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Why chemicals?

10-15% of fossil fuels go toward non-energy applications like chemicals.
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Why chemicals?

10-15% of fossil fuels go toward non-energy applications like chemicals.

Organic chemical demand Supply chain volatility is a key Chemicals from alternative
only continues to grow. challenge for manufacturers. feedstocks can help.

1
- 725
1
1
' 33% I 7% :
477 1 Transportation and logistics costs 84% : e
1
! e 3%
28% 1 Increased raw material costs 78%
1
i ' I 7
97{’57 185 1 Attracting and retaining a quality workforce 69%
/o
1
! I
43% 27 1 Trade uncertainties 36%
71% !
° 1
2020

Left: Meng et al., PNAS, 2023, 120, e2218294120. Center: Independent Commodity Intelligence Services, “Outlook ‘23” (2022). Right: Department of Energy (2024).

National Laboratory of the Rockies | 5



In a vast solution space, can
we use analysis to prioritize
alternative production
pathways for today’s organic
chemicals?

Lee et al., Nat. Catal., 2019, 2, 18-33
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Chemical reaction

Chemical reactions shown in other places of the map
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Chemical reactions nat shown in this map

Biological reactions not shown in this map




Key assumptions & methods (1)

« Considered 51 high-volume chemicals and 6 feedstock classes (herbaceous and woody biomass,
CO,, CH,4, and food and plastic waste)

 Identified 235 unique pathways from feedstock to chemical through a combination of literature
review and predictive modeling (DORAnNet").

Identification

Literature review
with keywords such
— 3s "[chemical
name] production”
+ "alternative" or

"renewable"”

Predictive

@ modeling with
ranking by reaction
enthalpy, number
of steps, by-
product number,
and atom economy

[1] Zhang et al., Digital Discovery, 2025, 4, 3109
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Key assumptions & methods (2)

Pathways were screened for adherence to criteria representing technical, economic, environmental,
and analytical feasibility.

Down-selection 1 Down-selection 2
Select pathways that meet Use life cycle
more than 3 of 6 criteria: assessment to select

[—~ o pathways that meet 1
Data availability criterion:
I Hi
gh TRL
- @
@ Market match oS
GHG emissions of pathway

Cost match are less than half those of

@ Greenhouse gas (GHG) conventional production
5" emission match

@ High model rank
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Down-selected pathways
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yiomass waste biomass waste H
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Identlfled for a” Chemlcals except Tier 1 Sor;itol Ae/ned———7 Methanol » Benzene Lactic a::id GZ/cerol

glycerol and epichlorohydrin. Ethanol £ propyiene = || Phosgene S Toene
l Lysine 4'— Butylenes Xylenes

Butadiene
1
Tier 2 Ethylene oxide ||+ Acrylic acid Acetic acid ¢ Formaldehyde «+ ||| Maleic anhydride

Acrylonitrile « Methyl chloride <+ MTBE
Butanol
2-Ethylhexanol <

v

Methylamine Epichlorohydrin

Isophthalic acid
Phthalic anhydride
Terephthalic acid

Isopropanol
Methionine
Propylene oxide
< ut
A, 4
Tier 3  Vinyl chloride Propylene «—!  Acetic ‘7 HMDA —» Styrene Chloroform
Ethylene glycol glycol anhydride |_‘,1,4-BDO Phenol <
Vinyl acetate Acetone
KA oil «
» Aniline
Tier 4 Tetrahydrofuran Bisphenol A TDI
_FAdipic acid «—
» Caprolactam
MDI
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Key assumptions & methods (3)

Down-selected pathways were ranked assuming equal weighting of emissions, cost, energy demand,
toxicity, land use, and water use.

Ranking

Complete techno-
economic analysis. Rank
pathways by multi-
criteria decision
analysis assuming equal
weighting of 6 metrics:

> GHG )
gg emissions Pnce

Fossil

% energy Human

T, toxicit

demand =< Yy
Land Water
use use
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Alternative Intermediate Tier 1 Tier 2 Tier 3 Tier 4

feedstocks feedstocks chemicals chemicals chemicals chemicals
I Ethylene glycol
10 Mt i )
[op-ranked pathways .

Ethylene i i
Vinyl chloride

Portion of chemical CIZI
used for end-
Woody products Butanol
biomass
Isopropanol
Methionine

+ Economically and environmentally
feasible alternative pathways exist
for all but 3 chemicals (glycerol,
epichlorohydrin, butadiene).

Bisphenol A
\_; Phenol = P
Acetone
Propylené oxide ~ ~~~ = Propylene glycol

NV Acrylic acid
Y /- —.m= Acrylonitrile

MESSH  Non-oxidative couf I:IBenzene Lf— Epichlorohydrin
. . methane
* Woody biomass is expected to be a — Isophthaic acid
utadiene
. g Phthalic anhydride
limiting resource. e
) Butylenes Terephthalic acid Toluene
Plastic diisocyanate
waste Adipic acid
C lactam
| Cyclohexanol- aprolacta
' cyclohexanone
K 1 = Methylene
W« , Aniline diphenyl
W | L s = Hexamethyl- diisocyanate
N enediamine
Carbon Maleic anhydride
dioxide Methyl tert-butyl ether
—————————— = . Tetrahydrofuran
Formaldehyde 1,4-Butanediol
o e m - = N
Methyi chioride Chloroform
Phosgene Methylamine
Lysine
Foc;d — —es Acetic anhydride
waste O Lactic acid Acetic acid === \/inyl acetate
VFEAIS Bold name = top-ranked pathway
Herbaceous = Sorbitol uses a new production process
biomass - = = current link between

chemicals that is not needed with
new pathway

O
Sugy_m Glycerol J
| = intermediate chemical not

No top-ranked alternative pathway modeled in this analysis

Uekert et al., ACS Sus. Chem. Eng., 2026, 14, 13136.




Characteristics of pathways

A
« Half of alternative pathways N gtzj :
can leverage existing §§ o LT
conversion routes (e.g., from 22 0013
Tier 1 chemicals); the other &€ s llz
half require R&D. S sl [T
Al 1 2 3 4

Chemical tier
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Characteristics of pathways
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can leverage existing cs 13| |- [ Horbaceous biomass
. 3o ° 1 b [1 cCarbon dioxide
conversion routes (e.g., from 22 03 ] B Plastc waste
Tier 1 chemicals); the other BE ool ] o e
half requlre R&D © 0% (‘:-)’ | ] ] ] Tier 1 chemicals
Al 1 2 3 4 Al 1 2 3 4 Al 1 2 3 4
 Thermochemical routes Chemical tier Chemical tier Chenmical tier

continue to dominate.
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Characteristics of pathways
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» Half of alternative pathways
can leverage existing
conversion routes (e.g., from
Tier 1 chemicals); the other
half require R&D.

»  Thermochemical routes
continue to dominate.

* Optimal pathways tend to have
low energy use and high atom
economy.

Uekert et al., ACS Sus. Chem. Eng., 2026, 14, 13136.
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Key assumptions & methods (4)

All down-selected pathways were included in a full-sector optimization model designed to meet
chemical demand within set feedstock constraints for minimal cost and net-zero emissions.

Optimization
Use linear optimization
model to select pathways
across the chemical sector
considering 5 constraints:

é Feedstock availability
g C'SD Net-zero GHG
¢S emissions

Cost minimization
TRL

D Co-product
considerations
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Optimization implications

.. A 5
) EmISSIOnS and COStS Optimized alternative
could decrease when o Patways (any TRL)
using alternative % Optimized attemave
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Key chemicals

Prioritize scaling of alternative pathways
for Tier 1 chemicals that enable plug-
and-play in existing supply chains:

+ Ethylene

*  Propylene

» Benzene
Methanol

Uekert et al., ACS Sus. Chem. Eng., 2026, 14, 13136.
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Key chemicals

Prioritize scaling of alternative pathways  Prioritize R&D into emerging alternative (thermochemical)

for Tier 1 chemicals that enable plug- pathways with high atom economy, low energy demand, and
and-play in existing supply chains: feedstock diversity for select Tier 2-4 chemicals:
- Ethylene «  1,4-Butanediol | . Butadiene
»  Propylene *  Acrylic acid . Epichlorohydrin
+ Benzene *  Acrylonitrile «  Formaldehyde
*  Methanol *  Chloroform «  Glycerol
* HMDA | MCDA *  Methyl tert-butyl ether
+  Propylene glycol | optimal . , '
«  Acetic acid ] Missing
. Lactic acid economically
+  Methylamine | AlFTRE viable pathways
«  Methyl chloride seenaro
optimal

. Isopropanol
. Maleic anhydride

Uekert et al., ACS Sus. Chem. Eng., 2026, 14, 13136. National Laboratory of the Rockies | 20



Beyond cost and impact:

defining chemical “criticality”

Capacity shortfall*
Company concentration

Co-product occurrence

Import reliance

Regional concentration

Price volatility

Sensitivity to feedstock shocks

Criticality = {/(SR) X (SB) x (I) = 0.4**

Criticality
o dimensions
-
w | Substitutability (SB) A —— YW/ Importance (1)
i Demand reduction potential* oo Consumption volume
Availability of viable alternative production routes* Economic contribution

Consumption growth*

* Metric is time horizon dependent (2035 or 2050)
** Calculation based on Nassar & Fortier, Methodology and Technical Input for the 2021 Review and Revision of the U.S. Critical Minerals List, 2021

21



Short-term (2035) criticality

IMPORTANCE-E SUPPLY RISK E SUBSTITUTABILITY

Availability of

Sensitivity |alternative Demand

Consumption Consumption Economic |Capacity Company Co-product Import  Price Regional to feedstock| production reduction

Chemical name Rank Score]volume growth contribution |shortfall concentration occurrence reliance volatility concentration shocks potential
Glycerol 1 0.43 0.12 [ 100 | 074 0.68 0.17 0.58 - 1.00
Ammonia 2 [087] 046 079 022 [ 000 = 048 081 [ 000 | 093 | : - 1.00
Lysine 3 [093] 001" 065 028 [ 000 000 015 [ 092 [ 094 | 100 [ 100
Methionine 4 [0.81 ] 0.01 0.72 0.63 [000 | 022 0.53 0.17 0.51 | 0.67 ~1.00
Phosgene 5 [0.73] 005 . 022 1000 000 o018 023 093 | o067 [4.00
Benzene 6 |0.71] 0.13 0.49 0.30 | 000 0.14 0.67 0.78 0.39 0.14 - 100 | 0.67 ~1.00
Ethanol 7 0.68 |00 004 044 000 | 005 7000000 041 038 094 | o067 [00°
Ethylene 8 ' 063] 082 = 037 029 | 0.08 0.14 033 [000 " o025 o9t 003 | o067 | 084
Chlorine 9 0.58] 0.27 0.39 0.28 | 000 0.24 0.50 0.09 0.15 0.27 059 | 100 | 100 |
Sulfuric acid 10 | 0.57 | 0.70 0.24 0.34 | 000 0.22 [fo00 T 040 059 | 005 010 | 100 | 098
Sorbitol 11 1053 0010 0.19 073 | 001 o035 [ 000 | 000 001 033 [ 094 | 100 100
Propylene 12 0.51 | 0.39 0.19 0.29 | 000 0.17 0.67 [000 | 042 0.13 066 | 0.67 093
Epichlorohydrin 13 0.47 00010 0.16 0.34 [0:00" 00T 000 040 0.17 0.49 0.51 |00 o0
Maleic anhydride 14 0.46 | 0.01 0.39 0.30 | o019 0.28 0.52 0.46 072 | 0.67 ~1.00

Sodium hydroxide 15 0.46 | 0.23 0.58 0.26 | 000 0.22 050 [ 001 012 0.27 059 | 0.67 0.67

Butylene 16 0.45] 022 [003 @ o040 | 000" 0.17 [ o000 0.25 0.12 077 | o067 [ 100
Lacticacid 17 0447004 006 = 043 | 000 058 [000 | 033 022 033  [0.94 |TTH00 00
Toluene 18 0.44| 0.13 000 0.40 | 000 0.14 0.67 0.11 0.38 0.33 - 100 | 0.67 ~1.00
Xylenes 19 0.43] 0.13 0.08 0.34 | 000 0.20 0.67 [T000 | 0.37 0.30 - 100 | 0.67 ~ 1.00
1,4-Butanediol 20 0.42 [FENO.04TE 019 029 | 003 042 1700007000 052 [0.9571 036 00T ITA000T

Criticality is heavily concentrated in Tier 1 (platform), bio-based, and inorganic chemicals, with each
molecule exhibiting unique combinations of risk areas.

Manuscript in preparation. Preliminary analysis is subject to change — not for distribution, quotation, or citation. 29
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Analysis enables R&D should target high- A holistic approach
robust decision- potential direct incorporating full life

making for chemicals  replacement chemicals cycles and other
and beyond and explore other metrics (e.g., supply
chain) will be critical

.
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