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Abstract

Sustainable aviation fuels (SAFs) are critical for aviation decarbonization, yet feedstock
supply-side trade-offs, including spatial variability and straw return to soil, are often over-
looked. This study integrates energy and ecological assessments via lifecycle assessment
to evaluate carbon mitigation and economic feasibility of corn-straw-based SAF in China
using aqueous phase reforming (APR), hydrothermal liquefaction (HTL), and gasification—
Fischer-Tropsch (FT) synthesis. HTL shows the highest mitigation efficiency (61.4%) and
greatest potential, and is therefore optimal. Spatially, mitigation potential is highly heteroge-
neous, concentrated in northeastern and northern China, while some western and southern
provinces show low or negative mitigation under FT synthesis. A 20%/80% straw allocation
to SAF and soil retention yields 55.0 Mt CO2-eq annually, 29.6 Mt of additional mitigation
from fuel substitution and 25.4 Mt of maintained soil carbon sequestration. Economically,
with carbon credits, HTL is cost-competitive with fossil jet fuel in all provinces, saving
241-1730 yuan/t (=36-260 USD/t), highest in Inner Mongolia, Xinjiang, Heilongjiang,
Liaoning, and Ningxia (1510-1730 yuan/t). FT synthesis has reached cost parity in some
provinces, whereas APR remains unviable, costing 1700-3210 yuan/t (~=255-482 USD/t)
more than fossil jet fuel. These findings support regional SAF deployment and China’s
carbon neutrality goals.

Keywords: sustainable aviation fuel (SAF); corn straw; lifecycle assessment (LCA); carbon
mitigation; economic viability; spatial differentiation

1. Introduction

Global greenhouse gas emissions have risen sharply, with aviation being a major
contributor. The Carbon Offsetting and Reduction Scheme for International Aviation
(CORSIA), launched by the International Civil Aviation Organization (ICAO), recognizes
sustainable aviation fuel (SAF) as a key lever for aviation carbon neutrality [1-3]. China, as a
major corn producer, generates approximately 300 million tonnes of corn straw annually [4],
offering a significant feedstock for SAF production while promoting higher-value utilization
of agricultural residues.

Three technical routes are widely studied for biomass-based SAF: aqueous phase
reforming (APR), hydrothermal liquefaction (HTL), and gasification coupled with Fischer—
Tropsch (FT) synthesis. These routes differ in feedstock adaptability, conversion efficiency,
global warming potential (GWP), and production cost [5-7]. LCA studies show they can
reduce GHG emissions by 30-70% relative to fossil jet fuel [8]. HTL performs well due to
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broad feedstock flexibility and no energy-intensive drying [6]; FT synthesis is mature but
energy-intensive [9,10]; APR has mitigation potential but relies on green hydrogen [11,12].
Economically, SAF costs exceed fossil jet fuel, with gaps varying by technology, feedstock
price, and electricity cost [13,14].

However, critical gaps remain. First, most studies use national-level estimates, ignor-
ing provincial disparities in inputs, climate, soil, and grid factor [15-18]. Second, allocation
scenarios often assume full straw conversion for energy, neglecting straw incorporation for
soil organic matter and food security, contrary to China’s policy of “prioritizing agricultural
use and focusing on straw incorporation” [19,20]. Third, evaluation frameworks rarely
integrate spatial carbon footprints [21,22] with monetized carbon benefits [23], limiting the
assessment of SAF competitiveness under carbon markets.

To address these gaps, this study develops a province-scale LCA framework [24,25]
integrating energy substitution with ecological carbon sequestration. We adopt a policy-
aligned allocation scenario, 20% of corn straw for SAF production and 80% for ecological
utilization (straw incorporation) [19,26]. Carbon benefits are monetized to compare the
economic performance of three pathways across provinces and identify region-specific
priorities. Overall, this study reveals the spatial differentiation of carbon mitigation po-
tential and production costs, providing a scientific basis for the differentiated layout of
China’s SAF industry and coordinated straw management across energy and ecology under
national Dual Carbon goals.

2. Research Methods and Data Sources
2.1. The Systematic Framework of Scenario

To quantify the overall carbon mitigation potential of straw-based SAF, an integrated
framework comprising corn cultivation and straw utilization was developed, as illustrated
in Figure 1. Corn grain from cultivation is used for food, while straw can be allocated
to various uses, including fertilization, fodder, and SAF production. Following national
policies on food security and agricultural ecological protection, SAF production from corn
straw should be limited. Therefore, this study defines a consistent straw allocation scenario
for SAF production and soil carbon sequestration. Based on official data from the Ministry
of Agriculture and Rural Affairs, 57.6% of straw is used for fertilization and 20.7% for
fodder [19]. On this basis, 20% of corn straw is designated for SAF production, and the
remaining 80% is allocated to ecological utilization to maintain soil organic matter balance
and soil carbon sequestration capacity. The straw allocation framework is presented in
Figure 1.
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Figure 1. Integrated framework for straw-based SAF production.
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2.2. Function Unit in System Framework

As shown in Figure 1, the overall SAF production system is classified into corn
cultivation and straw utilization. For corn cultivation, a cradle-to-gate system is used with
a functional unit of 1 mu of maize cropland (1 mu = 666.7 m?). For SAF production from
straw utilization, a gate-to-grave subsystem, including feedstock collection and transport,
conversion, fuel distribution and combustion, is formulated with a functional unit of 1 MJ
of aviation fuel.

2.3. Calculation Methods of GWP and Economic Viability
2.3.1. GWP of Corn Cultivation

(1) Lifecycle inventory of corn cultivation in different provinces

Provincial input-output inventories for corn cultivation were established with 1 mu
of cornfield (1 mu = 666.7 mz) as the functional unit. Input items include seeds, nitrogen
fertilizer, phosphate fertilizer, potassium fertilizer, irrigation water, diesel, electricity, mulch
film, and pesticides; the output indicator is corn grain yield per mu. Tibet, Hainan, and
Taiwan were excluded from the provincial assessment due to limited corn cultivation area
or data availability.

Data on corn seed dosage were obtained from the National Compilation of Agricultural
Product Cost—Benefit Data (2024) [27]. For eight provinces with missing data (Qinghai,
Tianjin, Beijing, Zhejiang, Shanghai, Hunan, Guangdong, and Jiangxi), the average values
of adjacent provinces were used.

Fertilizer application rates (N, P,Os5, K,O) were taken directly as net nutrient consump-
tion when available [27]. When only compound fertilizer data were reported, the physical
amount was first calculated as net nutrient amount divided by the total nutrient content,
and then N, P,Os, and K,O were derived using the following coefficients: diammonium
phosphate (N 17%, P,Os5 47%), ternary compound fertilizer (N 11%, P,O5 24%, K,O 13%),
and mixed fertilizer (N 10%, P,Os5 17%, KO 3%). Unclassified compound fertilizer was
assumed to have a balanced 15-15—15 composition (total nutrient 45%), consistent with
the dominant specification in the Chinese compound fertilizer market.

Irrigation water consumption for corn planting in each province was obtained from
the Agricultural Irrigation Water Quota: Corn [28], using the 50% hydrological year quota
for each province.

For diesel consumption, data on machinery operation cost, irrigation and drainage
cost, water charge, and fuel and power cost per mu were obtained from the indicator
of seed consumption per mu in corn production cost and labor records of the National
Compilation of Agricultural Product Cost-Benefit Data (2024) [27]. Diesel input was then
calculated as [29]:

Diesel input =
[(Machinery operation cost + Irrigation and drainage cost — Water charge) x 21% —+ Fuel and power cost]| 1)
Diesel price

where diesel price was 7.87 yuan/L [30].

For mulch film consumption, data on mulch film cost per mu were obtained from the
National Compilation of Agricultural Product Cost—Benefit Data (2024) [27]. Mulch film
input was calculated as:

Mulch film input = Mulch film cost/ Mulch film price (2)

where a national average mulch film price of 12.99 yuan/kg was adopted [31].
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Electricity consumption is mainly used for water supply and estimated via the follow-
ing formula:
Eetec = Wuater X EFpum 3)

where E,, refers to power consumption per unit area (kWh per mu); Wiyyer represents
estimated irrigation water consumption (ton per mu); EFp;,, denotes power consumption
coefficient for water lifting (kWh per ton). The coefficient EFy,;;, varies by irrigation mode.
For regions dominated by flood irrigation—including the northeast, Huang-Huai-Hai,
southwest, and southern corn regions—a coefficient of 0.04 kWh per ton is applied. This
value is derived from the theoretical framework of Li Lianlu et al. [32]. For the northwest
spring corn region, where water scarcity necessitates pressurized systems such as drip and
sprinkler irrigation, a coefficient of 0.22 kWh per ton is adopted. This value is empirically
derived from field measurements of the “electricity-to-water” conversion coefficient for
pressurized systems [33].

Uniform pesticide application rates are specified for different agro-ecological zones.
For the northeast spring corn region, the arithmetic mean measured value of Heilongjiang
and Jilin is applied (0.40 kg per mu [21]). For the Huang-Huai-Hai summer corn region,
the average value of Shandong, Beijing, and Anhui is set as 0.50 kg per mu [21]. Without
field-measured data, the pesticide dosage of 0.45 kg per mu is adopted for the northwest
spring corn region referring to the field investigation in Shanxi [34]. For the southwest and
southern corn regions, referring to the standardized pure pesticide dosage of 125 grams per
mu in Zhejiang province, combined with the ratio of pure pesticide to commercial pesticide
of 1:5-1:6 and the local high temperature and humid climate with severe pest and disease
risks, the value is determined as 0.70 kg per mu.

The finalized provincial lifecycle inventories for corn cultivation are presented in
Table Al. Since most parameters contain uncertainties, sensitivity analysis is conducted
in subsequent analysis to explore the influences of key parameter changes on evaluation
results and ensure the robustness of research conclusions.

(2) Provincial GWP intensity of corn straw cultivation

Spatial differences in GWP during corn planting across provinces are mainly derived
from variable agricultural inputs and changeable power-related GWP [17,35]. This study
adopts ReCiPe 2016 Midpoint (H) method and Ecoinvent 3.8 for assessing the GWP from
the agriculture inputs in the lifecycle inventories of corn cultivation. In the calculation,
the electricity is excluded; furthermore, the GWP from electricity is obtained manually by
multiplying electricity and power emission factor (F,, ;). Provincial power emission factors
(Fele ;) are obtained from China’s national lifecycle greenhouse gas emission factor database,
with detailed values listed in Table A2 [36] in the unit of kg CO,-eq/kWh. Accordingly, the
total GWP from corn cultivation per mu of cornfield in province i (Cplant,i» kg CO, per mu)
is calculated as the following equation.

Cplzmt,i =GWP + Eelec,i X Fele,i (4)

where GWP is the GWP from agricultural inputs excluding electricity (kg CO,-eq/muy);
Eelec i is electricity consumption (kWh/mu), as shown in Table A1; F,, ; is the provincial
power emission factor (kg CO,-eq/kWh), as shown in Table A2.

2.3.2. GWP of Corn Straw per Kilogram

The corn cultivation subsystem uses 1 mu of maize cropland (1 mu = 666.7 m?) as
the functional unit and produces corn grain and corn straw, whereas the SAF production
subsystem uses corn straw to produce SAF and 1 MJ of aviation fuel was set as the functional
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unit. These two functional units are linked through corn straw, and thus the GWP of straw
per kilogram was firstly calculated as the straw-to-grain ratio was considered.

The carbon emission intensity of corn straw is further converted using the straw-to-
grain ratio, and the relevant formulas are given below:

Cplant,i X §;

Pi X (1 + ng,i) (5)

F plant,i —

where Fgryy ; represents GWP for producing one kilogram of corn straw in province i
(kg CO, per kg straw); S; indicates the total corn planting area in province i (mu); P; is total
corn grain output in province i (kg); Rsg ; refers to the straw-to-grain mass ratio, as shown
in Table A1 [37].

The per-unit-mass carbon footprints of grain and straw are equal [38]; thus

Fstmw,i = Lplant i (6)
The national average GWP of corn grain and straw was calculated as:

Zcplant,i X §;
ZPZ' X (1 + ng,i)

F. straw,ave — E plant,ave — (7)
The calculated national average GWP of corn production is 0.22 kg CO,-eq/kg, which falls
within the range of 0.172~0.231 kg CO,-eq/kg reported in an existing study [39], verifying
the reliability of the established lifecycle inventories.

2.3.3. GWP of Different SAF Producing Routes

(1) The systematic and technical details of SAF production route

Three producing routes were investigated herein, which are catalytic aqueous phase
reforming (APR), hydrothermal liquefaction (HTL) and gasification and Fischer—Tropsch
(FT) synthesis. The detailed technological procedures of APR, HTL and FT synthesis routes
are illustrated in Figure 2.

Two-step hydrolysis Hydrodeoxygenation (HDO) Ca—Cys alkanes -
p— Cs—Ci6 OXygenates Isoalkanes m
Corn straw Aldol 4 . Hyd! ion Cycloalkanes
T Aromatics
Sohestion Hydrothermal liquefaction BIOT“de Rl
) Upgraded oil to SAF
Dust r:moval .4 w| Solidresidue s Hydrotreating ™ (C—Cis hydrocarbons) | =) & -)) .
Biocrude separation 5
Cru:hin . Wastewater Napl:tha
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3 Syngas (fO +H;) Hydrocracking Hydrocracked o
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Fischer-Tropsch synthesis i Off-gas
C o Wastewater g

-Pretreatment > >I Hydro-upgrading >

Figure 2. Process flow diagrams for corn-straw-based SAF production via different routes.

For catalytic aqueous phase reforming (APR), corn straw is pretreated and hydrolyzed
into soluble sugars firstly. With heavy metal catalysts, the obtained materials proceed
through hydrodeoxygenation and aldol condensation to generate C8-C16 hydrocarbon
precursors, which are further hydrogenated to prepare SAF. At present, this technology
remains at the pilot stage. It involves complex procedures, and noble metal catalysts are
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expensive and have short service lives. Its economic efficiency and carbon mitigation effect
are highly dependent on green hydrogen supply [11,12].

As for hydrothermal liquefaction (HTL), crushed corn straw is liquefied in water at
around 20 MPa and 335 °C. After separation, biocrude is obtained and then upgraded by
hydrotreating to produce SAF. This route is also under pilot research. Rigorous reaction
conditions cause high equipment investment and frequent scaling and blockage. Due to
the high oxygen content of biocrude, deep hydrogenation with external green hydrogen
is necessary. Its economic performance is limited by the cost of green hydrogen and
wastewater treatment [6].

In gasification and Fischer-Tropsch (FT) synthesis, dried corn straw is converted
into syngas (CO+Hj) via gasification. Long-chain hydrocarbons are synthesized from
syngas over cobalt-based catalysts, and final SAF is obtained by subsequent hydrocracking
and distillation. This process requires strict raw material pretreatment and consumes
large amounts of energy in gasification and synthesis, leading to the highest GWP in the
conversion process. Restricted by insufficient catalyst selectivity, the whole process still
needs further improvement [10].

(2) Lifecycle inventory and GWP for SAF production

The lifecycle inventory for SAF production is summarized in Table A3. The GWP
calculation follows the same method as described in Section 2.3.1. The GWP intensity per
megajoule of SAF via route j (C;, kg COz-eq/M]) was calculated as:

Cj = GWP]' + Eelec,j X Fele ave + Estmwc,j X Fstraw ave (8)

where GWP; is the GWP from conversion inputs (kg CO,-eq/M]J) excluding electricity and
corn straw; Egjc j is electricity consumption (kWh/M]J); Feje ave is the national average power
emission factor (kg CO,-eq/kWh); Estmwc,]- is straw consumption (kg/M]J). The electricity-
related and straw-related emissions are thus calculated separately and added to GWP; to
obtain the total GWP intensity per MJ of SAF.

(8) Carbon mitigation efficiency of different routes

Carbon mitigation efficiency is defined to quantitatively compare the low-carbon
performance of the three technical routes. To obtain universal technical characteristics, both
straw-related and electricity-related GWP adopt national average levels in all routes. The
efficiency calculation formula is expressed as:

Crs — G
=271 x100% 9
]/l] Cfos X ( )

where i; denotes the carbon mitigation efficiency of route j; C; is the GWP intensity of SAF
produced via route j (unit: kg COz-eq/M]J); Cpys refers to the GWP intensity of traditional
fossil-based aviation fuel, which is assigned as 0.093 kg CO,-eq/M] (fossil jet fuel, EU-27-
specific baseline [40]).

2.3.4. Provincial and Technical Variations in SAF GWP

(1) Carbon emission intensity of SAF in each province under different routes

Provincial differences in the GWP per MJ of SAF (denoted C; ;) mainly arise from
disparities in the lifecycle inventories of corn cultivation across provinces, as well as
provincial variations in the GWP of electricity and corn straw. For each province i and
each production route j, the overall GWP of SAF production is calculated by summing
the conversion-stage GWP (excluding electricity and corn straw), the electricity-related
GWP, and the straw-related GWP, using the province-specific electricity emission factor
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(Fere i) and the province-specific straw carbon intensity (Fst/aw ;). The provincial electricity
emission factors are listed in Table A2.

Cj,i = GWPj + Eelec,j X Fele,i + Estmwc,j X Fstmw,i (10)

where C;; is the overall GWP intensity of SAF production in province i via route j
(kg COz-eq/M]); GWP; is the GWP from conversion inputs excluding electricity and corn
straw (kg COy-eq/M)).

(2) Available corn straw from corn cultivation in different provinces

The accessible corn straw quantity in province i was calculated as:
m; = Pi X ng,i X RC (11)

where m; is the accessible corn straw quantity in province 7 (kg); P; stands for the corn
grain output of province 7 (kg) [4]. The sensitivity analysis in Section 3.4 confirms that this
simplification does not affect the main conclusions; R, represents the straw collection rate,
namely the proportion of usable collected straw to total straw yield, with a fixed value
of 0.80.

(38) Provincial carbon mitigation potential of SAF production under different routes

It is essential to quantify the regional carbon mitigation potential of SAF production for
promoting the application of SAF. This study applied equivalent traditional fossil aviation
fuel as benchmark, and the provincial carbon mitigation potential of SAF production is
calculated by the following equations.

SAF,; = m; X Foi (12)
mj
ACsar,ji = SAF; i X (Cpos — Cj i) (13)

where SAF; ; is achievable SAF output (M]); Fy; is the fraction of straw used for biofuel, set
at 0.20; m; is straw consumption per unit SAF (kg/M]J), which is derived from Table A3;
ACsarj,i is carbon mitigation potential (kg CO;-eq).

2.3.5. Carbon Mitigation Calculation for Whole Lifecycle Utilization of Straw

(1) Carbon mitigation potential from 20% straw utilization for SAF

The national total carbon mitigation potential is summed up from provincial values,
and the formula is shown below:

ACqpj = ZACSAF,j,i (14)
1

where ACy,,; refers to the national total carbon mitigation potential under route j (unit:
kg COy).

(2) Carbon sequestration potential from 80% straw utilization for fodder and fertilization

Apart from carbon mitigation achieved by SAF production, straw incorporation en-
ables carbon sequestration. In this study, 80% of straw is allocated to ecological utilization,
mainly including fertilization and feed utilization [41,42]. These two approaches differ
greatly in carbon sequestration mechanism and efficiency, so the overall carbon seques-
tration rate is calculated via weighted average. According to official statistical data, the
current national utilization ratios of straw for fertilization and feed are 57.6% and 20.7%
respectively [19]. Within the 80% ecologically utilized straw, fertilization accounts for
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approximately 73.5% and feed utilization accounts for 26.5%. Existing studies indicate
the long-term carbon sequestration rate of straw incorporation is 15% [42], and the global
average carbon retention rate of livestock manure is 12% [43]. The integrated carbon
sequestration rate is calculated as follows:

Fes =73.5% x 15% + 26.5% X< 12% ~ 14% (15)

where F is the comprehensive carbon sequestration rate (based on elemental carbon), with
a calculated value of 14% per kilogram of straw.

It should be noted that the sequestered substance here refers only to elemental carbon.
Conversion calculation is required to obtain the mass of fixed carbon dioxide. On this basis,
the annual soil carbon sequestration potential of 80% straw is estimated by the following
formula:

44
Cre = m X (1 — Fyy) X Cfmc X Fes X — (16)

12
where C;, represents total soil carbon sequestration via straw incorporation (unit: kg CO,);
Crac denotes carbon content in straw, assigned as 0.45.

(3) Total net carbon mitigation of the whole straw utilization system

The total net carbon mitigation of the whole straw utilization system is the sum of the
direct mitigation from SAF production (Equation (14)) and the soil carbon sequestration
from straw incorporation (Equation (18)):

ACiﬁotal,j:ACch,j + Cre (17)

where ACy, ; represents the net climate benefit of the “20% energy + 80% ecological”
allocation scenario. The calculation of this value under the optimal pathway is presented
in Section 3.3.3.

2.3.6. Economic Cost Calculation of SAF Production

In this study, agricultural inputs are reported in mu (1 mu = 666.7 m?) because the
statistical yearbooks for China are compiled in this unit. The economic assessment is
conducted in Chinese yuan (CNY), as the study focuses on China. To facilitate international
comparison, a conversion rate of 1 CNY ~ 0.15 USD is adopted, and key cost values are
also presented in USD equivalents where appropriate.

In the following economic assessment, the functional unit is 1 t SAE. The standard
calorific value of jet fuel is 42,000 MJ /t SAF; therefore, 1 t SAF = 42,000 M]J. This conversion
factor is used throughout to convert energy-based quantities (per MJ) into mass-based costs
(per t SAF), and vice versa.

(1) Planting cost of SAF production

Various agricultural inputs during corn planting are converted into per mu of planting
cost according to market prices. Since this study focuses on straw cultivation cost, the cost
ratio of corn to straw is set as 8:1 in line with their market purchase price ratio, namely
2134-2245 yuan per ton for corn and 278-280 yuan per ton for straw [44]. Combined with
straw collection rate, the calculation formula is as follows:

P L pplant,i X §; % 1 % i
ST P (14 Reg,i) ~ 1487 Re

(18)

In the formula, Pty ; represents the planting cost of straw in province i with the unit of
yuan per kg.
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The straw cost per tonne of SAF via route j in province i (Pg, j;, yuan/t SAF) was then
calculated as:
Pfar,j,i = Pstraw ;i ¥ Estruwc,j x 42,000 (19)

(2) Conversion cost for SAF production

The conversion cost includes electricity, hydrogen, catalysts, and other chemicals. For
each route j, the consumption of each input per MJ of SAF was obtained from the lifecycle
inventory (Table A3). The conversion cost per tonne of SAF in province i (Pconv,j,z'r yuan/t
SAF) was calculated as:

Pconv,j,i = (ZEx,j X Dx + Eele,j X Dele,i + Estmw,j X Dstraw,i) X 421 000 (20)
x

where E, ; is the consumption of input x per MJ of SAF for route j (kg/M] or kWh/M]J),
excluding electricity and straw; D, is the national average unit price of input x (yuan/kg
or yuan/kWh). Because these inputs are traded nationally, their prices are assumed
to be uniform across provinces, so Dy carries no province subscript; E, ; is electricity
consumption per MJ of SAF (kWh/M]J); D, ; is the provincial industrial and commercial
electricity price (yuan/kWh), obtained from the Energy Data Center (2026) [45].

Hydrogen is required for hydrodeoxygenation in all three routes. The hydrogen
price was set at 55 yuan/kg Hj, based on the green hydrogen production cost range of
4-12 USD/kg reported by Dhahri et al. [46]. A sensitivity analysis on hydrogen price is
presented in Section 4.1.2.

Catalyst costs were calculated from the following sources: for APR, a ruthenium-
based noble metal catalyst was used. The catalyst cost was obtained by multiplying the
catalyst consumption from Table A3 (1.50 x 10~° kg/M] SAF) by a unit price of 25 USD/kg,
following the techno-economic assessment of APR-based SAF production by Pipitone
etal. [47]. This corresponds to approximately 0.63 kg /t SAF and a cost of about 15.75 USD/t
SAF (=113 yuan/t SAF at 1 USD = 7.2 CNY); for HTL, the hydrotreating (HDO) catalyst
cost was set at 24 USD per tonne of upgraded oil, as reported by Tews et al. [48]. Assuming
1 tonne of upgraded oil corresponds to 1 tonne of SAF, this gives 24 USD/t SAF (=173
yuan/t SAF); for FT synthesis, the catalyst operating cost was reported as 3.6 €/t of Co+
products by Kern and Jess [49]. Assuming SAF accounts for 30-40% of the total C,+ product
slate, the catalyst cost per tonne of SAF is 9-12 €/t (=70-94 yuan/t SAF at 1 € =~ 7.8 CNY).
A sensitivity analysis on catalyst cost is presented in Section 4.1.2.

The consumption of other chemicals (e.g., sulfuric acid, sodium hydroxide, methanol,
solvents) was taken from the lifecycle inventory (Table A3). Their unit prices were obtained
from web pages [50,51], a national commodity price database. The resulting costs were
calculated accordingly for each route.

(3) Transportation cost for SAF production

The transportation distance (Dsar ;) for SAF delivery was estimated as the highway
driving distance from the provincial capital city center to the selected airport. The city
center was used as a representative origin point because the specific refinery locations are
not defined at this assessment stage. For provinces with multiple airports (e.g., Beijing,
Shanghai, Chengdu), the airport with the shortest driving distance from the city center
was selected. The selected airport is the provincial capital airport, or the nearest airport to
the city center if multiple airports exist in the province. Distances were measured using
AutoNavi Map driving route recommendations (accessed in 2026) and are listed in Table A4.
The transportation cost was calculated as:

Pirans,i = Dsap,i x 046 x 1.5 + 40 1)
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where Py ; is the jet fuel transportation cost (yuan/t); Dsr ; is the highway distance
from the representative refinery location (provincial capital city center) to the selected
airport (km); next, 0.46 is the basic freight rate (yuan/t-km) [52], 1.5 is the empty return
coefficient [53]; and 40 is the loading/unloading fee (yuan/t) [52]. A sensitivity analysis on
transportation cost is presented in Section 4.1.2.

(4) Fixed cost for SAF production

Fixed costs (Pfixeq ;1) include equipment depreciation, labor wages, maintenance, and
management. Following the techno-economic study on biomass gasification for jet fuel
production, fixed costs are assumed to account for 20-25% of the total production cost [54];
therefore, the fixed cost ratio Rﬁx is set at 0.225 in this study. The economic evaluation
focuses on the operating cost after stable production; other one-time construction invest-
ments such as land purchase and factory building are treated as sunk costs and are not
included, as they do not affect the comparative analysis of core operational factors (raw
material supply, technical routes, and carbon benefits). The fixed cost per tonne of SAF via
route j in province i was calculated as:

(Pfar,j,i + Pconv,j,i + Ptmns,i)
(1 — Rgx)

where P, ; ; is the delivered straw cost (yuan/t SAF); R, is the fixed cost ratio, set at 0.225

Plixed,ji = X Ryix (22)

in this study.
(5) Carbon mitigation benefit for SAF production

Carbon mitigation benefit refers to the income obtained by SAF producers through
selling greenhouse gas carbon mitigation in the carbon trading market. Such income is
deducted from SAF production cost as a negative cost item to reduce overall production
expenditure.

The carbon mitigation per ton of SAF compared with traditional fossil aviation fuel is
calculated as:

(Cfos — C]‘,,') x 42,000
1000
where ER;; is the carbon mitigation per tonne of SAF via route j in province i (t CO;-eq/t
SAF).
The carbon benefit per ton of SAF is further calculated by the following formula:

ER;; = (23)

Pcurban,j,i = ERj,i X Rearpon (24)

where Pyypon ;i is the carbon benefit (yuan/t SAF), and Regpo, represents carbon price
assigned as 78 yuan per ton of CO, [23].

(6) Economic comparison with traditional fossil fuel

To intuitively analyze the economic competitiveness of SAF, this study compares
the production cost of provincial SAF with that of traditional fossil aviation fuel, and the
calculation formula is as follows:

AP = Pfossil +P Pfar,j,i + Pconv,j,i + Ptrtms,i + Pﬁxed,j,i) (25)

carbon (

where AP is the price difference between SAF and traditional fossil aviation fuel (yuan/t
SAF), and Py is the domestic ex-factory price of fossil jet fuel with a median value of
6000 yuan per ton [55].
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3. GWP Analysis of SAF Production from Straw
3.1. GWP Variation in Corn Straw Production in Province

Corn straw is the feedstock for SAF production, and it is therefore necessary to quantify
the GWP heterogeneity across provinces.

As shown in Figure 3, the GWP of corn straw production in China exhibits significant
spatial heterogeneity. The heat map shows a clear spatial pattern: yellow-green regions
(higher GWP intensity) are mainly concentrated in Gansu (0.62), Fujian (0.45), Yunnan
(0.41), Qinghai (0.41), and Xinjiang (0.39), where lower yields and higher agricultural input
intensities increase the carbon footprint per unit of straw. In contrast, blue regions (lower
GWP intensity) appear in Jiangsu (0.11), Shanghai (0.12), Liaoning (0.14), Sichuan (0.15),
and Chongging (0.15), benefiting from high yields and, in the southwest, a clean electricity
mix. These spatial differences in feedstock-level carbon intensity provide key input data
for the subsequent evaluation of SAF production routes.

0.6

0.5

0.4

0.3

Ve 0.2
l .-"fr::'{'if '

. 0.1

kg CO:z-eq/kg straw

Figure 3. Heat map of carbon emissions of per kilogram of corn straw from planting (for Tibet,
Taiwan and Hainan, no data was provided).

3.2. GWP Variation Among Different SAF Producing Routes

Taking 1 MJ of aviation fuel as the functional unit and using the national average GWP
of corn straw and electricity, Figure 4a presents the lifecycle GWP of the three routes. In
addition, Figure 4b shows the carbon mitigation efficiency of each route at the national scale.

As shown in Figure 4a, the lifecycle GWP intensities are 0.040 kg CO,-eq/M] for APR,
0.036 kg COy-eq/M] for HTL, and 0.074 kg CO;-eq/M] for FT synthesis. The carbon inten-
sity of each pathway is dominated by different stages. APR exhibits a larger contribution
from the conversion stage, whereas HTL benefits from lower upstream processing burdens
and simplified reaction steps. FT synthesis shows the highest conversion-stage emissions,
primarily due to the energy-intensive gasification and multi-step upgrading requirements.

The results in Figure 4b indicate that the carbon mitigation efficiencies are 57.0%
for APR, 61.4% for HTL, and 20.2% for FT synthesis. The relatively limited mitigation
performance of FT synthesis is consistent with its lower overall oil yield, high-temperature
operation, and energy-intensive upgrading steps.
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Figure 4. Carbon footprint and mitigation efficiency of SAF production: (a) lifecycle emission
breakdown per MJ by route, and (b) carbon mitigation efficiency of SAF.

Overall, HTL demonstrates the best environmental performance, followed by APR,
while FT synthesis shows the least mitigation benefit among the three routes. APR’s perfor-
mance remains sensitive to the carbon intensity of hydrogen supply, whereas FT synthesis
competitiveness is expected to improve only through substantial process optimization or
changes in upstream energy supply.

3.3. Spatial Differentiation of Carbon Mitigation Potential and Climate Benefit of SAF Production
3.3.1. Provincial GWP Intensity of SAF Production by Three Routes

Figure 5 presents the provincial GWP intensity per MJ of SAF produced via the APR,
HTL, and FT synthesis.

0.07

0.06

0.05

0.04

i 0.03

3 g 3 0.02
kg CO:-eq/MJSAF

Figure 5. Provincial carbon emission intensity of SAF production via (a) APR route, (b) HTL route,
and (c) FT synthesis route (for Tibet, Taiwan and Hainan, no data was provided).

Across all three routes, HTL consistently exhibits the lowest carbon intensity, followed
by APR, while FT synthesis shows the highest values. In the heat maps, both HTL and APR
appear in blue-green tones, with HTL slightly darker and bluer than APR, indicating that
APR emits somewhat more than HTL but the difference is small. In contrast, FT synthesis
is dominated by orange to bright yellow, reflecting a substantially larger carbon footprint
than the other two routes.

Spatially, the highest values occur in Gansu (APR: 0.078, HTL: 0.074, FT synthesis:
0.137 kg COz-eq/M]), Fujian (0.061, 0.057, 0.110), Qinghai (0.059, 0.055, 0.105), Yunnan
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(0.060, 0.055, 0.105), Shaanxi (0.058, 0.053, 0.101), and Xinjiang (0.057, 0.052, 0.101), driven
by lower corn yields and higher agricultural input intensities. In contrast, the lowest values
appear in Shanghai (APR: 0.030, HTL: 0.026, FT synthesis: 0.058), Sichuan (0.033, 0.029,
0.062), Liaoning (0.031, 0.027, 0.060), and Jiangsu (0.032, 0.028, 0.059), benefiting from high
yields and cleaner electricity mixes. Provinces such as Heilongjiang, Hebei, and Henan
show intermediate values, consistent with light blue-green tones in the heat maps. These
spatial and technological differences provide critical input data for assessing provincial
carbon mitigation potential.

3.3.2. Provincial Carbon Mitigation Potential by Route

Figure 6 shows carbon mitigation potential of SAF production via different technical
routes in each province. Based on the distribution of carbon mitigation potential, provinces
in China can be divided into the following two categories, high-efficiency production areas

and high-potential experimental areas.

X10°
5.2

4.12

3.04

1.96

0.88

-0.2
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Figure 6. Provincial carbon mitigation potential of SAF production via (a) APR route, (b) HTL route,
and (c) FT synthesis route (for Tibet, Taiwan and Hainan, no data was provided).

Figure 6 shows the provincial carbon mitigation potential (AC) of SAF production via
the APR, HTL, and FT synthesis routes. The heat maps reveal a clear spatial pattern: yellow
regions indicate high mitigation potential, while blue regions indicate low or negative val-
ues. Under the HTL route, AC in Heilongjiang reaches the highest value of approximately
5.30 x 10° kg CO,-eq, followed by Inner Mongolia (3.65 x 10° kg), Jilin (3.50 x 10° kg),
Shandong (2.63 x 10° kg), and Henan (2.62 x 10° kg). In contrast, the lowest values
occur in Shanghai (4.89 x 10° kg), Qinghai (1.07 x 107 kg), and Beijing (3.19 x 107 kg). A
similar spatial pattern is observed for the APR route, with Heilongjiang again ranking
highest (4.90 x 10° kg) and Shanghai lowest (4.55 x 10° kg). Notably, the FT synthesis
route yields negative AC values in several provinces, including Gansu (—3.30 x 10% kg),
Xinjiang (—1.22 x 10® kg), Yunnan (—1.18 x 10% kg), Shaanxi (—5.80 x 107 kg), Fujian
(—2.54 x 10° kg), Qinghai (—2.02 x 10° kg), and Guangdong (—4.65 x 10* kg), indicating
that FT synthesis-based SAF would lead to net positive emissions in these regions. Based
on the distribution of AC, provinces can be classified into high-efficiency production areas
(yellow regions: Heilongjiang, Jilin, Inner Mongolia, Shandong, and Henan) and high-
potential experimental areas (blue-green regions: Sichuan, Chongqing, and Guizhou, where
clean electricity reduces the carbon intensity of APR and HTL). These spatial differences
highlight the need for differentiated regional strategies for SAF deployment.
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3.3.3. Total Climate Benefit Under the Optimal Pathway

Among the three routes, HTL exhibits the highest mitigation efficiency (Section 3.2).
Under the “20% energy + 80% ecological” scenario, diverting 20% of national corn straw to
HTL-based SAF production yields an annual SAF output of approximately 524.3 billion MJ.
This directly avoids 29.6 Mt CO,-eq of emissions by substituting fossil jet fuel. The remain-
ing 80% of straw is incorporated into soil and used as fodder, contributing an additional
25.4 Mt CO;,-eq of soil carbon sequestration. The total climate benefit of the integrated
system is therefore 55.0 Mt CO;-eq per year (29.6 Mt from fuel substitution + 25.4 Mt from
soil carbon sequestration).

To clarify the additionality, the baseline scenario assumes that 80% of straw is re-
turned to the field (consistent with current practice and policy) and the remaining 20% is
abandoned or burned without energy recovery. Under the “20% energy + 80% ecological”
scenario, the 20% of straw that would otherwise be wasted is diverted to SAF production,
providing 29.6 Mt CO,-eq of additional mitigation. The 80% returned to the field maintains
the same 25.4 Mt CO;-eq of soil carbon sequestration as in the baseline, so this portion is
not additional. Therefore, the 55.0 Mt CO,-eq reported here represents the total climate
benefit of the integrated system (25.4 Mt of maintained sequestration + 29.6 Mt of additional
mitigation), while the additional mitigation relative to the baseline is 29.6 Mt CO,-eq.

3.4. GWP Sensitivity Analysis

Based on their contribution to GWP, six core parameters are selected: nitrogen fertilizer,
phosphorus fertilizer, mulch film, electricity consumption, diesel consumption, and the
straw-to-grain ratio Rsg ;. Irrigation water is not treated as a separate parameter because
its effect on GWP is mediated through electricity consumption for water lifting, which is
already captured by the electricity parameter. Other inputs such as seeds, pesticides, and
potassium fertilizer are excluded because their contributions to total GWP are negligible.
The perturbation ranges were set according to parameter variability. Fertilizers and diesel
vary relatively little across provinces and years, so +10% was used. Electricity and the
straw-to-grain ratio vary more widely due to differences in irrigation mode, grid mix,
and regional biomass characteristics, so 20% was applied. The parameter changes are
propagated through the full lifecycle of SAF via the GWP intensity of straw production
to calculate their relative impacts on net carbon mitigation. The calculation formula is

as follows:
_ G -G

Co
where R is the relative percentage change in the indicator value; Cy is the baseline lifecycle
GWP intensity of SAF per MJ (0.036 kg CO,-eq/M] for HTL, 0.040 kg CO»-eq/M] for APR,
and 0.074 kg CO,-eq/M] for FT synthesis); and C, is the recalculated value after perturbing
a given parameter. For the same parameter, a larger difference between the R-values under

R

x 100% (26)

positive and negative perturbations indicates higher sensitivity. The results are shown
in Figure 7, where Nit, Pho, Mul, Ele, Die, and Rs; denote nitrogen fertilizer, phosphate
fertilizer, mulch film, electricity, diesel, and the straw-to-grain ratio, respectively.

The sensitivity analysis shows that the straw-to-grain ratio Rsg is the most sensitive
parameter, with relative changes of +6.31% to —5.12% for APR, +6.97% to —5.65% for HTL,
and +5.61% to —4.55% for FT synthesis. The asymmetry between positive and negative
perturbations arises because Rs; appears in the denominator of the allocation equation.
Diesel consumption is the second-most sensitive parameter, changing GWP intensity by
£0.96% for APR, +1.06% for HTL, and £0.85% for FT synthesis. Nitrogen fertilizer follows,
with £0.72% for APR, £0.79% for HTL, and £0.64% for FT synthesis. The same ranking is
observed for all three routes: Ry, diesel, nitrogen fertilizer, phosphate fertilizer, electricity,
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] Increase in GWP

and mulch film, with the last three changing GWP by less than 0.6%. Overall, even under
the most extreme perturbations, the GWP ranking of the three routes (HTL < APR < FT syn-
thesis) and the spatial pattern of GWP remain unchanged. Therefore, the sensitivity analysis
confirms that the main conclusions—HTL's superior environmental performance and the
spatial differentiation of GWP—are robust to uncertainties in agricultural input parameters.

Decrease in GWP

Figure 7. GWP sensitivity radar charts for (a) APR, (b) HTL, and (c) FT synthesis routes. Nit, Pho,
Mul, Ele, Die, and R denote nitrogen fertilizer, phosphate fertilizer, mulch film, electricity, diesel,
and the straw-to-grain ratio, respectively.

4. Economic Assessment of SAF from Corn Straw

The previous sections have verified the environmental feasibility of SAF production
from corn straw. APR, HTL, and FT synthesis routes can reduce GWP, with HTL showing
the highest carbon mitigation efficiency, followed by APR. This section further evaluates
economic feasibility by calculating the total production cost of SAF and introducing carbon
benefits for comparison with fossil jet fuel.

4.1. The Cost Variation in Corn Straw Cultivation and Transportation in Various Provinces
4.1.1. Economic Comparison of SAF and Fossil Jet Fuel

Based on the SAF production costs calculated above, carbon benefits are introduced to
compare the net cost with conventional fossil jet fuel, and the results are shown in Figure 8.

Figure 8 presents the cost savings of SAF relative to conventional jet fuel for each
province and route. Positive values indicate that SAF is cheaper than fossil jet fuel,
while negative values indicate that SAF is more expensive. The heat maps show dis-
tinct patterns across the three routes. For the APR route, the subplot is entirely blue,
with negative savings ranging from —1.70 x 103 to —3.21 x 10° yuan/t across all
provinces, indicating that APR-based SAF is not economically viable anywhere under
current assumptions. For the HTL route, the subplot is dominated by yellow and
green, with all provinces showing positive savings ranging from 241 to 1730 yuan/t
(=36-260 USD/t). The highest savings appear in Inner Mongolia (1730 yuan/t), Xin-
jlang (1690 yuan/t), Heilongjiang (1630 yuan/t), Liaoning (1570 yuan/t), and Ningxia
(1510 yuan/t), all of which exhibit yellow to dark yellow tones in the heat map, in-
dicating strong economic competitiveness. For the FT synthesis route, the subplot is
a mixture of green and blue, with savings ranging from —1730 to +695 yuan/t. Posi-
tive savings are observed in Heilongjiang (596 yuan/t), Liaoning (468 yuan/t), Henan
(380 yuan/t), Jilin (283 yuan/t), Ningxia (280 yuan/t), and Anhui (251 yuan/t), while neg-
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ative savings remain in Fujian (—1730 yuan/t), Guizhou (—1190 yuan/t), Guangdong
(—=1160 yuan/t), Gansu (—1090 yuan/t), Guangxi (—1040 yuan/t), Jiangxi (—966 yuan/t),
Yunnan (—951 yuan/t), Zhejiang (—883 yuan/t), and Shaanxi (—744 yuan/t). As carbon
prices rise, the competitiveness of FT synthesis is expected to improve in more provinces.

3000
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Figure 8. Price gap between SAF and conventional jet fuel by route: (a) APR route, (b) HTL route,
and (c) FT synthesis route (for Tibet, Taiwan and Hainan, no data was provided).

Overall, carbon benefits make HTL the most economically attractive route across all
provinces, while FT synthesis is competitive only in selected provinces. APR remains
unviable in the short term and is suitable only for R&D pilot zones.

4.1.2. Economic Sensitivity Analysis
A sensitivity analysis was performed on the key economic parameters using the
formula:

E= x 100% 27)
Py

where E refers to the relative percentage change in the indicator value. Py represents
the average production cost for each route across all provinces, 8350 yuan/t for APR,
4900 yuan/t for HTL, and 6300 yuan/t for FT synthesis, and P, is the recalculated cost after
perturbing a specific parameter. The hydrogen price was varied from 30 to 80 yuan/kg
(12 USD/kg), following the green hydrogen cost range reported by Dhabhri et al. [46].
Rfy was assumed to be 20-25% [54]. Catalyst costs were varied by £100%, reflecting the
high uncertainty in noble metal and specialty catalyst prices. Other chemical costs were
varied by £30%, reflecting uncertain market prices for specialty chemicals. Transportation
distance was varied by +20%, reflecting uncertainty in the assumed refinery-to-airport
distance. Straw cost was varied by £20%, reflecting regional supply—demand fluctuations
in straw availability and collection costs.

The results are shown in Figure 9. Hydrogen price is the most sensitive parameter,
changing the total production cost by —26.5% to +39.8% for HTL, —22.2% to +32.9% for APR,
and —14.0% to +21.0% for FT synthesis. Straw cost is the second-most sensitive parameter
for FT synthesis (—5.3% to +5.3%) and for HTL (—4.1% to +4.1%), while its impact on APR
is smaller (—2.4% to +2.4%). Fixed costs change total costs by approximately +3.5% across
all routes. Other chemical costs change total costs by —2.1% to +3.6% across routes. Catalyst
costs change total costs by —3.0% to +3.0% across routes. Transportation distance has a
negligible impact, changing total costs by less than £0.4% across all routes. Despite these
variations, the cost ranking (HTL < FT synthesis < APR) and the main economic conclusions
remain unchanged, confirming that the economic assessment is robust to uncertainties in
these parameters. Given that hydrogen price is the most sensitive parameter, reducing green
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Tra

Cost increase
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hydrogen cost would substantially lower SAF production costs and improve economic
competitiveness, particularly for the APR and HTL routes. This highlights the importance
of continued cost reductions in green hydrogen production.

Tra Cat

Figure 9. Economic sensitivity radar charts for (a) APR, (b) HTL, and (c) FT synthesis routes. Hyd,
Fix, Cat, Oth, Tra, and Str denote hydrogen price, fixed costs, catalyst costs, other chemical costs,
transportation distance, and straw cost, respectively.

5. Discussion
5.1. Policy Recommendations

Based on these findings, this study proposes a spatially tailored industrial policy
framework that provides a scientific foundation for China’s SAF industry while supporting
national carbon peaking and carbon neutrality targets.

First, a spatial industrial layout prioritizing large-scale development in core regions
and high-efficiency innovation in pilot zones should be established. Provinces should
be selected based on both carbon mitigation potential and economic competitiveness.
Heilongjiang and Inner Mongolia rank among the top in both dimensions and should be
prioritized as core zones for large-scale HTL biorefineries. Xinjiang, Liaoning, and Ningxia
show the highest cost savings under HTL and should be included as priority expansion
zones. Jilin, Shandong, and Henan, which have high mitigation potential but moderate
cost savings, can serve as reserve zones for future scale-up. Supported by modernized
straw collection, storage, and logistics systems, these regions can form a “single-core,
multi-node” industrial cluster benefiting from preferential policies in land use, energy
consumption, and financing. Conversely, regions endowed with abundant clean electricity
and available land, such as Guizhou, Yunnan, and Gansu, should serve as R&D pilot
zones for integrated “green electricity—green hydrogen-biorefinery” demonstration projects.
Furthermore, dedicated R&D funds should be allocated to foster industry—academia—
research collaboration, alongside a cross-provincial technology transfer mechanism to scale
up clean production practices.

Second, a robust straw resource management framework that balances energy utiliza-
tion with ecological benefits must be implemented. The principle of prioritizing agricultural
use and ensuring adequate straw incorporation into soils should be strictly enforced. An
ecological compensation mechanism for straw return should be developed to provide
subsidies for operators who meet standardized field-return criteria. This approach will
economically incentivize agricultural stakeholders while simultaneously enhancing the
natural carbon sequestration capacity of the soil.
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Third, a comprehensive industrial incentive system should be optimized. Carbon
mitigation benefits derived from SAF should be integrated into China’s Certified Emission
Reduction (CCER) scheme, including a dedicated methodology that translates mitigation
benefits into industrial competitiveness. Subsidies and carbon tax rebates should be granted
to producers adopting advanced technologies such as HTL and FT synthesis, with priority
given to regions that combine high mitigation potential with strong economic competitive-
ness, such as Heilongjiang and Inner Mongpolia, to maximize both carbon reduction and
industrial returns. A mechanism to subsidize the price gap between SAF and conventional
jet fuel should be established to ensure viable profit margins during early industrializa-
tion. Finally, policies mandating or encouraging SAF blending should be formulated, and
a national SAF technology innovation center should be established to reward research
teams overcoming critical technological bottlenecks. Given that hydrogen price is the most
sensitive parameter, dedicated policies should support green hydrogen cost reduction,
such as subsidies for electrolyzer deployment, renewable electricity supply, and hydrogen
infrastructure, to improve SAF competitiveness.

5.2. Future Research Directions

While this study provides a spatially explicit assessment of carbon mitigation and
economic viability, two methodological dimensions remain outside its scope and merit
future attention. The first concerns how we measure environmental performance. Our LCA-
GWP framework captures the climate cost of emissions but does not reflect the quality of
energy conversion. Exergy-based indicators, such as exergy efficiency and the renewability
exergy index, can capture this dimension, as demonstrated by Silva Ortiz et al. (2024) [56]
in their comparison of SAF biorefinery pathways. Integrating these exergy-based indicators
could offer a more complete picture of resource efficiency across the APR, HTL, and FT
synthesis routes.

Second, the present analysis restricts energy-oriented straw utilization to SAF produc-
tion under our predefined 20-t0-80% allocation scenario and does not account for alternative
biogenic-carbon valorization routes. Lifecycle results from Wang et al. (2024) [57] indi-
cate that corn-straw-derived bio-methanol achieves considerably lower carbon footprints
than conventional coal-based methanol. Accordingly, further research can investigate
multi-product biorefinery configurations and optimize carbon-allocation strategies for corn
straw among SAF manufacturing, methanol synthesis, soil carbon sequestration, and other
end-uses. Extending our spatial analytical framework in this direction will support holistic
sustainability evaluation for agricultural residue biorefinery systems in China.

6. Conclusions

This study establishes a systematic framework integrating energy substitution and
ecological carbon sequestration to evaluate the spatial mitigation potential and economic
viability of corn-straw-based SAF in China. The results indicate that the lifecycle GWP
associated with corn straw exhibits marked spatial heterogeneity across provinces. This
spatial heterogeneity directly affects both environmental performance and the comparative
advantages of different provinces. Among the three conversion pathways, hydrother-
mal liquefaction (HTL) shows the lowest GWP intensity (about 36 g CO»-eq/M]J) and
the highest carbon mitigation efficiency (61.4%), followed by aqueous phase reforming
(APR). Gasification and Fischer-Tropsch (FT) synthesis shows comparatively limited miti-
gation performance. Under the HTL pathway, converting 20% of corn straw can achieve
an annual SAF output of about 524.3 billion MJ and a direct carbon mitigation of ap-
proximately 29.6 Mt CO,-eq. In addition, the remaining 80% straw incorporation yields
about 25.4 Mt CO,-eq of soil carbon sequestration annually. Accordingly, this synergistic
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approach yields a total climate benefit of approximately 55.0 Mt CO,-eq per year, which ver-
ifies the feasibility of integrating energy substitution with ecological carbon sequestration.
The economic assessment further clarifies practical deployment pathways. After account-
ing for carbon benefits, HTL is cost-competitive in all provinces, with savings ranging
from 241 to 1730 yuan/t (=36—260 USD/t). The highest savings occur in Inner Mongo-
lia, Xinjiang, Heilongjiang, Liaoning, and Ningxia, where the range is 1510-1730 yuan/t
(~227-260 USD/t). FT synthesis has already reached cost parity with conventional jet fuel
in several provinces, including Heilongjiang, Liaoning, Henan, Jilin, Ningxia, and Anhui,
with positive savings of 251-596 yuan/t (=38-89 USD/t), and its competitiveness may
expand as carbon pricing strengthens. APR remains unviable in the short term, with pro-
duction costs 1700-3210 yuan/t (~255-482 USD/t) higher than conventional jet fuel, and
is suitable only for R&D pilot zones. Sensitivity analysis further indicates that hydrogen
price is the most sensitive parameter, suggesting that reducing green hydrogen cost would
significantly enhance the economic competitiveness of SAF, particularly for the APR and
HTL routes. Based on the spatial patterns of carbon mitigation potential and economic
competitiveness, the study recommends prioritizing Heilongjiang, Inner Mongolia, Xin-
jlang, Liaoning, and Ningxia for HTL commercialization, as these provinces combine strong
mitigation potential with superior economic performance after carbon-benefit monetization.
Guizhou, Yunnan, and Gansu are suggested as R&D pilot zones for timely demonstrations,
with a focus on technological progress and practical learning for promising pathways. Over-
all, this work provides a rigorous scientific basis for the differentiated layout of China’s
bio-aviation fuel industry and for designing an energy—ecology synergy mechanism under
national Dual Carbon goals. Future research should strengthen technological breakthroughs
for leading routes, particularly under realistic energy and hydrogen supply conditions, and
can be extended to other agricultural or solid-waste feedstocks.
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SAF Sustainable aviation fuel

LCA Lifecycle assessment

GWP Global warming potential

APR Aqueous phase reforming

HTL Hydrothermal liquefaction

FT Fischer-Tropsch

CORSIA  Carbon Offsetting and Reduction Scheme for International Aviation
ICAO International Civil Aviation Organization
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Appendix A
Table A1l. Lifecycle inventory of provincial corn plantation [27-34,37].
. Seed N1tr.o gen PhOS.P .hate Pota§s'1um Water Mulch Diesel Electricity Pesticide Corn Yield Stra“{-to-
Province (kg) Fertilizer Fertilizer Fertilizer Consump- Film (kg) 0il (L) (KWh) (kg) (kg/mu) C.iram
(kg) (kg) (kg) tion (t) Ratio (Rgg i)
Xinjiang 271 22.46 12.80 0.85 479.27 0.85 6.08 67.10 0.45 612.76 1.15
Ningxia 2.19 20.75 19.67 2.58 297.25 0.00 4.64 41.62 0.45 503.83 1.21
Qinghai 2.25 18.54 9.63 1.92 327.76 1.59 4.45 45.89 0.45 446.14 1.1
Gansu 2.24 22.14 11.66 1.78 440.00 3.52 5.28 61.60 0.45 407.94 1.11
Inner Mongolia 1.70 13.78 10.50 2.98 256.29 1.03 4.22 35.88 0.40 495.23 1.3
Heilongjiang 1.70 11.53 7.62 451 121.57 0.00 4.19 4.86 0.40 452.49 1.16
Shanxi 1.53 11.05 9.40 7.02 128.25 0.26 6.00 5.13 0.45 374.6 1.16
Jilin 1.61 10.39 10.73 7.70 132.33 1.23 4.37 529 0.40 495.32 1.09
Hebei 2.26 7.73 9.27 4.67 65.71 0.07 4.40 2.63 0.50 390.11 1.05
Shaanxi 2.25 17.80 8.39 2.27 203.29 1.60 4.53 8.13 0.45 350.73 1.1
Liaoning 1.76 8.47 9.92 6.29 71.67 0.03 4.17 2.87 0.40 489.17 1.03
Tianjin 2.26 7.73 9.27 4.67 110.00 0.07 4.40 4.40 0.50 414.24 0.99
Beijing 2.26 7.73 9.27 4.67 61.00 0.07 4.40 2.44 0.50 375.49 1.02
Shandong 1.98 13.37 14.26 5.94 75.00 0.00 4.40 3.00 0.50 465.52 0.96
Hubei 1.75 10.50 8.05 4.57 89.10 0.11 4.35 3.56 0.70 277.19 0.98
Jiangsu 1.82 15.27 8.37 5.12 0.00 0.08 3.11 0.00 0.50 408.00 1
Henan 2.08 7.29 8.44 6.15 73.29 0.00 3.97 2.93 0.50 408.12 1.07
Anhui 1.92 10.76 9.30 5.66 62.80 0.00 3.65 2.51 0.50 366.54 1
Sichuan 1.80 11.04 4.42 3.13 64.00 0.39 1.99 2.56 0.70 392 0.98
Chongging 1.22 12.45 6.55 3.76 64.00 0.22 1.30 2.56 0.70 384.31 0.96
Yunnan 2.00 19.26 5.56 2.09 250.00 1.11 2.84 10.00 0.70 359.89 0.93
Guizhou 1.36 15.83 6.95 2.65 60.60 0.52 2.57 242 0.70 333.2 0.94
Zhejiang 1.47 12.97 9.71 6.15 0.00 0.91 3.79 0.00 0.70 289.59 0.96
Shanghai 1.64 14.12 9.04 5.63 0.00 0.50 3.45 0.00 0.70 451.92 0.93
Hunan 1.55 11.92 6.80 4.20 145.80 0.42 3.22 5.83 0.70 392.89 0.96
Guangdong 1.28 12.31 9.76 6.22 142.67 2.38 3.93 5.71 0.70 325.64 0.93
Fujian 0.61 11.69 17.30 11.14 142.67 2.38 4.08 571 0.70 301.81 0.93
Guangxi 1.52 14.14 3.87 2.66 147.60 0.27 441 5.90 0.70 300.81 0.94
Jiangxi 1.44 11.48 11.09 6.88 92.50 1.13 3.94 3.70 0.70 291.09 0.95
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Table A2. Electricity emission factors of each province [36].

Regional Power Grid Covered Provinces

Emission Factor
(kg CO,-eq/kWh)

North China Power Grid Beijing, Tianjin, Hebei, Shanxi, Shandong, Inner Mongolia 0.7253
Northeast China Power Grid Liaoning, Jilin, Heilongjiang 0.7798
East China Power Grid Shanghai, Jiangsu, Zhejiang, Anhui, Fujian 0.6784
Central China Power Grid Henan, Hubei, Hunan, Jiangxi, Sichuan, Chongqing 0.6150
Northwest China Power Grid Shaanxi, Gansu, Qinghai, Ningxia, Xinjiang 0.6391
Southern China Power Grid Guangdong, Guangxi, Yunnan, Guizhou 0.5873
Table A3. Lifecycle inventory for SAF production [24].
. . FT Synthesis .
Category APR Quantity HTL Quantity Qu};ntity Unit
Collection
corn straw 9.70 x 1072 9.60 x 1072 1.60 x 1071 kg
Conversion
Input
electricity 1.90 x 1072 1.82 x 1072 1.61 x 1072 kWh
sulfuric acid 1.28 x 1072 kg
boiler fuel 4.60 x 107° kg
water 1.60 x 107! 9.60 x 102 6.40 x 1072 kg
lime 1.10 x 1072 1.70 x 107% kg
sodium hydroxide 5.80 x 1074 kg
hydrogen 1.70 x 1073 1.20 x 1073 8.10 x 10~* kg
methanol 3.10 x 1073 kg
ruthenium catalyst 1.50 x 1072 kg
dimethyl sulfide 2.50 x 107° kg
nickel molybdenum 240 x 10—6 ke
alloy
cobalt-based catalyst 1.70 x 107* kg
oxygen 220 x 1072 kg
Output
ash 2.60 x 1073 730 x 1073 kg
solid residue 6.60 x 102 6.60 x 103 kg
waste water 1.42 x 1072 1.06 x 107! 197 x 107! kg
SAF 1.00 x 10° 1.00 x 10° 1.00 x 10 MJ
Transportation
truck transportation 490 x 1074 1.20 x 10~* 490 x 107*  t*km
Combustion
nitrous dioxide 330 x 1074 3.30 x 1074 330 x 1074 kg
carbon dioxide 6.60 x 107° 6.60 x 107° 6.60 x 107> kg
hydrocarbon 6.80 x 107° 6.80 x 107° 6.80 x 107® kg

Table A3 shows the lifecycle inventories for SAF production via APR, HTL and FT
synthesis pathways in order from left to right. The unit of electricity is kW-h, transportation
capacity is t-km, sustainable aviation fuel is M]J, and all other materials are in kg. Based
on the above data, the calculated CO;-equivalent emissions per megajoule of SAF are
0.036 kg CO,-eq/M] for the HTL pathway, 0.040 kg CO;-eq/M] for the APR pathway, and
0.074 kg CO,-eq/M] for the FT synthesis pathway.
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Table A4. Transportation distance of aviation fuel in each province.

Inner

Province Xinjiang Ningxia Qinghai Gansu Mongolia Heilongjiang  Shanxi Hubei
Nearest Urumgi Yinchuan Xining Lanzhou Hohhot Harbin Taiyuan Wuhan
hub airport Diwopu Hedong Caojiapu  Zhongchuan Baita Taiping Wusu Tianhe
Distance 23 26 36 66 9.1 43 18 28
(km)
Jilin Hebei Shaanxi Liaoning Tianjin Beijing Shandong Zhejiang
Changchun  Shijiazhuang Xi'an Shenyang Binhai Beijing Jinan Hangzhou
Longjia Zhengding Xianyang Taoxian Capital Yaoqiang Xiaoshan
43 200 39 11 26 30 37 25
Jiangsu Henan Anhui Sichuan Chonggqing Yunnan Guizhou Jiangxi
Nanjing Zhengzhou Hefei Chengdu Chonggqing Kunming Lg;lgia;fg- Nanchang
Lukou Xinzheng Xingiao Shuangliu Jiangbei Changshui bao Changbei
43 40 40 14 36 29 25 26
Shanghai Hunan Guangdong Fujian Guangxi
Shanghai Changsha  Guangzhou Fuzhou Nanning
Honggiao Huanghua Baiyun Changle Wuxu
14 33 32 49 37
For provinces with multiple hub airports (e.g., Beijing, Shanghai, Chengdu), the airport with the
shortest driving distance from the provincial capital city center was selected, specifically: Beijing
Capital International Airport for Beijing; Shanghai Hongqiao International Airport for Shanghai; and
Chengdu Shuangliu International Airport for Sichuan.
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