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A B S T R A C T   

Being a massive grower of sugarcane, China could use this crop in the biofuel sector. However, this critical aspect 
of the sugarcane crop in China has not been extensively explored. Therefore, this review analyzed the country’s 
potential, bottlenecks, and a critical analysis of policies vs. the Brazilian model of sugarcane derived biofuels. The 
study determined that Brazilian sugarcane production significantly varied from Chinese conditions regarding 
first-generation ethanol production. The first-generation ethanol production is also constrained due to high 
domestic demands of sugar. However, sugarcane bagasse showed higher theoretical yield potential, density 
distribution, and cost-efficiency for disintegration in this study. Therefore, it was inferred that bagasse-based 
(second-generation) ethanol has excellent prospects as it does not obligate any separate transportation costs 
like other lignocellulosic resources and have relatively less cell wall recalcitrance requirements. Moreover, 
already available vast quantities of bagasse and backing from government policies also make it the right choice 
for engendering fuel ethanol. Although cost-effectiveness of second-generation ethanol of sugarcane introduces a 
hurdle, recent developments in process efficiency, as well as genetic manipulation of sugarcane for cell-wall 
digestibility, can play a paramount role in augmenting sugarcane’s role in this sector. Furthermore, the 
improvement of sugarcane varieties, the adoption of mechanized production, and the exploration of germplasm 
resources for energy traits are ascertained as crucial factors for augmenting the commercial aptness of sugarcane 
bioethanol. The enhanced role of sugarcane in China’s biofuels sector would contribute to energy security, 
sustainable sugarcane production, industrial development, and socioeconomic betterment of the sugarcane 
farming areas.   

1. Introduction 

Developing renewable energy with low carbon emission is a global 
strategy for dealing with climate change. In particular, the 1.5 ◦C limi-
tations of global warming target was re-scheduled at the Intergovern-
mental Panel on Climate Change (IPCC) meeting in 2018, which 
instigated the energy green revolution all over the world [1]. As the 
world’s largest energy producer and consumer, China has made signif-
icant efforts on low carbon emission for energy development. These 

include the implementation of renewable energy law, the establishment 
of renewable energy development plans, and significant financial sup-
port for such projects. For instance, recently, the Chinese government 
has set a goal to increase the proportion of renewable energy from 10% 
to 50% in 30 years [2]. Thus, it is imperative to explore new sources of 
renewable energy in China. 

Bioenergy that unitizes bio-resources for heat, electricity, fuel, and 
chemical products incurring little or no carbon debt, is regarded as one 
of the most potent renewable energy types [3]. As a renewable 
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transportation fuel, bioethanol is particularly important. Its use has been 
promoted in more than forty countries. The overall consumption has 
increased from 3.63 to 7.92 million tons from 2005 to 2016. The FAO 
expects global fuel ethanol consumption to reach 1.2 billion tons in 2020 
[4]. 

In general, liquid biofuels that are produced from starch of food and 
non-food crops are named 1st and 1.5th generation, respectively. 
Whereas, those produced from lignocellulose of crop residues or agri-
cultural waste are called 2nd generation. At present, the 1st generation 
and 1.5th generation bioethanol have been produced on a large scale in 
various countries. For example, Brazil uses sugarcane, while the United 
States mainly uses corn as feedstock to engender the 1st generation of 
bioethanol. The 2nd generation bioethanol is still under the stage of 
research and development because of the low economic efficiency. 
Nevertheless, the first-generation biofuels face certain reservations. The 
most common concern related to the current first generation of biofuel 
systems is their competition with agriculture for arable land used for 
food production otherwise [5]. Therefore, non-food based 1.5th and 2nd 

generation bioethanol systems are considered safe and feasible for 
renewable energy production. 

Currently, China is the world’s fourth-largest fuel ethanol producer 
and consumer after the United States, Brazil, and the European Union. In 
2017, several ministries and commissions jointly issued the re-
quirements regarding “Implementation Plan for Expanding the Pro-
duction of Biofuel Ethanol and Promoting the Use of Vehicle Ethanol 
Gasoline." According to the plan, China will achieve nationwide use of 
10% ethanol (E10) by 2020. By 2025, China plans to shift renewable fuel 
production to commercial-scale production of cellulosic ethanol. 
Therefore, the development of fuel ethanol, notably cellulosic ethanol, 
has a bright future in China. 

Sugarcane (Saccharum officinarum L.) is a perennial C4 crop culti-
vated in subtropical and tropical zones worldwide. The high yields of 
both sugar and lignocellulosic biomass are considered as an excellent 
source for substituting fossil fuel energy [6]. In Brazil, the bioethanol 
production process of sugarcane has been well established. China is 
ranked in the third position in the world in sugarcane production; 
however, the ethanol program from sugarcane has not been extensively 
exploited. In 2014, Peng et al. [7] discussed the potential for bioenergy 
production from sugarcane in China. Lu and Yang [8] also summarized 
the perspectives of sugarcane bioenergy production in China. 

Since China is also a considerable sugarcane producer, it would be 
interesting to have insights into the Brazilian model of sugarcane bio-
fuels in reference to China. This review analyzed whether China could 
also use sugarcane as a source of bioethanol? First as well as second- 
generation ethanol production scenario from sugarcane was consid-
ered. Therefore, the review documents China’s current status, potential, 
and bottlenecks for sugarcane biofuels production. Also, a critical 
analysis of relevant policies vs. the Brazilian model of sugarcane derived 
biofuels is presented. Moreover, the prospects of bagasse-based ligno-
cellulosic ethanol are also assessed. Further, the review also analyzes the 
theoretical yield of bagasse bioethanol, the density distribution of 
bagasse, and the details about cell wall recalcitrance for bioethanol 
production. These aspects of sugarcane crops in China have not been 
extensively reviewed, and therefore, this article carries substantial 
importance. 

For a detailed comparative analysis, the latest ten years of agricul-
ture data were collected from the National Bureau of Statistics of China 
(NBSC, http://www.stats.gov.cn/). These data were used for detailed 
analysis in the first section. Then, the status of China’s bioenergy 
development was summarized, and a comparison between bagasse and 
other primary food crop residues for lignocellulosic bioethanol pro-
duction was assessed. Also, a comparison between Brazil and China in 
terms of their bioethanol production, industrial capacity, feedstocks, 
and market penetration was discussed. The status and problems of 
sugarcane bioethanol in China and Brazil were addressed, dissecting the 
comparison between bagasse and other primary food crop residues for 

lignocellulosic bioethanol production. Next, Brazil’s biofuels policies 
were compared in reference to relevant policies of China and critical 
analysis was carried out. Finally, an integrative analysis was taken to 
clarify the advantages and perspectives of sugarcane biofuels develop-
ment in China. 

2. Current status of sugarcane production in China 

2.1. Status of sugarcane production in China 

China is the third-largest sugarcane producing country over the 
world. In China, the cultivation of sugarcane is concentrated in the 
southern regions, including Guangxi, Yunnan, Guangdong, and Hainan 
provinces. Among these, Guangxi has the largest planting area ac-
counting for 63% of the total area of sugarcane cultivation in China, 
followed by Yunnan, Guangdong, and Hainan provinces, which share 
18%, 10%, and 3% of the total area, respectively (Fig. 1). Besides, 
sugarcane is also grown in Sichuan, Guizhou, Hunan, Jiangxi, Zhejiang, 
Fujian, Anhui, Hubei, and Henan provinces, which contribute to the rest 
of the area of sugarcane production (6% of the total cane planting area in 
China). Based on 2007–2018, the average planting area of sugarcane in 
China is 1.57 million hectares. From 2007 to 2013, the area of sugarcane 
cultivation increased continuously, recording the largest planting area 
of 1.70 million hectares in 2013. However, since 2014, sugarcane 
cultivation has been decreasing in China (Fig. 1). Affected by the change 
of sugarcane planting area, the total production of sugarcane follows a 
similar trend. From 2010 to 2013, the total production of sugarcane in 
China increased; however, it has gradually decreased since the cropping 
season of 2014. The total production of sugarcane is 108 million tons, 
which is still below the average level of the past years from 2007 to 2018 
(Fig. 1). 

Notably, according to the statistical data from 2007 to 2018, the 
changing trend of sugarcane planting area and yield in China has been 
consistent with that in Guangxi. Therefore, as the leading region for 
sugarcane production in China, Guangxi has a decisive impact on sug-
arcane production in the country. 

2.2. Challenges and prospects regarding sugarcane production in China 

Sugarcane production in China is facing the dilemma of high pro-
duction costs and low farmers’ income. The three major issues regarding 
sugarcane production in China can be summarized as follows: 

2.2.1. Landscape limitations and labor costs 
The mechanization of sugarcane production in China is exceptionally 

difficult because more than 80% of sugarcane is grown in mountainous 
and hilly regions. The average farm size is also tiny (0.27 ha approx.), 
limiting mechanization and expansion [9,10]. Most of the field man-
agements, including planting, weeding, cultivation, fertilizing, spraying, 
and harvesting, are done manually. The labor costs for manual harvest 
(US$20–25/ton of cane) account for over 30% of the cane price (US 
$70–80/ton in Guangxi in 2019/20). As the labor costs continue to rise, 
the profits of the growers, as well as industry, are impacted significantly. 
Mechanical damage also significantly influences the quality of sugar-
cane stalks as it enhances biological degradation, lessening the sugar 
yield [11]. Moreover, the sugar quality of cane stalks cut through a 
mechanical harvester is typically maintained for one day only, necessi-
tating the quick milling of harvested billets, which is extremely difficult 
in China’s case. Therefore, over 95% of sugarcane is manually harvested 
in China. Thus, with the increase in labor costs, the production costs of 
sugarcane in China have also increased over time. Besides, the rent rate 
of land rapidly increased from US$1300 per hectare in 2005 to over US 
$2200 per hectare by 2019, reducing the grower’s profits. 

2.2.2. Infertile soil and frequent stresses 
In China, most of the sugarcane fields are dry slopes with infertile 
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soil. Fertilizers, especially nitrogen, are used excessively-
—approximately three times over the world average. Moreover, the 
fertilizer use efficiency is also low and results in soil acidification, 
degradation, and pollution. The irrigation water is limited, and rainfalls 
are irregular. Additionally, natural agroclimatic issues like drought as 
well as frost occur recurrently. Furthermore, extreme rains and cold 
stress in January and February also impact sugarcane harvesting. 

2.2.3. Lack of new breakthrough varieties 
The sugarcane variety ROC 22, which introduced from Taiwan, has 

been dominantly cultivated in Guangxi for over 20 years. It has shown 
noticeable degradation over time, but there are no other promising va-
rieties to replace. Although the per unit area yield of sugarcane has 
shown a positive trend in the past ten years (because of the improvement 
of cultivation practices), the increase is relatively small. The old vari-
eties also exhibit weak stress resistance and less ratooning ability that 
increases the costs of sugarcane production. In particular, the inferior 
ratooning ability of varieties reduces their life cycle that dramatically 
adds to the planting costs. Therefore, without the adoption of new va-
rieties, it is hard to realize a striking upsurge in the country’s sugarcane 
yield and production. 

2.2.4. Prospects 
Fortunately, in recent years, the Chinese government has adopted 

policies and financial support programs to help the development of the 
sugarcane industry. In 2014, the Chinese government started the con-
struction of a “double-high" sugarcane base of 0.33 million hectares in 
Guangxi Zhuang Autonomous Region. The project targeted to establish a 
protective land for sugarcane’s planate to ensure national sugar safety. 
The said project aimed to raise annual sugar production to 150 million 
tons by 2020. Notably, as per the “double-high" base, small pieces of 
land would be integrated into large ones, making it possible to employ 
the whole process of mechanization. Hence, this project is expected to 
set up a production model for high sugar and cane yield through a 
uniform planting and management technology; and gradually promot-
ing the whole mechanized cultivation in China to reduce the production 
costs of sugarcane. 

The Chinese government has also provided subsidies and financial 
support to farmers to improve their per unit area yields and mitigate the 
decline in sugarcane acreage. The Guangxi government has already 
offered subsidies amounting to US$5625 per hectare to farmers for 
seeds, farm machinery, fertilizers, and mulching film [12]. 

Owing to this policy support, Guangxi has completed 0.28 million 

hectares of “double high" sugarcane base construction, and some 
promising local varieties such as Guitang 42, Guitang 46, and Liucheng 
05–136 have been steadily promoted on this sugarcane base. The sug-
arcane yield has reached 107 tons per hectare at the “double high" base, 
and the average sucrose contents of up to 14.5% have been attained. 
Notably, the mechanical harvest ratio has also dramatically increased to 
15.11% during the few years of “double high" base construction, which 
shows a good prospect for reducing the planting costs of sugarcane soon. 

3. Bioethanol production in China 

3.1. The development of bioethanol production in China 

Biofuel ethanol is becoming a potential option to replace fossil fuels 
because of its advantages of renewability, cost-effectiveness, and envi-
ronmental friendliness. It has been promoted in many countries, some of 
which have already attained large scale production and consumption 
[13,14]. However, bioenergy production systems are complicated by 
factors such as sustainability issues, limited availability of natural re-
sources, socioeconomic problems, low technology efficiency, and 
eco-environmental impacts [15–17]. Consequently, the bioenergy in-
dustry is fragile and is radically influenced by policy orientation [18, 
19]. 

The development of fuel ethanol in China can be summarized into 
three stages. The first stage of fuel-ethanol production was the “10th 

Five-Year Plan (FYP)" period. To curb the ballooning of inventories of 
grain stock, the government began to consider the production of biofuel 
ethanol from stale grains such as corn and wheat, not only for digesting 
the stale grains but also for solving the problem of energy shortage. 
According to the 10th FYP for Development of Denatured Fuel Ethanol 
and Vehicle Ethanol Gasoline, the Chinese government established four 
projects of grain fuel ethanol production in Heilongjiang, Jilin, Henan, 
and Anhui provinces. Moreover, several supporting measures were 
taken through preferential policies such as reducing the taxes and 
increasing the subsidies for fuel ethanol-producing companies. Besides, 
the Chinese government also took steps to expand the ethanol-gasoline 
market. 

The second stage of fuel-ethanol in China was a slow development 
stage during the 11th and 12th FYP. As stale grain exhausted after the 
10th FYP, the price of grain and feed increased sharply, causing inflation. 
Experts attributed the increase in consumer prices to higher corn con-
sumption because of the rapid development of fuel-ethanol. Keeping in 
view the principle that the economic growth should not threaten food 

Fig. 1. Sugarcane plantation area and production in China. A: Sugarcane plantation area in China; B: Sugarcane production in China. The solid line in red shows the 
changing trend of total plantation area (A) or production (B) in China. While the dashed line in red indicates the changing trend of plantation area (A) or production 
(B) in Guangxi province. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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security, the National Development and Reform Commission immedi-
ately suspended approval of stale-grain-ethanol projects through the 
announcements of “Notice on Strengthening the Construction and 
Management of Biofuel Ethanol Projects" and “Promoting the Healthy 
Development of Industry and the Emergency Notice on Suspension of 
Corn Processing Projects." 

In 2006, China issued the first law for renewable energy. This 
renewable energy law encouraged clean and efficient development and 
utilization of biomass fuels [15]. Therefore, all of them under con-
struction and proposed grain-based projects were halted, and simulta-
neously, implementation of the non-grain alternative strategy was 
carried out. Since then, the 1.5th and 2nd generation of bioethanol has 
been promoted by using cassava, sweet sorghum, and fiber feedstock. 
The demonstration projects of cassava fuel ethanol in Guangxi, sweet 
sorghum stalk fuel ethanol in Inner Mongolia, and cellulose fuel ethanol 
in Shandong were approved. 

The third stage of bioethanol development in China was modified in 
the 13th FYP. The policy of fuel-ethanol was considered seriously. The 
State Energy Administration issued the “Pilot Program for Ethanol 
Gasoline for Vehicles" and “Rules for the Implementation of the Pilot 
Work for Ethanol Gasoline for Vehicles." Through these developments, 
the promotion of ethanol-gasoline production was recognized as a 
strategic measure to alleviate the shortage of petroleum resources, 
improve the environment, and contribute towards a sustainable 
economy. 

In December 2016, the 13th Five-Year Plan for the Development of 
Biomass Energy was issued, which put forward the idea of expanding the 
production and consumption of cellulosic fuel ethanol through techno-
logical improvements. The development of cellulosic ethanol was the 
main direction while monitoring the total amount of grain fuel ethanol 
and properly developing cassava, sweet sorghum, and another fuel 
ethanol project (according to the biomass and resources availability) 
was also addressed. In September 2017, several ministries and com-
missions jointly issued the requirements regarding “Implementation 
Plan for Expanding the Production of Biofuel Ethanol and Promoting the 
Use of Vehicle Ethanol Gasoline." This implementation plan aimed to 
promote the usage of ethanol-gasoline as vehicle fuel nationwide by the 
year 2020. Moreover, this plan also targeted large-scale production of 
second-generation ethanol in China. 

Keeping in view a history of ethanol production in China and perti-
nent policies, it is evident that the legislation and governmental prior-
ities have dramatically influenced ethanol production. Hence, for the 
fuel-ethanol industry, policy orientation is fundamental. In the current 
scenario, it is inevitable to expand the production of fuel ethanol and 
promote its use in China. 

3.2. Status of bioethanol production in China 

China’s fuel ethanol industry has implemented a strict industry ac-
cess system with fixed-point production, targeted sales, closed circula-
tion, and government pricing. The companies for fuel-ethanol 
production need to be approved by the government and qualified for 
fixed-point procurement before they can supply two major oil com-
panies, China Petroleum and Gas Group (PetroChina) and China Petro-
chemical Group (Sinopec). To avoid harmful competition, the 
government has restricted the supply areas as well. Major companies 
involved in fuel-ethanol production in China have been summarized in 
recent studies [20]. Both corn and wheat were used as feedstocks for the 
1st generation of grain ethanol in Zhongliang Biochemical (Anhui), Jilin 
Fuel Ethanol, and Zhongliang Biochemical Energy Co., Ltd. Tianguan 
Group produces both the 1st and the 2nd generation ethanol; Inner 
Mongolia Zhongxing Energy and Guangxi Zhongliang Biomass Energy 
Co., Ltd. primarily utilize cassava as feedstock; Guotou Guangdong 
Biomass Energy Co., Ltd. typically employs sweet sorghum stalk as 
feedstock to produce the 1.5th generation of non-grain ethanol; and the 
Shandong Longli Biotechnology Co., Ltd. primarily uses corn cob residue 

as feedstocks to present the 2nd generation cellulosic ethanol. Addi-
tionally, some new units having a capacity of about 4.8 million tons of 
fuel-ethanol production are under construction. CITIC Biotechnology 
Investment Co., Ltd. and Tiefa Coal Industry (Group) Co., Ltd. are jointly 
setting up a unit in Tieling city to produce 300,000 tons of fuel ethanol 
annually using corn as a feedstock. Moreover, CITIC Bioenergy (Helen) 
Co., Ltd. and Tiancheng Corn Development Co., Ltd. plan to build new 
projects to generate 300,000 tons of corn fuel ethanol yearly. Further-
more, Hubei Tianguan Bioenergy Co., Ltd. is anticipated to engender 
100,000 tons of potato fuel annually, while a project of 100,000 tons of 
cassava fuel ethanol per annum is underway by Jiangxi Yufan Bioenergy 
Co., Ltd. Besides, Lisheng Biorefinery Co., Ltd. also intends to set up an 
integrated factory in Inner Mongolia that will supply nearly 350,000 
tons of fuel ethanol per year (employing corn, sorghum, and straw as 
feedstocks). 

Overall, currently, corn is the primary source of ethanol production 
in China. For example, in 2018, about 87% of China’s fuel ethanol 
production was corn-based, 11% was cassava and sugarcane-based, and 
the remaining 2% relied on cellulosic feedstocks. At present, the con-
sumption of fuel ethanol in China is about 3–3.5 million tons, of which 
the self-produced is about 2.5–3 million tons, and the import is about 
600,000 tons [21]. Bestowing the policy of “Implementation Plan for 
Expanding the Production of Biofuel Ethanol and Promoting the Use of 
Vehicle Ethanol Gasoline," nearly 15.7 million tons ethanol is required 
for the national consumption of E10 gasoline. For an operating rate of 
95%, the total production capacity of fuel ethanol should reach 16.52 
million tons per year, far higher than the current production. Therefore, 
there is still a big gap that needs to be filled between fuel 
ethanol-producing and consuming in China. 

3.3. The Brazilian experience with biofuels 

3.3.1. Instigating factors and commencement of bioethanol program in 
Brazil 

Building on Brazil’s long-standing sugarcane industry, the Proalcool 
program was initiated in 1975 to scale up ethanol as a gasoline 
replacement in passenger vehicles. Responding to the oil crisis that 
significantly increased imported fuel prices, the federal program’s ac-
tions covered the entire system and mobilized actors from the public and 
private sectors. It comprised a mix of instruments including coordina-
tion of research and development (R&D) efforts and pricing measures to 
incentivize ethanol production from sugar mills. At first, the program 
introduced the (anhydrous) ethanol blend to national gasoline. After-
ward, with the second oil crisis in 1979, it was marked by the intro-
duction of hydrated ethanol (E− 100) in ethanol-dedicated vehicles [22], 
which were the majority of new car registrations from 1983 to 1989 in 
the country [23]. 

Subsequently, changes in political and economic circumstances 
altered the sector’s dynamics. A period of low oil prices, international 
sugar prices recovery and market liberalization reforms reducing the 
role of the state caused a relative stagnation of ethanol production [22], 
with an interruption of ethanol offer in pump stations and consequently 
a lack of interest of consumers in ethanol-dedicated vehicles. 

A renewed opportunity towards ethanol came at the start of the 
2000s. Flexible fuel vehicles, able to run on any mixture of gasoline and 
ethanol, were introduced to the Brazilian market in 2003, and by 2005 
were already dominant in sales [23]. This new period also coincides 
with new climate policies and the introduction of targets for the 
reduction of greenhouse gas (GHG) emissions in the transport sector, 
while drop-in biofuels were regarded as the most readily available so-
lution. With the increase in ethanol production, its costs decreased 
significantly, and nowadays, ethanol is often economically competitive 
with gasoline without any subsidies [24]. 

This new status increased the prospects for ethanol exports by the 
Brazilian sugarcane industry, depending on its competitiveness abroad. 
Nowadays, the use of sugarcane crops to produce ethanol is seen as a 
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significant option in the international market, considering the energy 
balance and the carbon avoided compared to other options [24]. 

3.3.2. Policies and governmental support 
The choice for an adequate crop is an essential issue since it must 

take into account several aspects for each country. In Brazil, in the 
1970s, there was a huge discussion to choose an adequate crop, mainly 
comparing cassava and sugarcane, since both were used here. The final 
decision from the Federal Government, for sugarcane, considered two 
facts: there was already an organized sector for sugar production and a 
better energy balance for sugarcane ethanol compared to cassava [25]. 
During the 2000s, Brazil introduced its biodiesel program based on 
mandatory blends to fossil diesel, with the Brazilian Biodiesel Program 
[26]. The blend level has continuously been increasing and is currently 
at 12%, with plans to expand to 15% in the near future [27]. 

The system of refueling station’s commercializing ethanol-blended 
gasoline, and pure ethanol (E− 100) has been continuously reinforced, 
offering a choice for the consumer with a flexible vehicle – 93.9% of new 
cars registrations in 2019 [23]. Simultaneously, it puts ethanol and 
gasoline in direct competition and strengthens energy security by pro-
tecting the market from individual product price fluctuations. Despite 
the intense penetration of E− 100, gasoline consumption is still higher 
than ethanol in the country. In 2018, gasoline provided 21.6 million tons 
of oil equivalent (Mtoe) to the country’s road transport sector, while 
ethanol was responsible for 15.7 Mtoe, representing 42.2% of the 
gasoline-ethanol system. Around two-thirds of the ethanol supply was in 
the form of E− 100 [28]. 

Throughout the years, investment in R&D and responses to demands 
for a more sustainable system in economic, environmental, and social 
aspects introduced essential changes to ethanol production [29]. 
Notably, there was a significant increase in agricultural and industrial 
productivity, with the transition from manual to mechanized harvesting, 
which eliminated the need for field burning and improved labor 
conditions. 

Ethanol has been supported by preserving a mandatory blend of 
gasoline (currently at 27% in volume), reducing the state-level tax rates, 
and the federal gasoline tax. However, there are no subsidies paid to 
producers. However, during the 2010s, the sector has been through a 
crisis, with multiple companies facing high debt levels. Many studies 
have investigated this situation finding a variety of causes, including 
increases in production costs, higher costs of credit following the 2008 
financial crisis, and government’s action to control fuel prices using the 
national oil company Petrobras and withdrawing the gasoline tax for a 
prolonged period [30,31]. 

Although economics was the main driver for introducing the Proal-
cool Program in the 1970s, the environmental benefits of using ethanol 
all over the country have been demonstrated. There was not only the 
carbon avoided emissions when replacing gasoline by around 80% 
[32–34], but also a significant reduction on other pollutant emissions, 
such as particulates, mainly in big Brazilian cities [35]. When discussing 
environmental issues, it is essential to mention that ethanol production 
in the country had no impact on deforestation or food supply, as 
analyzed in previous publications [24]. Sugarcane only occupies 9.9 
million hectares (Mha) [36], both for sugar and ethanol production 
while also delivering surplus electricity to the grid, from the almost 400 
Mha of arable land in the country, producing 42% of all fuel consumed 
by light vehicles. 

The latest policy development in Brazil is the new National Biofuels 
Policy, named RenovaBio [37], passed into law in 2017. It creates a 
system of carbon credits (CBios, equivalent to 1 ton of CO2eq), awarded 
to biofuel producers considering individualized lifecycle GHG emissions 
reductions compared to a reference fossil fuel. In turn, the CBios must be 
purchased by fuel distributors, according to national 10-year decar-
bonization targets for the fuel supply and each company’s market share. 

As the emissions calculation is based on each biofuel producer’s 
route, inputs and yields, the policy creates incentives for low carbon 

biofuels expansion and the reduction of the carbon intensity in their 
production. Therefore, it is expected to stimulate innovations in these 
directions, the adoption of improved agricultural and industrial prac-
tices and technologies, and different options for the use of residues. The 
price signal can be distinguished as many studies point to opportunities 
[38] for productivity improvements, novel processes, and direct in-
terventions to reduce emissions, e.g., biogas from vinasse [39,40] and 
carbon capture and storage [41,42]. 

In addition, the policy introduces a long-term planning instrument 
with the definition of national targets, which could contribute to sending 
appropriate signals to stakeholders. RenovaBio’s contribution is in line 
with the proposals of the country’s NDC (National Determined Contri-
bution) under the Paris Agreement [43,44]. 

The policy includes all emissions in the agricultural and industrial 
phase, but it does not quantify emissions for land-use change (LUC). The 
LUC approach is based on risk management mechanisms by creating 
eligibility criteria to approve carbon credits generation that draws on 
existing LUC control policies [45]. First, the biomass feedstock must be 
produced in an area with no suppression of native vegetation from the 
date of policy approval. The area must also comply with the national 
registry of rural properties (Cadastro Ambiental Rural), implying con-
servation requirements based on the property’s localization. 

This Brazilian experience and the lessons learned appear to be rele-
vant to other developing countries like China. In addition to the policies 
mentioned above, there are also logistics aspects essential for a biofuels 
program. Biofuels distribution to consumers is often seen as an issue. In 
Brazil, by law, any station (anywhere) in the country must have one 
dedicated pump for (hydrated) ethanol (E− 100), in addition to the one 
for the gasoline-blend (with 27% anhydrous ethanol). All large car 
manufacturers are in Brazil and produce the flex vehicles, able to run 
with any blend of gasoline-ethanol, and consumers can have the choice 
[46]. 

In the case of other developing countries aiming to start a biofuels 
program, it is possible to be launched through a gasoline blend, starting 
with a 10% ethanol blend. Despite the unique world experience of the 
huge penetration of compatible (flex) vehicles in Brazil, the model of 
(anhydrous) ethanol blend to gasoline could safely be replicated in other 
countries up to the 10% level, with any change in existing engines, as 
suggested by a study sponsored by the World Bank and UNDP [47]. 

3.4. Critical analysis of bioethanol production between Brazil and China 

Brazil is already a world leader in ethanol biofuel production from 
sugarcane. As evident from the previous section, Brazil has a complete 
history of sugarcane-based biofuels that led to the nation’s adoption of 
bioethanol. The national policies have been supporting sugarcane bio-
ethanol for decades. Due to supportive policies, bioethanol has already 
penetrated the market, especially after the introduction of flex-fuel ve-
hicles, and it has become a consumers’ preference as well. Moreover, 
environmental concerns have led the Brazilian government to promote 
bioethanol. Brazil has a relatively smaller population and hence lower 
demands for sugar. On the other hand, China is the largest country 
concerning the total population in the world and, hence, has enormous 
demands for sugar. Consequently, Brazil is an exporter of sugar while 
China imports this commodity. Another prime difference is that Brazil 
does not face limitations related to land availability for sugarcane 
cultivation, as encountered by China. Due to limited land, sugarcane is 
cultivated on small plots in China, impacting the yield and mechanical 
crop production. On the contrary, sugarcane production is widely 
mechanized in Brazil, lowering production costs. High sugarcane pro-
duction costs are a significant snag regarding the first-generation 
ethanol production in China. 

This section compares Brazil and China in terms of their bioethanol 
production, industrial capacity, feedstocks, and market penetration, 
based on the Global Agricultural Information Network (GAIN) Report of 
2019 [21,48]. In China, due to the newly implemented expansion of fuel 
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ethanol blending plans in 2017, the total production and consumption of 
fuel ethanol primarily increased. In 2019, fuel ethanol production in 
China was estimated at 4311 million liters, which showed a net increase 
of 1400 million liters over 2018. However, it significantly lagged behind 
Brazil that produced 34.45 billion liters in 2019, about eight times over 
China (Table 1). Comparing the total sugarcane production in both 
countries, China should produce 4.91 billion liters of bioethanol from 
sugarcane at the same rate. Nevertheless, China has a relatively higher 
population and hence, more domestic sugar demands vs. Brazil. 

Regarding the feedstocks used for fuel ethanol production in Brazil, 
almost all fuel ethanol is produced from sugarcane (over 99%; less than 
1% comes from corn kernels). It is also inconspicuous but worth noting 
that Brazil has industrialized bagasse cellulosic ethanol as well. The 
country utilized about 0.25 million tons of bagasse to produce cellulosic 
ethanol in 2019 (Table 1). As mentioned above, in China, the primary 
feedstock of fuel ethanol is corn grain, followed by cassava. Although 
some of the molasses from sugarcane are used for ethanol production. 
The cost of fuel ethanol production is an essential factor in determining 
its industrialization. The average production cost of ethanol from sug-
arcane is about $0.25–0.3 per liter in Brazil. In China, the cost of 
engendering ethanol from corn, molasses, and lignocellulose is $0.63, 
$0.29, and $0.74 per liter, respectively. The significant differences in 
production costs arise from the characteristics of feedstocks. Sugarcane 
juice and molasses can be directly fermented to produce ethanol. Corn 
grains need to be hydrolyzed and then fermented, and lignocellulose 
requires intensive processing such as pretreatment, hydrolysis, and 
fermentation. The ethanol production from molasses is cost-effective; 
whereas, it is slightly pricey from lignocellulose. However, the 
lignocellulose-based ethanol has the advantage of no competition with 
the food. 

Regarding industrial capacity for bioethanol production as of 2019, 
there are 370 units of sugar-ethanol in Brazil with a nameplate capacity 
of 43,105 million liters. Besides, there are three cellulosic fuel ethanol 
refineries having a capacity of 127 million liters. In China, the number of 
refineries producing the 1st generation biofuel ethanol is 14, with a total 
capacity of 5257 million liters. Cellulosic ethanol has not been 
commercialized in China yet. Although the country has one cellulosic 
fuel ethanol refinery with 65 million liters, it is not operational 
(Table 1). 

Although many provinces and cities have adopted E10 gasoline in 
China, the actual compliance of retail gasoline fuel formulations sub-
stantially varies within a given transportation fuel market. It has been 
estimated that the overall blend rate of ethanol gasoline in China was 
2.5% in 2019. On the other hand, Brazil has already commercialized 
ethanol-blended gasoline and pure ethanol (E− 100). Flexible vehicles 
have also been introduced in Brazil and the consumers have a choice to 
opt for any blend of bioethanol or other fuels. A total of 93.9% of new 
cars registered in 2019 were flex-fuel vehicles [23]. Therefore, the 
overall blend rate of ethanol gasoline in Brazil is as high as 53.7% 
(Table 1). 

There is a significant gap in the development and adoption of fuel 
ethanol between China and Brazil. Although China has been committed 
to promoting bioethanol in recent years, the ethanol sector faces chal-
lenges to produce sufficient fuel ethanol to meet the ambitious E10 
goals. The implementation of China’s E10 consumption target is chal-
lenging at the current pace of market development [21]. Therefore, 
there is still a long way to go for China to develop its bioethanol sector. 

4. Sugarcane bioethanol production in China 

4.1. Status of sugarcane bioethanol production in China 

In China, molasses is the primary feedstock for the production of 
bioethanol from sugarcane. Molasses is a by-product of sugar extraction 
from sugarcane. In the sugar production process, about 35 kg of 
molasses is produced per ton of sugarcane (~one ton of molasses pro-
duced along with three tons of sugar). In 2019, the total output of 
sugarcane in China was 108.1 million tons, which theoretically pro-
duced 3.8 million tons of molasses. However, in China, molasses is also 
employed in the production of yeast and other industrial products. 
Market rules regulate the actual proportion of distribution. For example, 
in 2015, the alcohol industry dominated the market consuming around 
60% of the total molasses. While the yeast industry used 30%, and the 
remaining 10% went to sauce color, feed, cement, and other fields. In 
2018, the use of molasses increased in yeast production, reaching 67% of 
the total available molasses, while the alcohol sector consumed only 
24% [49]. If 50% of the available sugarcane molasses is used to produce 
bioethanol, about 400,000 tons of bioethanol could be produced. 

There are two modes of sugarcane molasses-based ethanol produc-
tion in China. In one of these approaches, sugar mills directly use sug-
arcane molasses to produce ethanol. In this scenario, the cost of molasses 
ethanol production is relatively low. However, this approach is used 
during the sugarcane crushing season only. This model is mainly 
employed in Yunnan province. In another production model, bioethanol 
enterprises purchase molasses from sugar factories and produce ethanol. 
In this approach, ethanol production is not limited only to the sugarcane 
crushing season. This model is mainly used in Guangxi, the leading 
sugarcane producing area in China. 

There are about 30 molasses alcohol factories in Guangxi, with an 
annual production capacity of 540,000 tons. However, the ethanol 
produced from sugarcane molasses in China is mainly used in liquor and 
other beverages because of its low purity. For example, about 600,000 
tons of ethanol was produced from molasses in 2010, and all of it was 
designated to beverages [8]. The molasses ethanol market also faces 
particular challenges in China. For instance, the ethanol produced from 
molasses offers relatively lower profits despite its higher sales price 

Table 1 
Comparison of bioethanol production between China and Brazil in 2019.    

Chinaa Brazilb 

Bio-ethanol production Total bio-ethanol 
production (billion 
liters) 

4.311 34.45 

Total domestic 
demand for ethanol 
in 2019 (billion 
liters) 

4.394 33.93 

Ethanol blend E10 E27 
Cost （$/liter） 0.63 for corn; 0.74 

for Cellulosic; 
0.29 for molasses 

0.25–0.30 

Ethanol end-use industrial 
chemicals and fuel 
ethanol 

fuel 
ethanol 

Refineries producing 
first-generation, bio- 
based fuel ethanol 
(million liters) 

Number of 
refineries 

14 370 

Nameplate capacity 
(million liters) 

5257 43,105 

Capacity use (%) 82 73 
Refineries producing 

cellulosic fuel ethanol 
(million liters) 

Number of 
refineries 

1 3 

Nameplate capacity 65 127 
Capacity use (%) 0 35 

Feedstock use for fuel 
ethanol (103 metric 
ton) 

Sugarcane na 412,500 
Corn kernels 8994 3357 
Wheat kernels 500 na 
Cassava (dried 
chips) 

1424 na 

Bagasse for 
cellulosic fuel 

na 0.25 

Market penetration 
(million liters) 

Fuel ethanol use 4394 31,775 
Gasoline use 176,291 59,171 
Blend rate overall 
(%) 

2.5 53.7  

a data from GAIN report CH19047 [21]. 
b data from GAIN report BR19029 [48]. 

Source 
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compared with ethanol from corn and cassava. This can be attributed to 
the fact that because of higher sugarcane production costs in the coun-
try, the feedstock cost of sugarcane molasses is higher. Hence, many of 
the issues related to molasses ethanol route back to sugarcane produc-
tion, improving which could enhance the worthiness, cost-effectiveness, 
and market penetration of molasses ethanol. 

4.2. Challenges to juice-based sugarcane bioethanol production in China 

Presently, the bioethanol production in China is mainly based on the 
1st generation approach that uses stale corn as a feedstock; the primary 
purpose of this strategy is to balance the enormous domestic maize 
stocks, maintain the price of maize, and stabilize the farmers’ income. 
Although sugarcane is one of the most promising feedstocks for the 1st 

generation bioethanol production and has formed a dynamic production 
regulation model of sugar-alcohol linkage in Brazil [50], it is compli-
cated to replicate the same in China for the following two primary 
reasons. 

4.2.1. High cost but limited land for sugarcane production 
As discussed in section 2.2, low mechanization in field management, 

the high price of land lease, lack of new varieties, and excessive use of 
chemical fertilizers are the primary problems in sugarcane production 
that lead to high costs of sugarcane stalks. Moreover, only limited land is 
available for sugarcane production in China. For a comparison with 
Brazil, the figures for sugarcane production in the two countries are 
presented in Table 2. Despite having lower plantation area and overall 
production, the cost of sugarcane production in China is almost five 
times higher than Brazil’s. Admittedly, the production cost of fuel 
ethanol is a crucial factor in determining its industrialization. As could 
be calculated, at the current cost of sugarcane production, the cost of 
juice-based sugarcane ethanol would be four times the price in Brazil. 
Hence, the sugarcane ethanol could cost around US$1.0-US$1.2 per liter 
that is even higher than the tariff for cellulosic ethanol. Therefore, the 
crop production costs and limited plantation area are critical factors in 
sugarcane ethanol development in China. Hence, the first lesson from 
Brazil in this regard should be the diminishing of the sugarcane pro-
duction costs by improving crop varieties, introducing mechanization, 
increasing plot sizes for sugarcane cropping, and ameliorating crop and 
ethanol production technology. 

4.2.2. Shortage of sugar production in China 
China’s annual total sugar consumption ranks the third in the world. 

Although both sugarcane and sugar beet are planted for sugar produc-
tion in China, only 10% of the Chinese sugar is produced from sugar beet 
(cultivated in colder elevated northern areas). The remaining 90% of 
sugar production is obtained from sugarcane [51]. The production of 
sugarcane has a direct impact on the total output of sugar in China. 
Statistical analysis showed that from 2012 to 2018, sugarcane produc-
tion in China showed a descending trend leading to a continuous decline 
in total sugar production in China (Fig. 2). However, sugar production in 
China cannot presently fulfill the rising domestic demands [6]. The total 
amount of sugar production in China has always been lower than the 
total consumption in the past ten years. Therefore, China imports 3–4 
million tons of sugar every year (Fig. 2). Contrarily, Brazil is an exporter 
of sugar, and hence it has options to use sugarcane crops for other 
purposes. Also, for China, a significant gap exists between sugar prices at 

the domestic vs. the international market, which has caused a surge in 
total sugar imports over time. The cost of sugar production in China is 
over US$850/ton, twofold of the same in Brazil and Australia [9]. 
Consequently, because of the sugarcane crop situation, rising sugar de-
mand, and the sugar industry’s current status, sugar security remains a 
concern in China. 

China has high domestic sugar demands that introduce a hurdle 
regarding secondary uses of sugarcane. Moreover, as depicted in the 
figure, China is an importer of sugar and its sugar imports have 
increased over the years in the past. 

4.3. Perspectives of bagasse bioethanol production in China 

The global fuel ethanol industry is already upgrading from the 1st 

generation (using grain and sugarcane as raw materials) and the 1.5th 

generation (using cassava and sweet sorghum as raw materials) to the 
2nd generation technology (which employs agricultural and forestry 
waste as feedstock) [52]. In the 13th FYP of China, the direction for 
developing fuel ethanol is defined as vigorously developing the cellu-
losic ethanol, controlling the total amount of food fuel ethanol, and 
moderately developing cassava, sweet sorghum, and other fuel ethanol 
according to the resource conditions. Keeping in view the long-term 
strategy of China, the development of cellulosic ethanol technology is 
inevitable. 

In the 2nd generation biofuel production, the plant cell walls con-
taining polysaccharides (such as cellulose and some of the hemicellu-
lose) can be hydrolyzed and fermented into ethanol. Current bioethanol 
production from sugarcane relies on the first-generation production 
system, based on using extracted sucrose for this purpose. Nevertheless, 
sugar part of sugarcane counts for only one-third of the biomass. The 
remaining two-third fraction is constituted by bagasse and leaf residues 
[53,54]. Therefore, as the main co-product of sugarcane crushing after 
juice extraction, bagasse exhibits a unique perspective for cellulosic 
ethanol production. 

4.3.1. High theoretical yield potential of bagasse bioethanol 
Sugarcane is one of the crops having the highest yield per unit area. 

The theoretical potential of sugarcane dry biomass production is 177 
tons per hectare or 381 tons per hectare of the fresh weight biomass [6]. 
The per unit area sugarcane yield in Guangxi was 82 tons per hectare in 
2018, highlighting the fact that a large gap of improvement exists, and 
the crop yield can be significantly augmented further. Theoretically, one 
ton of sugarcane yields approximately 0.30 tons of bagasse [55], and 
therefore, about 25 tons of bagasse could be produced per hectare. The 
details of the residues and the theoretical ethanol production from 
sugarcane and other crops in China are listed in Table 3. Notably, 

Table 2 
Comparison of sugarcane production between China and Brazil.   

China Brazil 

Plantation area (million hectare) 1.405 10.184 
Yield (Ton/hectare) 76.94 74.48 
Output of sugarcane (million tons) 108.10 758.55 
Production cost ($/ton) ~57 15.5  

Fig. 2. Status of sugar production, imports, and exports in China. *Data from 
the National Bureau of Statistics of China. 
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sugarcane exhibits the highest per unit area yield in terms of crop resi-
dues as well as lignocellulosic contents, which is 3–4 times higher than 
other main food crops (Table 3). 

Given that about 110 million tons of sugarcane are produced every 
year in China (Table 2), nearly 33 million tons of bagasse could be 
available. Hence, in theory, about 6.5 million tons of ethanol can be 
produced from bagasse every year. 

4.3.2. High-density distribution of bagasse 
Unlike fossil fuels with high energy density, lignocellulosic bio-

energy has a very low energy density and relatively small energy effi-
ciency. The low energy density and long-distance transportation reduce 
its worthiness. Thus, the spatial distribution of crop residues seems to be 
very important. The more scattered distribution of feedstocks means the 
lower net energy gains. Also, the lower the density distribution of crop 
residues, the higher input required for bioenergy production. The sig-
nificance of this issue is evident from the fact that in 2017, the Ministry 
of Finance (MOF) offered subsidies as high as $1.5 million to $3.0 
million for collecting and utilizing straw as an energy feedstock. How-
ever, the cost of gathering and transporting biomass for cellulosic pro-
cessing exceeded the local authorities’ subsidy. Such benefit-cost ratios 
are crucial for crop straw collection and utilization in energy production 
[21]. 

A representation of the regional distribution of wheat, rice, and corn, 
the main food crops in China, has been presented in Fig. 3. It is evident 
that the distribution for all these three resources is widely scattered and 
the straw biomass of a single province does not exceed 30% of the total 
(Fig. 3). Contrarily, sugarcane is mainly concentrated in Guangxi, 
Yunnan, and Guangdong provinces (Autonomous Region). In particular, 
Guangxi Zhuang Autonomous Region, whose sugarcane output accounts 
for more than 65% of the total, shows a substantial advantage in terms of 
spatial distribution of the biomass. 

Wheat, rice, and corn are widely scattered in the country and the 
straw biomass of a single province does not exceed 30% of the total. 
Contrarily, sugarcane is mainly concentrated in Guangxi, Yunnan and 
Guangdong provinces. In particular, Guangxi Zhuang Autonomous Re-
gion showed promising spatial distribution of the biomass. 

The calculation for spatial distribution density of crop residues was 
employed to compare sugarcane and those other main food crops in 
China (Table 4). The value of crop residues distribution density was 
calculated by dividing crop residues into different administrative areas. 
The administrative areas with limited crop production were omitted to 
achieve a more accurate analysis. The remaining regions that make up to 
90% of the crop yields in the country were taken into account. The re-
sults showed that rice had the highest straw distribution density (59.0 
tons/km2), followed by corn. The value for bagasse distribution density 
was 38.9 tons/km2, which was slightly higher than that of wheat. 

The harvest and transportation of straw are the first steps in ligno-
cellulosic bioethanol production, and therefore, the economic perfor-
mance needs to be considered during these processes. The use of the 

straw of non-sugar crops (such as rice, wheat, and maize) requires 
additional collection/transportation costs as straw and grain are not 
harvested with the crop simultaneously. On the other hand, bagasse is a 
by-product of sugarcane processing and does not involve extra collection 
and transportation expenses. This fact diminishes the associated costs at 
least by half, significantly enhancing its competitiveness for the ligno-
cellulosic bioethanol industry. Therefore, we put forward the adjusted 
crop residue’s economic distribution density to measure its potential. A 
correction index value was set at 2.0 and 1.0 for sugarcane and other 
grain crops, respectively, to make this logical adjustment to the calcu-
lation. Finally, the adjusted economic density was determined on the 
basis of spatial distribution density and the corresponding correction 
index. As shown in Table 4, sugarcane exhibited the highest adjusted 
economic density value, illustrating a compelling expected residues 
utilization efficiency. 

Moreover, taking a view of sugarcane specific regional distribution, 
Guangxi showed an immense advantage for bagasse bioethanol pro-
duction. Guangxi is known as the “sugar capital" of China. As has been 
shown in Table 4, the adjusted calculation for the economic density of 
sugarcane in Guangxi reached 186.2, which is much higher than the 
average value. This value should indeed be high because in Guangxi, 
sugarcane crop is very much concentrated in several areas such as 
Chongzuo, Laibin, Nanning, and Liuzhou City. Moreover, the construc-
tion of the “double-high" base, implemented by the Chinese government, 
has further increased the distribution density of sugarcane in the prov-
ince. Therefore, the high-density distributions of this feedstock in 
Guangxi would reduce the cost of bagasse ethanol production to a great 
extent. Further, Guangxi adopted the closed promotion of ethanol- 
gasoline consumption as early as 2008. Taking account of bioethanol 
marketing, the demand for bagasse ethanol is expected to even increase 
in Guangxi as it could be engendered and consumed in synchronization 
with other operations of the industry. Also, Guangxi has experience with 
the 1.5th generation cassava bioethanol, which can provide some posi-
tive reference for bagasse ethanol production and sales. 

Taken together, compared with other major food crops in China, 
sugarcane demonstrated better and concentrated regional distribution, 
and cost-efficiency. Bioethanol production from bagasse has a signifi-
cant advantage in terms of higher industrial distribution density of 
biomass. In particular, Guangxi, as the largest sugarcane producing 
province, shows great potential for bagasse-based ethanol. 

4.3.3. Cost-efficiency for disintegration process 
Cell wall recalcitrance is a crucial problem in the lignocellulosic 

bioethanol production process. Discrete types of cell walls exhibit 
different requirements for biomass digestibility. The primary cell wall, 
composed of the main components of cellulose, hemicellulose, and 

Table 3 
Residues and ethanol production from sugarcane and other crops in China.  

Feedstocks Crop 
yield (t/ 
ha)a 

Residue to 
crop ratiob 

Crop residues 
yield (t/ha) 

Theoretical ethanol 
yield (t/ha)c 

Wheat 5.4 1.29 6.9 0.9 
Rice 6.9 1.01 7.0 1.1 
Corn 6.0 1.67 10.0 1.3 
Sugarcane 74.0 0.23 17.0 3.0  

a Averaged crop yield data in the latest five years (2014–2018); raw data was 
downloaded from NBSC. 

b Residue to crop ratio derived from earlier reports [56,57]. 
c The conversion ratio for each crop was calculated based on its cellulosic 

contents; cellulosic contents of the crops were obtained from previous studies 
[58–61]. 

Fig. 3. Major crop residues distribution in China.  
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minor pectin, tends to be easier to digest. On the contrary, the secondary 
cell wall is challenging to break as it is filled with a lignin-hemicellulose 
complex that hinders the enzymatic hydrolysis by reducing cellulose 
accessibility [62,63]. Compared with other non-sugar crops, the pro-
portion of the primary cell wall in sugarcane stalk is higher during the 
harvest period. Therefore, under the same biomass pretreatment con-
ditions, bagasse samples offer much higher enzymatic hydrolysis effi-
ciency [64–66]. 

By the way, during the cellulosic ethanol production process, 
lignocellulosic straw from the crop residues usually needs to be broken 
into pieces before use. This is an energy-consuming process and there-
fore, has monetary outcomes for the industry. Notably, this process is 
already done during sugarcane squeezing, which saves the cost of 
biomass pretreatment. 

4.4. Optimization of bagasse ethanol production 

When compared with other crop residues, sugarcane bagasse exhibits 
substantially advantageous performance and characteristics for the 2nd 

generation ethanol production. Nevertheless, efficient approaches to 
convert it into cellulosic ethanol for large scale industrial production 

need to be adopted. The following improvements may increase the 
prospects of bagasse-based ethanol production in China. 

4.4.1. Reduction in sugarcane production costs 
High production costs and low sugarcane output are the major 

problems of the sugarcane industry in China, which makes it less 
competitive internationally. Mechanization is the key to reducing costs 
involved in sugarcane production. Labor costs account for half of the 
total sugarcane production expenses. To decrease such costs, the Chi-
nese government has set up the “Double-high" base that integrated small 
pieces of land into large ones, to make them fit for full mechanization. 
Besides, increasing the crop yield is another way to reduce the average 
sugarcane production costs. At present, the average yield of sugarcane in 
China is relatively low (below 75 tons per hectare). Still, it shows a high 
potential of increase if the “Double-high" base construction is 
completed. Moreover, prolonging the age of ratooning is also another 
option to save several costs. Currently, the average age of the ratooning 
cane is two years, and if extended to four or five years, it will save 
numerous planting costs involved in sugarcane production. 

Table 4 
Comparison of residues density distribution between bagasse and other crops.  

Crops Region Crop yield 
（million 
tons） 

Crop residues 
production (million 
tons) 

Percent of 
total (%) 

Area (104 

km2) 
Crop residues 
density (tons/km2) 

Averaged crop residues 
density (tons/km2) 

Adjusted 
economic density 

Wheat Henan 33.1 36.4 26.8 16.7 217.8 33.7 33.7 
Shandong 22.5 24.8 18.3 15.4 161.2   
Anhui 14.3 15.7 11.6 14.0 112.7   
Hebei 13.6 15.0 11.1 18.8 79.9   
Jiangsu 11.5 12.6 9.3 10.3 123.1   
Xinjiang 5.8 6.3 4.7 166.0 3.8   
Shanxi（陕陕 
西西） 

3.9 4.3 3.2 20.6 21.0   

Hubei 3.9 4.3 3.2 18.6 23.0   
Sichuan 3.2 3.6 2.6 48.1 7.4   
Gansu 2.6 2.9 2.1 45.4 6.4   

Rice Hunan 26.5 26.7 13.0 21.2 126.2 59.0 59.0 
Heilongjiang 24.3 24.6 11.9 45.5 54.1   
Jiangxi 20.4 20.6 10.0 16.7 123.4   
Jiangsu 18.6 18.8 9.1 10.3 182.8   
Hubei 17.1 17.2 8.4 18.6 92.7   
Anhui 15.0 15.2 7.4 14.0 108.8   
Sichuan 14.7 14.9 7.2 48.1 30.9   
Guangxi 10.8 10.9 5.3 23.6 46.2   
Guangdong 10.4 10.5 5.1 18.0 58.5   
Jilin 6.0 6.0 2.9 18.7 32.1   
Yunnan 5.6 5.7 2.7 38.3 14.8   
Zhejiang 5.2 5.3 2.6 10.2 51.7   
Chongqin 4.9 4.9 2.4 8.2 59.7   
Henan 4.7 4.8 2.3 16.7 28.5   
Liaoning 4.4 4.5 2.2 14.6 30.7   

Corn Heilongjiang 31.5 52.6 14.1 45.5 115.6 55.2 55.2 
Jilin 26.1 43.5 11.7 18.7 232.3   
Shandong 22.9 38.2 10.3 15.4 248.7   
Inner 
Mongolia 

20.8 34.7 9.3 118.3 29.3   

Henan 20.0 33.4 9.0 16.7 200.1   
Hebei 18.1 30.1 8.1 18.8 160.6   
Liaoning 15.0 25.0 6.7 14.6 171.7   
Shanxi (山山西西) 9.0 15.0 4.0 15.6 96.0   
Sichuan 8.7 14.6 3.9 48.1 30.3   
Xinjiang 7.6 12.7 3.4 166.0 7.6   
Yunnan 7.3 12.2 3.3 38.3 31.9   
Shanxi (陕陕西西) 5.7 9.5 2.6 20.6 46.2   
Anhui 4.9 8.1 2.2 14.0 58.0   
Gansu 4.8 8.0 2.2 45.4 17.7   
Guizhou 3.5 5.8 1.6 17.6 33.1   
Hebei 3.1 5.1 1.4 18.6 27.6   

Sugarcane Guangxi 73.3 22.0 65.9 23.6 93.1 38.9 77.8 
Yunnan 17.5 5.2 15.7 38.3 13.7   
Guangdong 12.9 3.9 11.6 18.0 21.5    
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4.4.2. Improvement of sugarcane varieties through traditional and novel 
transgenic approaches 

Obtaining high-quality biomass raw material is a fundamental way 
to reduce cell wall recalcitrance costs. The desired sugarcane cultivars 
that have characteristics conferring easy degradability can be bred from 
existing germplasm resources. Further, these identified phenotypes can 
be integrated into the high-yielding commercial varieties by crossing 
them with promising genotypes through breeding programs. Such ef-
forts have great potentials to yield successful outcomes. Several new 
cultivars with over 150 tons per hectare of cane yield were released by 
Guangxi University in 2019, including Zhongzhe 1, Zhongzhe 6, and 
Zhongzhe 9. 

Traditional breeding has been extensively exploited especially for 
improvements in sugar contents of the crop. The traditional approaches 
of crop improvement are extremely arduous for sugarcane improvement 
because of its polyploid and aneuploid nature, and huge genome [67, 
68]. Therefore, transgenic techniques can be exploited to target the 
traits of interest both for crop improvement as well as to target potential 
genes for optimal bioethanol production, especially the 
second-generation bioethanol. Enhancing the resilience and stress 
tolerance in sugarcane varieties through transgenic methods can 
significantly reduce the production costs and improve cane yield, which 
are the major issues regarding sugarcane production in China. 

It is also possible to explore the options of enhancing biomass rather 
than sugar content of the sugarcane, a concept that has emerged as 
“energy cane" and has yielded promising outcomes in other countries 
[69]. In one of such efforts, the aim of producing higher yields and fiber 
contents have already been achieved and incredible yield of 380 t/ha 
have been obtained in energy cane genotype against the average yield of 
up to 80 tons/ha for traditional cane varieties [70]. The earlier aim of 
breeding efforts for yielding better sugar content always put a barrier on 
biomass improvement; focusing on the biomass instead through trans-
genics can help cross the metabolic blockades. However, there would be 
a need to carefully analyze prospects of such sugarcane varieties for 
bioethanol production in China and to determine whether they could be 
feasible against other sources of biomass in the country. Also, the 
commercial aspects of the second-generation bioethanol production 
from energy cane would need to be investigated. 

The fiber part of the sugarcane is constituted by three major com-
ponents namely, cellulose, hemicellulose, and lignin. The lignin part of 
the cell wall reduces the accessibility of cellulose and hemicellulose; 
thus, hindering the digestibility and limiting the activity of cellulolytic 
enzymes [71]. The manipulation of complex cell wall composition of 
sugarcane through biotechnological approaches have opened new ave-
nues for engineering lignin to enhance ethanol yields, as well as 
cost-efficacy of the second-generation ethanol fuels from sugarcane 
[72]. 

The genetic modification of the sugarcane cell wall can be employed 
to amend the expression of critical genes associated with cell wall 
biosynthesis [73–84]. The transformation approaches can be used for 
overexpressing or silencing functional genes related to cell wall recal-
citrance. Such techniques have been attempted to improve the cell wall 
structures for degradation though decreasing the lignin content via 
down-regulating the genes related to the lignin synthesis [85–90], 
reducing the network between lignin monomers [91–94], lessening the 
FA content by locking-down the expression of BAHD genes to diminish 
the interaction between lignin and hemicellulose [95–97], reducing the 
lignocellulosic acetyl content [98–110], and modifying the cellulose 
structures [111–115]. 

Although the transgene stability is still a challenge as it seems to 
occur in a large proportion of genetically modified sugarcane plants, 
success in improving bagasse digestibility has been reported in sugar-
cane by reducing the lignin contents and interfering with cell wall net-
works [116–122]. Moreover, efforts are still underway to explore novel 
tactics that could enhance the sugarcane cell wall digestibility with 
minor effects on plant growth. If such attempts are successful, sugarcane 

will not only meet the needs of sugar production but also provide 
cost-effective opportunities for the production of bagasse-based ethanol. 
Besides, the sequencing of the sugarcane genome is also anticipated to 
contribute to marker-assisted selection for sugarcane improvement 
significantly. Hence, the industry in China in the coming years may use 
substantially sugarcane as a bioenergy source [123]. 

4.4.3. Optimization of bagasse pretreatment methods 
In principle, the 2nd generation bioethanol processing comprises of 

three key steps, including physical and chemical pretreatment, hydro-
lysis (enzymatic), and fermentation (yeast-based), which carry-out 
lignocellulosic destruction, release fermentable sugars and produce 
ethanol, respectively. Currently, available lignocellulose recalcitrance 
approaches are too expensive [124]. Thus, although the cellulosic 
ethanol production process using bagasse as a feedstock has advantages 
against other non-sugar crop straws, it faces technical challenges about 
costs of production which need to be overcome to employ this process on 
the industrial basis [125]. In terms of physical, chemical, and biological 
approaches, the suitable biomass pretreatment methods for bagasse can 
be explored to improve the degradation efficiency and reduce the pre-
treatment costs [126]. Zhang et al. [127,128] developed an efficient 
pretreatment method using the optimal concentration of FeCl3 for 
enhancing the enzymatic hydrolysis of sugarcane bagasse. An 
AFEX™-based method has also been reported to be a practical pre-
treatment approach for sugarcane residues as it provides higher sugar 
recovery and enzymatic hydrolysate fermentability [129,130]. 

Moreover, the integrated approach of tracking the influence of 
H2SO4 and NaOH (microwave-assisted) treatments on sugarcane 
bagasse is considered a potential technique in this regard [131]. Addi-
tionally, ionic liquids (IL) also offer an excellent alternative pretreat-
ment approach [132]. Likewise, a combination of aqueous choline 
ornithine and metal salt FeCl2 has also been used to enhance the effi-
ciency of IL pretreatment and further reduce the costs of the process 
[133]. NaOH pretreatment of cane bagasse under vacuum conditions 
has been suggested to decrease the inhibitor production and enhance 
biomass digestibility [134]. Sodium methoxide (CH3ONa) can be 
employed in combination with glycerol pretreatment (CWGP) to 
ameliorate the hydrolysis of bagasse [135]. 

Dozens of pretreatment approaches have been explored to remove 
the complex structures between hemicellulose and lignin and to increase 
the cell wall pore size to enhance cellulose accessibility. Once bagasse 
pretreatment methods are improved through physical, chemical, or 
biological approaches, the process efficiency, as well as the cost to profit 
ratio for bagasse-based ethanol, would increase dramatically. Such de-
velopments could lead to a significant shift in the handling of sugarcane 
crop by the industry all over the world, including China. 

4.4.4. Support through government policies 
Fuel ethanol is a typical policy-driven industry. The United States 

and Brazil have embarked on a market-oriented road for sugarcane in-
dustry development through supportive policies, which suggest a useful 
reference for China’s sugarcane industry as well. Currently, the Chinese 
government has promulgated relevant policies on specific critical points 
for developing cellulosic ethanol, which provides higher theoretical 
space for the adoption of bagasse-based ethanol. China already has E10 
bioethanol blend goals. This blending level can serve as a starting point 
for launching higher blending programs in the future. The current Chi-
nese policy of backing of bagasse-based ethanol is realistic for the case 
study of China. However, governmental policies need to provide more 
support for improving sugarcane production through investment in 
R&D. It is crucial to lessen the sugarcane production costs in the country 
not only for the bioethanol program but also for enhancing sugarcane 
crop potential. Moreover, policies regarding the exploration of new 
potential bioenergy sources such as “energy cane” should also be pro-
moted so that its feasibility could be assessed, especially against Cas-
sava. Further, support for increasing awareness regarding the 
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environmental benefits of biofuels is also a necessity to enhance the 
public acceptance of bioethanol blends. 

5. Practical implications 

Sugarcane is recognized as a sugar and energy crop in the world. 
Considering the current situation of sugarcane production as well as fuel 
ethanol development in China, this study preliminarily explored the 
potential ways for sugarcane bioethanol development in the country. 
The limitations of the study include the fact that the study compared 
only two backgrounds viz. China and Brazil. The comparison with na-
tions employing other sources of biofuels in future studies would be 
interesting as China also has diverse biomass and lignocellulosic re-
sources available. Also, the public acceptance of bioethanol in China 
remains a question. Because of several reasons analyzed in this study, 
the most important being high domestic sugar demands, the first- 
generation ethanol biofuels do not seem to have a foreseeable future 
for the Chinese market. In spite of being a huge producer of sugarcane, 
the country’s crop production system, market scenario, and history of 
policies significantly vary from Brazil. However, our critical analysis 
showed that compared with other crop straws, bagasse exhibits high 
concentrated geographical distribution and the characteristics of 
omitted feedstock processing as well as low cell wall recalcitrance, 
depicting significant economic advantages for cellulosic ethanol pro-
duction. Since the Chinese government strongly supports the develop-
ment of cellulosic ethanol, this study suggests that bagasse-based 
cellulosic ethanol could be the pioneer for the 2nd generation bioenergy 
development in China. In this regard, R&D efforts are required to 
enhance the economic feasibility of the second-generation bioethanol 
production. Also, vigorous investment in the sector and subsidies from 
the government are needed. 

6. Conclusions 

Sugarcane is the leading sugar crop in China, and its production is 
related to national sugar safety. This review examined China’s potential 
and bottlenecks for sugarcane biofuels production and conducted a 
critical analysis of relevant policies vs. the Brazilian model of sugarcane 
derived biofuels. Further, the prospects of bagasse-based lignocellulosic 
ethanol were also evaluated and its theoretical yield, as well as density 
distribution, were assessed. The study revealed that the sugarcane 
ethanol biofuel system has some exceptional characteristics such as high 
crop yields per unit area, fast growth, and possibilities to produce the 
second-generation bioethanol. It was seen that bioethanol production 
from sugarcane, primarily through the second-generation approaches, 
can add supplementary economic benefits towards sugarcane produc-
tion in China. Sugarcane showed the highest crop residue yield of 17 t/ 
ha and theoretical bagasse-based bioethanol yield potential of 3 t/ha 
against 1.3, 1.1, and 0.9 t/ha for corn, rice, and wheat, respectively. For 
other sources of biomass, the straw biomass of any single province did 
not exceed 30% of the total. While sugarcane showed excellent distri-
bution in Guangxi, Yunnan and Guangdong provinces. Moreover, it was 
also determined that sugarcane bagasse does not obligate extra trans-
portation costs. Hence, in this study, sugarcane bagasse was recognized 
as a promising option for the second-generation bioethanol production 
in China. The Chinese government has assumed a series of measures to 
promote the domestic sugar industry; however, the success of sugarcane- 
based bioenergy production also demands strenuous efforts in terms of 
research and development for the second-generation ethanol produc-
tion, improvement in sugarcane varieties through traditional and 
biotechnological approaches, adoption of mechanized cropping, and 
support through the government policies. Moreover, public acceptance 
of bioethanol in the country would also need to be assessed. Neverthe-
less, bagasse-based cellulosic ethanol exhibits clear advantages over 
other options, showing functional perspectives in the future following 
suggested developments. 
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