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Review and analysis of state of the art technologies for green hydrogen production and use

I

Introduction

Hydrogen offers important benefits in terms of greenhouse gas (GHG) mitigation and energy
security for the world. Several applications of hydrogen are currently being explored in pilotscale projects from the private sector, sometimes with the support from national and regional
funds. The versatility of hydrogen has promoted projects targeting all areas of energy
consumption (mobility, heat in buildings and the industry, power generation) and as a
feedstock in industry (refining, chemical, iron and steel, mining). These applications are
emerging, and their adoption is accelerating around the world as decarbonisation efforts
towards net-zero emissions strengthen. For this reason, it is vital to locate resources for
research and development (R&D) of technologies and policies to foster and give shape to a
rapid adoption and development of hydrogen solutions. Moreover, a solution for a problem
in one location may not be the perfect fit for another, so a careful assessment of each case
will ensure the best solutions are implemented.
Hydrogen decarbonisation efforts from 2020 to 2070 will need a strong commitment to invest
in zero-carbon hydrogen production and use from 2020 to 2035, so that costs can be
reduced. Between 2035 and 2050, structural shifts based on available and near-mature
technology need to emerge, and R&D efforts for hydrogen production and use must continue
so that in the last 20 years of the period (2050-2070), zero-carbon H2 production and use
are widespread in areas such as heavy industries (Rissman, et al., 2020). The IEA (2020d)
expects a substantial increase in hydrogen and hydrogen-related sources (hydrogen,
ammonia, synthetic fuels, electricity from hydrogen, among others) between 2019 and 2070,
reaching a 12 times higher demand for hydrogen-related power sources in comparison to
oil and gas. Moreover, hydrogen and hydrogen-based fuels may account for 8% of global
CO2 emission reductions (6% from transport and 2% from industry) (Table I.1).
Table I.1. Projected global final energy consumption by power source between 2000 and
2070.
Final energy consumption (Mtoe)
2000

2019

2040

2070

Coal

732

1327

824

398

Oil

3292

4048

2823

1099

Natural gas

1104

1659

1357

426

Electricity

1076

1943

2909

4507

Heat

240

312

272

187

Hydrogen

0

0

98

539

Ammonia

0

0

18

133

Bioenergy

859

1035

1035

1315

Synfuels

0

0

32

254

Other renewables

7

60

290

629
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Total

7310

10384

9657

9486

Hydrogen-related
demand

NA

94

290

1199

Notes: NA: Not Available; Synfuels refers to synthetic hydrocarbon fuels produced from hydrogen and CO 2;
Hydrogen-related demand includes in addition to the final energy demand for hydrogen, ammonia and
synfuels, the onsite hydrogen production in the industrial sector and the final electricity produced from
hydrogen.
Source: (IEA, 2020d).

Today, hydrogen is mainly used in oil refining and as a feedstock in the chemical industry
and the majority is produced and used on-site using fossil fuels, emitting more than 800
MtCO2. Hydrogen is expected to emerge as a fuel during the 2020’s, mainly for the transport
and industry sectors. Liquid synthetic hydrocarbon fuels made from H 2 and CO2 will start to
be used in road freight trucks and aircraft during the second half of the 2020s, and will
continue growing until 2070. Hydrogen demand will come from shipping, aviation, road
transport, buildings, power-applications, refining, the iron and steel industry, the chemical
industry and other activities (IEA, 2019b; IEA, 2020d) (Figure I.1).
Figure I.1. Projections for global hydrogen production and demand in 2070.
considering all aspects involved, such as greenhouse gas (GHG) emissions, energy
security, economic aspects, among others; long-term decisions for investment in green
hydrogen now are advisable for developing countries; in doing so, an accelerated
socioeconomic development would be achieved, as well as an important reduction in the
negative environmental impact.
It is worth mentioning that green hydrogen is not a new technology for developing countries.
Egypt, India, and Zimbabwe, among other developing countries, have already produced
green electrolytic hydrogen on a large-scale in the past because of its role in the production
of ammonia for fertilisers. Its inclusion could create local opportunities for different economic,
industrial, and social sectors (ESMAP, 2020). Optimal locations for hydrogen production
include a combination of wind and solar resources (Hydrogen Council, McKinsey &
Company, 2021).

2

Assessment of the greenhouse gas mitigation potential of green hydrogen.
An implementation roadmap for Mexico

Figure I.2. Primary hydrogen and fuel cell applications and ecosystem for developing
countries.

Source: ESMAP (2020).

Advanced technologies allow the conversion of domestic bio-waste into biomethane, which
in turn can be converted into green hydrogen; this process being simultaneously beneficial
for power generation, waste treatment and socioeconomic sectors, represents a special
opportunity for developing countries, which frequently have high electricity prices, as well as
reliability issues and poor waste treatment. Therefore, in these cases, green hydrogen and
fuel cell deployment could simultaneously bring down electricity prices and increase power
availability and reliability, thus enhancing their economic development. However, the
number of projects today that seek to create green hydrogen from waste are not currently
considered significant in the broader literature and need to be deployed outside of testing
environments. A pilot-scale project funded by the government of Bangladesh was planned
to produce and incorporate 5 MW of power to the grid by 2020 (ESMAP, 2020).
According to the study performed conducted by Rissman and colleagues (2020) on different
technologies for decarbonise iron and steel, cement, chemicals and plastics as well as
different policies to support the emissions shift by 2070, zero-carbon (electrolysis) hydrogen
has a great potential to reduce CO 2 emissions in light and heavy industries as a heat source
and a chemical feedstock given the declining costs of renewable electricity. The authors
mention that hydrogen appears in many scenarios that assess the opportunities to achieve
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net-zero and limit global warming below 2°C1 even when each scenario considered a
different approach2. Figure I.3 summarises the global hydrogen consumption predicted by
the scenarios described in Rissman et al. (2020).
Figure I.3. Global hydrogen consumption according to various mitigation scenarios.

Note: 2DS and B2DS values are very close (0.59 vs. 0.85 EJ/yr in 2060) but appear to be identical due to the
scale of the graph.
Source: (Rissman, et al., 2020).

The present challenges for hydrogen to succeed are the high cost of electrolysers,
competition with low cost natural gas (this is a significant challenge in the short term for
some developing countries), embrittlement of metals (which asks for new process heating
equipment), the problem of developing supply infrastructure in tandem with end-use
equipment, the moderate technology readiness levels of industrial technologies such as
hydrogen-reduced steel and low technology readiness levels of some low-carbon hydrogen
production technologies. Technical and trade regulations have also played an important role,
impeding development in some cases. Developing countries may be early hydrogen
adopters if they have excellent renewable resources, unique energy requirements, or a highlevel of synergy in hydrogen demand from all sectors (industry, mobility, power, and heat).
The TRL of hydrogen production technologies (shown in Figure I.4) is expected to rise in the
upcoming years, but in cases such as hydrogen production from nuclear power, further
development is needed (ESMAP, 2020; Rissman, et al., 2020; IEA, 2020d).

1

These are: the Shell Sky Scenario, in which hydrogen use steadily grows until the early 2080s, when efficiency
solutions reduce industrial energy consumption; the 2-Degree Scenario (2DS) and Beyond 2-Degree Scenario
(B2DS) from the IEA Energy Technology Perspectives, which do not show hydrogen use by industry and little
by the mobility sector; and one pathway in the “Mission Possible” report by ETC.
2
Other technologies and policy related measures such as CCUS, circular economy, energy efficiency, material
efficiency, re-use, etc., are also key to achieve net zero.
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Figure I.4. Technology readiness level of technologies along the low-carbon hydrogen
value chain.

Source: (IEA, 2020d).

Hydrogen and hydrogen-based fuels represent one of the most important alternative fuels.
According to IEA’s projections for 2070, hydrogen and hydrogen-based fuels alone will
account for 13% of all final energy needs (IEA, 2020d). A rapid expansion is a considerable
challenge. In the case of LNG, its adoption started in the 1960s and took around 50 years
to position itself (today, global LNG trade accounts for 2.5% of global energy supply), and
for renewable electricity, market-creating feed-in-tariffs needed 25 years to achieve a point
where solar PV accounts for 1% of global electricity output. Decarbonisation efforts to
comply with the Paris agreement—zero emissions within the next 30-50 years— will need
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the help strong investment in hydrogen R&D and infrastructure to expedite H2 adoption. R&D
is needed even after a technology is materialised to drive down costs and improve
performance—at this point in technology development, the private sector is most likely to
contribute (IEA, 2019a; Rissman, et al.). International hydrogen distribution is driven by cost
differences, renewables availability, infrastructure, and land use constraints, among others.
With hydrogen production costs falling, costs for hydrogen distribution are becoming
increasingly important. For production and distribution, three types of value chains are
emerging (Hydrogen Council, McKinsey & Company, 2021).
●

Onsite. Large-scale hydrogen buyers near favourable renewables or gas and carbon
storage sites will use onsite hydrogen production.

●

Regional. Smaller buyers (e.g. refuelling stations or households) will require regional
distribution of hydrogen.

●

International. In regions without optimal resources, hydrogen buyers may rely on
imports.

In the following paragraphs the trends and expected shifts in hydrogen use and production
are presented.


Industry
The rapid adoption of hydrogen in the industry will require an equal rate for scaling
hydrogen production, distribution, and storage infrastructure. For those facilities with
access to low cost electricity, the most feasible option is to produce hydrogen onsite, but the rest of industrial facilities may have to purchase this hydrogen—this
requires an extensive and solid distribution system that can also serve the mobility
sector (Rissman, et al., 2020).
o

Iron and steel
In current primary steel production using direct reduced iron plus an electric arc
furnace (DRI-EAF), methane is transformed in syngas, containing hydrogen and
carbon monoxide, so H2 reduces iron. Around 6% of steel is made from this route,
while the blast furnace/basic oxygen furnace (BF/BOF) route uses coal to reduce
the iron ore and secondary EAF production uses electricity to melt the metal
scrap—the source of electricity determines the emissions. Modern steel facilities
already operate within the limits of thermodynamic efficiency, so to lower the
emissions the options are to replace carbon with hydrogen or use direct
electrolysis (Rissman, et al., 2020).
The hydrogen DRI-EAF process, also known as HYBRIT, has a TRL of 5
according to IEA. The process directly uses low-GHG H23, instead of syngas, to
produce water and sponge iron which is fed to EAF and melted. The shift from
syngas to pure hydrogen can be done without major equipment changes.
Excluding H2 losses, the process would require an estimate of 51 kg H2 per tonne
of steel and 3.5 MWh or 12.5 GJ of energy per tonne of steel. Hydrogen-DRI has
been used in Trinidad, using SMR hydrogen. SSAB, LKAB and Vattenfall are
building a HYBRIT plant in Luleå, Sweden (pilot trials will be completed in 2024,

3

From electrolysis or SMR+CCUS.
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industrial process will be in place in 2035)4 and ArcelorMittal plans to build a
facility in Hamburg, Germany. Hydrogen-DRI appears as the most promising
zero-carbon steel production route, compared with electrowinning (aqueous
electrolysis) and blast furnace with and without CCS. The process would be
competitive in regions with carbon price policies implemented and carbon prices
of 40 to 75 US Dollars per tCO2e, assuming electricity costs of 0.05 US Dollars
per kWh (levelised cost of electricity, LCOE, for utility-scale solar and wind
energy has achieved 0.03-0.05 US Dollars per kWh in some regions and is likely
to drop further) (Rissman, et al., 2020; ESMAP, 2020; IEA, 2019a; IEA, 2020d).
In the long-term, according to IEA (2019), hydrogen-DRI and traditional DRI
coupled with CCUS will compete with direct electrification. An interesting
potential application of green steel is the direct reduction of haematite, a
constituent of iron ore, a process demonstrated in Japan at a laboratory scale
(IEA, 2019a).
o

Oil refining
Traditional hydrogen production in oil refining releases significant volumes of
carbon dioxide and is closely integrated within the refining processes. An option
to lower the emissions is to capture the CO 2 and to combine it with hydrogen to
produce synthetic fuels. Carbon capture technologies like calcium- and ironbased chemical looping are well established. To 2030, IEA expects hydrogen
demand in oil refining to increase 7% under existing policies and pollutant
regulations, but also affected by lowering demands of oil and production of lighter
and sweeter oil in recent years, at least in the US. After 2030, oil demand for
transport fuels, increased efficiency of hydrogen recovery in refineries and
electrification will slow the growth rate of hydrogen production. If zero-carbon
electricity, green hydrogen production is scaled and widely available, and a
substantial technological innovation takes place, the industry could even become
carbon-negative (sequestering more carbon than is produced) (IEA, 2019a;
Rissman, et al., 2020).

o

Chemical industry
Demand for hydrogen for primary chemical production is expected to increase to
57 Mt per year by 2030, driven by ammonia and methanol demand, and will
continue growing after 2030 mainly because of the growth in methanol-toolefins/methanol-to-aromatics demand from China, while demand for nitrogenbased fertilisers may plateau or decline due to specific policies to limit use and
improve agricultural practices. Recycling and reusing plastics and other materials
may decline, impacting demand for primary chemicals like ethylene. An
increased demand for ammonia and methanol could arise if they are used as
energy carriers or fuels (IEA, 2019a).
The main advantage of converting hydrogen into other chemicals like ammonia
and synthetic fuels (methane, diesel, kerosene, methanol, etc.) is their lower
volumetric energy density, which allows easier storage, transport and energy

4

A study by ESMAP (2020) mentions that, in the absence of supporting policies, the costs from electrolysis
remain high: the capital expenditure required to set up a direct iron processor, an electrolyser, and a hydrogen
storage facility is estimated at 1,000 EUR/tonne of crude steel. Total production costs would yield a steel price
of 1,200 EUR/tonne.
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trade, as well as the reduction of fuel volume for vehicles. Furthermore, several
synthetic fuels are compatible with the existing fuel infrastructure (IEA, 2020d).
The market of hydrogen-based chemicals will include urea-based fertilisers,
amines, fibres, and plastics. However, the use of carbon dioxide is energy
intensive5 and energy losses are the main disadvantage of transforming
hydrogen into other substances6; it is unlikely that hydrogen-derived fuels and
chemical products will be important contributors to carbon abatement in the next
20 years. Energy can be used in a more efficient manner to provide direct
services (electricity in vehicles) until the zero-carbon hydrogen infrastructure
develops (Rissman, et al., 2020; IEA, 2020d).
For hydrogen to be a cost-competitive alternative, it must overcome the low
prices of natural gas. This will most likely occur if a carbon pricing scheme is
implemented, renewable energy costs continue dropping (0.03-0.06 US Dollars
per kWh today) and electrolysis capital costs at least halve. However, fossilbased ammonia and methanol are more competitive when coupled with CCUS
at locations with higher electricity prices, so electrolysis would require electricity
prices to be 10-40 US Dollars per MWh for ammonia and 5-50 US Dollars per
MWh for methanol to be competitive (Rissman, et al., 2020; IEA, 2019a).
According to ESMAP (2020), the key to expand the number of hydrogen projects
is to couple green hydrogen production with direct air capture/carbon capture
techniques to produce ammonia or methanol, which can be stored for longer
periods than hydrogen (an attractive characteristic for applications such as
telecommunication). However, the process has a low overall energy efficiency
(around 40%) (IEA, 2020d).
By 2070, IEA (2020d) projects that 380 Mtoe of hydrogen-based fuels will be
produced per year, requiring 390 Mtoe of electrolytic hydrogen (9% of total
energy generation) and 700 Mt of CO 2 obtained from biomass or direct air
capture. This fuel production will be distributed as follows:
○ 250 Mtoe of hydrocarbons. Kerosene meets 40 % of aviation energy
demand. 50% of synthetic kerosene will be traded globally.
○ 130 Mtoe of ammonia, meeting 50 % of fuel demand for maritime
shipping, and obtained 70 % from natural gas with CCUS and the rest
from electrolytic hydrogen. 60% of ammonia will be traded on a global
scale.


Energy vector in power and heat
Green hydrogen and fuel cells will likely become a building block of fully
decarbonised grids, complementing existing renewable technologies, and promoting
their growth and deployment, ensuring energy security, boosting socioeconomic and
industrial development, improving air quality, and increasing access to mobility,
among other benefits (ESMAP, 2020). Electricity is the most popular energy vector,
but some difficulties in its storage have turned the attention to hydrogen and
hydrogen derived chemicals like ammonia, methane, and methanol, known
substances for which supply chains are already established and could be scaled. An

5

Heat of formation per carbon atom for the most used hydrocarbons (fuels and materials) is within the range of
-300 to 50 kJ per mol.
6
Ammonia production from electrolytic hydrogen requires 23 TWh of electricity per Mtoe of ammonia and has
an overall energy efficiency of 50%.
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energy penalty is associated with the production of ammonia (70% efficiency) and
methanol (64%) (Rissman, et al., 2020).
Today, hydrogen is obtained mainly from fossil sources without CCUS, but by 2070,
nearly 60% of hydrogen will be obtained from electrolysis, around 40% from fossil
sources coupled with CCUS and 1% from unabated fossil fuels (as a by-product of
catalytic naphtha reforming in refineries). Alkaline electrolysis is the preferred route
of hydrogen production today, mainly to produce hydrogen for fertilisers. However,
solid oxide fuel cells (SOFCs) and proton exchange membrane fuel cells (PEMFCs)
(used in vehicles thanks to their small, modular mobile units) show improved
efficiencies, around 50% higher than alkaline electrolysers and will continue their
development. Other alternatives are the direct use of sunlight to split water and
bubble column reactors with liquid metal. The economics of electrolysis depend on
capital cost, the cost of electricity and the efficiency of the system, elements that are
expected to fall in the next years7 (Rissman, et al., 2020; IEA, 2020d).
By 2070, global water electrolysis capacity is expected to reach 3.3 TW or 60 GW
per year, with an average cost below 300 US Dollars per kWe, supported by a
mixture of grid electricity and renewables-based power plants (IEA, 2020d). A rapid
improvement in the cost of fuel cell units combined with improved efficiency have
greatly benefitted the electrolyser market —for example, a SOFC lifetime in 2005
was under 20,000 hours and in 2020 the lifetime doubled. Electrolyser CAPEX is
expected to achieve 200-250 US Dollars per kW by 2030, including electrolyser
stack, voltage supply, rectifier, drying/purification and compression to 30 bar. The
total cost of an electrolyser includes financing, which is an important way to reduce
hydrogen production costs. For example, reducing the weighted average cost of
capital (WACC) from 7% to 5% would reduce a project’s overall CAPEX commitment
by nearly 20% (Hydrogen Council, McKinsey & Company, 2021; ESMAP, 2020).
Estimated global manufacturing for proton exchange membrane (PEM) electrolysers
is above 300 MW per year, and it is expected to achieve 1,500 MW per year or more
in 2025; for alkaline electrolysers, current capacity is more than 1,800 MW per year
and will surpass 3,000 MW per year in 2025. PEM fuel cell manufacturing capacity
is in place as of 2020, and the industry will expand in the future. However, under
current practice it is likely that the scale-up for hydrogen will drive an increase in
demand for fossil-fuel based hydrogen in the short term, and green hydrogen scaleup in the medium- to long-term will be determined by the dynamics of production
pricing across technologies. For molten carbonate fuel cell (MCFC), SOFC and
phosphoric acid fuel cell (PAFC), the market is dominated by a few companies, so
the success of these technologies will depend on the success of the companies
rather than on the fuel cell industry behaviour (ESMAP, 2020). An attractive
application of fuel cells is in waste management sites. SOFC and MCFC units have
higher tolerance for carbon dioxide than other fuel cells and can run on biogas
mixtures of more than 40% carbon dioxide, making them suitable to use in
conjunction with wastewater treatment plants (ESMAP, 2020).
Electrolysis demands electricity and water. The main issue with water use may not
be the quantity but the quality. Access to high purity water, is needed to maintain
7

Using renewable energy, H2 production can cost between 2.5 and 10 US Dollars per kg H2, but it can be
reduced to 2- 4 US Dollars per kg H2. If saline water is used, the cost increases 0.01-0-02 US Dollars per kg H2.
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humidity in the fuel cell stacks, which can hinder hydrogen production. However,
most electrolysers can include a purifying unit in the system making them compatible
with the public water supply system. Currently, water and electricity consumption is
approximately 9 L per kg H2 and 51 kWh per kg H2, respectively. If brackish water or
seawater is used, an additional 3-4 kWh per m3 is needed for desalinisation via
reverse osmosis. If the water comes from the public water system, a deionisation
system will be needed, elevating water consumption to 15-30 litres to obtain 9 litres
to yield a kilogram of hydrogen. In comparison, hydrogen from steam methane
reforming (SMR) requires 4.5 L per kg H2 (not including the water consumption from
coal or gas extraction) and coal gasification uses approximately the same volume of
water. Moreover, water consumption is not a synonym of water demand, as the water
is reusable after purification (ESMAP, 2020; Rissman, et al., 2020). In off-grid
locations that require high power availability, stationary fuel cell applications below 3
kW have become an attractive option, especially in sites in Asia where diesel thefts
are common (ESMAP, 2020).
o

Buildings
Hydrogen can be used to provide heat and electricity in buildings. One option is
to blend hydrogen with natural gas in the natural gas network, which is a lowcost solution and allows to keep the existing infrastructure and equipment if the
hydrogen is blended at 5 to 20%. Another option is to use 100% hydrogen,
requiring a higher investment to upgrade the network and equipment, which can
be challenging if the market has various gas suppliers and distributors. Last, fuel
cells and co-generation technologies for residential use have appeared as an
attractive alternative. Stationary fuel cell combined heat and power units have
transitioned from PEM to SOFC (higher efficiency and operating temperature),
as is seen in Japan with the Ene-Farm project (more than 300,000, 5 kW or less
units have been deployed in the last 10 years) (Rissman, et al., 2020; IEA,
2019a).
Back-up power with PEM fuel cells using units of 100 kW or less is also being
used (e.g., Adrian Kenya, PT Telekom); off-grid power provision is mostly driven
by PEM fuel cell units of less than 1 kW (Tiger Power, Raglan Mine, BIG HIT);
commercial office power is accomplished mainly with SOFC and PAFC of less
than 5 kW (Apple HQ, Morgan Stanley Manhattan); and baseload power
generation has a more varied range of technologies, with SOFC, PAFC, MCFC
and retrofit gas turbine units of more than 400 kW (Daesan Green Energy JV,
CEOG, North Chungcheong Province). The presence of hydrogen fuel cells is
most likely to continue and grow in the sector. Stationary fuel cells today operate
with natural gas but can be retrofitted at a low cost to run on pure hydrogen,
which could enable countries to future-proof investments using widely available
natural gas today or biogas, and then shift to green hydrogen fuel cells (ESMAP,
2020).

o

Telecommunications
The primary market for back-up power has been the telecommunications sector,
which has been a focus for fuel cell power systems due to the continuous energy
consumption of the equipment. Early solutions used PEM units using pure
hydrogen, creating logistic and performance issues for the early adopters. Today,
the systems use methanol- or ammonia-based fuel cells (ESMAP, 2020).
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o

Utilities
Fuel cells can provide utility-scale firm power in low-carbon grids, complementing
renewable energy output and providing ancillary services thanks to their fast
response. If natural gas has a low cost, the cost of operating natural gas fuel
cells can be lower than fuel oil generators or diesel generators. Green hydrogen
fuel cells can deliver the same performance as fuel cells running on natural gas
without the emissions and can provide power grids with a long-term energy
storage solution. As for large natural gas turbines, plans exist to convert them to
run on hydrogen in order to use the hydrogen produced in SMR sites in the short
term and prepare for the green hydrogen transition (for example, the 400 MW
Magnum CCGT operated by Equinor in the Netherlands is due to run on 100%
hydrogen by 2023) (ESMAP, 2020).

o

High-temperature heat
High-temperature heat is delivered at 450°C or above, with specific applications
using temperatures over 1,000°C. Heavy industries consume high-temperature
heat in many processes where the main source of high temperature heat are
fossil fuels: 65% is obtained from coal, 20% from natural gas and 10% from oil,
with minimal contributions of biomass. The use of high-temperature heat in the
industry accounts for around 1.1 GtCO 2 per year of direct emissions. Electricity
is another source of energy in electric arc and induction furnaces in steelmaking
(direct use), and in aluminium smelting (indirect use). CCUS is an alternative to
lower emissions, but combustion of hydrogen or hydrogen-based fuels like
ammonia can help reduce emissions. Today, however, the use is virtually nonexistent, although it has been demonstrated. In 2020, a performance trial
successfully heated steel using hydrogen before rolling in Sweden, performed by
Ovako and Linde. The IEA considers that the TRL of hydrogen use for hightemperature heat is 5. Bioenergy is a direct competitor, showing lower costs than
hydrogen and competing with natural gas. In addition, pure hydrogen cannot
replace coal or natural gas directly due to the specific transformations that occur
in kilns, furnaces, boilers and reactors, requiring solutions such as incorporating
clinker dust into fuel streams, redesigning burners, and using corrosion- and
brittleness-resistant materials (IEA, 2019; IEA, 2020d).

Mobility
Around 0.01% of the pure hydrogen produced worldwide is used by fuel cell electric
vehicles (FCEV) (Figure I.5). PEMFCs are used in vehicles because they perform
better than other fuel cells for small applications and the market share will grow in
the next decades (Rissman, et al., 2020). Fuel cells in vehicles are likely to
experience an accelerated growth in developing countries given the lowering costs
and benefits to consumers8. FCEVs are gaining popularity among users that need
autonomy for longer average distances than the distances provided by electric
vehicles (like in California, US) or those whose high rate of vehicle use places a
premium on the availability of power, like taxis (the Chinese company Grove has
announced a 200 FCEV fleet in China and is also discussing another fleet for Minas
Gerais in Brazil) (ESMAP, 2020). The lack of refuelling infrastructure and technical
capability for car service may present a challenge for individual FCEV ownership.

8

Customer experience, local air quality issues or high cost of diesel or other fuels are the main benefits, but
recently Hyundai began marketing its latest FCEV “Nexo” as an “air purifier on wheels” because FCEV need
clean oxygen to react with hydrogen and the vehicle has a filter system to separate the oxygen from air.
Moreover, Hyundai argues that Nexo is better to address localized air pollution than battery electric vehicles.
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This has been addressed by some manufacturers, like Toyota with its Mirai model in
the US, by only offering leasing agreements (in 2017, IEA reported 349 US Dollars
per month for a Mirai) (ESMAP, 2020).
Figure I.5. Monthly fuel cell electric vehicles on the roads of California from January 2014
to December 2019.

Note: Number of sold and leased units.
Source: (ESMAP, 2020).

Fuel cell electric buses (FCEB) are more numerous than fuel cell cars; several
hundred of FECBs are in operation in Europe, China, Japan, Korea, and North
America. They compete directly against electric battery buses and offer greater
ranges (more than 20,000 hours), quicker refuelling times and their cost is declining.
Developing countries like Brunei, Costa Rica, India, and Malaysia are starting to
implement this solution. FCEB can help improve local air quality in heavily polluted
metropolitan areas (ESMAP, 2020).
The market for fuel cell powered trucks is one of the most promising areas of growing
demand. Government agencies and companies in China, Japan, Norway, and
Switzerland have pledged to procure and deploy more than 1,000 fuel cell trucks
over the following decade (ESMAP, 2020).
Hydrogen-fuelled forklifts are increasingly popular in the world, with more than
30,000 units in operation, mainly in the US. They are attractive because they require
significantly less space than battery alternatives and have a higher operational
availability. Hydrogen forklift users include Amazon, Walmart (both of which use units
from Plug Power, an American company), Carrefour, Alibaba and Toyota (IEA, 2019;
ESMAP, 2020).
Another large potential source of green hydrogen demand are freight and maritime
applications, with maritime projects in Scotland (HySeas III) and Norway. Two
countries operate hydrogen trains: Germany has one hydrogen train (operated by
Alstom and Hydrogenics) and China one hydrogen tram. Other companies like
Ballard and Siemens have shown interest in developing train hydrogen solutions
(ESMAP, 2020).
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Finally, hydrogen refuelling stations (HRS) are key elements for the hydrogen use in
mobility. 432 HRS were in operation by the end of 2019, but many more have been
announced, with 15,000 HRS expected by 2030 installed in China, France,
Germany, Japan, Norway, the UK, the US, Austria, Canada, Costa Rica, Spain,
Iceland, Malaysia and the UAE (ESMAP, 2020).


Storage
Due to its low density9, storage is one of the most significant barriers to scale-up
hydrogen. Liquefaction and compression are two processes used for gas storage,
but in the case of hydrogen are very energy consuming 10 and hydrogen boiling-off
losses occur (larger for smaller tanks and smaller for larger tanks11). Storage using
solid-state compounds is an emerging technology for smaller scale storage in urban
areas and for mobility applications, while pressurised underground storage in
geological sites like salt caverns is a solution for large storage in seasonal and interseasonal periods. For example, clusters of industrial facilities can include wind and
solar electricity using high voltage transmission lines, transform the surplus to
hydrogen and store for later use (this model is under assessment in North Rhine
Westphalia, Germany), or convert it to other chemicals like ammonia and methane.
Another promising novel technology for large-scale transportation and storage are
liquid organic hydrogen carriers (LOHCs), which can be stored in oil facilities,
bunkers, pipelines and tanks, and can store hydrogen for months or years without
needing low temperatures, making them ideal for countries with an ample fuel
infrastructure (Rissman, et al., 2020; ESMAP, 2020).



Transport
85% of the hydrogen that is consumed today is produced on-site and the remaining
15% is transported by pipelines or truck (Rissman, et al., 2020). Transporting small
volumes of hydrogen can greatly increase the end-user cost of hydrogen, which is
why it will often be more convenient to produce the hydrogen closer to demand
locations (ESMAP, 2020). The transport options for a larger market are the following
(Rissman, et al., 2020; IEA, 2020d; ESMAP, 2020; Hydrogen Council, McKinsey &
Company, 2021).
o Building new infrastructure that is embrittlement, corrosion and diffusion
resistant to avoid losses and accidents. This includes pipelines, kilns, boilers,
and burners.
o Using the hydrogen-compatible existing infrastructure, such as the
polyethylene low-pressure distribution and service pipes installed.
o Using the natural gas network with 5-20% hydrogen blended with natural gas.
Due to material incompatibility, it cannot replace natural gas completely in
the grid or end applications like boilers or burners. An example of this strategy
is the HyDeploy project in the UK. In middle-income countries with existing
gas infrastructure, such as Argentina, Malaysia, Egypt and Thailand, the
network can be repurposed to support green hydrogen production with a
minimised risk of stranded assets.
o Transforming hydrogen to other chemicals (NH3, CH4, LOHCs, etc.). This can
be convenient for international hydrogen transport.

9

0.09 kg per m 3 at ambient temperature and atmospheric pressure.
Around 2.21 kWh/kg H2 are needed to compress to 40 kg H2 per m3 and 15.2 kWh per kg H2 to liquefy to 70.8
kg H2 per m3.
11
0.4% for a 50 m3 storage unit and 0.06% for a 20,000 m3 storage unit.
10

13

Assessment of the greenhouse gas mitigation potential of green hydrogen.
An implementation roadmap for Mexico

o

o
o

For short and medium range distances, pipelines can achieve very low H2
transportation costs (up to 0.1 US Dollars per kg for up to 500km), only if
existing pipeline networks are suitable for retrofitting (e.g., ensuring leakage
prevention), and high quantities of H2 are transported.
For lower or highly fluctuating demand, or to bridge the development to a full
pipeline network, trucking hydrogen (gas or liquid) is the most attractive
option, since it can achieve costs of nearly 1.2 US Dollars per kg per 300km.
For longer distances, subsea transmission pipelines provide cheaper
transportation. Where pipelines are not available, a range of different carriers
may be used, being liquid H2 (LH2), liquid organic hydrogen carriers (LOHC)
and ammonia (NH3) the main alternatives, since all three have comparable
costs.

Studies suggest that natural gas pipeline transport would lead to losses of 20%, so
there is room for improvement. Policies and regulations need to be formulated and
implemented to regulate blends, and harmonisation across regions will be an
important aspect of the market development (Rissman, et al., 2020).
Some transportation applications (mainly heavy-duty) and industry are “in the money” at a
hydrogen production cost of 1.6 and 2.3 US Dollars per kg, without considering the costs for
carbon emissions. Considering costs of carbon at 100 US Dollars per tCO2e could push the
breakeven for applications like steel, ammonia, and refining. Other transportation (shipping
or aviation) need costs of carbon higher than 70 US Dollars per tCo2e. As for applications in
buildings and power, even higher carbon costs are needed (approximately 200 US Dollars
per tCO2e) (Hydrogen Council, McKinsey & Company, 2021).

I.1

Policies to promote hydrogen

Informed policy makers determine the success of a rapid response required to shift trends
and impulse change. The global efforts towards net-zero are an excellent example, as wellwritten policy interventions and roadmaps can cause reductions in emissions through
several routes on all channels, facilitating the proper allocation of resources in investment
decisions and delivering economic efficiency, but even if it only triggers a few responses—
no single policy is a “silver bullet”—, if used as part of a package of policies it can help with
decarbonisation efforts. Decarbonising the industrial sector requires a comprehensive
package of policies, and inter-dependencies must be acknowledged in each specific case
to achieve deep decarbonisation. Hydrogen applications, especially in developing countries,
must be located to develop clear goals and plans to reach net zero by 2050-2070 (ESMAP,
2020; Rissman, et al., 2020; Hydrogen Council, McKinsey & Company, 2021). In words of
the IEA, ambitious, pragmatic, and near-term action is needed to overcome barriers and
reduce costs (IEA, 2019b). Below a summary of policies and measures that are relevant for
the rapid adoption of hydrogen are presented.



Establishment of targets and long-term signals
This approach is crucial to provide stakeholders with certainty that a hydrogen
market will develop in the future. Targets, plans, strategies, roadmaps, and other
instruments, like nationally determined contributions under the Paris Agreements,
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are some examples of elements that can help send signals to conform the hydrogen
market. However, these alone are not powerful enough to drive change (IEA, 2019b).


Stimulate commercial demand for hydrogen in multiple applications
Demand creation policies consist of putting an economic value on hydrogen
produced from new sources or for use in new applications across different sectors in
an integrated way. In other words, the aim is to make projects bankable. International
cooperation can help with scale-up and reduce investment risks. Examples are
standards (e.g., California Low Carbon Fuel Standard), CO 2 and pollution pricing
(e.g., EU Emissions Trading System), mandates, bans, procurement rules, market
rules for electricity and gas (including ancillary services and locational, temporal
pricing), tax credits, and reverse auctions. Highly technology prescriptive policies
should be avoided (IEA, 2019b).



Harmonise standards and remove barriers
Sometimes, unnecessary regulatory barriers and lack of common standards can
obstruct technology growth and adoption or even increase risks. Safety standards,
taxation (double taxation is undesirable), distribution purity and pressure for
hydrogen are elements to keep under the radar, as well as an international
framework to avoid mislabelling and double-counting of environmental impacts (IEA,
2019b).



Emissions standards, energy efficiency and carbon intensity standards
Standards directed towards appliances, equipment and vehicles have proven among
the most effective policies for energy use reductions. For example, electric motor
standards in industry resulted in a major reduction in electricity consumption because
two-thirds of industrial electricity consumption is driven by motors (Rissman, et al.,
2020). Financial return may not be the only driver of efficiency upgrades adoption,
as standards have evolved to become more performance- or objective-oriented, for
example, the transition from energy-based to GHG intensity-based standards in the
automotive industry. In general, standards deliver better results when implemented
at the national level and are harmonised on an international level via treaties and
international organizations (e.g. the International Standards Organization, ISO).
Support from manufacturers and installers is key considering their expertise and
data, both necessary to develop the indicator and associated market structures for
this kind of policies. Performance standards do not internalise a carbon price that is
proportional to the abatement they deliver—the added cost of buying standardcompliant equipment is often far lower than the social cost of the avoided emissions,
but this kind of comparison is not always considered by the adopters. Standards and
carbon pricing work better in tandem and enabling carbon credit trade across sector
could deliver cost effectiveness like carbon pricing (Rissman, et al., 2020). High-level
instruments like emission reduction targets, commitments to deploy certain energy
resources or carbon pricing systems or deploy fuel cell vehicles and hydrogen
refuelling stations are other examples of actions that send a signal to stakeholders
so they can engage in the upcoming hydrogen market (IEA, 2019b).



Carbon pricing or tax
This is one of the most prominent emissions-reduction policies, in which emitters are
required to pay a fee per tonne of carbon dioxide or per tonne of CO2-equivalent they
emit. No specific technologies are prescribed (technology neutrality), allowing
emitters to find and choose their preferred way to reduce emissions, based on cost,
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or pay the carbon price if the emissions reductions are more expensive. Regulators
can limit GHG emissions from the industry sector in a cost-effective way without
developing expertise in manufacturing processes (which would be needed to set
standards for a certain equipment or per unit of a commodity) and governments can
obtain revenues to support socially beneficial objectives and programs (for example,
RD&D funding) or reduce taxes on income, labour, etc. (Rissman, et al., 2020). Welldesigned carbon pricing can invoke efficient responses in all channels and generate
government revenue (Hydrogen Council, McKinsey & Company, 2021).


R&D support
R&D promotion and knowledge sharing are two key elements of policy, and
governments shall play a central role in setting the research agenda (IEA, 2019b).
Research, development and demonstration policies are restricted to achieve
reductions on all channels, but the produced technologies can help comply with other
policies (carbon pricing, emission standards) at lower costs. New technologies,
processes, and specific problems such as scaling and accelerated adoption can
benefit from these policies. Success depends greatly on coordination across
manufacturing scales, as learning occurs when the concepts move from prototypes
and demonstrative projects encounter challenges to achieve market-ready
technologies, so policies must be designed to stimulate innovation across all the
stages of market development. Public-private partnerships can drive innovation and
lead to more rapid adoption of new developments (Rissman, et al., 2020).



Risk mitigation investment
Aimed to promote private investment in discrete facilities at the early stages of scaleup. At this stages, uncertain demand, unfamiliarity with the new technologies, and
the complexity of the value chain conform are elements of risk, so measures shall
address hydrogen applications to ensure the financial attractiveness of the projects,
even with demand creation policies in place. Capital and operational costs related
risks are the main two issues. Examples of this kind of measures are loans, credits,
risk guarantees, accounting systems to trade “guarantees of origin” (tax breaks,
regulated returns, water resource and CCUS planning (IEA, 2019b).

Rissman et al. (2020) mention that to achieve an equitable transformation toward low-carbon
industry, all stakeholders should consider keeping people at centre of policies, focusing on
human impacts and communities; avoid capture by vested interests; opt for policies that
promote win-win green growth solutions when possible and establish support programs for
detrimentally-affected communities if win-win is unavoidable (like in coal mining); and use a
mix of supply-side interventions and demand-side interventions to avoid a boom-and-bust
cycle. The use of both supply and demand interventions is also a strategy considered by
IEA (2019b) to serve as a platform for rapid hydrogen rise by 2030 and to fulfil its longerterm potential, and local communities’ engagement is recognised and an important element
for new hydrogen projects.

II State of the art technologies
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II.1 Generation
Given the universal nature of hydrogen (H2) in many compounds12, there are diverse raw
materials from which to obtain this gas. The hydrogen sources can be separated into three
main categories: water, biomass (including fuels such as bioethanol, biomethanol and
biodiesel), and substances with fossil origin (coal, natural gas, liquefied petroleum gas,
propane, methane, gasoline, and light diesel) (Haryanto et al., 2005). Figure II.1 presents a
diagram that summarises the processes for obtaining hydrogen starting from different raw
materials.
Figure II.1. Hydrogen production obtained from different raw materials.

Source: IEA (2009).13

For hydrogen production processes, there is a colour-based categorisation that indicates
their CO2 emissions footprint (Hydrogen Council, 2021):





Grey hydrogen: Its production involves the emission of CO 2 into the atmosphere,
making it the highest emitting produced hydrogen.
Blue hydrogen: If the CO2 emitted derives from carbon capture, utilisation, and
storage.
Green hydrogen: If it is produced from the gasification of sustainable biomass and
the biogas reformation or pyrolysis, or from electrolysis driven by renewable sources.
Carbon negative hydrogen, or carbon sink: If there is carbon sequestration. This is
the cleanest hydrogen.

Additionally, there are four main hydrogen production routes, depending on the type of
production process (Haryanto et al., 2005; Parkinson et al., 2019):


12
13

Thermochemical processes. Worldwide, gasification and pyrolysis are the most used
methods. These processes are technologically mature and require solid raw

Nearly 75% of the mass in the universe is hydrogen (Orecchini et al., 2013).
Darker colour represents raw materials, halftone depicts the processes and lighter colour represents products.
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materials (coal, wood or different types of biomass) or semi-solid (such as residual
oils or heavy crude oil). Usually, different types of catalysts are used.
Electrochemical processes. These processes are also mature technologies and use
water as a raw material to separate its components with electricity. However, they
are energy intensive, and less used in comparison to thermochemical processes.
There are different electrochemical processes according to the type of electrolyser
used.
Photo biological processes. These technologies seek to take advantage of the
photosynthetic activity of bacteria and green algae to obtain hydrogen in several
ways.
Photo electrochemical processes. These processes are intended to produce
hydrogen by means of the chemical reactions that occur in semiconductors
immersed in water when exposed to sunlight.

From these methods, the last two have slow production rates compared to thermochemical
and electrochemical ones, and they are in early stages of development. For this reason,
they still must overcome different technological challenges before they can produce
hydrogen in a commercial scale (Table II.1). Another classification used for production
routes is related to the level of greenhouse gas (GHG) emissions, with two major categories:
high-carbon hydrogen and low-carbon hydrogen. Traditional high-carbon routes depend on
fossil fuels optionally coupled to carbon capture, utilisation, and storage systems (CCUS)
(IEA, 2020b). CCUS is considered of great importance for the decarbonisation of the world's
energy systems, and for the transition towards carbon neutral systems, as they also provide
flexibility by supporting the integration of renewable energies into the energy matrix (IEA,
2020c).
Table II.1. Technological readiness level (TRL) of the main industrial hydrogen production
routes.
Main route

Raw material

Thermochemical Natural gas

High carbon
Steam methane
reforming
Methane pyrolysis

Electrochemical

Coal

Coal gasification

Biomass

Biomass gasification

Water

Fossil-powered
electrolysis

Thermochemical Water
&
electrochemical

----

TRL

Low carbon

TRL

Steam methane
reforming with
CCUS
-

7-8

9

Coal gasification
with CCUS

6-7

5-6

Biomass
gasification with
CCUS
Low carbon
(wind, solar,
nuclear) powered
electrolysis
Thermochemical
water splitting (SI or Cu-Cl cycles)

3-5

9

3-5

9

----

-

9

3-4

Source: Parkinson et al. (2019).

The global annual demand for pure hydrogen is approximately 70 Mt (million tonnes) of
hydrogen per year, mainly for oil refining and ammonia production, and about 45 Mt of
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hydrogen per year are used in industry in a non-pure form (without the need to separate it
from other gases) (IEA, 2020b). Most of the generation is based on fossil materials due to
the low prices and abundance of natural gas and coal. It is expected that this situation is
likely to continue in the medium term (Parkinson et al., 2019). CHN Energy, the largest
electricity generation company in China, is the world's largest hydrogen generation
company, with about 12% of total global production. This production is globally distributed
in 80 coal gasifiers with a capacity of 8 Mt of hydrogen per year (IEA, 2019b).
During 2019, electrolysis generation capacity reached operational level, but low-carbon
production capacity remained relatively constant. Further scaling-up efforts are required to
reduce costs, to replace high-carbon with low-carbon hydrogen production in commercial
applications, and to expand the uses of hydrogen, which are currently located primarily in
the chemical, petroleum, and fuel industries (IEA, 2020b).
To expand the use of hydrogen and move towards a hydrogen economy, Haryanto et al.
(2005) mention that there are two important concepts: pollution-free sources and fuel cells
to efficiently obtaining hydrogen. Additionally, García et al. (2019) list three elements in the
supply chain hydrogen infrastructure that are also important and require a special focus:
small-scale production, pipelines for gas transport and ships for liquid transport. Based on
the latter, hydrogen production can be achieved by three different logistic schemes (US
DOE, 2021):




At the site of use or close to the site of final use, under the distributed production
scheme.
In large plants and then delivered to the point of final use, under the centralised
production scheme.
At intermediate facilities (distances between 50 and 150 km) from the final use site,
in the semi-centralised production scheme.

II.1.1 High-carbon hydrogen
Parkinson et al. (2019) report that 96% of the hydrogen used worldwide is produced from
natural gas reforming (49%), liquid hydrocarbons reforming (29%) and coal gasification
(18%). There are important CO2 emissions associated with this production, of about 830 Mt
of CO2 per year, equivalent to the combined emissions of the United Kingdom and
Indonesia. About 6% of the natural gas and 2% of coal in the world are used to meet the
global hydrogen demand (IEA, 2019b).

II.1.1.1 Steam methane reforming (SMR)
Steam methane reforming (SMR) is a thermochemical technology that is the largest
industrial source of hydrogen production. It consists of the catalytic chemical reaction of
methane with steam (H2O). Methane is the hydrocarbon with the highest hydrogen:carbon
(H:C) ratio and this is the reason why it is preferred as a raw material for obtaining hydrogen.
The reforming process is the most energy efficient of all hydrogen production routes, and it
is the most cost-effective for large-scale production. The global efficiency is higher than 75%
(Parkinson et al., 2019; Arbeláez et al., 2018; Haryanto et al., 2005). The global chemical
reaction of SMR is as follows:
𝐶𝐻4 + 2𝐻2 𝑂 ⇌ 𝐶𝑂2 + 4𝐻2
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The process occurs under relatively high temperature and high-pressure conditions (6501000 °C, 5-40 bar), and with catalysts that allow the production of carbon monoxide and
hydrogen. The previously presented chemical reaction is reversible, and thus, it is necessary
to shift the equilibrium towards the generation of H 2. After the first reaction, which produces
carbon monoxide, an additional amount of hydrogen is obtained by a second reaction known
as the water-gas shift reaction (WGSR) between carbon monoxide and water vapour, also
in the presence of catalysts in the heterogeneous gas phase. The WGSR consists of two
stages, a high temperature stage (350-370 °C) and a low temperature stage (200-220 °C).
In the last stage, the hydrogen stream is separated from the carbon dioxide through a
pressure swing adsorption process (PSA), a cryogenic distillation process, or by using
membranes (Parkinson et al., 2019; Arbeláez et al., 2018; Haryanto et al., 2005).
Natural gas can be used both as a fuel and as a raw material. Between 30% and 40% is
burned as fuel, resulting in a "dilute" stream of CO 2, while the remaining fraction is converted
into hydrogen and produces a "concentrated" stream of CO 2. About 60% of direct CO2
emissions are generated by the chemical reactions of the process (which has a
concentration of approximately 50% volume per volume at the PSA output), and the other
40% is due to the heat demand and the energy sources used (the streams at the chimney
outlet have a concentration of 5%-10% volume per volume of CO2). The stream with the
CO2 produced from the reactions can be subject to compression, transport, and storage at
low cost if there are appropriate geological formations in the vicinity, or to CO 2 capture with
a monoethanolamine (MEA) solution, which allows capturing between 80% and 90%14 of
the CO2. However, both options increase the complexity and the cost of production
(Parkinson et al., 2019; IEA, 2019).
In this process, indirect emissions of both methane and CO2 are released from the supply
chain, and are dependent, among other aspects, on the composition of the gas streams and
the distance they must be transported. Estimates indicate that between 1.6% and 5.5% of
the processed methane is lost through venting, incomplete combustion, and fugitive
emissions. In the case of a low-emission supply chain (with the use of modern equipment
and effective operations such as low-pressure distribution), indirect emissions can range
from 0.6% to 1.4% (Parkinson et al., 2019). Another reforming technology is known as auto
thermal reforming (ATR), through which synthesis gas (hydrogen and carbon monoxide) is
generated (Hydrogen Council, 2021).

II.1.1.2 Methane pyrolysis
Due to its abundance (particularly when hydrates are considered) and its high
hydrogen:carbon ratio, methane is ideal for thermal decomposition. The pyrolysis reaction
involves the decomposition of hydrocarbons at high temperatures by thermal or catalytic
processes in non-oxidative environments, which allows the production of hydrogen. Unlike
reforming, carbon oxides (CO and CO2) are not formed because neither water nor air
intervene in the reaction. This represents an important advantage since it eliminates the
need for secondary WGSR. The global reaction of methane pyrolysis is as follows:
𝐶𝐻4 ⇌ 𝐶 + 2𝐻2
Without a catalyst, this reaction occurs above 700 °C, while using a suitable catalyst reduces
the required temperature to nearly 500 °C. However, to achieve relevant production rates,
14

It must be highlighted that a less pure stream requires a larger amount of energy to separate the CO 2.
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the needed temperatures rise above 1000 °C (Dagle et al., 2017). This pyrolysis reaction
requires similar amounts of energy in comparison to those of the SMR, but pyrolysis has the
advantage of not requiring the generation of water vapour, lowering the global energy
requirements of the process. However, other aspects must be considered, such as the
energy source, and the by-products formed of compounds other than methane, that exist as
traces in natural gas (Machhammer et al., 2016; Hammer et al., 2006).
Compared to SMR, the product stream has a higher hydrogen content, which contributes to
lower capital and operating costs. Additionally, the thermal decomposition process is a
mature technology used to produce carbon black, which is used in the manufacture of tires
and electrical equipment15. However, in terms of hydrogen production, this technology does
not have the same degree of maturity, and there are only a few pilot-scale demonstration
projects (Parkinson et al., 2019).
Another alternative for the co-production of carbon black and hydrogen is using plasma
reactors for methane pyrolysis, which operate at high temperatures (above 1,727 °C). This
technology has been tested at the pilot-scale with promising results, but it is still under
development. The main challenge remains in producing simultaneously high-purity
hydrogen and high-value carbon black (Gautier et al., 2017). Regarding carbon capture and
sequestration, methane pyrolysis presents an important advantage by sequestering solid
carbon instead of CO2, which ideally could eliminate the CO 2 emissions completely.
For this process, the main costs are determined by the price of natural gas and the market
price of carbon black, as well as the catalyst used. GHG emissions depend on the energy
source (fuel). For instance, it has been found that emissions are greater if an electric heater
is used as the heat source. Methane pyrolysis results in higher emissions compared to SMR,
due to higher energy consumption (Parkinson et al., 2019).

II.1.1.3 Coal gasification
This is a mature commercial technology that has been used for decades by the chemical
and fertiliser industries to produce ammonia, particularly in China. The conventional process
begins with the pulverisation of mineral coal, which then undergoes a partial oxidation with
air or oxygen at temperature conditions between 800 °C and 1,300 °C, and pressures
between 30 bar and 70 bar. The product of this transformation is synthesis gas (syngas)
composed of H2, CO, CO2, CH4 and impurities such as H2S and COS, which then goes into
a gas scrubber to remove sulphur compounds, particles and nearly 50% of the CO 2. Similarly
to methane reforming, the syngas undergoes a WGSR and PSA, which increases the
hydrogen yield of the overall process. The waste gas stream from the PSA (rich in CO 2, with
H2 and CO) can be used to generate electricity, reducing the energy requirements of the
process (Parkinson et al., 2019; IEA, 2019). The simplified reaction of coal gasification is as
follows:
𝐶𝐻0.8 + 0.7𝑂2 + 0.6𝐻2 𝑂 → 𝐶𝑂2 + 𝐻2
The overall efficiency of the process is around 55%, which is lower than SMR. Additionally,
coal gasification plants are more complex and have greater capacity per process train. There

15

Nearly 95% of carbon black is obtained by non-catalytic thermal decomposition. If the global demand of
hydrogen was met by this method, the carbon black obtained would be about 12 times the current size of the
market et (Parkinson et al., 2019).
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are approximately 130 coal gasification plants and more than 80% of them are in China
(Parkinson et al., 2019; IEA, 2019).
The costs of hydrogen produced by this method are more sensitive to the capital costs of
the plants in comparison to the price of coal. If the cost of coal increased by 25%, the cost
of hydrogen would increase by 0.05 US Dollars per kilogram. In general, coal gasification is
only competitive in cases where local oil or natural gas prices exceed those of coal, as it
presents higher capital costs, lower efficiency, and more complexity in the processes.
Additionally, it has lower hydrogen:carbon ratio, compared to natural gas, which contributes
to coal gasification having higher emissions than methane reforming (Parkinson et al.,
2019).
Emissions from the supply and production chain vary according to the type of coal and the
extraction method but are approximately twice the corresponding emissions from natural
gas. In surface mines, fugitive methane emissions are proportional to the exposed surface
area, and they are lower than those of underground mines, where coal has a higher gas
content. In turn, emissions of underground mines vary according to the depth and specific
conditions of the deposit (Parkinson et al., 2019; IEA, 2019).

II.1.1.4 Electrolysis using traditional sources
Electrolysis is a mature process both technologically and commercially. It consists in
separating water into hydrogen and oxygen by means of electricity. This is the reason why
its direct GHG emissions are exceptionally low. However, its indirect GHG emissions are
determined by the source of energy used and the type of electrolyser system. The net
reaction of water electrolysis is as follows (Parkinson et al., 2019):
1
2

𝐻2 𝑂 ⇌ 𝑂2 + 𝐻2
Although the efficiency of commercial electrolysers is between 60% and 70 %, the efficiency
of electrolysis of water is around 25%, as it is energy intensive (Haryanto et al., 2005). The
theoretical minimum electrolysis energy is 39.3 kW/kgH2, but commercial systems require
50-60 kW/kgH2. Production costs based on this technology for systems not connected to the
electricity grid depend strongly on the capital cost of the electrolyser, the cost of electricity
consumed and the utilisation factor (Parkinson et al., 2019). This technology would be more
competitive if there were low-cost sources of electricity (1 to 2 US Dollar cents per kWh)
(Haryanto et al., 2005). Figure II.2 presents data for global electrolysis capacity in operation.
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Figure II.2. Global electrolysis capacity in operation.

Source: IEA (2020b).

Although electrolysis is one of the most efficient and mature processes of hydrogen
production, it still needs to be scaled up to reduce costs and several issues have to be solved
including corrosion, poor seals, thermal cycling, chromium migration, among others
(Parkinson, el at., 2019).

II.1.2 Low-carbon hydrogen
To this date, only 4% of the hydrogen produced worldwide is obtained by routes that do not
originate from fossil raw materials, such as electrolysis; and it can only be considered low
carbon if the electricity is produced from low carbon technologies (Parkinson, et al., 2019).
Figure II.3 illustrates the historical growth of low-carbon hydrogen production worldwide.
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Figure II.3. Global low-carbon hydrogen production.
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II.1.2.1 Water-gas shift reaction (WGSR)
The water-gas shift reaction (WGSR) is an especially important reaction, frequently used in
industry, in which hydrogen and carbon dioxide are produced from water and carbon
monoxide. The oxide-reduction reaction is as follows:
𝐻2 𝑂 + 𝐶𝑂 ⇌ 𝐻2 + 𝐶𝑂2
Throughout the years, the importance of this reaction has increased, particularly to produce
low-carbon hydrogen, since the WGSR simultaneously produces hydrogen and increases
the concentration of carbon dioxide, thus improving its capture. The WGSR is an exothermic
reversible reaction, so if it is carried out at high temperatures, its conversion is low. On the
other hand, if it is carried out at low temperatures, its conversion is higher, but the kinetics
is slower, increasing the reaction time or the dimensions of the equipment, therefore its
costs. Because of this, there are different methods to carry out this reaction, which are
classified according to the conditions under which they are carried out, as well as the
catalysts used. Figure II.4 presents the main classification of WGSR methods, as well as
some examples of processes and their main operating conditions. Each method has
different advantages and disadvantages. However, the WGSR in general continues to be
relevant research topic, particularly in the field of hydrogen because it is a useful process
both for the production and purification of hydrogen, and for the capture and storage of
carbon dioxide. This process constitutes a fundamental factor in converting high-carbon
hydrogen into low-carbon hydrogen (Chen & Chen, 2020).
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Figure II.4. Main methods for water-gas shift reaction (WGSR)

Source: Modified from Chen & Chen (2020).

II.1.2.2 Hydrogen of fossil origin coupled to CCUS
Nowadays, the main low-carbon production route is SMR coupled to carbon capture and
sequestration systems. It is likely that this production route will remain as an important
alternative due to the higher costs of electrolysis. Emissions from SMR plants with carbon
capture and sequestration can decrease up to 90% if these processes are applied in both
process and energy use streams. If they are only applied in the process streams, it would
achieve a reduction of about 54% of the emissions from hydrogen production, since the
GHG emissions associated with the use of energy, or the natural gas supply chain would
not be eliminated. As of 2019, there were six projects of this type in operation, with a joint
production capacity of 350 kt per year. However, more than 20 projects had been announced
for commissioning in the 2020s, mainly in North Sea countries (IEA, 2020b; IEA, 2019;
Hydrogen Council, 2021).
There is no single optimal hydrogen generation route coupled to CCUS systems, since the
advantage of a specific route over the others will depend on the final use of hydrogen and
production costs, since gas separation technologies are selective towards either hydrogen
or CO2. Although there are some cases in which the carbon dioxide obtained by capture
systems is sold for use in industry, most of it ends up in geological storage sites or for
enhanced oil extraction (IEA, 2019b).
In the case of coal gasification coupled to CCUS systems, it is a highly carbon-intensive
process with a relatively low hydrogen:carbon ratio (0.8:1) compared to methane (4:1). In
addition, coal has other components such as sulphur, nitrogen, and various minerals.
Additionally, the synthesis gas resulting from gasification can be used in combined cycle
plants and generate low-carbon electricity (coupled with CCUS systems). This system would
be flexible, being able to produce electricity or hydrogen, according to economic factors.
Currently there are no industrial facilities of this type, but its development is expected in the
future. The most economical route seems to be the generation of electricity from coal
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together with pre-combustion capture systems, which are needed to produce hydrogen, and
integrated gasification combined cycle (IGCC) systems. Studies in recent years have shown
that the most economical route requires the use of supercritical pulverised coal in plants
without carbon capture (Parkinson, et al., 2019; IEA, 2019).
Hydrogen production from biomass gasification coupled with CCUS systems could imply
negative net emissions of carbon dioxide, due to the fixation of this gas during plant growth.
A group of authors reported the results of a life cycle analysis (LCA) for a hydrogen
production system, using short-rotation poplar biomass gasification coupled with a two-stage
membrane separation carbon capture technology. The authors found that it is possible to
have negative life cycle emissions (-14.58 kgCO2/kgH2), which can be expressed as net
carbon fixation, if the CCUS system removes 70% of the CO2 produced. They also
concluded that fossil hydrogen with carbon capture is a better alternative than without carbon
capture, from a perspective of mitigation of climate change, but not of environmental impact
per life cycle16 (Parkinson, et al., 2019; Susmozas, et al., 2016).

II.1.2.3 Electrolysis from low-carbon electricity
Electrolysis is a mature technology, industrially used for different applications. In terms of
hydrogen production, the interest in electrolysis arises from concerns regarding the
environment and energy efficiency, with uses that include driving vehicles, injection into
natural gas networks, as cleaning agent in industrial processes, to store energy from
intermittent renewable sources (such as photovoltaic or wind) and the manufacture of
synthetic fuels, among others (Parkinson, et al., 2019; IEA, 2020b). In 2010 the total installed
capacity was lower than 1 MW, with projects of less than 0.5 MW. However, in 2019 it has
reached 25 MW, with projects in the range of 1 MW to 5 MW, and the largest of 6 MW. In
2020, a 10 MW project started in Japan, while a 20 MW project is under construction in
Canada (IEA; 2020b).
Electrolysis itself is the same technology that was described in section II.1.1.4, but for
electrolysis to be low-carbon, the electrical energy used must come from low-carbon
sources, such as solar photovoltaic, wind or nuclear. This technology is still at a stage where
projects are small-scale or pilot-scale.
Particularly, PEM technology is considered one of the most promising types of electrolysis
systems to be used in conjunction with renewable energy sources. PEM electrolysers
present several advantages, such as being simpler than alkaline ones, being able to operate
with variable power, and being able to produce hydrogen with extremely high purity.
Moreover, PEM technology is more suitable for hydrogen storage at high pressure since
PEM electrolysers can generate hydrogen and oxygen at pressures up to 200 bar. However,
the feasibility of this technology depends on the cost, efficiency, capacity and configuration
of the electrolysers and energy sources, as well as the costs of competitive electricity and
fuel (Barbir, 2005).
In 2019, projects of up to 100 MW were announced, with a proposed start-up date in 2020,
which involved oil refining, methanol, and ammonia production (García Kerdan, et al., 2019;
IEA, 2020b; Parkinson, et al., 2019). In 2021, Siemens Gamesa and Siemens Energy
announced their intention to invest around 120 million euros (80 and 40 million respectively)
16

This is because carbon capture processes increase the environmental impacts of the system, due to higher energy consumption ( the
impacts will be more severe if the energy sources are based on materials of fossil origin), emissions of sulfur dioxide, among other factors
(Susmozas, Iribarren, Zapp, Linßen, & Dufour, 2016).
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over the next 5 years to develop a prototype of offshore wind energy to produce green
hydrogen with an SG 14-222 DD (14 MW) turbine from Siemens Gamesa and an
electrolyser system from Siemens Energy, in modular arrangements that allow scalability
(Revista Eólica y del Vehículo Eléctrico, 2021). Regarding electrolysis based on nuclear
energy, there are reports on several routes which consist of high temperature electrolysis in
SOFC systems (Parkinson, et al., 2019).

II.1.2.4 Thermochemical nuclear cycles
Obtaining hydrogen from electrolysis with nuclear energy involves several steps that
decrease the global efficiency, so a different route has been proposed, also based on
nuclear energy. Instead of using electricity, nuclear heat is directly used to separate to water
through thermochemical reactions. The thermochemical decomposition of water consists of
a chemically simple process, which can be carried out in a single step. The thermolysis
reaction is as follows:
1
2

𝐻2 𝑂 + ℎ𝑒𝑎𝑡 ⇌ 𝐻2 + 𝑂2
Nevertheless, this single-step process requires high temperatures, greater than 2,200 °C
and requires expensive processes for the separation of hydrogen and oxygen. Because of
this, different multiple reaction systems have been developed since the 1980s; with
intermediate reagents that are regenerated through thermochemical cycles of endothermic
reactions at high temperatures and exothermic reactions at lower temperatures (Abdin, et
al., 2020).
More than a hundred thermochemical cycles have been identified, of which about 25 are
considered feasible. Research has been conducted in Japan (by the Japanese Atomic
Energy Agency) and the United States (Idaho National Laboratory) on a pilot-scale and it
has been found that the most notable thermochemical cycles are the following (Parkinson,
et al., 2019):
Sulphur-Iodine (S-I) cycle
It is considered one of the most promising thermochemical cycles due to the possibility of
being used in mass production, and of combining the use of solar and nuclear energy. It
consists of the following three main reactions:
𝑆𝑂2 + 𝐼2 + 2𝐻2 𝑂 → 𝐻2 𝑆𝑂4 + 2𝐻𝐼
1

𝐻2 𝑆𝑂4 → 𝑆𝑂2 + 𝐻2 𝑂 + 2𝑂2
2𝐻𝐼 → 𝐻2 + 𝐼2

Net reaction: 𝐻2 𝑂 → 𝐻2 + 12𝑂2
Source: Ying, Zheng, Zhang, & Cui (2017).

The overall efficiency is around 60%. The first reaction is carried out at temperatures of 20
°C-120 °C, the second at 800 °C-900 °C and the last at 300 °C-500 °C. These high
temperature values are those that require a high energy source, such as nuclear or
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concentrated solar energy, but due to the intermittency of concentrated solar energy, most
of the research has focused on the nuclear path (Parkinson, et al., 2019; Ying, et al., 2017).
Copper-Chlorine (Cu-Cl) cycle
It represents another of the most promising thermochemical cycles, since it achieves similar
results to the S-I cycle, but at a lower temperature. However, the costs of this cycle are
highly dependent on the cost of electricity, as an electrolysis step is required. There are
different types of Cu-Cl cycles, varying between 3 and 5 steps; below is one of the most
frequent routes:
2𝐶𝑢𝐶𝑙2(𝑠) + 𝐻2 𝑂(𝑔) ⇌ 2𝐻𝐶𝑙(𝑔) + 𝐶𝑢𝑂 ∙ 𝐶𝑢𝐶𝑙2(𝑠)
1

𝐶𝑢𝑂 ∙ 𝐶𝑢𝐶𝑙2(𝑠) ⇌ 2𝐶𝑢𝐶𝑙 (𝑙) + 2𝑂2(𝑔)
4𝐶𝑢𝐶𝑙(𝑠) ⇌ 2𝐶𝑢𝐶𝑙2(𝑎𝑞) + 2𝐶𝑢(𝑠)
𝐶𝑢𝐶𝑙2(𝑎𝑞) ⇌ 𝐶𝑢𝐶𝑙2(𝑠)
2𝐶𝑢(𝑠) + 2𝐻𝐶𝑙 (𝑔) ⇌ 2𝐶𝑢𝐶𝑙 (𝑙) + 𝐻2(𝑔)

Net reaction: 𝐻2 𝑂 → 𝐻2 + 12𝑂2
Source: Orhan, Dincer, & Rosen (2008).

The reaction temperatures are much lower than those of the S-I cycle (450 °C, 500 °C, 25
°C, 90 °C and 450 °C, respectively), which significantly reduces the difficulties from the
engineering point of view. However, the efficiency of this reaction only reaches about 40%
(Parkinson, et al., 2019).
Magnesium-Chlorine (Mg-Cl) cycle
This is another promising cycle that, as the Cu-Cl cycle, does not require high temperatures.
Therefore, different sources of thermal energy can be used, such as solar, nuclear, or even
waste heat from another power plant. This cycle can be summarised in the following three
main stages:
𝑀𝑔𝐶𝑙2(𝑠) + 𝐻2 𝑂(𝑔) → 𝑀𝑔𝑂(𝑠) + 2𝐻𝐶𝑙(𝑔)
1

𝑀𝐺𝑂(𝑠) + 𝐶𝑙2(𝑔) → 𝑀𝑔𝐶𝑙2(𝑠) + 2𝑂2(𝑔)
2𝐻𝐶𝑙(𝑔) → 𝐻2(𝑔) + 𝐶𝑙2(𝑔)

Net reaction: 𝐻2 𝑂 → 𝐻2 + 12𝑂2
Source: Ozcan & Dincer (2014).

The hydrolysis reaction (first) takes place at 450°C-550°C; the chlorination reaction (second)
at 450°C-500°C; and the electrolysis step (third) at 70°C-90°C (Ozcan & Dincer, 2014).
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Iron-Chlorine (Fe-Cl) cycle
The main advantages of this cycle are the low cost and extensive knowledge of the chemical
species involved. Below is one of the variants of this four-step cycle:
6𝐹𝑒𝐶𝑙2 + 8𝐻2 𝑂 → 2𝐹𝑒3 𝑂4 + 12𝐻𝐶𝑙 + 2𝐻2
2𝐹𝑒3 𝑂4 + 16𝐻𝐶𝑙 → 4𝐹𝑒𝐶𝑙3 + 2𝐹𝑒𝐶𝑙2 + 8𝐻2 𝑂
4𝐹𝑒𝐶𝑙3 → 4𝐹𝑒𝐶𝑙2 + 2𝐶𝑙2
2𝐶𝑙2 + 2𝐻2 𝑂 → 4𝐻𝐶𝑙 + 𝑂2

Net reaction: 2𝐻2 𝑂 → 2𝐻2 + 𝑂2
Source: Andress & Martin (2011).

The main disadvantages of this cycle are that the first and last stages require temperatures
of around 900°C; and that the overall efficiency is lower than that of other routes, such as
the S-I cycle (Andress & Martin, 2011).

II.1.2.5 Hydrogen from biomass
The term biomass refers to a variety of materials of non-fossil biological origin; including
plants, animals, microorganisms, among others; as well as residues derived from them, such
as wood, agricultural residues, post-consumption, and energy crops. Different types of
biomass can receive different treatments to produce hydrogen. Three of the most important
treatments are: steam gasification, supercritical water gasification, and fast pyrolysis. Figure
II.5 presents a simplified diagram of these hydrogen production processes from biomass.
Figure II.5. Main process routes for hydrogen production from biomass

Source: Modified from Cao, et al. (2020).
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Hydrogen obtained by these methods is often called biohydrogen (Susmozas, et al., 2016).
Gasification, either with steam or supercritical water, returns the highest hydrogen yield,
which is similar to coal gasification. The global reaction of biomass gasification can be
simplified as follows:
𝑏𝑖𝑜𝑚𝑎𝑠𝑠 + 𝐻2 𝑂 → 𝐻2 + 𝐶𝑂 + 𝐶𝑂2 + 𝐶𝐻4 + 𝑡𝑎𝑟 + 𝑐ℎ𝑎𝑟
Regarding steam gasification, temperatures of up to 1,400 °C and pressures of up to 33 bar
are required. An important advantage of this method is that it can produce hydrogen on an
industrial scale, but it presents difficulties for the purification of gaseous products.
Gasification with supercritical water requires higher pressures, exceeding 250 bar. It has
advantages such as not producing tar or coke, but it is difficult to recycle the necessary
catalysts. After gasification, the products go through a gas cleaner to remove ash and other
impurities, then to a water-gas shift reactor, and finally the hydrogen is separated by PSA
(Parkinson, et al., 2019). The products of gasification are hydrogen, methane, and carbon
dioxide.
In the case of fast pyrolysis, one of the main advantages is that it requires lower
temperatures (around 600°C). In addition, bio-oils can be used for other purposes, and they
are easier to transport and store (Cao, et al., 2020; Lemonidou, et al., 2013). These
processes, among those that transform biomass, have the potential to convert all organic
matter, including lignin, into hydrogen (IEA, 2019; Cao, et al., 2020).
Unfortunately, these processes have not yet reached a level of commercial development to
produce hydrogen, although there are already pilot plants to produce biomethane and
biohydrogen. The biomass gasification efficiency has been estimated at nearly 52% 17.
Production costs are sensitive to capital costs, and although it is not yet an economically
competitive process, it is an attractive option for energy recovery from agricultural and
residential waste. The emissions associated with this production route vary according to the
raw material and the corresponding transport chain. The effects of land use change have
not been considered, which could raise emission rates (Parkinson, et al., 2019).

II.1.2.6 Biological processes
Different photosynthetic organisms can transform light into chemical energy, and store it in
a variety of chemical compounds, ranging from biomass to hydrogen itself. Some of these
processes are presented in the following sections.

II.1.2.6.1 Biochemical processes
These routes are based on the use of microorganisms to transform biomass and generate
biogas (if the process is anaerobic digestion) or a combination of acids, alcohols and gases
(if the process is fermentation) (IEA, 2019b). After anaerobic digestion or fermentation takes
place, the resulting gases undergo additional processes, which generate hydrogen as the
final product (IEA, 2019b). The main proposed methods for hydrogen production are
presented below.
Anaerobic digestion
17

Susmozas, et al. (2016) reported a life cycle energy efficiency of around 20%.
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Anaerobic digestion is a mature technology mainly used for waste treatment. One of its main
advantages is the wide range of possible raw materials, such as sewage sludge, food waste,
forestry resource, livestock manure, and wastewater, among others. The chemical process
of anaerobic digestion occurs in the absence of oxygen, and consists of four key stages:
hydrolysis, acidogenesis, acetogenesis, and methanogenesis. The process is facilitated by
a combination of microorganisms present in each stage, and the main products are the
digestate (decomposed feedstock) and a mixture of gases with CH 4 gas as its main
component (Ersahin, et al., 2011). Figure II.6 shows a simplified diagram of the main stages
of anaerobic digestion. Although anaerobic digestion is a widely used technology, its
efficiency is low due to the high complexity of the chemical processes. Several strategies,
technical modifications and optimisation of parameters have been proposed to each stage,
in order to increase the overall methane yield, which can be further processed to produce
hydrogen (Li, Chen & Wu, 2019).
Figure II.6. Summary of the anaerobic digestion process

Source: Modified from Li, Chen & Wu (2019).

Dark fermentation
Dark fermentation is one of the most studied photobiological processes, since it allows the
production of hydrogen from a large number of residual materials, mainly from the food and
agricultural sectors. This process occurs through an acetate metabolic pathway and its
overall reaction is as follows:
𝐶6 𝐻12 𝑂6 + 2𝐻2 𝑂 → 4𝐻2 + 2𝐶𝑂2 + 2𝐶𝐻3 𝐶𝑂𝑂𝐻
As observed in this reaction, the maximum yield is 4 moles of hydrogen for each mole of
glucose; however, the actual yield is lower, since the microorganisms consume part of the
glucose for their survival, reducing the overall efficiency of the process (Turon, et al., 2016).
These technologies allow the co-production of high-value metabolites besides hydrogen,
while reducing the waste materials of other sectors; thus, lowering the global costs and
environmental impact of the process (Cardona-Alzate & García-Velázquez, 2019).
Carbon monoxide fermentation
In this process, bacteria are used under anaerobic conditions to produce hydrogen from
carbon monoxide and water. The overall reaction is the same as the WGSR:
𝐻2 𝑂 + 𝐶𝑂 → 𝐻2 + 𝐶𝑂2
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This method is considered promising for improving syngas by increasing its hydrogen
content. This is particularly useful for gases rich in carbon monoxide, from reforming or
gasification from low-cost sources (Sipma, et al., 2003).

II.1.2.6.2 Photobiological processes
Cyanobacteria and green algae carry out photosynthetic processes that could be harnessed
to generate hydrogen. There are different methods being explored at an experimental level
which are presented below (Haryanto, et al., 2005).
Direct bio photolysis.
Algae and cyanobacteria can perform oxygenic photosynthesis; in which, through the
enzymatic complex known as photosystem II, they obtain electrons from water and release
oxygen. Subsequently, hydrogen is produced by the enzyme hydrogenase. The simplified
reaction scheme is shown below:
1
2

+
𝐻2 𝑂(𝑙) → 𝑂2(𝑔) + 2𝐻(𝑎𝑐)
+ 2𝑒 −
+
2𝐻(𝑎𝑐)
+ 2𝑒 − → 𝐻2(𝑔)

Global reaction: 𝐻2 𝑂 → 𝐻2 + 12𝑂2
Advances are currently being made in genetic engineering, modifying microorganisms to
accelerate their rate of hydrogen production (McKinlay & Harwood, 2010).
Indirect bio photolysis
Different microorganisms use this photolysis route to store energy in the form of
carbohydrates (such as starch or glycogen), which are later used as a carbon source,
releasing hydrogen. The simplified reaction scheme is as follows:
𝑙𝑖𝑔ℎ𝑡

6𝐶𝑂2 + 6𝐻2 𝑂 →

𝐶6 𝐻12 𝑂6 + 6𝑂2

𝑙𝑖𝑔ℎ𝑡

𝐶6 𝐻12 𝑂6 + 6𝐻2 𝑂 →

6𝐶𝑂2 + 12𝐻2

Global reaction: 12𝐻2 𝑂 → 12𝐻2 + 6𝑂2
In general, due to the sensitivity of hydrogenase to oxygen, indirect bio photolysis has higher
hydrogen yields than direct bio photolysis (Das & Veziroglu, 2008).
Photo fermentation
Some bacteria can produce hydrogen using the enzyme nitrogenase in nitrogen-deficient
media. This pathway uses light and reduced compounds, such as organic acids. The
simplified reaction is as follows:
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𝑙𝑖𝑔ℎ𝑡

𝐶𝐻3 𝐶𝑂𝑂𝐻 + 2𝐻2 𝑂 →

4𝐻2 + 2𝐶𝑂2

The main advantage of this route is the versatility of these microorganisms, which can use
a wide range of chemical compounds as feedstock. In addition to this, oxygen does not
inhibit these hydrogen-producing enzymes (Das & Veziroglu, 2008).
The use of different biochemical and photobiological routes has been studied both
individually and in combination with one another. However, in most cases they present an
important disadvantage compared to the commercially established pathways, because the
production rates are relatively low (Haryanto, et al., 2005).

II.1.2.6.3 Photoelectrochemical processes
All photosynthetic organisms can perform the oxidation of water and the reduction of CO 2
by using solar energy. The main goal of the photo electrolysis of water is to imitate this
phenomenon. These processes produce hydrogen in a single step, by means of a system
formed of a semiconductor electrode that reacts when exposed to sunlight, immersed in
water. The basic mechanism of the reaction has been known for several decades, and
different electrodes and reaction mechanisms have been studied with promising results
(Fujishima, Rao, & Tryk, 2000). Below is a reaction scheme using TiO 2 and platinum
electrodes (Fujishima & Honda, 1972):
Excitation of TiO2 by light:
At the TiO2 electrode:

𝐻2 𝑂 + 2ℎ + → 12𝑂2 + 2𝐻 +

At the platinum electrode:

Overall reaction:

2ℎ𝑣 → 2𝑒 − + 2ℎ +

2𝐻 + + 2𝑒 − → 𝐻2

𝐻2 𝑂 + 2ℎ𝑣 → 𝐻2 + 12𝑂2

Several strategies have been studied to improve the rate of hydrogen production, such as
improving the electrodes, increasing the active sites of enhancing the electrical conductivity
(Li, et al., 2016; Wong, et al., 2016). However, these technologies are still at the
experimental development stage and require overcoming several problems for industrial
application. It has not been possible to satisfactorily match the gap of semiconductor bands
with the solar spectrum, the semiconductors present instabilities in the aqueous phase, and
there are differences between electrochemical reactions and band edge reactions
(Haryanto, et al., 2005).

II.2 Storage, transmission,
infrastructure

distribution

and

end-user

delivery

The storage and transport stages can be a barrier or a facilitator of the transition of hydrogen
to a well-positioned energy carrier in the market. The low energy density of hydrogen makes
its storage, transmission, and distribution more complex than for fossil fuels. However,
hydrogen can be compressed, liquefied, incorporated into the chemical structure of
compounds, or mixed with natural gas. The most convenient option will depend on each
location and its specific transport distance and end-uses. Currently the distribution of
hydrogen depends on the use of tanker trucks to transport hydrogen in liquid or gas form,
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and this is expected to be the main distribution mechanism over the next ten years (IEA,
2019b).
Hydrogen-based fuels and materials such as synthetic methane, synthetic liquid fuels
(methanol or ethanol) or organic liquids carrying hydrogen (LOHC) and ammonia, as well as
the mixing with natural gas, enable the existing storage and transport infrastructure for such
substances to be used, which would help to reduce end-user costs since the investment
costs and risks of developing a new transmission and distribution infrastructure network
could be minimised (IEA, 2019b).

II.2.1 Storage
The alternatives for storing this material can be small-scale, medium-scale or large-scale.
Hydrogen is usually stored in gaseous or liquid form, which is determined, to a large extent,
by the distance between the point of generation of the energy and the end-use. Storage as
a solid occurs in the form of metal or complex hydrides. Each variant has advantages and
disadvantages. For Orecchini and his colleagues (2013), the main characteristics of
hydrogen storage systems are the following. Table II.2 presents some values for these
characteristics.




The storage capacity (the percentage of hydrogen mass to the total storage mass of
the system).
The volumetric energy density (amount of energy per unit volume of the system).
The mass density of energy (amount of energy per unit mass of the system).
Table II.2. Characteristics of different small and medium scale storage systems
System

Energy per unit volume
(MJ/m3)

Energy per unit mass
(kJ/kg)

Cylinder at 200 bar

1,419

1,884

Cylinder at 700 bar

4,200

7,200

Liquid hydrogen

5,900

8,868

Metal hydrides tank
(commercial)

312

1,218

Complex hydrides tank
(experimental)

4,320

2,520

Source: Orecchini, et al. (2013).

II.2.1.1 Geological storage
Geological reservoirs have been used successfully and extensively to store large quantities
of energy in the form of oil, natural gas and compressed air18, as well as gases such as
helium or nitrogen. Underground storage is an attractive solution to meet seasonal energy
18

CAES, or compressed air energy storage systems, are energy storage systems that compress air in salt
caverns. They offer a 100-500 MW capacity and can deliver energy on a daily to hourly cycle basis (TNO, 2020).
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demands19, to ensure continuity in supply during accidents or natural disasters and also is
vital for the rapid acceptance and wide use of hydrogen as an energy vector (Department of
Energy Hydrogen Program, 2009; Lord, et al., 2014; Visser, 2020; TNO, 2020; BGS, 2021;
Hassanpouryouzband, et al., 2021). The net-zero economy will be based on an
unprecedented production of renewable energy accompanied by a shift from natural gas to
hydrogen (BGS, 2021). Hydrogen, as natural gas, can be stored in salt caverns, and in
depleted oil or natural gas wells (onshore and offshore), hard rock caverns and aquifers
(Lord, et al., 2014). Other novel storage options to explore in the future are abandoned coal
mines, buried vessels and refrigerated mined caverns (Department of Energy Hydrogen
Program , 2009; UNECE, 2021).
A renewable energy power facility coupled to a hydrogen generation system and an
underground hydrogen storage (UHS) site would use a compressor to transport the gas
underground and store it during periods of excess energy production until demand increases
and energy production cannot meet demand. At this point, the compressed hydrogen could
be used in the surface to power gas turbines and generate the electricity that the renewable
system is unable to provide. Hydrogen from hydrocarbon reformation sites with CCUS
systems can also be stored underground (BGS, 2021; Hassanpouryouzband, et al., 2021).
A UHS system needs a gas processing unit to compress, expand, dry (H 2 picks up moisture
while stored) and clean the gas (hydrogen can be contaminated in reservoirs). Storage
pressure in the reservoirs can be in the range of 80-200 bar, while the pressure in the
hydrogen transportation network, also called backbone, is lower, between 30 and 50 bar, so
compression and cooling units (15-40°C) are needed to condition the hydrogen prior to
injection. When the gas is withdrawn, it is dried, cleaned and then expanded (Figure II.7)
(TNO, 2020).
Figure II.7. Schematic view of geological onshore hydrogen storage systems.

Source: (TNO, 2020).

This storage technology has proven positive for economies of scale, shows high efficiency
(ratio between the amount of gas injected and extracted) and cost-effectiveness (lower
19

Seasonal storage lies in the TWh range; for Hassanpouryouzband and his team (2021) the UK will need 150
TWh for inter-seasonal energy storage.
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operating costs and low land tenure costs compared to other storage options 20). The storage
systems are pressurised, allowing for high discharge speeds and are suitable for use in the
industrial and electricity generation sectors (IEA, 2019b). Salt caverns, depleted reservoirs
and aquifers need to be filled with the working gas and a cushion gas to optimise gas
withdrawals and guarantee structural integrity. The cost of cushion gas is considered a
capital loss, and the gas will ideally never exit the reservoir. The main criteria to choose a
cushion gas is cost efficiency, so nitrogen is a preferred option (it also has the advantage of
not being very reactive. However, if maintaining hydrogen purity is a priority, the cushion
gas can also be hydrogen (Hassanpouryouzband, et al., 2021; Visser, 2020).
The geological cavities provide a natural barrier to trap gas, making them suitable for largescale and long-term storage—this is, acting as buffer capacity in case of disruptions in
supply or changing seasonal demands and controlling congestion in the pipeline system.
For natural gas, withdrawals are cyclical21 and occur once or twice a year in base load
facilities, while peak load facilities are designed to meet short-term demand, and more
frequent withdrawals—such behaviour is expected from geological storage for hydrogen
(IEA, 2019; Lord, et al., 2014). Lord and her colleagues (2014) classify underground storage
as follows:



Porous media: depleted oil and gas reservoirs, aquifers. The most common media
is sandstone.
Cavern storage: salt, coal, hard rock. These are excavated or solution mined rocks.

The basic characteristics needed for geological storage sites are (Department of Energy
Hydrogen Program , 2009; Lord, et al., 2014; Visser, 2020):





High porosity to store high volumes of gas—except in salt caverns and hard rock.
High permeability to inject and extract the gas at adequate rates—high injection rates
are essential to store as much hydrogen as possible22.
Adequate storage capacity for the specific location (country or regional).
Presence of impermeable cap rock along with a geologic structure to contain and
trap the gas—common in depleted hydrocarbon reservoirs.

Although geological storage is already in use for natural gas and hydrogen in salt caverns,
there are gaps remaining to put in place safe and efficient large-scale energy storage
systems for hydrogen in porous rocks—storage in salt caverns is the only proven
technology, the other options must be developed23 (TNO, 2020; BGS, 2021; UNECE, 2021).
A multidisciplinary approach to address the missing information from a wide range of
perspectives will help to get the best results with H 2; experiments need to quantify
20

According to Lord et al. (2014), the cost of underground storage depends, in principle, on the availability and
volumetric capacity of the geological reservoirs at a certain location. Their comparative cost analysis on
geological storage options to satisfy hydrogen demand (considering hydrogen use for the mobility sector) for a
city the size of Houston (3.8 million inhabitants, 15.9 tH2/day for 10% of the population using hydrogen-fueled
vehicles) revealed that the most economically-attractive options were depleted oil and gas reservoirs and
aquifers, while hard rock is the most expensive option—total levelised capital costs ranged between 1.19-2.18
US Dollars per kg H2 and levelised cost of storage ranged between 1.23 and 2.77 US Dollars per kg H2 (Lord,
et al., 2014).
21
Cyclical injections/withdrawals produce variations in the reservoir’s pressure, which may induce fatigue in the
structures and reduce fracturing pressure if is not properly addressed (Hassanpouryouzband, et al., 2021).
22
In Winschoten, a nitrogen-filled salt cavern allows for withdrawals of 4.56 million m 3/day, while it is estimated
that withdrawal rates for aquifers and depleted gas reservoirs are around 1 million m 3/day (Storengy, 2019).
23
UNECE (2021) estimates 10 to 15 years for demonstration and development.
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deformation of bedded halite, examine the response of sandstone properties to the presence
of hydrogen and explore its thermal behaviour (BGS, 2021) and hydrogen interactions in
general, as it is a small and light molecule that can react with many other elements and
materials. The type of rock in the site will determine the physical and economic viability of
the systems, and field tests are needed to validate underground storage in depleted
hydrocarbon reservoirs, aquifers and hard rock caverns (Lord, et al., 2014).
Geological storage is a complex matter that needs to address the physical, chemical,
geochemical and biological interactions of hydrogen with its surroundings for all potential
sites. For example, the presence of CO and CO 2 with hydrogen could produce
hydrocarbons; microorganisms could consume hydrogen or form biofilms, reducing
permeability, enhancing sealing or blocking hydrogen flow, or could produce methane if pH
and salinity are adequate. A disadvantage of geological storage is the possibility of hydrogen
leaking to protected potable aquifers and changing their composition. Induced seismicity
needs to be evaluated—the usage of multiple wells at very high rates can cause this effect.
Safety and reliability regulations are not fully established and public acceptance remains to
be seen (Lord, et al., 2014; Visser, 2020; TNO, 2020; Hassanpouryouzband, et al., 2021).


Salt caverns

Storage in solution-mined halite or rock-salt caverns is a proven technology for natural gas,
hydrogen, and compressed air (BGS, 2021). It is the most mature and geologically certain
underground storage technology (TNO reports a TRL of approximately 7), and is the only
geological storage technology that does not pose significant operational issues due to
reservoir mixing, material reactivity or losses (Department of Energy Hydrogen Program ,
2009; Lord, et al., 2014; TNO, 2020). Hydrogen storage underground at a global level
consists only of salt caverns (Lord, et al., 2014). Costs are around 0.6 US Dollars per kg H2,
the storage shows efficiency levels of approximately 98% and the risk of contaminating
hydrogen with impurities is low (IEA, 2019b). Salt caverns are smaller in terms of storage
capacity in comparison to the other geological alternatives—a single hydrogen filled cavern
can store around 100 GWh—and thus need less cushion gas (Visser, 2020).
Salt deposits are homogenous in their composition and can occur as salt domes and bedded
salt formations (Lord, et al., 2014). Usually, natural gas salt caverns storage systems are
flexible as they consist of a group of individual adjacent caverns within the same field, so
the conversion to hydrogen storage can occur at one cavern at a time (IEA, 2019b). Several
connected caverns would allow for rapid hydrogen storage capacity and deliverability
(Hassanpouryouzband, et al., 2021). The caverns allow for cyclical high-pressure storage,
and thus high discharge rates (gas can be released within hours of notification), making this
suitable for the industrial and power sectors. However, they are currently not adequate for
base load demand due to their capacity (Lord, et al., 2014).
The surrounding host rock in salt caverns provides the containment properties to store the
gas as it is highly impermeable and virtually leak proof—leaks can occur through leaky wells,
estimated at less than 1%. Salt caverns can be developed within salt domes or bedded salts
and their composition determines the structural stability. In salt domes, caverns should have
a depth of 6,000 ft (around 1,800 m) or less, because deeper formations present greater
pressures and temperatures that make difficult to maintain the stability of the deposit.
Bedded salts alternate between halite (salt) and non-soluble beds (dolomite, anhydrite or
shale), are thinner (thickness is not greater than 1,000 ft or around 300 m) and closer to the
surface than salt domes (Lord, et al., 2014).
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The operating pressure of salt caverns can be variable or constant and will depend on the
fracturing pressure of the weakest lithology, which is the minimum pressure to prevent roof
creep and instability, and the maximum threshold pressure that could induce bedding plane
slip. If the pressure is variable, around one third of the total volume will be occupied by the
cushion gas; the amount of cushion gas needed is determined by the minimum pressure to
prevent salt creep. On the other hand, constant-pressure caverns use salt brine during each
gas withdrawal and cushion gas is not needed (Lord, et al., 2014). There are few sites
around the world in which grey hydrogen is stored underground for later use as an industrial
feedstock in chemical processes (Visser, 2020). The sites are described below:






In the United Kingdom, the chemical industry has stored hydrogen in salt caverns
since the 1970s. Currently, total storage capacity includes 3 caverns in Teeside,
operated by Sabic. The storage system operates at 45 bar, and it has a combined
capacity of 1 ktH2 (70,000 m3 or 25 GWh per cavern) (IEA, 2019; Storengy, 2019;
TNO, 2020).
In the United States, hydrogen storage in salt caverns started during the 1980’s in
the Gulf of Mexico area (Figure II.8). The largest salt cavern storage site for H2 in the
world is installed in the United States, with enough capacity to receive the production
of a nearby methane reformer for 30 days, equivalent to between 10 and 20 thousand
tonnes of hydrogen (IEA, 2019b). Three sites include the geological storage in the
country:
o Operated by Conoco Phillips since 1983, the Clemens Dome salt cavern can
store 92 GWh or 580,000 m2 of hydrogen. Operating pressure ranges from
70 to 135 bar (Storengy, 2019).
o The Moss Bluff site is operated by Praxair since 2007. Total capacity is
566,000 m3 or 120 GWh and operating pressure ranges from 55 to152 bar
(Storengy, 2019).
o Air Liquide is the operator of the Spindletop salt cavern hydrogen storage site
since 2014. Storage capacity is over 580,000 m3 or 120 GWh (Storengy,
2019).
The Advanced Clean Energy Storage project is currently under development at a
site near Salt Lake City. The expected start is in 2025 and the project will have an
estimated capacity of 1 GW (Fuel Cells Works, 2020a).
In Germany, plans are underway to set up a salt cavern for hydrogen storage as a
demonstration project by 2023 with a capacity of 3.5 ktH 2 (IEA, 2019; Fuel Cells
Works, 2020a).

Other countries like Ireland, France, the Netherlands, Austria and Argentina are working on
projects (currently at the design stage) to implement UHS, such as a 570,000 m 3 salt cavern
in Etrez, France or the HyChico project in Argentina (Storengy, 2019; Fuel Cells Works,
2020a; UNECE, 2021).
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Figure II.8. Photograph of a salt mine used for hydrogen storage in the United States.

Source: Fuel Cells Works (2020a).

In Mexico, salt deposits of the Jurassic age are found in the Gulf of Mexico (Lord, et al.,
2014; Storengy, 2019).


Depleted hydrocarbon reservoirs

Depleted oil and natural gas deposits are the most popular reservoirs to store natural gas
underground, thousands of meters deep. These storage options have larger capacities than
salt caverns (a single reservoir capacity could be equivalent to several caverns) are easier
to develop, maintain and operate because of the availability of previous infrastructure, but
they are also more permeable and can expose hydrogen to various contaminants which
have to be removed prior to hydrogen injection (particularly for uses that require high purity
hydrogen, such as fuel cells) (Lord, et al., 2014; IEA, 2019). TNO estimates a TRL of 3 for
this kind of technology to store pure hydrogen (TNO, 2020).
Gas leaks from depleted fossil reservoirs can occur due to leaky wells or from the geological
formation itself, a situation that asks for caution and attention when switching from natural
gas to hydrogen—hydrogen mobility is higher within the porous network. Reservoirs should
seal the contained gas with traps (either structural or stratigraphic), have enough storage
volume, and show high permeability (enough to meet operational flow requirements) and
porosity. Capillary forces present in typical water-saturated cap rocks are expected to seal
the hydrogen if the storage threshold is kept below the capillary threshold pressure,
determined by the pore size. Depleted deposits need cushion gas to maintain reservoir
pressure and provide optimal withdrawal rates, more specifically, 50% of the capacity must
be cushion gas. In abandoned natural gas reservoirs, the residual natural gas can be used
as part of the cushion gas, but if it is not enough to fill the 50% requirement, additional gas
must be injected (Lord, et al., 2014; Hassanpouryouzband, et al., 2021). More research is
needed to determine the interactions between CH 4 and H2 under the reservoir conditions,
as well as the interactions of H2 with the surroundings. For example, the presence of
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sulphuric gas or other minerals can lead to the formation of hydrogen sulphide (H 2S), a toxic
compound that can cause corrosion in steel alloys (Visser, 2020; TNO, 2020).
Feasibility studies in Austria (Underground Sun Storage Project) and Argentina were
performed for underground storage at depleted gas reservoirs. On-site experiments
consisted of injecting H2 at a 10% concentration combined with methane, and results
showed that 82% of the injected hydrogen could be retrieved (Visser, 2020; TNO, 2020).
Another option is offshore geological storage of hydrogen (OGSH) in sub-sea repurposed
depleted reservoirs, offering a very high storage capacity worldwide, appropriate for larger
storage in comparison to onshore underground storage. An estimate by
Hassanpouryouzband and colleagues (2021) suggests that one large depleted gas field per
country would provide enough storage capacity for most countries, and it would not compete
with storage capacity with carbon storage (Hassanpouryouzband, et al., 2021).
Ideal offshore reservoirs should be at depths over 1,500 m so that hydrogen densities of 10
kg/m3 are achieved—the energy density of hydrogen varies with pressure and temperature,
and a higher energy density is needed to deliver energy equivalent to hydrocarbons.
Offshore renewable energy systems, such as offshore wind or wave energy, could be
coupled to electrolysers and OGSH systems. Costs may be lower than onshore due to
cheaper development costs offshore versus onshore, as well as reduced distances between
the power production site, the hydrogen generation facility, and the storage site. The
reservoir pressure should not exceed pre-production levels to minimise geomechanical risk
failure (Hassanpouryouzband, et al., 2021).


Aquifers

Heat or cool storage in aquifers is an option for seasonal energy storage, particularly in
regions without depleted fossil reservoirs or salt caves (BGS, 2021). For hydrogen, however,
this is the youngest concept among geological storage technologies. To date, there is no
suitable aquifer to store hydrogen, but from 1956 to 1972, a saline aquifer was used to store
town gas, containing 50 to 60% hydrogen. Helium is another gas that has been stored
underground— given that helium is a small molecule, it is possible to infer that hydrogen
can also be stored successfully in aquifers24 to meet peak load rates, but uncertainty is still
high, and the concept has not been proven. Discharge rates are expected to be lower than
salt caverns, there is high risk of chemical conversion of hydrogen and leakage, as well as
for induced seismicity (Lord, et al., 2014; IEA, 2019; Visser, 2020).
Aquifers are made of porous rocks, such as sandstones, at depths in the range of many
thousand meters, with some geological characteristics like depleted gas reservoirs. The
ideal seals are anticlines with impermeable cap rock and enough surrounding hydrostatic
and threshold pressures for the operation. Uncertain geology and lack of infrastructure
elevate costs of development for aquifers compared to depleted reservoirs, because of
geological characterisation studies, underground and ground-level infrastructure
construction (wells, pipelines, injection systems, gas dehydration systems, etc.). Likewise in
the past geological storage options, loss of gas is inevitable 25 and cushion is needed to
maintain pressure and withdrawal rates, with amounts between 50 to 80% of the total volume
because the cavity does not contained any gas previously (Lord, et al., 2014). In addition,
24

However, helium and hydrogen show different reactivity and thus it is necessary to confirm how much the
hydrogen chemistry affects the storage viability in underground geological deposits under real conditions.
25
Through leaky wells and through caprock, but also smaller leaks from dissolution into connate water and
diffusion into the surrouinding groundwater.
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the cap rock will become permeable if the capillary threshold pressure is exceeded and
hydrogen losses would occur (Visser, 2020).
There is mixed evidence for their feasibility as hydrogen storage sites, as there could be
interactions between hydrogen, microorganisms, rocks and fluids that could compromise the
sealing and result in gas losses. Their feasibility has yet to be demonstrated, i.e., capital and
time must be invested before safe and efficient use on a commercial scale (IEA, 2019b). In
general, aquifers have not been depleted so there is a lot of uncertainty related to their use
as stores for gases (the local behaviour of the subsurface when pressure differences are
applied can result in increased risk of seismicity) (Visser, 2020).


Hard rock caverns

Hard rock caverns, an unproven technology today, could be an alternative in regions where
salt or porous rock are not available. The idea is to develop caverns within an igneous or
metamorphic rock matrix and encase the cavities with a layer of concrete and steel 26 or
polypropylene liners to completely contain the gas an prevent permeability-related issues—
liners can help withstand higher pressures and prevent leaks in comparison with unlined
hard rock. The need of cushion gas is minimal since hard rock is structurally much more
stable than porous rock, but a groundwater drainage system would be used around the
perimeter of the cavity to reduce the hydrostatic pressure effects against the lining when gas
is withdrawn (depressurisation) (Lord, et al., 2014).

II.2.1.2 Storage tanks
At the other end of the spectrum of requirements for hydrogen storage are storage tanks,
which are the most feasible option for small-scale and short-term storage, either in liquid
form or as compressed gas. Hydrogen has a low energy density; compressed hydrogen at
a pressure of 700 bar has only 15% of the fuel density of gasoline—storing an equal amount
of energy would require almost 7 less times the space for hydrogen that a traditional gas
station. Compressed hydrogen tanks for use in vehicles show a higher energy density than
lithium batteries and therefore offer a higher range. Tanks are a mature option and are widely
used in the market, but there is interest in decreasing their size and weight (IEA, 2019b).
Hydrogen in tanks is stored for several days and kept between 20 and 200 bar (low
pressure), 200 to 450 bar (medium pressure) or 800 to 1,000 bar (high pressure) (Hydrogen
Europe, 2017; NREL, 2021). Most applications use standard 20 MPa (200 bar) steel
cylinders, which weigh about 55 kg and have a capacity of about 50 litres or 0.731 kg,
equivalent to 126 MJ27. There are special cylinders with an increased storage capacity,
manufactured with multilayer technology that comprises an inner coating of polymers, an
intermediate layer of carbon fibre that acts as containment and an outer layer of aramid (with
breaking tension five times higher than steel alloys). These multilayer cylinders weigh about
110 kg, and the hydrogen content can reach a density of 35 kg/m 3 (Orecchini, et al., 2013).
In the case of hydrogen filling stations or refuelling stations, the gas is usually delivered by
pipeline or truck tankers that transport low pressure compressed hydrogen. Hydrogen is
then transferred to high-pressure tanks (350-700 bar) using compressors, cleaning up
components and is finally ready for end-user recharges. Refuelling takes up 3 to 5 minutes—
26

Steel embrittlement due to hydrogen needs to be addressed to minimize operational incidents.
In comparison, a 30-liter tank such as those used in small cars can store about 576 MJ (Orecchini, et al.,
2013).
27
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the same as for gasoline vehicles, and the dispensing machines are also similar. It is also
possible to have on-site production, for example, by steam methane reforming or using fuel
cells, depending on the size and location (Hydrogen Europe, 2017; Alazemi & Andrews,
2015). More than 380 hydrogen refuelling stations are open to the public or fleets in the
world, and 3,000 stations are envisioned by 2025. The operation of these stations must
ensure the highest safety measures are met. For instance, three stations (Norway, South
Korea, and California) have had significant incidents, the last one due to a faulty installation
(IRENA, 2019).
In the case of liquid phase storage, it is necessary to use large amounts of energy to liquefy
hydrogen, either by the Linde or magnetic processes. Liquid hydrogen requires special
containers of insulating materials to reduce boiling-related and spin orientation losses. The
ratio between liquid hydrogen and gas inside the container will depend on the geometry of
the container, so the ideal container would be spherical, but in practice cylinders are
preferred. Liquid hydrogen, although more expensive, can store more mass in less volume
compared to hydrogen gas, so its applications are well defined: aeronautics, space, and
research (Orecchini, et al., 2013).

II.2.1.3 Solid state storage
Solid-state materials such as complex hydrides are promising alternatives for storage with
higher energy densities and operation at atmospheric pressure but are still in early
technological development stages (IEA, 2019b). Another option is materials that trap
hydrogen molecules or atoms by physical adsorption (van der Waals interactions), diffusion
adsorption, or some chemical transformation. Some examples of materials are presented
below (Orecchini, et al., 2013).





Porous composite nanomaterials in which hydrogen is adsorbed, such as activated
carbon, carbon nanotubes, zeolites, or organometallic compounds. The adsorption
process is favoured by low temperatures (77K).
Interstitial hydrides able to trap hydrogen in the interstitial network so that molecular
hydrogen dissociates at the surface of the material and the atoms diffuse in the
matrix. The typical composition of these materials consists of two metals (A and B)
that form arrays with the formula AmBnHl.
- AB5. LaNi5 is the most studied compound and converts to LaNi 5H6. More than
470 compounds are known.
- AB2. An A element is from group 4 or lanthanides and B is a transition metal or
non-transition metal, e.g., ZrMn2. Around 620 compounds are known, but their
high cost restricts a more widespread use.
- AB, less common than the previous two compounds. The best known is TiFe.
- Binary hydrides with the formula MHn, where a metal bonds directly with
hydrogen. An example is AlH3, known since the 1940s. These materials present
the disadvantage of requiring high pressures (in the order of GPa).
Complex hydrides, usually salt compounds in which hydrogen binds covalently to
another element and a complex anionic group is formed and binds ionically or
covalently to a third element. They have the advantage of having a high energy
barrier for hydrogenation and dehydrogenation processes, for which doping has
been proposed.
- Alanates are composed of the complex group [AlH 4]-, e.g., LiAlH4, NaAlH4,
Mg(AlH4)2 or Ca(AlH4)2.
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Amides are hydrides formed of the complex group [NH2]- and alkali metals (group
I and II). The operating pressure, temperature and kinetics of the process are
more favourable than in other hydrides, although the gravimetric density is lower.
Borohydrides are composed of the complex group [BH4] - and an element of
group I, group II, transition elements or rare earths.

II.3 Transmission and distribution
Currently, around 85% of the hydrogen is produced and used in the same place, while the
rest is transported by tank trucks or pipelines. Transmission and distribution infrastructure
entails the collection from the production site, transmission to places where demand exists,
and distribution within towns and cities to specific points of use. Figure II.9 presents a
diagram summarising the components of the production line.
Figure II.9. Diagram of the transmission and distribution in the hydrogen value chain

Source: IEA (2019).

The transport of hydrogen could be done by installing a new pipeline network for
transmission and distribution, or the existing natural gas distribution and transmission
infrastructure could be used to supply the demand for hydrogen for both industrial and
residential use. The first option does not seem feasible at the distribution stage due to space
problems, as it may be impossible to install new pipelines where gas networks already exist.
The second option seems the most viable and would also favour the development of the
hydrogen market over that of natural gas in the long-term, because although natural gas is
considered the transition fuel to a low carbon economy, García Kerdan and colleagues
(2019) recall that experts have recommended not making investments aimed at expanding
the natural gas transmission infrastructure and instead convert them for hydrogen transport.
For a single pipeline system, hydrogen is capable of transporting about 98% of the energy
of dry natural gas and 80% of wet natural gas. Natural gas companies will continue their
supply, while others will start selling hydrogen or mixtures of hydrogen and natural gas
(Haeseldonckx & D’haeseleer, 2007).
In total, it is estimated that in 2020 the global capacity to incorporate hydrogen into natural
gas networks was 2,900 t of hydrogen (IEA, 2020b). The natural gas transport networks are
composed of pipelines, compression stations for pressure increase and pressure reduction
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stations28. The pipelines of the transmission stage carry substances at high pressures, while
the distribution stage is low pressure. In addition to their transport function, the networks
fulfil the function of storing natural gas in the short term in periods when production exceeds
demand29 (Natiomal Grid, 2021; Haeseldonckx & D’haeseleer, 2007).
Haeseldonckx and D'haeseleer (2007) proposed the use of natural gas infrastructure to
transport hydrogen with a view to achieving a hydrogen-based economy and concluded that,
overall, it would be possible to incorporate natural gas mixtures with up to 17% volume per
volume of hydrogen without making major modifications to the medium and low-pressure
grid (Haeseldonckx & D’haeseleer, 2007). The IEA mentions that hydrogen injection in the
natural gas distribution networks is suitable as a transport option, and provides several
examples of success such as the GRHYD project in France, where 6% hydrogen was
injected into the natural gas network in 2018, reaching 20% in 2019; and the HyDeploy
project in the UK (5%-20% injection in 2019) (IEA, 2019; IEA, 2020b).
Injection into the transmission network is more complex due to incompatibilities of materials
at high pressures and lower tolerance to hydrogen concentrations in mixtures that could be
accepted by industrial users. A project by Snam in Italy demonstrated the feasibility of mixing
up to 10% hydrogen at the transmission level and in Germany there are about 6 MW of
power in hydrogen and natural gas mixing systems in operation since 2015. Since 2017,
countries such as Australia, Canada and the United States, as well as several in the
European Union, have shown interest in this type of transport to promote demand for green
hydrogen and to integrate new additions of renewable power generation—which involve
periods of surplus and shortages (IEA, 2020b).
Pipeline transport can present leakage or fugitive emissions of the material passing through.
The volume of material leaked when hydrogen is transported will always be greater than in
the case of natural gas, but not in the case of energy leakage (see annex for hydrogen
properties in comparison to other fuels). Hydrogen losses have been estimated to be
between 0.0005%-0.001% of the total transported volume. The amount of leaked material
depends on the material of the pipeline, which in the case of most distribution ducts is
polyethylene, with minimal leakage levels compared to cement or iron (Haeseldonckx &
D’haeseleer, 2007).
In the case of international trade with transport requirements greater than 1,500 km, the best
options are liquefaction and incorporation to chemical compounds such as ammonia or
LOHC due to their higher cost-effectiveness. Pipeline transport, on the other hand, is more
cost-effective over short distances if there is a sufficiently large, sustained, and localised
demand (IEA, 2019b).

28

Compressors can be centrifugal or piston. In the case of centrifuges, the rotation speed for compressing
hydrogen would be required to be 1.74 times greater than that required for natural gas, but such speed is limited
by the strength of the materials, so it is not possible to use the same centrifugal compressors for H 2 and natural
gas. Piston compressors are the best choice for hydrogen transport, as their operation is not affected by the type
of gas to be compressed. No significant effects are expected due to the Joule-Thomson effect, because although
reducing the pressure of hydrogen increases its temperature, making it to go from 80 to 15 bar only increases
its temperature by 2°C. On the other hand, the risk of weakening or breakdown is determined by the material
from which the pipeline is made and its use history, e.g., having been subjected to large pressure fluctuations.
Constant testing of pipes and joints is therefore necessary to ensure the safe operation of the system
(Haeseldonckx & D’haeseleer, 2007).
29
The total volume contained within the system is known as line pack and allows for a continuous supply despite
variations in demand patterns. In a pipeline system, the total volume of hydrogen content would be equivalent to
between 65% and 71% of natural gas (National Grid, 2021; Haeseldonckx & D’haeseleer, 2007).
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II.4 Uses of hydrogen
In 2018, hydrogen production reached around 120 million tonnes per year, or 14.4 EJ: twothirds as pure hydrogen and one-third in compound forms with other elements.
Approximately 275 Mtoe of energy are used to produce hydrogen—2% of global total
primary energy demand. This gas is mainly produced on-site using fossil fuels. Three
industries are the main consumers: oil refining, chemistry and, to a lesser extent, steel
manufacturing, all of which consume hydrogen mostly as a feedstock (IRENA, 2018; IRENA,
2019; IEA, 2019). Other minimal uses are in the generation of industrial and residential heat
and transport sector (Staffell, et al., 2019; Parkinson, et al., 2019), uses that IRENA expects
to grow—an 8 EJ potential growth by 2050 has been predicted for non-feedstock uses
(IRENA, 2018). Figure II.10 presents the share of worldwide hydrogen use by sector.
Figure II.10. Global distribution of hydrogen demand by use in 2018.

Source: IEA (2019)30.

The purity requirements of hydrogen vary according to the final application; most fuel cells
require high purity, higher than that of gas turbines, refineries, and industrial boilers (IEA,
2019b). IRENA expects that large industrial sectors will become key early markets for the
Power-to-Hydrogen concept in the short term, as they are able to generate immediate scale
effects and rapid cost reductions. The renewable energy driven electrolysis route for
hydrogen production is an important element to meet the long-term deep decarbonisation
goals of the economy (IRENA, 2018). The hydrogen produced from electrolysis can be used
in fuel cells. Fuel cells can be classified into different categories. Table II.3 presents a
summary of different types of electrolysis fuel cells. Each type has specific advantages and
disadvantages, which determines its applicability for certain uses, such as in the transport
sector, for generating electricity on a larger scale, among others.

30

Pure hydrogen is mostly used for oil refining and ammonia manufacturing; other pure uses include stationary,
and vehicle fuel cells and fuel cells. Processes such as methanol and steel (DRI) manufacturing use non-purified
hydrogen as synthesis gas, as a feedstock or fuel.
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Table II.3. Summary of the different types of fuel cells.
Fuel Cell
Type

Common
Electrolyte

Operating
Typical
Electrical Applications
Temp.
Stack Size Efficiency
(LHV)

Advantages

Challenges

<120°C

<1 kW 100 kW

60% direct
H2; 40%
reformed
fuel

•
Backup
power
•
Portable
power
• Distributed
generation
•
Transportation
•
Specialty
vehicles

•
Solid
electrolyte
reduces
corrosion &
electrolyte
management
problems
•
Low
temperature
• Quick startup and load
following

•
Expensive
catalysts
• Sensitive to
fuel impurities

Aqueous
potassium
hydroxide
soaked in a
porous
matrix,
or
alkaline
polymer
membrane

<100°C

1 - 100 kW

60%

•
Military
•
Space
•
Backup
power
•
Transportation

•
Wider
range
of
stable
materials
allows lower
cost
components
•
Low
temperature
• Quick startup

• Sensitive to
CO2 in fuel
and
air
•
Electrolyte
management
(aqueous)
•
Electrolyte
conductivity
(polymer)

Phosphoric Phosphoric
Acid
acid soaked
(PAFC)
in a porous
matrix
or
imbibed in a
polymer
membrane

150 200°C

5 - 400 kW,
100 kW
module
(liquid
PAFC);
<10 kW
(polymer
membrane)

40%

• Distributed • Suitable for
generation
CHP
• Increased
tolerance to
fuel
impurities

•
Expensive
catalysts
• Long start-up
time
•
Sulphur
sensitivity

Molten
Carbonate
(MCFC)

600 700°C

300 kW - 3
MW, 300
kW module

50%

• Electric utility •
High
• Distributed efficiency
generation
•
Fuel
flexibility
• Suitable for
CHP
• Hybrid/gas
turbine cycle

•
High
temperature
corrosion and
breakdown of
cell
components
• Long start-up
time
• Low power
density

500 1000°C

1 kW - 2
MW

60%

•
Auxiliary
power
• Electric utility
• Distributed
generation

•
High
temperature
corrosion and
breakdown of
cell
components
• Long start-up
time
•
Limited
number
of
shutdowns

Polymer
Perfluoro
Electrolyte sulfonic acid
Membrane
(PEM)

Alkaline
(AFC)

Molten
lithium,
sodium,
and/or
potassium
carbonates,
soaked in a
porous
matrix

Solid Oxide Yttria
(SOFC)
stabilised
zirconia
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•
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Source: US DOE (2021b).





Alkaline fuel cells (AFC) were one of the first types to be developed. It is one of the
most mature electrolysis routes (it was used in the United States space program)
and the one that dominates the market, both in operating and announced projects. It
has the lowest capital costs for electrolysis, but it is limited by low current densities
(0.2-0.5 A/cm2), which implies high operating costs for electricity. The most used
alkaline medium consists of a solution of potassium hydroxide in water (IEA, 2020b;
Parkinson et al., 2019; US DOE, 2021c).
Proton-exchange membrane (PEM) fuel cells, also known as polymer electrolyte
membranes, are at a lesser stage of development in comparison to alkaline cells,
but offer greater operating flexibility, making them more attractive for generation
systems of electricity from renewable sources (IEA, 2020b). A PEM cell is made up
of an electrolytic membrane inserted between a positive and a negative electrode.
Hydrogen gas is introduced through the anode and oxygen through the cathode,
after which the hydrogen molecules separate into protons and electrons. The protons
travel through the membrane to the cathode and the electrons are forced to travel
through an external circuit to generate power. The electrons then recombine with the
protons and oxygen on the cathode (US DOE, 2018). Figure II.11 presents a
simplified diagram of the PEM cell. This method has higher costs than alkaline
electrolysis but allows higher current densities (>2 A/cm2), achieves higher
efficiencies, allows more dynamic operation and a more compact design (IEA,
2020b).
Figure II.11. Proton-exchange membrane (PEM) fuel cell.

Source: US DOE (2018).



Solid oxide electrolyser cells (SOEC), also known as solid oxide fuel cells (SOFC),
are also undergoing further development, mainly due to projects in Europe to
produce synthetic hydrocarbons. As in the case of PEM cells, they have greater
flexibility compared to alkaline cells, but cost reduction is required to make
investments more attractive (IEA, 2020b). They use non-porous ceramic compounds
as an electrolyte and the fuel-to-electricity conversion efficiency is around 60%.
However, if residual heat is captured, it can reach 85%. They operate at high
temperatures (around 1,000 °C), and the catalysts are not composed of precious
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metals, thus increasing corrosion and start-up times, as well as requiring system
isolation and radiation protection for operators. Fuel reforming occurs internally.
These types of cells are the most resistant to sulphur and are not poisoned by carbon
dioxide, which can even be used as fuel (US DOE, 2021c).
Phosphoric acid fuel cells (PAFC) use this acid as an electrolyte, which is placed
in a Teflon-silicon carbide matrix, and the electrodes are made of porous carbon with
a platinum catalyst. They are more tolerant than PEM cells to fossil fuel pollutants
that may remain in the hydrogen. Their efficiency is greater than 85% when they are
used for cogeneration of electricity and heat, while if they are used only for electricity
the efficiency drops down to 37%-42%. In comparison, traditional combustion plants
operate around 33% of efficiency (US DOE, 2021c).
Molten carbonate fuel cells (MCFC) are under development for natural gas and
coal power plants, as well as for industrial and military applications. They require
high temperatures (650 °C) and the electrolyte is a mixture of molten carbonates
suspended in a porous matrix of chemically inert lithium and aluminium oxides. High
temperatures allow lower cost (non-precious metal) catalysts to be used, but they
also promote component corrosion and failure, which shortens their useful life.
Current life is estimated around 40,000 hours, or 5 years. No reformers are needed,
and the cells can reach efficiencies of 65% when coupled with turbines, or if residual
heat is captured, they can reach 85% (US DOE, 2021c).
Reversible cells produce electricity from hydrogen and oxygen, and the by-products
are water and heat. However, they have the advantage over other cells of being able
to use electricity from any source to separate the water by electrolysis. That is, in
times of high energy production or excess production, they allow energy to be stored
in the form of hydrogen (US DOE, 2021c).

II.4.1 Hydrogen as an energy vector
The term energy vector refers to a tool that allows the transport or storage of energy, or a
resource that allows the transfer, both in space and time, of quantities of energy from a given
source (Krajacic, et al., 2008). Hydrogen fits within this description, as electricity and heat
exchange fluids, fossil fuels, mechanical energy, radiation, and synthetic fuels, do. Among
the energy carriers, hydrogen can be transported over long, medium, and short distances
and can be stored, allowing for coupling between electricity, buildings, transport and
industry—features that have traditionally been associated with fossil fuels (Table II.4)
(Orecchini, et al., 2013; IRENA, 2019).
Table II.4. Characteristics of different energy vectors
Vector

Energy form

Storage

Transport distance range

Hydrogen

Chemical

Yes

Short, medium, and long

Fossil fuels

Chemical

Yes

Short, medium, and long

Heat-exchanging fluids

Thermal

Yes

Short and very short
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Electricity

Electrical

No

Medium and short

Mechanical energy

Mechanical

Yes

Noticeably short

Radiation

Thermal

No

Exceptionally long in space
Short in the atmosphere
Source: Orecchini, et al. (2013).

Various routes for the production and transport of hydrogen have been described in the
previous paragraphs. If hydrogen is produced from energy generated in one place and its
demand occurs in a different place, it begins its function as an energy vector. One of the
main challenges of the transition to a low-carbon economy is the intermittency of renewable
energy, which unquestionably requires storage (Krajacic, et al., 2008).
Once hydrogen has been produced from renewable sources, it can be transported to a site
between the power plant and the end users, stored and then transported the last few
kilometres to final consumers. Hydrogen, being a versatile energy carrier, is a great tool for
future energy systems which will integrate multiple forms of generation and fully exploit the
intermittent potential to leverage the availability of local renewable resources and increase
energy security (Krajacic, et al., 2008). Hydrogen can also be injected into the natural gas
networks and lower the natural gas consumption, while helping reach higher volumes that
trigger cost reductions through economies of scale, improving hydrogen competitiveness.
The transformation of electrical energy to hydrogen is known as Power-to-Hydrogen and
has the advantage of storing energy at a large scale, enhancing the system’s capacity to
cope with large swings in demand and allowing for inter-seasonal storage—in comparison
those systems in which renewables are directly connected to the power grid or have small
to medium storage capacity with batteries (IRENA, 2018).
Analysis from IRENA (Remap) indicate that it is possible for hydrogen to contribute with 6%
of total final energy consumption by 2050, a smaller figure than the 18% suggested by the
Hydrogen Council, but in any case, it is clear that hydrogen will be an important component
to achieve a new clean power generation matrix. Around the world, the number and capacity
of Power-to-Hydrogen projects based on green electrolysis have been increasing since 2000
in what appears an exponential growth—the average size of the projects in 2019 was below
10 MW, but future projects aim for much larger sizes, even surpassing 100 MW (IRENA,
2019).

II.4.1.1 Power generation
In the case of applications that use electricity directly, there is growing confidence in
hydrogen being able to meet the long-term demand for low-carbon electricity at competitive
costs, whether in on-grid or off-grid locations. However, several economic and technical
obstacles have yet to be overcome to decarbonise the electricity grid, especially regarding
the integration of clean energy into the grid and reaching competitiveness against pumped
hydro or battery storage, which present lower CAPEX (IRENA, 2018). Special attention shall
be put into minimising losses in the logistics chain, for example, for pressurisation and
liquefaction; losses in the range of 20%-45% of the hydrogen content are observed in
liquefaction and 19% in hydrogen compression (IRENA, 2019).
IRENA (2019) estimates a global economic potential of 19 EJ of hydrogen from renewable
electricity in total final energy consumption by 2050, which would require 30 EJ-120 EJ of
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renewable electricity for electrolysis, and 4 TW-16 TW of solar and wind generation capacity.
For Haeseldonckx and D’haesleer (2007), it is imperative to have large-scale fuel cells to
consider hydrogen a practical alternative for power generation.
Gas turbines can be redesigned to burn hydrogen instead of natural gas, which would allow
grid operators continued access to low-cost thermal peaking plant—operation would be very
similar to how NG plants operate today. However, the lack of hydrogen transport
infrastructure may impede its use. This can be addressed with on-site production and
storage31, but another downside of hydrogen-driven turbines is their low efficiency of
combustion (35%-40%) relative to electrochemical conversion (40%-60%), which can result
in high operating costs. Fuel cells, on the other hand, can deliver efficiencies of around 60%
without losing efficiency when scaling up or down, comparable with the most advanced
combined-cycle gas power stations—gas generators show a decrease in efficiency at small
capacities versus larger units over 10 MW (Staffell, et al., 2019).
IRENA (2018) considers that fuel cells are key for electricity storage and regeneration, also
called re-electrification, of isolated power systems with high electricity costs, which represent
a potential niche market, as well as for stationary power for uninterruptible supply or power
backup systems for network equipment such as telecom towers and data centres. Batteries
are strong competitors because they have lower costs and show better roundtrip efficiency 32,
but stationary fuel cells present many advantages: they do not self-discharge, present longer
lifetimes and higher temperature tolerance. Hydrogen is also an excellent alternative to store
large amounts of energy—enough to supply energy in the hours range—and to replace
diesel generators (which require frequent maintenance). The air-quality improvements as
well as reduced noise and odour add value to the hydrogen technologies.
Hydrogen production from renewable energies can provide balancing or ancillary services
to grids with a high share of renewable sources, but low utilisation rates (10% or less
operating time) of electrolysers are a challenge from a cost perspective—the produced
hydrogen might not be competitive, even considering zero-cost electricity. However, the
ramp-up production flexibility of electrolysers—especially PEM electrolysers, with start-up
times of less than 20 minutes— is a very attractive feature that can be leveraged by installing
electrolysers at strategical points to ease power grid congestion and transport energy in
hydrogen form rather than electricity. On a broader scale, hydrogen can play a key role for
seasonal storage as large quantities of the gas can be stored in geological sites (IRENA,
2019).

II.4.1.2 Buildings
The buildings sector is responsible for around 30% of the global energy use, and almost
75% of that energy is used for space heating, hot water production and cooking. In a Paris
Accord-compatible pathway, heat demand would be expected to represent more than half
of the global building energy consumption by 2030 (IEA, 2019b). Hydrogen can be used to
meet those needs (Haeseldonckx & D’haeseleer, 2007).
Several projects have been carried out for this purpose, primarily in Europe, and are based
in the injection of a percentage of hydrogen into the natural gas network, such that the
31

For example, a SMR + CCUS system with salt cavern for storage and large open-cycle gas turbines (Staffell,
et al., 2019).
32
This is, the ratio on energy put into energy retrieved from storage, also called AC/AC efficiency (energymag,
2014).
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natural gas-hydrogen mixture is obtained. The mixture is transported through the pipelines
to the final end-users, allowing to replace a fraction of the natural gas by hydrogen without
having to make major modifications in the network or the equipment. Some examples of this
approach are the GRHYD project in France, HyNet Northwest in the United Kingdom or
Power-to-Gas Rozenburg in the Netherlands. A detailed description will be given in the Case
Studies section.
Blending concentrations depend on the characteristics of the existing network and its
components, the natural gas composition, and the end-use applications (IRENA, 2018). The
use of 100% hydrogen is theoretically possible, although this would require investment to
upgrade the natural gas network and equipment and, if many networks from many
distributors exist, good co-ordination between gas suppliers. This option would be most
attractive from a cost perspective for large commercial buildings, building complexes and
district energy networks and fuel cells, co-generation units and other hybrid systems would
be used coupled with energy storage capacity (thermal, hydrogen or via district energy) (IEA,
2019b).
On the other hand, instead of having the hydrogen delivered by pipelines, it can be directly
produced at the point of use in micro-CHP systems with fuel cells. Staffell et al. (2019) report
that over 225,000 micro-CHP systems are installed globally. These systems are present in
Japan, South Korea and the US, and the type of fuel cell varies, for instance, PEM, SOFC,
MCFC and PAFC. For example, Panasonic in Japan has deployed Ene-Farm, a fuel cell
cogeneration system for residential use already on the market (Fuel Cells Works, 2020b).

II.4.1.3 Mobility
The establishment of hydrogen as a fuel technology for transport has been a complex
process, partly because the transport sector has a diversity of modes: air, sea, land, and
passengers and cargo. About half of the global energy demand for vehicles is due to light
vehicles, and by 2050 the number of passenger cars is expected to reach 2.5 billion units.
Efforts to decarbonise the transport sector must therefore focus on creating innovative
solutions for individual passenger vehicles. The United States is the country with the largest
number of hydrogen cell powered vehicles (FCEV), specifically forklifts. In 2019, the
production and use of low-carbon hydrogen experienced a significant growth due to the sale
of FCEV in China33, Japan and Korea, which together accounted for 64% of global sales
(IEA, 2020a; IEA, 2020b; Staffell, et al., 2019).
The use hydrogen mixed with methane, or hythane, instead of diesel or gasoline has also
been considered as a fuel alternative. In a study conducted by Sandalcı and colleagues
(2019), a conventional diesel engine successfully worked in dual mode with hythane (90%
methane and 10% hydrogen). Table II.5 and Figure II.12 present the number of hydrogen
vehicles by type and by country, respectively.

Table II.5. Number of FCEV vehicles in the world in 2019.
Year

FCEV cars

2017

6,099

Buses
NA

33

Vans and trucks
NA

Forklifts
NA

China has promoted sales through policies to support the adoption of buses (with 4,300) and trucks (with more
than 1,800) powered by fuel cells. As a consequence, China is a global leader, with 97% of bus stocks and 98%
of fuel cell-driven cargo trucks (IEA, 2020b).
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2018

11,888

2019

23,354

NA

NA

~500

~500

NA
~25,000

Source: IEA (2019).

Figure II.12. Number of vehicles powered by hydrogen cells in the world.

Source: IEA (2019).

The components of a FCEV vehicle are similar to the components of electric and internal
combustion vehicles—it requires a fuel tank but has electrical circuits and batteries. Figure
II.13 shows a general diagram with the most important components for the operation of
FCEV vehicles. Additionally, a brief description of its parts is presented below (US DOE,
2018).
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Figure II.13. General diagram of the components of a FCEV

Source: US DOE (2018).

-

-

-

The fuel cell is an array of individual membrane electrodes that produce
electricity through the reaction between hydrogen and oxygen.
The battery pack stores the energy generated by the regenerative brake and
provides additional power for the electric traction motor.
The power electronic controller manages the energy flow delivered by the fuel
cell and the battery pack by controlling the speed of the engine and its torque.
The auxiliary battery has the function of being the source of power to start the
vehicle and to make the accessories work.
The thermal cooling system keeps the temperature of the fuel cell, electric
motor, power electronics and other components within a specific range for proper
system operation.
The AC/DC converter converts the high-voltage power from the battery bank to
low-voltage power used to recharge the auxiliary battery and power the vehicle
accessories.
The electric traction motor uses the energy of the fuel cell and the battery bank
to drive the wheels of the vehicle. In some vehicles, generators provide both
transmission and regeneration.

In addition to hydrogen-powered vehicles, hydrogen refuelling stations (HRS) (Figure II.14)
must be available to fill the hydrogen tanks. At the end of 2019 there were 470 stations in
operation worldwide, an increase of more than 20% compared to 2018. Japan is the country
with the highest number of HRS in the world (113), followed by Germany (81) and the US
(64)34. The increase of HRS in operation in China tripled from 2018 to 2019 (20 to 61), similar
34

The state of California is where the FCEV market has developed the most. Hydrogen refueling stations can
be found in both the north and south of the state (US DOE, 2018).
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to the growth in FCEV vehicles (IEA, 2020b). HRS can supply more vehicles per station than
electric vehicle charging stations: fifteen hydrogen dispensers would have the same
performance as 900 fast charging stations for battery electric vehicles (BEV). The greater
range of FCEV allows HRS to be further apart than charging stations, although they have a
higher cost. The FCEV-HRS infrastructure does not require substantial improvements to the
power grid, as is the case for a high penetration scenario for BEV vehicles. In terms of safety,
although hydrogen is flammable, hydrogen fires are more localised and cause less damage
in comparison to gasoline fires (Staffell, et al., 2019). HRS can be part of fossil fuel refuelling
stations or installed as independent stations. If hydrogen is produced on site, the HRS is
formed of a base unit plus a production unit. If the hydrogen is supplied by tank trucks, either
in liquid form or gas, the station needs only the base unit (comprised by a high-pressure
storage system with one or more dispensers, liquid or gas intermediate storage system and
compression system) (Hydrogen Europe, 2017).
Figure II.14. Diagram of a hydrogen refuelling station.

Source: Hydrogen Europe (2017).

Compressors are used to offset the pressure difference between storage (up to 200 bar)
and recharge (up to 1,000 bar). Recharge has a target duration of 3 to 5 minutes, and the
temperature must not exceed 85°C. To control the temperature, the basic unit system has
a pre-cooler; a 700-bar recharge would be pre-cooled to -40°C by a heat exchanger. The
pre-cooler is subject to technological improvements. If the station hydrogen is cryogenic
hydrogen, it passes from the tank to the vehicle through a pump and an evaporator, which
cut the need for compressors. The dispenser is a device that pumps liquid hydrogen or gas
into the vehicle tank and includes the feed nozzle and user interface that indicates the
amount of hydrogen supplied, just as a traditional dispenser works (Hydrogen Europe,
2017).
Electro fuels or e-fuels are another option to include hydrogen in the mobility sector. The
manufacturing process falls under the Power-to-X35 scheme and requires hydrogen and CO 2
to produce liquid fuels. The concept is attractive because of its green status when renewable
energy is used to produce hydrogen and carbon dioxide is sourced from carbon-intensive
industries in carbon capture systems or direct air capture (DAC). If the CO 2 is captured from
a fossil fuel combustion process (e.g. power plants) and is reacted with green hydrogen, the
total emissions of the combustion and fuel manufacturing are halved—but this is not enough
to meet Paris Agreement objectives, so CO2 from biomass combustion and DAC are more
effective options from a mitigation perspective. E-fuels present the advantage of being the
same chemical compounds as the traditional fuels, but the production costs remain high
(they are projected to fall to 1 US Dollars/litre in the next years) against biofuels and fossil
fuels. An apparent paradox appears when choosing e-fuels over hydrogen, but it is worth to
35

Power-to-X systems turn power into energy carriers, such as ammonia, methanol, synthetic methane and
synthetic oil products using hydrogen and a source of carbon, mainly CO 2 (IRENA, 2018).
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remember that e-fuel deployment should be focused on sectors where no viable alternatives
exist (IRENA, 2019).

II.4.1.3.1 Passenger cars and freight transport
PEM cells are the main technology in FCEV as they offer high efficiency, high power density,
cold start capability and scalability that allows increased power for larger vehicles. The
durability of fuel cells is up to 10 thousand hours and stationary fuel cells have been reported
to operate for 80 thousand hours (IEA, 2019; US DOE, 2018). PEM fuel cells of 60 kW
capacity are common in European cars, capacity much higher than that of residential fuel
cells with about 1 kW (Staffell, et al., 2019).
Although FCEV have not reached good levels in terms of cost competitiveness, the rapid
growth in the stocks of these vehicles represents an opportunity to favour the demand for
low-carbon hydrogen (IEA, 2020b). Internal combustion vehicles can be modified to run on
pure hydrogen 36 or in blends with natural gas37 or diesel, with much lower costs than a fuel
cell-driven car, although less efficient. In addition, such vehicles still emit nitrogen oxides
and other pollutants, making them an unviable long-term option (Staffell, et al., 2019), unlike
FCEV which only release water vapour and hot air at the outlet of the exhaust 38 (US DOE,
2018).
Emissions to air associated with fossil hydrogen based FECV would be 50% lower than
those of traditional gasoline vehicles, and if hydrogen comes from wind, emissions could be
up to 90% lower. The efficiency of the FCEV is close to 60%, while the internal combustion
vehicles are in the range of 20 to 30 percent (US DOE, 2018).
In the context of reduced greenhouse gas emissions, hydrogen as a vehicle fuel competes
with other technologies: hybrid vehicles (PHEV), electric vehicles (BEV) and those using
biofuels. Depending on the origin of hydrogen, FCEV have the advantage over biofuels of
not requiring agricultural land and compared to BEV they have a greater range and shorter
recharging times (400 km-800 km and 3-4 minutes, respectively) similar to conventional
cars, in addition to being able to better withstand the discharge-recharge cycles without
compromising service life39 (Staffell, et al., 2019; US DOE, 2018).
The next generation of cars is expected to be more demanding in terms of the energy
required by sensors and computers, and rising temperatures will result in increased use of
air conditioning. FCEV cars are more capable of meeting these demands than BEV cars.
Another attractive aspect of FCEV versus BEV is a better driving experience (quieter and
with less vibration), although one element to improve is the size of hydrogen tanks, which
can take away useful space from the vehicle due to their size and shape. Finally, both
passenger and freight transport have begun to undergo major changes in recent years
(carpool or shared vehicles, large taxi fleets and freight delivery services) and it is expected
that in the future these new patterns will become the standard and define the infrastructure
requirements and characteristics of vehicles (Staffell, et al., 2019). Hydrogen has achieved
a high acceptance as a fuel for forklifts, so that by 2019 the IEA (2019) reported the
36

Which results in a hydrogen internal combustion vehicle (HICE) (Staffell, et al., 2019).
Hydrogen and methane blends have been called hythane (Staffell, et al., 2019).
38
The amount of water they emit per mile (1.6 km) is slightly higher than that emitted by vehicles with internal
combustion engines that use gasoline (US DOE, 2018).
39
The lifespan of BEV vehicles has not yet been checked. For example, Tesla estimates that their cars have a
lifespan of 10 to 15 years, but most electric cars are no more than 5 years old so these periods must still be
verified (Staffell, et al., 2019).
37
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existence of around 25 thousand forklifts powered by hydrogen in operation around the
world.

II.4.1.3.2 Off-road transport
The IEA (2020b) mentions two major projects in Germany and China. In the first project,
Alstom produced two fuel cell powered trains that went into operation in 2018, and another
14 were intended to be available in 202140. In the case of China, a fuel cell tram began
operations in Foshan in 2019 and the possibility of installing a hydrogen-powered railway
across the country is under discussion.

II.4.2 Industrial uses
Industry is the largest consumer of hydrogen among the activities that make up its demand,
mainly for oil refining, chemicals, and steel manufacturing, and to a lesser extent in the
general industry for semiconductors, as a propellant, for glass production, for the
hydrogenation of fats and for cooling generators. These industries have traditionally met
their needs with high-carbon on site produced hydrogen, so replacement by their low-carbon
counterpart is an opportunity to accelerate the demand for hydrogen while decreasing GHG
emissions (IRENA, 2018; IEA, 2020b).
Industrial uses are key to the economy’s decarbonisation, since they use long-term contracts
for large volumes of hydrogen over long periods at a given price and can generate
economies of scale. For the large industry, policy and regulatory frameworks have a stronger
influence in shaping the market, whereas the small industry exhibits a behaviour based in
pure economics—e.g., for Power-to-Hydrogen deployment (IRENA, 2018). Projects where
hydrogen production and hydrogen commodity production are combined, such as iron,
ammonia and synfuel, may deliver excellent results by lowering transport costs and helping
with industry integration (IRENA, 2019).

II.4.2.1 Oil refining
Crude oil must undergo different processes to produce transport fuels and petrochemicals.
Refineries make up to 33% of the global demand for hydrogen, either in pure or mixed form,
where is used as a feedstock, reagent, and energy source. Hydro processing (hydrotreating
and hydrocracking) accounts for 25% of the world’s demand, to remove impurities and
upgrade heavy crude oil. Other processes, such as oil sands upgrading and biofuel
upgrading, make up the remaining percentage. Around the world, there is enough refining
capacity to meet the needs for oil products production (IRENA, 2018; IEA, 2019).
The entire demand is met by fossil-based hydrogen. Around 30% of the hydrogen comes
from on-site by-product production in integrated refineries—via steam methane reforming
and liquid hydrocarbons reforming, such as naphtha. The remaining 70% of the demand is
covered by dedicated on-site production (via steam methane reforming and coal
gasification) and external suppliers (obtained from natural gas and as a by-product of
chemical processes like chlorine production) (Figure II.15). The use of heavier feedstocks
for dedicated on-site production is popular in places that import gas, e.g., China and India,
while merchant supply is more common in densely industrialised areas with developed
40

The United Kingdom and the Netherlands have expressed interest in this technology (IEA, 2020b).
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pipeline infrastructure, e.g., the US Gulf Coast and the Amsterdam-Rotterdam-Antwerp hub.
The dedicated production of hydrogen contributes to 230 MtCO 2 per year—around 20% of
total refinery emissions (IEA, 2019b).
Figure II.15. Hydrogen sources in the oil refining industry (global).

Source: IEA (2019).

The United States, China and Europe are the largest consumers of hydrogen in refineries.
Under current trends, hydrogen demand for refining is projected to grow by 7% in 2030—to
41 million tonnes per year. After 2030, demand is expected to slow down under current
trends because of international policies, mainly efficiency improvements, switching away
from emission-intensive fuels and electrification. Under a Paris Agreement compatible
scenario, the decline in oil demand would drive the decline in hydrogen demand (IEA,
2019b). However, short-term growth for hydrogen will occur due to the increased demand
for hydrocracking uses to increase the refining yields of middle distillates like diesel and jet
kerosene, fuels that are extensively used by trucks and airplanes in the international trade
(IRENA, 2019).
Hydroprocessing involves hydrotreating and hydrocracking—two processes to which heavy
and sour oils are subjected to generate higher value products. The chemistry of the
processes is intertwined; some hydrocracking occurs in the hydrotreating reactor at high
temperatures (Bricker, et al., 2014).
In hydrotreating, hydrogen helps to remove impurities like nitrogen, organometallic
compounds, oxygen, halides, and sulphur, which is the main removed product and thus the
process is also called desulphurisation41. The steps occur in the following order: metal
removal, olefin saturation, sulphur removal, oxygen removal, halide removal and aromatic
saturation. The sulphur atom in sulphur-containing organic compounds is converted to H2S,
the nitrogen atom in nitrogen-containing compounds is converted to NH3 and oxygen
heteroatoms are turned into water—hydrogen is consumed in all reactions. Sulphur removal
is important due to air quality standards compliance. From 2005 to 2020, sulphur content in
refined products dropped 40% due to increasingly stricter standards, a trend that is most

41

About 70% of naturally present sulphur is separated from the main product. Other removed components are like nitrogen,
oxygen species and catalysts (IEA, 2019a).
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likely to continue. Sulphur content is determined by the inherent characteristics of the oil
(IEA, 2019; IRENA, 2019; Bricker, et al., 2014).
Hydrocracking allows to upgrade the heavy residual oils from oil refineries and converts
them into higher-value products using hydrogen. The demand for heavy residual oil has
been in decline to favour light and middle distillate products, which has driven the growth in
hydrocracking capacity (IEA, 2019b). Figure II.16 shows the basic steps of the process.
Figure II.16. Simplified flow diagram of hydrocracking with recycle.

Source: US Energy Information Administration (2013)42.

Hydrocracking units can be configured in various ways and can consist of one or two
reactors with one or several catalysts. The process starts with low-quality heavy fractions
from the atmospheric or vacuum distillation towers, the fluid catalytic cracker, and the coking
units, among others. In the reactor, the heavy molecules of the gas oil are heated to break
carbon-carbon bonds with the help of a catalyst and produce lighter, lower molecular weight
unsaturated products, such as aromatics and olefins, which then are saturated using
hydrogen and a catalyst43. The saturation, or hydrogenation of hydrocarbons releases heat,
for which hydrogen is injected at different points to maintain the temperature within the
cracking/safety range. Hydrocracking processes run at a variety of conditions and the
specific design for a site will depend on the feed type, the desired cycle length and the
desired amount of products. The catalysts used in hydrocracking also help remove any
residual sulphur and nitrogen. A refinery’s ability to turn high-sulphur low-value materials
into low-sulphur high-value products is key for its economic fate (US Energy Information
Administration, 2013; Bricker, et al., 2014). Hydrogen is also used for biofuels upgrading in
biorefineries—removing oxygen and other impurities from vegetable oils and animal fats
(IEA, 2019b).
The IEA (2019) mentions that CCUS for coal- and natural gas-based hydrogen production
and renewable energy-powered electrolysis as the two main pathways to lower the
emissions associated with hydrogen production in refineries. The CCUS alternative is
perhaps the most obvious route considering that almost all hydrogen is produced from fossil
42

Other products can be LPG, motor gasoline, reformer feeds, heating oils, olefin plant feedstocks, lube oils,
lube plant feedstock, FCC feedstock and distillate fuels (Bricker, et al., 2014).
43
Typically, noble metal (palladium, platinum) or non-noble metal sulfides from group VIA (molybdenum,
tungsten) and group VIIA (cobalt, nickel) (Bricker, et al., 2014).
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fuels. However, refining is a highly competitive industry and CCUS deployment on a large
scale is likely to need the intervention from policy makers, for example, in the form of tax
incentives and low-carbon fuel standards, as well as availability of CO 2 storage sites. Some
refineries already have incorporated CCUS for hydrogen production, like Pernis refinery in
Rotterdam, where a percentage of the emissions from the 400,000 barrels per day are
captured and transported to greenhouses in the area; Air Liquide’s Port Jerome project in
France was implemented to capture CO 2 and put it into the market; Air Product’s Port
Jerome in Texas and Hokkaido Refinery in Japan have implemented demonstrative level
projects for CO2 capture. Green electrolysis is not yet a widely popular option, but some
projects have already implemented this concept, i.e., the REFHYNE project in the Shell
Rheinland Refinery Complex in Wesseling Germany (10 MW PEM electrolyser for on-site
H2 and O2 generation) and a 30MW electrolyser coupled with offshore wind generators in
Heide, a small refinery in Hamburg, to replace purchases up to 3 kt per year of hydrogen
(IEA, 2019b).

II.4.2.2 Chemical industry
The chemical industry demands around 60% of the hydrogen in the world to produce
ammonia, methanol and to a lesser extent, solvents, explosives, primary chemicals
(ethylene, propylene, benzene, toluene, mixed xylenes), polymers, cyclohexane, hydrogen
peroxide and even less, for glass manufacturing, fats hydrogenation, semiconductors,
cooling of electrical generators and as a propellant fuel for rockets. Ammonia’s hydrogen
consumption is around 31 MtH2/year and methanol’s is 12 MtH2/year; 2 MtH2/year are
consumed in small-volume processes and most of this hydrogen is a process by-product.
More than 60% of the energy consumption of the sector is due to the production of the seven
primary chemicals. Hydrogen demand for this sector is expected to grow 31% by 2030 under
current trends, despite materials efficiency and recycling (IRENA, 2018; IEA, 2019).
Being a large and complex industry, hydrogen presence is equally complex: it is used in
pure form or in compounds—it is part of almost all industrial chemicals— and is also a byproduct of many reactions. The carbon intensity of the chemical industry can be lowered. As
in the oil refining industry, the vast majority of the consumed hydrogen comes from fossil
fuels: 65% of ammonia and methanol are produced from natural gas, and 30% from coal.
The natural gas route is more efficient than the coal route, so that 55% of the chemical
energy inputs are used to produce hydrogen from natural gas. In 2018, around 270
Mtoe/year of fossil fuels were used to produce ammonia and methanol (IEA, 2019b).
Ammonia producers have more operational know-how regarding hydrogen production than
all other hydrogen-producing industry segments combined, and they are beginning to
demand decarbonised, renewable, and sustainable hydrogen in large quantities—in the
short-term horizon, green ammonia and fertilisers are a feasible early market opportunity
(AIChE, 2019). CCUS, just as in the oil refining industry, is the main alternative to decouple
the sector’s growth from the historically associated emissions, as ammonia and methanol
will still require a carbon source. Existing plants can be retrofitted, and new installations
should include this technology, although this is not a one-fits-all solution (IEA, 2019b).

II.4.2.2.1 Ammonia
The main feedstock produced from hydrogen is ammonia, with global production volumes
around 175 Mt/year. NH3 can be made through the Haber-Bosch process by reacting
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atmospheric nitrogen and hydrogen, which is particularly energy-intensive and has been
modified throughout the years or using natural gas or coal as feedstocks to produce
hydrogen on-site. The Asia Pacific region is where most coal-based ammonia is produced
(China produces almost all its ammonia from coal gasification), while the rest of the world
relies on natural gas. Ammonia production is one of the most important industries on a global
level—it is the second-most synthesised chemical worldwide, after sulfuric acid— and has
increased steadily since 1946. Annual production of ammonia is worth more than 100 billion
US Dollars and some plants produce more than 3,000 tonnes per day. China, Russia, India
and the United States are the largest producers, responsible for 32.6%, 8.1%, 7.6% and
6.4% of the world’s production, respectively (AIChE, 2016; IEA, 2019; IRENA, 2019; AIChE,
2019). The process flow diagram to produce ammonia is presented in Figure II.17.
Figure II.17. Flow diagram of ammonia production from coal

Source: AIChE (2016).

KBR (Kellogg Brown and Root), Haldor Topsøe, and ThyssenKrupp Industrial Solutions
(TKIS) are the top three technology licensors for ammonia production, while Ammonia
Casale is a market leader in revamps of existing plants. Depending on the plant
configuration, energy consumption can be as low as 28 GJ/Mt NH3. Hydrogen is produced
on-site via natural gas reforming. Most producers prefer to build large ammonia facilities
near cheap raw material sources and transport ammonia by ship, rail or pipeline, as opposed
to distributed production in small ammonia plants (AIChE, 2016).
The fertilisers industry is the main consumer of ammonia to produce urea and ammonium
nitrate, which demand 80-88% of the world’s ammonia, while the rest of NH 3 is used to
manufacture explosives, synthetic fibres and specialty chemicals (IEA, 2019; AIChE, 2016).
On the other hand, ammonia has an energy content of 18.6 GJ per tonne, around half of oil
products and comparable to biomass, which makes it a good energy carrier and the only efuel that does not contain carbon. However, special attention is needed for its storage,
transport and handling due to its toxicity, and if combustion is not optimised nitrogen oxides
are produced. Being a largely consumed feedstock, ammonia already has well-established
supply chain and logistics, as well as safety standards (IEA, 2019; IRENA, 2019; AIChE,
2016).
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II.4.2.2.2 Methanol
Methanol is currently produced from natural gas, coal or syngas, and hydrogen, although
other processes that directly use CO and CO 2 as carbon sources also exist. It has several
uses. As a feedstock, it is a precursor of formaldehyde, solvents and industrial chemicals,
and gasoline44, and 35% of the worldwide methanol production is used to produce
formaldehyde, while 25% produces methyl tert-butyl ether (MTBE) and 9% acetic acid.
Methanol is also used as a drop-in fuel45, which accounts for around 30% of its global use,
in blends either mixed in pure form or as MTBE. Another use is as a hydrogen carrier, but
the share is minimal in comparison to the two previous uses. The methanol-to-olefins and
methanol-to-aromatics routes result in high-value chemicals (HVC) and plastics—in China,
18% or 9 Mt/year of the domestic HVC production come from these routes, but in other
countries the share is lower. Hydrogen can be extracted from methanol in a relatively easy
process (IEA, 2019; IRENA, 2019; Galindo Cifre & Badr, 2007).
Methanol synthesis requires hydrogen and a carbon source like natural gas, coal, biomass,
captured carbon dioxide from carbon-intensive industries flue gases (like power plants or
cement factories) or atmospheric-captured CO2. Natural gas is the main feedstock,
accounting for 75% of final methanol production. The process has three main stages:
reforming natural gas46 to produce syngas, convert syngas into methanol and finally distilling
methanol to meet purity requirements. If coal is used as a feedstock, the same basic
operations occur, but the syngas has a lower hydrogen content—however, if liquid phase
methanol (LPMeOH) process is used, the process can be integrated with a combined cycle
power plant (IGCC) (Figure II.18) (Galindo Cifre & Badr, 2007; Aasberg-Petersen, et al.,
2008).

44

This route of gasoline production is popular in regions with availability of coal or natural gas but little or nonexistent for oil production regions (IEA, 2019a).
45
A drop-in fuel is any synthetic fuel that can be directly used, neat or in blends, as traditional fuels i.e., showing
a complete compatibility and interchangeability with traditional fossil fuels in engines, fuel systems and fuel
distribution networks (Ainsworth Energy, 2013).
46
Reforming can be one-step reforming with fired tubular reforming, two-step reforming or autothermal reforming
(ATR). ATR at low steam to carbon (S/C) ratio is the preferred technology for large scale plants by maximising
the single line capacity and minimising the investment (Aasberg-Petersen, et al., 2008).
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Figure II.18. Methanol production by ATR using natural gas.

Source: Aasberg-Petersen, et al. (2008).

Biomass and CO2 are the greener alternatives to fossil-based methanol. For biomass, the
same basic steps are used to obtain hydrogen, but biomass is pre-treated (chipping and
drying). Syngas quality is lower than coal and natural gas syngas, so the process needs to
be adjusted by removing CO2 with an acid gas separator (Galindo Cifre & Badr, 2007). As
for the carbon dioxide route, it is the only route that requires the direct use of pure hydrogen:
𝐶𝑂2 + 3𝐻2 → 𝐶𝐻3 𝑂𝐻 + 𝐻2 𝑂
Green methanol production can source carbon dioxide from flue gases or through direct air
capture (DAC), for which CO2 recovery systems are needed (amine absorption is the most
economic option for power stations) as well as storage and transport to the green hydrogen
production site (Galindo Cifre & Badr, 2007).
The manufacturing of HVCs is mainly done by steam cracking and dehydrogenation
processes, which does not consume hydrogen but rather generate it as a by-product—18
MtH2/year is obtained from this route. The demand for HCVs is growing at a higher rate than
that of refined oil products so in the future, the side-produced hydrogen is expected to be a
more important source than is today (IEA, 2019b).
Direct methanol fuel cells use methanol as a fuel, which acts as a hydrogen storing liquid,
without the need for reforming. Breaking methanol with steam into carbon dioxide and
hydrogen is relatively easy (Galindo Cifre & Badr, 2007).

II.4.2.2.3 Chlor-Alkali
The chlor-alkali process is used to obtain chlorine, producing hydrogen gas and aqueous
sodium hydroxide as by- products (IEA, 2019b). The simplified reaction is as follows:
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2𝑁𝑎𝐶𝑙 + 2𝐻2 𝑂 → 𝐶𝑙2 + 𝐻2 + 2𝑁𝑎𝑂𝐻
The reaction is driven by electrolysis and there are three different routes to produce chlorine:
diaphragm cell, mercury cell and membrane cell. Each route requires specific purification
processes because a different chemistry is involved. For example, emissions from the
diaphragm and mercury cells include chlorine gas, carbon dioxide, carbon monoxide,
hydrogen, and mercury vapour. Recovery of some of these chemicals is made from the
effluent streams, which is the case for hydrogen for later use in other processes within the
same industrial site or sold (EPA, 1995).

II.4.2.3 Iron and steel
Iron and steel is an example of a traditionally hard-to-abate (GHG emissions) sector due to
the nature of their processes. Hydrogen is used in the iron and steel industry for annealing 47,
as a blanketing gas and as a forming gas (CSIRO, 2021). In 2018, total steel production
reached 1,809 Mt/year in the world. More than 75% of the of global steel demand is met
using primary production methods that convert iron ore to steel—the remaining demand is
met by secondary production route, based on re-melting steel scrap in an electric arc furnace
(EAF). Demand for steelmaking is expected to double by 2030 as the production from the
direct reduction of iron (DRI) route increases (IEA, 2019b). McKinsey and Company reports
that 14% of steel companies’ potential value is at risk if they fail to decrease their
environmental impact (McKinsey & Company, 2020).
The first step in iron and steelmaking is the metallurgical process of ironmaking or converting
iron ore into hot metal, iron pellets, or cast iron, typically using a blast furnace in which the
iron ore is reduced to elemental iron. A carbon source like coal or natural gas is used to
obtain energy and lime (from limestone) is the flux material to create slag—a material which
absorbs the oxide impurities such as FeO, SiO 2, P2O5, MnO, Al2O3 and sulphur. The next
step is steelmaking, or primary refining, which takes place in a basic oxygen furnace or an
electric arc furnace, and recycled scrap is added (AIST, 2015). Iron and steel are obtained
via the following integrated processes:


Integrated blast furnace/basic oxygen furnace (BF-BOF). This route accounts for
around 90% of primary steel production worldwide, and approximately 20% of the
global use of hydrogen in mixed forms is due to the BF-BOF process. Coke or coal
are fed to the furnace to supply heat, structure and to generate works arising gases
(WAG) that contain hydrogen which acts as a reducing agent for the iron ore, this is,
to remove oxygen. Coke oven gas typically contains 39%-65% of hydrogen by
volume, whereas blast furnace gas contains in the range of 1%-5%. BOF gas is
another component of WAG48, containing 2% to 10% hydrogen by volume.
Preparation of the raw materials—agglomeration, lime production— is done on-site,
and is flexible towards the grades of ore that can be accepted—even accepting some
scrap. Granulated slag is produced as a by-product (IRENA, 2018; CSIRO, 2021;
IEA, 2019).

47

Annealing is a heat treatment process in which the processed metal ductility is restored after deformation
(IRENA, 2018).
48

WAG is used for many purposes on site and is also transported to other sites for activities different from the steel industry,
such as power generation and, in China, methanol production (IEA, 2019b).
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Direct reduction-electric arc furnace (DRI-EAF), accounts for 7% of the primary
production of steel around the world and around 10% of the hydrogen consumed in
mixed forms. The DRI process uses a mixture of hydrogen and carbon monoxide as
a reducing agent for iron ore in the form of direct-reduced pellets, resulting in direct
reduced iron (DRI). Hydrogen is produced in dedicated facilities instead of as a byproduct—around 75% of the dedicated produced hydrogen comes from natural gas
reforming and the remaining by coal gasification. Then, in the EAF, the DRI is heated
and liquefied with steel scrap to produce raw steel. This route is more energyintensive than BF-BOF, but it uses simpler and slightly less capital-intensive
equipment. It accepts a higher quantity scrap as a feedstock alongside iron ore than
BF-BOF. DRI-EAF is most deployed in regions with low natural gas prices (such as
the Middle East) or low coal prices (India). A variation of the DRI process, known as
DRI-H or direct reduction via green hydrogen, and releasing only water as a byproduct, allows to a complete avoidance of fossil fuels and is currently at
demonstration phase (IRENA, 2018; McKinsey & Company, 2020; IEA, 2019).

Under current trends, the share of scrap-based steel production is projected to grow from
23% (2019) to 25% in 2030. The DRI-EAF route could supply 14% of primary steel demand,
which would require 8 MtH2/year—twice as much the hydrogen demand in 2018—and by
2050, the use of this route for the entire primary production could lead to a 15-fold demand
increase (IEA, 2019b). The EAF-based production of steel will not require 100% green
hydrogen based-DRI supply to fulfil customer requirements and achieve carbon neutrality.
However, for DRI-EAF to become the main production route, it will be necessary to have a
secure and steady supply of DR pellets (McKinsey & Company, 2020).
Two main options exist for lowering emissions: one is to install, and the other is to substitute
natural gas with green hydrogen, either partially or totally. This means that existing
(brownfield) plants will have to examine retrofitting options—or major rebuilding— while new
facilities (Greenfield) can include these measures since their design. The optimal steps will
depend on the specific location (IEA, 2019; McKinsey & Company, 2020). In Europe, the
steel manufacturing industry has begun to show an interest in green electrolytic hydrogen,
since it is possible to replace up to 35% of natural gas by hydrogen without making major
changes to the furnaces. The first large-scale pilot plant for this use is being built in Sweden
and the demonstration tests are expected to start operations in 2025 (IEA, 2020b).

II.4.2.4 Mining
The mining industry is key to the transition to a low-carbon economy, seeing that lowemission energy and transportation systems are more mineral intensive than their fossil-fuel
counterparts (World Economic Forum, 2019). The demand for cobalt, lithium, and nickel, as
well as platinum, palladium and other catalyst materials, and rare earths for wind-turbine
magnets are already experiencing growth (McKinsey & Company, 2020a). On the other
hand, mining is a highly energy intensive industry, with around 30% of total cash operating
costs due to energy consumption, which can be drawn from the grid, or on-site burning of
diesel, LNG and CNG as well as explosives (Deloitte, 2016). Between 4% and 7% of the
global GHG emissions correspond to mining (McKinsey & Company, 2020a).
Mines are often isolated sites, using energy for ventilation, pumping, cooling, hoisting and
sustaining the infrastructure (Deloitte, 2016). Very remote sites pay as much as five times
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higher prices for diesel-generated electricity than the grid-electricity prices that are available
for less-remote locations (Accenture, 2020).
The depressed pieces of oil and natural gas and the declining grade of world-class ore
bodies in low-risk areas—resulting in the need for deeper mining in land, sea, and even
asteroid mining— have driven an increase in energy intensity. Besides, many governments
already have carbon credit markets in operation, requiring big emitters to purchase carbon
credits or keep their emissions below a certain level. There is opportunity to create a more
sustainable footprint using renewable energy and more effective energy management
strategies49. Some benefits are lower costs50, improved safety, reliability and sustainability,
as well as risk mitigation—for example, against future fuel prices—, all of which translate to
competitive advantages for the sector (Deloitte, 2016; World Economic Forum, 2019).
Excluding fugitive methane emissions (3%-6% of global emissions) from coal mining, it is
theoretically possible to fully decarbonise the sector through operational efficiency,
electrification, and renewable-energy use (McKinsey & Company, 2020a).
Hydrogen can be used as an energy vector when installed with renewable energy generation
at mining sites and fulfil the energy demand for almost all activities. Solar and wind are
already competitive with coal and natural gas for electricity generation in some regions with
high availability of these resources (Deloitte, 2016). A transition to hydrogen could deliver
savings in operations and maintenance costs and logistics, and mines in regions with high
renewable potential can benefit from power production coupled with hydrogen—may even
become surplus energy producers at times when production exceeds demand (Accenture,
2020; Babbitt, 2019; RMI, 2018).
The use of hydrogen in power-only fuel cell systems is increasingly attractive since the units
can deliver cheaper electricity than local utilities51, helping to shift away from diesel engines
for uninterruptable power supply (Staffell, et al., 2019). Two examples of this kind of projects
are the Fusion Fuel and Magnesitas de Rubian SA project in Spain to produce synthetic
fuels from PV solar energy, green hydrogen and captured CO 2, or Glencore’s Raglan mine
in northern Québec, Canada, which deployed a micro-grid powered by wind turbine
generators connected to a hydrogen energy storage unit—more information can be found in
the Case Studies Section.
Hydrogen can also be used in the industry for vehicles and machines that are traditionally
powered with diesel. Mines use a mechanically standardised heavy vehicle fleet in their daily
operations. These vehicles usually use diesel dispensed at a diesel station and after each
shift the fleet return to base to refuel. This operation can shift to FCEV haulage trucks (with
350 bar hydrogen tanks) and a central hydrogen refuelling station (Accenture, 2020),
virtually abating 100% of the on-site transport emissions (McKinsey & Company, 2020a).
Fuel cells can produce comparable power to standard mining diesel engines without adding
extra weight to the system (FCHEA, 2020). Many initiatives for FCEV in the mining sector
have appeared in the last years, for example:


Anglo American (a British multinational mining company) and ENGIE announced an
agreement to deploy the world’s largest hydrogen-powered mine haul truck in the
Mogalakwena mine in South Africa, part of Anglo American’s sustainability program
FutureSmart Mining. The new truck, scheduled for tests in 2020, should deliver as

49

Sustainability-linked loans are a good financing alternative (Babbitt, 2019).
After the initial upfront investment has been amortised (Deloitte, 2016).
51
8-10 USD ¢/kWh (Staffell, et al., 2019).
50
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good or better performance than the original diesel trucks—besides the added
benefits of less noise, cleaner air and lower maintenance costs (Anglo American,
2019). Large trucks currently account for over 70% of diesel consumption on-site
(NPROXX, 2021). The new truck model will be a converted Komatsu 291 t 9930E,
with eight Ballard Power Systems FCveloCity-HD 100 kW fuel cell modules and a
1.1 MWh Li-ion battery from Williams Advanced Engineering (WAE)—total peak
power above 2 MW. Due to COVID-19, truck testing had to be postponed to 2021. A
PV solar power plant and a 3.5 MW electrolyser from Nel Hydrogen Electrolyser AS
are under installation to generate hydrogen for the truck and Plug Power Inc. will
provide a first-of-a-kind custom refuelling system (International Mining, 2020).
NPROXX is completing the manufacture of an innovative hydrogen fuel tank system
(NPROXX, 2021).
The HYDRA project in Chile is working to develop a FCEV powertrain prototype
(International Mining, 2020).
In China, Weichai Power (diesel engine manufacturer) and CRRC Yongji Electric
Co., Ltd. (a provider of electric transmission system solutions) built a 200 tonne
FCEV mining truck prototype using Ballard fuel cells. The team plans to deliver their
full version in 2021 (International Mining, 2020).
The companies Alstom and Nikola Corp manufacture FCEV heavy-duty trucks:
Coradia iLint train and the Nikola One large truck, respectively. The Nikola One
generates up to 1,000 hp on a 18,000–21,000 lb truck frame via a 300 kW capacity
fuel cell (Babbitt, 2019; RMI, 2018).

In addition, diesel is a known contributor to lung and heart disease, and exhaust conditions
are exacerbated in enclosed spaces, which requires for ventilation equipment in the
underground mines. Ventilation is related to 30%-40% of the total energy operating costs at
mines. The use of non-diesel driven machinery will improve conditions for workers by
lowering health risks and also reduce ventilation requirements up to 50% (FCHEA, 2020).
The mining sector has already started to make steady steps into a greener industry, with the
launch of the International Council on Mining and Metals’ (ICMM’s) Innovation for Cleaner
Safer Vehicles (ICSV) program, bringing together 27 of the world’s leading mining
companies and truck and mining equipment suppliers with the objective of developing and
producing GHG-free surface mining vehicles by 2040 (Fuel Cells Works, 2019).
In 2020, Hatch, Anglo American, BHP, and Fortescue joined to form the Green Hydrogen
Consortium to examine new ways to use green hydrogen in the mining industry to accelerate
decarbonisation at a global level by help eliminate obstacles to the adoption of new
technologies and encourage innovative applications, identify opportunities for the sector and
other heavy industries and provide mechanisms of contribution and engagement for
suppliers and operators. The proposed term of the Consortium is three years with progress
monitoring every six months via formal reports and meetings (Hatch, 2020).

II.4.2.5 High-grade heat
High-grade heat or high-temperature heat refers to the use of process heat streams at
temperatures above 400°C, according to the IEA, or above 650°C, according to IRENA.
High-temperature heat is widely used in different industries for melting, gasification, drying
and mobilising chemical reactions. Global demand in 2018 reached 1,208 Mtoe per year—
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910 Mtoe per year are used in the chemical and iron and steel sectors, and more than 185
Mtoe per year are consumed by the cement sector (IEA, 2019; IRENA, 2018).
High-temperature consuming sectors rely on fossil fuels to supply the required heat—around
65% from coal, 20% natural gas and 10% oil—but electricity is also used in specific
applications—either directly, as in electric arc furnaces, or indirectly, as in electrochemical
reactions in aluminium smelting. Electromagnetic heating technologies (microwave and
infrared) comprise a small percentage of total heat demand. Industrial high-temperature
heat, excluding the chemical and iron and steel industries— has associated emissions of
around 1.1 GtCO2/year, close to 3% of global energy sector emissions. No dedicated
hydrogen production sites for heat generation exist as of today, but a 9% increase in demand
is expected by 2030 under current trends. Bioenergy is a direct competitor because of its
better cost-competitiveness (IEA, 2019; IRENA, 2018; Staffell, et al., 2019).
Hydrogen can meet the demand for high-temperature heat using hydrogen-specific
burners—these burners would not require high purity hydrogen. However, pure H2 cannot
replace fossil fuels in all sectors due to the wide range of equipment and processes in which
high-temperature heat is used (kilns, furnaces, boilers and reactors) and the specific
properties of hydrogen (high combustion velocity versus carbon-containing fuels, nonluminous flame, relative low radiation heat of hydrogen flames, corrosion problems with
some metals, and handling and storing require specific safety measures). Some of the
downturns of using pure hydrogen can be addressed by using a hydrogen/ammonia mixture
(IRENA, 2018; IEA, 2019).
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III Stakeholders and case studies
Fuel cells and hydrogen have captivated scientists and engineers since the 19 th century.
During the following 100 years, many applications for hydrogen have been found, from
petrochemicals to the propulsion of space rockets and the large-scale manufacturing of
fertilisers. Around 2000, the use of hydrogen as a fuel for vehicles and as an energy vector
started to gain popularity, since it can be used as a substitute of natural gas, coal and oil
(IEA, 2019b).
More than 300 hydrogen-related projects have been identified by the IEA since 2000 (IEA,
2020c), and other authors have reported a growing number of projects dedicated to the
Power-to-X concept around the world, with Europe being the most active region (Chehade,
et al., 2019; Wulf, et al., 2018; M.Thema, et al., 2019). Some of the projects have been
decommissioned or terminated, but many of them have been successful and continue to
operate, being proof of the feasibility of hydrogen technologies and the important role they
play within the global efforts towards a prosperous, carbon-free economy.
In the following sections some of the hydrogen projects that have been implemented around
the world are described. These projects were selected because of their potential to be
replicated in other parts of the world and because they were successful projects that dealt
with complexity, ambition, and involvement from many parties. In the case of Mexico, all
projects so far identified are included to have a complete view of the national context in
which future actions and plans can be established. Figure III.1 presents a map that identifies
the location of the majority of hydrogen-related demonstrative and commercial projects that
have been developed or planned around the world since 2000 to the present day.
Figure III.1. Map of hydrogen projects around the world

Source: Chehade, et al. (2019), Wulf, et al. (2018), M.Thema, et al. (2019) and IEA (2020c).
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III.1.1 Mexico
Mexico has a significant potential considering that most of the projects are in an early stage
of development. Additionally, most of the hydrogen demand comes from PEMEX, the stateowned hydrocarbons company, and comes from fossil sources (Woodhouse, et al., 2020).
A varied group of researchers in academic institutions are conducting research, and in some
cases demonstrative-level projects on hydrogen technologies, such as fuel cells or PEM
electrolysers, and also their potential uses are being carried out.
Three organisations comprised by members of the academic, public, and private sectors
have been formed since 1999. Regarding projects from private companies, only one
commercially available hydrogen technology was found, and one project has been
announced to produce green hydrogen from solar energy.
Woodhouse et al. (2020) have noted that there are no specific private or public financing
programs or initiatives targeted to hydrogen projects in Mexico—although Clean Energy
Certificates (CEL, a public financial instrument) can be granted to hydrogen projects for
power generation— and the current absence of projects limits the implementation of
projects. The legal framework for hydrogen is almost non-existent, with only two laws—the
Electricity Industry Law (LIE) and the Energy Transition Law (LTE)—mentioning that
hydrogen is a clean energy source, as well as the energy generated using hydrogen in fuel
cells. Some programs at the national level have mentioned hydrogen in the energy sector,
but there is a generalised lack of governmental plans, roadmaps, or other organised efforts
towards the development of a hydrogen economy.

III.1.1.1 Mexican Hydrogen Society
The Mexican Hydrogen Society (SMH) was founded in 1999 by professionals from the
academic, business and research spheres to promote research, development, competency
training and other relevant activities related to hydrogen and fuel cell applications. SMH also
acts as a bridge between the scientific community, the industry and the government. The
Society has organised 19 national and international meetings since 1999, including an
annual Technical Congress during which the most relevant national projects are presented
and international guests offer technical courses (Sociedad Mexicana del Hidrógeno, 2020a;
Woodhouse, et al., 2020). Researchers from various academic institutions comprise the
steering committee, which is comprised by the president, vice-president, treasurer and
secretary. In 2016, the SMH published a National Hydrogen Plan, in which key technologies,
products, and markets were identified and proposed for the development of hydrogen as a
fuel and sustainable energy source in Mexico from a research perspective. To 2020, no
follow-ups have been reported (Woodhouse, et al., 2020).

III.1.1.2 Mexican Hydrogen Association
During the first months of 2021, several media announced the foundation of the Mexican
Hydrogen Association. A group of more than 30 companies and local and international
organisations are part of the Association (Table III.1). Their goal is to carry out a diagnosis
on the situation of hydrogen in Mexico: to find the opportunities, barriers and obstacles for
its entry into the national market; to articulate strategies and actions in an organised and
efficient way. For example, the regulatory affairs that can give shape to the new market, all
potential uses as a fuel in power generation or transportation, as a feedstock for industrial
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processes, etc. (Energía Estratégica, 2021; Conexiones 365, 2021; Transportes y Turismo,
2021). The AHM is currently working with the Mexican government to introduce hydrogen
as a fuel in the bus fleet of Mexico City (Vázquez, et al., 2019).
Table III.1. Members and allies of the Mexican Hydrogen Association
Companies



















Amper
Air Liquide
Blue Global Energy
BA2C
Dhamma Energy
Ener AB
Enlight
energas
ENGIE
ewen
ESTAM
Fronius
fermaca
Gas Natural del
Noroeste
DF Green Tech
GENEP
ILM
INFRA















Local and international allies
Linde
MexCo
Mitsubishi
Mitsui Power
Americas
OPUS H2
Promotora
Energética
REEC
SENER (Spain)
Siemens Energy
SKY Sense
Scandi
Tarafert
Thermion







Campeche State
Energy Agency
Hidalgo State
Energy Agency
Puebla State Energy
Agency
Tamaulipas Energy
Comission
Coahuila Energy
Cluster







Nuevo León
Energy Cluster
Sonora Energy
Cluster
Chilean
Hydrogen
Association
(H2Chile)
Mexican
Hydrogen Society

Source: Energía Estratégica (2021)

III.1.1.3 AERI H2 - National Hydrogen Network
The AERI (acronym in Spanish for Strategic Alliances and Innovation Networks for
Competitiveness) was a program promoted by the National Council of Science and
Technology (CONACYT) to boost productivity and the ability to innovate with high-impact
projects at the regional or national level. The AERI program had the objective of encouraging
cooperation between academia, the government, and the private sector. The projects were
developed by private companies, universities and higher education institutions, and public
and private research centres. The latest call for proposals was published in 2016
(Cienciamx, 2016; CONACYT, 2010)
The AERI H2 - National Hydrogen Network was one of several AERI. Its website has not
been updated but has information related to R&D projects that were in development as well
as partners and participants of the initiative. The National Hydrogen Network (RNH) is
described as a profit-seeking entity, pioneer in the field of hydrogen technologies in Mexico
and with vast experience in MCFC-type energy cells (for industrial, commercial and
residential applications), dispersed-distributed generation, PEM-type energy cells (for
mobile applications), biological reactors for biogas and hydrogen production, hybrid
platforms, fuel reformers, hydrogen storage systems, functional materials for cells and nanocoatings (Red Nacional del Hidrógeno, A.C., 2011). The listed members are:





National Institute for Nuclear Research (ININ)
Centre for Research and Advanced Studies
National Autonomous University of Mexico (UNAM)
Autonomous University of Queretaro (UAQ)
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University of Sonora
Autonomous University of Zacatecas
Autonomous University of Cd. Juárez
University of the Environment (UMA)
Enersave de México
Quantixx Mechanics
Integrated Energy Systems

In October 2006, the Energy Saving Trust (FIDE) announced an agreement with the RNH
to promote clean power generation from organic waste processing to generate methane and
hydrogen using a fuel cell (FIDE, 2020). Several projects were mentioned in the RNH
website (Table III.2). However, there is no current available evidence regarding the
continuity of the AERI H2 activities and projects.
Table III.2. Projects mentioned in the National Hydrogen Network
Name

Description

Duration
(years)

Budget

High-density
hydrogen storage
prototypes

Creation of two high-density hydrogen storage
units based on nanocavity-structured materials (1
and 5 litres capacity).

3

25 million
MXN

Hybrid powertrain

To develop a smart hybrid powertrain integrating
internal combustion/diesel with and electrical
system.

5

2.35 million
USD

High efficiency
mechanisms for
hydrogen-methane
conversion

Construction of a 10 m3 bioreactor able to produce
hydrogen and methane from organic waste.

NA

NA

Active materials for
MCFC cells

Engineering and manufacturing of 25, 45 and 100
kW MCFC cells

5

NA

Source: Red Nacional del Hidrógeno, A.C. (2011).

III.1.1.4 INEEL Hydrogen Projects
In 2003, the Instituto Nacional de Electricidad y Energías Limpias (INEEL) launched an
integrated energy system using solar energy to produce hydrogen via electrolysis. The
system was built in Morelos, Mexico. INEEL has also developed its own PEMFC and PE
electrolyser technologies (INEEL, 2017a; INEEL, 2017b).
In 2016, the Ministry of Energy (SENER) and CONACYT granted funding for a
demonstration-type project aimed to create a FCEV prototype. The project was developed
by INEEL, the Automotive Mechatronics Research Centre (CIMA, from Tecnológico de
Monterrey, in Toluca), the Centre for Research and Technological Development (CENIDET),
the Potosi Institute for Scientific and Technological Research (IPYCIT) and the Autonomous
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University of San Luis Potosí (UASLP). INEEL designed a power plant equipped with their
own fuel cells (INEEL, 2016; Woodhouse, et al., 2020).
Three years later INEEL inaugurated the Electro mobility Laboratory, dedicated to the
research and development of FCEV, storage and other related technologies, besides new
working patterns based on collaborative approaches, e.g., the partnership with CIMA to form
the Technological Innovation Centre for Electric Transport (CITTE) (INEEL, 2019). CITTE
has specialised infrastructure for electric vehicles, including storage systems for hydrogen
(INEEL, 2021).

III.1.1.5 T 50 and T 60 electrolysers for the micro industry
This project was developed between the Centre of Research and Technological
Development in Electrochemistry (CIDETEQ), the Advanced Technology Centre in
Querétaro (CIATEQ)—both Centres are part of CONACYT— and Einnovación S.A. de
C.V.52 The T 50 electrolyser was announced in 2018 (CONACYT, 2018). Einnovación
manufactured the alkaline electrolyser and was responsible for the electronics, control
algorithms and peripheral systems. CIDETEQ supplied the optimised materials and CIATEQ
was in charge of achieving a high energy efficiency during operation (CONACYT, 2018).
The design of Tritón 50 (T 50) consists of two Lurgi-type electrolysers (alkaline) coupled two
insulated-gate bipolar transistors (IGBT). Production capacity is 25 litres per minute of
oxygen and hydrogen mix—named hydroplasm. Maximum capacity is 50 litres per minute.
The product is targeted to any open flame burner, industrial oven, furnace and mediumscale boiler user (CONACYT, 2018; Einnovación, 2020).
T 60 is another hydrogen production unit available from Einnovación. As T 50, it generates
a hydrogen and oxygen mix (2:1) via electrolysis. Production rate is estimated at 1,860 fuel
gas for each litre of water fed to the electrolyser. The type of cell is not specified
(Einnovación, 2020).

III.1.1.6 Delicias Solar hydrogen production plant from solar energy
The Mexican company Delicias Solar S. A. de C.V. is planning to deploy 120,792 solar
modules—maximum capacity of 45 MW in AC— in an 82-ha area to power a 75MW
hydrogen production plant, with an estimated annual production of 3,205 tonnes of
hydrogen, 25,639 tonnes of oxygen and a 1.6 ha footprint53. Both plants will occupy an area
of 105 ha. The project also includes the construction of a substation, a transmission line,
internal roads, and access roads to the municipality of San Luis de la Paz, Guanajuato,
where the hydrogen plant will be built. The construction is expected to be carried out
between March 2021 and February 2026. Delicias Solar S.A. de C.V has stated that a total
of 1,480 million MXN will be invested in the project—considering the stages of site
preparation, construction, operation and maintenance (PV Magazine, 2021; SEMARNAT,
2020).

52

A small company dedicated to equipment and products for biosecurity and renewable energy uses
(Einnovación, 2020).
53
The previous use of the land was for semi-permanent and annual irrigated agriculture. The owners will lease
their parcels to the project (SEMARNAT, 2020).

72

Assessment of the greenhouse gas mitigation potential of green hydrogen.
An implementation roadmap for Mexico

The energy produced in the solar modules will be distributed by percentages to make the
most of the energy: 65% will be directed to the hydrogen plant, 20% will be derived to the
national electrical network54 and 15% will be stored in an 84 MWh per day capacity Li-ion
battery bank—the storage will ensure the continuous feed of electricity to the hydrogen plant
(SEMARNAT, 2020).
The water required by the plant will comply with the standards for drinking water and will be
supplied by tanker or pipe trucks—each truck can hold up to 30 m3 per trip. Total water
consumption is estimated at 48,000 m3/year—per kg of hydrogen, 15 litres of water are
needed. The electrolyser is planned to be a Hydrogenics electrolyser (SEMARNAT, 2020,
p. 56), but the type of electrolyser is not disclosed (Hydrogenics, now Cummins, offers
alkaline or PEM electrolysers (Cummins, 2020). Hydrogen will be stored in 8 simple wall
carbon steel tanks with 188 kg capacity each, at a 20 bar pressure, and oxygen will be
vented to the atmosphere. Hydrogen will be transported by tanker trucks or directly injected
to the natural gas network (SEMARNAT, 2020).

III.1.1.7 Tarafert Mexican Green Hydrogen
Tarafert, a Mexican fertiliser company, and Mysterious Island Hydrogen formed a
partnership to launch the Mexican Green Hydrogen initiative. Two phases have been
identified. The first phase will comprise the Tarafert project in Durango to produce green
ammonia from green hydrogen. The second phase will target the development of a worldscale green hydrogen hub in Mexico (Mexican Green Hydrogen, 2020).
Currently, Tarafert is analysing the engineering and construction of a state-of-the-art urea
plant, with an annual capacity of 1 million tonnes, using natural gas from the Waha region
in Texas as a feedstock. The plant will be located in the state of Durango, within the
agricultural region in the north of Mexico. Tarafert identified a market opportunity of
producing urea, as the domestic demand—almost 2 million tonnes per year— is currently
met by imports. The project partners are Wuhuan Engineering (presented as the most
experienced urea engineering and contractor in the world), ICA Flúor (one of the most
experienced construction contractors in Mexico), Santa Fe Gas (a leading Mexican gas
marketer; supply partner) GGT and KBR, as well as the Municipal and State Governments
(tarafert, 2020). As Tarafert joined the Mexican Green Hydrogen Initiative, the company
decided to convert the process from natural gas based to a green process using green
hydrogen. The construction period is expected to last 3 years (Mexican Green Hydrogen,
2020; tarafert, 2020). The specific details of the process to produce the green hydrogen and
its capacity have not been disclosed.

III.1.1.8 Academic institutions
Most of the work around hydrogen in Mexico has been carried out at universities and
research centres. Many members from the Mexican Hydrogen Society are active
researchers from across the country which is also the case of the National Hydrogen
Network. Table III.3 presents the main researchers in the area.

54

The transmission line from the solar plant to the San Luis de la Paz Dos (7.2 km) will make possible the
integration with the CFE network.
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Table III.3. Research entities and projects for hydrogen in Mexico
Researcher

Organization (s)

Research topics

Reference (s)

CIDETEQ

Design and development of
electrocatalytic materials for energy
conversion.
Hydrogen generation, storage and
compression.

(Sociedad Mexicana del
Hidrógeno A.C., 2020b)
(CIDETEQ, 2020)

Sergio
Alberto
Gamboa
Sánchez

UNAM

Use of hydrogen in vehicles
(ECOVÍA), energy storage systems
(Pd-Ni), fuel cells, PV-H2 integration.

(Retos, 2017) (IER-UNAM,
2020)

Dr. Alejandra
CastroGonzález

UNAM

Bioenergy, biofuels and
biotechnology.

(FI-UNAM, s.f.) (JuárezHernández & Castro-González,
2013)

Luis Gerardo
Arriaga
Hurtado

Dr.
Guadalupe
RamosSánchez

SMH
CONACYT
UAM-I

Dr. Gliserio
Romeli
Barbosa
Pool

SMH
UQROO

Dr. Alejandro
López Ortiz

SMH
CIMAV

Development of materials and
processes of energy conversion by
electrochemical methods; catalytic
and electrocatalytic reactions at a
molecular level; development of
batteries and fuel cells prototypes.
Design of fuel cell electrodes,
development of devices for power
generation with high power density
and design and simulation of hybrid
systems.
Hydrogen production, CO2
absorbents, catalysis, fuel cells.
Catalysis and materials, clean
energy, fuel cells and
electrochemistry. Development of
new electrodes for fuel cells
(synthesis, characterisation, and
electrochemical evaluation of the
materials).
Photocatalysis, nanostructures and
nanoparticles, nanostructured
coatings, hydrogen production,
absorbents, and adsorbents.
Development of carbon-based
materials for electrodes in
electrochemical devices. Platinumfree electrocatalysts for use in fuel
cells. Synthesis of intrinsically
conductive polymers for energy
storage. Development of ordered
mesoporous materials for
environmental applications.

(Sociedad Mexicana del
Hidrógeno A.C., 2020)
(Sociedad Mexicana del
Hidrógeno, 2021) (UAM-I, 2021)
(Sociedad Mexicana del
Hidrógeno A.C., 2020)
(Sociedad Mexicana del
Hidrógeno, 2021)
(Sociedad Mexicana del
Hidrógeno A.C., 2020)
(Sociedad Mexicana del
Hidrógeno, 2021) (CIMAV, a)
(Banda, 2016)
(Sociedad Mexicana del
Hidrógeno A.C., 2020)
(Sociedad Mexicana del
Hidrógeno, 2021)

Dr. Beatriz
Ruiz
Camacho

SMH
UGto

Dr. Virginia
Hidolina
Collins
Martínez

SMH
CIMAV

Dr. Ivonne
Liliana
Alonso
Lemus

SMH
CINVESTAV
Saltillo

Dr. Claudia
Alicia Cortés
Escobedo

CIITEC
CONACYT

Hydrogen production.

(CIITEC, 2018)

ESIQIE

Development of hydrogen
technologies, electrocatalysis for
PEM and alkaline electrolysers,
development of MEA.
Development of alkaline reactors for

(ESIQIE-IPN, 2019)

Dr. Rosa de
Guadalupe
González
Huerta
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(Sociedad Mexicana del
Hidrógeno A.C., 2020) (CIMAV,
b) (Sociedad Mexicana del
Hidrógeno, 2021)

(Sociedad Mexicana del
Hidrógeno A.C., 2020)
(Cinvestav, 2018) (Sociedad
Mexicana del Hidrógeno, 2021)
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dual hydrogen-fossil fuel combustion
and hydrocarbon enrichment.
Dr.
Francisco
Javier
Rodrıg
́ uez
Varela

CINVESTAV

Development of nano catalysts for
energy generation and storage.
Development of fuel cells.
Renewable energies.

(Sociedad Mexicana del
Hidrógeno A.C., 2020) (Banda,
2016) (Cinvestav, 2018)

Dr. Germán
Buitrón
Méndez

UNAM

Biological wastewater treatment and
production of gaseous biofuels
(hydrogen and methane) from waste.

(II-UNAM, 2021) (UNAM
Posgrado, 2019)

Miguel Ángel
LópezZavala

Tec de
Monterrey

Production of bioelectricity and
biohydrogen from wastewater
treatment and sludge digestion
processes.

(Tecnológico de Monterrey,
2020)

Esther
Ramírez
Meneses

Universidad
Iberoamericana

Synthesis of nanostructured materials
for application in fuel cells.

(Ibero, 2019)

Edilso
Francisco
Reguera
Ruiz

IPN

Nanotechnology and functional
materials for energy storage,
renewable energies, conversion of
waste energies, energy sustainability.
Hydrogen storage technologies.

(IPN, 2019) (Red de
Almacenamiento de Energía,
2015)

Suilma
Marisela
Fernandez
Valverde

ININ

Materials for hydrogen production,
fuel cells.

(Sociedad Mexicana del
Hidrógeno A.C., 2020) (ININSENER, 2014)

Dr. Abraham
Ulises
Chávez
Ramírez

CIDETEQ
CONACYT

Electrochemical energy conversion
and storage systems, electrochemical
compression of hydrogen, Lab-on-aChip Sensors and Biosensors.

(CIDETEQ, 2020) (Centros
CONACYT, 2018)

III.1.2 United States
Most hydrogen projects in the US occurs in the transportation sector, but in recent years
interest has increased in other applications, especially for integrated renewable sources.
The National Renewable Energy Laboratory of the US Department of Energy has developed
many hydrogen-related projects. This work is focused on power generation and industrial
application of hydrogen and for this reason, projects in these areas will be presented below.

III.1.2.1 California Fuel Cell Partnership (CaFCP)
In 1999 two state government agencies and six private companies joined in a collaborative
cost shared project to demonstrate and promote FCEV as a clean, safe and commercially
viable alternative for California under real conditions including the fuel infrastructure and the
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public awareness55. As of 2004, CaFCP full members were 8 automobile companies56, 4
energy providers57, 2 fuel cell technology developers58 and 6 government partners59.
Associate members have joined to assist in specific areas of expertise: 2 hydrogen fuel
providers60, 4 hydrogen fuel generators61, 1 methanol provider62, 3 bus transit agencies63
and 2 academic institutions64. One executive member from each full member is required to
form the Steering Team, which directs CaFCP. An Executive Director is the leader of the
programs through the Working Group. An administrative staff on-site at the West
Sacramento Headquarters gives support to the work of the members (IEA Hydrogen TCP,
2021).
The facilities began to operate in 2000, with 5 thousand square meters available divided into
ten sections: 8 occupied by the automotive companies and dedicated to the service,
maintenance and testing of prototypes of FCV; the remaining two are a laboratory and
offices. Specialised hydrogen detection systems, alarm systems and standard fire safety
systems were installed. In addition, the facilities have a public gallery with exhibitions,
models and literature and guided tours. More than 500,000 people have been reached with
information about the FCEV and its benefits, while more than 12,000 have been able to drive
one of these vehicles. CaFCP estimates that in 2000, 25% of Californians were aware of the
FCEV and in 2003 this percentage increased to 40% (IEA Hydrogen TCP, 2021).
The first hydrogen refuelling station was designed and constructed by six companies 65 who
own the station. It is located on a detached area from the operating building, at the back
end66. In 2002 a methanol refuelling station was built (7,600 litres of capacity)67 and until
July 2004, CaFCP had 58 passenger vehicles and 2 buses in operation. In addition to the
facilities in West Sacramento, CaFCP and related companies have installed hydrogen
stations and hydrogen infrastructure demonstration sites throughout the state of California
(IEA Hydrogen TCP, 2021):






Toyota: Fleet Program at UC Davis and UC Irvine; station in Torrance.
Honda: Fleet Program at San Francisco and Los Angeles, station in Torrance.
AC Transit in Richmond.
SCAQMD at LAX (Q4 2004).
SunLine Transit Agency in Palm Springs.

55

For example, CaFCP distributed more than 2000 learning kits to teachers in California and conducted over
4000 visitors to get to know the facilities.
56
DaimlerChrysler, Ford Motor Company, General Motors, Honda, Hyundai, Nissan, Toyota and Volkswagen.
57
BP, ExxonMobil, Shell Hydrogen and Chevron Texaco.
58
Ballard Power Systems and UTC Fuel Cells.
59
California Air Resources Board, California Energy Commission, South Coast Air Quality Management
District, South Coast Air Quality Management District US Department of Energy, US Department of
Transportation, US Environmental Protection Agency.
60
Air Products and Chemicals and Praxair.
61
Pacific Gas and Electric Company, Proton Energy Systems, Stuart Energy and Ztek Corporation.
62
Methanex.
63
ACTransit (San Francisco Bay), SunLine Transit Agency (Palm Springs) and Santa Clara Valley
Transportation Authority (San Jose).
64
Institute of Transportation Studies (ITS) and Univesity of California, Davis (UC Davis).
65
Air Products, Praxair, BP, Shell, ChevronTexaco and ExxonMobil.
66
California regulation and codes indicate industrial hydrogen installations must be situated at least 23 m from
the main building and any neighboring buildings—in accordance with NFPA standards 50A y 50B.
67
Commissioned by the Methanol Fuel Cell Alliance (DaimlerChrysler, Ballard, BP, Statoil, BASF and
Methanex).
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Stuart Energy Mobile in Chula Vista.

The iniciative shows expertise in fuel cell buses (ThunderPower Bus) and other FCEV
(Honda FCXV3m Hyundai Santa Fe FCEV, DaimlerChrysler NECAR 4, Toyota FCHV-4 and
GM HydroGen 3). The developers highlighted the importance of FCEV and refueling stations
to work just as well as traditional fuel stations. In other words, the stations must show
interoperability between many types of vehicles and fuels (HTCP) (IEA Hydrogen TCP,
2021). CaFCP work is based on their Theory of Change to transform California
Transportation and Energy Systems. Three stages are envisioned (CaFCP, 2018):




Market enablement when market policies and economies of scale foster the
hydrogen infrastructure.
Market establishment, with customer incentives, a state-wide station network
development and dedicated supply. In this stage the consumer demand is built.
Market expansion, when innovation is amplified with FC Truck Corridors, hydrogen
and energy are integrated and a diverse fuel cell portfolio is available.

These stages would promote virtuous cycles of growth, with increased private investment,
reduced costs, increased renewable hydrogen production, and increased consumer
adoption (CaFCP, 2018). As of July 2018, the number of fuel cell cars on the road was
around 5,000. 35 retail hydrogen stations are already available for these fuel cell car users
and at the time 29 more stations were under development. An especially important aspect
for the success of the initiative was the signal that the private industry received when the
California Energy Commission issued the Alternative and Renewable Fuel and Vehicle
Program, also known as AB-8, in 2013. The State decided to establish long-term authority
to co-fund the first 100 retail hydrogen stations to facilitate the growth of a hydrogen market
and ramp up vehicle sales. After AB-8, the Executive Order B-48-18 was issued to direct all
state entities and all appropriate levels of government to work with the private sector to put,
at least, five million zero-emission vehicles on California roads by 2030 and support the
construction and installation of 200 hydrogen stations by 2025 (CaFCP, 2018). The average
price of retail hydrogen in California was approximately 15 USD/kg in 2018. Considering that
FCEV are twice as efficient as internal combustion vehicles, cost competitiveness can be
achieved when the cost of hydrogen is around 7 USD/kg if gasoline remains at 3.50
USD/gallon, on a US Dollar per mile basis. The US DOE cost target is 4 USD/kg (CaFCP,
2018).

III.1.2.2 rSOC at Naval Facilities Engineering Command, Engineering and
Expeditionary Warfare Centre
In 2016, the first live demonstration of a 50-kW reversible Solid Oxide Cell (rSOC) system
was held at the Naval Facilities Engineering Command, Engineering and Expeditionary
Warfare Centre (NAVFAC, EEWC, Department of Defense) at Naval Base Ventura County
in California. The rSOC system can be scaled up to 400 kW and was sourced by the BoeingSunfire partnership (NAVFAC, 2016). Sunfire is a German company founded in 2010 and a
global leader for industrial alkaline and SOEC electrolysers (Sunfire, 2020).
Perhaps the most attractive feature of the system is that it can store and produce electricity
in a single system with the reversible cell as needed. In electrolysis mode, the system yields
42 m3/h of hydrogen at up to 85% efficiency. Hydrogen is stored in a highly compressed
form. When switched to fuel cell mode it has a 50 kW capacity at up to 60% efficiency, and
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is able to operate with natural gas or biogas from the grid (Sunfire, 2016). It is a promising
technology for remote islands and remote applications, and can generate electricity, potable
water and heat when combined with a solar PV array (NAVFAC, 2016).

III.1.2.3 SoCalGas
NREL and the Southern California Gas Company (SoCalGas) have worked together in
Power-to-Gas projects. In 2015, SoCalGas made a first declaration regarding the launch of
demonstration projects together with NREL and the National Fuel Cell Research Center
(NFCRC, at the University of California Irvine) to create and test a carbon-free, power-togas system for the first time in the United States using electricity from renewable sources to
power an electrolyser, produce hydrogen and convert it to synthetic methane (SoCalGas
News, 2015).
Two years later they informed a new partnership to develop a Power-to-Gas project to
produce methane through a biological pathway. NREL granted 175,000 US Dollars in cost
share support. The process requires a low-temperature water electrolyser to produce
hydrogen from renewable sources (wind and solar) and a bioreactor to produce methane.
The financial and operational impact of the project was examined (NREL, 2017; SoCalGas
News, 2017).
The first step of the second partnership involved the characterisation and modelling of a
pilot-scale Power-to-Gas system at the ESIF, varying the power fed to the electrolyser up to
250 kW. The project aims to make improvements in the design for reactors suited for largescale, long-term energy storage systems (10 MW-50 MW), facilitate large-scale hydrogen
production for various needs (FCEV, ammonia, synfuels) and also inform policy makers
interested in large energy storage systems (NREL, 2017).
IEA reported two projects between SoCalGas and the University of California Irvine that
were carried out from 2016 to 2017 using PEM electrolysers to produce hydrogen for mobility
applications; one electrolyser with a 0.06 MW/13 Nm3/h estimated capacity and the second
with 0.007 MW/1 Nm3/h (IEA, 2020c).
In 2019, SoCalGas announced a new project in cooperation with Electrochaea—a growthstage German company that offers Power-to-Gas systems based on biotechnology
(Electrochaea, 2021). The team commissioned the first scalable biomethanation reactor
system in the country at the NREL ESIF. During the following 24 months the team will assess
the commercial viability of the system and provide useful information for potential MW -scale
designs. The next phase will focus on process efficiency improvements, automatisation,
reducing capital costs and identifying potential locations to install the biomethanation energy
storage system in the western US (SoCalGas News, 2019).
The latest methanation system (Electrochaea’s) relies on the metabolism of methanogenic
archaea microorganisms to produce renewable natural gas from hydrogen and CO 2.
Hydrogen is generated via electrolysis in a PEM electrolyser, while carbon dioxide can be
sourced from various materials and processes—Electrochaea’s archaea has a high
tolerance to contaminants that can be found in industrially sourced CO 2 (Electrochaea,
2021). The system operates between 50% and 60% efficiency. The total capacity of the
system was not specified (SoCalGas News, 2019)
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III.1.2.4 The Hydrogen House Project
Inventor Mike Strizki converted his home in Hopewell, New Jersey, to run completely on
solar and hydrogen power in 2006. He financed the works with his own personal funds and
grants from the New Jersey Board of Public Utilities. Five years later he founded the
Hydrogen House Project, a non-profit organisation dedicated to the education and pursuit
of clean and renewable energy technologies. The Hydrogen House is completely off the grid
and generates pure water and medical grade oxygen as the only by-products of the power
system. It was completed in 2015 and features a 40kW solar installation, a 20kW backup
power system, an electrolyser, and a hydrogen fuel cell (Hydrogen House Project, 2019).
The capacity of the electrolyser and the fuel cell are not disclosed, but IEA (2020c) reports
that the technology corresponds to a PEM electrolyser.
The House has developed several subprojects focused on FCEVs, a fuel cell airplane, fuel
cell boats, a mobile power generator and water purifier, an off-grid portable charge station
and a hydrogen generator-fuel cell system (Table III.4). In 2019, the project had 4 active
subprojects under development (Hydrogen House Project, 2019).
Table III.4. Active subprojects of The Hydrogen House Project in 2019.
Name

Description

Technology required

Hydrogen
House phase 2

Outfit the House with more
modern equipment to boost
efficiency and demonstrate
economic viability.

Duffy Voyager
Speedboat

Convert a Duffy Voyager
electric speedboat to a
renewable hydrogen fuel cell
system.

Fuel
Cell
Motorcycle

Transform a motorcycle to
operate on hydrogen fuel cell
technology.

Fuel Cell Lawn
Mower

Upgrade the components of
an existing fuel cell lawn
mower prototype.
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 Upgrade to 4-6kW fuel cell.
 Li-ion or supercapacitors to replace 40kWh
lead-acid battery.
 Ner wind turbine.
 Super-efficient LED lighting.
 Conversion of glycol loop geothermal
system to water or direct exchange.
 High pressure hydrogen gas tank.
 2,000-6,000 psi high pressure electrolyser.
 High efficiency inverter.
 Solar hot water system (home and swimming
pool).
 Upgrade to ultra-efficient solar panels.
 Upgrade
Web
Box
integrated
communication system.
 Digital monitoring system for virtual
classroom integration.
 25 kw fuel cell.
 Li-ion battery bank.
 4 winged keels.
 High pressure electrolyser.
 2 2kw wind turbines.
 Thin film solar deck covering (5kW).
 Fuel cell.
 High-pressure hydrogen tank.
 Li-ion battery.
 Charging system.
 Upgrade 500-watt fuel cell to 2kW.
 High pressure hydrogen tank.
 Mounted solar panel.
 On board electrolyser.
 Li-ion battery or supercapacitor.
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Source: Hydrogen House Project (2019).

The organisation accepts cash donations (membership or single donations) as well as the
sponsoring of projects by equipment donations. The Hydrogen House Project has been
sponsored by: Horizon Fuel Cell Technologies, Genmounts solar racking systems, REH
(Renewable Energy Holdings), WEH Refueling Components, Quality Manufacturing Group,
New Jersey Audubon, Haskel, Sundyne and the Foundation for Environmental Education
(Hydrogen House Project, 2019).
The Hydrogen House Project offers guided tours, summer internships, presentations for
schools and organisations and sells equipment targeted to energy users in schools, offices
and homes with interest in renewable energies. For example, HydroCore metal hydride
cartridge for handheld phone chargers, SunPower solar panels and H 2 To GO
mobile/stationary hydrogen generation and power supply system (Hydrogen House Project,
2019).

III.1.2.5 Wind2H2
NREL and Xcel Energy formed a partnership to develop a Wind-to-Hydrogen demonstration
project at the National Wind Technology Centre near Boulder, Colorado. The project aimed
to improve the efficiency of hydrogen production from renewables and achieve competitive
costs to compete with traditional energy sources (NREL, 2021a). Wind2H2 was approved
for initial operation in March 2007 and continued to operate during 2009, after which the
intention was to keep the system running to test new configurations and determine their
performance (Harrison, et al., 2009). In 2014, according to the IEA (2020c) it was
decommissioned. IEA also reports a 0.04 MW or 8.70 Nm 3/h capacity for this project. The
system is reported to be comprised by the following main components (NREL, 2021a):



Two variable speed wind turbines: a Northern Power Systems 100-kW wind turbine
and a Bergey 10-kW wind turbine. Both turbines produce energy in AC form, so a
converter turns the AC into DC to power the electrolysers.
Three electrolysers: two HOGEN 40RE polymer electrolyte membrane electrolysers
from Proton Energy Systems and one Teledyne HMXT-100 alkaline electrolyser.

The hydrogen was compressed and stored and was also used at the site’s hydrogen fuelling
station and was also converted back to electricity during peak-demand periods. NREL
announced that Wind2H2 was the only renewable hydrogen production facility in the world
to operate multiple electrolysers in any of four different configurations (connected to the grid,
directly connected from the output of a PV-array to the electrolyser stack, real-time
electrolyser stack current control based on a power signal from a turbine or closely coupled
PV + wind to electrolyser with custom designed and built power electronics) (NREL, 2021a;
Harrison, et al., 2009).

III.1.3 Canada
Canada has shown interest in mobility and power applications of hydrogen. In the following
sections four representative projects that have been developed in the country to
demonstrate the feasibility of a hydrogen economy are described.
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III.1.3.1 Compressed Hydrogen Infrastructure Program (CH2IP)
This multi-year program was developed from 2001 to 2005 in Vancouver to demonstrate de
technical feasibility of cost effective and safe compressed hydrogen infrastructure for
vehicles and power generation. Powertech oversaw the management. The Provincial
Government of British Columbia and Federal Government of Canada were the two public
entities involved, and the following companies were part of the program, including BC Hydro,
Dynetek, Stuart Energy, BP, Shell Hydrogen, ChevronTexaco, BOC, and JFE Container
(IEA Hydrogen TCP, 2021).
The project consisted of the design and construction of a hydrogen on-site production and
manual dispensing facility at Powertech Labs in Surrey (British Columbia). During the first
of three stages (completed in 2002), a 350 bar fuelling station was constructed68. The
production unit was an electrolyser powered by renewable energy (manufactured by Stuart
Energy Systems) with a capacity of approximately 24 kg/day. Two small compressors69 gave
the required pressure to store the hydrogen in the storage bank consisting of aluminium
lined carbon-fibre-reinforced cylinders70 (which can hold a volume of 174 litres water volume)
at a pressure of 438 bar. Finally, H2 was dispensed at 350 bar using a dual hose (provided
by Fueling Tech. Inc.), one nozzle supplying 100% 350 bar hydrogen and the other a blend
of 50% hydrogen 50% compressed natural gas (CNG) also at 350 bar. The program
purchased three internal combustion engine vehicles and adapted them to run on the 50/50
H2/CNG blend (IEA Hydrogen TCP, 2021).
In the second stage (completed in 2003) the first system was upgraded to enable a higher
pressure of 700 bar for dispensing and 875 bar in storage cylinders (Dynetek Industries
Ltd.). A diaphragm compressor71 was added to achieve the new pressure. For the last stage
(completed in 2004), a satellite hydrogen station was constructed to demonstrate the
feasibility of central production and transport to a remote station. Transportation required
Dynetek’s high-pressure ISO storage tanks (lightweight carbon fibre wrapped cylinders, 875
bar-rated) mounted on a trailer. After the last stage activities were completed, some
automotive OEMs had been discussing the deployment of prototype 700 bar vehicles (IEA
Hydrogen TCP, 2021).
A HAZOP analysis was carried for the 350 bar station, the 700 bar station and the 875 bar
compressor, and an emergency response plan was prepared. Data will be obtained to
determine generation, compression, and maintenance costs. Dispensing strategies to
optimise the hydrogen transfer from station to vehicle should be developed in future studies
(Wong & Gambone, 2006; IEA Hydrogen TCP, 2021).

III.1.3.2 Stand-alone renewable energy system based on hydrogen production
A stand-alone renewable energy system based on the production of H 2 via electrolysis was
installed at the Hydrogen Research Institute of Université du Québec à Trois-Rivières,
68

The project requires the development of infrastructure. Civil, electrical and mechanical works especially
tailored to operate with hydrogen were put in place, e.g. tubing, fittings, valves, regulators, relief valves, hoses,
nozzles and pressure relieving devices (PRD) for high pressure operation.
69
Four stage air-cooled, oil-lubricated piston type reciprocating compressors, coupled to the motors (7.5 kW/
10 hp, 480 V, 3-phase, 60 Hz, 1800 rpm).
70
Supplied by Dynetek Industries.
71
0.71 m3/min capacity, enough to pressurize the storage bank to 875 bar. It was purchased from Pressure
Products Industries.
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supported by the Ministère des Ressources Naturelles du Québec, Natural Resources
Canada, Natural Sciences and Engineering Research Council of Canada, Canada
Foundation of Innovation and the AUTO21 Centre of Excellence (IEA Hydrogen TCP, 2021).
Installation date reported by IEA (2021) is 2001, but there is no evidence to confirm the
operation of the system in the present.
The team intended to demonstrate the safe and reliable operation of the system comprised
by a fuel cell and equipped with long-term and short-term storage. The main objectives were
to assess the hydrogen production sub-assembly under intermittent operation, assess the
fuel performance for residential and heat load profiles, integrate the sub-assemblies with
hardware/software control systems and evaluate the system for residential use in remote
areas (IEA Hydrogen TCP, 2021).
Two configurations were tested for the production of hydrogen: a 10 kW wind turbine
generator72 and 1 kW (peak) solar PV array73, each with a regulator. Electricity was produced
from either source as needed, and during low-demand periods excess production was
stored. Short-term storage was based on a 42.24 kWh capacity battery bank because of its
high charging-discharging efficiency and the protection it offered against instantaneous load
ripples, spikes, electrolyser transients and wind energy peaks; but batteries also presented
low energy density, self-discharge and in rare occasions, leakage, which were
disadvantages for long-term storage. The battery bank was kept almost at full charge and
was discharged only for a short period after which it was recharged. This allowed the battery
bank to act as a buffer for the renewables if the electrolyser or loads were suddenly turned
on (IEA Hydrogen TCP, 2021).
For long-term storage, hydrogen appeared as the best opportunity to improve the
performance of the stand-alone renewable energy system. Hydrogen production was
achieved using a 5 kW alkaline electrolyser74 and when electricity demand was up again,
the hydrogen was converted back to electricity with a 5 kW fuel cell75. The storage of H2
could hold up to 3.8 m3 at 10 bar, equivalent to 125 kWh of stored energy (IEA Hydrogen
TCP, 2021).
The system performance was sensitive to local weather variations. To address this problem,
it needed adequate components, monitoring and control systems76 with power conditioning
devices to integrate all components and manage the energy flow providing a continuous
electricity output that could meet the demand—this was achieved through a 48V DC bus—.
Batteries were charged with current from the DC bus, which also fed the loads via an inverter
and the electrolyser with the power-conditioning device. A programmable power source at
the DC bus was included to test the system when power was not available from the
renewable sources in a way that simulated any type of intermittent output—this included any
type of intermittent power output from the wind or solar energy profile of any region. The
sensors data was fed to the control algorithm, and the control system was designed to

10 kW, 3φ permanent magnet alternator, VCS-10 - 48 V DC from Bergey - BWC Excel.
1 kW (peak) PV array, Golden Genesis GP 64 PV Modules (4S*4P) with Charge Controller.
74
Manufactured by Stuart Energy System. After the H2 is generated, it is purified, dried and compressed.
75
Proton exchange membrane fuel cell stack (MK5-E), 19-35 Volt, from Ballard Power System.
76
Sensors record real-time voltages and currents of WTG, PV array, DC bus / battery, electrolyser, fuel cell,
load, H2 detectors, electrolytic H2 flow rate from the electrolyser, H2 consumption rate in the fuel cell, oxidant
consumption rate in the fuel cell, H2 and oxidant pressure in the fuel cell, fuel cell stack temperature,
electrolyser cell temperature, DC-DC converter (boost and buck) duty ratio. Additional sensors in the
electrolyser and the fuel cell systems provide the secondary information.
72
73
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maximise the direct energy flow from the renewables to the electrolyser and the load to
minimise losses in the battery stack (IEA Hydrogen TCP, 2021).
The team was able to demonstrate the successful long-term autonomous operation of the
stand-alone renewable energy system based on hydrogen production and equipped with a
control system and power conditioning devices. A safe and reliable operation was achieved.
The electrolyser utilisation factor was approximately 85%, the energy efficiency with the
compressor running was about 60% and 65% without it. The fuel cell utilisation factor was
around 90% and the energy efficiency was above 45% (IEA Hydrogen TCP, 2021).

III.1.3.3 Glencore RAGLAN Mine Renewable Electricity Smart-Grid Pilot
Demonstration
Glencore’s RAGLAN Mine is in Nunavik, Northern Quebec and had an operation based on
a diesel autonomous micro-grid. This situation is common in the North, where virtually all
energy needs are met by diesel. The reliance on a single energy source has been identified
as a disadvantage, exposing the mines and communities to volatility in fossil fuel process,
presenting environmental risks, reducing social acceptance of mining activities, increasing
exposure to carbon taxes and lowering the quality of life of the surrounding population
(TUGLIQ Energy Co., 2019).
The Smart-Grid project was awarded 7.8 M CAD from the ecoEII initiative 77, with the
objective of installing and operating a wind/hydrogen energy storage smart grid system at a
remote northern mining location in order to establish a new state-of-the-art in high
penetration renewable power and storage technology. It started in the spring of 2014 and
consisted in the deployment of an Arctic-rated 3 MW ENERCON E-82 E4 wind turbine
generator, which has a 20-year life cycle. The steel structure was designed with almost 90%
less concrete than other turbine structures. The turbine achieved 97.3% availability since its
installation in 2014 (Government of Canada, 2021a; TUGLIQ Energy Co., 2019).
An innovative storage system configured in a three-tiered architecture was coupled to the
turbine: a fast transient 200 kW/ 1.5 kWh KTSI GTR-200 flywheel to filter out large wind
power variations of short duration; a 200 kW/ 250 kWh Electrovaya SuperPolymer 2.0™ LiIon battery to start-up diesel generators or fuel cells for transition backup; and a
HYDROGENICS 200 kW/ 1 MWh system (HySTAT™ 60 Electrolyser 315 kW with an
HyPMTM XR 198 kW Proton Exchange Membrane (PEM) fuel cell to minimise the loss of
wind energy over longer time periods. The storage plant and electrical collector grid were
completed in September 2015. The first 16 kWh of hydrogen electricity were produced on
December 17th (Government of Canada, 2021a; TUGLIQ Energy Co., 2019).
A series of complex algorithms ensured a smooth power output that enabled a high level
(>50%) of wind power generation. This was possible through a Hatch Microgrid Controller
(HμGrid) monitoring demand for wind power and variations in supply, and economically
dispatching the charge and discharge of the energy storage units (Government of Canada,
2021a).

77

The ecoENERGY Innovation Initiative (ecoEII) is a program from the Canadian Government that lasted from
2011 to 2017. Its aim was to improve Canada’s environmental performance and clean tech industry
competitiveness. To achieve this goal, ecoEII wanted to support innovation in the clean energy sector by
providing funds for research, technology development and demonstration projects (Government of Canada,
2021b).
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The project was able to reach double-digit percentage reductions in CAD/kWh LCOE. During
the first 18 months of operation, 3.4 million litres of diesel and 10,200 tonnes of GHG
emissions were displaced. It is estimated that 2.2 million litres of diesel per year will be
displaced every year during the next 20 years (turbine lifetime). 11 jobs were created with
ongoing operations, and 60 during deployment (construction/ engineering). Replicability was
considered to have a high potential within 3 years at one to two deployments, and beyond
5 to 10 years, replication could double every 5 years (TUGLIQ Energy Co., 2019).
Next steps for the project include the electrification of transport at RAGLAN (especially
underground transport), the integration of electrified vehicles to the micro-grid, repeat orders
(another wind turbine and storage system for RAGLAN) within the domestic market and the
development of a testing protocol for the follow-up period (5 years) to isolate diesel
dependant installations (TUGLIQ Energy Co., 2019). In August 2018, TUGLIQ assembled a
second wind turbine, RAGLAN II, of 3 MW capacity, coupled with a bi-directional Li-Ion
battery system (3 MW/1MWh) (Glencore Canada, 2018; Tugliq Énergie Co., 2019).

III.1.3.4 Markham Energy Storage
The Markham Energy Storage Facility was commissioned in May 2018. It is owned and
operated under a joint venture between Hydrogenics Corporation (hydrogen technology
specialists78, now Cummins) and Enbridge Gas Distribution. The storage facility is located
in Ontario and has a 126 m2 area. It currently has a 2.5 MW or 500 Nm3/h capacity installed,
but it was designed and built on a 5 MW or 1,000 Nm3/h scalable platform, to operate under
a Power-to-Gas scheme. High purity hydrogen is produced at 30 barg. Hydrogenics was the
supplier of the next-generation 1.25 MW PEM electrolysers, which are announced as the
electrolysers with the highest power density. A small fuel cell works with the electrolyser and
provides 8 MWh of onsite storage (Hydrogenics, 2018; P2G Conference, 2019; Cummins,
2020).
In 2019, the Markham Energy Storage Facility started to offer regulation services under
contract to the Independent Electricity System Operator (IESO) of Ontario. The contract
agreement was +/- 1.05 MW of regulation service. The electrolyser is a fast-responding
dynamic load with 2 second response time and 2 MW/sec ramp rate (Hydrogenics, 2018;
P2G Conference, 2019).
The Ontario Energy Board gave permission to Enbridge to begin the construction of a
hydrogen gas blending unit—adjacent to the Markham facilities— in 2020. The unit will
enable the site to inject the hydrogen into the natural gas grid (Cummins, 2020).

III.1.4 Argentina
Argentina is a pioneer in hydrogen production. In 2008, the first hydrogen project at a
commercial level in South America was initiated by the company Hychico. Years later, YPF
SA—the state oil company— and the National Scientific and Technical Research Council of
Argentina (Conicet) formed the hydrogen consortium H2Ar.

78

The company designs and builds Fuel Cell Power Modules and Electrolyser systems (Hydrogenics, 2018).
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Today, H2Ar has more than 40 partners79 from different areas in the energy sector: gas
transporters, renewable energy producers, oil and gas companies and potential offtakes.
H2ar aims to generate specific roadmaps in the different fields of application that identify
challenges and drive pilot initiatives, capture the value of a new global economy, and
contribute to the creation of a regulatory and business environment to develop local
technological and productive capacities. Their work is organised in 8 work cells, or work
packages. Three are cross-topic: production, transport and regulation and standards. The
other five are focused on the specific uses of hydrogen: mobility, injection in the natural gas
network, industry, electric power and exports. Integración Energética Argentina (Ieasa), the
principal buyer of imported natural gas in Argentina has stated its intention to enter the
hydrogen market (Lenton, 2021).

III.1.4.1 Hychico
Hychico, S.A. is a power generation company constituted in 2006 to operate and maintain
wind farms and hydrogen production plants from water electrolysis in Argentina. The
company is controlled by the local oil society Compañías Asociadas Petroleras S.A.
(CAPSA) (BNamericas, 2019).
The Hychico hydrogen project is the link between two energy plants, it is driven by the role
of hydrogen as an energy vector (Hychico S.A., 2018). The project received a loan of 8
million US Dollars in 2011 from the Inter-American Development Bank (IDB) (IDB Invest,
2021). Since the project was envisioned, it was clear that one main goal was to export
hydrogen, as it will become a key component of the energy market as an energy vector and
complement of hydrocarbons—this resulted in commercial relationships with firms from
Germany, Netherlands and Japan (Econo Journal, 2019).
The Diadema Wind Park started operations in December 2011. Power is generated with
seven 0.9 MW Enercon E-44 wind turbines—total installed capacity is 6.3 MW. The Park is
located 20 km northwest of Comodoro Ridavia City, Chubut Province, Argentina. The net
annual capacity factor in 2017 was of 54.9%, with a total of 162,027.4 MWh of energy
generated (Hychico S.A., 2018).
The Hydrogen Plant, commissioned in December 2008, is located near the Diadema Wind
Park and consists of two electrolysers with a total capacity of 120 Nm 3/h of hydrogen and
60 Nm3/h of oxygen. High purity hydrogen is mixed (0-27%) with natural gas to feed a 1.415
MW genset equipped with an internal combustion engine especially adapted to operate with
rich and/or poor gas mixed with hydrogen. If the hydrogen content in the feed mixture
increases (25-42%), power is gradually reduced to 1.180 MW to avoid engine knocking.
Hydrogen can also be used in fuel cells due to its high purity (Hychico S.A., 2018). The
oxygen is sold to Air Liquide, which resells it for industry applications (Econo Journal, 2019).
The plants are surrounded by oil industry facilities and located completely within the confines
of the Diadema oil field operated by CAPSA (IDB Invest, 2021). Three projects are reported
by Hychico:
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Somo of the partners are ABB, ABO Wind, AES Argentina, Air Liquide, Asltom, Baker Hughes, Cargill, CGC,
EDVSA Ingeniería y Construcción, Emerson, Explora, Genneia, Haldor Topsoe, Hychico, Honeywell, Ieasa,
Integra Capital, Linde, Loma Negra, Compañía Megas S.A., Pampa Energía, Puerto Bahía Blanca, Profertil,
Scania, Schlumberger, SiCA, Siemens Energy, SoluForce, Tenaris, Ternium, TGN, tgs, Trafigura, Toyota, Vitco,
Wärtsilä and YPF LUZ.
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New Wind Turbine-Hydrogen Plant connection analysis. This project is made
possible through strategic agreements with suppliers and allows to gain
experience to extend the output range of electrolysers and their capacity to
control power depending on wind availability (Hychico S.A., 2018).
Underground Hydrogen Storage - Hychico-BRGM Pilot Project. Large-scale
storage is critical for the integration of hydrogen into the energy matrix. Depleted
oil and gas reservoirs can be used for this purpose. Hychico started a pilot project
in 2010 to test the underground storage capacity of the F-160 reservoir by
injecting a mix of hydrogen and natural gas at different pressures and
concentrations. Hychico took part in the European Union HyUnder program and
in 2014 submitted an Environmental Impact Assessment Study and held a Public
Hearing in coordination with the Ministry for Environmental Affairs and
Sustainable Development Control of the Province of Chubut. The study was
approved the same year and in 2015 the construction of a 2.3 km multilayerpolymeric pipeline began to connect the hydrogen plant to the F-160 well. From
2016 to 2018, Hychico has developed the Green Methane Production initiative
to take advantage of the microorganisms that are able to use hydrogen and
carbon dioxide to produce methane. Such microorganisms are present in
reservoirs and CO2 can be injected or in some cases is already available in the
reservoir. The underground reservoir would act as a natural chemical reactor for
natural methanogenesis (Hychico S.A., 2018; Pérez, et al., 2016).
Hydrogen Transportation. Hychico is conducting tests at a domestic and an
international level to determine the best conditions for hydrogen transport. A 2.3
km pipeline is included in this project (Hychico S.A., 2018).

III.1.5 Chile
The efforts of Chile towards decarbonising its economy became evident with the publication
of their National Hydrogen Plan in 2018 (Lenton, 2021) and the National Green Hydrogen
Strategy in 2020 (PV Magazine, 2021). The actions include implementing new renewable
power plants (the goal is to have a total installed capacity of 6 GW in 2021), shutting down
coal plants and using hydrogen as an energy vector and fuel in areas that are difficult to
electrify, amongst other actions (Lenton, 2021).
The government plans to offer 5 million US Dollars in financial assistance for early and
competitive projects focused on the production and use of hydrogen to help to reach a
production cost lower than 1.5 USD/kgH2 by 2030. Additionally, three national and
international consortia will also invest in scalable and replicable green hydrogen projects in
Chile. The Ministry of National Assets will make available to developers an area of around
12 thousand hectares of fiscal land to deploy green hydrogen initiatives in the area of Diego
de Almagro, Atacama (H2 Chile, 2021a).
The country aims to become the green hydrogen producer with the lowest costs worldwide
by 2030, one of the top three exporters of green hydrogen and its derivatives by 2040 and
carbon neutral by 2050. In order to meet these goals, Chile plans to have 5GW of electrolysis
capacity under development by 2025. The solar and wind potential in the country has been
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identified as a strength regarding competitive prices of renewable energy production
(Lenton, 2021).
In 2018, a group of private and public organisations interested in developing a hydrogen
economy in Chile joined to form the Chilean Hydrogen Association (H2 Chile) with the
objective of accelerating the energy transition in the country by promoting the use of green
hydrogen as an energy vector and positioning it as an energy transition agent and promoting
its use in industrial, commercial, residential and mobility applications (Vásquez, et al., 2019;
H2 Chile, 2021b). H2 Chile has three types of partners, which are companies, individual
professionals and funding individual professionals 80 (H2 Chile, 2021b). There are several
actions, programs and projects that have already started to establish a hydrogen economy.






The Corporation for the Promotion of Production (CORFO), a multi-sectoral
governmental body responsible for promoting national production and regional
economic growth, within the framework of sustainable development for the
mining sector, launched the following programs (Vásquez, et al., 2019):
o Development of Hydrogen-Diesel Dual Combustion Systems in vehicles
and mine operation equipment, targeted to companies and individual
firms interested in the conversion of conventional diesel vehicles or
equipment in mining operation (extraction trucks, shovels, loaders, etc.)
to a hybrid hydrogen/diesel model.
o Adaptation of the Operation of Mobile Diesel Mining Equipment to
Hydrogen using Fuel Cells, like the previous program but using fuel cells.
o Both programs would allow the creation of Technology Consortia.
Additionally, several academic research projects are under development at
academic institutions. They comprise hydrogen production (fossil and green),
use in hybrid diesel/H2 vehicles; SOE, biological and photoelectrochemical cells;
and materials for hydrogen storage (Vásquez, et al., 2019).
Pilot projects are planned for the northern regions of Atacama and Antofagasta
due to the relatively easy access to the national grid and to abundant solar
resources. Green ammonia is more viable than pure hydrogen in the short-term
because of the already established supply chains and the potential interest from
international off takers (BNamericas, 2021).

In the next subsections we will describe projects under development by private companies.

III.1.5.1 Microgrid at Cerro Pabellón geothermal plant
Microgrid powered by PV panels and storage systems based on hydrogen and lithium
batteries. This project is being developed by ENEL Green Power and aims to meet the

80

Austria Energy, AES Gener, TCI GECOMP, Colbun, FRV, Cummins Chile, Enagas, Sumitomo
Corporation (Chile) Limitada, Engie, Busso Group, Siemens Energy, ABB, Grupo Energy Lancuyén,
Pronor Green Energy, Enel Green Power, Prime Energía, Enex, Antofagasta Minerals, IVM (Infante
Valenzuela Molina Abogados), Solek, Interenergy, Tractebel Engie, RWE, Techint Ingeniería y
Construcción, Antuko, Andes Solar Energías Renovables, Copec, Air Liquide, Sphera Energy and
Guerrero Olivos and RWE45 individual partners are also part of H2 Chile.
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energy needs of the technicians at the Cerro Pabellón geothermal plant, located in Ollagüe,
Antofagasta Region (Vásquez, et al., 2019).

III.1.5.2 Green ammonia production complex in northern Chile
Enaex SA (mining explosives company) and ENGIE are developing a green ammonia
production complex in northern Chile, with more than 1 GW of total planned capacity
(Vásquez, et al., 2019).

III.1.5.3 First large plant green hydrogen-based ammonia
In February 2021, AES Generg SA (a power generator from Chile) and an undisclosed
international hydrogen producer signed a memorandum of understanding to conduct a
feasibility study for the first large green hydrogen-based ammonia plant for export (Vásquez,
et al., 2019). The plant would need a capacity of 850 MW of renewable energy (PV
Magazine, 2021).

III.1.5.4 Haru Oni project
Haru Oni will deploy a first-of-a-kind commercial hydrogen-based highly innovative fuels
(HIF) integrated plant in Cabo Negro, Magallanes province, southern Chile, a region with
significant wind resources. The project is being developed by (Vásquez, et al., 2019; Smart
Energy, 2020):







Porsche. Primary developer.
Andes Mining Energy (AME). Primary developer.
Siemens Energy. Working as a co-developer and serving as a systems integrator for
the entire value chain (wind turbines from Siemens Gamesa, green hydrogen
production, synthetic fuel production).
Enel Green Power Chile. Co-founder, focused on wind power and electrolysis.
Empresa Nacional de Petróleo (ENAP) — Chile’s petroleum company. Providing
operating staff, maintenance, and logistics support.

The process will use renewable wind energy to produce electricity and split water in a PEM
electrolyser. Hydrogen will be combined with CO 2—directly captured from the atmosphere
or DAC process— to produce synthetic methanol. Finally, methanol will be converted into
gasoline with Exxon Mobil methanol-to-gasoline (MTG) technology (Smart Energy, 2020;
RECHARGE, 2020; Bioenergy International, 2020).
Three phases are considered. The first phase is the pilot phase, in which around 750,000
litres/year of e-Methanol will be produced in a pilot plant by 2022; 130,000 litres/year of emethanol will be converted into e-Gasoline. The second and third phases will consist of
capacity expansions up to 55 million litres e-Gasoline per year by 2024 and 550 million
litres/year by 2026 (Siemens Energy, 2021)
Porsche plans to use the e-fuels in its vehicles at motorsport events, at the Porsche
Experience Centres and even in sports cars, as they have stated that electro mobility is a
top priority. The company’s initial investment is around 20 million EUR, and Siemens Energy
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was awarded with 8.23 million Euros from Germany’s Federal Ministry for Economic Affairs
and Energy (Smart Energy, 2020; RECHARGE, 2020).

III.1.6 Brazil
Brazil is recognised as an important potential player in the future global green energy market
due to its high competitiveness in wind and solar power generation along different regions.
Several organisations have shown interest such as Brazil’s energy research company EPE,
Siemens Energy, Casa dos Ventos, andl Voltalia, just to mention some examples
(BNamericas, 2021a).

III.1.6.1 Base one
In early 2021, Enegix Energy Pte (Australia) and Black & Veatch signed a memorandum of
understanding to conduct a feasibility study to build a green hydrogen plant in the port of
Pecém, in Ceará state. The project is known as Base One. Total hydrogen production will
be around 600 tonnes per year and the process will be powered by 3.4GW of combined
baseload renewable wind and solar energy through a partnership with Enerwind. Around
500 hectares of commercial land will be destined to Base One. The renewable energy
potential in Ceará will allow Base One to grow above 100GW to meet global hydrogen
demand. The project estimated cost is 5.4 billion USD and aims to be the largest hydrogen
project in the world (Lenton, 2021; BNamericas, 2021a).

III.1.6.2 Green hydrogen plant at Açu Port
Fortescue Future Industries (FFI) and Porto do Açu Operações signed a memorandum of
understanding during March 2021 to build a 300MW green hydrogen plant at Açu Port in
São João da Barra, Rio de Janeiro state. Açu Port is an integrated port, has a large-scale
available area and is also near international energy routes. The installations will include an
ammonia facility with capacity of 250,000 tonnes per year (BNamericas, 2021a).

III.1.7 Europe
Numerous projects regarding hydrogen technologies have been developed in Europe during
the last two decades because of the joint efforts of the regional authorities, local
governments, associations, universities and companies to build cleaner and more resilient
societies and economies, moving away from fossil fuels and CO 2 emissions without
compromising the demand for energy in various sectors. Most of the projects are directed
towards mobility, Power-to-X and grid injection (to substitute natural gas).
The Fuel Cells and Hydrogen Joint Undertaking (EU FCH-JU) is an initiative formed of public
and private partners from the European Union to promote research, technological
development and fuel and hydrogen cell demonstration projects to foster a faster
technological readiness. The EU FCH-JU has already provided funds for projects, as we will
present below.

89

Assessment of the greenhouse gas mitigation potential of green hydrogen.
An implementation roadmap for Mexico

III.1.7.1 Germany
Germany has set various goals to establish a cleaner and more resilient economy. As a
result, renewable energy projects have been developed since 2000 to decarbonise the
energy matrix, but sometimes the renewable farms must be temporarily disconnected when
the power generation exceeds the actual demand and grid capacity. According to Kopp, et
al. (2016) more than 75% of the energy consumption in Germany was destined to mobility
and space heating and cooling. Several hydrogen projects aim to help with the excess power
production problem and also to optimise and integrate the energy sector by taking up that
energy and converting it into hydrogen, which in turn can be converted back to energy, used
as a fuel in vehicles, industry or homes or as a feedstock for the production of chemicals.

III.1.7.1.1 HYPOS
Germany’s Federal Government announced a target of 5 GW electrolysis capacity
installation by 2030 and 5 GW more by 2035. Additionally, the National Hydrogen Strategy
presents security of investment for the involved parties with the prospect of a reform that
would exempt green hydrogen from EEG levy, as well as other regulatory revisions (HYPOS,
2020). HYPOS is a broad network open to all interested in the hydrogen economy. It was
created in 2013 by the joint efforts of more than 130 members throughout Germany including
large, medium-sized, and small enterprises as well as scientific institutes, universities and
other institutions. The main goal of the project is to gradually replace fossil fuel-based
hydrogen with electricity-based hydrogen in an economically feasible way to integrate
hydrogen technology into the supply infrastructure of Germany and beyond (HYPOS East
Germany, 2021; HYPOS, 2020).
The project has a budget of 45 million Euros, awarded by the Twenty20 (Zwanzig20)
programme, which is run by the Federal Ministry of Education and Research. HYPOS aim
to produce, store, distribute and widely use green hydrogen in the chemical industry, oil
refineries, and the mobility and energy supply sectors. Production will be based on electricity
generated in wind and solar power plants. HYPOS will create a model connection of the
chemical and natural gas grids with the electrical networks in Central and Eastern Germany.
Central Germany has been chosen as a preferred region for early implementation due to the
existing infrastructure (pipeline and storage caverns) and the presence of various mediumsized enterprises (HYPOS East Germany, 2021).
HYPOS comprises 32 sub-projects that are organised according to their respective subject
areas: Chemical Transformation, Transport and Storage, Application and Distribution,
Economic Efficiency, Safety and Strategy. They cover the entire value chain, from
production and transport to the many applications and business models (HYPOS East
Germany, 2021). Hydrogen demand of the industry is 4.8 Tm³/year and is currently only
covered to a small extent by green hydrogen. The chemical conversion sub-projects are
presented in Table III.5.
Table III.5. Chemical conversion subprojects of the HYPOS initiative.
Name

Description

Start

Duration
(months)

Budget
(EUR)

Notes

MegaLyseurPlus

Modular 1.25 MW
PEM

2019

36

11.2
million

At Fraunhofer Society in the Leuna
Chemical Park, with connection to
a hydrogen pipeline.
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Elke

Reduce
alkaline
electrolysis
investment
costs
(1000 EUR/ kW to
700 EUR/ kW)

2017

36

1.52
million

Manufacturing process that should
enable a continuous coating of the
electrodes.

Elykon

Develop electrolysis
system components
for highly dynamic +
intermittent
operation

2019

33

2.8 million

Coupling
PEMWE
(polymer
electrolyte membrane electrolysis)
with renewable energies.

H2-Flex

Demonstration and
maximisation of the
flexibility potential of
chlor-alkali
electrolysis

40

1.77
million

Evaluation and design of a plant at
the Bitterfeld site with approx. 30
MW capacity and over 3000 Nm³
H2/h output.

LocalHy

Decentralised water
electrolysis
with
combined use of
hydrogen
and
oxygen
from
renewable energy

5.3

Network
harmonisation
and
decentralised oxygen applications
(e.g., sewage plant), 50 kW H2
internal combustion engine, direct
H2 refuelling.

178,000+3
million

Study and implementation phase.
rSOC system with an output of 180
kWel (approx. 50 Nm³ /h H2) is
being developed and operated
under market-related conditions.

2.2 million

Increase technical maturity of
reversible alkaline membrane
electrolysis (rAEM) from TRL 2 to
TRL 5. The project goal is a
functioning rAEM short stack (10
kW) as a laboratory setup.

rSOC

Reversible
Solid
Oxid Cell for Industry

REVAL

Development
and
testing
of
a
reversible alkaline
membrane
electrolysis (reval)

2018

2015

2016

2019

46

3+24

29

Source: HYPOS East Germany (2021).

III.1.7.1.2 H-TEC SYSTEMS (Stromlückenfüller)
H-TEC SYSTEMS is a research and production company, subsidiary of GP Joule 81, that
develops and produces innovative PEM electrolysers and electrolysis stacks to produce
green hydrogen. Their electrolysis technology is available for transport, R&D, materials,
power-to-x and heat supply uses (H-TEC SYSTEMS, 2018a). The company offers two main
series of PEM electrolysers (Table III.6). Series-ME are intended for decentralised
applications and Series-S for OEM.

81

Since 2010 it is a subsidiary of GP Joule, a German company that offers solar, wind and biomass projects.
In 2019 MAN Energy Solutions acquired a 40% stake in H-TEC SYSTEMS and in 2021, the rest of the shares
(GP Joule, 2016a; GP Joule, 2019; GP Joule, 2021).
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Table III.6. H-TEC SYSTEMS PEM electrolyser and electrolyser stacks characteristics.
Production
range (Nm3/h)

Model

Power (kW)

Nominal
system
efficiency (%)

H-TEC Series-ME
25-210

200-1,400

74

13-66

40-330

74

0.06-0.31

0.26-1.88

75

0.19-0.94

0.77-5.63

75

0.31-1.57

1.28-9.38

75

ME 450/1400 (electrolyser)
H-TEC Series-ME
ME 100/350 (electrolyser)
H-TEC Series-S
S 30/10 (electrolysis stack)
H-TEC Series-S
S 30/30 electrolysis stack)
H-TEC Series-S
S 30/50 electrolysis stack)
Source: H-TEC SYSTEMS (2018b).

GP Joule developed the concept Power Gap Filler—with their biogas-electrolysis
commercial system—which translates to Stromlückenfüller in German (IEA, 2020c; GP
Joule, 2016b). H-TEC SYSTEMS reports that since 2015, their PEM electrolysers are
demonstrating the feasibility of storing energy generated from wind and solar in an
innovative project in Reußenköge, Schleswig-Holstein, Germany, where excess energy is
converted to hydrogen at a rate of 75% and the remaining energy is used in the local heating
network, achieving a total efficiency rate of 95%. Hydrogen is stored in pressurised vessels
and used in a biogas fuelled power plant when needed in a 30:70 hydrogen to biogas ratio
to generate electricity when wind and solar are not available. The project started with 20 kW
of electrolysis power output and gradually increased to 200 kW (H-TEC SYSTEMS, 2020a).

III.1.7.1.3 eFarm
eFarm is Germany’s largest green hydrogen mobility project in North Frisia, developed by
eFarming GmbH & Co. KG. H-TEC SYSTEMS is the supplier of five Series ME 100/350
PEM electrolysers—1,125 MW total capacity— which will enable hydrogen production and
heat integration using drinking water as feedstock and a nominal load of 225 kW each (Fuel
Cells Works, 2019a; H-TEC SYSTEMS, 2020b; GP Joule, 2020).
Hydrogen production from wind energy will occur at five sites and supplied as a fuel to two
new public hydrogen filling stations in Niebüll and Husum, using the logistics system of
eFarming, making hydrogen available for public and private transportation. No purification
steps are needed to make the hydrogen suitable for fuel cell vehicles use. In April 2020 the
first construction phase of the eFarm project started, with two of the five electrolysers being
installed in Bosbüll, near Niebüll (Fuel Cells Works, 2019a; H-TEC SYSTEMS, 2020b; GP
Joule, 2020).
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Wind to Hydrogen conversion is around 5.4 MWhw to 4 MWhH2 + 1 MWh of heat per day.
Total production of the five units will be up to 500 kg of hydrogen per day. Process heat will
be directed to the regional heat supply for industry and residential use (Fuel Cells Works,
2019a; H-TEC SYSTEMS, 2020b).

III.1.7.1.4 Carbon2Chem
Carbon2Chem is a joint project that involves 1882 partners from key industries in Germany—
chemical, energy and steel industries—, academic institutions—such as the Max-PlanckInstitut für Chemische Energiekonversion— and the government—funding from the Federal
Research Ministry83— to better integrate energy and material streams across industries
(thyssenkrupp AG, 2020; MPI CEC, 2020). The funding phase from the government,
estimated above 60 million Euros, started in 2016 and will continue until December 2026 84.
The partners involved intend to invest more than 100 million Euros by 2025 and
approximately 1 billion Euros is earmarked for commercial realisation (FONA, 2021).
The processes at an integrated iron and steel mill use the process gases to generate
electricity with turbines—the iron and steel mills in Europe convert all their gases— so they
rarely buy electricity. The goal of Carbon2Chem is to take a step further from the process
integration concept and use the emissions generated during steel production as a raw
material to produce new chemicals such as fuels, plastics, or fertilisers85 while reducing the
CO2 emissions from the blast furnace gases. The project aims to develop modular systems
from which modules for the implementation of the energy transition can be created. Around
20 million tonnes of CO2 per year are expected to be economically exploitable in the German
steel industry (Carbon2Chem, 2018; Thyssenkrupp AG, 2020; FONA, 2021). Carbon2Chem
contemplates a total of seven subprojects to meet the cross-industry cooperation CO2
reduction goal (Carbon2Chem, 2018):








L0. System integration. Pilot plant and laboratory.
L1. Water electrolysis in non-stationary operation.
L2. Sustainable methanol production.
L3. Gas purification.
L4. Higher alcohols.
L5. Carbon2Polymers.
L6. Oxymethylene ethers and gas purification.

The hydrogen that is present in the steel mill gases is sufficient for ammonia synthesis, but
not for methanol, so additional hydrogen needs to be obtained. In order to meet this need,
hydrogen production would occur only when surplus renewable energy is available—
currently, the surplus is diverted to neighbouring countries for a fee— this is, the steel mills

82

AkzoNobel, BASF, Clariant, Covestro, Evonik, Fraunhofer-Institut für Solare Energiesysteme (ISE),
Fraunhofer-Institut für Umwelt-, Sicherheits- und Energietechnik (UMSICHT), Karlsruher Institut für Technologie
(KIT), Linde, Max-Planck-Institut für Chemische Energiekonversion, Max-Planck-Institut für Kohlenforschung,
RWTH Aachen, Ruhr-Universität Bochum (RUB), Siemens, Technische Universität Kaiserslautern,
thyssenkrupp, Volkswagen, Zentrum für Brennstoffzellentechnik (ZBT) (FONA, 2021).
83
The Federal Research Ministry (BMBF) offers funding to projects focused on climate protection and
sustainability through the Research for Sustainability Strategy (FONA) (FONA, 2021).
84
The first funding period lasted from March 2016 to May 2020 (FONA, 2021).
85
Carbon dioxide recycling is already used in ammonia and methanol production (thyssenkrupp AG, 2020).
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and chemical plants would act as energy buffers for the power market with a high penetration
of renewables (Thyssenkrupp AG, 2020).
A pilot plant was commissioned in September 2018 in Duisburg, near the Thyssenkrupp
steelworks (FONA, 2021). Three hydrogen production systems were tested: a commercial
alkaline electrolyser (AEL), a PEM electrolyser and a High Temperature Electrolyser
(HTEL), on a scale from 20 to 40 kW. Additionally, Thyssenkrupp Uhde Chlorine Engineers
(tkUCE) tested their own alkaline electrolysis systems to select better membranes, materials
for the anode and cathode and sealing designs, all suited to operate up to 200 kW. A 2MW
pilot plant was also built to determine the market readiness of the systems, as well as the
economic and ecological impacts. Artificial neural networks were used to model and
simulate cell voltage degradation and the technical feasibility of the AEL on a MW scale was
proven over a test period of several weeks under a daily start-up and shutdown operation.
The water electrolysis component of Carbon2Chem was determined to be ready for
commercial use both on an industrial scale and in long-term operation. AEL was the most
advanced technology from a commercial-readiness perspective (Carbon2Chem, 2020). In
the next ten years, the project will develop a sustainable value chain (FONA, 2021).
Thysenkrupp estimates that the applicability of this concept on an industrial scale could take
around 15 years, even though the company states that the process is cost-effective
(Thyssenkrupp AG, 2020).

III.1.7.1.5 H&R Ölwerke Schindler GmbH
H&R Ölwerke Schindler GmbH, subsidiary of H&R GmbH & Co. KGaA, runs a speciality
refinery in Hamburg-Neuhof that produces chemicals such as non-classified softeners for
the tire industry, high-quality white oils, paraffin waxes, base oils and marine lubricants (H&R
Group, 2021). In 2017, the world’s largest dynamic hydrogen electrolysis plant was
inaugurated at the H&R Ölwerke Schindler GmbH site. Total cost is estimated above 10
million Euros (Clean Technica, 2017).
The dynamic electrolysis plant uses excess renewable energy to produce hydrogen with
Siemens PEM technology—a 5MW electrolyser— for industrial applications. This means
that hydrogen production is restricted to the periods of excess renewable energy production
so hydrogen production acts as a secondary balancing element in the energy market. The
flexible-control hydrogen PEM system is used as a resource to add value in the refinery
processes by avoiding the carbon emissions associated with external production of
hydrogen from fossil sources and transportation to the refinery (DGAP, 2017; Clean
Technica, 2017; H&R GmbH & Co. KGaA, 2019).
The Silyzer 200 electrolyser from Siemens operates at a 65% efficiency rate and is capable
to produce 20 kg or 115 Nm3 per hour (Siemens, 2019). The hydrogen is used in the refinery
primarily in the hydrogenation processes to produce medical-grade white oils which are used
for medical and cosmetic applications. In 2018, 4,466,667 Nm3 of green hydrogen were
produced (H&R GmbH & Co. KGaA, 2019).
The company looks to shift from using fossil fuels as raw materials to synthesise products
in CO2 neutral processes using sustainable energy in a Green Refinery concept. There is
interest in implementing more projects for green hydrogen and green CO 2 production from
2020 onwards (H&R GmbH & Co. KGaA, 2019; Clean Technica, 2017).
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III.1.7.1.6 Energiepark Mainz
The Power-to-Gas system produces hydrogen from electrolysis since 2015 at Mainz,
Germany. The main goal is to store excess wind and solar energy as hydrogen or methane
to build a decentralised, flexible, and highly available renewable energy system. The fastresponding PEM electrolysers can manage local grid bottlenecks and provide balancing
power. The project was also aimed at testing whether the hydrogen could be used in a steam
turbine power plant (Energiepark Mainz, 2016; Energiepark Mainz, 2018; Kopp, et al., 2016).
Energiepark Mainz was developed between 2012 and 2016, had a total budget of 17 million
Euros of which 50% was granted by the Federal Ministry for Economic Affairs and Energy
(BMWi). The project’s partners were Stadtwerke Mainz AG (municipal energy supplier),
Linde, Siemens AG and Hochschule RheinMain (Kopp, et al., 2016).
The plant has a 6MW electrical power capacity, enough to compensate for shortages in the
distribution grid, from 3 Siemens PEM SILYZER 200 electrolyser stacks with a peak power
of 2MW each and continuous operation at 1.3 MW each. The hydrogen production system
at Energiepark Mainz was the first MW scale project to produce the gas using PEM
electrolysers and has a highly dynamic response (ramps-up in seconds). The unit includes
a two-stage ionic compressor (liquid salt technology developed by Linde), a natural gas grid
injection unit, a trailer filling station and electric switchgear (Energiepark Mainz, 2018). The
installations have 1,000 kg H2 or 33 MWh of storage capacity, and the target annual output
is 200 tonnes of hydrogen to be injected in the local gas network and also transported in
trailers (Kopp, et al., 2016).
The hydrogen production unit is partially powered by the 8MW adjacent wind farm and is
also directly connected to the medium-voltage (20kV) grid of Mainzer Stadtwerke. Three DC
stations generate the high direct current that goes to the electrolyser. Each station draws
energy from the medium-voltage grid using GEAFOL cast-resin transformers and the current
is inverted using SINAMICS inverter cabinets, while an integrated multistage filter circuit
system prevents unwanted high grid interference (Energiepark Mainz, 2018; Kopp, et al.,
2016).
The electrolysers cannot use any type of water as they are designed to operate with
demineralised water. A water treatment plant on site removes the dissolved minerals from
tap water on a multistage process and provides a constant supply of water to the electrolysis
system. A buffer tank is installed between the water treatment plant and the electrolysers.
After the water is separated into hydrogen and oxygen, hydrogen exits at 35 bar and oxygen
is passed through a catalyst to convert it to water vapour, which is condensed and recycled
into the electrolyser. The hydrogen is compressed and stored in pressurised tanks from
which it can be delivered for grid injection into the natural gas grid (0.7-0.9 MPa, 1,000 m3/h
max.) or run through a second compressor stage, dried and delivered to the trailer filling unit
(22.5 Mpa, 3-4 hours to load) The trailers deliver hydrogen to refuelling stations or industrial
consumers (Energiepark Mainz, 2018; Kopp, et al., 2016).

III.1.7.1.7 Audi e-gas
E-gas is the name of the hydrogen and synthetic methane mix from Audi. In 2013 the
company opened it first Power-toGas plant at Werlte, in the Emsland region of Germany.
Although Audi recognises the potential of hydrogen as a fuel for vehicles, their approach is
to first produce synthetic methane for the vehicles that are already in the market, such as
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their own g-tron line, while getting ready for future FCEV when the required infrastructure
for hydrogen is widely available in Europe (Audi, 2017; 2021).
The synfuel is generated in a two-step process. First step is electrolysis, where three
electrolysers, 6MW of total capacity, are powered by green electricity to generate hydrogen.
The second step takes the hydrogen to react it with carbon dioxide, sourced from an
adjacent biogas plant which in turn uses the waste heat from methanation. CO 2 is purified
using an amine scrubber before it reacts with the hydrogen. The final product is synthetic
methane or Audi e-gas. The transport and distribution infrastructure for natural gas in
Germany and Europe allows Audi to put the Audi e-gas in the market with ease. The Audi
e-gas plant produces approximately 1,000 tonnes of synthetic methane per year, reducing
around 2,800 tonnes of CO2 per year (Audi, 2021; Green Car Congress, 2013).
Audi, ETOGAS GmbH86 (Power-to-Gas technology) and partner MT-BioMethan GmbH87
and EWE AG (electric utility company) joined to develop the Audi e-gas plant project based
on the work of the ZSW Institute in Stuttgart. The plant was built in a 4,100 m 2 area owned
by EWE AG (Green Car Congress, 2013). The company offered a sustainable deal in 2017
for the g-tron models—A3 Sportback, A4 Avant and A5 Sportback—, in which their
customers buy a vehicle from the g-tron line and Audi sells them the e-gas—at any
compressed natural gas refuelling station— at a regular natural gas price during the three
years after the purchase. Under this program, the g-tron models are estimated to cut 80%
of the CO2 emissions compared to gasoline-powered cars in the same performance class—
using a well-to-wheel analysis—, with only 20 g CO2/km. Audi automatically calculates the
quantity of e-gas that is sold based on collected data and service data from the cars.
Approximately 15,000 km of CO2-neutral driving per year was expected for 1,500 new Audi
A3 Sportback (Green Car Congress, 2013; Audi, 2017).

III.1.7.1.8 CO2RRECT
The CO2-Reaction using Regenerative Energies and Catalytic Technologies or CO2RRECT
research initiative was developed in Niederaussem, Germany, with the main objective of
using solar and wind energy to obtain hydrogen from water electrolysis and react hydrogen
with low-cost fossil energy-derived CO2 to produce intermediates, such as carbon monoxide
and formic acid, and basic chemicals, such as polymers. Storage of excess renewable
energy in hydrogen form is a second objective in line with the goal of lowering carbon dioxide
emissions and reduce the consumption of fossil fuels. The site was inaugurated in 2013 and
project duration was three years. More than 15 partners88 joined the initiative (Deutsche
Energie-Agentur GmbH, 2021; INVITE Research, 2021). The process takes carbon dioxide
from the Coal Innovation Center at Niederaussem RWE lignite power plant, where the gas
is separated from flue gas in a scrubber and then liquefied to be transported in cylinders.
86

Formerly SolarFuel and acquired in 2016 by Swiss company Hitachi Zosen Inova (Green Car Congress, 2013;
Hitachi Zosen Inova, 2016).
87
The company was also acquired by Hitachi Zosen Inova (Hitachi Zosen Inova, 2016).
88
Bayer Technologies Services (BTS) which managed the project, Bayer MaterialScience AG, The Federal
Ministry of Education and Research (BMBF) which funded most of the project—total cost is around 18 million
Euros and BMBF provided 11.2 million Euros—, Siemens AG, the owner of the electrolysis technology, RWE
Power AG, the supplier of CO2, INVITEGmbH, in charge of the scale-up and technical implementation of a pilot
plant, CAT Catalytic Center in Aachen, an international catalysis research hub founded in 2008 by Bayer and
RWTH Aachen University, Dortmund Technical University, Max Planck Institute Magdeburg, Fritz Haber Institute
Berlin, Leibniz Institute for Catalysis eV at the University of Rostock, Ruhr-University Bochum, Technical
University of Dresden, University of Stuttgart, Karlsruhe Institute of Technology and Darmstadt University of
Technology.
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Input power current for the Siemens electrolyser is 300 kW and the maximum hydrogen
production is 50 Nm3/h (Deutsche Energie-Agentur GmbH, 2021). Carbon dioxide is reacted
via reverse water shift, dry reforming, and hydrogenation to obtain formic acid. The operation
requires coupling dynamic electrolysis and continuous CO 2 conversion (INVITE Research,
2021). The variety of products that can be produced from carbon dioxide and hydrogen is
made possible by the catalysts and processes developed by RWTH Aachen University. For
example, formic acid from supercritical CO 2 in a two-phase reaction system in a continuous
process, polyols from the zinc-catalysed conversion of CO2 (which are then used to produce
polyurethanes), methanol, methane, etc (CHEManager International, 2014).

III.1.7.1.9 REFHYNE
A study carried out by Shell Germany in which many energy scenarios for Germany by 2050
were evaluated, electrolysers were identified as an opportunity for the energy sector. Shell
and ITM Power have a good track record for hydrogen in Germany and good experience
with EU funding. In 2017, a call for a large 10 MW electrolyser was made by the EU FCHJU Funding Round and the REFHYNE project was consolidated, under the effort to supply
Clean Refinery Hydrogen for Europe, being announced in 2018 as the world’s largest PEM
electrolyser (REFHYNE, 2018; REFHYNE, 2021).
The goal is to deploy 10 MW of PEM electrolysis for on-site hydrogen and oxygen generation
at the Shell Rheinland Refinery Complex in Wesseling, Germany. The new site will include
oxygen recovery as an alternative to venting, while hydrogen would be injected in the local
gas network pipelines. Green hydrogen will replace steam reformed hydrogen at the
refinery—where products are processed and upgraded— and will also provide load
balancing services for the refinery and for grid balancing. The duration of the project is 5
years; the first two dedicated to the design, building and deployment—in June 2020,
REFHYNE reported that construction work was well underway—, while the last three years
will be used to test all units. Hydrogen production would start in early 2021 (REFHYNE,
2018; REFHYNE, 2021). The project partners formed a consortium, and each member has
the following responsibilities (REFHYNE, 2018):






Shell, in charge of building and civil works, connection to services and local
permitting.
ITM Power, supplier of the 10 MW electrolyser, full integration and automation,
service, and maintenance. The company will also execute the demonstration.
Thinkstep, a company based in Stuttgart which specialises in Corporate
Sustainability and Product Stewardship89.
Element Energy Limited, a specialist energy consultancy with experience in low
carbon energy.
SINTEF, an independent non-profit organisation focused on research and
development in technology, economy and social sciences. It is responsible for the
project’s coordination.

REFHYNE has received 10 million Euros in funding from the Fuel Cells and Hydrogen 2
Joint Undertaking (EU FCH-JU), which in turn receives support from the European Union’s
89

In 2019 it was acquired by Sphera, a global provider of Integrated Risk Management software and information
services with a focus on Environmental Health & Safety, Operational Risk and Product Stewardship (Sphera,
2019).
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Horizon 2020 research and innovation programme, Hydrogen Europe and Hydrogen Europe
Research. An additional 10 million Euros are considered to complete the project’s total
investment, including integration into the refinery (REFHYNE, 2018).
The 10MW stack skid electrolyser from ITM Power is designed to be fully integrated and
autonomous with five 2 MW submodules—at full load, hydrogen generation will reach 4
tonnes per day. Each submodule is capable to function independently, and the stack skid is
expandable up to 100 MW. The efficiency of the system is between 45-55 kWh/kg. The
control centre will be connected to the PLC control system, which in turn will control the
AC/DC power converter and the electrolysis module. Electricity from the site’s substation
(AC) will be converted to DC and fed to the electrolysis module—the electricity may come
from renewable or other sources. A water purification unit is needed to meet the electrolyser
water requirements. Finally, hydrogen and oxygen will be produced. The system also has
thermal controls and a ventilation subsystem and several end-uses have been identified as
a target (REFHYNE, 2018; REFHYNE, 2021).





Supply to Fuel Cell Cars in refuelling stations.
As energy storage—Power-to-Gas, island systems, methanation.
For large industrial applications: refineries, methanol synthesis, ammonia synthesis
and steel production. The hydrogen will be used for processing and upgrading
products at the Wesseling refinery site.
For residential heating.

III.1.7.2 United Kingdom
III.1.7.2.1 Hydrogen And Renewables Integration (HARI)
HARI is a demonstration, pilot-scale project for a hydrogen storage system which has been
coupled to an existing renewable energy system—PV, wind and micro-hydroelectric90—
which supplies electrical power to domestic and office loads at the site, at W est Beacon
Farm, Leicestershire, UK (IEA Hydrogen TCP, 2021).
The project includes the design, implementation and operation of the system, and its
purpose is to demonstrate and gain experience in the integration of hydrogen energy storage
systems with renewable energy systems. The hydrogen system intends to help test the
feasibility of a stand-alone renewable energy system91 where utility grid connection will be
used only in case of emergencies. One of the objectives is to develop software models for
the design of future integrated systems in a range of applications, and to gain experience
on such systems to enrich the debate about the viability of a hydrogen economy (IEA
Hydrogen TCP, 2021).

90

One 13 kWp of PV, two 25 kW Carter wind turbine generators (WTGs) and two micro-hydroelectric turbines
with a combined output of around 3 kW (IEA Hydrogen TCP, 2021).
91
Additionally to the elements mentioned before, the West Beacon Farm has other sustainable energy
components: a 10 kW thermal heat pump (to circulate water from a coil at the bottom of an artificial lake to
provide central heating in the house), a 15 kW e, 38 kW th Totem combined heat and power (CHP) unit that
currently runs on LPG, evacuated tube solar thermal collectors for water heating, a conservatory used for passive
solar space heating, biomass space heating, a battery powered car and a battery-petrol hybrid car. Rainwater is
collected from the buildings’ roofs for washing, flushing because there is no mains water supply. The rainwater
will also be used as a feedstock for the electrolyser (IEA Hydrogen TCP, 2021).
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First, at times of surplus electrical supply H 2 is produced in an electrolyser (36 kW module,
8 Nm3H2 at 25 bar), then it is stored in pressurised tanks (2,856 Nm3, 137 bar, 3.8 MWh
equivalent) and when there is shortage of electrical energy, the hydrogen is reconverted
back to electricity via reverse electrolysis in a fuel cell (2 kW CHP + 5 kW). A vehicular fuel
cell electric-hybrid car is also part of the hydrogen components (IEA Hydrogen TCP, 2021).
West Beacon Farm indicates that hydrogen was used to store energy until recently (West
Beacon Farm, 2018). It is not clear if the hydrogen system is still running from the information
on the official website, but IEA (2020c) reports it was operating in 2020.
The West Beacon Farm website reports that the company FUELS FROM AIR LTD. is
responsible for the use of renewable energy to add value to non-fossil based carbon
dioxide—an approach that is different from capture and storage— to create their FFA fuel,
which is petrol/methanol. Their work is focused on the operation of a 5 litre per day
demonstration unit and develop a business plan to further implement the technology around
the world. Fuels From Air has a partnership with Arizona University to increase production
and promotion of the FFA fuel (West Beacon Farm, 2018). The FFA fuel process uses the
energy from the sun to capture water and carbon dioxide from the air. Then, the water is
split in an electrolyser and hydrogen is combined with the CO2 to create the synthetic fuels.
These fuels can be used as regular fuels to obtain energy from combustion (West Beacon
Farm, 2018).

III.1.7.2.2 HyNet North West
HyNet North West is announced as the first hydrogen energy and Carbon Capture, Usage
and Storage (CCUS) infrastructure project. Its goal is to reduce CO 2 emissions from industry,
homes and transport, as well as support the economic growth in the North West of the UK.
Estimated CO2 savings are approximately 1 million tonnes per year, and it is expected to be
delivered by 2026. Around 345,000 manufacturing jobs in the North West will be maintained
and 6,000 more will be created with HyNet North West (Cadent, 2018). Several companies
comprise the HyNet North West consortia, including Essar, ENI, CF, JM, inovyn,
Progressive Energy, Cadent, SNC Lavalin, InterGen, Encirc, University of Chester,
Pilkington, Solvay, Jaguar – Land Rover, Novelis, Ibstock Brick, PEEL, uniper, Unilever,
Cargill, Net Zero North West, North West Hydrogen Alliance and CPW (HyNet, 2020).
HyNet North West aims to start operating in 2025 and comprises hydrogen production and
CO2 capture and storage. This project first originated in 2016 for the Liverpool area
(Liverpool-Manchester Hydrogen Cluster) and in 2017-2018 it became HyNet. Five subprojects were initiated in 2016 and will be completed in 2022 to demonstrate the safety and
deliverability of the technologies that will be used in HyNet North West (HyNet, 2020):





HyNet Industrial Fuel Switching (IFS) programme: hydrogen demonstrations at
Unilever and Pilkington and an associated project at Essar’s Stanlow Refinery.
HyNet Hydrogen Supply (HSP): Front-End Engineering Design (FEED) study of the
hydrogen production plant at Stanlow Refinery. Also includes application for planning
consent.
HyDeploy: hydrogen-natural gas blend injection into the gas network at Keele
University and a residential open network.
HyMotion and H2GV: gathering of technical evidence to support hydrogen
demonstrations for heavy good vehicles (HGVs), trains and other freight transport.
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In addition, HyNet North West is collaborating with the Hy4Heat government
programme and the H21 Gas Network Innovation Competition programme, which
focus on the long-term conversion of the natural gas network to hydrogen in the UK.

The following phases and activities have been mentioned for HyNet North West (Table III.7)
(HyNet, 2020):
Table III.7. Phases and activities of the HyNet project
Phase

Year(s)

1

2025

2

20272028

3

2030

Activities
 Direct capture of 400,000 tCO2/year from one major industrial site.
 Construction of UK’s first low-carbon hydrogen plant—3 TWh/yr capacity—
at Stanlow Refinery.
 Repurpose existing natural gas pipelines for CO2 transport.
 Transport over 1 million tonnes CO2 for storage in depleted gas reservoirs
under Liverpool Bay’s seabed.
 Build UK’s first H2 pipeline network.
 Further reduction of CO2 emissions to 3-4 million tonnes per year via
additional H2 capacity to expand blending and supply a wider range of
industries.
 Emission reduction capacity up to 10 million tonnes per year
 1 million tonnes per year direct CO2 capture from industry
 30 TWh/year of hydrogen to supply at least one major 100% hydrogen power
station and heavy transport.
 Development of the first large-scale underground storage of hydrogen in the
UK (>1 TWh capacity) across underground salt caverns in Cheshire.
 Build 350 km of new pipelines for the first hydrogen network in the UK.
Source: HyNet (2020).

Cadent, the largest operator of gas networks in the UK, will lead the development of the new
hydrogen network, and Progressive Energy, with experience in CCS commercialisation, is
leading the CO2 pipeline development. The low-carbon hydrogen plant will be installed at
Stanlow Refinery and have LCHTM technology from the Johnson Matthey Group of
Companies. By 2050, hydrogen delivery capacity could be up to 130 TWh/year. Carbon
capture and storage will take the CO 2 emissions from the LCHTM plant and store it
underground in offshore depleted gas reservoirs in the Liverpool Bay. Other industrial sites
will be able to capture and store their CO 2 as well. HyNet North West needs around 25
GBP/MWh to bridge the gap between the cost of natural gas and low carbon hydrogen
(HyNet, 2020).
The developments within the UK’s policies and regulatory mechanisms are recognised as
elements that facilitate investment. For example, the Department for Business, Energy and
Industrial Strategy (BEIS) is considering to a scheme like the Contracts for Differences
(CfD)—which guarantee a fixed price for the low carbon electricity a generator sells into the
market— for hydrogen production and storage and CO 2 capture. The Renewable Transport
Fuel Obligation (RTFO) enables hydrogen to be sold as vehicle fuel at a price comparable
with petrol and diesel. The pipelines needed for hydrogen and CO2 transport could be funded
through the Regulated Asset Base (RAB) model. The Oil and Gas Authority already runs a
licensing regime for CO2 storage (Eni UK, a HyNet North West collaborating party has been
awarded a licence in the Liverpool Bay Area). It is intended to expand HyNet North West to
other areas, including Lancashire and Cumbria, Derbyshire, parts of the West Midlands and
into additional areas of Wales (HyNet, 2020).
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III.1.7.2.3 HyDeploy
This is an 8.6 million US Dollars Ofgem Network Innovation Competition (NIC) funded
project, aimed to demonstrate the safe use of hydrogen in UK’s homes by blending up to
20% volume92 of hydrogen with natural gas without changing cooking or heating
appliances93. The HyDeploy consortium is led by Cadent Gas. Northern Gas Networks and
Cadent Gas are the Gas Distribution Network sponsors of the project. Keele University, the
largest campus university in the UK, is the host site for the first stage and will provide the
gas distribution network. Progressive Energy Ltd is the project developer and project
manager. HSE – Science Division provides the laboratories and experimental expertise and
ITM Power is the electrolyser provider (HyDeploy, 2021; HyDeploy, 2018; Isaac, 2019;
Anon., 2016).
Hydrogen is produced by electrolysis, which is suit considering size and duration—transport
and storage infrastructure are avoided. The capacity of the ITM Power electrolyser is 0.5
MW 94. A hydrogen grid entry unit (H2GEU) to mix the hydrogen at desired levels and sample
points were installed in the network (HyDeploy, 2021; Isaac, 2019). There are three phases
considered (HyDeploy, 2021):




First Phase. Live test of H2-natural gas blend on part of the private gas network at
Keele University campus in Staffordshire. In October 2019, the UK Health&Safety
Executive gave permission to run the test, as the blend was approved for delivery
under the UK’s Gas Safety (Management) Regulations (GS(M)R). The test began in
autumn 2019 and ended in the spring of 2021. The blend was supplied to 100 homes
and 30 university buildings, proved to be safe at 15%. Concentration will be
increased up to 20%. Engineers are carrying out work within the compound on
campus to formally revert the gas supply back to natural gas.
Second and Third Phases. Larger demonstration on a public network in the North
East (Winlaton, Gateshead) and the North West, considering a range of gas
networks and customers in order to have representative evidence of the UK. HSE
approval is expected to allow these phases activities in the early 2020s. The test in
Winlaton will supply a 20% H2 blend to 670 houses, a church, a primary school, and
several businesses for a period on 10 months, starting in spring 2021.

III.1.7.2.4 Drax Zero Carbon Humber cluster
In November 2019, Drax Group plc announced the goal of this project: to enable the
Humber95 to become the first zero carbon industrial cluster in the world. Developed by the
Zero Carbon Humber Partnership (Drax Group, Equinor, National Grid Ventures, Humber
Local Enterprise Partnership and CATCH). It has an ambitious and complete plan to
decarbonise power generation in the industrial complex. Low carbon hydrogen will be the
main technology used to decarbonise industry, power, heat, transport and maritime across
the North of England. Carbon capture, usage and storage (CCUS) technology is coupled to
92

The current British limit is 0.1% mol (Isaac, 2019).
All gas appliances sold in the UK are certified with reference gas G222, which contains 23 mol% hydrogen
(Isaac, 2019).
94
ITM Power has deployed other electrolysers in Germany, with Thüga’s P2G Plant in Frankfurt am Main
being the first installation in Germany to use electrolysis to produce hydrogen and feed it into the gas
distribution network in 2014 (Anon., 2016).
95
The Humber and its surrounding areas comprise Britain’s biggest industrial economy. The industry employs
55,000 people (Zero Carbon Humber Partnership, 2019).
93
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decrease H2 related emissions (Zero Carbon Humber Partnership, 2019; Vivid Economics,
2020).
The Humber and its surrounding areas comprise Britain’s biggest industrial economy,
hosting the steel industry, oil refineries—two of the UK’s biggest refineries—, cement
manufacturers, petrochemical producers, and chemical manufacturers, as well as several
power stations. The Humber currently emits more CO 2 than any other UK cluster—12.4
MtCO2 per year— and is the most energy intensive region in the UK. The industry employs
55,000 people, which will be protected with the Cluster’s zero carbon development and as
many as 49,700 direct, indirect and induced jobs will be created as a result of the project.
Other benefits are the capture of 53 MtCO2 per year by 2050, saving 27.5 billion British
Pound Sterling in carbon taxes and 148 million British Pound Sterling in avoided public
health costs (2,100 tonnes of NOx and 11 tonnes of PM could be avoided with the uptake
of hydrogen transport). The Humber will also act as a catalyst for wider decarbonisation
within the industrial and power sector in the UK to achieve the net zero target and developing
a world-leading hydrogen economy (Zero Carbon Humber Partnership, 2019; Vivid
Economics, 2020). The stages of the project are presented in Table III.8.
Table III.8. Stages and activities of the Drax Humber Cluster project.
Stage

Year(s)

Activities

1

2025

Develop H2 demonstrator and test facility constructed in the Humber.

2

2027

Install CCUS technology on one Drax biomass unit—world’s first carbon
negative power station.

3

2028-2035

Install CCUS technology in all Drax biomass units (16 million tonnes of
avoided emissions)—large-scale transport and storage.

4

2028-2040

Scale up hydrogen production to provide low carbon fuel to multiple users
in the Humber (power, heating, industry, transport).
Source: Zero Carbon Humber Partnership (2019).

Cement and lime, oil refinery, iron and steel and chemicals are the main sectors that will
benefit from switching to hydrogen as their dominant fuel and capturing the CO 2 generated
during processes (not related to combustion) (Zero Carbon Humber Partnership, 2019). Low
carbon hydrogen and CCUS transport will be enabled by shared trans-regional pipelines.
The use of bioenergy with CCUS (BECCS) is one of the most important carbon capture
technologies because of the active removal of CO 2 from the atmosphere. Such systems will
be installed at Drax power stations to extract CO 2 from the flue gas and transport the CO 2
via pipeline to a permanent storage site under the southern North Sea (Zero Carbon Humber
Partnership, 2019).
Hydrogen production requires energy. It is estimated that hydrogen demand in 2050 will be
approximately 270 TWh. 80% will be produced by advanced gas reforming and the rest by
electrolysis. This means that large-scale production will need to be combined with CCUS
and when surplus renewable energy is produced, green hydrogen should be also produced
(Zero Carbon Humber Partnership, 2019).
The Zero Carbon Humber low carbon hydrogen production at scale will start in Equinor’s
Hydrogen to Humber (H2H) Saltend site and then in other sites along the pipeline route.
H2H blue hydrogen production is based on the natural gas reforming process, for which an
Auto Thermal Reformer (ATR) of 600 MW or more will be constructed. Hydrogen will initially
be blended at 30% or higher with natural gas in the Mitsubishi Hitachi Power Systems
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(MHPS) turbines at the power plant. It is expected to achieve at least 95% efficiency in
capturing CO2 when producing blue hydrogen. H2H Saltend will be operational by 2026 and
hydrogen at scale by 2030 (Zero Carbon Humber, 2019; Equinor, 2020).
Carbon capture will occur at px Group’s Saltend Chemicals Park and H 2 will be supplied for
industrial, commercial, and domestic use. The first consumers of the low carbon H 2, between
2026-2027, will be Triton Power and Saltend Chemicals Park—this site will have the
flexibility to switch between natural gas and hydrogen as the main fuel. All captured CO 2 will
be compressed at Centrica Storage’s Easington site, delivered via a new 25 km onshore
pipeline (to be constructed) and stored under the seabed in the North Sea using natural
offshore storage infrastructure shared with the Teeside industrial cluster. Clean hydrogen
will also be produced at Uniper’s Killingholme site in Immingham (Zero Carbon Humber,
2019; Equinor, 2020).

III.1.7.2.5 BIG HIT
BIG HIT stands for Building Innovative Green Hydrogen systems in an Isolated Territory: a
pilot for Europe, a project developed in the Orkney Islands, UK, with the objective to create
a replicable hydrogen territory by implementing a fully integrated model of hydrogen
production, storage, transportation and utilisation for heat, power and mobility. BIG HIT has
been announced as one of Europe’s leading energy systems (FCH, 2018; 2021).
The project started in 2016 and the end date was April 30, 2021. Total project cost is
estimated at 10.9 million Euros and project funding was 5 million Euros, provided by the
Fuel Cells and Hydrogen 2 Joint Undertaking. The official opening of the installations was
on 15th May 2018 (FCH, 2018; 2021).
The Orkney Islands are known for being a prominent region in the renewable energy field,
with many sites dedicated to harvesting the energy from the ocean and the wind using
turbines—over 50 MW of installed wind, wave and tidal capacity generate around 46 GWh
per year. The abundance of resources has positioned the Orkney Islands as a net exporter
of green electricity since 2013, but around 30% of the average annual output is lost due to
grid capacity restrictions (FCH, 2018).
BIG HIT will use the energy from two wind turbines and tidal turbines—installed at Eday and
Shapinsay— to generate approximately 50 tonnes per year of hydrogen with a 1.5MW PEM
electrolyser system: 1MW at Shapinsay and 0.5MW at Eday A part of the hydrogen will be
used for space heating at two local schools and the rest will be transported in hydrogen tube
trailers by sea to Kirkwall. A 75 kW fuel cell in Kirkwall will use the hydrogen to generate
heat and power for the harbour buildings, a marina and 3 ferries (when docked). A refuelling
station with capacity for 10 FCEV (Symbio Renault Kangoo) will also be available (FCH,
2021; BIG HIT, 2021).
BIG HIT was coordinated by the Fundación para el Desarrollo de las Nuevas Tecnologías
del Hidrógeno en Aragón (FHA). The project partners are from 6 different countries. The
industrial partners are: Calvera Maquinaria e Instalaciones SL (Spain, compressed gas
storage and transport systems), Giacomini SPA (Italy, heating, and cooling components),
ITM Power (UK, energy storage and clean fuels, PEM technologies 96) and Symbiofcell SA
96

ITM Power has sold number of MW scale plants during 2016 and is now responding to enquires for modular
designs with units in the 1MW to 10MW range (BIG HIT, 2021).
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(France, parts manufacturer, fuel cell kits). The Orkney Islands Council (UK), Community
Energy Scotland Limited (UK)97, the European Marine Energy Centre LTD (EMEC) (UK) and
the Shapinsay Development Trust (UK) provide local input. Danmarks Tekniske Universitet
(Denmark) is a technical partner and the Scottish Hydrogen and Fuel Cell Association LTD
(UK) is a dissemination partner. The Ministry for Transport and Infrastructure of Malta is a
lead follower territory for project replication (FCH, 2021; FCH, 2018).

III.1.7.3 Austria
III.1.7.3.1 H2FUTURE
H2FUTURE is considered a European flagship project. It started in 2017 in Linz, Austria and
has a duration of 4.5 years. Its goal is to generate hydrogen from a 6 MW PEM fuel cell
powered by renewable energy sources (H2FUTURE, 2021; IEA, 2020c). Seven partners
joined to develop the project (H2FUTURE, 2021; voestalpine, 2019).









VERBUND, Austria’s leading electricity company and one of the largest hydropower
producers in Europe—96% of its electricity is generated by hydropower and the rest
by wind power.
Voestalpine, company that offers products and systems solutions based on steel,
mainly in the automotive, consumer goods and oil and gas markets.
Siemens, a global company that focuses on electrification, automation, and
digitalisation. It is the manufacturer of Siemens Silyzer 300, a PEM electrolyser with
capacity of 6 MW/1,200 m3 of H2.
Austrian Power Grid (APG), Austria’s transmission grid operator in charge of keeping
balance between generation and consumption to ensure a stable grid frequency. Its
role in H2FUTURE is to support the prequalification of the PEM for the provision of
ancillary services, so it can gain experience with new technologies that may enter
the energy market for control reserves.
TNO, an independent research institute and international leader on sustainable
energy R&D from the Netherlands. TNO is conducting applied technological and
policy research to evaluate the replicability of H2FUTURE for the steel industry in
EU28.
K1-MET, a competence centre for Excellent Technologies and Advanced
Metallurgical and Environmental Process Development. Its role within H 2FUTURE is
to investigate steelmaking processes where hydrogen can substitute carbon-, or
carbon-based energy, as well as the quantitative technical and economic conditions
under which the electrolyser system becomes a viable option for the steel industry.
This investigation is possible thanks to the partnership between K1-MET and key
players in the metallurgical industry and science.

H2FUTURE has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking
(grant agreement No 735503), which in turn receives support from the European Union’s
Horizon 2020 research and innovation programme and Hydrogen Europe and N.ERGHY
(H2FUTURE, 2021). The EU granted 18 million Euros to H 2FUTURE (S&P Global, 2020).
CES is a registered Scottish charity that has been leading the Surf ‘n’ Turf initiative, a previous project that
has established production of hydrogen at Eday using wind and tidal energy and is considered foundational to
BIG HIT (FCH, 2018; BIG HIT, 2021).
97
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This project is relevant for the voestalpine because of the emissions related to the carbon
/coke used to remove the oxygen from the iron oxide (7% of CO 2 global emissions) to
manufacture steel in the blast furnace. The process has already integrated its energy
streams (almost self-sufficient, with electricity being produced at the site own power plants
powered by process gases). This means that the operation is already energy-efficient, but it
can have lower emissions. With H2FUTURE, voestalpine wants to replace the carbon/coke
for green hydrogen in electric arc furnaces to lower their emissions by around one third
during 2030-2035 and over 80% by 2050 (voestalpine, 2019). It is expected for H 2FUTURE
to deliver a work package to benchmark the technical, environmental, economic and gridrelated performance of the electrolyser, so that the project can be scaled and reproduced,
not only in the steelmaking industry but also in the fertiliser industry (H2FUTURE, 2021).

III.1.7.3.2 Underground Sun Storage
Underground Sun Storage started in July 2013 and ended in June 2017. Considering the
importance that the Austrian climate and energy fund gives to renewable energy storage,
the focus of this Power-to-Gas project was to determine whether underground gas storage
reservoirs in Austria98 could tolerate hydrogen up to 10% in gas. Wind and solar power were
the two renewable energies to produce hydrogen in Austria (Underground Sun Storage,
2021; Underground Sun Storage, 2017). The project was made possible by the following
partners presented in Table III.9.
Table III.9. Underground sun storage partners.
Consortium partners
RAG Austria AG
Austria’s oldest oil and gas exploration and
production company. Lead company for
Underground Sun Storage.
MUL - Montanuniversität Leoben
Fundamental research and simulations
BOKU
University of Natural Resources and Applied Life
Sciences, Vienna
Department for Agrobiotechnology, IFA Tulln
Institute of Environmental Biotechnology
Underground microbial processes assessments.
Energy Institute at the Johannes Kepler
University Linz
Responsible for the economic, systems analysis
and legal research.
Verbund
Austria’s leading power company and one of
Europe’s largest producers of hydroelectricity.
In collaboration with the Energy Institute at the
Johannes Kepler University Linz, Verbund is
examining the economic implications of power to
gas.
Axiom Angewandte Prozesstechnik
Specialist in industrial applications of membrane
technology.

98

Cooperation partners
NAFTA
Slovak leader in exploration and production of
hydrocarbons. 40-year experience in natural gas
storage and underground facility development—current
storage capacity around 2.6 bcm.
Responsible for the reactive transport modelling,
analysis of impact on subsurface completion, design
and supplying of compressor for parts of testbed facility.
DVGW
Independent and unbiased technical-scientific
association working for the water and gas industries to
create a basis for the safe and technologically flawless
supply of gas and water. A body of Technical Rules
comprise this basis.
ETOGAS GmbH
German company that develops, builds and sells
turnkey power-to-gas plants that convert electricity into
hydrogen and/or methane (synthetic natural gas, SNG).
ETOGAS is the electrolyser provider.

Hychico
Energy project from Argentina started in 2006.

Austria’s underground storage capacity is estimated at 92,000 GWh (Underground Sun Storage, 2021).
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Development of new applications for membrane
gas separation in joint research with Vienna
University of Technology’s Institute of Chemical
Engineering.
Source: Underground Sun Storage (2021).

The project was split into two phases: the first one being the basic research with laboratory
tests, literature review and simulation and the second included the planning, building,
approval and execution of the field-test facility to gain real interdisciplinary insight into the
storage of hydrogen in a subsurface gas storage. The work was distributed along ten workpackages: project management, geochemistry and reactive transport modelling, microbial
processes in hydrogen exposed reservoirs; separating natural gas and hydrogen, materials
and corrosion, hydrogen separation, design and construction of the testbed, operation of the
testbed, risk and life cycle assessment and economic and legal assessment (Underground
Sun Storage, 2021; Underground Sun Storage, 2017).
The test facility was constructed in 5 months. The surface installations consisted of a
compressor that pressed the gas mixture into the reservoir, an electrolysis plant for hydrogen
production and various measuring systems and auxiliary systems. The 2-axis auto tracking
PV-unit had 2.3 kWp capacity and produced the electricity to run the electrolyser. Water was
obtained from a well a deionised before entering the electrolyser. The alkaline electrolyser
hydrogen production unit had 600 kW, 100 Nm3/h capacity and was connected to the
membrane unit (polymer hollow fibre membrane). Hydrogen was then conduced to a
compressor unit (3-stage reciprocating compressor with electrical drive, 130 kW) to give the
desired pressure for injecting the gas underground99. Around 82% of the injected hydrogen
volume was withdrawn from the reservoir (Underground Sun Storage, 2017).
No hydrogen-induced integrity problems were detected during the operation of the field test
and the associated facilities. In the future, specific production costs of around 13 cents per
kWh of hydrogen or 18 cents per kWh of synthetic methane can be achieved. The partners
concluded that the development of the power-to-gas system needed to be accelerated from
a technological and regulatory point of view, as well as from the perspective of intelligent
business models, to be able to realise the positive economic and systemic contributions
(Underground Sun Storage, 2017).

III.1.7.4 Finland
III.1.7.4.1 BALANCE-EU
The project was funded by the European Union’s Horizon 2020 and was coordinated by the
VTT Technical Research Centre of Finland, a national non-profit research organisation, with
a total budget of 4 million Euros (VTT, 2019a). Balance has the following objectives (Vaisala,
2019):



Reduce GHG emissions in Finland’s energy system.
Integrate wind and solar energy into the grid.

The selected site for the tests was the Lehen-002 reservoir near the city of Vöcklabruck in the district of Upper
Austria. The sandstone body was enclosed by clay rock and lies isolated in the shallower layers of the molasse
zone (Haller series) at a depth of around 1,022 meters. The gas volume storage capacity was around 6 million
Nm 3, an extremely small volume that made the site an ideal place for testing ( Underground Sun Storage,
2017).
99
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Produce synthetic fuels from renewable sources to be used in vehicles.

Excess electricity from the grid is fed to a reversible oxide solid cell (rSOC), which can
convert electricity to hydrogen and vice versa. The hydrogen is used to produce synthetic
fuels, which can be stored until there is demand from the industry or the mobility sector. The
fuel can be fed to the fuel cell to convert back to electricity and connect to the power grid
(Vaisala, 2019). When the cell converts hydrogen or fuel into electricity (peak demand) it
enters a Solid Oxide Fuel Cell (SOFC) mode and when electricity production exceeds
demand, the rSOC enters a Solid Oxide Electrolyser Cell (SOFC) mode to generate
hydrogen (Hajimolana, et al., 2020). IEA reported the project as a 0.006 MW SOEC fuel cell
for power uses and chemicals (IEA, 2020c).
The project duration was 3 years, from 2017 to 2019. A prototype rSOC was designed,
optimised, and constructed. The test run started in July 2019 and the rSOC could produce
2 kW of electricity and 0.2 kg H2/hour (VTT, 2019a). The project partners were VTT, CEA,
TU Delft, ENEA, EPFL, University of Birmingham, DTU, JEN (VTT, 2019a) and Vaisala
(Vaisala HUMICAP Humidity and Temperature Probe HMP7) (Vaisala, 2019). The project
was expected to end in November 2019 (VTT, 2019b).

III.1.7.4.2

Bioeconomy+

In 2018, VTT and St1 announced the launch of a unique experiment aimed to produce solid
and liquid hydrocarbons from industrial carbon dioxide. Pilot-scale experiments were to be
carried out during autumn of 2018 (starting in October, estimated duration is 5 weeks) at a
biorefinery owned by St1 and located in Jokioinen, Finland. The experiment is part of a twoyear project, Bioeconomy+, co-financed by the European Regional Development Fund, VTT
and other partners100 (VTT, 2018).
The pilot test will connect a mobile water electrolysis and multipurpose synthesis unit to an
industrial facility operating as a biogenic CO 2 source (VTT, 2018), in a Power-to-X
configuration, and the developed infrastructure will remain at VTT for later commercial
applications (EAKR-hanke bioeconomy+, 2021). The elements that comprise the system are
(EAKR-hanke bioeconomy, 2018):




The mobile synthesis unit (MOBSU) can turn hydrogen and CO 2 into waxes, liquid
hydrocarbons, synthetic natural gas and methanol. Its mobile nature allows to
transport it to any facility to be used in cooperation with interested Finnish
companies. For the demonstration, the biogenic CO2 from bioethanol production—
normally vented— at St1 bioethanol production site was captured.
The Giner ELX Electrolyser, a PEM electrolyser with 4 Nm3/h capacity at 25 kW
nominal power and high purity hydrogen is obtained.

100

The complete list of partners is: VTT Technical Research Centre of Finland Ltd, St1 Renewable Energy Ltd,
CarbonReUse Finland Ltd, Koskisen Ltd, BioGTS Oy, Jyväskylän Seudun Puhdistamo Oy, Ab Stormossen Oy,
Valoe Corporation, JAMK University of Applied Sciences, City of Jyväskylä, Municipality of Laukaa, Town of
Kuusamo, Mäntsälän Biovoima Oy, Forus Oy, Suomen Kerta Oy and Ineratec GmbH (VTT, 2018).

107

Assessment of the greenhouse gas mitigation potential of green hydrogen.
An implementation roadmap for Mexico

III.1.7.5 France
III.1.7.5.1 Jupiter 1000
This project is announced as the first industrial demonstrator of Power-to-Gas in France and
is in Fos sur Mer. The long-term goal of the project is to launch the Power-to-Gas activity in
France—which could be as large as 15 TWh per year by 2050—and short-term objectives
are to validate the storage process for the electrical network and build a business model
(Jupiter 1000, 2021; McPhy, 2020b; GRT Gaz, 2020).
Jupiter 1000 is coordinated by GRT Gaz and financially supported by ADEMA, the European
Union, Région Provence Alpes Côte d'Azur and Investissements d'Avenir. Total budget is
estimated at 38.5 million Euros. McPhy, a supplier of hydrogen production and distribution
equipment, was selected to supply the electrolyser and fuel cell. Jupiter 1000 is the first
project to test the performance of the two technologies under real conditions. Other
commercial partners are RTE (French transmission system operator of electricity), Teréga
(operator of the natural gas transmission system for the South-West of France), Khimod
(designs, develops, manufactures and sells highly critical mechanical equipment), CEA
(major player in research, development and innovation for low carbon energies), CNR (first
French company with 100% renewable energy field), Leroux&Lotz Technologies (specialist
in industrial boilers and combustion installations) and Marseille Fos (largest port in France)
(Jupiter 1000, 2021; McPhy, 2020b; GRT Gaz, 2020).
In 2014, the project was defined, and a general design was made. During 2015 the partners
signed agreements and investment decisions. In 2016, the engineering studies took place
and the permitting process started. A year later, construction begun and in 2018 the
equipment was delivered on site. In 2019, the connection and launch of hydrogen tests took
place. 2020 was the year for commissioning the alkaline electrolysis and in February 2020
the first injection of hydrogen took place. In 2021-2022 the PEM electrolysis commissioning,
the construction of CO2 capture system and pipelines and methanation commissioning will
be executed, as well as the first injection of synthetic methane. End of trials is expected in
2023 (Jupiter 1000, 2021; GRT Gaz, 2020).
McPhy commissioning occurred in 2018-2019 (as reported by the company). The hydrogen
platform has 1 MW capacity and consists of a 0.5 MW alkaline electrolyser and a 0.5 MW
PEM electrolyser (McPhy, 2020b). Jupiter 1000 reports 2018 as the year of the project startup. Green hydrogen will be produced in the hydrogen platform using 100% renewable
energy. Carbon dioxide will be captured in a nearby site and fed to a reactor to be
methanated (Jupiter 1000, 2021). The reported flow ranges are 200 Nm 3/h for hydrogen and
25-30 Nm3/h for the synthetic methane (GRT Gaz, 2020). The first injection of hydrogen was
made during February 2020, but tests were interrupted due to the COVID-19 containment
measures and had to be suspended until August 2020 (Jupiter 1000, 2020a).

III.1.7.5.2 GRHYD
GRHYD was launched in January 2014, and it was the first Power-to-Gas demonstrative
project in France. The French government supported the demonstration project conducted
by ENGIE and other partners, including GrDF, GNVERT, AREVA Hydrogen and Energy
Storage, CEA, McPhy Energy, INERIS, CETIAT, STDE, DK Bus and CETH2 (ENGIE, 2021;
AFHYPAC, 2017). Project’s budget was estimated at 15 million Euros (McPhy, 2018;
ENGIE, 2018).
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The first two years were focused on technical and social studies, followed by a five-year
demonstration phase of transport and housing uses for hydrogen in Cappelle-la-Grande and
an NGV refuelling station for buses located in the Dunkirk Urban Community. Hythane, a
natural gas and hydrogen mix, was planned to substitute natural gas for cooking, space and
water heating (ENGIE, 2018; 2021).
Hydrogen was produced with surplus renewable energy in a PEM electrolyser (10 Nm3 per
hour capacity), stored in a module (5 kg capacity hydride technology) and then injected in
the natural gas distribution grid. First it was distributed at a 6% concentration and then at
20% in 2019. Distribution was available for 200 homes (120 individual homes and 80
collective residential locations—apartments) and a VNG bus fuelling station adapted to work
with Hythane. The fuelling station was expected to serve a fleet of 50 buses (Engie, s.f.;
AFHYPAC, 2017; IEA, 2020c). McPhy (2020a) reports that the project was inaugurated in
2018 and the experimentation phase ended in 2020. McPhy was the supplier for the metal
hydride storage system, but since December 2018 no longer commercialises its solid
storage solution.

III.1.7.6 Iceland
III.1.7.6.1 Ecological City Transport System (ECTOS)
Icelandic New Energy Ltd. was formed in 1998 because of the Icelandic Ministry of Energy
efforts to determine the feasibility of domestic fuel production, particularly hydrogen and
hydrogen blended fuels. 51% of the shares were owned by a consortium formed of the
Icelandic New Business Venture Fund, Icelandic corporations in the energy sector and two
major institutions. The other 49% corresponded to three companies: DaimlerChrysler, Norsk
Hydro and Shell Hydrogen (IEA Hydrogen TCP, 2021).
The Fifth Framework Programme of the European Union funded the demonstration project,
which had two main objectives: to build a hydrogen fuelling station, completely integrated
into the urban grid, and introduce a hydrogen fuel cell bus fleet, consisting of three
passenger buses, in the Reykjavik public transport fleet for a test period of three years (IEA
Hydrogen TCP, 2021). The program had a duration of four years, from March 2001 to August
2005 (Transport Research and Innovation Monitoring and Information System, 2021).
Shell Hydrogen provided the production (gas purification, cooling tower), compression,
storage and dispensing station, equipped with an alkaline electrolyser—producing 99.8%
fuel purity— from Norsk Hydro operating on the municipal power grid and municipal water
network. Oxygen was vented to the atmosphere. Hydrogen was delivered at 440 bar, after
compression, allowing refuelling of approximately 30 kg of hydrogen in 10 minutes. Total
capacity of the station is 200 kg H2/day. Evo Bus (owned by DaimlerChrysler) was the bus
manufacturer—the cell drive train design was based on the Mercedes Benz Citaro— and
Ballard made the fuel cell systems (PEM) for the buses, with a capacity of 250 kW or 150
km-240 km expected driving range (depending on the number of stops and idle time.
Additionally, a maintenance bay was installed 200 m from the hydrogen station (IEA
Hydrogen TCP, 2021).
The project was divided in two stages which lasted two years respectively. First stage
involved preparation, establishing infrastructure, and designing methodology for
socioeconomic impacts research. These actions would allow to pass to the second stage in
which the demonstration of the commercial infrastructure needed for a hydrogen powered
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bus fleet (three passenger buses) was made. At the end of the first stage several problems
showed, for example, the harsh conditions under which steel elements of the station had to
operate (pressure, hydrogen, and hot lye), and required to have a very low carbon content
steel (many elements had to be replaced, adding up costs and time). Static data gathering
from the system was also a challenge because there was considerable variation in the
pressure, temperature, and weight readings during refuelling (IEA Hydrogen TCP, 2021).
Another problem occurred when turning off the electrolysing unit, because it had been
emptied with nitrogen –an inert gas— every time the system shuts down when demand
decreased, otherwise the hydrogen could chemically damage the surface of the components
and compromise the entire system, but the use of nitrogen elevated costs significantly. The
most economical solution was to produce hydrogen without system shutdowns (IEA
Hydrogen TCP, 2021). The purging and idling issues had to be addressed to increase fuel
efficiency, which was lower than hoped but in this specific case, the buses were designed
for reliability and are not optimised for efficiency. Although the buses performed as planned,
the costs of maintenance and operation of the hydrogen infrastructure were high in
comparison to diesel buses (Transport Research and Innovation Monitoring and Information
System, 2021). The bus drivers had positive responses towards the technology and enjoyed
driving the fuel cell buses. They also claimed that the passengers made positive comments
about the vehicles. The buses showed extremely high availability and no major incidents
(Transport Research and Innovation Monitoring and Information System, 2021).

III.1.7.7 Spain
III.1.7.7.1 Fuel Cell Innovative Remote Energy System for Telecom (FIRST)
The objective of the project was to assess the technical and economic viability of coupling
fuel cells for hydrogen production with renewable power systems for remote telecom
applications. Improving power availability and reducing costs and size in comparison with
conventional solar powered systems were the two main goals, given the need of oversizing
PV panels and provide auxiliary diesel power units in conventional systems to assure high
reliability (IEA Hydrogen TCP, 2021).
Total budget was 3.4 million Euros (4.15 million US Dollars) and the project started in March
2000 and continued for the next 4 years. It received 50% contribution by the European
Commission. Between 2000 and 2004 two experimental systems were built and tested in
Madrid, Spain (IEA Hydrogen TCP, 2021):




Showcase 1: PV-Fuel Cell Hybrid System. Intended to be continued. Approximately
12 months in full operation from 2003 to 2004. System comprised by a fuel cell stack
(27 fuel cells, 8-12 A each) of 220 W gross capacity coupled to a solar CIS PV
generator and a 48V, 360 Ah battery bank for short term energy storage. 4 bottles of
8.8 Nm3 were used for hydrogen storage. The system acted as an emergency power
system for the telecom equipment, so power availability was increased almost up to
100%.
Showcase 2: PV system long term energy storage. Not to be continued. In full
operation from June 2003 to March 2004. Electricity was generated in PV modules
and excess energy was used to produce hydrogen in a water electrolyser. The
hydrogen was stored in the Hydrogen Storage System (HSS) based on metal hydride
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technology (LANi5, 70 Nm3 capacity101) and with two hydrogen purification units102.
When required, hydrogen was consumed by a fuel cell. The PV modules were
connected to a lead acid battery (19 kWh capacity, enough for 5 days of autonomous
load supply). A hydrogen sensor was installed in the room. The control system sent
a signal to purge the room with outside air if the hydrogen concentration exceeds
safety levels.
The sizing of the components was done from a lifetime cost optimisation perspective using
the simulation tool TALCO. The telecom system that was chosen for the tests is Alcatel
EVOLIUM WLL (A9800), a digital radio access system designed to supply telecom services.
The system could be in remote locations and work in a stand-alone configuration. The power
and voltage range can be easily extrapolated to other systems (IEA Hydrogen TCP, 2021).
Seven partners joined for this project (IEA Hydrogen TCP, 2021):










Instituto Nacional de Técnica Aeroespacial (INTA) was the project coordinator and
host and operator of Showcase 1.
Air Liquide. Provided hydrogen and air-supply systems and control. Also acted as
system integrators.
Fraunhofer Institute for Solar Energy Systems (FhG-ISE). Supplied the electrolyser
and the Energy Management System. The electrolyser had an improved design, with
expanded titanium plates instead of expensive titanium sintered plates. This also
allowed to use cheaper seals. The power required to operate the electrolyser was
approximately 1 kW and operating pressure was 30 bar.
Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas
(CIEMAT). Host and operator of Showcase 2.
Instituto de Catálisis y Petroleoquímica, Consejo Superior de Investigaciones
Científicas (ICP-CSIC). Produced the metal hydride seasonal storage system and
purification units.
NUVERA Fuel Cells Europe. Fuel cell stack provider.
WUERTH Solergy. Manufactured the PV generators and MPPT charge controller.
PV panels were based on thin film CuInSe2 technology and had a peak power of 1.6
kW for Showcase 1, distributed in 15.9 m2 and average efficiency of 8%. Showcase
2 had 22 thin film CIS modules, achieved 1.5 kW peak capacity and average
efficiency of 10%.

Four organisations—stakeholders in hydrogen energy systems— comprised the Board of
Interest (IEA Hydrogen TCP, 2021):



INABENSA
GREENCELL

101

The HSS was comprised of 7 cylinders which could hold up to 700 kg of metal hydride. The metal hydride
had the following composition: 23.7% La, 2.64% Ni, 0.01% Al and 0.03% Sn. Its operating temperature ranges
were between 0°C and 50°C (IEA Hydrogen TCP, 2021).
102
The purification units could be selectively used. The first unit operated by retaining water over adsorbent
materials (zeolites and/or activated carbon) and the second was based on a Pd catalyst (Deoxo) that separated
oxygen from hydrogen (IEA Hydrogen TCP, 2021).
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CHLORIDE
ISOFOTON

The team was able to conclude that (IEA Hydrogen TCP, 2021):













The system reached 100% power availability after the initial integration process
issues were resolved.
Little maintenance was required. The water produced by the fuel cell was stored in
a vessel that needed to be removed periodically and the PV panels had to be
cleaned.
The metal hydride storage system proved to be problematic in the Madrid climate.
An A/C unit had to be installed in Showcase 2 to increase storage efficiency and
avoid safety risks related to the high temperatures in summer, when the room
temperature reached 40°C. The higher the temperature, the higher the pressure
within the HSS and this could decrease the charging capacity. During winter, the
tanks had to be heated to enable the release of hydrogen from the storage unit.
Spain’s high solar power availability had allowed the solar energy market to
experiment a rapid development. During summer, the fuel cell did not operate
because the battery stack charge never went below 70% with an ongoing
telecommunication load of >200 W. The PV modules were able to supply more than
adequate power for the telecom system.
INTA found that the high costs of fuel cells were the main reason why the cost
reduction goal for the hybrid PV-fuel cell system was not met in contrast to a pure
PV system for the telecom application in Madrid. The commercial cost of fuel cells
had to be 1000 Euros/kW or lower to meet the cost reduction goal. The same system
at a higher latitude (e.g. Freiburg) would be able to reduce costs in 25% in contrast
to a pure PV system. Hybrid systems could reduce PV panel requirements more than
40%.
FhG-ISE stated that hybrid systems were complex and required very flexible
management and control systems for all innovative components to operate properly.
They also highlighted that field experience was irreplaceable and cooperation among
the operators (INTA and CIEMAT) was very constructive.
NUVERA reported a tedious process in the automation of the system and needed to
study and accurately manage dry gas condition on air side and to control the
prolonged shut-down.

III.1.7.7.2 Fussion Fuel and Magnesitas de Rubian SA
Fusion Fuel and Magnesitas de Rubian SA signed a memorandum of understanding to
assess the feasibility of combining green hydrogen and carbon capture technology to reduce
the carbon intensity of mining operations in Lugo, Spain (International Mining, 2021a). The
project includes the installation of up to 10,000 HEVO-SOLAR units to produce 20,000
tonnes per year of green hydrogen. A fraction of the hydrogen will be used to generate
industrial heat in natural gas/hydrogen combined furnaces and the remainder will be
combined with 125,000 tonnes of CO2 from the carbon capture system to produce between
38,000 and 45,000 tonnes per year of synthetic fuels (International Mining, 2021a).
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HEVO-SOLAR is Fussion Fuel’s signature solar-electrolysis technology, launched in 2018,
combining high efficiency concentrated photovoltaic solar modules (CPV) with miniaturised
PEM electrolysers, called HEVO electrolysers. Each HEVO-SOLAR unit has an area of abut
100m2 and 4 tonnes of weight, with a capacity up to 1 tonne of hydrogen per year in a
location with 2,100 kWh/m2/year (for example, in southern Portugal)—the manufacturer
states that a 2 tonnes per year production is also possible (Fusion Fuel, 2021).

III.1.7.8 Sweden
III.1.7.8.1 Zero Emission Hydrogen Turbine Centre (Project ZEH2TC)
H-TEC SYSTEMS announced their new partnership for the Zero Emission Hydrogen
Turbine Centre (Project ZEH2TC) in Finspång, Sweden, which will be the entry of the
company to the Scandinavian market. For this project, Euromekanik AB will use one ME
100/350 PEM Electrolyser in a zero emission microgrid comprised by solar power, hydrogen
generation, gas storage and gas turbine power generation. The demonstrator is being
installed at Siemens Energy gas turbine test-facility, will start operations in the spring of
2021 and continue until September 2022 (H-TEC SYSTEMS, 2021; ZEHTC, 2021).
The project is financed by Smart Energy Systems ERA-Net and the Swedish Energy
Agency. Project partners are Siemens Energy, the County administrative Board of
Östergötland, the Finspång Municipality, Chalmers University of Technology, University of
Bologna and Linde Group. The Euromekanik-H-TEC partnership is responsible for the
electrolyser, compressor, and hydrogen storage. Stella Futura supplies the solar field and
battery storage and Caverion oversees the control room (H-TEC SYSTEMS, 2021; ZEHTC,
2021).
Excess energy from gas turbine tests and electricity from the solar panels will be fed to the
electrolyser, and hydrogen will be used as a fuel in the turbine tests to achieve a 100%
hydrogen fuelled turbine—Siemens goal by 2030. The ME 100/350 electrolyser will convert
up to 5.4 MWh of energy into 4 MWh of hydrogen per day—with a nominal load of 225 kW,
it can produce up to 100 kg of hydrogen per day or 47 Nm3/h. A diaphragm compressor
(15.5 kW) will compress the hydrogen from 30 bar to 200 bar, and the hydrogen will be
stored at 200 bar in a 24,000 litre hydrogen storage station (ZEHTC, 2021; H-TEC
SYSTEMS, 2021). The solar panels have a 133 kW peak (DC)/100 kW (AC) capacity and
cover an area of 1,500 m2. The gas turbine will operate at 15%vol hydrogen—an hour of full
load test operation consumes 150 kg H2, equivalent to 360 kg fuel gas or 1 tCO 2 (ZEHTC,
2021).

III.1.7.9 Norway
III.1.7.9.1 Grimstad Renewable Energy Park
The Energy Park was born after Adger University College (HiA), Aust-Agder Kraftverk (AAK)
and Vest-Agder Energiverk (VAE) signed a cooperation agreement to develop renewable
energy and energy efficient technologies in 1997. Then, in 1998, Kristiansand Energiverk
joined and in 2001 Adger Energy (AE)—one of the major energy companies in Norway (IEA
Hydrogen TCP, 2021).
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The objective of the project was to increase the competence of the partners in renewable
energy technologies, for which four elements were identified as necessary: grow
international contacts, develop a Ph.D. program, engage in energy studies and start the
Energy Park. The Energy Park officially opened in June 2000 as a tool for research and
education in integrated renewable energy systems and demonstrate the systems for the
public. The installations included thermal solar collectors, PV cells, three heat pumps
(collecting heat from four boreholes, 150 m deep, connected to the solar collectors), a 50kW electrolyser for H2 production and a 2.5 kW alkaline fuel cell stack (IEA Hydrogen TCP,
2021).
Flexibility was an important aspect for the Energy Park, for which a data acquisition system
was constructed with 100 sensors installed around the park to measure temperature, gas
and liquid flows, hydrogen concentration, water purity, current voltage. Field Point I/O units
were included in each sensor and communication with the sensors, as well as pump
frequency and flow rate for solar collectors and ground wells controllers, was enabled by
Ethernet TCP/IP. The data acquisition system was made to be easily expanded (IEA
Hydrogen TCP, 2021).
Norsk Hydro provided the prototype HPE 10, 50-kW high pressure alkaline electrolyser. The
maximum capacity of production was 10 Nm3 per hour and 99% purity at 15 bar. After
production, the hydrogen was stored in two 4 m3 tanks at 15 bar and the oxygen was vented
to the air. The main problems were caused in the pressure balance in the system during
nitrogen-purging of the electrolyser before start-up to push out oxygen. The purging
pipelines were rebuilt to be symmetric in both separator systems, and the electrically
operated on/off valves were replaced with pneumatic valves (IEA Hydrogen TCP, 2021).
The 2.5 kW alkaline fuel cell stack was produced and installed by Ze-Tek Power, as well as
the subsystems needed (electrolyte circulation, CO2 removal, cooling, air fans and control).
The system had not been tested because the control subsystem was not finished. Testing
would occur in the long-term, under different conditions. There was interest in testing other
fuel cells, such as PEM, whose intended use will possibly be in the residential power
generation sector, and the Energy Park was looking for PEM cell producers. Energy Park
has proven to be a success, as more than 4,500 people have visited the park and many
national seminars on renewable energy have been held (IEA Hydrogen TCP, 2021)

III.1.7.10

Netherlands

III.1.7.10.1

HyStock hydrogen storage

HyStock is a pilot program completed in May 2020 in the city of Veendam, considered the
first Power-to-Gas facility in the Netherlands. The project consists in the conversion of solar
energy into hydrogen and is owned and operated by Gasunie, through its subsidiaries
Energy Stock and Gasunie New Energy (Daniel Sweet, 2020). The project was co-financed
by the European Union (Gasunie, 2021).
In October 2018, Energy Stock and Gasunie New Energy started commissioning a 1 MW
PEM electrolyser103. The electricity that powers the electrolyser comes from an array of
4,500 solar panels and is transported via TenneT high voltage electricity grid and delivered
to HyStock facilities. Hydrogen is then compressed and stored in tube trailers, but it can also
103

IEA (2020c) reports a 220 Nm3/hour production capacity.
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store H2 in salt caverns 1 km below the facility, near Zuidwendig. Testing of hydrogen
storage in caverns will start in April 2021 and if the tests result positive, the first filling with
hydrogen will take place in 2026. Underground storage allows for much higher storage
capacity—estimated 240,000 MWh or 20 kt of hydrogen— and can be connected to
industrial sites and the Dutch natural gas network104 (TSO 2020, 2019; Daniel Sweet, 2020;
Gasunie, 2021; Gasunie New Energy, 2021; IEA, 2020c).
In the short term, Energy Stock purpose is to support the development of hydrogen mobility
(TSO 2020, 2019) in cooperation with the High V.LO-City project, which aims at facilitating
the deployment of fuel cell electric buses and their related hydrogen refuelling infrastructure
in European cities (TSO 2020, 2019; Daniel Sweet, 2020).

III.1.7.10.2

Power-to-Gas Rozenburg-Phase 2

The project is led by Stedin, a gas and power networks operator, and managed by DNV GL.
Stedin has financed part of the project in cooperation with TKI Gas. The Rotterdam council
gave permission and made available a site of 625 m 2 for implementing the project, and
Ressort Wonen is the organisation that represents the end users. The duration of the project
is from 2013 to 2023, has two phases and consists of hydrogen generation for grid injection
with a 0.007 MW PEM fuel cell, with the objective of heating homes in the Netherlands with
100% hydrogen, replacing natural gas in existing pipelines (IEA, 2020c; DNV, 2021; DNV
GL Oil & Gas, 2015). The two phases of the project have consisted of the following (DNV,
2021; DNV GL Oil & Gas, 2015):




The first phase started to develop the Power-to-Gas concept, enabled by water
electrolysis and methanation. It ran from 2013 to 2018 and produced methane and
synthetic natural gas (SNG) by reacting hydrogen with carbon dioxide. The SNG was
injected in the natural gas network. Hydrogen was produced with a PEM electrolyser
that operated with sola PV-generated electricity. When solar energy was not enough
to meet demand, electricity from the grid was used. The electrolyser used is
commercially available: Hogen S-40, series II electrolyser is able to generate
hydrogen with a theoretical purity of 99.9995%, <5 ppm water and < 1 ppm oxygen.
The net hydrogen production capacity was 1.05 Nm3/hour or 2.27 kg/day. Water
consumption was 9.93 kg water/kg hydrogen. The theoretical gas-energetic
efficiency of the electrolyser was 46.7%. The electricity consumption was 8.3
kWh/Nm3 hydrogen. The water needed has specific conductivity parameters, so a
water deionisation system was included. Methanation is a multi-step process that
took place in four stainless steel solid-bed reactors with total volume of 4.2 litres
(optimum temperature of 377°C and 15 bar pressure) and required a finely grounded
Ni catalyst, with a different percentage of nickel oxide on each reactor.
Tetrahydrothiophene (THT) was added to the gas to provide the same characteristic
smell as natural gas.
The second phase started in 2018 and will end in 2023. Enapter (German
electrolyser designer and manufacturer) supplied 8 anion exchange electrolyser
units that can be stacked to form a larger electrolyser system to produce hydrogen.
Total production of hydrogen is 4 Nm3/h. The H2 is distributed to central boilers that
heat 25 apartments and a gas-fired boiler is available as backup. After the
Rozenburg demonstration, the next step is to enable heating for 550 homes in the

104

Dutch network operators Alliander, Enexis Groep and Stedin have built a conventional natural gas grid to
enable research on the possible applications of hydrogen (Daniel Sweet, 2020).
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village of Stad aan 't Haringvliet, South Holland, by 2025, using the existing natural
gas pipeline network (DNV, 2021).

III.1.7.11

Multi-country projects

III.1.7.11.1

STORE&GO

STORE&GO, acronym for Innovative Large Scale Energy STORagE Technologies & Powerto-Gas Concepts after Optimisation, is an energy storage demonstration project under the
Power-to-Gas scheme, funded with 18 million Euros by the EU Horizon 2020 initiative from
2016 to 2020. The STORE&GO consortium involved 27 partners: large industrial players,
innovative small companies, and research institutes. DVGW was the project’s international
coordinator through its research centre at the Engler-Bunte-Institute of the Karlsruhe
Institute of Technology (KIT). The partners were focused on the development of reactor
concepts, electricity grids, techno-economic studies, business development and legal
aspects. Besides the objective of energy storage, the project aimed to free the heating and
transportation sector from CO 2 emissions by replacing fossil gas in all applications
(STORE&GO, 2016; STORE&GO, 2020a). Three methanation pilot plants were built and
put in operation to convert hydrogen and carbon oxides to produce synthetic natural gas
(SNG). Below is a brief description of each plant.
 Falkenhagen in Germany.
Falkenhagen is a rural region in the northeast of Germany with significant number of wind
power and solar PV power plants. The target audience for the STORE&GO Falkenhagen
project is diverse, from companies to policy makers and citizens. Guided visits have
occurred since the inauguration event of the plant, e.g., Kobelco Steel (Thyssenkrupp
Industrial Solutions partner) visited the site during September 2019 (Schmidt & Föcker,
2020).
The plant size is 1,000 kW and operates based on isothermal catalytic
honeycomb/structured wall reactors. A 2,000 kW alkaline electrolyser system is the source
for hydrogen and heat integration could be put in place in the future in coordination with
Veneer mill (STORE&GO, 2020b).
The process to obtain SNG—based on the Sabatier reaction— requires carbon dioxide and
hydrogen. Hydrogen is obtained from regenerative water electrolysers which are already
available in Falkenhagen105. The carbon dioxide is sourced in liquid form from a bioethanol
plant in Zeitz from the company SOL Kohlensäure. Hydrogen and carbon dioxide are
pressurised and mixed to be fed to the reactors. Methanation is a two-stage process; during
the first stage SNG is generated up to an 80% rate, and in the second stage the high purity
SNG (99.4% methane) is obtained so it can be injected into the natural gas pipelines network
(Schirrmeister, et al., 2017).
The manufacturing and inspection processes for all required equipment parts and services
(including electro and instrumentation) were completed in October 2017 and mechanical
completion was achieved in December 2017. The commissioning works for the methanation
plant were completed in January 2019, as well as the first injection of synthetic natural gas
105

Hydrogenics delivered the main components of the existing power-to-gas plant including the 6 electrolysis
systems and the two pipeline compressors (Schirrmeister, et al., 2017).
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on the ONTRAS transport gas network. The project experimented schedule delays due to
issues during the procurement process for the catalyst-coated honeycombs for the
methanation steam boiler (Schirrmeister, et al., 2017).
 Solothurn in Switzerland.
Solothurn is a municipal area in the Alps region with a considerable renewable potential for
solar and hydro power. The pilot plant has a 700 kW capacity and is based on a biological
methanation process, with two 175 kW electrolysers producing the required hydrogen. Heat
integration can benefit the homes in the region if the proper systems are put in place
(STORE&GO, 2020b).
The hybrid plant uses a biological methanation process which relies on Archaea to produce
methane, water and heat from hydrogen and carbon dioxide in a vertical reactor (3.5 m 3
capacity). Archaea require specific temperature (62°C average) and nutrients (sulphur,
nitrogen, salts, and minerals) to thrive. At 100% load, PEM electrolysers provide the required
hydrogen (120 Nm3/h), which is compressed to 13.5 barg before entering the reactor. CO 2
(30 Nm3/h) is sourced from a water treatment plant (ZASE, 2.5 km from the methanation
site) and enters the reactor at the same pressure as hydrogen. The produced methane is
injected into the natural gas grid at a rate of 30 Nm3/h, and 100 kW in heat form is dissipated
(Lochbrunner, 2019).
The biological methanation plant was delivered in August 2018. Pilot commissioning and
operation started in May 2019, one year after the original plan due to a 7-month delay from
the biocatalyst unit delivery and issues derived from the contract with ELEC’s manufacturing
vendor. After the commissioning phase the plant was able to produce and inject 1,410 kg of
SNG since June 2019. SNG has a high methane content. Official plant inauguration took
place on January 28th, 2019. The operational target is to reach a minimum of 2,000 hours of
unattended operation (fully automated) (Lochbrunner, 2019). Electrochaea, the
biotechnology system supplier, reports more than 1,200 hours of operation and more than
12,800 Nm3 renewable natural gas (>99.7% methane) injected in the Swiss gas network
(Electrochaea, 2021).
 Troia in Italy
Troia is a rural area that has been subject to several renewable energy projects during the
last 20 years, mainly solar PV and wind, and has low overall electricity consumption.
STORE&GO Troia is targeted to the citizens and investors. The project was presented as a
spin-off of the INGRID project106 in 2017 (Arnone, 2019).
The project was inaugurated in 2018 and the site held many guided tours to promote the
project, with guests from Japan (the Japan Gas Association, Gas Technology Department
of Tokyo Gas, INPEX) and Italy (ANIGAS and local students. However, the visits took place
when the plant was not in operation—commissioning was not yet completed. The plant was
expected to start full operation in January 2020 (Arnone, 2019).
The plant has a 200 kW capacity and is based on modular milli-structured catalytic
methanation reactors. It draws carbon dioxide from the atmosphere and has a 1,000 kW
alkaline electrolyser to produce hydrogen. The synthetic natural gas can be connected to
the regional LNG distribution network using cryogenic trucks (STORE&GO, 2020b).

106

INRGID main aspect was the storage of hydrogen in solid form using magnesium disks (Arnone, 2019).
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III.1.7.11.2

REFLEX

REFLEX stands for reversible solid oxide electrolyser and Fuel cell for optimised Local
Energy mix. The project started in January 2018 and has a duration of 36 months. It is
funded by the Fuel Cells and Hydrogen 2 Joint Undertaking, the European Union’s Horizon
2020 research and innovation programme and Hydrogen Europe and Hydrogen Europe
Research. Total project budget is 3 million Euros. REFLEX is made possible thanks to the
conjoined efforts of 9 organisations. The partnership covers all the required competencies:
cells and stacks design, manufacturing, and testing (ELCOGEN, CEA, Technical University
of Denmark), power electronics (University of Seville, GPTech), system design and
manufacturing (SYLFEN), system modelling (VTT), field test (Envipark), techno-economical
and market analysis (ENGIE) (REFLEX, 2021).
The project’s objective is to develop a modular Smart Energy Hub (SYLFEN) based on
reversible Solid Oxide Cell (rSOC) technology, which allows a cell to operate in electrolysis
mode (SOEC) or fuel cell mode (SOFC), and a battery system. The rSOC is made up by
ceramic cells assembled in stacks that operate at 700°C. SOFC mode has a 15 kW capacity
and more than 55% efficiency (LHV) with methane as fuel. SOEC mode has 80 kW capacity,
or 16 Nm3/h at 80% efficiency (HHV). Two important goals are the optimisation of the cells
and stacks components—since this would enable a lower CAPEX and minimise energy
losses— and operate the system for 8,000 hours on site with a degradation rate of less than
2% V/1,000 h (REFLEX, 2021).
The optimisation reference cell is Elcogen 400-B-SM. The REFLEX project cells are RND14, also called G2 cells. Single cells are cut in dimension of 53x53 mm 2 having an active
oxygen electrode area of 40x40 mm2. The stack considered is made of 25 cells of 120x120
mm2, with a 100 cm2 active area. Operating temperature was successfully lowered from
750°C to 700°C (Hauch, 2020).
An in-field demonstration is expected to take place in a technological park, where the Smart
Energy Hub will be coupled to local solar and mini-hydro renewable sources and generate
electricity and heat to be used in the park headquarters. The Smart Energy Hub will have a
modular, multi stack configuration. In 2019, the project had achieved 71% of completion
(REFLEX, 2021).

III.1.7.11.3

Silver Frog

Silver Frog is a Solar-to-Hydrogen project announced in 2019 with a duration of 8 years.
The project’s objective is to build a 2 GW/year high efficiency solar PV and wind plant—total
capacity 10 GW— to power a 2GW/year highly dynamic PEM electrolyser to produce
hydrogen. The hydrogen will be transported by gas pipelines to hard-to-decarbonise
industries e.g., steel and fertilisers. Hydrogen production is estimated to be 800,000 tonnes
per year and CO2 avoided emissions will be approximately 8 million tonnes. Total investment
costs will be around 12-15 billion Euros and 6,000 jobs are expected because of the project
(Fuel Cells Works, 2019b; C&EN, 2019; Hydrogen for Climate Action, 2019). The following
companies are project partners (Fuel Cells Works, 2019b):



Hydrogenics Europe, a company from Belgium that will supply the electrolysis
technology.
Meyer Burger, a German company that will supply the solar PV manufacturing
technology.
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Ecosolifer from Hungary, which will produce the PV modules and heterojunction
technology (HJT).
Denmark’s European Energy which will act as an energy developer.
Additionally, SolarPower Europe will offer support throughout the project.

The renewable hydrogen end users are, in principle, the steel industry, refineries, chemical
plants and fertiliser manufacturers. The gas pipeline operator of each country would be
another important partner as the transport is more efficient using pipelines (Hydrogen for
Climate Action, 2019).
Italy is one of many potential sites to build such plant, as it is especially attractive due to the
excellent solar irradiation and good wind speeds that can be found in the country. A modular
and “fish and bones” approach has been suggested, this is, to divide the 10 GW capacity
between 20 sites of approximately 500 MW each (Hydrogen for Climate Action, 2019).
The project is part of a wider initiative from the European Commission in partnership with
the industry association Hydrogen Europe aimed to promote the production of green
hydrogen via renewable-energy-powered electrolysis for carbon-free fuel and chemical raw
material uses in the European Union—the Hydrogen for Climate Action| 2x40 GW Green
Hydrogen Initiative (Hydrogen for Climate Action, 2021; C&EN, 2019).

III.1.8 Japan
Toshiba is one of Japan’s companies that already offers hydrogen production technologies
for various applications (Table III.10). There are two main families: H2One, which includes
H2 generation, battery storage and a fuel cell, and H2Rex, which includes only the fuel cell
element (Toshiba ESS, 2021).
Table III.10. Toshiba’s hydrogen commercially available technology.
H2 generator
Family

H2One

Fuel cell

Model
Type

Capacity

Type

Capacity

One
Container

AEM

1 Nm3/h

PEFC

3.5 kW

Station Unit

NA107

NA

NA

NA

Off-grid
Solution

Electrolyser

2x50Nm3/h

Fuel Cell

300 kW

[basic
model]

PEFC

700W, 3.5 kW
and 100 kW

Megawatt
Size

PEFC

100kW to multimegawatt

H2Rex

Source: Toshiba ESS (2021).
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Not available.
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In the following sections the most important and representative projects developed in Japan
in recent years are presented. Some of these projects incorporate Toshiba’s technology.
Hydrogen is being introduced as a replacement for fossil fuels with technologies such as
Panasonic Ene-Farm fuel cell for domestic use108 which is being accepted by many
households, or as a fuel in vehicles, e.g., the Mirai fuel cell car (JapanGov, 2019).

III.1.8.1 Fukushima Hydrogen Energy Research Field (FH2R)
Japan established its Basic Hydrogen Strategy in 2017 as an action plan to build a hydrogenpowered society, and in 2018 hosted the Hydrogen Energy Ministerial Meeting, which was
the world’s first cabinet-level discussion dedicated to a H2 society. Japan recognised the
importance of total integration of making, storing and using hydrogen in order to have a wellfunctioning hydrogen economy, especially when renewables are the main drivers for the
hydrogen production (JapanGov, 2019).
The project’s objective is to establish a H2 business model and hydrogen sales business
model for demand-response. FH2R produces hydrogen from alkaline electrolysis for its use
in power generation, mobility and the chemical industry. The New Energy and Industrial
Technology Development Organisation (NEDO, government supported), Toshiba Energy
Systems & Solutions Corporation (Toshiba ESS), Tohoku Electric Power Co., Inc., and
Iwatani Corporation are the developers of the project. The construction started in 2018 in
Namie109, Fukushima Prefecture, and the start date was in February 2020 (Toshiba Energy,
2020; IEA, 2020c).
NEDO is the project head; Iwatani Corporation is in charge of H2 demand, supply forecast
system, transportation and storage of hydrogen; Tohoku Electric Power Co., Inc. is
responsible for the energy management system, Supervisory Control and Data Acquisition
System (SCADA) and grid-related matters, and Toshiba ESS is the project supervisor (IEA,
2020c; NEDO, 2019).
Construction of the FH2R began in 2018. The installations are divided in two regions. The
first area has 4 ha and houses the R&D facilities and the main production plant: H2 storage
and supply, water electrolysis system, control room and receiving, transforming and utilities
facilities. The electrolyser operating power capacity is 10 MW, the largest class in the world,
and can produce, store, and supply up to 1,200 Nm3 H2 per hour, equivalent to the
consumption of electricity of 150 ordinary homes or the capacity of 560 FCEV tanks. A
second area of 18 ha is destined to the solar PV power generation facilities to produce H 2.
The transport system consists of tube trailers. Hydrogen is being used to power stationary
fuel cell systems and deliver power to vehicles in Fukushima Prefecture and the Tokyo
Metropolitan Area (Toshiba Energy, 2020; IEA, 2020c; Fuel Cells Bulletin, 2020; NEDO,
2019).
The hydrogen production unit volume output is adjusted according to the demand and supply
forecasts for H2 demand in the market. The largest challenge is to achieve the optimal

108

Ene-Farm is a fuel cell cogeneration system for residential use with 97% total efficiency and up to 192 hours
of autonomous operation in case of power outage. It is comprised by a fuel cell unit, a hot water storage unit and
a backup heat source machine. The power generation output of the fuel cell is 200 W-700 W and 500 W at power
failure (Fuel Cells Works, 2020b).
109
Tanashio Area, Tanashio Industrial Complex.
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balance of production, storage, and power grid supply without using storage batteries
(Toshiba Energy, 2020).
In April 2020, Toshiba installed a H2Rex 3.5 kW fuel cell at Michinoeki-Namie (Roadside
Station Namie, less than 10-minute drive from FH2R) to supply electric power and heat by
using hydrogen produced at FH2R. The H2Rex fuel cell should be operating since October
2020 (Fuel Cells Works, 2020c).

III.1.8.2 Yamanashi Fuel Cell Valley
Yamanashi prefecture is committed to achieve a CO2 free society and the region has the
highest solar potential in Japan. Several projects are being developed in the area following
Japan’s National Project on Hydrogen and Fuel Cells and NEDO has given support. This
fast-developing prefecture has been named Yamanashi Fuel Cell Valley and is included in
the Yamanashi Hydrogen Energy Society Realisation Roadmap (Yamanashi Prefectural
Enterprise Bureau, 2018; Arias, 2019; Ohira, 2019). The roadmap defines three approaches
to meet the goal of a CO2 free society (Arias, 2019; Ohira, 2019):




The expansion of the use of hydrogen energy—by 2030, the target is 1,300 FCVs,
10 FC buses, 2 HRSs and 34,000 ene-farms.
The construction of a CO2-free hydrogen supply chain, promoting P2G from solar
generation.
The promotion of hydrogen and fuel cell-related industries—the Yamanashi
Hydrogen Fuel Cell Valley Strategy.

In Kofu City, the Komekurayama facilities include a solar power plant (10 MW, developed in
joint venture with TEPCO in 2012), the Yume Solar Hall (from 2011) and a Storage research
site (from 2012, 1 MW PV technology for testing) (Yamanashi Prefectural Enterprise Bureau,
2018; Arias, 2019).
Yume Solar Hall integrates solar power generation with storage via capacitor, battery and
hydrogen production, as well as fuel cells. Two configurations of fuel cells were tested
(Yamanashi Prefectural Enterprise Bureau, 2018):



November 2016- 2018: 3 compact fuel cell units, 0.7 kW capacity per unit. Made by
Panasonic.
May 2018-today: 3 compact fuel cell units, 5 kW capacity per unit. Made by
Panasonic.

The Storage Research Site has a medium-period hybrid hydrogen storage system since
2015. Demonstration of the system began in 2016. Funding was obtained from a NEDO
subsidised project up to 2017 and from 2018 is operating under a voluntary project scheme.
Maximum output is 300 kW (44 kWh). A Power-to-Gas (P2G) system is under development
and will be put in place for demonstration of a long-term energy storage system. Such
system will use the intermittent generated electricity from the solar 10 MW generator and
transform it to hydrogen using a water PEM electrolyser of 1.5 MW capacity. Hydrogen will
be transported in compressed form in cylinders or through pipelines to be used in boilers
(large customers) or fuel cells (small business) (Yamanashi Prefectural Enterprise Bureau,
2018; Ohira, 2019). Kobelco Eco-Solutions Co. is the PEM electrolyser developer and Kobe
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Steel Ltd. will provide the storing tank for hydrogen. The fuel cells manufacturer is Panasonic
(Arias, 2019). Other key participants within the Yamanashi Fuel Cell Valley are:






The University of Yamanashi has R&D programs focused on basic research, which
have contributed to the commercialisation and penetration of hydrogen technology
in residential and FCEV applications. They have also participated with technology
transfer and human resources development. The Clean Energy Research Centre
(2001), the Fuel Cell Nanomaterials Centre (2008) and Hydrogen and Fuel Cell
Technical Support Centre are part of the University.
The Yamanashi Prefectural Government is responsible for the Yamanashi Industrial
Technology Centre, which functions as a third-party evaluation organisation and has
performed single cell tests for PEM fuel cells, and the Electric Power Storage
Technology Site.
The Hydrogen Technical Centre (HySUT) is specialised in equipment evaluation,
human resources development and technology development to reduce cost of
components.

III.1.8.3 100% hydrogen-fuelled gas turbine
In July 2020, the New Energy and Industrial Technology Development Organisation
(NEDO), Kawasaki Heavy Industries, Ltd. and Obayashi Corporation announced the
successful technology verification for a new 100% hydrogen-fuelled gas turbine with dry low
NOx (nitrogen oxides) combustion technology110. Electricity and heat were obtained from
the cogeneration system in which the hydrogen fuelled turbine was installed. A key element
for this turbine is the combustor from Kawasaki, which is based on the micro-mix combustion
principle and allows for improved electrical efficiency in comparison to conventional turbines
(NEDO, 2020).
The operation tests started in May 2020, as part of the National program “Technology
Development Project for Building a Hydrogen-based Society”, carried out by NEDO. The
cogeneration system (hydrogen-fuelled gas turbine and recovery steam generator) can
supply 1,100 kW of electricity and 2,800 kW of thermal energy as steam or hot water to
public facilities in the area. Further verification tests were planned to confirm intermittent
operation from fall until the end of 2020 in Kobe City’s Port Island. Important efficiency,
environmental load reduction and other performance data will be obtained (NEDO, 2020).
Liquefied hydrogen at -253°C and 1 atm is supplied to the site and an evaporator is used to
obtain the necessary hydrogen gas to feed the turbine. Future improvements will enable the
system to integrate the cold stream to improve electric output and efficiency during summer
(NEDO, 2020).

III.1.8.4 Rakuten Seimei Stadium
In March 2018, Toshiba Energy Systems & Solutions Corporation (Toshiba ESS) announced
the successful operational start of their new autonomous hydrogen energy system H2One
at the Rakuten Seimei Stadium in Sendai, the capital of Miyagi prefecture and the largest
city in Tohoku, northeast of Japan. Rakuten Seimei Stadium is home to the Tohoku Rakuten
110

In previous developments, water injection was added to the turbine suppress NOx generation due to local
high-temperature area in the combustion gas, but this lowered the temperature and thus the efficiency (NEDO,
2020).
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Golden Eagles pro-baseball team and has 23,000 seats. During emergencies it has
operated as a designated evacuation centre. It also houses a regional radio station (Toshiba
ESS, 2018).
Under normal operation, H2One will supply green energy to the electronic display, the radio
station, and the lamps of a nearby park. In case of emergency, the system will provide
uninterrupted off-grid energy supply for the radio station and the stadium electricity and heat
needs (Toshiba ESS, 2018). The IEA reports a 0.0047 MW or 1 Nm3/h capacity for this
system (IEA, 2020c).
Toshiba launched H2One in April 2015. The technology consists of a self-contained, reliable
fuel cell system, equipped with a storage tank for the hydrogen, fabricated with a very highdensity storage alloy (Fuel Cells Bulletin, 2018; Toshiba ESS, 2018). The system relies on
the surplus electricity generated by renewable sources to produce hydrogen, which in turn
can be stored for later use during disasters, fed to vehicles, burned to obtain heat, or turned
back into electricity. H2One is a hybrid system, so in addition to the previously mentioned
elements, it has battery energy storage. The preferred storage can be selected according to
the Stadium’s needs: batteries for short term storage (<4 hours) and hydrogen for mediumterm storage (>4 hours). This selectivity allows for a more economical operation (Toshiba
ESS, 2019).

III.1.9 China
III.1.9.1 Lanzhou New Area PV Plant YA
Lanzhou New Area (LNA) is a new state development in the region of Ningxia, Northwest
China. Huawei began the construction of the LNA Smart City in 2017 and LNA has been
recognised as a leader in smart technology (Huawei, 2019). In 2020, Baofeng Energy
Group—a coal mining and chemical production company— announced the start of operation
for the largest photovoltaic-electrolyser-catalysis pilot plant in the world. The project also
includes hydrogen refuelling stations and an agreement with urban H 2 powered buses
(Runyon, 2020; Chinese Academy of Sciences, 2020).
The process consists of PV panels to generate electricity that will be used in an electrolyser
to split water into hydrogen and oxygen, and then produce green methanol from the
hydrogen and CO2. A new type of electrocatalysts were developed for the electrolyser, which
reduce energy consumption to 4.0-4.2 Kwh/Nm3-H2 for large scale hydrogen production at
a rate of 1000 Nm3-H2/h—the highest energy conversion efficiency reported in large-scale
alkaline electrolysis. New ZnO-ZrO2 solid solution bimetallic oxide catalysts were designed
for the CO2 hydrogenation as well and show over 90% methanol selectivity for a single pass
and less than 3% performance loss after 3,000 hours of operation. The methanol produced
in the PV-E-C process has more than 10% solar energy conversion efficiency (Chinese
Academy of Sciences, 2020). The IEA reports a 10 MW capacity for the electrolyser (IEA,
2020c).
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III.1.10
III.1.10.1

Australia
ATCO Clean Energy Innovation Hub

ATCO is an Australian company dedicated to four main markets: structures & logistics,
energy infrastructure, transportation, and commercial real estate (ATCO, 2021a). It delivers
energy as gas to more than 750,000 domestic and business users through 14,000 km of
gas pipelines across Western Australia (ATCO, 2021b). ATCO has two projects dedicated
to hydrogen because of its customers’ interest in hydrogen (ATCO, 2020a):



Clean Energy Innovation Hub (CEIH)
Clean Energy Innovation Park (CEIP)

The CEIH project was developed in ATCO’s Jandakot Operations Centre in Western
Australia with the support of the Australian Renewable Energy Agency (ARENA). Total
investment was 3.3 million Australian Dollars. The Hub was inaugurated in 2019 and
integrates natural gas, solar PV (more than 1,000 panels, 300kW), battery storage (250 kW)
and hydrogen production. A 0.15 MW solar powered PEM will be used to generate hydrogen
for power, grid injection and domestic heat (IEA, 2020c; ATCO, 2020a). Hydrogen will be
produced when excess power from the PV panels is enough to have a full battery—hydrogen
production will only run if the battery is full. Daily hydrogen production will be approximately
10 kg and will be stored for use in a Hybrid Modular Home as a fuel or fuelling a fuel cell to
provide backup power. The rest of the hydrogen will be blended with natural gas for testing
within the CEIH network (ATCO, 2021b).
After the CEIH project, ATCO, and the Western Australian Renewable Hydrogen Fund111
destined 125,000 Australian Dollars and 375,000 Australian Dollars respectively to establish
Australia’s first commercialised green hydrogen energy ecosystem, the CEIP. The first step
involves a feasibility study to determine the development of a commercial scale hydrogen
production plant, with a 10 MW electrolyser and 4.6 tH2/day capacity along with three
refuelling stations for FCEV and industrial applications use. The feasibility study was carried
out during the first half of 2020. If the results are positive, building and operation of the CEIP
could start in 2022 (ATCO, 2020a; ATCO, 2020b).

III.1.10.2

The Eyre Peninsula Gateway Project

The Eyre Peninsula Gateway Project is being developed by Hydrogen Utility (H2U, an
Australian technology company) in South Australia and is part of the state government’s new
Hydrogen Action Plan—which considers a significant future hydrogen export requirement
(Port Lincoln Times, 2019).
Originally, the scope of the project was to develop the project at Port Lincoln, integrating
electrolysis and ammonia production in a 30 MW combined capacity installation to produce
18,000 tonnes per year of green ammonia, powered by wind and solar energy. Additionally,
two 16 MW open-cycle gas turbines operating with 100% hydrogen, a 10 MW hydrogen gas
turbine and a 5 MW hydrogen fuel cell were considered (Port Lincoln Times, 2019; CSIRO,
2020). However, the project received national and international interest and the company
The funding awarded to ATCO is part of a wider effort from Australia’s Government to conduct feasibility
studies into renewable hydrogen projects. 1.7 million Australian Dollars have been awarded to various projects
(ATCO, 2020b).
111
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identified a commercial opportunity to make it larger, which will translate to more jobs and
economic benefits for the whole Peninsula. After the feasibility studies, selection of a new
site and preliminary planning, the Front-end Engineering and Design (FEED) Study was set
for December 2020, but it was in March 2021 that Worley was awarded with the engineering
services contract by H2U for the FEED phase (CSIRO, 2020; Government of South
Australia, 2021).
The new location is closer to Whyalla, in the Cultana/Port Bonython area. The objective of
the new initial/Demonstrator stage is to build a hydrogen and ammonia supply chain
powered by wind and solar energy, with a 75 MW or 10,000 tonnes per year electrolysis
plant112 to produce hydrogen and a 120 tonnes per day or 40,000 tonnes per year ammonia
production facility—mainly for the local South Australian and domestic supply. During this
stage trial export shipments of green ammonia to Japan and other North Asian Economies
will be performed. The estimated cost of the Demonstrator Stage is 240 million Australian
Dollars; a 4.5 million Australian Dollar grant was received from the South Australian
Government Renewable Technology Fund and an additional 7.5 million Australian Dollar
loan was authorised from the South Australian Government Renewable Technology Fund.
The following stage—Export— will expand the capacity to 2,400 tonnes per day for
ammonia, equivalent to 200,000 tonnes per year of hydrogen or 1.5 GW electrolysis
capacity, to drive further exports (CSIRO, 2020; Government of South Australia, 2021).

112

According to IEA (2020c) the technology used is PEM electrolysers.
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IV Review of costs associated with hydrogen generation,
storage, transmission, distribution, and end uses
The government of the United States has recognised that the main challenge for hydrogen
to increase its share of energy systems is its cost. In the case of the transportation sector,
the cost of hydrogen, considering the total tax-free cost and including delivery and shipping,
needs to be less than 4 US Dollars per gallon of gasoline equivalent (GGE) (US DOE,
2021d). The US Department of Energy cost target for 2015 was 3.10 US Dollars2007 per kg
H2 for centralised plant production and 3.70 US Dollars2007 per kg H2 for distributed plants
(NREL, 2021b). According to the analysis made by Parkinson and his colleagues (2019) on
the direct and indirect emissions113, as well as the capital and operating costs (CAPEX and
OPEX) of the different routes of production of hydrogen, each route has trade-offs between
the cost of mitigation and the decarbonisation ratio achieved. The most cost-effective
technologies continue to be those based on fossil raw materials, as extraction and
processing costs are lower. The authors highlight the fact that renewable energy routes have
greater decarbonisation potentials, but production processes are more complex, and costs
are higher. This section presents costs related to the entire hydrogen production chain, with
an emphasis on most promising routes to achieve effective decarbonisation of energy
systems in the medium and long term.

IV.1 Hydrogen production
IV.1.1 Steam methane reforming
According to the IEA, the production costs of hydrogen from natural gas (through steam
methane reforming, SMR) are strongly influenced by natural gas and capital costs.
Depending on the region, the costs of natural gas can represent between 45% and 75% of
the production costs, being these lower costs in regions with high availability of the resource,
such as North America (mainly United States), Russia and the Middle East (IEA, 2019a).
Table IV.1 presents the production costs per kg H2 via SMR estimated for 2018 in different
regions, broken down by raw material costs (natural gas), capital costs (CAPEX) and
operating and maintenance costs (O&M).
Table IV.1. Hydrogen production costs from SMR for 2018 (USD 2017/kgH2).
US

Europe

Russia

China

Middle East

CCUS

w/o
CCUS

CCUS

w/o
CCUS

CCUS

w/o
CCUS

CCUS

w/o
CCUS

CCUS

w/o
CCUS

Natural
Gas

0.54

0.49

1.34

1.22

0.66

0.6

1.4

1.27

0.47

0.43

O&M

0.37

0.17

0.37

0.17

0.37

0.17

0.37

0.17

0.37

0.17

CAPEX

0.61

0.34

0.61

0.34

0.61

0.34

0.61

0.34

0.61

0.34

Total

1.52

1

2.32

1.73

1.64

1.11

2.38

1.78

1.45

0.94

113

The emissions associated with the extraction, conditioning and transport of raw materials were considered;
pre-processing, processing, and production of hydrogen, as well as ancillary processes such as carbon capture
and storage, or construction of infrastructure.
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Notes: CAPEX in 2018: SMR without CCUS = USD 500–900 per kilowatt hydrogen (kWH2), SMR with CCUS =
USD 900–1 600/kWH2, with ranges due to regional differences. Gas price = USD 3–11 per million British thermal
units (MBtu) depending on the region (IEA, 2019a). O&M of 4.7% of CAPEX for SMR without CCUS and 76%
efficiency. SMR with CCUS O&M costs are 3% of CAPEX, considering CO2 capture of 90% and 69% efficiency
(PCI). An availability factor of 95%is assumed and expected plant lifespan of 25 years.
Source: (IEA, 2019a).

In the H2A hydrogen production model (version 3.2018), the US National Renewable Energy
Laboratory (NREL) reports hydrogen production costs for a centralised natural gas steam
reforming plant. The case study considers production with and without carbon capture and
storage (CCS), for a project lifetime of 40 years. The estimated cost without CCS for 2018
in the United States is 1.15 US Dollars per kg H2 (assuming a capture efficiency of 90%),
while this cost with CCUS rises to 1.56 US Dollars per kg H2 (reference year 2016). The
results considered a plant that produces 379,387 kg of hydrogen per day, with a capacity
factor of 90%. Table IV.2 presents the distribution of these costs for both cases. The costs
of raw materials (natural gas) have the greatest contribution to the final cost, being 56% of
the total cost of the hydrogen produced in the plant with CCUS, while in the plant without
CCUS they stand for 72.1% (NREL, 2018).
Table IV.2. Contribution of different costs to the final hydrogen cost for centralised
production of hydrogen by SMR.
Contribution to final cost (US Dollars/kg)
Cost
CCUS

W/o CCUS

CAPEX

0.41

0.15

O&M

0.12

0.07

Feedstock

0.83

0.83

Other variable costs

0.21

0.09

Total

1.56

1.15

Source: (NREL, 2018).

The estimated investment cost for the CCS plant was 202,246,784 US Dollars for the SMR
system, which includes the reformer, the balance of plant114, the CO2 removal equipment
and stack, and 137,971,172 US Dollars for the carbon capture system. Additionally, a capital
cost of 174,611,028 US Dollars was estimated for the CCS-free plant, where CO2 removal
equipment was not considered. However, a Selective Catalytic Reduction (SCR) system
(2016 USD) was included. In addition, a sensitivity analysis was conducted varying
parameters such as natural gas consumption, plant factor and investment costs, among
others. The consumption of natural gas was the parameter with the greatest impact on the
final price of hydrogen, and 5% variations on the base consumption caused a change in the
levelised cost of hydrogen from 1.51 US Dollars to 1.61 US Dollars per kg H2 with CCS, and
from 1.11 US Dollars to 1.19 US Dollars per kg H2 for CCS-free production. Table IV.3
presents the CAPEX and OPEX for hydrogen production from SMR from various sources of
information.

114

For example, transformer and rectifier, drying/purification to 99.9% purity, compression to 30 bar
(Hydrogen Council-Mckinsey & Company-E4tech, 2020).
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Table IV.3. CAPEX and OPEX of SMR systems for hydrogen production, with and without
CCUS.
Technology

CAPEX

Units

OPEX
(fixed)

Units

Year of
estimate

Reference

Large-scale SMR, 150300 MW

400-600

USD/kW

NA

NA

2015

(IEA, 2015)

3,000-5,000

USD/kW

NA

NA

2015

(IEA, 2015)

550

€/kW

22

€/kW/year

2015

(Asset,
2018)

500

€/kW

20

€/kW/year

2030

(Asset,
2018)

900

€/kW

36

€/kW/year

2015

(Asset,
2018)

850

€/kW

34

€/kW/year

2030

Asset,
2018)

£/kW/year

2014,
2030,2050

(E4techUCL-Kiwa
Gastec,
2015)

2014

(E4techUCL-Kiwa
Gastec,
2015)

2030

(E4techUCL-Kiwa
Gastec,
2015)

Small-scale
0.15-15 MW

SMR*,

Large-scale SMR
Large-scale SMR
Large-scale
CCUS

SMR

+

Large-scale
CCUS

SMR

+

SMR

445

£/kW

18

SMR + CCUS
803

£/kW

32

£/kW/year

SMR + CCUS
724

£/kW

29

£/kW/year

SMR + CCUS
684

£/kW

27

£/kW/year

2050

(E4techUCL-Kiwa
Gastec,
2015)

1650

€2019/kW

NA

NA

2020

(Jakobsen
& Åtland,
2016)

SMR

288-530

USD2013/kW

2-7

% CAPEX

2010

(Dodds,
2015)

SMR

233-585

USD2013/kW

2-7

% CAPEX

2050

(Dodds,
2015)

SMR + CCUS

361-575

USD2013/kW

2-7

% CAPEX

2010

(Dodds,
2015)

SMR + CCUS

321-585

USD2013/kW

2-7

% CAPEX

2050

(Dodds,
2015)

570

£/kW

25

£/kW/year

2017

(IEA-GHG,
2017)

SMR + CCUS

Large-scale SMR
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SMR capture
shifted syngas

from

673

£/kW

29

£/kW/year

2017

(IEA-GHG,
2017)

SMR capture from
shifted syngas**

762

£/kW

32

£/kW/year

2017

(IEA-GHG,
2017)

SMR capture
PSA tail gas***

from

754

£/kW

31

£/kW/year

2017

(IEA-GHG,
2017)

SMR capture
PSA tail gas****

from

806

£/kW

33

£/kW/year

2017

(IEA-GHG,
2017)

1,019

£/kW

38

£/kW/year

2017

(IEA-GHG,
2017)

SMR capture from flue
gas MDEA

*Demonstrative project.
**With burners firing H2-rich fuel.
***Using MDEA.
****Using cryogenics and membrane separation.

Table IV.4 presents estimated production costs of hydrogen by SMR in various parts of the
world. Currently, levelled costs are within the range of 1-3 US Dollars per kg H2 (ESMAP,
2020).
Table IV.4. Costs of SMR-produced hydrogen.
Location

Cost (USD/kg H2)

Reference

UK

3.0

(IGEM, 2012)

Global

0.8–6.0

(IGEM, 2012)

US

0.90

(IEA, 2015)

Europe

2.20

(IEA, 2015)

Japan

3.20

(IEA, 2015)

Global

1.0–3.0

(IEA, 2015)

Netherlands

1.10–1.70*

(ESMAP, 2020)

Netherlands

4.60–-5.75*

(ESMAP, 2020)

Australia

2.27-2.77**

(ESMAP, 2020)

*Large-scale.
**SMR+CCUS.
Source: (ESMAP, 2020).

IV.1.2 Coal gasification
In general, the costs of producing hydrogen with coal were in the range of 1.2 to 2.2 US
Dollars per kg H2 in 2018. Most coal gasification plants are in China, and most of its
production is used in ammonia production industry, with production costs of about 1 USD
per kg H2 (IEA, 2019a). Other studies report hydrogen production costs of between 0.95 and
1.9 US Dollars per kg H2; 1.51 US Dollars per kg H2 considering a production capacity of
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90,000 Nm3/h and coal costs of $84.74 US Dollars per tonne (Luo, et al., 2020). Capital
costs have the greatest influence on the final cost (about 50%), due to the low cost of coal.
With the addition of carbon capture and storage, the final costs are currently estimated
between 1.4 and 1.5 US Dollars per kg H2. For investment costs the estimate is 2,670 US
Dollars per kWH2; with the addition of CCS, the estimated investment costs are 2,780 US
Dollars per kWH2. It is assumed that these costs remain constant over the long term. With
respect to operation and maintenance costs, a 5% of the capital cost per annum is estimated
(IEA, 2019a). In Australia, the costs of hydrogen from coal gasification with capture and
sequestration systems are between 2.57 and 3.14 US Dollars per kg H2 for 2018 (ESMAP,
2020). Globally, by 2030, it is expected that fossil fuel production routes using coal and
natural gas with CCS systems might allow for a similar hydrogen levelised cost, in the range
of 2.2 to 2.3 US Dollars per kg H2, while electrolysis with renewable energy could produce
hydrogen at costs close to 3 US Dollars per kg H2. The latter considers the sites with high
potential, and carbon emissions prices, although viability will depend on the prices of
renewable electricity and natural gas (IEA, 2019a). Table IV.5 presents CAPEX and O&M
costs for hydrogen production in coal gasification plants with and without CCUS between
2015 and 2030 (estimated).
Table IV.5.CAPEX and O&M costs for hydrogen production in coal gasification installations
between 2015 and 2030.
Technology

Capacity

CAPEX
(EUR2010/kW)

Fixed
operating
expenses
(EUR2010/kW)

Costos variables
de
operación
(EUR2010GJ)

2015

2030

2015

2030

2015

2030

Large-scale
coal
gasification, centralised

1667

462.46

350.94

27.5

22.41

0.16

0.12

Medium-scale
coal
gasification, centralised

434

573.37

573.37

14.33

14.33

0.22

0

Large-scale
coal
gasification with CCUS,
centralised

1667

570.97

363.25

41

22.69

0.2

0.13

Medium-scale
coal
gasification with CCUS,
centralised

442

660.83

660.83

27.45

27.45

0.26

0

Source: (Bolat & Thiel, 2014), (NRC-NAE, 2004), (Parsons Group, 2002).

Dodds (2015) reports capital costs for coal-gasified hydrogen production plants between
722 and 1,391 US Dollars2013 per kW of installed hydrogen output capacity in 2010. The
author estimates that by 2050, these costs might be in the range of 694 to 1,418 US
Dollars2013 per kWH2. With carbon capture and storage systems, investment costs for 2010
are between 1,045 and 1,642 US Dollars2013 per kWH2 with a slight decrease by 2050 of
costs between 926 and 1,618 US Dollars2013 per kWH2.

IV.1.3 Electrolysis
The IEA notes that the main factors influencing the cost of production are capital costs,
electrolyser efficiency, electricity prices and annual operating hours. These factors can vary
their total weight in the total cost of hydrogen generation. For instance, if the electrolyser
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operates at times when electricity prices are extremely low (which can happen rarely
throughout the year), and CAPEX values will have a greater influence on the final cost of
hydrogen. If operating hours are increased, electricity prices will have a greater influence,
but the total cost of production is reduced by having a better use of the installed capacity.
Therefore, the authors conclude that lower production costs are achieved by running the
electrolyser at medium load. The study estimates current capital costs of electrolysers
between 500 and 1,400 US Dollars per kW for alkaline electrolysers, 1,100 to 1,800 US
Dollars per kW for PEM and 2,800 to 5600 U Dollars per kW for SOEC. These costs include
balance of plant, gas conditioning and power electronics. Annual operating costs are 1.5%
of CAPEX115 and unit lifetimes correspond to 95,000 hours without expecting major longterm changes during the next years (IEA, 2019a).
The capital costs reported in the literature differ due in part to the difficulty of obtaining
information from manufacturers because of commercial secrecy and the associated
competitive advantages in a market that is still starting to take off—intensive research and
development activities are underway. Luo et. al (2020) report a range of capital costs for
alkaline electrolysers between 500 to 1,400 US Dollars per kWe and 1,100 to 1,800 US
Dollars per kWe for PEM electrolysers. IRENA (2019a) reports annual capital costs for
alkaline electrolysers around 1,000 US Dollars per kW, while for PEM the investment costs
in 2020 were estimated between 700 and 1,400 US Dollars per kW—10 MW capacity,
considering the complete system (ancillary, and balance of plant) (IRENA, 2020). Other
sources estimate a capital cost of 1,120 US Dollar per kW for electrolysers in 2020, including
stack and balance of plant (Hydrogen Council - McKinsey & Company, 2021).
Using the H2A model, the US DOE estimates production costs of the hydrogen with PEMtype electrolysers, where two production scenarios are shown (distributed production, with
a capacity of 1,500 kg of hydrogen per day, and centralised production, with a capacity of
50,000 kg per day), and three market cases; in the first case, production is considered to be
carried out using the state of the art technologies, but assuming that the equipment is
manufactured in large volumes (current scenario). In the second case, production is
estimated with a decrease in expected costs and technological advances in the medium
term (2035, future scenario). The third case corresponds to the current scenario, where the
available technology is a little older (compared to the current state of the art) and the
equipment is manufactured in small quantities (existing scenario). In the latter case, only
costs associated with distributed generation are estimated. The first two market cases
assume that the electricity used is taken from the grid, while in the third case a comparison
is made between electrolysis with grid electricity and with renewable electricity generated in
large-scale solar and wind plants. Table IV.6 shows the parameters of capital costs, stack
replacement costs and useful plant life.
Table IV.6. CAPEX for different configurations of hydrogen production plants with PEM
electrolysers in the United States, current and projected.
Parameter

Distributed
production,
current

Distributed
production,
future

Distributed
production,
existing

Centralised
production,
current

Centralised
production,
future

Base year

2019

2035

2020

2019

2035

115

Operation and maintenance costs are generally reported as a percentage of CAPEX
costs and are within the range of 1-3% (Brynolf, et al., 2018), (IRENA, 2018).
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CAPEX (without
installation)
USD2016/kW

599

379

1000-1500

460

233

CAPEX stack
USD2016/kW

342

143

----

342

143

CAPEX BoP,
mechanical equipment
USD2016/kW

136

140

----

36

23

CAPEX BoP, electrical
equipment USD2016/kW

121

97

----

82

68

Installation cost (% of
CAPEX)

12

10

12

12

10

Replacement cost for
stack (% of total
installation cost)

15

15

15

15

15

Plant lifespan (years)

20

20

20

40

40

Source: (US DOE, 2020a), (US DOE, 2020b).

TRACTEBEL engie-Hinicio (2017) estimated capital, operation and maintenance and
replacement costs to produce hydrogen with alkaline and PEM type electrolysers in the
medium term, for 2017 and 2025. The aim of the study was to analyse business options for
green hydrogen in Europe, in the initial stages of market development. These values are
presented in Table IV.7 and Table IV.8 for different capacities and output pressures of the
electrolysers.
Table IV.7. CAPEX, OPEX and replacement costs for alkaline electrolysers in 2017 and
2025.
Parameter

CAPEX,
system.

Units

complete

OPEX, electrolyser.
CAPEX,
replacement.

stack

2017, atmospheric
pressure

2025, 15 bar

1 MW

5 MW

20 MW

1 MW

5 MW

20 MW

EUR/kW

1200

830

750

900

600

480

Percent of
CAPEX

4%

3%

2%

4%

3%

2%

EUR/kW

420

415

338

315

300

216

Source: (TRACTEBEL engie-Hinicio, 2017).

Table IV.8. CAPEX, OPEX and replacement costs for PEM electrolysers in 2017 and 2025.
Parameter

Units

2017, atmospheric
pressure
1 MW

132

5 MW

20 MW

2025, 15 bar
1 MW

5 MW

20 MW
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CAPEX,
system.

complete

OPEX, electrolyser.
CAPEX,
replacement.

stack

EUR/kW

1500

1300

1200

1000

900

700

% of CAPEX

4%

3%

2%

4%

3%

2%

EUR/kW

525

455

420

300

270

210

Source: (TRACTEBEL engie-Hinicio, 2017).

Table IV.9 and Table IV.10 present capital costs for alkaline and PEM electrolysers from
various sources reported by Glenk and Reichelstein (2019), including information from the
literature and interviews with industry and manufacturing actors. The investment costs were
adjusted for inflation to the Dollar equivalent in 2020 per kW to facilitate comparisons with
the data reported by Christensen (2020).
Table IV.9. Capital costs for alkaline electrolysers.
Baseline
year

Estimated
cost
(USD2020/kW)

Source

Baseline
year

Estimated
cost
(USD2020/kW)

Source

2003

2091

(Lymberopoulos, 2005)

2015

1501

Interview in (Glenk &
Reichelstein, 2019)

2004

1293

(Glenk
2019)

&

Reichelstein,

2015

1405

Interview in (Glenk &
Reichelstein, 2019)

2004

1293

(Glenk
2019)

&

Reichelstein,

2015

1074

Interview in (Glenk &
Reichelstein, 2019)

2005

1280

(Levene, 2005)

2015

950

Interview in (Glenk &
Reichelstein, 2019)

2007

2433

(Brunetto & Tina, 2007)

2015

1322

(Glenk
2019)

&

Reichelstein,

2007

1635

(Greiner, et al., 2007)

2015

1150

(Glenk
2019)

&

Reichelstein,

2007

2680

(Linnemann
&
Steinberger-Wilckens,
2007)

2015

1150

(Glenk
2019)

&

Reichelstein,

2007

1383

(Muelle-Larger,
2007)

2015

1157

(Winkler-Goldstein
Rastetter, 2013)

2008

1418

(Wenske, 2008)

2015

1609

(Zakeri & Syri, 2015)

2009

2462

(Sterner, 2009)

2016

914

(Glenk
2019)

&

Reichelstein,

2011

1075

(Mansilla, 2011)

2016

1143

(Glenk
2019)

&

Reichelstein,

2011

1619

Mentioned in (Glenk &
Reichelstein, 2019)

2016

1466

(Glenk
2019)

&

Reichelstein,

2013

1389

(Mansilla, et al., 2013)

2016

1371

(de Bucy, et al., 2016)

et

al.,
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2014

1269

(Bertuccioli, et al., 2014)

2016

1143

(Götza, et al., 2016)

2014

865

(Jentsch, et al., 2014)

2016

1257

(Vanhoudt, et al., 2016)

2014

1326

(Lehner, et al., 2014)

2016

1271

(Walker, et al., 2016)

2014

1326

(Sterner & Stadler, 2014)

2017

914

(Glenk
2019)

&

Reichelstein,

2015

1816

Interview in (Glenk &
Reichelstein, 2019)

2017

1143

(Glenk
2019)

&

Reichelstein,

2015

1115

Interview in (Glenk &
Reichelstein, 2019)

2017

1143

(Glenk
2019)

&

Reichelstein,

2015

1773

Interview in (Glenk &
Reichelstein, 2019)

2017

1114

(Glenk
2019)

&

Reichelstein,

2015

1686

Interview in (Glenk &
Reichelstein, 2019)

2020

1083

(Pleßmann, et al., 2014)

2015

1408

Interview in (Glenk &
Reichelstein, 2019)

2025

1065

(Glenk
2019)

2015

1810

Interview in (Glenk &
Reichelstein, 2019)

2030

737

(Jülch, 2016)

&

Reichelstein,

Source: (Christensen, 2020).

Table IV.10. Capital costs for PEM electrolysers.
Baseline
year

Estimated
cost
(USD2020/kW)

Source

Baseline
year

Estimated
cost
(USD2020/kW)

Source

2003

2091

(Lymberopoulos,
2005)

2016

1257

(Vanhoudt, et al., 2016)

2004

1293

(Glenk & Reichelstein,
2019)

2016

1271

(Walker, et al., 2016)

2005

2789

(Steward, et al., 2009)

2016

1371

(de Bucy, et al., 2016)

2008

1814

(Hočevar & Summers,
2008)

2016

1466

(Glenk & Reichelstein, 2019)

2008

1418

(Wenske, 2008)

2016

1143

(Glenk & Reichelstein, 2019)

2009

2462

(Sterner, 2009)

2017

914

(Glenk & Reichelstein, 2019)

2013

1297

(Glenk & Reichelstein,
2019)

2017

1771

(Glenk & Reichelstein, 2019)

2014

3688

(Ainscough,
2014)

et

al.,

2017

1143

(Glenk & Reichelstein, 2019)

2014

1269

(Bertuccioli,
2014)

et

al.,

2017

1114

(Glenk & Reichelstein, 2019)

2014

1326

(Lehner, et al., 2014)

2025

1065

(Glenk & Reichelstein, 2019)
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2014

2815

(Lipman, et al., 2004)

2030

737

(Jülch, 2016)

2014

1326

(Sterner
2014)

&

Stadler,

2012

2482

(Brisse & Schefold, 2012)

2014

1729

(Varone
2015)

&

Ferrari,

2012

13714

(Glenk & Reichelstein, 2019)

2014

1909

Interview in (Glenk &
Reichelstein, 2019)

2015

8571

(Glenk & Reichelstein, 2019)

2014

1585

(Glenk & Reichelstein,
2019)

2017

5143

(Glenk & Reichelstein, 2019)

2014

1383

(Glenk & Reichelstein,
2019)

2018

2305

(Glenk & Reichelstein, 2019)

2015

3909

(Guinot, et al., 2015)

2020

678

(Zakeri & Syri, 2015)

2015

3218

(LBNL, 2014)

2020

2286

(Glenk & Reichelstein, 2019)

2015

1157

(Winkler-Goldstein
Rastetter, 2013)

2025

1150

(Varone & Ferrari, 2015)

2015

1322

(Glenk & Reichelstein,
2019)

2025

1057

(Glenk & Reichelstein, 2019)

2015

1150

(Glenk & Reichelstein,
2019)

2030

1143

(Götz, y otros, 2016)

2015

2943

(Glenk & Reichelstein,
2019)

2030

737

(Jülch, 2016)

2015

1150

(Glenk & Reichelstein,
2019)

2030

829

(Glenk & Reichelstein, 2019)

2016

1143

(Götz, y otros, 2016)

2030

750

(Glenk & Reichelstein, 2019)

&

Source: (Christensen, 2020).

The costs of alkaline electrolysers have decreased by 40% between 2014 and 2019. In
China, these costs are up to 80% lower compared to units produced in the West. This
decrease in costs, in line with the expected decrease in renewable energies, leads the
consideration of electrolysis plus solar and wind energy as an attractive option, taking
advantage of places with significant resources around the world. However, it is necessary
to consider the increase in transportation costs (BNEF, 2020).
The IEA has assessed the possibility of producing hydrogen from solar and wind energy in
5 provinces of China, with the aim to use this hydrogen in the ammonia industry. The results
suggest that hydrogen costs could be between 2.0 and 2.3 US Dollars per kg H2 by 2020,
with solar, wind or combined systems. The resulting ammonia production costs are in the
range of 450 to 700 US Dollars per tonne (IEA, 2019a; IEA, 2019b). On the other hand, the
DOE, estimates current costs of generating hydrogen with large-scale solar and wind
energy, for different locations in the United States, considering capital costs of PEM
electrolysers of 1,000 US Dollars2016 per kW. A class 6 site has average winds of 7.8 m/s,
while in a class 1 site this average is 9.5 m/s. The estimated production costs of the hydrogen
are shown in Table IV.11.
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Table IV.11. Current (2020) costs of solar and wind hydrogen production for selected sites
in the United States.
Cost of electricity
(₵/kWh)

Capacity
factor

Hydrogen cost
(USD/kg)

Solar PV, Los Angeles, CA

3.2

31.8%

$6.09

Solar PV, Daggett, CA

2.9

35.1%

$5.54

Onshore wind, class 6

3.8

38.0%

$5.76

Onshore wind, class 1

2.8

52.1%

$4.22

Source: (US DOE, 2020a).

With a deployment in industrial activity, hydrogen costs could reach 2 US Dollars per kg H2
by 2030 and 1 US Dollar per kg H2 by 2050 in countries such as China, India, and others in
Western Europe—considering all the costs associated with the production chain. Similarly,
it is considered that these costs could be lower in countries with a significant renewable
resource potential and with geological conditions fit for storage, such as the United States
or Brazil, but substantially higher (50-70%) in those countries without these characteristics.
In this way, electrolytic hydrogen prices are estimated as follows (BNEF, 2020).





Australia: 1.48 US Dollars per kg H2 by 2030 and 0.84 US Dollars per kg H2 by 2050,
using photovoltaic solar energy.
China: 1.97 US Dollars per kg H2 by 2030 and 1.01 US Dollars per kg H2 by 2050,
with electrolysis from wind energy.
Japan: 2.85 US Dollars per kg H2 by 2030 and 1.74 US Dollars per kg H2 by 2050,
with electrolysis from wind turbines.
Production is assumed to be conducted with alkaline electrolysers in all countries,
with capital costs of 135 US Dollars per kW in 2030 and $98 US Dollars per kW in
2050.

BNEF (2020) estimates the following costs for electrolysers by 2030:




Alkaline electrolysis: 400-850 US Dollars per kW.
PEM electrolysis: 650-1,500 US Dollars per kW.
SOEC electrolysis: 800-2,800 US Dollars per kW.

In this regard, IRENA (2019a) estimates that in the long-term electrolyser cost may decrease
up to 200 US Dollars per kW as the size of the market increases. With the current price,
hydrogen costs are estimated at 2.3 US Dollars per kg H2 assuming an electricity price of
20 US Dollars per MWh, increasing to 3.2 US Dollars kg H2 for electricity prices of 40 US
Dollars per MWh. If CAPEX drops to 200 USD per kW, production costs could fall between
1.3 and 2.1 US Dollars per kg H2. In the case of PEM electrolysers, the costs could be lower
than 200 US Dollars per kW by 2050, while for SOEC electrolysers—current data is not
available— the estimated capital costs are lower than 300 US Dollars per kW by (IRENA,
2020).

136

Assessment of the greenhouse gas mitigation potential of green hydrogen.
An implementation roadmap for Mexico

Other studies estimate the reduction of electrolyser costs to 230 US Dollars per kW by 2030.
The projected decrease in CAPEX costs depends on the technology-related learning curve.
Thus, for a 12% rate the cost would be between 230 and 380 US Dollars per kW by 2030,
between 200 and 310 US Dollars per kW considering a rate of 15%, and between 130 and
190 US Dollars per kW for a rate of 20%. Although the expected rates for electrolysers (PEM
and alkaline) in the period 2020-2030 are between 11 and 12%, it is considered that, based
on the rates observed in other decarbonisation technologies (solar and wind, between 2040% in the 2010-2020 period) it is feasible to expect higher rates (Hydrogen CouncilMcKinsey & Company-E4tech, 2020). The DOE, in its case studies for the production of
hydrogen with PEM electrolysers, estimates capital costs by 2035 of 379 US Dollars2016 per
kW for distributed generation plants and $233 US Dollars2016 per kW for centralised
generation, with an estimated hydrogen cost of 4.48 US Dollars2016 per kg in both cases,
with possible values between 2.16 and 6.14 US Dollars2016 per kg, depending on variations
in electricity costs, capital costs, equipment efficiency, capacity factor, replacement costs
and stack life (US DOE, 2020b).
Luo, et al (2020) report that the cost of production with electrolysis using grid electricity in
China is between 3.95 and 5.54 US Dollars per kg H2—fixed cost at 4.97 US Dollars per kg
H2 considering electricity prices of 0.07 US Dollars per kWh and a production capacity of
500 Nm3/h. By 2030, this cost is expected to decrease to 1.2 US Dollars per kg H2. Table
IV.12 presents the DOE’s estimates for distributed generation under current technology and
production capacity conditions, using grid electricity and considering two CAPEX values.
Electricity costs correspond to real values reported in the United States.
Table IV.12. Current (2020) hydrogen production costs estimated in the United States with
PEM electrolysers in the distributed generation scheme.

Distributed production, existing,
lower electricity cost
Distributed production, existing,
higher electricity cost

Electricity cost
(₵/kWh)

CAPEX
(USD2016/kW)

Hydrogen cost
(USD2016/kg H2)

5

1,500

5.13

5

1,000

4.37

7

1,500

6.27

7

1,000

5.5

Source: (US DOE, 2020a).

Currently, the cost of producing hydrogen with electrolysis and renewable sources depends
on the associated costs of wind or solar electricity, which in turn depend on the investment
costs and the available resources. Considering an average solar renewable electricity price
of 85 US Dollars per MWh, the levelised cost of hydrogen production is estimated at about
7 US Dollars per kg H2. Low solar electricity prices of 17.5 US Dollars per MWh would allow
for levelised hydrogen costs of approximately 3.2 US Dollars per kg H2. In the case of wind
power, using average electricity prices (55 US Dollars per MWh) the costs of produced
hydrogen are approximately 4.3 US Dollars per kg H2; low prices (23 US Dollars per MWh)
would correspond to a hydrogen cost of 2.8 US Dollars per kg H2 (IRENA, 2019). ESMAP
(2020) places the production costs of hydrogen with renewable sources between 2.5 and
6.8 US Dollars per kg H2.
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IV.2 Hydrogen storage
Storage costs reported by BNEF (2020), are shown in Table IV.13. The reference cost
assumes optimal utilisation of the storage capacity of each option. It is noted that, in some
cases, the cost of storage alone may be even higher than the cost of production.
Table IV.13. Present and future (estimated) levelised costs for hydrogen storage.
Hydrogen gas

Liquefied

Salt
caverns

Depleted
gas fields

Rock
caverns

Pressurised
containers

Liquefied
hydrogen

Ammonia

Liquid
organic
hydrogen
carriers
(LOHC)

Primary
use
(volume and
storage cycling

Large
volumes;
weeksmonths

Large
volumes;
seasonal

Medium
volumes;
weeksmonths

Small
volumes,
daily

Smallmedium
volumes;
daysweeks

Large
volumes;
weeksmonths

Large
volumes;
weeksmonths

Levelised cost
(USD/kg)

0.23

1.9

0.71

0.19

4.57

2.83

4.5

Probable
future levelised
cost

0.11

1.07

0.23

0.17

0.95

0.87

1.86

Geographic
availability

Limited

Limited

Limited

Not limited

Not
limited

Not
limited

Not
limited

Note: Storage in solid state metal hydrides was not evaluated but offers a not limited geographical
availability for small volumes at a days-weeks cycling.
Source: (BNEF, 2020).

The European Commission estimated capital costs applicable in Europe for hydrogen
storage, focusing on large-scale storage methods such as salt caverns, depleted gas fields
and rock caverns (Table IV.14). It should be noted that salt caverns are already used today,
while the remainder alternatives are under investigation for future uses (European
Commission, 2020).
Table IV.14. Capital costs for geological hydrogen storage.
Technology

Capital costs
(EUR2019/MWh)

Notes

Depleted gas fields

280-424

Including compression and pipelines costs, operating
costs of 4%.

Salt caverns

334

For 1,160-tonne capacity. Including compression and
pumps costs. O&M is 4%.

Rock caverns

1,232

O&M 4% of CAPEX
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Source: (BNEF, 2019).

According to the IEA, the costs of storage in salt caverns, based on the experiences in the
chemical industry in the United States and the United Kingdom, are estimated at 0.6 US
Dollars per kg H2 (Bünger, y otros, 2014; Lord, Kobos, & Borns, 2014). Data from the
European Commission is shown in Table IV.15.
Table IV.15. Levelised costs for geological hydrogen storage.
LCOE
Technology
Notes
Source
(EUR2019/MWhH2)
300-10,000-tonne storage capacity per
cavern.

6 – 26

Lower limit for monthly cycling, upper
limit for annual cycling.

Salt caverns
17

-

(IEA, 2019b)

300-2,500-tonne storage capacity per
cavern.
Rock caverns

19 a 104
Lower limit for monthly cycling, upper
limit for biannual cycling.

Depleted
fields

gas

Annual cycling. Includes compression
and piping costs.

51 a 76

(BNEF,
2019)

(BNEF,
2019)

(BNEF,
2019)

Source: (European Commission, 2020).

Lord, Kobos and Borns (2014) analysed the costs of geological storage of hydrogen based
on specific sites in the United States. Capital costs and levelised storage costs are presented
in Table IV.16 (2007 US Dollars). Capital costs include mining, site evaluation, piping
system, compression costs and costs associated with the base gas required in the
geological formations.
Table IV.16. Estimated costs of geological storage at selected sites in the United States.
Parameter
Stored hydrogen
Total cost of capital
Levelled cost of storage

Units

Salt
caverns

Depleted
gas fields

Rock
caverns

Aquifers

Tonnes

2486

2868

2486

2868

USD

63,254,547

40,106,938

89,644,020

40,999,45
8

USD/kgH2

1.61

1.23

2.77

1.29

Source: (Lord, et al., 2014).

Table IV.17 presents data collected on investment costs, operation and maintenance, and
levelised costs for hydrogen storage technologies, which represent the state of the art at the
time of publication. The values are shown for 2015 and projections to 2030 (Asset, 2018).
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Table IV.17. CAPEX, OPEX and LCOE for three different hydrogen storage technologies.
CAPEX (EUR/MWh
H2)

Fixed
(EUR/kW)

O&M

Levelized cost (EUR/MWh
stored H2)

2015

2030

2015

2030

2015

2030

Underground
storage

5,340

3,936

0.6

0.7

2.8

2.4

Pressurised
tanks

6,000

4,800

0.6

0.7

3.0

2.7

Storage in liquid
form

8,455

6,800

0.7

0.9

4.1

3.6

Source: (Asset, 2018).

IV.3 Transport and distribution
Table IV.18 presents estimates of the cost of transport and distribution of hydrogen
according to the mode of transport, volume of hydrogen transported and distance. Estimates
were made for the year 2019, in Dollars per kg H2. In the case of intercontinental transport
for high and medium volumes, the available transport options are transmission pipelines or
ammonia by tanker, where the choice for long distances is the latter. For small volumes,
costs are presented for distances at the bottom of the category, transporting hydrogen by
tank trucks with liquid organic carriers of hydrogen. The use of this method for long distances
was found to be unfeasible. Costs include handling, compression, and associated storage
costs of hydrogen (BNEF, 2020).

Table IV.18. Costs of different hydrogen transport technologies by distance.
Distance (km)
Volume
(ton/
day)

Technology

Local (1-10)

Urban
100)

(10-

Inter-city (1001,000)

Intercontinental
(1,000-10,000)

Cost (USD/kg)

Large
(1001,000)

Medium
(10-100)

Transmission
pipelines,
compressed
hydrogen

0.05

0.05-0.1

0.1-0.58

0.58-3

Ship,
ammonia

-

-

-

>3

Distribution
pipelines,
compressed
hydrogen

0.05-0.06

0.06-0.22

0.22-1.82

<3
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Small
(1-10)
and very
small (01)

Ship,
ammonia

-

-

-

>3

Tank
truck,
compressed
hydrogen

0.65-0.76

0.68-1.73

-

-

Tank
truck,
compressed
hydrogen
and/or LCO

-

-

0.96-3.87

3.87-6.70

Source: (BNEF, 2020).

The IEA provides cost estimates for different modes of transport and distribution. It mentions
that the combination of hydrogen and natural gas and their transport through pipelines can
increase its cost between 0.3 and 0.4 US Dollars per kg H2. For long distances, the estimated
cost for pipeline transport over 1,500 km is 1 US Dollars per kg H2. In addition, the cost of
transporting hydrogen at the same distance with tanker and liquid organic carriers, is 0.6 US
Dollars per kg H2; with ammonia, 1.2 US Dollars per kg H2 and as liquid hydrogen 2 US
Dollars per kg H2, including conversion costs. For smaller distances, in a local distribution
context, the transportation costs with tanker truck and liquid carriers would be 2.9 US Dollars
per kg H2, including the conversion and purification at the place of use (IEA, 2019b).
For ammonia, the cost would be 1.5 US Dollars per kg H2, although if conversion is not
required (direct use of ammonia), the cost can be 0.4 US Dollars per kg H2. For pipeline
distribution the cost is just over 0.8 US Dollars per kg H2, and in the case of compressed
hydrogen almost 2 US Dollars per kg H2. The previous values correspond to a transport
distance of 500 km. As the distance increases, the transport costs also increase, although
such increase is more pronounced in the case of the distribution by tanker truck in the form
of compressed gas (IEA, 2019b).
Wang, H.W. (2020) reports then estimated hydrogen transport costs in the form of
compressed gas and as liquid hydrogen in China (Table IV.19). A demand of 30 tonnes per
day of hydrogen supplied via tank truck was assumed. There is a marked increase in the
transport costs for compressed hydrogen based on the distance travelled. For distances
greater than 500 km, it is cheaper to move hydrogen in the liquid form. In terms of capital
costs, it is estimated that the costs of tanker trucks with the capacity to transport 400 kg of
hydrogen in gaseous form at 200 bar of pressure are approximately 200,000 Euros (for
2017), and no substantial changes in these costs are expected in the medium term. By 2025,
however, the development of mobile containers capable of storing hydrogen at a pressure
of 500 bar is expected, with estimated capital costs of between 590 and 605 Euros per kg
H2 (TRACTEBEL engie-Hinicio, 2017). On the other hand, the IEA estimates in 2015 capital
costs for tanker trucks capable of transporting up to 1 tonne of gaseous hydrogen of 1 million
Dollars per unit, while for tanker trucks for liquid hydrogen transport, the estimated capital
costs are 750,000 US Dollars with a load capacity of 4 tonnes of hydrogen (IEA, 2015).
Table IV.19. Costs of hydrogen transport in liquid and compressed form according to the
travelled distance.
Transport
Compressed
hydrogen Liquid hydrogen transport cost
range (km)
transport cost (USD/kg)
(USD/kg)
200

0.67

1.27
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300

0.97

1.34

400

1.26

1.40

500

1.55

1.46

600

1.85

1.52

700

2.15

1.58

800

2.44

1.62

Source: Wang, H.W. (2020).

Bloomberg estimates levelised hydrogen transport costs for 2020 of 3.18 Euros per
MWhH2—standardised to 1,000 km— based on transport between Australia and Japan by
tanker in the form of liquid hydrogen, with total travelled distance being 9,000 km. It is
expected that by 2030 this cost will decrease to 2.05 Euros per MWhH2 per 1,000 km.
Similarly, Bloomberg examines the possibility of importing hydrogen from Algeria in Spain
via pipeline in 2050, with estimated levelised costs of 2.01 Euros per MWhH2 per 1,000 km,
including compression costs (BNEF, 2020).
In Table IV.20 and Table IV.21, estimated import costs are shown for green hydrogen
produced outside Europe, and for consumption in Europe in 2020. Production is considered
in countries with abundant solar and/or wind resources, such as Australia, Chile and Saudi
Arabia, and transport by tanker to the ports of Rotterdam, in the Netherlands, and Algeciras,
in Spain (European Commission, 2020).

Table IV.20. Costs of importing green hydrogen from various sources to Rotterdam, the
Netherlands.
Costs EUR/MWhH2
Country/ form/
Rotterdam

distance

to

Production

Transport

Conversion/
reconversion

Australia, liquid hydrogen, 18,584
km

109

65

74

Australia, ammonia, 18,584 km

109

19

61

Chile, liquid hydrogen, 13,418 km

43

44

74

Chile, ammonia, 13,418 km

43

13

61

Saudi Arabia, liquid hydrogen,
9,549 km

97

37

74

Saudi Arabia, ammonia, 9,549 km

97

11

61

Source: (European Commission, 2020).
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Table IV.21. Costs of importing green hydrogen from various sources to Algeciras, Spain.
Costs EUR/MWhH2
Country/ form/
Algeciras

distance

to

Production

Transport

Conversion/
reconversion

Australia, liquid hydrogen, 18,584
km

109

57

74

Australia, ammonia, 18,584 km

109

17

61

Chile, liquid hydrogen, 13,418 km

43

41

74

Chile, ammonia, 13,418 km

43

12

61

Saudi Arabia, liquid hydrogen,
9,549 km

97

30

74

Saudi Arabia, ammonia, 9,549 km

97

9

61

Source: (European Commission, 2020).

Table IV.22 presents capital costs related to the modification of existing natural gas
transmission networks and to the construction of new infrastructure for the transport of
hydrogen in Europe for 2020 (European Commission, 2020).

Table IV.22. Capital costs for the modification of the existing pipeline network and for the
construction of new hydrogen pipeline networks.
Existing network
Capital costs
(MEUR2019/km)

Notes

0.37

Based on a natural gas distribution network in
Germany. Estimated cost of modification 15%
for a new network.

Source

(FNBGas, 2019)

New hydrogen pipeline network
Capital costs
(MEUR2019/km)

Notes

0.93

Costs for a new 6,300 km pipeline network in the
UK.

Source

(Element
Energy
E4Tech, 2018)

1.22

(Cadent, 2017)

1.40

(Speirs, et al., 2017)
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1.55

In the UK.

(H21 NoE, 2018)
(Frontier
2016)

1.57

Economics,

2.01

300 km, 48 in pipeline in the UK. Operating
pressure 30-80 Bar.

(ENA & Navigant, 2019)

2.48

Costs for Germany.

(FNBGas, 2019)

3.28

48’’ pipeline.

(Jacobs, Element Energy,
2018)

In 2017, the US DOE estimated capital costs for the development of pipeline systems for
hydrogen transmission in the United States of approximately 1 million US Dollars per mile
(approximately 621,000 US Dollars per km). Labour costs accounted for 50% of total capital
costs, while material costs accounted for around 20% (US DRIVE, 2017). Table IV.23 shows
estimated capital costs of hydrogen compression for transport, required for the transport via
pipeline.
Table IV.23. CAPEX of hydrogen compression for transport.
Capital
costs
(MEUR2019/MW)

Notes

Source

1.07

5.8 MW compressor, 240 tonnes/day yield.

(Baufumé, et al., 2013)

0.65

5.8 MW compressor, estimated cost according
to cost curves.

(Jacobs, Element Energy,
2018)

Source: (European Commission, 2020).

Navigant (2019), reports levelised transmission costs for hydrogen via existing pipelines
adapted to transport 100% hydrogen of 3.7 Euros per MWhH2 per 600 km. If new pipeline
infrastructure is needed, this cost rises to 4.6 Euros2019 per MWhH2 per 600 km. In the latter
case, capital and O&M costs of 48-inch ducts and associated compressors are included, as
well as fuel costs for compression. Other levelised transmission costs for new infrastructure
are shown in Table IV.24.
Table IV.24. Levelised costs of hydrogen transmission with new infrastructure.
Levelised
cost
(EUR2019/MWhH2/600
km)

Notes

Source

9.6

34-in pipeline, 75% use rate. Standardised at
600 km.

(BNEF, 2019)

11.4

CAPEX+OPEX. Standardised at 600 km.

(IEA, 2019b)

16.1-49.8

Capacity higher than
Standardised at 600 km.

(BNEF, 2019)
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7-10-in pipelines. Including compression.
Standardised at 600 km.

45

(Van
Gerwen,
R;
Eijgelaar, M; Bosma, T,
2019)

Source: (European Commission, 2020).

Current estimated costs of modifying transmission networks for hydrogen ground transport
are estimated at 0.6 and 1.2 million US Dollars per km, while for new infrastructure these
costs would be between 2.2 and 4.5 million US Dollars per km (including compression). The
estimated values for offshore systems are between 1.3 and 3.1 million US Dollars per km
and 4.7 and 7.4 million US Dollars per km, respectively. For ground networks, transmission
costs of hydrogen would be between 0.1 and 0.2 US Dollars per kg per 1,000 km if the
system relies on modified pipelines and between 0.3 and 0.7 US Dollars per kg per 1,000
km if new pipelines are built (Hydrogen Council-McKinsey & Company-E4tech, 2020).
In the case of local distribution, considering the conversion of the existing pipeline
infrastructure to transport hydrogen, costs may turn attractive by 2030. As an example, this
conversion in the United Kingdom to use hydrogen in buildings could result in a distribution
cost of 0.6 US Dollars per kg H2, although additional storage capacity should be considered,
which could represent costs of 0.5 US Dollars per kg H2. With these considerations, the total
cost of hydrogen imported from North Africa to Europe could be approximately 4.5 US
Dollars per kg H2 if produced via SMR and CCUS, or 6 US Dollars per kg H2 if produced via
electrolysis (BNEF, 2020).
The European Commission considers results from Jacobs, Element Energy (2018)
regarding investment costs in modified distribution pipeline networks for the transport of
hydrogen, which can be seen in Table IV.25. For the United Kingdom, estimated distribution
costs of 0.11 Euros per MWhH2 per km are reported. This value is based on the current
distribution costs of natural gas in the country, considering a 20% increase due to the
expected decrease in distributed net energy with the use of hydrogen (ENA & Navigant,
2019).
Table IV.25. Capital costs for the modification of existing distribution network infrastructure
Capital costs
(MEUR2019/km)

Notes

Source

0.23

Modification costs for 5’’ distribution piping, 0.3 million
m3/day.

(Jacobs,
Element Energy,
2018)

0.41

9’’ low pressure piping reinforcement costs.

(Jacobs,
Element Energy,
2018)

0.47

10.5’’ low pressure piping reinforcement costs.

(Jacobs,
Element Energy,
2018)

Source: (European Commission, 2020).

The levelised costs of hydrogen distribution for the development of new pipeline
infrastructure are summarised in Table IV.26. These costs include compression and storage
and are presented by km. Economies of scale allow for lower costs as the size of distribution
systems increases. In the case of distribution by tanker truck, it is estimated that the levelised
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distribution costs are 0.54 Euros2019 per MWhH2 per km for compressed hydrogen—
including compression and storage costs— and 2.46 Euros2019 per MWhH2 per km for liquid
hydrogen (BNEF, 2019).
Table IV.26. Levelised costs of hydrogen distribution with new pipeline infrastructure.
Length of pipeline section (km)

1

10

100

1000

Levelised cost of distribution (EUR2019/

1.61

0.16

0.06

0.05

MWhH2 /km)
Source: (BNEF, 2019).

By 2030, the total cost of hydrogen (considering all stages of the supply chain) to industrial
users is estimated, assuming transport distances of 5,000 km, at 7 US Dollars per kg H2 for
compressed hydrogen, 6 US Dollars per kg H2 for organic liquid carriers—pipeline
transport— and 6.0, 4.5 and 4.3 US Dollars per kg H2 for transport by tanker of liquid
hydrogen, liquid organic carriers and ammonia, respectively. A production cost of 3 US
Dollars per kg H2 is assumed. Transportation costs by pipelines increase depending on the
distance, while by tanker no great variations are observed in this regard. It is noted that, in
several countries and regions, it may be cheaper to import hydrogen than to produce it
locally due in part to the low costs of feedstock in specific areas (BNEF, 2020).

IV.4 Final use
It is estimated that, depending on long-term carbon prices, green hydrogen can become a
cost-effective alternative for use in industrial activities. For hydrogen to achieve a cost of 1
US Dollar per kg H2 (including all stages of the production process), the CO 2 costs required
for this transition would be 50 US Dollars per tCO2 for steel manufacturing, 60 US Dollars
per tCO2 for heat generation in the cement industry, 78 US Dollars per tCO2 for ammonia
synthesis and 90 US Dollars per tCO2 for glass and aluminum production (BNEF, 2020).
The production costs of the hydrogen needed to be competitive in 2030 have been
determined, in various end uses, considering scenarios with and without carbon prices, and
compared with conventional reference technologies in industry and for power generation.
For comparative purposes, the authors' estimate of the cost of producing hydrogen in 2030
is about 2.3 US Dollars per kg H2 for green hydrogen (electrolysis with renewable sources),
and 1.6 US Dollars per kg H2 for blue hydrogen. Carbon prices have important effects on
certain sectors, such as refining and steel production, and can be decisive in defining the
competitiveness of low-carbon hydrogen (Table IV.27) (Hydrogen Council-McKinsey &
Company-E4tech, 2020).
Table IV.27. Low-carbon hydrogen production costs required to be competitive with
conventional industrial and power generation technologies.
Use

Ammonia

Refining

Steel (DRI
process)

Power
generation

High
degree
heat

Without carbon costs

1.4

1.4

0.6

0.8

0.3

With a carbon cost of 100
USD/tonne CO2

2.2

2.2

4.6

1.4

1.5
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Reference technology

SMR

SMR

Coal

Natural gas

Natural gas

Source: (Hydrogen Council-McKinsey & Company-E4tech, 2020).

The NREL estimates that hydrogen prices in the refining sector in the United States by 2050
will reach 3 US Dollars per kg H2. In the steel industry, the costs of the hydrogen required
for its large-scale use in the DRI process will depend on the costs and availability of fossil
fuels in the future, and the percentage of hydrogen used in the process. Thus, for 30%
hydrogen in the gas mixture, hydrogen costs of 1.7 US Dollars per kg H2 are required, while
for 100% hydrogen, these costs are between 0.8 and 1.4 US Dollars per kg H2. In the case
of ammonia production, the authors mention that the required hydrogen prices are equal to
those found in the refining process, of 3 US Dollars per kg H2. However, they point out that,
in the projection of scenarios where an increase in demand for ammonia is observed, this
price should be 2 US Dollars per kg H2. Similarly, the study estimated the hydrogen prices
needed to be competitive in power generation in seasonal electricity storage (seasonal
electricity storage) scenarios. In this case, hydrogen fuel cell and gas turbine technologies
are considered, which compete with conventional combined cycle technologies and single
cycle turbines operating on natural gas. The required hydrogen prices vary between 0.3 and
1.1 US Dollars per kg H2, depending on the replaced technology (combined cycle or gas
turbines), the prices of natural gas and the characteristics of the power grid generation
systems. Hydrogen gas turbine capital costs of 833 US Dollars per kW and 1,000 US Dollars
per kW for PEM fuel cells are considered (Ruth, et al., 2020).
Other estimates report similar results with respect to the price of hydrogen needed to
compete with natural gas in power generation in the United States. Bartlett and Krupnick
(2020) estimate that, without considering carbon costs, the required hydrogen price is 0.5
US Dollars2019 per kg H2. With carbon costs at current levels (50 US Dollars per tCO2), the
required hydrogen price would be 0.95 US Dollars2019 per kg. In the medium and long term
(2030 and 2050) carbon costs of 61 and 84 US Dollars per tCO2 will be required, and
competitive hydrogen prices will be 1.05 and 1.25 US Dollars per kg H2, respectively.
For power generation, it is possible that, in the long term, the generation of electricity in
open-cycle gas turbines using hydrogen can compete with natural gas for large-scale
generation schemes in the peak or intermediate period. For this, it is considered that the
hydrogen would be produced in electrolysers powered by surplus renewable electricity and
the development and availability of geological storage is assumed. Table IV.28 presents the
levelised costs of power generation using green hydrogen for 2019, 2030 and 2050 under
the above premises and the estimated costs of natural gas generation for 2019 as a
reference. Costs are shown in 2018 real dollars/MWh (BNEF, 2020).
Table IV.28. Current and expected LCOE of hydrogen-fuelled turbine power plants,
expressed in USD2018/MWh.
Energy carrier, year

Hydrogen peaking
(OCGT)

Hydrogen
load
following (CCGT)

Hydrogen, 2019

275-456

154-291

Hydrogen, 2030

239-356

119-206

Hydrogen, 2050

183-237

80-119
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Natural gas, 2019

97-187

35-102

Source: (BNEF, 2020).

According to the Hydrogen Council-Mckinsey & Company-E4tech (2020), the
competitiveness of hydrogen for power generation in short periods of time (minutes or hours)
with open cycle gas turbines, or in periods of days or weeks (with combined cycles) will
basically depend on hydrogen prices, natural gas prices and carbon costs. Thus, assuming
a carbon price of 50 US Dollars per tCO2, it is necessary that the prices of the hydrogen at
the point of use are close to 0.8 US Dollars per kg H2 in the United States and around 1.3
US Dollars per kg H2 in Europe in the case of combined cycles, to be competitive against
natural gas. In the case of the use of gas turbines in peak periods, these prices would be
0.7 and 1.2 US Dollars per kg H2, respectively. With carbon costs of $100 US Dollars per
tCO2, the price of hydrogen would have to be around 1.5 US Dollars per kg H2 in Europe.
The IEA has identified two routes to supply clean hydrogen to the refining industry in the
medium term: production from coal or natural gas, integrated with CCUS, and hydrogen
produced from electrolysis. Costs for the fossil fuel production route will depend on the prices
of raw materials and, more importantly, on the price of CO 2. For instance, a carbon price of
50 US Dollars per tCO2 is required to match the costs of producing hydrogen with natural
gas in systems with and without carbon capture by 2030 in the United States, Europe, and
China. Higher CO2 prices confer competitive advantages to blue hydrogen (IEA, 2019b). Oil
refining is considered to have a cost structure like that of ammonia, since the only possible
route is the use of green or blue hydrogen, due to the need for hydrogen as a feedstock.
According to conditions found at refineries in Germany, it is estimated that the cost of green
hydrogen needed to compete with production through SMR is 2.4 Euros per kg H2 in 2017
and 2.3 Euros per kg H2 in 2025 (considering coal costs of 80 Euros per tonne). With this
regard, the use of green hydrogen is not viable for 2017, but it is for 2025. The case study
considers the installation of an electrolyser to meet the increase in demand for hydrogen
from the refinery in the period 2017-2025, allocating surplus production to the sale to the
electricity generation sector to provide services to the grid (TRACTEBEL engie-Hinicio,
2017).
In the iron and steel industry, the use of hydrogen in steel production route in blast furnaces
and basic oxygen furnaces (BF-BOF) could offer emission reductions in the short and
medium term, while for the direct reduced iron and electric arc furnace (DRI-EAF) route
would be feasible in the longer run (by 2050). The estimated investment costs for the
installation of new manufacturing capacity suitable for the use of hydrogen on the DRI-EAF
route are in the range of 400 to 752 million Euros per tonne per year of DRI steel production
capacity. The estimated demand for hydrogen is between 47 and 68 kg per tonne of crude
steel produced, with production costs of between 386 and 685 Euros per tonne of crude
steel (European Commission, 2020). Other estimates report current (2019) investment costs
of 945 US Dollars per tonne of steel, with estimates for 2030 of 855 US Dollars per tonne
and 755 US Dollars per tonne in the long term. Annual O&M costs are 16%, 18% and 20%
of capital costs for the three years mentioned, respectively (IEA, 2019a).
To achieve competitiveness of hydrogen participation in the DRI-EAF production route it
may be necessary to consider the use of scrap metal. According to the Hydrogen Council,
it is possible to achieve the competitiveness of green hydrogen in this route by 2030 in
Europe, assuming a 60% use of scrap metal. The estimated production costs of steel
through the BF-BOF route are around 450 US Dollars per tonne of steel, while costs with
DRI-EAF without scrap (60% of scrap) are estimated at 570 and 515 US Dollars per tonne
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of steel, respectively. To match the production costs of the BF-BOF route, carbon costs of
80 and 45 US Dollars per tCO2 are required, respectively. It is noted, however, that in places
with abundant renewable resources, such as the Middle East, with hydrogen production
costs of 1.4 US Dollars per kg H2, it is possible to reach steel production costs of
approximately 445 US Dollars per tonne, even without considering carbon costs (Hydrogen
Council-McKinsey & Company-E4tech, 2020).
The production of ammonia and methanol based on green or blue hydrogen is significantly
more expensive today compared to the use of traditionally generated fossil fuel-based
hydrogen, although this depends on the specific conditions of the site or region. In 2018, the
costs of producing ammonia with electrolytic hydrogen were close to 1,900 US Dollars per
tonne, while the route of production with hydrogen with natural gas without CCUS had costs
over 650 US Dollars per tonne, similar to the costs of coal gasification with partial carbon
capture and storage (IEA, 2019b).
The cost of producing methanol from hydrogen produced from coal is around 350 US Dollars
per tonne, while the production from electrolytic hydrogen costs around 1,300 US Dollars
per tonne. However, in places with abundant renewable resources (and therefore, low prices
of electricity generated from these sources), it is possible that electrolytic hydrogen becomes
competitive with fossil fuel production routes, even without considering the addition of CCUS
(IEA, 2019b). By 2030, the price of hydrogen produced with low-carbon methods will have
to be 0.8 to 1.5 US Dollars per kg H2 to compete with hydrogen from fossil sources
(Hydrogen Council-Mckinsey & Company-E4tech, 2020). The following tables (Table IV.29
and Table IV.30) present CAPEX and O&M values across different feedstocks for obtaining
hydrogen for ammonia and methanol.
Table IV.29. CAPEX and O&M costs for different ammonia production routes.
Feedstock

Parameter

Units

Current

2030

Long-term

CAPEX

USD/tonneammonia

905

905

905

O&M annual

% of CAPEX

2.5

2.5

2.5

CAPEX

USD/tonneammonia

1,315

1,260

1,165

O&M annual

% of CAPEX

2.5

2.5

2.5

CAPEX

USD/tonneammonia

2,175

2,175

2,175

O&M annual

% of CAPEX

5

5

5

CAPEX

USD/tonneammonia

2,810

2,810

2,810

O&M annual

% of CAPEX

5

5

5

CAPEX

USD/tonneammonia

6,320

6 ,320

6,320

O&M annual

% of CAPEX

5

5

5

CAPEX

USD/tonneammonia

1160

885

575

O&M annual

% of CAPEX

1.5

1.5

1.5

Natural gas

Natural gas with
CCUS

Coal
Coal with CCUS

Biomass
Electrolysis

Source: (IEA, 2019a).
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Table IV.30. CAPEX and O&M costs for different methanol production routes.
Feedstock

Current

2030

Longterm

Parameter

Units

CAPEX

USD/tonnemethanol

310

310

310

O&M annual

% of CAPEX

2.5

2.5

2.5

CAPEX

USD/tonnemethanol

525

510

490

O&M annual

% of CAPEX

2.5

2.5

2.5

CAPEX

USD/tonnemethanol

750

750

750

O&M annual

% of CAPEX

5

5

5

CAPEX

USD/tonnemethanol

1,505

1,450

1,350

O&M annual

% of CAPEX

5

5

5

CAPEX

USD/tonnemethanol

5,165

5,165

5,165

O&M annual

% of CAPEX

5

5

5

CAPEX

USD/tonnemethanol

790

595

380

O&M annual

% of CAPEX

1.5

1.5

1.5

Natural gas

Natural
CCUS

gas

with

Coal
Coal with CCUS

Biomass
Electrolysis

Source: (IEA, 2019a).

For ammonia, it is estimated that by 2030, with a hydrogen price of 1.4 US Dollars per kg
H2, the carbon price needed to achieve competitiveness is even less than 50 US Dollars per
tCO2. This will, however, depend on the place of production of hydrogen and the associated
renewable resource. Ammonia production costs can range from 470 to 580 US Dollars per
kg of green hydrogen ammonia to about 480 US Dollars per kg of blue hydrogen ammonia
(SMR+CAC) (Hydrogen Council-Mckinsey & Company-E4tech, 2020).
In the case of the transport sector, the competitiveness of hydrogen fuel cells in vehicles
primarily depends on fuel cell costs together with the costs and development of refuelling
installations. Additionally, it is important to consider costs associated with the storage of
hydrogen. The cost of fuel cells in vehicles has shown a decreasing trend in comparison to
the previous decade (IEA, 2019b). The learning rate for fuel cells in light vehicles has been
estimated in approximately 17% and 11% for commercial vehicles. The fuel cell costs are
approximately 230 US Dollars per kW and it is expected that they can reach 180 US Dollars
per kW in the short term. The costs reductions in the future will depend on technological
progress and materials, in addition to the benefits from economies of scale. Fuel cell costs
could be between 50 and 75 US Dollars per kW (IEA, 2019b). The storage costs of hydrogen
in vehicles are estimated in 23 US Dollars per kWh for vehicle production figures of 10,000
vehicles per year. These costs can decrease to 14 and 18 US Dollars per kWh for a
production of 500,000 vehicles per year. The US DOE has projected cost reductions to 8
US Dollars per kWh (IEA, 2019b). Moreover, the investment costs for refuelling stations with
a capacity of 50 kg H2 per day are between 0.15 and 0.6 million US Dollars. In the case of
refuelling stations with a capacity of 1,300 kg H 2 per day, costs are between 1.6 and 2.0
million US Dollars. The difference in costs is mainly based on the operation pressure.
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Economies of scale may have an important role in decreasing construction costs of refuelling
stations (IEA, 2019b).
In terms of total costs, it is estimated that SUVs in the United States could have costs of
0.67 to 0.56 US Dollars per mile by 2030, depending on the existence of policies. In
comparison, electric vehicles could be approximately 0.41 US Dollars per mile while for
internal combustion engines costs could be 0.53 US Dollars per mile (BNEF, 2020). The IEA
estimates that current costs of vehicle ownership with fuel cells are between 0.8 and 0.9 US
Dollars per km, assuming a low level of utilisation of refuelling stations and a 400 km vehicle
range. In the long term, this cost could reduce to 0.5 US Dollars per km and fuel cell vehicles
could be competitive against electric vehicles. For buses and trucks, current costs are
approximately 1.8 US Dollars per km but it is expected that they could decrease to 1.2 US
Dollars per km (IEA, 2019b). The Hydrogen Council, Mckinsey & Company and E4tech
considers that for heavy duty vehicles with fuel cells the current total ownership cost is 1.7
US Dollars per km and it is expected to reach 1 US Dollar per km by 2040. Heavy duty
vehicles with fuel cells can be competitive against electric vehicles by 2025 and against
diesel vehicles by 2025 – 2030. In the specific case of 300 tonne heavy duty vehicles in
mining (hydrogen combustion), current costs are approximately 800 US Dollars per hour
and it is expected that these costs could decrease to 300 US Dollars per hour by 2040. This
type of vehicles can be competitive against diesel vehicles by 2027. In this case it was
assumed that hydrogen generation costs were 1.4 US Dollars per kg H 2 in 2030 and a
carbon price of 50 US Dollars per tCO2e (Hydrogen Council. McKinsey & Company-E4tech,
2021).
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V Assessment of the costs and greenhouse gas mitigation
potential
One of the main objectives of the project was to evaluate the greenhouse gas mitigation
potential and costs of green hydrogen in Mexico. In this section, this evaluation is presented,
including the methodology that was used and main results. It is important to highlight that
an evaluation of this kind was recently published for Mexico.
With regards to this existing work, it was estimated that it is possible to install over 670 MW
of electrolysis capacity by 2030, reaching 38.7 GW of electrolysis capacity by 2050 for
industrial applications. This would require 15.5 billion US Dollars and would reduce 300
MtCO2e by 2050. It was also estimated that two thirds of the possible emission reductions
would be in the transport sector through fuel cell electric vehicles (FCEV). Additionally, it
was estimated that emissions could be reduced in the operations of PEMEX and green
hydrogen could be used for energy storage, thermal applications, and industrial uses
(Hinicio, 2021). The country has the total potential to install 22 TW of electrolyser capacity
by 2050. It was also estimated that the LCOH could be between 2.55 US Dollars per kg in
2030 and 1.22 US Dollars per kg in 2050. The study considers that the largest opportunities
for green hydrogen are within the transport sector, and particularly for public transport buses
and freight trucks. The production of synthetic fuels for the aviation industry is another area
of application for green hydrogen meeting 12% of the aviation’s fuel demand by 2050. In the
case of industry, it is considered that the mining industry could use green hydrogen for
fuelling mining vehicles and for steel production and thermal applications. According to the
study, PEMEX and CFE are other important players that could serve as initial adopters of
green hydrogen in the production of ammonia and for oil refining. Finally, thermal
applications in the chemical industry and for cement production was also considered having
a moderate participation. However, it was considered that Mexico could become an
important exporter to Europa and particularly to the United States. Mexico could closely
compete with Chile and Australia (Hinicio, 2021).
The International Energy Agency (IEA) has also published a regional study for Latin
America. In this work, the IEA considers that low-carbon hydrogen could represent the next
step for its clean energy transition reaching sectors that are not feasible for direct
electrification. While it is considered that hydrogen will be required for decarbonising the
transport sector of the entire region, the potential for decarbonising heavy industry would be
concentrated in few countries such as Mexico. The study highlights the fact that there are
still significant challenges for low-carbon hydrogen in the region, but it is recommended that
the initial efforts to be focused on research and development, pilot projects and their
preparation for a large-scale deployment. Recommendations for policy makers include the
definition of the long-term role of hydrogen in the energy system; the identification of
opportunities for the development of key technologies, the support of early financing
schemes and the reduction of investment risk; focus on research and development; the use
of certification schemes to incentivise production of low-carbon hydrogen and the regional
cooperation and the positioning of Latin America in the global landscape (IEA, 2021a).
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V.1 General methodology
V.1.1 Introduction
The analysis of the production of hydrogen from electrolysis and renewable energy was
based on the hydrogen demand of several sectors. The included alternatives were:










Oil refining. The six refineries of the National Refining System included: “Ing.
Antonio M. Amor” Refinery, in Salamanca, Guanajuato; “Francisco I. Madero”
Refinery, in Ciudad Madero, Tamaulipas; “Ing. Antonio Dovalí Jaime” Refinery, in
Salina Cruz, Oaxaca; “Ing. Héctor R. Lara Sosa” Refinery, in Cadereyta, Nuevo
León; “Miguel Hidalgo” Refinery, in Tula de Allende, Hidalgo; and “Gral. Lázaro
Cárdenas del Río” Refinery, in Minatitlán, Veracruz.
Mining. Ten mines were analysed, nine of them were open pit mines and one was
an underground mine. The analysed mines were: Peñasquito and Aranzazú, in
Zacatecas; Los Filos, in Guerrero; La Herradura, Buenavista del Cobre, La Caridad,
Mulatos and Piedras Verdes, in Sonora; and Dolores and Pinos Altos, in Chihuahua.
Public transport. Public transport alternatives were analysed in three cities
including the Ecovía system in Monterrey, the Mi Macro system in Guadalajara and
the Metrobús system in Mexico City.
Natural gas grid injection. The analysed nodes were: node V030 “GLORIADIOS”,
in Chihuahua; node V036 “INYMONCLOVA”, in Coahuila, node V059
“MAREOFGRAFO”, in Nuevo León, node V061 “RAMONES”, in Tamaulipas, y node
V918 “ELCASTILLOINY” in Jalisco.
Industry. Three sectors were analysed including methanol production (PEMEX
Independencia Petrochemical Complex in Puebla), ammonia production (PEMEX
Cosoleacaque Petrochemical Complex in Veracruz and GPO Ammonia Plant in
Sinaloa) and steel production (ArcelorMittal in Michoacán and Ternium in Puebla).

The included renewable energy systems were wind and solar photovoltaic (PV). The
estimations considered the state-of-the-art technology and its costs. In the following section,
the methodology and the general assumptions for the estimation of renewable resources,
costs and location of the projects are presented. Distributed electricity generation systems
were analysed, for the estimation of levelised costs of hydrogen.

V.1.2 Model
The analysis of the proposed systems was based on the use of HOMER which was
developed by the US National renewable Energy Laboratory (NREL) for the design and
optimisation of distributed generation systems (HOMER Energy, 2021). This software
specialises in hybrid energy systems and has been extensively used for different kinds of
systems. The model incorporates the hydrogen demand, the natural resources, and the
technical and economic characteristics of the equipment. The software simulates the
alternatives hourly and minimises the costs for several possible configurations. The model
assumes that electricity is only used to produce hydrogen through electrolysis, The
programme calculates the levelised cost of hydrogen using the following equation.
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𝐿𝐶𝑂𝐻 =

𝐶𝑎𝑛,𝑡𝑜𝑡 −𝑉𝑒𝑙𝑒𝑐 (𝐸𝑝𝑟𝑖𝑚,𝑎𝑐+𝐸𝑝𝑟𝑖𝑚,𝑑𝑐 +𝐸𝑑𝑖𝑓 +𝐸𝑟𝑒𝑑,𝑣 )
𝑀𝑝𝑟𝑜𝑑

(1)

In the previous equation, Can,tot is the total annualised cost, Velec is the value of electricity,
Eprim is the primary electric load for both direct current (dc) and alternate current (ac), Edif
refers to deferred load (load that needs to be fed but not necessarily requires to be fed in a
specific moment, for instance in water pumping), Ered,v represents the electricity sold to the
grid, and Mprod the amount of generated hydrogen. It was considered that there were no
electrical loads to be fed, apart from the electrolyser. Additionally, it was considered that
there were no sales to the grid. For this reason, the levelised cost of hydrogen was the ration
between the annualised total cost of the system and the production of hydrogen.

V.1.3 General economic assumptions
For the estimation of the levelised cost of hydrogen, the project economic lifetime was
considered for 25 years with a nominal discount rate of 10%. The calculations take 2019
prices and investment costs, and operation and maintenance costs were adjusted using the
Chemical Engineering Plant Cost Index (CEPCI). The cost of the produced hydrogen was
estimated considering its storage in stationary tanks. The pressure of the tanks is the same
as the electrolyser pressure. In the case that hydrogen generation facilities were located
nearby location from its use point, the transport cost (by truck or pipeline) was included.

V.1.4 Input data
The electricity generation from solar PV panels considered a 19.1% efficiency. The solar
panel array was considered as fixed, and two categories of costs were included in the
calculations. The first category corresponded to commercial scale systems assuming that
their capacity is between 100 kW and 2MW, according to Feldman, et al. (2021). In this
case, the investment costs of the solar PV system considered the costs of a distributed
generation system in Mexico (between 250 and 500 kWp). This cost was 1,056 US Dollars
por kW (GIZ, CNBiogás, ASOLMEX, AMIF & ANES, 2020). The second category
corresponded to large scale systems with an installed capacity larger than 5 MW (Feldman,
et al., 2021). For this category, the investment costs considered large scale system costs in
Mexico for 2020 which was 812 US Dollars per kW. The annual operation and maintenance
costs were taken as 18 US Dollars per kW (IRENA, 2021). In both cases, the inverter costs
were not included. These costs were included in the electrolyser costs. The costs for the 2
MW and 5 MW systems were considered assuming a lineal relationship between categories.
The solar PV panel economic lifetimes were assumed for 25 years, and their replacement
was not considered. A 15% loss factor was considered (Ong, et al., 2013). This factor
incorporates losses that than occur in electricity generation modules because of dust
accumulation, losses in wiring and connections, and differences in capacity design and real
generation, just to mention some examples. Additionally, the effects of temperature on
modules were considered assuming a nominal operation temperature of the PV cell of 41°C
and a temperature coefficient of -0.37 %/°C. In the case of the wind energy and hybrid
systems analysed in the Salina Cruz and Madero refineries, horizontal axis wind turbine of
2.0 and 2.4 MW was considered, respectively. The selection of turbines was based on the
classification of the International Electrotechnical Commission (IEC). The average wind
velocity at the height of the wind turbine bushing was included and the economic lifetime of
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25 years was also considered. The following table presents the main characteristics of the
turbines.
Table V.1. Main characteristics of the wind turbines.
Nominal
power (kW)

Rotor
diameter (m)

Class IEC

Bushing
height (m)

Enercon E-82-E2

2000

82

IEC/EN IIA

85

Enercon E-103 EP2

2350

101

IEC IIIA

74

Model

Source: (Enercon GmbH, 2021).

The determination of electricity generated from wind turbines considered losses (15.95%)
caused by different phenomena (Lee & Fields, 2021). The information is presented in the
following table.
Table V.2. Electricity production losses in wind turbines.
Category
Percentage of losses
Unavailability losses

4

Performance losses

2.5

Losses caused by the surrounding environment

2

Slipstream losses

6.4

Electrical losses

2.1

Other

0
Source: (Lee & Fields, 2021).

With regards to capital costs, IRENA (2021) considers a 1,403 US Dollars per kW in 2020
for North America. The International Energy Agency (IEA) (2020) estimates investment
costs for 1,498 US Dollars por kW in 2019 for Mexico. (IRENA, 2021; IEA, 2020).
Additionally, investment costs in the United States were 1,520 US Dollars por kW in 2019
with capacities between 100 MW and 200 MW. For this work this latter information was
considered for systems between 5 MW and 200 MW. This information is presented in the
following table. The operation and maintenance costs were 43 US Dollars per kW per year
and an economic lifetime of 25 years was considered. (Stehly, et al., 2020).
Table V.3. Investment costs of wind energy projects according to their capacity.
Project capacity
USD2019/kW
CAPEX <5 MW

3,776

CAPEX 20-50 MW

1,702

155

Assessment of the greenhouse gas mitigation potential of green hydrogen.
An implementation roadmap for Mexico

CAPEX 50-100 MW

1,547

CAPEX 100-200 MW

1,520

CAPEX >200 MW

1,412
Source: (Wiser, et al., 2020).

The analysed electrolysis system considered PEM electrolysers because of their flexibility
to cope with the variability imposed by renewable intermittent electricity systems. The data
was taken from case studies from the US National Renewable Energy Laboratory (NREL)
using the H2A model, and two categories of electrolysers considering scale. The categories
consider electrolysers with a capacity to produce 1,500 kg of hydrogen per day (for
distributed generation) and 50,000 kg of hydrogen per day for a centralised system (U.S.
DOE, 2020). In both cases, the electrolyse design consider the possibility to their connection
to the electrical grid and the necessary power electronics (rectifier and transformer). In this
work, dc-dc optimisers were considered because of the necessity to adapt the energy input
from the rectifier in the wind turbine and hybrid systems, and the integration of the solar
system. The considered efficiencies correspond to the entire electrolysis system, including
the electric requirements of the equipment in the balance of plant and the efficiency of the
power electronics. The input capacity corresponds to the maximum power of the entire
electrolysis system and corresponds to 4 MW for distributed generation and 131 MW for
centralised production. The stack lifetime is reported in hours and its lifetime is based on the
number of hours of operation of the solar PV, wind or hybrid systems for every year.
According to the existing renewable resources at the specific locations the electrolysis stack
lifetime is between 6.8 and 7.0 years for the wind and hybrid systems and between 12 and
14 years for the solar PV systems. The investment costs for the case studies assume the
state of technological development which is reflected in the manufacturing capacity of
electrolysers. The investment costs were adjusted according to the information presented
by U.S. DOE (2020a), in which the H2A model was used to study the production costs of
hydrogen with electrolysis considering the existing market conditions. As for the solar PV
cases, a lineal relationship was assumed in the costs of electrolysers for a capacity between
4 MW and 131 MW. There is a broad range of cost estimates in the literature and for this
study, a conservative approach was taken, considering the higher costs. The stack
replacement costs of the electrolysis system were considered as 15% over the initial
investment costs while operation and maintenance costs were 1.5% of investment costs
(IEA, 2019; U.S. DOE, 2020a). The following table presents the data.
Table V.4. Main characteristics of the electrolysers.
Parameter

Value

Reference

Capacity of the electrolyser (MW)

3.94

131

(U.S. DOE, 2020)

Electrolyser stack lifetime (horas)

52,715

59,480

(U.S. DOE, 2020)

71

71

(U.S. DOE, 2020)

1,884

1,447

(U.S. DOE, 2020),
(U.S. DOE, 2020a)

283

217

(U.S. DOE, 2020),
(U.S. DOE, 2020a)

Efficiency (HHV, %)
Electrolyser CAPEX (USD2019/kW)
Replacement cost (USD2019/kW)
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Annual OPEX (USD2019/kW)

25

19

(U.S. DOE, 2020),
(U.S. DOE, 2020a)

The wind turbines considered in this study have an alternate current output while solar PV
panels operate with direct current. As mentioned, the electrolyser can also operate with
direct current and for the integration of alternate and direct current, a converter is required.
This converter corresponds to an AC/DC rectifier that allows the connection of the wind
turbines with the electrolyser in the wind and hybrid systems. The investment costs of the
rectifier were assumed as 131 US Dollars por kW with an economic lifetime of 12.5 years
and an efficiency of 97% (Khosravi, et al., 2018; Mongird, et al., 2020; Vartiainen, et al.,
2019).
For the storage of H2, the use of pressurised tanks was considered. It was assumed that
with the outlet pressure of the PEM electrolysers, between 30 Bar and 80 Bar, it was possible
to provide a continuous supply and the in-situ storage. For this reason, additional
compressors were not considered. The economic lifetime of the storage tanks was 30 years
with investment costs of 569 US Dollars por kg of capacity (pressures between 50 Bar and
350 Bar), and annual operation costs of 2% of the initial investment costs (TRACTEBEL
engie-Hinicio, 2017).

V.1.4.1 Renewable resources
The calculations used solar and wind resource information in the existing sites. This
information was obtained from the National Solar Radiation Database (NSRDB), published
by NREL. The NSRDB contains complete series of data with a temporal resolution of one
and a half hours, and s spatial resolution of 4 by 4 km. The main solar resource data was
the horizontal surface global radiation (horizontal diffuse radiation and direct normal
radiation) in units of Wh/m2/day. The calculations contain meteorological data such as
temperature, pressure, and direction and velocity of wind. The meteorological data was
taken from the MERRA-2 global reanalysis to assimilate space-based observations from
NASA. The geographical area includes the United States and other countries in Latin
America and the Caribbean. The NSRDB contains data from multiple years and
concentrated in a typical meteorological year (TMY). This information was used for the
evaluation of solar projects (NREL, 2021). In the case of wind, the wind velocity corresponds
to a height of 2 metres above the sea level from the MERRA-2 model. This information had
to be adjusted to the height of the turbine axis. A logarithmic model for adjusting the speed
was used. This estimation considered the roughness of the terrain. The roughness was
calculated using information from wind resource maps from the “Global Wind Atlas”116
(GWA). GWA uses data analysis algorithms from the ERA-5 model to generate wind velocity
data at different heights with a spatial resolution of 3 by 3 km. The NSRDB annual wind data,
was then compared with the information from GWA at 100 metres. The roughness
considered corresponds to the required value for the annual average velocity obtained from
the NSRDB to be equal to the velocity estimated at 100 metres. The hourly data from the
NSRDB was adjusted considering the wind patterns in the specific sites in addition to the
probability distribution. The correlation between average monthly data from the NSRDB and
GWA can be observed in the following Figure for Salina Cruz.
116

Global Wind Atlas 3.0 is a free application which belongs to the Technical University of Denmark in
collaboration with the World Bank and using data from Vortex with resources from the Energy Sector
Management Assistance Program (ESMAP). More information available at: https://globalwindatlas.info
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Figure V.1. Average wind velocity in Salina Cruz, (correlation coefficient of 0.96).

V.1.4.2 Location of the projects and transport costs
The analysed cases explore the possibility of generating and using the hydrogen in-situ. In
this manner, transport costs are avoided. However, it is not always possible to find suitable
areas for renewable energy generation because of the existence of protected areas, human
settlements, or other terrain conditions. In addition to this, the demand for hydrogen in
certain applications can be high which requires a high amount of energy. Solar and wind
projects require large areas of land and for this reason it is necessary to find suitable places.
Some of the sectors analyse demonstrative small-scale projects which can be implemented
at the same places where hydrogen is used. However, larger scale projects require a mor
detailed analysis of the area requirements. The evaluation of this availability the information
from the National Atlas of Zones with a High Potential of Clean Energy (AZAEL) published
by the Secretariat of Energy (SENER) were used. This information considers the inclination
of the terrain, human settlements, altitude, protected areas, geological climate areas with
risk, communication and transport infrastructure and water bodies (SENER, 2017). Areas
for agriculture are not considered and for this reason, maps from INEGI were used (INEGI,
2021).
To estimate the required area to produce hydrogen with solar energy, the information from
(Ong, et al., 2013) was considered. For solar PV systems between 1 and 20 MW, the área
required is 0.0362 km2/MWdc and for larger than 20 MW systems the required area is 0.0357
km2/MWdc. The required area for electrolysers and auxiliary equipment is lower and
corresponds to 1% for large scale systems (Zapantis & Zhang, 2020). The levelised costs
of hydrogen production were calculate considering its temporary storage. In the cases with
no available space, renewable systems had to be in distant locations, and it is necessary to
consider transport costs. For this, the information from (BNEF, 2019) y (BNEF, 2020) was
used. The European Commission presents some normalised costs per km for distribution
pipelines and per 600 km for transmission pipelines. Truck transport considered the
information form (BNEF, 2019). This information is presented in the following table.
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Table V.5. Levelised costs of hydrogen transport with pipeline and trucks.
Transport with distribution pipeline
USD2019/kg/km
Distribution with pipeline 1000 km, normalised per km

0.00187151

Distribution with pipeline 100 km, normalised per km

0.002245811

Distribution with pipeline 10 km, normalised per km

0.00598883

Distribution with pipeline 1 km, normalised per km

0.060262606

Transport with truck
Distribution with truck, 10 km trip, 10 tonnes/day,
normalised per km

0.076

Distribution with truck, 100 km trip, 10 tonnes/day, 0.0173
normalised per km
Transport with transmission pipeline
Transport with transmission pipeline

0.001419228

Source: Modified from (BNEF, 2019), y (BNEF, 2020) and (European Commission, 2020)

The election of the transport form of hydrogen for the places that needed it was based on
the daily demand and the distance to the use points (BNEF, 2020).

V.2 Green hydrogen in oil refining
V.2.1 Introduction
The oil refining sector is based on several process units that require a considerable amount
of energy and inputs. Crude oil is processed and transformed in different products including
gasoline and diesel, among others. Theses fuels are used in sectors such as transport,
electricity generation and for industrial activities that require heat.
The National Refining System (SNR) is based on six oil refineries with a total processing
capacity of 1.6 million barrels per day (MBD). In 2019, only 38% of this capacity was used
(EIA, 2020). These refineries were designed with the required facilities to cover their own
demand of services, hydrogen, water treatment and electricity (PEMEX , 2011).
In the oil refining industry, the generation of hydrogen is mainly based on the use of the
catalytic reforming of natural gas. The six refineries of the SNR use this process to cover
their hydrogen demand. In general terms, a hydrogen production plant in an oil refinery is
based on a methane reformer (steam, methane reforming, SMR) and a purification system
that corresponds to a pressure swing adsorption (PSA) unit. The main diagram of this
process can be observed in Figure V.2.
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Figure V.2. Diagram of the reforming process.

Source: (PEMEX Refinación , 2010).

In the SMR process, a natural gas stream is introduced or in some cases refinery gas. This
stream is preheated with steam and reacts in the reformer. The reformer contains a catalyst
to produce a stream with a 75% to 80% concentration of hydrogen and carbon monoxide
(CO). After the stream is purified using the PSA process and the concentration of hydrogen
is increased to 99%. In the first stage of the process, methane reacts in the reformer with
steam and procures H2 and CO. The second stage of the process consists of the water gas
shift (WGS) reaction in which carbon monoxide and water vapor react generating an
additional amount of hydrogen and carbon dioxide (CO 2). The stream produced in this step
is the one that is purified using the PSA unit removing small amounts of methane and other
impurities and producing hydrogen with a high purity (Inspectioneering, 2021).
The generation of hydrogen in the SNR refineries uses this process and produced CO 2 as
a by-product and for this reason grey hydrogen is produced. Because of this, carbon capture
and storage technology is required to partially capture CO 2 emissions and produce blue
hydrogen. Alternatively, green hydrogen can be produced from renewable energy and used
within the refinery.
At the refineries of Petróleos Mexicanos (PEMEX), the generated hydrogen is used for oil
refining needs within naphtha reforming, alkylation and hydrotreatment. In the next graph,
the main uses of hydrogen for 2019 are presented. As can be observed, 88% of hydrogen
demand in the refineries was for desulphurisation purposes (PEMEX, 2021b).

160

Assessment of the greenhouse gas mitigation potential of green hydrogen.
An implementation roadmap for Mexico

Figure V.3. Hydrogen use in the oil refineries of PEMEX.

Fuente: (PEMEX, 2021b).

The total processing capacity of reforming and hydrotreating units in PEMEX and its
evolution between 2009 and 2019 is presented in Figure V.4. As observed, the reforming
capacity remained constant while the hydrodesulphurisation and hydrotreating capacity
increase from 920 thousand barrels per day to 1,230 barrels per day (kBD) (PEMEX, 2019).
Figure V.4. Processing capacity of the units.
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Source: (PEMEX, 2019).

The demand of hydrogen in PEMEX has increased in the last years because of the heavier
crude oil that is extracted in the country. This crude oil contains a higher amount of sulphur
which must be removed to comply with the processing requirements and configuration of
the refineries which were originally designed to treat light crude oil (IPN, 2016). To use this
heavier oil PEMEX has conducted several reconfiguration programmes introducing coking
units including additional hydrotreating process for several products. This is done in order
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to reduce sulphur concentration in transport fuels and to comply with environmental and fuel
quality regulations in the country. Despite of this, there is still a deficit in the hydrogen
amounts needed to treat fuels (primarily diesel or intermediate distillates) and for this reason,
hydrodesulphurisation units have had a low-capacity factor.

V.2.2 Methodology
For this sector, hydrogen production via electrolysis with renewable energy was analysed
so that the green hydrogen could be used for the refineries of the SNR. For this case, two
scenarios were considered. In the first case, the hydrogen demand for scaling the renewable
electricity production system and the electrolyser capacity considered the total demand of
each refinery. In the second case, an increase in the current use of desulphurisation units
for intermediate distillates was considered. In this case, the increase was estimated
considering the utilisation of existing primary distillation units, so that existing production of
hydrogen could be complemented with green hydrogen. The latter case could be a pilot
project to be implemented in the following years. The analysed energy systems consisted
of PEM electrolysers coupled to solar photovoltaic (PV) systems. Additionally, the feasibility
of wind and solar PV hybrid systems and wind systems were considered for the refineries
of Madero and Salina Cruz due to the availability of larger wind resources in these areas.
The methodology for green hydrogen in oil refining is presented in the following diagram.
The details of the methodology are presented in section V.1.
Figure V.5. Methodology for analysing the implementation of green hydrogen in oil refining.

•Historical data
•Design data
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V.2.2.1 Estimation of hydrogen demand
As presented at the beginning of this section, the total demand of refineries was estimated.
This demand refers to the consumption of hydrogen in process units (considering hydrogen
for energy uses), and not including hydrogen for flaring purposes. The consumption of
hydrogen in 2019 was estimated using information from PEMEX from its oil refineries. The
original data estimates hydrogen in volume and this was transformed into its mass
equivalence in kg considering the hydrogen density at normal conditions of pressure and
temperature (20°C and 1 atm) of 0.08375 kg/m3. Considering this information, the estimated
demand is presented in Table V.6.
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Table V.6. Hydrogen demand in oil refineries of PEMEX.
Hydrogen demand
2019 (kg/year)

Hourly demand of
hydrogen (kg/year)

Cadereyta

32,285,391.4

3,685.5

Madero

17,820,124.1

2,034.3

Minatitlán

50,415,520.6

5,755.2

Salamanca

16,972,619.1

1,937.5

Salina Cruz

15,919,694.5

1,817.3

Tula

12,594,509.0

1,437.7

Refinery

As previously presented, in the second scenario, an analysis of the utilisation percentage of
the units that require hydrogen was estimated considering its design capacity. The design
capacity was estimated using real refinery process diagrams that contain the hydrogen
requirements in these units. This information was complemented with the nominal capacity
reported by PEMEX for each of its plants (PEMEX TRI, 2016). Based on this information,
the mass flow (kg/h) of hydrogen was estimated and thus the annual demand considering
an operation of 24 hours for 365 days. In Table V.7 the demand from the different units is
presented for 2019.
Table V.7. Percentage of unit utilisation.
Tula

Cadereyta

Madero

Minatitlán

Salamanca

Salina Cruz

Alkylation

32.6

47.3

0.17

0

NA

6.29

Hydrodesulphurisation of
intermediate distillates

5.8

11.7

22.37

34.07

44.89

4.20

Hydrodesulphurisation of
gasoline

13.6

21.2

0.57

36.70

20.16

12.74

Hydrodesulphurisation of
diesel

0.00

NA

NA

NA

31.48

NA

Hydrodesulphurisation of
gasoil

1.9

36.1

12.54

15.17

10.22

NA

Isomerisation

13

1.9

NA

NA

NA

61.38

Hydrodesulphurisation of
vacuum gasoil

ND

NA

NA

NA

NA

NA

Hydrodesulphurisation of
naphtha

NA

NA

NA

25.54

NA

NA

Sulphur production

NA

NA

NA

NA

0.11

NA

Gas mixer

NA

NA

NA

NA

33.93

NA
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Hydrotreating
lubricants

of

NA

NA

NA

NA

8.35

NA

ND: Not available data from the original design.
NA: Not applicable. The refinery does not have this process.
Source: (PEMEX TRI, 2016).

Additionally, the percentage of utilisation of refineries was estimated for 2019, expressed as
the relationship between processed crude in atmospheric distillation units and the design
capacity. The percentages for annual average utilisation of the atmospheric units are
presented in Table V.8.
Table V.8. Percentage of utilisation of atmospheric distillation units.
Annual average
percentage of
utilisation

Refinery
Cadereyta

37.6%

Madero

30.6%

Minatitlán

32.2%

Salamanca

37.8%

Salina Cruz

37.9%

Tula

38.5%

Source: Constructed with information from (PEMEX, 2021a) and (PEMEX TRI, 2016).

As mentioned previously and for the second scenario, the considered hydrogen demand
was that of the intermediate distillate units. As observed in Table V.7 the percentages of
utilisation of hydrogen consuming units vary across refineries from 4.2% for Salina Cruz to
44.9% for Salamanca. Based on the percentage utilisation of hydrodesulphurisation units of
intermediate distillates and the percentage utilisation of atmospheric distillation units, the
scenario considered the increase in the use of hydrogen consuming units to the percentages
of atmospheric distillation units for those refineries with a larger utilisation of the latter
distillation units. This situation was observed for Tula, Cadereyta, Madero and Salina Cruz.
In the case of the Minatitlán and Salamanca refineries the percentages of utilisation were
larger in comparison to those of the desulphurisation units and for that reason it was
considered to increase their use to 40% and 50%, respectively. For this scenario, the
hydrogen demand corresponded to the difference between the new calculated utilisation
percentages for the hydrodesulphurisation units and the current utilisation (Table V.9).
Table V.9. Hydrogen demand for the hydrodesulphurisation of intermediate distillates.
Current
percentage
of
utilisation

New
percentage of
utilisation

Cadereyta

11.7

Madero

22.4

Refinery

Required hydrogen
(kg/year)

Hourly demand of
hydrogen (kg/h)

37.6

22,149,142

2,528

30.6

5,670,254

647
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Minatitlán

34.1

40

4,190,665

478

Salamanca

44.9

50

546,134

62

Salina Cruz

4.2

37.9

56,021,069

6,395

Tula

5.8

38.5

39,608,875

4,522

V.2.2.2 Estimation of GHG emissions
The oil refining system required the adoption of actions to reduce their greenhouse gas
(GHG) emissions which according to the last National Emissions Inventory were 10.2 million
tonnes of CO2e for 2019 (INECC, 2020). According to Sun et al. (2019), the hydrogen
generation process through SMR produces both GHG and atmospheric pollutant emissions
due to combustion processes associated with the SMR process and its chemical reactions.
The average emissions form and SMR system are 9 kg of CO 2 per kg of H2 produced (Sun,
et al., 2019). Moreover, the SMR system uses 1.4 MMBTU of energy (1.371 MMBTU from
natural gas and 0.017 MMBTU from electricity). For every MMBTU of produced hydrogen
(Sun & Elgowainy, 2019). Considering the information presented by Sun, et al. (2019),
emissions were estimated for hydrogen generation plants at the six refineries. Table V.10
presents the GHG and atmospheric pollutant emissions associated with the reforming
processes for hydrogen generation.
Table V.10. GHG and atmospheric pollutant emissions from the SMR process.
Refinery/
Emissions
CO2
CO
NOX
PM10
PM2.5
SOX
(Annual
tonnes)
Tula

169,173

2.6

11.9

3.6

3.6

0.11

Cadereyta

384,932

5.9

27.1

8.2

8.2

0.26

Madero

267,900

4.1

18.9

5.7

5.7

0.18

Minatitlán

381,802

5.8

26.9

8.1

8.1

0.25

Salamanca

176,112

2.7

12.4

3.7

3.7

0.12

Salina Cruz

156,870

2.4

11.0

3.3

3.3

0.10

1,536,789

23

108

33

33

1

Total

V.2.3 Results
The main results from this section are presented. These include the electrolysis systems for
meeting the total demand of hydrogen for the refineries in Table V.11. In Table V.12, the
results for the second scenario for the hydrodesulphurisation of intermediate distillate units
are presented. For both tables the results for solar PV systems are presented. Additionally,
in Table V.13 and Table V.14 the results from the wind and hybrid systems are presented
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(Madero and Salina Cruz refineries) considering the total demand. With regards to CO 2 and
atmospheric pollution emissions reductions, Table V.10 presents the emissions that could
be avoided if the total amount of hydrogen was generated from green hydrogen. For the
second scenario, in which it was considered to add an additional amount of hydrogen to the
existing production from the SMR system, emission reductions are presented in Table V.15.
It is important to clarify that the estimation of emission reductions was based on the
methodology presented in the previous section. The detailed results for each refinery are
presented in the following sections.

Table V.11. Main characteristics for the electrolysis systems for the total demand of
hydrogen.
Refinery

System configuration

Initial investment
(Million US Dollars)

Levelised
cost of H2 (US
(US
Dollars/kg)

Levelised
cost of H2
considering
transport (US
Dollars/kg)

12,793.9

739.7

5.63

5.96

32,819.2

2,146.4

6.37

6.5

18,095.8

1,232.6

6.64

6.73

16,188.2

917.9

5.53

5.6

51,204.9

3,622.7

6.9

6.91

17,248.1

948.9

5.35

5.51

Production
of H2
(tonnes/year)

Solar PV system:
426.93 MW
Tula

Electrolyser: 254 MW
Tank: 45 tonnes
Solar PV system:
1,254.7 MW

Cadereyta

Electrolyser: 695 MW
Tank: 215 tonnes
Solar PV system: 765.6
MW

Madero

Electrolyser: 385 MW
Tank: 95 tonnes
Solar PV system: 543.8
MW

Salina Cruz

Electrolyser: 312 MW
Tank: 44 tonnes
Solar PV system:
2,279.2 MW

Minatitlán

Electrolyser: 1,115 MW
Tank: 280 tonnes

Salamanca

Solar PV system: 542.2
MW
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Refinery

System configuration

Production
of H2
(tonnes/year)

Initial investment
(Million US Dollars)

Levelised
cost of H2 (US
(US
Dollars/kg)

Levelised
cost of H2
considering
transport (US
Dollars/kg)

Electrolyser: 330 MW
Tank: 55 tonnes

Table V.12. Main characteristics for the electrolysis systems for the demand of
hydrodesulphurisation of intermediate distillate units.
Refinery

System configuration

Initial investment
(Million US
Dollars)

Levelised
cost of H2 (US
(US
Dollars/kg)

Levelised
cost of H2
considering
transport (US
Dollars/kg)

40,238.4

2,326.2

5.63

5.96

22,502.1

1,471.6

6.37

6.5

5,757.9

392.7

6.65

6.74

56,921.3

3,227.2

5.53

5.55

4,260.8

302

6.92

6.98

555

32.4

5.71

7.21

Production
of H2
(tonnes/year)

Solar PV system: 1,338
MW
Tula

Electrolyser: 800 MW
Tank: 145 tonnes
Solar PV system: 850.3
MW

Cadereyta

Electrolyser: 485 MW
Tank: 140 tonnes
Solar PV system: 239.8
MW

Madero

Electrolyser: 125 MW
Tank: 30 tonnes
Solar PV system:
1,906.3 MW

Salina Cruz

Electrolyser: 1,100 MW
Tank: 155 tonnes
Solar PV system: 191.3
MW

Minatitlán

Electrolyser: 92 MW
Tank: 23 tonnes

Salamanca

Solar PV system: 17.5
MW
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Refinery

System configuration

Production
of H2
(tonnes/year)

Initial investment
(Million US
Dollars)

Levelised
cost of H2 (US
(US
Dollars/kg)

Levelised
cost of H2
considering
transport (US
Dollars/kg)

Electrolyser: 10.8 MW
Tank: 1.6 tonnes

Table V.13. Main characteristics for the electrolysis systems for the Madero and Salina
Cruz refineries with wind energy.

Refinery

Configuration of the wind
energy system

Production of
H2
(tonnes/year)

Initial investment
(Million US Dollars)

Levelised cost of
H2 (US (US
Dollars/kg)

18,248.5

2,273.6

13.3

16,450.1

1,161.1

7.46

Wind energy system:
1,069.3 MW
Electrolyser: 385 MW

Madero

Tank: 275 tonnes
Rectifier: 385 MW
Wind energy system: 400
MW
Electrolyser: 250 MW

Salina Cruz

Tank: 355 tonnes
Rectifier: 250 MW

Table V.14. Main characteristics for the electrolysis systems for the Madero and Salina
Cruz refineries with hybrid systems.
Refinery

Configuration of the wind
energy system

Production of
H2
(tonnes/year)

Initial investment
(Million US Dollars)

Levelised cost of
H2 (US (US
Dollars/kg)

18,115.8

1,225

7.0

Solar PV sytem: 600 MW
Madero

Wind energy system: 117.5
MW
Electrolyser: 350 MW
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Configuration of the wind
energy system

Refinery

Production of
H2
(tonnes/year)

Initial investment
(Million US Dollars)

Levelised cost of
H2 (US (US
Dollars/kg)

16,191

875.6

5.61

Tank: 70 tonnes
Rectifier: 100 MW
Solar PV system: 385 MW
Wind energy system: 120
MW
Salina Cruz

Electrolyser: 225 MW
Tank: 75 tonnes
Rectifier: 95 MW

Table V.15. GHG and atmospheric pollutant emission reductions for the
hydrodesulphurisation of intermediate distillates case.
Refinery

Tula

System
configuration

Production of
H2
(tonnes/year)

CO2 emission
reductions
(tonnes/year)

CO emission
reductions
(tonnes/year)

NOx
emission
reductions
(tonnes/year)

PM10
emission
reductions
(tonnes/year)

PM2.5
emission
reductions
(tonnes/year)

SOx
emission
reductions
(tonnes/year)

40,238

372,607.6

5.7

26.2

7.9

7.9

0.2

22,502.10

208,369.4

3.2

14.7

4.4

4.4

0.1

5,757.90

53,318.2

0.8

3.8

1.1

1.1

0.04

56,921.30

527,091.2

8.0

37.1

11.2

11.2

0.3

Solar PV system:
1,338 MW
Electrolyser:
MW

800

Tank: 145 tonnes
Cadereyta

Solar PV system:
850.3 MW
Electrolyser:
MW

485

Tank: 140 tonnes
Madero

Solar PV system:
239.8 MW
Electrolyser:
MW

125

Tank: 30 tonnes
Salina
Cruz

Solar PV system:
1,906.3 MW
Electrolyser: 1,100
MW
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Tank: 155 tonnes

Minatitlán

Solar PV system:
191.3 MW
Electrolyser:
MW

92

4,260.80

39,455.0

0.6

2.8

0.8

0.8

0.03

555

5,139.3

0.1

0.4

0.1

0.1

0.003

Tank: 23 tonnes
Salamanca

Solar PV system:
17.5 MW
Electrolyser: 10.8
MW
Tank: 1.6 tonnes

V.2.3.1 Tula refinery
The Tula Refinery “Miguel Hidalgo” is in the municipality of Tula in the state of Hidalgo. The
refinery has a processing capacity of 315,000 barrels of crude oil per day. In 2016, its
utilisation rate was 70% of its total capacity. However, its operation has been reduced
reaching 40% in 2018. The refinery satisfies the demand of hydrogen using two gasoline
reforming units with natural gas and hydrotreated gasoline. The produced hydrogen is used
in the alkylation, isomerisation and hydrodesulphurisation units, as presented in Figure V.6.
Figure V.6. Simplified diagram of the hydrogen production and use in the Tula refinery.
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In Table V.16, the total demand of hydrogen in each plant of the refinery is presented. The
operation of the refinery was reduced due to high levels of the fuel oil inventories and the
lack of maintenance in the different process plants. In Table V.17, the hydrogen demand for
the intermediate distillates units is presented. In Table V.18, the solar system for the total
demand of hydrogen is presented and in Figure V.7 the distribution of investment costs is
presented as well. For the intermediate distillate unit hydrogen demand the results are
presented in Table V.19 and in Figure V.8 the distribution of investment costs for this case
are presented.

Table V.16. Hydrogen use in the Tula refinery in 2019.
Demand of H2
(m3)

Process unit
Alkylation

Demand
H2 (kg)

of

7,153,749.8

599,126.5

84,457,146.2

7,073,286.0

0.0

0.0

Hydrodesulphurisation of gasoline

48,362,562.2

4,050,364.6

Hydrodesulphurisation of vacuum
gasoil

0.0

0.0

Hydrodesulphurisation of gasoil

2,829,596.0

236,978.7

Isomerisation

7,579,142.9

634,753.2

150,382,197.1

12,594,509.0

Hydrodesulphurisation
intermediate distillates

of

Hydrodesulphurisation of diesel

Total

Table V.17. Hydrogen demand for the intermediate distillate unit in the Tula refinery.
Hydrogen demand 2019 (kg/year)
7,073,286.0
Design capacity (kg/year)

121,220,880.0

Utilisation rate 2019

5.84%

Hydrogen demand, new percentage (38.51%) 46,682,160.9
(kg/year)
Green hydrogen production (kg/year)

39,608,874.9

Green hydrogen demand (kg/h)

4,521.6

Table V.18. Main characteristics for the electrolysis systems for the total demand of
hydrogen in the Tula refinery.
Characteristics of the system
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Total production of the solar system (MWh per year)

821,119.6

Excess of electricity (MWh per year)

112,249.7

Capacity factor of the solar system (%)

22.3

Area (km2)

15

Annual production of hydrogen (tonnes)

12,795.6

Capacity factor of the electrolyser (%)

32

Initial investment (Million US Dollars)

731.5

Levelised cost of H2, discount rate 10% (US Dollars per kg/US Dollars per Million
BTU)

5.57/41.4

Figure V.7. Investment cost distribution for the total hydrogen demand in the Tula refinery.
3%

Electrolyser
50%
47%

PV system
Hydrogen tank

Table V.19. Hydrogen demand for hydrodesulphurisation of intermediate distillates in the
Tula refinery.
Characteristics of the system
Total production of the solar system (MWh per year)

2,565,617.6

Excess of electricity (MWh per year)

335,620.6

Capacity factor of the solar system (%)

22.3

Area (km2)

46.9

Annual production of hydrogen (tonnes)

40,253

Capacity factor of the electrolyser (%)

31.8

Initial investment (Million US Dollars)

2,301.4
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Levelised cost of H2, discount rate 10% (US Dollars per kg/US Dollars per Million
BTU)

5.57/41.4

Figure V.8. Investment cost distribution for the intermediate distillate unit demand in the
Tula refinery.
3%

Electrolyser
50%
47%

PV system
Hydrogen tank

V.2.3.2 Cadereyta
The Cadereyta Refinery “Ing. Héctor Lara Sosa” is in the municipality of Cadereyta in the
state of Nuevo León. The refinery has a processing capacity of 275,000 barrels of crude oil
per day. The hydrogen for the isomerisation, alkylation, and hydrodesulphurisation units is
produced in two gasoline reformers (U-500-1 and U-500-2) and one private hydrogen plant
that has an operation contract of 60 million cubic feet per day. Figure V.9 presents the uses
of hydrogen within the refinery. In this refinery 73% of the total demand in 2019 was for the
hydrodesulphurisation of gasoil and intermediate distillates.
Figure V.9. Simplified diagram of the hydrogen production and use in the Cadereyta
refinery.
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In Table V.20, the total demand of hydrogen in each plant of the refinery is presented. In
Table V.21, the hydrogen demand for the intermediate distillates units is presented. In Table
V.18, the solar system for the total demand of hydrogen is presented and in Figure V.7 the
distribution of investment costs is presented as well. For the intermediate distillate unit
hydrogen demand the results are presented in Table V.19 and in Figure V.8 the distribution
of investment costs for this case are presented.

Table V.20. Hydrogen use in the Cadereyta refinery in 2019.
Process unit
Alkylation
Hydrodesulphurisation
intermediate distillates

Demand of H2
(m3)

Demand of H2
(kg)

512,528.4

42,924.3

of 118,666,573.1 9,938,325.5

Isomerisation

753,944.7

63,142.9

Hydrodesulphurisation of gasoline

102,647,670.5 8,596,742.4

Hydrodesulphurisation of gasoil

162,916,494.5 13,644,256.4

Total

385,497,211.3 32,285,391.4

Table V.21. Hydrogen demand for the intermediate distillate unit in the Cadereyta refinery.
Hydrogen demand 2019 (kg/year)
9,938,325.5
Design capacity (kg/year)

85,293,639.8

Utilisation rate 2019

11.70%

Hydrogen demand, new percentage (38.51%) 32,087,467.3
(kg/year)
Green hydrogen production (kg/year)

22,149,141.8

Green hydrogen demand (kg/h)

2,528.4

Table V.22. Main characteristics for the electrolysis systems for the total demand of
hydrogen in the Cadereyta refinery.
Characteristics of the system
Total production of the solar system (MWh per year)

2,131,276.4

Excess of electricity (MWh per year)

315,060.9

Capacity factor of the solar system (%)

18.7
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Area (km2)

46.35

Annual production of hydrogen (tonnes)

32,784

Capacity factor of the electrolyser (%)

29.5

Initial investment (Million US Dollars)

2,203.4

Levelised cost of H2, discount rate 10% (US Dollars per kg/US Dollars per Million
BTU)

6.54/48.6

Figure V.10. Investment cost distribution for the total hydrogen demand in the Cadereyta
refinery.
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Table V.23. Hydrogen demand for hydrodesulphurisation of intermediate distillates in the
Cadereyta refinery.
Characteristics of the system
Total production of the solar system (MWh per year)

1,455,474.6

Excess of electricity (MWh per year)

210,331.6

Capacity factor of the solar system (%)

18.7

Area (km2)

31.64

Annual production of hydrogen (tonnes)

22,475.7

Capacity factor of the electrolyser (%)

29.3

Initial investment (Million US Dollars)

1,509.7

Levelised cost of H2, discount rate 10% (US Dollars per kg/US Dollars per Million
BTU)

6.54/48.6
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Figure V.11. Investment cost distribution for the intermediate distillate unit demand in the
Cadereyta refinery.
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V.2.3.3 Madero
The “Francisco I. Madero” Refinery is in Ciudad Madero, in the state of Tamaulipas, and
was inaugurated in 1914. The refinery has 22 process plants and has a processing capacity
of 190,000 barrels of crude oil per day. Additionally, the hydrogen demand of the refinery is
met through two gasoline reformer plants (U-900 and U-900-1) with a processing capacity
of 20,000 barrels per day and 10,000 barrels per day, respectively. Additionally, there is an
SMR hydrogen production plant that is operated by a private company and has a design
capacity of producing 42 million cubic feet per day. According to its operation capacity, the
hydrodesulphurisation, and alkylation plants had a utilisation factor of 22.4% in 2019. The
hydrodesulphurisation units used 86% of the total hydrogen for this year. Figure V.12
presents the uses of hydrogen within the refinery.

Figure V.12. Simplified diagram of the hydrogen production and use in the Madero refinery.
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In Table V.24, the total demand of hydrogen in each plant of the refinery is presented. In
Table V.25, the hydrogen demand for the intermediate distillates units is presented. In Table
V.26, the solar system for the total demand of hydrogen is presented and in Figure V.13 the
distribution of investment costs is presented as well. For the intermediate distillate unit
hydrogen demand the results are presented in Table V.27 and in Figure V.14 the distribution
of investment costs for this case are presented.
Table V.24. Hydrogen use in the Madero refinery in 2019.
Process unit
Alkylation

Demand of H2
(m3)

Demand of H2
(kg)

53,509.8

4,481.4

of 184,400,892.9 15,443,574.8

Hydrodesulphurisation
intermediate distillates

Hydrodesulphurisation of gasoline

14,527,223.0

1,216,654.9

Hydrodesulphurisation of gasoil

13,795,975.8

1,155,413.0

Total

212,777,601.5 17,820,124.1

Table V.25. Hydrogen demand for the intermediate distillate unit in the Madero refinery.
Hydrogen demand 2019 (kg/year)
15,443,574.8
Design capacity (kg/year)

69,044,568.0

Utilisation rate 2019

22.37%

Hydrogen demand, new percentage (38.51%) 21,113,828.9
(kg/year)
Green hydrogen production (kg/year)

5,670,254.1

Green hydrogen demand (kg/h)

647.3

Table V.26. Main characteristics for the electrolysis systems for the total demand of
hydrogen in the Madero refinery.
Characteristics of the system
Total production of the solar system (MWh per year)

1,161,452

Excess of electricity (MWh per year)

158,419.3

Capacity factor of the solar system (%)

18.5

Area (km2)

25.55

Annual production of hydrogen (tonnes)

18,105.4
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Capacity factor of the electrolyser (%)

28.6

Initial investment (Million US Dollars)

1,213.7

Levelised cost of H2, discount rate 10% (US Dollars per kg/US Dollars per Million
BTU)

6.53/48.6

Figure V.13. Investment cost distribution for the total hydrogen demand in the Madero
refinery.
4%

45%

Electrolyser
PV system
Hydrogen tank

51%

Table V.27. Hydrogen demand for hydrodesulphurisation of intermediate distillates in the
Madero refinery.
Characteristics of the system
Total production of the solar system (MWh per year)

376,013.7

Excess of electricity (MWh per year)

56,854.2

Capacity factor of the solar system (%)

18.5

Area (km2)

8.27

Annual production of hydrogen (tonnes)

5,761.1

Capacity factor of the electrolyser (%)

29.1

Initial investment (Million US Dollars)

386.1

Levelised cost of H2, discount rate 10% (US Dollars per kg/US Dollars per Million
BTU)

6.53/48.6
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Figure V.14. Investment cost distribution for the intermediate distillate unit demand in the
Madero refinery.
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V.2.3.3.1 Wind and hybrid systems
Table V.28 presents the results for the wind energy system while Table V.29 presents the
results for the hybrid system. Figure V.15 and Figure V.16 present the distribution of
investment costs, respectively for the two cases.
Table V.28. Main characteristics for the electrolysis with wind energy for the total demand
of hydrogen in the Madero refinery.
Characteristics of the system
Total production of the system (MWh per year)

1,657,103.8

Excess of electricity (MWh per year)

614,879.5

Capacity factor of the wind system (%)

17.7

Annual hydrogen production (tonnes)

18,248.5

Capacity factor of the electrolyser (%)

30

Investment cost (Million US Dollars)

2,273.6

Levelised cost of H2, discount rate 10% (US Dollars per kg/US Dollars per Million
BTU)

13.3/98.9
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Figure V.15. Investment cost distribution for the intermediate distillate unit demand for the
wind system in the Madero refinery.
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Table V.29. Main characteristics for the electrolysis with the hybrid energy system for the
total demand of hydrogen in the Madero refinery.
Characteristics of the system
Total production of the hybrid system (MWh por per year)

1,155,893.1

Percentage of solar energy generation

84.2

Percentage of wind energy generation

15.8

Excess electricity (MWh por año)

148,203.9

Capacity factor of the wind system (%)

17.7

Capacity factor of the solar system (%)

18.5

Annual hydrogen production (tonnes)

18,115.8

Capacity factor of the electrolyser (%)

32.7

Initial investment cost (Million US Dollars)

1,225

Levelised cost of H2, discount rate 10% (US Dollars per kg/US Dollars per Million
BTU)

7.0/52.1
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Figure V.16. Investment cost distribution for the intermediate distillate unit demand for the
hybrid system in the Madero refinery.
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V.2.3.4 Salina Cruz
The “Ing. Antonio Dovalí Jaime” Refinery is in Salina Cruz, in the state of Oaxaca and has
a processing capacity of 330,000 barrels per day. Figure V.17 presents the generation and
uses of hydrogen within the refinery. The hydrogen is generated in the gasoline reformers
U-500 I and U-500 II and their design capacities are 20,000 and 30,000 barrels per day,
respectively. The use of hydrogen is distributed among the isomerisation, alkylation,
hydrodesulphurisation plants. The hydrodesulphurisation of intermediate distillate plants
represented the largest demand of hydrogen with 43% of total demand. In the case of the
hydrodesulphurisation of gasoline, this represented 42% to total demand.
Figure V.17. Simplified diagram of the hydrogen production and use in the Salina Cruz
refinery.

In Table V.30, the total demand of hydrogen in each plant of the refinery is presented. In
Table V.31, the hydrogen demand for the intermediate distillates units is presented. In Table
V.32, the solar system for the total demand of hydrogen is presented and in Figure V.18 the
distribution of investment costs is presented as well. For the intermediate distillate unit
hydrogen demand the results are presented in Table V.33 and in Figure V.19 the distribution
of investment costs for this case are presented.
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Table V.30. Hydrogen use in the Salina Cruz refinery in 2019.
Process unit
Alkylation

Demand of H2
(m3)

Demand of H2
(kg)

36,576.0

3,063.2

of 83,295,684.0

Hydrodesulphurisation
intermediate distillates

6,976,013.5

Hydrodesulphurisation of gasoline

80,429,100.0

6,735,937.1

Isomerisation

26,324,544.0

2,204,680.6

Total

190,085,904.0 15,919,694.5

Table V.31. Hydrogen demand for the intermediate distillate unit in the Salina Cruz
refinery.
Hydrogen demand 2019 (kg/year)
6,976,013.5
Design capacity (kg/year)

166,219,215.1

Utilisation rate 2019

4.20%

Hydrogen demand, new percentage (38.51%) 62,997,083
(kg/year)
Green hydrogen production (kg/year)

56,021,069.0

Green hydrogen demand (kg/h)

6,395.1

Table V.32. Main characteristics for the electrolysis systems for the total demand of
hydrogen in the Salina Cruz refinery.
Characteristics of the system
Total production of the solar system (MWh per year)

1,005,323.3

Excess of electricity (MWh per year)

108,464.1

Capacity factor of the solar system (%)

21.1

Area (km2)

19.38

Annual production of hydrogen (tonnes)

16,188.9

Capacity factor of the electrolyser (%)

33.1

Initial investment (Million US Dollars)

912.1

Levelised cost of H2, discount rate 10% (US Dollars per kg/US Dollars per Million
BTU)

5.49/40.8
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Figure V.18. Investment cost distribution for the total hydrogen demand in the Salina Cruz
refinery.
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Table V.33. Hydrogen demand for hydrodesulphurisation of intermediate distillates in the
Salina Cruz refinery.
Characteristics of the system
Total production of the solar system (MWh per year)

3,502,229.8

Excess of electricity (MWh per year)

348,387.1

Capacity factor of the solar system (%)

21.1

Area (km2)

67.51

Annual production of hydrogen (tonnes)

56,929.1

Capacity factor of the electrolyser (%)

32.7

Initial investment (Million US Dollars)

3,202.8

Levelised cost of H2, discount rate 10% (US Dollars per kg/US Dollars per Million
BTU)

5.49/40.8
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Figure V.19. Investment cost distribution for the intermediate distillate unit demand in the
Salina Cruz refinery.
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V.2.3.4.1 Wind and hybrid systems
Table V.34 presents the results for the wind energy system while Table V.35 presents the
results for the hybrid system. Figure V.20 and Figure V.21 present the distribution of
investment costs, respectively for the two cases.
Table V.34. Main characteristics for the electrolysis with wind energy for the total demand
of hydrogen in the Salina Cruz refinery.
Characteristics of the system
Total production of the system (MWh per year)

1,511,379.5

Excess of electricity (MWh per year)

571,869

Capacity factor of the wind system (%)

43.1

Annual hydrogen production (tonnes)

16,450.1

Capacity factor of the electrolyser (%)

41.6

Investment cost (Million US Dollars)

1,161.1

Levelised cost of H2, discount rate 10% (US Dollars per kg/US Dollars per Million
BTU)

7.46/55.5
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Figure V.20. Investment cost distribution for the intermediate distillate unit demand for the
wind system in the Salina Cruz refinery.
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Table V.35. Main characteristics for the electrolysis with the hybrid energy system for the
total demand of hydrogen in the Salina Cruz refinery.
Characteristics of the system
Total production of the hybrid system (MWh por per year)

1,166,595.2

Percentage of solar energy generation

61.1

Percentage of wind energy generation

38.9

Excess electricity (MWh por año)

259,994.9

Capacity factor of the wind system (%)

43.1

Capacity factor of the solar system (%)

21.1

Annual hydrogen production (tonnes)

16,191

Capacity factor of the electrolyser (%)

45.5

Initial investment cost (Million US Dollars)

875.6

Levelised cost of H2, discount rate 10% (US Dollars per kg/US Dollars per Million
BTU)

5.61/41.7
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Figure V.21. Investment cost distribution for the intermediate distillate unit demand for the
hybrid system in the Salina Cruz refinery.
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V.2.3.5 Minatitlán
The “General Lázaro Cárdenas del Río” Refinery is in Minatitlán, state of Veracruz and has
a processing capacity of 285,000 barrels per day. The refinery has two naphtha reforming
plants that generate H2. The U-500 plant has a capacity of processing 20,000 barrels per
day and the BTX plant has a nominal capacity of 17,000 barrels per day. The two naphtha
reforming plants use hydrotreated gasoline as input, in addition to natural gas and hydrogen
as fuels. The production of hydrogen is also carried out in a private plant with a capacity of
48 million cubic feet per day of hydrogen. The hydrodesulphurisation of intermediate
distillates consumed 48% of the total hydrogen consumption in 2019 (Figure V.22).
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Figure V.22. Simplified diagram of the hydrogen production and use in the Minatitlán
refinery.

In Table V.36, the total demand of hydrogen in each plant of the refinery is presented. In
Table V.37, the hydrogen demand for the intermediate distillates units is presented. In Table
V.38, the solar system for the total demand of hydrogen is presented and in Figure V.23 the
distribution of investment costs is presented as well. For the intermediate distillate unit
hydrogen demand the results are presented in Table V.39 and in Figure V.24 the distribution
of investment costs for this case are presented.
Table V.36. Hydrogen use in the Minatitlán refinery in 2019.
Demand of H2
(m3)

Process unit

Demand of
H2 (kg)

of 287,363,898.0 24,066,726.5

Hydrodesulphurisation
intermediate distillates

Hydrodesulphurisation of gasoline

189,072,751.0 15,834,842.9

Hydrodesulphurisation of gasoil

92,182,695.0

7,720,300.7

Hydrodesulphurisation of naphtha

33,357,021.0

2,793,650.5

Total

601,976,365.0 50,415,520.6

Table V.37. Hydrogen demand for the intermediate distillate unit in the Minatitlán refinery.
Hydrogen demand 2019 (kg/year)
24,066,726
Design capacity (kg/year)

70,643,478

Utilisation rate 2019

34.07%
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Hydrogen demand, new percentage (38.51%) 28,257,391.2
(kg/year)
Green hydrogen production (kg/year)

4,190,664.7

Green hydrogen demand (kg/h)

478.4

Table V.38. Main characteristics for the electrolysis systems for the total demand of
hydrogen in the Minatitlán refinery.
Characteristics of the system
Total production of the solar system (MWh per year)

3,710,418

Excess of electricity (MWh per year)

873,687.2

Capacity factor of the solar system (%)

17.2

Area (km2)

88.2

Annual production of hydrogen (tonnes)

51,205

Capacity factor of the electrolyser (%)

28.5

Initial investment (Million US Dollars)

3,862.4

Levelised cost of H2, discount rate 10% (US Dollars per kg/US Dollars per Million
BTU)

7.36/54.7

Figure V.23. Investment cost distribution for the total hydrogen demand in the Minatitlán
refinery.
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Table V.39. Hydrogen demand for hydrodesulphurisation of intermediate distillates in the
Minatitlán refinery.
Characteristics of the system
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Total production of the solar system (MWh per year)

306,872.7

Excess of electricity (MWh per year)

70,837.1

Capacity factor of the solar system (%)

17.2

Area (km2)

7.3

Annual production of hydrogen (tonnes)

4,260.6

Capacity factor of the electrolyser (%)

28.4

Initial investment (Million US Dollars)

321.9

Levelised cost of H2, discount rate 10% (US Dollars per kg/US Dollars per Million
BTU)

7.37/54.8

Figure V.24. Investment cost distribution for the intermediate distillate unit demand in the
Minatitlán refinery.
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V.2.3.6 Salamanca
The “Ingeniero Antonio M. Amor” refinery is in Salamanca in the state of Guanajuato and
has a processing capacity of 220,000 barrels of crude oil per day. The refinery is formed of
45 production plants. The hydrogen is produced in a naphtha reformer (RR-2) with a capacity
of 16,800 barrels per day, a gasoline reformer (RR-3) with a capacity of 22,500 barrels per
day, and a hydrogen generator (U-6) (SMR system). Figure V.25 presents the hydrogen
generation and consumption diagram of the refinery.
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Figure V.25. Simplified diagram of the hydrogen production and use in the Salamanca
refinery.

In Table V.40, the total demand of hydrogen in each plant of the refinery is presented. In
Table V.41, the hydrogen demand for the intermediate distillates units is presented. In Table
V.42, the solar system for the total demand of hydrogen is presented and in Figure V.26 the
distribution of investment costs is presented as well. For the intermediate distillate unit
hydrogen demand the results are presented in Table V.43 and in Figure V.27 the distribution
of investment costs for this case are presented.
Table V.40. Hydrogen use in the Salamanca refinery in 2019.
Demand of H2
(m3)

Process unit
Sulphur production
Hydrodesulphurisation
intermediate distillates

149,131.0

Demand of
H2 (kg)

12,489.7

of 57,269,356.0

4,796,308.6

Hydrodesulphurisation of diesel

53,047,717.0

4,442,746.3

Gas mixer

21,383,510.0

1,790,869.0

Hydrodesulphurisation of gasoline

57,988,876.0

4,856,568.4

Hydrodesulphurisation of lubricants

5,942,962.0

497,723.1

Isomerisation

6,876,587.0

575,914.2

Total

202,658,139.0 16,972,619.1
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Table V.41. Hydrogen demand for the intermediate distillate unit in the Salamanca refinery.
Hydrogen demand 2019 (kg/year)
4,796,309
Design capacity (kg/year)

10,684,885

Utilisation rate 2019

44.89%

Hydrogen demand, new percentage (38.51%) 5,342,443
(kg/year)
Green hydrogen production (kg/year)

546,134

Green hydrogen demand (kg/h)

62.3

Table V.42. Main characteristics for the electrolysis systems for the total demand of
hydrogen in the Salamanca refinery.
Characteristics of the system
Total production of the solar system (MWh per year)

1,117,326.9

Excess of electricity (MWh per year)

161,853.5

Capacity factor of the solar system (%)

22.5

Area (km2)

20.3

Annual production of hydrogen (tonnes)

17,247

Capacity factor of the electrolyser (%)

33.6

Initial investment (Million US Dollars)

958.5

Levelised cost of H2, discount rate 10% (US Dollars per kg/US Dollars per Million
BTU)

5.41/40.2
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Figure V.26. Investment cost distribution for the total hydrogen demand in the Salamanca
refinery.
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Table V.43. Hydrogen demand for hydrodesulphurisation of intermediate distillates in the
Salamanca refinery.
Characteristics of the system
Total production of the solar system (MWh per year)

35,598.6

Excess of electricity (MWh per year)

4,682.4

Capacity factor of the solar system (%)

22.6

Area (km2)

0.65

Annual production of hydrogen (tonnes)

554.9

Capacity factor of the electrolyser (%)

33

Initial investment (Million US Dollars)

32.6

Levelised cost of H2, discount rate 10% (US Dollars per kg/US Dollars per Million
BTU)

5.75/42.8
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Figure V.27. Investment cost distribution for the intermediate distillate unit demand in the
Salamanca refinery.
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V.3 Green hydrogen in the chemical industry
V.3.1 Introduction
Low-carbon hydrogen has a potential for use in the chemical industry in various processes
that use hydrogen as a raw material. The production of ammonia and methanol are the main
chemical processes that demand this gas, which is generated from natural gas and emitting
CO2. In Mexico, the producer of both ammonia and methanol is Petróleos Mexicanos
(PEMEX). The following table presents the existing installed capacity to produce both
chemicals.
Table V.44. Installed ammonia and methanol production capacity in Mexico.
Installed
capacity
Start date of
Petrochemical complex
(Thousands
operations
of tons per
year)
Ammonia (Cosoleacaque PEMEX Petrochemical Complex, Veracruz)

Status

Amoniaco IV Plant

480

1977

Out of operation

Amoniaco V Plant

480

1979

Amoniaco VI Plant

480

1981

Amoniaco VII Plant

480

1981

Out of operation
Out of operation in 2019,
restarted in 2020
Out of operation

Ammonia (Camargo PEMEX Petrochemical Complex, Chihuahua)
132

Out of operation since
2003

1967

Methanol (Independencia PEMEX Petrochemical Complex, Puebla)
Metanol I Plant

35

1969

Under decommissioning

Metanol II Plant

168

1978

In operation

Source: (Snoeck, 1986; PEMEX Petroquímica, 2010; Gobierno de México, 2015).
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As can be seen in Figure V.28, the use of installed capacity has been considerably reduced
due to PEMEX's budgetary constraints for the maintenance of petrochemical activities. This
figure presents the production over the last 20 years. In the case of ammonia, it has
decreased at an average annual growth rate (TMAC) of 9.1%, while for methanol it has
remained practically the same, except for the period 2004 to 2011, in which upgrade works
were carried out and the operation of the Metanol II Plant in the Independencia Complex
was proposed.

Figure V.28. Production of ammonia and methanol in PEMEX.
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Source: data from (PEMEX, 2022).

Given the deterioration of PEMEX's plants (including those of Fertilizantes Mexicanos,
Fertimex), the current administration has proposed its rehabilitation to increase fertilizer
production in the country due to its significant dependence on imports. However, as the
Superior Audit of the Federation (ASF) points out, the possibility of rehabilitation of the plants
is low.
Currently, there are two private projects for the construction of ammonia plants, which could
increase domestic production. The first project corresponds to a plant in Topolobampo,
Sinaloa, whose construction has been halted for several years due to local opposition.
Despite this, a consultation was recently held with the local community in which its
construction was accepted. The company Gas y Petroquímica de Occidente (GPO) plans
to build it in three years. If its construction is finally accepted, in a first stage this plant would
have an installed capacity of around 800 thousand tons of ammonia per year. The company
plans a second stage of construction of a urea plant of one million tons per year of this
product and another stage of construction of a methanol plant of 1.4 million tons per year.
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The second project corresponds to an ammonia and urea plant that is planned to be built in
the state of Durango, with a production capacity of 800 thousand tons of ammonia per year.

V.3.2 Ammonia production
V.3.2.1 Cosoleacaque petrochemical complex, in Veracruz
The Cosoleacaque petrochemical complex is located near the Gulf of Mexico and was
inaugurated in January 1962 to produce ammonia to supply the agricultural sector. In 1968
the second ammonia plant was installed (installed capacity of 300,000 tonnes per year) and
the demand kept growing, so in 1974 the third ammonia plant was commissioned (same
capacity as the second) and the first plant was retrofitted to produce hydrogen. Then, in
1977 the Amoniaco IV plant started operations, with an installed capacity of 445,000 tonnes
per year, and the following year Amoniaco V started operations (same installed capacity as
Amoniaco IV). In 1981 the Amoniaco VI and Amoniaco VII plants were installed with a
capacity of 449,000 tonnes per year. Today, the ammonia complex is comprised by the last
four plants, but only Amoniaco VI is operating. Ammonia is sold mainly to the fertilisers
industry and the rest to produce industrial acids, synthetic rubbers, adhesives, and solvents.
(López Arcos, 2015; Flores, 2018).
The plant feedstocks for ammonia production are air, natural gas, and steam. The boiler and
burning system produce heat from the burning of natural gas, generation emissions into the
air among which is carbon dioxide. The ammonia making process performed at the complex
is from Kellog Brown & Root (KBR), the plant licensor (López Arcos, 2015). A simplified
diagram is shown in Figure V.29.

Figure V.29. Diagram of the ammonia making process at Cosoloeacaque.

Source: (López Arcos, 2015; Flores, 2018)

A brief description of the stages is shown in the following table:
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Table V.45. Stages of the ammonia making process at Cosoleacaque.
Stage
Description
Sulphur removal

Sulphur compounds are stripped from the natural gas in
two steps. First, using activated charcoal at ambient
temperature and then using a cobalt-molybdenum (Co-Mo)
catalyst at a high temperature.

Primary reforming

This is the first step to produce syngas. Temperature is
around 800°C and pressure is 34 kg/cm2. The
desulphurised natural gas is mixed with steam and then
enters the primary reforming unit (a direct fired shell-andtube heater packed with a nickel (Ni) catalyst), and the next
reaction is observed:
𝐶𝐻4 + 𝐻2 𝑂 → 𝐶𝑂 + 3𝐻2 ………………..(c1)
The primary reformation reaction is highly endothermic.
The required energy is obtained by burning combustible
gas in the radiation section of the primary reformer through
260 roof burners and twelve tunnel burners. Crude syngas
is obtained.

Secondary reforming

Highand
temperature
conversion

Compressed air is added to the crude syngas stream to
provide nitrogen required to synthetise ammonia.
Temperature is around 1,000°C and pressure is 34 kg/cm 2.
low- The crude syngas goes through two shift stages with steam
shift in which carbon monoxide is transformed into carbon
dioxide and hydrogen is obtained. The first stage occurs in
the presence of an iron-chromium catalyst (Fe-Cr) at 400°C
and 30 kg/cm2 and the second stage requires a copper
catalyst (Cu) at the same pressure and 230°C.
𝐶𝑂2 + 𝐻2 ⇆𝐶𝑂 + 𝐻2 ………………..(c2)

Carbon dioxide removal

The carbon dioxide generated in the shift section is
removed from the stream by an absorption-desorption
system with a potassium carbonate-based solution (K2CO3)
from where it is taken to be sold as a by-product.

Methanation

Last stage for the purification of the syngas. The current
passes to the methanator, where traces of residual carbon
oxide are transformed into methane and water in the
presence of a nickel catalyst. It is the opposite reaction to
the vapor-gas reformation reaction and occurs at 300°C
and 24 kg/cm2.

Ammonia synthesis

The syngas is sent to the main reactor of the process, in
which the ammonia is obtained in a gaseous state by using
a promoted iron catalyst. The synthesis reaction is
exothermic occurring at 480°C and 160 kg/cm2.
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𝑁2 + 3𝐻2 ⇆2N𝐻3 ………………..(c3)
Cooling

The refrigerant is supplied in four different stages of
pressure and temperature to condense all the gaseous
ammonia effluent from the converter and purify it.
Temperature reaches -33°C and pressure 0.014 kg/cm2.
Ammonia exits at a 99.5% purity, with 10% water and <10
ppm of residual oils.

Storage

Liquid ammonia is stored in tanks located at the south (TE3401/3402 tanks; 900 tonne capacity each) and north areas
(TE-200/201/202/203; 1,200 tonne capacity each) of the
plant. Total storage capacity is 6,600 ton (at 60% capacity;
installed capacity is 11,000 tonne).
Source: (López Arcos, 2015; Flores, 2018).

The north storage site sends ammonia to the cooled terminal in Pajaritos (where it is
recompressed and shipped to be exported), to the Morelos Petrochemical Complex (to be
fed into the acrylonitrile plant), and to the cooled terminal in Salina Cruz (where it is shipped
for international exports, and to the Topolobampo and Guaymas storage terminals, from
which it is distributed by tank trailers to the national market). The south storage site sends
ammonia directly to national clients and fills tankers and tank trailers for distribution (Flores,
2018).

V.3.2.2 Ammonia plant in Topolobampo, Sinaloa
The company Gas y Petroquímica de Occidente S.A. de C.V. (GPO) is developing a 2,200
tons per day of anhydrous ammonia in Topolobampo, Sinaloa, to supply the national
fertilizers market in Sinaloa, Baja California y Baja California Sur, Sonora, Chihuahua,
Durango, Zacatecas, Nayarit, Jalisco and Michoacán. This will be the first of three stages of
the master plan for the petrochemical complex, which includes the first ammonia plant, a
second phase to produce another 2,200 tons per year of ammonia, a third plant to produce
urea (3,300 tonnes per day) and a fourth plant to produce methanol (Golder Associates Inc.,
2016; Gas y Petroquímica de Occidente, 2022).
The project was first proposed in 2013 and initially it was expected to be commissioned in
3.5 years so operations could commence by the end of 2019 (Golder Associates Inc., 2016)
but has experienced delays due to long legal procedures and local lawsuits before
authorities, although the PROFEPA has claimed that the project does not imply direct or
indirect damage or loss or deterioration or damage caused to the environment (PROFEPA,
2018).
The ammonia plant will utilize ThyssenKrupp Uhde technology and have a natural gas
consumption of approximately 2 million cubic meters per day and an estimated annual
production capacity of 770,000 metric tons per year of ammonia. Natural gas will be provided
through an 18-inch lateral pipeline from the TransCanada pipeline that has been installed
by Comisión Federal de Electricidad (CFE) in to deliver natural gas to the thermal power
plant Juan de Dios Bátiz. Ammonia will be dispatched through a 3km, 18-inch above ground
pipeline at the Pemex Export Port facility (Golder Associates Inc., 2016). The Uhde
Ammonia process is similar to the KBR process, as can be seen in the following diagram.
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Source: (thyssenkrupp, 2022).
According to thyssenkrupp (2022), the process uses nickel catalysts for sulphur removal,
has a top-fired reformer which has tubes made of centrifugally-cast alloy steel and a
proprietary cold outlet manifold system to enhance reliability, and is characterised by its low
emissions and optimized energy consumption for the total energy consumption of the feed,
fuel and electric power (27.6 to 30.1 GJ per metric tonne of ammonia produced) thanks to
major modifications to the steam reforming section (including its waste heat recovery
system), the CO2 removal unit and the ammonia synthesis unit.

V.3.2.3 Results
For this case two scenarios were considered. In the first case a 50 tonne per day ammonia
production was considered while in the second case a 300 tonne per day ammonia
production was considered. The results are presented in Table V.46 and Table V.47.
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Table V.46. Main characteristics of electrolysis systems for ammonia production, 50 tonne
per day system.

Plant

System configuration

Initial
investment
(Million US
Dollars)

Levelised
cost of H2
(US (US
Dollars/kg)

Levelised
cost of H2
considering
transport
(US
Dollars/kg)

2,921.8

166.6

5.55

5.78

2,921.2

211.8

7.06

7.75

Production of
H2
(tonnes/year)

Solar PV system: 96.1
MW
Topolobampo

Electrolyser: 57 MW
Tank: 9 tonnes
Solar PV system:
118.3 MW

Cosoleacaque

Electrolyser: 70 MW
Tank: 24 tonnes

Table V.47. Main characteristics of the electrolysis systems for ammonia production 300
tonne per day system.
Plant

System configuration

Initial
investment
(Million US
Dollars)

Levelised cost
of H2 (US (US
Dollars/kg)

Levelised
cost of H2
considering
transport (US
Dollars/kg)

17,517

992.1

5.51

5.57

17,523

1,237.4

6.89

6.95

Production of H2
(tonnes/year)

Solar PV system:
573.7 MW
Topolobampo

Electrolyser: 343 MW
Tank: 53 tonnes
Solar PV system:
771.9 MW

Cosoleacaque

Electrolyser: 384 MW
Tank: 97 tonnes

Table V.48. Greenhouse gas emission reductions.
Emission reductions (Tonnes of
System
CO2 per year)
Topolobampo (300 tonnes
162,211
per day)
Cosoleacaque (300 tonnes
162,263
per day)
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Topolobampo (50 tonnes
per day)
Cosoleacaque (50 tonnes
per day)

27,056
27,050

V.3.2.3.1 Topolobampo
Table V.49. Hydrogen demand for the 300 tonne per day system in Topolobampo.
System features
Total production of the PV system (MWh per year)

1,096,363.3

Excess electricity (MWh per year)

125,909.7

Capacity factor of the PV system (%)

21.8

Area (km2)

20.49

Annual hydrogen production (tonnes)

17,517.4

Capacity factor of the electrolyser (%)

32.3

Initial investment cost (million USD)

992.12

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

5.51/41

Levelised cost of H2, including transport (USD per kg/ USD per million BTU)

5.57/41.4

Source: Own work.

Table V.50. Distribution of investment costs for the 300 tonne per day system in
Topolobampo.
3%

Electrolyzer
50%

47%

200

PV system
Hydrogen tank
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Table V.51. Hydrogen demand for the 50 tonne per day system in Topolobampo.
System features
Total production of the PV system (MWh per year)

183,589.8

Excess electricity (MWh per year)

21,723.2

Capacity factor of the PV system (%)

21.8

Area (km2)

3.43

Annual hydrogen production (tonnes)

2,921.8

Capacity factor of the electrolyser (%)

32.4

Initial investment cost (million USD)

166.6

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

5.55/41.3

Levelised cost of H2, including transport (USD per kg/ USD per million BTU)

5.78/43

Table V.52. Distribution of investment costs for the 50 tonne per day system in
Topolobampo.
3%

Electrolyzer
50%

47%

PV system
Hydrogen tank

V.3.2.3.2 Cosoleacaque
Table V.53. Hydrogen demand for the 300 tonne per day system in Cosoleacaque.
System features
Total production of the PV system (MWh per year)

1,206,735

Excess electricity (MWh per year)

235,968.2

Capacity factor of the PV system (%)

17.8

Area (km2)

27.56
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System features
Annual hydrogen production (tonnes)

17,523

Capacity factor of the electrolyser (%)

28.9

Initial investment cost (million USD)

1,237.4

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

6.89/51.3

Levelised cost of H2, including transport (USD per kg/ USD per million BTU)

6.95/51.7

Table V.54. Distribution of investment costs for the 300 tonne per day system in
Cosoleacaque.
4%

45%

Electrolyzer
PV system
Hydrogen tank

51%

Table V.55. Hydrogen demand for the 50 tonne per day system in Cosoleacaque.
System features
Total production of the PV system (MWh per year)

185,000.1

Excess electricity (MWh per year)

23,166.9

Capacity factor of the PV system (%)

17.8

Area (km2)

4.22

Annual hydrogen production (tonnes)

2,921.2

Capacity factor of the electrolyser (%)

26.4

Initial investment cost (million USD)

211.8

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

7.06/52.5

Levelised cost of H2, including transport (USD per kg/ USD per million BTU)

7.75/57.6
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Table V.56. Distribution of investment costs for the 50 tonne per day system in
Cosoleacaque.
7%

Electrolyzer
48%

PV system

Hydrogen tank

45%

V.3.3 Methanol production
Currently, the only methanol production facility in the country is the Independencia
Petrochemical Complex.

V.3.3.1 Independencia Petrochemical Complex
The Independencia Petrochemical Complex is located at San Martín Texmelucan, Puebla,
and produces ethanol at Methanol I and Methanol II plants. Methanol II started operations
in 1978 and uses Lurgi technology (low-pressure process). Natural gas is used as a fuel and
as a feedstock to produce syngas. In 1998, the complex produced 193,000 ton. In 2000,
Methanol I produced 80 ton/day and Methanol II produced 500 ton/day, around 210
thousand ton/year. The produced methanol is classified as industrial grade by Official
Mexican Standard NOM-053-SSA1-1993 (Solís Chavarría, 2000; Revuelta Carreón, 2015).
The operation at Methanol II has three units: 100 (syngas production), 200 (methanol
synthesis) and 300 (purification). The stages are described in Table V.57 and Figure V.30.
Table V.57. Characteristics of the methanol plant in the Independencia Petrochemical
Complex.
Methanol specification Industrial grade (NOM-053-SSA1-1993)
Capacity

500 ton/day

Footprint

Independencia petrochemical complex: 106 ha
Methanol II plant: 5,508 m2

Plant units
100
–
production

Syngas The process starts with the reformer, in which
equilibrium-limited reactions take place (NG reforming
and WGSR). NG is mixed with a small quantity of
purge gas from the synthesis unit (to hydrogenate
sulfur compounds) and heat is supplied by NG
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combustion. The mixture is sent to a preheater to
raise its temperature before entering the desulfurizing
columns.

𝑅𝐻𝑆 + 𝐻2 → 𝐻2 𝑆 + 𝑅𝐻…………..(c1)
𝐻2 𝑆 + 𝑍𝑛𝑂 → 𝑍𝑛𝑆 + 𝐻2 𝑂…………..(c2)

After exiting the columns process steam stream is
added and the gas is superheated around 500°C. The
natural gas and process steam mixture enters the
tubular reformer and syngas is formed by reactions
(a1) and (a2).

Next, the syngas is compressed and heated (using
the exit stream from the methanol synthesis reactor,
which in turn gets cooled allowing methanol and water
to be separated from the unreacted gases) so it can
enter the methanol synthesis reactor.

200
–
synthesis

Methanol Temperature of the syngas rises to 370-380°C. A
fraction of the gases coming out the reactor is purged
to avoid inert accumulation and the rest is
compressed and recirculated to the methanol
synthesis reactor. Reaction (a5) is observed as well
as:

𝐶𝑂2 + 3𝐻2 → 𝐶𝐻3 𝑂𝐻 + 𝐻2 𝑂...............(c3)

Water, methanol, and secondary products (heavy and
light; mainly ethanol, formaldehyde, dimethyl ether,
ketone) are sent to the purification stage.

300 – Purification

The last stream from unit 200 is directed to a flash
drum, of which the liquid stream is sent to the first
distillation tower, while the light gases (CH4, CO2, CO,
H2) and low-boiling point compounds (ketone, DME,
formaldehyde) are separated. The exit stream of the
dome of the first column (stripper) contains dissolved
gases and light products like ketone, ether, and
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formaldehyde; the bottom contains primarily
methanol, water and ethanol. The bottom products
from the first column are sent to a second column
(rectifier) in which the top stream contains pure
methanol (99.99%), which is sent to a storage tank,
and the bottom stream has water, ethanol and a
fraction of methanol. The bottom stream of the second
column is sent to a third tower in which water is
purified and obtained at the bottom stream, and the
top stream contains methanol and ethanol.

Source: Siperstein Blumovicz (1995), Solís Chavarría (2000), Revuelta Carreón (2015).

Figure V.30. Methanol production process Flow diagram of the Methanol II plant.

Source: (Revuelta Carreón, 2015).

V.3.3.2 Results
In this case a 6,400 tonne per year production facility for the petrochemical complex was
considered. The results are summarised in the following tables.
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Table V.58. Main characteristics of the electrolysis systems for methanol production.

Plant

Pemex
Petroquímica
Independencia
Puebla

System configuration

Production of
H2
(tonnes/year)

Initial
investment
(Million US
Dollars)

Levelised
cost of H2
(US (US
Dollars/kg)

Levelised
cost of H2
considering
transport
(US
Dollars/kg)

CO2
emission
reductions
(Tonnes of
CO2 per
year)

363.9

5.54

5.61

59,264

Solar PV system:
212.5 MW
Electrolyser: 124 MW

6,400

Tank: 21 tonnes

Table V.59. Hydrogen demand for the methanol production system.
System features
Total production of the PV system (MWh per year)

413,515.8

Excess electricity (MWh per year)

58,960

Capacity factor of the PV system (%)

22.2

Area (km2)

7.59

Annual hydrogen production (tonnes)

6,400

Capacity factor of the electrolyser (%)

32.6

Initial investment cost (million USD)

363.9

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

5.54/41.2

Levelised cost of H2, including transport (USD per kg/ USD per million BTU)

5.61/41.7

Table V.60. Distribution of investment costs for the methanol system.
3%

Electrolyzer
49%
48%

PV system
Hydrogen tank
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V.4 Green hydrogen in steelmaking
V.4.1 ArcerolMittal in Lázaro Cárdenas, Michoacán
The facilities of ArcelorMittal at Lázaro Cárdenas, Michoacán, integrate a mining complex
and a steelmaking complex to produce steel rod, steel wire rod, billet, and slab. Steel slab
is used to manufacture steel sheets to produce cars, household goods, ETC pipe and plate
for the gas and oil pipelines, pressure vessels, large draft ships and for heavy machinery. A
large part of the flat steel is exported to the southern United States, South America and
Europe, while the long steel products are sold in the national market (ArcelorMittal, 2022).
The Las Truchas mine is located 27 kilometres from the Lázaro Cárdenas steel complex. It
has the processes of exploration, exploitation, and benefit of iron ore. The extracted minerals
are sent through a ferro duct to the facilities of the pelletising plant where the steel process
begins. Currently, in this mining complex, two open-pit mines are exploited, El Volcán and
El Mango. The flat steel facilities have an installed capacity to produce 4 million tonnes of
liquid steel per year, through 4 electric arc furnaces, while the long steel production line has
the capacity to produce 2.4 million tonnes of liquid steel per year, through a blast
furnace/basic oxygen furnace, totalling 6.4 million tonnes of steelmaking capacity per year
(ArcelorMittal, 2022). As part of the improvement project announced in 2017 (for which 1
billion USD was invested), the company stated its plan to complete the construction of a hot
strip mill (2.5 million tonnes capacity) at the Lazaro Cárdenas site by the end of 2021. The
new mill will produce Hot-Rolled Coil steel (HRC) for the non-auto, domestic and industrial
use sectors (Rivituso, 2021). The modules conforming the complex are presented in Table
V.61.
Table V.61. Modules of the ArcelorMittal steelmaking complex in Lázaro Cárdenas.
Start-up
year

Module

Rated
capacity
(million
tonnes per
year)

1997

I

1988

Technology Product

CO2
removal

Typical
Typical
product
product
metallisation
carbon %
%

1.2

Midrex

CDRI

No

95

2.5

II A

0.5

HYL III

CDRI

Yes

95

2.6

1988

II B

0.5

HYL III

CDRI

Yes

95

2.6

1991

III A

0.5

HYL III

CDRI

Yes

95

2.6

1991

III B

0.5

HYL III

CDRI

Yes

95

2.6

Source: (AIST, 2020).

V.4.2 Ternium in Puebla
The plant was one of the first sites in the world to use the HyL DRI process commercially
(which produces the so-called sponge iron) in the 1970s. The operations are integrated
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(including steelmaking and hot-rolling) and based on DRI and mini-mill steelmaking
technologies that uses iron ore pellets117 and steel scrap as main raw materials. The unit
has a capacity of 6,800 tonnes of liquid steel (0.93 million tonnes per year (AIST, 2020)) and
produces flat and non-flat steel products (rebar, wire rod and round bar), mainly for the
construction and industrial sectors, including high-carbon, low-carbon and micro-alloyed
wire rod (Guzmán, Alenka; Soria, Manuel, 2000; US SEC, 2019; AIST, 2020; Ternium,
2022).
The unit has CO2 removal technology and sells it mainly to the beverage industry to produce
soft drinks (AIST, 2020; Ternium, 2019). In 2019, Ternium concluded the construction of a
new bag filter for the fume and dust capturing system in the electric arc furnace (US SEC,
2019; Ternium, 2019).

V.4.3 Results
The following tables present the results for the steel making plants in Lázaro Cárdenas and
Puebla. In the case of the Lázaro Cárdenas plant, a hydrogen production of 20,730 tonnes
per year of hydrogen was considered (corresponds to one unit), while in the case of Puebla
a production of 3,202 tonnes per year of hydrogen was considered.
Table V.62. Main characteristics of the electrolysis systems for steel production.

Plant

System configuration

Acelormittal,
Lázaro
Cárdenas,
Michoacán, one
unit

Solar PV system: 725
MW
Electrolyser: 405 MW

Initial
investment
(Million US
Dollars)

Levelised
cost of H2
(US (US
Dollars/kg)

Levelised cost
of H2
considering
transport (US
Dollars/kg)

CO2
emission
reductions
(Tonnes of
CO2 per
year)

20,729.8

1,205.8

5.67

5.73

275,298

3,202.1

183.1

5.57

6.59

29,651

Production of
H2
(tonnes/year)

Tank: 55 tonnes
Solar PV system:
105.2 MW

Ternium, Puebla

Electrolyser: 63 MW
Tank: 10 tonnes

V.4.3.1 Acelormittal, Lázaro Cárdenas
Table V.63. Hydrogen demand for the ammonia system in Lázaro cárdenas.
System features
Total production of the PV system (MWh per year)

117

1,307,751.7

The iron ore pellets are produced in the Alzada facilities in Colima and transported by rail to the
Puebla Unit (US SEC, 2019).
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System features
Excess electricity (MWh per year)

159,333.3

Capacity factor of the PV system (%)

20.6

Area (km2)

25.89

Annual hydrogen production (tonnes)

20,729.8

Capacity factor of the electrolyser (%)

32.4

Initial investment cost (million USD)

1,205.8

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

5.67/42.2

Levelised cost of H2, including transport (USD per kg/ USD per million BTU)

5.73/42.6

Figure V.31. Distribution of investment costs for the ammonia system in Lázaro Cárdenas.
2%

Electrolyzer

49%
49%

PV system
Hydrogen tank

V.4.3.2 Ternium, Puebla
Table V.64. Hydrogen demand for the ammonia system in Puebla.
System features
Total production of the PV system (MWh per year)

204,629.5

Excess electricity (MWh per year)

27,234.6

Capacity factor of the PV system (%)

22.2

Area (km2)

3.76

Annual hydrogen production (tonnes)

3,202.1

Capacity factor of the electrolyser (%)

32.1
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System features
Initial investment cost (million USD)

183.1

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

5.57/41.4

Levelised cost of H2, including transport (USD per kg/ USD per million BTU)

5.73/42.6

Figure V.32. Distribution of investment costs for the ammonia system in Puebla.
3%

Electrolyzer
50%

47%

PV system

Hydrogen tank

V.5 Green hydrogen in mining
V.5.1 Introduction
This section presents an estimate of the potential generation of green hydrogen using the
electricity generated by photovoltaic solar panels and polymer membrane (PEM)
electrolysers at mining sites. The systems were scaled so that the amount of hydrogen
generated could meet the hydrogen demand in two case studies. In the first case, the
demand of the entire fleets of mining vehicles running on fuel cells in mines was considered.
These are generally open-cast mines, where mining vehicles carry out the function of moving
mined material from extraction sites to processing and/or refining plants. The second case
addresses a demonstration project with production systems dimensioned to supply the
amount of hydrogen required to operate one mining diesel vehicle retrofitted with a fuel cell.
This case is proposed as one in which the first steps can be taken for the adoption of
technologies that use green hydrogen in mobility applications.
Mining operations consume around 11 percent of the global total energy demand, with 4
percent used for crushing rocks (ESMAP, 2020). Mining equipment is highly specialized and
requires the use of heavy-duty machinery mainly powered by diesel to extract, handle and
process the minerals: crushers, excavators, wheel loaders, drill rigs, draglines, bulldozers,
haul trucks, large mining trucks or off-highway trucks, and many more (CAT, 2021; Direct
Industry, 2021; Cashman, 2021). The polluting emissions surging from the combustion of
diesel can be abated by using less-polluting vehicles, such as fuel cell electric trucks (FCET)
and off-road vehicles like mining trucks, which could achieve the same mobility, power and
safety performance as their fossil fuel counterparts (ESMAP, 2020).
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Mining trucks are divided by size class. The smaller units can handle payloads around 100
tonnes, while the biggest trucks, known as ultra-class haul trucks, are capable of hauling
payloads of 290 tonnes, up to 400-ton payloads (Australian Mining, 2019; The Parker Bay
Company, 2021; Cashman, 2021). Most heavy-duty fuel cell trucks have been deployed in
China, where in 2018 Ballard deployed over 1,400 fuel cell trucks (including 500 three-ton
units and 12-ton units), and in 2019, Horizon Fuel Cells and Ford Motor Company formed a
joint venture to deploy more than 400 fuel cell trucks (8-42 tons). In Long Beach, California,
two pilot fuel cell trucks delivered by Toyota and Kenworth are used for drayage operations,
and it was expected to expand to 10 units by 2020—hydrogen (color not specified) is
provided by Shell (ESMAP, 2020).
According to Deloitte China, hydrogen-powered mining dump trucks designed for mining
operations are in a prototype phase, for example, Weichai Group (China) and Anglo
American (US) have developed fuel cell mining trucks with Ballard. An ultra-class heavyduty mining truck with a total power of 800 kW (powered by FCmove fuel cell modules 118),
is in operation in one of Anglo-American mines in South Africa. These developments are
important to help bring down the high vehicle cost, high hydrogen cost to carry loads over
long distances and the limited refuelling infrastructure (Deloitte China, 2020; Ballard, 2021a).
In Chile, a country with a strong mining sector that accounts for 10 percent of gross domestic
product and uses imported fuel, the authorities and private sector are interested in producing
energy locally to replace expensive imports, given that the country has abundant renewable
resources and a strong regulatory framework, along with a positive environment for
investment. In 2017, CORFO119 announced that a group of mining, fuel cell, hydrogen, and
renewable energy project development companies would join efforts to develop H 2 mobility
solutions in Chile, with a total of 12 million US Dollars to invest (6 million US Dollars from
the private sector partners) (ESMAP, 2020).

V.5.2 Methodology
V.5.2.1 Mine selection
The selection of mines was based on the relevance of their production within the national
context as well as the type of mine. Open-cast mines and mines in which a significant part
of their activities correspond to open-cast mining were chosen because of the characteristics
of their mining vehicles fleets and the magnitude of their diesel consumption. As an
exception, the Aranzazú mine was included despite being underground but having a
significant share in the national production. Another considered factor was the availability of
information of these fleets. Table V.65 shows relevant characteristics of the mines
considered in the analysis and their percentage of production in the national total of the main
base and precious metals.

118

Ballard offers two different fuel cell modules created for transit buses, medium and heavy duty trucks and off
road vehicles. FCmove HD has a net system power of 72 kW and FCmove HD+ has 100 kW. Both fuel cell
modules work with gaseous hydrogen at a supply pressure of 8 barg nominal (Ballard, 2021b).
119
The Production Development Corporation, or CORFO (from Spanish Corporación de Fomento de la
Producción de Chile) is a governmental organization that promotes economic growth.
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Table V.65. Main characteristics of the considered mines.
Mine

Company

Peñasquito

Type

2019 production
Gold (k
oz)

Silver
(million
oz)
15.9

Copper
(tonnes)

Newmont

Surface

129

Goldcorp/Equinox
Gold

Surface/
underground

200.9

Pinos Altos-Creston
Mascota

Agnico Eagle

Surface/
underground

203.5

Mulatos

Alamos Gold

Surface

142

Dolores

Panamerican
Silver

Surface/
underground

117.6

Aranzazú

Aura Minerals

Underground

15,000

Cobre del Mayo

Surface

9,200

Buenavista del cobre

Grupo México

Surface

338,000

La Caridad

Grupo México

Surface

107,200

La Herradura

Fresnillo PLC

Surface

Los Filos

Piedras Verdes

Zinc
(tonnes)

Lead
(tonnes)

84,820

48,999

482.7

Total production in Mexico

3,500

187.8

768,542

676,677

259,457

Participation of the selected mines in total production

36%

8%

61%

13%

19%

Note: The main mine products are shown.
Source: CAMIMEX (2020).

V.5.2.2 Total hydrogen demand estimate
The calculation of the hydrogen demand was carried out based on the current estimated
diesel consumption of the fleet of mining vehicles of each mine. Vehicle inventory and their
main characteristics were obtained from various sources, including technical reports
(highlights the information contained in the documents of companies reporting in Canada,
in accordance with the standards contained in the Canadian Securities Administrators
National Instrument (NI) 43-101, Standards of disclosure for Mineral Projects), annual
company reports (including 10-K reports required by the U.S. Securities and Exchange
Commission), sustainability reports, and information from corporate and third-party
websites.
Diesel consumption in mining vehicles depends on several factors. Among these factors are
the load, the total weight of the vehicle (empty and loaded), speed, power, acceleration
patterns, aerodynamic design, road characteristics (type of surface, inclination), tire
condition, weather conditions and driving style of the operator. Due to the multitude of
variables that influence this consumption, the most accurate way to determine the amount
of fuel consumed is through the acquisition of direct data from mining operations. When this
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is not possible, the fuel consumption per hour can be approximated according to the
following equation (Runge, 1998; Filas, 2002).
𝐹𝐶 = 𝑃 × 0.3 × 𝐿𝐹

(2)

Where 𝐹𝐶 is the consumption of diesel per hour (L/h), 0.3 represents the unit conversion
factor (L/kWh/h), and 𝐿𝐹 the load factor, i.e. the amount of power required by the vehicle in
relation to the total power, 𝑃 (Kecojevic & Komljenovic, 2010). Values of 𝐿𝐹 depend on
vehicle type and usage patterns; suggested intervals are between 0.18 to 0.5 (Runge, 1998),
0.25 a 0.75 (Filas, 2002), and 0.25-0.5 (Hays, 1990). Likewise, publications of manufacturing
companies can be found where typical intervals are described for the load factor of their
units depending on their operating conditions, for example, Caterpillar considers the
following values according to the type of application (low, medium, and high) (Caterpillar,
2011):
●
●
●

Low, low load factor (20-30%); continuous operation with an average total weight of
the unit less than recommended, excellent haulage roads, no overload.
Medium, moderate load factor (30-40%); continuous operation with a total weight of
the unit on average close to the recommended value, haulage roads in good
condition, minimal overload.
High, high load factor (40-50%); continuous operation with a total weight of the unit
equal to or greater than the recommended maximum, haulage roads in poor
condition, overload.

The estimation of diesel consumption of mining vehicles was carried out with equation 1,
considering and 𝐿𝐹 of 35%, which is in the middle range of the values recommended in the
literature. The information sources consulted report the number of vehicles used in the
mines. When information sources reported the model, power data was taken from the
specification sheets. On other occasions, only the load capacity of the vehicles was reported.
In the latter case, the power data was taken from vehicle models with similar characteristics
from the main manufacturers on the market.
Equation 1 provides an estimate of the hourly fuel consumption of mining vehicles. To
determine annual consumption, operating hours of a full year are required. As in the case of
vehicle characteristics, some sources provided information regarding the percentage of
equipment utilisation, making possible to estimate operating hours. When this data was not
available, annual averages of the remaining mines were used. The relevant data of the fleet
of the mines studied and the annual diesel consumption are shown in Table V.66.
Table V.66. Characteristics of the mining vehicle fleets and annual diesel consumption.
Mine

Vehicle
capacity
(tonnes)

Powertrain(kW)

Number
of
vehicles

Yearly
hours of
use

Annual diesel
consumption
(litres)

Peñasquito

281

2611

79

6920

149,883,719

Los Filos

130

1194

31

6658

25,874,563

Pinos Altos-Creston
Mascota

89.4

682

9

6789

4,375,443

213

Assessment of the greenhouse gas mitigation potential of green hydrogen.
An implementation roadmap for Mexico

Mine

Vehicle
capacity
(tonnes)

Powertrain(kW)

Number
of
vehicles

Yearly
hours of
use

Annual diesel
consumption
(litres)

Mulatos

89.4

682

14

6789

6,806,244

Dolores

78

783

9

6789

5,023,419

90.7

704

10

6789

5,018,429

89.4

704

5

6789

2,509,214

Aranzazú

28

248

16

6789

2,828,569

Piedras Verdes

181

1468

26

6789

27,207,868

89.4

704

10

6789

5,018,429

400

2983

64

6789

136,090,665

320

2540

13

6789

23,538,142

240

1848

20

6789

26,346,751

240

1848

23

6789

30,298,764

360

2540

4

6789

7,242,505

136

1005

105

5000

55,400,625

218

1743

100

5000

91,507,500

Buenavista del cobre

La Caridad

La Herradura

The demand for hydrogen was estimated considering the use of mining vehicles working
with fuel cells, based on the current consumption of diesel. For the calculation, a fuel cell
efficiency of 60%, an electric motor efficiency of 85% and an efficiency for internal
combustion engines of 30% were used, according to information available in the literature
about similar applications (Hartmann & Martínez, 2019). This demand represents the
hydrogen needed for vehicles to perform the same work they currently do with estimated
diesel consumption. It was considered that hydrogen is required 24 hours a day, 365 days
a year, coinciding with the scheduling of work in mining operations. For modelling purposes,
systems were designed to produce a slightly higher amount of hydrogen than the estimated
demand (2%) (Table V.67).
Table V.67. Total hydrogen demand per mine.
Mine
Peñasquito
Los Filos
Pinos
Mascota

Altos-Creston

Hourly hydrogen demand (kg/h)

Total annual hydrogen
demand, tonnes

2,986

26,159.4

516

4,515.9

87

763.7
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Mine

Hourly hydrogen demand (kg/h)

Total annual hydrogen
demand, tonnes

Mulatos

136

1,187.9

Dolores

250

2,191

Aranzazú

56

493.7

Piedras Verdes

642

5,624.5

3,705

32,458.5

748

6,552.1

2,927

25,640.1

Buenavista del cobre
La Caridad
La Herradura

V.5.2.3 Hydrogen demand for a mining truck, demonstration project
Considering that the adoption of technologies using green hydrogen will be carried out
gradually, a demonstration project in the early stages of implementation was considered.
This project included a hydrogen production system with renewable energy sized to supply
the amount of hydrogen that may be required to power a mining vehicle in the selected
mines. The proposed vehicle corresponded to a unit of 89.4 metric tons of capacity and 682
kW of power, commonly used in mines, as can be seen in Table V.66. The demand for
hydrogen was estimated with the previously described methodology, based on the operating
times of each mine. Hydrogen demand is shown in Table V.68.
Table V.68. Hydrogen demand per mine, demonstration project.
Mine

Hourly hydrogen demand (kg/h)

Total annual hydrogen
demand, tonnes

Peñasquito

10.19

89.28

Los Filos

9.81

85.89

10

87.59

Mulatos

10

87.59

Dolores

10

87.59

Aranzazú

10

87.59

Piedras Verdes

10

87.59

Buenavista del cobre

10

87.59

La Caridad

10

87.59

7.36

64.51

Pinos
Mascota

La Herradura

Altos-Creston
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V.5.2.4 Estimation of GHG emissions
Greenhouse gas emissions were estimated using the amount of substituted diesel and using
an emissions factor of 72,850.77 kgCO2/MJ (INECC-IMP, 2014).
Table V.69. Hydrogen demand per mine, demonstration project.
Mine

GHG emisions per year
(tonnes)

Peñasquito

394,795

Los Filos

68,154

Pinos
Mascota

Altos-Creston

11,525

Mulatos

17,928

Dolores

33,060

Aranzazú

7,450

Piedras Verdes

84,884

Buenavista del cobre

489,862

La Caridad

98,884

La Herradura

386,958

V.5.3 Results
Table V.70 shows the main results of the electrolysis systems for the total demand for the
mining vehicles fleet with fuel cells, and Table V.71 shows those corresponding to the
demonstration project. Further details for each of the mines are shown below.
Table V.70. Main characteristics of the total demand of hydrogen in mines.
Mine

Peñasquito

System
configuration

H2
production
(tonnes/year)

Initial
investment
(million USD)

Levelised H2
cost
(USD/kg)

Levelised
cost
including H2
transport
(USD/kg)

PV system: 874
MW

26,591.2

1,485.6

5.44

In situ

Electrolyser: 505
MW
Tank: 80

ton
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Mine

Los Filos

System
configuration

H2
production
(tonnes/year)

Initial
investment
(million USD)

Levelised H2
cost
(USD/kg)

Levelised
cost
including H2
transport
(USD/kg)

PV system: 149.5
MW

4,590.5

258.4

5.48

5.54

6.1

7.65

6.01

7.51

134.1

5.9

8.87

29.5

5.79

6.55

5,716.9

333.8

5.68

In situ

32,993.5

1,892.7

5.58

5.64

Electrolyser: 90
MW
Tank: 11
Pinos
Mascota

Altos-Creston

ton

PV system: 26.8
MW

777
48.4

Electrolyser: 16
MW
Tank: 3.5 ton
Mulatos

PV system: 42.3
MW

1,207.3

74

.1

Electrolyser: 24.5
MW
Tank: 5 ton
Dolores

PV system: 76.6
MW

2,228.1

Electrolyser: 45
MW
Tank: 10
Aranzazú

ton

PV system: 16
MW

499

.3

Electrolyser: 9.6
MW
Tank: 1.75 ton
Piedras Verdes

PV system: 192.2
MW
Electrolyser: 115
MW
Tank: 20

Buenavista del cobre

ton

PV system:
1,078.1
MW
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Mine

System
configuration

H2
production
(tonnes/year)

Initial
investment
(million USD)

Levelised H2
cost
(USD/kg)

Levelised
cost
including H2
transport
(USD/kg)

6,660.2

386.5

5.65

5.73

26,060.5

1,449.3

5.41

In situ

Electrolyser: 660
MW
Tank: 110
La Caridad

ton

PV system: 218
MW
Electrolyser: 13
5 MW
Tank: 25

La Herradura

ton

PV system: 829.2
MW
Electrolyser: 505
MW
Tank: 80

ton

Table V.71. Main characteristics of the demand of hydrogen for the demonstration project
in mines.
Mine
Peñasquito

System configuration
PV system: 3.2

H2 production
(tonnes/year)

Initial investment
(million USD)

90.8

6.2

87.3

5.9

89

6.7

89

6.46

MW

Levelised H2
cost (USD/kg)
6.7

6

Electrolyser: 1.66
MW
Tank: 265
Los Filos

kg

PV system: 3

MW

6.77

Electrolyser: 1.59
MW
Tank: 22
Pinos
Mascota

Altos-Creston

0 kg

PV system: 3.71

MW

7.4

Electrolyser: 1.74
MW
Tank: 37
Mulatos

0 kg

PV system: 3.41

MW

218

7.21
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Mine

System configuration

H2 production
(tonnes/year)

Initial investment
(million USD)

Levelised H2
cost (USD/kg)

89

6.81

7.56

89.1

6.04

6.77

89

6.28

7.02

89

6.32

7.08

89

6.28

7.03

65.6

4.73

7.34

Electrolyser: 1.71
MW
Tank: 370
Dolores

kg

PV system: 3.62

MW

Electrolyser: 1.84
MW
Tank: 32
Aranzazú

0 kg

PV system: 3.11

MW

Electrolyser: 1.62
MW
Tank: 27
Piedras Verdes

0 kg

PV system: 3.34

MW

Electrolyser: 1.6
MW
Tank: 27
Buenavista del cobre

7

0 kg

PV system: 3.23

MW

Electrolyser: 1.71
MW
Tank: 34
La Caridad

PV system: 3.2

MW

Electrolyser: 1.7

MW

Tank: 33
La Herradura

0 kg

0 kg

PV system: 2.04

MW

Electrolyser: 1.31
MW
Tank: 210

kg
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V.5.3.1 Peñasquito
Table V.72. Hydrogen demand for mining vehicles fleet in Peñasquito. 874-MW PV
system, 505-MW electrolyser, 80-ton H2 tank.
System features
Total production of the PV system (MWh per year)

1,726,261.6

Excess electricity (MWh per year)

253,121.2

Capacity factor of the PV system (%)

22.5

Area (km2)

31.2

Annual hydrogen production(ton)

26,591.2

Capacity factor of the electrolyser (%)

33.3

Initial investment cost (million USD)

1,485.6

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

5.44/40.5

Levelised cost of H2, including transport (USD per kg/ USD per million BTU)

In situ, no additional
transportation cost

Figure V.33. Distribution of investment costs for Peñasquito.
3%

Electrolyser
49%
48%

PV system
Hydrogen tank

Table V.73. Hydrogen demand for a mining vehicle in Peñasquito, demonstration project.
3.2-MW PV system, 1.66-MW electrolyser, 265-kg H2 tank.
System features
Total production of the PV system (MWh per year)
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System features
Excess electricity (MWh per year)

1,256.5

Capacity factor of the PV system (%)

22.5

Area (km2)

0.12

Annual hydrogen production(ton)

90.8

Capacity factor of the electrolyser (%)

34.9

Initial investment cost (million USD)

6.16

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

6.76/50.3

Figure V.34. Distribution of investment costs for a demonstration project in Peñasquito.
2%

Electrolyser
PV system
47%

51%

Hydrogen tank

V.5.3.2 Los Filos
Table V.74. Hydrogen demand for mining vehicles fleet in Los Filos. 149.5-MW PV system,
90-MW electrolyser, 11-ton H2 tank.
System features
Total production of the PV system (MWh per year)

283,254.1

Excess electricity (MWh per year)

28,943.9

Capacity factor of the PV system (%)

22.6
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System features
Area (km2)

5.34

Annual hydrogen production(ton)

4,590.5

Capacity factor of the electrolyser (%)

32.3

Initial investment cost (million USD)

258.4

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

5.48/40.8

Levelised cost of H2, including transport (USD per kg/ USD per million BTU)

5.54/41.2

Figure V.35. Distribution of investment costs for Los Filos.

2%

Electrolyser
PV system
47%

51%

Hydrogen tank

Table V.75. Hydrogen demand for a mining vehicle in Los Filos, demonstration project.
3.04-MW PV system, 1.59-MW electrolyser, 220-kg H2 tank.
System features
Total production of the PV system (MWh per year)

5,894.9

Excess electricity (MWh per year)

1,031.6

Capacity factor of the PV system (%)

22.1

Area (km2)

0.11

Annual hydrogen production(ton)

87.3

Capacity factor of the electrolyser (%)

34.9
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System features
Initial investment cost (million USD)

5.91

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

6.77/50.4

Figure V.36. Distribution of investment costs for a demonstration project in Los Filos.

2%

Electrolyser
PV system

47%

51%

Hydrogen tank

V.5.3.3 Pinos Altos-Creston
Table V.76. Hydrogen demand for mining vehicles fleet in Pinos Altos-Creston Mascota.
26.8-MW PV system, 16-MW electrolyser, 3.5-ton H2 tank.
System features
Total production of the PV system (MWh per year)

50,714.2

Excess electricity (MWh per year)

7,425.6

Capacity factor of the PV system (%)

21.6

Area (km2)

0.96

Annual hydrogen production(ton)

777

Capacity factor of the electrolyser (%)

30.9

Initial investment cost (million USD)

48.42

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

6.1/45.4

Levelised cost of H2, including transport (USD per kg/ USD per million BTU)

7.65/56.9
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Figure V.37. Distribution of investment costs for Pinos Altos-Creston Mascota.

4%

Electrolyser
PV system
51%

45%

Hydrogen tank

Table V.77. Hydrogen demand for a mining vehicle in Pinos Altos-Creston Mascota,
demonstration project. 3.71-MW PV system, Electrolyser de 1.74 MW, 370-kg H2 tank.
System features
Total production of the PV system (MWh per year)

6,483

Excess electricity (MWh per year)

1,527

Capacity factor of the PV system (%)

19.9

Area (km2)

0.13

Annual hydrogen production(ton)

89

Capacity factor of the electrolyser (%)

32.6

Initial investment cost (million USD)

6.7

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

7.45/55.4
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Figure V.38. Distribution of investment costs for a demonstration project in Pinos AltosCreston Mascota.
3%

Electrolyser
49%
48%

PV system
Hydrogen tank

V.5.3.4 Mulatos
Table V.78. Hydrogen demand for mining vehicles fleet in Mulatos. 42.3-MW PV system,
24.5-MW electrolyser, 5-ton H2 tank.
System features
Total production of the PV system (MWh per year)

79,734.2

Excess electricity (MWh per year)

12,474.5

Capacity factor of the PV system (%)

21.5

Area (km2)

1.51

Annual hydrogen production(ton)

1,207.3

Capacity factor of the electrolyser (%)

31.3

Initial investment cost (million USD)

74.1

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

6.01/44.7

Levelised cost of H2, including transport (USD per kg/ USD per million BTU)

7.51/55.9
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Figure V.39. Distribution of investment costs for Mulatos.
4%

Electrolyser
50%
46%

PV system
Hydrogen tank

Table V.79. Hydrogen demand for a mining vehicle in Mulatos, demonstration project.
3.41-MW PV system, 1.71-MW electrolyser, 370-kg H2 tank.
System features
Total production of the PV system (MWh per year)

6,428.1

Excess electricity (MWh per year)

1,467.2

Capacity factor of the PV system (%)

21.5

Area (km2)

0.12

Annual hydrogen production(ton)

89

Capacity factor of the electrolyser (%)

33.1

Initial investment cost (million USD)

6.46

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

7.21/53.6
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Figure V.40. Distribution of investment costs for demonstration project in Mulatos.
3%

Electrolyser
50%
47%

PV system
Hydrogen tank

V.5.3.5 Dolores
Table V.80. Hydrogen demand for mining vehicles fleet in Dolores. 76.6-MW PV system,
45-MW electrolyser, 10-ton H2 tank.
System features
Total production of the PV system (MWh per year)

149,929

Excess electricity (MWh per year)

25,794.1

Capacity factor of the PV system (%)

22.4

Area (km2)

2.74

Annual hydrogen production(ton)

2,228.1

Capacity factor of the electrolyser (%)

31.5

Initial investment cost (million USD)

134.1

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

5.9/43.9

Levelised cost of H2, including transport (USD per kg/ USD per million BTU)

8.87/66

Figure V.41. Distribution of investment costs for Dolores.
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4%

Electrolyser
50%
46%

PV system
Hydrogen tank

Table V.81. Hydrogen demand for a mining vehicle in Dolores, demonstration project. 3.62MW PV system, 1.84-MW electrolyser, 320-kg H2 tank.
System features
Total production of the PV system (MWh per year)

6,412.5

Excess electricity (MWh per year)

1,456.5

Capacity factor of the PV system (%)

20.2

Area (km2)

0.13

Annual hydrogen production(ton)

89

Capacity factor of the electrolyser (%)

30.7

Initial investment cost (million USD)

6.81

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

7.56/56.2

Figure V.42. Distribution of investment costs for a demonstration project in Dolores.
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3%

Electrolyser
PV system
46%

51%

Hydrogen tank

V.5.3.6 Aranzazú
Table V.82. Hydrogen demand for mining vehicles fleet in Aranzazú. 16-MW PV system,
9.6-MW electrolyser, 1.75-ton H2 tank.
System features
Total production of the PV system (MWh per year)

32,011.4

Excess electricity (MWh per year)

4,192.5

Capacity factor of the PV system (%)

22.8

Area (km2)

0.58

Annual hydrogen production(ton)

499.3

Capacity factor of the electrolyser (%)

33.1

Initial investment cost (million USD)

29.5

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

5.79/43.1

Levelised cost of H2, including transport (USD per kg/ USD per million BTU)

6.55/48.7

Figure V.43. Distribution of investment costs for Aranzazú.
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Table V.83. Hydrogen demand for a mining vehicle, demonstration project. 3.11-MW PV
system, 1.62-MW electrolyser, 270-kg H2 tank.
System features
Total production of the PV system (MWh per year)

6,223

Excess electricity (MWh per year)

1,261.3

Capacity factor of the PV system (%)

22.8

Area (km2)

0.11

Annual hydrogen production(ton)

89

Capacity factor of the electrolyser (%)

35

Initial investment cost (million USD)

6.04

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

6.77/50.4

Figure V.44. Distribution of investment costs for a demonstration project in Aranzazú.
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V.5.3.7 Piedras Verdes
Table V.84. Hydrogen demand for mining vehicles fleet in Piedras Verdes. 192.2-MW PV
system, 115-MW electrolyser, 20-ton H2 tank.
System features
Total production of the PV system (MWh per year)

355,970.3

Excess electricity (MWh per year)

39,259.4

Capacity factor of the PV system (%)

21.1

Area (km2)

6.86

Annual hydrogen production(ton)

5,716.9

Capacity factor of the electrolyser (%)

31.4

Initial investment cost (million USD)

333.8

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

5.68/42.2

Levelised cost of H2, including transport (USD per kg/ USD per million BTU)

In situ, no
additional
transportation
cost

Figure V.45. Distribution of investment costs for Piedras Verdes.
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Table V.85. Hydrogen demand for a mining vehicle in Piedras Verdes, demonstration
project. 3.34-MW PV system, 1.67-MW electrolyser, 270-kg H2 tank.
System features
Total production of the PV system (MWh per year)

6,181.7

Excess electricity (MWh per year)

1,221.4

Capacity factor of the PV system (%)

21.1

Area (km2)

0.12

Annual hydrogen production(ton)

89

Capacity factor of the electrolyser (%)

33.9

Initial investment cost (million USD)

6.28

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

7.02/52.2

Figure V.46. Distribution of investment costs for a demonstration project in Piedras Verdes.
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V.5.3.8 Buenavista del Cobre
Table V.86. Hydrogen demand for mining vehicles fleet in Buenavista del Cobre. 1,078.1MW PV system, 660-MW electrolyser, 110-ton H2 tank.
System features
Total production of the PV system (MWh per year)

2,127,270.6

Excess electricity (MWh per year)

299,446.9

Capacity factor of the PV system (%)

22.5

Area (km2)

38.5

Annual hydrogen production(ton)

32,993.5

Capacity factor of the electrolyser (%)

31.6

Initial investment cost (million USD)

1,892.7

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

5.58/41.5

Levelised cost of H2, including transport (USD per kg/ USD per million BTU)

5.64/42

Figure V.47. Distribution of investment costs for Buenavista del Cobre.
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Table V.87. Hydrogen demand for a mining vehicle in Buenavista del Cobre, demonstration
project. 3.23-MW PV system, 1.71-MW electrolyser, 340-kg H2 tank.
System features
Total production of the PV system (MWh per year)

6,381.5

Excess electricity (MWh per year)

1,422.7

Capacity factor of the PV system (%)

22.6

Area (km2)

0.12

Annual hydrogen production(ton)

89

Capacity factor of the electrolyser (%)

33.1

Initial investment cost (million USD)

6.32

Levelized cost of H2, 10% rate (USD per kg/ USD per million BTU)

7.08/52.7
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Figure V.48. Distribution of investment costs for a demonstration project in Buenavista del
Cobre.
3%

Electrolyser
PV system
46%

51%

Hydrogen tank

V.5.3.9 La Caridad
Table V.88. Hydrogen demand for mining vehicles fleet. 218-MW PV system, 135-MW
electrolyser, 25-ton H2 tank.
System features
Total production of the PV system (MWh per year)

428,282.5

Excess electricity (MWh per year)

59,312.9

Capacity factor of the PV system (%)

22.4

Area (km2)

7.78

Annual hydrogen production(ton)

6,660.2

Capacity factor of the electrolyser (%)

31.2

Initial investment cost (million USD)

386.5

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

5.65/42

Levelised cost of H2, including transport (USD per kg/ USD per million BTU)

5.73/42.6

Figure V.49. Distribution of investment costs for La Caridad.
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Table V.89. Hydrogen demand for a mining vehicle in La Caridad, demonstration project.
3.2-MW PV system, 1.7-MW electrolyser, 330-kg H2 tank.
System features
Total production of the PV system (MWh per year)

6,296.7

Excess electricity (MWh per year)

1,339.3

Capacity factor of the PV system (%)

22.5

Area (km2)

0.12

Annual hydrogen production(ton)

89

Capacity factor of the electrolyser (%)

33.3

Initial investment cost (million USD)

6.28

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

7.03/52.3
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Figure V.50. Distribution of investment costs for demonstration project in La Caridad.
3%

Electrolyser
PV system
46%

V.5.3.10

51%

Hydrogen tank

La Herradura

Table V.90. Hydrogen demand for mining vehicles fleet. 829.17-MW PV system, 505-MW
electrolyser, 80-ton H2 tank.
System features
Total production of the PV system (MWh per year)

1,632,075.7

Excess electricity (MWh per year)

188,337.2

Capacity factor of the PV system (%)

22.5

Area (km2)

29.61

Annual hydrogen production(ton)

26,060.5

Capacity factor of the electrolyser (%)

32.6

Initial investment cost (million USD)

1,449.3

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

5.41/40.2

Levelised cost of H2, including transport (USD per kg/ USD per million BTU)

In situ, no
additional
transportation
cost

Figure V.51. Distribution of investment costs for La Herradura.
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Table V.91. Hydrogen demand for a mining vehicle in La Herradura, demonstration project.
2.04-MW PV system, 1.31-MW electrolyser, 210-kg H2 tank.
System features
Total production of the PV system (MWh per year)

4,018.7

Excess electricity (MWh per year)

366.1

Capacity factor of the PV system (%)

22.5

Area (km2)

0.074

Annual hydrogen production(ton)

65.6

Capacity factor of the electrolyser (%)

32

Initial investment cost (million USD)

4.73

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

7.34/54.6
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Figure V.52. Distribution of investment costs for demonstration project in La Herradura.
2%

Electrolyser
PV system

46%

52%

Hydrogen tank

V.6 Green hydrogen in public transport
V.6.1 Introduction
Battery electric vehicles (BEVs) and hydrogen-based vehicles or fuel cell electric vehicles
(FCEVs) are green transport solutions that can deliver energy efficiency benefits, reduce air
pollution in urban areas (also reducing health impacts related to air pollution 120), and even
increase the safety of trips in comparison with traditional automobile travel (O'Callaghan &
Murdock, 2021). Although it is common to talk about FCEVs and BEVs as competitors, it is
more convenient to conceptualise these technologies as partners that complement each
other, since they offer advantages and disadvantages121 but are greener alternatives to other
competitors such as natural gas and bio-natural gas-powered vehicles (ESMAP, 2020;
IRENA, 2018). Compared to battery electric vehicles, for example, fuel cell electric buses
(FCEB) refuel faster, are well suited for ranges over 200 km and are not affected by weather
conditions (BEVs can experience deep discharge cycles under extreme temperatures)
(Meunier, et al., 2019). The optimal technology for a particular use will be determined by the
flexibility, operational constraints, and infrastructure costs that the operator of the system
can handle (Hydrogen Council, 2020). It is expected that the fuel cell vehicles market will
remain lower than the electric battery vehicle market in the near future due to obstacles such
as the social acceptance of hydrogen technologies, lack of coordination across local projects
and initiatives, the need for dedicated infrastructure and high initial costs and learning rates,

120

According to Hyundai, their FCEV Nexo is better for addressing localized air pollution than BEVs, and they
describe the automobile as “an air purifier on wheels” (ESMAP, 2020).
121
For example, batteries can be heavier than hydrogen tanks, so they consume more energy while the vehicle
is moving and they have shorter ranges, but they can be recharged at homes and public stations (the
infrastructure is quickly developing in some cities). On the other hand, FCEVs offer longer ranges and shorter
refuelling times (less than five minutes), but recharging stations are scarce; in 2017, the number of public
hydrogen refuelling stations was 328, while the BEV recharging stations were 90,000. Currently, BEVs are
cheaper than FCEVs, with total costs of 4.44 US Dollar cents/km vs. 9.50 USD cents/km, respectively (ESMAP,
2020; Deloitte China, 2020).
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but resources such as subsidies can be used to facilitate deployment in the early stages
(Meunier, et al., 2019).
The basic components of fuel cell vehicles, as many other vehicles, are four: propulsion
system, chassis, automotive electronics, and body. The propulsion system of FCEVs
consists of a pressurized tank to store hydrogen122, a fuel cell stack, and assistant systems123
to convert hydrogen into electricity and a supplemental battery to drive the electric motor 124.
Hydrogen-based transport applications are available for cars, buses, trucks, trains, planes,
and ships. It is expected that BEVs will outnumber FCEV in automobiles, but hydrogen is
already reaching cost competitiveness in heavy duty transport (greater than 2 tons carrying
capacity) and freight transport thanks to the falling costs in renewables and electrolysis
technologies. In general, FCEVs are more competitive at longer-range applications—freight,
transportation, buses, maritime and air transport— than BEVs. As of 2020, about 3,000 fuel
cell buses and trucks were deployed at a global scale (IRENA, 2019; ESMAP, 2020; Deloitte
China, 2020).
Buses from BRT systems and off-road trucks fleets in mines generally arrive to a depot or
shop equipped for the service, repair, and maintenance of the units, as well as refuelling
(ITDP, 2017; Tetra Tech Wardrop, 2010). Centralized hydrogen refuelling stations, also
known as HRS, can be built on site in such places, which helps to reduce costs and
increases the autonomy of the system in comparison to isolated HRS (IRENA, 2018; IEA,
2019). Hydrogen refuelling infrastructure can achieve refuelling experiences like those of
internal combustion vehicles—an advantage over electric vehicles, which need a couple of
hours to recharge, decreasing the vehicles uptime (Deloitte China, 2020; Ballard, 2021a).
Hydrogen filling stations dispense the gas at 35 MPa/350 bar/5,000 PSI or 70 MPa/700
bar/10,000 PSI, also known as H35 and H70, respectively (Air Products, 2013; Toyota, 2021;
California Fuel Cell Partnership, 2021).

V.6.1.1 Fuel cell electric buses for public transport
Fuel cell electric buses are currently more popular than FCEVs, and usually delivered
alongside HRS. The first FCEB was launched by Ballard Power Systems in 1993, and there
are currently several hundreds of FCEB in operation in Europe, China, Japan, Korea, and
North America (ESMAP, 2020). In China, Toyota partnered with Beiqi Foton Motor Co., Ltd.
and Beijing Yihuatong Technology Co., Ltd. to deliver a fleet of 100 fourth generation FCEBs
(with a range of 450 km) that will shuttle visitors between venues during the 2022 Winter
Olympics. More than 1,000 buses are planned (ESMAP, 2020; Fuel Cells Works, 2019;
Buckland, 2019).
In Pau, France, the first hydrogen powered BRT system, called Fébus, was deployed in
December 2019. A hundred employees were trained for the operation of the system, 50 for
driving and 50 for maintenance and control. The fleet is comprised by 8 18-meter Van Hool
ExquiCity FC multi propulsion platform buses driven by electric traction 125 and powered by
122

Usually, the tank capacity is 5 kg of hydrogen gas compressed at 5000 psi or around 350 bar, and each bus
carries an average of 8 cylinders (Paredes Rojas, et al., 2017).
123
The hydrogen supply system, an air supply system, water management system and heat management system
(Deloitte China, 2020).
124
The batteries of FCEVs have smaller capacities than those of BEVs, since their function is to smooth fuel cell
power fluctuation.
125
Traction system and permanent magnet drive motor (PEM2022/210 kW) by Siemens (Van Hool, 2021b).
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Ballard Power Systems FCveloCity-HD100 100 kW fuel cell modules126. The fuel cell module
weighs 280 kg, plus 44 kg of the coolant subsystem and 61 kg of the air subsystem. Gaseous
hydrogen is required at a supply pressure of 8 barg nominal. The buses can carry 125
passengers and travel more than 300 km per hydrogen filling, or a minimum of 240 km.
Refueling is done at night at an on-site HRS built by ITM Power near the bus depot, which
produces between 174 and 268 kg of H2 per day from a solar-powered electrolyser from
ITM. A Linde IC90 compression, storage and dispensing system is the other part of the
station, where hydrogen is available at a 350 bar pressure. The buses use fuel cells for
primary power and lithium batteries for additional power when needed (Sustainable Bus,
2019; Eltis, 2020; Ballard, 2019; Ballard, 2021b; ITM Power, 2021; Van Hool, 2021a).
Other countries are starting to buy FCEBs, like Brunei, Costa Rica, India, and Malaysia. In
2018, Ad Astra Rocket Company (an U.S. based company) launched N’yu’ti, the first FCEB
in Central America in Costa Rica127, alongside with a HRS and a green hydrogen electrolysis
unit that produces hydrogen using solar PV panels and an onshore wind turbine located next
to the office of the company. The FCEB has a range up to 340 km on 40 kg of hydrogen, a
capacity of 35 passengers, and can travel at a speed up to 110 km per hour. The project
estimated cost is USD4.4 million and was partly funded by IDB Invest (ESMAP, 2020; Ad
Astra Rocket Company, 2018).
Table V.92. Estimated costs and characteristics of FCEB.
Location

Start
of
operations

Manufacturer(s)

Type

Range
(km)

Fuel capacity
(kg
hydrogen)

Capacity
(passenge
rs)

Cost
(USD
million)

Notes

California,
US

NS

NS

FCEB

NS

NS

NS

1.1

Cost
estimate
only accounting
for the vehicle

California,
US

NS

NS

BEB

NS

NS

NS

0.75

Cost
estimate
only accounting
for the vehicle

San José,
Costa Rica

Beijing,
China

2018

Ad Astra Rocket
Company

FCEB

340

38

35

4.4

Cost accounts
for a system in
operation,
consisting of the
vehicle,
a
refueling station
and
an
electrolyser

NS

Toyota,
Beiqi
Foton Motor Co.,
Ltd. and Beijing
Yihuatong
Technology Co.,
Ltd.

FCEB

450

NS

NS

NS

-

126

The fuel cell module weighs 280 kg, plus 44 kg of the coolant subsystem and 61 kg of the air subsystem.
Gaseous hydrogen is required at a supply pressure of 8 barg nominal (Ballard, 2021b).
127
The project was a public-private partnership, developed in collaboration with the government of Costa Rica,
Air Liquide, Cummins Inc., Sistema de Banca para el Desarollo, Relaxury S.A., and US Hybrid Corporation
(ESMAP, 2020).
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China

EU and UK

Pau,
France

2022

NS

2019

Ballard

FCEB

NS

NS

NS

0.5

Cost
estimate
only accounting
for the vehicle

NS

FCEB

NS

NS

NS

0.7

Target
price
point.
Cost
estimate
only
accounting for
the vehicle. 1
EUR=1.1 USD

Ballard
Systems,
Hool

FCEB,
articul
ated,
100kW
FCVel
oCityHD100

300

NS

125

NS

-

Power
Van

NS: Not Specified.
Source: ESMAP (2020), Ad Astra Rocket Company (2018), Ballard (2019).

According to the Hydrogen Council (2020), ownership costs for fuel cell urban buses in 2030
will be roughly distributed as follows: 31% maintenance, 8% assembly, 27% fuel and
infrastructure, 8% powertrain and 26% non-powertrain. FCEB for short-distance urban
transportation (150 km range) will have a total cost of ownership (TCO) of 1.7 USD/km, while
buses for long-distance urban transportation will have a TCO of 1.35 USD/km. The costs
are expected to decline to 1.1 USD/km and 0.8 USD/km, respectively, by 2050.

V.6.2 Case studies of hydrogen in the mobility sector in Mexico
While there is a small but growing market for fuel cell electric automobiles, particularly for
long average diving distances and customers attracted by the availability of power (IRENA,
2019), it is more likely that FCEVs will enter the Mexican market via public transport and
heavy duty transport or freight transport, as they will require a considerable investment that
the average individual consumer will most likely not be able to cover 128. Public transport
vehicles of Bus Rapid Transit services (BRT) along with mining trucks are two mobility
systems with a great potential of switching from fossil fuels to green hydrogen. Mexico City,
Guadalajara and Monterrey are the three biggest cities in Mexico, all of which have BRT
systems in operation, with a combined ridership of more than 800,000 passengers per day
and future projects for line expansions. Regarding mining trucks, the mining sector in Mexico
is very active due to the availability of various minerals, mainly in the northern states. More
than 50% of the investment in mining exploration is made by foreign companies (mainly from
Canada), while more than 50% of the total production value is generated by national
companies (Deloitte, 2012). Mining represents 2.3 percent of the national GDP and 8.1
128

Income is usually the strongest predictor of car ownership (Guerra, 2015). Access to leasing schemes like
the FCEV from Toyota, Mirai, in the USA, available at 349 USD per month (ESMAP, 2020), is only available for
a small part of the Mexican population. Minimum wage in 2020 was MXN185.56 per day in the Northern Free
Zone (around USD9 with an exchange rate of 20 MXN per USD) and MXN123.22 per day in the rest of the
country (about USD6) (SCT-CONASAMI, 2019). 16% of the population receive less than one minimum wage
(Cámara de Diputados, 2019).
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percent of the industrial GDP (Duran, 2021). The country is amongst the largest producers
of metals like silver, lead and cadmium in the world (Deloitte, 2012; Duran, 2021). The
following sections present case studies to understand the scope and requirements for the
transition to a hydrogen-based mobility sector.

V.6.3 Methodology
The BRT systems that are in operation in the three largest cities in Mexico (Guadalajara,
Monterrey and Mexico City) were chosen to estimate the energy demand and its hydrogen
equivalent. The systems are characterised by their length, ridership, and fleet (number of
buses, models, engine, fuel). The energy demand estimates were calculated for a year and
are presented for 1) one bus of the largest line of each system 2) the complete fleet of the
biggest line of each system, and 3) the complete fleet of all the lines of each system. Data
regarding ridership and travelled distance was collected from official sources (local
governments and INEGI), as is shown in the tables below, for the year 2019 in the case of
the lines in operation. For the lines that are under construction, the expected indicators were
also collected from official sources.
The two fuels used today by the buses are ultra-low sulfur diesel (ULSD)129 in Guadalajara
and Mexico City and compressed natural gas (CNG) in Monterrey. Diesel is mainly
distributed using the infrastructure of Pemex Logística (pipelines) and sold at gas stations
(COFECE, 2019). CNG is taken from the distribution network (2-10 bar) and compressed to
200-250 bar to refuel the vehicles cylinders (Gas Natural Fenosa, 2013). The energy content
of the fuels currently used in BRT systems, as well as hydrogen, are shown below.
Table V.93. Energy content of fuels used in vehicles.
Diesel
ULSD
CNG
Hydrogen

Property
Energy
(MJ/m3)

1
density 37,675.33

Density (kg/m3)

36,902.8810

38.062

10.8111

870-9503

840.004

180-2155

0.096

41.407

43.934

46-498

120.219

Heating value (MJ/kg)
Sources: 1 (CONUEE, 2021); 2 Data from Naturgy. Average for July 2020, measured at PEGN Monterrey III
(CRE, 2020); 3 (PEMEX, 2016); 4 (ENERGEX, 2015); 5 (Unitrove, 2021); 6 (IEA, 2019b); 7 Estimated from
CONUEE (2021) and PEMEX (2016); 8 (NGV Global, 2021); 9 (Pacific Northwest National Laboratory, 2021);
10
Estimated from ENERGEX (2015); 11Estimated from IEA (2019) and Pacific Northwest National Laboratory
(2021).

A factual approach based on the fuel economy of vehicles was used to calculate the energy
use, since this parameter depends on various factors, such as the driving habits of drivers,
the number of passengers, air conditioning, altitude of the location, maintenance of the
vehicles, and the transit conditions (CTS EMBARQ México, 2015; Newland, 1980; INE,
2008; ITDP, 2017), as well as the rated power of the fuel cell (Paredes Rojas, et al., 2017).

129

During the third trimester of 2018, at least 70 per cent of the 360 thousand barrels per day of ULSD consumed
in the country was imported (INECC, 2019).
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The following data can be found in the literature regarding the fuel economy of real-world
BRT systems.
Table V.94. Fuel economy of BRT buses.
Reported
fuel
economy
Reference
Notes
(km/l)A
(km/kg)B

Bus type

Articulated, ULSD

1.17

(Metrobús, 2012)

Based on total travelled kilometres and total
consumed litres of fuel for buses in Line 1,
according to the vehicle’s computers.

1.52

(INE, 2008)

Based on tests for Scania articulated diesel
buses under controlled laboratory conditions.

1.10

(INE, 2008)

Based on fuel economy data from a BRT
system in León, Guanajuato

1.00

(BRTData, 2021)

Referenced to data from Metrobús in 2014.

1.37

(BRTData, 2021)

Referenced to data from Macrobús in 2011.

1.2

(BRTData, 2021)

Referenced to data from Dirección General de
Movilidad in León de los Aldama in 2011.

0.25

(Gobierno de la Ciudad Based on the claim: To transport 1000 people in
de México, 2021a)
10 km, 4 biarticulated buses use 40 liters of fuel.

1.45

(BRTData, 2021)

Referenced to data from Metrobús in 2014.

2.4

(BRTData, 2021)

Referenced to the Optibús system in León de
los Aldama, Mexico, in 2012.

1.2

(BRTData, 2021)

Data from Metroplús in Medellín, Colombia, in
2012.

3.00

(Gas Natural Fenosa,
Estimated fuel efficiency for a CNG bus.
2013)

1.52

(RTP, 2020)

Bi-articulated, ULSD

Standard buses, diesel

Standard buses, CNG

Average km/l for the Ecobús fleet in Mexico City
in 2019.

Standard
and
6.94
articulated, hydrogen

(Paredes Rojas, et al., Hydrogen consumption of 14.4 kg H2/100 km for
2017)
buses in Line 1 of the Metrobús.

Fuel cell hybrid buses, 11.11
hydrogen

(Paredes Rojas, et al., Fuel cell hybrid buses in London.
2017)

Fuel
cell
hydrogen

(Paredes Rojas, et al., For fuel cell buses in a vehicle show in British
2017)
Columbia.

buses, 6.67
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Fuel cell hybrid buses, 13.29
hydrogen
A

For ULSD and CNG.

B

For hydrogen.

(Paredes Rojas, et al., From a study of the Automotive and Energy
2017)
Security Laboratory in Beijing, China.

The fuel economy values used for calculations were:
●

Average value for articulated buses powered by diesel, 1.23 km/l.

●

In the case of bi-articulated buses powered by diesel, the higher value is almost six
times the lower value. The value of 1.45 l/km was chosen.

●

For standard CNG buses, the value of 3 km/l is around the double of the other two,
so the average value of 1.36 km/l, or 6.89 km/kg, was taken.

●

In the case of fuel cell buses, the hydrogen consumption of 14.4 kg H 2/100 km
obtained for the Insurgentes Metrobús route was used, since it represents better the
systems under study.

The fuel consumption was estimated as follows:
𝑇𝐷

𝐹𝐶 = 𝐹𝐸

(2)

Where FC is the fuel consumption, TD is the average travelled distance by bus and by fleet
at each location, and FE is the fuel economy of each type of bus. When available, the
travelled distance of the fleets was used for the year 2019 to represent a typical year of
operations, considering that the COVID-19 pandemic has impacted in the daily ridership,
available drivers, number of trips, etc. The methodology for levelised costs of hydrogen
follows the considerations described in previous sections.

V.6.3.1 Estimation of GHG emissions
Considering the total fleet fo buses, the avoided usage of diesel was estimated considering
the total amount of diesel and natural gas consumed. The following table presents the
results.
Table V.95- GHG emisión reductions for the transport systems.

Transport system

State

Mi Macro
Ecovía
Metrobús

Jalisco
Nuevo León
Mexico City

CO2 emission reduction (Tonnes
of CO2e per year)

67,427
2,824
94,415
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V.6.4 Results
V.6.4.1 Guadalajara
The BRT system of Guadalajara, Mi Macro, consists of two trunk lines: Mi Macro Calzada
(in service) and Mi Macro Periférico (soon to be in service). Feeder lines are part of the
Metropolitan public transport system. Mi Marco Calzada, formerly known as Macrobus, was
inaugurated in 2009 and runs from north to south along 16.6 km of Calzada Independencia—
Gobernador Curiel with normal and express services (Gobierno del Estado de Jalisco,
2021b; ITDP, 2009). Mi Macro is operated by Operadora Macrobús S.A. de C.V. since 2009
(Operadora Macrobús, 2021).
The initial fleet was comprised by 41 Euro V Volvo 7300 articulated buses 130, powered by
ULSD, providing local and express services between the two terminals. Each bus has a
capacity for 160 passengers (Johansson, 2008; ITDP, 2009; Volvo Buses Mexico, 2021). In
2014, the authorities invested around MXN20 million in four new DINA Brighter units, also
powered by ULSD and with capacity for 160 passengers (Revista Transportes y Turismo,
2014). The estimated daily ridership of Mi Macro Calzada was of 140,000 in 2019 (Pasajero
7, 2019), but data from INEGI (2021) for 2019 shows a monthly average of 2,693,956
transported passengers in 2020, or 98,798.54 passengers per day.
Figure V.53. Map of Mi Macro.

Map of Mi Macro public transport system. The Calzada line is depicted in turquoise and the
Periferico line in purple.
Source: Gobierno del Estado de Jalisco (2021b).

130

Manufactured at the Volvo Buses plant outside Mexico City (Johansson, 2008).
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Mi Macro Periferico (formerly known as Peribús) construction works began in 2019 and is
still under construction as of December 2021. The line will have a total length of 41.5 km,
along the Anillo Periférico—a semi-beltway that connects the municipalities of Zapopan,
Guadalajara, Tonalá and Tlaquepaque. Three backbone and two complimentary routes will
provide the transport service, while 7 feeder routes will connect other zones to the trunk
lines. Estimated daily ridership is 350 to 400 thousand passengers and the fleet will be
comprised by 105 articulated buses (Global Mass Transit Report, 2019; FONADIN, 2020a;
Gobierno del Estado de Jalisco, 2021c; Pérez S., 2021). The units were initially planned to
run on natural gas, as described by FONADIN during Stage 1 of the project (2020a) 131, but
later the authorities reported that the buses will be powered by diesel 132 (Gobierno del
Estado de Jalisco, 2021c). Global Mass Transit Report (2019) stated that the estimated
investment of the project was MXN9.4 billion, while FONADIN (2020a) reported a total of
MXN3.7 billion133 until 2019. In 2021, Mercedes-Benz delivered 37 articulated buses 134
(Pérez S., 2021).
During the second half of 2021, Macrobús purchased 67 Euro V Mercedes-Benz buses135
and 15 dual complimentary units136 to incorporate gradually to the 13 feeder lines of Mi
Macro Calzada (Ortega, 2021; Gobierno del Estado de Jalisco, 2021a). However, INEGI
(2021) reports only two routes with an average number of 41 buses on service during
weekdays between January 2021 and September 2021. In 2020, 40 buses were on service
on weekdays from January to October (in November, 39, and in December, 42), and 26 on
weekends (31 in November and 32 in December). The following table summarises the
characteristics of the Calzada line in 2019.
Parameter

Table V.96. Main characteristics of Mi Macro Calzada line.
Description
Reference

Length (km)

16.6

(Gobierno del Estado
de Jalisco, 2021b)

Fleet

41

(Johansson,
(ITDP, 2009)

Bus models

Volvo 7300 (articulated, Euro (Johansson, 2008)
V)
(Revista Transportes y
DINA Brighter (articulated, Turismo, 2014)
Euro V)

Capacity (passengers/bus)

160

2008)

(Volvo Buses Mexico,
2021)

131

It is also stated that the system would have three CNG refueling stations.
Mercedes-Benz Euro V models, with capacity up to 120 passengers.
133
Considering MXN773 million from FONADIN, MXN1.3 million from the state government, and 1.6 from private
investors (FONADIN, 2020a).
134
18-meter units, O 500 MA 2836 chassis, Busscar body, OM 457 LA motor, 160-passenger capacity (Pérez
S., 2021).
135
OF 1321/44 chassis, AYCO’s Sigma body, and Mercedes-Benz OM 924 LA motor (Ortega, 2021).
136
12-meter units with high-floor and low-floor entries (Gobierno del Estado de Jalisco, 2021a), and capacity for
85 passengers (Gobierno del Estado de Jalisco, 2021c).
132
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Fuel

(Volvo Buses Mexico,
2021)

ULSD, 2x300 liter tanks

Volvo DH12E, 12 liters, 6 (Volvo Buses Mexico,
cylinder, 340Hp, 1700 Nm @ 2021)
950
rpm,
automatic
(DINA, 2021)
transmission
Engine

Cummins
10.8 lts. - 380Hp @ 1600 rpm Torque 1,200 lb-ft.@1400 rpm.
Automatic transmission.

Buses in operation (weekday
40
average)

(INEGI, 2021)

Average distance travelled
350,908.17
per month, total fleet (km)

(INEGI, 2021)

Average ridership per month,
total
fleet
(transported 2,963,956.33
passengers)

(INEGI, 2021)

Assuming a fleet of 40 buses, the following indicators result for 2019.
Table V.97. Estimated energy consumption of Mi Macro Calzada line.
Parameter
Description
Reference
Fuel economy, diesel (km/l)

1.23

Average (see I.3.1)

Fuel economy,
(km/kg)

6.94

(Paredes Rojas, et al., 2017)

hydrogen

Fuel consumption, diesel,
85,784.97
bus (l/year)

Estimated

Fuel consumption, diesel,
3,431,398.61
fleet (l/year)

Estimated

Fuel
consumption,
15,168.94
hydrogen, bus (kg/year)

Estimated

Fuel
consumption,
606,757.64
hydrogen, fleet (kg/year)

Estimated
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Figure V.54. Comparison of the estimated energy demand using diesel and hydrogen for
Mi Macro Calzada.
Fuel consumption, hydrogen, fleet (TJ/year)
Fuel consumption, hydrogen, bus (TJ/year)
Fuel consumption, diesel, fleet (TJ/year)
Fuel consumption, diesel, bus (TJ/year)
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Source: estimated using data from INEGI (2021).

If FCEBs are used, the energy consumption would be 42% less than what is used today by
the diesel-powered buses. The energy consumption of the new Periferico line was also
calculated to determine the total energy demand for the Mi Macro trunk lines. The Periferico
system characteristics and energy results are as follows.
Parameter

Table V.98. Main characteristics of Mi Macro Periferico line.
Description
Reference

Length (km)

41.5

(Gobierno del Estado de
Jalisco, 2021c).

Fleet

105

(FONADIN, 2020a)

Bus model

Mercedes-Benz
Busscar (Pérez S., 2021; Mercedes(articulated, Euro V)
Benz, 2021)

Capacity (passengers)

160

(Pérez S., 2021)

Fuel

Diesel

(Mercedes-Benz, 2021)

Engine

OM 457 LA

(Pérez S., 2021)

Buses
in
(average)

operation 105

(FONADIN, 2020a)

Average
distance 21,931.76
travelled per month, bus
(km)

Adjusted from Mi Macro
Calzada (INEGI, 2021)

Average
distance 2,302,834.84
travelled per month, total
fleet (km)

Adjusted from Mi Macro
Calzada (INEGI, 2021)

Average daily ridership, 400,000
total
fleet
(passengers/day)

(Gobierno del Estado de
Jalisco, 2021c)

*Considering that one trip is equal to the distance between terminals.
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Table V.99. Estimated energy consumption of Mi Macro Periférico line.
Parameter
Description
Reference
Fuel economy, diesel (km/l)

1.23

Average (see I.3.1)

Fuel economy,
(km/kg)

6.94

(Paredes Rojas, et al., 2017)

hydrogen

Fuel consumption, diesel,
214,462.41
bus (l/year)

Estimated

Fuel consumption, diesel,
22,518,553.41
fleet (l/year)

Estimated

Fuel
consumption,
37,922.35
hydrogen, bus (kg/year)

Estimated

Fuel
consumption,
3,981,846.99
hydrogen, fleet (kg/year)

Estimated

Figure V.55. Comparison of the estimated energy demand using diesel and hydrogen for
the upcoming Mi Macro Periférico line.
Fuel consumption, hydrogen, fleet (TJ/year)
Fuel consumption, hydrogen, bus (TJ/year)
Fuel consumption, diesel, fleet (TJ/year)
Fuel consumption, diesel, bus (TJ/year)
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Source: estimated with data from FONADIN (2020a) and Gobierno del Estado de Jalisco (2021c).

The replacement of diesel buses to FCEBs would allow for a 42% reduction in the energy
demand. The features and levelised costs of the PV systems to fulfill the hydrogen demand
for the Calzada and Periferico total energy consumption as well as the corresponding
demonstration projects are shown in the following tables.
Table V.100. Main features of the electrolysis system for the total demand of hydrogen for
the Mi Macro Calzada and Periferico lines.
Concept

Amount

151.2-MW PV
system,
System features

90-MW
electrolyser,
12-ton H2 tank

Total production of the PV system (MWh per year)

293,549.9

Excess electricity (MWh per year)

35,394.1
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Concept

Amount

Capacity factor of the PV system (%)

22.2

Area (km2)

5.4

Annual hydrogen production (tonnes)

4,659.9

Capacity factor of the electrolyser (%)

32.7

Initial investment cost (million USD)

260.3

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

5.44/40.5

Levelised cost of H2, including transport (USD per kg/ USD per million
BTU)

5.63/41.9

Figure V.56. Distribution of investment costs, total hydrogen demand for Mi Macro Calzada
and Periferico lines.
3%

Electrolyzer
50%

47%

PV system
Hydrogen tank

Table V.101. Main features of the electrolysis system, hydrogen demonstration project, Mi
Macro Calzada line.
Concept

Amount
503-kW PV system,
300-kW
electrolyser,

System features

40-kg H2 tank
Total production of the PV system (MWh per year)

984.6

Excess electricity (MWh per year)

125.9

Capacity factor of the PV system (%)

22.3

Area (km2)

.018
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Concept

Amount

Annual hydrogen production(ton)

15.4

Capacity factor of the electrolyser (%)

32.7

Initial investment cost (million USD)

1.12

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

7.4/55

Levelised cost of H2, including transport (USD per kg/ USD per million
BTU)

In situ

Figure V.57. Distribution of investment costs, total hydrogen demand for Mi Macro Calzada
demonstration project (one unit).
2%

Electrolyzer

47%

51%

PV system
Hydrogen tank

Table V.102. Main features of the electrolysis system, hydrogen demonstration project, Mi
Macro Periferico line.
Concept

Amount
1,238-kW PV
system,

System features

760-kW
electrolyzer,
115-kg H2 tank

Total production of the PV system (MWh per year)

2,419.7

Excess electricity (MWh per year)

274

Capacity factor of the PV system (%)

22.3

Area (km2)

0.045

Annual hydrogen production(ton)

38.5

Capacity factor of the electrolyser (%)

32.2
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Concept

Amount

Initial investment cost (million USD)

2.8

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

7.41/55.1

Levelised cost of H2, including transport (USD per kg/ USD per million
BTU)

In situ

Figure V.58. Distribution of investment costs, total hydrogen demand for Mi Macro
Periferico demonstration project (one unit).
2%

Electrolyzer
47%

PV system
51%

Hydrogen tank

V.6.4.2 Monterrey
Ecovía is the only BRT system in the city of Monterrey, inaugurated in 2014 and funded by
the National Infrastructure Fund, through BANOBRAS, the Government of Nuevo León, the
Metropolitan State Fund, and the private sector (Gas Natural Fenosa, 2014; Ecovía, 2019;
Gas Natural Fenosa, 2013; FONADIN, 2020b). The capital invested in Ecovía was of
MXN1.9 billion137 (SCT, 2015; FONADIN, 2020b; Gas Natural Fenosa, 2014), with costs
between USD250,000 (NGV Journal, 2013) and USD300,000 (Revista Transportes y
Turismo, 2013) per bus.
The system consists of one trunk line and several feeder lines. The trunk line has a total
length of 30 km in Lincoln and Ruiz Cortinez avenues (Ecovía, 2019), connecting the
Monterrey Metropolitan Area (also known as AMM) along the municipalities of Monterrey,
San Nicolás and Guadalupe, and also available to Apodaca, García and Sanda Catarina via
feeder lines. Ecovía is connected to line 1 and 2 of Metrorrey, the metro system of Monterrey
(ITDP, 2014). The fleet consists of 80 simple single-decker Super Aero City Low Entry
Hyundai units that run on compressed natural gas (CNG) (Revista Transportes y Turismo,
2013; Hyundai, 2020; SCT, 2015). The total capacity of the system is estimated at 130 to
160 thousand passengers per day (FONADIN, 2020b; Avilés García, 2017), or 7,500
passengers per hour in both ways (NGV journal, 2014). Each unit can carry 100 passengers

137

MXN610 million from FONADIN, MXN423 million from the Government of Nuevo León, and MXN857 million
from the private sector (FONADIN, 2020b).
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and according to Escobar (2014) has enough volume to load 225 liters of CNG per charge 138,
but Hyundai (2020) specification is 876-liter capacity distributed in 7 cylinders.
The company Naturgy, formerly Gas Natural Fenosa, extended the natural gas distribution
network to provide 18 thousand cubic meters per day of CNG, which is available to the buses
at two NGV refuelling stations (property of the company Enco GNV, formerly Gazel, with
capacity of 1 million litres per month139) located at the two terminals—west, in Monterrey,
and east, in Guadalupe— of the line (Gas Natural Fenosa, 2014; Gas Natural Fenosa, 2013;
Escobar, 2014). In 2017, five double-decker buses140 were added to the fleet, but in 2019
were removed from service because they were using a type of diesel not recommended by
the manufacturer (Casas, 2019).
Figure V.59. Map of the public transport system in Monterrey.

Ecovía stations are depicted in red.
Source: Ecovía (2019).

In 2020, the local authorities bought 80 new units for the Ecovía system. The buses are 12meter units with 100 passenger capacity from the Chinese manufacturer Zhongtong Bus
Holding Co Ltd and an estimated cost of MXN3.2 million per unit. Several new buses have
been used to replace original units of the Lincoln-Ruiz Cortines route (Maldonado, 2020;
Cerda & Benavides, 2021). The following table describes the main characteristics of the
Ecovía Lincoln-Ruiz Cortines line.
Table V.103Characteristics of the Ecovía Lincoln-Ruiz Cortines line.
Parameter
Description
Reference
Length (km)

30

(Ecovía, 2019)

138

Escobar (2014) mentions a capacity of 5,000 litres of CNG per month.
Capacity for 120 Ecovía units plus 1,000 external vehicles (Escobar, 2014).
140
Streetdeck model from Wrightbus, Euro VI technology, running on diesel (Casas, 2019).
139
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Fleet

80

(Ecovía, 2019)
(NGV journal, 2014) (Avilés
García, 2017) (FONADIN,
2020b)

Average daily ridership
150,000
(passengers/day)

Bus models

(Revista Transportes y
Super Aero City Low Entry
Turismo,
2013)
Hyundai
(Maldonado, 2020) (Cerda
12-meter Zhongtong
& Benavides, 2021)

Capacity (passengers/bus)

100

(Hyundai, 2020)

Fuel

CNG

(Revista Transportes y
Turismo, 2013; Hyundai,
2020; SCT, 2015)

Engine

C6AC 290PS

(Hyundai, 2020)

The total distance travelled in a year was assumed to be proportional to the distance
travelled by the Metrobús Line 1 fleet in Mexico City, since both lines have a length of 30
km. The results of energy consumption are presented below.
Table V.104. Estimated energy consumption of the Ecovía Lincoln-Ruiz Cortines line.
Parameter
Description
Reference
Fuel
economy,
(km/kg)

CNG 6.89

Average (see I.3.1)

Fuel economy, hydrogen
6.94
(km/kg)

(Paredes
2017)

Average distance travelled
246.85
per day, bus (km)

Taken
2012)

Average distance travelled
19,748.00
per day, fleet (km)

Estimated

Average distance travelled
90,100.25
per year, bus (km)

Estimated

Average distance travelled
7,208,020.00
per year, fleet (km)

Estimated

Fuel consumption,
bus (kg/year)

CNG,

Estimated

Fuel consumption,
fleet (kg/year)

CNG,

13,076.96
1,046,156.75
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Fuel
consumption,
12,982.74
hydrogen, bus (kg/year)

Estimated

Fuel
consumption,
1,038,619.60
hydrogen, fleet (kg/year)

Estimated

Figure V.60. Comparison of the estimated energy demand using CNG and hydrogen for
Ecovía.
Fuel consumption, hydrogen, fleet (TJ/year)
Fuel consumption, hydrogen, bus (TJ/year)
Fuel consumption, CNG, fleet (TJ/year)
Fuel consumption, CNG, bus (TJ/year)
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Source: Estimated using data from Metrobús (2012).

It is notable that in the case of CNG vs. hydrogen, the energy consumption for the use of
FCEBs resulted 2.5 times higher than the business-as-usual case of CNG buses. Within the
Mexican context, the consumption of green hydrogen can encounter a strong competition
with natural gas, which prices are tied to those of the US, the main natural gas supplier for
the country. However, green hydrogen can offer an advantage against volatility in prices.
In 2014, ITDP recognized the convenience of interconnecting other areas with BRT lines
and recommended a new trunk line of 4.5 km along Vicente Guerrero Avenue and Benito
Juárez, reaching Constitución Avenue-Morones Prieto (ITDP, 2014). Plans for a second 141
and third142 line have been mentioned (García, 2014) but the local authorities have not
confirmed further projects for expansions or new lines to date.
The features and levelised costs of the PV systems to fulfill the hydrogen demand for the
Ecovía total energy consumption as well as the corresponding demonstration projects are
shown in the following tables:
Table V.105. Main features of the electrolysis system for the total demand of hydrogen for
Ecovía.
Concept

Amount
40.5-MW PV
system,

System features

22.2-MW
electrolyser,
7.4-ton H2 tank

Total production of the PV system (MWh per year)

141

68,822.8

Along Constitución Avenue, from Bonifacio Salinas, in the municipality of Guadalupe, to the Miravalle bridge
in the border between Monterrey and San Pedro.
142
The same line proposed by ITDP, which would connect line 1 and line 2.
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Concept

Amount

Excess electricity (MWh per year)

10,011.3

Capacity factor of the PV system (%)

19.4

Area (km2)

27.5

Annual hydrogen production (tonnes)

1,055.6

Capacity factor of the electrolyser (%)

30.2

Initial investment cost (million USD)

70.7

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

6.55/48.7

Levelised cost of H2, including transport (USD per kg/ USD per million
BTU)

7.24/53.9

Figure V.61. Distribution of investment costs, total hydrogen demand for Ecovía.
6%

Electrolyzer
48%

PV system
Hydrogen tank

46%

Table V.106. Main features of the electrolysis system, hydrogen demonstration project,
Ecovía.
Concept

Amount
498-kW PV system
280-kW
electrolyser

System features

95-kg H2 tank
Total production of the PV system (MWh per year)

984.6

Excess electricity (MWh per year)

125.9

Capacity factor of the PV system (%)

22.3
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Concept

Amount

Area (km2)

0.018

Annual hydrogen production (tonnes)

13.2

Capacity factor of the electrolyser (%)

32.7

Initial investment cost (million USD)

1.11

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

8.55/63.6

Levelised cost of H2, including transport (USD per kg/ USD per million
BTU)

In situ

Figure V.62. Distribution of investment costs, total hydrogen demand for Ecovía
demonstration project (one unit).
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V.6.4.3 Mexico City
Metrobús is a public transportation system which functions as a decentralized public entity
of Mexico City’s government since 2005. The government is responsible for the
management, planning and control of the system, while private companies or
concessionaires provide the fleet operation and fee collection services. As of 2021,
Metrobús had a daily ridership of more than 1.1 million passengers per day, 308 stations
and seven lines, with a total length of almost 160 km across 11 boroughs. The government
plan is to expand the lines up to 200 km. The fleet declared by Metrobús is of 660 buses,
but the detailed information accounts for 587: 303 articulated buses 143, 124 bi-articulated
buses144, 70 12-meter buses145, and 90 double-decker Euro VI buses146 powered by ULSD

143

Estimated capacity of 160 passengers. One articulated bus is equivalent to 107 cars.
Estimated capacity of 240 passengers. One bi-articulated bus is equivalent to 160 cars, and requires 10 liters
of fuel to transport 250 passengers for 1 km.
145
61 of them run on diesel and 9 are hybrid, both with an estimated capacity of 100 passengers.
146
Estimated capacity of 130 passengers.
144
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(Gobierno de la Ciudad de México, 2021a)147. INEGI (2021) reported an inventory of 675
buses, with 441 on service in 2020.
In 2005, Line 1 was the first to begin operations, running along 20 km of the Avenida de los
Insurgentes (the longest avenue in Mexico City) with a fleet of 80 buses, carrying around
220,000 passengers each day. In 2008, the line was expanded to a total length of 30 km in
both directions. Today, it has three terminals (Indios Verdes, Caminero and Buenavista II)
and five itineraries or routes148 (Gobierno de la Ciudad de México, 2021a; Gobierno de la
Ciudad de México, 2020). The government of Mexico City (2021a) reports an estimated
average ridership of 480,000 passengers per day and 520,000 on business days (Gobierno
de la Ciudad de México, 2020).
In April 2021, Metrobús started testing their first electric bus, a Volvo 7900 Electric bus (with
capacity for 100 passengers), in line 4, which is 28 km long, has a daily ridership of 65,000
passengers and 4 terminals. The bus is powered by a 330 kW battery and designed for night
charging (Volvo Buses Global, 2021; Gobierno de la Ciudad de México, 2021a). A bus with
similar characteristics149 made by the Chinese manufacturer Yutong was also used for tests
since September 2020 in line 3, for a project developed by VEMO (an electric-charging
infrastructure developer), Mobility ADO, Mexico City’s Metrobús, and MIVSA. Also during
2021, the “Metrobusito”, which means little Metrobús, started circulating. The 6-meter-long
electric bus is manufactured in Turkey, can carry 22 passengers (12 sitting, 10 standing)
and has a 200 km autonomy. The goal of the “Metrobús Eléctrico” project is to gather data
to evaluate the operational and economic feasibility of future routes (Proyecto Metrobús
Eléctrico, 2021).

147

INEGI (2021) reported a total of 645 units in September 2021.
Indios Verdes to Glorieta de los Insurgentes, Indios Verdes to El Caminero, Indios Verdes to Dr. Gálvez,
Buenavista to El Caminero, and Indios Verdes to Pueblo Sta. Cruz Atoyac (the last station of line 3). It also
connects with Line 2 in the Colonia Del Valle-Tepalcates itinerary.
149
18-meter-long, 30-ton, dual electric motor, 563 kWh battery bank for 300 km autonomy, recharge time 3.5
hours, 160 passengers capacity. A charging station from Engie was installed at MIV Jupiter, a depot for the
Metrobús buses located in the north of the city, near Line 3 station Jupiter (Proyecto Metrobús Eléctrico, 2021).
148
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Figure V.63. Map of Metrobús Line 1.

Source: Gobierno de la Ciudad de México (2021a).

Both articulated and bi-articulated buses provide service to Line 1 (Gobierno de la Ciudad
de México, 2021a), and various models from different manufacturers are on service. In 2020,
the authorities reported a fleet of 185 buses operating on Line 1, of which 130 are biarticulated (Gobierno de la Ciudad de México, 2020). According to Paredes Rojas et al.
(2017), conventional diesel buses such as those with Mercedes Benz OM 906 LA (seen in
single chassis models) or Scania DC13 114 (used in articulated models) engines, have a
gasoline equivalent consumption of 25 litres for Line 1. In comparison, a FCEB powered by
a Nexa fuel cell generation system from Ballard Power Systems (1.2 kW) only consumes
around 16 litre of gasoline equivalent for the same route. The amount of hydrogen that
Paredes Rojas et al. estimated for Line 1 is 14.4 kg/100km, or 6.94 km/kg. The following
table summarises the characteristics of the Metrobús in Line 1.
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Table V.107. Main characteristics of Metrobús Line 1.
Description
Reference

Parameter
Length (km)

(Gobierno de la Ciudad de
México, 2021a; Gobierno de
la Ciudad de México, 2020)

30

(Gobierno de la Ciudad de
México, 2020) (Gobierno de
la Ciudad de México,
2021a)

Average
daily
480,000-500,000
ridership
(passengers/day)

Fleet, articulated

55

(Gobierno de la Ciudad de
México, 2020)

Fleet, bi-articulated

130

(Gobierno de la Ciudad de
México, 2020)

Bus
articulated

models,

-

DINA Brighter, articulated,
Euro V

-

Volvo 7300, articulated,
Euro V

-

Mercedes-BenzMarcopolo Gran Viale
O500, articulated, Euro V

-

Mercedes Benz O 500 MA
2836, articulated, Euro V

(Volvo Buses Global, 2013)
(Portal Automotriz, 2014)
(MOTOR a DIESEL, 2014)
- Scania Neobus Mega (CTS EMBARQ México,
BRT, articulated, Euro V
2015) (Gobierno de la
Ciudad de México, 2017)
Volvo 7300, bi-articulated, Euro V
(Paredes Rojas, et al.,
Bus
models,
biScania Neobus Mega BRT, bi2017) (DINA, 2021) (Volvo
articulated
articulated, Euro V and Euro VI
Buses
Mexico,
2021)
(Mercedes-Benz,
2021)
Capacity, articulated
160 (average)
(passengers)
Capacity,
articulated
(passengers)

Engines

bi250 (average)
Cummins
10.8 lts. - 380Hp @ 1600 rpm Torque 1,200 lb-ft.@1400 rpm.
Automatic
transmission.
Volvo DH12E, 12 litres, 6 cylinder,
340Hp, 1700 Nm @ 950 rpm,
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automatic
transmission
Mercedes-Benz OM 457 LA V, 6
cylinder
Fuel

(Gobierno de la Ciudad de
México, 2020)

ULSD

The following table shows the estimated consumption of fuel.
Table V.108Estimated energy consumption for the Line 1 of Metrobús.
Parameter
Description
Reference
Average distance travelled
246.85
per day by bus (km)

(Metrobús, 2012)

Average distance travelled
90,100.25
per year by bus (km)

Estimated

Average distance travelled
per year, articulated fleet 4,955,513.75
(km)

Estimated

Average distance travelled
per year, bi-articulated fleet 11,713,032.50
(km)

Estimated

Average distance travelled
16,668,546.25
per year, total fleet (km)

Estimated

Fuel economy, diesel,
1.23
articulated bus (km/l)

Average (see I.3.1)

Fuel economy, diesel, bi1.45
articulated bus (km/l)

(BRTData, 2021)

Fuel economy, hydrogen
6.94
(km/kg)

(Paredes
2017)

Fuel consumption, diesel,
73,421.36
articulated bus (l/year)

Estimated

Fuel consumption, diesel,
62,138.10
bi-articulated bus (l/year)

Estimated

Fuel consumption, diesel,
4,038,175.00
articulated fleet (l/year)

Estimated

Fuel consumption, diesel,
8,077,953.45
bi-articulated fleet (l/year)

Estimated

Fuel
consumption, 12,982.74
hydrogen, articulated and

Estimated
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bi-articulated
(kg/year)

buses

Fuel
consumption,
hydrogen, articulated fleet 714,050.97
(kg/year)

Estimated

Fuel
consumption,
hydrogen,
bi-articulated 1,687,756.84
fleet (kg/year)

Estimated

Fuel
hydrogen,
(kg/year)

Estimated

consumption,
total
fleet 2,401,807.82

Figure V.64. Comparison of the estimated energy demand using diesel and hydrogen for
the Line 1 of Metrobús.
Fuel consumption, hydrogen, total fleet (TJ/year)
Fuel consumption, hydrogen, bi-articulated fleet (TJ/year)

Fuel consumption, hydrogen, articulated fleet (TJ/year)
Fuel consumption, hydrogen, art. and biart. buses (TJ/year)
Fuel consumption, diesel, total fleet (TJ/year)
Fuel consumption, diesel, bi-articulated fleet (TJ/year)
Fuel consumption, diesel, articulated fleet (TJ/year)
Fuel consumption, diesel, bi-articulated bus (TJ/year)
Fuel consumption, diesel, articulated bus (TJ/year)
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Source: Estimated using data from Metrobús (2012).

By switching to FCEBs, the energy consumption of the complete fleet of Line 1 would
decrease by 35%. The rest of the Metrobús system consists of six more lines. The map of
the complete Metrobús system is not legible in the format of this document but can be
consulted in the official website https://www.metrobus.cdmx.gob.mx (Gobierno de la Ciudad
de México, 2021a). The specifications and energy demand for the 7 lines are as follows.
Parameter

Table V.109. Main characteristics of the Metrobús system.
Description
Reference

Length (km)

158.5

(Gobierno de la Ciudad de
México, 2021a)

Fleet, articulated

303

(Gobierno de la Ciudad de
México, 2021a)

Fleet, bi-articulated

124

(Gobierno de la Ciudad de
México, 2021a)
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Fleet, 12-meter (ULSD)

61

(Gobierno de la Ciudad de
México, 2021a)

Fleet, 12-meter (hybrid)

9

(Gobierno de la Ciudad de
México, 2021a)

Fleet,double-decker

90

(Gobierno de la Ciudad de
México, 2021a)

Bus models, articulated

DINA Brighter, articulated,
Euro
V
Volvo 7300, articulated,
Euro
V
Mercedes-Benz-Marcopolo
Gran
Viale
O500,
articulated,
Euro
V
Mercedes Benz O 500 MA
2836, articulated, Euro V
Scania Neobus Mega BRT,
articulated, Euro V

Volvo 7300, bi-articulated,
Euro
V (Volvo Buses Global, 2013)
Bus models, bi-articulated
Scania Neobus Mega BRT, (Portal Automotriz, 2014)
bi-articulated, Euro V and (MOTOR a DIESEL, 2014)
(CTS EMBARQ México,
Euro VI
2015)
(Gobierno de la
Ciudad de México, 2017)
Capacity,
articulated
160 (average)
(Paredes Rojas, et al.,
(passengers)
2017) (DINA, 2021) (Volvo
Capacity,
bi-articulated
Buses
Mexico,
2021)
250 (average)
(passengers)
(Mercedes-Benz,
2021)
Fuel

ULSD

Engines

Cummins
10.8 lts. - 380Hp @ 1600
rpm - Torque 1,200 lbft.@1400 rpm. Automatic
transmission.
Volvo DH12E, 12 litres, 6
cylinder, 340Hp, 1700 Nm
@ 950 rpm, automatic
transmission
Mercedes-Benz OM 457 LA
V, 6 cylinder

Average daily ridership
(thousand passengers/day)
1,100
(data from line 7 not
included)

(Gobierno de la Ciudad de
México, 2021a)
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Average distance travelled
4,281,983
per month, total fleet (km)

(INEGI, 2021)

Average distance travelled
51,383,794.00
per year, total fleet (km)

Estimated

The travelled distance data of 2019 was taken from INEGI (2021), where the aggregated
data for all lines is presented, in contrast to the previous approach based on the average
distance travelled by an individual bus on line 1. The data available in the Metrobús website
shows that Line 1 carries around 44% of the total daily ridership of the system (1.1 million
passengers/day; data from line 7 is not available) using 31% of the 587 buses (Gobierno de
la Ciudad de México, 2021a).
Parameter

Table V.110. Estimated energy demand for the Metrobús system.
Description
Reference

Fuel economy, diesel (km/l)

1.41

Weighted average

Fuel economy, hydrogen
6.94
(km/kg)

(Paredes
2017)

Fuel consumption, diesel,
36,336,755.80
total fleet (l/year)

Estimated

Fuel
hydrogen,
(kg/year)

Estimated

consumption,
total
fleet 7,404,004.90

Rojas,

et

al.,

Figure V.65. Comparison of the estimated energy demand using diesel and hydrogen for
the seven lines of Metrobús.
Fuel consumption, hydrogen, total fleet (TJ/year)
Fuel consumption, diesel, total fleet (TJ/year)
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Source: Estimated using data from INEGI (2021).

The use of FCEBs would save the Metrobús system 34% of the energy consumption per
year in comparison to the current energy demand. An additional line is planned for the
Circuito Interior Bicentenario, Revolución and Patriotismo Avenues, which form an inner
loop around the central region of the city, connecting 170 neighbourhoods in 10 boroughs.
The line length will be 46.1 km with three terminals and the buses will make 258,000 trips
per day. Line 0 will have the most interconnections of all Metrobús lines: 28 Metrobús
stations, 34 Metro stations, 15 Trolebús stops and 62 Ecobici bike stations (Gobierno de la
Ciudad de México, 2021b). Assuming a fleet of 100 articulated buses and a daily travelled
distance proportional to that of line 1, the energy demand would be as follows.
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Table V.111. Estimated energy demand for the upcoming Line 0 of Metrobús.
Parameter
Description
Reference
Length (km)

46.1

(Gobierno de la Ciudad de
México, 2021b)

Fleet, articulated

100

Based on the ridership to
fleet ratio of Line 1.

Bus models, articulated

DINA Brighter, articulated,
Euro
V
Volvo 7300, articulated,
Euro
V
Mercedes-Benz-Marcopolo
Gran
Viale
O500,
articulated,
Euro
V
Mercedes Benz O 500 MA
2836, articulated, Euro V
Scania Neobus Mega BRT,
articulated, Euro V

(Volvo Buses Global, 2013)
(Portal Automotriz, 2014)
(MOTOR a DIESEL, 2014)
(CTS EMBARQ México,
2015)
(Gobierno de la
Ciudad de México, 2017)
(Paredes Rojas, et al.,
2017) (DINA, 2021) (Volvo
Buses
Mexico,
2021)
(Mercedes-Benz,
2021)

Capacity,
(passengers)

articulated 160 (average)

Fuel

ULSD

Engines

Cummins
10.8 lts. - 380Hp @ 1600
rpm - Torque 1,200 lbft.@1400 rpm. Automatic
transmission.
Volvo DH12E, 12 litres, 6
cylinder, 340Hp, 1700 Nm
@ 950 rpm, automatic
transmission
Mercedes-Benz OM 457 LA
V, 6 cylinder

Average distance travelled 379.33
per day by bus (km)

Proportional to
(Metrobús, 2012)

Average distance travelled 138,454.05
per year by bus (km)

Estimated

Average distance travelled 13,845,405.08
per year, fleet (km)

Estimated

Fuel
economy,
diesel,
1.23
articulated bus (km/l)

Average

Fuel economy, hydrogen
6.94
(km/kg)

(Paredes
2017)
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Fuel consumption, diesel,
112,824.16
bus (l/year)

Fuel consumption, diesel,
bus (l/year)

Fuel consumption, diesel,
11,282,416.20
fleet (l/year)

Fuel consumption, diesel,
fleet (l/year)

Fuel
consumption,
19,950.15
hydrogen, bus (kg/year)

Estimated

Fuel
consumption,
1,995,015.14
hydrogen, fleet (kg/year)

Estimated

Figure V.66. Comparison of the estimated energy demand using diesel and hydrogen for
the upcoming Line 0 of Metrobús.
Fuel consumption, hydrogen, fleet (TJ/year)
Fuel consumption, hydrogen, bus (TJ/year)
Fuel consumption, diesel, fleet (TJ/year)
Fuel consumption, diesel, bus (TJ/year)
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Source: Estimated using data from Gobierno de la Ciudad de México (2021b).

If the Line 0 project shifts the units from diesel buses to FCEBs, a 42% reduction in energy
demand would be achieved.
The features and levelised costs of the PV systems to fulfill the hydrogen demand for the
Metrobús total energy consumption as well as the corresponding demonstration projects are
shown in the following tables:
Table V.112. Main features of the electrolysis system for the total demand of hydrogen for
Metrobús.
Concept

Amount
312.5-MW PV
system,

System features

185-MW
electrolyser,
25-ton H2 tank

Total production of the PV system (MWh per year)

613,467.8

Excess electricity (MWh per year)

84,450.2

Capacity factor of the PV system (%)

22.4

Area (km2)

11.16

Annual hydrogen production(ton)

9,549.1
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Concept

Amount

Capacity factor of the electrolyser (%)

32.6

Initial investment cost (million USD)

535.6

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

5.47/40.7

Levelised cost of H2, including transport (USD per kg/ USD per million
BTU)

5.6/41.7

Figure V.67. Distribution of investment costs, total hydrogen demand for Metrobús.
3%

Electrolyzer
50%
47%

PV system
Hydrogen tank

Table V.113. Main features of the electrolysis system, hydrogen demonstration project,
Metrobús.
Concept

Amount
435-kW PV system,
270-kW
electrolyser,

System features

50-kg H2 tank
Total production of the PV system (MWh per year)

830.4

Excess electricity (MWh per year)

96.5

Capacity factor of the PV system (%)

21.8

Area (km2)

0.016

Annual hydrogen production (tonnes)

13.2

Capacity factor of the electrolyser (%)

31

Initial investment cost (million USD)

1
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Concept

Amount

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

7.71/57.3

Levelised cost of H2, including transport (USD per kg/ USD per million
BTU)

In situ

Figure V.68. Distribution of investment costs, total hydrogen demand for Metrobús
demonstration project (one unit).
3%

Electrolyzer
PV system

46%

51%

Hydrogen tank

V.7 Green hydrogen in natural gas pipelines
V.7.1 Introduction
Hydrogen is generated and used in Mexico mostly in refining processes. It can play a very
important role for decarbonisation as a fuel in the industrial sector, the electricity sector and
the residential sector, in which the main consumed fuel today is natural gas. As shown in
the diagram below, hydrogen can be used in a wide variety of small and large-scale
applications. In addition, as is already done in some European countries, this molecule can
be transported together with natural gas to be used by end users in thermal applications.
However, there are some aspects that must be considered regarding its injection into the
gas pipeline network, as well as the equipment that could use it. These points are shown
below.
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Figure V.69. End uses of hydrogen.
Gaseous hydrogen
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Source: (International Energy Agency, 2019).

Hydrogen has particular physical and chemical characteristics, for example, under the same
conditions of pressure and temperature, hydrogen has between 10% and 20% less energy
than that of natural gas due to its low molecular mass (European Union Agency for the
Cooperation of Energy Regulations, 2021). This creates the need to use a greater amount
of energy for compression. In other words, the same volume of gas transported at the same
flow rate does not equal the amount of energy transported between hydrogen and natural
gas. If a 20% volume of hydrogen is injected into the natural gas transport networks, it would
be necessary to increase the flow rate by approximately 15% to deliver the same energy as
natural gas (IEA, 2019b). The compression, liquefaction, or transformation of hydrogen into
other fuels requires an additional amount of energy that must be considered in the energy
and economic balance. Additionally, the Wobbe index150 of hydrogen is slightly lower than
that of natural gas. Therefore, the interchangeability between them cannot be complete
without modifying the equipment in the final applications and control systems, which are
central elements to guarantee safety and reliability in transport and storage (IREC, 2020).
The adoption of hydrogen as an energy source has different barriers such as costs,
availability, security, transport, and distribution, among others, which can be solved through
strategies for the use of hydrogen and the generation of appropriate policies to ensure a
development of a reliable generation, transport, and storage system. The development of
regulations, policies, and standards to establish concentration limits and other operation
variables of the supply networks (pressure, flow, and temperature) are important to ensure
reliability and continuity in the value chain and thus achieve a competitive scenario of
hydrogen in the market compared to other energy companies such as natural gas.

V.7.1.1 Hydrogen transport
The delivery of hydrogen to the points where end users will use this compound as energy
requires a viable infrastructure where the pipeline, liquefaction plants, tank cars, storage
systems, compressors, valves, meters, and control systems, among others, must be suitable
150

A parameter to assess the degree of combustion in a burner and determine the interchangeability
between different fuels.
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for handling hydrogen. Due to the energy density of hydrogen, the transport of a large
volume over long distances requires liquefaction at a temperature of -253°C. Once it is in a
liquid state it is stored and subsequently can be transported in tanks through land or sea
transport. The liquefaction process consumes more than 30% of the energy contained in
hydrogen and has a high cost (US DOE, 2021). At present, transporting pure hydrogen by
tanker is the least cost-efficient way. The transport of hydrogen in a gaseous state is more
common and the most cost-effective option is transportation through pipelines.
Within the possibilities of injecting hydrogen into gas pipelines, its combination with natural
gas has been studied so far. However, it is also possible to produce synthetic methane from
hydrogen, which is reacted with CO 2 and CO through the methanation process. The CO 2
source for the methanization process could be biogas produced from biological waste in
biogas plants, wastewater plants and even the CO2 captured from processes where it is
generated or emitted (Samuel Salinas Sanchez, 2020). The following image illustrates the
different ways in which hydrogen could be incorporated into the national natural gas
transport system, both directly from reform or electrolysis processes, and indirectly after
reacting in a methanation or mixing process with other energy companies such as natural
gas.
Figure V.70. Hydrogen transport in current natural gas infrastructure.
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In Mexico, there is the possibility of taking advantage of the existing natural gas
transportation infrastructure to reduce initial investment costs. As has been done in other
countries, hydrogen can be injected into the natural gas pipeline network at low
concentrations and can be increased gradually to guide both end users and operators of the
distribution networks to make the necessary adjustments to avoid damages to the operability
and safety of the systems. The development of a value chain for hydrogen can occur with
the use of the already existing natural gas infrastructure and can boost the development of
hydrogen in the country so, for a first stage of the adoption of hydrogen and its generation
in a decentralized way, it can facilitate its availability and thus reduce distribution costs,
making it more attractive. Factors such as supply, reduction potential, current infrastructure,
demand, and investment costs are important points to consider when establishing hydrogen
delivery and receipt points. The best solution for hydrogen distribution will be determined by
the location of the hydrogen generation facilities and the end point of use (Samuel Salinas
Sanchez, 2020)

V.7.1.2 Hydrogen and natural gas mix
The factor that determines the maximum amount of hydrogen mixed with natural gas without
compromising the safety of operation and integrity of the pipelines is the tolerance of the
equipment of the end users currently using natural gas, as well as the transport and storage
system. Each stage and component of the natural gas value chain must be evaluated as
they have different characteristics and requirements. That is why hydrogen tolerance will not
be the same for all countries, as shown in Figure V.71. Tolerance is observed as a
percentage in volume that has been established in different countries for the injection of
hydrogen into the natural gas transmission and distribution network.
Figure V.71. Limits of hydrogen injection into the natural gas network of different countries.
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Source: Own elaboration with data from (Staffell, et al., 2017), (International Energy Agency, 2020),
(International Energy Agency, 2019).
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Germany and Poland, unlike other countries, set hydrogen concentration and gas quality
limits for each system that is part of their national gas distribution networks to meet safety
requirements and be within the tolerance ranges of end-use equipment. Likewise, Belgium
established a limit of 0.1% of the volume of blending with natural gas considering its
operational and regulatory framework. In Denmark, components with high hydrogen
sensitivity were identified after a study and a maximum addition of 10% of the volume of
hydrogen mixed with natural gas was established. France established a concentration of 2%
hydrogen in the natural gas network considering the sensitivity of industrial processes to
hydrogen and natural gas (NGV) vehicle charging stations. Italy and Latvia considered
underground gas storage as the limiting factor for the establishment of the limit. Instead,
Sweden placed emphasis on the safety of the equipment of the end users of the network,
the components of the network, the performance of industrial processes that use natural gas
as fuel and reagent in the processes. As can be seen, different countries have established
different criteria for determining the amount of hydrogen that can be mixed with natural gas.
However, studies have also been carried out in which the tolerance of the components of
the system to the presence of hydrogen is determined. Therefore, the component with the
lowest tolerance to hydrogen could establish the maximum permissible value. In Figure V.72
the tolerance of the different instruments in the natural gas supply chain to different amounts
of hydrogen is presented.
Figure V.72. International tolerance levels of hydrogen on transmission, distribution, and
storage system components.

Source: (International Energy Agency, 2019) & (Entsog, 2020).
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V.7.1.3 Transmission and distribution
In addition to hydrogen having a low energy density per unit volume compared to other fuels
such as natural gas or gasoline, hydrogen is a small molecule that can diffuse into some
materials, including some types of iron and steel pipes. This increases the probability of
fracturing of materials, a condition under which hydrogen can easily escape from seals and
connectors, compromising the durability and safety of the network.
According to the International Energy Agency (IEA), the percentage of hydrogen injection
into the natural gas pipeline system is established based on the pressure in the pipes, the
specifications and quality of the natural gas, and the material of the pipes. Hydrogen
accelerates the growth of cracks particularly in welds of steel which is a material with which
natural gas transport systems are normally designed and built.
In Mexico, the official Mexican standard NOM-007-SECRE-2010 establishes that, for the
transport and distribution of natural gas, steel and polyethylene pipes must be used to
maintain structural integrity with the appropriate operating conditions. Although materials
such as polyethylene have a high tolerance to hydrogen injection (up to 10% of the flow), a
large number of natural gas transmission lines are made of steel, which can compromise
their durability when exposed to hydrogen for long periods of time, high concentrations and
pressure.
In the case of compressors, hydrogen injections greater than 20% can cause problems,
since a higher concentration requires a higher compression energy to deliver the same
amount of energy to end users. In piston compressors, the type of gas used does not
influence their operation, but in the case of centrifugal compressors the use of hydrogen
demands a higher rotational speed to obtain the same pressure ratio. Moreover, due to the
flammable characteristics of hydrogen, some adaptations are necessary to ensure security
of supply and safety. Among these adaptations are the following:





Adapt valves and pressure regulators to the properties of hydrogen for better
performance and optimal gas flow assurance.
Use polymeric materials for distribution lines to avoid weakening with the presence
of hydrogen.
Apply an odorant and a specific dye for hydrogen.
Ensure adequate ventilation and leak detection.

V.7.1.4 End uses
As shown above, the introduction of hydrogen into the natural gas network modifies the
composition of the product transported and therefore modifications need to be made. In the
case of equipment using this product, some aspects presented below should also be
considered. According to several studies, it has been shown that in various residential and
commercial applications, the amount of hydrogen that can be handled without safety
problems corresponds to 30% (Dehaeseleer, 2018). Figure V.73 presents the hydrogen
tolerance of end-user equipment in the residential sector.
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Figure V.73. International hydrogen injection limits for end-use systems in the residential
sector.

Source: (International Energy Agency, 2019).

In the case of the use of hydrogen as a fuel in the industrial sector, it is necessary to replace
specific natural gas burners and furnaces with hydrogen burners. One of the advantages is
that these applications do not require high purity hydrogen. However, there are different
factors that determine its compatibility. The best known is the Wobbe index which was
mentioned previously. The use of devices with gases that are outside the accepted range
can cause damage to the devices, incomplete combustion, unexpected flame shutdown or
overheating of the burners. Even so, the combustion rate (also known as flame rate) is much
higher for hydrogen, which forces a redesign of the burners, since their control is much more
complex. In summary, the main differences between natural gas and hydrogen that can
affect burners are the following:





Hydrogen has a very high burning velocity and a non-luminous flame.
The hydrogen flame has a relatively low radiation heat transfer.
Hydrogen causes corrosion and embrittlement when it comes into contact with some
metals, which require new coatings and additional protective measures.
The handling and storage of hydrogen requires additional safety measures due to its
explosive properties.

According to the information available in the international literature, industrial applications,
with a proper measurement and control system, can handle up to 50% hydrogen without
any negative impact (Dehaeseleer, 2018). Figure V.74 presents the hydrogen tolerance of
different industrial systems.
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Figure V.74. International hydrogen injection limits for end-use systems in the industrial
sector.
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Figure V.75 presents hydrogen tolerance in the case of the use of hydrogen for electricity
generation, particularly in plants that use natural gas as a fuel. The introduction of hydrogen
into turbines, for example, requires retrofitting since hydrogen alters combustion conditions.
Figure V.75. International hydrogen injection limits for end-use systems in the electricity
sector.
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Gas turbines are the most sensitive applications towards hydrogen. Turbine manufacturers
set a limit in volume fraction of hydrogen usually below 5%, although in some cases it is
below 1%. If modifications and adaptations are made in gas turbines, the percentage can
be between 5% and 10% in volume of hydrogen (Maciej & Osiadacs, 2017).
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Figure V.76. International hydrogen injection limits for end-use systems in the transport
sector.
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Source: (International Energy Agency, 2019).

V.7.2 Methodology
The hydrogen generation capacity needed to inject natural gas into the grid and reach 3%
of the total volume transported was estimated. Different analyses were carried out to
determine the injection points and the volume of hydrogen. Figure V.75 presents the steps
taken to develop the analyses.
Figure V.77. Methodology to determine injection points and hydrogen generation capacity.
Assessment of
potential sites
for hydrogen
injection

Establishment
of injection
points

Assessment of
the hydrogen
volume

Estimation of
the installed
capacity of
hydrogen
production
systems

Economic and
environmental
assessment

Potential areas for hydrogen injection where natural gas demand and solar potential were
high were chosen, so that the costs of hydrogen transport could be minimised. The distance
between the point of generation and consumption was as small as possible. Likewise,
injection points were sought near the highest consumption locations due to the existence of
a more developed natural gas infrastructure.

V.7.2.1 Natural gas demand
The demand for natural gas was analysed to determine in which states or areas of the
country would be possible to use hydrogen as a fuel along with natural gas. The high
demand for natural gas is an indicator of infrastructure already developed and accepted, as
well as a market with the possibility of incorporating hydrogen as an energy source.
The main demand for natural gas for the 2015 – 2022 period was generated in the states of
Nuevo León, Tamaulipas, Veracruz, and Tabasco. Additionally, if the natural gas network is
observed (Figure V.78) the development of the Integrated National Natural Gas Transport
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and Storage System (SISTRANGAS) coincides with those states with the highest demand
for this fuel.
Figure V.78. Distribution of the average demand for natural gas and distribution of the gas
pipeline network in Mexico.

SISTRANGAS
Sistema Nacional de Gasoductos
Valtierrilla-Aguascalientes
Los Ramones Fase II (south section)
Los Ramones Fase II (north section)
Los Ramones Fase I (Camargo-Ramones)
Reynosa-San Fernando
Zacatecas

Source: Own elaboration with data from (Ministry of Energy, 2021), (Centro Nacional de Control de Gas
Natural (CENAGAS), 2019).

If the analysis is separated by regions, the northwest region is the first place in natural gas
consumption followed by the south-southeast, centre-west, northwest regions and finally the
central region that, according to SENER (2017), will not have important projects that can
increase the demand for natural gas. In contrast, in the northwest, northeast and centralwestern regions, natural gas-related projects are part of development programs, so the
injection of hydrogen into the pipeline network could have a greater impact in these regions
(Ministry of Energy, 2017). Likewise, the greatest coverage for the supply of natural gas is
in the north of the country, where this fuel is highly used. This facilitates the adoption of
hydrogen, due to the maturity of the natural gas transport infrastructure.
Based on the identification of the regions with the highest demand and infrastructure for
natural gas, an analysis of the demand for natural gas in the residential, commercial and
services, and transportation sectors was carried out. The demand in these sectors mainly
occurs in Nuevo León, Chihuahua, Zona Centro, Puebla, and Querétaro. According to the
SENER database, these sectors represent between 1% and 2% of domestic demand for
natural gas (Ministry of Energy, 2021).
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Figure V.79. Average historical distribution by state of natural gas in residential,
commercial and services, and transportation sectors.

Source: Own elaboration with data from (Secretaría de Energía, 2021)

Currently the transport sector has not reached 0.5% of the demand for natural gas. However,
its use has increased by 40% from 2006 to 2016 due to the incorporation of new units in the
vehicle fleet that use compressed natural gas. The commercial and service sector also
shows an increase in the use of this fuel, although LP gas continues to be the most used
energy in this sector (Secretaría de Energía, 2017).
The industrial and electricity self-generation sectors represent approximately between 20%
and 35% of the domestic demand for natural gas and the states that stand out are Nuevo
León, Coahuila, Sonora, Tamaulipas, Veracruz, Mexico City and Puebla, mainly, as shown
in Figure V.80 (Secretaría de Energía, 2021).
Figure V.80. Distribution of the average historical demand for natural gas in the industrial
self-generation sectors.
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Source: Own elaboration with data from (Secretaría de Energía, 2021).

In the industrial sector, the branches with the highest share of demand are the basic metal
industries and the chemical industry. It is estimated that by 2031 these industries will
continue to dominate in the consumption of natural gas (Secretaría de Energía, 2017).

V.7.2.2 Natural gas transportation system
In 2019, SISTRANGAS was composed of 25 natural gas transport systems with an
approximate length of 17,000 km, with the National Natural Gas Control Center (CENAGAS)
being the manager of these systems. With regard to the storage infrastructure, the Ministry
of Energy (SENER) reports that there are three LNG terminals, mainly to supply CFE
(Secretaría de Energía , 2021).
SISTRANGAS has a length of 10,336 km and is formed by seven natural gas transport
systems that are interconnected. Of the 7 systems, the National Gas Pipeline System (SNG),
owned by CENAGAS, serves as the central system and consists of pipelines ranging from
4" to 48" in diameter, 9 compression stations with a total installed power of 256,400 hp, as
well as 359 sectioning valves, 142 scraper launcher traps and 141 scraper receiver traps ,
121 Regulation and Measurement Stations (ERM) that distribute natural gas to different
users, and has a daily operating capacity of 6,127,254 GJ (Secretaría de Energía , 2021).
Table V.114 presents the systems that are part of SISTRANGAS.

1
2
3
4
5
6
7

Table V.114. Systems that constitute SISTRANGAS.
System
Operator Length (km)
Sistema Nacional de Gasoductos
CENAGAS
8,990
Gasoducto de Tamaulipas (GdT)
Ienova
114
Gasoducto del Bajío
Engie
204
Gasoducto de zacatecas (Gas Natural del Noroeste,
GNN)
SIMSA
173
Los Ramones, Fase I (Gasoductos del Noreste, GdN)
IEnova
116
Los Ramones, Fase II- Norte (TAG Pipelines Norte,
TPN)
Ienova
447
Los Ramones, Fase II- Sur (TAG Pipelines Sur, TPS)
Engie
292
Source: (Secretaría de Energía , 2021)

The following figure shows the distribution of SISTRANGAS gas pipelines throughout the
country as well as different private projects that are operating and under development, such
as the Ciudad Pemex-Valladolid private gas pipeline operating since 1999 in the Yucatan
Peninsula, the Puerto Libertad – Guaymas, Naco-Hermosillo, and Encino-Mazatlán gas
pipelines (segment 1) in the northwest of the country, among other systems.
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Figure V.81. SISTRANGAS and private gas pipelines.

Source: (Secretaría de Energía, 2021).

Within the Five-Year Expansion Plan of SISTRANGAS there are strategic development
projects, shown in the following map, which will complement the existing ones to achieve
greater coverage and supply in the country and thus meet the demand for natural gas in the
medium and long term (Secretaía de Energía, 2020).
Figure V.82. Gas pipelines established in the five-year plan of SISTRANGAS.

Compression station
Interconnection
Strategical development projects
Gas pipeline under development

Source: (Secretaría de Energía, 2021).
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Liquefied natural gas terminals are an important part of natural gas infrastructure. There are
four points operating and one scheduled to start operations in 2026 located in Ensenada,
Baja California. The Altamira terminal, in Tamaulipas, has a capacity of 700 million cubic
feet per day (MMCFPD) and is interconnected to the National Gas Pipeline System (SNG).
The Manzanillo terminal is in Colima, has a capacity of 500 MMCFPD and is connected to
the Guadalajara-Manzanillo system. The terminals of Puerto Libertad in Sonora and FSRU
Pichilingue in Baja California Sur that began operation in 2022 and 2020, respectively, are
the newest ones.
Figure V.83. Liquefied natural gas terminals.
ENSENADA (Liquefaction)
Ensenada, Baja California
Licensor: Energía Costa Azul S.
de R.L. de C.V.
Start of operations: 2026

PUERTO LIBERTAD
Puerto Libertad, Sonora
Licensor: Mexico Pacific Limited
Start of operations: 2022

ALTAMIRA
Tamaulipas
Licensor: Terminal de LNG de
Altamira, S. de R.L. de C.V.
Start of operations: 2003
Capacity: 700 MMCFPD

FSRU Pichilingue
Pichilingue, Baja California Sur
Licensor: New Fortress Energy
Start of operations: 2020

MANZANILLO
Cuyután, Colima
Licensor: Terminal de KMS de
GNL, S. de R.L. de C.V.
Start of operations: 2021
Capacity: 500 MMCFPD

Source: (Secretaría de Energía, 2021).

Storage projects are designed and proposed considering injection and extraction velocities
in addition to the existing storage capacities. Both the supply and storage of natural gas are
important for hydrogen injection into the natural gas system as a constant flow of both natural
gas and hydrogen will be required to ensure adequate concentrations to ensure the safety
of operation of the network and minimal damage to equipment at the end of the supply
system.
According to official databases, there are 29 natural gas receiving points (Centro Nacional
de Control del Gas Natural , 2020) which are shown in the following images. 16 points are
used for the injection of NG of domestic production and the rest for the injection of imported
natural gas.
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Figure V.84. Northern receipt points of natural gas.

National production injection
Imports injection
Sistema Nacional de Gasoductos
SISTRANGAS peripheral systems

Commercial node

Node name

Origin
National
Imported
Imported
Imported
Imported
National
Imported
National
National
Imported
Imported
National

Source: (Centro Nacional de Control del Gas Natural, 2016).

Figure V.85. Centre region natural gas receipt points.
Commercial node

Node name

Origin
National
National
National
National
National
National
Imported LNG
National
National
National
National
Imported LNG

National production injection
Imports injection
Sistema Nacional de Gasoductos
SISTRANGAS peripheral systems

Source: (Centro Nacional de Control del Gas Natural, 2016).

V.7.2.3 Solar potential
Another factor that was included in the analysis corresponds to the solar potential existing
in the areas where the natural gas transport infrastructure is located (mainly at the injection
points where a green hydrogen project could be carried out) and the demand for natural gas.
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For this, the official information of the solar potential was used (Secretaría de Energía,
2017). It was observed that both the northwest region of the country and the centre-west are
the areas with the greatest solar potential. However, the greatest solar potential does not
always coincide with the highest demand points for natural gas, which correspond to the
states of Tabasco, Veracruz, Nuevo León, and Tamaulipas.
It is worth mentioning that a place with high quality of solar energy is not always a good point
to develop solar projects, since there are certain limitations such as the existence of
protected areas, areas in geological danger and climate danger, in addition to the existence
of bodies of water, rivers, and irregularities in the terrain. Likewise, it was observed that the
south-southeast and centre zone correspond to the regions where the installable capacity
of solar power generation projects is lower compared to the central-western regions (where
the states of Guanajuato, Jalisco, Zacatecas, San Luis Potosí and Querétaro are located),
northwest (which is composed of the states of Baja California, Baja California Sur, Sonora
and Sinaloa), as well as part of the northeast region (states of Coahuila, Chihuahua and
Durango).

V.7.2.4 Selection of hydrogen injection points
The northwest region has excellent solar resource potential, specifically in the states of Baja
California and Baja California Sur, but there is no considerable demand that justifies the
investment of conditioning both equipment and transmission networks. The maturity of the
natural gas market (Enix, 2017), the solar resource to generate green hydrogen, the
generation potential in addition to the historical demand for natural gas, and the
development index for the coming years were factors used to determine the injection points
to mix hydrogen according to the appropriate conditions shown in the map below.
Figure V.86. Points with potential for hydrogen consumption and generation.

V030 GLORIADOS, located in the municipality of Juárez in Chihuahua is an imported natural
gas receiving point and has an interconnection point to the Chihuahua Gas Pipeline System
(Gloria de Dios Compression Station), with a flow of 21 million GJ per year and 59,745 GJ
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per day on average (CENAGAS, 2021). Chihuahua has a high maturity of development of
the natural gas network, but the percentage of penetration or coverage of the network is still
low, however, it is feasible to consider it as a suitable region for the injection of hydrogen
into the natural gas network.
Figure V.87. History of daily injection of natural gas at point V030.

Source: (CENAGAS, 2021)

V036 INYMONCLOVA in the municipality of Frontera in Coahuila corresponds to a natural
gas injection point from the PEMEX Exploration and Production with a Flow of 2.8 million
GJ per year (CENAGAS, 2021),
Figure V.88. History of daily injection of natural gas at point V036.

Source: (CENAGAS, 2021).

V059 MAREOGRAFO (Campo Mareógrafo) in Nuevo León is a national natural gas injection
point with an average flow of 11,303 GJ per day according in 2019 (CENAGAS, 2021). The
state of Monterrey has the highest percentage of natural gas penetration in the country (Enix,
2017) in addition to a high rate of development and coverage of natural gas supply, so
injecting hydrogen would not represent a problem at the time of reconditioning the natural
gas distribution network and equipment.
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Figure V.89. History of daily injection of natural gas at point V059.

Source: (CENAGAS, 2021).

V061 RAMONES in the municipality of Camargo in Tamaulipasand has an interconnection
to the Net Mexico Pipeline System (Mexico-U.S.-Camargo Border) and is an injection point
for natural gas import. The north of the state has a high coverage of natural gas users and
the highest density of the national grid. According to the following graph of the history of
natural gas injected at point V062, in 2019 726 million GJ were injected without great
variations in the flow, which is a positive factor to consider when taking care of the
concentrations of natural gas-hydrogen into the grid.
Figure V.90. History of daily injection of natural gas at point V061.

Source: (CENAGAS, 2021)

V062 INYTGNHELSAUZ in Puerto Escobedo Querétaro interconnection with the Huasteca
Natural Gas Conveyor system. It is a virtual injection point with an average injection flow of
310,195 GJ daily. Even though the state of Querétaro has a high maturity in the natural gas
market (Enix, 2017), there is the V062 point of virtual natural gas injection. A virtual pipeline
connects end users such as transportation, and the electrical, industrial or service sectors
with multiple natural gas sources because end users are located in places where it is not
possible to build pipelines or regasification terminals.
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To inject hydrogen at this point, in addition to the conditioning costs, an initial investment will
have to be made for the installation of a pressure reduction station that consists of a
scrubber, pressure reducing valves and flow control valves to ensure the flow of hydrogen.
Figure V.91. History of daily injection of natural gas at point V062.

Source: (CENAGAS, 2021).

V918 ELCASTILLOINY in El Saltillo Jalisco with interconnection to the Western Mexico
Energy System is a reception point for imported natural gas and has an average flow of
155,572 GJ per day. The following graph shows the flow that was injected in the year 2019
which shows a dispersed trend.
Figure V.92. History of daily injection of natural gas at point V918.

Source: (CENAGAS, 2021).

The element with the lowest tolerance to hydrogen is the factor that determines the
maximum concentration to be injected into the natural gas distribution network. According
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to the analysis of the components in the distribution chain and use of natural gas, it was
established that the existing gas turbines in the distribution network and mainly used in the
electricity sector for the generation of electrical energy have a limit in volume fraction of
hydrogen usually below 5%. In case of making the relevant adjustments, the percentage
can be between 5% and 10% in volume of hydrogen (Maciej & Osiadacs, 2017). The
adoption of hydrogen in the energy matrix is carried out gradually, so an injection of up to
7% was established to estimate its impact on the burning of natural gas and therefore on
the reduction of emissions.
Table V.115. Hydrogen flow at selected injection sites.
Point
V918
V062
V036
V059
V030
V061

Name
ELCASTILLOINY
INYTGNHELSAUZ
INYMONCLOVA
MAREOGRAFO
GLORIADIOS
RAMONES

Mass flowrate (kg/day)
1%
3%

State
JALISCO
QUERÉTARO
COAHUILA DE ZARAGOZA
NUEVO LEÓN
CHIHUAHUA
TAMAULIPAS

1,315
22,016
550
802
4,240
141,210

3,944
22,016
550
802
4,240
141,210

Source: Own elaboration with data from (CENAGAS, 2021).

V.7.2.5 Estimation of GHG emissions
In terms of emissions mitigation, the following table shows the amount of carbon dioxide
equivalent that will not be released if the different hydrogen blending is considered and
applied.
Table V.116. GHG emission reductions for hydrogen injection into the natural gas grid.
Emissions mitigated (Tonne CO2e/year)
Point

Description

State
1%

3%

7%

V918 ELCASTILLOINY

Jalisco

14,587

43,762

102,112

V036 INYMONCLOVA

Coahuila

2,035

6,105

14,246

V059 MAREOGRAFO

Nuevo Léón

2,967

8,901

20,768

V030 GLORIADIOS

Chihuahua

15,683

47,048

109,779

V061 RAMONES

Tamaulipas

522,244

1,566,731

3,655,705

Source: (CFE, 2016), (INECC, 2014), (García Posada, Amell Arrieta, & Burbano Martínez, 2006), (CENAGAS,
2022) & (INECC, 2019)

V.7.3 Results
The next table provide the results from the program HOMER in the scenario where hydrogen
is blended in natural gas distribution system in a 3% volume concentration. Five injection
points was identified taking into account historical data; green hydrogen systems comprised
by a PV and an electrolyser component with different installed capacity. In terms of economic
analysis, CAPEX and levelised costs were estimated, where the more capacity installed the
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less levelised costs. It is important to highlight that the points V036 and V059 do not consider
transport component because there is sufficient space to install the systems near to the
injection point.
Table V.117. Main characteristics for the electrolysis systems, injection into natural gas
pipelines

Injection node

System configuration

Initial
investment
(Million US
Dollars)

Levelised
cost of H2
(US (US
Dollars/kg)

Levelised
cost of H2
considering
transport
(US
Dollars/kg)

1,572.9

99.2

6.15

6.51

204.3

13.8

6.61

In situ

297.7

21

6.9

In situ

52,338.3

3,380

6.29

6.3

1,463.4

84.5

5.66

6.12

Production
of H2
(tonnes/year)

Solar PV system: 55 MW
V030 GLORIADIOS

Electrolyser: 34.3 MW
Tank: 6.3 tons
Solar PV system: 7 MW

V036
INYMONCLOVA

Electrolyser: 4.1 MW
Tank: 0.8 tons
Solar PV system: 11.2
MW

V059
MAREOGRAFO

Electrolyser: 6.3 MW
Tank: 1.9 tons
Solar PV system:
2,029.2 MW

V061 RAMONES

Electrolyser: 1,115 MW
Tank: 210 tons
Solar PV system: 49 MW

V918
ELCASTILLOINY

Electrolyser: 28.3 MW
Tank: 4.3 tons

V.7.3.1 Node V030 GLORIADIOS
The green hydrogen generation and storage system in GLORIADOS injection point in
Chihuahua is described in the following table where information of technical information like
capacity factor, annual production and so on.
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Table V.118 Total hydrogen demand. 55-MW PV system, 34.3-MW electrolyser, 6.3-ton
H2 tank.
System features
Total production of the PV system (MWh per year)

100,741.1

Excess electricity (MWh per year)

13,108.5

Capacity factor of the PV system (%)

20.9

Area (km2)

1.96

Annual hydrogen production (tonnes)

1,572.9

Capacity factor of the electrolyser (%)

29.2

Initial investment cost (million USD)

99.2

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

6.15/45.7

Levelised cost of H2, including transport (USD per kg/ USD per
million BTU)

6.51/48.4

The next graph illustrates the initial invest cost distribution in the green hydrogen generation
and storage system for the V030 node.

Figure V.93 Distribution of investment costs.
4%

Electrolyzer
PV system

45%

51%

Hydrogen tank

V.7.3.2 Nodo V036 INYMONCLOVA
More detailed information regarded to the system proposed for the input point
INYMONCLOVA in Coahuila of natural gas network is provided by the following table.
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Table V.119 Total hydrogen demand. 7-MW PV system, 4.1-MW electrolyser, 0.8-ton H2
tank.
System features
Total production of the PV system (MWh per year)

12,890

Excess electricity (MWh per year)

1,510

Capacity factor of the PV system (%)

21

Area (km2)

0.25

Annual hydrogen production (tonnes)

204.3

Capacity factor of the electrolyser (%)

31.7

Initial investment cost (million USD)

13.8

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

6.61/49.2

Levelised cost of H2, including transport (USD per kg/ USD per million BTU)

In situ

The next graph illustrates the initial invest cost distribution percentage for the green
hydrogen generation and storage system in the case of the V036 node.
Figure V.94 Distribution of investment costs.

3%

Electrolyzer
PV system

41%
56%

Hydrogen tank

V.7.3.3 Nodo V059 MAREOGRAFO
Specific information about the system that would feed the injection point MAREOGRAFO in
Nuevo Leon is shown in the next table.
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Table V.120 Total hydrogen demand. 11.2-MW PV system, 6.3-MW electrolyser, 1.9-ton
H2 tank.
System features
Total production of the PV system (MWh per year)

19,228.9

Excess electricity (MWh per year)

2,642.2

Capacity factor of the PV system (%)

19.6

Area (km2)

0.41

Annual hydrogen production (tonnes)

297.7

Capacity factor of the electrolyser (%)

30.1

Initial investment cost (million USD)

21

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

6.9/51.3

Levelised cost of H2, including transport (USD per kg/ USD per million BTU)

In situ

The three components comprised the initial investment cost of the system in the injection
point V059 with the following percentage distribution

Figure V.95 Distribution of investment costs.
5%

Electrolyzer
PV system
52%

43%

Hydrogen tank

V.7.3.4 Nodo V061 RAMONES
The RAMONES green hydrogen system in Tamaulipas is described in the following table
where information of technical and economic information is shown.
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Table V.121 Total hydrogen demand. 2,029-MW PV system, 1,115-MW electrolyser, 210ton H2 tank.
System features
Total production of the PV system (MWh per year)

3,433,754.7

Excess electricity (MWh per year)

534,239.3

Capacity factor of the PV system (%)

19.3

Area (km2)

72.46

Annual hydrogen production (tonnes)

50,338.3

Capacity factor of the electrolyser (%)

29.7

Initial investment cost (million USD)

3,380

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

6.29/46.8

Levelised cost of H2, including transport (USD per kg/ USD per million BTU)

6.3/46.9

The next graph illustrates the initial invest cost distribution in the green hydrogen generation
and storage system for the V061 node.

Figure V.96 Distribution of investment costs.
3%

Electrolyzer
48%

PV system
Hydrogen tank

49%

V.7.3.5 Nodo V918 ELCASTILLOINY
More detailed information regarded to the system proposed for the input point ELCASTILLO
in Jalisco of natural gas network is provided by the following table.
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Table V.122 Total hydrogen demand. 49-MW PV system, 28.3-MW electrolyzer, 4.3-ton
H2 tank.
System features
Total production of the PV system (MWh per year)

94,479.9

Excess electricity (MWh per year)

12,947.7

Capacity factor of the PV system (%)

22

Area (km2)

1.75

Annual hydrogen production (tonnes)

1,463.4

Capacity factor of the electrolyser (%)

32.9

Initial investment cost (million USD)

84.5

Levelised cost of H2, 10% rate (USD per kg/ USD per million BTU)

5.66/42.1

Levelised cost of H2, including transport (USD per kg/ USD per million BTU)

6.12/45.5

The distribution in terms of percentage is shown in the following graph, where electrolyser
and PV components comprised 97% of the total initial cost.

Figure V.97 Distribution of investment costs.
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50%
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VI Green hydrogen implementation roadmap for Mexico
VI.1 Green hydrogen pilot projects
The installation of renewables is a precursor of hydrogen generation. In Mexico, solar PV
projects have been chosen to produce green hydrogen for the proposed pilot projects 151.
The construction phase of solar PV projects is relatively fast, as it involves simple
connections of the panels in arrays and mounting in metallic structures. The operation and
maintenance (O&M) requirements of solar PV is simple and low-cost (Boston Strategies
International, 2016). Table VI.1 presents a simplified timeline for the construction of a solar
project.

Planning

Manufacturing
and
construction
O&M

Source: (Boston Strategies International, 2016).

The projects are expected to be developed under the following conditions (Boston Strategies
International, 2016):


Planning is generally conducted by an installer or a project developer and includes
the site selection, resource assessment, feasibility studies, environmental impact
study152, social impact study, design, and engineering, permitting, and infrastructure
planning. The permitting period for energy generation projects of any technology
takes around 620 days, but the Renewable Energy Projects Window initiative from
2015 is intended to reduce this time to 465 days. The observed length for solar PV
and wind projects is between 270 and 545 days.

151

Wind energy is also an option for future projects, since wind resources are available in Mexico (the
country is in the ninth place among the countries with most people employed in the wind industry
(IRENA and ILO, 2021).
152
Projects must present an Environmental Impact Manifestation (acronym in Spanish MIA) to the
Federal Government. A MIA is a particular document based on technical studies with which
individuals or companies who wish to perform some work or activity, analyse and describe the
environmental conditions prior to the realisation of the project in order to evaluate the potential
impacts that the construction and operation of such works or the realisation of the activities could
cause to the environment and define and propose the measures necessary to prevent, mitigate or
compensate for such alterations for projects (Gobierno de México, 2022).
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Table VI.1 Simplified development schedule for solar PV projects in Mexico.
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The manufacturing stage can take between 2 and 3 years, depending on the
complexity of the project. It applies to the PV modules, inverters, electrical
components, mounting structures, batteries and charge and discharge control
systems.
The installation/ construction phase is performed by local companies in most cases
and involves the civil works, installation of modules and inverters in an array, wiring
of the array, connection to the network and commissioning.
Finally, the O&M phase is comprised by fixed and variable activities executed by
local teams. Fixed O&M refers to the operation of the system, its scheduled
maintenance (cleaning and repairs) and plant monitoring, while variable O&M means
unscheduled maintenance and operating supplies.

The estimated timeline for a pilot project including solar PV and hydrogen technologies in
Mexico is around 36 months. The Energía los Cabos (ELC) project from HDF Energy is
designed to generate 195 GWh per year of base energy using PV cells coupled to a Powerto-Power system comprised by an electrolyser, H2 storage tanks, a fuel cell, and Li-Ion
batteries to compensate for energy fluctuations. The estimated capacity during daytime is
40 MW and 9 MW at night-time. The technical and environmental studies started in 2020,
while the administrative procedures and permits were carried out in 2021 and construction
is scheduled for 2022 to start operations in 2023. The plant will have a lifespan of 25 years
(HDF Energy, 2020). CEOG, a similar project153, was developed by HDF in French Guiana,
starting in 2018 with the development phase, continuing through building in 2019 and 2020,
and scheduled to start operations in 2020 until 2040 (at a minimum) and employing 30
workers (technicians and guards) (HDF Energy, 2018). However, in September 2021,
McPhy announced that it was selected as a supplier for the 16 MW alkaline electrolyser,
indicating that the original schedule was displaced, and the new commissioning date is 2024
(McPhy, 2021).

VI.1.1 Ammonia
The market for fertilizers in Mexico is covered by 79.0% of imports and the rest by national
producers. 66.7% of the total volume of consumed fertilisers (4.9 million tonnes)
corresponds to nitrogen fertilisers, with urea comprising 48.7% of the total volume. Russia,
China, Iran and Egypt are the main producer countries (CEDRSSA, 2019). Since 1997,
Mexico has been affected by the supply of natural gas to produce nitrogen fertilisers. There
is a strong competition between small and emerging companies which may turn to strategic
alliances and collusions to combine capital and technology to protect their competitiveness
(Vargas Hernández, 2014).
Green hydrogen-based ammonia is recognised as an alternative to traditional ammonia in
the fertilisers sector, but also as a transport vector for hydrogen, as a shipping fuel, and as
a component for co-firing or ammonia combustion for power generation (Hydrogen Council
- McKinsey & Company, 2021). In Mexico, the main potential for green ammonia in the short
and medium term is in the fertilisers industry, as recognised by the company tarafert with its
Tarafert-2 project. The company aims to produce green hydrogen via solar powered
electrolysis in a 2.5 GW facility that will cover an area of 2,500 Ha. The hydrogen produced
at Tarafert-2 will be fed into Tarafert-1, a low-carbon blue ammonia and urea plant.
Operations of Tarafert-2 will start in 2026 (tarafert, 2021). Other projects around the world
153

10 MW at day, 3 MW at night (HDF Energy, 2018).
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focused on green hydrogen and ammonia are underway and will be finished in this decade
in Australia (for example, YURI154), the United States, Spain and Chile (IEA, 2021b).
Greenfield new ammonia (not green) plants have taken 36 to 48 months to mechanical
completion, and plant relocations can take around 48 months (Robinson, 2018). Based on
these examples, the estimated timeline for a demonstrative project could take 54 months on
average, including the development of the solar PV plant.
Table VI.2. Simplified estimated schedule for a green ammonia demonstrative project in
Mexico.
Y1

Y2

Y3

Y4

Y5

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
Planning
Construction
Commissioning

The planning phase includes the feasibility (technical, financial, and commercial) studies,
site selection and inspection, permitting, preparation for engineering and construction. The
construction phase comprises the foundations, structural elements, piping, instrumentation
and electrical elements, and pre-commissioning, as well as staffing and training. Start-up
and final training would occupy the months for commissioning.

VI.1.2 Heavy transport in mines
Currently, the market for heavy duty trucks powered by hydrogen is in a nascent stage.
Prototypes and early models consist of retrofitting diesel trucks and are developed by
companies like Ballard (fuel cell modules), ENGIE (energy services), NPROXX (H 2 fuel
tank), Weichai Power (diesel engines), CRRC Yongji Electric Co., Ltd. (electric transmission
systems), Alstom (rolling stock) and Nikola Corp. (BEVs and FCEVs). The heavy-duty trucks
demonstrative projects are proceeding in South Africa (by Anglo American), China (by
Weichai-CRRC Yongji-Ballard), Chile (HYDRA project) and the United States (by Nikola).
The implementation of a pilot project in a mine using a fuel cell powered truck would, in
principle, be determined by the manufacturing and procurement times, as well as the
development of the renewable plant most suitable for the location and size.
Anglo American retrofitting project for a Komatsu 291 tonne 930 E truck for their
Mogalakwena mine in South Africa consisted of converting the diesel truck to a fuel cell
powered unit. For this, Williams Advanced Engineering (WAE) built a high-power modular
lithium-ion battery system in Grove, Oxfordshire. Then, the Li-ion system was shipped to
First Mode in Seattle to be integrated with the Ballard fuel cell modules, where the power
system would be tested. Finally, the complete power unit was shipped to South Africa to be
installed in the truck. The original schedule for first test was in 2020 (around a year after the
project was revealed), but the delays due to the COVID-19 effects on supply chains and
work around the world displaced the schedule. It is assumed that plans started in 2019, the
same year when the company announced the project and placed orders for the fuel cell
154

The demonstrative phase 0 is planned to produce 625 t of green H 2 per year and 3,500 t
of NH3 per year using a 20 MW electrolyser powered by solar PV cells in 2023 (ENGIEYARA , 2020).
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modules, electrolyser, the Li-ion battery system and the hydrogen storage rack. During 2020
and 2021, these elements were manufactured, assembled, pre-tested and shipped. The
testing and validation started in the last quarter of 2021 and Anglo American expected to
perform the first piloting during the first months of 2022 (International Mining, 2020; Anglo
American, 2022). The original duration of the project was 15 months but extended for 27
additional months, totalling 42 months due to the pandemic-related delays.
In the case of the 200-ton truck prototype by Weichai-CRRC Yongji, the timeline spans for
around 18 months for the prototype, plus 24 additional months to complete a full powered
unit. The companies announced the start of development in 2019. The truck was ready in
December of the same year and was presented to the public in January 2020, but its
capacity is limited (340 kW); a fully operational 800 kW-truck was expected to be ready in
the second half of 2021 (International Mining, 2020; International Mining, 2021b). The haul
truck developed in Chile under the Hydra project first received funds for development in the
third quarter of 2020 and is scheduled for commissioning in the second quarter of 2022,
totalling 24 months through completion (International Mining, 2021c). The implementation
of a demonstrative unit in Mexico would have a similar duration, under a conservative
timeline but assuming that the bottlenecks created during the pandemic are resolved (Table
VI.3).

Table VI.3. Simplified estimated schedule for a demonstrative project for a heavy-duty
truck in Mexico.
Year 1
Year 2
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
Planning
Procurement/ testing
Commissioning

The schedule does not consider the development of a renewable power plant. During the
planning stage, the project developers must get funds (if the project is conducted under a
public-private joint venture), execute simulations, implement technical and legal analysis,
and approach original equipment manufacturers to determine the best value for the project.
During the procurement phase, the retrofitting of the unit will be completed, and tests will be
done under controlled environments and under real-life conditions for commissioning.

VI.1.3 Public transport
Hydrogen buses for public transport are already operating in China, France, Costa Rica, the
United States, and upcoming projects in various other countries like South Korea, India and
(Sustainable Bus, 2022; ESMAP, 2020) The Beijing Winter Olympics 2022 were announced
as a carbon neutral event, thanks in part to the use of green hydrogen FCEBs—more than
1,000, of which 200 are result of the cooperation between Toyota, Yihuatong/ SinoHytec
and Foton (Seetao, 2022). On average, such projects have been developed in three years.
In the following table, three small projects, today in operation, are described.
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Table VI.4. Main characteristics of public transport projects using FCEB.
Model

Fuel cell
capacity

Engine

Autonomy
(km), bus

Estimated
H2
demand,
bus

No. of
No. of
passengers,
buses
bus

Total
Construction
Infrastructure

74.5:
50

FÉBUS

100kW
ExquiCity,
200 kW/ (Ballard
18 m (Van
240-300
270 HP
FCveloCity®Hool)
HD)

10 to 12kg
8
H2/100 km

Refuelling
station

Cost (million EUR)

125-145 (35
seated)
10
4.5

cost:
works/

Buses
H2 station

GNVERT
(ENGIE), 174268
kg
H2/day

-

2.27 kg/day

Total fleet

Iberdrola, 160
kg
H2/day
(produced for
TMB;
net
production is
higher)

17.5
from
subsidies

N'YU'TI

Van Hool

Not
available

Not available

38-40
kg/340 km

338-340

H2
City
Gold
LHD,
Barcelona,
12m, 37.5 180 kW 60
kW
Zona
300-400
kg
H2 (Siemens) (Toyota)
Franca
tank
(Caetano
Bus)

1

35 seated

7kg/100km
or
20 8
kg/day

5 (to 2020)

Not available

6.4
EUR

million

Sources: Ballard (2019), ENGIE (2020), EPICEUM-Ville Pau (2019), EPICEUM (2019), Ad Astra Rocket
Company (2018), Rodríguez (2017), Navarrete (2017), Ad Astra Rocket Company (2021), ESMAP (Green
Hydrogen in Developing Countries, 2020), Iberdrola (2021a), Carrilbus (2022), Iberdrola (2021b).

Table VI.5. Simplified Schedule of public transport projects using FCBB.
Y1
Q1
FÉBUS
(France)

Q2

Y2
Q3

2017
Planning

Q4

Q1

Q2

Y3
Q3

Q4

2018

2015

Q2

Q4

Q1

2016

Q3

Commissioning

1

2017

2018
Permits/ Pre-testing

2020

2021

2022

Planning

Procurement/ Construction/
Pre-testing 3

Commissioning
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Q2
2020

Procurement (buses)/ Construction (refuelling station, lanes,

Planning/Design/Procurement 2
TMB, Zona
Franca
(Catalonia)

Q3

2019

bus stops, etc.)
N'YU'TI
(Costa Rica)

Q1

Y4

Commissioning

Q4
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1

Plans for zero-emission public transport started since 2016 (Ballard, 2021c). H2 station was inaugurated in
September 2019. Electrolysis is run by hydropower using an ITM Power PEM electrolyser. The station has
enough storage for 3 days of service (ENGIE, 2020). Fébus system was inaugurated in December 2019 (Ballard,
2019; Van Hool, 2021a; EPICEUM-Ville Pau, 2019). It is planned that in the long run, solar PV will generate the
hydrogen (EPICEUM, 2019; Ballard, 2021c) The project was an integral project with intention to make a positive
impact on livelihood. Because of this, construction works also considered bus and bike lanes, pedestrian crosses,
vegetation, facades, etc. (EPICEUM-Ville Pau, 2019).
2

N'yu'ti is a project developed within the Green Hydrogen Ecosystem of Costa Rica, a hydrogen initiative started
in 2011 by AdAstra and other stakeholders (Ad Astra Rocket Company, 2018; Rodríguez, 2017). The planning,
design and procurement phase comprises the completion of a solar PV plant (78 kW), a wind turbine, and the
integrated H35 system (tanks, dispensing station) (Ad Astra Rocket Company, 2021).
3

The H2 refuelling station, owned, and operated by Iberdrola, started operations in November-December 2021,
and was built in a 5,000 m2 lot in the industrial area Zona Franca. The net production is higher than the H2
produced for TMB, since the station is open to the public. The goal is to have a 60-bus fleet (Iberdrola, 2021a;
Iberdrola, 2021b).
Sources: Ballard (2019), Eltis (2020), Van Hool (2021a), ENGIE (2020), EPICEUM-Ville Pau (2019), EPICEUM
(2019), Ballard (2021c), Ad Astra Rocket Company (2018), Rodríguez (2017), Navarrete (2017), Ad Astra
Rocket Company (2021), Iberdrola (2021a), Carrilbus (2022), Iberdrola (2021b).

The projects consist of a small fleet of buses and a hydrogen refuelling station powered by
renewables—solar PV energy for N’YU’TI and TMB, and hydropower for TMB. The
stakeholders are local authorities and companies (bus, fuel cells and/or hydrogen
producers), and the projects are partially financed using public funds.
Taking this into account, a pilot project in Mexico City could unfold in a similar manner in an
estimated time of three years. During the first half of the project, the planning, permits and
procurement will take place. This includes an organised effort from the project executors
(authorities and companies), finding a suitable location for a green hydrogen refuelling
station, contacting original equipment manufacturers and placing orders for the buses,
refuelling station equipment and other equipment. The last half would be used to build and
test the systems to finally put the pilot bus into operation.
Table VI.6. Simplified timeline for a public transport project using FCEBs.
2020
Q1

Q2

Q3

2021
Q4

Q1

Q2

Q3

2022
Q4

Q1

Q2

Q3

Q4

Planning
Procurement/Construction
Commissioning

VI.2 Green hydrogen projects co-benefits
Investing in green hydrogen can bring various benefits in areas such as health and
sustainability. Green hydrogen has the potential to shift energy systems away from fossil
fuels and have positive impacts on society, with co-benefits throughout supply chains,
building and strengthening energy security and autonomy (e.g., ending natural gas imports
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and allowing for stational and interannual electricity storage), creating jobs (direct and
indirect)155, promoting the creation and improvement of infrastructure, inducing new value
chains and markets, improving air quality and health (because of the avoided pollution linked
to burning fossil fuels), providing access to heat, enhancing the livelihood of local
communities, and also developing the agricultural sector (Schlör, Koj, Zapp, Schreiber, &
Hake, 2017; ESMAP, 2020; IRENA and ILO, 2021; IEA, 2021b).
The potential to implement green hydrogen projects depends on a certain extent, on the
availability of specialists (engineers, technicians, economists, etc.) in the field (ESMAP,
2020). When a new technology is starting to emerge, the development of projects is
synonym with professional training and capacity building, but skills gaps and job shortages
can increase unless proactive measures are taken (IRENA and ILO, 2021; HDF Energy,
2020). As hydrogen solutions are deployed more widely, jobs in project development,
manufacturing, sales, construction, installation and operations and maintenance will grow
accordingly, and the costs of implementation will drop, rising competitiveness. It is worth to
remember that the energy transition must be a just transition, so efforts must be directed to
build a diverse workforce formed by people from conventionally marginalised and
underrepresented groups (IRENA and ILO, 2021)
Hydrogen projects in operation today have brought many of the benefits to the countries in
which they are located, primarily job creation. In the United States, it is estimated that the
growth in the green hydrogen market can create jobs according to the following multipliers
for each million dollars in revenue: 6.7 for the hydrogen sector, 10.2 for the automotive
industry, 12.2 for machinery and equipment and 14.3 for aftermarket services and new
business models (FCHEA, 2021). Most of the current jobs (building and related workers,
labourers in construction, manufacturing and transport, market-oriented agricultural
workers, metal machinery and related workers, etc.) will have equivalences and transition
to the new markets under a global energy sustainability scenario, so it is expected that a
greener energy matrix will result in job gains (IRENA and ILO, 2021).
The installation of renewables that will be used in green hydrogen production will also
contribute to the creation of jobs. In general, renewables need more jobs per unit of
generation (labour intensity) than its fossil counterpart. Combined cycles running on natural
gas are commonly described as a direct competitor to renewables and half of the electricity
produced in Mexico in 2015 was obtained using this technology. Combined cycles generate
most of their value (76%) during the operation and maintenance (O&M) phase. For
renewables, the manufacturing phase is when most of the added value is created (75% of
the total value of solar PV, 57% in the case of wind). Most of the equipment installed in
Mexico is purchased to foreign companies because the county does not produce gas and
steam turbines, only minor components (for combined cycles); or wind turbines, only towers
and a limited quantity of blades. In the case of solar PV, the production of PV panels in the
country is limited and most PV panels are imported from China156, although some companies
produce PV panels locally in Mexico157. The Mexican market of solar PV and wind energy is
strongly dominated by Spanish companies, although the participation of national companies

155

According to IRENA (2021), investment in electrolyzers and other green hydrogen infrastructure
could create about 2 million jobs worldwide between 2030 and 2050.
156
China is the leading producer of PV equipment, with more than 90% of the world’s wafer
manufacturing capacity (IRENA and ILO, 2021).
157
Kyocera and Sanyo from Japan; SunPower, Jabil Circuit and SunEdison from the United States;
Solarever, IUSASOL and ERDM from Mexico (Boston Strategies International, 2016).
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on contracts is gradually growing. The next table shows a comparison between energy
generation technologies in terms of job creation (Boston Strategies International, 2016).
Table VI.7. Comparison of job creation between energy generation technologies.
Direct Jobs per
Indirect Jobs per Companies involved
Technology
installed MW
installed MW
in the value chain1
Wind

8

4

112

Solar PV

4

5

100

Combined cycle

1

9

49

1

Using as a reference the renewable projects developed in Mexico in 2015. The number of
companies does not reflect the competitivity of the technologies but the complexity in the production
systems and levels of research and development.
Source: (Boston Strategies International, 2016).

The most needed workers for oil and gas projects are pipelayers, plumbers, pipefitters, or
steamfitters, stationary engineers, operating engineers, construction equipment operators
and boilermakers, while solar PV needs solar PV installers, wiremen, roofers, electricians
and construction laborers (IRENA and ILO, 2021). Among the generated jobs, those created
during the O&M phase are permanent. For combined cycle, wind and solar PV, commerce
is the sector with the highest positive impact in terms of GDP and job positions generation.
Combined cycle generates more indirect jobs because of the geological exploration, natural
gas extraction and transport activities (Boston Strategies International, 2016).
Table VI.8. Comparison of job creation between energy generation technologies in Mexico,
2015.
Economy sector

Combined cycle

Wind

Solar PV

258,830

15,455

5,153

Commerce

65.7%

66.1%

66.0%

Civil engineering/ construction

11.8%

11.9%

11.9%

Oil and gas extraction

0.4%

0.0%

0.0%

Professional services (scientific and technical)

6.0%

6.0%

6.0%

Chemical industry

2.6%

2.6%

2.6%

Computational equipment manufacturing

3.0%

3.0%

3.0%

Metallic products manufacturing

2.5%

2.5%

2.5%

Machinery and equipment manufacturing

2.1%

2.1%

2.1%

Plastics and rubber industry

2.3%

2.3%

2.3%

Total jobs created
Percentage of total jobs
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Accessories, electrical equipment manufacturing

2.1%

2.1%

2.1%

Basic metals industry

1.1%

1.1%

1.1%

Oil-derived products manufacturing

0.3%

0.3%

0.3%

Transport by pipelines

0.1%

0.0%

0.0%

Source: (Boston Strategies International, 2016).

According to IRENA and ILO (2021), solar PV and wind (onshore) projects demand a similar
composition of workers, with around 60% of the workforce requiring minimal formal training.
Professional workers with careers in science, technology, engineering and mathematics
(STEM) are needed for approximately 30% of the jobs, while non-STEM professionals
(lawyers, logistics experts, marketing professionals or experts in regulation and
standardization) are needed for 5% of the jobs. Administrative positions are covered by
between 1% and 4% of the jobs.
The following sections describe four sites with potential to implement green hydrogen
solutions, their local context and the positive impact that can unfold because of the new
projects.

VI.2.1 BRT in Mexico City
Mexico City, located in the central Valley of Mexico, is the capital of Mexico and its largest
city. It has a total area of 1,495 km2 divided in 16 boroughs. Data from 2020 shows that 9.2
million residents lived in the city, or 7.3% of the national population. 52.2% of the inhabitants
are women and 47.8% are men. The mean population density in 2020 was 6,613 people per
km2. 99% of the population in 2020 lived in urban areas (higher than the national average of
79%), and 65 of each 100 persons live in boroughs with protected natural areas 158. 20.5%
of the population lives in the eastern borough of Iztapalapa, the most densely populated
(EVALÚA, 2020; INEGI, 2022).
Mexico City has been one of the main destinations of the migrating population in the country,
mainly from rural regions, but recently this pattern has modified as other urban centres
emerge (EVALÚA, 2020). The data between 2015 and 2020 shows that more people move
out of the city to other states159 (557,181) than the people that moved in from other states160
(308,686). 42% of the people who moved out of the city went to Estado de México, 8% to
Hidalgo, 7% to Querétaro, 5% to Puebla and 4% to Morelos. In 2020, 43,327 people moved
outside the city to other countries, with 39% moving to the United States. The main reasons
to move to other countries are to reunite with their families, to change jobs, to marry or live
with their partners, to look for a job and to study (INEGI, 2022).
The median age in 2015 was 33 years, 2 more years than in 2010. 14.3% of the population
was 60 years old or above, and 61.4% was between 18 and 59 years old. In 2015, 84,889
people were native speakers of an indigenous language and identify themselves as
158

These boroughs are Milpa Alta, Tlalpan, Xochimilco, Cuajimalpa de Morelos, Tláhuac, La
Magdalena Contreras, Álvaro Obregón, Gustavo A. Madero, and Iztapalapa (EVALÚA, 2020).
159
42% moved to Estado de México, 8% to Hidalgo, 7% to Querétaro, 5% to Puebla and 4% to
Morelos.
160
49% comes from Estado de México, 6% from Veracruz, 6% from Puebla, 4% from Oaxaca and
4% from Guerrero.
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indigenous (EVALÚA, 2020). The average schooling years is 11.5 years for the population
of 15 years old and above, equivalent to a little above the second year of high school. For
the same age group, the rate of illiteracy is 1%, below the national average of 5% (INEGI,
2022). According to CONEVAL, in 2018, 58.9% of the population had at least one deficiency
in the indicators of social deprivation (housing, water and drainage, education, health, food
and social security), almost 40% had an income below the poverty line, and 30.6% lived in
multidimensional poverty (EVALÚA, 2020).
From the total number of inhabitants, 19.8% belong to households in which, while they do
not suffer from income poverty, their time resources are insufficient to cover their domestic,
care and leisure needs (education, recreation, and rest), or they work domestically in excess.
Although these homes may appear to be living in an adequate economic situation, their
members are at risk of presenting health problems due to lack of rest and, possibly, time for
personal care, of minors and persons dependent on home care. This population would be
highly favoured with time-release policies, through public or subsidized care services
(EVALÚA, 2020).

In 2020 Mexico City accounted for 15.8% of the national GDP. The economy is strongly
determined by the tertiary sector, with commerce being the main economic activity. 89.6%
of the local GDP in 2016 was related to the tertiary sector, 10.3% to the secondary sector
and only 0.1% to the primary sector. The working population is formed by 2.5 million men
and 1.8 million women (INEGI, 2022). There are 471,957 economic units in the city, in which
more than 4 million people are employed. The average local economic growth of 2.6% per
year (for 2004-2017) comes from the tertiary sector, with an average annual growth rate of
2.9% (compared to 3.1% at the federal level). Given that this sector constitutes most of the
production of Mexico City (it represents between 86 and 90%), its annual growth dynamic
has a significant influence in the total production of the city, despite the fluctuations
experienced by the primary and secondary sectors (EVALÚA, 2020).
In 2017, 53.4% of the population travelled using the public transport network. The city
developed under a core-periphery model, which means that the people must commute from
their homes to their work sites, schools, entertain, etc., heavily concentrated in the centre
boroughs. The length of commutes takes at least an hour (two-way) for 72% of the
population, and for the 1% the trips take 4 hours or more. The public transport network
consists of extensive infrastructure that includes means of transport running on streets and
highways, also concentrated at the centre boroughs and very scarce in Milpa Alta,
Xochimilco, Tlalpan, Magdalena Contreras and parts of Cuajimalpa, Álvaro Obregón,
Tláhuac and Iztapalapa. One of the features of these media is their heterogeneity in the
diversity of transmission, organization, and management (EVALÚA, 2020). The modes of
transport are (EVALÚA, 2020):








Metro Collective Transport System (STCM), consisting of 12 lines and 195 stations;
Rapid transit buses or Metrobus, with seven lines;
Buses, minibuses and vans or 'licensed' combis;
buses conforming the Passenger Transport Network (RTP) or M1 mobility system;
the electric transport system, including light rail running through the south of the City
and trolleybuses;
the network of taxis and cars, which the user can access through direct contracting
in mobile applications, on authorized sites or directly on public roads; and
a system of shared bicycles, or Ecobici, with stations in the central area of the city.
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Public transport has numerous problems. In 2017, less than one fifth of the population living
in Mexico City (19.7%) said they were satisfied or very satisfied with the public transport
used in their travels (including urban buses, buses, and minibuses), so that most of the
answers were placed in some intermediate position between low satisfaction and the
maximum degree of discontent. This low score would reflect, in fact, the availability in the
ratings given to different characteristics and elements of the public transport system: only
15 out of every 100 people respond that operators of these means stop at the official stops;
the same percentage states that in these stops there are the corresponding tables with the
necessary information to know the schedules and the stations of ascent to is 17% think that
the drivers of this system drive respecting the road signs; 22 out of every 100 people say
that these buses have sufficient space, and just under a quarter is satisfied with the good
condition and cleanliness. The largest number of cars in relation to the resident population
in the boroughs corresponds to two of the boroughs where the supply of public transport
services is highest (Miguel Hidalgo and Benito Juárez). There are plenty of taxis, access to
many stations of the Metro and there are many Ecobici stations (EVALÚA, 2020).

VI.2.2 Heavy duty vehicles at La Herradura mine in Sonora
Sonora is located at the northwest part of the country. In 2020, the total population was
comprised by 1,472,197 men and 1,472,643 women, or 2.3% of the national population. The
population density in 2020 was 16 people per km2 (INEGI, 2022). In 2010, the economically
active population was 1,104,922 people, with 66.22% being men and 33.78% being women.
In turn, the economically inactive population was 911,919 people, with the majority (69.57%)
being women. In the year 2000, 64.12% of the occupied population (40.95% men; 23.17%
women) held jobs of employees or laborers (INAFED, 2022).
The average length of schooling for people of 15 years old and above is 10.4 years, a little
more than the first year of high school. 2% of this age group is illiterate (INEGI, 2022). The
illiteracy rate in 2010 was of 3.04%, with men being slightly more illiterate than women
(3.07% vs. 3.00%, respectively), and in 2015 it decreased to 2.19%. Only 3.71% of the
population had no formal education. The marginality index for Sonora in 2015 was of -0.7,
which translates to a low marginalization grade, accounting for the 25 th place on a national
basis. The Human Development Index for the state in the year 2000 was 0.82, which is high,
and this meant that Sonora was in the ninth-place country wise. However, 26.63% of the
population live under some level of overcrowding (INAFED, 2022).
Between 2015 and 2020, 63.8 thousand people emigrated from Sonora to other states (26%
moved to Baja California, 16% to Sinaloa, 7% to Jalisco, 6% to Chihuahua and 4% to Nuevo
León). During the same period, 75.3 thousand people moved to Sonora (23% from Sinaloa,
14% from Baja California, 7% from Chihuahua, 7% from Chiapas and 5% from Oaxaca). In
2020, 20,208 people emigrated to other countries, with 89% going to the United States (this
is higher than the national average of 77%). The main 4 reasons to move outside the state
are to reunite with their families, to find a job, to change jobs or to study (INEGI, 2022). In
the coastal areas, many families rely on fishing as their source of income, but this activity is
often abandoned for better opportunities in other states or countries. The local authorities
have identified that several elements can help avoid the migration of fishermen, for example,
better spatial planning, infrastructure, resources, and training (Gobierno del Estado de
Sonora, 2011). The economy has not been able to offer jobs to those individuals entering
their productive years: unemployment increased from 3.4% in 2010 to 5.5% in 2014
(Gobierno del Estado de Sonora, 2017).
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The government of Sonora is aware of the global participation of the state as it is a neighbour
of the United States and trades with the southeast of Asia. The manufacturing industries are
the most actively linked to global trade. This situation is positive for the growth perspective
considering the economic slowdown that Sonora has experienced since 2014, with the
manufacturing and agricultural sectors being the most affected. Sonora does not have an
inclusive and sustainable long-term development model or a strategic program that
prioritises the development of science, technology, and innovation. These elements are
needed for a prosperous economy within an environment characterised by the industry 4.0
and biotechnology innovations. The local government plans to boost employment
opportunities to promote employability, professionalisation and development of human
capital according to the needs of companies and to have the scientific and technological
capacities required for competitiveness (Gobierno del Estado de Sonora, 2017).
Sonora accounted for 3.6% of the national GDP in 2020. In 2016, the secondary sector
represented 47.8% of the statal GDP, followed closely by 46.1% of the tertiary sector, while
the primary sector accounted for 6.1% (INEGI, 2022). According to the Government of
Sonora (2017), the agricultural sector accounted for 22% of the statal GDP and the mining
sector for the 16%. Proximity economies have developed in the state, with clusters in various
industries such as automotive, aerospace, agroindustry, mining, tourism, fishing, and other
traditional and emergent activities. In 2010, Sonora was the first producer of copper (176,617
tonnes) and gold (22,589.7 kg) in the country (INEGI, 2022).
The Herradura mine is one of Mexico’s largest open-pit gold mines, owned by Fresnillo plc.
and operated by Minera Penmont161. It is located around 100 km northwest from the town of
Caborca in Sonora, near the limits with the municipality of Puerto Peñasco in an area
pertaining to two ejidos: Cerro de la Herradura and Juan Alvarez, both in the municipality of
Caborca. The mine is in operation since 1997 and consists of a vein/ narrow vein
hydrothermal deposit with an open-pit facility, heap leach & Merrill-Crowe plants, and two
dynamic leaching plants. 1,629 employees and 1,129 contractors work at the mine,
producing gold and silver. In 2020, the production of gold was 425,288 oz, and 1,306 of
silver, with an adjusted revenue of 778.9 million US Dollars. The mine life is 12.6 years as
of January 1st 2020 (Fresnillo, 2022; MDO, 2022; Rodríguez Morán, 2001).

161

A society formed by Grupo Peñoles (Mexican), with 56% of the company, and Newmont Gold Co.
(American), with the remaining 44% (Rodríguez Morán, 2001).
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Figure VI.1. Location of La Herradura mine.
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In 2020, the municipality of Caborca had 89,122 inhabitants, with a 50-50 distribution
between men and women, and half of the population being 29 years old or younger. The
population increased by 9.61% since 2010. 26.3 thousand dwellings were registered in 2020
of which 65.3% have men as heads of household and 34.7% have women as heads of
household. For the population group of 15 years and over, 55.9% has completed basic
education162 (21.3% primary school and 34.6% middle school), 19.4% finished high school
and 16.3% hold a bachelor’s degree. The top area for bachelor’s degrees for women is
social sciences and law, while engineering, manufacturing and construction is the preferred
area of men. The illiteracy rate in 2020 was 2.94%; 50.7% of the illiterate population were
men and 49.3% women (INEGI, 2021; INEGI, 2022; SE-Datawheel, 2022).
Caborca presents a high rate of social backwardness and vulnerability in marginalised
groups like the elderly and disabled. The local authorities recognised an insufficiency in
equipment, public spaces, recreation sites, and social assistance components like nurseries,
children’s homes, community development centres, sport-dedicated places, libraries,
162

In Mexico, basic schooling spans for 12 years, around age 3 to age 15, covering 3 years of
preschool, 6 years of elementary education and 3 years of secondary education.
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information and communication services, and health facilities and services163 (Gallegos
Ortíz, 2008). In 2015, 28.5% of the population were living under moderate poverty and
3.09% under extreme poverty (SE-Datawheel, 2022). From the total population, 61.8% is
economically active, of which 60.1% are men and 39.9% are women. In 2015, the top three
causes for migration were: to look for a job (54.2%), to reunite with their family (34.1%) and
to study (4.2%) (INEGI, 2021).
The largest number of migrants who entered the municipality in the last 5 years came from
United States (392 people), Honduras (22 people), and Canada (12 people).The main
causes of migration to Caborca in recent years were family (183 people), living place (104
people), and legal (72 people) (SE-Datawheel, 2022).The population in Caborca has not
experienced the same growth rate as its neighbours and migration is an important factor
behind the phenomenon. The population leaving Caborca move mainly to other cities in
Sonora (Hermosillo, Puerto Peñasco). The slow population growth can be an issue from an
endogenous development standpoint since it can generate a shortage of manpower and a
decline in competitivity. Likewise, the young people leaving the municipality to study or work
and not returning makes more difficult to reach a persistent development (Gallegos Ortíz,
2008). All the higher education enrolments in 2020 were in the Universidad de Sonora (SEDatawheel, 2022).
Historically, Caborca was the most important agricultural municipality in Sonora, with the
agricultural sector being the predominant economic motor, but water scarcity, lack or
insufficiency of subsidies from CFE and the absence of public policy dedicated to improving
the national market (all problems shared with other municipalities in Sonora (Gobierno del
Estado de Sonora, 2017)) have weakened these activities. During the grape and asparagus
harvest season, many packaging plants emerge, generating temporary jobs and even
attracting workers from the centre and south regions of the country. Today, mining is the
activity with the highest total gross production in Caborca and is considered a strategic
sector because there is an ample geological-mining potential. The municipality is one of the
most important at a state level regarding gold and silver production. However, mining
companies are not local but foreign, which results in capital flight. In 2008, only 373 people
from Caborca (3.07% of the working population) were employed by the mining industry. The
commerce sector (retail and wholesale) was the most important activity for the economy of
Caborca in 2008, employing 43% of the working population (Gallegos Ortíz, 2008). In 2019,
retail was the sector with most economic units (1,259 units, 36.9% of all the units in the
municipality) and mining was the second last (6 units or 0.2%). International sales of the
municipality in 2020 were 264 million US Dollars, 10.8% less than in 2019. International
purchases in 2020 were 19.1 million US Dollars, 18% more than in 2019. According to data
from the Economic Census 2019, the economic sectors that concentrated the most
economic units in Puerto Peñasco were retail trade (1,222 units), other services except
government activities (554 units), and temporary accommodation and food preparation and
drinks (433 units) (SE-Datawheel, 2022).
The municipality of Puerto Peñasco had a population of 62,689 inhabitants in 2020 (9.32%
increase compared to 2010) of which 50.5% were men and 49.5% were women. 19.2
thousand residences were registered for the same year, of which 68.7% are male-headed
households and 31.3% are female-headed households. In 2015, 35.8% of the population
163

An area of opportunity that can support development is to structure efforts between the authorities
(and among public bodies) and the private sector, a condition that has stalled resulting in poor
organization.
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was in a situation of moderate poverty and 3.93% lived in extreme poverty. The illiteracy
rate in 2020 was 1.85%, with a division of 51.6% men and 48.4% women. For the population
aged 15 and over, 19.2% had completed primary school, 35.4% completed middle school,
28.1% graduated from upper secondary school (high school or general Baccalaureate), and
10.7% had a bachelor's degree. The top fields for a bachelor’s degree for women are in the
business administration area, while engineering, manufacturing and construction are
preferred by men. The higher education institutions in the municipality are Instituto
Tecnológico Superior De Puerto Peñasco (654 enrollments in 2020), Universidad
Tecnológica De Puerto Peñasco (501 enrollments), and Universidad Del Desarrollo
Profesional (314 enrollments) (SE-Datawheel, 2022).
The largest number of migrants who entered Puerto Peñasco in the last 5 years came from
United States (1.13 thousand people), Venezuela (39 people), and Chile (13 people). As in
Caborca, the main causes of migration to Puerto Peñasco in recent years were family (550
people), living place (234 people), and legal (132 people) (SE-Datawheel, 2022).
The city of Puerto Peñasco started as a small community in the 1920s as the first settlers
arrived to fish totoaba. Because of this, the identity of the inhabitants is deeply connected to
fishing. Fishing continued to be fundamental to the local economy until the fishing
cooperatives crisis took place in the 1990s. The fishermen are negatively affected by the
loss of fishing territory164, the ecological crisis of fishing resources and increased fishing
efforts, decapitalization of industry, and the orientation of local economic development
policies for tourism development (Vega-Amaya, 2012).

VI.2.3 Ammonia production at Topolobampo in Sinaloa
It has been proposed that when the cost of green hydrogen falls below the cost of SMR, a
new paradigm of ammonia production will emerge. This means that ammonia production will
be able to be produced under a distributed scheme instead of the conventionally centralized
model. This new way of ammonia production will reduce transport costs and create jobs.
Ammonia can be used not only in the agricultural sector but also as an energy vector, just
like hydrogen (ESMAP, 2020).
Sinaloa is a northwestern state, neighbour to Sonora. In 2015, the state had a population of
3,026,943 people (9.36% increase since 2010) of which 49.4% were men and 50.6% were
women. In 2020, 855 thousand residences were registered for the same year, of which
65.2% are male-headed households and 34.8% are female-headed households. In 2015,
29.8% of the population was in a situation of moderate poverty and 2.49% lived in extreme
poverty. The largest number of international migrants who entered Sinaloa in the last 5 years
came from United States (6.93 thousand people), Costa Rica (266 people), and Cuba (146
people). The main causes of migration to Sinaloa in recent years were family (4.2 thousand
people), labour (908 people), and legal (782 people). Most of the immigrants who arrived at
Sinaloa come from Baja California (13.2 thousand people, 15.6% of all migrants), Sonora
(10.5 thousand people, 12.4% of all migrants), and Durango (7.17 thousand people, 8.52%
of all migrants) (SE-Datawheel, 2022). Between 2015 and 2020, 98,673 people abandoned
Sinaloa, of which 28% moved to Baja California, 18% to Sonora, 9% to Jalisco, 7% to Baja
164

Due to the establishment of conservation areas (for example, to protect the critically endangered
vaquita) and tourism (Vega-Amaya, 2012).
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California Sur and 3% to Chihuahua. In 2020, 17,296 people migrated to other countries, of
which 89% moved to the United States. 39.2% of the people moving out of Sinaloa claimed
that they were to reunite with their families, 22.2% were looking for a job, 15.2% had job
offers, and 8.7% were to study (INEGI, 2022).
The illiteracy rate in 2020 was 3.55%, of which 53.5% men and 46.5% women. In 2020,
60.9% of the population of Sinaloa between 3 and 5 years old attended school, 93.5% of the
population between 6 and 14 years old and 53.2% of the population between 15 and 24
years old. The top field for a bachelor’s degree for women is business administration, while
engineering, manufacturing and construction are preferred by men. The higher education
institutions in the municipality are Universidad Autónoma De Sinaloa (84 thousand
enrolments), Universidad Autónoma De Occidente (16.3 thousand enrolments), and Instituto
Tecnológico De Culiacán (6.27 thousand enrolments) (SE-Datawheel, 2022).
International sales of Sinaloa in 2020 were 3.46 billion USD, 7.13% more than the previous
year. The products with the highest level of international sales in 2020 were tomatoes fresh
or chilled, meat of bovine animals, fresh or chilled, and other vegetables, fresh or chilled.
International purchases of Sinaloa in 2020 were 1.42 billion USD, -0.17% less than the
previous year. The products with the highest level of international purchases in 2020 were
meat of swine, fresh, chilled, or frozen, seeds, fruits and spores for sowing, and pedal cars
and similar wheeled toys; scale models and similar models, for entertainment; puzzles of all
kinds (SE-Datawheel, 2022). According to data from the Economic Census 2019, the
economic sectors that concentrated the most economic units in Sinaloa were retail trade
(40,502 units), other services except government activities (18,850 units), and temporary
accommodation and food preparation and drinks (14,101 units) (SE-Datawheel, 2022).
The municipality of Ahome had a population of 459,310 inhabitants in 2015, with 49.1% men
and 50.9% women (10.3% increase from 2010). International sales of Ahome in 2020 were
284 million US Dollars, -9.07% less than the previous year. The products with the highest
level of international sales in 2020 were other vegetables, fresh or chilled (86.2 million US
Dollars), figs, pineapples avocados, guava, mangoes, fresh or dried (78.2 million US
Dollars), and crustaceans; in shell or not, live, fresh, chilled, frozen, dried, salted or in brine;
smoked, cooked or not before or during smoking (55.9 million US Dollars). International
purchases were 91.8 million US Dollars, -8.49% less than the previous year. The products
with the highest level of international purchases in 2020 were mineral or chemical nitrogenbased products (20.8 million US Dollars), the machinery for agriculture, horticulture, forestry,
keeping machinery, including germination plant other mechanical or thermal devices
incorporated and poultry incubators and brooders (11.3 million US Dollars), and chemical
products and binder preparations (7.64 million US Dollars). In 2019, the economic sectors
that concentrated the most economic units were retail trade (6,595 units), other services
except government activities (3,325 units), and temporary accommodation and food
preparation and drinks (2,530 units) (SE-Datawheel, 2022).
In 2015, 29.6% of the population was in a situation of moderate poverty and 1.86% in
extreme poverty. The vulnerable population due to social deprivation reached 31.4%, while
the vulnerable population by income was 7.25. For the population group of 15 years and
over, 17.8% completed primary school and 22.8% middle school, 26.3% finished high school
and 24.6% hold a bachelor’s degree. The top area for bachelor’s Degrees for women is
business administration, while engineering, manufacturing and construction is the preferred
area of men. The institutions that concentrated the highest number of students in 2020 were
Universidad Autónoma De Sinaloa (13.4 thousand enrolments), Instituto Tecnológico De
Los Mochis (6.12 thousand enrolments), and Universidad Autónoma De Occidente (4.06
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thousand enrolments). The illiteracy rate in 2020 was 2.53%; 53.8% of the illiterate
population were men and 46.2% women (SE-Datawheel, 2022).
The port of Topolobampo is in the municipality of Ahome, and is part of the lagoon system
of Topolobampo, formed by the Ohuira Bay, Topolobampo and Santa María Bay across a
225 km2 area. Like other coastal areas of the country, it hosts the adequate conditions for
the development of tourism, industry, electricity generation, commerce, agriculture,
aquaculture, traditional fishing, and other activities commonly found in the coastal plains.
These activities have impacted the environment through the drainages of the nearby
irrigation area, power plant, aquaculture, and tourism sites (Díaz-Gaxiola, 2018). In 2018,
the natural gas pipeline from TC Energy entered service (TC Energy, 2022), and an
ammonia plant owned by Proman Group will be soon inaugurated (Díaz-Gaxiola, 2018). The
port handles load to and from many countries in Asia, South America, the European Union
and North America, as it trades corn, fertilizers and iron ore. In addition, PEMEX stores LNG
and ammonia (SEMAR-DIGAOHM, 2014).

VI.2.4 Injection in the natural gas network in Guanajuato
Guanajuato is a state founded by migrants and migration has been part of the population
dynamics since colonial times. 56% of the respondents to a study answered that they, or a
member of their family, had migrated to the US. The population of Guanajuato live with a
sense of multi-spatial belonging based on social networks (Vila Freyer, 2020). In 2015, the
population in Guanajuato was 6,166,934 inhabitants. 48.6% men and 51.4% women (12.4%
increase from 2010) (SE-Datawheel, 2022). Between 2015 and 2020, 92,215 people moved
out Guanajuato, of which 19% moved to Querétaro, 11% to Jalisco, 9% to Estado de México,
9% to Michoacán and 6% to Mexico City. In 2020, 62,476 people migrated to other countries,
of which 93% moved to the United States. 37.6% of the population migrating internationally
were to reunite with their families, 18.9% were looking for a job, 16.0% had job offers, and
7.0% moved to study (INEGI, 2022). The largest number of migrants who entered
Guanajuato in the last 5 years came from United States (23.3 thousand people), Venezuela
(788 people), and Honduras (449 people). The main causes of migration to Guanajuato in
recent years were family (10.4 thousand people), labour (7.67 thousand people), and living
place (2.45 thousand people). Most of the national immigrants who arrive at Guanajuato
come from Estado de México (14.5 thousand people, 13.8% of all migrants), Ciudad de
México (12.9 thousand people, 12.3% of all migrants), and Querétaro (12.2 thousand
people, 11.6% of all migrants) (SE-Datawheel, 2022).
In 2015, 38.2% of the population was in a situation of moderate poverty and 3.85% in
extreme poverty. The vulnerable population due to social deprivation reached 31.8%, while
the vulnerable population by income was 8.2%. The illiteracy rate in 2020 was 5.27%, with
a division of 40.9% men and 59.1% women. For the population aged 15 and over, 26.1%
had completed primary school, 35.6% middle school, 19.9% graduated from high school or
general Baccalaureate, and 11.8% had a bachelor's degree. The top field for a bachelor’s
degree for women is business administration, while engineering, manufacturing and
construction are preferred by men. The institutions that concentrated the highest number of
students in 2020 were Universidad De Guanajuato (27.8 thousand), Universidad Virtual Del
Estado De Guanajuato (13.8 thousand), and Instituto Universitario Del Centro De México
(13.7 thousand) (SE-Datawheel, 2022).
According to data from the Economic Census 2019, the economic sectors that concentrated
the most economic units were retail trade (107,516 units), other services except government
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activities (32,140 units), and manufacturing industries (31,508 units). International sales of
Guanajuato in 2020 were 11.9 billion US Dollars, 5.56% more than the previous year. The
products with the highest level of international sales in 2020 were Parts and Accessories of
Motor Vehicles (2.71 billion US Dollars), Motor Cars and other Vehicles Principally Designed
Cars for Transport of Persons (2.41 billion US Dollars), and Vegetables, even if they Cooked
in Water or Steam, Frozen (450 million US Dollars). International purchases of Guanajuato
in 2020 were 11.3 billion USD, -7.13% less than the previous year. The products with the
highest level of international purchases in 2020 were Parts and Accessories of Motor
Vehicles (1.75 billion US Dollars), Motors and Generators (281 million US Dollars), and FlatRolled Products of Iron or Non-Alloy (210 million US Dollars). In the second quarter of 2021,
the economically active population of Guanajuato was 2.8M people. The workforce reached
2.64 million people (40.6% women and 59.4% men) with an average monthly salary of 4.27
thousand Pesos MXN. The occupations that concentrate the largest number of workers were
Sales Employees, Dispatchers and Dependent on Trade (171 thousand), Traders in Stores
(168 thousand), and Domestic Workers (91 thousand). Guanajuato registered 157 thousand
unemployed (unemployment rate of 5.61%) (SE-Datawheel, 2022).
Guanajuato is an important manufacturing hub, particularly for the automotive sector, with
companies like Volkswagen and Pirelli. Manufacturing is the most dynamic sector of the
economy of the state, and it occupies 26.6% of the workforce. The most important industry
clusters in Guanajuato are automotive, textiles, food processing, chemicals, aerospace,
information technology and logistics. After the manufacturing sector, trade, and retail employ
18.7% of the workforce, and the services sector 9.16%. (TECMA, 2020). In 2015, Los
Ramones pipeline, running from Agua Dulce in Texas to Apaseo El Alto in Guanajuato
started service (BNamericas, 2015), increasing the availability of natural gas to the market
(Gobierno del Estado de Guanajuato, 2018).

Over the course of the last two decades, Guanajuato has ranked 7th in Mexico in the
attraction of foreign direct investment (FDI), equivalent to a capital inflow of approximately
21.4 billion USD, only below Baja California, Chihuahua, Mexico City, the State of Mexico,
Jalisco, and Nuevo León. The manufacturing sector attracts the largest amount of foreign
direct investment. 25 industrial parks are found in the state, built by foreign and domestic
private companies which invested around 7 billion US Dollars in the construction of the parks
(TECMA, 2020).
Guanajuato is a state with important socioeconomic contrasts. Among the local government
goals, it aims to reduce the poverty-stricken population by increasing employment options,
raising incomes and improving their distribution, ensure access to decent housing for the
poor, increase the average level of schooling to the baccalaureate level and ensuring that
all primary school graduates enter secondary school (Gobierno del Estado de Guanajuato,
2018).
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VI.3 Barriers and opportunities
VI.3.1 Policy
The hydrogen value chain is complex and requires good coordination across various sectors
and stakeholders, including governments (at all levels), industry, research and innovation
agencies, financial services, trade unions and civil society. The complexity multiplies risks,
particularly regarding new infrastructure and the first steps in the chain. Cost and efficiency
barriers are still being overcome today, with some technologies advancing more slowly than
others165. Low-carbon hydrogen is more expensive than high-carbon hydrogen and
traditional fuels, which requires proper policies to promote the development of sustainable
markets for low-carbon hydrogen, with safety and reduced risks for investors, suppliers,
distributors, and users. Both deployment and structural policies will provide a fertile
environment for the energy transition, so the public and private sectors must work hand in
hand to produce positive results. Some policy examples are loan guarantees, tax exemption,
and accounting systems for the exchange of guarantees of origin, just to mention some
examples. During the next decade, initial efforts must address research and development,
pilot projects and initial deployments of production technologies and green hydrogen use,
as well as providing the foundations for large scale adoption in the long-term. The exchange
of best practices and the harmonisation of standards, codes and regulations will be needed
to speed up the safe adoption of green hydrogen, for example, to use the natural gas
infrastructure and adopt hydrogen-fuelled vehicles (IRENA, 2019; IEA, 2020b; IRENA and
ILO, 2021; FCHEA, 2021; IEA, 2021b).
There are many opportunities for action to open the door to the market for different
technologies that enable the transition to a low-emission economy. Electricity prices can be
an obstacle for green hydrogen, so facilitating access to low-cost renewable energy,
implementing partial exemptions of grid charges and levies for electrolysers is beneficial
mode can be helpful to overcome the initial high costs (IRENA, 2018). The development of
blue hydrogen as a transition between fossil fuels and green hydrogen has been proposed
as a competitive alternative to lower emissions, particularly to those locations with a high
and stable consumption of hydrogen. The IEA mentions the following policy alternatives for
CCUS: capital support (including subsidies), public procurement (with varying degrees of
government involvement according to the electricity generation scheme), tax credits,
regulatory standards, and obligations (including permit markets) or operational subsidies
(such as contracts covering cost differences between generation costs and market prices).
Investors may doubt investing in new technologies if they do not find the interest and
commitment on the part of the authorities, who have to consider the high cost of capital
involved in retrofit of existing and new facilities and infrastructure, variations in the electricity
market and demand, etc. As technologies become more profitable, the economic support
policies can shift to regulatory policies (IEA, 2020c; IRENA, 2019; IEA, 2021b). Carbon
pricing and sectoral mandates (emissions levels; participation of renewables) can determine
the rate of success of new green technologies such as green hydrogen (IRENA, 2018).
There are few applications where low-carbon hydrogen has high-cost efficiency today, either
as a fuel or as a feedstock, so investment incentives are low and cost-cutting options are
not yet definitive. The main drivers of the production and use of low-carbon hydrogen are
165

i.e., hydrogen used for: green ammonia; iron and steel making; liquids for aviation; marine bunkers
and feedstock for synthetic organic materials production (also electrofuels or e-fuels that are
conceptualized in power-to-X strategies) (IRENA, 2019).
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interest, understanding, ambition and commitment to address climate change through
planning and incentives to harness and drive new technologies (IEA, 2020b) therefore, if
these elements are not present as priority topics in public policy, the development of a lowcarbon hydrogen market will be difficult. Expanding the use of hydrogen across sectors in
parallel can help develop economies of scale and synergies that can result in positive
impacts for the market and the overall energy system (FCHEA, 2021; IEA, 2019). An
example of the importance of policy is the electric battery vehicle market in China. Demandside policies, like subsidies for purchases, industrial policy measures, targets, incentives,
government guarantees, public procurement programmes, R&D funding, and efforts to build
expertise were implemented and were all vital for the successful evolution of the sector
(IRENA and ILO, 2021).
The transition strategies taken by the authorities towards economies less dependent on
fossil fuels will be different according to the specific conditions of each place. Haeseldonckx
and D'haesleer (2007) mention two examples: the use of blends of natural gas and hydrogen
and the use of pure hydrogen. Both will need policies and plans for support—such as
subsidies and fiscal stimuli. An example of a radical and successful fuel change is the one
that occurred in several European countries when they went from using town gas to natural
gas. However, a change of that nature today involves larger networks (which consumes
more time), with a stage of high-pressure ducts that previously did not exist and a much
larger number of end-users, which would be reflected in a higher cost when making changes
to equipment.
Public policy dedicated to a hydrogen market around the world is at a time of development
and growth, as more countries are considering targets, mandates, and incentives for this
gas, and increasingly cover specific applications. As of May 2019, 53 variants of hydrogen
policy were found (IEA, 2019b). The table below shows the number of countries that have
public policy regarding a particular component of the hydrogen market.
Table VI.9. Global public policy on hydrogen.
Application

Policy with goals
and incentives

Policy with
goals only

Policy
with
incentives
only

Passenger vehicles (cars)

8

2

4

Refuelling stations

7

3

0

Buses

5

2

3

Electrolysers

1

5

0

Freight transport

1

4

1

Electricity and domestic heat

1

1

0

Power generation

0

1

1

Industry

0

0

2

Other vehicles

0

0

1

Source: (IEA, 2019b).
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Passenger cars are the application with the highest number of policies. In the United States,
hydrogen is classified as an alternative fuel and qualifies for tax deductions (US DOE, 2018).
According to IRENA and ILO (2021), four dimensions must align to achieve a successful
energy transition, and attention must be put to minimise gaps when shifting to greener
energy solutions, and to ensure decent jobs are created, as the job quality is of great
importance. These dimensions are: temporal (job losses happening before job gains),
spatial (jobs emerging in regions with scarce population, and people being unable to
relocate), educational (skills or capability has not been developed), and sectoral (changes
in the value and supply chains). Policy makers must recognise and integrate these scopes
into a sound energy transition set of policies.
Another important aspect for the development of the hydrogen market is that it has a good
public image. This may be difficult if safety concerns associated with the use of hydrogen
start to arise, so it is key to inform the public in a transparent and clear manner (IEA, 2019b).
The role of the authorities setting long-term decarbonisation goals and recognising the role
of green hydrogen in the energy transition is crucial for its understanding and popularisation
(IRENA, 2018; FCHEA, 2021; IEA, 2021b).

VI.3.2 Technical considerations
Implementing and increasing low-carbon hydrogen solutions will require opportune
investments for new transmission lines for low-carbon electricity to reach the electrolysers
for on-grid projects, together with hydrogen transport and storage infrastructure and port
terminals. The installation of new value chains will be needed to sustain the sector growth,
such as the installation of electrolyser manufacturing plants, creating jobs and economic
opportunities. This will require early attention on education to cultivate the skills and
capabilities that the energy transition demands (IEA, 2021b).
Expertise in hydrogen production and handling, as well as ammonia and methanol already
exist in many countries but not to the needed extent which can be an obstacle for the
operation and maintenance of green hydrogen systems (ESMAP, 2020). The transition to a
green economy requires the availability of education, skills, training and retraining. Many
changes in skills and occupations indispensable for a green energy system can be
addressed by professionals with university education degrees and experience in hydrogen
production, handling and storage, safety, renewables, electricity generation and
infrastructure. In developing countries, university graduates can be in short supply, but also
high-income countries can encounter with gaps in transfer of technical and core skills, which
can be a constraint for a rapid transition to low-carbon and zero-carbon energy sources.
Proactive measures and integral strategies must be implemented to address the situation
and incorporate the education and training programs with the needs of the industry.
Resources must be available so skills can be learned through vocational training, higher
education, apprenticeships, and on-the-job training (IRENA and ILO, 2021; IEA, 2020b).
The emergent uses of ammonia will require the deployment of new safety measures and
regulations, mainly because of the greater volumes of trade. When ammonia is used as a
fuel, there must be a strict control of NO x and other non-CO2 emissions (Hydrogen Council
- McKinsey & Company, 2021). Although ammonia has a well-established infrastructure
system, its handling is limited to professionally trained operators and it is possible that the
number of trained professionals is fewer than the demand, which could pose a restriction in
the growth rate of usage. The current handling infrastructure is only capable of carry
ammonia across countries, not bunkering it to ships. Additionally, further technology
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advances are needed to use ammonia in fuel cells and in internal combustion engines 166
and reach lower costs so the technology is viable on a large scale (IEA, 2020d).
The focal challenge under a scenario in which low-cost electricity is readily available is the
load factor of the electrolyser. To be economically attractive, the operation of the electrolyser
must achieve a high load factor. The variability of solar and wind power output can be a
challenge. High-quality wind and solar resources with availabilities of 4,161 and 2,356 hours,
respectively (intrinsically attached to low levelled costs of electricity) result in positive
economics but still not enough to achieve competitiveness today. The use of PV tracking
and hybrid wind and solar plants are examples of measures that can help increase the load
factors (IRENA, 2019; IEA, 2019).
The use of green hydrogen for heat in industry faces some challenges because it cannot
directly replace coal or natural gas as there is a wide variety of equipment and processes
involved, such as kilns, furnaces, boilers and reactors. The retrofitting or replacement would
require more resources (time and capital). Some issues can be solved, for example, the
monitoring of a hydrogen flame is difficult due to the high combustion velocity and nonluminous flame, but hydrogen/ammonia mixes produce a visible flame. Hydrogen flames
also achieve relatively low radiation heat transfer compared to other fuels, requiring the
introduction of other (carbon-free) materials (e.g. clinker dust) into the fuel stream, but this
may also require the redesigning of burners to deal with the new media. Hydrogen is
corrosive to metals and incites embrittlement, so protective measures, coatings will be
required. The explosive nature of hydrogen requires different handling and storing measures
than traditional fuels. This can be sorted by storing H 2 in other compounds like ammonia
(IEA, 2019b).
Transport and injection of green hydrogen in the natural gas network and can be difficult
depending on the type of pipeline. For onshore transmission pipelines, constraints to the
retrofitting can occur if long-term natural gas commitments and capacity contracts are in
place. For subsea transmission pipelines, challenges may emerge due to the high
compression requirements. Finally, the distribution pipeline network development can be
problematic in densely populated areas (Hydrogen Council - McKinsey & Company, 2021).
An important challenge when comparing energy transport in pipelines using green hydrogen
and natural gas is that three times more volume is needed to supply the same amount of
energy as NG, requiring additional transmission and storage capacity across the network.
The main technical issues for hydrogen blends are addressed via blending limits to avoid
issues caused by material incompatibility, for example, the higher rate of burning of
hydrogen versus methane. Some consumers, like the industrial sector, may have to assess
and certify the feasibility for hydrogen blending, such as chemical producers using natural
gas as a feedstock, or the users of gas engines. As hydrogen becomes more popular, high
volumes will require the high transport capacity provided by the pipelines, so the network
will be retrofitted and expanded, and equipment will need to be adjusted or replaced,
consuming time and money. In addition, some consumers (local and international) can be
interested or require guarantees of origin or other type of accounting method to track the
carbon intensity of the gas, so a certifying system could be necessary. These systems
usually take many years to be completely developed and implemented, so they shall be
treated as a priority (IRENA, 2018; IRENA, 2019; IEA, 2019; IEA, 2021b).
In the mobility sector, the chicken or the egg dilemma is the main obstacle to sort out
(especially for passenger vehicles) because vehicle manufacturers hesitate to produce
166

Specifically, the flame speed of ammonia is too slow for combustion in engines.
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FCEVs if hydrogen refuelling infrastructure is not available, and at the same time the
consumers hesitate to buy a hydrogen vehicle if they are unable to refuel it. The participation
of the government has been significant in some countries as it gives support for the
investment in infrastructure to energy and industrial gas companies meanwhile the vehicles
reach a commercial stage. Currently, the market is at a stage of high initial costs and low
volume, but risk perception is lowering and investment in vehicles and refuelling
infrastructure is increasing (IRENA, 2018). Costs of vehicles, refuelling stations and
transportation to the stations are expected to decline in the near future (FCHEA, 2021).

VII Conclusions
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EN EL SECTOR TRANSPORTE COLECTIVO DE PERSONAS EN MÉXICO: IMPACTOS
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a global carbon-free mobility solution for the Urban Community of Pau Béarn Pyrénées.
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