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Table S1. Input parameters for technoeconomic modeling and uncertainty analysis in this study.

Parameter Unit Baseline Minimum Maximum
Biomass sorghum price (1, | $/bone-dry 95.0 60.0 120.0
2) tonne
Structural composition of biomass sorghum (3)
Glucan wt. % 36.8
Lignin wt.% 12.3
Galactan wt.% 1.0
Sucrose wt.% 2.0
Xylan wt.% 15.5
Structural starch wt.% 11.5
Soluble starch wt.% 14.8
lonic liquid (IL) pretreatment process (4)
Solid loading rate wt.% 30
IL to biomass ratio ka/kg 0.29
IL cost $/kg 2.0 1.0 5.0
IL recovery wt.% 97 97 99
Pretreatment time h 3 1 5
Pretreatment temperature °C 140
Enzymatic hydrolysis and ethanol fermentation process (4, 5)
Enzyme loading rate mg-protein/g- 10.0
glucan
Enzyme price $/kg 4.29
Glucan to glucose wt.% 90.0 80.0 95.0
Xylan to xylose wt.% 90.0 80.0 95.0




Hydrolysis time h 72.0
Corn steep liquor price $/kg 0.10
Di_ammonium phosphate $/kg 1.00
price
Glucose utilization wt. % 95 85 95
Xylose utilization wt.% 85 75 85
Fermentation time h 36 24 72
Product recovery, wastewater treatment, and utility process

Electricity price (6) $/kWh 0.068

Plant system
4-Hydroxybenzoic acid (7-9)
Extraction time h 6 3 12
Extraction temperature °C 70 70 140
Extraction efficiency % 90 70 90
Methanol market price $/kg 0.24
Solvent loading ratio g/L 150 100 200
Solvent recycle rate % 95
4-HBA market price $/kg 2.60
Catechol (10, 11)
Extraction time h 8 4 16
Extraction temperature °C 80 80 160
Extraction efficiency % 90 70 90
Solvent loading ratio g/L 60 30 120




Catechol market price $/kg 5.00
2-pyrone-4,6-dicarboxylic acid (7, 12-14)
Extraction time h 8 4 16
Extraction temperature °C 70 70 140
Solvent loading ratio g/L 50 25 100
Sqdium chloride market $/kg 0.18
price
Solvent recycle rate % 95
PDC market price (using $/kg 5.50
PHB price as proxy)
Muconic acid (15, 16)
Extraction time h 6 3 12
Extraction temperature °C 70 70 120
Solvent loading ratio g/L 50 25 100
Solvent recycle rate % 95
Muconic acid market price | $/kg 1.50

Microbial production system
Glucose market price (17, $/kg 0.59 0.27 0.59

18)

4-Hydroxybenzoic acid (7, 19, 20)

Best reported titer: 36.6 g/L; yield: 0.41 mol/mol of glucose (0.31 g/g of glucose). (7, 19, 20)

Theoretical maximum yield: 0.76 mol/mol of glucose (0.58 g/g of glucose) (20)

Bioconversion temperature | °C 33
Bioconversion time h 24 24 72
Yield g/g-glucose 0.31 0.31 0.58




NaH2PO4 market price $/kg 0.20 0.10 0.40
NH1SO4 market price $/kg 0.05 0.025 0.10
NH4Cl market price $/kg 0.07 0.035 0.14
Nitric acid market price $/kg 0.34 0.25 0.45
Ca(OH)2 market price $/kg 0.25 0.15 0.35
Catechol (21)

Best reported yield: 0.26 mol/mol of glucose (0.16 g/g of glucose); titer: 4.47 g/L. (21)

Theoretical maximum yield: 0.61 mol/mol of glucose (0.38 g/g of glucose) (21)

Bioconversion temperature | °C 32

Bioconversion time h 72 36 96
Yield g/g-glucose 0.16 0.16 0.38
PDC (18)

Best reported yield: 0.341 mol/mol of glucose (0.348 g/g of glucose); titer: 12.9 g/L. (18)

Theoretical maximum yield: 0.83 mol/mol of glucose(0.85 g/g of glucose) [based on reaction
stoichiometry]

Bioconversion temperature | °C 30
Bioconversion time h 144 72 144
Yield g/g-glucose 0.35 0.35 0.85

Muconic acid (7, 18, 22)

Best reported yield: 0.378 mol/mol of glucose (0.298 g/g of glucose); rate: 0.1 g/L/h; titer:
12.0g/L. (18)

Theoretical maximum yield: 0.739 mol/mol of glucose (0.583 g/g of glucose) (18)

Bioconversion temperature | °C 35

Bioconversion time h 89 72 144




Yield g/g-glucose 0.298 0.298 0.58
Ammonia market price $/kg 0.59
Economic evaluation (5, 22)
Daily biomass feedstock bone-dry 2,000
processed (in planta tonne/day
scenarios)
Daily glucose feedstock bone-dry 1,000
processed (microbial tonne/day
scenarios)
Biomass feedstock wt.% 20.0
moisture content (in planta
scenarios)
Annual operating time h 7,920
Total capital investment -25% +25%
Discount rate % 10 5 15
Plant life y 30




Table S2a. Numerical results of minimum selling price (MSP: $/kg) from plant systems. S1
(base case price) refers to selling ethanol at the basecase price of $1.44/LGE as modeled in the
base case biorefinery. S2 (target fuel price) refers to selling ethanol at the targeted fuel price of
$0.66/LGE (23). S3 (gasoline price) refers to selling ethanol at the 1940-2020 historical average
U.S. gasoline rack sales price of $0.40/LGE (24).

Plant system
Catechol Muconic acid PDC 4-HBA

S1 S2 S3 S1 S2 S3 S1 S2 | S3 | S1 S2 | S3
Feedstock 1831 | 1373 | 1216 | 1318 | 1018 | 904 | 26 | 20 | 18| 27 | 20| 1.8
IL
oretreatment | 607 455 | 403 | 452 | 349 | 272 |09 |07 06|09 ]| 07| 06
Hydrolysis &
oo e | 787 575 | 509 | 57.1 44.1 391 | 11|09 |06 12|09 08
Fuel

37.7 283 | 250 | 280 | 29.1 255 | 06 | 04 |04 08|06/ 05
recovery
Wastewater | 4197 | g97 | 705 | 893 | 690 | 612 | 18 | 14 | 12| 18| 14 | 12
treatment
Heat &
power 1485 | 1113 | 986 | 1116 | 818 | 717 | 22 |13 | 12| 24 | 18| 12
generation
Extraction 63.4 476 | 421 397 | 305 | 272 |09 |07 |06 07| 05] 05
Electricity 75 | 75 | 75 | -6.1 61 | 61 | 00| 00]|o00]|-02]-02]-02
credit
E:gg’itthano' 6445 | 2977 | -1815 | -4788 | 2203 | -1308 | 905 | -44 | 27| 08 | -45 | 27
MSP 366 | 212.0 | 2690 | 189 | 1556 | 2000 | 06 | 32 | 41| 05| 32| 40




Table S2b. Numerical results of minimum selling price (MSP: $/kg) from microbial routes.

Microbial system

Catechol Muconic acid PDC 4-HBA
Demon- Theo- Demon- Theo- Demon- Theo- Demon- Theo-
strated retical strated retical strated retical strated retical
Seed 1.2 0.5 0.3 0.2 0.4 0.2 0.6 0.3
fermentation
Product 16 07 0.7 0.4 0.7 03 1.8 1.0
purification
Er']OCO”VerS' 2.4 1.0 1.0 0.6 1.3 0.6 1.4 0.8
Glucose 4.4 1.8 1.6 0.9 1.4 0.6 2.2 1.2
Other 0.8 0.3 0.2 0.1 0.7 0.3 0.5 0.3
materials
Utilities 0.7 0.3 0.6 0.3 0.4 0.1 0.2 0.1
MSP 11.1 4.8 4.4 2.4 4.8 2.0 6.6 3.7
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Figure S1a. Process flow diagram of 4-HBA extraction process in the plant system.
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Figure S1b. Process flow diagram of catechol extraction process in the plant system.
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Figure S1c. Process flow diagram of PDC extraction process in the plant system.
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Figure S1d. Process flow diagram of muconic acid extraction process in the plant system.
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Figure S2a. Process flow diagram of 4-HBA synthesis in the microbial system.

Glucose & nutrients ¢
P-1

Heat Sterilization >
P-2
Storage

|

[

| P-6
| Seed Fermentation
|
|
|
|

__ \ ’
L === P-11
Air ©—~<§ _____ 2 |
_____________ - Fermentation

P-14
Catechol = : ! P-13 P-12
P-16 P-15 Ultrafiltration
Flud Bed Drying Crystallization

Figure S2b. Process flow diagram of catechol synthesis in the microbial system.
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Figure S3. Two potential scenarios considered in this study for combining plant and microbial
systems as a single integrated biochemical plant. This is an example considering PDC as a
product. WWT: wastewater treatment. CHP: combined heat & power.
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Figure S4. Technoeconomic results of combining plant and microbial systems as an integrated
biochemical plant considering PDC as the product. MSP: minimum selling price.
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4-HBA

Biomass sorghum price ($/t): 60; 95; 120 0.01 /777 777777777777 s 1.05
Discount rate (%): 5; 10; 15 0.01 (/7777777777777 /NN 113

lonic liquid cost ($/kg): 1; 2; 5 0.32 [/ . 1.08
Glucose to ethanol (%): 85; 95; 95 0.51 I 0.90
Capital investment (%): +25% 0.08 A7/ 77777777/ I, 0.94
Glucan to glucose (%): 80; 90; 95 0.35 27777, 0.83
Extraction effiency (%): 70; 90; 90 0.51 I 0.66
Xylan to xylose (%): 80; 90; 95 0.46 [7/lW 0.62
Pretreatment time (h): 1; 3; 5 0.42 V77l 0.58
Extraction time (h): 3; 6; 12 0.50 B 0.53
Fermentation time (h): 24; 36; 72 0.50 ¥ 0.52
Extraction temperature (°C): 70; 70; 140 0.51 1 0.53
lonic liquid recovery (%): 97; 97; 99 0.50 [ 0.51
0.00 0.20 0.40 0.60 0.80 1.00 1.20
MSP ($/kg)

Figure S5a. Sensitivity analysis of 4-HBA production in the plant system.
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Figure S5b. Sensitivity analysis of catechol production in the plant system.
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Figure S5c. Sensitivity analysis of PDC production in the plant system.
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Figure S5d. Sensitivity analysis of muconic acid in the plant systems.
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4-HBA

Yield (g/g glucose): 0.31; 0.31; 0.58 3.73 (P Ay 6.61

Glucose price ($/kg): 0.27; 0.59; 0.59 4.25 (/A A7 661
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Figure S6a. Sensitivity analysis of 4-HBA production in the microbial system.

Yield (g/g glucose): 0.16; 0.16; 0.38
Glucose price ($/kg): 0.27; 0.59; 0.59
Bioconversion (h): 36; 72; 96
Discount rate (%): 5; 10; 15

DAP price ($/kg): 0.5; 1.0; 1.5
Capital investment (%): +25%
NaH2PO4 price ($/kg): 0.1; 0.2; 0.4

Chloride price ($/kg): 0.035; 0.07; 0.14

Catechol

4TS LSS S LSS LSS S S A7 1110

7.29 YA/ 1110
10.56 [0 11.65

10.71 V8 115

10.77 V1 11.44
10.83 ] 11.38
10.98 [} 11.35

11.08 | 11.16

7 9 11 13
MSP ($/kg)

Figure S6b. Sensitivity analysis of catechol production in the microbial system.
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PDC
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Figure S6c¢. Sensitivity analysis of PDC production in the microbial system.
Muconic Acid
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Figure S6d. Sensitivity analysis of muconic acid production in the microbial system.
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