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Producing scalable, economically viable, low-carbon biofuels or 
biochemicals hinges on more efficient bioconversion processes. While 
microbial conversion can offer robust solutions, the native microbial growth 
process often redirects a large fraction of carbon to CO2 and cell mass. By 
integrating genome-scale metabolic models with techno-economic and life 
cycle assessment models, this study analyzes the effects of converting 
cell mass lipids to hydrocarbon fuels, and CO2 to methanol on the facility’s 
costs and life-cycle carbon footprint. Results show that upgrading 
microbial lipids or both microbial lipids and CO2 using renewable hydrogen 
produces carbon-negative bisabolene. Additionally, on-site electrolytic 
hydrogen production offers a supply of pure oxygen to use in place of air 
for bioconversion and fuel combustion in the boiler. To reach cost parity 
with conventional jet fuel, renewable hydrogen needs to be produced at 
less than $2.2 to $3.1/kg, with a bisabolene yield of 80% of the theoretical 
yield, along with cell mass and CO2 yields of 22 wt% and 54 wt%, 
respectively. The economic combination of cell mass, CO2, and 
bisabolene yields demonstrated in this study provides practical insights for 
prioritizing research, selecting suitable hosts, and determining necessary 
engineered production levels.  
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INTRODUCTION 
 

Genome-scale metabolic modeling, combined with experimental studies, is gaining 

popularity for enhancing the titer, rate, and yield of biofuels or biochemicals (Banerjee et 

al. 2020). It is essential to integrate genome-scale metabolic models, experimental findings, 

and biorefinery process models using techno-economic analysis and lifecycle assessment 

tools for the development of scalable, economically viable, carbon-neutral, or carbon-

negative biomass-derived renewable fuels, chemicals, and materials. This study aims to 

bridge this critical research gap by focusing on a field-to-biofuel production model, 

particularly emphasizing the determination of the economic viability and carbon footprint 
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of high-energy-density biofuels suitable for challenging-to-electrify sectors such as 

aviation and marine applications.  

Breakthroughs in identifying high-energy-density renewable jet fuel precursors, 

such as monoterpenes (C10) and sesquiterpenes (C15), have been achieved at the bench 

scale (Liu et al. 2018; Li et al. 2023). These biofuel molecules, including: limonene, 1,8-

cineole, linalool, farnesene, bisabolene, and epi-isozizaene, can be converted into saturated 

forms (alkanes) through hydrogenation or oligomerization/hydrogenation processes 

ensuring optimal performance when blended into jet fuel (Li et al. 2023; Baral et al. 2019). 

In addition to terpenoids, isoprenol, a platform chemical (Keller et al. 2023), can be 

catalytically upgraded into 1,4-dimethylcyclooctane (DMCO), which has a volumetric heat 

of combustion about 9.2% higher than petroleum Jet-A (Rosenkoetter et al. 2019), 

potentially leading to substantial fuel savings or extended aircraft range upon commercial 

implementation (Baral et al. 2019). 

Assessing the progress towards achieving high energy-density biofuel molecules 

through the biochemical conversion process reveals a need for substantial improvements, 

particularly in the microbial bioconversion stage (Baral et al. 2019; Aggarwal et al. 2023). 

The challenge lies in engineering host microbes to efficiently convert both hexose (mainly 

glucose) and pentose (mainly xylose) sugars derived from biomass, while maximizing the 

production rate, quantity (titer), and efficiency (yield) of biofuels or biochemicals. In most 

early stages of the bioconversion process, a majority of carbon sources result in cell mass 

and CO2, yielding only a small fraction of the main target product. Here, we provide a 

critical assessment of the impact of upgrading cell mass lipids into hydrocarbon fuel, and 

CO2 into methanol in a typical biorefinery setup on economic feasibility and climate 

impacts. This analysis emphasizes the importance of early-stage system-level evaluations 

to critically assess potential bioconversion process optimization opportunities, assisting in 

prioritizing future research and development efforts. 

The advancements in synthetic biology and metabolic engineering show significant 

promise in improving the titer, rate, and yield of target molecules. This potential extends 

to achieving pathway-dependent theoretical yields using various microbial hosts: 

Escherichia coli, Pseudomonas putida, Rhodosporidium toruloides, and S. cerevisiae 

(Kirby et al. 2021; Liu et al. 2021; Wang et al. 2022a; Wang et al. 2022b; Huang et al. 

2023). The majority of reported titers, rates, and yields of terpenes from bench-scale studies 

(Table A1) are below 5 g/L, 0.15 g/L/h, and 35% of the theoretical yield, primarily utilizing 

glucose as the sole carbon source. Isoprenol exhibits a range of titer, rate, and yield, 

spanning from 8.5 to 12.4 g/L, 0.1 to 0.15 g/L/h, and 34 to 44 % of the maximum theoretical 

yield (Wang et al. 2022a; Kim and Lee 2023; Kang et al. 2019). However, even if the 

theoretical yield is achieved, approximately 60 to 70% of starting carbon material is not 

converted to the desired molecule. While various bench-scale studies (Table A1) reported 

nearly 100% utilization of carbon sources (Perez-Pimienta et al. 2019; Walls et al. 2023), 

it is apparent that the initial carbon that does not go to the desired product will lead to CO2 

emissions and the formation of cell mass. Typically, CO2 emission is not measured during 

microbial strain development at laboratory scale. The lack of comprehensive experimental 

mass balance data poses challenges in precisely attributing initial carbon materials to cell 

mass, CO2, and other metabolites. Nevertheless, both CO2 and cell mass offer opportunities 

to reconfigure conventional biorefineries, wherein CO2 is released into the atmosphere and 

cell mass is burned onsite for heat and power, considering their high-value potential. 

When considering the conversion of CO2 and cell mass into high-value products, 

some crucial questions arise: is it economically advantageous and does it effectively reduce 
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overall GHG emissions of the primary product? If so, determining a combination of CO2, 

cell mass, and biofuel yield for processes that produce economically viable low carbon 

biofuel becomes pivotal. This question persists, particularly considering the low theoretical 

yield of high energy-density biofuel molecules and the challenges associated with 

achieving yields close to the theoretical limit. This study addresses these questions by 

developing a system-level process model that considers biomass sorghum as a 

representative biomass, R. toruloides as a representative host microbe, and bisabolene as a 

representative biofuel molecule.  

The selection of R. toruloides—an oleaginous, carotenogenic basidiomycete 

yeast—is primarily due to its ability to simultaneously metabolize diverse carbon sources, 

including pentose and hexose sugars, and aromatics derived from lignocellulosic biomass 

(Kirby et al. 2021; Walls et al. 2023; Yaegashi et al. 2017). It can accumulate a high 

concentration of lipids, making it a promising host for the production of lipid-based 

bioproducts, and it has a much greater tolerance for inhibitory byproducts of lignin 

depolymerization such as vanillin and furfural (Walls et al. 2023; Yaegashi et al. 2017) as 

well as tolerance for lignin pretreatment chemicals such as ionic liquids (Sundstrom et al. 

2018). The advances in genetic toolsets (Nora et al. 2019; Otoupal et al. 2019), well-

curated genome-scale metabolic models (Dinh et al. 2019; Kim et al. 2021), and the 

availability of omics data in R. toruloides (Zhu et al. 2012) further promise great potential 

for this organism as one of the popular microbial chassis for advanced bioconversions. 

Bisabolene is selected as a representative biofuel molecule produced in R. 

toruloides as a single product, facilitating its recovery with high purity. It can be 

hydrogenated to bisabolane, which has excellent combustion properties similar to 

petroleum-derived fuels, holding great promise as a "drop-in" replacement for diesel and 

jet fuels (Peralta-Yahya et al. 2012; Butcher et al. 2018; Staples et al. 2019), as the use of 

a single fuel molecule without modifying existing engines is unlikely. While its testing in 

commercial flights is still needed, the implications and impacts of its use phase are out of 

the scope of this study. The goal here is to integrate techno-economic analysis (TEA), life 

cycle assessment (LCA), and genome-scale metabolic engineering models. This study also 

aims to identify process bottlenecks, optimization prospects, and crucial performance 

thresholds. Such insights can guide future research and, ultimately, provide actionable 

strategies for selecting suitable hosts and determining the necessary level of engineering.  

  

 

EXPERIMENTAL 
 

Modeling Overview 
This study has developed a field-to-biorefinery process model designed to utilize a 

nameplate capacity of 2000 bone-dry metric tons (bdt) of biomass sorghum per day. Figure 

1 presents an overview of the primary production stages. The baseline biorefinery 

encompasses biomass production and supply, biomass deconstruction, bioconversion, 

recovery and separation, wastewater treatment, and onsite energy and utility stages. This 

basic biorefinery undergoes enhancement by integrating CO2-to-methanol and cell mass 

lipids conversion into primarily diesel range hydrocarbon fuels. In the baseline biorefinery 

setup, CO2 is emitted into the atmosphere while the cell mass is directed to the onsite heat 

and power generation unit. Previous studies (Humbird et al. 2011; Baral et al. 2019) offer 

detailed assessments of conventional lignocellulosic biorefineries. Subsequent sections 
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provide concise descriptions of all production stages considered in this study and delineate 

the modifications introduced herein. 

 

Biomass production and supply 

The production and supply of biomass encompass several components, including: 

biomass sorghum cultivation, in-field operations, transportation, and storage. Biomass 

production relies on a rain-fed system, resulting in a biomass yield of 22.4 bdt/ha (10 tons 

per acre) (Huntington et al. 2020). In-field operations consist of windrowing, conditioning 

(to break hard stems of biomass), field drying, baling, and stacking biomass bales at the 

field edge. These biomass bales are then transported to the biorefinery using 5-axle tractor 

semi-trailers and stored adjacent to the biorefinery under tarps. It is assumed that the 

delivered biomass has a moisture content of 20% (Baral et al. 2020). Detailed descriptions 

of modeling methodologies and data inputs concerning biomass production and the supply 

chain have been documented in the authors’ previous work (Baral et al. 2020). Table 1 

summarizes the resulting costs and GHG emissions of the delivered biomass feedstock at 

the biorefinery gate. 

 

Biomass preprocessing 

The delivered biomass bales are transported via a conveyor belt to the shredder and 

subsequently to the hammer mill to break them down into the desired particle size of 6.35 

mm (Aden et al. 2002). The milled biomass is temporarily stored before being transported 

to the biomass deconstruction unit. Assumptions and data sources for biomass 

preprocessing are consistent with the authors’ prior work (Baral et al. 2020). 

 

Biomass deconstruction 

The biomass deconstruction process involves several stages: pretreatment, 

neutralization, enzymatic hydrolysis, and ionic liquid (IL) recovery. This study considered 

a biocompatible ionic liquid, cholinium lysinate ([Ch][Lys]), which is very effective for 

biomass pretreatment at a low concentration, such as 2.5 to 5% by mass of the whole 

hydrolysate, and releases clean sugar without microbial inhibitors such as HMF and 

furfural (Rodriguez et al. 2019), due to the low severity pretreatment conditions considered 

in this study. During the biomass deconstruction process, initially, the biomass is combined 

with IL and water to achieve an IL loading of 5 wt% and solid loading of 30 wt% 

(Magurudeniya et al. 2021). This prepared mixture is then directed into the pretreatment 

reactor, where it undergoes pretreatment at 140 °C for 1 h (Sundstrom et al. 2018; 

Magurudeniya et al. 2021).  

Following biomass pretreatment, the pretreated slurry is transported to the 

neutralization unit. Sulfuric acid (93%) is incorporated at a loading rate of 0.1 kg of sulfuric 

acid per kg of ionic liquid (IL) into the pretreated slurry to adjust the pH (Magurudeniya et 

al. 2021). This results in an overall sulfuric acid concentration in the whole slurry of 0.3% 

by mass. Following this, the entire mixture is subsequently transferred to the enzymatic 

hydrolysis reactor. 

      Within the enzymatic hydrolysis reactor, a blend of cellulase enzymes, at a 

concentration of 10 mg of protein/g of glucan, is introduced (Magurudeniya et al. 2021). 

Water is added to achieve an initial solid loading of 25 wt% (Magurudeniya et al. 2021). 

After hydrolysis, solids and liquids are separated using a vacuum belt filter, followed by 

ultrafiltration. The solid fraction is directed to the boiler for the generation of onsite heat 

and power, while the liquid fraction is transferred to the IL recovery unit.  
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In the IL recovery unit, 99% of the IL is recovered through a pervaporation system 

(Sun et al. 2017) and recycled back to the pretreatment reactor. The resulting sugar 

solution, mainly glucose and xylose, is directed to the bioconversion unit, while any 

unrecovered liquid is routed to the wastewater treatment unit. Previous studies extensively 

discuss the modeling assumptions related to the biomass deconstruction process, and the 

primary data inputs are summarized in Table 1. 

 

 

Fig. 1. Overview of biorefinery process model developed in this study 
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Bioconversion 

Nitrogen sources, such as corn steep liquor, diammonium phosphate, and ammonia, 

along with inoculum (R. toruloides, fully cultivated in a seed reactor), are combined with 

a sugar solution and fed into the primary bioconversion reactor. An air compressor supplies 

air to both the seed and main reactors. R. toruloides metabolizes glucose and xylose, 

predominantly found in the sugar solution, to produce bisabolene. To ensure uniform 

dissolved oxygen concentration, a 1000 m3 bubble column bioreactor is employed in this 

study (Davis et al. 2018). Following bioconversion, the entire slurry is directed to the 

recovery and separation unit. In the baseline scenario, CO2 and other gases discharged from 

the bioreactor are released into the atmosphere. Conversely, in the CO2 utilization scenario, 

these gases are channeled to the CO2-to-methanol conversion unit for CO2 capture and 

utilization. Table 1 provides an overview of the principal modeling inputs, which remain 

consistent with previous studies. 

 

Recovery and separation 

After bioconversion, the entire slurry undergoes decantation and microfiltration 

processes to eliminate the cell mass. Bisabolene extraction from the liquid fraction involves 

decantation followed by distillation, assuming an overall bisabolene recovery rate of 98% 

(Baral et al. 2019). The recovered bisabolene is stored onsite. In the baseline scenario, the 

recovered cell mass is directed to the boiler, while any wastewater and residual materials 

are conveyed to the wastewater treatment unit. However, in the scenario involving cell 

mass utilization, the recovered cell mass is diverted to the cell mass lipids-to-hydrocarbon 

fuels conversion unit for further processing. Table 1 summarizes major data inputs for the 

recovery and separation units, aligned with prior studies. 

 

Wastewater treatment 

The wastewater undergoes treatment through successive anaerobic and aerobic 

processes. Within an anaerobic digester, 86% of the organic matter in the wastewater is 

converted into biogas, while 5% is transformed into cell mass (Humbird et al. 2011). Both 

the generated biogas and recovered digester sludge (cell mass) are directed to the boiler for 

the production of heat and power. The treated water is stored on-site and utilized as process 

water. All modeling assumptions for the wastewater treatment process align with previous 

studies (Aden et al. 2002; Humbird et al. 2011), and significant data inputs are outlined in 

Table 1. 

 

Onsite energy and utilities 

The bisabolene biorefinery designed in this study utilizes unused solid biomass 

residues (primarily lignin), cell mass, and biogas. If these sources are insufficient to meet 

the facility’s electricity needs, additional electricity is obtained from the grid (using the 

U.S. electricity mix). In addition to process steam and electricity, this unit supplies makeup 

process water, cooling water, chilled water, and chemicals for cleaning and sterilization.  

The modeling assumptions in this section align with those of previous studies (Aden et al. 

2002; Humbird et al. 2011). In the baseline scenario, the flue gas is discharged into the 

atmosphere, while in the CO2 utilization scenario, the flue gas is directed towards the CO2-

to-methanol conversion unit. Table 1 outlines the major data inputs. 
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Conversion of CO2 into methanol 

The CO2-to-methanol conversion process consists of two stages: initially capturing 

CO2 from a blend of bioreactor off-gas and flue gas, followed by the methanol synthesis 

stage. This study considers established amine scrubbing methods to capture CO2 and then 

catalytic hydrogenation of CO2 to methanol. While methanol finds diverse applications, 

such as a fuel additive and a precursor for polymers (Harris et al. 2021), the authors 

acknowledge the potential for developing higher value-added fuels or chemicals from CO2 

(Do et al. 2022), currently under development at a larger scale (Liew et al. 2022).  

In this study, the bioreactor off-gas and the flue gas from the boiler are combined 

and directed to the absorption unit, where a 30 wt% monoethanolamine (MEA) solution is 

introduced to achieve a targeted molar concentration of 0.21 mol CO2 per mol of MEA 

(Ramezan et al. 2007; Bravo et al. 2021; Wang et al. 2023). The resulting CO2-MEA rich 

mixture proceeds to the stripping stage, where MEA is regenerated and recycled back to 

the absorption unit. The gases and water vapor exiting the stripper are condensed to 

eliminate water, resulting in 99% pure CO2 (Wang et al. 2013). The assumed overall CO2 

capture efficiency in this process is 90% (Wang et al. 2013). 

Following the amine scrubbing process, the CO2-rich gas is initially directed to the 

H2S removal unit, employing a ZnO catalyst to reduce sulfur to undetectable levels. This 

sulfur removal is crucial to safeguard the methanol synthesis catalyst from sulfur-induced 

deactivation. For methanol synthesis, a copper/zinc oxide/alumina catalyst is utilized, 

operating at a gas hourly space velocity of 8000 /h (Tan et al. 2015). Hydrogen is combined 

with nearly pure CO2 gas at a mass ratio of 0.137 %, compressed to a pressure of 51 bar, 

and then supplied to the methanol synthesis reactor (Tan et al. 2015). The reactor functions 

isothermally at 250 °C (Tan et al. 2015), facilitating the primary conversion of CO2 into 

CO, subsequently transforming into methanol. In a single pass, 46 % of the CO is converted 

into methanol. 

Vapor-phase methanol derived from the methanol synthesis reactor undergoes 

condensation and separation from the unreacted gases. Roughly 95 wt% of the unconverted 

gases are recycled back into the methanol synthesis reactor, while the remainder is directed 

to the boiler (Tan et al. 2015). The overall methanol recovery is assumed to be 98%. The 

recovered methanol undergoes further purification via distillation to eliminate water. 

Previous studies provide detailed descriptions of the amine scrubbing and methanol 

synthesis processes, which remain consistent in this study and are summarized in Table 1. 

 

Conversion of cell mass into hydrocarbon fuels 

Microbial cell mass (R. toruloides) contains about 60 to 68 wt% lipid (Li et al. 

2007; Yaegashi et al. 2017). In a prior study (Yaegashi et al. 2017), similar levels of lipids 

were reported in both engineered and wild-type R. toruloides strains, although the actual 

lipid content could vary once the microbes are fully engineered. From a modeling 

standpoint, it is expected that the future optimal R. toruloides strain will contain a similar 

level of lipids as the wild type, but the total microbial mass will be reduced, as supported 

by our metabolic model. This microbial lipid is a potential precursor for biofuels and 

bioproducts, including industrial products and nutrient-rich foods. For the purposes of this 

study, we study the impacts of microbial lipids utilization on the production cost and carbon 

footprint of bisabolene by converting it into hydrocarbon fuels.  

A typical product composition of the reactor includes 78.5 wt% diesel-range and 

1.5 wt% jet fuel-range hydrocarbon fuels, 5.6 wt% propane, 12.1 wt% CO2, 0.6 wt% CO, 

and 1.7 wt% H2O (Jones et al. 2014).  
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The process model for converting cell mass lipids into hydrocarbon fuels, along 

with its underlying assumptions, is consistent with a model previously developed by NREL 

for the conversion of algal-lipid into hydrocarbon fuels (Jones et al. 2014). In this process, 

the cell mass undergoes microbial lipid extraction, wherein hexane is used to extract the 

lipids.   

The extracted lipid is purified through a sequence of cleaning steps: degumming 

involving phosphoric acid addition, water washing, demetallization by silica addition, and 

bleaching with clay to eliminate additional metals and impurities. The resulting cake slurry 

from the purification process is directed to the wastewater treatment unit. The purified lipid 

is then sent to the hydrotreater, where, in the presence of hydrogen, it is transformed into 

hydrocarbon fuels. The hydrogen consumption rate is 1.7 wt% of the feed. Operating at 

350 °C and 35 atm (Jones et al. 2014), the hydrotreating reactor carries out the conversion 

process.  

Subsequently, the hydrocarbon fuels exiting the hydrotreater undergo fractionation 

and purification via distillation. Gas products are routed to the boiler, while any remaining 

aqueous materials are directed to the wastewater treatment unit. Key operating parameters 

are summarized in Table 1. 

Modeling data inputs summarized in Table 1 and Table A2 represent optimal future 

case scenarios, particularly in the case of sugar and biofuel yields, which still need to be 

optimized at scale. While the sugar yield demonstrated at the bench-scale of nearly 80% of 

theoretical yield (Sundstrom et al. 2018; Magurudeniya et al. 2021) is close to the optimal 

sugar yield considered in this study, bisabolene yield, particularly utilizing the whole plant 

hydrolysate, is still in the very early stages of its development (Table A1). Further 

engineering of host microbes is required to achieve the desired titer, rate, and yield of 

bisabolene in the future. Additionally, the authors are not aware of any cell mass lipid to 

hydrocarbon fuel conversion process that has been demonstrated at bench scale. However, 

algal and plant lipids to hydrocarbon fuel conversion processes have been demonstrated 

(Jones et al. 2014).  

The CO2-to-methanol conversion process has been demonstrated at bench scale, 

and most recent works are focused on the selection of catalysts (Heracleous et al. 2023; 

Cai  et al. 2023) that can enhance CO2 conversion and methanol selectivity. Furthermore, 

researchers are conducting conversion of CO2 in the liquid phase (Kothandaraman et al. 

2022) instead of gas-phase CO2 conversion into methanol. Research interests in these 

pathways are particularly focused on achieving higher CO2 conversion and methanol 

selectivity, and lowering hydrogen loading. Therefore, future success in either cell mass or 

CO2 utilization pathways could benefit bisabolene biorefinery to produce economically 

viable, carbon-negative bisabolene. Nonetheless, each conversion pathway, including 

bisabolene, methanol, and lipid-based hydrocarbon fuel production, offers ample 

opportunities for future research. 
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Table 1. Data Inputs Used to Develop Process Model in This Study 

Parameters Unit 
Baseline 

Value 
Range & Standard 

Deviation 
Probability 
Distribution 

Biomass Production & Supply (Baral et al. 2020; Gautam et al. 2023) 

Delivered Biomass Cost𝞪 $/bdt 87.4 (65, 118.2) Triangular 

Carbon Footprint of Biomass𝞪 kgCO2e/bdt 95.6 (63.6, 144.7) Triangular 

Soil Carbon Sequestration𝞫 kgCO2e/bdt -77.7 (-46, -192.6) Triangular 

Biomass Composition (Baral et al. 2019) 

Cellulose wt% 40 (35.4, 44) & 5.31 Lognormal 

Hemicellulose wt% 29.8 (20.7, 30) & 3.79 Lognormal 

Lignin wt% 9.9 (8, 21) & 2.69 Lognormal 

Biomass Deconstruction (Magurudeniya et al. 2021; Sundstrom et al. 2018) 

Solid Loading For Pretreatment wt% 40 (30, 40) Uniform 

Ionic Liquid (IL) Loading wt% 5 (2.5, 5) Uniform 

Enzyme Loading mg/g-glucan 10 (7, 29.4) Triangular 

Solid Loading for Hydrolysis wt% 25 (20, 30) Uniform 

Glucose Yield % 95 (75.8, 99) Uniform 

Xylose Yield % 90 (60.7, 99) Uniform 

Bioconversion (Humbird et al. 2011; Davis et al. 2018; Baral et al. 2023) 

Inoculum Loading wt% 5 (4, 10) Triangular 

Bioconversion Time h 36 (36, 72) Uniform 

Glucose-To-Bisabolene wt% 28.5 (11.5, 29.4) None 

Xylose-To-Bisabolene wt% 25.6 (10.3, 28.5) None 

Recovery & Separation (Baral et al. 2019; Jones et al. 2014) 

Bisabolene Recovery wt% 98 (95, 99) Uniform 

IL Recovery wt% 98 (95, 99) Uniform 

Wastewater Treatment (Humbird et al. 2011; Baral et al. 2023) 

Nutrient Loading wt% 0.02 (0.01, 0.05) Uniform 

Organic Matter-To-Biogas % 86 (86, 91) Uniform 

Onsite Energy & Utility (Humbird et al. 2011; Baral et al. 2023) 

Natural Gas Cost $/kg 0.22 (0.1, 0.5) & 0.1 Normal 

Water Cost $/kg 0.0001 (0.0001, 0.00022) Triangular 

Cell Mass To Hydrocarbon (Koutinas et al. 2014; Jones et al. 2014) 

Hexane Loading g/g-cell mass 0.3 (0.25, 5) Triangular 

Lipid Extraction % 95 (85, 98) Uniform 

Microbial Oil Utilization % 99 (95, 100) Uniform 

Hydrogen Cost𝝲 $/kg 2.8 (1, 6.0) Triangular 

Diesel Price𝝷 $/kg 0.6 (0.4, 0.7) Triangular 

CO2-To-Methanol (Ramezan et al. 2007; Yang et al. 2020; Tan et al. 2015) 

Carbon Capture Efficiency % 90 (60,95) Triangular 

Monoethanolamine Loading𝞍 
molCO2/mol 

MEA 
0.21 (0.1, 0.3) Triangular 

Monoethanolamine  
Concentration 

wt% 30 (20, 50) Triangular 

Monoethanolamine Recycle  
Rate 

% 96 (90, 99) Triangular 

Hydrogen Loading wt% 0.137 (0.137, 0.137) None 

CO-To-Methanol wt% 46 (46, 52) Uniform 
𝞪Determined in this study by refining the model from the authors' prior work (Baral et al. 2020) 
and integrating a decent biomass yield of 22.4 bdt/ha (10 tons per acre). 
𝞫Collected from recent research (Gautam et al. 2023). Negative values mean net sequestration 
of carbon in soils. 
𝝲Collected from recent studies (Bracci et al. 2023; Guerra et al. 2018).  
𝝷The minimum, average, and maximum values over the past five years (E I A 2023).  
𝞍Collected from recent studies (Ramezan et al. 2007; Wang et al. 2023; Bravo et al. 2021). 
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Determining Production Cost 
The methodology employed to determine the minimum selling price remained 

consistent with previous studies (Humbird et al. 2011; Davis et al. 2018). The process 

model was developed using SuperPro Designer, with material and energy balances 

conducted through the software's built-in functions for each unit operation. Sizing and 

quantities of process equipment were determined based on resulting material balance data. 

The purchasing price of each process equipment was calculated by considering 

baseline price, baseline and new sizes, and the scaling exponent. Baseline size and 

equipment purchasing prices were sourced from recent publications (Humbird et al. 2011; 

Jones et al. 2014; Tan et al. 2015; Davis et al. 2018). This study's process model reflects 

changes in input parameters, illustrating their impacts on material and energy flows, as well 

as resulting capital and operating costs. 

The capital cost was adjusted to the year 2022 using the plant cost index. Following 

the collection of capital and operating cost data from the developed process model, the 

discounted cash flow rate of return analysis (DCFROR) was conducted in Microsoft Excel. 

This analysis encompassed direct and indirect overhead cost factors consistent with the 

prior studies. 

The DCFROR analysis aimed to determine the minimum selling price of 

bisabolene, considering a 10% internal rate of return (IRR) after taxes, a plant lifetime of 

30 years, plant operating hours of 7920 hours (330 days/year and 24 hours/day), and an 

income tax rate of 21% (Davis et al. 2018; Gautam et al. 2023). Other economic evaluation 

parameters remained consistent with previous techno-economic studies. 

The value of the Inflation Reduction Act (IRA) Sustainable Aviation Fuel (SAF) 

tax credit was estimated based on a recent notice issued by the Internal Revenue Service 

and Department of the Treasury (IRS 2023). SAF qualifies for a tax credit of $1.25 per 

gallon with a 50% reduction in GHG emissions. Moreover, an extra $0.01 per gallon is 

granted for each percentage point that exceeds the 50% reduction, capped at a maximum 

additional credit of $0.50 per gallon (IRS 2023). In addition to the SAF tax credit, the 

calculation also considered the low carbon fuel standard (LCFS) credit, which reflects 

California’s most recent credit of $74 per metric ton of CO2 (CARB 2023).  Inclusion of 

these carbon reduction credits for cell mass and CO2 utilization routes is purely 

hypothetical for the purposes of this study, as these systems have not been reviewed and 

approved as formal fuel production pathways. 

 

Determining Lifecycle Greenhouse Gas Emissions 
The lifecycle GHG footprint was determined using a previously developed input-

output LCA model, which is detailed in a prior study (Neupane et al. 2017). Briefly, all 

direct and indirect materials and energy inputs, as well as their GHG emissions factors, 

were gathered from widely used databases such as the GREET model (GREET 2017), 

Ecoinvent (Ecoinvent 2017), and the U.S. LCI database (NREL 2012). The resulting GHG 

emissions factors generated from the input-output LCA model, harmonizing with the 

GREET LCA model are summarized in Table A3. Additionally, vital inputs to this life 

cycle assessment model comprised material and energy balanced data generated from the 

process model developed within this study. 

The calculation of the onsite electricity credit involved accounting for the 

displacement of an equivalent amount of grid electricity (U.S. electricity mix). The same 

displacement methodology was employed to allocate GHG emissions credit from methanol 

and hydrocarbon fuels, presuming they displaced petroleum-derived methanol and 
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conventional diesel fuel. Furthermore, methanol combustion emissions are also considered 

as a credit, similar to hydrocarbon fuel, since it is derived from biogenic CO2. The 

functional unit of 1 MJ of bisabolene was considered for analysis in this study. 

 

Uncertainty Analysis 
To quantify uncertainty, a single-point sensitivity analysis was conducted by taking 

into account the minimum and maximum values specified in Tables 1 and A1 for the input 

parameters. Furthermore, a two-point sensitivity analysis was conducted, concentrating on 

the two most influential input parameters and their respective ranges, as detailed in Table 

1, to assess their combined impact on the selling price and carbon footprint of bisabolene. 

Moreover, an overall determination of uncertainties concerning the selling price 

and GHG emissions across all chosen scenarios was made, inclusive of their corresponding 

input parameters. Probability distributions—including uniform, triangular, normal, and 

lognormal distributions outlined in Table 1—were utilized to model the variability in these 

input parameters (Baral et al. 2019). Five thousand Monte Carlo trials were run to generate 

the final probability distributions. 

 

 

RESULTS AND DISCUSSION 
 
Baseline Production Cost and Carbon Footprint 

Figure 2(A) depicts the capital investment of various biorefinery configurations 

considered in this study. Bioconversion (21%), wastewater treatment (18%), and onsite 

energy generation units (31%) are the primary contributors to the total capital investment 

of the baseline biorefinery with no cell mass lipids and CO2 utilizations. Importantly, 

diverting microbial lipids to the hydrocarbon fuel production unit reduces the capital cost 

of the onsite energy generation unit by 8.4%, consequently reducing potentially harmful 

air pollutants (Eberle et al. 2017).  

Utilizing both cell mass and CO2 further increases the capital investment by 1.7 

times relative to the conventional biorefinery. The capital cost of CO2 capture and 

utilization, as well as cell mass upgrading units, are evident additions. Indeed, it is 

noteworthy that this biorefinery configuration generates 63% higher electricity than the 

conventional biorefinery, even without sourcing external natural gas. This increase is 

mainly attributed to unconverted CO and lost hydrogen from the CO2 utilization process 

being directed to the boiler. However, it is important to acknowledge that this enhanced 

electricity generation comes at a cost, as it concurrently increases the capital cost of boilers 

and turbines by 73% (Fig. 2A). This trade-off between increased electricity output and 

higher capital cost underscores the complexity of optimizing biorefinery configurations for 

both efficiency and economic considerations. This also emphasizes the importance of 

developing an efficient conversion of CO2 to CO to provide an alternative energy source 

for the boiler. 

Developing a self-powered biorefinery with cell mass and CO2 utilization results in 

a capital- and energy-intensive facility that also demands a large amount of natural gas, 

thereby increasing the carbon footprint. This suggests that such biorefineries may either 

need supplemental electricity from the grid, which can help reduce the overall carbon 

footprint. However, to effectively achieve this reduction, it is essential to build these 

biorefineries in locations where renewable electricity can be generated onsite or where 

renewable electricity constitutes a significant fraction of the grid’s total electricity. 
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Fig. 2. Capital investment of bisabolene biorefinery under three different configurations (A), along 
with the associated minimum selling prices (B) and greenhouse gas emissions (C). The horizontal 
dashed lines represent the baseline price in 2050 (2022$) of $0.78/L (EIA 2023) and greenhouse 
gas emissions of conventional jet fuel of 89 gCO2e/MJ (GREET 2017). The horizontal dotted line 
represents the price of conventional jet fuel in 2050 (2022$) under a high oil price scenario of $1.4/L 
(EIA 2023). Sensitivity bars represent the impacts of a ±15% variation in baseline values of the 
most influential input parameters (Figures A1 and A2), except for bisabolene yield, which was set 
at 90% of the theoretical yield. 

 

Figure 2(B) illustrates the minimum selling price of bisabolene, with significant 

contributions from delivered biomass feedstock, enzyme, and ionic liquid used in biomass 

deconstruction, nitrogen sources (ammonia, corn steep liquor, and ammonium phosphate) 

employed in bioconversion, and the capital recovery cost associated with bioconversion, 

wastewater treatment, and onsite energy generation units. The conversion of cell mass 

lipids to hydrocarbon fuels can cover the additional operating costs required for the 

process, resulting in a reduction of the minimum selling price by 2.7% relative to the 
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conventional biorefinery. The upgrading of cell mass is a capital-intensive process, being 

a primary contributor to the operating cost at this stage, along with the costs of hexane, 

hydrotreating catalyst, and hydrogen. 

While the CO2 capture and upgrading process is capital-intensive, a significant 

portion of the operating cost (87%) is attributed to material costs. Hydrogen accounts for 

72.5% of this cost, MEA contributes 27.4%, and the remaining 0.1% is attributed to 

catalysts. Variations in MEA concentration and loading rate reported in the literature 

(Ramezan et al. 2007; Tan et al. 2015) indicate room for improvement. However, the 

amount of hydrogen required (nearly 14 g per 100 g of CO2) for the selective catalytic 

upgrading of CO2 to methanol is unavoidable.  

This underscores the need for low-cost renewable hydrogen, which poses a 

challenge considering recent estimates of hydrogen production costs from renewable 

resources in California, Texas, and New York in the range of $2.02 to 2.88/kg (Bracci et 

al. 2023). There is a possibility of achieving the near-term hydrogen production cost target 

of $2/kg; however, substantial technological improvements are required to reach the long-

term hydrogen production cost target of $1/kg (DOE 2023), which is 2.8 times lower than 

the hydrogen price considered in this work. 

A supply of low-cost hydrogen at $1/kg has the potential to reduce the baseline 

selling price of bisabolene by 38%, bringing it to a level sufficient for cost-parity with the 

conventional jet fuel price in 2050 at $0.79/L (2022$) (EIA 2023). This may be more 

achievable in the near term once policy incentives at the Federal and state level are factored 

in. However, inclusion of such policy incentives are beyond the scope of this study. 

Notably, bisabolene produced in both a conventional biorefinery and a biorefinery with 

cell mass lipids diverted to hydrocarbon fuel production has the potential to be priced 

below the conventional jet fuel, even in the absence of any policy support, especially under 

high oil price scenarios. 

Appropriately selected biorefinery configurations, whether utilizing only cell mass 

lipids or incorporating both microbial lipids and CO2 utilization, have the potential to 

achieve a substantial GHG emissions reduction, ranging from 84% to 180% relative to 

petroleum (Fig. 2C). This surpasses the challenge of achieving a 60% reduction relative to 

petroleum, underscoring the effectiveness of these configurations in substantially 

mitigating GHG emissions. Importantly, carbon-negative bisabolene can be produced by 

redirecting cell mass lipids to hydrocarbon fuel. In scenarios involving both cell mass lipids 

and CO2 utilization, the GHG emissions of bisabolene contribute to a large CO2 emissions 

reduction compared to the baseline biorefinery. It is crucial to note that in this process, the 

hydrogen used is assumed to be generated from renewable sources. However, in the 

scenario with both cell mass and CO2 utilization, utilizing hydrogen generated from fossil 

natural gas would result in positive GHG emissions for bisabolene, with only a 30% 

reduction relative to conventional jet fuel. This highlights the importance of producing 

low-cost renewable hydrogen for carbon-negative renewable aviation fuels production in 

the future. 

The main driver of GHG emissions reduction in processes involving either cell 

mass lipids or both microbial lipids and CO2 utilizations is the accumulation of GHG 

emissions displacement credits from hydrocarbon fuel. Additionally, CO2 utilization 

provides credits from methanol and electricity generated from the unutilized CO and 

hydrogen lost from the process. These credits, when combined with GHG emissions credits 

from lignin-derived electricity, prove to be adequate for offsetting GHG emissions from 

key sources. These sources include delivered biomass, enzymes, ionic liquid, electricity 
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primarily required for bioconversion, CO2 compression from near 1 bar to the reactor 

operating pressure of 51 bar, and utilities, particularly in the generation of chilled water. 

This result underscores the importance of having a co-product that displaces its 

petroleum counterpart for GHG emissions reduction. However, achieving substantial cost 

reduction necessitates the production of a high-value co-product. 

 

Uncertainty in Production Costs and GHG Emissions 
  Figure 3 demonstrates the uncertainty in minimum selling price and GHG 

emissions. The major sources of this uncertainty and their individual impact on bisabolene 

selling price and GHG emissions are documented in APPENDIX Figs. A1 and A2. 

Variabilities present in key input parameters (Figs. A1 and A2) have the potential to alter 

either the amount of product and co-product generated, or the energy and process chemicals 

required, or both, resulting in variations in both production cost and GHG emissions. 

 

 

 

Fig. 3. Uncertainty associated with selling price (A) and greenhouse gas emissions (B) of 
bisabolene. The baseline values and variabilities present in input parameters are presented in 
Table 1. For this analysis, the bisabolene yield was set at 90% of the theoretical yield. The 
horizontal dashed lines represent the baseline price in 2050 (2022$) of $0.78/L (EIA 2023) and 
targeted greenhouse gas emissions reduction of 60 % relative to conventional jet fuel. The 
horizontal dotted line represents the price of conventional jet fuel in 2050 (2022$) under a high oil 
price scenario of $1.4/L (EIA 2023). 
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 A wide range of variability considered in hydrogen price at the reactor throat, 

ranging from $1 to 6/kg, stands out as the single largest source of uncertainty in bisabolene 

selling price, particularly in the scenario involving both CO2 and cell mass lipid 

utilizations. In this context, a price of up to $6/kg is considered, as it is likely in different 

regions in the U.S. (Bracci et al. 2023), while the targeted future price is set considerably 

lower at $1/kg. In the scenario involving only cell mass upgrading, the process exhibits 

less uncertainty despite a large variability in hydrogen price due to the relatively small 

amount of hydrogen required for the cell mass lipids upgrading process, specifically at 1.7 

wt%. This suggests that choosing pathways (Do et al. 2022) that necessitate a smaller 

amount of hydrogen for converting CO2 into valuable fuels and chemicals is crucial, even 

when substantial reductions in hydrogen prices may not be feasible in the future. 

The variability in amine loading is another substantial source of uncertainty in the 

scenario involving both microbial lipids and CO2 utilizations, while it is not applicable for 

other scenarios. This highlights the importance of finely tuning amine and its concentration 

for effective CO2 capture. The process parameters considered for the static model are 

mostly optimal for analysis in this study, indicating a very low probability of achieving a 

selling price resulting from the static model (Fig. 3A). Any changes in parameters are likely 

to increase the selling price of bisabolene. However, variations in input parameters are 

likely to decrease GHG emissions (Fig. 3B). For instance, an increase in lignin content in 

biomass, which is unlikely to reduce the selling price of bisabolene (APPENDIX Fig. A1), 

reduces GHG emissions by increasing GHG emission credits obtained from lignin-derived 

electricity. 

For the combined system evaluated in this study, when the process is less efficient 

and generates more cell mass or CO2, coproducts generated from them substantially reduce 

GHG emissions (Fig. A2) by displacing their petroleum counterparts. However, this is not 

desirable from an economic or carbon conversion efficiency standpoint. Alternatively, 

efficiently utilizing both CO2 and cell mass provides substantial GHG emissions reduction 

credits and is important for expanding future carbon-negative biofuels policies. While the 

system displacement method leads to a large negative GHG emissions with multiple 

coproducts, future biofuel policies could explore alternative allocation methods for 

factoring in GHG emissions credits of coproducts. For instance, the energy-based 

allocation method results in positive GHG emissions for bisabolene (Fig. 3B) similar to the 

baseline biorefinery configuration, which does not utilize cell mass and CO2. Thus, the 

focus of scientific research should be on maximizing both products and co-products and 

selecting an appropriate product mix to gain large GHG emissions reduction benefits.  

 
Bisabolene and Cell Mass Yields to Achieve Cost Parity 

The genome-scale metabolic analysis model developed in this work reveals that 48 

to 62 wt% of CO2 is formed in the bioconversion process. This occurs irrespective of 

whether the remaining carbon sources are directed solely towards cell mass or distributed 

between cell mass and bisabolene. This formation depends on the ratio of carbon sources, 

including glucose and xylose present in the bioreactor. The generation of cell mass is 

inversely related to the formation of the product (see APPENDIX, Fig. A3). There is a 

possibility of diverting most carbon sources into the product or cell mass beyond what is 

reported in this work through genetic engineering or pathway modifications, but this aspect 

is beyond the scope of this study. 

Our model considers microbial growth in the seed reactor utilizing 10 wt% 

hydrolysate, where most of the sugars are assumed to be diverted into cell mass. The results 



 

PEER-REVIEWED ARTICLE                                          bioresources.cnr.ncsu.edu 

 

 

Baral et al. (2024). “Metabolic biorefinery model,” BioResources 19(3), 4056-4086.  4071 

presented in Fig. 4 combine the cell mass generated in the seed reactors and in the main 

bioreactor, which is modeled based on the genome-scale metabolic modeling results 

presented in Fig. A3. 

In the scenario where only cell mass lipids are converted to hydrocarbon fuel (Fig. 

4A), bisabolene selling could reach cost parity with conventional jet fuel (high oil price 

scenario) without any policy support when bisabolene yield reaches 54% of the theoretical 

yield (30 g per 100 g of sugars), with 38 wt% cell mass formed. The currently reported 

bisabolene yield from biomass hydrolysate is approximately 8% of the theoretical yield 

(Table A1). To reach cost parity with the baseline conventional jet fuel price, policy 

incentives are required. With only carbon tax credit, reaching cost parity with the baseline 

conventional jet fuel price requires a bisabolene yield of 70% of the theoretical yield, with 

29 wt% cell mass formed. Including both carbon tax credit and LCFS credits, only 30% of 

the theoretical bisabolene yield is required, with 48 wt% of cell mass formed. 

The results indicate that cost-effective low-carbon biofuel can be produced without 

substantial research investment in achieving near theoretical biofuel yield. However, it 

requires appropriate selection of the product and cell mass ratio and microbes that contain 

above 60% lipid based on dry cell mass, such as R. toruloides. In contrast, when both cell 

mass lipid and CO2 are utilized (Fig. 4B), it is challenging to reach cost parity with 

conventional jet fuel, even if the theoretical yield of bisabolene is achieved and fully 

incorporates policy incentives. As discussed earlier, this biorefinery requires low-cost 

hydrogen to produce cost-effective bisabolene. 

 

 
Fig. 4. Selling price of bisabolene in relation to its yield and the corresponding cell mass yield 
with a biorefinery only utilizing cell mass lipids (A) and utilizing both microbial lipids and CO2 (B). 
All policy incentives included are based on estimates from this study and may deviate from fully 
compliant carbon intensities. The horizontal dashed and dotted lines, respectively, represent the 
price of conventional jet fuel in 2050 (2022$) under the baseline scenario of $0.78/L and the high 
oil price scenario of $1.4/L (EIA 2023). 
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Process Bottlenecks and Optimization Opportunities 
To make both cell mass lipids and CO2 utilization processes cost-effective, in 

addition to requiring low-cost hydrogen, fine-tuning of MEA loading is necessary. At a 

hydrogen price of $1/kg and fully incorporating the SAF tax credit and LCFS credits, 

reaching cost parity with the baseline conventional jet fuel price of $0.79/L requires an 

MEA loading of more than 0.18 mol CO2/mol MEA, meaning a lesser amount of MEA per 

mol of CO2 (Fig. 5A). For the high oil price scenario, to achieve cost parity at a hydrogen 

price of $2/kg and fully incorporating policy incentives, an MEA loading of at least 0.16 

mol CO2/mol MEA is required (Fig. 5A). While these MEA loadings are reasonable to 

capture more than 90% CO2 (Ramezan et al. 2007), reducing MEA loading could impact 

CO2 capture efficiency. The results also show that even at a lower MEA loading, exceeding 

a hydrogen price above $3.2/kg would be very challenging to reach cost parity with 

conventional jet fuel, even with a high oil price scenario and fully incorporating policy 

incentives (Fig. 5A). This warrants innovative solutions to make CO2 utilization systems 

economically viable. 

One potential approach involves CO2 capture using the solvent N-(2-EthoxyEthyl)-

3-Mor-pholinoPropan-1-Amine (2-EEMPA) and pumping the entire condensed phase (2-

EEMPA-CO2-H2O mixture) to a methanol synthesis reactor (Kothandaraman et al. 2022). 

In this reactor, methanol is produced through the hydrogenation of the condensed phase, 

facilitated by a 5wt% Pt/TiO2 catalyst and hydrogen (Kothandaraman et al. 2022), 

contrasting with the gas phase hydrogenation of CO2 considered in the baseline analysis of 

this study. This system exhibits the potential to reduce both capital costs and energy 

consumption. The present findings indicate that substituting the baseline methanol 

synthesis, employing gas phase hydrogen, with the state-of-the-art condensed phase 

hydrogenation system can decrease GHG emissions from bisabolene by 1.6 times. The 

reduction in GHG emissions is mainly attributed to GHG emission credits from co-

products, including alcohols, methane, and ethane. However, current bench-scale 

experimental data (Kothandaraman et al. 2022) results in 42% higher selling price of 

bisabolene. This increase is primarily due to the relatively expensive catalyst, its higher 

loading, and the low selectivity of methanol. To further enhance cost-effectiveness, the 

condensed phase hydrogenation process requires refinement in CO2 conversion, aiming 

for higher methanol selectivity at lower catalyst and hydrogen loadings. 

Another potential solution is to generate onsite renewable hydrogen from water 

electrolysis and fully utilize oxygen generated in the process. Oxygen can be used for 

aeration in the bioreactor and to burn fuel, mainly lignin, in the boiler. For a typical 

biorefinery utilizing 2000 bdt of biomass per day, fully generating onsite hydrogen required 

for cell mass lipids upgrading and CO2 to methanol conversion also generates sufficient 

oxygen for the biorefinery. Using oxygen in the bioreactor and boiler not only generates 

concentrated CO2 but also reduces the electricity consumption of the biorefinery. The 

largest decrease in electricity consumption was observed in the bioreactor, reaching a 63% 

reduction, when air was replaced with oxygen for aeration. 

Concentrated CO2 could be directly delivered to the H2S removal unit and 

subsequently to the methanol synthesis reactor, potentially eliminating the amine-based 

CO2 capture system. The bisabolene production cost results of this system are presented in 

Fig. 5(B). The results suggest that achieving near theoretical bisabolene yield, the selling 

price of bisabolene reaches cost parity with the baseline conventional jet fuel price of 

$0.79/L at a hydrogen cost of $2.4/kg, incorporating both SAF tax credit and LCFS credits. 

For the high oil price scenario, the bisabolene selling price reaches cost parity with 
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conventional jet fuel at a hydrogen price of $3.4/kg. Beyond a hydrogen price of $3.4/kg, 

this system may face challenges in producing economically viable bisabolene without 

further technological improvements. 

Selecting suitable hosts containing high lipids does not necessitate pushing 

engineering efforts to achieve the theoretical yield of biofuels. For instance, achieving a 

bisabolene yield of at least 80% of the theoretical yield is essential for generating 

economically viable bisabolene, contingent upon policy support and producing renewable 

hydrogen in the range of $2.2 to $3.1 per kg. Future research could explore an appropriate 

combination of CO2, cell mass, and biofuel yield to maximize economic gain and lower 

greenhouse gas emissions. 

 

 

Fig. 5. Influence of the two primary parameters in a conventional biorefinery using air for aeration 
in a bioreactor and sourcing renewable hydrogen (A), versus an alternative biorefinery employing 
onsite water electrolysis and fully utilizing both hydrogen and oxygen (B). The dashed and dotted 
lines represent cost parity with conventional jet fuel under the baseline and high oil price 
scenarios, respectively, incorporating SAF tax credit and LCFS credits. 

 
 

CONCLUSIONS 
 

1. Combining cell mass lipids and CO2 utilization produces carbon-negative bisabolene; 

however, achieving cost parity with conventional jet fuel depends on overcoming the 

crucial process bottleneck of low-cost hydrogen availability, requiring renewable 

hydrogen production at $2 to 3/kg or lower contingent on bisabolene yield success and 

the availability of policy incentives such as SAF tax credit and LCFS credits. 

2. Meeting onsite hydrogen requirements with water electrolysis not only provides 

adequate oxygen for aeration and combustion but also, by replacing air with oxygen, 

reduces biorefinery energy consumption and yields concentrated CO2, with the most 

substantial 63% reduction in electricity consumption found in the bioconversion stage. 
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3. To achieve cost parity with conventional jet fuel, the amine-based carbon capture 

system requires an amine loading of 0.16 to 0.18 mol CO2/mol MEA, contingent on 

hydrogen availability at $1 to 2 per kg and policy incentives. 

4. Utilizing solely microbial lipids for hydrocarbon fuel in a conventional bisabolene 

biorefinery produces carbon-negative biofuels, and achieving cost parity with 

conventional jet fuel requires a minimum of 30% of the theoretical yield of bisabolene, 

considering both SAF tax credit and LCFS credits, and 70% of the theoretical yield of 

bisabolene, factoring in only SAF tax credit. This configuration has the potential to 

generate economically viable bisabolene without the need for any policy support 

5. Diverting microbial lipids to hydrocarbon fuel production instead of burning them in a 

boiler reduces the capital cost of the boiler and turbine by 8.4%, with the additional 

potential to decrease harmful air pollutants.  
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APPENDIX 
 
Table A1. Summary of Titer, Rate, and Yield from Recent Studies 

Biofuel 
Molecule 

Host 
Microbes 

Carbon 
Sources 

Titer (g/L) Rate 
(g/L/h) 

Yield 
(wt %) 

Theoretical 
Yield      

(wt %)* 

Limoneneµ E. coli Glucose 0.6-3.6 0.008-0.15 6-6.5 32.41 

1,8-cineoleΩ E. coli Glucose 0.65-4.37 0.076 11 36.69 

Linaloolλ E. coli Glucose 0.505 0.01 5 36.69 

Epi-isozizaeneρ E. coli Glucose 0.728 0.01 7.3 32.41 

Bisaboleneξ E. coli Glucose 1.15 0.015 11.5 32.41 

Bisaboleneϱ R. toruloides Hydrolysate 1.3-2.2** 0.007-0.01 1.6-2.6 Varies# 

Isoprenolη E. coli Glucose 8.5-12.4 0.1-0.15 14-18 40.9 

𝛼-Farneseneƍ S. 
cerevisiae 

Glucose 38.8 0.32 - 32.41 

Epi-isozizaeneƍ S. 
cerevisiae 

Glucose 4.7 0.04 - 32.41 

  µ(Alonso-Gutierrez et al. 2015; Rolf et al. 2020).  Ω(Mendez-Perez et al. 2017; Lin et al. 2022).  
  λ(Mendez-Perez et al. 2017; Ferraz et al. 2021).  ρ(Liu et al. 2018).  
  ξ(Alonso-Gutierrez et al. 2015).   ϱ(Sundstrom et al. 2018; Magurudeniya et al. 2021).  
  η(Wang et al. 2022a; Kim and Lee 2023; Kang et al. 2019). ƍ(Huang et al. 2023) 
* The theoretical yield is calculated based on the procedure outlined in the previous study, which 
does not account for biological constraints. 
** A recent study (Walls et al. 2023) reported the highest reported bisabolene titer of 7.8 g/L at 
144 h in R. toruloides utilizing organic acids. 
# The theoretical yields of bisabolene are estimated at 32.41 wt% from glucose and xylose and at 
56.3 wt% from lignin monomer (p-coumaric acid). 
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Table A2. Additional Data Inputs Used to Develop Process Model 

Parameters Unit 
Baseline 

Value 
Range & Standard 

Deviation 
Probability 
Distribution 

Biomass Composition (Baral et al. 2019) 

Acetate wt% 0.9 (0.9, 2.2) None 

Ash wt% 2.2 (2.2, 4) None 

Proteins wt% 5.2 (4.4, 6.2) None 

Biomass Deconstruction (Magurudeniya et al. 2021; Sundstrom et al. 2018) 

IL Cost $/kg 1 (0.5, 2) Triangular 

Pretreatment Time h 1 (1, 3) Uniform 

Pretreatment Temperature °C 140 (140, 140) None 

Sulfuric Acid Loading kg/kg-IL 0.1 (0.07, 0.15) Uniform 

Sulfuric Acid Cost $/kg 0.14 (0.14, 0.14) None 

Hydrolysis Time h 48 (48, 72) Uniform 

Enzyme Cost $/kg 5 (3.5, 5) Triangular 

Bioconversion (Humbird et al. 2011; Davis et al. 2018; Baral et al. 2023) 

Corn Steep Liquor wt% 0.2 (0.16, 0.25) Uniform 

Diammonium Phosphate g/L 0.3 (0.24, 0.33) Uniform 

Corn Steep Liquor Cost $/kg 0.07 (0.05, 0.08) None 

Diammonium Phosphate Cost $/kg 0.36 * None 

Ammonia Cost $/kg 0.42 * None 

Compressor Pressure kPa 310.3 * None 

Ammonia g/L 1 * None 

Air Supply m3/sec 9.8 * None 

Recovery & Separation (Baral et al. 2019; Jones et al. 2014) 

Methanol Recovery wt% 98 (95, 99) Uniform 

Hydrocarbon Fuel Recovery wt% 98 (95, 99) Uniform 

Wastewater Treatment (Humbird et al. 2011; Baral et al. 2023) 

Nutrient Cost $/kg 0.45 (0.3, 0.7) Triangular 

Onsite Energy & Utility (Humbird et al. 2011; Baral et al. 2023) 

Boiler Chemicals Cost $/kg 5 (4, 6) Triangular 

Clean-In-Place Cost $/kg 0.35 (0.35, 0.52) Triangular 

Cell Mass To Hydrocarbon (Koutinas et al. 2014; Jones et al. 2014) 

Hexane Cost $/kg 1.19 (0.8, 1.6) Triangular 

Hydrogen Loading mg/g-oil 2.94 * None 

Hydrotreating Temperature °C 350 * None 

Hydrotreating Pressure atm 35 * None 

Hydrogenation Catalyst Loading wt% 0.012 * None 

Hydrogenation Catalyst Cost $/kg 250 (200, 300) Triangular 

Hydrogen Loss % 9 (9, 15) Triangular 

Phosphoric Acid Dosing wt% 0.19 * None 

Silica Dosing wt% 0.1 * None 

Clay Dosing wt% 0.1 * None 

Phosphoric Acid Cost $/kg 0.8 * None 

Silica Cost $/kg 2.2 * None 

Clay Cost $/kg 0.66 * None 

CO2-To-Methanol (Ramezan et al. 2007; Yang et al. 2020; Tan et al. 2015) 

Monoethanolamine Cost $/kg 1.9 (1.5, 2.3) Triangular 

GHSV of ZnO /h 4280 * None 

GHSV of Methanol Synthesis Catalyst /h 8000 * None 

ZnO Catalyst Cost $/kg 10.3 (8, 15) Triangular 

Methanol Synthesis Catalyst Cost $/kg 21.4 (18, 30) Triangular 

*The minimum and maximum values remain the same as the baseline value. 
GHSV = Gas hourly space velocity. 
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Table A3. Greenhouse Gas Emissions Impact Vectors Combining Both Direct 
and Indirect Emissions 

Item Unit Impact vector 

Ionic Liquid kgCO2e/kg 4.75 

Sulfuric Acid kgCO2e/kg 0.045 

Enzymes kgCO2e/kg 7.57 

Ammonia kgCO2e/kg 2.38 

Corn Steep Liquor kgCO2e/kg 0.83 

Diammonium Phosphate kgCO2e/kg 1.15 

Clay kgCO2e/kg 0.00377 

Hexane kgCO2e/kg 3.76 

Hydrogenation Catalyst kgCO2e/kg 8.303 

Phosphoric Acid kgCO2e/kg 0.56 

Silica kgCO2e/kg 0.0212 

CuO-Catalyst kgCO2e/kg 3.375 

Monoethanolamine kgCO2e/kg 2.077 

Methanol Synthesis Catalyst kgCO2e/kg 5.905 

Renewable Hydrogen gCO2e/kg 6.08 

Diesel gCO2e/kg 4.12 

Fossil Methanol kgCO2e/kg 1.73 

Electricity (U.S. Mix) kgCO2e/kWh 0.43 
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Fig. A1. Most influential inputs to the minimum selling price of bisabolene in a representative 
case considering both cell mass and CO2 utilizations. The first, second, and third values of each 
input parameter represent the minimum, baseline, and maximum values, respectively. MEA = 
Monoethanolamine. bdt = bone-dry metric ton. 
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Fig. A2. Most influential inputs to the greenhouse gas emissions of bisabolene in a representative 
case considering both cell mass and CO2 utilizations. The first, second, and third values of each 
input parameter represent the minimum, baseline, and maximum values, respectively. MEA = 
Monoethanolamine. SOC = Soil organic carbon. bdt = bone-dry metric ton. 
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Fig. A3. Relationship between bisabolene and cell mass yields. The results are obtained from the 
genome-scale metabolic model analysis performed in this study. The recent genome-scale 
metabolic model for R. toruloides, Rt_IFO0880 (Kim et al. 2020) and flux balance analysis (FBA) 
(Orth et al. 2010) was used to calculate the maximum theoretical yields for cell mass and 
bisabolene from reaction stoichiometry and redox balance. COBRA Toolbox v.3.0 (Heirendt et al. 
2019) in MATLAB R2017b was used for FBA simulations with the GLPK 
(https://gnu.org/software/glpk) or Gurobi Optimizer 8.1 (http://www.gurobi.com/) as the linear 
optimization solver. 
 

 


