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ABSTRACT 
There is a need to drastically reduce greenhouse gas emissions. While significant progress has 
been made in electrifying transport, heavy duty transportation and aviation are not likely to be 
capable of electrification in the near term, spurring significant research into biofuels. When cou-
pled with carbon capture and storage, biofuels can achieve net-negative greenhouse gas emis-
sions via many different conversion technologies such as fermentation, pyrolysis, or gasification 
to produce ethanol, gasoline, diesel, or jet fuel. However, each pathway has a different efficiency, 
capital and operating costs, and potential for carbon capture, making the optimal pathway de-
pendent on policy and spatial factors. We use the Integrated Markal-EFOM System model applied 
to the USA, adding a rich suite of biofuel and carbon capture technologies, region-specific CO2 
transportation and injection costs, and government incentives from the Inflation Reduction Act. 
We find that under current government incentives, biofuels and carbon capture from biorefineries 
are primarily focused in the Midwest and South of the USA, but play a relatively small role in the 
overall USA transportation sector even in 2055. However, increased government incentives, bio-
mass availability, or oil price could lead to increased biofuel production and reduced transportation 
emissions. 
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INTRODUCTION 
Reducing greenhouse gas (GHG) emissions in the 

transportation sector is critical for reducing global warm-
ing. While improvements in electrification and electric ve-
hicles are expected to play a critical role in reducing 
emissions from light duty vehicles, heavy duty transpor-
tation and aviation are not likely to be electrified in the 
near term [1]. In these sectors, the high energy density of 
fuel is important, so liquid fuels are expected to be es-
sential for years to come [2]. Therefore, there has been 
significant research into renewable liquid fuels. 

Renewable liquid fuels can be derived from a variety 
of sources. One of the most affordable sources has been 
waste lipids, which can be upgraded through the hydro-
processed esters and fatty acids (HEFA) conversion 
pathway. However, the availability of waste lipids, and 
purpose-grown oil crops, is currently limited, and ex-
pected to remain low [3]. Meanwhile, cellulosic biomass 

is widely available and can be converted into ethanol, 
gasoline, diesel, or jet fuel through a variety of biological 
and thermochemical pathways [4].  

Biofuels have dramatically lower GHG emissions 
than their fossil fuel counterparts, but there are still emis-
sions from the growth, harvesting, transportation, and 
conversion of the biomass. However, by coupling biofuel 
production with carbon capture and storage (CCS), net-
negative GHG emissions can be achieved [5]. CCS incurs 
significant capital and operating expenses, so it is gener-
ally only economically viable with government incentives. 
With the passing of the Inflation Reduction Act (IRA), the 
USA has a tax credit of $85/Mg CO2 captured and stored 
securely. There is also a higher credit of $180/Mg CO2 for 
CO2 captured directly from the atmosphere. The USA 
also provides incentives for the production of renewable 
liquid fuels, including ethanol, gasoline, diesel, and jet 
fuel. Notably, the credit for sustainable aviation fuel (SAF) 
depends on its emission reduction compared for fossil-
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based jet fuel. SAF with 50% emission reduction receives 
a $1.25/gallon credit, which increases by 1 cent for each 
additional percent of emission reduction, up to a maxi-
mum of $1.75/gallon at net-zero emissions. This credit 
exceed that for ethanol, gasoline, and diesel at $1/gallon. 

Many techno-economic analysis have been per-
formed on biofuels with carbon capture and storage 
(BECCS) systems and the impact of sequestration credits 
son their economic viability, but many of these studies 
pick a single conversion pathway and option for CCS. 
They also typically study a single biorefinery with a single 
feedstock price for a representative year [6]. However, 
biomass availability, locations for carbon sequestration, 
and competition with other fuels are key factors that can 
only be included with larger systems-level models. 

Biofuels, with and without CCS, have featured heav-
ily in integrated assessment models (IAMs). However, 
IAMs model economic, energy, and environmental sec-
tors and interactions for the globe over long periods of 
time, so are often limited to a coarse representation of 
the energy sector [7]. Instead, detailed energy systems 
model can include a rich suite of conversion pathways. 

Other studies of biofuels in energy systems models, 
and especially those focusing on the USA, have several 
crucial limitations. First, they typically simplify the wide 
range of combinations of biomass type, conversion path-
way, and CCS to one or two conversion technologies. 
Second, they consider CCS from only some streams at 
the biorefinery even for pathways that generate multiple 
distinct CO2 streams, such as those based on microbial 
conversion and gasification. Third, they often simplify the 
cost of CO2 transportation and injection to a single value 
that is independent of region. 

In this work, we present a study including a rich suite 
of biofuel conversion pathways to ethanol, gasoline, die-
sel, and jet fuel with the option for CCS from each CO2 
stream. We add these pathways to the Integrated 
MARKAL-EFOM System (TIMES) model applied to the 
USA. We further improve the model by adding transpor-
tation costs and region-specific injection cost curves for 
CO2. We also implement the most recent government in-
centives to study the role of biofuels and CCS in the USA 
transportation sector. 

METHODS 

Optimization Model 
TIMES is a bottom-up long-term energy system lin-

ear optimization model that includes transportation, elec-
tricity generation, residential, commercial, and industrial 
sectors. It is solved considering 5-year timesteps from 
2020 through 2055 with perfect foresight to minimize the 
discounted cost of meeting energy demands. It divides 
years into seasons, which are further divided into daily 
time slices. These times slices are used to consider both 

seasonal and daily balances for energy demands [8].  
TIMES can be applied to different regions depend-

ing on the technologies available, and we use the 
EPAUS9rT database, which includes the existing energy 
technologies in the USA and their associated GHG emis-
sions, divided into nine regions [9]. The inclusion of ex-
isting capacity and costs for conventional fuel technolo-
gies are essential for investigating how biofuel would 
compete in the current and future energy sector. How-
ever, because advanced biofuels are not currently wide-
spread in the USA, the database has little representation 
for these fuels. Thus, this work adds these advanced bio-
fuel technologies, as outlined in the following sections.  

Biomass Availability and Oil Price 
The amount of biomass available and its cost is crit-

ical for studying biofuels. The Billion Ton report, updated 
in 2016, determined supply curves of biomass availability 
as a function of price for a variety of biomass types under 
different scenarios [10]. It generates these results as-
suming that sufficient land for food production is ensured 
before land is used for biomass production so that there 
is no competition with food. The study includes agricul-
tural residues, grassy energy crops, corn stover, urban 
wood waste, forest resources, and woody energy crops. 
We note that utilizing waste biomass requires no addi-
tional land or water. For energy crops, additional water 
and land is required, but these are not tracked in TIMES 
and therefore beyond the scope of this study. We gener-
ate four scenarios of reference biomass availability and 
oil price, high biomass availability and reference oil price, 
reference biomass availability and high oil price, and high 
biomass availability and oil price. 

Biofuel Conversion Pathways 
We include a wide variety of conversion technolo-

gies and options for CCS, summarized in Figure 1. 

 
Figure 1. Biofuel production and carbon capture 
technologies considered in this study. 

One mature pathway is microbial conversion, in 
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which fermentation is used to produce ethanol from sug-
ars. In a biorefinery using this pathway, CO2 is released 
from the fermentation process, in biogas from anaerobic 
digestion of wastewater, and in the flue gas from solid 
residue combustion [11]. Ethanol can be used as a fuel, or 
further upgraded. The upgrading options begin with 
Guerbet coupling to produce jet fuel, or with dehydration 
to produce a range of gasoline, diesel, and jet fuel [12]. 

Biomass can also be converted thermochemically. 
Pyrolysis produces a bio-oil that can be further upgraded 
into gasoline and diesel with hydrogen that can be pro-
duced onsite from the fuel gas. In this case, the only 
stream from which CO2 can be captured is the dilute flue 
gas stream [13]. Alternatively, biomass can first undergo 
gasification to produce syngas. The syngas can then be 
converted into a range of gasoline, diesel, and jet fuel 
through Fischer-Tropsch synthesis [14], or to gasoline 
through a methanol intermediate [15]. For both pathways 
based on gasification, a very pure stream of CO2 is pro-
duced when cleaning the syngas, and another dilute 
stream of CO2 is produced from fuel gas combustion. 

While thermochemical conversion technologies can 
process any type of biomass, the lower carbon content 
and higher ash content of herbaceous biomass increases 
costs. The nearly pure CO2 streams from fermentation 
and syngas cleaning require only dehydration before 
compression, transportation, and sequestration. For all 
other CO2 streams, we assume that amine absorption is 
used. We also assume that all the CO2 in biogas is cap-
tured, while 85% of CO2 in flue gas streams is captured. 

CO2 Transportation and Sequestration 
An important element in CO2 sequestration not in-

cluded in the EPAUS9rT database is the availability and 
injection cost of saline aquifers in each region. To add 
this to the model, we identified the potential injection 
sites with injection costs below $100/Mg CO2 in the liter-
ature. Assuming that each aquifer has a maximum annual 
injection limit of 1% of its total capacity, we constructed 
a cost curve of marginal cost of injection as a function of 
total CO2 injection within each region. We calculated the 
CO2 transportation costs within and between regions by 
the average distance between the potential locations of 
biorefineries and the potential injection sites.  

RESULTS 

Existing Credits 
With the existing credits, we run the improved model 

through 2055. The results of biofuel production and the 
transportation emission reduction are shown in Figure 2.  
The total biofuel production increases rapidly beginning 
in 2030, almost entirely comprised of gasification and 
Fischer-Tropsch synthesis. Biofuel production continues 
to increase through 2050, but the growth slows as the all 

the low-cost biomass sources are used and marginal cost 
of using additional biomass increases. 

 
Figure 2. Biofuel production and corresponding GHG 
emission reduction over time. 

The amount of CCS varies by region depending on 
the cost of electricity and CO2 transportation and injec-
tion, but on average 60% of biofuel production from 
Fischer-Tropsch includes CCS in both the stream from 
syngas cleaning and flue gas, while the remaining 40% 
includes capture from the syngas cleaning stream only.  

Biofuels produce some emissions, but much fewer 
than fossil fuels. Accordingly, more than one third of 
emission reduction from BECCS come from the replace-
ment of fossil fuels, while the remaining comes from the 
direct negative emissions of CCS.  

Figure 3 shows the distribution of biomass sources 
and biofuel conversion pathways selected in 2055. Ded-
icated woody energy crops are the most used biomass 
sources, followed by urban wood waste and forest re-
sources. These sources are selected due to their higher 
yields and lower costs than herbaceous sources. 

 
Figure 3. Sankey diagram for energy flows of biomass 
and biofuels. Results are in petajoules (PJ) in 2055. 
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 Very little herbaceous biomass is used and is limited 
primarily to producing small amounts of ethanol via mi-
crobial conversion. Overall, only a quarter of biomass 
available is used in 2055. 

Figure 4 shows the regional distribution of biofuel 
production and CCS from biorefineries. Both biofuel pro-
duction and CCS are focused in the Midwest and South 
(regions 3-7), which have lower costs and higher availa-
bility of both biomass and saline aquifer injection sites 
compared to the coastal regions. R4 has the highest bio-
fuel production of any region at 445 PJ, and the highest 
amount of carbon captured at 50 MT/year. In New Eng-
land (R1), there are no potential injection sites, so any 
carbon captured would have to be transported a signifi-
cant distance, which would be expensive. Therefore, in 
that region a small amount of biomass is converted to fuel 
using pyrolysis without any CCS, which is the lowest-cost 
method of producing biofuels when CCS is not available 
or economically viable. The only region that continues to 
produce ethanol in 2055 is R6, which produces ethanol 
from grassy energy crops, instead of from corn as is cur-
rently the case in the USA. While there are options to up-
grade ethanol to jet fuel via dehydration or Guerbet cou-
pling, no ethanol upgrading pathways are selected due to 
their high costs compared to the thermochemical conver-
sion pathways based on pyrolysis and gasification. 

Impact of changing credits 
Relatively little biofuel production is incentivized 

with existing credits, so we next explore how changing 
the value of the credits impacts the choice of technolog-
ical pathway for biomass to biofuels, total biofuel produc-
tion, and national transportation emission reduction.  

Figure 5a shows that the sequestration credit is 
much more impactful on biofuel production and emission 
reduction than the SAF credit. In fact, at low sequestra-
tion credits, a SAF credit of over $2.20 would be required 
to increase biofuel production by a significant amount. 
While at current incentives and assumptions in the 
EPAUS9rT database, annual transportation emissions 
were reduced by only 15% compared to 2020 levels, mi-
nor increases in the sequestration credit can dramatically 
reduce emissions, reaching 50% emission reduction at 
$120/Mg CO2 with current SAF credit levels. 

Figure 5b shows the range of sequestration credits 
for which biofuel conversion pathways are selected. In all 
regions, pyrolysis is chosen at low credits, and this tran-
sitions to gasification and Fischer-Tropsch at higher 
credits, with the credit at which the transition occurs var-
ying by region. The transition begins to occur at credits 
as low as $55/Mg CO2 in R7 and R8, where CCS from the 
syngas stream becomes incentivized. At credits above 
$110/Mg CO2, gasification and Fischer-Tropsch synthesis 
with CCS from all sources preferred in all regions. Gasifi-
cation and methanol-to-gasoline is incentivized in R4 at 
high sequestration credits because it has a higher ratio 
of CO2 captured to fuel produced, allowing it to take 
greater advantage of the sequestration credit. 

 
Figure 4: Map of biofuel production and carbon capture from biorefineries in the USA in 2055 under existing 
incentives. The size of each pie chart is proportional to the relative fuel demand. 
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Impact of biomass availability and oil price 
Even if sequestration and SAF credits do not 

change, there are other ways in which biofuel production 
might be increased. With continuing research in purpose-
grown woody and herbaceous energy crops, and the 
potential of rising oil prices with depletion of reserves and 
environmental restrictions, biofuels may become 
economically attractive without increased government 
incentives. Accordingly, we show in Figure 6 biofuel 
production by different biomass sources under different 
scenarios of biomass availability and oil price. 

With increasing biomass availability and oil price, the 
choice of biofuel conversion pathways does not change, 
though the magnitude of production changes signifi-
cantly. The high biomass availability (B+) scenario has 
approximately double the biomass availability in 2055 
compared to the reference (R) scenario, and biofuel pro-
duction correspondingly doubles. The most significant 
increase between these scenarios is the increased use of 
woody energy crops, though there is also an increase in 
grassy energy crops undergoing gasification and 
Fischer-Tropsch synthesis and microbial conversion. 
However, R7 is the only region that uses grassy energy 
crops in this scenario. 
 When the oil price increases with reference biomass 
availability (scenario R to scenario O+), the most signifi-
cant change is the dramatic increase in the use of herba-
ceous biomass, primarily in R3, R4, and R7. Herbaceous 
biomass has lower conversion efficiency and higher 
costs compared to woody biomass that makes it not 
competitive with fossil fuels in the reference scenario, 
but the increase in oil price is sufficient to change that. In 

this scenario, R2 also begins to produce small amounts of 
ethanol from grassy energy crops and corn stover. Over-
all, an increase in the oil price alone increases total bio-
fuel production by a factor of 4.  
 When an increase in biomass availability is also 
added on (scenario O+ to scenario BO+), there is less 
corn stover and significantly more woody energy crops 
available, which further increases biofuel production to 
nearly 7500 PJ. In the BO+ scenario, biofuel meets 
roughly 14% of gasoline, 55% of diesel, and 28% of jet fuel 
demand, resulting in 60% emission reduction compared 
to 2020 levels. 

 
Figure 6: Biofuel production by biomass type under each 
biomass availability and oil price scenario in 2055. 
Abbreviations are: ECG: grassy energy crops; STV: corn 
stover; AGR: agriculture residues; UWW: urban wood 
waste; FSR: forest resources; ECW: woody energy crops. 

 
Figure 5: a) National biofuel production as a function of government incentives. Solid black lines indicate contours 
of 10-60% reduction of transportation emissions compared to 2020 levels. b) Range of sequestion credits for 
which technologies are selected in each region. Abbreviations are: PYR: pyrolysis; GAS-FT-C1: gasification and 
Fischer-Tropsch with capture from syngas; GAS-FT-C2: gasification and Fischer-Tropsch with capture from 
syngas and flue gas; GAS-MTG-C2: gasification and methanol-to-gasoline with capture from syngas and flue gas. 
All results are in 2055. 
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CONCLUSION 
We improved the TIMES model applied to the USA 

energy sector by adding a rich suite of biofuel conversion 
pathways with the option for carbon capture from all CO2 
streams generated and region-specific CO2 transporta-
tion and injection costs. With the improved model, we 
studied how the existing government credits in the Infla-
tion Reduction Act would incentivize biofuel production 
and carbon capture, finding biofuels to meet only 15% of 
diesel, 4% of gasoline, and less than 1% of jet fuel demand 
in 2055. We explored changes in sequestration and SAF 
production credits and found the sequestration credit to 
be much more impactful, with a relatively minor increase 
to $120/Mg CO2 reducing emissions by 50%. Lastly, we 
examined how increases in biomass availability or oil 
price could increase biofuel production without and 
change in government incentives. Here, we found similar 
levels of emission reduction could potentially be 
achieved in the most biofuel-friendly scenario. 
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