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BLUE/GREEN H, PRODUCTION

A roadmap to decarbonize gray H, production
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In 2021, the International Energy Agency (IEA) reported that the global demand for hydrogen (H,) reached 94 million metric tons
per year (metric MMtpy), a 5% increase from 2020. H, demand is projected to reach more than 200 metric MMtpy in 2030 and 530
metric MMtpy in 2050, according to the IEA's “Global Hydrogen Review.”" To meet the world’s energy demand, more H, must be
produced in a much less carbon intensive manner to reach net-zero carbon emissions by 2050.

In support of the effort to limit global warming to 1.5°C by 2050, the World Business Council for Sustainable Development
(WBCSD)? has written guidelines to help businesses align their H, investments with the IEA's Net Zero Emissions (NZE) scenario.
The guide covers a variety of H, production technologies, including:

« Green—using electrolysis with renewable electricity

- Gray—from fossil feeds and fuels, including steam methane reforming (SMR) autothermal reforming (ATR) and gasification

« Blue—from fossil gas with carbon capture.

The guide illustrates how these different technologies can align with the IEA NZE decarbonization pathway using a semi-quan-
titative approach to estimate the full lifecycle carbon intensity (Cl) of the projects and the decarbonization impact of several car-
bon reduction solutions from now to 2050. The data used in the SMR section of this study was based on the authors’ company’s
process simulations and expertise.

This article showcases the Cl of gray H, produced on SMRs and how to reduce it via various measures, including carbon capture
and storage to make blue H,.

Lifecycle analysis. H,'s full lifecycle Cl accounts for direct Scope 1 emissions from the SMR furnace stack, Scope 2 emissions
related to the electricity supplied, and Scope 3 emissions affiliated with the upstream feed, fuel and downstream supply chains.
Downstream Scope 3 emissions are deemed negligible if H, is consumed near the production location.

To better understand where the Cl originates, Eq. 1 shows how SMRs convert hydrocarbons from methane to naphtha and into H,:

C,H, + 2xH,0 + heat j xCO, + [(x+y)/2] H, (Eq. 1)

This reaction stoichiometry is such that generating carbon dioxide (CO,) is an intrinsic and unavoidable part of creating H, via
this process. The carbon footprint of SMR-generated H, is further increased when fossil fuels are used to provide the heat required.

FIG. 1 shows that a typical SMR configuration consists of the reforming furnace (which converts light hydrocarbons into H,,
CO and CO,), a shift reaction section (to further convert CO into H, and CO,) and a pressure swing adsorption (PSA) purifica-
tion section. Recovered heat is used to generate steam, the majority of which is used internally while the excess is exported to
adjacent facilities.

The focus will now shift to SMR-related lifecycle emissions, as shown in FIG. 2. The 6.6 metric t (tonnes) of CO, of Scope 1
emissions are the theoretical stack emissions generated if methane is fired on a 100% efficient unit without steam exports. In
reality, stack emissions are higher, especially for older, less efficient units, including those designed to export large amounts of
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steam. The SMR also requires electricity for compression and pumping, which increases CI. The 1.1 metric t of CO, equivalent
upstream emissions shown in FIG. 2 are related to methane leaks, nitrous oxides (NO,) emissions and the transportation of feed
and fuel.®This amount varies depending on how fossil fuels are sourced. Further details are provided below.

In practice, gray H, produced from SMRs emits approximately 10 metric t of CO,/1 metric t of H, produced as Scope 1 emis-
sions. The CI of SMRs varies widely from 8 metric t of CO,/1 metric t of H, to nearly 15 metric t of CO,/metric t of H,.# This
variability depends on the energy efficiency of the unit, the type of feed and fuel used, and the amount of high-pressure steam
exported and how to account for this export.

Steam exports credits. Most SMRs are designed to export high-pressure steam as a byproduct. Steam exports will increase
the stack emissions of the H, plant due to the increased heat demand. More efficient SMRs equipped with PSA purification can
provide steam exports up to 15t of steam/t of H,. Consequently, up to 25% of the combined heat input from feed and fuel will be
used for steam generation rather than H, production itself. Note: Recent SMR designs often minimize or even eliminate steam
exports. Therefore, when comparing SMR performance, it is better to consider the “corrected” SMR emissions (i.e., gross emis-
sions corrected for the emissions credit related to steam exports).

Although generating CO, is unavoidable due to the reaction itself, it is possible to minimize a unit's emissions and make SMR
H, production reach net-zero (i.e., prevent H, from increasing the amount of CO, in the atmosphere). This will require action in
the following three areas:
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FIG. 1. SMR configuration.
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FIG. 2. Theoretical SMR lifecycle emissions.
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« Increasing unit efficiency
- Applying low carbon-intensity feeds and/or fuels
- Deploying carbon capture solutions.

SMR efficiency: Best technology performance. Overall SMR efficiency is primarily set by the thermal efficiency of the
reformer furnace itself and the recovery of heat from the shift reactor effluent stream for use elsewhere in the process. In FIG. 1,
the location of these critical variables is marked with a star.

TABLE 1 shows how the main performance variables help reduce the H,-generated Cl, as assessed by the SMR process
model using a proprietary simulation platforms?. The authors’ company defines best technology (BT) performance as what can
be technically achieved if the process design is such that heat integration and recovery are maximized to the best available and
economically viable technologies.

Feed carbon content. SMRs are typically designed to be fed and fired with relatively light hydrocarbons ranging from meth-
ane to naphtha. By replacing naphtha feed and fuel with natural gas, Scope 1 SMR emissions can be reduced by 25%. Additional-
ly, the unit efficiency would increase by approximately 3% due to the reduced steam consumption and the reduced heat required
to vaporize the liquid naphtha feed.

Accounting for greenhouse gases includes upstream emissions related to sourcing the feed and fuel, as well as downstream
contributions related to transportation and distribution of the H, product. SMRs that use biomethane rather than natural gas have
a lower CI.

TABLE 2 shows a breakdown of the CI of different SMR feeds and fuels. Cl is expressed in grams (gr) of CO, emitted per
megajoule (MJ) of lower heating value (LHV). The Scope 3 Cl of naphtha was assumed to be identical to that of methane. This is
an assumption that must be checked and possibly corrected if the impact of naphtha is investigated in detail. A Cl of biomethane
of 17 gr of CO,/MJ is applied, as reported by Element Energy in its August 2021 report.® E-methane is another potential low-
carbon methane source.

By replacing methane with low-carbon methane, Cl is reduced by 47.2 gr of CO,/MJ (64.2 minus 17.0 gr/MJ), which represents
86% of Scope 1 emissions (54.8 gr of CO,/MJ) or reduces nearly 2.4 metric t of CO, emissions per metric t of methane consumed.

The authors’ company has developed a decarbonization trajectory for a “benchmark” SMR with an efficiency of 5% below BT

TABLE 1. Impact of operating variables on the Cl of SMR H,

Typical/best technology Difference (t CO,/t H, produced)

Furnace efficiency: flue gas temperature 200°C/150°C 0.15
Furnace efficiency: % O, in flue gas 2.5 %/1.8% 0.02
Shift effluent cooling; air cooler inlet 160°C/100°C 0.54
Steam-to-carbon ratio 2.7 mole/2 mole 0.8
PSA H, recovery 88%/90% 0.05

Methane Naphtha Low-carbon methane
Upstream emissions 9.4 (Ref. 3) 9.4 17 (Ref. 5)
Emitted via combustion 54.8 68.6 54.8
Captured from air* 0 0 54.8
Net combustion emissions 54.8 68.6 0
Combined ClI 64.2 78 17

*Either captured directly from air or indirectly through biogenic carbon captured by plants and trees.
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design, feeding/firing an 80 wt%/20 wt% mix of methane/naphtha and 12 metric t of steam exported for every 1 metric t of H,
produced. This unit represents the average performance of the current SMR fleet. FIG. 3 illustrates how this design will directly
emit (Scope 1 only) 11 metric t of CO,/1 metric t of H, (92 gr of CO,/MJ). Once the upstream contribution is included, the ClI
reaches almost 13 metric t of CO,/1 metric t of H, (108 gr of CO,/MJ). After adjusting for the steam export, the net emissions
drop to 10.3 metric t of CO,/1 metric t of H, (86 gr of CO,/MJ).

FIG. 4 shows the Cl for a unit designed with BT and minimal steam exports. Compared to the benchmark unit, gross emissions
are substantially reduced. This is due not only to improved unit efficiency but also to a design aiming to minimize steam exports.
Nevertheless, a net emissions reduction from 10.3 metric t of CO,/1 metric t of H, to 8.8 metric t of CO,/1 metric t was observed.

Carbon capture. It is only possible to reduce lifecycle emissions of blue H, production using SMR to the lowest possible
level by combining carbon capture with efficiency measures and low-carbon feedstocks. Two technical options are available
for carbon capture: post-combustion capture from the furnace stack or pre-combustion capture from the shift reactor effluent
(PSA feed). Different capture technologies exist using absorption, adsorption or cryogenic removal. The authors assert that
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FIG. 4. Gray H, Cl of a BT unit.
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chemical absorption capture will remain the most widely used technology for the near future.

The following sections explore paths toward net-zero that are consistent with the IEA's NZE pathway. This means that the
evolution of lifecycle emissions over time is similar to the IEA’s NZE reduction path.

Pre-combustion strategies to reduce SMR H, emissions were developed based on the simulation modela both for the afore-
mentioned averaged benchmark unit and the grassroots plant.

Path to reach net-zero emissions: Pre-combustion capture. In pre-combustion capture, CO, is removed from the
process gas (shift reactor effluent)—not from the furnace stack—and does not capture emissions caused by fuel fired. With high
steam exports increasing fuel consumption, it is best to minimize steam exports for a unit equipped with pre-combustion cap-
ture. Note: Not even pre-combustion capture removes the process carbon in the form of CO and methane.

Residual emissions would be minimized by:

- Reducing steam exports

« Maximizing overall unit efficiency

- Minimizing shift reactor CO slippage

« Minimizing reformer furnace methane slippage.

The unit design greatly influences these operating variables. Compared to the post-combustion capture case presented in the
following section, the steam-to-carbon ratio in the pre-combustion simulation model® has been slightly increased to minimize
residual process carbon. Furthermore, a low-temperature shift configuration is assumed to minimize residual CO to the capture
installation for the best technology cases.

Emissions reduction measures will be implemented step-by-step, making it impossible to exactly match the IEA NZE curve.
Implementing carbon capture is timed; therefore, the lack of CO, removal before capture starts is offset by lower-than-IEA NZE
emissions immediately following capture.

FIGS. 5 and 6 show how the reduction of emissions can be achieved using pre-combustion capture for the benchmark and
BT units, respectively. Carbon capture is assumed to be done using amine absorption and the regeneration of the amine solution,
which requires substantial amounts of low-level heat, most likely low-pressure steam. The needed low-level heat is assumed to
be generated by fossil methane. Still, the Cl of heat is expected to gradually drop to 50% of fossil methane by 2050.

The contribution of improved unit efficiency is expected to be relatively limited. The process side with the reactors, the steam
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FIG. 5. Decarbonizing a benchmark SMR using pre-combustion capture.
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generation section and the reformer furnace are highly integrated. Because of this, reconfiguring one section for increased heat
recovery will affect the other sections, which then may also require additional investment. This will significantly increase capital
costs. Because of this knock-on effect, it is expected that for the benchmark SMR that only 25% of the performance gap with BT
can be achieved through economically justifiable revamps. The impact of this improvement in the reduction of the gross emis-
sions by 2027 is shown in FIG. 5.

Pre-combustion capture removes about 60% of carbon present in the feed and fuel of the benchmark unit (Scope 1). The re-
sidual 40% of the carbon directly emitted into the air is due to the make-up fuel fired, the CO and methane in the process stream,
and the CO, that slips through the capture installation.

To remain on track with the IEA NZE decarbonization path, pre-combustion carbon capture must be implemented on the
benchmark SMR soon after 2025, as shown in FIG. 5.
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FIG. 6. Decarbonizing a BT SMR using pre-combustion capture.
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FIG. 7. Decarbonizing a benchmark SMR using post-combustion capture.
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The green curve tracks the substitutions of the fossil feed by low-carbon alternatives and should start before 2030. The blue
curve (showing emissions excluding the impact of biomethane) overlaps with the green curve (including the impact of biometh-
ane) until 2035.To achieve net-zero by 2050, nearly 70% of fossil feed must be replaced with biomethane. Note: The low-carbon
feed is assumed to have a Cl of 17 gr of CO,/MJ (TABLE 2), and the fuel should remain fossil natural gas.

If the unit is designed with the BT, then pre-combustion capture reaches 74% of combined (Scope 1) feed and fuel carbon vs.
60% for the benchmark case. Two reasons account for this: (1) the reduced fuel intake and (2) the increased conversion of CO
and methane into CO, in the furnace and shift reactors. The increased capture ratio explains why the low-carbon feed require-
ment is lower in the BT case than in the benchmark case. However, FIG. 6 demonstrates that this does not have much impact on
the timing of the implementation of carbon capture.

The gross and net emissions curves are nearly identical in FIG. 6 because the BT case assumes a design with virtually no
steam exports.

Path to reach net-zero emissions: Post-combustion capture. Post-combustion capture treats all furnace stack
(Scope 1) CO, emissions. The removal amount is determined by the efficiency of the CO, capture unit, which fluctuates around 90%.
Both capture and low-carbon feeding can start later in the case of post-combustion capture compared to pre-combustion
capture. Moreover, FIGS. 7 and 8 indicate a significant reduction of the fraction of low-carbon feed.
Surprisingly, the BT configuration requires higher levels of low-carbon feeds than the less-efficient benchmark case. Since
90% or more of the carbon in the fuel used to generate the export steam is captured, it will result in an emissions credit for the
exports themselves.

14 70%
+-Gross emissions (inlcuding up/downstream)
12 #Net Emissions, excl. low C feed -
+Net Emissions, including low C feed

~IEA Global energy-related CO2 emissions net zero pathway

% Low Carbon feed required

-
=]

50%

o«

40%

o

30%

CO2 Emissions (tCO2/tH2)
% Low Carbon Feed

o

20%
Start Capture

10%

0%
2020 2025 2030 2035 2040 2045 2050

FIG. 8. Decarbonizing a BT SMR using post-combustion capture.

TABLE 3. CO, captured and low-carbon feed requirements

Feedrate Fuelrate CO,captured Low-carbon feed Low-carbon feed*
t/t H, t/tH, t/t H, % feed t/tH,  kt/yr for 100,000 kNm?/hr SMR  MMtpy for all H,**
Pre-combustion, reference unit 2.8 0.56 5.7 69% 2 147 181
Pre-combustion, BT 2.6 0.26 5.8 61% 1.6 n8 145
Post-combustion, reference unit 2.9 0.82 9.4 16% 0.5 35 43
Post-combustion, BT 2.9 0.16 78 23% 0.6 48 59

*Cl =17 gr of CO,/MJy
**93 metric MMtpy of SMR H,
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TABLE 3 indicates that post-combustion may be preferred to pre-combustion, which requires much larger quantities of low-
carbon feeds or fuels. Low-carbon fuels are, and may remain, much more expensive than their fossil counterparts. However, in
contrast to pre-combustion, post-combustion capture is more capital-intensive, more costly to operate and generates higher
amounts of CO, to dispose. Therefore, pre-combustion could be the optimal solution when CO, disposal is constraining or ex-
pensive, if low-carbon fuels are moderately priced or when the residual stack emissions can be compensated cheaply elsewhere
other than by using low-carbon feeds. HY
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