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 2 

Abstract 24 

There is a pressing need to replace crude oil with renewable feedstocks such as sugarcane to 25 

manufacture fuels and chemicals. Triacetic acid lactone (TAL) is a bioproduct of particular interest 26 

as a platform chemical with the potential to produce commercially important chemicals including 27 

sorbic acid and polydiketoenamine plastics. In this study, we leveraged BioSTEAM−an open-28 

source platform−to design, simulate, and evaluate under uncertainty (via techno-economic 29 

analysis, TEA, and life cycle assessment, LCA) biorefineries producing TAL from sugarcane by 30 

microbial conversion of sugars. We experimentally characterized TAL solubility, calibrated 31 

solubility models, and designed a process to separate TAL from fermentation broths by 32 

crystallization. The biorefinery could produce TAL (≥94.0 dry-wt%) at a minimum product selling 33 

price (MPSP) of $4.87·kg-1 (baseline) with a range of $4.03−6.08·kg-1 (5th−95th percentiles). The 34 

MPSP was below the maximum viable TAL price range for sorbic acid production ($5.99−7.74·kg-35 

1) in ≥93% of simulations and consistently below the benchmark price to produce 36 

polydiketoenamines ($10·kg-1). We used a quantitative sustainable design framework to explore 37 

the theoretical fermentation space (titer, yield, and productivity combinations), potential 38 

separation improvements (mitigating TAL ring-opening decarboxylation through pH control), and 39 

operation scheduling and capacity expansion strategies (e.g., through integrated sweet sorghum 40 

processing). Advancements in key design and technological parameters could greatly improve 41 

the biorefinery’s financial viability (MPSP of $2.60·kg-1 [$2.31−3.16·kg-1], consistently below the 42 

maximum viable price range for sorbic acid and polydiketoenamines production) and 43 

environmental benefits (carbon intensity of 3.65 [1.90−5.43] kg CO2-eq·kg-1, with net 44 

displacement of fossil energy consumption in 70% of simulations). This research highlights the 45 

ability of agile TEA-LCA to screen promising designs, navigate sustainability tradeoffs, prioritize 46 

research needs, and chart quantitative roadmaps for the continued development of bioproducts 47 

and biofuels. 48 
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Introduction 49 

Triacetic acid lactone (TAL) has been identified as a bio-privileged chemical—a bio-derived 50 

chemical intermediate that can be converted into a diverse set of useful chemical products.1–5 51 

This utility has motivated recent efforts to investigate the potential use of TAL as a platform 52 

chemical in the production of commercially important commodity chemicals (e.g., sorbic acid and 53 

potassium sorbate,2,6 acetylacetone2), specialty chemicals (e.g., pogostone,7 katsumadain,8 54 

penicipyrone9), and novel chemicals with the ability to serve as functional replacements to existing 55 

products (e.g., highly recyclable and thermally stable polydiketoenamine plastics,10 enhanced 56 

corrosion inhibitors in steel equipment3). In 2019, an estimated 72,350 metric tons of sorbic acid 57 

(with a market value of $480 million) was consumed globally, and this demand is projected to 58 

grow at 3.8% annually from 2020–2030 (to approximately 104,000 metric ton·y-1, with a market 59 

value of $770 million) largely due to its increasing usage as a preservative in the food and 60 

beverage industry.11 A more recent report actually estimated a global sorbic acid market of 61 

150,000 metric tons in 2023 and projected a 4.8% annual growth to 260,000 metric ton·y-1 by 62 

2034.12 63 

Currently, both TAL and sorbic acid are produced almost exclusively via chemical 64 

synthesis.5,11,13 Sorbic acid is primarily produced via the condensation of malonic acid and 65 

crotonaldehyde,4,13 which are both primarily fossil-derived chemicals.14–16 Alternatively, sorbic 66 

acid can be produced from TAL through a series of reactions (namely hydrogenation, dehydration, 67 

ring-opening, and hydrolysis) with high overall yields (e.g., approximately 77% as potassium 68 

sorbate).2,6 TAL does not currently have an established global market as the chemical synthesis 69 

route is prohibitively expensive.5 However, the prospects for the biological production of TAL 70 

continue to improve, with recent advancements in the conversion of sugars and acetate by 71 

metabolically engineered strains of microbes including Saccharomyces cerevisiae,17–21 Yarrowia 72 

lipolytica,7,22–25 Escherichia coli,10,20,26 and Rhodotorula toruloides27 (formerly classified as 73 
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Rhodosporidium toruloides28). By integrating the biological production of TAL with catalytic 74 

upgrading to sorbic acid, we have the potential to produce bio-derived sorbic acid with greater 75 

financial viability and environmental benefits than conventional, fossil-derived production. 76 

To achieve biological production of TAL at the industrial scale, key challenges related to 77 

fermentation and separation of TAL from the fermentation broth need to be addressed. In 78 

particular, the poor performance of fermentation microbes results in high costs associated with 79 

feedstock acquisition (due to low yield) and product separation (due to low titer).10,29 To overcome 80 

low titers, a recently proposed separation process leveraged activated carbon for adsorption of 81 

TAL from the fermentation broth with 72% recovery, but this process may be undermined by 82 

biologically derived impurities in the product stream due to non-selective adsorption.29 83 

Crystallization has been suggested as an alternative method for low-cost separation of TAL.10 84 

However, the high cell density associated with TAL production (e.g., up to 47 g cell mass·L-1 85 

broth25) coupled with the low solubility of TAL in water at fermentation operating temperatures 86 

(e.g., 8.41 g·L-1 at 30°C;30 the temperature maintained for TAL production by Y. lipolytica is 28–87 

30°C7,22–25) poses difficulties for selective TAL recovery by crystallization. If insoluble solids (cell 88 

mass and crystallized TAL) were directly centrifuged out of the broth, it may be difficult to obtain 89 

a pure TAL stream free of cellular debris (e.g., solvent extraction may cause cell lysis by organic 90 

solvents and mechanical disruption), resulting in potentially costly downstream separation and 91 

purification of TAL. Although it may be possible to separate TAL from fermentation broths through 92 

crystallization more effectively, design and simulation of such processes has been limited due to 93 

the lack of data and models for TAL solubility in water at relevant temperatures. 94 

Further, despite the potential of bio-based TAL as a platform chemical for sustainable 95 

biomanufacturing, we are only aware of three studies that characterized its financial viability (via 96 

techno-economic analysis, TEA)10,29,31 and one study that characterized its life cycle 97 

environmental impacts (via life cycle assessment, LCA)10. In these previous studies, a lack of 98 

available data and validated solubility models often (understandably) required authors to make 99 
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simplifying assumptions. These necessary assumptions included neglecting the low solubility of 100 

TAL in aqueous solutions (e.g., by modeling high-titer fermentation broths and assuming TAL was 101 

completely dissolved),31 assuming a stable supply of sugar as the feedstock (without considering 102 

the recovery of sugars from biomass feedstocks and the impact of feedstock harvest schedules 103 

on biorefinery annual operating days),29 and assuming co-utilization of glucose and xylose based 104 

on fermentation performance observed in experimental work solely using glucose.10 Additionally, 105 

studies have often used single or discrete sets of assumptions without characterizing the 106 

uncertainty in results or evaluating the implications of technological advancements on the financial 107 

viability and environmental sustainability of proposed processes.10,29,31 Ultimately, prioritizing 108 

research and development for bio-based TAL production would benefit from consideration of the 109 

end-to-end process with robust modeling of key physical and chemical properties under 110 

uncertainty and by evaluating the system sustainability implications of further technological 111 

improvements beyond the current state-of-technology. 112 

The objectives of this study were to evaluate the potential for sustainable production of 113 

TAL from renewable, sugar-based feedstocks across a landscape of technology performance 114 

scenarios, and guide future research and development pathways to advance bio-based TAL 115 

production. To this end, we leveraged BioSTEAM,32,33 an open-source platform in Python, to 116 

assess the potential for the financially viable and environmentally sustainable production of TAL. 117 

First, we experimentally characterized TAL solubility in water at temperatures ranging from 0°C 118 

to 93°C and for the ring-opening decarboxylation of TAL in water to acetylacetone (Figure 1). 119 

Next, we fit thermodynamic solubility models to the obtained TAL solubility data and, using the 120 

calibrated solubility model, we designed a process to separate TAL from fermentation broths by 121 

crystallization. We developed a full biorefinery design to produce TAL from sugarcane and sweet 122 

sorghum and analyzed a baseline scenario with the microbial strain Yarrowia lipolytica using 123 

demonstrated fermentation performance from the literature.22 We then performed Monte Carlo 124 

simulations to characterize the uncertainty in sustainability indicators (minimum product selling 125 
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price, MPSP; life cycle carbon intensity, CI; fossil energy consumption, FEC) and sensitivity 126 

analyses to identify key technological drivers. To better understand the economic and 127 

environmental implications of potential process improvements, we designed and simulated 128 

biorefineries across the entire theoretical fermentation space (i.e., across all possible titer, yield, 129 

and productivity combinations) and under potential improvements in separation (i.e., decreased 130 

ring-opening decarboxylation of TAL by pH control to improve recovery). In addition, we explored 131 

the economic implications of alternative biorefinery operating schedules (including the integration 132 

of sweet sorghum as an additional feedstock) and TAL production capacities. Finally, we discuss 133 

and prioritize research and development opportunities along the value chain to advance the 134 

financial viability and environmental sustainability of bio-based TAL production. 135 

 136 

Figure 1. Overview of key reactions discussed in this work. Chemical structures are depicted immediately 137 

below the names of the compounds they represent. Numbers at beginnings and ends of arrows denote 138 

stoichiometric coefficients of reactants and products, respectively. Theoretical maximum yields by mass 139 
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(theoretical max. yield) are shown for each reaction. Although citric acid may be used by Y. lipolytica for 140 

TAL production in the absence of glucose, this is not depicted because TAL production was modeled solely 141 

from sucrose, glucose, and xylose. Citric acid production from glucose was modeled based on the final 142 

yield after citric acid depletion for TAL production reported by Markham et al.22 Reaction intermediates are 143 

omitted for clarity. In the case of catalytic conversion of TAL to sorbic acid, intermediates (serially: 5,6-144 

dihydro-4-hydroxy-6-methyl-2H-pyran-2-one; 4-hydroxy-6-methyltetrahydro-2-pyrone; and parasorbic acid) 145 

can occur in a series of reactors (e.g., for hydrogenation, dehydration and ring-opening, and hydrolysis, 146 

respectively).2,6 In the case of catalytic conversion of TAL to polydiketoenamine plastics, aliphatic 147 

dicarboxylic acids can be used along with TAL (stoichiometric coefficient n will depend on the structure of 148 

the targeted resin) to make bio-based monomers, which can be milled with amine monomers (1:1 149 

stoichiometry with TAL) to make polydiketoenamine resins (chemical structures are not depicted for clarity, 150 

and theoretical maximum yields will depend on the aliphatic dicarboxylic acids used).10 151 

 152 

Methods 153 

System Description 154 

Estimating the Market Opportunity 155 

Although TAL can be catalytically upgraded to a diverse set of specialty, commodity, and novel 156 

chemicals, it does not yet have an established global market. A TAL market price of $10·kg–1 has 157 

been previously suggested based on the potential for TAL to serve as a direct replacement for 158 

the petrochemical dimedone10 to synthesize polydiketoenamines—highly recyclable plastics.34,35 159 

A recent study demonstrated that bio-based TAL can be used to produce polydiketoenamine 160 

plastics with greater thermal stability and a wider range of serviceable applications than the 161 

petrochemical dimedone.10 The estimated global demand for bio-based plastics was 162 

approximately 1.05 million metric tons in 2023 and could grow 9.3% annually to 1.63 million metric 163 

tons by 2028,36 indicating a large market opportunity. As an alternative benchmark, TAL could 164 

serve as a feedstock for sorbic acid production. TAL can be upgraded to sorbic acid through a 165 
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series of reactions (hydrogenation, dehydration, ring-opening, and hydrolysis) with a theoretical 166 

maximum yield of 0.889 g sorbic acid·g TAL–1. Sorbic acid is a commodity chemical with one 167 

report estimating a global demand of 72,350 metric tons in 2019 (expected to grow at 3.8% 168 

annually from 2020 to 2030).11 A more recent report actually estimated the 2023 global sorbic 169 

acid market was 150,000 metric tons and could grow 4.8% annually to 260,000 metric ton·y-1 by 170 

2034.12 Due to its antimicrobial properties, sorbic acid is mainly used as a preservative in foods 171 

and beverages, pharmaceuticals, and animal feed.11 It is also used as a preservative in cosmetics, 172 

biomanufacturing processes, and in formulations for soaps and detergents.11 The U.S. ranks first 173 

globally in sorbic acid consumption (about 23,800 metric tons in 2019) and produces roughly 50% 174 

of this amount, also relying on imports to satisfy the demand.11  The 2019 market price of sorbic 175 

acid was $6.74·kg–1 in the U.S, and a 2023 search for vendor listings on Alibaba (with the “verified” 176 

and “trade assurance” filters active) of bulk sorbic acid orders showed a lowest selling price listed 177 

as potassium sorbate at $6.50·kg–1 potassium sorbate (equivalent to $8.71·kg–1 sorbic acid 178 

assuming 100% conversion).11,37 Based on the theoretical maximum yield of sorbic acid from TAL, 179 

it follows that the TAL price must be below $5.99–7.74·kg–1 to have any potential for market-180 

competitive sorbic acid production. This price range neglects costs associated with TAL 181 

conversion to sorbic acid, but also neglects potential financial incentives for bio-derived products 182 

(e.g., government incentives,38 consumers’ willingness to pay higher prices39). Thus, to inform the 183 

discussion of TAL financial viability in this work, we benchmarked TAL MPSP results against the 184 

range of $5.99–7.74·kg–1 (for TAL as a feedstock to produce sorbic acid) and the aforementioned 185 

literature value of $10·kg–1 (for TAL to replace dimedone as a feedstock to produce 186 

polydiketoenamine plastics10). 187 

Juicing, Fermentation, and Separation Processes 188 

The biorefineries in this study are comprised of three main (inside battery limits) processes 189 

(feedstock juicing and clarification, fermentation, and separation) with outside-battery wastewater 190 
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treatment and miscellaneous facilities (a biorefinery overview is provided in Figure S1, and a 191 

detailed list of biorefinery equipment is provided in Table S2 in the Electronic Supplementary 192 

Information, ESI). The biorefinery’s production capacity was 13,385 metric ton TAL∙y-1 in the 193 

baseline case, which would be enough to produce 11,900 metric tons of sorbic acid annually 194 

assuming theoretical maximum conversion. This production capacity was chosen based on (i) the 195 

growth projected in the annual U.S. demand for sorbic acid between 2020–2030 (from 196 

approximately 23,800 metric tons of sorbic acid in 2019 to a projected 34,550 metric tons of sorbic 197 

acid in 2030) and (ii) the amount by which the 2019 U.S. consumption of sorbic acid (23,800 198 

metric tons) exceeded the 2019 U.S. production capacity (12,375 metric ton∙y-1).11 This translates 199 

to a baseline biorefinery accepting 620,540 metric ton∙y-1 sugarcane, which is well within the 200 

reported annual capacity for an intermediate-size sugarcane processing facility (1,600,000 metric 201 

tons40) that has been assumed in previous sugarcane biorefinery TEAs.41–43 Larger production 202 

capacities were also explored to improve financial viability. The biorefinery was assumed to 203 

operate 180 days annually in the baseline case, an operating time previously estimated for 204 

sugarcane biorefineries in the southern U.S. based on typical harvest periods and maximum 205 

storage times.41–43 Assumptions related to feedstock composition (Table S1), as well as baseline 206 

values and distributions for all parameters included in the uncertainty analysis (Table S6), are 207 

detailed in the ESI. The process models used for sugarcane juicing and clarification are described 208 

in previous studies.33,41 209 

The bagasse from crushing feed sugarcane is diverted to the boiler for combustion and 210 

the clarified juice is sent to the fermentation process. In the fermentation process, the juice 211 

undergoes a two-part scheme involving multiple-effect evaporation followed by dilution as needed 212 

to achieve the necessary concentration of sugars (Figure 2A). The sequentially evaporated and 213 

diluted juice is sent to fermentation with Y. lipolytica. Note that, to be consistent with chemical 214 

engineering literature, the term fermentation is used here to mean microbial conversion (including 215 

aerobic conversion) of a substrate to a specific product in a bioreactor. Sodium acetate is also 216 
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fed into the fermentation reactor as an additional carbon source for TAL production (baseline 217 

values and ranges for sodium acetate loading and all other parameters included in the uncertainty 218 

analysis are listed in Table S6 in the ESI). In addition, corn steep liquor and diammonium 219 

phosphate were also added to the fermentation broth to satisfy microbial nitrogen and phosphorus 220 

requirements, respectively (further explained in Section S1.1 in the ESI). Based on data from the 221 

literature, the baseline fermentation performance was assumed to achieve an overall TAL yield 222 

of 40.5% of the theoretical maximum yield on glucose and acetate (the values of the theoretical 223 

maximum yields on glucose and acetate being approximately equal at  0.467 g-TAL·g-glucose 224 

eq.-1 and 0.467 g-TAL·g-acetic acid eq.-1, respectively22), a maximum titer of 35.9 g·L–1, and a 225 

productivity of 0.12 g·L–1·h–1 (reasoning provided in Section S1.1 and Table S3 in the ESI) Some 226 

glucose was assumed to be converted to citric acid with a yield of 0.094 g·g–1 based on the 227 

reported concentrations in the fermentation media and broth.22 Aeration was modeled based on 228 

the dissolved oxygen saturation of 50% reported to be maintained22 (detailed process description 229 

provided in Section S1.1 in the ESI; baseline values and ranges for citric acid yield, aeration rate, 230 

and all other parameters included in the uncertainty analysis are listed in Table S6 in the ESI). 231 

 232 
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 233 

Figure 2. Simplified block flow diagram for the (A) fermentation and (B) separation processes. WWT 234 

denotes wastewater treatment. Some units (e.g., pumps, mixers, splitters, heat exchangers) are not 235 

included in the figure for clarity; the process flow diagram in the system report (available in the online 236 

repository44) includes the full set of details. 237 

 238 

After fermentation, the produced broth containing TAL, insoluble cellular materials, and 239 

other impurities is directed to the separation process. The design of this separation process was 240 

enabled by the experimentally calibrated temperature-dependent solubility model for TAL 241 

(discussed in Results and Discussion). First, the broth is heated to a sufficiently high temperature 242 

to dissolve all TAL present (step 1 in Figure 2B), after which insoluble cellular materials are 243 

centrifuged out (step 2 in Figure 2B) and the liquid effluent is sent to crystallization at 1°C (step 244 

3 in Figure 2B). A second centrifugation unit (step 4 in Figure 2B) separates the supernatant, 245 
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which is diverted to wastewater treatment, from the crystallized TAL, which is dried (step 5 in 246 

Figure 2B) and sent to storage. Based on experimental observations while heating TAL in water 247 

(Section S1.2 in the ESI), we modeled ring-opening decarboxylation of TAL to 2,4-pentanedione 248 

(acetylacetone), which was assumed to remain in the liquid supernatant due to its low melting 249 

point (-23°C45) and high solubility in water (e.g., 160 g·L–1 at 25°C45). Evaporation of water from 250 

the broth before crystallization was not considered as heating TAL in aqueous solutions can result 251 

in TAL loss by ring-opening decarboxylation.2,46 In addition to the baseline separation process, 252 

we also explored the possibility of mitigating ring-opening decarboxylation of TAL through pH 253 

control by simulating adding purchased sodium hydroxide prior to heating (step 1; Figure 2B). 254 

Thermodynamic Modeling of TAL Solubility in Water as a Function of Temperature 255 

TAL solubility in water was experimentally measured at temperatures ranging from 0°C−93°C 256 

(Section S1.2 in the ESI). Further, we observed ring-opening decarboxylation of the dissolved 257 

TAL to 2,4-pentanedione (acetylacetone) to occur when heating the solution—a phenomenon 258 

previously reported in the literature2,46—and we specifically measured the TAL ring-opening 259 

decarboxylation conversion at temperatures ranging from 30°C−80°C (Section S1.2 in the ESI).  260 

In a binary system, assuming the solid phase is pure, at temperature 𝑇𝑇 (in K), the solubility 261 

𝑥𝑥2 (as a mole fraction; e.g., mol-TAL·mol-solution-1) of a solid solute may be expressed as follows 262 

(from Equation 8.16.3 in 47): 263 

ln 𝛾𝛾2𝑥𝑥2 =  −∆𝐻𝐻𝑚𝑚
𝑅𝑅𝑅𝑅

(1 − 𝑇𝑇
𝑇𝑇𝑚𝑚

)       (Equation I) 264 

where 𝛾𝛾2 is the activity coefficient of the solute, ∆𝐻𝐻𝑚𝑚 is the enthalpy change for melting the solute 265 

at the triple-point temperature, 𝑇𝑇𝑚𝑚 is the normal melting temperature (in K), and 𝑅𝑅 is the molar 266 

gas constant (8.3145 J·mol-1·K-1). 267 

The activity coefficient (𝛾𝛾2) of the solute may be expressed using a one-parameter van 268 

Laar equation as follows (applying the parameter reduction method suggested by Poling, 269 

Prausnitz, and O’Connell47 to the equation originally proposed by Wohl48): 270 
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ln 𝛾𝛾2 =  𝐴𝐴
𝑅𝑅𝑅𝑅
�1 + 𝑉𝑉2𝐿𝐿

𝑉𝑉1𝐿𝐿
𝑥𝑥2

(1−𝑥𝑥2)
�
−2

       (Equation II) 271 

where 𝑉𝑉1𝐿𝐿 and 𝑉𝑉2𝐿𝐿 are the liquid molar volumes of the solvent and solute, respectively, and 𝐴𝐴 is an 272 

empirical constant. 273 

From Equations (I) and (II), we obtain: 274 

𝑥𝑥2 =  𝑒𝑒
−∆𝐻𝐻𝑚𝑚
𝑅𝑅𝑅𝑅 �1− 𝑇𝑇
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𝐿𝐿

𝑉𝑉1
𝐿𝐿

𝑥𝑥2
(1−𝑥𝑥2)�

−2
 
      (Equation III) 275 

which is an implicit equation that may be used to numerically solve for 𝑥𝑥2 at a given value of 𝑇𝑇. 276 

Although other equations were evaluated and fit to the experimental data (additional details 277 

presented in Section S1.3 in the ESI), Equation (III) was exclusively used to estimate TAL 278 

solubility for all simulations in this work because of the high goodness of fit obtained for 12 279 

experimental data points using one empirical constant, 𝐴𝐴 (further detailed in Results and 280 

Discussion). 281 

Facilities 282 

Facilities in the biorefinery include a boiler (for on-site heat utility production), turbogenerator (for 283 

on-site electricity production), a cooling tower and chilled water system (for on-site cooling utility 284 

production), wastewater treatment (using a newly developed high-rate process scheme that 285 

includes internal circulation reactors and anaerobic membrane bioreactors for biogas 286 

production49), heat exchanger network (HXN, for heat integration to minimize heating and cooling 287 

utility demands), process water center (for water reuse), and other auxiliary units for storage, air 288 

distribution, and clean-in-place. These facilities were modeled to be consistent with previous 289 

studies (additional details presented in Section S1.5 in the ESI).50–52 290 

Open-Source System Model 291 

The biorefinery was designed, simulated, and evaluated using BioSTEAM,32,53 and the 292 

thermodynamic package utilized was Thermosteam.54,55 Briefly, influent and effluent streams of 293 

each unit are simulated in BioSTEAM and coupled with operating parameters and equipment cost 294 
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algorithms for unit design and cost calculations. Further descriptions of major processes and units 295 

(Section S1, Table S2) as well as baseline values and uncertainty distributions of key parameters 296 

(Table S6) are included in the ESI. All Python scripts for BioSTEAM and the biorefinery (including 297 

biorefinery setup and system analyses) as well as a system report (including detailed process 298 

flowsheet, stream composition and cost tables, unit design specifications, and utilities for the 299 

baseline simulation) are available in the online repository.44 300 

 301 

System Analyses under Uncertainty 302 

Techno-Economic Analysis (TEA) 303 

We performed TEA for the designed and simulated biorefineries using BioSTEAM’s discounted 304 

cash flow rate of return analysis to calculate the minimum product selling price (MPSP, $·kg-1) of 305 

TAL to achieve a net present value of zero with a 10% annual internal rate of return (a uniform 306 

distribution of 8−12% was assumed based on values proposed in previous sugarcane biorefinery 307 

TEAs;41–43 a full list of baseline parameter values, uncertainty distributions, and literature 308 

references for the same are provided in Table S6 in the ESI). The biorefinery was modeled as an 309 

nth plant design (i.e., it is assumed a successful industry has been established with mature 310 

technologies). Key construction (e.g., warehouse, site development), fixed operating (e.g., labor 311 

burden, property insurance), and financial (e.g., depreciation, taxes) parameters followed 312 

assumptions in previous studies56,57 and are included in the Python script.44 All costs and prices 313 

shown are presented in 2019 U.S. dollars. All parameters used in the cash flow analysis follow 314 

the assumptions made by Humbird et al.56 except for the baseline federal corporate tax rate, which 315 

was updated to 21% (the current rate as of 201758). To account for several potential changes,59,60 316 

the uncertainty analysis assumes the federal corporate tax may vary uniformly between 15−28% 317 

(a full list of baseline values, uncertainty distributions, and literature references for all 30 318 

parameters included in the uncertainty analysis are provided in Table S6 in the ESI). A breakdown 319 
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of the estimated revenue and capital and operating expenditures, as well as additional details on 320 

the design, utility requirements, purchase costs, and installed equipment costs can be found 321 

online.44 322 

Life Cycle Assessment (LCA) 323 

We performed LCA in Python using the simulated inventories for streams (input chemicals and 324 

output emissions) and utilities from BioSTEAM. The LCA scope included the operational phase 325 

of the biorefinery, including cradle-to-grave impacts for all raw materials, ancillary processes, and 326 

unit processes. The functional unit was set to 1 kg of produced TAL to be consistent with the TEA. 327 

The sale of co-produced electricity was assumed to displace the impacts of marginal electricity 328 

production. Impacts resulting from infrastructure construction were excluded to be consistent with 329 

the U.S. renewable fuel standard (RFS).61 Final characterization and discussion of environmental 330 

impacts focused on two impact categories—carbon intensity (CI; quantified as 100-year global 331 

warming potential, GWP100) and fossil energy consumption (FEC)—which were selected to enable 332 

comparisons with results from the literature and based on their relevance to policies and 333 

legislation.62,63 The impact assessment methodology used for CI was the Intergovernmental Panel 334 

on Climate Change (IPCC) 2013,64 and that used for FEC was the Tool for the Reduction and 335 

Assessment of Chemical and other Environmental Impacts (TRACI) 2.0.65 Life cycle inventory 336 

data were collected from ecoinvent 3.8 and some unit impacts were gathered from GREET 337 

2020,66,67 and their sources were noted in the script.44 The baseline impacts of feedstock farming 338 

(excluding credit for fixed carbon), harvest and collection, transportation, storage, and handling 339 

were considered (Table S6). The amount of carbon fixed in the feedstock is equal to the sum of 340 

carbon in the product (TAL) and in the biogenic portion of direct waste emissions from the 341 

biorefinery. To focus on the biorefinery, we assumed the end-of-life impacts associated with the 342 

product (TAL) as well as non-gaseous wastes (e.g., unconsumed and non-combusted sugars and 343 
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insoluble lignin in the brine, accounting for <0.05% of the CI) would be exclusively from passive 344 

oxidation of all carbon into CO2.  345 

Uncertainty and Sensitivity Analyses 346 

Uncertainty analysis was conducted for the baseline biorefinery design using Monte Carlo 347 

simulation with Latin Hypercube Sampling (6,000 simulations) for 30 uncertain parameters. The 348 

full list of the evaluated parameters, their uncertainty distributions, and literature references are 349 

provided in Table S6 (ESI). We assigned uniform distributions for parameters for which literature 350 

values were lacking and triangular distributions for parameters with strong literature support for 351 

most probable values and ranges (detailed description on the choice of distribution type and range 352 

is included in Section S1.6 of the ESI). The sensitivity of MPSP, CI, and FEC to all uncertain 353 

inputs was determined via Spearman’s rank order correlation coefficients (Spearman’s ρ) using 354 

Monte Carlo simulation results, and parameters to which the sustainability indicators (MPSP, CI, 355 

FEC) were most sensitive (i.e., |Spearman’s ρ| ≥ 0.10 and p-value < 0.05) were identified for 356 

additional analyses. In addition, the improvements in sustainability indicators in response to 357 

technological advancements in fermentation and separation were also characterized. For 358 

fermentation, indicator sensitivity to fermentation titer (i.e., the final TAL concentration in the 359 

fermentation reactor in g·L-1), overall yield (i.e., the mass of TAL produced per unit mass of sugars 360 

and acetate consumed; the theoretical maximum or 100% of theoretical yields are approximately 361 

0.467 g-TAL·g-glucose eq.-1 and 0.467 g-TAL·g-acetic acid eq.-1), and productivity (the mean rate 362 

of TAL production in g·L-1·h-1) were quantified. For separation, indicator sensitivity to TAL ring-363 

opening decarboxylation (mol%; 20.9% in the baseline case) and pH maintained (by addition of 364 

sodium hydroxide; pH was 2.10 in the baseline case due to the presence of acids—namely, 365 

phosphoric acid added during feedstock pretreatment and citric acid produced during 366 

fermentation) were quantified. Finally, we quantified indicator sensitivities to biorefinery annual 367 
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operating time (days) and TAL production capacity (metric ton·y-1). Files with comprehensive 368 

results of all analyses are available online.44 369 

 370 

Results and Discussion  371 

Temperature-Sensitive Solubility of TAL in Water 372 

By experimentally measuring TAL solubility in water at various temperatures (Table S4 in the 373 

ESI), we identified TAL solubility in water was highly sensitive to temperature, with a minimum 374 

observed value of 3.52 g-TAL·L-1 at 0°C and a maximum observed value of 130.65 g-TAL·L-1 at 375 

93°C. This disparity demonstrated the potential for a separation process design that exploits the 376 

temperature-sensitivity of TAL solubility. 377 

The enthalpy change of fusion ∆𝐻𝐻𝑚𝑚 of TAL at the triple-point temperature was estimated 378 

to be 30883.7 J·mol-1 using the Dannenfelser-Yalkowsky method.47,68 For the melting temperature 379 

𝑇𝑇𝑚𝑚 of TAL, a reported experimental value of 458.15 K was used.69 For the liquid molar volume of 380 

water 𝑉𝑉1𝐿𝐿, a reported experimental value of 1.801 *10-5 m3·mol-1 was used.70 The liquid molar 381 

volume of TAL 𝑉𝑉2𝐿𝐿 was estimated to be 8.85 *10-5 m3·mol-1 using the Fedors method.71  382 

The empirical constant 𝐴𝐴 was estimated for Equation (III) by using the experimental 383 

values obtained in this work for TAL solubility in water at various temperatures and maximizing 384 

the coefficient of determination, R2. This resulted in a value of 7029.6 J·mol-1 for 𝐴𝐴 in Equation 385 

(III), with R2 maximized to a value of 0.992 (Figure 3). This Equation (III) was exclusively used 386 

to estimate TAL solubility in water for all simulations in this work as it was associated with a higher 387 

R2 (0.992) when fit to the experimental TAL solubility data in this work compared with other 388 

solubility models (implicit and explicit equations using the one-parameter Margules equation for 389 

the activity 𝛾𝛾2 resulted in R2 values of 0.988 and 0.983, respectively; further detailed in Section 390 

S1.3 and Figure S3 of the ESI). 391 

 392 
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 393 

Figure 3. Solubility of TAL in water (g-TAL·L-1; y-axis) as a function of temperature (°C; x-axis). The 394 

solubility model with activity coefficients estimated by the one-parameter van Laar method (applying the 395 

parameter reduction method suggested by Poling, Prausnitz, and O’Connell47 to the equation originally 396 

proposed by Wohl48) as shown in Equation (III) is plotted (solid black line) along with experimentally 397 

observed solubilities used to fit the model (blue cross markers).  398 

 399 

Financial Viability under Uncertainty 400 

The MPSP of TAL was estimated to be $4.87·kg-1 (baseline) with a range of $4.03−6.08·kg-1 401 

[5th−95th percentiles, hereafter shown in brackets]. Overall, for the current state-of-technology 402 

under uncertainty and considering TAL to be a feedstock for sorbic acid production, the MPSP 403 

achieved by the biorefinery was below the low end of the maximum viable price range ($5.99·kg–404 

1) in 93.5% of simulations and below the high end of the maximum viable price range ($7.74·kg-405 

1) in 100.0% of the simulations in the uncertainty analysis, indicating the designed biorefinery can 406 

be financially viable (Figure 4A). Further, considering TAL to be a dimedone replacement as a 407 

feedstock to produce polydiketoenamine plastics, the TAL MPSP was below the benchmark price 408 

of $10·kg–1 in 100.0% of simulations, indicating a high likelihood of financial viability for this 409 

alternative product (Figure 4A). 410 
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 411 

Figure 4. Uncertainties (box-and-whisker plots) and breakdowns (stacked bar charts) for (A) minimum 412 

product selling price (MPSP), (B) carbon intensity (CI) quantified as 100-year global warming potential 413 

(GWP100), and (C) fossil energy consumption (FEC) per kg of TAL produced via fermentation of glucose 414 

and acetate by Y. lipolytica. On box-and-whisker plots, whiskers, boxes, and the middle line represent 415 

5th/95th, 25th/75th, and 50th percentiles, respectively, from 6000 Monte Carlo simulations. Diamonds and 416 

stacked bar charts report results for baseline values. The shaded gray regions show the maximum viable 417 

price range for TAL as a dimedone replacement to produce polydiketoenamine plastics ($10·kg–1; the 418 

market price for dimedone)10 and as a feedstock for sorbic acid ($5.99−7.74·kg-1; based on the market price 419 

range for sorbic acid of $6.74−8.71·kg-1).11,37 For the biorefinery’s operating cost (MM$·y-1), contributions 420 

from fixed operating costs, sales revenue from excess electricity, purchase of natural gas for product drying, 421 

and material costs by process area are shown. Values above stacked bars are totals including offsets. For 422 

heating duty, cooling duty, and electricity consumption, values indicate totals during operation. The 423 
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biorefinery is assumed to operate 180 days annually at the baseline condition (baseline values and 424 

distributions with literature references for all parameters are detailed in Table S6 in the ESI). Tabulated 425 

data breaking down capital and material costs, heating and cooling duties, electricity consumption, CI, and 426 

FEC are available online.44 427 

 428 

Across the biorefinery, the components with the largest equipment purchase and 429 

installation costs were the boiler and turbogenerator (47% [43−51%] of the biorefinery’s 430 

equipment purchase and installation costs) and the fermentation process (30% [27−34%]; Figure 431 

4A). The boiler and turbogenerator were especially capital-intensive due to the high amount of 432 

solid waste (specifically sugarcane bagasse, centrifuged cellular materials after fermentation, and 433 

filter cake after juice clarification) and biogas (from anaerobic digestion of liquid waste streams) 434 

diverted to the boiler for combustion, and due to the resulting production of excess electricity by 435 

the turbogenerator. The high contribution of the boiler and turbogenerator to the total installed 436 

equipment cost is consistent with the results from other published TEAs of sugarcane biorefineries 437 

(e.g., 48−55%42,72). This suggests integrating the production of TAL with other bioproducts may 438 

improve financial viability by decreasing the contribution of the boiler and turbogenerator to the 439 

total installed equipment cost due to economies of scale. The high capital cost of the fermentation 440 

process was mainly due to the low baseline productivity (0.12 g·L-1·h-1), which resulted in long 441 

residence times for the stainless-steel fermentation and seed reactors). The capital cost 442 

associated with the wastewater treatment process was also high because of the dilute, high-443 

volume waste streams generated by the biorefinery. Despite the long residence times (2−14 h; 8 444 

h for the baseline) assumed for TAL crystallization (step 3 in Figure 2B), the installed equipment 445 

cost associated with the separation process did not excessively influence the total installed 446 

equipment cost (7% [5−10%]; Figure 4A). The baseline biorefinery’s total capital cost was 290 447 

MM$ and included: (i) direct costs (173 MM$) from the installed equipment cost (160 MM$), 448 

warehouse (3 MM$), site development (7 MM$), and additional piping (3 MM$); (ii) indirect costs 449 
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(104 MM$); and (iii) working capital (14 MM$; a detailed breakdown of the total capital cost is 450 

included in Table S8 in the ESI). 451 

The annual operating cost (30.3 MM$·y-1 [24.1−39.1 MM$·y-1]) was the sum of the annual 452 

material cost (33.4 MM$·y-1 [24.4−44.4 MM$·y-1]), the fixed operating cost (16.3 MM$·y-1 453 

[15.4−17.6 MM$·y-1]; breakdown provided in Table S9 in the ESI), the cost of natural gas for 454 

product drying (0.231 MM$·y-1 [0.149−0.348 MM$·y-1]), and the revenue from the sale of excess 455 

co-produced electricity (19.6 MM$·y-1 [11.5−28.3 MM$·y-1]; Figure 4A). For the annual material 456 

cost, the largest contributors were the purchase of feed sugarcane (65% [56−74%]) and the 457 

purchase of materials required for the fermentation process (34% [21−50%]; Figure 4A), the 458 

latter’s cost stemming primarily from the purchase of sodium acetate (15% [12−20%]), 459 

diammonium phosphate (10% [4−18%]), and corn steep liquor (9% [5−12%]). Other processes 460 

accounted for much smaller shares (tabulated data available online44). The separation process 461 

recovered 72% [60−87%] of TAL present in the fermentation broth despite the loss of TAL due to 462 

ring-opening decarboxylation and in the crystallization supernatant (in steps 2 and 5, respectively, 463 

in Figure 2B). The large contributions to the annual material cost from purchasing feed sugarcane 464 

and sodium acetate indicated improvements in the fermentation yield over the current state-of-465 

technology (approximately 40.5% of theoretical) may significantly improve biorefinery economics.  466 

We modeled the separation process to allow splitting the liquid supernatant stream (from 467 

step 4 in Figure 2B) into a recycled stream and a stream diverted to wastewater treatment 468 

(WWT). TAL recovery initially increased slightly with greater recycling (e.g., baseline TAL 469 

recovery was 72% with zero recycling, increasing to 73% when 53% of the supernatant was 470 

recycled; Figure S2A in the ESI). However, additional supernatant recycling actually decreased 471 

TAL recovery (e.g., TAL recovery was 61% when 95% of the supernatant was recycled) because 472 

the additional supernatant recycling led to dilute streams with low TAL recovery in crystallization. 473 

We found MPSP, CI, and FEC were lowest at zero split (i.e., at the baseline, with no supernatant 474 
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recycling; Figures S2B,C,D in the ESI) as recycling the dilute supernatant stream necessitated 475 

larger equipment and higher cooling and power utility inputs. 476 

The biorefinery’s total heating and cooling duties (43 GJ·h-1 [31−64 GJ·h-1] and 151 GJ·h-477 

1 [88−256 GJ·h-1], respectively) during operation were the sums of the heating and cooling utility 478 

demands from individual process areas (a total heating demand of 66 GJ·h-1 [47−94 GJ·h-1] and 479 

cooling demand of 173 GJ·h-1 [105−284 GJ·h-1]) and offsets from the heat exchanger network (23 480 

GJ·h-1 [15−32 GJ·h-1] and 21 GJ·h-1 [14−30 GJ·h-1], respectively). The leading users of heating 481 

utilities were found to be the feedstock juicing (47% [39−54%], to heat the juice prior to phosphoric 482 

acid treatment and dissolved air removal), separation (29% [25−33%], from heating to dissolve 483 

TAL in the broth; step 1 in Figure 2B), and wastewater treatment (24% [15−28%], to maintain a 484 

temperature of 35°C in the internal circulation reactor, as the influent waste stream primarily 485 

comprised the supernatant from crystallization performed at 1°C). The leading users of cooling 486 

utilities were found to be the fermentation process (52% [36−68%]), the boiler (29% [15−42%]), 487 

and the separation process (18% [12−27%], energy basis; Figure 4A). About 20%, 12%, and 7% 488 

of the biorefinery’s cooling demand at the baseline was associated with maintaining a temperature 489 

of 28°C in the fermentation reactors (as reported for Y. lipolytica22; Table S3 in the ESI), cooling 490 

the clarified sugarcane juice prior to fermentation, and cooling compressed air for aeration during 491 

fermentation, respectively. The cooling demand of the separation process is entirely associated 492 

with TAL crystallization (step 3 in Figure 2B). Other processes accounted for much smaller shares 493 

of heating and cooling utility demands (tabulated data available online44). 494 

Regarding electricity consumption during operation (14.0 MW [8.8−26.0 MW]), the primary 495 

contributors were the fermentation process (44% [30−62%], primarily from air compression for 496 

aeration during fermentation) and cooling utility regeneration facilities (31% [22−38%], primarily 497 

from chilled water regeneration; Figure 4A). Feedstock juicing (8% [4−11%]) was also an 498 

important contributor (Figure 4A), as it included large reactors that required continuous stirring. 499 

The boiler (7% [4−10%]), separation process (6% [3−9%]), and storage and other facilities (2% 500 
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[1−3%]) accounted for smaller shares (Figure 4A; tabulated data available online44). The 501 

turbogenerator produced enough electricity to satisfy the biorefinery’s power demand consistently 502 

(i.e., in 100.0% of simulations), with excess electricity (64.9 MW [35.6−100.5 MW]) sold at a price 503 

of $0.07·kWh-1 (baseline values and uncertainty distributions for electricity unit price and all 504 

parameters included in the uncertainty analysis are detailed in Table S6 in the ESI). 505 

Of the 30 parameters included in the uncertainty analysis, the parameters to which MPSP 506 

was most sensitive (i.e., |Spearman’s ρ| ≥ 0.10 and p-value<0.05) were TAL ring-opening 507 

decarboxylation conversion during separation (Spearman’s ρ of 0.46), required internal rate of 508 

return (0.37), biorefinery annual operating days (-0.35), desired annual TAL production capacity 509 

(-0.29), fermentation TAL yield (-0.28), fermentation TAL titer (-0.27), feed sugarcane unit price 510 

(0.20), fermentation Y. lipolytica cell mass yield (-0.19), fermentation aeration rate (0.15), 511 

turbogenerator efficiency (-0.14), fermentation TAL productivity (-0.13), diammonium phosphate 512 

unit price (0.13), boiler efficiency (-0.12), and centrifuge recovery of crystallized TAL (-0.12; all 513 

parameter distributions and full sensitivity analysis results presented in Table S6 and Figure S7, 514 

respectively, in the ESI). These results indicate the fermentation process, separation process, 515 

TAL production capacity, and operating schedules may offer significant opportunities for 516 

improvements to achieve financially viable TAL production. Accordingly, the implications of 517 

potential improvements to fermentation and separation and the implications of alternative 518 

production capacities and operating schedules are explored and discussed in the subsequent 519 

sections. 520 

 521 

Environmental Impacts under Uncertainty 522 

The baseline cradle-to-grave CI and FEC impacts of TAL production were estimated to be 7.17 523 

[3.18−11.85] kg CO2-eq·kg-1 and -38.1 [-81.0−6.1 MJ·kg-1, respectively (Figures 4B,C), with net 524 

displacement of fossil energy consumption (i.e., FEC<0) in 91.7% of the 6000 Monte Carlo 525 

simulations. The biorefinery’s CI was lower than the benchmark dimedone CI10 (8.0 kg CO2-eq·kg-526 
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1) in 64.9% of simulations. The CI was significantly lower than that estimated by a previous LCA10 527 

(approximately 14 kg CO2-eq·kg-1), which may be explained by the substantially greater 528 

fermentation performance assumed for the current state-of-technology (TAL yield of 0.19 g·g-1 529 

rather than 0.09 g·g-1 substrates; TAL titer of 35.9 rather than 2.8 g·L-1). Co-produced electricity 530 

was assumed to displace impacts from the production of marginal grid electricity as recommended 531 

in the U.S. renewable fuel standard (RFS;61 detailed impact breakdowns are provided in Figures 532 

4B,C). The total CI and FEC were the sum of the total positive impacts (16.57 [11.71−21.63] kg 533 

CO2-eq·kg-1 and 81.7 [58.9−106.9] MJ·kg-1, respectively) and the offsets from co-produced 534 

electricity (-9.40 [-13.18 to -5.62] kg CO2-eq·kg-1 and -119.8 [-168.0 to -71.7] MJ·kg-1, 535 

respectively). 536 

Feedstock (sugarcane) growth, harvesting, and transportation accounted for 35% 537 

[28−47%] and 24% [18−33%] of positive (i.e., detrimental) contributions to the CI and FEC, 538 

respectively (Figures 4B,C). Contributions to CI and FEC from the acquisition of materials 539 

required for fermentation were also significant; namely, corn steep liquor (27% [18−32%] and 42% 540 

[29−49%], respectively), acetate (4% [3−5%] and 21% [18−26%], respectively), and diammonium 541 

phosphate (4% [2−6%] and 10% [6−14%], respectively). The large uncertainties in the 542 

contributions of corn steep liquor and diammonium phosphate acquisition stemmed primarily from 543 

the uncertainties attributed to the loading requirements of those materials in the fermentation 544 

media to satisfy microbial nitrogen and phosphorus requirements (uniformly distributed between 545 

41.7−102 g·L-1 for corn steep liquor and 5.55−14.9 g·L-1 for diammonium phosphate; further 546 

explained in Section S1.1 in the ESI). Direct non-biogenic GHG emissions accounted for 31% 547 

[27−34%] of positive (i.e., detrimental) contributions to CI. Acquisition of natural gas for product 548 

drying (0.15% [0.10−0.25%] of CI and 3.8% [2.4−6.3%] of FEC) and other materials (0.05% 549 

[0.04−0.06%] of CI and 0.11% [0.08−0.14%] of FEC, primarily from acquisition of caustic materials 550 

for wastewater treatment) accounted for much smaller shares (tabulated data available online44). 551 
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The parameters to which CI was most sensitive (i.e., |Spearman’s ρ| ≥ 0.10 and p-552 

value<0.05) in the uncertainty analysis were fermentation corn steep liquor loading (Spearman’s 553 

ρ of 0.66), fermentation TAL titer (-0.48), boiler efficiency (-0.27), fermentation Y. lipolytica cell 554 

mass yield (-0.26), turbogenerator efficiency (-0.24), fermentation aeration rate (0.15), TAL ring-555 

opening decarboxylation conversion during separation (0.14), and the fermentation TAL yield 556 

(0.10). Biorefinery FEC was most sensitive to fermentation TAL yield (Spearman’s ρ of 0.41), TAL 557 

ring-opening decarboxylation conversion during separation (-0.40), fermentation TAL titer (-0.35), 558 

boiler efficiency (-0.35), fermentation Y. lipolytica cell mass yield (-0.31), turbogenerator efficiency 559 

(-0.30),  fermentation corn steep liquor loading (0.29), fermentation aeration rate (0.19), and 560 

centrifuge recovery of crystallized TAL (0.11; all parameter distributions and full sensitivity 561 

analysis results presented in Table S6 and Figure S7, respectively, in the ESI). Consistent with 562 

MPSP, these results indicate the fermentation and separation processes may offer significant 563 

opportunities to mitigate the biorefinery’s environmental impacts. Accordingly, the implications of 564 

potential fermentation and separation improvements are quantified and discussed in the 565 

subsequent sections. 566 

 567 

Setting Targets for Fermentation Performance 568 

As the sensitivity analysis highlighted (Figure S7 in the ESI), the performance of the fermentation 569 

unit has significant implications for MPSP, CI, and FEC. This is consistent with the conclusions of 570 

previous works that have highlighted the need for identifying and pursuing specific targets for 571 

fermentation parameters in biological TAL production.5,10,30 To this end, we designed and 572 

simulated the biorefinery across the entire titer-yield theoretical performance space (i.e., 3600 573 

potential yield-titer combinations) for a range of productivities to quantify how future improvements 574 

to microbial conversion (e.g., via synthetic biology) would impact the sustainability of sugar-based 575 

TAL production. 576 
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Across the evaluated theoretical fermentation space, MPSP benefited from increased 577 

yield and titer of TAL, with a potential minimum of $2.30·kg-1 as yield approached 99% theoretical 578 

and titer approached 100 g·L-1 (Figure 5A). The relative impact of fermentation yield vs. titer 579 

improvements depended on the location in the yield-titer performance space. In general, 580 

improvements to yield were more impactful at higher titer values and improvements to titer were 581 

more impactful at high-yield points. At yield-titer combinations with a titer:yield ratio of 582 

approximately 0.60 g·L-1 (% theoretical) -1 (or 1.28 g-substrates·L-1), an improvement of either 1% 583 

theoretical (4.67 x 10-3 g·g-substrates-1) to yield or 1 g·L-1 to titer would result in an equal benefit 584 

to MPSP. These trends stem from tradeoffs related to the biorefinery’s capital and operating costs 585 

and total TAL production. Improvements to yield would increase the biorefinery’s total capital cost 586 

and operating cost (Figure S9A in the ESI) but increase TAL production enough to result in an 587 

overall reduction in MPSP. At a fixed productivity, improvements to titer would lead to a longer 588 

fermentation time and thus a more expensive conversion process; however, titer improvements 589 

would result in an overall reduction to the MPSP by reducing the biorefinery’s total capital cost 590 

(Figure S9A) as less dilute streams require smaller equipment sizes, and by reducing the annual 591 

operating cost as a higher titer enables less utility-intensive separations (Figure S9B). 592 

 593 
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 594 

Figure 5. (A) Minimum product selling price (MPSP), (B) life cycle carbon intensity (CI), and (C) fossil 595 

energy consumption (FEC) of the produced TAL across theoretical fermentation TAL yields (x-axes) and 596 

titers (y-axes) at baseline productivity (0.12 g·L-1·h-1). For a given point on the figure, the x-axis value 597 

represents the overall fermentation TAL yield (as the percent of maximum theoretical yield of TAL on 598 

glucose, sucrose, and acetate, where the maximum theoretical yield is assumed to be 0.467 g·g-glucose-599 

eq.-1 and 0.467 g·g-acetic-acid-eq.-1), the y-axis value represents the titer, and the color represents MPSP, 600 

CI, or FEC. The white region to the upper left of each plot represents infeasible yield-titer combinations 601 

(described in Section S1.1 of the ESI). The maximum viable TAL price range as a feedstock for sorbic acid 602 

production is represented (in A) by hatching with white diagonal lines between $5.99−7.74·kg-1. The 603 

benchmark of $10·kg-1 as a feedstock replacing dimedone for polydiketoenamine plastics production is 604 

represented (in A) as a standard contour line. The baseline yield-titer combination (represented by 605 

diamonds) constitutes a yield of 40.5% theoretical and a titer of 35.9 g·L-1. 606 

 607 
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At the baseline – fermentation yield of 40.5% theoretical and titer of 35.9 g·L-1 (diamond 608 

marker in Figure 5A) – incremental improvements in yield would have a greater benefit to MPSP 609 

than incremental improvements in titer.  For instance, a 10% relative improvement over the 610 

baseline to fermentation yield (to 44.5% of theoretical) would reduce the MPSP by $0.33·kg-1 TAL, 611 

while a 10% relative improvement to fermentation titer (to 39.5 g·L-1) would reduce the MPSP by 612 

only $0.14·kg-1. However, at higher values for fermentation yield (e.g., 88.0% of theoretical), a 613 

10% relative improvement to yield (to 96.8% of theoretical) would only reduce MPSP by $0.11·kg-614 

1, while a 10% relative improvement to titer (to 39.5 g·L-1) would reduce the MPSP by a 615 

comparable $0.10·kg-1. Ultimately, improvements to yield alone (relative to the baseline) could 616 

only reduce MPSP to a potential minimum of $3.05·kg-1, and improvements to both titer and yield 617 

would be needed to achieve the potential minimum of $2.31·kg-1 in the evaluated theoretical 618 

fermentation space (Figure 5A). 619 

While baseline MPSP benefited from incremental improvements to both fermentation yield 620 

and titer, fermentation titer presents much greater opportunities to benefit CI and FEC. This 621 

finding is illustrated by the slope of the contour lines for CI and FEC near the baseline (diamond 622 

markers in Figure 5B,C). This observation stems from the fact that although baseline feedstock 623 

and acetate acquisition together accounted for around 39% and 45% of detrimental contributions 624 

to CI and FEC, respectively, the baseline excess electricity production resulted in offsets of 57% 625 

and 147% to CI and FEC, respectively (Figure 4B,C). If fermentation TAL yield increases, 626 

feedstock and acetate acquisition contributions to CI and FEC would be reduced, but the 627 

production of cell mass and citrate (both of which had negative Spearman’s ρ values for CI and 628 

FEC; Figure S7 in the ESI) would also decrease. The result of this shift would be a reduction in 629 

the energetic content of waste streams diverted to anaerobic digestion (in wastewater treatment) 630 

to produce biogas for combustion in the boiler, which regenerates steam utilities used for 631 

electricity production by the turbogenerator. For instance, if fermentation TAL yield were 632 

increased from 40.5% to 70% of theoretical yield at a constant titer of 35.9 g·L-1, CI would increase 633 
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from 7.17 kg CO2-eq·kg-1 to 9.00 kg CO2-eq·kg-1 and FEC would increase from -38.1MJ·kg-1 to 634 

15.3 MJ·kg-1. However, higher fermentation TAL yields (than the baseline) are required to unlock 635 

higher TAL titers, and a minimum CI of 0.78 kg CO2-eq·kg-1 is potentially achievable with 636 

improvements to both titer and yield (Figure 5B). For FEC, low-yield, high-titer combinations 637 

resulted in the lowest FEC values (<-100 MJ·kg-1) as this resulted in high-energy waste streams 638 

available for biogas production in the anaerobic digester, enabling higher production of excess 639 

electricity. However, if electricity offsets were not considered, the CI and FEC would improve 640 

monotonically with both fermentation TAL yield and titer (Figure S10 in the ESI).  641 

Results from similar analyses conducted across fermentation performance at 642 

productivities lower (20% of baseline; Figure S4) and higher (500% of baseline; Figure S5) than 643 

baseline are included in the ESI. At the baseline yield-titer combination, decreasing productivity 644 

to 20% of the baseline increased CI by 3.7% (to 7.43 kg CO2-eq·kg-1), FEC by 8.8% (to -34.7 645 

MJ·kg-1), and MPSP by 59% (to $7.75·kg-1). Increasing productivity to 500% of the baseline did 646 

not significantly affect CI or FEC (decrease of 0.73% and 1.75%, respectively), and decreased 647 

MPSP by 13% (to $4.23·kg-1; Figure S5). This analysis indicates that although major changes in 648 

fermentation productivity (relative to the baseline) may significantly impact MPSP, improvements 649 

to titer and yield offer the most significant opportunities to further enhance the financial viability 650 

and environmental sustainability of bio-based TAL production. 651 

Given the sustainability indicators (MPSP, CI, and FEC) were sensitive to fermentation 652 

TAL yield and titer, the following targeted improvements were explored to illustrate the potential 653 

benefits of additional microbial conversion research and development: (i) fermentation TAL yield 654 

increase from 40.5% (0.19 g·g-1) to 73.0% of theoretical (0.34 g·g-1, comparable to the reported 655 

yield of 0.39 g·g-1 using E. coli to produce adipic acid,73 another 6-carbon metabolite with low 656 

solubility in water); and (ii) fermentation TAL titer increase from 35.9 g·L-1 to 68.0 g·L-1 (equal to 657 

the reported adipic acid titer of 68.0 g·L-1 achieved using E. coli74). If these two targets are 658 

achieved while maintaining the same annual TAL production capacity as the baseline (13385 659 
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metric ton TAL∙y-1; baseline values and uncertainty distributions detailed in Tables S6 and S7 in 660 

the ESI), the biorefinery’s MPSP would decrease to $3.60·kg-1 [$3.03−4.37·kg-1]. The resulting 661 

MPSP of TAL would be lower than the estimated maximum viable price range as a sorbic acid 662 

feedstock ($5.99−7.74·kg-1) in 100.0% of simulations (Figure S8A in the ESI). The increase in 663 

yield would result in an increase to baseline FEC (from -38.1 [-81.0−6.1 MJ·kg-1 to -15.5 [-664 

44.8−6.6] MJ·kg-1), with net displacement of fossil energy consumption (i.e., FEC<0) in a slightly 665 

decreased 85.8% of simulations (compared to 91.7% of simulations for the current state-of-666 

technology; Figure S8C in the ESI). However, the biorefinery’s CI would decrease to 4.07 667 

[1.73−6.28] kg CO2-eq·kg-1, lower than the benchmark dimedone CI10 (8.0 kg CO2-eq·kg-1) in an 668 

increased 99.6% of simulations (compared to 64.9% of simulations for the current state-of-669 

technology; Figure S8B in the ESI). The significance of the fermentation TAL yield and titer for 670 

the biorefinery’s financial viability and environmental benefits highlights the need for continued 671 

improvements in the performance of microbes engineered for biological TAL production.  672 

 673 

Market-Driven Capacity Expansion and Operating Schedule Considerations 674 

The sensitivity analysis performed for the baseline scenario highlighted the significance of 675 

operating time and TAL production capacity on the economics of the biorefinery. While the 676 

baseline TAL production capacity was 13385 metric ton TAL∙y-1 (comparable to the growth 677 

projected in the U.S. sorbic acid demand between 2020−2030, comparable to the amount by 678 

which the 2019 U.S. demand exceeded the 2019 U.S. production capacity, and equivalent to 50% 679 

of the 2019 U.S. sorbic acid demand11), there is significant potential for larger production 680 

capacities to meet current and projected U.S. and global demands for a range of potential 681 

products for which TAL can serve as a feedstock (including sorbic acid,2,6 polydiketoenamine 682 

plastics,10  acetylacetone,2 pogostone,7 katsumadain,8 and penicipyrone,9 among others). Further, 683 

there is large uncertainty in the operating schedule for sugarcane biorefineries (e.g., 120−200 684 

annual operating days41–43), and there exists the potential for biorefineries to additionally accept 685 
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sweet sorghum as a feedstock (as the composition is similar to sugarcane41) to significantly 686 

increase biorefinery operating time (e.g., to 240 annual operating days41). To quantify the 687 

economic implications of alternative biorefinery operating times and TAL production capacities, 688 

we simulated and evaluated the biorefinery across the production-operation space (i.e., 6400 689 

combinations of biorefinery operating time and TAL production capacities; Figure 6).  690 

 691 

Figure 6. (A) Minimum product selling price (MPSP) of TAL, (B) total capital investment, and (C) annual 692 

operating cost across TAL production capacity (x-axes) and biorefinery annual operating time (y-axes). 693 

Diamond markers represent the baseline scenario, corresponding to a TAL production capacity of 13385 694 

metric ton TAL∙y-1 (comparable to the growth projected in the U.S. sorbic acid demand between 2020−2030, 695 

comparable to the amount by which the 2019 U.S. demand exceeded the 2019 U.S. production capacity, 696 

and equivalent to 50% of the 2019 U.S. sorbic acid demand11) and an annual operating time of 180 days 697 

(within the 120–200 operating days previously estimated for sugarcane biorefineries in the southern U.S. 698 

based on typical harvest periods and maximum storage times,41–43 and well below the potential operating 699 
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time of 240 days enabled by additionally accepting sweet sorghum41). Markers in the top x-axes indicate 700 

TAL production capacities equivalent to U.S. and global demands for sorbic acid reported (2019, 2023) or 701 

projected (2030, 2034) for specified years by Transparency Market Research11 (blue) or ChemAnalyst12 702 

(orange). The maximum viable TAL price range as a feedstock for sorbic acid production is represented (in 703 

A) by hatching with white diagonal lines between $5.99−7.74·kg-1. The benchmark of $10·kg-1 as a 704 

feedstock replacing dimedone for polydiketoenamine plastics production is represented (in A) as a standard 705 

contour line. 706 

 707 

Across the evaluated combinations, MPSP benefited from increased operating times and 708 

TAL production capacities. Although the sensitivity analysis performed for the baseline indicated 709 

biorefinery operating time may be more critical than TAL production capacity for the MPSP, this 710 

was primarily due to the relatively large uncertainty attributed to the operating time (120−240 711 

annual operating days; baseline values, distributions, literature references, and Spearman’s ρ for 712 

all parameters are detailed in Table S6 and Figure S7 in the ESI). The relative impact on the 713 

MPSP from improvements to operating time against that from improvements to TAL production 714 

capacity depended on the location in the production-operation space. In general, improvements 715 

to TAL production capacity were more impactful at lower operating time values and improvements 716 

to operating time were more impactful at high production capacities. These trends stem from 717 

tradeoffs between the biorefinery’s capital and operating costs. Across the production-operation 718 

space, while higher production capacities increased both capital and operating costs (Figure 6 719 

B,C), the increase in capital cost diminished with increasing production capacities due to 720 

economies of scale while revenue from product sales increased linearly, resulting in benefits to 721 

the MPSP by increasing production capacity (Figure 6A). Higher operating times resulted in 722 

decreased capital (as the desired annual TAL production capacity could be achieved with smaller 723 

equipment; Figure 6B) and annual operating costs (Figure 6C) across the production-operation 724 

space. The annual operating cost was the sum of fixed and variable operating costs, and the 725 
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relative significance of the former (which increased with improvements in production capacity) 726 

diminished with increasing variable operating costs (which increased with both operating time and 727 

production capacity improvements). The benefits to total capital investment, annual operating 728 

cost, and MPSP by increasing the operating time were therefore greatest at points with high 729 

production capacity and low operating time (Figure 6). 730 

To further improve financial viability over the baseline scenario, an alternative strategy 731 

requiring the same total capital investment as the baseline (291 MM$) would be to accept 732 

feedstocks having composition similar to sugarcane (e.g., sweet sorghum41) that can be 733 

harvested during at least two months (May and September) when sugarcane in the southern U.S. 734 

is not harvested.41 This additional feedstock could enable an increase in annual operating time to 735 

240 days and an increase in TAL production capacity by about 33.5% to 17869 metric ton TAL∙y-736 

1 (requiring approximately an additional 208000 metric tons of feed sweet sorghum annually, well 737 

below annual sweet sorghum capacities of 229000−533000 metric tons for sugarcane-sorghum 738 

biorefineries proposed in a previous study41). This strategy would reduce the MPSP by $0.96∙kg-739 

1 to $3.91∙kg-1, which is $2.08∙kg-1 below the lowest end of the maximum viable price range as a 740 

feedstock for sorbic acid production (Figure 6A).  741 

Further, maintaining an annual operating time of 240 days and investing additional capital 742 

to increase TAL production capacity would significantly improve the biorefinery’s financial viability, 743 

even without any improvements over the baseline fermentation or separation performance. For 744 

example, if TAL production capacity were increased to the minimum amounts needed to meet the 745 

2019 U.S. sorbic acid demand (23800 metric tons) or the projected 2030 U.S. demand (34550 746 

metric tons) by producing at least 26770 and 38864 metric tons of TAL, respectively, the MPSP 747 

would be further reduced to $3.45∙kg-1 and $3.12∙kg-1 TAL, respectively (Figure 6A). This 748 

highlights the potential to further improve the financial viability of TAL production through capacity 749 

expansion and improved operating schedules by integrating multiple feedstocks. 750 

 751 

https://doi.org/10.26434/chemrxiv-2024-4sz8x-v2 ORCID: https://orcid.org/0000-0002-2620-2829 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-4sz8x-v2
https://orcid.org/0000-0002-2620-2829
https://creativecommons.org/licenses/by-nc-nd/4.0/


 34 

Exploring Potential Separation Improvements by pH Control 752 

In the separation process designed for the baseline biorefinery, the broth from fermentation is 753 

initially heated to dissolve all TAL (step 1 in Figure 2B) to later enable crystallization of TAL 754 

largely free of cellular debris and other solid impurities (e.g., a baseline TAL product stream of 91 755 

wt% purity, with 5.0 wt% water and 3.2 wt% cellular debris as the main impurities). However, we 756 

experimentally observed that heating aqueous TAL solutions resulted in ring-opening 757 

decarboxylation of TAL to acetylacetone (e.g., 20.9 mol% conversion at the baseline, with a 758 

uniform range of 4.63–34.0 mol% assumed for the uncertainty analysis; Table S6 in the ESI). 759 

Ring-opening decarboxylation of TAL with high conversion and selectivity has been reported to 760 

occur without the presence of a catalyst when aqueous solutions of TAL are subject to high 761 

temperature and pressure (e.g., 373 K under 21 bar He maintained for 4 hours), producing 762 

acetylacetone and CO2.2,46 The ring-opening decarboxylation of TAL is reportedly initiated by the 763 

reversible keto–enol tautomerization of TAL, followed by nucleophilic addition of water to the 764 

lactone carbonyl, both steps that require the presence of protons (H+) in solution.46 Therefore, we 765 

computationally explored the sustainability implications of potential strategies to mitigate the ring-766 

opening decarboxylation of TAL by controlling the pH of the stream during heating (i.e., step 1 in 767 

Figure 2B) by adding a base, sodium hydroxide. The pH of the stream was 2.10 in the baseline 768 

case due to the presence of acids, namely phosphoric acid (1.31 x 10-3 M in the baseline case) 769 

added during feedstock pretreatment and citric acid (8.67 x 10-2 M in the baseline case) produced 770 

during fermentation (method for estimating pH detailed in Section S1.4 in the ESI). Although we 771 

observed a TAL ring-opening decarboxylation conversion of 4.63–34.0 mol% of the theoretical by 772 

heating aqueous solutions of TAL for 1 hour to various temperatures (Table S5 in the ESI), this 773 

does not necessarily mean the reaction attained equilibrium within that time, and a higher total 774 

residence time may be needed for heating, centrifugation, and cooling (steps 1–3 in Figure 2B). 775 

Further, the presence dissolved components adding protons to the fermentation broth (8.67 x 10-776 

2 M citric acid, 9.00 x 10-4 M acetic acid, and 2.85 x 10-1 M TAL, produced during fermentation; 777 
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1.31 x 10-3 M phosphoric acid added during feedstock pretreatment), we estimated the pH of the 778 

fermentation broth to be 2.10 using reported dissociation constants for each component. In 779 

addition, we identified citric acid was the predominant contributor of protons in the fermentation 780 

broth (see Section S1.6 in the ESI). Therefore, we designed and simulated the biorefinery across 781 

3600 potential combinations of TAL ring-opening decarboxylation conversion and pH maintained 782 

under two alternative scenarios: one with the baseline concentration of citric acid in the 783 

fermentation broth (8.67 x 10-2 M; Figure 7A,C,E) and another representing a potential 784 

fermentation performance with no citric acid present at the end of fermentation (Figure 7B,D,F). 785 

 786 
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 787 

Figure 7. (A,B) Minimum product selling price (MPSP), (C,D) life cycle carbon intensity (CI), and (E,F) fossil 788 

energy consumption (FEC) of the produced TAL across potential ring-opening decarboxylation conversion 789 

of TAL to acetylacetone during heating (step 1 in the separation process; x-axes) and potential pH 790 

maintained by sodium hydroxide addition (y-axes). The system was simulated under two potential 791 

scenarios: (A,C,E) with the baseline amount of citric acid present after fermentation, resulting in a citric acid 792 

concentration of 8.67 x 10-2 M in the fermentation broth (immediately prior to step 1 in the separation 793 

process); and (B,D,F) with no citric acid present in the broth after fermentation (immediately prior to step 1 794 

in the separation process). The maximum viable TAL price range as a sorbic acid feedstock is represented 795 

(in A,B) by hatching with white diagonal lines between $5.99−7.74·kg-1. The benchmark ($10·kg-1) for TAL 796 
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replacing dimedone as a feedstock for polydiketoenamines is not represented here as all MPSP values (in 797 

A,B) are lower than this benchmark. Diamond markers (A,C,E) represent the baseline (citric acid 798 

concentration of 8.67 x 10-2 M in the stream prior to heating, 20.9% TAL ring-opening decarboxylation 799 

conversion, pH of 2.10).  The infeasible regions (within pH ranges of 2.00−2.10 in A,C,E and 2.00−2.94 in 800 

B,D,F) represent pH values lower than can be achieved without acid addition. 801 

 802 

For both scenarios, the biorefinery’s FEC was lower at higher values for TAL ring-opening 803 

decarboxylation conversion (e.g., baseline FEC of -38.1 MJ·kg-1 reduced to -85.4 MJ·kg-1 at 50.0 804 

mol% TAL ring-opening decarboxylation conversion). This was because a lower conversion of 805 

TAL to acetylacetone resulted in lower-energy waste streams being diverted to the anaerobic 806 

digestion for biogas production, which resulted in lower excess electricity production. The offset 807 

from excess electricity production decreases the total positive FEC by 147% at the baseline 808 

(resulting in a net negative value for FEC; Figure 4B). However, the biorefinery’s FEC excluding 809 

offsets from co-produced electricity consistently benefited from decreases in TAL loss by ring-810 

opening decarboxylation (Figure S6E,F in the ESI). 811 

For the scenario with the baseline citric acid concentration in the fermentation broth, 812 

MPSP and CI were higher at higher values for maintained pH (necessitating greater amounts of 813 

sodium hydroxide), but benefited from decreases in TAL ring-opening decarboxylation and 814 

maintained pH. The potential minima of MPSP and CI were $3.89·kg-1 and 6.18 kg CO2-eq·kg-1, 815 

respectively (Figure 7A,C). An initial increase from the baseline pH of 2.10 to approximately 2.94 816 

sharply increased MPSP (e.g., from $4.87·kg-1 at the baseline to $5.19·kg-1) and CI (from 7.17 kg 817 

CO2-eq·kg-1 at the baseline to 8.01 kg CO2-eq·kg-1), but further increasing pH did not significantly 818 

increase MPSP or CI (e.g., to $5.21·kg-1 and 8.08 kg CO2-eq·kg-1, respectively, by further 819 

increasing pH to 12.0). This was primarily due to the citric acid present in the fermentation broth 820 

requiring neutralization to sodium citrate (which was assumed to remain dissolved due to its high 821 

solubility of approximately 660 g·L-1 water even at pH 7.0 and a temperature of 30°C)75 before 822 
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further increases to pH. Although the added sodium hydroxide may react with carbon dioxide 823 

produced by ring-opening decarboxylation to form sodium carbonate, potentially further reducing 824 

the CI, this was not considered. The relative insensitivity of MPSP and CI to pH requirements 825 

above 2.94 raises the possibility of developing strategies to mitigate TAL loss by ring-opening 826 

decarboxylation. For example, if a pH of 11.0 maintained by sodium hydroxide addition were 827 

sufficient to decrease TAL ring-opening decarboxylation conversion during separation from 20.9 828 

mol% (baseline) to 4.8 mol%, the MPSP would be reduced to $4.35·kg-1 ($0.51·kg-1 lower than 829 

the baseline), and the CI would be maintained at 7.15 kg CO2-eq·kg-1 (slightly lower than the 830 

baseline value).  831 

For the potential scenario with no citric acid in the fermentation broth (with a pH of 2.94 832 

before sodium hydroxide addition), each point in the evaluated space was associated with a lower 833 

MPSP and CI than the scenario with baseline citric acid in the fermentation broth. This was 834 

because there was no initial sodium hydroxide requirement to neutralize citric acid, and this 835 

benefit was more significant than the increases to MPSP and CI associated with lower electricity 836 

production due to lower-energy wastes (due to lower citric acid concentrations) diverted to 837 

anaerobic digestion. For example, at a pH of 11.0 and a TAL ring-opening decarboxylation 838 

conversion of 4.8 mol%, the MPSP and CI would be reduced $4.24·kg-1 and 7.03 kg CO2-eq·kg-839 

1, respectively (compared to $4.35·kg-1 and 7.15 kg CO2-eq·kg-1, respectively, at the same 840 

combination in the scenario with baseline citric acid in the fermentation broth), highlighting the 841 

potential for metabolic engineering developments to decrease input requirements for downstream 842 

separations and improve system sustainability. 843 

If the discussed potential improvements to fermentation (increasing yield to 73.0% 844 

theoretical and titer to 68.0 g·L-1) and sweet sorghum integration (increasing annual operating 845 

time to 240 days and TAL production capacity to 17869 metric ton TAL∙y-1) were achieved in 846 

combination with potential improvements to separation (decreasing TAL ring-opening 847 

decarboxylation conversion to 4.8 mol% by maintaining a pH of 11.0; baseline values and 848 
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uncertainty distributions for all parameters included in uncertainty analyses are detailed in Tables 849 

S6 and S7 in the ESI), the resulting biorefinery could produce TAL at an MPSP of $2.60·kg-1 850 

[$2.31−3.16·kg-1] with a CI of 3.65 [1.90−5.43] kg CO2-eq·kg-1 and FEC of -6.3 [-25.1−10.9] MJ·kg-851 

1. The biorefinery’s MPSP would be lower than the maximum viable prices for TAL as a feedstock 852 

for sorbic acid and polydiketoenamine plastics in 100.0% of simulations (Figure S8A in the ESI). 853 

Further, the biorefinery’s CI would be lower than the benchmark dimedone CI10 (8.0 kg CO2-eq·kg-854 

1) in 100.0% of simulations (Figure S8B,C in the ESI), highlighting the potential for combined 855 

improvements in fermentation, separation, and feedstock integration to further enhance the 856 

biorefinery’s financial viability and environmental benefits. 857 

Conclusions and Path Forward 858 

In this study, we leveraged BioSTEAM in Python to automate the design, simulation, TEA, and 859 

LCA for production of TAL from sugarcane. Under the current state-of-technology (i.e., baseline 860 

performance), the MPSP of the produced TAL was $4.87·kg-1 [$4.03−6.08·kg-1], which was below 861 

the low end of the maximum viable price range as a sorbic acid feedstock ($5.99·kg–1) in 93.5% 862 

of simulations, below the high end of the maximum viable price range as a sorbic acid feedstock 863 

($7.74·kg-1) in 100.0% of the simulations, and below the benchmark price to replace dimedone 864 

as a feedstock for polydiketoenamine plastics ($10·kg-1) in 100.0% of simulations in the 865 

uncertainty analysis. This indicates the designed biorefinery may be financially viable at the 866 

current state-of-technology. The carbon intensity (CI of 7.17 [3.18−11.85] kg CO2-eq·kg-1) and 867 

FEC (-38.1 [-81.0−6.1 MJ·kg-1) benefited significantly from the co-production of excess electricity, 868 

which was assumed to displace the environmental impacts of marginal grid electricity production, 869 

with net displacement of fossil energy consumption in 91.7% of simulations in the uncertainty 870 

analysis. Improvements in key technological parameters (especially related to fermentation), 871 

design strategies (e.g., to mitigate TAL ring-opening decarboxylation during separation by pH 872 

control), and sweet sorghum integration (to increase operating time and TAL production capacity) 873 

could significantly reduce the environmental impacts and further improve financial viability.  874 
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More sustainable TAL production can be achieved through higher fermentation yield and 875 

titer of TAL. Targeted incremental improvements to fermentation TAL yield (to 73.0% of 876 

theoretical) and titer (to 68.0 g·L-1) can further improve the financial viability of TAL production 877 

(MPSP of $3.60·kg-1 [$3.03−4.37·kg-1], lower than the maximum viable price range as a feedstock 878 

for sorbic acid and polydiketoenamine plastics production in 100.0% of simulations) with reduced 879 

carbon intensity (CI of 4.07 [1.73−6.28] kg CO2-eq·kg-1, lower than the benchmark dimedone CI 880 

of 8.0 kg CO2-eq·kg-1 in 100.0% of simulations) and comparable FEC (-15.5 [-44.8−6.6] MJ·kg-1, 881 

with net displacement of fossil energy consumption in 85.8% of simulations). The uncertainties in 882 

CI and FEC would be significantly mitigated through robust characterization of nutrient 883 

requirements (specifically, nitrogen and phosphorus) in the fermentation media to minimize 884 

chemical inputs to support the microbial conversion. 885 

Future developments in strategies to mitigate TAL ring-opening decarboxylation during 886 

separation—for example, by increasing pH—can significantly improve the financial viability of 887 

biological TAL production. System financial viability can also benefit significantly from an increase 888 

in annual operating time (e.g., by accepting sweet sorghum as a feedstock during months when 889 

sugarcane is not harvested) and the design of larger facilities that can meet higher fractions of 890 

U.S. and global market demands for a portfolio of bioproducts. If the previously discussed 891 

incremental improvements to fermentation TAL yield (to 73.0% of theoretical) and titer (to 68.0 892 

g·L-1) were combined with sweet sorghum integration (increasing biorefinery annual operating 893 

time to 240 days and TAL production capacity to 17869 metric ton TAL∙y-1) and potential 894 

improvements to separation (decreasing TAL ring-opening decarboxylation to 4.8 mol% by 895 

maintaining a pH of 11.0), the resulting biorefinery’s financial viability would be further enhanced 896 

(MPSP of $2.60·kg-1 [$2.31−3.16·kg-1] with a further reduced CI of 3.65 [1.90−5.43] kg CO2-eq·kg-897 

1 and FEC of -6.3 [-25.1−10.9] MJ·kg-1).  898 

Other opportunities to advance system sustainability include improving microbial co-899 

utilization of glucose and xylose to enable the use of lignocellulosic feedstocks (e.g., corn stover, 900 
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miscanthus grass, switchgrass, which have the potential for greater environmental benefits 901 

relative to 1st-generation feedstocks) and designing strategically integrated facilities that accept 902 

a mix of renewable feedstocks to produce portfolios of bioproducts and bioenergy optimized to 903 

local contexts. System financial viability would be further advanced with government incentives 904 

and support for TAL production from renewable feedstocks such as sugarcane, sweet sorghum, 905 

and lignocellulosic biomass. Overall, the conclusions from this study support the continued 906 

development of TAL production from renewable feedstocks and illustrate how agile and robust 907 

system analyses can elucidate key drivers of system cost and environmental impacts, examine 908 

the entire feasible technology space, navigate economic and environmental tradeoffs, screen 909 

promising designs, avoid false precision, and prioritize future research, development, and 910 

deployment pathways. 911 
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