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INTRODUCTION 

Martin Lambert 

The last two years (2019 and 2020) have seen growing momentum behind the global recognition of the urgency of the óclimate 

emergencyô, with more and more countries committing to achieve net zero emissions, typically by 2050 (e.g. UK, European 

Union, Japan, and South Korea) and by 2060 in the hugely significant case of China. The same two years have also seen a 

growing conviction that hydrogen will play a significant role in the decarbonisation of the energy system. Electrification will 

certainly play a much enlarged role in future, with many commentators suggesting that the share of electricity in final 

consumption is likely to rise from typically around 20 per cent today to around 50 per cent by 2050. Even if that proves to be an 

underestimate, it will still leave considerable demand for low-carbon molecules, and, with current technologies, the most likely 

low-carbon (or preferably zero-carbon) molecule is hydrogen. A growing number of countries have now published national 

hydrogen strategies, and more such strategies are under development. These strategies set bold ambitions for development of 

hydrogen but are relatively unclear on the pathways and steps to reach those ambitions.  

The scale of transformation of the energy system from one based largely on fossil fuels to one where fossil fuels play a very 

minor role is enormous, and to complete such a transformation within 30 years requires unprecedented speed. Low-carbon 

hydrogen is starting from a small base, and current costs do not support a commercial business case. For hydrogen to achieve 

the ambitious targets which have been set for it in various strategies will require many players across the energy industry 

(private sector, government, regulators, and consumer groups) to work together to drive the required policies and behaviours. 

The structures to enable that collaboration will need to be developed as a matter of urgency in the next year or two. Against that 

background, it is very timely that this edition of the Oxford Energy Forum is dedicated to exploring the role of hydrogen in the 

energy transition.  

Adam Hawkes from the Sustainable Gas Institute at Imperial College, London sets the scene well, looking at the potential role of 

hydrogen in the context of an overall decarbonized energy system. He explains that while decarbonisation involves 

electrification of as many energy end-uses as economically and technically practical, something else will be required to cover 

periods of low renewable power generation and for those sectors (like aviation and parts of heavy industry) not suited to 

electrification. That ósomething elseô could potentially be low-carbon hydrogen. He also provides a valuable insight into the oft-

stated óblueô vs ógreenô hydrogen debate, arguing that for blue hydrogen to become a major player in the energy system will 

require far-reaching success with carbon capture and storage (CCS), as well as dealing with supply chain methane emissions. 

He concludes with the key message that the priority for now is to support innovation, demonstration, and deployment of 

hydrogen supply chains while also supporting a range of other technology options to achieve climate change mitigation. 

After that general overview, we go on to look at the potential role of hydrogen in some specific applications. My colleagues, 

Aliaksei Patonia and Rahmat Poudineh of OIES, consider the potential role of hydrogen, and more specifically ammonia 

produced using low-carbon hydrogen, to provide the required flexibility to the changing structure of the electricity grid. They 

argue that in principle, power-to-ammonia could provide grid services such as seasonal storage, emergency backup, and 

energy transmission. This could reduce the need for significant excess capacity in the electricity system and minimize the need 

to expand electricity grid capacity. They also point out a number of challenges which need to be overcome, in addition to the 

usual suspects like increasing scale, decreasing cost and obtaining required government support. Significantly, the ammonia 

synthesis process generally requires continuous operation to avoid damaging the catalysts, which limits its ability to provide 

higher-value grid-balancing services with intermittent renewable power generation. In addition, the toxicity of ammonia leads to 

limited social acceptability and stringent storage and handling requirements.  

Continuing the ammonia theme, Bruce Moore of Howe Robinson Partners contributes a very interesting article on the options 

for decarbonisation of the shipping industry, to meet the ambitious targets set by the International Maritime Organization. There 

has been considerable focus recently on the potential use of ammonia from low-carbon hydrogen. This does indeed seem to be 

a promising option, but the article puts it in the context of other alternatives like direct electrification and use of biofuels. The 

author also makes the encouraging observation that while the cost of decarbonized fuels is higher than that of the fuel oil used 

currently, this generally only results in a small percentage increase in the cost of delivered goods. 

Blending low-carbon hydrogen into the natural gas grid is sometimes considered a logical initial step in the energy transition. 

Andy Lewis from Cadent and Tommy Isaac from Progressive Energy contribute a fascinating article explaining some of the 

detailed technical and safety work which was carried out in preparation for the initial trials of blending 20 per cent hydrogen into 
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parts of the natural gas distribution grid in the UK. This illustrates well the level of detail which is necessary before making even 

that limited change, and gives an indication that a similar approach will be necessary before conversion of existing natural gas 

infrastructure to carry 100 per cent hydrogen. Several such projects are already under way; for example, Gasunie in the 

Netherlands has already converted a short section of transmission pipeline to carry hydrogen, and National Grid in the UK is 

building a test site to assess components of the National Transmission System when used to carry hydrogen. 

Markus Schöffel from thyssenkrupp Steel points out that the iron and steel industry globally is currently responsible for around 

7 per cent of global CO2 emissions with the dominance of coal-based blast furnace technology. He explains clearly how 

switching to a direct-reduction process using low-carbon hydrogen could eliminate around 95 per cent of these emissions, and 

encouragingly highlights the ambition of thyssenkrupp Steel to convert around one-third of its capacity to direct reduction by 

2030. He also points out the challenge of securing sufficient low-carbon hydrogen supply, particularly given Germanyôs current 

policy focus on green hydrogen. He makes the case for parallel development of blue hydrogen, and points out some of the key 

regulatory changes which will be required to accelerate the transition to the direct-reduction process. 

Picking up the regulatory theme more generally, Alex Barnes of OIES provides a good overview of the complex topics around 

regulation of hydrogen markets, with a particular focus on potential concerns about ólocking inô technologies with relatively high 

emissions. He argues that the risk of such lock-in is low, and that government policy and regulation can adjust over time as 

technology develops. He stresses that the higher priority should be for regulation to enable an early start to stimulating the 

required investments in hydrogen infrastructure, pointing out that there is a greater risk of delaying the switch from unabated 

fossil fuels.  

Linked to the topic of regulation and market development, Patrick Heather of OIES then looks further ahead and considers how 

a traded hydrogen market might develop, drawing particularly on lessons from the historic development of trading in the natural 

gas industry. He points out that the process of natural gas market liberalisation in the UK took nearly 15 years, and it took a 

further five years for the British NBP to become a liquid trading hub, with slightly longer overall time frames in other European 

countries. He assesses that the situation of European hydrogen infrastructure today is less mature than the gas market was in 

the 1960s, so there is a long journey ahead to establish a traded hydrogen market. Depending on the speed of the energy 

transition, he projects that it is feasible there could be a traded market by 2040.  

Just two or three years ago, it appeared that most of the focus on decarbonisation was in Europe (and probably even more 

concentrated in relatively affluent north-west Europe), while interest in climate change was muted elsewhere in the world. The 

articles thus far have largely reflected that focus. That Eurocentric focus of decarbonisation has changed dramatically in the last 

year, however, with ónet zeroô declarations from countries such as China, Japan, and South Korea and the change of 

administration in the United States. Similarly, interest in hydrogen as a low-carbon energy vector has also grown substantially. 

Reflecting that growing global interest, we have included articles from a selection of countries which are developing serious 

plans for low-carbon hydrogen.  

Ken Koyama from the Institute of Energy Economics in Japan provides a fascinating insight into the current deliberations in 

Japan following Prime Minister Sugaôs declaration in October 2020 of the countryôs carbon-neutrality target for 2050. He 

explains the current ideas which may become incorporated into the release of the next Strategic Energy Plan later this year, 

which is likely to include low-carbon hydrogen/ammonia in the intended 2050 power generation mix. However, he also highlights 

some of the key challenges which Japan faces to be able to develop low-carbon hydrogen at a reasonable cost. These include 

the cost of renewable power generation, which is higher in Japan than in many other countries, and the likely requirement for a 

large share of hydrogen (or derivatives like ammonia) to be imported into Japan. 

To meet that potential demand for imports into Japan and elsewhere, Australia is positioning itself to become a significant 

exporter of hydrogen to Asia, as explained by Peter Grubnic and David Norman of the Australian Future Fuels Cooperative 

Research Centre. They explain how Australia plans to take advantage of its abundant natural resources, both wind and solar, as 

well as traditional hydrocarbons, which could be linked with carbon capture and storage technologies. Most export-oriented 

projects are focussing on renewables-based hydrogen and ammonia; and following a number of domestically focussed pilot and 

demonstration scale projects, some developers are now evaluating export-focussed projects up to GW-scale.  

Saudi Arabia is also positioning itself as a very large potential low-carbon hydrogen exporter. Ahmad O. Al Khowaiter and 

Yasser M. Mufti of Saudi Aramco provide an excellent insight into their companyôs thinking around the opportunities and 

challenges for hydrogen. They explain the current initiatives in both blue and green hydrogen in Saudi Arabia, including the 
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demonstration shipment of blue ammonia to Japan in September 2020. They highlight Saudi Aramcoôs significant existing 

experience in carbon capture, utilisation, and storage (CCUS), and the Kingdomôs significant existing role in the global ammonia 

trade, but remind us of the very rapid scale-up required in CCUS technologies. The International Energy Agencyôs Sustainable 

Development Scenario envisages global CCUS capacity to grow to 5.6 billion tonnes per year by 2050 from just 40 million 

tonnes per year today. To meet such challenging ambitions, they remind us, there is a need for inclusive global policies and 

appropriate market mechanisms, perhaps drawing lessons from the early days of the LNG industry. 

Staying in the Middle East, Robin Mills, CEO of Qamar Energy and OIES research associate, explains how hydrogen fits with 

the low-carbon energy ambitions in the United Arab Emirates (UAE), building on existing plans for renewable power generation 

and gas. With abundant low-cost solar resources (potentially the next solar power project could have a strike price below 1 

US¢/kWh), manufacture of green hydrogen could become increasingly attractive. The country is also a leading exponent of 

carbon capture, and the new leadership of the Abu Dhabi National Oil Company sees hydrogen as an important part of its 

strategy. Robin also points out that there are several major challenges for the development of hydrogen as a business in UAE. 

He suggests that competitive economics may lie less in becoming a major exporter of low-carbon hydrogen and more in 

domestic use and investment in international projects. 

Finally, we cover probably the two most important energy economies which as recently as a year ago may scarcely have 

featured in a discussion of decarbonisation. In the last 12 months that has changed dramatically, with Chinaôs pledge in 

September 2020 that the country would reach carbon neutrality by 2060, and with the new Biden administration setting the 

United States on a path to net-zero emissions by 2050. Kenneth Medlock of Rice Universityôs Baker Institute provides a US 

perspective, highlighting that the potential of hydrogen rests in its diversity, particularly the range of alternatives for production of 

low-carbon hydrogen. He also emphasises the importance of infrastructure in the massive supply chains which comprise the 

energy system, and the importance of making use of such infrastructure as far as possible. He also makes clear that while there 

are some federal incentives which can benefit hydrogen, certain states, most notably California, also have incentives which 

make hydrogen more attractive.  

Michal Meidan of OIES reminds us that China is a global leader in clean energy technologies and poses the question of whether 

China can replicate its success with low-carbon hydrogen. She points out that evolving geopolitics may make previous 

synergies between developing technologies in the West and scaling them up in China more challenging. Nevertheless, she 

argues that the 2060 carbon neutrality pledge bodes well for hydrogen. China already has significant production and industrial 

use of hydrogen, albeit much of it highly polluting, using coal as a feedstock, and has already been promoting use of hydrogen 

in transport, with nearly 7,000 fuel cell vehicles having been sold. She suggests that while hydrogen is now gaining momentum 

in China, there are several challenges to overcome. Notably, as in other countries, regulations will need to adapt, and cost 

competitiveness will need to improve. In an interesting parallel with the United States, she explains that in many cases 

provincial governments are taking the lead on hydrogen development, adapting to more local circumstances.  

Reflecting on the diverse range of articles contributed to this edition of the Oxford Energy Forum, it is clear that huge 

momentum and expectations are building related to low-carbon hydrogen in many sectors and many countries, but significant 

challenges remain to be overcome. We hope that you enjoy reading this issue of the Forum and find it stimulating and 

informative. I would like to thank all of the contributors to this edition, Amanda Morgan for copy editing, and Kate Teasdale for 

her usual attention to detail in finalising the publication. If you would like to discuss or comment on any of the points raised, 

please feel free to contact me (martin.lambert@oxfordenergy.org) or the individual authors directly. 

 

OPPORTUNITIES AND CHALLENGES FOR HYDROGEN IN A DECARBONIZED ENERGY 
SYSTEM 

Adam Hawkes 

It is now well established that the way in which we produce, transform, and consume energy must fundamentally change over 

the coming decades if the Paris Agreement target of limiting global warming to well below 2°C is to be met and if we are to avoid 

dangerous climate change.  

Fortunately, there is now substantial evidence regarding the broad features of future energy systems that might meet this target; 

the cornerstones of the transition are improved energy efficiency, power sector decarbonization, and electrification of as many 
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energy end-uses as economically and technically practical (e.g. substantial parts of building heating and transport). This vision 

is already making significant headway in the form of rapid renewables uptake in the power sector and movements towards the 

electrification of large parts of the transport sector, and to an extent in heat provision. 

In the 1990s and early 2000s, hydrogen was seen as playing a key role in the future of energy.1 It then lost favour as 

technological optimism was overcome by infrastructure, economic, and other concerns. But this is now changing, and hydrogen 

is back with renewed interest, helpful policy targets, and a range of credible companies offering products and services across 

the value chain. 

Where does hydrogen fit in future energy systems? 

Arguably the biggest success stories of decarbonization to date are those of solar photovoltaics (PV) and wind power. One does 

not need to look far in the literature or at on-the-ground uptake to see that this is true.  

For example, in the case of solar PV, deployment has consistently exceeded expectations, and learning rates have been 

reducing capital cost by more than 20 per cent for each doubling of capacity.2 Similarly, for wind power, the success of offshore 

auctions in the UK has been spectacular, with prices dropping from around £ 120/MWh to less than £ 40/MWh in less than a 

decade. With these trajectories it is no surprise that solar PV and wind power are expected to make up a large portion of global 

power system capacity by mid-to-late century. This, combined with upbeat projections of end-use electrification of transport, 

heat production, and parts of industry is central to conventional wisdom on how to combat climate change. 

But how far can the world go with such a strategy? While a number of prominent studies involving 100 per cent renewable 

power systems exist, the question of intermittency of solar and wind sources, and therefore system operability, cannot be 

overlooked. On this point, most studies of global decarbonization limit solar and wind uptake to 50ï70 per cent of electricity 

production. This issue is further compounded by potential large-scale electrification of end-uses, changing the timing of 

demands and increasing the magnitude of demand peaks.  

A good example of this is the coincidence of low wind, low sun, and high heat demand in winter in the UK. Notable examples of 

this were in January 2010 and January 2021. In such periods, if space and water heating demand were served by ubiquitous air 

source heat pumps, as is often proposed (and especially since heat pump performance drops in cold weather), very large 

excess electricity supply capacity may be required. Moreover, end-use electrification is not economically and technically viable 

in all sectors. Often-cited examples of this are aviation, heavy goods transport, and important parts of heavy industry.  

Given these issues, it seems likely that something else, in addition to the fundamentals of power sector decarbonization and 

end-use electrification, is needed if the world is to reach Paris Agreement targets while maintaining a workable, diverse, and 

economically sensible energy system. This is where hydrogen can potentially play a role in the future.  

Hydrogen has several attractive features, beyond the obvious of being perfectly clean-burning and a very common element 

(though often tied up inconveniently with other elements such as oxygen or carbon). Of particular importance are its useful 

features of relative transportability (e.g. compared to heat) and long-term storability. The latter point is advantageous for not only 

the intermittency issue described above, but also broader energy security and system resilience. And hydrogen appears to have 

both the technical and economic advantage for long-term storage. One recent study pointed out that while lithium-ion batteries 

are increasingly dominant in many storage applications, they will likely not be able to compete with hydrogen in long-duration 

applications, even in the long term.3  

Furthermore, hydrogen can be an important peak-shaving resource, providing very significant value to energy systems by 

avoiding the need for large amounts of backup, carbon-emitting peaking power-generation capacity. During cold snaps, for 

example, hydrogen could serve peak heat demand, or fill long-duration troughs in renewables supply, taking load off the power 

sector when capacity is stretched, thereby avoiding potentially enormous price spikes. The fact that such a role is of high value 

to the energy system (and thus to consumers) creates a conundrum for energy markets in that a per-kWh price for hydrogen 

may not make sense; rather, its value is measured in avoided cost of standby electricity generation capacity (i.e. electricity kW 

versus gas kWh).  

                                                      
1 See for example óBeyond carbon; the future is a gasô, The Economist, 10 February 2001. 
2 Creuzig et al. (2017), óThe underestimated potential of solar energy to mitigate climate changeô, Nature Energy 2, 17140. 
3 Schmidt et al. (2019), óProjecting the future levelized cost of electricity storage technologiesô, Joule 3(1), 81ï100. 
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Finally, but certainly not least importantly, hydrogen can play a significant role in otherwise hard-to-decarbonize applications. 

Industry is probably the best example of this, where technologies such as direct reduction of iron can use hydrogen, as can any 

process requiring heat at greater than about 100°C, the range at which a heat pump is more challenged to operate. Industry is 

also the one sector where hydrogen is already routinely used, particularly in refining and chemicals production, and is often also 

present on site anyway, due to its use as a process feedstock.  

How might hydrogen be produced? 

The next important question is where the hydrogen to serve future energy needs might come from. A colourful array of terms 

has emerged to describe the technology options, based on which form of primary energy they are derived fromðblack for coal, 

grey for gas, blue for gas with carbon capture and storage (CCS), green for renewable electricity via electrolysis, turquoise for 

gas via less-proven pyrolysis technology, and more. 

The figure below shows the range of production sources of hydrogen in the future scenarios as presented in the 2018 IPCC 

(Intergovernmental Panel on Climate Change) special report on global warming of 1.5°C (IPCC SR1.5). For context, this is 

against a background of 500ï600 EJ world final energy consumption, as presented in the recent Shell scenarios. The figure 

shows a story of rising fossil-based hydrogen production with CCS, becoming the largest source of H2 production by 2050. This 

is arguably mostly blue hydrogen, but the International Institute for Applied Systems Analysis database does not provide that 

detail, and the fossil source could vary from model to model. Green hydrogen (hydrogen from electricity) then takes over, 

dominating the market by 2100, though the outliers on both the fossil-based and green hydrogen sub-plots should be noted; 

there is substantial disagreement between some models at such long time frames.  

Sources of hydrogen production in IPCC SR1.5 óbelow 2ÁCô scenarios 

 
Note: The óxô on each box-and-whisker entry represents the mean of all values, the horizontal line represents the median, the boxed area shows 

the inter-quartile range, the whiskers represent the largest/smallest values within 1.5 times the interquartile range, and all points outside this 

range are represented by individual outlier points.  

Source: Huppmann, D., et al. (2019), IAMC 1.5°C Scenario Explorer and Data Hosted by IIASA. 

 

From these scenarios we can conclude that both blue and green hydrogen could be important in the coming decades, and it is 

not a simple case of ógreen versus blueô. In fact, the dominant form of production may well vary between locations according to 

natural endowments, proximity to demand, proximity to viable CO2 geo-sequestration sites, and other factors such as policy and 

regulation. 

Despite uncertainty about future production routes, and arguably similar environmental and long-term cost credentials of each, 

recent policy in the EU has focused on green hydrogen. The EU Hydrogen Strategy prioritized green hydrogen by setting 

ambitious electrolyser capacity targets of 6 GW and 40 GW in 2024 and 2030, respectively. This is a bold move, supporting a 
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technology that is currently less mature and more expensive over the more proven technology of steam methane reforming. It 

may pay off, if the cost of electrolyser technology can follow a trajectory similar to that of solar PV and wind power, as described 

above. It is possible, though not guaranteed, that green hydrogen can become cost-competitive with any other option far sooner 

than expected. 

What factors impact on the role for blue hydrogen? 

While green hydrogen is at present well supported by EU policy, the future of blue hydrogen is less certain. What are the main 

conditions for blue hydrogen to play a role? 

Given that hydrogen production from gas is relatively mature technology, it is the CCS part of the supply chain that requires the 

most attention. There are an increasing number of CCS projects worldwide. However, several key elements are still lacking: 

scale of activity, development of one-size-fits-all technology, and plug-and-play policy. Without such things, it is hard to imagine 

a future that might put CCS on a path equivalent to that taken by solar PV and wind power over the last 15 years. This is 

particularly true in the UK, where the first and second attempts at kick-starting CCS failed, with the cited reasons being cost 

concerns, difficulty in guaranteeing (in the insurance sense rather than the technical sense) that the CO2 would stay 

underground, and ultimately well-founded concerns regarding continuity of government support.  

Broadly speaking, if blue hydrogen is to become a major player in global energy systems, far-reaching success is also needed 

with CCS. This aligns blue hydrogen technology with other CCS-entwined technologies such as bioenergy with CCS and direct-

air carbon capture and storage (DACCS). The former, and increasingly the latter, are seen as critical for achieving climate 

change mitigation ambitions, so it is a wonder that more effort is not directed at the success of CCS, whilst variable renewable 

energies race ahead. 

Methane emissions are the second key issue for blue hydrogen. Methane emissions related to the oil and gas supply chain are 

estimated by the International Energy Agency Methane Tracker at 70 MtCH4/year, roughly equivalent to the entire energy-

related emissions of the EU in terms of CO2 equivalence. These methane emissions have become a key issue for the gas 

industry in recent years, and are now the subject of forthcoming regulation in the EU, with publication of an EU Methane 

Strategy in 2020. Like any technology related to fossil fuel supply chains, the embodied emissions in blue hydrogen may be 

significant, and may prove difficult to abate sufficiently despite concerted efforts by industry. 

Finally, should methane emissions be dealt with, it is also clear that high-capture-rate CCS processes will be required to 

produce blue hydrogen. In this respect it is important to investigate technology beyond steam methane reforming with CCS, 

which requires capture from two streams (process and heat generation). Auto thermal reforming and methane pyrolysis are both 

interesting options in this regard, with the former relatively well established and the latter in development and early 

demonstration. Achieving a capture rate above 95 per cent, ideally close to 99 per cent, will be important for this technology in 

the future.  

Conclusion 

The weight of evidence suggests that hydrogen has a fighting chance at a role in future energy systems. This role may be 

bigger than long-term modelling under the auspices of the IPCC may suggest. Not all of the underlying integrated assessment 

models in such studies have full representation of hydrogen value chains, from supply through transformation and transition to 

the full range of end uses. Should this be consistently included, it is plausible that a much greater potential role for hydrogen 

would present itself.  

The features of hydrogen, particularly its potential for long-duration storage and transportability, make it a solid zero-emissions 

partner to variable renewable energy. Hydrogen would likely have on-tap availability to serve peak demands, and the related 

supply chain can both consume and produce electricity, heat, motive power, and other services to complement zero and net-

negative carbon electricity systems.  

The thermal and energy density features of hydrogen also make it a good option for otherwise hard-to-decarbonize applications. 

Industry, heavy transport (and potentially aviation), and long-term storage applications are prime candidates.  

Overall, hydrogen has similar inter-sectoral features as zero-carbon electricity; it can be used in multiple applications in multiple 

sectors with no end-use emissions, making it ripe for economies of scale across these sectors and benefitting from the lack of 

correlation of the demands between them. A decade ago, natural gas may have been the cost-effective partner to renewables; 
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but new developments, not least the Paris Agreement, mean that hydrogen should be considered as an alternative. Time will 

tell. The priorities for now are to support innovation, demonstration, and deployment of hydrogen supply chains while also 

supporting a range of other technology options to achieve climate change mitigation. 

 

CAN POWER-TO-AMMONIA PROVIDE GRID FLEXIBILITY? 

Aliaksei Patonia and Rahmat Poudineh 

As energy production accounts for around 70 per cent of all global greenhouse gas emissions,4 moving towards climate 

neutrality requires transforming existing carbon-intensive energy systems. This means, among other things, shifting from 

extensive reliance on fossil fuels to greater dependence on low- and zero-carbon energy sources such as solar photovoltaic and 

wind power. An energy transition of this kind, however, poses significant challenges to the power system, as these resources do 

not have the key characteristics of traditional flexible generation. 

Specifically, while seasonal fluctuations in energy consumption owing to winter heating and summer cooling are significant in 

most countries, renewable energy production cannot be substantially increased on request to meet peak demand. Additionally, 

unpredictable disturbances and periods of challenging weather conditionsðsuch as snow cover and high pressure, which 

minimize the potential for solar or wind generationðcreate further barriers to grid balancing in renewables-dominated energy 

systems. Although one option in both cases is to maintain significant excess capacity in the electricity system, it is certainly not 

efficient. Finally, the cheapest and/or cleanest energy resources are not always close to demand centres, and connecting low-

carbon energy resources to users via grid lines may be neither easy nor cheap.  

One possible solution to this set of challenges is power-to-X, technologies allowing for the conversion of renewable electricity 

into carbon-neutral fuels that could later be stored and transported or converted back to electricity.  

Whilst ógreenô hydrogen has traditionally been envisioned as the ultimate product of the power-to-X process, increased attention 

has recently been paid to ógreenô ammonia (NH3) as a potentially more attractive alternative. This article focuses on the power-

to-ammonia (P2A) systems that use renewable electricity to first generate hydrogen from water (via electrolysis) and nitrogen 

from air and then combine both in the Haber-Bosch process to synthesize ammonia.5 It argues that, in principle, P2A could offer 

grid services such as periodic and seasonal storage as well as emergency backup. Also, by transferring energy across time and 

space, ógreenô ammonia could facilitate utilization of stranded renewables and thus minimize the need to increase grid capacity. 

Nonetheless, development of P2A faces several challenges, including the relatively low flexibility of the ammonia production 

process. Since this makes ammonia not particularly suitable for providing fast-response services, it prevents it from participation 

in high-value markets which require fast response, such as ancillary services. To compete with alternative grid service 

providers, P2A capital and operating costs also need to decline, and regulatory and policy barriers need to be overcome. 

Power-to-ammonia and its services to the power grid 

Key threats to the stability of power systems include fluctuations in frequency, voltage, power demand and supply, as well as 

overall system failure. Although these could be addressed by various resources, energy storage can play a unique role. In fact, 

most of these challenges could be resolved by storing power for a short time (seconds or minutes), while others require 

medium-term (hours or days) or long-term (weeks or months) energy storage. 

Four major types of energy preservation technologies are currently available: electrical, mechanical, electrochemical, and 

chemical.6 Of these four categories, the future of long-term energy storage is more often associated with the electrochemical 

(batteries) and chemical (e.g. natural gas, hydrogen, and ammonia) options. Unlike other options, these can store large volumes 

of energy for a long time in a transportable form, so that power can be transferred across both time and space. Of these, only 

hydrogen and ammoniaðtwo substances that can be generated carbon-freeðare able to preserve the same amounts of energy 

as fossil fuels, potentially cost-efficiently, while not emitting any CO2 when combusted.7 Of these two, ammonia can deliver 

more energy within the same volume, and it has an established infrastructure and lower handling costs.8  

                                                      
4  C2ES (2019), Global Emissions, Arlington, VA: Center for Climate and Energy Solutions. 
5 N2 (gas) + 3H2 (gasύ ҭ нbI3 (gas). 
6 Although direct storage of heat is also possible, the paper does not discuss that and focuses on main methods of energy preservation with 

application in electricity sector. 
7 Hydrogen: 2H2 + O2 = 2H2O; ammonia: 4NH3 + 3O2 = 2N2 + 6H2O; Electricity Advisory Committee (2018), A Review of Emerging Energy 

Storage Technologies, Washington, DC: US Department of Energy. 
8 Kraemer, S. (2018), óMissing link for a solar hydrogen is é ammonia?ô, PhysOrg, 9 January, p. 4. 
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Electric power systems: characteristics and energy storage needs 

Power system 
Electricity storage 

services Description 

Storage 

duration needed Challenge Characteristics 

Potential 

system 

failure 

n/a Emergency backup Providing power during 

outages (long-term) 

Hours-days 

Weeks-months 

A
n

c
ill

a
ry

 s
e

rv
ic

e
s
 

Black start 

capability 

Providing power during system 

restoration (short-term) 

Seconds-minutes 

Hours-days  

Fluctuations Frequency Frequency 

control 

Management of frequency 

fluctuations 

Seconds-minutes 

Spinning reserve Extra generating capacity 

(through increased power 

output) that is on-line 

Standing (non-

spinning) reserve 

Extra generating capacity that 

is not on-line 

Hours-days 

Voltage Voltage control Management of voltage 

fluctuations 

Seconds-minutes 

Power demand Peak shaving Reduction of peak load 

Load levelling Shifting load towards off-peak 

periods 

Hours-days 

Power supply Periodic and seasonal 

storage 

Storing electricity for off-peak 

production periods 

Week-months  

Source: Adapted from Fuchs, J., et al (2012), Technology Overview on Electricity Storage: Overview on the Potential and on the Deployment 

Perspectives of Electricity Storage Technologies, Aachen: Institut für Stromrichtertechnik und Elektrische Antriebe. 

In principle, P2A could offer several services to the power system: 

¶ By transforming surplus electricity from intermittent renewables such as solar and wind into ógreenô ammonia, it could 

provide periodic and seasonal storage, which would enable adjusting the output of generation facilities to the demand 

of grid operators and ultimate consumers. For renewable energy sources connected to the transmission network, P2A 

can potentially balance the grid by minimizing the need to curtail excess generation that would normally result in an 

overloaded and unstable grid. Instead, surplus power could be transformed into ammonia and stored until it could be 

used or converted back to electricity when the transmission system is available.9 

¶ P2A could facilitate grid integration of stranded renewables. Indeed, when the extension of the power grid is not 

possible for technical and/or economic reasons, the electricity produced by stranded renewables could be converted 

into ógreenô ammonia and delivered to the end user through the normal transportation modes.  

¶ Due to ammoniaôs capacity to preserve large volumes of energy for a long time, P2A systems could be used for 

emergency backup. Synthesized by solar and wind electricity during favourable conditions, ógreenô ammonia could later 

be reconverted to electric energy when generation incidents and failures cause outages.10 

However, in practice, P2A faces constraints to its ability to provide grid balancing services. This is specifically relevant to high-

value products such as frequency response which require a fast response. This is because there are specific technical 

requirements for production of ammonia, such as the need for continuous operation at a constant pressure and temperature. A 

dynamic operation can damage ammonia synthesis catalysts and result in loss of containment due to hydrogen embrittlement. 

Also, an intermittent operation weakens the economics of ógreenô ammonia plants.  

The flexible production of hydrogen through electrolysers is possible, but not at a large scale. The whole ammonia plant is, 

                                                      
9 Bennani, Y., et al. (2016), Power-to-Ammonia: Rethinking the Role of Ammonia from a Value Product to a Flexible Energy Carrier (FlexNH3), 

Schiedam, Netherlands: Proton Ventures. 
10 Lipman, T., and Shah, N. (2007), Ammonia as an Alternative Energy Storage Medium for Hydrogen Fuel Cells: Scientific and Technical 

Review for Near-Term Stationary Power Demonstration Projects, Berkeley, CA: University of California, Berkeley. 
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however, limited in flexibility by the NH3 synthesis section. Therefore, in order for P2A to be used effectively and reliably for grid 

balancing, the whole production process needs to become more flexible. This would require investment in further research and 

development.  

Using existing technologies, it is possible to modify the configuration of an ammonia plant to improve its flexibility to some 

extent, albeit at a cost. For example, more flexible electrolysis (such as polymer electrolyte membrane units) can be used, which 

follows the profile of generated renewable electricity. The first stage can also use a combined electrolyser and battery, but of 

course, this would increase the cost significantly. The ammonia plant, including air separation section, can be operated in a 

base load pattern if the excess hydrogen can be stored for later utilization when electricity supply drops. If underground 

hydrogen storage is available, the cost of variability can be reduced significantly compared with using a pressurized tank.  

Overall, P2A requires technological improvement in order to address the technical constraints of fast ramp-up and turn-down. In 

the presence of such constraints, the cost of operating P2A in a flexible manner can be an impediment for its participation in 

high-value markets such as fast response ancillary services.  

Decentralized power-to-ammonia: drivers of capital and operational costs 

Scale efficiency has traditionally been a key investment determinant for ammonia generation based on natural gas as a 

feedstock. Investors favour large-scale industrial production in order to take advantage of economies of scale and minimize 

costs. However, this is not the case when electricity is used as a feedstock.  

With natural gas as the feedstock, reducing the size of an operation from large (2,000 tonnes NH3/day) to medium (545 tonnes 

NH3/day) (i.e. shrinking it by a factor of 3.6) will result in a 42 per cent increase in the cost of production. The corresponding 

increase when the feedstock is electricity is only 6.7 per cent. Thus, with the rapid growth of decentralized renewables 

generation technologies in the future, electricity-based NH3 production is likely to be organized and expanded in the form of a 

small- or medium-scale operations, as there is no significant cost advantage in increasing the scale.  

Small-scale ammonia production is organized in a modular way, which can be better adjusted to the needs of renewable energy 

sources that are not necessarily connected to the grid. A typical 1.5-megawatt P2A unit running on renewable power is able to 

produce around 3 tonnes of ógreenô ammonia per day.11 Although this may not look impressive compared to the output of 

methane-powered ammonia plants, with the current average capacity of most onshore wind turbines being around 2 

megawatts,12 small-scale modular P2A systems seem to be particularly suitable for intermittent renewable energy sources.  

Moreover, with the nexus of offshore wind and P2A technologies, greater volumes of ógreenô NH3 could be produced. This could 

be done either onshore, if the electrolysers are connected to the turbines through cables, or offshore, if P2A facilities are placed 

next to the power generators. The latter option even offers potential cost reduction opportunities for remote wind turbines given 

the high costs of submarine cables (around EUR 1 million per km).13 

At the same time, in order for ógreenô ammonia to successfully compete with conventional ammonia, its key capital-cost drivers 

need to be significantly reduced. With electrolysers currently constituting at least 60 per cent of capital costs, and nitrogen 

production and Haber-Bosch components jointly responsible for up to 30 per cent, construction costs are only around 10 per 

cent.14 Expenditures on construction can be further lowered, since each of the key modules of such P2A facilities (electrolysers, 

nitrogen generators, and ammonia loops) represents a separate component that can be supplied off-shelf, easily transported to 

the production site and then integrated into the joint system with no loss to economic efficiency.15 On the other hand, due to the 

technologyôs maturity, the costs of nitrogen generation and ammonia synthesis are unlikely to decline further.16 Hence, the costs 

of electrolysers have the biggest potential for a significant drop and are expected to be almost cut in half by 2030, from around 

$ 700 /kW to around $ 344 /kW.17 

                                                      
11 óSustainable ammonia for food and powerô, Nitrogen+Syngas, 354:1 (2018), pp. 1ï10. 
12 International Renewable Energy Agency (2019), Renewable Capacity Statistics 2019, Abu Dhabi, UAE: IRENA. 
13 Crolius, S. (2018), The Offshore-Wind/Ammonia Nexus. Brooklyn, NY: Ammonia Industry Association. 
14 Institute for Sustainable Process Technology (2017), Power to Ammonia, Amersfoort, Netherlands: ISPT. 
15 J. Vrijenhoef, J. (2017), Opportunities for Small Scale Ammonia Production, London, UK: International Fertiliser Society. 
16 Fernandez, C.A., and Hatzell, M.C. (2020), óEconomic considerations for low-temperature electrochemical ammonia production: achieving 

Haber-Bosch parityô, Journal of the Electrochemical Society, 167:1, pp. 1ï9. 
17 Nayak-Luke, R., and Bañares-Alcántara, R. (2020), óTechno-economic viability of islanded green ammonia as a carbon-free energy vector 

and as a substitute for conventional productionô, Energy & Environmental Science, 9:13, pp. 2957ï2966. 
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Nevertheless, even with such a dramatic fall in the main capital-expenditure item, in order for P2A to compete economically in 

the electricity market, operating costs should also be substantially reduced. Apart from the cost associated with improving the 

flexibility of P2A, the costs of electricity generation as well as maintenance and labour are the main expenditures. Electricity 

appears to make up more than 70 per cent of operating costs, leaving around 25 per cent for maintenance and 5 per cent for 

labour.18  

Although electricity cost could be minimized if primarily surplus power is used, constant operation on excess electricity may not 

be possible if the first and second stages of ammonia production are not redesigned to improve their flexibility. Additionally, the 

intermittency of solar and wind used for P2A lowers the capacity factor and further increases the costs.19 Similarly, since 

maintenance costs often strongly depend on the quality and costs of electrolysers, they may not be easily lowered. Last but not 

least, labour is likely to represent one of the most rigid operating costs.  

Key drivers of power-to-ammonia capital and operating costs  

 
Source: Adapted from Institute for Sustainable Process Technology (2017), Power to Ammonia, Amersfoort, Netherlands: ISPT; Boulamanti, A. 

and Moya, J. (2017), óProduction costs of the chemical industry in the EU and other countries: ammonia, methanol and light olefinsô, Renewable 

and Sustainable Energy Reviews, 68:2, 1205ï1212. 

Decentralized power-to-ammonia: barriers 

Apart from the costs challenges of decentralized P2A, there are a number of regulatory, market, and policy barriers hindering 

development. In particular, because ammonia is highly toxic and potentially a significant threat to public health and the 

environment, the construction and operation of all ógreenô ammonia installations are regulated in ways that may limit the 

conditions (e.g. scale and location) under which ammonia is produced, stored, and transported. These conditions, in turn, must 

align with the requirements of the specific renewable generating facilities used for production, which creates additional 

complexity.20 That is why it may be administratively burdensome for investors in P2A to provide the scale and capacity 

necessary for efficient contribution to grid balancing, while each small-scale facility will have to comply with strict regulations.  

At the moment, high global demand for ammonia as well as low prices of natural gas (as the main feedstock for conventional 

ammonia) appear to be the key market barriers for the promotion of P2A, as they give competitive advantage to conventional 

large-scale ammonia generation based on methane. In this context, state policies on subsidizing production of fossil fuels and 

fertilizers further undermine the competitiveness of ógreenô ammonia, which, in turn, has to overcome the adversity of higher 

                                                      
18 Institute for Sustainable Process Technology (2017), Power to Ammonia, Amersfoort, Netherlands: ISPT; Boulamanti, A., and Moya, J. 

(2017), óProduction costs of the chemical industry in the EU and other countries: ammonia, methanol and light olefinsô, Renewable and 

Sustainable Energy Reviews, 68:2, pp. 1205ï1212. 
19 MacFarlane, D., et al. (2020), óA roadmap to the ammonia economyô, Joule, 4, pp. 1186ï1205. 
20 Bennani, Y., et al., 2016, Power-to-Ammonia: Rethinking the Role of Ammonia from a Value Product to a Flexible Energy Carrier (FlexNH3), 

Schiedam, Netherlands: Proton Ventures. 
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marginal capital and operating costs. Furthermore, the absence of policies aimed at improving the generally low social 

acceptance of ammonia will make it hard for new P2A facilities to compete with the already established ones.21 

Conclusion 

P2A could offer important services as periodic and seasonal storage as well as emergency backup. In addition, by transferring 

energy across time and space, ógreenô ammonia could facilitate grid integration of stranded renewables. Technically, this could 

be done due to the possibility to organize P2A production in a decentralized way using a modular approach. 

However, development of P2A faces a number of challenges. Technologically, slow progress in the improvement of 

electrolysers along with intermittency of wind and solar energy production are major hurdles which need to be overcome. 

Currently the flexibility of P2A is low, and this prevents it from participating in high-value markets which require fast response. 

Furthermore, the high cost of electrolysersðalong with issues regarding ammoniaôs toxicity, its lack of social acceptance, and 

the use of low-cost fossil fuels as the main feedstock for conventionally generated ammonia are barriers to the development of 

P2A. On top of that, state subsidies to the producers of hydrocarbons and fertilizers are likely to further discourage investors in 

ógreenô ammonia, as they will make their decarbonized product even less competitive.  

 

THE ROLE OF AMMONIA AND HYDROGEN IN MEETING INTERNATIONAL MARITIME 
ORGANIZATION TARGETS FOR DECARBONIZING SHIPPING 

Bruce Moore 

Decarbonizing shipping 

The worldôs shipping fleet is responsible for approximately 0.9 Gt of CO2 emissions annually, around 2.9 per cent of the worldôs 

man-made emissions total. Under a óbusiness as usualô scenario, this is forecast by the International Energy Agency to grow to 

almost 1.7 Gt per year by 2050.22 The industryôs principal regulatory body is the International Maritime Organization (IMO). The 

IMO aims to reduce world shippingôs greenhouse gas (GHG) emissions in line with the 2015 Paris Agreement. In practice, 

moving a heavy ship over long distances results in a combination of a high power requirement and severe constraints on weight 

and space. As such, shipping, along with aviation, remains one of the most stubbornly difficult sectors to decarbonize.  

Shippingôs commercial environment also makes rapid decarbonization difficult. Margins are thin, and capital-intensive assets 

have long investment life cycles. The industry is fragmented, geographically and across multiple trade sectors, with a myriad of 

regulatory bodies as well as the IMO. Nevertheless, to stand a chance of meeting the IMOôs targets, change is required now.  

Regulators hope to make material gains in decarbonization through both operational measures (e.g. speed reduction and port 

logistics) and advances in vessel design (e.g. hull form, wind assistance, and engine technology). The targeted GHG reductions 

will not be achieved, however, without the introduction of lower-carbon and decarbonized fuels, such as hydrogen, ammonia, 

and battery power, as well as biofuels and synthetically manufactured low-carbon fuels. This article focuses on the relative 

merits of the lower-carbon fuel alternatives.  

Environmental targets, the IMO, and the European Union 

The IMO targets a reduction in GHG emissions from shipping of at least 50 per cent, compared with 2008 levels, by 2050. 

Lloydôs Register estimates the 50 per cent cut in absolute emissions is óequivalent to a real-world reduction of about 85% in 

operational CO2 intensityô23ðthat is, vessels will have to cut their CO2 emissions by 85 per cent per nautical mile to take 

account of increasing numbers of ships and activity over the coming years.  

The pace of change at the IMO has often been criticized. For example, the European Union (EU) arguably is seeking a faster 

pace of change through the inclusion from 2022 of shipping within the EU Emissions Trading Scheme. There are also many 

advocates for a universal carbon tax or levy on shipping fuels. 

 

                                                      
21 MacFarlane, D.R., et al. (2020), óA roadmap to the ammonia economyô, Joule, 4:1, pp. 1186ï1205. 
22 International Energy Agency (2017), Energy Technology Perspectives. 
23 Techno-economic assessment of zero-carbon fuels, Lloydôs Register, March 2020. 
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IMO regulatory timelineða road map for GHG reductions  

 
Source: Howe Robinson Partners / DNV GL 

Hydrogen 

Of all liquid or compressed-gas marine fuels, the use of hydrogen, generated from renewable electricity, potentially results in the 

lowest GHG emissions. However, its direct inclusion in marine propulsion systems faces arguably the greatest technical 

challenges.  

In the volumes that would be required for marine propulsion, hydrogen would be stored either as a compressed gas or 

cryogenically as a liquid at ī240°C and 13 bar pressure. As a liquid, its energy density is approximately five times less than that 

of heavy fuel oil (HFO), and including the cryogenic containment required, the volume of tank space needed is considerably 

higher. Such containment systems are very expensive and are in the early stages of development. Hydrogen-driven internal 

combustion engines are less efficient than those for diesel; the further development of fuel cells is considered critical for any 

material marine take-up.  

Synthetic low-carbon fuelsðammonia, LNG, methanol, and diesel 

The energy of renewably generated hydrogen may well be more pragmatically utilized via the generation of what have been 

dubbed synthetic fuels or e-fuels. A range of such fuelsðsuch as diesel, ammonia, methanol, and methaneðcan be produced 

by chemically combining hydrogen with carbon (commonly CO2) and nitrogen.  

The overall energy efficiency of these processes can be seen in the table below. Production of each of the fuels listed starts with 

hydrogen production by renewable-power-generated electrolysis. The differences in efficiency and forecast cost ranges 

between fuels are relatively narrow, with likely adoption being driven more by technical and logistical considerations (e.g. energy 

density) than by pure fuel price or overall energy efficiency.  
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Energy efficiency and forecast cost ranges for synthetically produced fuels 

 Hydrogen 

Synthetic 
methane 

(LNG) 
Synthetic 

diesel 
Synthetic 
methanol Ammonia 

Energy efficiency (%)      

Electrolysis 71 71 71 71 71 

Power-to-gas 
process  

ï 75 ï ï 87 

Liquefaction 83 96 ï ï ï 

Power-to-liquid 
process 

ï ï 75 75 ï 

Overall efficiency 59 51 53 53 62 

Cost range  
($/tonne oil equivalent) 

1,000ï2,000 1,500ï2,500 1,700ï2,700 1,700ï
2,500 

1,800ï
2,300 

Source: DNV (2019), óMaritime Forecast to 2050ô, Energy Transition Outlook 2020. 

Biofuels 

Biofuels (fuels derived from biomass feedstock) provide a promising solution for GHG reduction, as they can with some 

exceptions be treated as ódrop inô fuels (fuels that can be used with existing bunkering infrastructure). The GHG emissions from 

their combustion as fuel are considered balanced by the CO2 consumed in the growth of the biological source material.  

Currently the most promising biofuels for marine use are biodiesel (e.g. hydrotreated vegetable oil and fatty acid methyl ester), 

straight vegetable oil (which can replace HFO), bio-methanol, and liquid biogas (primarily methane). Bio-methanol is becoming 

available,24 and further technologies (e.g. based on algae) are in development.  

Biofuels are more expensive than their fossil counterparts, although it is likely that prices will fall as production gains economies 

of scale. Within the aviation sector, biofuels are already available at a price two to three times above fossil-based jet fuel.25 

However, for biofuels to be produced sustainably, they must not compete with food production, and in practice be based 

primarily on waste streams (mostly agricultural, forestry, or municipal). Scalability in biofuel use will therefore be a significant 

issue. Global biofuel production was 154 million mt in 201826 (including sugar and starch-based ethanol), the bulk of this being 

used on land rather than at sea. For comparison, the world marine sector consumed ~ 314 million mt in 2020.  

Ammonia 

When generated from green hydrogen, ammonia can act as a carrier for renewable electricity. Much interest has been shown 

recently in the potential for ammonia as a marine fuel. 

Ammonia is commonly stored in liquid form at either ī33°C or pressurized at 7 bar; a feedstock for fertilizer production, it is 

widely shipped through most major ports. It has a low flammability and slow flame speed; this means that when used in an 

internal combustion engine it must be blended with another combustion medium, such as LNG, hydrogen, or diesel. The 

technical challenges, particularly with regard to large marine two-stroke engines, are considerable. The engine manufacturer 

MAN aims to have an ammonia-fuelled two-stroke engine available óas early as 2024ô27. Ammonia is nitrogen-rich, so its use will 

result in considerable generation of nitrogen oxides, which must be mitigated via selective catalytic reduction. 

Ammonia also presents particular safety hazards, being highly toxic. For its widespread adoption as a marine fuel, a whole new 

bunkering infrastructure chain would need to be developed. Liquid ammonia has an energy density greater than that of liquid 

hydrogen but less than that of LNG. 

Several commentators have expressed the view that ammonia is likely to gain more widespread use in the medium to long term. 

Jacopo Tattini, a transport and energy analyst at the International Energy Agency, has predicted, óAmmonia as a shipping fuel 

will not be big in the next five years, but in the next 10ï15 years it will definitely take off.ô28  

                                                      
24 European Technology and Innovation Platform (2021), Use of Biofuels in Shipping, https://www.etipbioenergy.eu/value-chains/products-end-

use/end-use/water. 
25 Energy Transitions Commission (2019, January), Mission Possible. 
26 Blue Insight (2020), Low Carbon Shipping Fuels & Energy Guide 2020. 
27 https://www.man-es.com/discover/two-stroke-ammonia-engine  
28 Gas Strategies (2020, December), Ammonia: Shipping Fuel of the Future or Hyped Fantasy?  

https://www.etipbioenergy.eu/value-chains/products-end-use/end-use/water
https://www.etipbioenergy.eu/value-chains/products-end-use/end-use/water
https://www.man-es.com/discover/two-stroke-ammonia-engine
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Methanol 

Methanol as a marine fuel has its champions among some industry leaders, although the barriers to its widespread adoption are 

more commercial than technological.  

Methanol is a common feedstock, produced mainly from natural gas. It has lower energy density than HFO, with required tank 

volumes around 2.5 times those for HFO. The use of conventionally produced methanol for marine propulsion offers the 

opportunity to reduce GHG emissions by up to 10 per cent versus HFO. However, for methanol to contribute materially to 

decarbonization, it would need to be produced as described previously, from either hydrogen or bio- generation.  

A.P. Moller ï Maersk have championed methanol as part of their decarbonization ambitions, although in a recent interview Berit 

Hinnemann, the companyôs senior innovation project manager, said, óIn pioneering this technology, it will be a significant 

challenge to source an adequate supply of carbon-neutral methanol within the timeline we have set ourselves. We have a lot of 

work ahead of us to find the projects which are truly scalable and carbon-neutral.ô29  

LNG 

LNG is widely viewed as an important lower-carbon fuel on the overall decarbonization pathway. LNG as a fuel results, 

depending on supply chain and engine configuration, in 10 to 25 per cent lower GHG emissions than HFO. The release of any 

uncombusted methane (ómethane slipô) reduces the effectiveness of LNG in reducing GHG emissions, as methane has 25ï30 

times greater GHG effect than CO2. LNGôs lower energy density requires fuel tanks roughly twice the volume of HFO tanks; the 

insulation and space requirements of the tanks increases this to three or four times the volume.  

Ultimately, as a hydrocarbon, LNG by itself will not enable the industryôs overall aim of full decarbonization. But for long-haul 

shipping right now, LNG is arguably the only investable fuel option that brings about material GHG gains. LNG has widely been 

dubbed a transition fuel; in the IMOôs current strategy, there is still room for some GHG emissions in 2050. Whether those 

investments pay off will depend on how long that transition lasts.  

LPG 

Like LNG, LPG offers the prospect of lower GHG emissions than HFO (up to approximately 15 per cent). In general, the 

incremental capital cost of LPG propulsion is less than that for LNG, although LNG is for the most part a cheaper fuel. Hence, 

for the moment, LPG power is confined to LPG carriers themselves, taking advantage of the cargo on board. There are 

prospects that some bio-LPG may become available as a by-product of biodiesel production.  

One intriguing development is the emergence of new designs (e.g. from Daewoo Shipbuilding & Marine Engineering in Korea) 

for LPG marine power plants that can be made óammonia readyôðeasy to convert once large two-stroke ammonia engines have 

been marketed.  

Batteries  

Where they can be applied for marine operations, the use of batteries promises to be transformational. Electrical systems are 

highly controllable, with low maintenance costs and prospectively high safety levels. However, considerable technical 

challenges remain. 

Lithium-ion batteries, widely adopted in car designs, are likely to provide the leading technology for the foreseeable future. They 

have proven competitive for some ferry and cruise ships, particularly as part of hybrid battery/conventional solutions. Battery 

prices are decreasing rapidly, the cost of lithium-ion battery cells dropping by more than 50 per cent since 2016. However, 

compared to liquid fuels, marine batteries have poor energy density; the best performing commercial battery in 2018 had an 

energy density of 2,434 kJ/l, as compared to marine diesel oil at 39,970 kJ/l.30 The size and weight of such batteries right now 

precludes their adoption for deep-sea trading ships.  

Fuel cells  

Fuel cells are devices that convert hydrogen-rich fuels into electrical power by electrochemical oxidation. Hydrogen is the most 

common fuel, although other fuels such as ammonia, methane, methanol, or even diesel can be used. Whilst fuel cells have 

been in use for military submarines for some time, for widespread civilian maritime use they will need to be developed with 

greatly increased scale and power output.  

                                                      
29 Offshore Energy, March 25, 2021. 
30 Blue Insight (2020), Low Carbon Shipping Fuels & Energy Guide 2020. 
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Nuclear 

Concerns regarding both safety and proliferation have to date excluded nuclear power from civilian maritime use. However, new 

technologies such as the óatomic batteryô proposed by CORE-POWER show great promise in the longer term; CORE-POWER 

aims to have a demonstration model reactor running by 2027. As with nuclear power ashore, the use of this technology onboard 

civilian marine vessels will most probably be determined as much by public and governmental perception of risk as by the basic 

science and engineering.  

Short-sea shipping vs deep-sea shipping  

Short-sea shipping (e.g. ferries and coastal trade) involves relatively low energy demand. Lower-density fuels such as hydrogen 

and battery power will become more feasible; indeed, battery power has gained a foothold in the Norwegian ferry sector. Deep-

sea shipping, however, involves larger vessels travelling over longer distances, often at higher speeds; higher propulsive power 

and energy density are required to make long voyages possible. Furthermore, for vessels trading with no set route or schedule 

(common in the oil and bulk trades), fuels must be globally available. The introduction of new fuels will involve the construction 

of whole new bunkering supply chains as well as new vessel designs.  

Fuel comparisons 

The figure below compares the overall energy efficiency and energy density of current technologies. Energy efficiency is most 

relevant in its influence on overall cost. From a practical point of view, energy density is a key driver; batteries are particularly 

disadvantaged due to their size and weight. Hydrogen-based systems are light but highly demanding in terms of tank space. 

Biofuels currently have a slight edge over ammonia-driven systems. 

Energy efficiency and energy density of alternative fuels 

 
Source: Energy Transitions Commission (2019, January), Mission Possible. 

The next figure compares the cost of various fuels for a deep-sea tanker, assuming two different renewable electricity prices. 

Whilst capital costs are those known currently, renewable electricity prices have been tested with a conservative reference case 

and a low case (assuming forecast power generation cost reduction by 2030/2035). The price disadvantage of battery and 

hydrogen systems is clear. In the reference case, ammonia is broadly competitive with biofuels, although in the low electricity 

scenario, ammonia provides the cheapest decarbonized fuel source.  
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Annual incremental cost ($ million) of alternative fuels for a tanker compared with HFO  

(HFO cost is $ 4.9 million per year) 

 
Source: Energy Transitions Commission (2019, January), Mission Possible. 

Regarding pace of change, two recent studies assessed how the fuel mix may change going forward. The Getting to Zero 

Coalition estimated that to attain Paris agreement decarbonization goals by 2050, zero-emission fuels need to represent 

5 per cent of the international shipping mix by 2030.31 Thereafter, with a more ambitious goal of full decarbonization by 2050, 

27 per cent by 2036, and 93 per cent by 2046 would be required. By contrast, DNV estimated that to comply with the IMOôs 

current emissions strategy, the fuels mix shown in the next table would be sufficient.32 

Sector by sectorðcargoes and customers 

When considering how decarbonization is likely to change ship propulsion, we should not lose sight of the fact that 

decarbonization will radically change the cargoes carried. Ultimately the world will have less use for coal, then oil, then gas. 

Likewise, radically fewer large tankers will be required as the oil trade declines, followed ultimately by fewer LNG ships. The 

cruise sector is forecast to remain the fastest-growing segment of the industry.  

Total costs 

The total cost of maritime decarbonization to IMO targets has been estimated at $ 0.8ï1.2 trillion by 2050, or on average $ 40ï

60 billion annually for 20 years.33 It should not be forgotten, however, that the cost of shipping is a relatively small contributor to 

end-user raw material or product prices. A 110 per cent increase in freight voyage costs would, for example, add only about 

$ 0.3 or 1 per cent to the cost of a pair of jeans priced at $ 60.34  

                                                      
31 Getting to Zero Coalition (2021, March), Insight Brief.  
32 DNV (2019, June), Assessment of Selected Alternative Fuels and Technologies. 
33 Getting to Zero Coalition (2020, January), The Scale of Investment Needed to Decarbonize International Shipping. 
34 Energy Transitions Commission (2019, January), Mission Possible. 
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Fuel mix to comply with IMO emissions strategy by 2050 

Projected overall fuel mix by 2050 

Energy 
requirement  

(EJ/year) 

Fuel mix  

(million t 
oil equivalent) 

Carbon-neutral fuelsa  4.3 102 

LNG 2.5 60 

Electricity 0.6 13 

HFO / marine gas oil 3.7 89 

Total 11.1 264 

a These include biofuels and carbon-free fuels (H2, NH3).Source: DNV (2019, June), Assessment of Selected Alternative Fuels and 

Technologies 

Conclusion 

The best technological pathways to achieving decarbonization of shipping are right now highly uncertain. It is likely that in the 

near term the greatest potential for GHG reduction will be in operational efficiencies, most obviously in slow speeds and port 

congestion management. In the short to medium term, batteries, and later on hydrogen-based electrification, will become more 

common, at least for short-sea shipping. The use of biofuels will significantly expand, limited ultimately by the sustainability of 

their production and the relative price of alternatives. LNG and to a lesser extent LPG will play a significant, but ultimately time-

limited role, as they offer significant GHG reductions now but not the prospect of full decarbonization.  

In the much longer term, ammonia currently looks like the most likely route to total decarbonization in deep-sea shipping, 

although a whole new world fleet and bunkering infrastructure would need to be developed, which will take time. Much depends 

on future pricing of renewably generated electricity. Carbon capture and nuclear power could well remain enticing but 

undelivered silver bullets.  

The cost of decarbonization may seem high; but in the long run, it will have only a modest effect on the cost of goods 

transported. If the pace of regulatory change in the shipping industry going forward is slow, then regulators may well be 

overtaken by the pace of markets, as all stakeholders demand further change. Investors and businesses, and increasingly 

governments, are making commitments and starting to act. The shipping industry is fragmented geographically and between 

sectors; its immediate priorities must be on ways to more quickly bring about a mix of commercial incentives and regulatory 

change that results in tangible emissions reductions.  

 
HYDROGEN BLENDINGðLESSONS FROM HYDEPLOY 

Tommy Isaac and Andy Lewis 

The HyDeploy project35 is the first programme in the UK to supply hydrogen, in the form of a blend, to a live gas network since 

the conversion from towns gas in the mid-1970s. The project is delivered by Cadent, Northern Gas Networks, Progressive 

Energy, the Health and Safety Executive (HSE) Science and Research Centre, Keele University, and ITM Power. The 

programme is funded via the Ofgem Network Innovation Competition and commenced in 2017.  

The objective of the HyDeploy programme is to demonstrate that a blend of hydrogen, up to 20 per cent by volume (vol%), can 

be safely distributed and utilized within the Great Britain (GB) gas distribution network. The current limit for hydrogen distribution 

is 0.1 per cent by moles (mol%)  as per Schedule 3 of the Gas Safety (Management) Regulations (GS(M)R), 1996.36 

Derogation, or exemption, to elements within the regulations can be applied for via Schedule 11 of GS(M)R. Such exemption 

cases must be presented to the regulator, the HSE. The exemption cases must demonstrate that óthose affected by the 

proposed change are not prejudiced in consequence of itô. To achieve this, a safety case must be presented that evidences that 

a blend of 20 vol% hydrogen is óas safe asô natural gas. The purpose of the HyDeploy programme is therefore to generate and 

demonstrate this evidence base on a GB scale to facilitate the deployment of hydrogen blending across the GB gas distribution 

network. 

                                                      
35 Isaac, T. (2019), óHyDeploy: The UKôs first hydrogen blending deployment projectô, Clean Energy Journal, 3:2, 114ï125. 
36 UK Gas Safety (Management) Regulations 1996, UK Statutory Instruments 1996, No. 551. 
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The overall HyDeploy project is structured into two separately funded programmes, HyDeploy and HyDeploy2. The first 

HyDeploy programme has delivered the first private trial of hydrogen blends at Keele University; it started in 2017 and will end in 

2021. The HyDeploy2 programme continues on, to deliver the first public trial of hydrogen blends in Winlaton, Gateshead, and 

will seek to deliver a final exemption to act as a template for national hydrogen blending. HyDeploy2 started in 2019 and will 

continue to 2023.  

The purpose of this article is to detail the lessons learnt from the core technical programmes of the overall project to date and 

from the operation of the first trial at Keele University. The evidence base in support of the Keele University trial exemption has 

been assessed and approved by the HSE. At the time of writing, the evidence base for the Winlaton safety case is still under 

review by the HSE.  

Technical programmes 

The technical programmes of the overall HyDeploy programme are the basis on which the safety case is developed to apply for 

exemption to the hydrogen limit within GS(M)R. Each technical area seeks to investigate any marginal impacts that relate to the 

introduction of a hydrogen blend, relative to business-as-usual operations with natural gas. Any impacts are then quantified and 

assessed though an overarching quantitative risk assessment (QRA) to understand the total risk profile and structure of the 

hydrogen blend relative to natural gas.  

Gas characteristics 

Gas characteristics research is central to the understanding of any marginal differences between a hydrogen blend and natural 

gas. For the purposes of the research undertaken, natural gas has been explored via a proxy of 100 per cent methane, as is 

standard practice in gas research. The gas characteristics work streams have primarily explored the chain of causality that 

leads to fire/explosion, to understand at each stage whether a hydrogen blend affects the current elements. For clarity, the chain 

of independent events of concern is as follows: a gas leak occurs; the gas leak accumulates to a flammable concentration; an 

ignition source of sufficient energy is present and activated within the flammable cloud; and a fire or explosion occurs, leading to 

building impacts and injury.  

Gas leakage characteristics are determined by the flow regime of the moving fluid; lower velocity and therefore lower volumetric 

leaks are laminar, and larger leaks are turbulent. In the laminar flow regime, viscosity is the dominant gas characteristic. In 

turbulent flow, density is the dominant factor. The viscosity of a hydrogen blend is 99 per cent that of methane; therefore, no 

practical difference in leak rate occurs for smaller leaks. For larger leaks, an increase of up to 10 vol% would be expected due 

to the reduced density of the hydrogen blend relative to natural gas. 

Extensive experimental and modelling analysis has been undertaken to explore if any changes in leak dynamics result in a 

greater propensity to generate flammable environments. Both the experimental and analytical results have shown that no 

meaningful changes in gas concentration result from the potential increase in volumetric leak rate for turbulent leaks. This is due 

to the self-correcting nature of the induced ventilation flow. Following a leak of a buoyant gas, the fluid will naturally accumulate 

at the highest point of a room, and from there the gas will start to escape the room through windows, doors, ceilings, or cracks. 

The outflow of gas from the room induces ventilation into the room. Over time, the flow of air into the room equilibrates with the 

outflow of the gas, and a steady-state concentration is established. Given that both the volumetric leak rate and induced 

ventilation flow are driven by the buoyancy of the gas, both increase with reducing gas density. The net effect created is a self-

correcting mechanism where the ultimate gas concentration is not affected. This conclusion was analytically predicted and then 

experimentally confirmed. 

The potential risk of a fire or explosion primarily relates to the impact on the building structure in which the incident occurs. The 

direct impact of a pressure wave on a human is a secondary factor given the order of magnitude difference between the impact 

pressure required to cause structural damage, such as window or wall blowing out, relative to the impact pressure required to 

cause direct damage to humans. The impact of pressure waves on building structures is nuanced, with complex stoichiometric 

and geometric factors heavily influencing the resulting pressureïtime curve. Peak pressure and impulse are the two 

characteristics that determine structural damage, where the impulse accounts for the time duration of the pressure wave as well 

the magnitude of the pressure wave itself. As pressure waves relate to structural damage, the impulse metric is a more 

appropriate parameter, as it accounts for a greater number of characteristic variables than just the peak overpressure.  
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Gas leakage research facility 

 
 

Ignition research facility 

 
 

These dynamics have been extensively studied, both using established theoretical models and through dedicated 

experimentation where nearly 60 gas-air-geometries were studied. In general, peak pressures change with laminar burning 

velocities, where a hydrogen blend has an approximately 20 per cent increase in laminar burning velocity. However, due to the 

higher laminar burning velocity, the duration of the pressure wave was found to reduce, and hence changes to the impulse 

metric were significantly less. 

Appliances 

Demonstrating the safe operation of appliances without the need for disruption or change is a fundamental objective of the 

HyDeploy programme. Extensive experimentation and field testing have taken place to study the impact of a hydrogen blend on 

the operation of both well-operating and malfunctioning appliances. Since 1993 all domestic gas appliances sold into the UK 

have been tested for operability with 23 vol% hydrogen, which has been part of the certification testing required to achieve their 

CE marking (designating compliance with European standards).  

The laboratory analysis was supported by a review of appliance design and certification standards from the present back to 

1976, when the first natural gas standards came into effect following the conversion from towns gas. A carefully defined sample 

set of 13 appliances, primarily determined by their burner and flue design, were selected to provide a GB-representative test 

set. Safety and performance testing was then undertaken to evaluate the impact of a hydrogen blend on operational parameters 

such as flue gas emissions, nitrogen oxides production, combustion efficiency, delayed ignition, component temperatures, and 

appliance commissioning and set-up. The evidence generated showed that UK appliances are capable of operating with a 20 

vol% hydrogen blend safely and with good performance and without the need for adjustment.  
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Methane flame (left); methane and 28.4 vol% hydrogen flame (right) 

 
 

The work demonstrated an important beneficial safety impact of operating malfunctioning appliances on a hydrogen blend. 

When the appliances were put into fault conditions to generate high levels of carbon monoxide (CO), changing the gas supply to 

a hydrogen blend reduced CO production by around 70 per cent; in many cases the level of CO reduced back to acceptable 

limits. 

Materials and assets 

Materials and assets research has assessed a wide array of materials to understand whether exposure to a hydrogen blend 

could be expected to have any potential impact. The programme has encompassed many common materials, including 

stainless steels, brass, copper, rubbers, polyethene, and aluminium. A rigorous asset register was developed for the whole 

network and downstream equipment that would be exposed to the hydrogen blend; then the components and materials of 

construction were identified. A literature review was then undertaken to inform the physical testing programme. Samples of 

materials were produced and then exposed to hydrogen blends for varying durations, followed by tensile and mechanical 

testing.  

Materials soaking facility 

 
 

This process of materials testing has enabled a body of evidence to be generated on the expected impacts on material 

properties following exposure to a 20 vol% hydrogen blend. Testing to date has focused on that which is required to justify the 

safety cases in support of the trials, and therefore has been bounded to representative conditions of the low- and medium-

pressure distribution tiers. These tiers are up to 2 barg. Further testing is under way at higher pressures which are 

representative of the full pressure boundary of the gas distribution network. The results of these tests will allow a complete 

picture of material suitability to be established. 
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Procedures and gas detection 

Procedures, both upstream (gas network) and downstream (within premises), and their supporting gas detection equipment, are 

critical to ensuring the safe use of gas within the UK. Using the outputs of the scientific programmes, an understanding was 

reached of whether procedures would need to change to accommodate the impacts of a hydrogen blend. Much like the 

materials work streams, the network procedures were bounded to the low- and medium-pressure procedures. Higher-pressure 

tier procedures will be reviewed in due course by the project.  

Gas detection instrumentsðsurvey detectors (A) and fixed detectors (B) 

 
 

Almost all low- and medium-pressure tier procedures were demonstrated to be adequate in their current form. Importantly, the 

emergency response procedures used by network engineers to respond to public reports of gas escapes were demonstrated to 

be suitable, provided they were paired with the appropriate gas detection equipment. Only a handful of procedures, such as 

network purging, required a minor update, such as specifying a slightly higher minimum purge velocity.  

The review of the downstream procedures took the form of assessing all procedures that a Gas Safe certified engineer could 

use to install, commission, repair, and maintain appliances and their supporting installation such as the pipework and ventilation. 

A process of review and challenge was undertaken and the findings shared with the standard-setting bodies, the British 

Standard Institution and the Institute of Gas Engineers and Managers. It was concluded, and agreed to by the standard-setting 

bodies, that no domestic procedure would require modification to accommodate the impacts of a hydrogen blend. 

Quantitative risk assessment 

A QRA was developed to understand the causality of risk that results from the use of natural gas within the GB gas distribution 

network. The QRA encompassed both the gas network and appliance operations, assessing the risk to life due to both CO 

exposure and fire/explosion. The QRA was óbaselinedô by first assessing the whole of the GB network, for which independent 

historical figures were available to calibrate and validate the model. From this a regional model of risk was developed using 

characteristic values of the regions under consideration. This allowed a baseline of the regional risk with natural gas to be 

understood. Finally, the outputs of the scientific programmes were converted to inputs into the QRA to understand the risk 

profile that resulted from introducing the hydrogen blend. Through this step-wise approach, a comparative analysis could be 

presented to numerically demonstrate that the total impact of a hydrogen blend did not result in an increase in risk. 

Keele University trial 

The evidence base generated in support of the Keele University trial set the expectations of the trial. Over the course of the trial, 

a continuous monitoring programme was enacted to collate evidence to confirm the pretrial expectations. As the purpose of the 

HyDeploy programme is to demonstrate the safe transportation and utilization of a 20 vol% hydrogen blend, the lessons learnt 

from the trial are structured in that order. 

Network findings 

The findings from the network surveys and monitoring confirmed the pretrial expectation of the impacts on the network: 

 

A 

 

B 

 

B 

 

A 

 

A 
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¶ Gas composition: A consistent composition of gas was observed throughout the trial, utilizing a permanently installed 

gas chromatograph as well as six sample points for manual samples. 

¶ Network pressures: The pressure profile of the network remained within the normal operating bounds. At the six 

sample points, permanent remote pressure indication was installed to gather data. 

¶ Odour intensity: No perceivable dilution in odour intensity was observed; therefore, no impacts on the ability of the 

public to detect and report gas escapes would be expected. The six sample points contained test stations to assess 

the odour intensity (rhinology testing). 

¶ Network leakage: No increase in leakage frequency was identified, relative to historical trends. 

Overall, the network findings have provided strong confirmatory evidence that the introduction of a hydrogen blend does not 

result in the generation of operational constraints or risks that would require separate processes to mitigate and manage. 

Appliance findings 

The trial findings as they relate to appliances were generated by active monitoring and testing. A dedicated facility was 

constructed to operate typical appliances in an accelerated fashion (continuous operation), where half were supplied with 

natural gas and the other half with a hydrogen blend; this allowed a direct comparison of the two fuels. Alongside this facility 

monitoring of the existing customer and University appliances was undertaken as well as annual services and Gas Safe checks. 

The findings were as follows: 

¶ Safe operation: The appliances continued to operate safely and within the recommended limits of typical operation. 

¶ Failure frequency: No increase in failure frequency was observed, relative to historical trends. 

¶ Installation tightness: Nearly 100 installations were tested for their tightness with both natural gas and a hydrogen 

blend, all installations found to be acceptably tight on natural gas were also compliant with the hydrogen blend. 

Conclusion 

The scientific programmes developed through the HyDeploy project and the evidence they have produced have helped to 

develop a robust understanding of the risk profile of a 20 vol% hydrogen blend relative to natural gas, within the context of the 

proposed trials. The technical evidence base collected so far, as well as the supporting field evidence, have shown that for the 

purpose of the trials a hydrogen blend is as safe as natural gas. The remainder of the programme will be focused on making this 

case beyond the constraints of individual trials to underpin and facilitate national blending. 

 

HYDROGEN AND THE DECARBONIZATION OF STEELMAKING 

Markus Schöffel 

Traditional blast furnace steelmaking 

Global crude steel (CS) production totalled about 1.88 billion metric tonnes in 2019, of which 72 per cent or 1.34 billion metric 

tonnes were primary steel produced via the blast furnace and basic oxygen furnace (BF-BOF) route.37 This carbon-based 

pathway, as implemented in integrated steel mills, comprises coking plant, sinter plant, and BF-BOF plant. First, coking coal is 

transformed into coke in the coking plant, and iron ore fines are agglomerated to lumps in the sinter plant, generating emissions 

of about 300 kg CO2/t coke and about 270 kg CO2/t sinter.38  

In a second step, coke is fed in alternating layers together with sinter and lump ore as well as pellets into the blast furnace. 

During descent of the burden in the BF, iron ore gets reduced to metallic iron by coke as well as by pulverized coal being 

injected together with the hot blast as reducing agents. As temperature rises above the melting point in the lower part of the BF, 

liquid hot metal, a eutectic iron carbon phase, containing about 4.5 per cent carbon by mass, is formed and leaves the tap hole.  

The third step consists in refining of hot metal to CS in the BOF, where dissolved carbon is oxidized and removed. Based on 

                                                      
37 Steel Statistical Yearbook 2020, concise version, Brussels: World Steel Association, https://www.worldsteel.org/steel-by-topic/statistics/steel-

statistical-yearbook.html. 
38 Climate Change Committee, Eurofer (2020), Benchmarking Study among 20 European Sites.   

https://www.worldsteel.org/steel-by-topic/statistics/steel-statistical-yearbook.html
https://www.worldsteel.org/steel-by-topic/statistics/steel-statistical-yearbook.html
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average BF-BOF emissions of 1,470 kg CO2/t CS and coke and sinter demands of 375 kg coke/t CS and 880 kg sinter/t CS,39 

the integrated steelmaking process is linked to emissions of about 1,800 kg CO2/t CS. Considering the world CS production in 

2019, this industrial sector emitted 2.6 Gt CO2,40 corresponding to about 7 per cent of the global emissions of 38.0 Gt CO2.41 

Even in a circular economy, primary steelmaking will constitute a main pillar of steel supply, as many steel products, for 

example in building and infrastructure applications, have decades-long life. Of all the steel ever produced, 70 per cent is still in 

use today and therefore not available for recycling.42 Electric arc furnace (EAF)-based secondary steelmaking will play a role in 

CO2-lean production but cannot cover total demand on its own.  

Natural gas direct reduction as a first step in CO2 reduction 

Direct reduction plants (DRP) yielded another 0.11 billion metric tonnes or 6 per cent of the global CS supply in 2019, with 

increasing share in recent years.43 This technology differs from the BF route in two main ways: first, the iron ore in the furnace is 

reduced by syngas produced from natural gas (NG) instead of carbon, and second, the direct reduced iron (DRI) leaves the 

furnace as a solid, which must be melted to produce liquid hot metal. The thermal energy consumption of a DRP operated with 

NG is 9.6 GJ/t DRI for DRI containing 3.5 per cent carbon by mass.44 The input of 175 kg methane (55.5 MJ/kg HHV45) will 

finally generate 480 kg CO2/t DRI from reduction cycle flue gases as well as from decarburization during steelmaking 

corresponding to 510 kg CO2/t CS, considering a DRI metallization of 94 per cent by mass. Electrode burn-off and foaming coal 

addition during melting of DRI in an EAF will generate about 30 kg CO2/t CS,46 resulting in 540 kg CO2/t CS from the DRP-EAF 

production route, provided that all electricity used is renewable. Comparing this value to emissions from the BF-BOF route 

shows that even using NG, a reduction of CO2 emission to about one-third is feasible. Switching the German steel industry to 

the bridging technology NG-DRP will boost demand for NG and support the economic viability of current expansion measures 

on import pipelines as Nord Stream 2. 

Use of other types of electric melters (EMs), like submerged arc furnaces instead of EAF is also feasible. An additional refining 

treatment in BOF allows adjusting the concentration of carbon and accompanying elements so that all steel grades produced 

today with the BF-BOF route can be manufactured from DRI. 

With hydrogen direct reduction to net zero 

Operating a DRP on climate-neutral hydrogen makes it possible to bring down emissions from the reduction step to almost zero. 

However, in order to carburize the DRI, small quantities of coal will have to be added in the EM. Assuming carburization at a 

lower limit of 2 per cent by mass, remaining emissions from the BOF refining step amount to about 70 kg CO2/t CS, and overall 

emission from the H2-DRP-EM route to about 100 kg CO2/t CS. The future use of biogenic carbon sources for carburization and 

as electrode material, or coupling with a carbon capture and utilization technique like Carbon2Chem,47 would make the overall 

process climate-neutral.  

Comparison with the emissions of the BF-BOF route shows that H2-DRP-EM steelmaking has a potential of at least 1,700 kg 

CO2/t CS emission abatement and can make a huge contribution to global emission reduction in the order of 5ï6 per cent. In 

the steel industry, significant emissions reduction through a small number of major investment decisions is equivalent to savings 

requiring millions of small decisions in other sectors, for example in passenger cars or buildings.48  

                                                      
39 Song, J., et al. (2019), óComparison of energy consumption and CO2 emission for three steel production routesðintegrated steel plant 

equipped with blast furnace, oxygen blast furnace or COREXô, Metals, 9, 364, https://www.mdpi.com/2075-4701/9/3/364/htm. 
40  International Energy Agency (2020), Direct CO2 Emissions in the Iron and Steel Sector by Scenario, 2019ï2050, https://www.iea.org/data-

and-statistics/charts/direct-co2-emissions-in-the-iron-and-steel-sector-by-scenario-2019-2050. 
41 Crippa, M., et al. (2020), Fossil CO2 Emissions of All World Countriesð2020 Report, EUR 30358 EN, Luxembourg, Publications Office of the 

European Union, Luxembourg, https://ec.europa.eu/jrc/en/publication/eur-scientific-and-technical-research-reports/fossil-co2-emissions-all-

world-countries-2020-report. 
42 EuRIC (2020), Metal Recycling Factsheet, Brussel: EuRIC, https://circulareconomy.europa.eu/platform/en/knowledge/metal-recycling-

factsheet-euric. 
43 Midrex Technologies (2020), World Direct Reduction Statistics 2019,  https://www.midrex.com/wp-content/uploads/Midrex-

STATSbook2019Final.pdf. 
44 Duarte, P., Scarnati, T., and Becerra, J., (2008), ENERGIRON Direct Reduction TechnologyðEconomical, Flexible, Environmentally Friendly, 

Castellanza, Italy: Tenova, https://www.energiron.com/wp-content/uploads/2019/05/2008-Environmental-Emissions-Compliance-And-

Reduction-Of-Greenhouse-Gases-In-A-DR-EAF-Steel-Plant-2.pdf. 
45 Hahne, E. (2010), Technische Thermodynamik: Einführung und Anwendung, Oldenbourg. 
46 Hºlling, M., Weng, M., and Gellert, S., (2017), óBewertung der Herstellung von Eisenschwamm unter Verwendung von Wasserstoffô, 

ArcelorMittal, https://germany.arcelormittal.com/icc/arcelor/med/b8e/b8e0c15a-102c-d51d-b2a9-147d7b2f25d3,11111111-1111-1111-1111-

111111111111.pdf. 
47 ThyssenKrupp (n.d.), Carbon2Chem, https://www.thyssenkrupp.com/carbon2chem/de/carbon2chem. 
48 Wirtschaftsvereinigung Stahl (2020), Fakten zur Stahlindustrie in Deutschland 2020, https://issuu.com/stahlonline/docs/wv-stahl_fakten-

https://www.mdpi.com/2075-4701/9/3/364/htm
https://www.iea.org/data-and-statistics/charts/direct-co2-emissions-in-the-iron-and-steel-sector-by-scenario-2019-2050
https://www.iea.org/data-and-statistics/charts/direct-co2-emissions-in-the-iron-and-steel-sector-by-scenario-2019-2050
https://ec.europa.eu/jrc/en/publication/eur-scientific-and-technical-research-reports/fossil-co2-emissions-all-world-countries-2020-report
https://ec.europa.eu/jrc/en/publication/eur-scientific-and-technical-research-reports/fossil-co2-emissions-all-world-countries-2020-report
https://circulareconomy.europa.eu/platform/en/knowledge/metal-recycling-factsheet-euric
https://circulareconomy.europa.eu/platform/en/knowledge/metal-recycling-factsheet-euric
https://www.midrex.com/wp-content/uploads/Midrex-STATSbook2019Final.pdf
https://www.midrex.com/wp-content/uploads/Midrex-STATSbook2019Final.pdf
https://www.energiron.com/wp-content/uploads/2019/05/2008-Environmental-Emissions-Compliance-And-Reduction-Of-Greenhouse-Gases-In-A-DR-EAF-Steel-Plant-2.pdf
https://www.energiron.com/wp-content/uploads/2019/05/2008-Environmental-Emissions-Compliance-And-Reduction-Of-Greenhouse-Gases-In-A-DR-EAF-Steel-Plant-2.pdf
https://germany.arcelormittal.com/icc/arcelor/med/b8e/b8e0c15a-102c-d51d-b2a9-147d7b2f25d3,11111111-1111-1111-1111-111111111111.pdf
https://germany.arcelormittal.com/icc/arcelor/med/b8e/b8e0c15a-102c-d51d-b2a9-147d7b2f25d3,11111111-1111-1111-1111-111111111111.pdf
https://www.thyssenkrupp.com/carbon2chem/de/carbon2chem
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Although the potential is huge, today no commercial-scale DRP is operated on hydrogen, as low-carbon and affordable 

hydrogen sources are lacking. Assuming an identical thermal energy demand on hydrogen as on NG, about 65 kg (HHV) or 750 

Nm3 hydrogen per t DRI are required. 

Comparison of blast furnace and direct reduction plant/electric melter technologyðA: feedstock inlet for burden (iron 

ore) and coke; B: hot blast tuyères and pulverized coal inlet; C: tap hole for hot metal; D: feedstock inlet for iron ore 

pellets; E: reducing gas inlet; F: smelting electricity connection 

 
 

Hydrogen supply as challenge 

The German National Hydrogen Strategy released in June 2020 foresees a build-up of green hydrogen production in Germany 

with a capacity of 5 GW and 14 TWh hydrogen output by 2030, and another 5 GW capacity and 14 TWh output by 2035, at the 

latest by 2040.49 On the demand side, thyssenkrupp Steel Europe, which operates the largest integrated steel production site in 

Europe (at Duisburg), envisages, within their tkH2steel strategy, consuming 8 TWh hydrogen in 2030, through conversion of 

around one-third of total production capacity. A recent benchmarking study by the German steel association predicted that the 

hydrogen demand of the entire German steel industry will be 22 TWh in 2030 and rise to 67 TWh in 2050.50  

The comparison of these values shows that more than the intended domestic green hydrogen production will be necessary for a 

single industrial sector, and that therefore other climate-neutral hydrogen production techniques as well as imports of hydrogen 

or derivatives have to be considered. One large-scale commercially available technology is NG reforming that can be equipped 

with CO2 sequestration. Assuming permanent storage of CO2 in offshore geological sites, and taking into account upstream 

methane emissions from NG production and transport, this process will easily lead to a CO2 abatement of 95 per cent or more. 

In the coming years, NG pyrolysis technology should also be able to contribute to large-scale climate-neutral hydrogen supply. 

A feasibility study within the H2morrow steel project51 concluded that blue hydrogen production at large scale up to 2.7 GW is 

practicable using an autothermal reforming unit with CO2 separation located at the North Sea coast, CO2 ship transport and 

storage in an offshore carbon capture and storage project like Northern Lights, and hydrogen delivered by pipeline to Duisburg 

at costs of ú 2.1/kg, assuming a future NG price of ú 23/MWh. This project on its own could close the hydrogen gap of 1.9 GW 

in 2030 between supply and demand as determined in the German gas grid development plan for 2020ï2030,52 and accelerate 

the ramp-up of a hydrogen economy. 

                                                      
2020_rz_web. 
49 German Federal Ministry for Economic Affairs and Energy (2020, 10 June), The National Hydrogen Strategy,  

https://www.bmwi.de/Redaktion/EN/Publikationen/Energie/the-national-hydrogen-strategy.html. 
50 Wirtschaftsvereinigung Stahl (2020), Fakten zur Stahlindustrie in Deutschland 2020, https://issuu.com/stahlonline/docs/wv-stahl_fakten-

2020_rz_web . 
51 ThyssenKrupp (2021, 12 January), H2morrow steel Schließt Machbarkeitsstudie ab, Projektpartner arbeiten weiter 
zusammen, https://www.thyssenkrupp.com/de/newsroom/pressemeldungen/pressedetailseite/h2morrow-steel-schliesst-
machbarkeitsstudie-ab--projektpartner-arbeiten-weiter-zusammen--versorgung-des-duisburger-stahlwerks-mit-blauem-
wasserstoff-technisch-moglich--klarung-der-. 
52 Netzentwicklungsplan 2020 (2020, 1 July), Berlin: FNB Gas, https://www.fnb-
gas.de/netzentwicklungsplan/netzentwicklungsplaene/netzentwicklungsplan-2020/. 
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Hydrogen transport infrastructure 

The means of hydrogen transport is of central importance for cost and availability at the point of consumption. Liquid hydrogen, 

ammonia, or synthetic NG might be solutions for long-range transport when importing hydrogen from elsewhere in the world. 

Due to large investments in the conversion plants and associated high fixed costs, this will not be the solution of choice for 

transport of hydrogen over short to medium distances within the EU or from its neighbouring countries. Small demand centres 

with capacity needs in the range of 100 MW can be supplied by decentralized electrolysers; the electricity grid enhancement 

linked to the expansion of renewable energy generation should be able to absorb this demand. Capacity needs in the GW 

range, as necessary to supply H2-DRP in the steel industry, would require the construction of dedicated high-voltage lines only 

for the purpose of captive hydrogen generation, unless well-connected former fossil-energy-generation sites can be repurposed. 

The new natural gas pipeline ZEELINK, technically completed in February 2021, has a 1,000 mm diameter and a design 

pressure of 100 bar running over 216 km in the north-western part of Germany.53 Construction costs were ú 600 million for a 

transport capacity of 9.6 bcm/year or 12 GW of NG,54 resulting in specific infrastructure costs of ú 0.23 million per km per GW. 

This pipeline passes through industrial clusters and has multiple intersections with existing infrastructure, including crossing 

under the river Rhine, resulting in rather high specific costs. Construction at the lower cost bound due to routing in less densely 

populated areas was possible for the 1,400 mm-diameter pipeline OPAL,55 ensuring the 473 km connection between Nord 

Stream and the border to the Czech Republic. Costs were about ú 1 billion,56 for a capacity of 36 bcm/year or 45 GW of NG, 

yielding specific infrastructure cost of ú 0.05 million per km per GW. 

Following a current study, the transport capacity of pipelines when switched from NG to hydrogen can reach 80ï90 per cent of 

the NG capacity, so that the specific infrastructure costs are almost identical.57 Capital costs for new-built hydrogen pipelines 

are largely determined by civil engineering expenses, so that cost parity to new-built NG pipelines can be assumed. Referring to 

operating costs, the European Hydrogen Backbone initiative estimates hydrogen transport costs to be as little as ú 0.09ï0.17 

per 1,000 km per kg.58 

On the electricity side, the German project for high-voltage direct current transmission SuedLink,59 stretching from the North 

Sea coast to southern Germany, foresees an underground cable over 684 km, capable of transporting 4 GW of electricity for an 

estimated total cost of ú 10 billion,60 yielding specific capital cost of ú 3.7 million per km per GW. The comparison shows that 

infrastructure costs for energy transport in the form of electricity are about 15 to 75 times higher than for hydrogen transport, 

leading to the conclusion that long-distance transport of electricity in the GW range is not reasonable from a macroeconomic 

point of view. 

Regulatory framework required 

To speed up the transformation from BF to DRP-EM and to implement climate-neutral hydrogen as a reducing agent in 

steelmaking, four central regulatory issues have to be addressed: 

 

                                                      
53 óEine sichere Versorgung benºtigt auch gute VerbindungenðProjekt¿bersicht: ZEELINK Fernleitungô (2019), Zeelink, 
https://www.zeelink.de/wp-content/uploads/2019/09/ZEELINK_Fernleitung_Projektvorstellung_Brosch%C3%BCre_190919.pdf. 
54 Elliott, S. (2020), óFirst testing on new German gas pipeline Zeelink set for November: developerô,  S&P Global Platts, 
https://www.spglobal.com/platts/en/market-insights/latest-news/natural-gas/100720-first-testing-on-new-german-gas-pipeline-
zeelink-set-for-november-developer. 
55 óOPALðdie grösste Erdgaspipeline Nordwest-Europasô (2021), Opal, https://www.opal-
gastransport.de/netzinformationen/ostsee-pipeline-anbindungsleitung. 
56 óDie Erdgasleitung Opal ist offiziell fertiggestelltô (2011, 13 July), LR Online, https://www.lr-online.de/lausitz/finsterwalde/die-
erdgasleitung-opal-ist-offiziell-fertiggestellt-35284734.html. 
57 Wasserstoffinfrastrukturðtragende Säule der Energiewende (2020), Siemens Energy, Gascade Gastransport GmbH, 
Nowega GmbH, https://www.get-h2.de/wp-content/uploads/200915-whitepaper-h2-infrastruktur-DE.pdf. 
58 European Hydrogen Backbone: How a Dedicated Hydrogen Infrastructure Can Be Created (2020), Guidehouse, 
https://gasforclimate2050.eu/sdm_downloads/european-hydrogen-backbone/. 
59 SuedLink Gleichstrom-Erdkabel: Für eine sichere und zuverlässige  Stromversorgung (2019), TenneT TSO,  
https://www.tennet.eu/fileadmin/user_upload/Our_Grid/Onshore_Germany/SuedLink/Technologie/Factsheet_Technik__Gleichstrom-
Erdkabel_.pdf. 
60 Wetzel, D. (2016, 27 September), óDeutsche Strom-Autobahn wird gigantisch großðund teuerô, Welt, 

https://www.welt.de/wirtschaft/article158407192/Deutsche-Strom-Autobahn-wird-gigantisch-gross-und-teuer.html. 
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1. The European Emissions Trading System: Regulation (EU) 2019/33161 foresees the applicability of the hot metal 

benchmark only for liquid iron as a product of blast furnaces at the exit point of the blast furnace. This means that a 

liquefied DRP product is not covered by this benchmark, and only the lower emission factor of NG (56.1 kg CO2/GJ62) 

would be applied, yielding free allowances of 540 kg/t CS. Contrary to the principle of the Emissions Trading System, 

this would discourage investment in CO2 reduction technologies. To speed up transformation to CO2-lean production, 

all primary steelmaking technologies have to be covered by the hot metal benchmark. 

2. The German Energy Industry Act (Energiewirtschaftsgesetz): This law governs the pipeline transport of NG but not of 

pure hydrogen. A technology-neutral modification to cover hydrogen from all production methods was requested by 

numerous associations starting in 2019,63 resulting in an amendment, which passed the cabinet on 11 February 2021. 

This amendment has now to be enacted as law to provide legal certainty, allow pipeline operators to invest in hydrogen 

infrastructure, and encourage future hydrogen customers to make firm bookings. 

3. Transport of liquefied CO2 on ships: According to Article 49 of the regulation (EU) 2018/2066,64 only CO2 emissions, 

which are transferred to a transport network aiming to convey them to a geological storage site, can be subtracted from 

the emission total that an installation has to report under the Emissions Trading System. Article 3 (22) of directive 

2009/31/EC65 defines a transport network as a network of pipelines, and therefore excludes the transport of CO2 by 

ship to a storage site from exemption to submit Emissions Trading System certificates. As ship transport of liquefied 

CO2 represents an easy-to-implement and cost-effective form of CO2 mitigation, this means of transport has to be 

included. 

4. Funding: Large government funding schemes to cover higher capital expenditures for new-built DRP-EM plants instead 

of BF relining will be necessary and have to be exempted from state aid regulations. Due to higher costs for hydrogen 

replacing coal as a reducing agent, support for operating expenditures through carbon contracts for difference will be 

vital for operation of the new technology.  

Conclusion 

Steelmaking by DRP-EM represents a commercially available technology that can deliver a two-thirds reduction in CO2 

emissions compared to the BF route, even if operated with NG. Deep decarbonization to about 5 per cent of remaining 

emissions can be reached by using climate-neutral hydrogen. Blue hydrogen can ramp up this technology as long as renewable 

hydrogen is not available in sufficient volumes. Additionally, the transport of hydrogen in pipelines has a cost advantage of one 

to two orders of magnitude compared to electricity transport, encouraging a fast build-up of a pure hydrogen pipeline grid. To 

kick-start the transformation, regulatory and financial issues remain to be clarified in the short term. 

 

REGULATION OF HYDROGEN MARKETSðARE CONCERNS ABOUT óLOCK-INô EFFECTS 
VALID? 

Alex Barnes 

In the days when the law required British pubs to close at 11 p.m., pub owners would sometimes enable favoured customers to 

continue drinking by closing the doors to other customers, while keeping the favoured customers ólockedô inside. óLock-insô were 

seen by many as an enjoyable (albeit illegal) way of avoiding regulation. Today the issue of ólock-insô is being debated in the 

                                                      
61 Commission delegated regulation (EU) 2019/331 of 19 December 2018 determining transitional Union-wide rules for harmonised free 

allocation of emission allowances pursuant to Article 10a of Directive 2003/87/EC of the European Parliament and of the Council, https://eur-

lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32019R0331&from=de. 
62 Leitfaden Zuteilung 2021ï2030 Teil 3 b (2019), Umweltbundesamt and DEHSt,  

https://www.dehst.de/SharedDocs/downloads/DE/stationaere_anlagen/2021-2030/Leitfaden-3b.pdf?__blob=publicationFile&v=5. 
63 Auf dem Weg zu einem wettbewerblichen Wasserstoffmarkt (2020), FNB Gas, BDI, BDEW, VIK, DIHK, https://bdi.eu/publikation/news/auf-

dem-weg-zu-einem-wettbewerblichen-wasserstoffmarkt/. 
64 Commission implementing regulation (EU) 2018/2066 of 19 December 2018 on the monitoring and reporting of greenhouse gas emissions 
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context of the future regulation of European hydrogen markets. This has nothing to do with drinking, and much to do with 

perceptions of how the hydrogen market should develop. There is a risk that misunderstanding of how markets develop will lead 

to poorly designed regulation, and a delay to reducing greenhouse gas (GHG) emissions in Europe. This article explains what 

lock-in effects are, why some people are concerned about them in the context of developing hydrogen markets, and whether 

such concerns are valid.  

The concern is that Europe will be stuck with energy technologies which will make it difficult or impossible to reduce GHG 

emissions over the next 30 years to meet the EUôs 2050 net zero target. The idea is closely related to the idea of ópath 

dependenceô, namely that decisions taken today influence the way in which energy systems will develop in the future. Lock-in 

effects can arise because of the costs or difficulties of switching from current energy technologies to future ones. Lock-in 

mechanisms include economies of scale and scope; network externalities, including early de facto setting of standards in 

industrial networks; technology interrelatedness, which prevents technology which is incompatible with the dominant technology 

from being used; and institutional lock-in, which means that óstrong political actors can impose their rules on others.ô66  

óRenewableô vs ólow-carbonô hydrogen 

Hydrogen is a potential means for the EU to reduce its GHG emissions by replacing existing fossil fuel consumption in sectors 

which cannot easily be electrified, such as industry and heavy transport, and in heating of buildings where heat pumps may be 

less cost-effective or impractical. Hydrogen can be produced via electrolysis of water using renewable electricity, which 

produces no CO2 during the production process. The EU refers to this as órenewableô or ócleanô hydrogen.67 It can also be 

produced via steam methane or auto thermal reforming of natural gas. Carbon capture and storage (CCS) prevents the release 

of most of the accompanying CO2 into the atmosphere, but capture rates are not 100 per cent. Pyrolysis of natural gas produces 

hydrogen and solid carbon so does not require CCS. However, the production and transportation of natural gas involves 

methane emissions, which are also a source of GHG.68  The EU therefore refers to hydrogen produced in this way as ólow 

carbon.ô 

Given the ambitions for net zero by 2050, and the residual GHG emissions associated with low-carbon hydrogen, it would 

appear obvious that renewable hydrogen is the only way to go. However, there is currently insufficient renewable generation to 

meet all existing electricity demand, let alone the increase expected as large sections of the economy electrify. In 2018, 

renewables provided only 33 per cent of EU27 electricity generation, compared with 26 per cent nuclear and 41 per cent non-

renewables.69 Solid fuels such as coal accounted for 21 per cent of gross generation.  

Using renewables to produce hydrogen instead of replacing fossil fuel electricity generation would be inefficient. Whilst one kWh 

of renewable electricity would replace one kWh of fossil-based electricity, it would replace only 0.8 kWh of natural gas if used to 

produce hydrogen, because of conversion losses.70 Using grid-based electricity, which includes a share of fossil-fuel-generated 

electricity, to produce hydrogen would make no sense from a decarbonization point of view unless it was based on a high share 

of renewables. For example, German electricity generation produces 338 g of carbon dioxide equivalent (CO2e) per kWh.71 After 

conversion this would result in hydrogen with a carbon footprint of 423 g CO2e/KWh.  

 

                                                      
66 Klitkou, A., Bolwig, S., Hansen,T., and Wessberg, N. (2015), óThe role of lock-in mechanisms in transition processes: the case of energy for 
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The current CertifHy Guarantee of Origin criteria for low-carbon hydrogen,72 based on reforming of natural gas with CCS, sets a 

minimum threshold of 131 g CO2e/kWh (36.4 g CO2e/MJ). This is based on a 60 per cent reduction from the benchmark of 

current hydrogen production without CCS of 328 g CO2e/kWh (91 g CO2e/MJ). Both of these are lower than hydrogen based on 

German grid electricity. However, this underestimates the capability of CCS with either steam methane or auto thermal 

reforming, which can achieve capture rates of 90 per cent.73 With 90 per cent capture the carbon footprint of hydrogen from 

natural gas falls to 33 g CO2e/kWh based on the CertifHy benchmark process.  

The carbon content of German electricity would have to fall by over 90 per cent to achieve the same carbon footprint as 

reforming of natural gas with 90 per cent CCS. Between 2010 and 2019 the carbon content of German electricity fell by only 

30 per cent from 483 g CO2e/kWh, despite very large subsidies for renewables. (Note that both figures are based on the 

production of electricity and hydrogen alone and do not include GHG emissions from the production or transportation of fossil 

fuels used in electricity generation and hydrogen production.) 

The other challenge is cost. It is self-evident that hydrogen would already be used if it was competitive with existing fossil fuels. 

However, this is a long way from being the case, as the EU Hydrogen Strategy acknowledges. 

Current hydrogen production costs compared with natural gas TTF delivered cost 

 
Source: EU Hydrogen Strategy, ICIS TTF Gas Year 20, 30 July 2020. Fossil fuel hydrogen is based on reforming of natural gas without CCS. 

Low-carbon hydrogen is based on reforming of natural gas with CCS. 

Simply replacing current fossil-fuel-based hydrogen with low-carbon hydrogen could cost up to ú 6.5 billion in subsidies via 

carbon contracts for difference.74 Although costs for renewable hydrogen are expected to reduce in coming years, this will take 

time. During this period, uptake of renewable hydrogen will therefore either be limited or require extra subsidy. Such delay or 

costs can have knock-on effects on decarbonization efforts because of the lead times for industry to convert from fossil fuels to 

hydrogen, and the adverse impact on competitiveness leading to carbon leakage.  

                                                      
72 CertifHy (2019), CertifHy Scheme Subsidiary Document: CertifHy-SD Hydrogen Criteria, 
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73 Van Cappellen, L., Croezen, H., and Rooijers, F. (2018), Feasibility Study into Blue Hydrogen, CE Delft , Table 1, 
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74 Barnes, A., and Yafimava, K. (2020), EU Hydrogen Vision: Regulatory Opportunities and Challenges, Oxford: Oxford Institute for Energy 

Studies, https://www.oxfordenergy.org/publications/eu-hydrogen-vision-regulatory-opportunities-and-challenges/. 
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In light of these factors, both the Commission and the EU Council have explicitly recognized the role of low-carbon hydrogen in 

contributing to decarbonization. The Council noted in its December 2020 óConclusions ñtowards a hydrogen market for Europeòô 

that óthere are different safe and sustainable low-carbon technologies for the production of hydrogen that contribute to the rapid 

decarbonisation.ô75  

However, this has met with resistance from those who view low-carbon hydrogen as a means to enable the continued existence 

of fossil fuels. The debate comes down to whether low carbon hydrogen can contribute to the transition to net zero, or if the use 

of low carbon hydrogen will make it impossible to reach that goal. Opponents of low-carbon hydrogen have cited lock-in effects 

as a key concern. 

Using low-carbon hydrogen: the ólock-inô concern and its limitations 

In January 2021, members of the European Parliament (MEPs) voted in favour of the use of low-carbon hydrogen from natural 

gas as a bridging solution until renewable hydrogen becomes commercially available.76 However, Green MEP Jutta Paulus 

said, óUnfortunately, a dirty majority formed that focused more on the future of the gas industry than on environmental issues.ô77 

Barbara Mariani, a policy officer at the European Environmental Bureau, said, óItôs hard to avoid lock-in effects when billions of 

euros are invested in long-lasting and expensive technology needed to produce, transport and deploy climate-wrecking forms of 

hydrogen.ô78 Even the EU Councilôs December 2020 óConclusionsô called on the Commission to óoutline approaches to avoid 

sunk investment costs and ensure that the transition is not hampered by lock-in effects.ô79 Given these concerns, it is worth 

examining how real the threat of lock-in is.  

Firstly, the hydrogen produced by electrolysis or from natural gas is substitutable, so it seems highly unlikely that the means of 

hydrogen production will determine which type of hydrogen, renewable or low-carbon, will be used. The EU has committed to 

competitive, traded hydrogen markets, and in such markets, consumers will prefer the lowest-cost hydrogen. Since 

transportation infrastructure and end-user appliances will be able to use either type equally easily, it is hard to see how 

technological lock-in can prevent consumers switching from low-carbon to renewable hydrogen. The clear parallel for this is the 

electricity market, where renewable electricity has replaced fossil fuel electricity once renewables have become cost 

competitive. 

Even if renewable hydrogen never becomes cost competitive with low-carbon hydrogen, this does not mean that consumers will 

be locked in to low-carbon hydrogen once there is sufficient renewable hydrogen available. Those consumers who place a 

higher value on a low carbon footprint will be able to contract voluntarily to buy renewable hydrogen. Alternatively, governments 

can mandate that consumers use only renewable hydrogen, or that suppliers only supply renewable hydrogen, or ensure the 

cost of carbon is such that low-carbon hydrogen is more expensive.  

The EU has committed to certification of hydrogen, so that consumers can differentiate between different forms, and this will in 

turn enable the use of carbon pricing (via the Emissions Trading System, for example), quotas under the Renewable Energy 

Directive to favour renewable hydrogen, and the use of Guarantees of Origin for consumers wishing to choose renewable 

hydrogen. Coupled with the EU Commissionôs óStrategy to reduce methane emissionsô,80 such certification should also ensure 

that the full carbon footprint of low-carbon hydrogen is taken into account.  

Secondly, the prediction of lock-in effects rests on the assumption that companies will continue to produce low-carbon hydrogen 

to earn a return on their investments and thus avoid the problem of stranded assets. This is undeniable, but it ignores the impact 

of the competitive pressures and potential government actions described above. Companies will only keep producing low 

carbon hydrogen so long as customers buy their hydrogen and government regulations allow them to do so. The prediction also 

confuses the issue of stranded assets with that of lock-in effects.  
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