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« Prospective analysis in support of the hydrogen (H,) economy with a
special emphasis on water-related effects.

« Consideration of 11 H, pathways with existing and advanced
technologies.

« Consideration of water quality and quantity impacts from H, production.

» Full life cycle inventories performed (only GHG and water results shown).
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Descriptions of 11 Pathways Considered

Baseline Advanced

« Steam Methane Reforming . Biomass Gasification
« Steam Methane Reforming w/ CCS*
« Autothermal Reforming w/ CCS

« Coal Gasification

« Coal Gasification w/ CCS

« Coal + Biomass Gasification w/ CCS

« Biomass Gasification w/ CCS
* Methane Pyrolysis

« Proton Exchange Membrane
« Solid Oxide Electrolysis

*CCS - Carbon Capture and Storage
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Study Design and Methodology N=[RRY
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« Functional unit: 1 kg of hydrogen, f - ] ( }
>99.90 vol. %. il o A — N
» System boundary is cradle-fo-gate. IndustrolUse 559 50vol 5,925 s ’

* Includes upstream feedstocks, §

» Excludes facility construction.
« Primary data source: NETL LCA data.
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Impact Assessment B rocuctonand

+ Global warming potential (GWP) is
assessed using the Intergovernmental
Panel on Climate Change AR5, 100-
r time horizon, with climate carbon

Hydrogen Separation
and Compression

Biomass |

eedback. |
-+ Water consumptionis calculated as | capturedco,
\N.O'I'er WIThdrOWn manS WO‘I-er i Carbon Capture and Sequestration
discharged. |
i Carbon Dioxide Pipeline Saline Aquifer
° Only ber WOTer (from ground Or i Compression Transport Sequestration
surface) was considered. !
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A Focus on Water Treatment N=|NAToNAL
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«  Most hydrogen production technologies require ultrapure and deionized water as a process input.

« A water freatment train was modeled for purification of fresh water to an ASTM Type Il quality
standard! (TOC* < 50 ug/L, chloride <5 ug/L).

« Unit process data were sourced from EPA technology models2.

« Although purification requirements differ by technology, water was treated to the same standard
for all processes as the impact on results was deemed negligible.

*TOC - Total Organic Carbon
TASTM D1193-06 | Standard Specification for Reagent Water
2Drinking Water Treatment Technology Unit Cost Models | US EPA
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@ Stack Emissions @Upstream Natural Gas B Upstream Coal mUpstream Electricity @ Upstream Biomass ©Water Treatment Train BCO2 Management B Steam Generation I Tec h n 0|ogy resu "'S Ia rg e Iy
- depend on feedstock.

e For fossil-based technologies,
GWP ranges from 4 to 20 kg

it CO,e/kg H,.

e For biomass-based

technologies, GWP ranges
from-17 to 1.4 kg CO,e/kg H,.

« For electrolysis fechnologies,
GWP ranges from 1.9 to 2.2 kg
CO,e/kg H, when using 100%
re_ngwoble electricity from
wind.

Global Warming Potential
(kg CO.e/kg H,, AR5, 100-year time horizon)

— _ — Contribution from water
Steam Steam Steam Autothermal Coal Coal Coal +Bio  Biomass Biomass Methane Proton Solid Oxide ‘l' ‘l‘ ‘l' ‘I' . . I, ° bl f
Methane Methane Methane Reforming w/ Gasification Gasification Gasification Gasification Gasification ~ Pyrolysis Exchange  Electrolysis
Reforming  Reforming, Reforming w/ CCs w/ CCS w/ CCS w/ CCS Membrane (100% Wind) rea m e n rq I n Is neg Ig I e or
with steam ccs (100% Wind)
displacement ¢ GW P reS U "'S .
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Life Cycle GWP Results for H, Production

Electrolysis Technologies With Renewable Cases
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| BUpstream Natural Gas B Upstream Electricity

OWater Treatment Train |

35
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GWP results for PEM* and

30 A

SOEC** primarily rely on
upstream electricity source.

«  Wind electricity slightly N
outperforms solar electricity.

20 ~

« GWRP results using U.S. average
grid electricity are an order of
magnitude higher than 100%
renewable cases.

15 ~

Global Warming Potential
(kg CO.e/kg H,, AR5, 100-year time horizon)

10 ~

*PEM — Proton Exchcmge Membrane Proton Exchange Proton Exchange Proton Exchange Solid Oxide Electrolysis Solid Oxide Electrolysis Solid Oxide Electrolysis
Membrane Membrane Membrane (U.S. Average Grid) (100% Solar) (100% Wind)
. . . 1 0, 0, H
*SOEC — Solid Oxide E|eC1TO|YSIS Cell (U.S. Average Grid) (100% Solar) (100% Wind)
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Life Cycle Water Consumption Results for H, Production [N=[MTVA

Non-Biomass Technologies

| m Stack Consumption BEUpstream Natural Gas mUpstream Coal mUpstream Electricity @Water Treatment Train mCO2 Management
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Steam Methane Steam Methane  Autothermal Reforming  Coal Gasification Coal Gasification w/ Methane Pyrolysis
Reforming Reforming w/ CCS w/ CCS Cccs
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For fossil-based technologies, the
use of CCS results in higher water
consumption.

* Includes slightly higher stack
consumption due to MDEA
scrubber.

« Greater electricity requirement
indirectly increases water
consumption, as well.




Life Cycle Water Consumption Results for H, Production [N=[Eev
Biomass Technologies TLJiAsSkatory

Water consumption results are
100-1,000 times higher than
fossil-based pathways and 10-
100 times higher than electrolysis
pathways.

« Results are an order of
magnitude higher for
biomass-only cases due to
greater biomass input.

« If rainwateris added to an
impact assessment, total
water consumption results
would be nearly five times
higher.

Water consumption varies widely
by agricultural region.
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Water Consumption (kg water/kg H,)

| @ Stack Consumption @Upstream Natural Gas BUpstream Coal ®Upstream Electricity @Upstream Biomass ©Water Treatment Train @C02 Management‘

9,000

8,000

7,000

6,000

5,000

4,000

3,000

2,000

1,000

Coal + Bio Gasification w/ CCS Biomass Gasification Biomass Gasification w/ CCS
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I BPlant Operation ~ EUpstream Natural Gas ~ mUpstream Electricity ~ @Water Treatment Train I

Water consumption is an order of
magnitude lower for 100%
renewable cases.
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« Variability data are not
available for renewable
electricity cases.
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Like GWP results, wind electricity
slightly outperforms solar
electricity for both electrolysis
technologies.
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Membrane Membrane Membrane (U.S. Average Grid) (100% Solar) (100% Wind)
(U.S. Average Grid) (100% Solar) (100% Wind)
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A technology’s feedstock and stack emissions are the primary contributors to total GWP.
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Assessing Contribution Results N

Water Consumption
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‘ @ Stack Consumption @Upstream Natural Gas mUpstream Coal mUpstream Electricity ~ @Upstream Biomass ~ OWater Treatment Train mCO2 Management
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Contributions are still dominated by the primary feedstock and process consumption, but the water

treatment train contributes meaningfully (up to 20%) for some technologies.
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Conclusions and Future Work N=|NiTonAL
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Key Takeaways

« CCS can significantly reduce GWP for fossil-based technologies, but it comes at a
higher water consumpftion cost.

* Biomass-based technologies see the lowest GWP results, but they require
significantly more water than other technologies.

 Low GWP for PEM and SOEC can only be achieved when using low-carbon
electricity.

« Water purification contributes little to total GWP results, but it meaningfully
Impacts water consumption results for some technologies.

Future Work
» Incorporate regionalization to assess water scarcity impacts.
« Add water consumption sensitivity data to upstream renewable electricity cases.
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This project was funded by the U.S. Department of Energy, National Energy Technology
Laboratory an agency of the United States Government, through a support contract.
Neither the United States Government nor any agency thereof, nor any of its employees, nor
the support contractor, nor any of their employees, makes any warranty, expressor implied,
or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of
any information, apparatus, product, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by frade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States Government or any
agency thereof.
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