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S1. Value-added bioproducts extraction process.  

In this study, five value-added bioproducts (limonene, artemisinin, PHB, latex, and 

cannabidiol) have been selected to explore their potential impact on biorefinery economics.  

The average market price of limonene used in this study is $4.28/kg (1) in 2015; this 

price has been highly volatile because it is co-produced from an agricultural product (citrus), 

ranging from as low as $0.40/kg (2) about a decade ago to $11.0/kg (2) in 2011. Several 

methods have been reported to extract limonene, such as steam explosion (3) and dilute acid 

process (4, 5). However, these methods are performed under harsh conditions, which are 

energy-intensive (6). These extraction methods are also undesirable because they may 

prematurely depolymerize the biomass feedstock, making bioproduct separation and purification 

more challenging (7, 8). Wikandari et al. employed hexane to extract limonene under mild 

conditions from citrus waste, which reduced energy inputs and increased product yield relative 

to harsher techniques (6). Negro et al. further confirmed that using hexane as the solvent in 

limonene extraction from orange peel resulted in higher limonene recovery (9). Therefore, we 

adopted hexane as the extraction method in limonene extraction in this study. However, hexane 

is toxic to microorganisms (concentration of 13 g/L was used in toxicity test (6)), which may 

inhibit ethanol production (6, 10). Thus, hexane residue should be evaporated as much as 

possible prior to downstream microbial conversion of biomass-derived sugars or lignin 

intermediates. Wikandari et al. found that hexane evaporation at 50°C for 10 minutes could 

reduce hexane concentration below toxicity concentration (6). Briefly, limonene is extracted from 

biomass sorghum by commercial hexane at 20°C for 30 minutes; the mass ratio of biomass 

sorghum and commercial hexane is 1: 2 on dry basis (6). After extraction, the mixture of 

commercial hexane and limonene is evaporated to remove hexane, which is then condensed 

and recycled (6). The purity of limonene obtained through extraction is assumed to be 98% as 

the purity of commercial limonene is about 90 - 98% (11).     

The market price of artemisinin increased dramatically to $1,100/kg (12) in 2004 - 2005 

due to unstable supply of A.annua; with appropriate mechanisms to reduce the price fluctuation, 

such as a system of guaranteed demand, the market price of artemisinin is estimated 

sustainably to be $250/kg - $300/kg (12) although a lower market price of $170/kg in 2007 was 

reported (13). Using hexane to extract artemisinin from A.annua is widely used in main A.annua 

growing and processing countries including China and Vietnam (14). Even though using hexane 

as the extraction solvent has advantages like low capital investment and simplicity technician, 

the extraction efficiency of artemisinin in large scale processing is fairly low (62 - 70%) (14). 

Future research is needed in developing more favorable extraction method, which should be 
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more environmentally friendly and higher artemisinin recovery rate (14). Industrial artemisinin 

purification involves filtration through silica filter or activated carbon filter to remove wax and 

other impurities and crystallization purified artemisinin (15). In this study, artemisinin is extracted 

from biomass sorghum by commercial hexane at 40°C for 8 hours; the mass ratio of biomass 

sorghum and commercial hexane is 1: 4 on dry basis (14). After extraction, the mixture of 

commercial hexane and artemisinin is evaporated to remove hexane, which is then condensed 

and recycled (6). Artemisinin is further filtered through gel filtration in order to remove impurities 

(15). After filtration, artemisinin is condensed for crystallization (15). The purity of artemisinin 

obtained through extraction is assumed to be 99% (15).     

In this study, the market price of polypropylene (PP) was used as the price of PHB 

because eventually PHB produced in a biorefinery will compete with conventional plastics. In 

2017, PP was sold in the range of $1.7–$3.8/kg in the U.S. with an average price of $3.5/kg 

(16). Currently, most PHBs are extracted by halogenated organic solvents like chloroform (17). 

However, chloroform is hazardous to water resources and likely to be carcinogenic to humans 

(18). Thus, a non-halogenated organic solvent suitable for industrial application should be 

developed. Even though the optimization of the process conditions of PHB extraction using non-

toxic solvents on industrial scale is still needed, using butyl acetate, a non-halogenated solvent, 

in bench scale exhibited high PHB recovery rate and purity (17). In this study, we employed this 

method as it has the potential to be used in the future industry plant. Similar to hexane, lab 

results indicated that when butyl acetate concentrations > 4 g/L are toxic to E.coli  and should 

be maintained below 2.5 g/L (19). Therefore, butyl acetate should be removed as much as 

possible after extraction in order to have minimum impact on downstream fermentation process. 

Briefly, PHB is extracted from biomass sorghum by butyl acetate at 103°C for 30 minutes; the 

ratio of biomass sorghum and butyl acetate is 1g (dry basis): 100mL (17). After extraction, the 

mixture of butyl acetate and PHB is centrifuged and distilled to remove butyl acetate, which is 

then condensed and recycled. PHB is further filtered through membrane filtration and acetone is 

added to precipitate PHB; the precipitated PHB is washed with water and stored in tanks (17). 

The purity of PHB obtained through extraction is assumed to be 99% (17).     

The market price of natural latex from 2010 to 2018 varies between $1.57/kg - $4.82/kg 

with an average price of $2.57/kg (20). It is not practical to collect latex in industry by tapping as 

in natural rubber tree; therefore, a flow method that parallels commercial extraction process is 

developed since latex can be extracted by flowing latex in extraction medium (21, 22). In this 

study, the flow method using aqueous extraction solvent is also chosen in latex extraction 

process. Briefly, latex is extracted from biomass sorghum by ice cold extraction buffer (0.1% 
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Na2SO3, 0.2% NH3 and 0.1% casein) at room temperature for 20 minutes; the ratio of biomass 

sorghum and extraction buffer is 1g (dry basis): 2mL (21). After extraction, the mixture of 

extraction buffer and latex is centrifuged for five times in order to collect latex as much as 

possible (21). The purity of latex obtained through extraction is assumed to be 99% (21).     

The market price of cannabidiol (CBD) is obtained from hemp-derived CBD oil reported 

in 2018 (23). Industry cannabidiol extraction technologies include thermal extraction, alcohol 

extraction and supercritical carbon dioxide extraction (24). However, thermal process like 

pyrolysis(25) and supercritical carbon dioxide process (26) have been used in biomass 

pretreatment. In this study, methanol is chosen as the major extraction solvent because 

methanol achieved higher cannabidiol recovery compared to ethanol (27). Briefly, cannabidiol is 

extracted from biomass sorghum by a mixture of methanol and hexane (9:1) at room 

temperature for 30 minutes (28, 29); the ratio of biomass sorghum and extraction solvent is 

15mg (dry basis): 1mL (28). After extraction, the mixture of extraction solvent and cannabidiol is 

centrifuged to collect cannabidiol; the extraction solvent is further distilled to separate methanol 

and hexane. The purity of cannabidiol obtained through extraction is assumed to be 99% (30).     
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Table S1. Current market price ($/kg) and probability distribution of selected bioproducts. 

 
Compound 

Market price ($/kg) 

Source 
Average Minimum Maximum Distribution 

Artemisinin 250  170  1,100  Triangular (12, 13) 

Cannabidiol 90  60 200  Triangular (23) 

Limonene 4.28  0.40  11.00  Triangular (1, 2) 

PHB 3.48  1.70  3.80  Triangular (16) 

Latex 2.59  1.57 4.82  Triangular (20) 
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Figure S1. An overview of limonene extraction process.  

 

 

 

 

 

Figure S2. An overview of artemisinin extraction process.  
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Figure S3. An overview of PHB extraction process.  

 

 

 

Figure S4. An overview of latex extraction process.  
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Figure S5. An overview of cannabidiol extraction process.  
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S2. Bioethanol production using the integrated one-pot high gravity ionic liquid 

pretreatment process.  

 In this study, biomass sorghum is chosen as the representative of bioenergy crops since 

it is a promising near-term feedstock for biofuel production due to its high yield (up to 24.8 

metric ton per hectare) (31) and drought tolerance characteristics (32). Among all pretreatment 

methods, we selected ionic liquid (IL) pretreatment method in this study because it is proven to 

be effective for biomass pretreatment (33) and most ILs are green solvents due to low 

flammability and low toxicity (34). Additionally, using [Ch][Lys] has the potential to reduce 

greenhouse gas emissions by around 45% per megajoule of fuel (35). Potential challenges in 

reducing minimum ethanol selling price associated with IL pretreatment process include high IL 

purchasing price and IL recycling rate (36).  

 

Table S2. Input parameters used for the techno-economic modeling and sensitivity analyses.  

Parameter Unit Average Minimum Maximum 

Biomass sorghum price (37) $/dry metric ton  95.0 76.5 114.7 

Structural composition of biomass sorghum (38) 

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   

Value-added compound extraction process 

Limonene 

Extraction time (6) min 10 10 30 

Extraction temperature (6) °C 20 20 40 

Solvent price (39) $/kg 0.4 0.2 0.5 
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Parameter Unit Average Minimum Maximum 

Solvent to biomass ratio (6) g/g (dry basis) 2 1 4 

Limonene loss during 
extraction  

% 5 1 10 

Biomass sorghum loss during 
extraction  

% 1 1 10 

Artemisinin 

Extraction time (14) h 8 8 10 

Extraction temperature (14) °C 40 30 40 

Solvent price (39) $/kg 0.4 0.2 0.5 

Solvent to biomass ratio (14) g/g (dry basis) 4 2 5 

Artemisinin loss during 
extraction  

% 5 1 10 

Biomass sorghum loss during 
extraction  

% 1 1 10 

PHB 

Extraction time (17) min 15 30 60 

Extraction temperature (17) °C 103 50 103 

Solvent price (39) $/kg 1.08 0.80 1.20 

Solvent to biomass ratio (17) mL/g (dry basis) 100 50 100 

PHB loss during extraction  % 5 1 10 

Biomass sorghum loss during 
extraction  

% 1 1 10 

Latex 

Extraction time (21) min 30 15 45 
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Parameter Unit Average Minimum Maximum 

Extraction temperature (21) °C 20 20 30 

Solvent price (39, 40) $/kg 1.15 0.86 1.44 

Solvent to biomass ratio (21) mL/g (dry basis) 2 1 4 

Latex loss during extraction  % 5 1 10 

Biomass sorghum loss during 
extraction  

% 1 1 10 

Cannabidiol  

Extraction time (28) min 30 15 45 

Extraction temperature (28) °C 20 20 30 

Solvent price (39, 40) $/kg 0.64 0.36 0.80 

Solvent to biomass ratio (28) L/g (dry basis) 0.07  0.01 0.15 

Cannabidiol loss during 
extraction  

% 5 1 10 

Biomass sorghum loss during 
extraction  

% 1 1 10 

IL pretreatment process (33, 41) 

Solid loading rate wt.% 30   

IL to biomass ratio kg/kg (dry basis) 0.29   

IL cost  $/kg 2.00 1.43 5.00 

Pretreatment time h 3.00 1.00 5.00 

Enzymatic hydrolysis and fermentation process (33, 41, 42) 

Enzyme loading rate mg/g glucan 20.0   

Enzyme price $/kg 4.29   

Glucan to glucose wt.% 90.0 80.0 95.0 
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Parameter Unit Average Minimum Maximum 

Xylan to xylose wt.% 90.0 80.0 95.0 

Hydrolysis time h 72.0   

Corn steep liquor price $/kg 0.06   

Diammonium phosphate price $/kg 0.97   

Glucose conversion  wt.% 95 85 95 

Xylose conversion wt.% 85 75 85 

Fermentation residence time h 36 24 48 

Product recovery, wastewater treatment, and lignin utilization process 

IL recovery (33) wt.% 99.0 99.9 90.0 

Natural gas price (43) $/m3 0.16   

Electricity price (44) $/kWh  0.057   

Cooling water (39) $/ton 0.05   

Chilled water (39) $/ton 0.40   

Economic evaluation (42) 

Daily feedstock processed  dry metric ton/day 2,000   

Feedstock moisture content wt.% 20.0   

Annual operating time h 8,410   

Total capital investment $  -25% +25% 

Interest rate % 10 5 15 

Plant life y 30   
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Table S3. Installation multiplier for various equipment employed in developing technoeconomic 

models in SuperPro Designer (42).    

Equipment Multiplier 

Aerobic digester 1.7 

Anaerobic digester 1.7 

Boiler 1.8 

Bucket elevator 1.7 

Centrifuge 1.7 

Clarifier 1.7 

Compressor 1.6 

Condenser 1.7 

Conveyor 1.7 

Crystallizer 1.7 

Distillation column, stainless steel 2.4 

Extractor 1.7 

Evaporator 1.7 

Fermenter 1.7 

Filters 1.7 

Grinder 1.7 

Heat exchanger, stainless steel 2.2 

Pretreatment reactor 1.5 

Pumps, stainless steel 2.3 

Tanks, stainless steel 1.5 

Tanks, storage, stainless steel 1.8 

Turbogenerator 1.8 
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Table S4. Assumptions in quantifying total capital investment (TCI) (in 2018 million dollars) of 

biorefineries with co-production with various value-added bioproducts.  

Parameters Assumptions Sources 

1. Fixed capital investment (FCI) TDC + TIC  

1) Total direct cost (TDC) PC+W+S+P  

Installed equipment cost (PC) Equipment purchase cost × 

Installation multiplier 

(39) 

Table S3 

Warehouse cost (W) 0.04 × IPC (excl. feedstock handling) (39) 

Site development cost (S) 0.09 × IPC (excl. feedstock handling) (39) 

Additional piping cost (P) 0.045 × IPC (excl. feedstock 

handling) 

(39) 

2) Total indirect cost (TIC)   

Prorateable expenses 0.10 × TDC (39) 

Field expenses 0.10 × TDC (39) 

Home office & construction fee 0.20 × TDC (39) 

Project contingency 0.10 × TDC (39) 

Other costs 0.10 × TDC (39) 

2. Land cost  $1,800,000 (39) 

3. Working capital  0.05 × FCI (39) 

4. Start-up and validation cost  0.05 × FCI (39) 
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Table S5. Total capital investment and annual operating cost (in 2018 million dollars) of 

biorefineries with co-production with various value-added bioproducts. In the base case 

scenario, the non-engineered biomass sorghum feedstock is utilized and no value-added 

bioproduct is produced. 

 Base case 

Bioproduct 

Limonene Artemisinin PHB Latex Cannabidiol 

Total capital investment 

Feedstock 
handling 

11 11 11 11 11 11 

Extraction 0 16 27 15 19 12 

Pretreatment 18 18 18 17 18 17 

Fermentation 26 26 27 27 27 27 

Recovery 28 28 28 26 28 28 

Wastewater 
treatment 

61 73 73 73 105 73 

Utility 82 90 97 89 83 84 

Annual operating cost 

Feedstock cost 
84 84 84 84 84 84 

Process 
materials cost 40 53 64 80 44 55 

Utilities cost 62 83 99 83 70 70 

Facility 
related cost 

6 6 7 6 6 6 
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S3. Sensitivity analyses of biorefineries with co-production with value-added 

bioproducts on minimum ethanol selling price (MESP).  

a. Base case scenario 

 
 
 
b. Biorefinery with co-production of limonene 
 

 
 

3.1 3.3 3.5 3.7 3.9 4.1

Fermentation time (h)

Pretreatment time (h)

IL cost ($/kg)

Xylan to xylose (%)

IL recovery (%)

Glucan to glucose (%)

TCI

Interest rate (%)

Biomass sorghum price ($/metric ton)

Ethanol yield (%)

Minimum ethanol selling price ($/gal)

3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4 4.1

Feedstock loss during extraction (%)

Fermentation time (h)

Pretreatment time (h)

IL cost ($/kg)

Xylan to xylose (%)

Limonene loss during extraction (%)

Solvent price ($/kg)

IL recovery (%)

Glucan to glucose (%)

TCI

Interest rate (%)

Biomass sorghum price ($/metric ton)

Solvent to biomass ratio (dry basis)

Ethanol yield (%)

Minimum ethanol selling price ($/gal)
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c. Biorefinery with co-production of artemisinin 

 
 

 
d. Biorefinery with co-production of PHB 
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e. Biorefinery with co-production of latex 

 
 
f. Biorefinery with co-production of cannabidiol (CBD) 

 
 

Figure S6. Sensitivity analyses of biorefineries with co-production of various bioproducts. The 

minimum ethanol selling price is calculated based on 90% extraction efficiency. In base case 

scenario, no compound is extracted from biomass sorghum as a coproduct. TCI refers to total 

capital investment. IL refers to ionic liquid; in this study, [Ch][Lys] is used in IL pretreatment 

process.   
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Minimum ethanol selling price ($/gal)



 

19 
 

S4. Prediction of minimum selling price of any bioproduct of interest with different in 

planta accumulation level in bioenergy crops for reaching MESP parity ($3.61/gal) and 

MESP target ($2.50/gal).   

 
Figure S7. Selling price of any bioproduct of interest with different in planta accumulation 

amount in the minimum ethanol selling price (MESP) parity of $3.61/gal.  
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Figure S8. Selling price of any bioproduct of interest with different in planta accumulation 
amount in the targeted minimum ethanol selling price (MESP) of $2.50/gal.  
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S5. Example of in planta accumulation of an extremely high-value bioproduct.  

Vinblastine, a chemotherapy medication first approved by the U.S. Food and Drug 
Administration in 1961, is included in this study because of its extremely high market price ($2 
million/kg) (45), which is due to its low mass fraction in its natural source, C. roseus, and costly 
process required to separate vinblastine from the large number of alkaloids present in C.roseus 
(46). Semi-synthetic and microbial routes have been demonstrated, and may ultimately reduce 
production costs, but isolation from C. roseus remains the conventional production route (47).  

In this study, vinblastine is assumed to be produced in planta in a hypothetical 
engineered plant without any other compositional changes, so this idealized case is not subject 
to many of the challenges of extraction from C.roseus. Traditional vinblastine extraction 
methods include hot water extraction, supercritical carbon dioxide extraction, and solvent 
extraction using methanol or dichloromethane (48). Solvent extraction method is chosen for this 
study because of the potential for hot water (49) and supercritical carbon dioxide (26) to 
prematurely depolymerize the biomass (both are biomass pretreatment methods). 
Dichloromethane is chosen as the extraction solvent because of its high efficiency and the fact 
that it is widely used in the pharmaceutical industry (48, 50). The extraction process of 
vinblastine from biomass sorghum is shown in Fig. S9. Briefly, vinblastine is extracted from 
biomass sorghum by dichloromethane at 39°C for 16 hours; the ratio of biomass sorghum and 
dichloromethane is 10mg (dry basis): 7mL (48). Three stages of extraction cycle are used due 
to its higher extraction efficiency (51). After extraction, dichloromethane is distilled from the 
mixture and recycled. Vinblastine is further filtered through gel filtration in order to remove other 
impurities, as employed in artemisinin purification. After filtration, vinblastine is crystallized, 
filtered and stored in tanks (52). The purity of vinblastine obtained through extraction is 
assumed to be 99% (53) .    

Similar to biorefinery with co-production of artemisinin, vinblastine requires higher capital 
investment in the recovery process as well (~$26 million $). Previously reported production 
costs of vinblastine from C. roseus are high due to its low mass fraction in C. roseus and costly 
separation process required to isolate vinblastine from other alkaloids present in the plant (46). 
In this study, we assume the biomass, sorghum, can be engineered to accumulate only 
vinblastine, which reduces its separation cost. However, this simplifying assumption may not 
hold true in practice, in which case vinblastine recovery costs may be significantly higher than 
estimated in our results. Because of its extremely high market value ($2 million/kg), a small 
fraction of vinblastine accumulation in planta (< 0.01 dwt%) is sufficient to achieve the targeted 
ethanol selling price of $2.50/gal.  

Vinblastine production, similar to cannabidiol, has not been reported as a product of any 
engineered plants. C. roseus is the major natural source of vinblastine. The leaves of C. roseus 
contain about 0.0011 dwt% vinblastine; with somatic embryo-generated plants, vinblastine yield 
in C. roseus leaves could increase to 0.0013 dwt% (54). Even if these low accumulation rates 
could be achieved in a bioenergy crop, particularly in the absence of other alkaloids that 
complicate the separations process, vinblastine would be an economically viable co-product at 
cellulosic biorefineries due to its extremely high market price. As for the impact on the global 
market size, vinblastine is an extreme case, as a small fraction of output from a single 
biorefinery would meet global market demand. 
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Figure S9. An overview of vinblastine extraction process.  
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