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Abstract. China is an energy starved country that has faced a severe energy crisis for the last
few decades. In response to China’s increasing dependence on non-renewable fuels, the
Chinese government has discussed current and potential biomass energy resources as well as
energy conversion and promotion policies. Bioethanol production has proven to be
environmentally friendly and energy-efficient and is a potentially important source of
renewable fuels. However, the uneven distribution of water and the implementation of the
Three Red Lines water conservation policies may limit the development of bioethanol in
China. From the perspective of water footprint (WF), this paper analyzes the water
requirements of producing bioethanol from crop straws, and shows that water consumption in
the bioethanol conversion stage is less than that in the crop growth stage; in other words,
producing bioethanol from crop straws may be more water-efficient than that from grains or
non-grain crop because water that would be consumed for grain growth is already being
allocated to the agricultural sector. There is an abundance of crop straws of approximately
150.71 million tons that can be used for bio-ethanol production in China; if converted, 41.83
billion L ethanol would be produced annually, and an amount equal to 4 times China’s fuel
ethanol production in 2014. According to a crop straws and water resource conditions, the
provinces of Jilin, Shandong, Henan and Sichuan are the best for developing bioethanol from
crop straws however, variations in the local availability of water resources and crop straws
prevent us from drawing immediate conclusions about which crop straws would be most
suitable for bioethanol production in China.
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1 Introduction

Due to the twin crises of greenhouse gas emissions and growing energy demand,
worldwide countries have actively developed alternative energy plans to reduce their
dependence on fossil-based energy [1,2]. Biomass energy will undoubtedly play an
important role in tackling the world’s energy consumption problems [3]. According to
the IEA World Energy Outlook 2015, biomass constitutes approximately 15% of total
primary energy consumption and continues to expand rapidly. Currently, 84% of the
world’s total ethanol from biomass is already being generated in the US and Brazil.
However, there remain significant challenges to be addressed because continuing the
use of food grains as feedstock will increase already fierce competition for arable land
and water with food production and adversely affect market prices and food security
[4,5].

To estimate the potential for biomass development in the future, bioethanol
production using various feedstock options have received widespread attention.
Detailed descriptions and quantitative analyses of biomass for bioethanol production
show that the biomass resource base is large enough to cover a substantial share of
energy consumption [5]. In addition, several alternative feedstock sources are being
investigated as solutions to meet energy demand. For example, reed and woody
biomass can both be used to produce cellulosic ethanol [6,7]. Li et al. assessed the
potential ethanol feedstock supply potential of non-food crops within the PRC
(People's Republic of China) and found that sweet sorghum has the greatest potential
[8]. Microalgae are potentially important sources of liquid renewable energy but are
not yet produced on a large scale [9]. Tian et al. have explored how cassava, sweet
potato and similar root crops could be developed as bioethanol feedstock on unused
land suitable to their geographical and agricultural production requirements [10]. All
of these studies suggest that non-cereal feedstock have huge potential for the
development of bioethanol production, but such development would increase food
prices, causing greater food insecurity, while non-food feedstock may compete for
water and land resources with food crops.

There has been much debate over how large-scale biomass resources should be
developed [11]. In particular, China is the one of the countries with severe water
scarcity in the world, the freshwater resources per capita in China is only around a
quarter of the global average and water resources per unit irrigated area is one fifth of
the world average [ 12]. Extreme uneven distribution of water resources has aggravated
the difficulty of water resources utilization, limiting the further increase of agricultural
production [13]. At mean time, the “three red lines” policy is fully implemented in
2012, which sets targets of total maximum blue water consumption (670 billion m? in
2020) [14], this is resource constraints for bioethanol development in China.
Bioethanol production from crop residues, by-products of farming, could conserve
water and land resources without major adverse effects on the nation’s food supply
[15]. A variety of methods have been assessed and reviewed for the conversion of
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lignocellulose into bioethanol [16]. Although many studies have assessed the amount
and distribution of crop residues available for conversion into biofuels [17-19], these
studies rarely take water resources or the type of crop residue into consideration.

Water and energy both drive and constrain human development, and water is a
major input to bioethanol production that must be considered [20]. The water footprint
(WF), introduced by Hoekstra [21], 1s indicator could measure water use in relation to
production or consumption and tool for calculating. The research on WF has been
deepened in order to solve the problem of water shortage in China [22,23]. WF
computations are used to provide detailed process-based evaluations of water
requirements of various food and non-food feedstock for bioethanol [24,25]. These
evaluations are helpful for selecting the most water-efficient crops and the best regions
in which to produce bioenergy [26,27] and more comprehensively analyze all links
associated with the consumption of water. It is important to consider the different
regions’ level of development, as well as the impact of bioethanol production upon
competition for water; this article focuses on Chinese mainland, which consists of 31
provinces, autonomous regions and municipal cities, and assesses water consumption
in bioethanol production from crop residues in China.

This paper is structured as follows: Section 2 illustrates the proposed
methodology, and Section 3 makes an estimate of the availability of crop straws based
bioethanol, calculating average green- and blue- WFs of the growth and conversion of
10 crop straws categories in China, as well as the withdrawal-to-availability ratio of
different provinces in China, while Section 4 examines the water demand of bio-
ethanol production based on the bioethanol development plan set by the government
for 2020, and bioethanol development in the rich straw resources provinces. Finally,
some conclusions are presented in Sections 5. This paper will contribute to a shift
towards bioenergy production by identifying the most suitable provinces for
bioethanol production and evaluating the appropriate scale of straw-based bioethanol
development in China.

2  Method and Material

2.1 The frame of bio-ethanol production

To calculate the scale of bio-ethanol development, a water demand/water
limitation (WDWL) model is devised to represent the whole process (shown in Fig.
1). The first module is divided into two water use processes including crop growth
stage and straw conversion stage water use. Water use in crop growth stage refers to
the water consumed by crop growth, while water use in straw conversion stage refers
to the water directly consumed by bio-ethanol production. The second module
describes the limitation of regional water resources by local precipitation, water
resource stress and the water resources available in different provinces. Taking
domestic water, agricultural water, industrial water and ecological water use into
account, the model must determine whether available water resources can support the
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development of bio-ethanol from crop straws, so the second module is designed to

evaluate regional water resources.
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Fig. 1 Schema of water demand and water limitation (WDWL) at the regional level

2.2 Method

2.1.1 The yields of crop straws

The national utilization plan of straw resources involves not only the efficient
utilization of renewable resources from the whole agroecosystem but also a shift in the
energy structure. The crops studied in this paper include rice, wheat, maize, beans,
tubers, oil-bearing crops (groundnut, rapeseed), cotton, and sugar crops (sugar cane,
sugar beet). The estimated ton of each crop’s yield (Wey,i) in China is the average
between 2005 and 2014. The crop-to-residues index (CRI) is defined as the ratio of
the dry weight of residues to the total crop weight [3]. The yield of each crop residue
(W) can be calculated by the following formula:
Wi= Wy, i XCRI (D)

2.1.2 WEF in bioethanol production

This study focuses on comparison WF in different stages and discussion about
water availability, and only calculates green and blue components of WF. The blue
WF (m?/ton) refers to the volume of surface and groundwater consumed to produce a
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good; the green WF (m?/ton) refers to the amount of rainwater consumed [24]. There
are crop growth and refinery conversion stages to consume water resources.

WF in crop growth

This paper takes a complete growing season of the plant into account based on
FAO program CROPWAT model to calculate water demand of crop. The core of
CROPWAT is Penman-Monteith method which is believed to be able to estimate
potential evapotranspiration more realistically than other methods [28]. The formula
of Penman-Monteith method is:

0.408A(Rn—-G)+y xﬂx Uzx(es-en)
(T+273) @)
A+7v(1+0.340>)

Where ET, is reference evapotranspiration (mm), A is the slope of the vapor
pressure curve (kPa/°C), vy is the psychrometric constant (kPa/‘C), Rn is the net
radiation at the crop surface (MJ/m2d), T is the average air temperature ('C), U, is the
wind speed measured at 2 m height (m/s), es is the saturation vapor pressure (kPa) and
en is the actual vapor pressure (kPa), P is the gross monthly rainfall.

The total crop water demand (CWR) should compensate the evapotranspiration
loss from the cropped field [29], which associated with reference crop evapo-
transpiration (ET,) which is estimated by Penman-Monteith model and the crop
coefficient (K¢). In CROPWAT model, Effective Rain (P fr) can be calculated by US-
DA, SCS model.

ETo =

CWR=ETO xKc (3)

125

off =
125+ 0.1P P > 250 mm/m

)

As usual the irrigation water requirements basically represents the difference
between the CWR and P eff. When Peff is more than CWR, the water demand of crop
could total depend rainfall, there no need irrigation. WF crop, blue is the total irrigation
water used during the growing period, which is dependent on the amount of green
water used and actual irrigation water (IR). In practical operating, crops are most time
under the condition of insufficient irrigation. When the actual irrigation is less than the
difference between CWR and Pefr, the actual irrigation is blue water for crop growth.
WF green=[10 x min (CWR, P ¢r) xA]/Wi ®))

{ 0 0> CWR-P o
WF blue= (10 X min (IR, CWR-Peff,) X A]/Wi 0 < CWR-P . (g)
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Where A is the area planted with crops (ha) and W is the yield of crop straw (tons).
The total WF can be calculated as flow:

WFstraW =WF straw. green + WFstraW, blue (1)

There is bioethanol conversion rates (f ethanol) (ton straw/ L eanot) [1] to replace
the relationship between crop straw and the volume of ethanol which is produced by
crop straws. The WF in crop growth stage could be shown as follow:

WEF (L water/ L ethanol) = WF (m?/ton) x f ethanol (ton / L ethanol) X 103(L water / m?) (8)

WF in refinery conversion stages

Surface water and ground water in the conversion stage used for bio-refining is
all blue water; there is no green water during the production process. The value of WF
bo, blue (L water/ L ethanot) 18 derived from the total volume of freshwater (W o) used during
the production process and is divided by the volume of bioethanol produced, Le.

WF bo blue = Weo 9

€

2.1.3 withdrawal-to-availability ratio (WTA)

China faces many serious water-related problems, including water shortages and
water pollution, and the government has introduced the Three Red Lines policies for
the sustainable development of water resources in response [30]. These policies were
fully implemented in 2012 and set regional and national targets for total water use,
water use efficiency for industry and agriculture, and water quality improvements.
China aims to restrain its total water consumption below 670 billion m? by 2020.The
withdrawal-to-availability ratio (WTA), also known as the critical ratio, reflects the
balance of water demands and water availability [31]. Where WW represents water
withdrawals in 2014, and WA is the most ambitious total water consumption target for
2020.

wTa= YW (10)

WA
2.3 Data sources

The data sources used in this paper include (1) Climate data come from 820
meteorological stations of the Chinese ground climate data. The majority of the
stations have complete record of climatic variables from 1955 to 2014, such as
maximum and minimum air temperature at 2m height, precipitation, relative humidity,
wind speed and sunshine duration at a daily time step, which is required for green and
blue water estimate;
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(2) The agricultural yield of different crops in the nation and regions could be
obtained from Statistical year books, such as China Agricultural Statistical Yearbook
and China Statistical Yearbook.

(3) The Water Resources Bulletin issued by China Ministry of Water Resources
contains water supply and water use by years, as well as irrigation water use, which is
used to estimate water withdrawal and IR based on the ration of the area sown to the
total area planted. The total control refers to delimitation (initial water allocation) of
the quantity of water resources available for provinces (autonomous regions and
municipalities) could be obtained from the most stringent water resources management
system.

(4) The targets of bioethanol development could refer to national plans, including
the 12th-Five-Year Plan for Renewable Energy Development and Medium- and Long-
Term Plan for Renewable Energy,

(5) some parameters could be obtained from literature surveys, such as crop
coefficient (Kc), crop-to-residue index (CRI) and water consumption rates in crop
straw-to-bioethanol production processes (f ethanot).

3 Result

3.1 Spatial distribution of straw biomass in China

Estimates of straws in China are calculated based on crop yield and CRI. CRI for
each type of crops in China are derived from previous literatures [3,32]. The total yield
of crop straws in China is estimated to be approximately 846.71 million tons per year.
The three main straw are maize, rice and wheat, which account for 80% together and
42%, 23% and 15%, separately (Table 1). Due to differences in climate, socio-
economic development and traditional customs, there are huge differences among
planting preferences between regions and there is notable regional disparity in the
straw distribution. Rice is the staple food of southern China, so rice straws are
abundant in Hunan, Jiangsu and Hubei Provinces. Wheat and maize are the main foods
in northern China, so straws of wheat and maize are rich in Heilongjiang, Inner
Mongolia, Hebei and Jilin Provinces. Additionally, straws of sugarcane are rich in
Guangxi, Yunnan and Guangdong Provinces, with the percentage as high as 92% of
national output of sugarcane straws. Hubei, Hunan, Sichuan and Anhui Provinces have
abundant straws of oil crops.
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Table 1 average crop straws yield of different crop in China from 2005 to 2014

Sown Yield Residues
Crop (million hasy-  (million toney- CRI (million toney-
1) 1) 1)

Rice 29.63 194.65 1.0 194.65

Wheat 23.90 114.45 1.1 125.90

Maize 31.99 178.29 2.0 356.59
Beans 11.09 18.61 1.7 31.64
Tubers 8.70 31.30 1.0 31.30
Groundnuts 4.42 6.66 1.5 9.99
Rapeseed 7.00 15.11 3.0 45.33
Cotton 5.06 13.01 3.0 39.03
Sugarcane 1.65 113.86 0.1 11.39
Sugar beet 0.20 9.06 0.1 0.91

Total 124.22 697.30 / 846.71

The spatial distribution of crop straws is influenced by climate conditions and

physical properties (Fig. 2), crop straws distribution varies from province to province
and the production is concentrated in China’s northeastern region, the North China
Plain, and the Chengdu Plain. The provincial statistical analysis results show that the
majority of straw production is concentrated in Heilongjiang, Henan, and Shandong
Provinces. Together, these three provinces account for almost 28% of the entire
nation’s production. The provinces with the least crop straws are Tibet, Shanghai,
Beijing, Qinghai and Tianjin, which is less than 3 million ton. Take cost efficiency
into consideration, uncollectable crop straws, such as low density, small yield or
scatter, could be used for animal feed, fertilizer and so on, which are important ways
for direct utilization of crop straws.
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Fig 2 Map of farmland distribution and crop straws of different regions in China

3.2 WF in the crop growth stage

Calculating the WF of crop growth not only contributes to a more comprehensive
understanding of the water requirements of crop residue-based bioethanol but also to
comparisons of water consumption during crop growth with conversion. On a national
scale, crops with high yield or large crop straws coefficients have small WF, while
crops with low yield or small crop straw coefficients have high WF. Table 2 shows
the WF of different crop straws, including green and blue WF, and illustrates the water
use efficiency in the crop growth stage. Cereal crop straws are the most water-efficient,
but variation in WF between cereals is also large; the WF of maize straw is relatively
small (402 m?3/ton), while that for rice straw is relatively large (903 m?®/ton). For oil
plants, we find that the WF of rapeseed straw is 952 m?3/ton and that of groundnut straw
is 1001.94 m?/ton. One ton tuber straw requires 1395 m? water, and one ton bean straw
takes 1302 m? water. The WF of sugarcane straws is 1685 m3/ton, which makes it the
least water-efficient bioethanol feedstock, followed by 1609 m?3/ton for cotton straw.
Cotton and sugar beet straws are the raw materials showing with the largest blue WF.
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Table 2. National average WF of crop straws in China Unit: m3/ton

Green WF Blue WF Total WF
Source of straws
Rice 687 217 903
Wheat 492 282 775
Maize 327 75 402
927 374 1302
Beans
Tubers 1083 312 1395
Peanut 806 196 1002
Rapeseed 746 205 952
Cofton 782 827 1609
1294 391 1685
Sugarcane
Sugar beet 407 548 955

Crop straws are inevitable agricultural byproducts. There are differences among
provinces in terms of WFs due to differences in climatic condition, crop yields and
crop management between provinces. Fig. 3 shows the average WF of 10 types of
bioethanol providing crops, including blue and green WFs, and illustrates the province
differences. Qinghai, Gansu, Xizang, Ningxia and Xinjiang Provinces have high blue
water footprints, which indicates their heavy dependence on artificial irrigation for
crop growth. The green WF component makes up more than 50% of the WF in other
provinces, indicating that crops in these regions are more reliant on rain water,
rendering them better suited to meet a low-input selection criterion. The WF in the
southern regions is larger than that in the northern regions.
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3.3 WF in bioethanol production stage

Current literatures about water consumption of bioethanol from crop straws are
more likely to focus on maize, wheat and rice straw due to comment materials for
biomass. This paper puts other crops straws into cellulosic feedstock. Consumption
analysis, based on the water consumed (in L) per L bioethanol, shows that water
consumption in the conversion stage is negligibly smaller than that in the crop growth
stage that water consumption in the grow crop stage is more than 30 times in the
conversion stage, and maize straw are the most water-efficient (table 3). If 846.71
million tons crop straws are used for bioethanol, there will acquire 235 billion L
bioethanol. In the process of crop growth, blue water is consumed 175 billion, however,
this part of blue water has been calculated in agricultural water use, and there will
consume 1.6 billion for conversion.
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Table 3. Water footprints of bioethanol production

WF in straw

WF in crop grow stage .
conversion stage

Ethanol
Items Blue conversion Blue
WF Source WF (L vate/L. - WF (L Source
rate ethano]) water/L
(m3/t0n) ethano])
(L ethanol /tOIl)
Rice 216.59 200 [1] 1082.96 5.4 [33]
Wheat 282.34 246 1147.74 6.17
[34] [35]
Maize 75.32 375 200.85 6.28
Beans 374.19 2044.73
Tubers 311.71 1703.31
Groundnut 195.69 183 [33 95]_ 1069.36
Rapeseed  205.33 1122.02 [40-
11.59 431
Cotton 826.84 4518.26
Sugarcane  390.76 220 [1] 1776.19
[35-
Sugar beet  547.68 183 39] 2992 .81

3.4 Water limitation for bioethanol development

Water withdraw is about 609 billion m?® in 2014 which accounts for 91% of total
water consumption of the Three Red Lines water policy targets in 2020. According to
Figure 4, only three provinces with water withdrawal are under 70% of the Three Red
Line targets set for 2020. There are 11 provinces which water withdrawal have exceed
the 90% of targets in 2020, will face more serious water restrictions, and water
withdrawal in 5 provinces have been more than total amount control of water resources,
such as Heilongjiang, Jiangsu, Anhui, Gansu and Xinjiang Province , where are the
major agricultural provinces. If developing grain-based or non-grain ethanol in these
provinces, agricultural irrigation water is bound to increase and water resources is the
important limitation. Compared water consumption in the crop growth stage and
conversion stage, crop straws have the potential to provide a strategic sources of
bioethanol.
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4  Discussion and Conclusion

4.1 Uncertainties

Water consumption in straws conversion stage is much smaller than that in crop
growth stage, which illustrates lots of extra water resources will be consumed for crop
growing, this conclusion could be found in [44-46]. Bioenergy crops would compete
for land and water resources with food production causing food security challenges,
while crop straws can reduce the competition with crops and increase the efficiency of
agricultural residue use. Although China has vast crop straws and bioethanol is
favorable for environmental protection and sustainable development, there are some
uncertainties for developing bioethanol from crop straws, such as improvement in
water productivities of production technology, water consumption during collection
and transportation of crop straws because the distribution of the crop is relatively
dispersed so that collecting crop straws will require many materials and resources. At
the same time, production cost is significant factors for developing bioethanol from
crop straws at current stage. However, this paper provides some insights into the
possible consequences of bioethanol development from crop straws under various
types of crop straws, and water consumption.
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4.2 Water demand for bio-ethanol from straws in 2020

According to its Medium-term and Long-term Development Plan for Renewable
Energy, China is expected to produce 10 million tons of bioethanol per year by 2020.
Consequently, we assume that 1 million ton of bioethanol will be obtained from straws
by 2020, equal to 1.27 billion L ethanol. Table 3 shows straws from maize, rice, wheat
and rapeseed can meet the 2020 consumption target from the perspective of total crop
straw yield; the yields of the other crop straws are too low to meet the development
plan in 2020 which it is more efficient for these straws to be left in the field as fertilizer
or animal fodder. The water consumption of maize growth is the smallest; if the
projected demand for bioethanol can be fulfilled by production from maize straw,
3.39x10° tons of straw accounting for 0.8% of the total maize straw production in
China will be required, and the process of bioethanol production will requires 11.09
x103m? of green water, 2.63x10%m? of blue water. However, water consumption in the
crop straw growth stage has been calculated as part of agricultural water consumption;
the additional blue water demand in the conversion stage for 2020 targets is
0.08x10%m?. These figures also show that bioethanol from crop straws is more water-
efficient than bioethanol from grain.

Table 4. Water requirements for the targeted production of bioethanol in 2020

. water .
Available Straw use for ) . water requirement
requirement in .
Crop straws for development in conversion stage
. . crop grow stage 3 3
straw bioethanol plan in 2020 (10° mY) (10° m’)
illion t illion t
(million tons) (million tons) Green Blue Blue
Rice 36.35 6.35 43.62 13.75 0.0686
Wheat 23.70 5.16 25.41 14.58 0.0784
Maize 73.20 3.39 11.09 2.55 0.0798
Beans 5.24 64.36 25.97
Tubers 5.86 75.16 21.63
Groundnut 4.46 6.94 55.95 13.58
Rapeseed 7.48 51.78 14.25 0.1472
Cotton 3.65 54.30 57.38
Sugarcane 2.19 5.77 74.70 22.56
Sugar beet 0.21 6.94 28.24 38.01

4.3 Water demand for bioethanol in the rich straw resources provinces

The ratio of water use in the agricultural, industrial and domestic sectors is
currently kept at 6.3:2.3:1.4. The proportion of agricultural water use will decrease to
60% of the total by 2030, with corresponding increases in the industrial and domestic
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water use proportions. As a result, water allotments for agriculture will be nearly
impossible to increase and the yield of agriculture is stable. The main approach of
straw utilization in China is to return the straw to the field as fertilizer, and only 17.8%
of crop straws were used for bioenergy purposes based on the 12th Five-Year Plan.
17.8% of 846.71 million tons crop straws is 150.71 million ton, and 41.83 billion L
bioethanol could be acquired and an amount equal to 4 times China’s fuel ethanol
production in 2014. In fact, competition for water use between the industrial, domestic
and agricultural sectors intensifies and strict water targets are imposed in different
provinces, there will be a need to assess the water resources and the yields of crop
straws at the provincial level. Due to large production and relatively centralized, this
paper analyzes water consumption of bioethanol from maize, wheat and rice straws in
major producing provinces. Taking the yields of crop straws and water resource
availability into consideration, Heilongjiang, Anhui and Jiangsu provinces have rich
straw resources, however local water resources have exceeded the total amount control
of available water resources so that the three provinces are not suitable for developing
bioethanol. Because maize, wheat and rice straws are prolific and relative-centralized,
we estimate the production and water consumption in conversion of bioethanol from
these in select major producer provinces (table 5). If bioethanol is produced in those
provinces and 17.8% of straws were used for bioenergy purposes, 23 billion L ethanol
will be produced, requiring 1.4x10% m? of blue water resources. Sichuan Province is
endowed with both abundant water resources and high wheat and rice straw yield and
will be suitable for developing bioethanol. The situation is similar for Henan and
Shandong provinces which have affluent maize and wheat straws.
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Table 5. Straw and water requirements for bioethanol in major producing provinces

Crop ) Stra.w.use Ethanol produced Dlre.ct water
straws Region (million (x 10°Lethanol) requirements
tons) 10° m?)
Jilin 9.18 3.44 21.62
Shandong 7.10 2.66 16.72
Henan 6.22 2.33 14.65
Maize lmner 6.35 2.38 14.95
Mongolia
straw Hebei 5.87 2.20 13.82
Liaoning 5.07 1.90 11.94
Shanxi 3.22 1.21 7.58
Sichuan 2.50 0.61 3.79
Henan 6.22 1.53 9.44
Wheat o ndong 4.26 1.05 6.47
straw .
Hebei 2.62 0.64 3.98
Hunan 4.68 0.94 5.05
Rice Hubei 2.94 0.59 3.18
straw Sichuan 2.73 0.55 2.95
Guangxi 2.03 0.41 2.19
Guangdong 2.00 0.4 2.16

5. Conclusions

There is current debate about whether it is reasonable to develop bioethanol at
large scale because conflicts between a stable and an affordable food supply will
become inevitable if water is insufficient to develop bio-ethanol at desired scale. The
future barriers to bio-ethanol development in China will come from additional pressure
on water resources. This paper establishes a WDWL model for quantifying water
demand and supply on a regional basis that separately identifies WF in the crop growth
stage and conversion stage, and provides some insights into the possible consequences
of crop straws bioethanol development in terms of crop types, water availability, and
geography; it may also support energy planning efforts at the national and regional
scales.

Crop suitability and water scarcity are both regional factors that should be
analyzed before a region commits to bioethanol development. This paper indicates that
yields of straws are tremendous in China, nearly with 150.71 million tons available for
bioethanol production. In addition, this study seeks to establish a database for the WFs
of 10 types of crop straws in the crop growth stage and conversion stage. Among
possible straw feedstocks for bioethanol production, cereal crop straws have the lowest
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WF and high yield which could be used for producing bioethanol, and it is more
efficient for other crop straws to be left in the field as fertilizer or animal fodder. Water
consumption is found to be much lower in the conversion stage than in the crop growth
stage. Major producing provinces, such as Jilin, Shandong, Henan and Sichuan, will
be the priority areas to develop bioethanol from crop straws. In major producer
provinces, which are rich in maize-, wheat-and rice-straw, 23 billion L ethanol will be
acquired from spare straw, and 1.4x10® m? of blue water resources will be required for
that conversion.

In the long run, lignocellulosic ethanol based on straws have great potential to
provide a strategic sources of bioethanol from the perspective of sustainable
development in terms of water resources and energy resources. Accordingly, the
following recommendations are made for bio-ethanol production from crop straws: (1)
To manage food and water resources well, it is difficult to spare water resources from
currently cultivated crops for bio-ethanol production, so crop straws are good
candidate biomass energy feedstocks. (2) As a bioethanol feedstock, cereal crop straw
is clearly favorable to other crop straws yield, especially for those provinces with
relatively low water stress, such as Jilin, Shandong, Henan and Sichuan Provinces. (3)
Given that crop straws and water resources are distributed unevenly in China, the
national strategies for bio-ethanol development should be based on a more detailed
analysis considering regional water resources.
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