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Oil and Gas

How green hydrogen can replace LNG

m We feel advanced nuclear reactors like Molten Salt Reactors (MSRs) can pave
the path for industrial production of hydrogen at a cost below US$1/kg.

m High Temperature Steam Electrolysis operates at 90+% efficiency. This can
nearly halve the energy needed for hydrogen production compared to current
electrolyzers. But more promising technologies are also being researched.

m Industrial production of hydrogen onsite can replace natural gas usage as a
feedstock in the chemical industry, especially in ammonia production.

MSR can be a promising energy generation source for industry
Molten Salt Reactor or MSR can be made very compact and even be installed as a captive
source of high temperature industrial heat and electricity. As a MSR can be made very
compact, it can also be produced in a factory on a large scale. This type of reactor has
almost no downtime and, in our view, can run at full capacity for years together.

HTSE is the best type of electrolysis technology for industrial use
High Temperature Steam Electrolysis or HTSE will be the best technology to produce
hydrogen in large volume, especially for industrial customers. HTSE operates at >90%
energy efficiency. Therefore, it needs only 43.2KWh to make 1kg of hydrogen compared to
56-72KWh required for the more established, low temperature electrolysis methodologies.
Of this 43.2KWh input, 6.4KWh is thermal energy input while the rest is electrical input. As
heat energy is much cheaper than electricity on a per unit basis, both these factors
significantly reduce the unit cost of total energy input. HTSE is also the most efficient type
of electrolysis technology with >90% energy efficiency, and it can be installed within a
customer’s factory and even provide some low-grade heat for other purposes. However,
as stated in our recent report on green hydrogen, (High LNG prices = green hydrogen
viable), there is still some time until this technology becomes fully operational.

Ammoniaproducers are the obvious beneficiaries of cheap hydrogen
Globally, most of the ammonia is produced by steam methane reforming of natural gas. At
current global prices, natural gas cost accounts for at least 50% of ammonia cost in those
places where natural gas prices are cheap and at least 70% everywhere else. Also, as
mentioned in our earlier report on alternative marine fuels: (Ammonia and methanol as
marine fuels), ammonia will very likely replace very low sulfur fuel oil (VLSFO) in some
capacity. This will nearly triple ammonia demand and hence, industrial-scale production of
ammonia using MSR and HTSE-driven hydrogen will become a necessity.
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Hydrogen from next-generation nuclear
reactors like Molten Salt Reactors (MSRS)

MSR promises to be a much cheaper on-demand
source of energy for hydrogen production than
renewables

Benefits of MSR-driven hydrogen production over renewables-
based plants »

MSR produces a large quantity of high temperature heat (>500°C) and hence,
electricity. This makes it a suitable source of heat and electricity in chemical
processes like hydrogen and ammonia production. Some key operational benefits
of MSR over wind and solar energy include:

e It runs 24x7, thus eliminating the need for energy storage either in the form of
batteries or as a heat storage. This reduces capital cost considerably.

¢ It has a very high-capacity factor (how often it can run at full capacity) and can
easily manage 95-100% capacity factor compared to <30% for solar and wind
power plants.

e This also reduces the quantum of installed power generation capacity required
considerably.

¢ MSR doesn’t need much space for installation, allowing for more flexibility in
application and installation.

¢ MSR generates both heat and electricity and thus it eliminates the need for
separate thermal energy input.

Unconventional hydrogen production methodologies »

Alkaline Electrolyser is the most common type of electrolyzer currently. This is
mainly because it is cheaper than the other types of electrolyzers such as Proton
Exchange Membrane (PEM) and Solid Oxide Electrolysis Cell (SOEC).

However, Alkaline Electrolyzer has a low efficiency of only about 55%. This means
it needs approximately 72KWh of electrical energy input to make 1kg of hydrogen.
In comparison, PEM electrolyzer has an efficiency of about 80% but is more
expensive than an alkaline one. SOEC will be the most efficient one at 90-95%,
but it operates at a high temperature (>600°C). SOEC can enable High
Temperature Steam Electrolysis (HTSE), which currently has an efficiency of
90.2% and is estimated to reach 95% by the end of the decade with simultaneous
improvement in its durability and economics.

Thus, an MSR coupled to HTSE system in a cogeneration plant would be the most
optimal system, given current technology-readiness levels.

MSR-HTSE cogeneration plant »

We have tried to estimate the levelized cost of hydrogen production using MSR
and HTSE systems. This is based on a study by the US-based Idaho National
Laboratory. Indirect capital costs like land, contractor fees, etc. are excluded to
allow for easier internationalization of this cost model.
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Figure 1: The path beyond US$2/kg cost for hydrogen production
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We start at a baseline 1GW electric capacity Light Water Reactor (LWR), the most
common type of commercial nuclear reactor available currently. The HTSE system
is assumed to be located outside the boundary of the nuclear power plant,
necessitating a 1km steam delivery system to provide thermal energy for the
HTSE.

Upon changing the reactor to MSR, we obtain electricity cost reduction from
US$30/MWh-e to US$20/MWh-e. We also collocate the MSR with the HTSE,
obviating the need for a 1km-long steam delivery system. Another factor is the
availability of the power source. MSR can easily manage capacity factor of 95-
100%.

Now, let’s look at the improvement in HTSE performance and economics. Firstly,
we expect economies of scale to bring down the unit cost of a HTSE plant by
US$217/kW-DC. This is 50% of the current direct capital cost. This also halves
the cost of replacing the electrolyzer, leading to a reduction in fixed operating cost
by US$16/kW-DC. Next, the baseline service life estimation of the electrolyzer
stack service is four years as it degrades very quickly. A rise in service life to seven
years further reduces the cost to maintain plant capacity and production.

Finally, we also believe that the HTSE plant will generate revenue through the
sale of oxygen. For every kg of hydrogen produced, 8.1kg of high purity oxygen
would also be produced. In 2019, high purity oxygen was sold for US$3/kg. We
have very conservatively set the price for the oxygen by-product at US$0.1/kg,
given the sizeable logistics cost in transporting it. Besides, at such a price level
we would have a negative cost for our production of hydrogen itself! Thus, the
identification and development of large markets for oxygen would greatly reduce
hydrogen prices.

Further, HTSE will also generate waste heat of 100-150°C and this could be sold
as low-grade thermal energy. The most synergetic customer of such heat would
be a sea water desalination plant. Thus, a triple cogeneration plant consisting of
MSR, HTSE and desalination plant could be operated in a highly economical
manner.

Further improvement in hydrogen production methodologies »

Currently, there is considerable research going on to make thermochemical
cycles-viable hydrogen production methodologies. These cycles obtain most of
their energy input in the form of heat, and not electricity. This significantly reduces
their energy cost. Also, the devices which carry out these thermochemical
reactions would have a much longer service life than electrolyzers. To cite an
example, electrolyzers have an operational life of not more than 15 years whereas
these devices would be like the ones used in chemical production, processing
plants currently and hence, can have an operational life of 20-30 years.
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Figure 2: Sulphur-iodine thermochemical cycle
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SOURCE: INCRED RESEARCH, COMPANY REPORTS

The chart above illustrates the sulphur-iodine thermochemical cycle which can be
used to crack water with the help of high temperatures. Interestingly, this cycle
also generates heat at approximately 120°C, which could be used as thermal
energy input in a sea water desalination plant.

Ammonia production

Ammonia is a key chemical for the chemicals and fertilizer
industry which requires a sizeable quantity of hydrogen

As mentioned in our earlier report on green hydrogen (High LNG prices = green
hydrogen viable), rising natural gas prices will help drive significant demand for
alternative methodologies of hydrogen production, especially renewables and
nuclear power-driven hydrogen.

Meanwhile, ammonia is shaping up to be a highly promising alternative marine
fuel, at least in the short term. Please see our earlier report on the subject:
(Ammonia and methanol as marine fuels). This is expected to raise ammonia
demand significantly.

We have built a cost model for ammonia production which foregoes traditional
feedstock and fuel but obtains both these energy inputs indirectly from an MSR.
This plant obtains energy as a service from the MSR operator, and also obtains
hydrogen as a product from an MSR-driven HTSE plant.

Figure 3: Variation in ammonia cost by hydrogen cost
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At approximately US$1/kg hydrogen cost, we obtain ammonia cost of US$263/t.
This is highly competitive, given the current ammonia prices.

Figure 4: Variation in hydrogen’s contribution to ammonia cost by nominal hydrogen
cost
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Traditionally, hydrogen cost has been the main driver of ammonia cost. But as we
go below hydrogen cost of US$1/kg, hydrogen’s contribution to ammonia falls
60%. Below US$0.5/kg H2, thermal energy cost starts driving the cost of
production for ammonia.

Comparison with ammonia production from natural gas

Figure 5: Ammonia production cost from steam methane reforming of natural gas as a
function of natural gas cost

600 - Ammonia cost with CO2 —— Ammonia cost without CO2
500 A
400 -
300 A

200 A

Ammonia cost in $/t

100 A

0 T T T T T T T T T T ]
3 4 5 6 7 8 9 10

Natural Gas Price in $/mmBtu

o
=
N

The chart above shows the variation in ammonia cost as a function of natural gas
cost. At US$1/kg hydrogen price, natural gas price must fall below US$4/mmBtu
for ammonia production without carbon capture and sequestration (CCS). But with
CCS, natural gas price must fall below US$2/mmBtu to be economically
competitive with MSR-based production of hydrogen and ammonia.
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Figure 6: Natural gas prices globally
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Even Henry Hub prices aren’t low enough to compete with MSRs
SOURCE: GOOGLE, INCRED RESEARCH, COMPANY REPORTS

As the chart above indicates, even Henry Hub’s low natural gas prices wouldn’t
be low enough to compete with MSR-driven ammonia production. Add to this, the
steadily rising natural gas demand alongside geopolitical tensions hurting supply,
and we can see why MSR-driven hydrogen production will become extremely
attractive to onsite hydrogen consumers like the chemicals industry.
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