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ic and environmental impacts 
assessments of sustainable aviation fuel production 
from forest residues† 

J. P. Ahire, *ab R. Bergman,a T. Runge,b S. H. Mousavi-Avval,ab D. Bhattacharyya,c 

T. Brownd and J. Wange 

The aviation sector contributes approximately 2.5% to global GHG emissions, driving a growing interest in 

mitigating its environmental impacts through use of sustainable aviation fuel (SAF). A critical component in 

SAF development lies in securing sustainable feedstock supplies to ensure competitive pricing and minimal 

environmental impact. This novel study compares the techno-economic and life-cycle environmental 

impacts from cradle-to-gate of SAF production from forest residues as a lignocellulosic biomass 

feedstock. The fuel production pathway considered in this study includes conversion of lignocellulosic 

biomass (forest residues) to renewable jet fuel through gasification, producing synthesis gas and 

subsequently SAF (FT-SPK-SAF) through Fischer–Tropsch synthesis in the presence of a catalyst. 

Techno-economic models of feedstock (forest residues) supply, pretreatment, and conversion processes 

for SAF production at 90 Mg per day capacity were developed and evaluated. Considering the value of 

co-products, the minimum selling price (MSP) of FT-SPK-SAF was $1.87 per kg or $1.44 L ($5.45 per 

gallon). The global warming impact of forest residue-based SAF was estimated to be 24.6 gCO2 eq. per MJ 

of SAF, which was lower than that of SAF from other lignocellulosic feedstock types. Additionally, this 

study evaluated the changes in carbon removal efficiency of SAF when accounting for soil carbon

change. The outcomes of this study are useful for developing strategies to achieve economic feasibility 

and greenhouse gas reduction goals of SAF production from biobased sources, while also outlining 

performance targets for enhancing its environmental sustainability at a commercial scale. 
1. Introduction 

About 2.5% of the world's greenhouse gas (GHG) emissions 
related to energy use come from the aviation sector.1–3 Notably, 
the aviation transportation emissions have been increasing at 
a faster rate in recent years compared to those of other trans-
portation modes, e.g., rail, road, or shipping.4,5 In addition, non-
CO2 GHG emissions from aviation are responsible for a 3.5% 
increase in the global mean temperature.6,7 Aviation's non-GHG 
emissions, particularly NOx and particulate matter, also have 
effects on local air quality, impacting human health. Although 
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aviation's emissions might appear small compared to other 
sectors, their rapid growth signicantly impacts climate 
change, exacerbated by technical and operational challenges 
that hinder GHG reduction efforts in this industry.6,8 To meet 
the net zero emissions goal set by the Paris Agreement in 2050, 
all industries need to make major changes, particularly avia-
tion. Aviation faces unique challenges due to its complexity and 
high energy consumption. While the transportation sector is 
largely shiing towards renewable energy, predominantly 
through the electrication of vehicles, this approach proves 
unfeasible for aviation due to safety concerns, limited energy 
density, infrastructure constraints for charging, battery weight, 
and ight range limitations.9–12 To achieve the net-zero emis-
sions scenario outlined in announced policy pledges, the 
International Energy Agency (IEA) estimates that SAF must 
comprise over 15% of aviation fuel demand by 2030.13 

SAF can be produced from several biobased feedstocks, 
including lignocellulosic biomass such as forest residues and 
corn stover, starch-based feedstocks such as corn grain, and 
oilseeds such as canola, camelina, soybean, and pennycress.14–18 

Lignocellulosic biomass, derived from plants, is primarily 
composed of cellulose, hemicellulose, and lignin. It can be 
categorized into types such as agricultural residues (e.g., corn 
This journal is © The Royal Society of Chemistry 2024 
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grain and oil seeds), forestry residues (e.g., wood chips and 
sawdust), energy crops (e.g., switchgrass and Miscanthus), and 
industrial wastes (e.g., paper mill sludge). Each type varies in 
composition and requires specic pretreatment and conversion 
processes to efficiently produce biofuels and bioproducts. 
However, producing SAF from most of these feedstocks at 
a commercial scale is still challenging due to high production 
costs, competition with food resources, land use changes 
affecting ecosystems, and environmental impacts from feed-
stock production and conversion processes.16,19–22 

The advantages of SAF production technologies depend on 
the availability of appropriate feedstocks such as forest and 
agricultural waste, used cooking oil, CO2 captured from the air, 
and green hydrogen.23 Converting these low-carbon and abun-
dant feedstocks to SAF can achieve sustainable decarbon-
ization.24 Of different feedstocks that are available for the 
production of SAF such as oils and fats, sugar, municipal waste 
and forest residues, forest residues are identied as the most 
abundant feedstock.25,26 In addition, collection of forest resi-
dues for the purpose of SAF production reduces the risk of 
forest re and manages pest population by reducing fuel loads. 

SAF can be produced from different pathways. Four of the 
most common technologies include alcohol-to-jet, syngas-to-jet, 
sugar-to-jet, and oil-to-jet. In alcohol-to-jet, intermediates such 
as ethanol and butanol, can be converted to jet fuel through 
dehydration and oligomerization processes.27–29 Syngas-to-jet 
technology includes gas fermentation and Fischer–Tropsch 
synthesis to produce SAF from hydrogen and carbon 
monoxide.30 The sugar-to-jet technology includes catalytic 
upgrading or biological conversion processes to produce 
hydrocarbons from sugars and sugar intermediates.31,32 The oil-
to-jet technology is used for conversion of oil extracted from 
oleaginous feedstocks, including oilseeds and other oil- or lipid-
based feedstocks, such as algae and waste oil, into renewable jet 
fuel.18,33 Due to high yield and potential reduction in GHG 
emissions, conversion of forest residues to SAF through the 
Fischer–Tropsch process has high potential as discussed in the 
Annexes of American Society for Testing Materials (ASTM) 
D7566.34 To ensure that the SAF meets technical specications 
for high performance and quality requirements for current 
aircra engines and airport fueling infrastructure, ASTM 
approves SAF blending with conventional jet fuel to be 
restricted to 50% of maximum when the SAF is produced 
through specic type of biomass and production pathways. 

The net organic carbon change in soil due to biomass 
production is computed by considering the net difference 
between carbon captured by crops through photosynthesis and 
carbon released through respiration and harvest. It reects the 
immediate effectiveness of soil carbon sequestration practices 
in removing carbon from the atmosphere. The net carbon 
change shows the net difference between carbon entering the 
soil (from plant residues, dead roots, etc.) and carbon leaving 
the soil (through decomposition). It also signies the long-term 
storage potential of removed carbon from the atmosphere. 
However, it does not account for the previous cradle-to-grate life 
cycle assessment (LCA) reports. In this paper, we calculate the 
net carbon change in soil for forest residue harvest for 100 years 
This journal is © The Royal Society of Chemistry 2024 
and net GHG emissions from SAF production from forest 
residue feedstock. This net carbon change in soil provides 
comprehensive understanding of the total carbon removal 
potential by SAF. 

Production of SAF is currently incentivized through a tax 
credit under the Ination Reduction Act (IRA) of 2022 in the 
United States (U.S.), which ranges from $0.33 to $0.46 per liter 
($1.25 to $1.75 per gallon), depending on the degree of lifecycle 
GHG emission reduction achieved.35 Specically, a SAF 
production facility that accomplishes a GHG emission reduc-
tion of 50% and complies with prevailing wage requirement, 
qualies for a tax credit of $0.33 per liter. For SAF that surpasses 
the 50% GHG emission reduction threshold, an incremental 
credit of $0.00263 per liter can be claimed for each percentage 
point reduction in GHG emission beyond 50%, up to 
a maximum additional credit of $0.1321 per liter.36 Under 
a different method for incentivizing SAF production, every 
equivalent gallon of renewable fuels with respect to pure 
ethanol as the basis is assigned a specic RIN (Renewable 
Identication Number) at its point of generation or origina-
tion.37 D3 RIN credits are also available for biofuels produced 
using specic cellulosic feedstock from forest. Currently the D3 
RIN price is $2.95 or $38.31 per MMBTU or $1.65 per kg of SAF.38 

In development towards actual implementation, SAF derived 
from forest residues has been utilized by several airlines for 
demonstration basis.39–43 For example, Japan Airlines has used 
SAF produced by Velocys using woody biomass residue feed-
stock. However, for SAF to emerge as a feasible substitute for 
conventional petroleum-based jet fuel, production of SAF with 
the current level of resources and technology should be feasible 
for large-scale production, be economically competitive, and 
offer environmental advantages.44–48 In the economic analysis of 
SAF production, assuming an average credit price of $200 per 
metric ton of CO2 eq. for the Low Carbon Fuel Standard (LCFS), 
the minimum selling price (MSP) of SAF can be adjusted to 
$1.124 per kilogram. 

The minimum selling price (MSP) and lifecycle GHG emis-
sions for Sustainable Aviation Fuel (SAF), specically Fischer– 
Tropsch Synthetic Paraffinic Kerosene (FT-SPK) produced from 
forest residues in the USA, has not been thoroughly explored. Its 
impact depends on variations due to differences in the 
production technology, cost and carbon intensity in the feed-
stocks depending on the location.49 Previous studies have used 
Argonne National Laboratory's LCA tool, GREET (Greenhouse 
Gases, Regulated Emissions, and Energy Use in Technologies), 
to calculate GHG emissions from harvesting forest residues for 
biofuels.50 In the GREET model, material and energy require-
ments for harvesting systems are based on regions like the 
Southeastern US and Inland West US, which differ in harvesting 
systems, forest types, and terrain compared to the Northeast US. 
In those studies, only diesel yield is reported, not jet fuel yield. It 
is assumed that jet fuel yield is about 25% of the diesel yield.51,52 

This study used SimaPro, an LCA modeling soware that 
provides detailed unit processes and allows for greater exibility 
in assessing various scenarios.53,54 This novel study focuses on 
FT synthesis for producing SAF (FT-SPK), where SAF yield is 
higher than diesel yield. We evaluated optimal use of resources 
Sustainable Energy Fuels, 2024,  8, 4602–4616 | 4603 
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Table 1 Assumed economic parameters for SAF from forest residues 

Economic parameters Assumed values 

Sustainable aviation fuel 90 
output (Mg per day) 
Loan rate 8% 
Loan term 10 years 
Plant life 25 years + 36 months for 

construction 
Income tax rate 17.2%56 

Ination 2% 
Working capital 20% annual operating costs 
Depreciation schedule 10 years, calculation method: 

straight line56 

Operations days per year 330 (90% uptime) 
for the sustainable production of SAF and assessed both the 
MSP and the LCA. 

The main objective of this study is to evaluate the techno-
economics and life-cycle environmental impacts from cradle-
to-gate of FT-SPK production from forest residues. The Pacic 
Northwest states of Washington, northern California, and 
Oregon were selected as regions of biomass supply and for 
considering the feedstock supply price for techno-economic 
analysis (TEA) models.55 Process models for SAF production 
from forest residue feedstocks are developed; and resources and 
consumables requirements, equipment capacities, labor and 
utility requirements, costs, revenue, and credits are estimated 
(ESI†, Table 1). Outcomes of this study involving optimization 
of the process for TEA, LCA, and its effect on soil carbon are 
useful for developing policy and decision making frameworks.57 

It also helps to identify performance targets for improving 
Fig. 1 Overview of the gasification-Fischer–Tropsch process for SAF pr
byproducts and emission in black). 

4604 | Sustainable Energy Fuels, 2024,  8, 4602–4616 
environmental performance of SAF production from lignocel-
lulosic feedstocks (i.e., forest residues) at a commercial scale. 
2. Materials and methods 
2.1 Techno-economic modeling 

2.1.1. System description. The plant capacity considered 
for this analysis was 90 Mg SAF per day. To produce this amount 
of SAF, 960 Mg per day biomass feedstock at 30% moisture 
content is required. This SAF plant capacity is similar to that of 
the small-scale green diesel plant in the U.S. Initial commercial 
biobased SAF (Sustainable Aviation Fuel) plant is likely to have 
a production capacity similar to the plants that currently make 
green diesel from natural resources.58–61 The main operations of 
the gasication-FT (GFT) process include biomass pretreatment 
(crushing or conditioning of biomass depending on the type of 
feedstock), gasication of biomass, clean-up of syngas, FT 
synthesis, upgrading and separation, as well as cogeneration of 
electricity (Fig. 1). More details of the processes are provided 
later in the study. 

The process model was developed using SuperPro Designer 
soware version 12.63,64 The results obtained from the built-in 
model of SuperPro Designer soware were utilized for equip-
ment sizing and determining the required number of different 
equipment. 

2.1.2. Process modeling for gasication-Fischer–Tropsch 
2.1.2.1 Pretreatment. The initial size reduction step reduces 

the biomass to a dimension of 12 mm, which is then subjected 
to a drying process. This drying is facilitated by a rotary dryer to 
achieve a feedstock to moisture ratio of 9 : 1, achieving a nal 
moisture content of 10% on a wet basis.65 The gasier is fed 
with air and steam. Gasication operating conditions are set at 
oduction from forest residues62 (main product process flow in red and 

This journal is © The Royal Society of Chemistry 2024 
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28 bar and temperature at 871 °C. Diethanolamine (DEA) is 
used to separate both H2S and CO2 from the sour syngas; the 
sulfur content is reduced to a maximum of 0.2 ppm. 

2.1.2.2 FT synthesis. FT synthesis produces a mixture of 
long-chain hydrocarbons. This study considers low-temperature 
FT as the products under these conditions contain a higher 
amount of kerosene and less severe upgrading the FT product is 
required.27 The Water Gas Shi (WGS) reaction is carried out at 
150 °C and 21 bar to obtain a H2/CO ratio of 2.37, which has 
been suggested as the optimum value (Table 3 in the ESI†).66 

The syngas temperature is increased to 200 °C in the FT reactor, 
where a cobalt-based catalyst is used.28,67 We selected a cobalt 
catalyst for the FT reaction and Cu–ZnO–Al2O3 for the WGS 
reaction in our process model because they are commonly used 
catalysts in Fischer–Tropsch synthesis due to their high activity 
and selectivity for producing long-chain hydrocarbons, which 
are desirable for producing jet fuel. The FT scheme, described 
in the ESI†, converts the syngas into fuel fractions. The gas and 
liquid fractions are then separated, followed by the aqueous 
phase removal from the liquid hydrocarbons. 

2.1.2.3 Rening: hydrocracking. The mixture of gases and 
liquid hydrocarbons leaving the FT reactor is separated for 
further processing, which can involve decrease in temperature 
(to 40 °C) and gas liquid separation using difference in densi-
ties. We used the 0.5Pt/Y(100)35A catalyst for the hydrocracking 
reaction in our process model as it showed high catalytic activity 
to obtain sustainable aviation fuel from higher chain hydro-
carbons (n-heptadecane (C17)). In the subsequent step, the 
liquid product is rened to fulll the required fuel specica-
tions through hydrocracking. Finally, separation is performed 
by distillation processes as illustrated in Fig. 2 and 1 of the ESI†. 

For this study, wax is not a desired product and to maximize 
jet fuel production, a hydrocracking unit is incorporated in the 
process. The aim of the hydrocracker is to break down long 
hydrocarbon chains to obtain smaller hydrocarbons and to 
reduce the concentration of unsaturated hydrocarbons in the 
product since the unsaturated compounds can cause gum 
formation which is not desired for jet fuel. Operating condi-
tions, such as temperature, pressure and H2 inlet ow, affect the 
Fig. 2 System boundary for the cradle-to-gate life-cycle assessment of

This journal is © The Royal Society of Chemistry 2024 
severity of the hydrocracking reactions and therefore, the 
product distribution. Following the research by Teles et al., 50  
bar pressure, 277 °C temperature, and 1.5% hydrogen were 
chosen for mild hydrocracking that produces middle distillates 
(Table 3 in ESI†).68 

2.1.2.4 Rening: separation. In the separation process two 
distillation columns were used to separated ue gases and 
green diesel separately. Liquid products from the hydrocracking 
are sent to the decanter, where the aqueous fraction of the 
liquid mixture is separated at the bottom. The mixture of C8–16 

separates at the top and further was used in the distillation 
column. Flue gases were separated from rst distillation 
column (2 m diameter and 14 stages) at 125 °C. In the next step, 
SAF and green diesel were separated in the second distillation 
column (2 m diameter and 15 stages) operated at 210 °C. In this 
analysis, the mass yield for SAF was 9.4%, with approximately 
2% mass yield of green diesel from biomass with moisture. 

2.1.2.5 Power generation unit. Electrical power is produced 
in a gas turbine generator. The fuel gas was obtained primarily 
from the gasication section, and used in the FT reactor and the 
upgrading section.69 In the gas turbine, the fuel gas phase was 
combusted with compressed air and then expanded to atmo-
spheric pressure to generate electricity. The N2 used in gasi-
cation exits from this section. The plant is electricity self-
sufficient, and so no additional fossil sources are required. 

2.1.3. Economic analysis. The total facility construction 
period and startup period are assumed to be 36 months and 4 
months respectively. Purchase prices of equipment items are 
estimated for their required size using the size from the process 
model and approach available in the literature.58,70–73 In partic-
ular, equipment purchase prices are calculated using an expo-
nential scaling factor of 0.65 and the year of analysis 
(eqn (1)).58,70,71 

Cost of equipment = base cost 
× (study size/base size)scalling factor (1) 

The parameters and assumptions for estimation of the total 
investment for establishing the forest residue conversion facil-
ities are obtained from the SuperPro Designer model. 
 sustainable aviation fuel (SAF) production from forest residues. 

Sustainable Energy Fuels, 2024,  8, 4602–4616 | 4605 
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Table 3 Life cycle environmental impacts for SAF production from 
forest residues per tonne, cradle-to-gate 

Impact category Units Total 

Ozone depletion kg CFC-11 eq. −3.5 × 10−10 

Global warming kg CO2 eq. 0.02456 
Smog kg O3 eq. −0.00072 
Acidication kg SO2 eq. 0.00012 
Eutrophication kg N eq. −0.00012 
Carcinogenics CTUh −2.1 × 10−9 

Non carcinogenics CTUh −6.5 × 10−9 

Respiratory effects kg PM2.5 eq. −8.2 × 10−6 

Ecotoxicity CTUe −0.11595 
Fossil fuel depletion MJ surplus 0.032769 
Annual operating costs are estimated by including the costs 
associated with raw materials, labor, utilities, laboratory, and 
quality control, as well as facility-dependent cost. Facility-
dependent cost accounts for the costs associated with the 
equipment maintenance, depreciation, insurance, taxes as well 
as other overhead costs.63 Labor work hours are estimated based 
on the labor needs for different operations or sections in the 
process. The labor basic rate is considered to be $20 per h,74 and 
the labor cost is estimated using the following eqn (2):63 

Labor cost = basic rate × (1 + benefts + supplies + supervision 
+ administration) × labor use (2) 

where the benets, supplies, supervision, and administra-
tion factors were assumed as 0.40, 0.10, 0.20 and 0.60, 
respectively.63 

Cost calculations are done considering nth-plant scenarios, 
assuming that this technology has been commercially proven 
and multiple industrial plants are up and running success-
fully.75 Techno-economic analysis (TEA) is designed to provide 
a realistic assessment of project costs by intentionally excluding 
certain expenses, such as contractor's fees. Such exclusion helps 
to avoid articial ination of project nancial burdens, 
ensuring a more accurate economic evaluation.75 Prices of 
materials used, utilities required, as well as the main product 
and byproducts of the process are presented in Table 1. The 
average biomass feedstock cost is considered to be $40 per Mg 
with 30% moisture content (weight basis) or $57 per ODT55,76 

(price varies from $30 to $82 per ODT in the U.S.). 
The CuO–ZnO–Al2O3 catalyst is used in the water gas shi 

reaction and a Pt-supported catalyst is used in the hydrocracker 
reactor.45,77,78 The amount of catalyst required is calculated by 
dividing the syngas mass ow rate with the weight hourly space 
velocity (WHSV) and it is assumed that the catalyst will be 
replaced every 3 years (ESI†, Table 2). Excess electricity is 
assumed to be sold to the electric grid and considered to be 
Table 2 Prices for materials, utilities, main product and co-products of 

Item Units 

Bulk material 
Biomass Mg 
Diethanolamine kg 
Water m3 

Catalyst for WGS kg 
Catalyst for the Fischer–Tropsch process kg 
Catalyst for hydrocracking kg 

Utilities 
Standard power kW h 
Steam Mg 
Steam (high pressure) Mg 
Cooling water Mg 
Chilled water Mg 

Coproducts 
Green propane kg 
Green diesel (C17–C22)  kg

4606 | Sustainable Energy Fuels, 2024,  8, 4602–4616 
a byproduct. The credits associated with the production of 
byproducts, i.e., electricity, green propane (biogenic) and green 
diesel are estimated by considering their market prices (Table 
2). Capital and operating costs are used to calculate the MSP of 
SAF at the biorenery gate.75 

2.1.4. Life cycle inventory (LCI) analysis. The elaboration of 
the LCI for this study is based on the mass and energy balances, 
resulting from the process modelling in Superpro. This data 
includes normalized values for the conversion of the main 
feedstock into jet fuel and secondary products such as green 
propane, green diesel, and electricity, all measured per 1 MJ of 
jet fuel. 

2.1.5 Life cycle assessment (LCA). The LCA is conducted 
according to the standardized approach outlined in ISO 14040 
(2006) and ISO 14044 (2006) to ensure the consistency and 
transparency of the LCA studies.85 According to this approach, 
the LCA is composed of four main steps: (1) denition of the 
goal and scope of the study; (2) inventory analysis; (3) nding 
the potential environmental impacts; and (4) interpretation of 
the results. This study seeks to identify most signicant envi-
ronmental input–output ows (i.e., hotspots) in SAF 
forest residue conversion to sustainable aviation fuel 

Price ($ per unit) References 

40 55 
1 79 
0.0002 75 
5 80 
33 75 
20 81 

0.081 82 
12.00 SuperPro built-in model 
20.00 
0.0001 
0.0010 

1 83 
 1  84  
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manufacturing based on life-cycle impact assessment (LCIA) 
results. The LCI ows are converted into environmental impacts 
using U.S. EPA's (Environmental Protection Agency) Tool for 
Reduction and Assessment of Chemical and other environ-
mental Impacts (TRACI) version 2.1 impact assessment 
method86 available in SimaPro 9.5 soware.53,86 Different envi-
ronmental impact categories cannot be directly compared or 
added because of different measuring units. This study focuses 
on the following 10 impact categories: (1) global warming (kg 
CO2 eq.), (2) ozone depletion (kg CFC-11 eq.), (3) photochemical 
smog formation (kg O3 eq.), (4) acidication (kg SO2 eq.), (5) 
eutrophication (kg N eq.), (6) carcinogenic (CTUh), (7) non-
carcinogenic (CTUh), (8) respiratory effects (PM2.5 eq.), (9) 
ecotoxicity (CTUe), and (10) fossil fuel depletion (MJ surplus). 

2.2.1. Goal and scope denition. The goal of this LCA is to 
nd the environmental performance of the integrated system, 
which represents a biomass utilization process where the 
biomass is converted to SAF. 

The system boundaries are set such that the LCA analyzes all 
the processing steps until the nal product is produced. The 
selected functional unit is 1 megajoule (MJ) of SAF while the 
LHV (Lower Heating Value) of the SAF is considered to be 43 MJ 

87kg−1. The global warming (GW) impact of technology evalu-
ated in this work is compared with existing SAF production 
pathways, as well as with regulatory standards, such as the U.S. 
Renewable Fuel Standard (RFS). RFS sets explicit thresholds for 
the reduction of CO2 equivalent (CO2 eq.) emissions for alter-
native fuels compared to the conventional jet fuel. In the U.S. 
the emission from SAF should be below 89 gCO2 eq. per MJ. 
Synthesized jet fuel would qualify as SAF under RFS if it 
demonstrates at least a 50% reduction in GHG emissions 
compared to fossil-derived jet fuel, with a higher threshold of 
60% reduction in GHG emission required for fuels to be cate-
gorized as a cellulosic biofuel under the D3 RIN category.88,89 

Under European Renewable Energy Directive II (RED II), a 70% 
reduction in GHG emissions is necessary for compliance 

per MJ.90,91compared to 94 gCO2 eq. In the UK, it is being 
Fig. 3 Capital cost of commercial-scale sustainable aviation fuel produ

This journal is © The Royal Society of Chemistry 2024 
considered that for SAF to receive credits under their SAF 
mandate, it will be required to achieve a 70% GHG saving 
compared to a fossil fuel benchmark of 94 gCO2 eq. per MJ.92 In 
the LCA analysis, the net carbon change in soil is also esti-
mated, although there is currently no regulation for this specic 
environmental impact. 

2.2.1.1 System boundaries for the LCA. The system bound-
aries for the LCA are more expanded than those of TEA. In LCA, 
emission of off-gases (combustion gases) from power genera-
tion, processing and cooling water use and transportation of 
forest residues to facilities are also taken into consideration. 
Fig. 2 and S3† illustrate the stages included in this environ-
mental evaluation. 
3. Results and discussion 
3.1 Capital cost 

The total capital investment for the SAF biorenery, which uses 
forest residue input capacity of 960 Mg per day and produces 90 
Mg of SAF per day, is estimated to be approximately $422 
million (Fig. 3). Total plant direct costs of $296.3 million 
contribute approximately 70.2% to the total investment for SAF 
production, while indirect costs of $74.1 million contribute 
approximately 18%. Costs for equipment purchases, installa-
tion, and associated piping are the main contributors to total 
plant direct costs, accounting for approximately 34%, 27%, and 
10%, respectively. The following sections have signicant 
contributions to the overall capital costs: gasication, gas 
separation, and distillation. The signicant contribution of the 
separation section for the equipment purchase cost is mainly 
due to the distillation towers needed to separate SAF mentioned 
in separation section. Most expensive equipment items are 
found to be high-air separation units and gasiers mainly due 
to their high capacities. The results are in line with those of 
previous studies on SAF production from forest residues.16,58 In 
an alternate option to FT gasication, we can use hydrothermal 
gasication, which operates under different conditions 
ction from forest residues; year of analysis 2022. 
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Fig. 4 (A) Operating cost and (B) minimum selling price of sustainable aviation fuel (SAF) production from forest residues and (C) historical price 
fluctuation of commercial jet fuel. 
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Paper Sustainable Energy & Fuels 
(typically lower temperatures but higher pressures using water 
as the medium), could potentially inuence the efficiency and 
environmental impacts of the SAF production process. It may 
offer advantages in terms of higher carbon conversion effi-
ciencies and reduced tar formation, which could lead to 
different lifecycle greenhouse gas (GHG) emission proles and 
overall techno-economic performance compared to traditional 
gasication methods.93 Indirect costs are mainly attributed to 
plant engineering. In addition, working capital ($2.3 million) 
and startup costs ($20 million) collectively contribute approxi-
mately 5% to the total investment (Fig. 3). 

3.2 Operating cost and MSP 

In SAF production from forest residues, the contributions of 
forest residues, facility, and utility cost to the annual operating 
cost ($79 million) are estimated to be 16%, 69%, and 8%, 
respectively (Fig. 4). High utility cost is mainly due to higher 
amount of high-pressure steam used for heating in pretreat-
ment, FT synthesis and separation of the synthetic crude 
mixture. The signicant labor cost for plant can be attributed to 
high labor requirement for multiple operation steps such as the 
Fig. 5 Sensitivity analysis for the SAF MSP from forest residues ($ per 
kg). 

Fig. 6 Cradle-to-gate life-cycle environmental impacts of sustainable a

This journal is © The Royal Society of Chemistry 2024 
gasication reaction, FT synthesis, hydrocracking, gas turbine, 
and distillation needed for different products, including green 
propane, green diesel and SAF. The cost of forest residues, $12.6 
million, contributes more than 97% to the total material cost. 

The unit production cost of SAF without considering revenue 
from byproduct production is estimated to be ∼$2.69 per kg 
(Fig. 4). The unit production cost and MSP of SAF at 0% gross 
margin aer considering revenue from byproducts is $1.87 per 
kg. The revenue earned by selling excess electricity, green diesel 
and green propane reduced the unit production cost of SAF by 
$0.56 per kg $0.24 per kg and $0.015 per kg, respectively. 

The cost of commercial jet fuel from fossil resource is $0.87 
per kg, lower than that of SAF from biobased feedstocks.94 The 
conversion efficiency of the process from biomass to SAF is 
9.4%. In related literature, the feedstock cost has been reported 
to be the main contributor to the operating cost of similar 
products, including SAF from camelina95 and hydrogenated 
renewable diesel from canola.96 The main reason for the high 
contribution of forest residues in the production cost was the 
cost of feedstock supply at renery required for conversion to 
SAF at the selected biorenery capacity. Reduction of the feed-
stock supply cost can signicantly improve the economics of 
SAF or any other bioenergy products.97–99 Improving the logistics 
operations in forest residue supply is one of the factors which 
can signicantly reduce the feedstock price. Other consum-
ables, such as solvent-diethanolamine and catalyst, accounted 
for approximately 2% of the total material cost. 

The main contributors to the total credit were electrical 
power ($0.56 per kg SAF) and green diesel ($0.24 per kg SAF). 
The net cost to produce SAF is estimated to be $1.87 per kg, 
assuming a 0% prot margin. However at 10% IRR,75 the MSP of 
SAF at the biorenery gate is estimated to be $2.50 per kg, which 
is in the range of MSP of SAF from similar biobased feedstocks. 
This result is in line with the results of previous studies on the 
techno-economics of SAF production from similar biobased 
feedstocks.19,40,100,101 The SAF bioreneries typically generate 
viation fuel (SAF) production from forest residues. 
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Fig. 7 Comparative global warming impact of SAF from different 
feedstocks. 

Fig. 8 Sensitivity analysis of the global warming impact of SAF 
production from forest residues. 
additional credit from selling coproducts, including LPG, elec-
tricity, and green diesel. Thus, any upgrading in the byproduct's 
values can increase the selling prices and further reduce the 
MSP of SAF.102 Evaluating the impacts of variabilities in the 
prices of byproducts can help identify the key parameters 
affecting the economics of SAF. Although the cost of green 
diesel is lower than that of similar SAF, the byproduct credit 
associated with green diesel is estimated to be less than the 
byproduct credit associated with SAF (Fig. 5). There are several 
uncertainties in the cost estimates. For example, if ination 
increases up to 4%, it can increase the unit production cost to 
$1.93 per kg. The cost of forest residues varies widely, ranging 
from $20 to $80 per tonne. This can cause the SAF production 
cost to increase from $1.41 per kg to $2.27 per kg. 

In a comparative analysis, the MSP of SAF from forest resi-
dues is competitive with other feedstocks (Fig. S2†). SAF 
produced from municipal solid waste has an MSP between $0.9 
to $2.1 per liter for plant capacity of 100 to 500 million L per 
year. The MSP of SAF from agricultural residues ranges from $2 
to $3.8 per liter from plant capacity of 100 to 300 million L per 
year. Increase in plant capacities generally benet from econ-
omies of scale, resulting in a lower MSP of SAF from forest 
residues. Additionally, different production technologies 
impact costs; the alcohol-to-jet (ATJ) pathway for SAF from 
agriculture residue has MSPs ranging from $2.2 to $2.5 per liter, 
which is higher than that of the FT-SPK process but still within 
the range of lignocellulosic biomass-based SAF production 
costs ($1.14 to $3.00 per liter).103 
3.3 Life cycle assesment of SAF 

The impact categories assessed, together with the materials 
used and SAF are shown in Tables 3, 4 and Fig. 6 respectively. 
These GHG emissions are measured based on a 100-year time 
horizon (GWP-100) and do not include changes in land use.104 

For the ten impact categories, Fig. 6 shows that the use of steam 
contributes to the highest environmental impact for most of the 
impact categories by contributing more than 79% for global 
warming (GW), 81% of ozone depletion (OD), 41.6% smog, 
54.5% respiratory effects (REEF) and 93% fossil fuel depletion 
(FFD). The use of green propane for production of steam may 
reduce this impact. The generation of electricity reduces impact 
in all categories. Regarding the scoring of the impact category 
values (Table 3), the cradle-to-gate GW impact of producing 1 kg 
of SAF processes is estimated to be 24.56 gCO2 eq. per MJ or 1.056 
kgCO2 eq. per kg. In comparative analysis (Fig. 7), the results of 
Carbon Offsetting and Reduction Scheme for International 
Aviation (CORSIA)'s gasication-FT LCA analysis align with 
those from the GREET model, which estimates direct emissions 
of 5–12 gCO2 eq. per MJ for FT diesel produced from biomass.104 

In a comparison of sustainable aviation fuels made from 
biomass sources like switchgrass, soybean oil, palm oil, rape-
seed oil, jatropha oil, and algae oil, CO2 equivalent emissions of 
it range from 18 to 55 gCO2 

per MJ (Fig. 8). 
The nature of different feedstocks changes environmental 

assessment through amount and type of carbon emission 
because of different carbon content in feedstocks along with 
4610 | Sustainable Energy Fuels, 2024,  8, 4602–4616 
upfront feedstock supply chain efficiencies.55,105 Gasication of 
biomass with high carbon content produces more CO2 

compared to those with lower carbon content. Moisture content 
and ash content of feedstock are other factors impacting the 
efficiency of the process, and consequently the environmental 
impacts. The system-wide effect starts with the conventional use 
of feedstock and impacts environmental assessments. We are 
using forest residues which do not displace any other product 
and therefore do not initiate the system wide effect. The effect of 
use of forest residues compared to pile burning and all decay is 
discussed in the soil carbon dynamic section.106 

In GREET model analysis for LCA of SAF, SAF yield is 
considered to be 20% of green diesel. The increase in yield may 
increase the GW impact. Regarding the scoring of the impact 
category values, Fig. 6 shows the overall value for the ten life-
cycle environmental impacts. The harmful human ecotoxicity 
of the FT-SPK-SAF production is negligible. In addition, fossil 
fuel depletion and acidication are low, reaching only 0.032 MJ 
surplus and 0.12 gSO2-eq. per MJ respectively. Impacts on the 
ozone layer, eutrophication and respiratory effect are not 
signicant. 

3.3.1 Uncertainty analysis. Life cycle assessment (LCA) 
results are critical for informed decision-making, necessitating 
a rigorous quantication of their uncertainty. To achieve this, 
we employed a Monte Carlo simulation to examine the impact 
of data uncertainty on specic impact categories. Each process 
underwent 1000 simulations, incorporating varied combina-
tions of life cycle inventory (LCI) parameters. Uncertainty was 
This journal is © The Royal Society of Chemistry 2024 
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Table 4 Life cycle inventory for Fischer–Tropsch synthetic paraffinic kerosene production from forest residues 

Amount Units 

Output: products 
FT_SPK_FR 1  MJ  

Output to technosphere: avoided products 
Diesel {RoW}j diesel production, petroleum renery operation j APOS, S 
Electricity mix eGRIS 2022/US US-EI U 

0.006385 
0.1294 

kg 
kW h 

Green propane 0.000467 kg 

Inputs from nature 
Water, cooling, unspecied natural origin, WECC, US only 18 3m
Air 2.87 kg 

Inputs from technosphere materials/fuel 
Proxy_water, at user NREL/US U 0.2239 kg 
Diethanolamine {GLO}j market for j APOS, S 
Forest residues, preprocessed,at conversion facility/ton/RNA 

0.000232 
0.2109 

kg 
kg 

Inputs from technosphere electricity/heat 
Steam, for chemical processes, at plant/US-US-EI U 0.35 kg 

Emission to air 
Carbon dioxide, biogenic 0.2941 kg 
Carbon monoxide, biogenic 0.0154 kg 
Hydrogen sulde 0.000232 kg 
Water 0.247 kg 
Oxygen 0.4079 kg 
Carbon 0.002103 kg 
Hydrogen 0.000935 kg 
Methane 0.000701 kg 
Nitrogen 2.43 kg 

Output to technosphere: waste and emission to treatment 
Proxy_disposal, liquid wastes, unspecied to waste water treatment/l NREL/RNA U 0.093 L 
Dummy_disposal, wood ash mixture, pure, 0% water, to sanitary landll/kg/RNA 0.0018 kg 
Proxy_disposal, inert solid waste, to inert material landll NREL/US U 0.041 kg 
Proxy_disposal, heavy alkalide naphtha, to sanitary landll NREL/US U 0.289 kg 
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evaluated by analyzing the spread of values relative to their 
mean. Lower standard errors of the mean indicated more reli-
able results. Table 5 presents our key ndings, including mean 
values, standard deviations (representing variability), and other 
relevant metrics. The highest uncertainty was observed in the 
Table 5 Uncertainty analysis of life cycle environmental impacts of SAF

Impact category Units Mean Median SD 

Acidication kg SO2 eq. 1.210 × 10−4 8.990 × 10−5 1.33
Carcinogenics CTUh −1.900 × 10−9 −1.000 × 10−9 4.35
Ecotoxicity CTUe −1.066 × 10−1 −7.078 × 10−2 2.44
Eutrophication kg N eq. −1.200 × 10−4 −5.000 × 10−5 2.60
Fossil fuel depletion MJ surplus 3.257 × 10−2 2.860 × 10−2 4.30
Global warming kg CO2 eq. 2.478 × 10−2 2.406 × 10−2 9.44
Non carcinogenics CTUh −5.800 × 10−9 −4.500 × 10−9 8.68
Ozone depletion kg CFC-11 eq. −3.700 × 10−10 −3.800 × 10−10 1.17
Respiratory effects kg PM2.5 eq. −8.600 × 10−6 −1.100 × 10−5 9.35
Smog kg O3 eq. −7.000 × 10−4 −7.400 × 10−4 7.91

a Note: SD: standard deviation, CV: coefficient of variation, CV unit is in
sample distribution of the mean). 

This journal is © The Royal Society of Chemistry 2024 
ozone depletion, ecotoxicity and carcinogenic impact cate-
gories. Our analysis indicated that the global warming (GW) 
impact of SAF ranges from 7.7 to 46.2 gCO2 eq. per kg across the 
2.5–97.5% condence interval. This demonstrates uncertainty 
for the GW impact and other impact categories considered, 
 production from cradle-to-gatea 

CV 2.50% 97.50% SEM 

0 × 10−4 1.101 × 102 −3.600 × 10−6 4.810 × 10−4 4.200 × 10−6 

0 × 10−9 −2.293 × 102 −8.900 × 10−9 −3.600 × 10−10 1.380 × 10−10 

1 × 10−1 −2.289 × 102 −7.870 × 10−1 2.011 × 10−1 7.718 × 10−3 

0 × 10−4 −2.179 × 102 −7.000 × 10−4 −4.400 × 10−6 8.210 × 10−6 

9 × 10−2 1.323 × 102 −3.619 × 10−2 1.318 × 10−1 1.363 × 10−3 

8 × 10−3 3.814 × 101 7.726 × 10−3 4.618 × 10−2 2.990 × 10−4 

0 × 10−9 −1.488 × 102 −2.800 × 10−8 5.150 × 10−9 2.740 × 10−10 

0 × 10−10 −3.169 × 102 −2.500 × 10−9 2.140 × 10−9 3.710 × 10−11 

0 × 10−6 −1.085 × 102 −2.000 × 10−5 1.450 × 10−5 2.960 × 10−7 

0 × 10−4 −1.137 × 102 −2.080 × 10−3 8.350 × 10−4 2.500 × 10−5 

 %. SEM: standard error of the mean (SEM) (standard deviation of the 
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affirming the reliability of our dataset. The variations in data 
selection and inherent data variability do not signicantly 
inuence the examined impact categories (Giuliana et al., 
2022).107 

3.3.2 Cumulative energy demand (LHV). The dataset on 
sustainable aviation fuel (SAF) production highlights signicant 
cumulative energy demands, particularly in the preprocessing 
of forest residues and steam generation for chemical processes, 
which are the largest contributors at about 2.0895 million joules 
(MJ) (Table S4†). This emphasizes the energy-intensive nature of 
these stages in SAF production. The analysis shows a substan-
tial reliance on renewable energy sources, especially biomass, 
which contributes 2.648 MJ. It indicates high signicant 
contribution, however it ensures fewer challenges for sustain-
able sourcing than fossil fuel-based feedstock. 

On the other hand, non-renewable energy sources, including 
fossil and nuclear, display slightly negative values, suggesting 
efficient energy recovery or less reliance in certain areas, such as 
diesel renement and electricity usage. The slight negative 
values in other renewable sources like wind, solar, and 
geothermal, and water-generated energy imply potential net 
energy losses or lower efficiency in their integration within the 
SAF production lifecycle. To enhance the sustainability of SAF, it 
is critical to address these inefficiencies and optimize energy 
use across all production stages, aiming to boost the efficiency 
of renewable energy utilization and reduce reliance on non-
renewable sources. 

3.3.3 Sensitivity analysis. The sensitivity analysis of the 
global warming (GW) impact for SAF production highlights the 
signicant inuence of steam and electricity usage (Fig. 8). 
When steam usage is increased by 20% to 0.42 kg kg−1, the GW 
impact increases to 42.7 gCO2 eq. per kg of SAF, whereas a 20% 
reduction in steam usage decreases the GW impact to 6 gCO2 eq. 

per kg of SAF. This demonstrates that steam usage had the 
highest impact on the GW impact of SAF. Similarly, increasing 
electricity usage by 20% to 0.154 kW h kg results in a GWP 
impact of 41.9 gCO2 eq. per kg, while a 20% decrease reduces it to 
6.89 gCO2 eq. per kg. This indicates that electricity usage also 
signicantly affects the GWP of SAF. Additionally, a decrease in 
Fischer–Tropsch conversion efficiency to 80% from 100% shows 
an increase in GWP to 32.7 gCO2 eq. per kg of SAF. Variations in 
forest residue requirements by ±20% lead to GWP values 
ranging from 23.8 to 25.3 gCO2 eq. per kg of SAF. Conversely, 
changes in diethanolamine requirements for gas treatment 
show a minor impact on GWI, varying from 24.4 to 24.8 gCO2 eq. 

per kg of SAF. These ndings emphasize the critical role of 
optimizing steam and electricity usage in minimizing the 
environmental impact of SAF production. 
3.4 Soil carbon dynamics 

Residue management and soil carbon change have higher 
impact on carbon removal efficiency in soil.108–110 Recent studies 
show that GHG emissions due to a change in soil organic 
carbon (SOC) over 100 years can contribute to 20 to 65% of 
increased life cycle GHG emission of gasoline and diesel 
produced from forest residues.111 Optimized methods to handle 
4612 | Sustainable Energy Fuels, 2024,  8, 4602–4616 
�

forest leovers help to protect soil organic carbon and improve 
carbon removal in soil from SAF production.112 Alternatively, 
carbon dioxide can be removed from emission of the FT 
process. Previous research reported the impact of inclusion of 
the carbon capture and storage in the FT process using forest 
residues can reduce the GHG emissions from 15.51 gCO2 eq. per 
MJ to – 121.83 gCO2 eq. per MJ, however MSP of product SAF 
increases by about 10%.58 Adding carbon capture makes facility 
increase MSP but forest residue on land management does not 
make the biofuel more expensive when it is in line with the 
supply and demand of forest waste.58 The SAF combustion is 
considered for soil carbon removal efficiency. 

For analysis of soil carbon dynamics, we evaluate carbon 
removal from atmosphere in soil due to different forest 
management practices. A high removal efficiency could be 
compensated for a slightly lower soil carbon increase, especially 
if achieved through practices with biofuel production. Here, we 
dene CDR efficiency (eqn (3)), hCDR, considering the amounts 
of CO2 stored and CO2 leaked over the supply chain:113 

CDR ¼ COstored COleakedh (3)2 2 

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl} 
COstored 

2 

While estimating the amount of CO2 stored, we take account 
of carbon uptake by logs, litter residue, litterfall, roots. In CO2, 
we take account of forest operations, SAF production, emission 
from litter and mineral soil. The transportation and combus-
tion of SAF is also considered in this study. Western and 
Northern States contain the most carbon on the forest oor, and 
Southern States contain the least. Due to the availability of the 
soil organic carbon change dataset in the Southern U.S. and 
results from it will be strong indicator for determination of soil 
carbon change in the northwest region we used available data 
for soil carbon dynamics. We calculated carbon removal effi-
ciency of FT-SPK from forest residues with the assumption of 
use of loblolly pine in the Southern U.S.A.111 We use climate 
scenario of S1 (scenario 1 refers to climate conditions of low 
temperature and low precipitation at site location of 
(36.532,−82,210)) and pine growth case of GC1 (pine growth 
case) for determination of carbon removal following a previous 
study of Yao et al.111 

While the 100-year net soil carbon change shows soil carbon 
change depends on change in the climate, and forest manage-
ment, it shows the potential of carbon removal from soil. The 
advantage of carbon removal favors use of forest residues in the 
production of SAF. 

Fig. 9 shows CO2 removal from the atmosphere through 
various forest residue management strategies—pile burning 
(−828.5 MgCO2 eq. per hectare in 100 years), in situ wood 
decomposition or all decay (−916.2 MgCO2 eq. per hectare in 100 
years), and biofuel production (−831 MgCO2 eq. per hectare in 
100 years). It shows the potential for forest residues to 
contribute to climate change mitigation and renewable energy 
generation. Among these, converting forest residues into (FT-
SPK-SAF) biofuel emerges as a compelling climate change 
mitigation strategy. 
This journal is © The Royal Society of Chemistry 2024 
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Fig. 9 Carbon removal efficiency for forest residue management per 
hectare over 100 years. 

Sustainable Energy & Fuels 
4. Conclusions and prospects 

This study evaluates the economic feasibility and life-cycle 
environmental impacts from cradle-to-gate of producing SAF 
from forest residues, providing a comprehensive analysis of its 
environmental and economic advantages. With a GW impact of 
1.05 kgCO2 eq. per kg of SAF, the research highlights the signif-
icant potential for reducing GHG emissions from the aviation 
sector. The minimum selling price of SAF is estimated to be 
about $1.87 per kg, which may further reduce to $1.38 per kg 
aer tax credit from IRA due to ∼72% reduction in GW impact. 
The key advantage of the SAF production process studied here is 
a notable reduction in net GHG emissions, indicated by a −831 
MgCO2 eq. per hectare decrease in carbon footprint from fuel 
production over 100 years. These outcomes suggest that SAF 
from forest residues not only contributes to lowering the avia-
tion sector's carbon emissions but also presents a cost-effective 
renewable fuel option. 

Future development should aim to optimize the supply 
chain for forest residues to reduce feedstock costs further and 
enhance the sustainability of SAF production. This involves 
investigating strategies to lower transportation costs, improve 
feedstock yield, and enhance conversion processes. Evaluating 
the broader social and environmental impacts of SAF produc-
tion will also support its sustainable integration into the avia-
tion industry. Additionally, exploring high value uses for 
byproducts and potential policy supports can improve the 
economic viability of SAF production. 

This research offers valuable insights for a broad audience, 
including academics, industry stakeholders, and policymakers, 
guiding efforts to commercialize SAF from forest residues. By 
providing targeted recommendations for future work, this study 
lays the groundwork for advancing SAF as a sustainable alternative 
to conventional jet fuels, aligning with global climate goals and 
supporting the transition to a more sustainable aviation sector. 
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