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Introduction
There are five principal approaches being considered 
to elevate clean maritime transportation: battery-electric 
solutions (BESs), fuel-cell electric solutions (FCESs), 
100% hydrogen burning engines (HBE), carbon scrubbing 
and recovery (CSR) and alternative fuels, such as 
ammonia and methanol. Presently, the global focus is to 
use renewable electricity to charge batteries for the BES 
solution, or water electrolysis to produce hydrogen for the 
FCES and the HBE solutions. 

CSR is being looked at, but these plants are large, and 
the storage requirements associated with the capture of 
CO2 make this solution challenging in the near term, and a 
non-starter where onboard real estate is not available.

As future fuels, ammonia and methanol have great 
potential. However, their production carbon footprint, 
availability of truly renewable manufacturing of these future 
fuels, if these fuels are used as a hydrogen carrier and 
reforming process must also be considered. 

For the use of BES solutions, it is generally assumed 
that renewable electricity is 100% carbon-free, economically 
viable, and available in sufficient quantities to support the 
transportation sector. As we will explore, the reality is this 
renewable electricity is far from readily available.

This transcript reflects on the above assumptions and 
focusses specifically on hydrogen as the future fuel of 
choice, either being used in a FCE or HBE solution. The 
biggest current issue with hydrogen is its transportation, 
if we can overcome that issue, via the solution which is 
presented here, then hydrogen is viewed as offering an 
immediate alternative to support emerging clean marine 
transportation solutions. 

Availability of Renewable Electricity
The availability of utilising renewable electricity for 

charging must be considered when looking at BES. 
Currently, the US national grid is only 18% renewable 
power, comprised of 11% non-hydroelectric (wind, 
photovoltaic [PV], geothermal, tidal, etc.) and 7% 
hydroelectric. [1] The percentage of non-hydroelectric 
in the US is similar to that of India and China. However, 
countries such as Germany and the U.K. have been more 
aggressive in “greening” the grid over the past decades 
(Figure 1). [2; 3; 4; 5]

The major source of growth of renewable electricity is 
non-hydroelectric solutions, primarily wind and solar. Due 
to the often-changing weather conditions, these production 
methods are only available during a limited timeframe (U.S. 
data): [6]
• Wind - ~35% of the day
• Solar - ~26% of the day 

This limited window of renewable power requires 
alternative power generation from on-demand energy 
sources like coal, nuclear, and natural gas.

SYNOPSIS
Previous energy revolutions, as we have moved from rowing to sails to steam and to diesel, have taken 
centuries and decades to affect. However, we do not have the option of waiting that long now. This paper 
demonstrates why methanol reforming for hydrogen generation presents the most economically and 
environmentally plausible decarbonisation pathway for the tugboat and inland waterways sectors.
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Figure 1: Percentage Renewable Electricity Generation in 
Selected Countries
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Carbon Intensity of Electrolysis to  
Produce Hydrogen
Conventional thinking promotes water electrolysis as the 
preferred path to carbon-neutral hydrogen. However, the 
US national grid (2019 data) has a carbon footprint of 0.453 
kgCO2e/kWh, [7] which comes from coal and natural gas 
power plants. This value is significant, but moderate among 
many industrialised countries. [8; 9; 10; 11]

Producing hydrogen by passing an electric current through 
water is energy-intensive, consuming 50 to 55 kWh/kg 
hydrogen produced and resulting in a high carbon intensity 
of more than 22 kgCO2e/kg hydrogen. This would not be 
green hydrogen since the greenhouse gas (GHG) emissions 
attributed to grid power are substantial (see Table 1).

To approach zero GHG emission and green hydrogen, the 
grid needs to be 100% renewable, or the hydrogen would 
need to be produced and used at the point of renewable 
electricity production. Green hydrogen produced at a 
dedicated renewable grid still needs to be transported to the 
point of use. The transportation process is energy-intensive, 
has a substantial carbon footprint, and is very costly. 

As we have discussed above, there are formidable 
challenges to decarbonising the maritime sector with 
100% renewable electricity. These are mainly due to 
renewable electricity’s intermittency and the cost of building 
out infrastructure; challenges that are very unlikely to be 
overcome in the short- to medium-term. 

Storing and Transportation of Hydrogen
One of the technical barriers to realising the hydrogen 
economy is volumetric efficient hydrogen storage. In 
addition to this storage challenge, discovering the best 
price per kg. and simplified handling/logistics are the other 
key components to hydrogen storage solutions. Hydrogen 
is the lightest element on the periodic table, and therefore 
it is hard to store. For example, 1 kg. of hydrogen gas at 
standard temperature and pressure conditions occupies 
over 11 cubic meters (388.5 ft3). Thus, for the storage of 
hydrogen to be economically viable, its storage density 
must be increased, costs reduced, and logistics improved. 

The two main options for storing hydrogen for marine 
systems are:
1. storing hydrogen in gas or liquid form or 2. employing 
an alternative medium to transport the hydrogen, such as 
in the form of ammonia, or methanol, this is then reformed 
onboard, producing clean hydrogen at the point of use. 

When comparing these options for storage efficiency, 

the approach begins with evaluating the volumetric density 
of gaseous and liquid hydrogen and methanol. Gravimetric 
capacity, or the amount of hydrogen adsorbed per unit 
mass, is expressed as kg H2 kg.−1. Gravimetric capacity 
can be expressed as a storage capacity using a weight 
percentage (in %). Volumetric capacity determines the 
volume of the tank, and it is defined as the amount of 
hydrogen adsorbed per unit volume (g H2 L−1). Using 
this definition, a comparison of volumetric density for each 
option is provided in Figure 2 below.

Gaseous hydrogen is typically produced at relatively low 
pressures (20–30 bar; 1 bar=14.5 psi), therefore it must 
be compressed prior to transportation for efficient storage. 
Figure 2 shows various volumetric densities of gaseous 
hydrogen from 100 bar to 700 bar storage pressure. [12]

As demonstrated in the comparative chart in figure two, 
methanol and ammonia offer the highest hydrogen density 
per unit of storage. One additional, interesting fact associated 
with methanol, is that when it is reformed at the point of use 
to generate hydrogen, water is added to enable the steam 
reforming process. This water/steam results in an increase to 
the hydrogen yield by a third; the direct increase in hydrogen 
density is shown with the final column. Of note is that when 
methanol is used to produce hydrogen in this manner, the 
hydrogen density is almost twice that of liquid hydrogen per 
unit storage (70.8 kg/m3 versus 150 kg/m3). [13]

The graph conclusively shows that hydrogen transported 
to the vessel in the form of ammonia or methanol is the 
preferred solution. Methanol has the distinct advantage of 
being able to increase the hydrogen yield substantially from 
the reforming process. The practicalities of the two media 
will be further considered.

Ammonia or Methanol
Leading on from the previous hydrogen density section, 

Germany UK USA China India

Carbon Intensity of Grid kgCO2e/kWh 0.379 0.233 0.453 0.555 0.708

Carbon Intensity for Producing 1 kg H2 (kgCO2e) 19.0 11.5 22.6 27.8 35.4

Table 1: The Carbon Intensity of the Electricity Grid in Selected Countries and Corresponding Values in Hydrogen Production 

Figure 2: Volumetric Density of Hydrogen Per m3
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we now need to look at the costs and practicalities of both 
ammonia and methanol as marine bunker fuels.

As a liquid, ammonia is stored either under pressure 
or at atmospheric pressure as a cryogenic liquid at -33ºC. 
For practical purposes, and as a marine fuel, it would likely 
be supplied in its cryogenic form at atmospheric pressure. 
Methanol is stored at atmospheric pressure as a liquid with 
no cryogenic requirement.

Ammonia has far greater toxicity than methanol, which 
must be considered in the marine environment where safety 
is paramount, and the costs from pollution incidents would 
be very high.

In relation to cost, liquid ammonia is driven largely by 
the base natural gas price. Currently, it is estimated that its 
pricing would be priced at around $660 per ton [14], whilst 
methanol is priced at around $500 per ton [15]. Methanol 
exists as an inert liquid at atmospheric pressure, this would 
make modification of the existing bunkering system much 
easier to apply.

Ammonia and Methanol – The Real CO2 Footprint.
The Haber-Bosch process, which converts hydrogen and 
nitrogen to ammonia, is energy intensive. The reaction runs 
at 500 degrees centigrade and about 20 bar pressure. In 
addition, the carbon footprint of this ammonia synthesis 
goes well beyond its energy demand, as most of the 
hydrogen used comes from natural gas, coal or oil. This 
results in a global average CO2 footprint of 2.867 tons CO2 
per ton of ammonia produced. [16]

Methanol production requires less energy input than 
ammonia, and thus has a lower carbon footprint. In fact, 
some facilities report that they are capable of producing 
methanol with around 0.54 tons CO2 per ton of methanol 
produced. [17]

It is thus proposed that methanol offers the greatest 
potential for real decarbonisation of the maritime industry. 
It is readily available, little modification is needed to the 
existing bunker infrastructure, and when combined with 
onboard reforming, it offers hydrogen production onboard, 
allowing low carbon footprint-based hydrogen to be used at 
the point of power production.

Renewable Methanol to Support a  
Low Carbon Economy
Once we factor in the additional hydrogen yield at 
the onboard reformation process it becomes readily 
apparent that methanol offers the greatest potential for 
decarbonisation. We now need to look further, toward 
decarbonisation of the methanol itself. Therefore, to fully 
decarbonise the maritime sector requires a pathway to 
produce methanol that is not reliant on large amounts of 
electric energy, is scalable to support transportation, is 
cost-competitive with diesel fuel, and offers the near-term 
potential of being carbon neutral. That pathway is grey 
methanol produced from natural gas, with a near-future 

using renewable methanol, which is made from sustainable 
feedstocks including:
• Municipal solid waste (MSW)
• Biomass
• Biogas from digesters
• CO2 captured from industrial streams
• Direct air capture of CO2 

Methanol mixed with water is a dense hydrogen carrier 
that is readily converted to syngas (a mixture of hydrogen 
and carbon oxides). The process of separating purified 
hydrogen from syngas is also readily accomplished. 
Methanol is a top-10 globally produced chemical commodity 
that is available worldwide, and that can fill the gap between 
high carbon-intensity fuels, like diesel, and the target goal 
of 100% renewable energy. At present, renewable methanol 
is commercially available, and many new plants are being 
constructed. There are excellent reviews on renewable 
methanol, including current commercial operations and cost 
projections. [18; 19]. Global methanol manufacturers are 
investing significant monetary sums to increase production 
as demand for renewable methanol grows. 

The low carbon intensity of renewable methanol makes 
it an attractive option the maritime sector. By using waste 
streams to make renewable methanol, the release of GHGs 
into the atmosphere is avoided. The avoided emissions 
drives the carbon intensity of the resulting renewable 
methanol to a negative value in select cases. A study 
published by Argonne National Labs indicates that renewable 
methanol feedstocks with significant avoided emissions 
include landfill gas, anaerobic digester gas, and biomass. 
[20] For example, the Enerkem plant in Edmonton, Alberta, 
converts 100,000 metric tons annually [21] of municipal solid 
waste (MSW) that would normally be destined for the landfill 
to instead produce renewable methanol. That solid waste, if 
buried in the landfill, would slowly decompose and release 
CO2 and methane [22] into the environment. 

Worldwide, there are currently about eight renewable 
plants in operation and at least 20 more coming online 
in the next 5-10 years. The production capacity is 

Figure 3. Well-to-Wheel Carbon Intensity for 
Renewable Methanol
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expected to reach 385 million metric tons per year by 2050. 
[23] The potential for renewable methanol as a feedstock 
to make green hydrogen is evident by the low (even 
negative) carbon intensities shown in Figure 3. To put this 
in perspective, methanol made from MSW has a carbon 
intensity of 0.014 kgCO2e/MJ (LHV) (2.15 kgCO2e/kg 
hydrogen), less than 10% of the GHG emissions from water 

electrolysis. [24] The well-to-wheel emissions of combining 
renewable methanol with FCEVs can result in negative 
emissions approaching -50 gCO2e/MJ. [25]

Methanol to Hydrogen Generation Technology
In a recent study by Webber Research [26; 27; 28] (Figures 
4 and 5), onboard methanol-reforming for hydrogen fuel 

Figure 4: Comparison of Fuel Efficiency and On-Board Energy Storage

Figure 5: Comparison of Cost to Fill and Range
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EU N America APAC China

Cost of methanol US$/MT $308.94 $332.25 $275.00 $275.85

Cost for producing 1 kg H2 $2.38 $2.56 $2.12 $2.12

Table 2: Cost of Hydrogen Using Methanol-Hydrogen Technology in Various Regions

cells compares favourably in range, fill time, and cost 
against other technologies in vehicular applications. 
Reforming methanol with water yields carbon oxides in 
addition to hydrogen, necessitating purification before 
the hydrogen may be used by a fuel cell. Compact and 
affordable processes are commercially available from 
Element 1 [29] to separate hydrogen from syngas and 
deliver high-purity hydrogen meeting ISO 14687 (2019) 
purity standards for fuel cell applications (both stationary 
and transportation). 

The below comparison was completed with a standard 
300-gallon fuel tank. It is worth noting that Element 1 could 
expand this to a 600-gallon tank on a semi-truck.

Using an e1 Marine methanol-to-hydrogen generator 
operating at 75% to 84% LHV energy efficiency, [30] 
hydrogen can be made at a cost of US$2.56/kg H2 (at 
US$330/metric ton methanol). Based on the average cost of 
methanol in 2020, the cost of hydrogen in various regions is 
shown in Table 2 below.

Although the costs increase about three times when 
using renewable methanol at current prices, the costs of 
using methanol-hydrogen reformation are still competitive 
against other approaches (see Figure 6).

The carbon intensity using Element 1 technology 
compares favourably against other current hydrogen-based 
technologies (see Figure 7) [28]. It is also compliant with 
CA 2030 Carbon Intensity Goal and meets US EPA Tier 
4 engine emission requirements. When using renewable 

methanol, the green hydrogen made using Element 
1 technology has an almost zero carbon footprint at a 
competitive cost.

Conclusion
Converting national grids to 100% renewable electricity is a 
formidable and well recognised challenge. 

In contrast, methanol offers a low-carbon alternative 
pathway, independent of electrical input, to economically 
produce fuel-cell grade hydrogen. Methanol is already 
distributed globally and “is proven as a clean, efficient and 
safe marine fuel that offers immediate decarbonisation 
benefits to vessel operators with substantial net GHG 
reductions, full compliance with IMO 2020 and a pathway 
that leads to net carbon neutrality”. [31] Of course, the goal 
is to use renewable methanol as the feedstock for green 
hydrogen production. 

This goal is within our reach. Renewable methanol 
is available today in modest quantities, and significant 
investments are being made to produce transportation-
scale quantities. 

e1 Marine has an already available low carbon footprint 
technology that effectively builds the bridge allowing 
renewable methanol to produce green, carbon-neutral 
hydrogen affordably thus allowing the tug industry and 
inland waterways to fully decarbonise.

In the future, the CO2 separated from the hydrogen 
during the reforming process may also be captured, 

Figure 6: Comparison of Hydrogen Production Methods 
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and then recycled to allow further renewable methanol 
to be formed, this technology, which is currently under 
development by Element 1, one of the parents of e1 Marine, 
would facilitate a carbon negative solution for the industry. 
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