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Abstract 

Due to the large amount of greenhouse gas (GHG) emissions and the high dependence on fossil energy, the avia-
tion industry has attracted a lot of attention for emission reduction and sustainable development. Biomass is a 
green and sustainable renewable resource, and its chemical conversion to produce bio-jet fuel is considered to be 
an effective way to replace fossil jet fuel and achieve emission reduction. In this study, the cradle-to-grave life cycle 
analysis is conducted for three bio-jet fuel conversion pathways, including biomass aqueous phase reforming (APR), 
hydrogenated esters and fatty acids (HEFA), and hydrothermal liquefaction (HTL). Compared with fossil jet fuels, the 
three bio-jet fuels have a great advantage on global warming potential (GWP), contributing 29.2, 43.6 and 51.2 g 
 CO2-eq/MJ respectively. In general, as a relatively new bio-jet fuel conversion technology, the technology of aqueous 
phase reforming has minimal environmental impact. If the barriers of raw material availability and economy could be 
broken down, bio-jet fuel will have great development potential in replacing fossil jet fuel and realizing sustainable 
development.
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1 Introduction
With the exhaustion of fossil energy and the increas-
ingly serious environmental problems, it is urgent to find 
renewable and clean energy to replace traditional fos-
sil energy. Fossil fuels are still the world’s main source of 
energy, which will inevitably lead to more consumption 
of non-renewable resources and greenhouse gas (GHG) 
emissions. In 2020, the Chinese government proposed at 
the United Nations General Assembly that China would 
enhance its nationally determined contribution, adopt 
more effective policies and measures, strive for the peak 
of  CO2 emissions before 2030, and strive for carbon neu-
trality before 2060. This is China’s first long-term climate 
target, to limit  CO2 and other GHG emissions to zero 
within 40 years. Biomass is a green, sustainable and abun-
dant renewable resource. It could be utilized through 

direct combustion, thermochemical conversion and 
biochemical conversion. Jet fuel is an important fuel for 
air traffic, which is mainly composed of chain n-alkanes 
and isomeric alkanes  (C8-C16) and its production mainly 
depends on fossil energy. In recent years, the research 
on obtaining high quality liquid fuel from biomass has 
gradually attracted the attention of researchers. Com-
pared with fossil fuels, the raw materials of bio-jet fuel 
are renewable biomass resources, which could reduce 
the pressure of fossil energy and promote sustainable 
development. Whether the development and utilization 
of bio-jet fuel could effectively replace fossil jet fuel and 
reduce GHG emissions has gradually attracted the atten-
tion of researchers.

Life cycle assessment (LCA) is a powerful tool to assess 
the environmental performance of products, processes 
and production systems [8], and has been used by many 
researchers to assess environmental impact of bio-jet 
fuel.

LCA studies related to bio-jet fuel could be divided 
into two categories. The first type of paper reviews or 
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compares various bio-jet fuel paths. Yilmaz et  al. [32] 
conducted a literature review on bio-jet fuel, assessed its 
potential for commercial application, and summarized 
potential GHG emissions from various jet fuel produc-
tion routes. The results showed that the development of 
bio-jet fuel based on renewable energy would support 
social and economic development. In addition, with the 
improvement of the characteristics of bio-jet fuel and the 
reduction of production cost, it would have a good devel-
opment prospect in the future. Staples et  al. [21] evalu-
ated the availability of raw materials, possible output, life 
cycle emissions and capital investment needed to achieve 
emission reduction of bio-jet fuel, and analyzed the pos-
sibility of using bio-jet fuel to replace fossil jet fuel to 
reduce GHG emissions from multiple perspectives. The 
results showed that the application of bio-jet fuel could 
contribute up to 68.1% of GHG emissions reductions by 
2050, but this requires strong policy and capital support. 
O’Connell et al. [18] evaluated the GHG emissions poten-
tial and energy input of bio-oil hydrogenation and Fis-
cher-Tropsch technology (FT), and found that different 
production methods of bio-jet fuel may have a significant 
impact on GHG emissions, and bio-jet fuel may also lead 
to higher emissions than fossil jet fuel. In addition, differ-
ent raw materials could also lead to different GHG emis-
sions and energy inputs. Kolosz et  al. [13] summarized 
and explored the application of life cycle assessment in 
alternative jet fuel assessment and reviewed several stud-
ies. It is found that the use of biomass as raw material for 
the preparation of bio-jet fuel has a good prospect, and 
HEFA technology and FT technology have relatively large 
emission reduction potential. Jong et  al. [11] studied 
and compared GHG emissions performance of various 
jet fuel conversion methods from well-to-wake, and dis-
cussed the impact of different product allocation meth-
ods. Compared with fossil-based jet fuel, bio-jet fuel has 
certain environmental advantages. Among them, the path 
of Fischer-Tropsch process (FT) has the highest emission 
value, and the path of alcohol-to-jet fuel (ATJ) has the 
lowest value. The supply of hydrogen is the main con-
tributor to the total emissions. In addition, the product 
distribution method may have a significant impact on the 
results. Budsberg et al. [2] investigated the environmental 
impact of the conversion paths of bio-jet fuel from pop-
lar biomass and found that the GWP of lignin gasification 
and natural gas steam reforming are 32–73 and 60–66 g 
 CO2-eq/MJ respectively. The development of bio-jet fuel 
could reduce GWP and fossil energy use. Neuling et  al. 
[17] evaluated the environmental and economic impacts 
of four bio-jet fuel production paths. They found that 
the alcohol-to-jet path (ATJ) could achieve the lowest 
emissions, and GHG emissions were closely related to 

biomass cultivation and production. Staples et  al. [22] 
studied GHG emissions of renewable jet fuel prepared 
by different fermentation pathways, and analyzed differ-
ent technical path parameters and conversion efficiency. 
They found that the carbon footprint of jet fuel showed a 
wide range, ranging from − 27 to 117.5 g  CO2-eq/MJ.

The second type of paper mainly focuses on the 
assessment of a specific type of bio-jet fuel production. 
For example, Vásquez et  al. [27] evaluated the appli-
cation of HEFA technology in Brazil, and found that 
the production of bio-jet fuel with palm or soybean as 
raw materials could achieve GHG emissions reduction 
compared with fossil jet fuel, while the overall emis-
sion could be further reduced when renewable hydro-
gen was used in the production process. Fortier et  al. 
[7] evaluated the GWP of bio-jet fuel produced by bio-
mass thermal liquefaction technology, and evaluated 
the uncertainty and sensitivity of the system. The study 
found that compared with fossil fuels, this path could 
reduce the emission value by about 55.4%, and the sys-
tem optimization could reduce the emission value by 
about 76.0%. Li et  al. [14] conducted a comprehensive 
economic, resource and environmental assessment on 
the path of FT technical pathto produce bio-jet fuel. 
The study found that the bio-jet fuel based on FT path 
had better environmental performance than fossil jet 
fuel, but had higher production cost. Among them, the 
consumption of electricity and biomass were the sen-
sitive factors that affected the comprehensive perfor-
mance of bio-jet fuel.

Many literatures have carried out horizontal compar-
ative studies on a variety of bio-jet fuels, or conducted 
in-depth analysis on a single type of bio-jet fuels. 
However, there are relatively few comparative stud-
ies on bio-jet fuel under current industrial conditions 
in China, and few analyses on the technical path of 
aqueous phase reforming. Moreover, the GWP of bio-
jet fuel under different evaluation conditions may dif-
fer. Therefore, in view of the characteristics of biomass 
resources in China and the maturity of jet fuel technol-
ogy, the three paths of aqueous phase reforming (APR), 
hydrogenated esters and fatty acids (HEFA) and hydro-
thermal liquefaction (HTL) are selected as evaluation 
objects. China is rich in cellulosic biomass resources, 
both APR and HTL paths use cellulosic biomass as raw 
materials, which have the characteristics of relatively 
mild production conditions. HEFA path uses oil crops 
or waste oil as raw materials and is the most mature 
jet fuel production path at present. The study assumes 
that all three jet fuel production paths are carried out 
in China. Based on the current industrial conditions 
in China, the environmental impact of Bio-jet fuel is 
assessed with a unified method and system boundary.
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2  Methods and system boundary
2.1  Life cycle assessment framework
The application of LCA follows ISO14040 series stand-
ard formulated by international organization for stand-
ardization [6], there are usually four steps to assess 
environmental impact.

1) Definition of objectives and scope, which explain the 
reasons for conducting the study and serve as the 
starting point and foothold on which the subsequent 
evaluation depends.

2) Life cycle inventory analysis, which includes the input 
and output of each step of the production process, is 
a quantitative analysis of the material flow and energy 
flow in and out of the whole production system.

3) In the impact assessment stage, the data compiled 
in the previous stage will be used for environmental 
impact assessment with the help of the impact assess-
ment methods, and the data will be converted into 
specific impact indicators for comparative evaluation.

4) Results interpretation stage. Analyze the results, 
form conclusions, explain limitations and put for-
ward suggestions according to the research and data 
obtained in the previous stages, so as to achieve the 
research objectives.

ReCiPe Midpoint method is used in the LCA calcu-
lation of this study [10] to evaluate the environmental 
impact of three bio-jet fuel conversion paths. Midpoint 

method focuses on a single environmental issue, such 
as global warming potential, water eutrophication, fossil 
resource consumption, etc., with a total of 18 single envi-
ronmental indicators. This study focuses on the indicator 
of global warming potential (GWP).

2.2  System boundary
The system boundary of the evaluation includes the 
farming and collection of biomass, pretreatment and 
conversion through various conversion paths to produce 
bio-jet fuel, and subsequent combustion for use. Sys-
tem boundary does not include plant construction and 
assembly material consumption. In addition, according 
to the carbon neutral hypothesis, the  CO2 emission from 
the combustion of bio-jet fuel is assumed to be zero [3, 
11]. The production of 1 MJ of bio-jet fuel is taken as the 
functional unit (Fig. 1).

2.3  Methods to deal with co‑products
For a multi-product system, the distribution method of by-
products may have a significant impact on the results [20, 
23]. Environmental impact could be allocated to different 
products based on economy, energy, or quality. In addition, 
substitution method can also be used to award an emission 
credit in calculation according to the output of by-products 
and the environmental impact value of substitute products. 
This approach may result in negative emissions when the 
emissions of the substitution products exceed the total 
emissions produced by the system. According to economic 

Fig. 1 System boundary of this study
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allocation, emissions are allocated according to the eco-
nomic value of products, but they will be affected by price 
fluctuations and may have greater uncertainty. The meth-
ods of mass and energy distribution based on the proper-
ties of by-products is relatively unaffected by uncertainty 
and generally applicable. However, there may be massless 
by-products in the system, such as heat, electricity, etc., in 
which case the method of mass distribution is not applica-
ble. In this study, the emissions are allocated according to 
energy distribution.

3  LCI datasource
OpenLCA developed by Greendelta is an open source LCA 
computing tool, which has a good user interaction interface 
and comprehensive functional modules, and has been rec-
ognized and used by many researchers. It is also the tool 
chosen for this study. Ecoinvent is one of the databases 
with the most comprehensive data, the most widely used, 
and the most covering software. Data in the database are 
mainly derived from statistical data and technical literature, 
and it has units and aggregated data sets covering many 
countries in the world [19, 25]. The background data of this 
study are based on the data of Ecoinvent v3.7. The LCI data 
and technical path parameters collected in the study are 
based on process data disclosed by researchers in recent 
years, and the conversion process is assumed to take place 
in China. Therefore, the first choice for background data to 
be used is the data located in China. Global average data or 
average data excluding Europe will only be used if no data 
for China exists.

3.1  Aqueous phase reforming (APR)
The path of lignocellulosic aqueous phase reforming is 
mainly referred to the study of Guangzhou Institute of 
Energy Research, Chinese Academy of Sciences [15, 16, 
33], and LCI data are collected from the model for calcu-
lation. The reaction system mainly consists of four main 
modules: 1. Furfural (FF) production and concentration; 2. 
hydrolysis to produce levulinic acid (LA); 3. condensation; 
4. hydrogenation upgrade. The technical path assumes that 
corn straw is used as raw material and the overall process 
of bio-jet fuel production through aqueous-phase reform-
ing is shown in the figure below (Fig. 2).

The reaction temperature of FF production is 175 °C, 
the reaction pressure is 0.9 MPa, and the mass ratio of 
biomass to sulfuric acid is 2.5. The hemicellulose in the 

raw material is catalyzed by acid to degrade FF, and 
then saturated steam is used to extract the FF in time, 
which can avoid the self-polymerization of furfural and 
the copolymerization reaction with xylose. After steam 
stripping, furfural is condensed and the recovery can 
reach about 95%. The FF solution is then further concen-
trated. The reaction process of furfural production can 
obtain part of steam stripping residual (SSR). About 9 
times the mass of sulfuric acid solution is added to the 
separated SSR and the reaction is carried out at 180 °C. 
The cellulose in the residue is converted to LA by acid 
catalysis. Based on the initial cellulose content of raw 
materials, the design of LA yield is 34.4%. After that, 
the hydrolysis residue is filtered and separated. Lime is 
added to the hydrolysate to remove impurities such as 
colloid and lignin, and the PH is then adjusted to neu-
tral. The hydrolysis residue and LA solution are obtained 
by filtration and separation, and then the LA solution 
is concentrated. Furfural and levulinic acid obtained in 
the first two steps are condensed in an intermittent reac-
tion kettle at 50 °C and atmospheric pressure. Under the 
catalysis of alkaline catalyst, long chain oxygen-contain-
ing condensation products  (C15 and  C10) are formed. 
After that, sulfuric acid solution is added to precipi-
tate oxygen-containing products, and the precursor is 
separated. The last step is the hydrogenation upgrading 
stage of the product, which is mainly divided into two 
steps. Firstly, low temperature hydrogenation is carried 
out in methanol solution under the condition of 150 °C 
and 4 MPa with the help of Ru/C catalyst, and the exist-
ing carbon-oxygen double bond and carbon-carbon 
double bond are saturated. Subsequently, hydrotreating 
is carried out at 280 °C and 4 MPa at high temperature, 
in which oxygen atoms are removed in the form of car-
bon dioxide, carbon monoxide or water. And at the same 
time, long chain hydrocarbons are cleaved to form crude 
oil. The product is then further deoxidized at 300 °C and 
4 MPa, and the yield of bio-jet fuel is about 51.0 wt%. 
About 18.9 wt% of n-alkanes, 60.1 wt% of isomerized 
alkanes, 15.6 wt% of cycloalkanes, 3.8 wt% of aromatic 
hydrocarbons and 1.6 wt% of oxygen-containing com-
pounds are contained in bio-jet fuel, including 84.7 wt% 
of C, 15.0 wt% of H and 0.2 wt% of O.

In addition, the residues and tail gas in the production 
process are considered to be burned to produce steam 
required by the reaction process, and the generated 

Fig. 2 Production process of APR technical path
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wastewater is purified to realize recycling. The over-
all mass yield of bio-jet fuel based on aqueous phase 
reforming is about 10.0%, and the calorific value of jet 
fuel is about 43.6 MJ/kg. After energy allocation, the 
process data is evenly distributed to 1 MJ of jet fuel 
production. The data for this technical path is listed in 
Table 1.

3.2  Hydrogenated esters and fatty acids (HEFA)
The technical path of HEFA refers to the study of Vásquez 
et al. [27]. Oily biomass can be used to prepare bio-jet fuel 
by means of removing functional group, cracking or aro-
matization. The process of producing bio-jet fuel through 
HEFA is usually divided into two steps: firstly, unsaturated 
fatty acids and triglycerides are converted to saturated fatty 
acids through catalytic hydrogenation, and then the satu-
rated fatty acids are converted to straight alkane of  C15-C18 

through hydrotreating and decarboxylation. The overall 
process of producing bio-jet fuel from soybeans is shown 
in Fig. 3.

There are four main stages for soybean to be trans-
formed into bio-jet fuel: soybean farming and collection, 
oil extraction, soybean oil refining and hydrotreating. 
The stage of oil extraction mainly adopts mechanical 
process, the input of this stage includes water, steam, 
energy and so on. The collected soybean oil is extracted 
by solvent, and the extraction rate is about 19.2% of the 
raw material. The extracted soybean oil is then refined to 
produce refined oil. Soybean oil consists mainly of diesel 
molecules with long carbon chains, which are fed into a 
hydrogenation reactor together with hydrogen to react 
with hydrogen to remove oxygen, saturate the double 
bond, and crack the propane main chain of triglycerides 
under the catalysis of catalyst. The products of the reac-
tion are water, carbon dioxide, and a series of alkanes. 
The products are cooled by steam and then enter the 
isomerization unit. The isomerized products are cooled 
by cooling water and then separated in the separation 
tower, producing paraffin gas, carbon dioxide and so 
on. The products are separated into bio-jet fuel, diesel, 
gasoline and other fuels, and the waste water is treated 
in the treatment unit. The overall mass yield of jet fuel 
is about 9.3% and the calorific value is about 42.8 MJ/kg. 
After energy allocation, the LCI data of HEFA are listed 
in Table 2.

3.3  Biomass hydrothermal liquefaction (HTL)
HTL process is based on the study of Tews et al. [24]. The 
path mainly uses water as the medium and converts forest 
residue into bio-jet fuel under the reaction conditions of 
250–550 °C and 5–25 MPa pressure. The overall process of 
HTL is shown in Fig. 4.

The hydrothermal liquefaction process mainly includes 
the following stages: raw material collection, pretreatment, 
liquefaction and hydrotreatment. Since forest residues are 
usually treated as wastes, the collection stage of raw mate-
rials does not consider the farming and growth stage of 
plants, and only includes the collection and transportation 
of materials [24]. In the raw material pretreatment stage, 
forest residue is ground into fine particles and injected 
directly into hot water without drying and softening to 
obtain a slurry with a solid content of about 8%. After that, 
the slurry is further preheated and pressurized, and sent 

Table 1 LCI for APR technical path [15, 16]

Category Amount Unit

Input

biomass farming and 
collection

diesel 1.14E-03 L

electricity 2.38E-03 kW·h
PE 1.40E-05 kg

seeds 7.29E-05 kg

N fertilizer 2.40E-04 kg

P fertilizer 9.81E-06 kg

K fertilizer 6.31E-06 kg

pesticide 6.31E-06 kg

bactericide 5.61E-06 kg

water 1.10E+ 00 kg

transport 7.79E-03 t*km

conversion hydrogen 1.73E-03 kg

electricity 1.55E-02 kW·h
methanol 3.05E-03 kg

lime 1.10E-02 kg

boiler chemical 4.63E-06 kg

water 1.57E-01 kg

catalyst 5.89E-04 kg

sulphuric acid 1.23E-02 kg

Output

solid disposal 6.64E-02 kg

ash 2.57E-03 kg

bio-jet fuel 1.00 MJ

Fig. 3 Production process of HEFA technical path
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to the reactor running at 20.3 MPa and 335 °C for reaction. 
The slurry reacts to produce crude oil, water phase and 
gas phase products, and then depressurizes and separates. 
Most of the organic matter exists in crude oil and water 
phase. The separated crude oil then reacts hydrotreated 
with catalysts until the oxygen content falls below 1%. In 
this process, the oil is preheated and sent to the hydrogena-
tion system for reaction, which is almost completely con-
verted into hydrocarbons at about 400 °C, and the products 
are mainly composed of  C4-C17. The treated products are 
further separated after the removal of lighter components. 
The product contains gasoline, diesel and heavy oil, and 
it is assumed that the diesel could be split in 25% bio-jet 
fuel and 75% diesel [11]. The overall mass yield of jet fuel 
is about 2.7% and the calorific value of jet fuel is about 
42.8 MJ/kg. After energy allocation, the LCI inputs for HTL 
are listed in Table 3.

4  Results and discussion
4.1  Results of global warming potential
This study focuses on the indicator of GWP, compares 
and evaluates the above three bio-jet fuel conversion 
technical paths, performs uncertainty and sensitivity 
analysis on this basis. In addition to bio-jet fuel, the 
products of the three technical paths also include other 
hydrocarbon fuels, which are typical multi-product 
systems. Therefore, in the process of emissions alloca-
tion, emissions are allocated to each MJ of bio-jet fuel 
based on the calorific value of the different fuels. And 
the results obtained are shown in Fig. 5.

Emissions of GHG will lead to an increase in the 
concentration of GHG in the atmosphere, which will 
enhance radiation intensity and lead to an increase in 
global average temperature, which will ultimately affect 
human health and ecosystems. GWP mainly comes 
from  CO2, followed by  CH4 and  N2O emissions. Due 
to the differences in crude oil quality and processing 
methods, the GWP range of fossil jet fuel production 
is large. For example, the range reported by relevant 
regulatory agencies is 80.7–109.3 g  CO2-eq/MJ in the 
United States [23] and 80.4–105.7 g  CO2-eq/MJ in the 
European Union [5]. In the process of literature review, 
there is no baseline emission value of fossil jet fuel for 
China. Therefore, the average emission baseline value 
of 83.8 g  CO2-eq/MJ issued by EU Renewable Energy 
Directive [5] is used as the baseline GWP of fossil jet 
fuel for this study.

Among the conversion pathways evaluated, APR had 
the lowest GWP (29.2 g  CO2-eq/MJ), followed by HEFA 

Table 2 LCI for HEFA technical path [27]

Category Amount Unit

Input

biomass farming and 
collection

seeds 6.69E-04 kg

N fertilizer 6.70E-05 kg

P fertilizer 6.69E-04 kg

K fertilizer 1.80E-03 kg

pesticides 2.73E-05 kg

glyphosate 2.99E-05 kg

lime 5.16E-03 kg

2,4-DCP 1.06E-05 kg

diesel 3.20E-04 kg

conversion water 1.98E-02 kg

diesel 3.47E-05 kg

hexane 8.45E-05 kg

electricity 1.63E-03 kwh

steam 2.24E-02 kg

bleaching earth 2.94E-05 kg

phosphoric acid 4.22E-06 kg

sodium hydroxide 3.77E-05 kg

citric acid 5.06E-08 kg

hydrogen 3.30E-04 kg

nature gas 2.04E-04 kg

Output

bio-jet fuel 1.00 MJ

Fig. 4 Production process of HTL technical path

Table 3 LCI for HTL technical path [24]

Category Amount Unit

Input

biomass farming and 
collection

diesel 1.55E-03 L

conversion electricity 1.38E-02 kW·h
diesel 2.57E-04 L

water 9.01E-02 kg

hydrogen 1.19E-03 kg

dimethyl sulfide 2.50E-05 kg

Output

wastewater 1.02E-01 kg

bio-jet fuel 1.00 MJ
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(43.6 g  CO2-eq/MJ), and HTL has the highest value 
(51.2 g  CO2-eq/MJ). However, compared with the fos-
sil fuel baseline, GWP of the three bio-jet fuel techni-
cal paths are significantly reduced by 65.2%, 48.0% and 
38.9%, respectively, demonstrating the good environmen-
tal impact of bio-jet fuel.

In order to study the influence of different factors on 
GWP in the life cycle process, the emission structures of 
three technical paths are analyzed and has been shown 
in Figs.  6 and 7. For APR, the contribution of biomass 
farming and collection process is not large, which is 
about 15.2%. The contribution of conversion stage is 
about 84.8%. The input and use of electric power in the 
production process contributes 55.8% of the GWP, while 
the hydrogen consumption contributes about 9.6%. The 
consumption of other chemicals, such as methanol, cat-
alyst and sodium hydroxide, contributes about 19.5% of 
the total GWP. If it is distinguished according to different 
stages of the conversion process, the FF and LA produc-
tion process is the most influential one, mainly because 
of the usage of sulfuric acid and electricity. While the 
condensation stage is the links with the least impact, 
acounting for about 7.7% of total GWP. For the HTL pro-
cess, the consumption in the biomass farming and col-
lection stage is very small, contributing only about 0.8%. 
Since forest residue is a kind of waste, only consumption 
in the collection stage is considered. Almost all GWP 
come from the conversion stage, of which the input of 

electric power contributes about 27.6%, and the con-
sumption of hydrogen contributes about 3.6%. The use of 
a large amount of water in the liquefaction process con-
tributes less, but leads to the treatment process of a large 
amount of wastewater contributes the largest emission 
value, accounting for about 67.3% of the total GWP. In 
addition, there are some catalyst and chemical consump-
tion emissions, but they account for a small proportion. 
The GWP of the HEFA path is between the other two 
paths. The soybean farming and collection process con-
tributes about 25.8% of the total emissions, and the con-
sumption of a large amount of steam in the conversion 
process results in a high GWP, contributing about 56.6%. 
The input of electric power contributed about 12.7% of 
the total value. In addition, the hydrogen consumption in 
the hydrotreating stage contributes about 3.9%, and other 
parts, such as sodium hydroxide and diesel consump-
tion, contribute less. Compared with APR and HEFA 
paths, HTL path has a relatively simple transformation 
process, but contributes a relatively high GWP. There are 
two main reasons for this: 1. A relatively low conversion 
efficiency; 2. High wastewater discharge in the reaction 
process, but that is not effectively recovered and utilized 
in the system.

In general, the three technical paths could reduce GHG 
emissions, and the APR path is the most environmentally 
friendly one. HTL path requires a large amount of water to 
be put into use, which leads to the discharge of subsequent 

Fig. 5 Global warming potential of three technical paths
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wastewater treatment, and has a great impact. It is an 
effective way to promote the improvement of technology 
and reduce the amount of water used in the raw material 
treatment stage. In the future, if commercial application 
is promoted, advanced wastewater treatment technology 
could also be integrated in the plant to promote emission 
reduction in the production process. For APR and HEFA 

paths, GWP mainly comes from the consumption in the 
process of jet fuel conversion. From the technical point 
of view of bio-jet fuel production, improving the conver-
sion efficiency of jet fuel and realizing the reduction of 
materials and energy consumption is an important link of 
emission reduction. From the perspective of background 
energy production, reducing emissions from the industrial 

Fig. 6 GWP structures of three technical paths

Fig. 7 GWP structures of the conversion process of three paths
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production of electricity and steam is also an effective 
means. In addition, the cultivation and collection of bio-
mass resource also restricts the further reduction of GWP 
to a certain extent. When selecting the site of future bio-
jet fuel plant, the local biomass resources should be fully 
investigated, and the site with large amount of available 
raw materials and short transportation distance should be 
selected as far as possible.

4.2  Uncertainty and sensitivity analysis
4.2.1  Uncertainty analysis
There might be some uncertain data in the calculation, 
which may lead to differences in the results. The study 
uses pedigree matrices to assess the quality of the data 
used. And the uncertainties of the results are investi-
gated by means of 10,000 times Monte Carlo simula-
tions. Regarding the reliability of LCI data sources, 
the data of APR and HEFA paths come from published 
research papers, and the data of HTL paths come from 
research reports of research institutions. For the com-
pleteness of the data, the representative data from all 
sites relevant for the market are not fully considered, 
and therefore there are some uncertainties. For tem-
poral correlation of data, the time of data disclosure 
of APR and HEFA paths is close to the study time, and 
the release time of HTL path is 2014, which may lead 
to increased uncertainty. In terms of geographical cor-
relation, the data of APR comes from the research in 

China, while the data of HEFA and HTL come from 
abroad. This study assumes that jet fuel production 
technologies in China and abroad are similar, and data 
from China are used as much as possible for material, 
energy and other background data input. As for further 
technological correlation, the data of the three paths 
are basically obtained through simulation and investi-
gation, and the uncertainty is relatively small.

The results of Monte Carlo simulation are shown in 
Fig. 8, where the upper and lower bounds in the bar chart 
are 95% confidence intervals of this indicator. Among 
them, the uncertainty range of the baseline value of fos-
sil jet fuel comes from the reference value of literature [5, 
23]. For the three technical paths, the uncertainty range 
of HEFA is − 4.3% to 4.8%, the uncertainty range of APR 
is − 5.0% to 6.5%, and that of HTL is the largest among 
the three paths, which is − 17.6% to 24.0%.

Assuming that the uncertainty of the three paths is 
considered, the GWP of bio-jet fuel still has a significant 
advantage over the fossil baseline. Considering the maxi-
mum value of the HTL path, the GWP is still reduced by 
approximately 21.0%. It could be considered that the use of 
bio-jet fuel instead of fossil jet fuel could effectively help the 
aviation industry to achieve emission reduction targets.

4.2.2  Sensitivity analysis on conversion yield
For sensitivity analysis, this study first evaluates the 
impact of conversion yield on bio-jet fuel life cycle 

Fig. 8 Uncertainty analysis of three technical paths
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emissions. Since the bio-jet fuel production system is 
a multi-product system, there are some by-products 
besides bio-jet fuel, the study uses the mass yield range 
of jet fuel to measure the change of the overall conver-
sion yield of the production system. The mass yields in 
the previous study are regarded as the baseline values, 
and the yields under pessimistic and optimistic estimates 
of the three technical paths are considered. The yields of 
HTL and HEFA paths are based on the research in the 
existing literatures. For APR path, a mass yield range of 
±15% is considered because there are few studies on the 
path. The mass yields of bio-jet fuel are listed in Table 4, 
and the results are listed in Table 5.

The results show that the GWP of the three techni-
cal paths are highly sensitive to the change of conver-
sion yield. When considering the optimistic scenario, 
the GWP of APR, HEFA and HTL decrease by 13.0%, 
12.3% and 6.9%, respectively, and the GWP of APR path 
is reduced to 25.4 g  CO2-eq/MJ. When considering the 
pessimistic scenario, the GWP of the three paths increase 
by 17.6%, 5.7% and 22.7%, respectively, and the GWP of 
HTL path reaches the highest 62.8 g  CO2-eq/MJ. Overall, 
the conversion yiled of bio-jet fuel is an important factor 
influencing the GWP, and the improvement of efficiency 

could effectively help reduce the environmental impact, 
while the specific emission reduction value is closely 
related to the baseline value.

4.2.3  Sensitivity analysis on power input
China’s current power generation is still dominated by 
coal-fired power, and the high emission of coal-fired 
power generation directly leads to the high average GWP 
of China’s grid mix. Compared with coal-fired power, 
renewable power such as wind power, solar PV power 
and hydropower, has a lower GWP. In the context of car-
bon neutrality, the government is also actively promot-
ing the development of renewable power [4, 28]. Electric 
power is a sensitive parameter for bio-jet fuel, so we 
investigate and analyze the sensitivity of power input to 
three bio-jet fuel production paths.

Four scenarios assumed are as follows: 1. China’s grid 
mix (power input in LCI); 2. wind power; 3. solar PV 
power; 4. hydropower. The data of the power input are 
obtained from data for China in Ecoinvent database. And 
the results are shown in Table 6.

According to the results obtained, HTL path have the 
highest sensitivity to power input. When the power from 
grid mix is replaced by the hydropower with a lower 
emission, the GWP decreases to 30.9 g  CO2-eq/MJ, 
reducing the GWP by about 39.6%. Power input has the 
least influence on HEFA path as shown above, because 
the GWP contribution of power is relatively small in the 
total GWP. When solar PV power is used, the impact 
is minimal, with GWP reduced by only about 14.2%. 
For APR path, wind power, solar PV power and hydro-
power input can reduce GWP by 35.6%, 34.6% and 36.0% 
respectively.

Table 4 The mass yield range of bio-jet fuel

Technical path Baseline mass 
yield (%)

Mass yield 
range (%)

Reference

APR 10.0 8.5–11.5 –

HEFA 9.2 8.7–10.5 [1, 29]

HTL 2.7 2.2–2.9 [9, 12]

Table 5 Sensitivity analysis on conversion yield

Scenario APR (g  CO2‑eq/
MJ)

difference HEFA (g  CO2‑eq/
MJ)

difference HTL
(g  CO2‑eq/MJ)

difference

Baseline scenario 29.2 0 43.6 0 51.2 0

Optimistic 25.4 − 13.0% 38.3 −12.3% 47.7 −6.9%

Pessimistic 34.4 17.6% 46.1 5.7% 62.8 22.7%

Table 6 Sensitivity analysis on power input

Scenario APR (g  CO2‑eq/MJ) difference HEFA (g  CO2‑eq/
MJ)

difference HTL (g  CO2‑eq/MJ) difference

Grid mix 29.2 0 43.6 0 51.2 0

Wind power 18.8 −35.6% 37.2 −14.7% 31.3 −38.9%

Solar PV power 19.1 −34.6% 37.4 −14.2% 31.5 −38.5%

Hydropower 18.7 − 36.0% 37.1 −14.9% 30.9 − 39.6%
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It could be seen from the results that the use of green 
energy power can further reduce the greenhouse gas 
emissions of bio-jet fuel, and further expand the advan-
tage of bio-jet fuel over fossil jet fuel. Although the GWP 
caused by hydropower, wind power and solar PV power 
are different (GWP calculated are 4.0, 30.5 and 36.2 g 
 CO2-eq/MJ, respectively), there is no significant dif-
ference in GWP reduction between the three types of 
power. This also suggests that if the production of bio-
jet fuel could be applied on a large scale in the future, 
the government and enterprise could also fully consider 
the distribution of local green energy, to realize the 
application of different green power in bio-jet fuel pro-
duction according to local conditions, which could fur-
ther reduce greenhouse gas emissions and contributes 
to the sustainable development of society and aviation 
industry.

4.2.4  Sensitivity analysis on hydrogen input
The three jet fuel paths all involve the hydrogenation 
stage, and the hydrogen input is also one of the sensi-
tive indicators that many researchers focus on [11, 12, 
21]. At present, large-scale industrialized hydrogen 
production still relies on fossil energy, mainly including 
petroleum processing, methanol cracking and natural 
gas reforming, etc. And the main sources of renew-
able hydrogen production are water electrolysis and 
biomass conversion. The water electrolysis technology 
is developing rapidly, and hydrogen produced by water 
electrolysis is considered to be used in the production 
of bio-jet fuel.

In the baseline scenario, the technical path of natural 
gas reforming is adopted. And the path of water elec-
trolysis with wind power input is adoped in alternative 
scenario. In addition, the LCI data of hydrogen produc-
tion from water electrolysis are referred to the study of 
Valente et al. and Wulf et al. [26, 31]. And the results are 
listed in Table 7.

According to the results, it could be found that hydro-
gen input has the greatest influence on the APR path, 
and the GWP decreases by 5.2% to 27.7 g  CO2-eq/MJ. 
For HEFA and HTL paths, the change of hydrogen input 
contributes about 2.3% and 2.0% of the GWP decreases. 
The GWP decreased to 42.6 and 50.2 g  CO2-eq/MJ, 
respectively, and the results are not significant. At 

present, the path of natural gas reforming is relatively 
mature, while the path of water electrolysis still has 
room for improvement. The current efficiency of water 
electrolysis is still relatively low, and it has the highest 
cost among several hydrogen production methods. From 
the perspective of GHG emission reduction, the use of 
hydrogen produced by water electrolysis could reduce 
GHG emission in jet fuel production, but the effect is 
not significant. If the water electrolysis technology is 
further upgraded in the future and the cost is reduced, it 
will be a good choice for using in bio-jet fuel production 
process [30]. Under the current industrial conditions, 
the entry points of GHG emission reduction in bio-jet 
fuel production and utilization should pay more atten-
tion to the factors such as production efficiency or elec-
tric power source, and the source of hydrogen is not the 
main factor.

4.3  Summary
In view of the above results, the comparison of different 
features of the three technical paths has been sorted out 
and listed in Table 8. Among them, the minimum selling 
price for different technical paths are collected from the 
study of Wei et al. [30].

At present, APR and HTL paths are still in the demon-
stration stage, and have not yet achieved large-scale com-
mercial application. HEFA path is relatively mature, and 
there are some commercial application scenarios. The 
APR path has the highest calorific value and mass yield of 
jet fuel, while the HTL path has the lowest mass yield of 
jet fuel, which is mainly due to the low selectivity of the 
production system for jet fuel. In addition, the APR path 
has the lowest GWP, which could be considered as the 
path with the greatest GHG emission reduction poten-
tial among the three paths. The GWP of the HEFA and 
HTL paths are relatively high, but still have an advantage 
over the fossil baseline. From an economic point of view, 
the APR path has the highest cost while the HEFA path 
has the lowest cost. However, the costs of bio-jet fuels 
are still higher than that of fossil jet fuel. In summary, 
the production and application of bio-jet fuel could help 
achieve sustainable development of the aviation industry. 
Among them, the APR path has the advantage in a num-
ber of indicators and has the greatest potential, but the 
cost needs to be further reduced.

Table 7 Sensitivity analysis on hydrogen input

Scenario APR (g  CO2‑eq/
MJ)

difference HEFA (g  CO2‑eq/
MJ)

difference HTL (g  CO2‑eq/
MJ)

difference

Natural gas reforming 29.2 0 43.6 0 51.2 0

Water electrolysis 27.7 −5.2% 42.6 −2.3% 50.2 −2.0%
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5  Conclusion
This study compares the environmental impact of three 
different cradle-to-grave conversion pathways, in which 
the global warming potential (GWP) is calculated and 
analyzed based on an energy distribution approach. As 
an indicator of greenhouse effect, GWP is considered 
as an important indicator to measure the environmen-
tal performance of fossil and bio-based fuels in many 
studies. The results show that APR, HEFA and HTL 
could contribute 29.2, 43.6 and 51.2 g  CO2-eq/MJ GWP 
respectively, and could reduce 65.1%, 48.0% and 38.9% g 
 CO2-eq/MJ emissions compared to fossil jet fuel, which 
reflects a better environmental impact. For bio-jet fuel, 
GWP is highly sensitive to the conversion yield, and 
the specific emission reduction value depends on the 
baseline value. In addition, the high emission of power 
generation process caused by China’s power structure 
directly increases the GWP, and the use of cleaner power 
could effectively reduce the GWP of bio-jet fuel. HTL 
has the highest sensitivity to power input, while HEFA 
has the lowest sensitivity. Moreover, APR path has the 
highest sensitivity to the application of green hydrogen, 
with a reduction benefit of about 5.2%. However, the 
impacts of hydrogen input on HTL and HEFA paths are 
not significant. In general, the production and utiliza-
tion of bio-jet fuel under the three technical paths could 
reduce GHG emissions. And the APR path is the most 
environmentally friendly one. In addition, the use of 
green energy and green chemicals may also could help 
realizing the huge environmental potential of bio-jet fuel 
in the future.

From the perspective of aviation industry demand, the 
conversion of biomass to jet fuel is a valuable technol-
ogy, which could help achieving greenhouse gas emis-
sion reduction and saving fossil energy. However, the 
development of bio-jet fuel is still restricted by factors 
such as economy and availability of raw materials. The 
government could devote itself to providing policy sup-
port, encouraging technological improvement, selecting 
fuel conversion paths based on regional characteristics, 
and promoting the commercial application of bio-jet 
fuel.
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