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Green Hydrogen Options

Approximately 10 million tonnes of hydrogen are currently utilized in various industrial applications in the United
States, which is mostly produced from natural gas (Shearman, 2021). The Inflation Reduction Act (IRA), specifically
Section 45V, supports the expansion of green hydrogen applications through tax credits that increase based on
reductions in carbon intensity (Cl). Green hydrogen refers to the production of hydrogen via water electrolysis
and low Cl electric power. The goals of the IRA and the U.S. National Clean Hydrogen Strategy and Roadmap are
to expand the use of green hydrogen to reduce GHG emissions and create new jobs in the sector (DOE, 2023).
While these frameworks are sector and technology agnostic relative to green hydrogen applications, new
technologies will contribute the most substantive GHG reductions. Considering the GHG reductions associated
with green hydrogen adds an additional element of positive direct effects to the evaluation hydrogen options.

The impact of green hydrogen will depend on not only its carbon intensity but also how it is deployed. Figure 1
shows current global uses for hydrogen. Qil refining is the leading use and most of it is produced from natural gas.
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Figure 1. The global hydrogen value chain (2018) shows the dominant use of hydrogen is oil refining and
ammonia production. Transportation is an emerging opportunity. Source: (John Feldmann, 2023), (IEA, 2019)

Existing uses of hydrogen include oil refining, steel manufacturing, chemical processing, oil and fats hydrotreating,
and ammonia production. In these applications, green hydrogen would displace the fossil incumbent. Methanol
production, currently reliant on natural gas reforming, involves hydrogen as an interim flow. The incorporation of
green hydrogen, along with waste CO,, introduces a novel low-carbon source for methanol or synthetic fuels
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through Fischer-Tropsch or methanol-to-olefin technologies. While green hydrogen has several applications, some
will result in greater emission reductions which are on the scale of the indirect effects considered under the IRA.

These three pillars that form the framework for green hydrogen to qualify for IRA tax credits outlined in draft
guidance for Section 45V are: the power generation would be time coincident, from new resources, and regionally
connected (Federal Register, 2023). These requirements are intended to assure that low Cl electric power is not
diverted from existing customers to green hydrogen applications, yielding zero net environmental benefit.
Achieving the lowest GHG score and maximum benefit under the IRA requires very low Cl electric power. The
power will need to have a Cl below 8 g CO,e/kWh? in order to achieve the IRA threshold of 0.45 kg CO,e/kg H>
which is feasible with renewable or nuclear power. In the case of fossil fuel generation, the Cl is well above 400
g CO,e/kWh; so even a small fraction of fossil power would exclude hydrogen from achieving the lowest IRA
threshold value. The Internal Revenue Service (IRS) mandates that hydrogen eligible for 45V credits must not be
used inefficiently while supporting emerging applications (IRS, 2023).

Emerging applications for green hydrogen include power-to-fuel, synthetic fuels, and hydrogen fuel cell vehicles
(Chao, 2017). An additional benefit of the production of green hydrogen is the co-product oxygen. The oxygen co-
product from electrolyzers or air separation units could be integrated with biomass gasification. This integration
implies a potential synergy where the oxygen can be utilized to contribute to more sustainable industrial practices.
Green hydrogen used as a boiler fuel could reduce the GHG footprint of industrial processes and even reduce the
carbon intensity of natural-gas intensive fuels such as corn ethanol.

Figure 2 shows a range of potential green hydrogen applications and some of the displaced products. Several new
applications have additional environmental benefits due to displacing more emissions or advancing technology in
new sectors. For example, expanding renewable diesel facilities will rely on new sources of natural gas-based
hydrogen or the use of renewable naphtha, which could otherwise be used as a chemical feedstock to produce
low GHG materials. eFuels such as methanol to jet (MTJ) or Fischer Tropsch fuels derived from green hydrogen
and waste CO, provide an opportunity to decarbonize the aviation sector. Ammonia is a key component to
agriculture and it has a relatively high carbon intensity. The use of hydrogen in fuel cell vehicles will result in zero
emission transportation and displace twice the amount of diesel energy in trucking applications.

The IRA guidance in Section 45V is sector and technology agnostic even though end use applications have different
impacts on overall Cl displacement. Natural gas-based pathways with CO, capture (blue hydrogen) could
potentially qualify for credits under Section 45V. However, the three pillars will also apply to renewable power
used to operate autothermal reformers. Proposed limitations on the IRA could also impact the incentive value for
hydrogen projects at oil refineries (Martin, 2024). While reducing emissions from oil refineries will displace current
hydrogen production emissions, continuing to refine crude oil is also an indirect impact of clean production.

18 g CO2e/kWh x 55 kWh/kg H2 = 0.44 kg CO2e/kg H..
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Figure 2. Green hydrogen has potential for use in many industrial applications.

Carbon Intensity of Hydrogen and Substitute Products

GHG reductions from green hydrogen depend on the displaced incumbent fossil fuel. In the case of refinery
hydrogen and process heat, green hydrogen provides a 1:1 displacement of natural gas steam methane reforming
(SMR) hydrogen on an energy basis. For ammonia, methanol, and on-road transportation fuels, the displacement
ratio is pathway-dependent. In fuel cell vehicles, one kilogram (kg) of hydrogen displaces approximately double
the energy content of petroleum diesel.
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Table 1 shows potential applications for green hydrogen and the displaced product. The carbon intensity (Cl) of
displaced products varies between 69.1 and 126.9 g/MJ of hydrogen. The hydrogen use rate per unit of product,
along with ClI, facilitates the calculation of GHG reductions per kilogram of green hydrogen. Considering this
calculation, the GHG benefit per kilogram of green hydrogen used for ammonia, methanol, and trucking suggest
they are the best sectors to achieve the GHG abatement goals of the IRA.

Displaced emissions from ammonia production are higher due to the complexities of the natural gas to ammonia
process. Green ammonia, utilized in agriculture, promotes the advancement of low-carbon fuels and biomaterials,
contributing to the reduction of GHG emissions in the agriculture sector as ammonia is a key component of
fertilizer manufacturing (EIA, 2021). Nitrogen fertilizers, including urea and ammonium nitrate, constitute roughly
80% of the total ammonia market, with only 2% directly applied in pastures (Saygin, et al., 2023).

Grey methanol, an energy-intensive product, derives half of its global production from coal, potentially leading to
an indirect displacement effect. Methanol’s applications are widespread, ranging from chemicals and other
industrial applications to transport fuel (EIA, 2019). The efficiency of fuel cell vehicles leads to green hydrogen
displacing twice the energy in transportation fuel, resulting in a high GHG displacement rate for this application.

The effect of green hydrogen in industrial applications also depends on the displaced source of hydrogen. In oil
refinery applications for example, hydrogen SMRs often provide waste heat for the refinery which lowers the
overall ClI of the grey hydrogen. Hydrogen liquefaction can add 8 kg CO,e/kg of hydrogen; so, on-site green
hydrogen production can displace more GHG intense sources of hydrogen. In heating applications, the use of
hydrogen is less effective where it displaces relative low Cl natural gas.

Table 1. Applications for Green Hydrogen and GHG Displacement of GHG emissions.
Displaced Carbon Intensity (COze)

Hydrogen Use Use Rate (kg

Application Displaced Product (M tonne/y) Ha/kg Product) i
Ammonia NG Ammonia 2.0 0.194 126.9 12.29
COz to Methanol NG, Coal Methanol 1.6 0.191 93.4 to 200 9.76 to 20
Fuel Cell Truck Diesel 0.5 0.5 95.0 22.80
Qil Refinery Hydrogen H2 by NG SMR 6.8 1 78.7 9.44
HEFA H2 by NG SMR 0.336 1 80 to 90 9.5t010.8
LH2 Delivery H2 by NG SMR 0.04 1 150 18.0
Boiler Fuel NG Boiler 2.4 1 69.1 8.29

2 |life cycle GHG emissions from GREET
® Displaced GHG emissions = CI (g/MJ) x LHV (MJ/kg)/Use Rate x 120 MJ/kg H,/1000

=126.9 g/MJ NH3 x 18.8 MJ/kg NH3) x 120/1000 = 12.29 kg CO,e/kg H>
Cl values from GREET (Wang, 2023) and GREET 45V calculator (ANL, 2023), and (Unnasch, 2018).
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Best use of Green Hydrogen

Any use which displaces a fossil fuel will reduce GHG emissions; however, applications such as ammonia, fuel cell
vehicles, and LH2 delivery provide the greatest emission reductions per kg. Figure 3 demonstrates the displaced
GHG emissions from green hydrogen uptake, based on the end-use application. The largest diameter circle
corresponds to greater emission reductions while the smaller blue circles represent established uses where green
hydrogen will have less of an impact.
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Figure 3. The displaced GHG emission from green hydrogen depends on the end-use application.

A few components from the preliminary guidance on the requirements for Section 45V of the IRA are worthy of
comment to ensure the best uses of green hydrogen achieve even greater uptake. These include the requirements
for the three pillars of renewable power, matching choices of feedstocks, and considerations for indirect effects.

Achieving time-of-use additionality and regional location requirements for renewable power is an ideal goal
pursued by many developers. A current challenge however, is that such requirements are evolving and developers
will have difficulty in procuring renewable power in the near term due to current capacity constraints. A transition
period, similar to the one allowed under the European Union rules for renewable fuels of non-biological origin
(RFNBOs) would be appropriate (EU Commission, 2023). The time horizon for EU producers is through 2045,
creating an unlevel playing field for U.S. producers constrained to an immediate requirement.

Finally, many proposed hydrogen technologies provide significant environmental benefits above and beyond
simply displacing fossil hydrogen from natural gas (EIA, 2023). For example, hydrogen powering fuel cell vehicles
displaces double the volume of diesel on an energy basis, signifying a notable indirect effect in end-use
applications. Prioritizing applications with the most substantial environmental would support the intended goals
of the IRA and the strategic green hydrogen roadmap.
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