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Abstract. A hybrid life cycle assessment model was constructed based on Chi-
na's 2018 EIO-LCA model and PLCA method, and life cycle GHG emissions
including corn ethanol, cassava ethanol and sweet sorghum ethanol were calcu-
lated and disaggregated to the remaining 42 industry sectors. The study showed
that the life cycle GHG emissions of corn ethanol were 4877.78 kgCOzeq/t etha-
nol, which was the highest among the three types of ethanol, and the life cycle
GHG emissions of cassava ethanol were 4183.80 kgCO2eq/t ethanol, which was
the lowest among the three types of ethanol. Of the indirect emissions from the
three types of ethanol, the sectors that emit the most are all in the production and
supply of electricity and heat, which account for 30-32% of the indirect emis-
sions. In addition, of the three types of ethanol, only cassava ethanol has lower
GHG emissions than conventional gasoline, with a reduction of 6.1% relative to
conventional gasoline. The hybrid life cycle approach can calculate the GHG
emissions of bioethanol in a more comprehensive way and can reflect the distri-
bution of indirect emissions across sectors, which is instructive for relevant emis-
sion reduction policies.
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1 Introduction

With the rapid economic development, China's total energy use and carbon dioxide
(CO») emissions are also rising, and China has become the world's largest energy and
CO; emitter [1]. In the context of the global development of low-carbon economy, the
development of renewable energy is imminent. In recent years, major energy consum-
ing countries have competed to seek new energy to replace oil. Bioethanol, as a renew-
able energy and can be used as an alternative fuel for vehicles, has attracted wide atten-
tion from all countries. However, there is still controversy in the academic community
on whether bioethanol can reduce greenhouse gas emissions in the life cycle [2]. There-
fore, the research on the life cycle greenhouse gas emissions of bioethanol has certain
guiding significance for China to make emission reduction decisions of the transporta-
tion sector.
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There are three kinds of accounting methods for greenhouse gases in the life cycle
of bioethanol: process life cycle assessment (PLCA), input-output assessment and hy-
brid life cycle assessment. At present, the research on greenhouse gas(GHG) emissions
of bioethanol is basically based on the PLCA. Chendong used the basic theory of life
cycle to evaluate the GHG emission of second-generation cellulosic ethanol [3], Geng
Zhongfeng and others used PLCA method to evaluate the GHG emission of cassava
ethanol [4]. However, the PLCA method has the problem of boundary definition, and
the evaluation criteria are not consistent between different studies. Therefore, the con-
clusions obtained are highly independent, lacking the importance of horizontal com-
parison, and the PLCA method does not fully consider indirect emissions, resulting in
truncation errors [5-6]. In addition, in order to obtain a detailed life cycle list, a large
amount of resources are invested [7]. In view of the above limitations of the PLCA
method, some scholars began to use the method of combining the economic input-out-
put life cycle assessment method with the PLCA method to study the greenhouse gas
emissions of bioenergy [8-10]. Domestic scholars have also used this method to study
the life cycle greenhouse gas emissions of cassava ethanol in China [11]. In addition,
the distribution of indirect emissions in the production chain also has an important im-
pact on the life cycle emissions of bioethanol, but there are few studies on this in the
existing literature [12].

Based on the EIO-LCA model, this paper establishes a hybrid evaluation model for
accounting the GHG emission of bioethanol life cycle, and reflects the greenhouse gas
emissions of bioethanol life cycle in China by using the input-output table of China in
2018 and the relevant emission data of corn, cassava and sweet sorghum. The hybrid
life cycle assessment model is suitable for the life cycle greenhouse gas accounting of
bioethanol produced from various raw materials. This paper uses the model to account
for the life-cycle GHG emission of corn, cassava and sweet sorghum ethanol as an ex-
ample. Three aspects are analysed: direct and indirect emissions at each stage of the life
cycle, the distribution of indirect emissions across the sectors of the production chain,
and a comparison with the life cycle emissions of conventional gasoline.

2 Methods

2.1 Life Cycle Framework

Life Cycle Assessment (LCA) is a method for measuring the environmental impact of
a product at all stages, including production, transport, use and recycling, and is a com-
monly used method for measuring the carbon footprint of a product [13]. LCA consists
of four parts, namely, definition of objectives and scope, analysis of inventories, impact
assessment, and interpretation of results. In this paper, the system boundary of the three
types of ethanol includes the stages of feedstock cultivation, feedstock transport, bio-
ethanol production, bioethanol transport, and bioethanol use, which are shown in Fig.
1 [14], and the cultivation and production processes of the three types of ethanol are
shown in Fig. 2. The system boundary of conventional gasoline includes the processes
of crude oil extraction, transport, gasoline production, and combustion [14].
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The life-cycle GHG emissions of the three types of ethanol accounted for in this
paper include both direct and indirect emissions. Direct emissions refer to the emissions
generated during the production and use of a product, which in this paper mainly in-
clude the emissions generated by ethanol combustion and nitrogen fertiliser application
leading to the nitrogen fertiliser effect, and indirect emissions refer to the emissions
caused by the various sectors of the production chain during the production process of
the three types of ethanol, the production of the three types of ethanol requires the input
of a certain product i, and the production of i gives rise to emissions and also requires
the input of product j, in that order (i and j both belong to the 42 sectors), the indirect
emissions are the sum of the emissions from the upstream stages of all these production
processes.
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2.2 Construction of an EIO-LCA Model Incorporating Bioethanol Segments

Hendrickson et al [15-16] proposed the EIO-LCA methodology, which aims to inves-
tigate the potential environmental impacts of a product during its production process.
EIO-LCA is based on two core assumptions: homogeneity and proportionality. The
former means that there is a positive relationship between the environmental impacts
of a product and the producer price within the same sector, while the latter means that
there is also a positive relationship between the inputs and outputs of a product sector
within the same sector. EIO-LCA is widely used to complement PLCA in terms of
truncation error.

EIO-LCA consists of an economic input-output table and an environmental impact
factor (EIF), i.e., columns representing "environmental" sectors are added to the input-
output table, and the value of each row represents the pollutant "output" of an industry.
The EIO-LCA pollutant emission factors differ from traditional environmental input-
output methods in that they take the form of a diagonal matrix, which helps to disaggre-
gate the environmental problems caused by final demand into the various parts of the
production chain.

Let Ri be the direct GHG emission factor for sector i. Ri is given by:

Ri = Ci/xi (1)

The direct GHG emission factor R; is the CO; equivalent emitted per unit of output
in sector f. The matrix R of direct GHG emission factors is formed from Rj.where ¢; is
the direct GHG emissions of sector i and X; is the total output of sector i. By substituting
the carbon emission coefficients from the China Statistical Yearbook and the data in
the combined and split 43 sectoral input-output tables into equation (1), Ri can be de-
rived through matrix operations.

The EIO-LCA model is [16]:

B=R(I-A)"ly (2)

B is the vector of GHG emissions from each sector due to final demand y. R is a
diagonal matrix whose diagonal element R; is the amount of GHG directly emitted per
unit of monetary output in sector i. The GHG emissions from each sector can be calcu-
lated based on the combined and split input-output table and the above diagonal matrix
R.

A significant advantage of EIO-LCA is that it adopts a top-down approach to mod-
elling that considers the entire national economy as the boundaries of the system, cov-
ering the entire process of a product from upstream to downstream, thus avoiding trun-
cation errors. In addition, it uses mathematical models to describe the interactions be-
tween different sectors of the economy, enabling a rapid assessment of the environmen-
tal impact of a product or service. In spite of the aforementioned advantages of EIO-
LCA, it does not realistically represent the production process of a product and there-
fore cannot completely replace PLCA [17].



Study of bioethanol life cycle greenhouse gas emissions 635

2.3  Hybrid life-cycle Assessment

The hybrid LCA method integrates the PLCA and EIO-LCA methods within a single
analytical framework, which retains the advantages of PLCA with its direct product-
specific approach and avoids the truncation error in the calculation of indirect GHG
emissions [18]. It also makes use of existing input-output tables, avoiding the problem
of difficult data collection in the PLCA method and reducing the resource input in ac-
counting.

In this paper, the direct emissions of each stage are calculated by PLCA method, and
the indirect emissions are calculated by EIO-LCA method, and the whole life cycle
GHG emissions are the sum of direct and indirect emissions of each stage. The follow-
ing formula shows the life cycle GHG emissions of bioethanol calculated by hybrid life
cycle.

GHGy, = GHGg + GHGp 3)

GHGy is the total GHG emissions from the life cycle of bioethanol, GHG is the
emissions calculated by EIO-LCA method, and GHGp is the emissions calculated by
PLCA method[18].

3 Results

3.1 Analysis of GHG Emissions in the Life Cycle of Various Types of Ethanol

Since most studies on bioethanol GHG emissions do not include photosynthesis in the
life cycle, the GHG emissions from photosynthesis have not been included in the total
life cycle emissions of the various types of bioethanol in this subsection in order to
facilitate comparisons with related studies. The results for the three types of ethanol by
phase are shown in Tables 1- 3.

Table 1. GHG emissions at each stage of corn ethanol life cycle. unit(kgCOzeq/t ethanol)

Emission Material Fuel pro- Transporta- combus- Life cycle
type planting duction tion tion

Direction 196.42 1420.12 405.2 1913 3934.74
emission

Indirection 481.57 387.95 73.52 0 943.04
emission

Total 677.99 1808.07 478.72 1913 4877.78

Percentage 13.9 37.1 9.8 39.2 100
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Table 2. GHG emissions at each stage of cassava ethanol life cycle unit(kgCO2eq/t ethanol)

Emission Material Fuel pro- Transporta- combustion  Life cycle
type planting duction tion

Direction 124.70 1175.42 212.22 1913 3425.34
emission

Indirection ~ 390.49 315.40 52.57 0 758.46
emission

Total 515.19 1490.82 264.79 1913 4183.80
Percentage 12.3 35.7 6.3 45.7 100

Table 3. GHG emissions at each stage of sweet sorghum ethanol life cycle

Emission Material Fuel pro- Transporta- combustion  Life cycle
type planting duction tion

Direction 141.53 1341.15 242.13 1913 3637.81
emission

Indirection ~ 465.51 372.52 65.19 0 903.22
emission

Total 607.04 1713.67 307.32 1913 4541.03
Percentage 13.4 37.7 6.8 42.1 100

Among the three types of ethanol, corn ethanol had the highest total life cycle GHG
emissions of 4877.78 kg CO,eq/t ethanol, sweet sorghum ethanol had the second high-
est total emissions of 4541.03 kg CO,eq/t ethanol, and cassava ethanol had the lowest
total life cycle GHG emissions of 4183.8 kg CO,eq/t ethanol. Emissions from the pro-
duction and combustion stages of ethanol in the three types of ethanol accounted for
76.3%-81.4% of the total emissions, with cassava ethanol accounting for the highest
share and maize ethanol accounting for the lowest. Feedstock cultivation accounted for
12.3-13.9% of total emissions among the three types of ethanol, with corn ethanol ac-
counting for the highest share and cassava ethanol for the lowest. The transport phase
accounted for 6.3-9.8% of total emissions among the three types of ethanol, with corn
ethanol accounting for the highest share and cassava ethanol the lowest. From the point
of view of direct and indirect emissions, direct emissions accounted for 80.1-81.9% of
the total emissions, which is not a big difference, and indirect emissions accounted for
19.1-19.9% of the total emissions. Ethanol production and combustion are the most
important sources of direct emissions, accounting for 84.7-90.2% of the total direct
emissions, with cassava ethanol accounting for the highest percentage and corn ethanol
the lowest. Feedstock cultivation and ethanol production were the main sources of in-
direct emissions, accounting for 92.2 - 93.1% of total indirect emissions, with little
difference in the share of the three types of ethanol.
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3.2  Distribution of Indirect Emissions of the Three Types of Ethanol In the
Various Sectors of the Production Chain

Disaggregating the life-cycle indirect emissions of bioethanol into the remaining sec-
tors of the production chain allows for targeted guidance on mitigation policies for the
bioethanol producing sectors. The remaining 42 sectoral emissions calculated using the
EIO-LCA are indirect emissions, and Figure 3 shows the 10 sectors with the largest
indirect emissions.
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Fig. 3. Ten sectors with the highest indirect emissions in the three bioethanol categories

Note: The above ten sectors are the ten sectors with the largest indirect carbon emissions,
namely. 1. electricity and heat production and supply. 2. coal mining and washing. 3. chemical
raw materials and chemical products manufacturing. 4. Transport. 5. agriculture, forestry, animal
husbandry, fishery and water conservancy. 6. ferrous metal smelting and rolling. 7. petroleum
processing coking and nuclear fuel processing. 8. non-metallic mineral products. 9. oil and gas
extraction. 10.others (including storage and post and telecommunications).

Figure 3 shows that all three types of ethanol are emitted most by the production and
supply of electricity and heat, accounting for 30-32% of the total indirect emissions
(mainly to provide electricity and heat for other sectors), with corn ethanol accounting
for 32%. The top three sectors of emissions in the three types of ethanol are the pro-
duction and supply of electricity and heat, coal mining and washing, and chemical raw
materials and chemical products manufacturing, and the total indirect emissions of
these three sectors account for about 73%-76% of the indirect emissions, and the sum
of the emissions of the remaining sectors accounts for only about 20%, which indicates
that the indirect GHG emissions of the three types of bioethanol mainly come from
these three sectors, with a focus on targeting these Focusing on the production of these
three sectors to formulate emission reduction policies, controlling the use of electricity,
coal, fertilisers, pesticides and chemical auxiliaries can effectively reduce the indirect
GHG emissions of cassava ethanol.

Comparison of the distribution of indirect carbon emissions from the three types of
ethanol in the sector shows that the sectoral indirect carbon emissions from corn ethanol
are higher than those from the other two types of ethanol, except for coal mining and
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washing, which are lower than those from sweet sorghum ethanol. One of the reasons
for this is that corn ethanol as a grain ethanol is a relatively primitive process, while
cassava and sweet sorghum ethanol as a 1.5 generation of non-grain ethanol production
process has been optimised further, and the production policies need to be formulated
for the production of corn ethanol sector. It is necessary to formulate emission reduction
policies for the production of the corn ethanol sector, and to rationally control the use
of fertilisers and coal and electricity. Sweet sorghum ethanol, on the other hand, has
high indirect carbon emissions in both of these sectors, and the use of coal needs to be
rationally controlled.

3.3 Comparison with Conventional Petrol

Comparing the life cycle carbon emission results of the three bioethanols in this study
with conventional petrol, which has a carbon emission of 4.45 kgCO»/kg, only cassava
ethanol is lower than the GHG emission of conventional petrol in this study, where
cassava ethanol reduces emissions by 6.1% relative to conventionalpetrol, while corn
and sweet sorghum ethanol emit higher emissions than conventional petrol, which also
roughly corresponds to the results of previous studies on corn and cassava ethanol, and
bioethanol is indeed a green energy source in several favoured regions if only the car-
bon emissions during the cultivation of the raw material are considered. At the same
time, the net CO; absorbed by photosynthesis is not considered in this paper.

4 Conclusion

Based on the results and discussions presented above, the conclusions are obtained as
below:

(1) The GHG emissions of bioethanol produced from three main raw materials were
calculated, with maize ethanol represented by Jilin, cassava ethanol by Guangxi, and
sweet sorghum ethanol by Northwest China. The life cycle GHG emissions of the three
bioethanols were calculated to be between 4183.80-4877.78 kg CO; eq/t ethanol, with
corn ethanol having the highest emission of 4877.78 kg CO, eq/t ethanol, and cassava
ethanol having the smallest direct carbon emission of 4183.80 kg CO; eq/t ethanol, and
the GHG emissions of the three types of ethanol were analysed simultaneously emis-
sions of the three types of ethanol were also analysed in terms of the proportion of each
stage of emissions and the proportion of indirect and direct emissions, and the reasons
for the higher proportion of each type of stage were also analysed, and targeted emis-
sion reduction proposals were put forward.

(2) The distribution of indirect carbon emissions from the three types of ethanol in
various sectors of the production chain was analysed. The top three sectors in terms of
emissions in the three types of ethanol are all the production and supply of electricity
and heat, coal mining and washing, and the manufacturing of chemical raw materials
and chemical products, and the total indirect emissions from the three sectors account
for about 73%-76% of the indirect emissions.



Study of bioethanol life cycle greenhouse gas emissions 639

(3) The life cycle emission results of the three types of ethanol in this paper were

compared with other studies and conventional gasoline, and only cassava ethanol was
found to be more emission-reducing than conventional gasoline, and the reasons for
this were analysed.
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