc furnace slag and prevent leaching of hexavalent chromium would also 
contribute to decreasing freshwater ecotoxicity impacts. Another recommendation to decrease 
side effects of secondary iron in multiple impact categories is to focus on reducing the impacts 
related to copper, see section 6.1. A completely different recommendation is to source initial 
iron fuel as a waste product from an existing production process – titanium oxide production. 
This potential source of initial iron fuel was not investigated within this study but can 
potentially be interesting. As a waste product, it can potentially eliminate any impacts related 
to the upstream emissions of the initial iron fuel production thereby decreasing environmental 
impacts of IFT substantially.  
 
As the initial iron fuel production method accounts for a part of the upstream emissions in 
every impact category, one way to limit environmental impacts is by better utilizing the initial 
iron fuel. The Iron Fuel Technology™ is a circular process meaning that the initially produced 
iron fuel is used multiple times cyclically before being discarded due to its unsuitability for 
technical reasons. If the number of cycles the initial iron fuel can make before needing to be 
discarded can increase, the quantity of initial iron fuel required throughout the product system 
will decrease. As a result, the environmental impacts associated with the upstream emissions 
of the initial iron fuel production method will decrease due to the lower quantity required per 
MWh of steam generated. Though this parameter has not been investigated in this study, it is 
expected that a significant increase from the 25 cycles currently assumed can make a large 
difference environmentally. This is especially the case for impact categories where the initial 
iron fuel production method accounts for a relatively high upstream contribution. Hence, it is 
recommended that the usability of the iron fuel is technologically optimized to last more cycles. 
 
In the modelled IFT foreground product system there are two multifunctional processes, 
namely the steam generation process by IF boiler (the IF combustion process) and the IF 
production process. Multifunctional processes require allocation, as explained in section 3.2.4, 
and economic allocation was chosen in this study. The economic value of each produced 
product in the multifunctional processes reflects the current (2023) monetary value of what that 
product is paid for on the market. As this monetary value is likely to fluctuate in the future, it 
is recommended to track this well. To exemplify why, should the monetary value of a MWh of 
steam produced increase (e.g. the price of energy increases) relatively to the price of iron fuel 
/ oxide sold to other markets then the environmental impacts accounted to the MWh of steam 
produced will increase. As a result, the total environmental impacts of a MWh of steam 
produced will increase across all impact categories. Inherent to multifunctional processes that 
are allocated by economic value are that the environmental impacts can shift depending on the 
percentage impact that each product is allocated.  
  
Earlier the recommendation as to the source of hydrogen was discussed. The IFT product 
system is closely linked with both the hydrogen and electricity product system in general. The 
use of hydrogen and electricity required as inputs to the production process of iron fuel transfer 
the impacts related to the production processes of hydrogen and electricity to the IFT product 
system. As a result, the electricity mix used during the production stage and the source of the 
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hydrogen are key in determining environmental performance. The results of this study therefore 
suggest choosing a wind-based electricity supply for the production stage as it is the most 
beneficial for all IFT PAs environmental performance. As the facilities of all three clean 
alternatives are assumed at the same location in this study, a switch in the electricity supply 
benefits all production processes and the subsequent environmental impacts significantly. In 
case hydrogen is not sourced from a waste stream but rather from an electrolysis production 
process, a wind-based electricity mix will greatly benefit the environmental impact of the 
hydrogen utilized within the IFT system. Inherent to this is the recommendation to limit 
electricity consumption to a minimum. The sensitivity analysis conducted in this study showed 
some improvements when electricity consumption of the IF production system was decreased, 
but it is without doubt that any increase in electricity consumption will exert more undesirable 
pressures on the environment.   
 
Regarding transport, it is first recommended to use ship transport over truck transport whenever 
both methods are an option. Second, long transport distance should ideally be completed by a 
ship as long-distance road transport can have significant impacts on the environment. For very 
long distances, the impacts will increase so significantly that from an environmental 
perspective, other fuels can become more interesting.  
 
Lastly, the results of this study would recommend in favor of running the maximum number 
of full load hours for both the production system and boiler. Though the construction impacts 
of the boiler and production system are seen to be negligible in this study, in line with utilizing 
the most out of every resource spent it is advised to optimize the operational hours run.  
 
Considering all the recommendations made, some of them will be easier to implement then 
others and they will also be subject to technical, economic and physical constraints. To 
exemplify, the used hydrogen source will be dependent on market availability, quantities 
required and economic viability among other parameters. If there is an insufficient amount of 
waste hydrogen in a specific location / market then even though it would be environmentally 
more beneficial to use waste hydrogen, this will not be an option. Similarly, it may turn out 
that under specific circumstances hydrogen produced by electrolysis can be cheaper to use than 
waste hydrogen. A dilemma of whether economic or environmental performance is more 
important will then arise. As environmental performance is not the only determinant in 
successful implementation of an alternative, section 7.3 will elaborate further on the possibility 
to upscale all three clean alternatives and discuss any foreseen challenges that may arise as a 
result.  
 
 
6.4 Recommendations to RIFT 
RIFT, as the technology developer of the iron fuel production and boiler systems can best exert 
control on the processes and products which they develop themselves. In this research these 
are the foreground processes of the iron fuel production and steam generation via IF boiler 
process as defined in the IFT process alternatives. There are 6 key recommendations which 
RIFT’s team can steer towards either technically or from a business perspective to reduce 
environmental impacts of their technology in so far as possible: 
1. Focus on increasing the cyclicity of the iron fuel. 
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2. Decrease the electricity consumption of both the boiler and production system to the 
furthest extent possible.  

3. Decrease the amount of resources (e.g. steel) used in both the boiler and production system 
to the furthest extent possible. 

4. Source electricity produced through wind power for operating production and boiler 
systems.  

5. Implement IFT in markets with a large potential for using waste hydrogen. 
6. Implement IF production and boiler systems at locations having access to waterways. 
 
Impacts from upstream processes such as the impacts related to the initial iron fuel production 
as well as the treatment processes of electric arc furnace slag have been shown to also 
contribute significantly to the environmental performance of Iron Fuel Technology™. The 
recommendation is thereby to source initial iron fuel produced from scrap iron and choose to 
partner with supply chain market players that aim to produce their products with the lowest 
environmental impacts. By choosing who RIFT will and will not partner with and demanding 
their partners conform to the best environmental standards among the market’s competitors, 
RIFT can exert power in making upstream and downstream processes more sustainable. This 
must not be underestimated because in contrast to the market incumbents biomass and natural 
gas, environmental impacts of IFT are largely associated with background processes and not 
directly with the combustion of the fuel.  
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7. Discussion 
 
This chapter will reflect on this research. Section 7.1 first reflects on the achievements of this 
research and its relevance. Section 7.2 then addresses the limitations of this research integrating 
the consistency and completeness check as part of the interpretation phase of the LCA 
framework defined by ISO. Up until now, this research has also largely concerned itself with 
only the environmental performance of the investigated alternatives thus section 7.3 will look 
broader by examining non-environmental barriers and limitations to the upscaling of the clean 
alternatives.  
 
7.1 Reflection & Relevance 
This research has made the first comparison of electrification, hydrogen and Iron Fuel 
Technology™ considering its implementation in the energy-intensive industries in comparison 
to natural gas and biomass as well as comparing them among each other. It thereby investigated 
potential impacts in a possible 2030 and 2050 Dutch future identifying hotspots and key 
parameters that are highly influential in determining environmental performance. The 
outcomes of this research can be used to guide R&D, monitor potential problem areas and be 
used as the basis for evaluation and further research. As such, this research is highly relevant 
scientifically, societally and to the field of Industrial Ecology.  
 
From a scientific point of view, it stands out as it investigates a broad range of impact categories 
when most reviewed studies only focused on a set of impact categories. It is also the first study 
of its kind to perform an ex-ante LCA of the implementation of electrification, hydrogen, Iron 
Fuel Technology™, biomass and natural gas transparently and extensively for steam 
generation specific for an energy-intensive industry application. Consequently, the results point 
to further important areas of exploration for both the technologies and for further research.  
 
Societally, this research suggests that the investigated three clean alternatives all have lower 
climate change impacts than natural gas and can subsequently help in achieving Dutch climate 
targets. It however also points out that other environmental impacts may become more 
prominent potentially leading to different environmental challenges in the future. The results 
of this research may therefore add to the knowledge surrounding the three clean alternatives 
and serve as input for a broader conversation for multiple actors in improving the 
environmental performance of the investigated technologies.   
 
This research was conducted as part of the Master Industrial Ecology (IE). “Industrial ecology 
is committed to preserving embedded energy and materials as much as possible and accounting 
for them across their lifecycles” (Clini et al., 2008). This research focused on this by taking a 
systematic and lifecycle perspective on the industrial metabolism of the investigated 
technological product systems through conducting life cycle assessment. It used technical data 
as the basis to understand the broader environmental performance to address a societal problem 
and the potential solutions thereby integrating technical, environmental and the social 
perspective on sustainability. Whereas most reviewed studies focused on ex-post LCAs, this 
research took a novel approach in seeking to determine potential environmental impacts 
through ex-ante LCA. It thereby also demonstrates that the use of ex-ante LCA can be 
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successfully applied to identify potential environmental impacts before large-scale 
implementation of energy technologies has taken place. 
 
Reflecting on the entire process, more time spent on the data collection and modelling phase 
could have been beneficial. Data is an integral part of LCA and as it dictates the results better 
verification of data would have been useful to indicate the level of uncertainty of the produced 
results. Currently, there is also a limited view on how uncertain the results are from a 
technological point of view. If direct integration of the technological foundation (physical 
reactions, formulas etc.) which produced the input data for this research and any LCA software 
was possible by for example linking Microsoft Excel with LCA software, this research could 
(i) better indicate the sensitivity of technological parameters and the subsequent uncertainties 
that follow and (ii) allow for the ability to more easily run different applications and cases 
which were now inherent to the inputted data. To the researcher’s best knowledge, this direct 
integration of multiple software is currently not possible, but further integration of formulas 
and data parametrization could have been applied to the existing model.  
 
 
7.2 Limitations 
This section addresses limitations of the research conducted. Limitations can stem from choices 
made by the researcher and those inherent to the use of specific methods, in this case the use 
of ex-ante LCA. Both types will be addressed here. The first subsection focuses on the 
limitations of ex-ante LCA and the use thereof (subsection 6.3.1), followed by the limitations 
of the used data (subsection 6.3.2), system boundaries (subsection 6.3.3), and modelling 
choices (subsection 6.3.4) by the researcher. 
 
7.2.1 Limitations of ex-ante LCA 
First, it is important to stress the nature of the limitations inherent to ex-ante LCA. The results 
of this study should not be considered as a final result but rather be used as a guidance for 
debate, evaluation and R&D development. This study has provided valuable insight into the 
ability of process alternatives to potentially outperform any of the other examined process 
alternatives from an environmental perspective, has shed light on where foreseen 
environmental hotspots are and has made recommendations into research and development 
activities. However, the largest uncertainty in this study is the development of each product 
system in time. Hence, the results as presented in this study are still subject to considerable 
changes.  
 
Furthermore, one of the greatest challenges of ex-ante LCA is that there is the consistent 
modelling of both foreground and background future systems often leading to a mismatch in 
temporal scope (van der Giesen et al., 2020). The use of scenarios can help alleviate this, and 
it has helped this research in the foreground processes. However, as no LCI data extending all 
background sectors was available, for temporal consistency background processes were not 
adapted to the 2030 / 2050 scope. Through the consistent use of shared ecoinvent background 
processes, consistent life cycle stage modelling of foreground processes and the completion of 
sensitivity analyses on most hotspot processes the impact of this inconsistency was reduced. In 
addition to the temporal scope, a similar annotation can be made on the geographical scope 
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with background processes having a more regional or global reach whereas foreground 
processes were specifically tailored to the Dutch scope.  
 
It should also be highlighted that the models of the underlying impact assessment (including 
characterization factors) have some limitations. Some characterization factors have left 
environmental flows unclassified due to a lack of data and models (van der Giesen et al., 2020). 
This is the case with the modelled emissions of hydrogen for example. Within the PEF impact 
assessment hydrogen emissions have not been classified to contribute to any impact category. 
However, hydrogen has been known to contribute indirectly to for example climate change for 
over 20 years and the GWP for hydrogen has been defined to be 5.8 over a 100-year time 
horizon (Derwent et al., 2006; Kurmayer, 2021; Raga Mexico et al., 2007). An 
Intergovernmental Panel on Climate Change (IPCC) document shed light on the reasons why 
indirect radiative effects are not considered. The reasons being that the uncertainties 
surrounding “the indirect GWPs are generally much higher than for the direct GWPs” and that 
the GWP of the emission is often location and time bound (Raga Mexico et al., 2007). As a 
result, the IPCC concludes that “the usefulness of the global mean GWPs to inform policy 
decisions can be limited” (Raga Mexico et al., 2007). The document does also state “the issue 
may need to be reconsidered as inventory guidelines are revised” (Raga Mexico et al., 2007). 
Though inventory guidelines do not appear to have been revised given the absence of a 
characterization factor in the most updated PEF impact assessment, the inclusion of hydrogen 
as a characterized environmental intervention seems important. With the general notion that 
hydrogen will play a key role in provisioning energy in the future resulting in an extensive 
hydrogen system, large hydrogen leakages throughout the value chain can be detrimental for 
the environment (Ministerie van Economische Zaken en Klimaat, 2019d). “When these 
atmospheric effects are taken into account, the climate benefits of replacing fossil fuels with 
hydrogen becomes less clear” … “even when hydrogen is produced from renewable electricity” 
an expert cautions (Kurmayer, 2021). The example of hydrogen emissions into the environment 
is just one example. Unfortunately, OpenLCA does not produce a list of all environmental 
interventions that are not characterized, unlike other LCA software programs. Hence it is not 
known how many unquantified environmental flows there are in this research. It is therefore 
likely that the environmental impacts of each of the process alternatives as seen in this study 
may not be a complete portrayal of all future environmental impacts.  
 
7.2.2 Limitations of the Data Collected 
As the largest uncertainty in this study is the development of each product system in time, the 
help of technology developers and other domain experts has been critical during multiple 
phases throughout the completion of this study. Foreground processes were largely modelled 
by the researcher and based on primary and secondary data whereas background processes 
were based on the LCA database ecoinvent. Data gathered for the electricity, hydrogen and IFT 
process alternatives was largely gathered from primary sources whereas the biomass and 
natural gas process alternatives were largely based on existing ecoinvent data. Though this does 
not necessarily signify any cause for large inconsistencies, data can potentially be of a different 
accuracy and reliability. A similar issue concerns the level of detail and extensiveness of the 
data. To exemplify, some sources provided a better level of detail in the bill of materials 
whereas other used data made use of expected ranges. Certain materials, processes and their 
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associated impacts may therefore come more profound to the foreground or fall into the 
shadows, thereby obscuring a more accurate assessment.   
 
Both points are not considered to be a large inconsistency with regards to this study for two 
reasons. First, data of the ecoinvent processes can also originate from primary sourced data like 
data received from manufacturers or conducted interviews (ecoinvent, n.d.). Second, this study 
aimed to examine potential future technologies in an assumed landscape meaning that data is 
inherently uncertain as it is ex-ante in nature. To mitigate any large inconsistencies should data 
be inaccurate or unreliable, the sensitivity analyses completed on processes with known large 
contributions and/or uncertainty also helped understand the bandwidth of a process 
alternative’s sensitivity and help draw more informed and credible conclusions.  
 
The larger question concerning this is whether the comparison between existing mature 
technologies and emerging technologies is even fair. Though the comparison is made at the 
same TRL, in this research at commercial scale, the underlying data of the mature technology 
is proven to be possible whereas the data of the emerging technologies is assumed based on 
expected results. The availability and quality of the used data is therefore also drastically 
different. The availability and quality is almost guaranteed in the case of mature technologies 
while assumptions are the basis for data of the emerging technologies. The notion that this 
assessment is not a final result and that decisions cannot be made based on the results of this 
research is therefore vital also in relation to the data. Refer back to section 7.2.1 and section 
2.2 for a clear understanding of ex-ante LCA and its limitations.  
 
The last limitation concerning data results from using ecoinvent version 3.9.1 as database. 
Several ecoinvent processes are based on outdated data, some data even going back to before 
the turn of the century. Hence, all used background processes represent processes before 2023 
and none represent the desired 2030 / 2050 temporal scope. To exemplify, the natural gas mix 
of the Netherlands in ecoinvent still has a part of its natural gas sourced from Russia. However, 
the sourcing of Russian gas has decreased in the last years and is thus not representative 
anymore of the state-of-the-art and likely not of the future. Similarly, some of the identified 
hotspots, for example those related to the copper production process, make use of data that has 
not been updated since 2009 (Classen et al., 2009). Since then, improvements to the copper 
production process may have reduced environmental impacts but this will not be reflected in 
the identified hotspots of this research. Through consistent use of shared background processes 
the inconsistency between process alternatives was limited and the used background data is 
therefore consistent. Hence, no hotspots will be identified in one process alternative that are 
out of proportion with another process alternative. However, caution must still be exercised as 
some of the identified hotspots may have shifted or may no longer be the main contributor to 
an examined process alternative.  
 
7.2.3 Limitations of the System Boundaries Used 
In life cycle assessment, the aim is to include all life cycle stages of any product system. In this 
research, the decision was made to leave out the end-of-life stage of the capital goods in 
foreground processes. This choice was made for two reasons. First, construction and waste 
disposal of capital goods has been omitted in a portion of the reviewed life cycle assessments. 
Second, recycling and waste treatment of capital goods is currently inconsistently included 
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within ecoinvent with some processes including all parts and other processes not including all 
parts. To model in the most consistent way, the end-of-life stage of any capital goods was not 
modelled. To exemplify the second point, a biomass heat production process included within 
the ecoinvent database includes the end-of-life stage including the steel used for constructing 
the boiler/furnace. A similar process, namely a gas heat production process included within the 
ecoinvent database, includes some waste streams but not for any of the steel used. This is 
notable as steel is one of the largest materials that make up a boiler. As all boilers, except for 
the biomass boiler, are modelled by the researcher with mostly primary data, the biomass boiler 
was the only boiler in this research that has an end-of-life stage included. A quick examination 
into the contribution of the waste disposal process from the ecoinvent biomass heat production 
process showed that the treatment of scrap steel was responsible for less than 0.04% of the total 
impacts to any impact category. Hence, this small inconsistency across the alternatives can be 
considered negligible. It also does not interfere in any way with the goal and scope of this 
study. The same principle applies to the production system and transportation infrastructure.  
 
Another notable point regarding system boundaries is that this research cut-off all the on-site 
impacts related to the construction of any primary modelled infrastructure, i.e. IF production 
system, electrolyzer and all boilers except the biomass boilers. As a result, all machinery, heat, 
electricity, and materials required during the construction of capital goods have not been 
considered. Adding process data to include the impacts related to the construction of 
foreground modelled infrastructure as well as the end-of-life stage of the foreground processes 
would make this research more complete. Frischknecht et al. (2007) have previously also 
completed an analysis confirming that capital goods can substantially contribute to 
environmental impacts for certain impact categories including freshwater ecotoxicity or human 
toxicity thereby reinforcing the statement that the inclusion of all life cycle stages of the capital 
good is beneficial for the completeness of the study. 
 
7.2.4 Limitations of the Modelling Choices Made 
There is one noteworthy point in which the model used in the completed ex-ante LCA does not 
mirror the real-life situation. This concerns the modelling of hydrogen leakage in the hydrogen 
product system. Hydrogen leakage, which can and does occur at multiple stages along the 
supply chain, has only been modelled in this research during the transportation stage. This 
overestimates the losses of hydrogen at the front end while underestimating the losses after the 
transportation stage. As this study is explorative in nature it does not undermine the credibility 
of the study, but it is important to note it does not reflect the practical situation.  
 
 
7.3 Upscaling of Clean Alternatives 
This research has largely focused on the environmental aspect of the investigated alternatives 
until now. However, when an emergent technology wants to breakthrough more than only the 
environmental performance is a barrier and technical, economic, physical, legislative and social 
constraints come into play. In this section, the aim is to consider what other known challenges 
can hinder the potential breakthrough of the clean alternatives in the next coming years. 
Subsection 7.3.1 will start with biomass as an example of the barriers it encountered while 
upscaling throughout the Netherlands. The following subsection (subsection 7.3.2) will then 
focus on the challenges in expanding the use of electricity. Subsections 7.3.3 and 7.3.4 will 
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subsequently focus on upscaling hydrogen and Iron Fuel Technology™ respectively. The 
chapter will then end with a reflection on whether there is a silver bullet (subsection 7.3.5).  
 
7.3.1 Learnings from Biomass  
The Dutch government views biomass as key to making the economy more sustainable and 
combatting climate change (Ministerie van Economische Zaken en Klimaat, 2019a). Back in 
2003, the Dutch government started subsidizing the use of wood pellets for energy production 
(van der Wal, 2021). The use of biomass, specifically wood pellets, has been a largely debated 
topic in the Netherlands (Milieu Centraal, n.d.-a). Biomass, when sourced from sustainable 
sources and releasing no new CO2 emissions into the atmosphere, can be a renewable source 
of energy (Goldemberg & Teixeira Coelho, 2004; Mckendry, 2002). It can potentially have 
key benefits such as providing CO2 neutral energy but cutting wood can negatively impact 
biodiversity of forests in which the trees grow, contaminate soil quality, and increase the 
particulate matter and nitrogen emissions released during combustion (Hakkenes, 2020; Milieu 
Centraal, n.d.-a). Moreover, large quantities of biomass imported to the Netherlands result in 
additional CO2 emissions from transport (Hakkenes, 2020; van Poppel & Bol, 2020). Reports 
also concluded that links between forest losses and the use of wood pellets for energy 
production in the Netherlands were found (Kuepper, 2021; van der Wal, 2021). In 2020, after 
widespread attention in the media and public outcries, the Dutch government therefore decided 
to limit the use of biomass for energy production and stop providing subsidies to the use of 
wood pellets for energy production (van der Wal, 2021). 
 
The example of biomass provides a few key learnings. One of the problems that a widespread 
upscaling of biomass proved is that it was not as sustainable as it was made out to be. The 
combustion of wood results in more GHG emissions than the combustion of coal and a new 
tree is not immediately replaced by one that is cut (Gibbens, 2021; Hakkenes, 2020; Tonini & 
Astrup, 2012; van der Wal, 2021). Furthermore, the supply of sustainably harvested biomass 
is limited (Tonini & Astrup, 2012). Planbureau voor de Leefomgeving (PBL) expects that the 
availability of sustainable biomass will become problematic after 2030 though reports suggest 
it is already problematic (Kuepper, 2021; Ministerie van Economische Zaken en Klimaat, 
2019a; van der Wal, 2021). Sustainability assessments can help recognize these types of 
problems and assessments before implementation (ex-ante) takes place and aid in early 
recognition of problems, highlighting why this research can also be of use. 
 
The stimulation of the increased use of biomass also resulted in intensifying deforestation 
practices and decreasing biodiversity (Swart et al., 2020). The legislation and stimulating 
subsidies provided by the Dutch government, including Stimuleringsregeling Duurzame 
Energieproductie (SDE+) subsidy, embraced the use of biomass (Ministerie van Algemene 
Zaken, n.d.-d). The SDE+ subsidy scheme has strict criteria in which companies must 
demonstrate that the biomass comes from sustainable origins. The question is rather whether 
the rules are (and were) complied with (Milieu Centraal, n.d.-a). Reports suggest not and the 
implementation of stimulating subsidies likely worsened the situation (Kuepper, 2021; van der 
Wal, 2021). It highlights that legislation is an important and highly influential tool that can 
help promote upscaling as it did with the rapidly increasing market share of biomass, but that 
it can also stimulate a bad situation (Milieu Centraal, n.d.-a).  
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For successful upscaling, a good social image of a technology must also not be underestimated. 
The Dutch government’s decision to reverse the expanded use of biomass was made after much 
negative publicity and attention in the public and media spheres (Hakkenes, 2020; Timmer, 
2020; van der Wal, 2021). Societal backing or backlash on technologies can influence political 
decision making and the acceptance or rejection of technologies. 
 
The biomass example highlights that upscaling is a multifaceted problem. The ability for a 
technology to upscale requires much more than a limited environmental footprint. It also 
requires political, legislative, and social support apart from technical and economic feasibility. 
  
7.3.2 Upscaling Electricity 
The Dutch climate agreement states that 70% of all electricity in 2030 should come from 
renewable sources such as offshore wind, onshore wind and by solar panels and parks 
(Ministerie van Economische Zaken en Klimaat, 2019b). The increased production of 
renewable electricity, however, has already created pressure on the electricity network. In 
combination with the rise of electricity demanded (e.g. more construction of houses, higher 
demand for electric car charging stations, increased use of heat pumps for heat demand, use of 
electric cooking) the pressure on the electricity network has increased so much that some areas 
in the Netherlands do not have the ability to extend new or extra capacity to businesses (“In 10 
Jaar Het Elektriciteitsnet Verdubbelen, Wat Je Normaal in 40 Jaar Doet,” 2023). The electricity 
network has not been designed for decentralized energy production, the large growing demand 
for electricity and for meeting industrial demand (de Bruyn et al., 2020; KiesZon, 2023). The 
network is only able to transport certain capacities which no longer fulfill the required 
capacities foreseen – the electricity network is congested. To decongest, the electricity network 
will need to be expanded.  
 
The aim is to double the capacity of the electricity network towards 2030 (“In 10 Jaar Het 
Elektriciteitsnet Verdubbelen, Wat Je Normaal in 40 Jaar Doet,” 2023). It will require 
thousands of kilometers of additional electricity cables, larger capacity electricity stations, and 
hundreds of new electricity transformer houses (Franx, 2022; Jaarbeurs, 2022). First, the 
expansion of the electricity network takes time and is difficult to realize when there are large 
staff shortages (Rooijers, 2023). Then there is societal backlash of residents who do not wish 
to have extra transformer houses in their neighborhoods (Rubio, 2022; van den Broek, 2022). 
It must also be noted that the expansion of the electricity network is not a cheap undertaking 
with TenneT, the Dutch high-voltage network operator, expecting to invest 8 billion Euro 
annually for the next decade (Monique, 2023). PwC concluded that the three largest Dutch 
regional network operators (Liander, Stedin and Enexis) and TenneT will collectively need to 
invest 102 billion Euro in energy infrastructure up until 2050 (PricewaterhouseCoopers 
Advisory, 2021; Rodenburg, 2021). The expansion of the electricity network will not be an 
easy endeavor.  
 
Besides expanding the electricity network, the generation of renewable energy must 
significantly increase. This requires new windmills and solar panels to be installed. At the start 
of this research an estimation of the electricity demand of a fully electrified basic materials 
industry was made which would require almost double the current EU industry electricity 
demand (Lechtenböhmer et al., 2016; Wiertzema et al., 2020). Should large parts of the energy-
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intensive industries thus electrify their processes, the electricity demanded would need to 
increase substantially. Though wind at sea is considered a key pillar of realizing the energy 
transition and is expected to be the largest renewable energy source of the Netherlands in the 
future, renewable energy from windmills and solar panels on land will also significantly 
contribute to the electricity mix towards 2030 (Ministerie van Algemene Zaken, 2022; 
Ministerie van Economische Zaken en Klimaat, 2019b; NWEA, 2023). However there is fierce 
opposition by Dutch residents in installing new renewable electricity generation on land 
(Janssen, 2021; Louwes, 2021; Nauta, 2018; Renes, 2021; van Dijk, 2023; van Dongen & van 
Mersbergen, 2018; van Zeggelaar, 2018; Walhout, 2023). Citizens feel that windmills ruin the 
landscape, cause noise nuisance and cause shadow flicker (Hettema & Lammers, 2023; van 
Dongen & van Mersbergen, 2018). Similarly, citizens oppose the construction of solar parks 
due to visual pollution and dazzling glares (Renes, 2021; Walhout, 2023). Regardless of 
resident opposition, the new windmills and solar parks often continue to be developed (Grol, 
2020; Tiekstra, 2023; Vergunning Voor Zonnepark Juridisch Vaak Lastig Aan Te Vechten, 
2023). Earlier in the case of biomass, societal influence was seen to drastically affect the 
implementation of a technology. This case, however, exemplifies that societal opposition alone 
will not hinder implementation and upscaling as the consensus and support for renewable 
electricity is present. The transition to more renewable electricity is supported by many citizens 
they would just prefer windmills and solar panels not to be placed in their backyard (Nauta, 
2018; Renes, 2021; Walhout, 2023). 
 
An increase in renewable energy production will also lead to an increased dependency on the 
weather. As a result, flexibility in the energy system will need to be created through storage, 
conversion to energy carriers, and/or the in- and export of electricity with other countries for 
example (Ministerie van Economische Zaken en Klimaat, 2019b). Especially if industries 
electrify their processes, a reliable supply of electricity is necessary. Important to realize is that 
each type of energy storage and the various energy carriers that will be required for a stable 
electricity system all have their individual sets of difficulties that will arise during upscaling.  
 
Assuming that upscaling of the electricity network occurs across the value chain and that 
industrial electricity demand can be met for businesses in the future, the question of how much 
of the energy-intensive industries can be electrified remains. At the start of this research in 
section 1.1.2, it was mentioned that it was technically possible for half of the industries running 
on fuel to electrify their processes (Roelofsen et al., 2020). This concerns the industries 
requiring lower temperature heat demands which can already decarbonize, e.g. by e-boilers 
(Roelofsen et al., 2020; Rootzén et al., n.d.). Meeting temperatures above 1000℃ by direct 
electrification, however, is still a (technological) challenge (Roelofsen et al., 2020; Rootzén et 
al., n.d.). The steel, cement and chemical industries account for a large majority of this high 
temperature heat demand (Rehfeldt et al., 2017; Rootzén et al., n.d.). For these sectors, the 
direct electrification possibilities are therefore more limited and other technical solutions like 
hydrogen combustion that can more easily reach high temperatures may be better suited 
(Rootzén et al., n.d.). Assuming all process heating demands up until 500℃ in the Netherlands 
can be electrified, then according to Rehfeldt et al. (2017) 46.1 TWh can be electrified, 
approximately 41% of the total Dutch process heat demanded. Unfortunately, no study can say 
precisely how large the electrification potential is but that there is a large potential for 
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electrification of energy-intensive industries is well acknowledged (Bühler et al., 2023; Hers 
et al., 2021; Huismans & Voswinkel, 2023; Rootzén et al., n.d.; Sorknæs et al., 2022).   
 
It is great that electrification potential exists, but this has only taken into consideration what is 
technically feasible. Bühler et al. (2023) found that even though electric boilers are readily 
available there was limited economic feasibility in the Danish climate (Sorknæs et al., 2022). 
The cost of transitioning to electricity-based processes also gives businesses high initial 
investment costs (de Bruyn et al., 2020; Huismans & Voswinkel, 2023). In the Netherlands, 
electrification of the industries is seen as a key step to reducing CO2 in the industries for which 
a roadmap has been set up (Hers et al., 2021). One of the actions it lays out to promote the 
economic feasibility of applying available electrification technologies before 2030 is to extend 
and improve accessibility to financial incentives (including Stimuleringsregeling Duurzame 
Energieproductie en Klimaattransitie (SDE++) subsidies) (Hers et al., 2021). Instruments like 
these will be crucial, but they will only be successful in combination with a good approach that 
will quickly upscale the electricity network, increase renewable energy production and ensure 
sufficient availability of clean electricity in the future (Hers et al., 2021).  
 
7.3.3 Upscaling Hydrogen 
Large scale use of hydrogen would first require a large increase in hydrogen production. In the 
Netherlands approximately 10 billion cubic meters of hydrogen is currently produced annually 
of which 80% is produced from natural gas, i.e. grey hydrogen (Milieu Centraal, n.d.-b). The 
other 20% is waste hydrogen originating from the chemical industries as by-product (Milieu 
Centraal, n.d.-b). In line with climate neutral objectives, there are only a limited number of 
production routes of hydrogen: green hydrogen through electrolysis, waste hydrogen from 
industrial gasses, hydrogen from nuclear energy and hydrogen produced from biomass and 
waste (Nationaal Waterstof Programma, 2022). The capacity to produce hydrogen sustainably 
is virtually absent (Milieu Centraal, n.d.-b; Neuwirth et al., 2022). Blue hydrogen, i.e. hydrogen 
produced by natural gas making use of CCS, is seen to help aid the transition to large scale 
hydrogen usage as long as there is also an insufficient supply of green electricity for green 
hydrogen production (Milieu Centraal, n.d.-b). The Dutch government’s aim is to focus as 
much as possible on green hydrogen (Ministerie van Economische Zaken en Klimaat, 2019d). 
By 2030, 3-4 GW of electrolysis capacity should be installed, but this has recently been 
increased to 8 GW electrolysis capacity by 2032 (Ministerie van Algemene Zaken, n.d.-e; 
Ministerie van Economische Zaken en Klimaat, 2019d). The Netherlands is seen as a good 
location for green hydrogen production as it has the potential for large renewable electricity 
generation from offshore wind of the North Sea (Ministerie van Economische Zaken en 
Klimaat, 2019d). An increase in green hydrogen production can, however, only be realized in 
combination with an increase in renewable energy. If the electricity required for hydrogen 
production cannot be used at the expense of electrification and decarbonizing the existing 
electricity consumption, then the renewable electricity supply must increase further (Nationaal 
Waterstof Programma, 2022). The challenges associated with increasing the renewable 
electricity supply were handled in the previous subsection (subsection 7.3.2).  
 
Other limitations of upscaling hydrogen include the required transport infrastructure (Milieu 
Centraal, n.d.-b; Neuwirth et al., 2022). In the Netherlands, the future hydrogen network will 
connect the larger industrial clusters together by repurposing the existing gas infrastructure 
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(Gasunie, 2023b; Ministerie van Algemene Zaken, n.d.-e). It is expected that in the coming 
years the use of natural gas transport will decrease allowing for a transition to hydrogen 
transport (Gasunie, 2023b). From 2025 onwards, the national hydrogen network will open in 
sections (Gasunie, 2023b). 85% of the national hydrogen network is expected to consist of 
repurposed natural gas infrastructure (Gasunie, 2023b). There is also a larger vision in which 
a hydrogen network connects various parts of Europe together (Wang et al., 2021). However, 
the construction of hydrogen infrastructure, including the repurposing of the existing natural 
gas network, is expected to cost 1.5 billion Euro according to Gasunie (Gasunie, 2023c; Milieu 
Centraal, n.d.-b). These costs must be added on top of the investments required for expanding 
the electricity network, both the transport infrastructure and the additional renewable energy 
production required.  
 
Furthermore, during conversion of electricity to hydrogen, approximately 25% of the energy 
is lost (Milieu Centraal, n.d.-b). Further transport and storage can lead to an additional 10% 
losses (Lerma, 2021). Depending on the end use, the further losses then vary between 13 to 
50% (Deloitte, 2023). For ballpark comparison, “about 12% of the original fossil energy is lost 
between oil wells and filling stations for transportation” (Bossel & Eliasson, n.d.). Should 
hydrogen replace fossil fuels for this specific application, losses would be significantly higher 
(Bossel & Eliasson, n.d.). For heat production purposes, direct electrification is in any case 
more favorable in comparison to a hydrogen-based system as it prevents considerable energy 
losses (Sorknæs et al., 2022). In comparison to Iron Fuel Technology™, hydrogen losses are 
likely higher, but this is case and application dependent10. Studies therefore agree that “from 
an energy system perspective, the direct use of hydrogen for industrial processes should only 
be applied where no alternative solution exists” (Deloitte, 2023; Sorknæs et al., 2022). In that 
case, hydrogen, though it may have significant energy losses, may be the only option.  
 
From a societal perspective, hydrogen as a key to decarbonization seems to have been 
embraced by the public. There is a profound understanding of the societal need to implement 
hydrogen and it is generally positively handled in the media (Armstrong, 2022; Gosman et al., 
2021). Some have safety concerns regarding the use of hydrogen and the ecological impacts 
(Gosman et al., 2021; van Bokkum, 2023; van Renselaar, 2023). Others also question the ability 
for the cost of hydrogen to drop and the large energy losses throughout the value chain 
(Armstrong, 2022; de Bruijn et al., 2022; Smelik, 2023; “Staar Je Niet Blind Op Waterstof,” 
2022; “Waterstof Is Dure En Inefficiënte Oplossing,” 2023; van Renselaar, 2023). Good public 
opinion has been known to be vital for acceptance of technologies for which in the case of 
hydrogen the jury is still out as it has not yet been adopted.  
 
Technologically, hydrogen combustion is possible. However, due to the high temperature 
flame created during combustion, large amounts of nitrogen oxides (NOx) are formed. Three 
types of NOx can be distinguished: fuel NOx, prompt NOx and thermal NOx. Fuel NOx occurs 
when combustion of a fuel consisting of nitrogen takes place, which is not the case in natural 
gas or hydrogen (National Energy Technology Laboratory, 2022). Prompt NOx, typically the 

 
10 Assuming a 25% energy loss during electrolysis, a further 15-25% loss during IF production, 0.01% loss during 
storage, and a 5-15% loss at the boiler, the electricity to heat efficiency of IFT with electrolysis is approximately 
48-60% (Renewable Iron Fuel Technology, 2022). Assuming 25% energy losses during electrolysis, 10% during 
transport and storage, 13-50% losses at end-use, the electricity to heat efficiency of hydrogen is approximately 
34-58%. 
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least significant, occurs when nitrogen in the air directly reacts with the fuel creating a cyanide 
group which is subsequently converted into NOx (National Energy Technology Laboratory, 
2022). Lastly, thermal NOx, occurring in most high-temperature combustion applications, is 
the result of direct oxidation of free nitrogen in the air (National Energy Technology 
Laboratory, 2022). Depending on the temperature, residence time (time in the boiler system) 
and oxygen content thermal NOx formation is largely determined (National Energy 
Technology Laboratory, 2022). In the case of hydrogen, thermal NOx is the most dominant. 
This is problematic for two reasons. First, NOx emissions are environmentally impactful and 
are a key emission contributor to multiple impact categories including acidification, terrestrial 
eutrophication, photochemical oxidant formation, marine eutrophication, and particulate 
matter. It also indirectly contributes to climate change but is not quantified for the climate 
change impact category (Raga Mexico et al., 2007). Second, the high emissions often exceed 
the environmental permit limits. In the Netherlands, environmental permits dictate that natural 
gas plants may not exceed 70 mg NOx/nm3 with some locations having even lower emission 
limits like 40 mg NOx/nm3 (Ministerie van Binnenlandse Zaken en Koninkrijksrelaties, 2023; 
Rijkswaterstaat, n.d.-a, n.d.-b). To comply with existing Dutch permits, hydrogen boilers may 
not exceed the assigned threshold which results in the implementation of hydrogen boilers often 
being impossible. The NOx emission limits are higher in other countries but in the Netherlands 
there is an issue regarding the emissions of nitrogen (EPA, 2023; Ministry of the Environment, 
2021). “Many companies, like Siemens, claim that several of their turbines are already capable 
of 100% hydrogen… [but] such turbines are not marketable because the unmitigated NOx 
emissions are too high” (National Energy Technology Laboratory, 2022). Depending on the 
boiler’s design, the use of hydrogen can increase NOx emissions by eight times in comparison 
with natural gas (Ilbas et al., 2005; National Energy Technology Laboratory, 2022). 
Interestingly, the NOx emission range as provided by a hydrogen boiler manufacturer for this 
research (the lowest value being used in the completed ex-ante LCA) also did not comply with 
the Dutch permit threshold (70 mg NOx/nm3). Challenges in relation to decreasing NOx 
emissions (also while maintaining high turbine efficiencies) has been extensively researched 
in the past decades and continue to be researched today (National Energy Technology 
Laboratory, 2022). According to interviewed boiler experts, it is difficult to get hydrogen 
boilers to comply with the existing natural gas allowed NOx emissions. To decrease NOx 
emissions, the boiler must be designed differently and/or the flame temperature must be 
decreased (M. Derksen, personal communication, 30 March 2023; National Energy 
Technology Laboratory, 2022). Hence, there is still technical work to be done on this before 
implementation of hydrogen boilers in any energy intensive industry can take place.  
 
To finish this discussion with the upscaling potential market wise, the answer is that this is not 
very clear. First, a transport network will need to be present to ensure business have a steady 
supply of (green) hydrogen. The national hydrogen network that was mentioned earlier is 
expected to be fully operational from 2030 onward thereby connecting the 5 large industrial 
clusters of the Netherlands (Eemshaven, Noordzeekanaalgebied, Rotterdam, Zeeland en 
Limburg) (Gasunie, 2023c). However, this leaves all business that are not located within one 
of the 5 large industrial clusters behind. The so-called 6th industrial cluster refers to all the 
businesses spread out through the Netherlands not located within one of the 5 industrial 
clusters, including energy-intensive industries like the paper and pulp, ceramic and the textile 
industry, which together account for approximately 30% of the CO2 emissions of the total 
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Dutch industries (Het 6e Industriecluster: Waterstofbackbone En Energie Infrastructuur, 
2022). The CO2 reduction potential of hydrogen if completely upscaled will thus not reach 
these businesses before 2030.  
 
Furthermore, the demand of hydrogen in 2030, has been estimated to be approximately 125-
213 PJ solely for industrial applications on the coast of the Netherlands with an additional 25-
40 PJ demand estimated for the industrial cluster Chemelot (Limburg, consisting mostly of 
chemical applications) (Ministerie van Economische Zaken en Klimaat, 2019d). Assuming 8 
GW of electrolysis capacity is installed by 2030 (two years earlier than the targeted ambition)11, 
then this can lead to a total of 5.1 GW of installed capacity of hydrogen boilers if all electrolysis 
capacity were to be used (Ministerie van Algemene Zaken, n.d.-e; Ministerie van Economische 
Zaken en Klimaat, 2019d). Comparing this with the foreseen demand, (150-253 PJ which 
translates to 6.9-11.7 GW), it is likely that there will be shortages of green hydrogen. The 
limited supply of green hydrogen at that point in time will likely cause an important discussion 
as to how it will be divided (Milieu Centraal, n.d.-b). Should hydrogen be implemented, 
applications with temperatures higher than 600℃ seem likely targets as other alternatives are 
limited (Ministerie van Economische Zaken en Klimaat, 2019d; Rootzén et al., n.d.). For 
example, the use of renewable hydrogen to produce ammonia and other basic chemicals as well 
as for hydrogen direct reduction in the iron and steel industry are potential applications which 
currently lack many other alternatives (Rootzén et al., n.d.). The process heating market 
requiring temperatures above 500℃ is estimated to be 66.5 TWh in the Netherlands, totaling 
approximately 59% of the process heat demanded annually (Rehfeldt et al., 2017). The 
potential market is therefore significant. Whether hydrogen will be implemented in any part of 
this market, however, will depend on a multitude of factors including overcoming technical 
challenges, economic viability, and increased renewable energy supply among others.  
 
7.3.4 Upscaling Iron Fuel Technology™ 
A main advantage of Iron Fuel Technology™ in upscaling is that it does not require any 
additional transport infrastructure unlike electrification and hydrogen. However, for RIFT to 
upscale Iron Fuel Technology™ the first challenge will be to prove they can meet all technical 
and economic conditions so that they can outperform carbon-based fuels and other clean 
alternatives. According to RIFT’s management the first insights have shown promising results 
and all key performance indicators (KPIs) will be proven by 2025 when commercial 
implementation is set to take place. Through two projects set to take place in 2024/2025 they 
will scale up and optimize the systems ahead of commercial roll out. They will also require 
legislative and political support of which subsidies to cover the green premium will help 
maximum scale up of IFT. Lastly, as seen in other technologies, social acceptance, especially 
of residents living in close proximity to the system, is key. On all these fronts RIFT and her 
partners will need to work in order for successful upscaling of the Iron Fuel Technology™.  
 
As a result of the investigation into the environmental performance of Iron Fuel Technology™ 
in comparison to the other investigated alternatives, two key recommendations followed 
(implement IFT in markets with large potential for using waste hydrogen and source initial iron 
fuel from market players that produce it from scrap and as sustainably as possible) for which 

 
11 Assuming 50 kWh of electricity is required for each kg of hydrogen produced, 6000 FLH run annually, and for 
every MWh steam 31 kg of hydrogen is required. For full calculation see Appendix G.   
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the question arises whether the market is large enough to accommodate an upscaled 
implementation of IFT. The first pertains to the market size of the hydrogen and the second to 
the market size of the scrap iron, calculations are in Appendix G.  
 
First, the Netherlands currently produces approximately 2 billion cubic meters waste hydrogen 
originating from the chemical industries as by-product (Milieu Centraal, n.d.-b). Assuming a 
density of hydrogen of 0.08375 kg/m³ and 6000 FLH annually, if all waste hydrogen in the 
Netherlands would be used RIFT would be able to install IFT systems totaling 1.1 GW 
capacity. Worldwide, assuming the same density and FLH, 99 GW system capacity (2022 
numbers) could be installed if all by-product hydrogen is used (Bermudez et al., 2023). RIFT’s 
aim is to reduce 1 Gigaton CO2 by 2050 which would require them to install approximately 
550 GW capacity. The waste hydrogen market is therefore not large enough to cover their 
aimed for installed capacities meaning that large scale green hydrogen production will be 
essential for IFT’s upscaling in the long-term. Furthermore, there generally are three purposes 
for by-product hydrogen (Connelly et al., 2019; Freund & Sánchez, 2022). First, by-product 
hydrogen can be reintegrated back into processes of the same or nearby located company and 
thus be used on site (Connelly et al., 2019; Freund & Sánchez, 2022). Examples of this type of 
reuse and industrial symbiosis are numerous, e.g. Houston Ship Channel, Ulsan eco-industrial 
park, and Kwinana industrial area (Ehrenfeld & Gertler, 1997; Harris, 2007; Laughlin & 
Freund, 2022; Mendez-Alva et al., 2021; Park et al., 2019). Second, by-product hydrogen is 
vented or flared (Connelly et al., 2019; Freund & Sánchez, 2022). This often relates to 
“hydrogen’s well known supply-and-demand problem” which requires a stable supply and a 
buyer, often one being missing (Laughlin & Freund, 2022). Third, by-product hydrogen can be 
sold as merchant hydrogen, i.e. “hydrogen generated on site or in a central production facility 
and sold to a consumer by pipeline, bulk tank, or cylinder truck delivery” (Connelly et al., 
2019). Only in the first case when by-product hydrogen is used on site is it not potentially 
available for IFT use. Unfortunately there is no specific indication of the proportion of each 
end use of by-product hydrogen though there seems to be an indication that by-product 
hydrogen used on site is the main end-use (Connelly et al., 2019; Laughlin & Freund, 2022). 
This reinforces the notion that green hydrogen sourcing will be crucial for IFT’s success. 
 
To verify this notion, a simple calculation can be executed knowing that the Dutch government 
has goals to install 8 GW electrolysis capacity by 2032 (Ministerie van Algemene Zaken, n.d.-
e; Ministerie van Economische Zaken en Klimaat, 2019d). Assuming 8 GW of electrolysis 
capacity is installed by 2030 (2 years earlier than the target) and fully used for IFT, it would 
allow for 5.9 GW of installed capacity of IFT12. This is more than the hydrogen boiler as 
calculated earlier (5.1 GW) as there are less energy losses in IFT. Comparing this to the 
foreseen goals of RIFT and the realistic prospect that not all hydrogen produced will be used 
for IFT purposes, it is plausible that the electrolysis capacity will be insufficient. Hence, a 
similar situation will likely occur as mentioned earlier in that an important discussion will arise 
as to the division of the limited supply of green hydrogen (Milieu Centraal, n.d.-b). In the long 
term, upscaling of electrolysis (and renewable energy) production will thus be essential for the 
success of Iron Fuel Technology™.  

 
12  Assuming 50 kWh of electricity is required for each kg of hydrogen produced, 6000 FLH run annually, and 
27 kg of hydrogen is required for every MWh steam produced through IFT. For the full calculation see 
Appendix G. 
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As for the scrap iron market, the 2022 market size was estimated at 624.5 million metric tons 
with the projected market value in 2033 to increase to 1050 million metric tons (Jha, 2023). 
This translates to the ability to install 371,726 GW of installed capacity worldwide, assuming 
6000 FLH and all scrap being used. The use of scrap iron in producing iron fuel applicable for 
IFT should therefore not be a barrier in upscaling.  
 
7.3.5 The Silver Bullet 
Reviewing all that has been investigated, no one silver bullet stands out. Instead this research 
rather makes obvious that the silver bullet lies in using a mix of energy sources. As seen in the 
results of the LCIA as well as the contribution and sensitivity analyses, different process 
alternatives performed better or worse depending on the investigated impact category. To really 
benefit the environment, a more holistic view will need to be taken across impacts of multiple 
impact categories instead of merely focusing on a set of alternatives that focus on reducing 
impact in one impact category, namely climate change. This means that natural gas, for 
example, does not by definition need to be an undesirable energy source if used to specific 
limits as it provides better environmental results in specific impact categories like acidification, 
land use and eutrophication in comparison to the clean alternatives. Of course, consideration 
and mitigation of other non-environmental aspects must then also be taken, e.g. reducing 
societal opposition due to gas winning and subsequent earthquakes taking place as introduced 
in section 1.1.4. A holistic view of all aspects including those non-environmental must thus be 
taken. Biomass too, for example, can be considered but the upscaling potential of it is limited, 
and caution must be taken in the source of the biomass used. Another consideration that must 
be noted is that the upscaling of renewable energy sources will take time and large-scale 
availability of renewables and hydrogen will likely only be available after 2030 (Radowitz, 
2022). For Iron Fuel Technology™ this means that waste hydrogen will likely be the main 
source of hydrogen available in the first years of commercial implementation (2025 onwards) 
and securing supply contracts will be crucial. The use of waste hydrogen is also an effective 
way to reduce environmental impacts in the short term when implementing IFT and helps 
upcycle by-products in the spirit of circular economy. A keynote for all technologies is that 
this is a race against the clock for both the technologies and relieving climate issues. Whichever 
technology can cross the finish line the first (and upscale the fastest) will likely stand the best 
chance to win the largest market shares which may not necessarily be the one with the least 
environmental impacts. Very simply said, if the technology is not implementable in a specific 
case (application or business), then the technology is not really in the running in any sense. 
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8. Conclusion & Further Research 
 
This chapter is split in two sections. Section 8.1 will provide the conclusion of this research by 
recapping the main takeaways of this research, answering the sub-research questions and the 
main research question. Section 8.2 will provide recommendations for further research.  
 
8.1 Conclusion 
In the introduction the idea of “clean” alternatives was introduced (i.e. alternative ways to 
produce, convert, and store energy other than the conventional carbon fuels in which “clean” 
refers to a reduced carbon footprint in comparison to the GHG emissions of carbon-based fuels) 
(Constellation, 2023; IEA, 2020; Linares et al., 2014; Zohuri et al., 2022). In this research, the 
term clean alternatives was used to refer to electrification, hydrogen and Iron Fuel 
Technology™, alternatives that do not directly emit any CO2 emissions. These three 
alternatives all have the potential to decarbonize the energy-intensive industries, accounting 
for more than half of the total Dutch CO2 emissions thereby being able to substantially help 
meet Dutch climate goals (CBS, 2022). Heat, the focus of this research, is a cornerstone of the 
EIIs and the total heat demand of the EIIs in the Netherlands is 112.7 TWh annually (Rehfeldt 
et al., 2017). However, realizing decarbonization goals and making the energy transition is 
largely dependent on any alternative having the potential to drastically reduce GHG emissions 
without causing any adverse environmental side effects. One of the large gaps in existing 
literature examining the environmental performances of the three clean alternatives as well as 
natural gas and biomass was that a full environmental assessment including impacts other than 
GHG emissions and climate change was often lacking. This research therefore focused on 
examining multiple impact categories and made contributions to existing literature through 
completing a comparative environmental assessment of the potential future impacts of using 
electrification, hydrogen, Iron Fuel Technology™, natural gas and biomass for generating heat 
in the energy-intensive industries. Specifically, the following research question was defined: 
What are the environmental impacts of electrification, hydrogen and Iron Fuel Technology™ 
when supplying 1 MWh of steam in 2030 and 2050 in relation to carbon-based fuels and to 
each other and what redesign recommendations can be made to limit the environmental 
impacts? 
 
To answer this question, life cycle assessment, a widely used standardized method for assessing 
environmental impacts along the whole life cycle chain as defined in the ISO 14044 standard, 
was chosen as a suitable methodology for this research. With some of the investigated 
technologies not yet commercially available, specifically ex-ante LCA was conducted which 
differs from regular LCA in the focus on exploring future environmental impacts of emergent 
technologies rather than conducting ex-post analyses.   
 
Before handling the main research question, first all sub-research questions will be handled, 
starting with the first: how do electrification, hydrogen and Iron Fuel Technology™ perform 
environmentally in 2030 and 2050 in comparison to carbon-based fuels (natural gas and 
biomass)? The ex-ante LCA results showed that electrification, hydrogen and Iron Fuel 
Technology™ can all reduce climate change impacts in comparison to natural gas in both 2030 
and 2050, thus helping meet Dutch decarbonization climate goals. In comparison to sustainably 
sourced biomass, the LCIA assessment showed that electrification, hydrogen and Iron Fuel 
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Technology™ for both 2030 and 2050 all have higher climate change impacts13. Similarly, the 
three clean alternatives all show larger impacts than biomass in the impact categories of 
freshwater ecotoxicity, fossil resource use, freshwater eutrophication, human toxicity cancer, 
ionizing radiation, mineral and metal resource use, and ozone depletion. Biomass then also 
performs better than all hydrogen process alternatives and the IFT process alternatives sourcing 
hydrogen from an electrolyzer in acidification, better than all process alternatives except the 
2030 IFT process alternative based on pig iron and waste hydrogen in human toxicity non-
cancer, and better than all hydrogen and electrification process alternatives in the water use 
impact category. In comparison to natural gas, all clean alternatives for both 2030 and 2050 
also perform worse in the impact categories of acidification, freshwater ecotoxicity, freshwater 
eutrophication, terrestrial eutrophication, human toxicity cancer, human toxicity non-cancer, 
ionizing radiation, land use, mineral and metal resource use, and particulate matter. Only three 
impact categories were noted in which a clean process alternative performs better than natural 
gas and biomass. The first is marine eutrophication wherein the 2050 IFT process alternative 
based on scrap iron and waste hydrogen is the only process alternative that outperforms natural 
gas and biomass. The second is in the impact category of photochemical oxidant formation 
where both the 2030 and 2050 IFT process alternatives based on scrap iron and waste hydrogen 
perform better than natural gas and biomass. The third, and last, is in the water use impact 
category where all 2030 and 2050 IFT process alternatives based on waste hydrogen perform 
better than biomass and natural gas. The results indicated that electrification, hydrogen and IFT 
process alternatives based on electrolyzer sourced hydrogen did not outperform both natural 
gas and biomass in any impact category. Moreover, the LCIA results show that for the impact 
categories of acidification, freshwater ecotoxicity, freshwater eutrophication, human toxicity 
non-cancer, ionizing radiation, mineral and metal resource use and water use, one of the 
hydrogen process alternatives performs worst among all examined alternatives whereas for the 
human toxicity cancer impact category this is the case for the 2050 IFT process alternative 
based on scrap iron and hydrogen sourced from an electrolyzer. Some of the electrification, 
hydrogen and Iron Fuel Technology™ process alternatives can perform better than one of the 
two carbon-based fuels in the majority of the examined impact categories (i.e. acidification, 
climate change, fossil resource use, marine eutrophication, terrestrial eutrophication, human 
toxicity non-cancer, land use, ozone depletion, particulate matter, photochemical oxidant 
formation, and water use), but they generally do not perform better than both natural gas and 
biomass and the performance is highly dependent on the specific process alternative.  
 
Next, the second sub-research question is answered: How do electrification, hydrogen and Iron 
Fuel Technology™ perform environmentally in 2030 and 2050 in comparison to one another? 
The results of the LCIA indicate that generally the 2030 and 2050 Iron Fuel Technology™ 
process alternatives based on waste hydrogen performed best among the clean process 
alternatives. The 2030 and 2050 IFT process alternatives based on scrap iron and waste 
hydrogen perform well with the exception for the emissions of cancerous human toxins, 
whereas the 2030 and 2050 IFT process alternative based on pig iron and waste hydrogen 
perform well and in contrast do not perform poorly in any impact category. Specifically, the 
2030 IFT process alternative based on scrap iron and waste hydrogen performed best in the 
impact categories of acidification, land use and particulate matter. The 2050 IFT process 

 
13 This is only applicable for sustainably sourced biomass from wood chips as biomass sourced from other sources 
will likely present different results. 



92 
 

alternative based on scrap iron and waste hydrogen performed best in climate change, fossil 
resource use, freshwater eutrophication, marine eutrophication, terrestrial eutrophication, 
ozone depletion and photochemical oxidant formation. The 2030 IFT process alternative based 
on pig iron and waste hydrogen performed best in the impact categories of human toxicity non-
cancer, ionizing radiation and mineral and metal resource use. Lastly, the 2050 IFT process 
alternative based on pig iron and waste hydrogen performed best in the impact categories of 
freshwater ecotoxicity and water use. The impact category of human toxicity cancer is also the 
only impact category wherein electrification performs better than all the IFT process 
alternatives. All 2030 and 2050 electrification process alternatives generally perform 
somewhere in the middle, not performing the best nor the worst among all clean process 
alternatives. All hydrogen process alternatives and IFT process alternatives based on hydrogen 
sourced from an electrolyzer, however, generally perform the worst. The results of this research 
revealed a strong link between the electricity consumption and the environmental impacts 
noted. The larger the electricity consumption of a process alternative was, the higher the 
environmental impacts tended to be. The production of hydrogen through electrolysis demands 
high electricity consumption resulting in the highest environmental footprints among the clean 
alternatives. Hence, all process alternatives requiring hydrogen produced through electrolysis 
generally showed high environmental impacts. Comparing the hydrogen and IFT electrolyzer 
based process alternatives, hydrogen PAs performed worse in most impact categories. Only for 
the impact categories of climate change, marine eutrophication, terrestrial eutrophication, 
human toxicity cancer particulate matter and photochemical oxidant formation this is not 
applicable. The results of this research suggest that when comparing electrification, hydrogen 
and Iron Fuel Technology™, it can be concluded that IFT waste hydrogen-based process 
alternatives show the best environmental performance followed by electrification process 
alternatives, IFT electrolyzer based process alternatives and lastly hydrogen process 
alternatives.  
 
To answer the third sub-research question (What are the environmental hotspots for 
electrification, hydrogen and Iron Fuel Technology™?), the environmental impacts of 
electrification, hydrogen and Iron Fuel Technology™ were mostly traced back to the assumed 
2030 and 2050 scenarios, specifically the electricity mix and the expansion of the electricity 
network. While the expansion of the electricity network is inherent to the upscaling of 
renewable energy production, the electricity mix can be altered and thus room for reducing 
impacts exists. All three product systems generally had a strong link to the assumed 2030 and 
2050 scenarios resulting in largely overlapping hotspots for all three clean alternatives. Some 
of the impactful individual processes related to the 2030 and 2050 scenarios were the individual 
processes of: blasting, treatment of by-products from mining processes, copper smelting, 
copper mine operations, petroleum and gas production processes and heat and power 
cogeneration from wood chips. The smelting of copper, the copper mine operations and the 
treatment of copper mine tailings, and the blasting processes are related to the electricity 
network expansion whereas the gas production processes and the heat and power cogeneration 
from wood chips are related to the electricity mix. Specifically for the hydrogen product system 
a small portion of impacts were also seen to stem from the electrolyzer, both from the 
construction of the system and the materials required during the electrolysis process. For the 
IFT product system a portion of the environmental impacts also stemmed from the initial iron 
fuel production. Depending on whether primary iron or secondary iron was used to produce 
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the initial iron fuel, impacts stemmed from either the coking process or the treatment of electric 
arc furnace slag respectively. The relative share of the impacts associated with the initial iron 
fuel production were more dominant in the waste hydrogen based IFT process alternatives as 
no impacts were assumed to be related to the sourcing of waste hydrogen. Important to note is 
that all environmental impacts for all three clean alternatives originate from background 
processes (i.e. indirect environmental impacts) in contrast to the carbon-based fuels in which 
emissions are mostly direct. As such, the three clean alternatives are largely dependent on 
background sectors, such as the copper and steel industries, for improving their environmental 
performance.  
 
As a result of exploring the contributions to electrification, hydrogen and Iron Fuel 
Technology™ the electricity mix was found to be a key parameter of the assumed 2030 and 
2050 scenarios influential for all three clean alternatives. Subsequently, sub-question 4 builds 
on this: How does the environmental performance of electrification, hydrogen and Iron Fuel 
Technology™ change when the sensitivity of some parameters are tested as chosen based on 
the results from sub-question 3? A sensitivity analysis that switched the 2030 assumed base 
case electricity mix to a fully wind powered electricity mix, showed direct electrification 
outperforming IFT process alternatives in the impact categories of climate change, fossil 
resource use, human toxicity cancer, ionizing radiation, land use, and particulate matter. 
Hydrogen and the IFT electrolyzer based process alternatives, which generally performed 
worst in all examined cases and variations, could also become competitive when electrolysis 
is completed with wind-based electricity. For all three clean alternatives, using a fully wind-
based electricity mix showed the least amount of environmental pressures exerted.  
 
Other sensitivity parameters tested were the number of FLH of the IF production system, 
electrolyzer and the boilers, different electricity consumptions of the IF production system, the 
amount of hydrogen leakage, the quantity of hydrogen required for combustion in a h-boiler, 
various transport distances and transport method. These parameters were chosen in cooperation 
with RIFT as a result of their importance for technical, economic or case applicability reasons. 
The results of these sensitivity analyses indicated that limiting the hydrogen losses and 
reducing the amount of hydrogen required for steam generation positively affected the 
environment as a result of the reduced electricity consumption. Similarly, a reduced electricity 
consumption of the IF production system limited environmental impacts. As for the number of 
FLH of a boiler, electrolyzer or the IF production system, the more FLH run annually the lower 
the environmental impacts. Lastly, larger transport distances were shown to increase 
environmental impacts and a switch to ship transport decreased environmental impacts of IFT 
process alternatives. When implementing the sensitivity analysis results to test for the best 
possible configuration for each examined clean alternative, some of the results remained 
similar to those noted in sub-question 1 and 2. Though the environmental impacts for all three 
clean alternatives decreased, natural gas still performed better in the impact categories of 
acidification, freshwater ecotoxicity, freshwater eutrophication, human toxicity cancer, human 
toxicity non-cancer, ionizing radiation, land use, mineral and metal resource use, and 
particulate matter than any of the clean alternatives. However, considering climate change 
impacts, the 2030 steam production through IF boiler process alternative based on scrap iron 
and waste hydrogen now performed best. It also performed best in the impact categories of 
fossil resource use, marine eutrophication, terrestrial eutrophication, ozone depletion, and 
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photochemical oxidant formation, but still had significant impacts in the human toxicity, cancer 
impact category. To limit extreme environmental impacts, the 2030 steam production through 
IF boiler process alternative based on pig iron and waste hydrogen showed to be a generally 
well performing process alternative as did the 2030 steam production through e-boiler 
including network infrastructure process alternative. The process alternatives requiring 
hydrogen from an electrolyzer (the hydrogen and IFT electrolyzer based PAs) still performed 
the worst. The results suggest that though some parameters showed to be highly sensitive, it 
was not able to change environmental impacts sufficiently to change the environmental 
performance of the clean alternatives to below the environmental impact of the carbon-based 
fuels in all impact categories or change the standing between the clean alternatives themselves 
when different parameters were applied. 
 
The completed sensitivity analyses also pointed at suggestions for improving the 
environmental impacts of the clean alternatives thereby providing the possibility to answer sub-
question 5: What recommendations can be made for improving the environmental footprint of 
electrification, hydrogen and Iron Fuel Technology™? Examining all the results, it was seen 
that decreasing the electricity consumption throughout the value chain is key for all three clean 
alternatives. In contrast to carbon-based fuels, the environmental impacts of electrification, 
hydrogen and Iron Fuel Technology™ are mostly upstream and not a direct result of the process 
in which the fuel is converted to heat (typically the combustion process). As a result, reducing 
the material usage and making the manufacturing processes of required background products, 
e.g. wind turbines for electricity generation, more sustainable will help reduce environmental 
impacts. This also applies to the copper mining, beneficiation and smelting processes as copper 
was shown to be the most impactful product required for the electricity network expansion. 
Though this is important for all three product systems, for the electricity product system 
tackling background emissions is the only way to limit environmental impacts. Specifically for 
hydrogen, reducing hydrogen losses to a minimum will be essential and any technological 
improvements to the electrolyzer as well as the boiler efficiency can also greatly reduce 
environmental impacts. For Iron Fuel Technology™ it is recommended to source waste 
hydrogen and produce initial iron fuel from scrap as it reduced impacts in most of the impact 
categories in comparison to using pig iron and hydrogen produced by an electrolyzer. Other 
recommendations to improve the environmental footprint of IFT are to further develop the 
circularity of the fuel and to use ship transport over truck transport whenever possible. In 
general, all three clean alternatives still showed room for improving their environmental 
performances though they are largely dependent on background processes. 
 
Assuming that electrification, hydrogen and Iron Fuel Technology™ can and will reduce their 
environmental footprint satisfactory, upscaling any of the three technologies is still a 
multifaceted problem. Sub-research question 6 relates to this: What non-environmental factors 
influence the implementation of electrification, hydrogen and Iron Fuel Technology™ in the 
future? To start, all three clean alternatives are dependent on an increased expansion of the 
electricity network and a larger supply of renewable electricity. Current outlooks for the 
Netherlands indicate that this can potentially be a bottleneck as businesses may not have a 
sufficient electricity network connection, the supply of renewable electricity may fall short of 
the expected demand, there are staff shortages, high associated costs and societal opposition. 
This can subsequently lead to a restricted implementation of any of the three clean alternatives 
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in energy-intensive industries towards 2030. Similarly, as IFT cannot solely rely on sourcing 
waste hydrogen, the hydrogen source will need to come from green hydrogen produced 
domestically or abroad. Estimates completed in this research based on the Dutch government’s 
targets show that there will likely be insufficient green hydrogen in 2030 in the Netherlands, 
likely severely hindering upscaling of both hydrogen and IFT. Parallel to this, technological 
innovation is still required to maximize the potential market implementation as e-boilers are 
currently not available for high temperature heat demands, hydrogen boilers must limit NOx 
emissions to below environmental permit thresholds and Iron Fuel Technology™ must prove 
its ability to perform according to required economic and technical KPIs. The (financial) 
incentive for businesses to implement any of the three technologies must also be present in 
which political and societal support is often helpful. The successful implementation of 
electrification, hydrogen and Iron Fuel Technology™ is a race against the clock considering 
climate change impacts but it is the culmination of technical, economic, societal, political as 
well as environmental aspects that is required.  
 
To return to the main research question, the results of this research point out that electrification, 
hydrogen and Iron Fuel Technology™ all could reduce climate change impacts in both 2030 
and 2050. However, it also suggests that when switching from natural gas or biomass to one of 
the cleaner alternatives trade-offs will arise, some impacts which are inherently tied to making 
a transition to renewables. The impacts related to copper associated with the expansion of the 
electricity network in the assumed 2030 and 2050 scenarios is an example of this. Furthermore, 
results of the ex-ante LCA show that when generating steam electrification, hydrogen and Iron 
Fuel Technology™ are not fully clean alternatives, i.e. that not all environmental impacts are 
lower in comparison to carbon-based fuels as shown by higher impacts of acidification, 
freshwater ecotoxicity, freshwater eutrophication, human toxicity cancer and mineral and metal 
resource use among other impact categories. This research therefore casts doubt on whether 
the term “clean” is not misleading as the current definition is focused only on a reduction of 
GHG emissions in comparison to carbon-based fuels and does not indicate anything about other 
environmental impacts increasing. To limit environmental impacts, this research suggests a 
multitude of redesign recommendations for electrification, hydrogen and Iron Fuel 
Technology™, primarily focused on increasing efficiencies, limiting electricity demand and 
decreasing emissions in background processes. Examining electrification, hydrogen and Iron 
Fuel Technology™ in relation to both carbon-based fuels and to one another, implementing a 
set of these redesign recommendations was shown to be insufficient to reduce environmental 
impacts in all impact categories to below the environmental impacts of carbon-based fuels or 
drastically alter the environmental performance of electrification, hydrogen and Iron Fuel 
Technology™ in comparison with one another. The results therefore indicate that Iron Fuel 
Technology™ based on scrap iron and waste hydrogen is most preferable among the clean 
alternatives from an environmental perspective in decreasing climate change impacts while 
limiting other environmental impacts in as far as possible. It must however be cautioned that a 
sole emphasis on tackling climate change impacts, specifically decreasing CO2 emissions, may 
overshadow the possible side effects that a transition towards alternative energy sources will 
bring, potentially creating other environmental crises. A holistic view should therefore be kept 
at all times.  
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As a final note, it must be clear that the intention of this research is not to eliminate any of the 
investigated technologies or push forward one alternative. The nature of this research and the 
completed ex-ante LCA was to explore “what if” scenarios. The results are thus not a final 
result but serve as an informed guidance to provide valuable insights into the environmental 
performances of process alternatives, to identify any potential problematic areas and hotspots 
and make recommendations for research and development. The underlying data, assumptions 
and model are subject to uncertainty and can result in different results when they change in 
light of new developments and research that may occur in the future.  
 
  
8.2 Recommendations for Further Research 
This research also identifies further areas of research. One main area of research concerns 
investigating a potential mix of energy sources supplying heat for energy intensive industry 
applications that could complement each source to overall decrease impacts across multiple 
impact categories. Natural gas, for example, was shown to have limited environmental impacts 
in categories like acidification, freshwater ecotoxicity, marine, terrestrial and freshwater 
eutrophication, non-cancer and cancer human toxicity, mineral and metal resource use and 
particulate matter. A complementary mix that reduces impacts across multiple impact 
categories may be more environmentally beneficial than a mix that solely focuses on one 
impact category.  
 
This study also noted that the environmental performance is dependent on the application. This 
research was based on one specific pilot case, but other applications call for different 
assumptions and parameters to be considered which can change results. Further exploration 
into the environmental performance of the investigated alternatives with different end 
applications and temperature profiles should be completed.  
 
Another important development for further research which would have substantially improved 
this research is to generate and make available background LCI data of possible futures. 
Background scenarios based on the SSPs calculated by IAMs have been developed and 
implemented before (Mendoza Beltran et al., 2020; van der Giesen et al., 2020). However, 
these do not cover all background sectors which thereby limits the possibility for a better 
assessment of background hotspots. In general, further research should be completed with 
updated background and foreground data to investigate whether the results from this research 
are still applicable or whether different environmental hotspots and results are identified.  
 
The ecoinvent database used as the basis for background processes in this research shows 
multiple limitations including their inconsistent modelling across processes with a similar 
function and the use of outdated data. As a result, a list of improvement recommendations for 
ecoinvent based on the researcher’s use of ecoinvent processes can be found in Appendix F.   
 
Lastly, the current exclusion of indirect environmental impacts, particularly related to 
emissions of hydrogen, in impact assessment models should be re-evaluated. Especially in the 
context of ex-ante LCA and determining future impacts, unquantified flows (especially when 
they are known to contribute to environmental issues) can distort environmental impacts 
leading to potentially undesirable environmental pressures in the future.  
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10. Appendix A 
 
For the sake of readability, environmental in- and outflows have been omitted and only the 
input flows to foreground processes from background processes are displayed (blue arrows and 
lines indicate background inputs to foreground processes). If a red or orange line is shown then 
this is done for clarity, these are normal flows but due to visualization issues they were 
overlapping with other flows. 
 

 
Figure A1: flowchart of steam production via e-boiler including transmission construction 2030 and 2050. 

 
Figure A2: flowchart of steam production via e-boiler excluding transmission construction 2030 and 2050. 
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Figure A3: flowchart of steam production via h-boiler including network construction 2030 and 2050. 

 
Figure A4: flowchart of steam production via h-boiler excluding network construction 2030 and 2050. 
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Figure A5: flowchart of steam production via IF-boiler, pig iron + hydrogen electrolyzer 2030. 

 

 

Figure A6: flowchart of steam production via IF-boiler, pig iron + hydrogen electrolyzer 2050. 
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Figure A7: flowchart of steam production via IF-boiler, pig iron + waste hydrogen 2030. 

 

 
Figure A8: flowchart of steam production via IF-boiler, pig iron + waste hydrogen 2050. 
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Figure A9: flowchart of steam production via IF-boiler, scrap iron + hydrogen electrolyzer 2030. 

 

 
Figure A10: flowchart of steam production via IF-boiler, scrap iron + hydrogen electrolyzer 2050. 
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Figure A11: flowchart of steam production via IF-boiler, scrap iron + waste hydrogen 2030. 

 

 

Figure A12: flowchart of steam production via IF-boiler, scrap iron + waste hydrogen 2050. 
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Figure A13: flowchart of steam production via NG-boiler 2030 and 2050. 

 

 
Figure A14: flowchart of steam production via biomass boiler 2030 and 2050. 
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11. Appendix B 
 
All data is noted within Appendix_B.xlsx as included in the zip-file. The multiple sheets 
included shows all economic and environmental inflows and outflows of the foreground (and 
in exceptions background processes) for which data is gathered. The first sheet titled 
‘explanation sheet’ explains what can be found in each sheet and has direct links to each tab.  
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12. Appendix C 
 
All results are in Appendix_C.xlsx as included in the zip-file. The multiple sheets included 
show LCI, LCIA, contribution and sensitivity results as well any other sheets that process data 
for any of the tables / figures in this research. The first sheet titled ‘explanation sheet’ explains 
what can be found in each sheet and has direct links to each tab.  
 
The only results that are not included are the upstream contributions of each process. These 
results are embedded within OpenLCA and are difficult to export. Hence, a quick guide has 
been made. The OpenLCA model is also attached in the zip-file. 
 
OpenLCA allows a user to run an in-depth analysis of a product system as seen in Figure C1 
below.  
 

 
Figure C1: after hitting the ‘calculate’ button when a product system is selected, choose the calculation type ‘analysis’. 
 
One of the tabs that you can view is the contribution tree. This can show the upstream 
environmental impacts per flow and per impact category and provides it as a percentage per 
process. Essentially it is the economic flow contribution completed for you to a large extent. 
By expanding the tree, you are able to view all upstream environmental impacts for each 
process.  
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Figure C2: navigate to the ‘contribution tree’ tab, choose a flow or impact category and expand the tree to see results. 
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13. Appendix D 
 
This appendix includes the contribution analysis results of steam production via natural gas 
boiler, 2030 process alternative (I1) and the steam generation via biomass boiler, 2030 process 
alternative (J1).  
 
Process Alternative I1 

 
Figure D1: Group process contributions to process alternative I1 – steam production via natural gas boiler, 2030. 
Abbreviations: AC: acidification; CC: climate change; EC: ecotoxicity, freshwater; FR: resource use, fossils; ET: 
eutrophication, terrestrial; EM: eutrophication, marine; TC: human toxicity, cancer; TNC: human toxicity, non-cancer; IR: 
ionizing radiation; LU: land use; MR: resource use, minerals and metals; OD: ozone depletion; PM: particulate matter; PO: 
photochemical oxidant formation; and WU: water use. 
 
One of the largest process contributors throughout multiple impact categories is the steam 
production via gas boiler process in which combustion of the natural gas takes place. This 
process is responsible for the majority share of impacts in the impact categories of water use 
(99%), climate change (88%) terrestrial eutrophication (54%), and marine eutrophication 
(53%). It also contributes substantially as one of the top 2 individual most contributing 
processes in the impact categories of acidification (45%), photochemical oxidant formation 
(29%), particulate matter (31%), human toxicity non-cancer (31%) and human toxicity cancer 
(38%). The steam production via natural gas boiler process is labeled under the electricity, gas, 
and air conditioning supply group and the yellow color is certainly present as reflected in Figure 
D1.  
 
Another individual process that can be considered a hotspot is the petroleum and gas production 
process. This process is an upstream process in which the petroleum and gas is produced prior 
to its combustion for steam production. This process contributes 23% of the total impacts 
towards acidification, is responsible for 95% of the fossil resource footprint, contributes 20% 
to the impacts causing marine eutrophication, and totals 89% of the total contributions in the 
impact category of ozone depletion.  
 
Other processes that are large contributors to specific impact categories that do not also 
contribute to other impact categories are overviewed in Table D1 for reference (only processes 
contributing more than 20% of the total impacts for any impact category were noted).  
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Table D1: Overview of processes with large contributions (>20%) to specific impact categories for process alternative I1 

Impact Category Large Contributing Processes Contribution 
[%] 

Freshwater Ecotoxicity Treatment of water discharge from petroleum/natural gas 
extraction  

25% 

Ionizing Radiation Treatment of tailings from uranium milling 64% 
Photochemical Oxidant 
Formation 

Natural gas venting from petroleum/natural gas 
production 

41% 

Freshwater Eutrophication Treatment of spoil from hard coal mining 43% 
Mineral and Metal Resource 
Use 

Copper mine operation and beneficiation 67% 

Human Toxicity, non-cancer Sweet gas burned in gas turbine  22% 
Human Toxicity, cancer Coking 30% 

 
Process Alternatives J1 

 
Figure D2: Group process contributions to alternative J1 – steam production via biomass boiler, 2030. 
Abbreviations: AC: acidification; CC: climate change; EC: ecotoxicity, freshwater; FR: resource use, fossils; ET: 
eutrophication, terrestrial; EM: eutrophication, marine; TC: human toxicity, cancer; TNC: human toxicity, non-cancer; IR: 
ionizing radiation; LU: land use; MR: resource use, minerals and metals; OD: ozone depletion; PM: particulate matter; PO: 
photochemical oxidant formation; and WU: water use. 

The main hotspot for the 2030 biomass boiler process alternative is the steam production 
process itself, thus the production by steam by wood chips. It contributes 86% of the total 
emissions to acidification, 14% to climate change, 40% to water use, 91% to terrestrial 
eutrophication, 87% to photochemical oxidant formation, 91% to marine eutrophication, 73% 
to particulate matter, 23% to non-cancer human toxicity, and 30% to human toxicity cancer. 
Next to the steam production process, the petroleum and gas production process is a large 
contributor to the impact categories of fossil resource use (38%) and ozone depletion (61%), 
whereas the treatment of wood ash mixture contributes significantly to freshwater ecotoxicity 
(45%) and human toxicity non-cancer (58%).  
 
Next to this, no significant hotspots were identified to contribute to any of the impact 
categories. However, some processes did contribute largely to a specific impact category and 
are recorded in Table D2.  
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Table D2: Overview of processes with large contributions to specific impact categories for process alternative J1 
Impact Category Large Contributing Process(es) Contribution [%] 
Land Use Softwood forestry logging 85% 
Ionizing Radiation Treatment of tailings from uranium milling  68% 
Freshwater Eutrophication Treatment of spoil from lignite mining 46% 
Mineral and Metal Resource Use Copper mine operation and beneficiation 64% 
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14. Appendix E 
 
14.1 Results of the Variation in Electricity Mix to the Production Stages 
Table E.1 shows the impacts of each electricity scenario and process alternative per impact 
category relative to the largest impact in that category. The color coding displays the largest 
impacts as red and the smallest impacts as green with white signifying the middle of the scale.  
It can be visually spotted that for most impact categories the 100% solar electricity scenario 
has the largest impacts whereas the 100% wind electricity has the least impacts. To dive deeper 
into where the impacts of the solar and wind electricity scenario originate from, a contribution 
analysis was completed into the two used electricity production processes – the electricity 
production process by an open ground 570kWp photovoltaic installation and the electricity 
production process by a 1-3MW offshore wind turbine, see Box E1. These two electricity 
scenarios were then compared to the electricity mix as based on the TNO scenario. This 
provides a better foundation to understand the results seen in Table E1. Important to note is 
that this contribution analysis only examines the production of electricity and is therefore 
further upstream in comparison to the process alternatives’ reference flows.  
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Table E1: Sensitivity analysis results of electricity mix presented relative to the largest impact per impact category  

Impact Category 
E-boiler 2030, incl. 

network construction 
[A1] 

H-boiler 2030, incl. 
network construction 

[C1] 

IF boiler 2030, pig + H 
electrolyzer  

[E1] 

IF boiler 2030, pig + 
waste H 

[F1] 

IF boiler 2030, scrap + 
H electrolyzer 

[G1] 

IF boiler 2030, scrap + 
waste H 

[H1] 

  Base 
Case 

100% 
wind 

100% 
solar 

Base 
Case 

100% 
wind 

100% 
solar 

Base 
Case 

100% 
wind 

100% 
solar 

Base 
Case 

100% 
wind 

100% 
solar 

Base 
Case 

100% 
wind 

100% 
solar 

Base 
Case 

100% 
wind 

100% 
solar 

Acidification 0.42 0.30 0.61 0.70 0.52 1.00 0.66 0.51 0.90 0.19 0.17 0.22 0.61 0.46 0.84 0.13 0.11 0.17 

Climate change 0.59 0.13 0.53 0.94 0.23 0.86 1.00 0.43 0.93 0.37 0.29 0.36 0.87 0.30 0.80 0.24 0.16 0.23 

Ecotoxicity, freshwater 0.42 0.34 0.62 0.69 0.56 1.00 0.64 0.53 0.89 0.18 0.16 0.21 0.65 0.54 0.89 0.18 0.17 0.22 

Resource use, fossils 0.63 0.09 0.39 1.00 0.17 0.63 0.97 0.31 0.67 0.30 0.21 0.26 0.89 0.23 0.60 0.23 0.13 0.18 

Eutrophication, freshwater  0.60 0.30 0.63 0.95 0.49 1.00 0.88 0.51 0.92 0.25 0.19 0.25 0.80 0.43 0.84 0.16 0.11 0.17 

Eutrophication, marine 0.47 0.21 0.63 0.76 0.35 1.00 0.80 0.48 1.00 0.30 0.25 0.33 0.69 0.37 0.89 0.19 0.14 0.22 

Eutrophication, terrestrial 0.47 0.22 0.63 0.75 0.36 1.00 0.79 0.48 0.99 0.29 0.24 0.32 0.69 0.37 0.88 0.18 0.14 0.21 

Human toxicity, cancer 0.20 0.19 0.27 0.32 0.30 0.43 0.48 0.47 0.57 0.27 0.27 0.28 0.92 0.90 1.00 0.70 0.70 0.71 

Human toxicity, non-cancer 0.48 0.42 0.63 0.77 0.67 1.00 0.64 0.56 0.82 0.12 0.11 0.15 0.65 0.57 0.84 0.14 0.13 0.16 

Ionising radiation 0.63 0.03 0.19 1.00 0.07 0.31 0.82 0.07 0.27 0.15 0.04 0.07 0.83 0.08 0.27 0.16 0.05 0.07 

Land use 0.05 0.01 0.64 0.07 0.02 1.00 0.07 0.03 0.81 0.02 0.02 0.13 0.07 0.03 0.81 0.02 0.02 0.13 

Resource use, minerals and metals 0.45 0.40 0.63 0.72 0.64 1.00 0.58 0.51 0.81 0.10 0.09 0.13 0.59 0.52 0.81 0.11 0.10 0.14 

Ozone depletion 0.46 0.08 0.61 0.77 0.19 1.00 0.71 0.24 0.89 0.19 0.12 0.22 0.65 0.18 0.83 0.14 0.07 0.16 

Particulate matter 0.29 0.20 0.55 0.47 0.33 0.87 0.68 0.56 1.00 0.36 0.35 0.41 0.60 0.48 0.92 0.28 0.27 0.33 

Photochemical oxidant formation  0.39 0.19 0.57 0.63 0.32 0.91 0.77 0.52 1.00 0.35 0.32 0.39 0.60 0.35 0.83 0.18 0.14 0.21 

Water use 0.00 0.00 0.01 0.99 0.98 1.00 0.01 0.00 0.02 0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.00 0.00 
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Box E1: Contribution analysis into electricity scenario.  
 
The contribution analysis into solar electricity showed that the upstream impacts related to the construction of 
the photovoltaic panels and the mounting system were seen to be responsible for contributing the largest 
environmental impacts to the solar produced electricity. Most of the impact categories accounted for 58-84% 
and 11-30% of the total impacts to the photovoltaic panels and the mounting system respectively. Four impact 
categories stand out in which the percentage contribution shows a different trend. The land use impact category 
showed that most impacts derived from the mounting system (97.6%) in contrast to the photovoltaic 
construction (1.8%). The exact opposite was seen for the ozone depletion and water use impact categories 
where the construction of the PV panel (94.5% and 92.6%) contributed more in comparison to the mounting 
system (4.5% and 6% respectively). In the impact category human toxicity cancer the contribution was more 
balanced with the construction of the mounting system accounting for 40.5% and the construction of the PV 
panels totaling 44.9% of the total impacts. Examining individual process contributions, processes like silicone 
production, aluminum production and the smelting of copper concentrate are contributors to multiple impact 
categories.  
 
Comparing the solar produced electricity to the base case electricity mix, Table E2 shows that the base case 
produced electricity displays larger impacts in all impact categories except for marine eutrophication, 
terrestrial eutrophication, land use, ozone depletion, particulate matter, photochemical oxidant formation and 
water use. In these impact categories, solar produced electricity has a higher environmental impact. This can 
be derived back to the impacts resulting from chemicals like silicon, trichloromethane and terephthalic acid, 
as well as (fossil based) processes required in far upstream background processes.  
 
Table E2: Overview of the life cycle impact analysis results of the base case 2030, wind and solar electricity scenarios 
per kWh of electricity produced. 

Impact Category Unit 
Base Case 
Electricity 
Mix 2030 

Wind Solar 

Acidification mol H+-Eq 7.30E-04 1.00E-04 6.40E-04 
Climate change kg CO2-Eq 1.20E-01 1.63E-02 9.84E-02 
Ecotoxicity, freshwater CTUe 1.01E+00 1.13E-01 7.95E-01 
Resource use, fossils MJ, net calorific value 2.17E+00 1.88E-01 1.22E+00 
Eutrophication, freshwater  kg P-Eq 7.70E-05 6.92E-06 4.93E-05 
Eutrophication, marine kg N-Eq 1.00E-04 2.00E-05 1.10E-04 
Eutrophication, terrestrial mol N-Eq 1.12E-03 1.90E-04 1.17E-03 
Human toxicity, cancer CTUh 1.76E-10 6.63E-11 1.37E-10 
Human toxicity, non-cancer CTUh 7.14E-09 7.46E-10 3.87E-09 
Ionising radiation kBq U235-Eq 2.86E-02 6.90E-04 7.78E-03 
Land use dimensionless 1.08E+00 6.47E-02 1.47E+01 
Resource use, minerals and metals kg Sb-Eq 6.78E-06 6.01E-07 4.12E-06 
Ozone depletion kg CFC-11-Eq 6.01E-09 2.28E-10 7.07E-09 
Particulate matter  disease incidence 4.83E-09 1.30E-09 7.11E-09 
Photochemical oxidant formation kg NMVOC-Eq 3.60E-04 7.07E-05 4.20E-04 
Water use m3 world eq. deprived 5.49E-02 8.08E-03 1.46E-01 

 
Earlier it was mentioned that from Table E1, it could be seen that the solar electricity scenario performs worst 
in most impact categories, even more poorly than the base case. From Table E2, it was just shown that when 
only examining the electricity scenario only some impact categories showed solar electricity performing worse 
than the base case electricity mix. Comparing the two tables, it is noteworthy that when considering the process 
alternatives, the solar electricity scenario only performs better than the base case in three impact categories: 
climate change, fossil resources and ionizing radiation. It raises the question why when solar produced 
electricity is swapped out for the base case electricity mix the impact categories of acidification, freshwater 
ecotoxicity, freshwater eutrophication, human toxicity cancer and non-cancer are not performing better. The 
reason why these latter impact categories are not seen to perform better when included in the process alternative 
chains is because other impacts from other parts of the value chain are seen to relatively contribute a significant 
part. These impacts therefore outweigh any benefit to the electricity used. To exemplify, in C1 (h-boiler, 2030, 
including network construction) it is seen that the five impact categories of acidification, freshwater 
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Circling back to Table E1, process alternative F1 and H1 generally perform best among all the 
alternative systems, whereas C1, E1 and G1 generally perform worst. The change in the 
electricity scenario highlights which process alternatives consume the largest quantities of 
electricity in the production stage as these are generally more red. Process alternative C1 has 
the largest electricity consumption and performs poorest in most impact categories. It is 
interesting to note that when taking a closer look at C1 and G1, the solar scenario performs 
worse in C1 in comparison to G1 whereas the wind scenario performs better. The consumed 
electricity during the production stage in both process alternatives does not change, however, 
as the impacts related to the production of electricity via wind considerably decrease, the 
environmental impact of other parts of the life cycle chain become more dominant. During the 
contribution analysis of C1 in the previous section, impacts in C1 were seen to largely stem 
from the electricity consumption used to produce hydrogen, whereas impacts in G1 were also 
seen to derive from the initial iron fuel production from scrap among other processes. In G1, 
the impacts resulting from, for example, the initial iron fuel production are seen to weigh 
relatively heavy when the impact of the electricity consumption is decreased significantly in 
the wind scenario. The decrease is so significant that in most impact categories it results in 
tipping the environmental performance in favor of heat produced by a hydrogen boiler in the 
case of wind produced hydrogen. It can be concluded that the electricity mix at the production 
stage is a highly sensitive parameter.   
 
14.2 Results of the Variation in Hydrogen Leakage – Hydrogen PA only  
Interesting to see from Table E3 is that when looking at the result of an increase of hydrogen 
leakage in C1, the impacts scale linearly the same for all impact categories except for the impact 
category water use. To explain why the water use does not scale the same, it is important to 
remember that 99% of the contributions to the water use impact category stem from the steam 
production process via a hydrogen boiler, i.e. the final process resulting in the reference flow. 
As this process combusts a fixed amount of hydrogen producing a fixed amount of water, this 
process is unaffected by any leakage of hydrogen occurring prior in the chain. In this study, the 
leakage of hydrogen is modelled during the transportation phase. Hence, there is a limited 
impact on the water use impact category because of this modelled leakage of hydrogen. In a 

ecotoxicity, freshwater eutrophication, human toxicity cancer and non-cancer all have upstream impacts from 
the distribution network accounting for at least ~30% of the total impacts in that impact category. As such the 
electricity mix used for the hydrogen production process can account for as little as 40.6%. A change in the 
electricity mix therefore certainly makes a difference in the environmental performance, but to a lesser extent. 
Looking at the three impact categories that do perform better for the PA C1, i.e. climate change, fossil 
resources and ionizing radiation, here the electricity mix to the production stage accounts for at least 85% of 
the upstream impacts. Hence, a change in the electricity mix will make a significant difference to the 
environmental performance. Similar trends are seen in all the other process alternatives.  
 
Moving on to the 100% wind electricity scenario, from both tables it becomes clear that this electricity mix 
performs the best environmentally. The impacts related to the electricity generated by a wind turbine are 
almost all accounted to the production process of the wind turbine made of stationary and moving parts. These 
parts are made of materials like glass fiber reinforced plastic, steel, copper and concrete. The associated 
upstream production process emissions of these materials are the largest source of the limited environmental 
impacts of electricity generated through a wind turbine. No emissions are directly related to the production of 
electricity by a wind turbine.  
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real-life situation, hydrogen could also leak in the final end-use process meaning that this 
modelling may not be a completely accurate portrayal of the more complex practical reality.  
 
Table E3: Sensitivity analysis results of a variation in the percentage of hydrogen leakage, results are shown relative to 
largest impact.  

Impact Category Unit H-boiler 2030, incl. network construction [C1] 

    Base Case 
5% 

leakage 
10% 

leakage 
15% 

leakage 
Acidification mol H+-Eq 8.51E-01 8.95E-01 9.45E-01 1.00E+00 
Climate change  kg CO2-Eq 8.51E-01 8.95E-01 9.45E-01 1.00E+00 
Ecotoxicity, freshwater CTUe 8.51E-01 8.95E-01 9.45E-01 1.00E+00 
Resource use, fossils MJ, net calorific value 8.51E-01 8.95E-01 9.45E-01 1.00E+00 
Eutrophication, freshwater  kg P-Eq 8.51E-01 8.95E-01 9.45E-01 1.00E+00 
Eutrophication, marine kg N-Eq 8.51E-01 8.95E-01 9.45E-01 1.00E+00 
Eutrophication, terrestrial mol N-Eq 8.51E-01 8.95E-01 9.45E-01 1.00E+00 
Human toxicity. cancer CTUh 8.51E-01 8.95E-01 9.45E-01 1.00E+00 
Human toxicity, non-cancer CTUh 8.51E-01 8.95E-01 9.45E-01 1.00E+00 
Ionising radiation kBq U235-Eq 8.51E-01 8.95E-01 9.45E-01 1.00E+00 
Land use dimensionless 8.51E-01 8.95E-01 9.45E-01 1.00E+00 
Resource use, minerals and metals kg Sb-Eq 8.51E-01 8.95E-01 9.45E-01 1.00E+00 
Ozone depletion kg CFC-11-Eq 8.51E-01 8.95E-01 9.45E-01 1.00E+00 
Particulate matter  disease incidence 8.51E-01 8.95E-01 9.45E-01 1.00E+00 
Photochemical oxidant formation  kg NMVOC-Eq 8.51E-01 8.95E-01 9.45E-01 1.00E+00 
Water use m3 world eq. deprived 9.99E-01 9.99E-01 1.00E+00 1.00E+00 

 
The way in which the hydrogen leakage is modelled currently, results in an increased 
production of hydrogen to compensate the hydrogen leaked to the environment during 
transport. This results in a systematic increase of hydrogen at the front end of the life cycle 
chain and explains the results seen in Table E3. However, it does not explain why the impact 
to climate change also scales linearly. The leakage of hydrogen into the environment is known 
to cause indirect warming effects through reacting with hydroxyl radicals leading to increased 
concentrations of greenhouse gases (Derwent et al., 2006; Ocko & Hamburg, 2022). (Derwent et 
al., 2006) state that hydrogen has a global warming potential of 5.8 over a 100-year horizon, 
but this is not seen reflected in the graphs. The reason why this effect is not shown in Table 10 
is because there is no characterization factor for hydrogen in any of the impact categories in 
the LCIA method of PEF version 3.1 (EF Reference Package 3.1, 2022). As a result, the effect of 
hydrogen leakage on climate change, and potentially other impact categories as well, is not 
fully reflected here.  
 
As the electricity consumption at the production stage has been shown to be of importance, it 
is noteworthy to mention that with every increase in hydrogen leakage the electricity required 
to produce one MWh of superheated steam at 240℃ at 20 bar via a hydrogen boiler also goes 
up. The first 5% increase in hydrogen leakage results in an increase of ~300 MJ of electricity 
required to produce the hydrogen lost from the baseline of 5648.5 MJ. This number increases 
by an extra ~330 MJ if the leakage increases from 5 to 10% and increases even further by 
another ~370 MJ should the leakage reach up to 15%.14 The difference between a 0% hydrogen 
leakage and a 15% hydrogen leakage is a significant ~1000 MJ of extra electricity required to 
produce sufficient hydrogen for every MWh of steam. To put this in perspective, the electricity 

 
14 The reason why this does not scale linearly has to do with the modelling and parametrization and is explained 
further in Appendix H.  
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consumption with 0% leakage is 5648 MJ per MWh steam and with a 15% leakage at the 
transportation phase the electricity required at the production stage would total 6645 MJ.  
 
14.3 Results of the Variation in the Hydrogen Quantity Required for Combustion – 
Hydrogen PA only 
As seen in Table E4, the need for extra hydrogen results in a higher environmental impact in 
all categories. The larger amount of hydrogen required at the end of the life cycle chain also 
translates into a greater need for producing hydrogen. The electricity supply required to the 
hydrogen production via electrolysis per MWh of steam in the base case is 5648 MJ whereas 
it totals 6581 MJ if the amount of hydrogen required for combustion would increase by 
approximately 2 kg. Increasing the amount of hydrogen required for combustion raises the 
amount of electricity required upstream the life cycle chain to about the same level as a 15% 
hydrogen loss due to leakage would give.  
 
Table E4: Sensitivity analysis results of a change in required hydrogen for combustion, only C1 tested. 

Impact Category Unit 
H-boiler 2030, incl. 

network construction 
[C1] 

    
Base 
Case ~33kg/MWh 

Acidification mol H+-Eq 1.23E+00 1.44E+00 
Climate change kg CO2-Eq 1.95E+02 2.27E+02 
Ecotoxicity, freshwater CTUe 1.67E+03 1.95E+03 
Resource use, fossils MJ, net calorific value 3.51E+03 4.09E+03 
Eutrophication, freshwater  kg P-Eq 1.24E-01 1.45E-01 
Eutrophication, marine kg N-Eq 1.64E-01 1.91E-01 
Eutrophication, terrestrial mol N-Eq 1.82E+00 2.12E+00 
Human toxicity, cancer CTUh 2.89E-07 3.36E-07 
Human toxicity, non-cancer CTUh 1.15E-05 1.34E-05 
Ionising radiation kBq U235-Eq 4.60E+01 5.35E+01 
Land use dimensionless 1.73E+03 2.02E+03 
Resource use, minerals and metals kg Sb-Eq 1.09E-02 1.27E-02 
Ozone depletion kg CFC-11-Eq 1.02E-05 1.19E-05 
Particulate matter  disease incidence 7.94E-06 9.24E-06 
Photochemical oxidant formation  kg NMVOC-Eq 5.86E-01 6.82E-01 
Water use m3 world eq. deprived 1.21E+04 1.22E+04 

 
14.4 Results of the Variation in the Electricity Consumption of an IF Production System 
–IF PAs only  
From Table E5, it becomes clear that the lowest electricity consumption has the best 
environmental impact followed by the base case (~476 kWh) and lastly the highest electricity 
consumption. This is in line with the notion that the higher the overall electricity consumption, 
the worse a process alternative performs environmentally. Generally, the increase in electricity 
consumption here has limited impact in changing the order of favorability of each process 
alternative, except for one case. Notice that with the highest possible electricity consumption 
of the IF production system, process alternative C1 starts to perform better than E1 in the 
impact categories of fossil resource use and land use. Should the electricity consumption thus 
significantly increase in the IFT PAs, C1 will perform better environmentally in these two 
impact categories.  
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Table E5: Sensitivity analysis results of a variation in the electricity consumption of the IF production system (IFT process alternatives tested only). A1: Steam production through e-boiler, 
2030, with infrastructural construction; C1: Steam production through h-boiler, 2030, with infrastructural construction; E1: Steam production through IF boiler, 2030, pig iron + hydrogen 
electrolyzer; F1: Steam production through IF boiler, 2030, pig iron + waste hydrogen; G1: Steam production through IF boiler, 2030, iron scrap + hydrogen electrolyzer; H1: Steam 
production through IF boiler, 2030, iron scrap + waste hydrogen 

Impact Category [Unit] E1 F1 G1 H1 A1 C1 

  
Base 
Case 

388 
kWh/t IF 

604 
kWh/t IF 

Base 
Case 

388 
kWh/t IF 

604 
kWh/t IF 

Base 
Case 

388 
kWh/t IF 

604 
kWh/t IF 

Base 
Case 

388 
kWh/t IF 

604 
kWh/t IF 

Base 
Case 

Base 
Case 

Acidification  
[mol H+-Eq] 1.15E+00 1.13E+00 1.19E+00 3.29E-01 3.04E-01 3.65E-01 1.06E+00 1.04E+00 1.10E+00 2.34E-01 2.09E-01 2.71E-01 7.37E-01 1.23E+00 

Climate change  
[kg CO2-Eq] 2.07E+02 2.03E+02 2.13E+02 7.65E+01 7.24E+01 8.25E+01 1.80E+02 1.76E+02 1.86E+02 4.97E+01 4.56E+01 5.58E+01 1.22E+02 1.95E+02 

Ecotoxicity, freshwater  
[CTUe] 1.55E+03 1.51E+03 1.60E+03 4.30E+02 3.95E+02 4.80E+02 1.57E+03 1.53E+03 1.62E+03 4.47E+02 4.12E+02 4.98E+02 1.02E+03 1.67E+03 

Resource use, fossils  
[MJ, net calorific value] 3.42E+03 3.35E+03 3.53E+03 1.07E+03 9.96E+02 1.18E+03 3.14E+03 3.07E+03 3.25E+03 7.93E+02 7.18E+02 9.02E+02 2.20E+03 3.51E+03 

Eutrophication, 
freshwater  
[kg P-Eq] 

1.15E-01 1.13E-01 1.19E-01 3.21E-02 2.95E-02 3.60E-02 1.05E-01 1.02E-01 1.08E-01 2.14E-02 1.87E-02 2.52E-02 7.81E-02 1.24E-01 

Eutrophication, marine 
[kg N-Eq] 1.75E-01 1.71E-01 1.80E-01 6.48E-02 6.13E-02 6.99E-02 1.51E-01 1.47E-01 1.56E-01 4.10E-02 3.75E-02 4.60E-02 1.02E-01 1.64E-01 

Eutrophication, terrestrial  
[mol N-Eq] 1.91E+00 1.88E+00 1.97E+00 6.94E-01 6.55E-01 7.50E-01 1.66E+00 1.63E+00 1.72E+00 4.45E-01 4.06E-01 5.01E-01 1.14E+00 1.82E+00 

Human toxicity, cancer 
[CTUh] 4.34E-07 4.28E-07 4.43E-07 2.42E-07 2.36E-07 2.51E-07 8.23E-07 8.17E-07 8.32E-07 6.31E-07 6.25E-07 6.40E-07 1.79E-07 2.89E-07 

Human toxicity, non-
cancer 
[CTUh] 

9.55E-06 9.30E-06 9.90E-06 1.87E-06 1.62E-06 2.23E-06 9.72E-06 9.48E-06 1.01E-05 2.04E-06 1.80E-06 2.40E-06 7.24E-06 1.15E-05 

Ionising radiation 
[kBq U235-Eq] 3.77E+01 3.67E+01 3.91E+01 6.91E+00 5.93E+00 8.35E+00 3.79E+01 3.70E+01 3.94E+01 7.19E+00 6.21E+00 8.63E+00 2.90E+01 4.60E+01 

Land use  
[dimensionless] 1.69E+03 1.66E+03 1.75E+03 5.34E+02 4.97E+02 5.89E+02 1.67E+03 1.64E+03 1.73E+03 5.15E+02 4.78E+02 5.69E+02 1.09E+03 1.73E+03 

Resource use, minerals 
and metals  
[kg Sb-Eq] 

8.84E-03 8.61E-03 9.18E-03 1.52E-03 1.29E-03 1.86E-03 8.96E-03 8.73E-03 9.30E-03 1.64E-03 1.41E-03 1.98E-03 6.87E-03 1.09E-02 

Ozone depletion  
[kg CFC-11-Eq] 9.32E-06 9.12E-06 9.62E-06 2.49E-06 2.28E-06 2.79E-06 8.62E-06 8.42E-06 8.92E-06 1.79E-06 1.58E-06 2.09E-06 6.10E-06 1.02E-05 

Particulate matter  
[disease incidence] 1.14E-05 1.12E-05 1.16E-05 6.09E-06 5.92E-06 6.33E-06 1.01E-05 9.89E-06 1.03E-05 4.76E-06 4.60E-06 5.00E-06 4.89E-06 7.94E-06 

Photochemical oxidant 
formation 
[kg NMVOC-Eq] 

7.21E-01 7.09E-01 7.38E-01 3.29E-01 3.17E-01 3.47E-01 5.60E-01 5.48E-01 5.78E-01 1.69E-01 1.57E-01 1.87E-01 3.61E-01 5.86E-01 

Water use  
[m3 world eq. deprived] 7.64E+01 7.46E+01 7.91E+01 1.56E+01 1.37E+01 1.83E+01 7.86E+01 7.67E+01 8.13E+01 1.78E+01 1.59E+01 2.05E+01 5.57E+01 1.21E+04 
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14.5 Results of the Variation in FLH of Boilers  
Table E6 shows the largest percentage difference between any two sensitivity results when 
changing the number of FLH a boiler system runs for. As the percentage difference in any 
impact category is a maximum of 1%, varying the boiler’s FLH shows limited changes in 
environmental impact. As the FLH are directly linked to the impacts related to the construction 
of the boiler, they can be considered negligible. This is briefly further explained in Box E2. 
 
Table E6: Sensitivity analysis results on varying the FLH of the boilers. A1: Steam production through e-boiler, 2030, with 
infrastructural construction; C1: Steam production through h-boiler, 2030, with infrastructural construction; E1: Steam 
production through IF boiler, 2030, pig iron + hydrogen electrolyzer; F1: Steam production through IF boiler, 2030, pig 
iron + waste hydrogen; G1: Steam production through IF boiler, 2030, iron scrap + hydrogen electrolyzer; H1: Steam 
production through IF boiler, 2030, iron scrap + waste hydrogen 

Impact Category Maximum Percentage Difference between base case, 1000 FLH and 3000 FLH 
  A1 C1 E1 F1 G1 H1 
Acidification 0% 0% 0% 1% 0% 1% 
Climate change 0% 0% 0% 1% 0% 1% 
Ecotoxicity, freshwater 0% 0% 0% 1% 0% 1% 
Resource use, fossils 0% 0% 0% 0% 0% 1% 
Eutrophication, freshwater  0% 0% 0% 1% 0% 1% 
Eutrophication, marine 0% 0% 0% 1% 0% 1% 
Eutrophication, terrestrial 0% 0% 0% 1% 0% 1% 
Human toxicity, cancer 0% 1% 1% 1% 0% 1% 
Human toxicity, non-camcer 0% 0% 0% 1% 0% 0% 
Ionising radiation 0% 0% 0% 0% 0% 0% 
Land use 0% 0% 0% 0% 0% 0% 
Resource use, minerals and metals 0% 0% 0% 0% 0% 0% 
Ozone depletion 0% 0% 0% 0% 0% 0% 
Particulate matter  0% 0% 0% 1% 0% 1% 
Photochemical oxidant formation  0% 0% 0% 1% 0% 1% 
Water use 0% 0% 0% 1% 0% 1% 

 

 

Box E2: FLH explained 
 
Full load hours refer to the number of hours that a system (e.g. machinery, boilers) runs annually. The 
maximum number of FLH a system can run annually is 8760 hours. FLH have an influence as it is a key 
determinant in the “amount” of system required for the production process for which the system is designed. 
The following equation describes this:  
 

the amount of system required for a process =
(the amount of product produced by the system)

(FLH)(lifetime of the system)(capacity of the system)
 

 
To exemplify with two problems, a boiler produces 1 MWh of heat and can run either 6000 FLH or 1000 
FLH annually. It has a lifetime of 20 years and a capacity of 2 MWh of heat.  
 

the amount of system required for a process with 6000 FLH =
(1)

(6000)(20)(2)
= 4.2𝑥𝑥10−6  

 

the amount of system required for a process with 1000 FLH =
(1)

(1000)(20)(2)
=  2.5𝑥𝑥10−5 

 
As becomes clear from these two examples is that less FLH will translate to an underutilization of the 
system. This results in the system depreciating over less hours run and the environmental impacts associated 
with the system will be higher for each hour the system runs.  
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14.6 Results of the Variation in FLH of the Iron Fuel Production System – IFT PAs only 
A similar conclusion as to the boilers can be made about the iron fuel production system. As 
seen in Table E7, a change in the number of FLH an iron fuel production system runs makes 
very little difference to any of the environmental impact categories. The emissions related to 
the construction of the iron fuel production system can be considered negligible.   
 
Table E7: Sensitivity analysis results on varying FLH of iron fuel production system. E1: Steam production through IF 
boiler, 2030, pig iron + hydrogen electrolyzer; F1: Steam production through IF boiler, 2030, pig iron + waste hydrogen; 
G1: Steam production through IF boiler, 2030, iron scrap + hydrogen electrolyzer; H1: Steam production through IF 
boiler, 2030, iron scrap + waste hydrogen 

Impact Category  Maximum Percentage Difference between base case, 3000 FLH 
and 4500 FLH  

   E1  F1  G1  H1  
Acidification  0%  0%  0%  1%  
Climate change  0%  0%  0%  0%  
Ecotoxicity, freshwater  0%  0%  0%  0%  
Resource use, fossils  0%  0%  0%  0%  
Eutrophication, freshwater  0%  0%  0%  0%  
Eutrophication, marine  0%  0%  0%  1%  
Eutrophication, terrestrial  0%  0%  0%  1%  
Human toxicity, cancer 0%  1%  0%  0%  
Human toxicity, non-cancer  0%  0%  0%  0%  
Ionising radiation  0%  0%  0%  0%  
Land use  0%  0%  0%  0%  
Resource use, minerals and metals  0%  0%  0%  0%  
Ozone depletion  0%  0%  0%  0%  
Particulate matter  0%  0%  0%  0%  
Photochemical oxidant formation 0%  0%  0%  1%  
Water use  0%  0%  0%  0%  
 
14.7 Results of the Variation in FLH of the Electrolyzer – Hydrogen and IFT with 
electrolyzer PAs only 
The number of FLH made annually by a boiler system or by an iron fuel production system 
made little difference to any of the impact categories. However the number of FLH made by 
an electrolyzer create a much larger difference in comparison, as seen in Table E8. The more 
FLH made (base case being 8300 FLH) the lower the exertion on the environment per MWh 
of steam generated. This is especially the case for the impact categories of acidification and 
ozone depletion where an 8%, 6% and 6% difference is seen between operating at 3000 FLH 
and 8300 FLH in h-boiler, 2030, incl. network construction (C1), IF boiler, 2030, pig iron + 
electrolyzer (E1) and IF boiler, 2030, scrap iron + electrolyzer (G1) respectively. This can be 
explained by two reasons. The first is that the environmental impacts related to the construction 
of the hydrogen electrolyzer are responsible for a larger contribution to certain impact 
categories of the process alternatives. Secondly, the electrolyzer consists of a multitude of 
materials that are not present in boilers including nickel, polytetrafluoroethylene and multiple 
acids among other materials. These materials and their related upstream (production) processes 
can have a larger environmental impact in addition to being large contributors to the total 
electrolyzers environmental impact. To exemplify, for the impact category acidification the 
upstream impacts of nickel account for 94% of the total impacts of an electrolyzer in C1 
whereas polytetrafluoroethylene accounts for 93% of the total upstream impacts of an 
electrolyzer for ozone depletion. A similar trend is applicable for E1 and G1. However, as the 
required amount of hydrogen in the Iron Fuel Technology™ process is smaller in comparison 
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to the hydrogen process alternative, the environmental impact is smaller. Hence, the maximum 
difference as seen in E1 and G1 is also smaller in Table E8.  
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Table E8: Sensitivity analysis results of varying FLH of hydrogen electrolyzer 

Impact Category + Unit 
H-boiler 2030, incl. network 

construction 
[C1] 

IF boiler 2030, pig + H 
electrolyzer 

[E1] 

IF boiler 2030, scrap + H 
electrolyzer 

[G1] 

Maximum 
Difference - C1 

Maximum 
Difference - E1  

Maximum 
Difference - G1  

  
Base 
Case 

3000 
FLH 

4500 
FLH 

Base 
Case 

3000 
FLH 

4500 
FLH 

Base 
Case 

3000 
FLH 

4500 
FLH absolute % absolute % absolute % 

Acidification  
[mol H+-Eq] 1.23E+00 1.35E+00 1.29E+00 1.15E+00 1.23E+00 1.19E+00 1.06E+00 1.14E+00 1.10E+00 1.14E-01 8% 7.78E-02 6% 7.78E-02 7% 

Climate change   
[kg CO2-Eq] 1.95E+02 1.97E+02 1.96E+02 2.07E+02 2.08E+02 2.08E+02 1.80E+02 1.82E+02 1.81E+02 2.23E+00 1% 1.53E+00 1% 1.53E+00 1% 

Ecotoxicity, freshwater  
[CTUe] 1.67E+03 1.70E+03 1.69E+03 1.55E+03 1.57E+03 1.56E+03 1.57E+03 1.59E+03 1.58E+03 2.91E+01 2% 1.99E+01 1% 1.99E+01 1% 

Resource use, fossils  
[MJ, net calorific value] 3.51E+03 3.54E+03 3.53E+03 3.42E+03 3.44E+03 3.43E+03 3.14E+03 3.16E+03 3.15E+03 2.76E+01 1% 1.89E+01 1% 1.89E+01 1% 

Eutrophication, freshwater  
[kg P-Eq] 1.24E-01 1.26E-01 1.25E-01 1.15E-01 1.16E-01 1.16E-01 1.05E-01 1.06E-01 1.05E-01 1.48E-03 1% 1.01E-03 1% 1.01E-03 1% 

Eutrophication, marine  
[kg N-Eq] 1.64E-01 1.68E-01 1.66E-01 1.75E-01 1.77E-01 1.76E-01 1.51E-01 1.53E-01 1.52E-01 3.07E-03 2% 2.10E-03 1% 2.10E-03 1% 

Eutrophication, terrestrial  
[mol N-Eq] 1.82E+00 1.86E+00 1.84E+00 1.91E+00 1.94E+00 1.92E+00 1.66E+00 1.69E+00 1.68E+00 3.33E-02 2% 2.28E-02 1% 2.28E-02 1% 

Human toxicity, cancer 
[CTUh] 2.89E-07 2.98E-07 2.93E-07 4.34E-07 4.41E-07 4.37E-07 8.23E-07 8.30E-07 8.26E-07 9.24E-09 3% 6.32E-09 1% 6.32E-09 1% 

Human toxicity, non-cancer 
[CTUh] 1.15E-05 1.15E-05 1.15E-05 9.55E-06 9.58E-06 9.56E-06 9.72E-06 9.75E-06 9.74E-06 4.92E-08 0% 3.37E-08 0% 3.37E-08 0% 

Ionising radiation 
[kBq U235-Eq] 4.60E+01 4.62E+01 4.61E+01 3.77E+01 3.78E+01 3.77E+01 3.79E+01 3.81E+01 3.80E+01 2.42E-01 1% 1.66E-01 0% 1.66E-01 0% 

Land use  
[dimensionless] 1.73E+03 1.74E+03 1.74E+03 1.69E+03 1.70E+03 1.70E+03 1.67E+03 1.68E+03 1.68E+03 1.12E+01 1% 7.63E+00 0% 7.63E+00 0% 

Resource use, minerals and metals  
[kg Sb-Eq] 1.09E-02 1.11E-02 1.10E-02 8.84E-03 8.94E-03 8.89E-03 8.96E-03 9.06E-03 9.01E-03 1.46E-04 1% 1.00E-04 1% 1.00E-04 1% 

Ozone depletion  
[kg CFC-11-Eq] 1.02E-05 1.10E-05 1.06E-05 9.32E-06 9.89E-06 9.60E-06 8.62E-06 9.19E-06 8.89E-06 8.29E-07 8% 5.67E-07 6% 5.67E-07 6% 

Particulate matter  
[disease incidence] 7.94E-06 8.21E-06 8.07E-06 1.14E-05 1.16E-05 1.15E-05 1.01E-05 1.02E-05 1.01E-05 2.65E-07 3% 1.82E-07 2% 1.82E-07 2% 

Photochemical oxidant formation  
[kg NMVOC-Eq] 5.86E-01 6.05E-01 5.95E-01 7.21E-01 7.34E-01 7.27E-01 5.60E-01 5.73E-01 5.66E-01 1.92E-02 3% 1.32E-02 2% 1.32E-02 2% 

Water use  
[m3 world eq. deprived] 1.21E+04 1.21E+04 1.21E+04 7.64E+01 7.95E+01 7.79E+01 7.86E+01 8.17E+01 8.01E+01 4.50E+00 0% 3.06E+00 4% 3.06E+00 4% 
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14.8 Results of the Variation in Transport Distance 
From Table E9 and E10, it can be derived that any change in transport distance for process 
alternatives A1 and C1 makes little difference whereas for the process alternatives E1, F1, G1 
and H1, the potential environmental impact can drastically increase when the distance changes. 
To understand why this is the case see Box E3.  
 
Table E9: Sensitivity analysis results of varying transport distance, percentage difference. A1: Steam production through e-
boiler, 2030, with infrastructural construction; C1: Steam production through h-boiler, 2030, with infrastructural 
construction; E1: Steam production through IF boiler, 2030, pig iron + hydrogen electrolyzer; F1: Steam production 
through IF boiler, 2030, pig iron + waste hydrogen; G1: Steam production through IF boiler, 2030, iron scrap + hydrogen 
electrolyzer; H1: Steam production through IF boiler, 2030, iron scrap + waste hydrogen 

Impact Category Maximum Percentage Difference between base case, 500 km, 1000 
km and 5000 km 

  A1 C1 E1 F1 G1 H1 
Acidification 0% 0% 50% 78% 52% 83% 
Climate change (total) 0% 0% 70% 86% 72% 91% 
Ecotoxicity: freshwater 0% 0% 69% 89% 69% 89% 
Resource use, fossils 0% 0% 68% 87% 70% 90% 
Eutrophication: freshwater  0% 0% 23% 52% 25% 62% 
Eutrophication: marine 0% 0% 65% 83% 68% 89% 
Eutrophication: terrestrial 0% 0% 63% 83% 66% 88% 
Human toxicity, cancer 0% 0% 33% 47% 20% 25% 
Human toxicity, non-cancer 0% 0% 35% 74% 35% 72% 
Ionising radiation 0% 0% 19% 57% 19% 56% 
Land use 0% 0% 81% 93% 81% 93% 
Resource use, minerals and metals 0% 0% 13% 47% 13% 45% 
Ozone depletion 0% 0% 53% 81% 55% 86% 
Particulate matter  0% 0% 80% 89% 82% 91% 
Photochemical oxidant formation 0% 0% 73% 85% 77% 92% 
Water use 0% 0% 33% 71% 32% 68% 

 

 
  
By increasing the distance from 150 km (base case) to 5000 km some impact categories of the 
IFT process alternatives can almost double the impacts. As just explained in Box E3, the 
quantity transportable by the transportation method plays a role in determining the 
transportation footprint and the associated emissions. As each truck is only able to carry a 
specific quantity of material in addition to it having operational emissions (i.e. the combustion 
of diesel in this case) as well as a trace amount of truck construction impacts, truck maintenance 

Box E3: Transport Changes Explained 
 
The required “amount” of transport infrastructure is derived by the following equation: 
 

(𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑 𝑟𝑟𝑑𝑑𝑟𝑟𝑟𝑟𝑚𝑚𝑟𝑟𝑑𝑑𝑑𝑑 𝑑𝑑𝑡𝑡 𝑑𝑑𝑟𝑟𝑑𝑑𝑡𝑡𝑑𝑑𝑡𝑡)
(𝑟𝑟𝑟𝑟𝑑𝑑𝑚𝑚𝑑𝑑𝑚𝑚𝑑𝑑𝑡𝑡 𝑑𝑑𝑟𝑟𝑑𝑑𝑚𝑚𝑑𝑑𝑡𝑡𝑡𝑡𝑟𝑟𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡𝑑𝑑 𝑡𝑡𝑡𝑡 𝑑𝑑ℎ𝑑𝑑 𝑑𝑑𝑟𝑟𝑑𝑑𝑚𝑚𝑑𝑑𝑡𝑡𝑡𝑡𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑𝑚𝑚𝑡𝑡𝑚𝑚 𝑚𝑚𝑑𝑑𝑑𝑑ℎ𝑡𝑡𝑑𝑑)(𝑡𝑡𝑚𝑚𝑙𝑙𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑑𝑑)

 

(1) 
 
As a result, if a specific transport method (e.g. electricity network or hydrogen pipeline) can transport large 
quantities the transport footprint and the associated emissions will be relatively small even over long 
distances. When a mode of transport has limited transport capacity, several of the same transport modes will 
need to be used in parallel to fulfill the quantity demanded (e.g. multiple trucks). 
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impacts etc. all the associated emissions with transporting a specific quantity over a specified 
distance will start to add up.  
 
It is also interesting to see that when transport distance changes, the best performing process 
alternative can also switch. Notice how C1, E1 and G1 perform better or worse in multiple 
impact categories depending on which cases you compare together. To exemplify, for the 
impact category acidification, comparing all base cases of the three PAs together, G1 performs 
best with E1 coming in second and C1 performing worst as seen in Table E10. Then when 
comparing the 500 km scenarios together G1 still outperforms C1 and E1, yet C1 just slightly 
performs better than E1. However, when comparing the 1000 km distance scenarios, G1 and 
E1 both exert more environmental impact than C1. The transportation distance chosen is thus 
quite a sensitive parameter with the ability to alter which PA is the most environmentally 
beneficial.  
 
14.9 Results of the Variation in Transport Method – IFT PAs only 
As seen in Table E11, ship transport would be recommended over truck transport from an 
environmental perspective whenever both options are possible as ship transport reduces 
environmental impacts across all impact categories. The difference between short (150 km) 
and long (5000 km) distance transport by ship can also be considered negligible for all process 
alternatives. This is the result of the large quantities a ship can transport, the same principle as 
described earlier in Box E3.  
 
Comparing across process alternatives, F1 and H1 generally still perform the best 
environmentally – H1 apart from the impact category human toxicity, cancer. In contrast, C1 
and E1 generally perform the worst. Interesting to see is that with the switch to ship transport 
E1 performs better in comparison to C1 in the impact categories of climate change, terrestrial 
eutrophication and land use. Hence, a change in transportation method can also be a sensitive 
parameter. 
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Table E10: Sensitivity analysis results of varying transport distance. Abbreviations: IC: Impact Category; AC: Acidification [mol H+-Eq]; CC: Climate change [kg CO2-Eq]; EC: Ecotoxicity, 
freshwater [CTUe]; FR: Resource use, fossils [MJ, net calorific value]; EF: Eutrophication: freshwater [kg P-Eq]; EM: Eutrophication, marine [kg N-Eq]; ET: Eutrophication, terrestrial [mol 
N-Eq]; TC: Human toxicity, cancer [CTUh]; TNC: Human toxicity, non-cancer [CTUh]; IR: Ionising radiation [kBq U235-Eq]; LU: Land use [dimensionless]; MR: Resource use, minerals 
and metals [kg Sb-Eq]; OD: Ozone depletion [kg CFC-11-Eq]; PM: Particulate matter [disease incidence]; PO: Photochemical oxidant formation [kg NMVOC-Eq]; WU: Water use [m3 world 
eq. deprived].  

IC 
E-boiler 2030, incl. network 

construction 
[A1] 

H-boiler 2030, incl. network 
construction 

[C1] 

IF boiler 2030, pig + H 
electrolyzer 

[E1] 
IF boiler 2030, pig + waste H 

[F1] 

IF boiler 2030, scrap + H 
electrolyzer 

[G1] 
IF boiler 2030, scrap + waste H 

[H1] 

  
Base 
Case 

500 
km 

1000 
km 

5000 
km 

Base 
Case 

500 
km 

1000 
km 

5000 
km 

Base 
Case 

500 
km 

1000 
km 

5000 
km 

Base 
Case 

500 
km 

1000 
km 

5000 
km 

Base 
Case 

500 
km 

1000 
km 

5000 
km 

Base 
Case 

500 
km 

1000 
km 

5000 
km 

AC 7.37
E-01 

7.37
E-01 

7.37
E-01 

7.38
E-01 

1.23
E+00 

1.23
E+00 

1.23
E+00 

1.24
E+00 

1.15
E+00 

1.24
E+00 

1.36
E+00 

2.32
E+00 

3.29
E-01 

4.13
E-01 

5.35
E-01 

1.50
E+00 

1.06
E+00 

1.14
E+00 

1.26
E+00 

2.23
E+00 

2.34
E-01 

3.19
E-01 

4.40
E-01 

1.41
E+00 

CC 1.22
E+02 

1.22
E+02 

1.22
E+02 

1.22
E+02 

1.95
E+02 

1.95
E+02 

1.95
E+02 

1.96
E+02 

2.07
E+02 

2.41
E+02 

2.89
E+02 

6.78
E+02 

7.65
E+01 

1.11
E+02 

1.60
E+02 

5.52
E+02 

1.80
E+02 

2.14
E+02 

2.63
E+02 

6.51
E+02 

4.97
E+01 

8.40
E+01 

1.33
E+02 

5.25
E+02 

EC 1.02
E+03 

1.02
E+03 

1.02
E+03 

1.02
E+03 

1.67
E+03 

1.67
E+03 

1.67
E+03 

1.68
E+03 

1.55
E+03 

1.80
E+03 

2.15
E+03 

4.99
E+03 

4.30
E+02 

6.80
E+02 

1.04
E+03 

3.89
E+03 

1.57
E+03 

1.81
E+03 

2.17
E+03 

5.00
E+03 

4.47
E+02 

6.97
E+02 

1.05
E+03 

3.91
E+03 

FR 2.20
E+03 

2.20
E+03 

2.20
E+03 

2.20
E+03 

3.51
E+03 

3.51
E+03 

3.51
E+03 

3.52
E+03 

3.42
E+03 

3.94
E+03 

4.68
E+03 

1.06
E+04 

1.07
E+03 

1.59
E+03 

2.34
E+03 

8.33
E+03 

3.14
E+03 

3.66
E+03 

4.40
E+03 

1.03
E+04 

7.93
E+02 

1.32
E+03 

2.06
E+03 

8.05
E+03 

EF 7.81
E-02 

7.81
E-02 

7.81
E-02 

7.82
E-02 

1.24
E-01 

1.25
E-01 

1.25
E-01 

1.25
E-01 

1.15
E-01 

1.18
E-01 

1.21
E-01 

1.50
E-01 

3.21
E-02 

3.47
E-02 

3.83
E-02 

6.72
E-02 

1.05
E-01 

1.07
E-01 

1.11
E-01 

1.39
E-01 

2.14
E-02 

2.39
E-02 

2.75
E-02 

5.64
E-02 

EM 1.02
E-01 

1.03
E-01 

1.03
E-01 

1.03
E-01 

1.64
E-01 

1.65
E-01 

1.65
E-01 

1.65
E-01 

1.75
E-01 

1.98
E-01 

2.30
E-01 

4.92
E-01 

6.48
E-02 

8.79
E-02 

1.21
E-01 

3.85
E-01 

1.51
E-01 

1.74
E-01 

2.07
E-01 

4.68
E-01 

4.10
E-02 

6.41
E-02 

9.71
E-02 

3.61
E-01 

ET 1.14
E+00 

1.14
E+00 

1.14
E+00 

1.14
E+00 

1.82
E+00 

1.82
E+00 

1.83
E+00 

1.83
E+00 

1.91
E+00 

2.15
E+00 

2.48
E+00 

5.17
E+00 

6.94
E-01 

9.31
E-01 

1.27
E+00 

3.98
E+00 

1.66
E+00 

1.90
E+00 

2.24
E+00 

4.93
E+00 

4.45
E-01 

6.82
E-01 

1.02
E+00 

3.73
E+00 

TC 1.79
E-07 

1.79
E-07 

1.79
E-07 

1.79
E-07 

2.89
E-07 

2.89
E-07 

2.89
E-07 

2.90
E-07 

4.34
E-07 

4.50
E-07 

4.71
E-07 

6.45
E-07 

2.42
E-07 

2.57
E-07 

2.79
E-07 

4.54
E-07 

8.23
E-07 

8.39
E-07 

8.60
E-07 

1.03
E-06 

6.31
E-07 

6.46
E-07 

6.68
E-07 

8.43
E-07 

TNC 7.24
E-06 

7.24
E-06 

7.25
E-06 

7.25
E-06 

1.15
E-05 

1.15
E-05 

1.15
E-05 

1.15
E-05 

9.55
E-06 

9.92
E-06 

1.04
E-05 

1.47
E-05 

1.87
E-06 

2.24
E-06 

2.78
E-06 

7.06
E-06 

9.72
E-06 

1.01
E-05 

1.06
E-05 

1.49
E-05 

2.04
E-06 

2.42
E-06 

2.95
E-06 

7.23
E-06 

IR 2.90
E+01 

2.90
E+01 

2.90
E+01 

2.90
E+01 

4.60
E+01 

4.60
E+01 

4.60
E+01 

4.61
E+01 

3.77
E+01 

3.83
E+01 

3.92
E+01 

4.67
E+01 

6.91
E+00 

7.57
E+00 

8.50
E+00 

1.60
E+01 

3.79
E+01 

3.86
E+01 

3.95
E+01 

4.69
E+01 

7.19
E+00 

7.84
E+00 

8.78
E+00 

1.63
E+01 

LU 1.09
E+03 

1.09
E+03 

1.09
E+03 

1.09
E+03 

1.73
E+03 

1.73
E+03 

1.73
E+03 

1.74
E+03 

1.69
E+03 

2.22
E+03 

2.96
E+03 

8.95
E+03 

5.34
E+02 

1.06
E+03 

1.82
E+03 

7.85
E+03 

1.67
E+03 

2.20
E+03 

2.94
E+03 

8.93
E+03 

5.15
E+02 

1.04
E+03 

1.80
E+03 

7.83
E+03 

MR 6.87
E-03 

6.87
E-03 

6.87
E-03 

6.87
E-03 

1.09
E-02 

1.09
E-02 

1.09
E-02 

1.10
E-02 

8.84
E-03 

8.94
E-03 

9.08
E-03 

1.02
E-02 

1.52
E-03 

1.62
E-03 

1.76
E-03 

2.88
E-03 

8.96
E-03 

9.06
E-03 

9.20
E-03 

1.03
E-02 

1.64
E-03 

1.74
E-03 

1.88
E-03 

3.00
E-03 

OD 6.10
E-06 

6.10
E-06 

6.10
E-06 

6.10
E-06 

1.02
E-05 

1.02
E-05 

1.02
E-05 

1.02
E-05 

9.32
E-06 

1.01
E-05 

1.12
E-05 

2.00
E-05 

2.49
E-06 

3.27
E-06 

4.38
E-06 

1.33
E-05 

8.62
E-06 

9.39
E-06 

1.05
E-05 

1.93
E-05 

1.79
E-06 

2.56
E-06 

3.68
E-06 

1.26
E-05 

PM 4.89
E-06 

4.90
E-06 

4.90
E-06 

4.91
E-06 

7.94
E-06 

7.94
E-06 

7.94
E-06 

7.97
E-06 

1.14
E-05 

1.47
E-05 

1.96
E-05 

5.80
E-05 

6.09
E-06 

9.48
E-06 

1.43
E-05 

5.31
E-05 

1.01
E-05 

1.34
E-05 

1.82
E-05 

5.67
E-05 

4.76
E-06 

8.15
E-06 

1.30
E-05 

5.18
E-05 

PO 3.61
E-01 

3.62
E-01 

3.62
E-01 

3.62
E-01 

5.86
E-01 

5.86
E-01 

5.86
E-01 

5.88
E-01 

7.21
E-01 

8.58
E-01 

1.05
E+00 

2.62
E+00 

3.29
E-01 

4.68
E-01 

6.66
E-01 

2.25
E+00 

5.60
E-01 

6.98
E-01 

8.94
E-01 

2.46
E+00 

1.69
E-01 

3.07
E-01 

5.05
E-01 

2.09
E+00 

WU 5.57
E+01 

5.57
E+01 

5.57
E+01 

5.57
E+01 

1.21
E+04 

1.21
E+04 

1.21
E+04 

1.21
E+04 

7.64
E+01 

7.91
E+01 

8.29
E+01 

1.13
E+02 

1.56
E+01 

1.83
E+01 

2.21
E+01 

5.29
E+01 

7.86
E+01 

8.13
E+01 

8.51
E+01 

1.16
E+02 

1.78
E+01 

2.04
E+01 

2.43
E+01 

5.50
E+01 
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Table E11: Sensitivity analysis results of varying the transport method (IFT process alternatives tested only). Abbrevations: A1: Steam production through e-boiler, 2030, with infrastructural 
construction; C1: Steam production through h-boiler, 2030, with infrastructural construction; E1: Steam production through IF boiler, 2030, pig iron + hydrogen electrolyzer; F1: Steam 
production through IF boiler, 2030, pig iron + waste hydrogen; G1: Steam production through IF boiler, 2030, iron scrap + hydrogen electrolyzer; H1: Steam production through IF boiler, 
2030, iron scrap + waste hydrogen; AC: Acidification [mol H+-Eq]; CC: Climate change [kg CO2-Eq]; EC: Ecotoxicity, freshwater [CTUe]; FR: Resource use, fossils [MJ, net calorific 
value]; EF: Eutrophication: freshwater [kg P-Eq]; EM: Eutrophication, marine [kg N-Eq]; ET: Eutrophication, terrestrial [mol N-Eq]; TC: Human toxicity, cancer [CTUh]; TNC: Human 
toxicity, non-cancer [CTUh]; IR: Ionising radiation [kBq U235-Eq]; LU: Land use [dimensionless]; MR: Resource use, minerals and metals [kg Sb-Eq]; OD: Ozone depletion [kg CFC-11-
Eq]; PM: Particulate matter [disease incidence]; PO: Photochemical oxidant formation [kg NMVOC-Eq]; WU: Water use [m3 world eq. deprived].  

IC E1 F1 G1 H1 A1 C1 

 Base 
Case 

ship 
150km 

ship 5000 
km 

Base 
Case 

ship 
150km 

ship 5000 
km 

Base 
Case 

ship 
150km 

ship 5000 
km 

Base 
Case 

ship 
150km 

ship 5000 
km 

Base 
Case 

Base 
Case 

AC 1.15E+0
0 1.12E+00 1.12E+00 3.29E-01 2.92E-01 2.92E-01 1.06E+00 1.02E+00 1.02E+00 2.34E-01 1.98E-01 1.98E-01 7.37E-01 1.23E+00 

CC 2.07E+0
2 1.92E+02 1.92E+02 7.65E+01 6.18E+01 6.18E+01 1.80E+02 1.65E+02 1.65E+02 4.97E+01 3.50E+01 3.50E+01 1.22E+02 1.95E+02 

EC 1.55E+0
3 1.44E+03 1.44E+03 4.30E+02 3.22E+02 3.22E+02 1.57E+03 1.46E+03 1.46E+03 4.47E+02 3.40E+02 3.40E+02 1.02E+03 1.67E+03 

FR 3.42E+0
3 3.20E+03 3.20E+03 1.07E+03 8.47E+02 8.47E+02 3.14E+03 2.92E+03 2.92E+03 7.93E+02 5.68E+02 5.68E+02 2.20E+03 3.51E+03 

EF 1.15E-01 1.14E-01 1.14E-01 3.21E-02 3.10E-02 3.10E-02 1.05E-01 1.04E-01 1.04E-01 2.14E-02 2.03E-02 2.03E-02 7.81E-02 1.24E-01 
EM 1.75E-01 1.65E-01 1.65E-01 6.48E-02 5.49E-02 5.49E-02 1.51E-01 1.41E-01 1.41E-01 4.10E-02 3.11E-02 3.11E-02 1.02E-01 1.64E-01 

ET 1.91E+0
0 1.81E+00 1.81E+00 6.94E-01 5.92E-01 5.92E-01 1.66E+00 1.56E+00 1.56E+00 4.45E-01 3.43E-01 3.43E-01 1.14E+00 1.82E+00 

TC 4.34E-07 4.28E-07 4.28E-07 2.42E-07 2.35E-07 2.35E-07 8.23E-07 8.17E-07 8.17E-07 6.31E-07 6.24E-07 6.24E-07 1.79E-07 2.89E-07 
TN
C 9.55E-06 9.39E-06 9.39E-06 1.87E-06 1.71E-06 1.71E-06 9.72E-06 9.56E-06 9.56E-06 2.04E-06 1.88E-06 1.88E-06 7.24E-06 1.15E-05 

IR 3.77E+0
1 3.74E+01 3.74E+01 6.91E+00 6.63E+00 6.63E+00 3.79E+01 3.77E+01 3.77E+01 7.19E+00 6.91E+00 6.91E+00 2.90E+01 4.60E+01 

LU 1.69E+0
3 1.47E+03 1.47E+03 5.34E+02 3.08E+02 3.08E+02 1.67E+03 1.45E+03 1.45E+03 5.15E+02 2.89E+02 2.89E+02 1.09E+03 1.73E+03 

MR 8.84E-03 8.80E-03 8.80E-03 1.52E-03 1.48E-03 1.48E-03 8.96E-03 8.92E-03 8.92E-03 1.64E-03 1.60E-03 1.60E-03 6.87E-03 1.09E-02 
OD 9.32E-06 8.99E-06 8.99E-06 2.49E-06 2.16E-06 2.16E-06 8.62E-06 8.29E-06 8.29E-06 1.79E-06 1.45E-06 1.45E-06 6.10E-06 1.02E-05 
PM 1.14E-05 9.94E-06 9.94E-06 6.09E-06 4.63E-06 4.63E-06 1.01E-05 8.62E-06 8.62E-06 4.76E-06 3.31E-06 3.31E-06 4.89E-06 7.94E-06 
PO 7.21E-01 6.62E-01 6.62E-01 3.29E-01 2.70E-01 2.70E-01 5.60E-01 5.01E-01 5.01E-01 1.69E-01 1.10E-01 1.10E-01 3.61E-01 5.86E-01 

WU 7.64E+0
1 7.53E+01 7.53E+01 1.56E+01 1.44E+01 1.44E+01 7.86E+01 7.74E+01 7.74E+01 1.78E+01 1.66E+01 1.66E+01 5.57E+01 1.21E+04 
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15. Appendix F 
 
The following recommendations are made for ecoinvent: 

1. Recycling and waste treatment of capital goods is currently inconsistently included 
within ecoinvent with some processes including all parts and other processes not 
including all parts. An example of this is that a biomass heat production process 
included within the ecoinvent database includes the end-of-life stage including the steel 
used for constructing the boiler/furnace. A similar process, namely a gas heat 
production process included within the ecoinvent database, includes some waste 
streams but not for any of the steel used. As steel is one of the largest materials that 
makes up a boiler, this is odd and more consistent modelling should be considered.  

2. The road construction toward freight transport of EURO 6 lorry is relatively high 
(0.00109 ma). Typically these processes are more on the order of e-11/e-12 rather than 
so high. Perhaps this is an error in inputting data?  

3. A quick double check calculation into the natural gas values of ecoinvent showed that 
a very high energy content of methane was assumed (55 MJ/kg). This is the very high 
end of the range and most natural gas that is combusted in industries has this high of an 
energy content. This can result in lower environmental impacts in the LCA than are 
made practically. 

4. It is also difficult to compare the processes of ecoinvent as important parameters like 
stack temperature and efficiencies are not well documented for combustion processes. 
Hence, if using ecoinvent processes to compare two different fuels it is not known 
whether the comparison is fair in that you are comparing similar cases.  

5. Generally, data of ecoinvent is quite dated. This limits any analysis completed with the 
ecoinvent database. More frequent updating of data or more transparently 
communicating exactly how the data was produced and the values behind it may allow 
for easier updating as a researcher.  
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16. Appendix G 
 
10 billion cubic meters of hydrogen of which 20% is by-product leading to 2 billion cubic 
meters waste hydrogen (Milieu Centraal, n.d.-b). Assuming a density of hydrogen of 0.08375 
kg/m3 there is 167,500,000 kg of waste hydrogen. 25 kg hydrogen is required for 1 MWh 
which results in 6,700,000 MWh able to be installed. Assuming 6000 FLH per year results in 
1.1 GW of installed capacity in the Netherlands if all waste hydrogen in the Netherlands is 
used.  
 
Worldwide there is 14.8 MT of by-product hydrogen (2022) (Bermudez et al., 2023). Again 25 
kg hydrogen is required for 1 MWh which results in the ability to install 592,000,000 MWh 
capacity. Assuming 6000 FLH per year 99 GW installed capacity if all worldwide by-product 
hydrogen is used.  
 
The demand of hydrogen in 2030 has been estimated to be approximately 125-213 PJ solely 
for industrial applications on the coast of the Netherlands with an additional 25-40 PJ demand 
estimated for the industrial cluster Chemelot (Limburg, consisting mostly of chemical 
applications) (Ministerie van Economische Zaken en Klimaat, 2019d). This totals to a 150-253 
PJ expected demand in 2030. Converting this to MWh, results in 41666667-70277777 MWh 
of hydrogen demanded. Assuming 6000 FLH annually it results in 6944-11713 MW or 6.9-
11.7 GW of installed capacity required. 
 
The Dutch government has goals to install 8 GW electrolysis capacity by 2032 (Ministerie van 
Algemene Zaken, n.d.-e; Ministerie van Economische Zaken en Klimaat, 2019d). Assuming 
that they mean by this an electricity supply of 8 GW for electrolysis this results in 8000 MWe. 
Taking that the electrolyzer uses 50 kWh for each kg hydrogen produced (standard and used 
consistently throughout this research) it results in 960000000 kg of hydrogen / year.  
For hydrogen: assume 31 kg hydrogen / MWh resulting in 30967742 MWh. Assuming 6000 
FLH this leads to 5161 MW or 5.1 GW of installed capacity.  
For IFT: assume 27 kg hydrogen /MWh resulting in 35555556 MWh. Assuming 6000 FLH 
this leads to 5926 MW or 5.9 GW of installed capacity. 
 
The market size of scrap in 2022 is 624.5 million metric tons (Jha, 2023). For every MWh 
0.28 kg iron is required resulting in 2,230,357,142,857 MWh. Assuming 6000 FLH results in 
371,726 GW installed capacity. Scrap is not a problem therefore and the projected market 
value of 2033 is only larger – 1050 million metric tons (Jha, 2023). 
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17. Appendix H 
 
The reason why hydrogen leakage does not scale linearly is because the ‘product recipe’ 
changes as a result of the way it was modelled (a formula of 1-x was inputted). To explain, 
assume you use 1 apple and 1 banana, which together make 2 apple/banana smoothies. Now 
assume you still use 1 apple and 1 banana, but this only makes 1.5 apple/banana smoothies 
because 0.5 apple/banana smoothies fell on the floor and hence you cannot do anything with 
it. You still had the same input so the upstream impacts related to that 1 apple and 1 banana 
remain the same, but the output is different. If you, however, really need to have 2 apple/banana 
smoothies, you will need to use more apples and bananas to compensate for the loss. If this 
continues, then your upstream impacts will consistently become higher and higher, and they 
will not be linear. The hydrogen leakage doesn’t scale linearly because this is the way it is 
modelled for easier data parametrization.  
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