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1. Introduction

1.1. Background

The already large aviation industry is poised for incredible growth in coming years. The jet fuel market alone is expected to
more than double its value from 2020, as outlined by the Department of Energy, or DOE (n.d.-b). However, this growth will
bring with it a surge in the aviation industry’s environmental footprint. Currently, around 11% of all transportation
greenhouse gas (GHG) emissions originate from aviation (D’Ascenzo et al., 2024). This constitutes around 2-3% of all human
carbon emissions, in addition to emissions from other GHGs such as water vapor and methane. Even apart from these
gases, aviation releases other environmentally detrimental substances into the atmosphere, such as soot and sulfur
(Chireshe et al., 2025).

The severe environmental impacts of aviation pose a serious issue, especially when considered in conjunction with the
coming growth of the aviation industry. Recently, research has focused on the use of sustainable aviation fuels, or SAFs, to
resolve this issue. Sustainable aviation fuels are defined as jet fuels that can be produced from renewable sources of energy,
such as biomass or hydrogen. SAFs are crucial to aviation because they pose the potential to reduce the environmental
footprint of the industry - both in manufacturing and emissions - without the need for significant structural changes to
existing aircraft and infrastructure. Additionally, while other methods for aircraft environmental sustainability do exist,
such as electric or hydrogen power, there are numerous technical barriers faced by these nascent methods (Song et al.,
2024), further contributing to the importance of SAFs. For example, using hydrogen power in aviation would require
overcoming hydrogen’s low volumetric energy density, requirements for cryogenic storage, uncertain climate impacts, and
more.

1.2. Purpose

Environmental performance is inevitably a major point of concern for sustainable aviation fuels; however, economic
performance is also of paramount importance. Today, fuel represents around 20-30% of the operating costs of an airline
(DOE, n.d.-b). As such, for sustainable aviation fuels to be practical in real world application, they must be capable not only
of decreasing the environmental footprint of aviation, but also of being produced at feasible costs relative to existing fuels.

At the moment, there are numerous developed SAF production pathways, including: Hydroprocessed esters and fatty acids,
alcohol-to-jet, hydroprocessing of fermented sugars, Fischer-Tropsch, pyrolysis, aqueous phase reforming, and
power-to-liquid. Of these existing routes, the hydroprocessed esters and fatty acids route, or HEFA, is currently the most
mature (Bauen et al, 2020). HEFA makes use of renewable feedstocks to obtain oils and fats, which are then
hydroprocessed to create fuel. Being the most mature existing SAF pathway, HEFA poses the greatest potential for
sustainable aviation fuel implementation. Despite its overall significance, however, an immensely important consideration
for the HEFA process is the feedstock implemented. In this regard, the camelina crop is a feedstock with incredible
potential, because it requires little energy to grow, contains high amounts of non-food oil, and can be grown without
interfering with other agriculture as a cover crop (Wang et al., 2020). These characteristics are important because they
indicate that camelina can be grown with minimal environmental impact, while also producing a high magnitude of oil to be
converted to fuel. The goal of this paper is to analyze existing literature to obtain secondary data values, then present a full
environmental and economic lifecycle analysis of the HEFA production route given camelina as a feedstock. In this way, this
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paper will provide a robust analysis of SAF performance under mature and promising conditions, to help evaluate the
realistic feasibility of SAF implementation in the modern world.

1.3. Literature Gap

There is currently limited SAF-focused literature on the lifecycle environmental and economic performance of the HEFA
route. This is because many works have analyzed either the lifecycle environmental or the lifecycle economic performance
of SAFs, but comparatively fewer have analyzed both, and even fewer have done so for the HEFA route.

Many recent works in the field have focused exclusively on the lifecycle environmental performance of sustainable aviation
fuels. For example, Kurzawska-Pietrowicz (2023) reviewed the lifecycle emissions of various sustainable aviation fuels,
Abayo et al. (2024) compared the environmental impact of various SAF pathways, and Zemanek et al. (2020) analyzed the
emissions from using oilseeds in the HEFA route. However, works exclusively analyzing environmental impacts have
naturally not examined the lifecycle economic impacts of SAFs, although in some instances such works may be directed
specifically at HEFA. In contrast, much other literature has focused exclusively on the lifecycle economic performance of
sustainable aviation fuels. For instance, Pearlson et al. (2013) created estimates for the economics of the HEFA route.
However, literature in this category similarly does not present the lifecycle environmental performance of SAFs, although it
may also focus solely on HEFA. A highly important note is that even when synthesized together, these types of SAF
evaluations focusing exclusively on lifecycle environmental or economic performance cannot produce the same impact as
combined lifecycle analyses can. Thus, these exclusive analyses cannot fill the gap produced by the currently limited
combined literature. As discussed previously, there are various SAF pathways and assumptions that can be made in the
process of analysis. While the combination of exclusively environmental and economic works can produce more broad
conclusions on the environmental and economic performance of SAFs, it can struggle to produce conclusions for specific
pathways and assumptions, which is where the differentiation from combined analyses occurs. This is because no two
separate works utilize the exact same framework to evaluate SAFs; as a result, an exclusively environmental analysis often
lacks an economic counterpart with the same pathway and assumptions to produce comprehensive environmental and
economic conclusions for its framework. The lack of combined conclusions for specific frameworks from exclusive analysis
poses an important limitation because while generalizable conclusions are helpful, SAF practicality varies greatly across
pathways and assumptions, making framework-specific conclusions important for differentiation and understanding. It also
poses a limitation because, as discussed earlier, both environmental impact and cost are essential factors to consider in
relation to the practicality of SAF application, and neither can be ignored.

Resolving this limitation with works focusing exclusively on either the lifecycle environmental or economic performance of
SAFs, some literature has also focused on both of these factors; however, this literature is less common compared to the
exclusive analyses, which establishes the beginnings of the research gap of this paper. Grim et al. (2022), for instance,
reviewed the lifecycle environmental and economic aspects of the power-to-liquids SAF production pathway. Similarly,
Gonzales-Garay et al. (2022) reviewed the lifecycle environmental and economic feasibility of the Fischer-Trophsch and
methanol-to-fuels given different energy sources. Additionally, Braun et al. (2024) analyzed various SAF production
methods, including HEFA, to determine lifecycle environmental impact and pricing. Yet, the majority of papers in this
domain do not focus exclusively and comprehensively on the HEFA pathway to SAF production, although sometimes, as in
the case of Braun et al. (2024), the method may be analyzed alongside others. In other words, while papers analyzing the
lifecycle environmental or economic performance of SAFs sometimes focus specifically on HEFA, papers that present both
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the lifecycle environmental and economic performance of SAFs are rarely directed towards thoroughly analyzing HEFA.

However, there are some papers that resolve this, and provide an environmental and economic analysis focusing
specifically on the HEFA pathway. Seber et al. (2014), for instance, looked at the lifetime environmental and economic
impacts of HEFA fuel production given waste oils and tallows as feedstocks. Nevertheless, literature in this specific domain
is minimal, and, as in the case of the paper from Seber et al. (2014), not always recent, as is particularly important in the
realm of economics. As a result, the precise focus of this paper on the environmental and economic performance of the
HEFA pathway given a lifecycle analysis is beneficial by contributing to the currently limited research surrounding this
specific domain.

1.4. Research Question and Hypothesis

To summarize the aforementioned explanations, the question that this paper seeks to answer is: What is the economic and
environmental performance of sustainable aviation fuels produced from camelina via the HEFA pathway, when considering
full lifecycle analysis? The initial hypothesis regarding this question is that HEFA SAFs produced from camelina have an
environmental footprint approximately 20% less than traditional fuels, while still roughly matching the costs of these fuels.

2. Methodology

To prove this hypothesis, the body of this secondary analysis was chronologically structured around the various stages of
the HEFA route: Feedstock production, transport and oil extraction, HEFA conversion, and combustion. In each stage, the
paper tracked two measures of SAF performance: CO2 equivalent emissions for environmental performance, and cost in
dollars for economic performance. Also for each step, the magnitude of these two measures was placed in relation to the
“input” quantity for that stage. For example, for the oil extraction step, emissions and costs were given per kilogram of
feedstock, as feedstock was the input quantity for oil extraction. One important note should be included in regards to the
feedstock production and combustion stages. Many recent works in the field of sustainable aviation fuels evaluate these
stages in parallel, and thus consider the emissions from SAF combustion to be environmentally neutral. This is because the
carbon released into the environment during SAF combustion originates from the carbon absorbed from the environment
during the feedstock growth. However, this paper instead considered the feedstock growth and combustion stages
independently. Biogenic carbon uptake was incorporated into the feedstock section, and the combustion emissions were
separately included in the combustion section. This choice was made because it was theorized to allow for a more
thorough and transparent approach to evaluating each step of HEFA SAF production. This choice was also made because
combustion emissions from SAFs are known to produce meaningful non-CO2 emissions that would not be offset by
feedstock growth, and because it was unknown how the intermediate stages between the feedstock growth and
combustion would impact the presence of absorbed carbon in the emissions themselves.

The paper followed the two measures of performance in each stage by drawing any discovered quantitative values for
emissions and cost, and combining them mathematically to produce overall values for that stage. This secondary method of
analysis was beneficial because it allowed for the use of raw data from the previous literature on the lifecycle
environmental or economic performance of HEFA (see Literature Gap) to fill the lack of research on both factors in one
framework. Additionally, a stage by stage analysis was performed as opposed to a synthesis of final lifecycle values from
existing works given the difficulties and inaccuracies in combining calculated environmental and economic figures from
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different papers (see Literature Gap).

Once values for each step of the process were derived, they were combined through further unit conversion to produce
final values for emissions and cost. These values were then compared to those of traditional fuels, as obtained from
credible and corroborated sources, to establish improvement or deterioration in both categories. This form of analysis
produced the secondary analytical nature of this paper, and the conditions and assumptions established produced its
attributional quality.

In terms of information sourcing, sources analyzed within this research paper were found using the following search terms:
Sustainable, aviation, lifecycle, environmental, fuel, economic, and HEFA, as well as other search terms tangential to the
field of sustainable aviation fuels. These search terms were used in research databases, such as JSTOR and Google Scholar,
as well as in ordinary search engines such as Google. Furthermore, only sources from 2000 and onward were considered.
Under these conditions, the research paper considered a total of 70 sources, of which 47 sources were used within the
body of the paper. The sources used were chosen for the scope of relevant information they covered, and the credibility
and expertise they offered. Specifically, sources considered for the analysis of the paper were excluded if they did not
provide quantitative data regarding the HEFA pathway. Similarly, sources considered for the introduction were rejected if
they did not present expertise in their subject field. Of the sources used in the body of the paper, 39 were academic
research papers, 7 were government or otherwise credible reports, and 1 was a credible website.

A highly important note should also be made in regard to the way that calculations were performed throughout the entirety of
the paper. Throughout the paper, data from sources was taken in exact specificity as originally found when used in
calculations. In the same way, calculated numbers from original source values were stored to exact specificity for further
computation. However, when original figures or calculated values were presented, they were rounded to three decimal
places (and identified as approximates unless in the appendixes), or left with their original number of decimals if not
present in this specificity. Furthermore, even if original figures were identified as approximated in the sources from which
they came, they were not identified as such in the paper, and used according to the rules above. These choices were made
to improve the understanding and ease of the reader.

2.1. Key Abbreviation Definitions
e metric kilogram = kg
e metric kilometer = km
e (CO2 equivalent = CO2e
e metric megajoule = MJ
e metric gigajoule = GJ
e metric kilowatt-hour = kWh

e metric ton =ton
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e imperial pound =1b
e imperial mile = mi

e metricgram=g
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Figure 1: Lifecycle HEFA Fuel Production Pathway.

Note. Figure from Seber et al. (2022). Depicts the different stages of the HEFA lifecycle analyzed in this paper. Also
illustrates the substeps within the broader stages, as well as input requirements and outputs.

3.1. Feedstock Growth

The first stage of the HEFA process is the growth of a feedstock (Figure 1); for the purposes of this paper, camelina.
Feedstock growth is an exceedingly important consideration in the HEFA lifecycle, because it can sequester significant
volumes of atmospheric carbon dioxide. However, feedstock growth is also an incredibly complex factor, because
feedstocks themselves require energy to grow, and may have impacts on other agriculture. Camelina as a feedstock is
grown for its oilseeds, from which oil can be extracted to create SAFs (Li & Mupondwa, 2016). The goal of this section is to
analyze camelina growth within the HEFA process, to determine its environmental and economic impacts.

As explained previously, the environmental impacts of camelina growth must be considered by analyzing both the
resources needed to grow the crop, and the resulting greenhouse gas sequestration. This paper will consider typical to
marginally conservative growing conditions for camelina, to obtain the most accurate and broadly applicable results. One
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value for camelina’s environmental impact can be found in a study from Krzyzaniak and Stolarski (2019), which calculated
that under reduced tilling conditions, growing one hectare of camelina produced a net release of between 1732 and 1772 kg
of CO2e (in regards to climate impact) gas. However, this study ignored carbon sequestration within the soil in which the
camelina was grown. Krzyzaniak and Stolarski (2025) later incorporated this factor into a separate study in which they used
the SimaPro 9.6 software to simulate plant growth, allowing them to refine their figure down to 762 kg of CO2e per hectare,
with a 0.95 confidence interval ranging from approximately 140-1700. This figure is supported by other previously
performed studies such as that of Krohn and Matthias (2012), which found between 650 and 950 kg of net CO2 emissions
given low input growth conditions. An important point to note regarding these studies is that each analyzed camelina as
the only crop growing on a plot of land, but did not consider the potential environmental benefits or drawbacks of other
crops that might otherwise be grown on that land. As such, the figures in each of these studies should be taken at value
only if camelina is considered as being grown in its most common form; as a cover crop, during a time when most others
cannot feasibly be grown. Using the above figures with this in mind, it can be concluded that net carbon emissions from
camelina growth, when considering input resources and carbon sequestration, lies approximately around 750 kg of CO2e
per hectare grown. Finally, dividing this value by the the average camelina yield of around 1900 kg of oilseed per hectare (Li
and Mupondwa, 2016; Zhang et al., 2021) gives that the carbon emissions from camelina growth lie around 0.395 kg of CO2e
per kg of oilseed. However, the question of the associated costs of this growth still remains.

In regard to answering this question, this paper will focus on various factors that affect the cost of camelina growth for
HEFA, such as machinery costs, farming resources, and land use. In a paper by Li and Mupondwa (2016), the average cost
for camelina growth was cited as $463 per hectare, given the average yield of 1900 kg of camelina oilseed per hectare found
by the authors, and corroborated by Zhang et al. (2021). This figure took into account numerous production variables,
including fertilizer cost, machinery, repair, depreciation, land investment, labour, and more. Additionally, Li and Mupondwa
(2016) also found that the cost to grow camelina varied depending on the yield per hectare, with low yields of around 700
kg per hectare costing $0.66 per kg of oilseed, and high yields of 3300 kg per hectare costing only $S0.14 per kg of oilseed.
Nevertheless, the authors’ cost-value for an average yield of camelina oilseed is more broadly applicable to various
circumstances, and is thus a significantly more accurate figure for the purposes of this paper. As such, dividing $463 per
hectare by the average camelina yield of 1900 kg per hectare gives an accurate cost of approximately $0.244 per kg of
oilseed. An important point to note regarding camelina oilseeds is the economic impact of camelina meal, which is derived
from the oilseeds after the oil has been extracted, and can be sold for a profit (Li & Mupondwa, 2016). However, this impact
will be analyzed in a later section, as it falls under the oil production stage of HEFA rather than under feedstock growth.
Overall, it can be concluded that the cost to grow camelina for the HEFA route is approximately $0.244 per kg of oilseed.

3.2. Transportation and Oil Extraction

The second step of the HEFA process involves two stages: The transport of a feedstock to a biorefinery, and the subsequent
extraction of oil from that feedstock (Seber et al., 2022). In terms of environmental and economic impacts, both of these
stages are incredibly important to consider. Freight transport releases greenhouse gases that damage the environment
(Congressional Budget Office, 2022), and also adds costs to the lifecycle of HEFA. Similarly, oil extraction requires energy
that generates both GHGs and furthers the costs of the process.

Firstly, the transportation of feedstocks to biorefineries for oil extraction is an important player in the emissions associated
with HEFA. According to statistics from the Congressional Budget Office (2022), trucking - the primary method of freight
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transportation - produces 0.4 b of CO2 per ton-mi (transporting one ton a distance of one mile). This figure is incomplete
without a transport distance, but a study by Li and Mupondwa (2016) found that feedstock transportation to processing
plants within a 200 km radius took an average distance of 133 km. This paper will assume transport distances under 200
km, and accordingly apply the 133 km average. However, it should be noted that this figure is geographically constrained,
and may differ by region. Combining this value with the trucking emissions figure (see Appendix A), it can be reasonably
concluded that transportation emissions amount to around 0.015 kg of CO2 per kg of camelina. It is important to note that
this figure is an estimate, not an exact calculation by any means, especially given the variability of trucking emissions
highlighted by the Congressional Budget Office (2022). Nevertheless, it is a reasonable estimate given the information, and
thus merits a continuation to consider costs.

For the aforementioned 200 km radius, Li and Mupondwa (2016) also found that feedstock transportation had an average
impact of $12.29 per ton of oilseed transported. Converting this figure from per ton of oilseed to per kilogram of oilseed
(see Appendix Bl), it can be concluded that transportation costs add around S0.012 per kg of camelina. Moving on, the next
relevant consideration in this stage is the impact of oil extraction itself.

There are currently two major recognized methods of feedstock oil extraction: Mechanical pressing, and solvent extraction,
although enzymatic extraction may also be considered in this regard (Pikula et al., 2020). Of these two methods, mechanical
pressing is less expensive (Pikula et al., 2020), more time efficient (Ofori-Boateng et al., 2012), and is the only method used
in small scale facilities (Veljkovic et al., 2022). In addition, solvent extraction may result in negative environmental impacts
(Pikula et al., 2020). For these environmental and economic reasons, this paper will consider only the mechanical pressing
method of oil extraction. However, there are nevertheless important concerns with mechanical pressing, including the
need for oil filtration and purification (Popa et al., 2017), and a reduced oil extraction efficiency as compared to solvent
extraction (Ofori-Boateng et al., 2012). The method itself consists of cleaning oilseeds, pressing them to extract oil, and
purifying the oil to prepare it for HEFA conversion (Seber et al., 2022).

For the mechanical pressing method, the environmental impacts of camelina oil extraction mainly come from the
electricity needed to execute oilseed crushing, as this is the stage that naturally requires the most energy. A thorough
empirical study from Dangol et al. (2015) reported that such emissions amounted to 0.043 kg of CO2e per Ib of refined oil
produced by mechanical pressing. Given that this study also reported extracting 27.4% of camelina input mass as oil,
calculations (see Appendix Cl1) show that the emissions from oil extraction are approximately 0.026 kg of CO2e per kg of
input oilseed. To reiterate, this value assumes negligible contributions from the cleaning and purification processes, given
the low energy input and lack of environmentally damaging substances involved with these stages. However, while the
environmental impacts of camelina oil pressing can be considered in this way, the costs of the process involve numerous
other factors.

For the purposes of this paper, the costs of camelina mechanical oil extraction will be considered using two factors: The
energy required for oil pressing, and the by-product (meal) produced by the extraction. The energy for oil extraction is
naturally an important factor for cost, and relevant mainly to the actual oil pressing stage itself. The by-products, however,
are also important to consider, because they can be sold to offset other costs (Veljkovic et al., 2022). First looking at oil
pressing, the energy required to press oilseed typically falls at 0.05 kWh per kg (Singh & Bargale, 2000). Furthermore, the
U.S. Energy Information Administration, or EIA (n.d.-a), cites current average industrial prices for electrical energy as
$0.083 per kWh. Multiplying these figures gives a relatively minute value of about $0.004 per kg of oilseed. However, this
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cost can be offset by selling the camelina meal left behind by the oil extraction. As aforementioned, Dangol et al. (2015)
found that mechanical pressing can extract 27.4% of inputted camelina oilseed mass as actual oil. The remaining 72.6% of
input camelina mass is therefore left behind as meal. Combining this value with the price of camelina meal, $0.25 per kg
(Bertacchi et al., 2020), and further accounting for the approximately $0.004 per kg for electrical energy (see Appendix C2)
demonstrates that the final oil extraction cost value is around $0.177 per kg of oilseed in cost offset (revenue).

3.3. HEFA Conversion

The third and perhaps most complex stage of the HEFA process is the actual conversion of feedstock oils into HEFA fuel
(Seber et al., 2022). Ignoring the pretreatment stage that this paper covered in the previous section, HEFA conversion
begins with reacting feedstock oil and H2 at a high temperature and pressure to remove oxygen; a process known as
hydrotreating (DOE, n.d.-b). Once this step is completed, the resulting substance becomes functional fuel (Monteiro et al.,
2022). However, to meet the various requirements of jet fuel, it is hydrocracked and hydroisomerized again using H2 as a
catalyst (DOE, n.d.-b). Finally, after these steps, the upgraded fuel is separated from the other products of the reaction,
resulting in usable biofuel. This section will analyze both the emissions and cost of this HEFA conversion step, with
camelina as a feedstock in mind.

Light | |
H. [ | catalvst H; I lcnrnl}'wl Gases | | mphihs

Feedstock : y : .- Hydrocracking :
———* Pretreatment :-—* Hydrodeoxygenation "‘E Hydrolsomerieation . Separation

T T T P T

Jet Fuel Diesel

|||||||||||||

Figure 2: Simplified and complete visual of the HEFA process.

Note. Figure from Monteiro et al. (2022). Shows how feedstocks are turned into HEFA fuel, which stages are mandatory, and
what the inputs and outputs of the process are.

The environmental impacts of HEFA conversion are a large consideration for the process as a whole. This is due to the large
amounts of energy, H2, and natural gases needed for this stage. According to Han et al. (2013), the net HEFA conversion
related emissions for camelina are approximately 0.021 kg (20.5 g) of CO2e per MJ of SAF produced. Han et al. (2013)
considered various factors in this figure, such as hydrogen input and energy requirements. Given the calorific value of
camelina HEFA biofuel; 44.1 MJ per kg of SAF, and the fact that 1 kg of input camelina oil converts via HEFA into only 0.75 kg of
biofuel (Han et al., 2013), it can be concluded that HEFA conversion releases about 0.678 kg of CO2e per kg of input camelina
oil (see Appendix D1).

Regarding costs, HEFA conversion is relevant due to the energy associated with hydroprocessing, but also because of the
by-products that are produced through conversion, namely naphtha and a propane mix (Figure 2); which can also be sold to
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offset energy costs. An important note is that diesel can also be a by-product (Seber et al., 2014), but will be ignored for the
purposes of this paper, as the studies used for economic analyses - such as that from Han et al. (2013) - also do not consider
it. First regarding energy, there are three major concerns: H2, natural gas, and electricity. According to Han et al. (2013),
hydrogen use for camelina HEFA processing lies at 4734 MJ of H2 per ton of produced biofuel. Similarly, natural gas use is 7818
MJ per ton of biofuel, and electricity use makes up 61 kWh per ton of biofuel. For H2 use, implementing hydrogen’s energy
density of 120 MJ per kg (DOE, n.d.-a), and a reasonable cost assumption for electrolysis produced hydrogen, $5 per kg
(Vickers et al., 2020), shows that hydrogen use in HEFA conversion constitutes $197.25 per ton of produced biofuel (see
Appendix D2). However, it is important to note that this figure is valid only under the assumption that the hydrogen is
produced via electrolysis. For natural gas, 1000 cubic feet constitutes 1093 MJ of energy (EIA, n.d.-b), and every cubic foot of
natural gas costs approximately $0.005 according to current industrial prices (EIA, n.d.-c). Combining these values with the
aforementioned 7818 MJ per ton of produced biofuel (see Appendix D3) gives that natural gas contributes about $32.259 per
ton of produced biofuel. Finally, for electricity, the same industrial cost as used in the oil extraction section will be assumed;
$0.083 per kWh (EIA, n.d.-a). Thus, multiplying the 61 kWh per ton of produced biofuel by $0.083 per kWh gives a fair cost
estimate for electricity used in HEFA conversion for camelina: $5.063 per ton of biofuel.

However, as aforementioned, the by-products produced by HEFA conversion are also highly important to consider in regards
to the economic feasibility of the process. For the purposes of this paper, it will be assumed that the by-products are sold for
their market values, and offset costs in this way. According to Han et al. (2013), the yields of naphtha and propane mix from 1
ton of produced biofuel are 3359 MJ and 4444 MJ respectively. Given that naphtha has an energy content of 43.2 MJ per kg
(Han et al., 2013) and a recent market price of $0.55 per kg (Aburto et al., 2025), it can be calculated that the value of the gas
produced per ton of produced HEFA biofuel is about $42.765 in cost offset (see Appendix D4). Similarly, given the energy
content of the propane mix by-product from HEFA conversion, 44.4 MJ per kg (Han et al., 2013), and a recent market price for
propane, $0.8 per kg (Aburto et al., 2025), it can also be calculated that the cost contribution from the propane mix is about
$80.072 per ton of biofuel in cost offset (see Appendix D5). Summing the approximately $42.765 per ton of biofuel and about
$80.072 per ton of biofuel gives a combined final cost offset of about $122.837 per ton of produced biofuel.

Concluding economics, the costs for hydrogen, natural gas, and electricity to produce 1 ton of camelina HEFA SAF were:
$197.25, approximately $32.259, and $5.063, respectively. Summing these values gives about $234.572 per ton of produced
biofuel. However, the offsetting value of naphtha and propane must also be factored into the analysis, removing about
$122.837 from the price, and bringing the total down to about $111.735 per ton of biofuel. Further dividing this figure by 1000
provides that producing 1 kg of HEFA SAF from camelina costs around $0.112. Furthermore, converting this value to be in
terms of input oil rather than produced biofuel, using the fact that 1 kg of input camelina provides only 0.75 kg of biofuel via
HEFA (Han et al., 2013), gives a final cost of approximately $0.084 per kg input oil (see Appendix D6).

3.4. Combustion

The final stage of SAF use is the combustion stage. SAF combustion is complex in terms of environmental impact, because it
not only leads to the direct release of CO2, but also emits numerous other environmentally impactful substances, which
may alter atmospheric chemistry (Lee et al., 2023). Such emissions include NOx, H20 (water vapor), SO2, particulate matter
(PM), CO, and unburned hydrocarbons (UCH). An important note regarding this step is that today, SAF regulations require
that they be blended with traditional jet fuels, up to a maximum of 50% (DOE, n.d.-b). Nevertheless, for the purposes of this
paper, combustion will be considered as that solely of the SAF derived from HEFA conversion, without blending: This is
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because SAFs can be used without traditional fuel blending, despite existing regulations. Furthermore, this section will only
consider the climate impact of SAF combustion, as without blending, there are no combustion costs to consider. To
reiterate, a full emissions analysis is presented below, as this paper did not consider emissions to be offset by biogenic
carbon uptake during feedstock growth.

Various studies have shown that SAF emissions of most gases/substances do not differ greatly in terms of climate
emissions from traditional jet fuels. For instance, Song et al. (2024) found that the emissions of CO2, NOx, CO, and UHC
from various SAFs (including camelina based fuels) were insignificantly different from those of traditional jet Al fuel.
However, certain gases and substances do differ between SAFs and ordinary fuels. In particular, Song et al. (2024) also
found that the SO2 and PM emissions from SAF combustion were significantly lower than those of traditional jet fuels,
while Teoh et al. (2022) cited that the water vapor emissions can be up to 10% higher.

In general, SO2 (which forms sulfate particles), PM, and water vapor play a role in the climate through the formation of jet
contrails (Lee et al., 2023). Contrails form when water vapor attaches to particulate matter, and they may form cirrus clouds
at high altitudes. These cirrus clouds produce a net negative climate impact, although they have both positive and negative
climate impacts (Lee et al., 2023). Contrails are one of the most environmentally impactful factors related to aviation (NASA,
2017). According to Teoh et al. (2022), studies estimate that SAFs may increase contrail prevalence by 1-8%, due to their
increased water vapor emissions as compared to traditional fuels. However, Lee et al. (2023) explains that the interaction
between PM, SO2, and water vapor in contrails and the resulting cloud formation is highly uncertain. This means that it
remains unclear how SAF use influences the magnitude of contrail formation, and the resulting cloud formation.
Furthermore, even if Teoh et al. 's (2022) figure is to be considered, it represents only a relatively small change in the
magnitude of traditional fuel contrails. It is important to note on this point that the magnitude of contrail formation is not
the only factor that influences the magnitude of cloud formation, and thereby the magnitude of climate impact. Contrails
from SAFs and traditional fuels may be internally different, which can influence how they produce clouds, and thus their
impact on the climate. However, the high level of uncertainty on how the emission differences between SAFs and
traditional fuels impacts cloud formation from contrails means that differences in climate impact caused by internal
contrail differences are difficult to quantify. Thus, given the similarities in most emissions between SAFs and traditional jet
fuels, in addition to high uncertainties regarding contrail impacts, this paper will consider the climate impact of SAF
combustion to be relatively equivalent to that of traditional jet fuel.

In terms of combustion emissions, standard petroleum jet fuel produces 74 g of CO2e per MJ of fuel (Prussi et al., 2021).
Converting to kilograms, and factoring in the energy density of SAF, 44 MJ per kg (Norazmi, n.d.), gives that the combustion
emissions of SAF lie at 3.256 kg of CO2e per kg of combusted SAF (see Appendix E).

3.5. Overall Results

The previous sections of this paper have reviewed each of the individual stages of creating HEFA fuel from camelina,
including feedstock growth and extraction, transport and oil extraction, HEFA conversion, and combustion. This section
will combine each of these values to generate complete, final figures for the lifecycle emissions and costs of generating
HEFA fuels from camelina. Then, these figures will be compared to those of traditional jet fuel.

Beginning with the feedstock production and extraction, the CO2e emissions to produce 1 kg of camelina were found to be
around 0.395 kg of CO2e per kg of camelina grown, and the cost was found to be around $0.244 per kg of camelina grown.
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Moving on to transportation, the figures were approximately 0.015 kg of CO2e per kg of transported oilseed, and about
$0.012 per kg of transported oilseed. Summing these transportation values with their respective counterparts for the oil
extraction stage; about 0.026 kg of CO2e per kg of oilseed, and around $0.177 per kg of oilseed in cost offset, gives the
combined transportation and emissions values: around 0.041 kg of CO2e per kg oilseed, and around $0.165 per kg of oilseed
in cost offset. Continuing on to HEFA conversion, it was concluded that the process adds approximately 0.678 kg of CO2e
per kg of input oil, and about $0.084 per kg of input oil. Lastly, for combustion, the emissions figure was found to be 3.256
kg of CO2e per kg of SAF, with no combustion costs added. These values represent the mathematical results of this
research paper, however, they still must be combined into two single figures for emissions and costs, to be compared to
traditional fuels. Combining the values by assuming a 1 kg input of camelina feedstock and converting to per megajoule of
biofuel (see Appendix F), gives the absolute final approximate values for the lifecycle emissions and costs of producing
camelina biofuel via HEFA: 0.140 kg CO2e per MJ, and $0.011 per MJ.

In comparison to the emission values for traditional petroleum jet fuel, these numbers produce surprising results.
According to Prussi et al. (2021), the combustion emissions of petroleum jet fuel account for 83% of its total lifecycle GHG
emissions, or 0.074 kg of CO2e per MIJ. Thus, by multiplying this figure by 1/0.83, the lifecycle GHG emissions of petroleum
jet fuel can be found to lie around 0.089 kg of CO2e per MJ. This value is also supported by Song et al. (2024) who
concluded a figure of 0.090 kg (90 g) in their own study. Importantly, this value of 0.089 kg is reasonably less than the 0.140
kg calculated for SAF; specifically amounting to approximately 64% of this value.

In contrast, the above cost value for SAF is less than that of traditional jet fuels. Comparing in particular to jet Al fuel, a
highly conventional petrol jet fuel (Song et al., 2024), current costs lie at $697.6 per ton according to Jet-Al-Fuel (n.d.).
Dividing by the calorific value of kerosene jet fuels, 44.1 GJ per ton (United Nations Statistics Division, 2014), gives
approximately $15.819 per GJ, and further converting from per gigajoule to per megajoule (see Appendix B5) gives about
$0.016 per MJ. This value for traditional fuel is approximately 141% of that calculated above for SAFs.

4. Conclusion

4.1. Discussion

The major focus of this research paper was to evaluate the environmental and economic performance of sustainable
aviation fuels derived via the HEFA pathway, from the camelina crop as a feedstock, across their entire lifecycle. The
purpose of this analysis was to increase the currently limited understanding of the practical application of SAFs as a whole,
in comparison to traditional fuels. The analysis was performed via the combination of values from various research papers
in the field, to derive overall values for each state of the HEFA production, and thus total ending values. The initial
hypothesis based on academic literature in the field regarding this question was that camelina HEFA SAF would
demonstrate a reduction in environmental footprint as compared to traditional jet fuels, while roughly matching the costs
of these fuels. However, this hypothesis was incorrect. The research paper found that traditional jet fuels only had about
64% of the greenhouse gas release of the SAF, but approximately 141% of the total cost. Table 1 below summarizes the
important values derived throughout the paper, which can be found in the conclusion paragraphs of each stage section.
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Table 1: Emissions and Costs Broken Down by Stage of Production

Stage of Feedstock | Transportatio 0il HEFA Combustion Total SAF Total Jet
Production Growth n Pressing Conversion Values Fuel Values
1kg of
(specific 1kg of 1kg of 1kg of input | 1kg of input camelina 1 MJ of 1 MJ of
units camelina camelina camelina camelina oil biofuel camelina modern jet
provided) oilseed oilseed oilseed biofuel fuel
Greenhouse 0.395 0.015 0.026 0.678 3.256 0.140 0.089
Gas
Emission
(kg of COe)
Cost 0.244 0.012 -0.177 0.084 0 0.011 0.016
(cost offset)
)

Note. All figures rounded to three decimal places.

It is important to recognize that the results of the study—in going against the hypothesis—also go against the general theme
in the academic literature surrounding sustainable aviation fuels. Excluding the possibility of errors (see Limitations and
Future Research), this suggests that the assumptions used within this paper had a significant impact on the results that it
produced (see Considerations and Assumptions). Nevertheless, assumptions were justified and errors were carefully
screened, providing credibility to the numerical conclusion.

4.2. Implications

Based on this credibility, the results of this research paper pose some potentially important implications for the future of
aviation. If the fuel pathway studied in this paper, taking the assumptions to be true, produces a larger environmental
footprint as compared to traditional fuels, then perhaps it should be avoided in the interest of reducing the environmental
footprint of aviation as a whole. However, if economic success takes priority over climate stability, then perhaps the fuel
pathway should be implemented to reduce costs. These both serve as interesting direct extensions of the numerical
conclusions above. However, the results of this study could also be indirectly extended to reflect the aspects of SAF
production analyzed, rather than the holistic pathway studied. For example, this study could indicate the environmental
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infeasibility and economic practicality of the HEFA pathway specifically, regardless of the crop used. Similarly, the results
could also implicate camelina as a poor and economically viable crop for HEFA, or SAFs as a whole. In contrast, the results
could even more broadly indicate that SAFs as a whole do not have the capacity to reduce climate footprint as compared to
traditional fuels, but do have the capacity to reduce costs, regardless of the production pathway or input source.

Regardless, the only truly anchored connections that can be made with this research are those relating directly to the exact
fuel pathway studied, under the exact assumptions considered. The results may speak to HEFA, camelina, and SAFs as a
whole, but they must not be taken as generalized conclusions about them, because the inclusion of these factors and the
assumptions makes the impact of each unclear. To reiterate, the research presents a conflict, where the use of camelina to
produce SAF via the HEFA route increases environmental impact, but reduces costs.

4.3. Considerations and Assumptions

On the subject of conditions, it is crucial to reiterate that this paper relied on many key assumptions made: biogenic
carbon intake and combustion were considered in separate stages rather than as environmentally neutral in parallel;
camelina was assumed to be grown as a cover crop under moderate conditions; transportation was modeled by trucking of
under 200 km; oil extraction was considered via mechanical pressing energy, without regard for purification and cleaning,
and with the assumption of camelina meal being sold; HEFA conversion was analyzed via energy use, with electrolysis
derived hydrogen, and with naphtha and propane by-products sold; pure HEFA SAF combustion was assumed, and
considered equal in emissions to ordinary fuel, with no combustion costs analyzed.

As aforementioned, these assumptions likely played a role in differentiating the results of this paper from the broader body
of literature. As a result, they are essential to understand in the context of the research implications. However, it remains
unclear which assumptions, if any, may have significantly impacted the results and shifted them away from the hypothesis.
Even so, the main conceptual difference between this paper and the larger body of literature was the independent
consideration of biogenic carbon uptake and combustion emissions. This assumption may have caused this paper to
unintentionally overestimate the emissions from the HEFA lifecycle. This is particularly true because the independent
feedstock-combustion assumption relies on some “hidden” conditions that the typical framework (see Methodology) does
not. For example, the framework applied in this paper does not account for the potential emissions released by the use of
the camelina meal by-product, whereas the typical framework does. Nevertheless, this assumption is difficult to test
because it is so deeply ingrained in the framework of the paper.

4.4. Sensitivity Analysis

Although the main conceptual difference in this paper is difficult to test, there are two important mathematical
assumptions that can and should be stress tested to determine how they impacted the results. The first of these
assumptions was that HEFA SAF has approximately the same combustion emissions as ordinary jet fuel (see Combustion).
This was a major assumption given the uncertainty regarding SAF emissions. By applying the same math in the overall
values section (see Appendix F), it can be found that the combustion emissions of HEFA SAF would need to be around 1.022
kg of CO2e per kg of SAF for the lifecycle emissions to match those of ordinary fuels. In relation to the actual calculated
SAF combustion emissions figure, 3.256 kg of CO2e per kg of SAF, the required value represents about 31% of the assumed
emissions. Although the combustion emissions relationship was somewhat uncertain, this vast difference suggests the
infeasibility of the required figure and the impact of other factors. Continuing, the second major assumption was that
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by-products of the production process - camelina meal, naphtha, and propane - were all sold for their market values. Once
again applying the math in the overall values section (see Appendix F), but adjusting the values by removing all
contributions from selling by-products, gives a final cost of around $0.034 per MJ. In comparison to the traditional cost of
about $0.016 per MJ, this represents around 212.5%, and in comparison to the calculated cost of $0.011, it quantifies about
309%. These differences indicate the large impact that assuming by-products were sold had on the results of the study, and
somewhat oppose the choice to include this assumption by demonstrating alignment with the hypothesis in its absence.
Overall, the sensitivity analysis demonstrates that the combustion assumption was likely not the sole cause for the
difference in results from the body of literature, whereas the selling of by-products likely did play a major role.

4.5. Limitations and Future Research

There are some limitations of the research presented here that are uniquely important to appraise. Firstly, the assumptions
made in this paper place limitations on its applicability, as discussed earlier. Second, combining quantitative values from
multiple independent studies introduces inherent uncertainty, as source data may reflect different experimental
conditions, geographic contexts, or methodological approaches. This is part of the inherent uncertainty of the secondary
analysis methodology. Third, economic figures, particularly energy and commodity prices, are time-sensitive and may shift
significantly, altering the cost analysis. On this subject, it should be noted that some of the economic and environmental
figures of this study were relevant to specific geographic locations, such as the United States, because more broad figures
could not be found. These figures also pose a limitation because they were not considered assumptions, but do introduce
certain unaccounted-for geographic assumptions about the fuel production. Fourth, while a broad range of sources was
consulted, some relevant literature may not have been captured due to access barriers or search limitations.

However, on the subject of limitations, it should be considered that strong precautions and efforts were taken to mitigate
the limitations of this paper, as much as possible, when possible. Numerical figures were analyzed and corroborated for
accuracy, computational errors were parsed and removed when found, sources were found with strong attempts to create
a wide range of consideration, and economic figures were made as current as possible.

Concluding with the topic of further research, the fact that the results of this study conflict with the general academic
theme warrants further investigation into the applicability of SAFs. For one, more research on sustainable aviation fuel
pathways and biological input sources could help to corroborate or counter existing works in the field, and thus contribute
to a definitive answer. In particular, further analysis into the lifecycle of the HEFA route with camelina as a feedstock would
be beneficial to build upon this work and corroborate or refute it. Further investigations on SAFs may benefit from using an
even wider range of sources than this paper to provide stronger confirmation of data.

Furthermore, another potential realm requiring more investigation could be the field involving new and developing
methods to produce sustainable aviation fuels. These methods, given the results of this paper, could present better
alternatives to existing SAF methods, and would thus be of importance to research and explore.
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Appendix A

Transportation Stage Calculations

Beginning with 0.4 Ib of CO, per ton-mile (Congressional Budget Office, 2022), converting from pounds of CO, to kilograms of

CO, (see Appendix B2):

0.41b CO, / (ton x mi) =0.181 kg CO, / ton x mi

Converting from ton-miles to ton-kilometers (see Appendix B3):

0.181 kg CO, / ton x mi = 0.113 kg CO, / ton x km

Multiplying by the assumed 133 km average distance (Li and Mupondwa, 2016):

0.113 kg CO, / ton x km x 133 km = 14.994 kg CO, / ton

Converting from tons of camelina to kilograms of camelina (see Appendix Bl):

14.994 kg CO, / ton = 0.015 kg CO, / kg

Final transportation emissions value: 0.015 kg CO, / kg
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Bl

Thus

Or conversely

B2:

Thus

Or conversely

Appendix B

Unit Conversions

1000 kg =1ton

Mass,, / 1000 = Mass,gs

Mass,,s X 1000 = Mass,,

2.2051b = 1kg

Massy, / 2.205 = Mass,,

Mass,, x 2.205 = Massy,
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B3:

Thus

Or conversely

B4:

Thus

Or conversely

1.609 km =1 mi

Distance,,, / 1.609 = Distance,;

Distance,,; x 1.609 = Distance,,,

1000 g =1kg

Mass, / 1000 = Mass,,
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Mass,, x 1000 = Mass,

B5:

1000 MJ=1GJ

Thus

Energy,, / 1000 = Energyg;,

Or conversely

Energyg; x 1000 = Energy,y
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Appendix C

Oil Extraction Stage Calculations

CL
Starting with 0.043 kg of CO,e per Ib of extracted oil and 27.4% of input oilseed mass extracted as oil (Dangol et al., 2015),

multiplying the values to convert from per pound of oil to per pound of input oilseed:

0.043 kg CO,e / 1b 0il x 0.274 1b 0il / 1b oilseed = 0.012 kg CO,e / 1b oilseed

Converting from pounds of oilseed to kilograms of oilseed (see Appendix B2):

0.012 kg CO,e / b oilseed = 0.026 kg CO.e / kg oilseed

Final oil extraction emissions value: 0.026 kg CO,e / kg oilseed

C2:

Starting with 72.6% of input mass as meal (Dangol et al., 2015), assume a 1 kg input of camelina mass:

1kg oilseed x 0.726 kg meal / (kg oilseed) = 0.726 kg meal

Multiplying by the $0.25 per kg of meal (Bertacchi et al., 2020):

0.726 kg meal x $0.25 / kg meal = $0.182
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Recognizing the initial 1 kg input oilseed assumption:

$0.182 = $0.182 / kg oilseed

Subtracting from the earlier $0.004 / kg oilseed figure:

$0.004 / kg oilseed - 0.182 / kg oilseed = -$0.177 / kg oilseed

Final oil extraction cost value: -$0.177 kg oilseed (cost offset)
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Appendix D

HEFA Conversion Stage Calculations

D1

Starting with 0.021 kg CO,e per MJ of SAF, and 44.1 MJ / kg of SAF (Han et al., 2013), multiplying the values:

0.021 kg CO,e / MJ SAF x 44.1 MJ / kg SAF = 0.904 kg CO,e / kg SAF

Multiplying by 0.75 to include the fact that 1 kg of input camelina oil converts via HEFA into only 0.75 kg of biofuel:

0.904 kg CO,e / kg SAF x 0.75 kg SAF / kg oil = 0.678 kg COse / kg oil

Final HEFA conversion emissions value: 0.678 kg CO,e / kg oil

D2:

Starting with 4734 MJ of H, per ton of biofuel (Han et al., 2013), and 120 MJ per kg of H, (DOE, n.d.-a), dividing the values:

4734 MI H, / ton biofuel / 120 MJ / kg H, = 39.45 kg H, / ton biofuel

Multiplying by 5 for $5 / kg for H, (Vickers et al., 2020):

39.45 kg H, / ton biofuel x $5 / kg H, = $197.25 / ton biofuel
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Final hydrogen cost contribution to HEFA conversion: $197.25 / ton biofuel

D3:

Starting with $0.005 per cubic foot of natural gas (EIA, n.d.-c) and 1000 cubic feet of natural gas per 1093 MJ (EIA, n.d.-b)

multiplying to get cost per megajoule:

$0.005 / cubic foot x 1000 cubic feet / 1093 MJ = $0.004 / MJ

Multiplying by the 7818 MJ / ton of produced biofuel (Han et al., 2013) to account for magnitude of natural gas use:

$0.004 / MJ x 7818 MJ / ton biofuel = $32.259 / ton biofuel

Final natural gas contribution to HEFA conversion: $32.259 / ton produced biofuel

D4:

Starting with 3359 MIJ per ton of biofuel and 43.2 MJ per kg naphtha (Han et al., 2013), dividing to find naphtha mass ratio:

3395 MJ / ton biofuel / 43.2 / kg naphtha = 77.755 kg naphtha / ton biofuel

Multiplying by -$0.55 per kg naphtha (Aburto et al., 2025) for current naphtha prices (negative for cost offset):

77.755 kg naphtha / ton biofuel x -$0.55 / kg naphtha = -$42.765 / ton biofuel
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Final naphtha cost contribution: -$42.765 / ton biofuel (cost offset)

D5:

Starting with 4444 MJ per ton biofuel and 44.4 MJ per kg propane (Han et al., 2013), dividing to find the propane mass ratio:

4444 MJ / ton biofuel / 44.4 MJ / kg propane = 100.09 kg propane / ton biofuel

Multiplying by -$0.8 per kg propane (Aburto et al., 2025), for current propane prices (negative for cost offset):

100.09 kg propane / ton biofuel x -$0.8 / kg propane = -$80.072 / ton biofuel

Final propane mix cost contribution: -$80.072 / ton biofuel

D6:

Starting with $0.112 per kg of produced biofuel, and 0.75 kg produced biofuel per kg input oil (Han et al., 2013), multiplying to

convert to input oil:

$0.112 / kg biofuel x 0.75 kg biofuel / kg oil = $0.084 / kg oil

Final HEFA conversions cost value: $0.084 / kg oil
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Appendix E

Combustion Stage Calculation

Starting with 74 g CO,e per MJ fuel (Prussi et al., 2021), converting from grams to kilograms (see Appendix B4):

74 g CO,e / MJ fuel = 0.074 kg CO,e / MJ fuel

Multiplying by the energy density of SAF, 44 MJ / kg fuel (Norazmi, n.d.):

0.074 kg CO.e / MJ fuel x 44 MJ / kg fuel = 3.256 kg CO,e / kg fuel

Final combustion emissions value: 3.256 kg CO,e / kg fuel
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Appendix F

Results Stage Calculation

Starting with feedstock growth values of 0.395 kg of CO,e per kg of grown camelina feedstock and $0.244 per kg of grown

camelina feedstock, assume a 1 kg input of feedstock:

0.395 kg CO,e / kg oilseed = 0.395 kg CO,e

$0.244 / kg oilseed = $0.244

Applying the assumption to the transport and oil extraction figures, 0.041 kg of CO,e per kg oilseed and -$0.165 per kg of

oilseed (negative for cost offset):

0.041 kg CO,e / kg oilseed = 0.041 kg CO,e

-$0.165 / kg oilseed = -$0.165

Adding the resulting feedstock growth values to the transportation and oil extraction values:

0.395 kg CO,e + 0.041 kg CO,e = 0.410 kg COse

$0.244 - $0.165 = $0.079

Recognizing that these values apply for the above 1kg feedstock input assumption, and that oil extraction only extracts 27.4%

of input mass as oil (Dangol et al., 2015):

1kg oilseed x 0.274 kg oil / kg oilseed = 0.274 kg oil
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Multiplying the HEFA conversion values, 0.678 kg of CO,e per kg of input oil and $0.084 per kg of input oil, by 0.274 kg of oil to

match the assumption:

0.678 kg CO,e / kg oil x 0.274 kg oil = 0.186 kg COe

$0.084 / kg oil x 0.274 kg oil = $0.023

Adding these resulting values to the earlier summed feedstock growth, transportation, and oil extraction figures:

0.410 kg CO,e + 0.186 kg CO,e = 0.596 kg COe

$0.079 + $0.023= $0.102

Further recognizing that HEFA conversion yields only 0.75 kg of biofuel per kg of input oil (Han et al., 2013), by multiplying by

the earlier calculated 0.274 figure:

0.274 kg oil x 0.75 kg biofuel / kg oil = 0.206 kg biofuel

Multiplying the combustion values, 3.256 kg of CO,e per kg of biofuel, and SO per kg biofuel, by 0.206 kg of biofuel to further

match the assumption:

3.256 kg CO,e / kg biofuel x 0.206 kg biofuel = 0.669 kg CO,e

S0 / kg biofuel x 0.206 kg biofuel = SO

Adding these resulting values to the most recent summed values from the feedstock growth, transportation, oil extraction,
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and HEFA conversion stages:

0.596 kg CO,e + 0.669 kg CO,e = 1.265 kg COe

$0.102 + SO = $0.102

Again recognizing the assumption of 1 kg of camelina input feedstock, translating to 0.247 kg of oil, and then to, 0.206 kg of

biofuel; multiplying 0.206 kg of biofuel by 44.1 MJ per kg of biofuel (Han et al., 2013):

0.206 kg biofuel x 44.1 MJ / kg biofuel = 9.063 MJ

Dividing by 9.063 MJ, acknowledging the fact that the most recent summed emission and cost values above represent those

for this amount of biofuel (1 kg of camelina feedstock = 0.274 kg of oil = 0.206 kg biofuel = 9.063 MJ)

1.265 kg COe / 9.063 MJ = 0.140 kg CO,e / MJ

$0.102 / 9.063 MJ = $0.011 / MJ

Final emission and cost values: 0.140 kg CO,e / MJ, $0.011 / MJ
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