
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tpps20

Plant Production Science

ISSN: 1343-943X (Print) 1349-1008 (Online) Journal homepage: https://www.tandfonline.com/loi/tpps20

Energy Crops for Sustainable Bioethanol
Production; Which, Where and How?

Taiichiro Hattori & Shigenori Morita

To cite this article: Taiichiro Hattori & Shigenori Morita (2010) Energy Crops for Sustainable
Bioethanol Production; Which, Where and How?, Plant Production Science, 13:3, 221-234, DOI:
10.1626/pps.13.221

To link to this article:  https://doi.org/10.1626/pps.13.221

© 2010 Crop Science Society of Japan

Published online: 03 Dec 2015.

Submit your article to this journal 

Article views: 2824

View related articles 

Citing articles: 24 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=tpps20
https://www.tandfonline.com/loi/tpps20
https://www.tandfonline.com/action/showCitFormats?doi=10.1626/pps.13.221
https://doi.org/10.1626/pps.13.221
https://www.tandfonline.com/action/authorSubmission?journalCode=tpps20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tpps20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1626/pps.13.221
https://www.tandfonline.com/doi/mlt/10.1626/pps.13.221
https://www.tandfonline.com/doi/citedby/10.1626/pps.13.221#tabModule
https://www.tandfonline.com/doi/citedby/10.1626/pps.13.221#tabModule


Plant Prod. Sci. 13(3):  221―234 (2010)

Received 8 November 2008. Accepted 17 December 2009. Corresponding Author: S. Morita (anatomy@fm.a.u-tokyo.ac.jp, fax +81-424-64-
4391). 

Energy Crops for Sustainable Bioethanol Production; 
Which, Where and How?

Taiichiro Hattori1 and Shigenori Morita2 

(1National Agricultural Research Center for Kyushu Okinawa Region.1742-1 Anno, Nishino-omote, Kagoshima 891-3102, Japan; 
2Graduate School of Agricultural and Life Sciences, The University of Tokyo.1-1-1 Midori-cho, Nishitokyo, Tokyo 188-0002, Japan)

Abstract: Bioethanol is gathering attention as a countermeasure to global warming and as an 
alternative energy for gasoline. Meanwhile, due to the synchronous increase in bioethanol 
production and grain prices, the food-fuel competition has become a public issue. It is necessary 
to see the issue objectively and to recognize that the real background is the change in allocation of 
limited resources such as farmland and water. In this review, we discuss which, where and how 
energy crops should be grown to establish a sustainable bioethanol production system. Several 
combinations of crops, areas and cultivation methods are recommended as a result of a survey of 
the bioethanol production system with various energy crops. In tropical and subtropical regions, 
sugarcane can be grown in agricultural and/or unused favorable lands. In other regions, cellulosic 
energy crops can be grown in abandoned and marginal lands, including lands contaminated with 
inorganic pollutant like heavy metals and some detrimental minerals. There also is the possibility 
that, for Japan and other Asian countries, rice can be grown as an energy crop in unused lowland 
paddy field. Regarding cultivation way, energy saving is beneficial for bioethanol production 
systems irrespective of energy efficiency. On the other hand, effective energy input should be 
considered for the systems with higher energy efficiency when available land area is limited. 
Exploring and developing new energy crops and varieties, which show higher biomass productivity 
and stress tolerances under marginal conditions, are necessary for sustainable bioethanol 
production because energy crop production would be restricted mostly to marginal areas in future.

Key words: Bioethanol, Biomass, Energy crop, Energy effi ciency, Sustainability.

Biofuel made from plant biomass is recently gaining 
attention as a countermeasure to global warming and as an 
alternative to petrol. Biomass can be defi ned as “renewable 
and organisms-originated organic materials excluding 
fossil resources”. For example, plants, food waste, excretory 
substance of livestock, woody materials and used paper are 
listed as biomass. Biofuel is defined as liquid, solid and 
gaseous fuels derived from biomass. The major examples 
of biofuel are bioethanol from maize grain or sugarcane, 
biodiesel from seeds of rape or sunflower, and methane 
gas from excretory substances of livestock.

Biofuels commonly have several advantages as a 
countermeasure against global warming and as an 
alternative energy; (1) renewable, (2) carbon-neutral (to 
avoid an increase of carbon concentration in atmosphere 
because carbon released from biofuels is offset by prior 
carbon sequestration by its raw material plants), and (3) 
biomass are widely distributed unlike petrol. In addition to 
these common advantages, each biofuel has own 

characteristics. For example, biogas can be produced from 
relatively simple and small systems with higher energy yield 
(e.g. Mshandete and Parawira, 2009). This review focuses is 
on bioethanol which has a quite important advantage 
when mixed with gasoline. The advantages of bioethanol 
and the social conditions have been encouraging many 
countries to produce and utilize bioethanol. Bioethanol 
production in the world has been rapidly increasing from 
about 3,000 million kL in 2,000 to about 6,300 million kL 
in 2007 (F.O. Licht, 2007).

Bioethanol is usually classified into 3 types depending 
on the type of raw material. The first one is bioethanol 
derived from sugar-based materials such as sugarcane and 
sugar beet. The second one is derived from starch-based 
materials such as grains of maize and wheat, and root and 
tuber crops. The third one, so-called cellulosic bioethanol 
or second generation bioethanol, is made from cellulosic 
materials including crop residue (e.g. rice straw and maize 
stover) and woody materials.
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The major leading countries of bioethanol production, 
USA and Brazil, have mainly been using maize and 
sugarcane, respectively, as materials for bioethanol 
production. Especially, in the USA, recently bioethanol 
production from maize grain has rapidly increased with an 
annual increase rate during 1998 to 2006 of 12.9%, while 
bioethanol production from sugarcane in Brazil during 
the same period increased at an annual rate of 1.7%. The 
promotion of bioethanol production in the USA has 
increased the demand for maize as material for bioethanol 
instead for food and forage. Because the amount of 
bioethanol production and the market grain prices 
increased synchronously, bioethanol was highly-publicized 
as the cause of the rise in grain prices. This is the issue of 
so-called “food-fuel competition”. However, thinking 
objectively, there are many other relevant factors behind 
the  increase in grain prices; for example the drought-
caused failure of wheat production in Australia, the infl ux 
of speculative money in the grain market, the spike in oil 
price, and the rapid growth of world population. 
Therefore, including these factors, some studies were 
conducted to evaluate the significance of biofuel 
production on grain prices; Mitchell (2008) estimated that 
70-75% of the increase in food prices was ascribable to 
biofuels and related consequences such as low grain stocks 
and land use changes. In contrast, the former Secretary of 
Agriculture of USA indicated that the production of 
bioethanol accounted for only 2-3% of the increase in food 
prices. Rosegrant (2008) reported that the increased 
biofuel demand accounted for 30% of the increase in 
grain prices and it had the biggest impact on the price of 
maize. 

The estimated significance of bioethanol production 

might vary depending on the method of analysis, 
standpoint of analyst, and other factors. Meanwhile, we 
believe that all these estimations have failed to realize the 
underlying problem of food-fuel competition. The real 
background of this issue is not only the direct competition 
in the utilization of food and forage crops as materials for 
bioethanol, but also the indirect competition such as for 
allocation of limited resources (farmland, irrigation water, 
fertilizer and fossil energies) for food, forage and energy 
crops. The latter indirect competition may be an issue 
which would greatly increase its infl uence on grain prices 
in future. Recently, the interest of many countries is 
shifting from sugar- or starch-derived bioethanol to a 
cellulosic one in order to prevent food-fuel competition. 
Sometimes, in these countries, it is recognized that there 
will not be any food-fuel competition if bioethanol is 
produced from non-food cellulosic biomasses. However, it 
is necessary to realize the latent importance of the indirect 
competition. From these viewpoints, current systems of 
biomass production for bioethanol should be carefully 
reexamined. In this context, we will discuss which, where 
and how energy crops should be grown for sustainable 
production of bioethanol.

1.　Which energy crops should be grown?
Bioethanol is classified into 3 types depending on the 

raw material, and the process of conversion from the raw 
material to ethanol can be classifi ed accordingly (Fig. 1). 
Bioethanol production from sugar-rich biomasses such as 
sugarcane and sugar beet is the simplest process since the 
extracted sugar juices can be directly fermented to 
produce ethanol. Starch-derived bioethanol made from 
biomasses such as maize and wheat, require saccharifi cation 

Fig.　1.　Production processes of bioethanol from 3 types of raw materials.

PPS_4097R_Dr. Hattori1.indd   222PPS_4097R_Dr. Hattori1.indd   222 2010/06/03   13:45:522010/06/03   13:45:52



223　Hattori et al.――Which, Where and How Energy Crops Should Be Grown?

of starch to sugars before the fermentation process. In 
addition, the grains are pulverized and steamed to 
accelerate saccharification. Therefore, bioethanol made 
from starch generally requires more energy input than that 
made from sugar. The third type is cellulosic bioethanol. 
Even more energy input will be needed to soften cellulosic 
materials such as by acidic hydrolysis after the pulverization 
and steaming before the saccharifi cation process. On the 
other hand, lignin, a main co-product in the conversion of 
cellulosic biomasses, can be burned to generate electricity 
and steam. This combustion of lignin contributes to 
reduction of fossil energy input in the production of 
cellulosic bioethanol. Additionally, technologies to convert 
cellulosic biomasses to bioethanol are being further 
developed for commercial production. When we discuss 
which energy crops to be grown, these differences in 
conversion process should be considered as well as 
productivity and other characteristics of candidate energy 
crops.
　(1)　Conventional energy crops

As already mentioned, bioethanol has been produced 
from crops with high sugar or starch contents, such as 
sugarcane and maize, but the food-fuel competition and 
also low energy effi ciency are of growing concern.

Figure 2 shows the energy flow in a whole system of 
bioethanol production. The gross energy input means the 
sum of fossil energy required in the whole bioethanol 
production system including production, transportation 
and conversion of biomass. The gross energy output, 
usually, includes the energy of produced ethanol and co-
produced materials which could be supplied outside of the 
system. For example, distillers grain, which is co-produced 
with maize-derived bioethanol, could displace animal feed. 

On the other hand, if combustible co-products are 
energetically recycled within the system (like the 
combustion of sugarcane bagasse to generate electricity 
and steam), it contributes to decrease fossil energy input in 
conversion process. The net energy balance (NEB) is the 
difference between output and input energies, and the 
NEB ratio is the ratio between them (Fig. 2). The NEB 
ratio is often adopted to indicate energy effi ciency of the 
whole system of biofuel production (e.g. Tilman et al., 
2006).

According to the Department of Energy (DOE) in USA, 
the NEB in the whole system of bioethanol production 
from maize is currently positive (Lavigne and Powers, 
2007). However, the energy efficiency of the system is 
reported to be low; as expressed by the typical NEB ratio of 
1.34 (Shapouri et al., 2002), although it is possible to 
increase the NEB ratio by the development of agricultural 
and conversion technologies (e.g. better maize variety, 
improvement of effi ciency in fertilizer use, recycling yeast 
and enzyme in the conversion process, appropriate co-
products management). 

Bioethanol from sugarcane in Brazil, in contrast, has an 
excellent NEB ratio of 8.3 in 2002 (Macedo et al., 2004), 
and it has been further improved to 9.3 in 2005/2006 on 
average (Macedo et al., 2008). This excellent NEB ratio is 
based on easy-fermentable sugar for material as well as 
reuse of the co-product as an energy source for the 
conversion process. Thus, sugarcane has been recognized 
as one of the best biomasses for bioethanol production, 
especially in tropical and subtropical regions where 
sugarcane can thrive. Most countries, however, are located 
in the mid- to high-latitudes where meteorological 
conditions are not always suitable for growing sugarcane 

Fig.　2.　Energy fl ow in a whole system of bioethanol production.
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due to lower temperatures and/or less precipitation. In 
these areas sugar beet and sweet sorghum are recognized 
as a possible raw material for production of bioethanol 
because they can produce much sugar even in cooler 
climates. However, the energy efficiency in the system of 
bioethanol production from sugar beet is lower than that 
from sugarcane; the NEB ratio for sugar beet-derived 
bioethanol is reported to be 1.22 (Koga, 2008) and 1.60 
(Malça and Freire, 2006). Bioethanol production from 
sweet sorghum also has a low NEB ratio because of low 
sugar yield per unit biomass yield (Worley et al., 1992; 
Monti and Venturi, 2003). Therefore, development of 
better raw materials for bioethanol production is 
important in these areas.
　(2)　Cellulosic energy crops

Recent technological developments to convert cellulosic 
biomasses to ethanol have identified many plants as 
possible sources of bioethanol. Various kinds of plants have 
already been listed as cellulosic energy crops (e.g. El 
Bassam, 1998) including some well-known ones like napier 
grass (Pannisetum purpureum Schumach), switchgrass 
(Panicum virgatum L.) and reed canary grass (Phalaris 
arundinacea L.). Such cellulosic energy crops usually have 
greater biomass productivity (Table 1). Higher tolerance 
against diseases and pests, and vigorous growth even in low 
fertility or stressed conditions are also expected for these 
energy crops. These characteristics help to produce much 
more biomass per unit land area and unit energy input. In 
the USA, switchgrass is gaining attention as a promising 
cellulosic energy crop, and studies on its breeding and 
cultivation have been conducted through projects such as 

the Bioenergy Feedstock Development Program sponsored 
by the DOE. In the southern USA, similar studies have 
been done on other tropical grasses such as napier grass, 
bermudagrass (Cynodon dactylon (L.) Pers) and bahiagrass 
(Paspalum notatum Flugge). In the European Union (EU), 
Miscanthus spp., giant reed (Arundo donax L.) and reed 
canary grass, which have higher biomass productivity and 
lower energy demands in cultivation, are considered as 
possible cellulosic energy crops. In Japan, Miscanthus spp. 
is considered as a potential cellulosic energy crop for mid 
to northern regions. In addition, Erianthus spp. for 
southern to mid regions is being considered. 

Recent technological developments in making ethanol 
from cellulosic biomass have also identifi ed crop residues 
as an ethanol source. Most of the crop residues have been 
unused, for example, around 90% of maize stover is 
unused and remains in the field (Kim and Dale, 2004a). 
Because tremendous amounts of crop residues are 
annually produced in the world (Kim and Dale, 2004a), it 
is logically to use them as materials of bioethanol. In fact, 
utilization of maize stover for bioethanol production has 
been actively studied in the USA (Sheehan et al., 2004; 
Varvel et al., 2008). However, utilization of crop residues 
should be carefully considered because they are well-
known to be important to maintain sustainability of crop 
production through prevention of soil degradation, 
improvement of soil water balance, maintenance of soil 
organic carbon content and so on (e.g. McAloon et al., 
2000; Wilhelm et al., 1986; Allmaras et al., 2000; Clapp et 
al., 2000). When utilization of crop residues is planned, it is 
important to pay attention to detailed social and 

Table　1.　Summary of previously reported biomass productivity of cellulosic energy crops.

Yield
Site References

(t DM ha-1)

Napier grass 93 El Salvador Watkins and Lewy-van Severen (1951)

85 Puerto Rico Vicent-Chandler et al. (1959)

67 Okinawa(Japan) Kitamura et al. (1982)

23 Northern Germany El Bassam (1998)

Erianthus spp. 40–60 Florida (USA) Mislevy et al. (1997)

Sorghum 19–47 Southern Italy El Bassam (1998)

22–33 Central Greece El Bassam (1998)

10 Virginia(USA) Worley et al. (1992)

Miscanthus spp. 40 China El Bassam (1998)

15–26 Italy Ercoli et al. (1999)

18 Southwestern Germany Boehmel et al. (2008)

12 Konya(Turkey) Acaroğlu and Aksoy (2005)

Switchgrass 7–35 Alabama(USA) Sladden et al. (1991)

13–21 Southeastern USA Parrish et al. (1997)

10–11 Virginia(USA) Parrish et al. (1993)

Reed Canarygrass 11–19 Sweden Mediavilla et al. (1993; 1994; 1995)
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production process should be considered (e.g. Renouf et 
al., 2008). There have been many analyses to estimate how 
much GHGs could be reduced when bioethanol is used 
instead of gasoline (Table 2). Effi ciency of GHGs reduction 
largely depends on both the amount of energy input 
required for bioethanol production system and the 
proportion of renewable energy input to total energy 
requirement. These factors are affected by the type of 
energy crops utilized. 

Recently, Searchinger et al. (2008) and Fargione et al. 
(2008) raised fundamental doubts concerning the 
reduction of GHGs by bioethanol utilization, because 
previous analyses did not consider the influence of land 
use changes accompanying biomass production. An 
increase in bioethanol production would accelerate 
clearing of forests and grasslands directly by the 
enlargement of energy crops field, or indirectly by land 
reclamation of farmland for energy crops production. 
Land clearing induces emission of carbon stored in wood 
and grass to the atmosphere. Even when forest and 
grassland plants are harvested for bioethanol production, 
it is not carbon neutral because carbons stored in forest 
and grassland are very stable just as fossil fuels stored in 
deep soil layers. Taking these direct and indirect land use 
changes into account, GHGs emission were estimated to 
be increased by bioethanol utilization (Searchinger et al., 
2008; Fargione et al., 2008). Thus, it is necessary to use 
bioethanol for a long period to offset this GHGs 
unbalance. The time required to offset GHGs unbalance 
varies depending on the materials for bioethanol; Fargione 
et al. (2008) estimated that maize-derived bioethanol 
produced after clearing grassland in the central USA is 
required to be utilized for 93 years to offset the GHGs 
emission. When sugarcane is grown for bioethanol 
production in tropical grassland, the offset time is relatively 
short because sugarcane is a highly efficient material for 
bioethanol (4 and 17 years estimated by Searchinger et al. 
(2008) and Fargione et al. (2008), respectively). This 

environmental situations in each region (Wilhelm et al., 
2004). For example, crop residues are burnt worldwide 
including the USA, India, China (e.g. McCarty et al., 
2009), and this has been found to significantly increase 
aerosol and greenhouse gases (GHGs) in ambient air 
(Mittal et al., 2009; Yang et al., 2008). In other cases like 
eastern Corn Belt in USA, where soils are often wet after 
harvest, possibility of soil compaction caused by cattle 
grazing of residues remained in the field is one of the 
concerns from the viewpoint of soil conservation (Sulc and 
Tracy, 2007). In areas where rice production is dominant, 
incorporation of rice straw into lowland paddy fi elds might 
cause an increase in methane emission (e.g. Fumoto et al., 
2008). In these regions, the best use of the crop residues 
should be actively discussed, and utilization of residues for 
cellulosic bioethanol might be suitable in many cases. 

When bioethanol is produced, the NEB in the system 
must be positive as mentioned above. In the system using 
cellulosic energy crops, generation of electricity and steam 
by combusting co-produced lignin can significantly 
improve the NEB. Additionally, the energy requirement 
for growing cellulosic energy crops is much lower 
compared to those for food crops (see section 3). 
Consequently, the NEB in cellulosic bioethanol production 
system is expected to be positive and the NEB ratio is 
much higher than those of starch-derived bioethanol 
systems. For example, the NEB ratio in switchgrass 
bioethanol system is expected to be 5.4 (Schmer et al., 
2008). This indicates that cellulosic energy crops would be 
more suitable as raw materials for bioethanol compared to 
conventional energy crops other than sugarcane. 

2.　Where should energy crops be grown?
It is not so easy to answer the question where energy 

crops should be grown. We have to consider emission of 
GHGs as well, because one of the most important 
motivations for bioethanol production. Not only CO2 but 
also other gasses such as N2O emitted during biomass 

Table　2.　Reduction of greenhouse gases (GHGs) by utilization of various bioethanol instead of energy-equivalent gasoline.

GHGs reduction (%) References

Maize grain 18 Farrell et al. (2006)

12 Hill et al. (2006)

Wheat grain 49 Commission of the European Communities (2006)

Sugarcane 85–90 Smeets et al. (2006)

89 Commission of the European Communities (2006)

Sugar beet 40 Commission of the European Communities (2006)

Wheat straw 91 Commission of the European Communities (2006)

Maize stover 1061) Sheehan et al. (2004)

Switchgrass 94 Schmer et al. (2008)
1)In Sheehan et al. (2004), co-produced lignin could provide more than enough energy for conversion process and this 
surplus energy output contributed greatly to reduction of GHGs. 
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Table　3.　Summary of previous studies on fossil energy input and dry biomass yield in various energy crops production.

Energy input (MJ ha-1)1) Dry biomass
yield2)

(t DM ha-1)

Energy imput
per unit yield
(MJ t-1 DM)

References

Fertilizer Fuel Chemicals Others Total

Conventional energy crops

Sugarcane 5065 2619 829 2683 11196 19.23 582 Macedo et al. (2004)

Sugar beet 14060 7290 4600 5720 31670 14.50 2184 Koga (2008)

6700 15000 160 2030 23890 11.00 2172 Börjesson (1996)

Sorghum
(Sweet sorghum)

5441 3442 197 5633 14713 10.20 1442 Worley et al. (1992)

5510 8490 399 1506 15905 21.49 740 Monti and Venturi (2003)

Maize grain 13759 5899 3771 10571 34001 7.37 4613 Pimentel and Patzek (2005)

16097 7539 1412 1545 26593 7.75 3431 Kim and Dale (2004b)

7085 7171 1097 3022 18375 6.67 2755 Shapouri et al. (2002)

8452 6454 770 3228 18905 7.48 2527 Graboski (2002)

Rice grain 6560 13261 4910 23292 48023 7.01 6851 Saga et al. (2008)

Wheat grain 4550 2693 88 1426 8757 1.91 4585 Piringer and Steinberg (2006)

6900 4200 120 6400 17620 5.10 3455 Börjesson (1996)

7815 4300 1045 1526 14686 7.53 1950 Richards (2000)

Potato 8300 17000 360 15300 40960 7.70 5319 Börjesson (1996)

6190 9210 3200 4470 23070 8.85 2607 Koga (2008)

Cellulosic energy crops

Switchgrass 5260 5860 0 2790 13910 9.00 1546 Turhollow and Perlack (1991)

3352 4190 1257 2828 11627 8.50 1368 Pimentel and Patzek (2005)

7511 3358 253 517 11639 9.01 1292 Kim and Dale (2004b)

3625 979 435 399 5438 7.10 766 Schmer et al. (2008)

Miscanthus spp. 4710 1030 0 5052 10792 13.19 818 Acaroğlu and Aksoy (2005)

7470 3886 96 3506 14958 20.00 748 Lewandowski et al. (1995)

11970 3979 0 1911 17860 28.13 635 Ercoli et al. (1999)

Reed canarygrass 5500 3500 30 940 9970 6.50 1534 Börjesson (1996)

Sorghum
(Fiber sorghum)

8870 5010 1820 3810 19510 13.30 1467 Turhollow and Perlack (1991)

5510 8490 399 1506 15905 18.71 850 Monti and Venturi (2003)
1) In studies by Shapouri et al. (2002), Richards (2000), Börjesson (1996), Turhollow and Perlack (1991), Kim and Dale (2004b), Acaroğlu and 
Aksoy (2005) and Ercoli et al. (1999), all or a part of calculation of fossil energy input from the higher heating value. 
2) If there is no indication of moisture contents of maize and wheat grains, and switchgrass in each reference, their moisture contents were 
assumed to be 15%. For sugarcane, dry matter yield was calculated based on fresh matter yield, sucrose and fi ber contents in unit fresh matter 
yield as reported by Macedo (2004). For Miscanthus spp. reported by Acaroğlu and Aksoy (2005) and fi ber sorghum by Turhollow and Perlack 
(1991), moisture content was assumed to be 40% and 33%, respectively, from the harvested season. 

estimation indicates that sugarcane is one of the most 
promised energy crops in tropical and subtropical regions. 
When other energy crops are grown for bioethanol, the 
offset time would be several decades or more than 100 
years. 

Therefore, cultivating areas of energy crops should be 
restricted to lands currently under fallow or not expected 
to be used for food and feed production, such as 
abandoned agricultural land or marginal degraded land. 
According to Campbell et al. (2008), the global area of 

abandoned agricultural land is estimated to be 385-472 
million ha, and 1.6 -2.1 billion t of dry biomass (which is 
equivalent to 32-41 EJ of energy) could be produced there. 
This indicates that energy crop production in these areas 
could be beneficial. It is also expected that highly 
productive energy crops could shorten the offset time of 
GHGs unbalance caused by clearing these lands. On the 
other hand, excellent tolerance against various stresses will 
be necessary to ensure high and stable productivity under 
marginal environments. 
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From these points of view, a new approach can be 
proposed. The approach is to grow energy crops in areas 
that can not be used for food production due to 
contamination of inorganic pollutant like heavy metals and 
some minerals like boron and sodium (e.g. Jadia and 
Fulekar, 2009). In fact, land pollution by heavy metals and 
salts is a global issue and a great deal of land is contaminated. 
More than 100,000 ha of cropland and 55,000 ha of pasture 
in the USA, 1.4 million sites in Western Europe, one-sixth 
of arable land (about 20 million ha) in China, many sites 
in India, Pakistan, Bangladesh and so on are affected by 
heavy metals (Lone et al., 2008), and 77 million ha of 
cultivated areas in the world were affected by salt (Tester 
and Davenport, 2003). When energy crops are grown in 
such areas, not only higher biomass productivity but also 
higher accumulation capacity of contaminants and 
tolerance against them will be required. Some trials have 
already been launched or proposed using poplar, short-
rotation willow, oil-seed rape, maize and wheat as energy 
crops (Robinson et al., 2007; Volk et al., 2006; Van Ginneken 
et al., 2007). When energy crops are grown in abandoned 
contaminated areas, the food-fuel competition could be 
avoided. Furthermore, if the energy crops could absorb 
heavy metals from soil, it would contribute to changing 
non-arable land into arable land. In addition, additional 
GHGs emission due to land use changes would be cancelled 
out in a short period because carbon stored by natural 
vegetations in such areas is generally small. Cellulosic 
energy crops would be suitable for this purpose because 
they might show relatively higher stress tolerance and higher 
biomass productivity even in such conditions. Conventional 
starch-based energy crops would not be suitable for these 
areas because their stress tolerance are expected to be 
lower compared to cellulosic ones, and co-products such as 
distillers grains could not be used as animal feed due to 
toxicity of heavy metals remaining in them. 

3.　How should energy crops be grown? 
One of the most fundamental issues in growing energy 

crops for bioethanol is to increase energy efficiency, i.e. 
biomass production per unit fossil energy input and GHG 
emission. Based on previous studies, in the production 
process of conventional energy crops (other than 
sugarcane and sweet sorghum), the fossil energy input per 
unit biomass yield (MJ t-1 dry matter) is suggested to be 
relatively high (Table 3). This is partly because; (1) only 
easily fermentable parts (e.g. grains) are considered as 
yield and remaining cellulosic parts as unusable residues, 
and (2) conventional energy crops were also food crops 
and maximization of productivity of edible parts has been 
the most important breeding objective regardless of the 
extent of the energy input. On the other hand, fossil 
energy input per unit biomass yield in production process 
of cellulosic energy crops would be often lower than those 

of conventional ones, as revealed in Table 3. Briefly, 
production of 1 t dry biomass requires 2,000-4,000 MJ of 
fossil energy input for conventional energy crops other 
than sugarcane, whereas 600-1,600 MJ for cellulosic ones. 
This result is ascribable to higher biomass productivity of 
cellulosic energy crops under less energy input (less 
fertilizer and agrichemicals). Growing perennial energy 
crops such as switchgrass and Miscanthus spp., which do 
not need tillage and sowing (or planting) except for the 
first year, will also reduce fossil fuel consumption for 
agricultural machinery. This is one of the reasons why 
perennial grasses are well studied in the USA and the EU 
as candidates for energy crops (Lewandowski et al., 2003). 
However, productivity of cellulosic energy crops are 
expected to decrease in future, because their production 
would be restricted to degraded areas like abandoned 
agricultural or marginal lands as mentioned above. 
Therefore, improving cellulosic energy crops with further 
tolerance for various stresses should be of growing 
importance.

To increase biomass production per unit fossil energy 
input, minimizing fossil energy input and maximizing 
biomass production should be attempted in harmony with 
each other. There have already been several methods for 
saving fossil energy input by adopting traditional 
techniques such as inter- or mixed-cropping, crop rotation, 
water harvesting, minimum and no tillage. These 
techniques generally have less negative effects on the 
environment. Especially, inter- or mixed-cropping with 
legumes is an effective technique to reduce nitrogen 
fertilizer which needs a larger fossil energy input in 
manufacturing. Inter- or mixed-cropping is based on 
beneficial interaction of plant functional groups such as 
gramineous and leguminous plants. Tilman et al. (2006) 
presented a unique system for biomass production with 
lower fossil energy input based on the beneficial 
interaction. They cultivated 1 to 16 plant species in various 
combinations on agriculturally degraded and abandoned 
nitrogen-poor sandy soil, and demonstrated that higher 
biomass productivity was achieved as plant diversity 
(number of plant species in the community) increased. 
The NEB ratio of bioethanol production system from such 
mixed vegetation was reported to be beyond 5.4.

To discuss the effectiveness of energy saving in the 
biomass production process, we organized previous studies 
with various energy crops and estimated energy balances in 
possible bioethanol production systems (Table 4). As 
shown in Table 4, in bioethanol production systems with 
conventional energy crops other than sugarcane, fossil 
energy input in the biomass production process usually 
occupies 20-40% of that for the whole system. In contrast, 
it occupies 50-80% of the cellulosic bioethanol production 
system (Table 4). This is due to the lower fossil energy 
requirement in the conversion process of cellulosic 
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Table　4.　Estimation of ethanol productivity and NEB ratio in whole system of bioethanol production from various energy crops.

Fresh biomass
yield1)

(t FM ha-1)

Dry biomass
yield1)

(t DM ha-1)

Conversion
effi ciency2)

Estimated
ethanol yield3)

(kL ha-1)

Energy input (GJ ha-1) Estimated
NEB

ratio3,7)
Biomass

production4)

Biomass
 transportation5)

Conversion
to ethanol6)

　Conventional energy crops

Sugarcane 68.7 19.2 86 L t-1 FW 5.9 11.2 5.9 　3.4 6.69 

Sugar beet 58.1 14.5 109 L t-1 FW 6.3 31.7 5.0 76.4 1.19 

45.8 11.0 109 L t-1 FW 5.0 23.9 3.9 60.3 1.20 

Sorghum
(Sweet sorghum)

42.0 10.2 34 L t-1 FW 1.4 14.7 3.6 25.6 0.70 

95.5 21.5 59 L t-1 FW 5.7 15.9 8.1 75.1 1.21 

Maize grain 　8.7 　7.4 380 L t-1 FW 3.3 34.0 0.7 43.2 1.08 

　9.1 　7.8 380 L t-1 FW 3.5 26.6 0.8 45.5 1.21 

　7.8 　6.7 380 L t-1 FW 3.0 18.4 0.7 39.2 1.31 

　8.8 　7.5 380 L t-1 FW 3.3 18.9 0.8 43.9 1.34 

Rice grain 　8.3 　7.0 434 L t-1 FW 3.6 48.0 0.9 53.7 0.74 

Wheat grain 　2.2 　1.9 350 L t-1 FW 0.8 　8.8 0.2 14.4 0.79 

　6.1 　5.1 350 L t-1 FW 2.2 17.6 0.5 39.5 0.87 

　9.0 　7.5 350 L t-1 FW 3.1 14.7 0.8 57.6 1.00 

Potato 35.0 　7.7 462 L t-1 DW 3.6 41.0 3.0 41.7 0.88 

38.8 　8.9 462 L t-1 DW 4.1 23.1 3.3 47.9 1.17 

　Cellulosic energy crops

Switchgrass 10.6 　9.0 380 L t-1 DW 3.4 13.9 0.9 　3.7 3.92 

10.0 　8.5 380 L t-1 DW 3.2 11.6 0.9 　3.5 4.29 

10.6 　9.0 380 L t-1 DW 3.4 11.6 0.9 　3.7 4.47 

　8.4 　7.1 380 L t-1 DW 2.7 　5.4 0.7 　2.9 6.31 

Miscanthus spp. 22.0 13.2 380 L t-1 DW 5.0 10.8 1.9 　5.4 5.88 

25.0 20.0 380 L t-1 DW 7.6 15.0 2.1 　8.2 6.37 

59.8 28.1 380 L t-1 DW 10.7　 17.9 5.1 11.5 6.57 

Reed canarygrass 　7.7 　6.5 380 L t-1 DW 2.5 10.0 0.7 　2.7 3.94 

Sorghum
(Fiber sorghum)

39.1 13.3 380 L t-1 DW 5.1 19.5 3.3 　5.5 3.79 

83.2 18.7 380 L t-1 DW 7.1 15.9 7.1 　7.7 4.91 
1) Fresh and dry matter yields were calculated based on moisture content of raw materials as described in footnote of Table 3. 
2) Conversion effi ciencies were adopted from each reference. If there was no description in original reference, reasonable values were adopted 

from relevant references as follows; Koga (2008) for sugar beet, Kim and Dale (2005) for maize grain, Richards (2000) for wheat grain, 
Schmer et al. (2008) for cellulosic energy crops. For potato, data from study on ethanol conversion from cassava (Leng et al., 2008) was 
adopted because we could not fi nd any other relevant references.

3) Some estimated ethanol yield may not be the real product of conversion effi ciency and fresh or dry matter yields due to rounding of values in 
columns. This is similar to calculation of NEB ratio.

4) Data are similar to Table 3.
5) Distance of transportation from farm to conversion plant was assumed to be 40 km for all energy crops, and double wagon truck (see Macedo 

et al., 2004) was assumed to be employed for transportation.
6) Fossil energy input in conversion processes were calculated according to same references adopted to calculation of conversion effi ciency. For 

sugarcane and sorghum, co-produced bagasse (50% water content, 7.53 MJ kg-1) was assumed to be combusted in conversion plant for 
production of electricity and steam.

7) In the calculation of NEB ratio, lower heating value of ethanol (21.2 MJ L-1) was adopted for all energy crops. Surplus production of electricity 
from bagasse combustion was also taken into account as according to Macedo et al. (2004).

biomass with the combustion of co-produced lignin. In the 
case of bioethanol production from sugarcane, biomass 
production process may occupy 50-60% of fossil energy 

input to the whole system and this is also due to 
combustion of co-produced bagasse (Macedo et al., 2004). 
Reducing the fossil energy input to biomass production 
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process 20%, would  be equal to saving more than 10 -16% 
energy in the whole system of cellulosic and sugarcane 
bioethanol production, but only 4-8% saving for starch-
derived bioethanol. Thus, energy saving in the biomass 
production process will improve the NEB ratio in cellulosic 
and sugarcane bioethanol production systems more 
effectively than in starch-derived systems. 

On the other hand, maximizing biomass production will 
also be important. Namely, there are many cases in which 
biomass production per unit fossil energy input could be 
increased by well-directed energy input rather than by 
excessive energy saving. In addition, the increase in 
biomass production per unit land area decreases the 
energy requirement for biomass harvesting and gathering. 
Simulation analysis using models will be helpful to check 
the optimal balance between fossil energy input and 
biomass productivity. Previous studies on optimization of 
agricultural management will also help to estimate effective 
energy input (Shapiro and Wortmann, 2006; Arregui and 
Quemada, 2008; Stevens et al., 2007; Fereres and Soriano, 
2006), though each environmental situation has to be 
considered.

The priority of energy saving and effective energy input 
changes depending on the situation surrounding each 
bioethanol production system, especially in the land area 
available for biomass production. As shown in Figure 3, 

energy saving contributes little to the improvement of the 
NEB ratio in bioethanol production systems which 
originally have lower NEB ratios (e.g. for sugar beet, maize 
and wheat), but greatly in the systems with higher NEB 
ratios. The increase in NEB results in a decrease in the 
land area required for producing a certain amount of 
energy. When energy input is saved by 20% in the biomass 
production process, the land area required to produce 100 
GJ of net energy is expected to decrease by 20, 19 and 28% 
in bioethanol production systems with sugar beet, maize 
grain and wheat grain, respectively (Fig. 4). In contrast, for 
systems with sugarcane and cellulosic energy crops, energy 
saving in the biomass production process could improve 
the NEB ratio greatly (Fig. 3), but has little effect on the 
required land area (Fig. 4). Therefore, it is suggested that; 
(1) energy saving in the biomass production is benefi cial 
for the system with a lower NEB ratio especially when 
available land area is limited, (2) energy saving in the 
conversion and transportation processes is more effective 
to improve energy efficiency of the whole system with a 
lower NEB ratio, (3) energy saving in the biomass production 
process can improve energy effi ciency of the system with a 
higher NEB ratio, and (4) effective energy input rather 
than excessive energy saving in the biomass production 
process is realistic for systems with higher NEB ratios when 
NEB is relatively low and/or available land area is limited. 
For instance, the system proposed by Tilman et al. (2006) 
does not have high biomass productivity but has a higher 
NEB ratio due to considerable energy saving. This system 
would require a large area for biomass production to 
generate a certain amount of bioethanol. In general, such 
a system has already been attempted to improve its NEB 
ratio and further saving of energy input might be often be 
diffi cult. Therefore, effective energy input should be taken 
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process on NEB ratio and NEB in typical bioethanol production 
systems with different raw materials.

　　Explanations: The data used for estimation was adopted from 
relevant references; Macedo et al. (2004) for sugarcane, Koga 
(2008) for sugar beet, Richard et al. (2000) for wheat grain with 
straw ploughed in, Shapouri et al. (2002) for maize grain, 
Schmer et al. (2008) for switchgrass, Sheehan et al. (2004) for 
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Fig.　4.　Effects of 20% energy saving in the biomass production 
process on land area required to produce 100 GJ net energy in 
typical bioethanol production systems with different raw 
materials.

　　Explanation: The data for estimation was adopted from the 
same references as listed in Figure 3.
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into account to establish more efficient and sustainable 
system for bioethanol production with beneficial land 
utilization.

4.　Bioethanol from rice plants grown in abandoned 
lowland paddy fi elds in Japan
Current technological developments to convert 

cellulosic biomass to ethanol have provided a new concept 
to utilize whole rice crop as energy crop. There are several 
trials to grow various rice varieties with very large total 
biomass as an energy crop for whole crop utilization in 
abandoned and unused lowland paddy fi elds. 

Rice is a self-sufficient cereal crop in Japan but rice 
consumption per person has been gradually decreasing to 
around 60 kg per year. The Japanese government has 
forced farmers not to grow rice beyond necessity to prevent 
overproduction, and this has induced a continuous 
increase in abandoned or fallow lowland paddy fields. 
Although alternative crops such as wheat and soybean are 
encouraged to be grown there, their productivity is lower 
than those grown in upland fi elds due to poor drainage in 
lowland paddy fi elds. 

The area of abandoned lowland and upland fields in 
Japan increased by nearly 80% from 217,000 ha in 1990 to 
386,000 ha in 2005 (Ministry of Agriculture, Forestry and 
Fisheries, 2006). Statistics from the Japanese government 
(Ministry of Agriculture, Forestry and Fisheries, 2000) 
suggest that 40% of the abandoned fields are lowland 
paddy fi elds, and 20% of which (31,000 ha) is immediately 
available for rice production. In addition, there are 
117,000 ha of fallowed lowland paddy fi elds. Consequently, 
it was estimated that nearly 150,000 ha of lowland paddy 
field, which is equivalent to about 6% of total area of 
lowland paddy field in Japan, is currently unused but is 
available for growing rice (Shiotsu et al., 2008). 

Saga et al. (2008) estimated productivity of bioethanol 
from particular rice varieties to feed animals. They 
estimated that yields of grain, straw and husk are 7.0, 8.4 
and 1.5 t ha-1, respectively, and that totally 7.1 kL ha-1 in 
total of starch-based and cellulosic bioethanol can be 
produced. Based on our estimation, the NEB ratio of the 
system is 1.1, although it can be improved up to about 1.6 
by saving fossil energy for growing rice, for example, direct 
seeding, saving pesticide and shortening grain drying 
(Saga, 2008). Technical improvement in the conversion 
process of cellulosic biomass will also increase the NEB 
ratio in near future. If grains of rice were converted to 
bioethanol, and straw and husks were combusted in the 
conversion process for generation of electricity and steam, 
about 3.6 kL ha-1 of bioethanol would be produced with an 
NEB ratio of 3.5. Therefore, there is the potential to 
produce around 0.5-1 million kL of bioethanol from 
currently unused lowland paddy field which if high-
yielding rice varieties were grown as energy crops. The 

Japanese government plans to supply annually 6 million kL 
bioethanol by 2030, and utilization of whole rice crop as 
energy crop would contribute signifi cantly to achieve this 
objective.

The bioethanol production from rice grown in unused 
lowland paddy fields in Japan has several advantages 
(Morita, 2008). Utilization of bioethanol is, of course, one 
of the countermeasures against global warming and could 
be utilized as an alternative to petrol. In addition, 
harvesting rice straw for ethanol production could reduce 
methane emission from straws incorporated into lowland 
paddy fi elds (Fumoto et al., 2008). Bioethanol production 
in abandoned paddy fi eld does not cause additional GHGs 
emission due to land use changes, but more likely 
contributes to preservation of multi-functionality of paddy 
field including flood control, groundwater recharge, 
landslide prevention, and contribution to biodiversity 
(Matsuno et al., 2006). It is important to consider rice 
production in lowland paddy fi eld systems itself as highly 
sustainable. 

The biggest advantage of this system is to strengthen 
Japan’s food security via an increase in efficiency of 
agricultural land use. If lowland paddy fields are left 
unused, they will gradually lose productivity and result in 
an unusable fi eld after several years. If rice is grown as an 
energy crop, unused or abandoned paddy fi elds could be 
conserved under a sustainable condition. However, 
utilization of rice as an ethanol source might be criticized 
as one of the factors causing the food-fuel competition. 
Actually, in our estimation, more than 1 million t of rice 
grain could be newly produced from the 150,000 ha of 
unused paddy fi eld. However, if the normal rice variety for 
human consumption is used, rice production would be 
only about 0.85 million t. This amount is less than 3% of 
the world rice trade (about 30 million t) and about 0.2% 
of world rice production (more than 400 million t). 
Therefore, utilization of whole crop rice in the unused 
paddy fi eld in Japan might have little effect on the market 
price of rice. In addition, even if such rice was exported as 
food, it is diffi cult to improve the condition of world rice 
market because rice production in Japan requires high 
costs, resulting in higher market price compared to the 
global average. To reduce the amount of minimum access 
of rice of the Japanese government (0.77 million t) might 
be rather effective in improving the international supply-
demand condition of rice, although it is quite a difficult 
political issue. Finally, production of rice-derived 
bioethanol in Japan should be considered as issues of food 
and energy securities and have little possibility to cause the 
food-fuel competition. 

5.　Future research directions 
The most important point for establishing any 

bioethanol system is the sustainability of the system 
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(Robertson et al., 2008) and from this viewpoint we have to 
consider the following fundamental questions; which, 
where and how energy crops should be grown. To answer 
the questions, detailed life cycle assessment (LCA) 
focusing on energy and GHGs balances is required first 
rather than analyses of the economic situation which 
changes depending on various factors including the price 
of oil. Although several LCA studies have already been 
conducted (e.g. Renouf et al., 2008; Davis et al., 2009), the 
future direction of energy crop production has not been 
discussed in detail. Therefore, in this review, we discussed 
which, where and how energy crops should be grown 
(Table 5). We recommend the use of; (1) sugarcane in 
agricultural land and/or unused favorable land in tropical 
and subtropical regions, (2) cellulosic energy crops 
including natural vegetation in abandoned and marginal 
lands, and (3) rice in unused lowland paddy fi eld (mainly 
for Japan or other Asian countries). Regarding the 
question of how; (1) energy saving is benefi cial for systems 
with lower NEB ratio, (2) energy saving is also benefi cial 
for systems with higher NEB ratio when available land area 
is not limited, and (3) effective energy input should be 
considered for the systems with higher NEB ratio when the 

available land area is limited. These recommendations 
might be used as a guideline for future energy crops 
production in each particular region. One of the possible 
applications of the guideline for Japan was suggested in 
Table 6. Of course, it is necessary to conduct final LCA 
studies and periodical inspections before and after the 
implementation of energy crops production in each 
particular region.

The actual background of the issue concerning 
bioethanol systems is the competition for limited resources 
such as land, water, fertilizer and fossil energies. Especially 
the competition for land for growing energy crops is 
already a serious issue and we have to use non-arable land 
where many biotic and abiotic stresses exist. This is the 
reason why we have to explore and/or generate new 
energy crops (or varieties) with strong tolerance for various 
stresses. Limitation of energy in the future must be 
considered to establish sustainable bioethanol systems, and 
energy crops have to be grown to yield a larger biomass 
with less energy input. Both of them are old and new 
subjects in crop science that remain to be solved.

Table　5.　Guideline for future energy crop production for bioethanol.

Where?

Agricultural land or unused favorable land Abandoned agricultural land and marginal land

Tropical or subtropical
regions

Other
regions

Contaminated
areas

Low fertility areas Saline or acidic areas

Which? Sugarcane
Food crops

(residues can be used)
Cellulosic

energy crops
Cellulosic energy crops
(food crops if needed)

Cellulosic energy crops
(including natural grasses)

How?
Effective energy input 

 / energy saving 
(depends on land availability)

Effective energy input
Effective 

energy input
Energy saving/effective energy input 

(depends on land availability)

Keywords
for future
research

(1) Sustainable management
(2) More productive crop varieties
(3) Sustainable harvest of crop residue in each region
(4) Life cycle assessment for energy balance and
　　various GHGs emission

(1) Energy saving agricultural practices
(2) New energy crops and better varieties with high productivity and 
　　tolerance against stress (including metal and salt toxicities)
(3) Material circulation to ensure system sustainability
(4) Effi cient harvesting techniques for low density biomass
(5) Effi cient harvesting techniques in poor ground conditions

Table　6.　Possible application of guideline of future energy crop production to current Japanese situation.

Where?

Agricultural land or unused favorable land Abandoned agricultural land and marginal land

Southwestern regions 
(Kyushu and Okinawa)

Other
regions

Contaminated fi eld
(e.g. industrial areas)

Abandoned fi eld 
(lowland/upland)

Seashore or 
volcanic areas

Which?
Sugarcane 

(molasses can be used)

Rice, wheat 
(straws and husks 

can be used)

Perennial grasses such as 
Miscanthus spp. for north 

and Erianthus spp. for 
south regions

High yielding rice varieties 
for lowland paddy fi eld/
sugar beet, sorghum and 

wheat for upland fi eld

Natural vegetation 
or perennial grasses 
like Miscanthus spp.

How?
Effective 

energy input 
Effective 

energy input
Effective 

energy input
Energy saving Energy saving

PPS_4097R_Dr. Hattori1.indd   231PPS_4097R_Dr. Hattori1.indd   231 2010/06/03   13:45:542010/06/03   13:45:54



　232 Plant Production Science  Vol.13, 2010

References

Acaroğlu, M. and Aksoy, A.Ş. 2005. The cultivation and energy 
balance of Miscanthus x giganteus production in Turkey. Biomass 
Bioenergy 29: 42-48.

Allmaras, R.R., Schomberg, H.H., Douglas, Jr. C.L. and Dao, T.H. 
2000. Soil organic carbon sequestration potential of adopting 
conservation tillage in US croplands. J. Soi. Water Conserv. 55: 365-
373.

Arregui, L.M. and Quemada, M. 2008. Strategies to improve 
nitrogen use efficiency in winter cereal crops under rainfed 
conditions. Agron. J. 100: 277-284.

Boehmel, C., Lewandowski, I. and Claupein, W. 2008. Comparing 
annual and perennial energy cropping systems with different 
management intensities. Agric. Sys. 96: 224-236.

Börjesson, P.I.I. 1996. Energy analysis of biomass production and 
transportation. Biomass Bioenergy 11: 305-318.

Campbell, J.E., Lobell, D.B., Genova, R.C. and Field, C.B. 2008. The 
global potential of bioenergy on abandoned agriculture lands. 
Environ. Sci. Technol. 42: 5791-5794.

Clapp, C.E., Allmaras, R.R., Layese, N.F., Linden, D.R. and Dowdy, 
R.H. 2000. Soil organic carbon and 13-C abundance as related to 
tillage, crop residue, and nitrogen fertilizer under continuous 
corn management in Minnesota. Soil Till. Res. 55: 127-142.

Commission of the European Communities 2006. Biofuels Progress 
Report - Report on the progress made in the use of biofuels and 
other renewable fuels in the Member States of the European 
Union. SEC (2006) 1721, Brussels. 28.

Davis, S.C., Anderson-Teixeira, K.J. and Delucia, E.H. 2009. Life-cycle 
analysis and the ecology of biofuels. Trends Plant Sci. 14: 140-146. 

El Bassam, N. 1998. Energy Plant Species. James & James (Science 
Publishers) Ltd., London. 1-383.

Ercoli, L., Mariotti, M., Masoni, A. and Bonari, E. 1999. Effect of 
irrigation and nitrogen fertilization on biomass yield and effi ciency 
of energy use in crop production of Miscanthus. Field Crops Res. 63: 
3-11.

Fargione, J., Hill, J., Tilman, D., Polasky, S. and Hawthorne, P. 2008. 
Land clearing and the biofuel carbon debt. Science 319: 1235-1238.

Farrell, A.E., Plevin, R.J., Turner, B.T., Jones, A.D., O’Hare, M. and 
Kammen, D.M. 2006. Ethanol can contribute to energy and 
environmental goals. Science 311: 506-508.

Fereres, E. and Soriano, M.A. 2006. Defi cit irrigation for reducing 
agricultural water use. J. Exp. Bot. 58: 14-159.

F.O. Licht 2007. World Ethanol and Biofuels Report. Vol.5. No. 17, 
pp. 354.

Fumoto, T., Kobayashi, K., Li, C.S., Yagi, K. and Hasegawa, T. 2008. 
Revising a process-based biogeochemistry model (DNDC) to 
simulate methane emission from rice paddy fi elds under various 
residue management and fertilizer regimes. Global Change Biol. 14: 
382-402.

Graboski, M.S. 2002. Fossil energy use in the manufacture of corn 
ethanol. Prepared for the National Corn Growers Association. 
[Online]. Available at www.oregon.gov/ENERGY/RENEW/
Biomass/docs/FORUM/FossilEnergyUse.pdf (accessed 22 June 
2009). Biomass Energy Home Page, Oregon.

Hill, J., Nelson, E., Tilman, D., Polasky, S. and Tiffany, D. 2006. 
Environmental, economic, and energetic costs and benefits of 

biodiesel and ethanol biofuels. Proc. Natl. Acad. Sci. USA 103: 
11206-11210.

Jadia, C.D. and Fulekar, M.H. 2009. Phytoremediation of heavy 
metals: Recent techniques. Afr. J. Biotechnol. 8: 921-928.

Kim, S. and Dale, B.E. 2004a. Global potential bioethanol 
production from wasted crops and crop residues. Biomass Bioenergy 
26: 361-375.

Kim, S. and Dale, B.E. 2004b. Cumulative energy and global warming 
impact from the production of biomass for biobased products. J. 
Ind. Ecol. 7: 147-162.

Kim, S. and Dale, B.E. 2005. Life cycle assessment of various cropping 
systems utilized for producing biofuels: bioethanol and biodiesel. 
Biomass Bioenergy 29: 426-439. 

Kitamura, Y., Abe, J. and Horibata, T. 1982. A cropping system of 
tropical forage grasses in South-Western Islands, Japan. II. In vitro 
dry matter digestibility and digestible dry matter yields of Rhodes 
grass, Guinea grass and Napier grass as affected by the seasons of 
growth and by clipping intervals. J. Jpn. Grassl. Sci. 28: 41-47**.

Koga, N. 2008. An energy balance under a conventional crop rotation 
system in northern Japan: Perspectives on fuel ethanol production 
from sugar beet. Agric. Ecosyst. Environ. 125: 101-110.

Lavigne, A. and Powers, S.E. 2007. Evaluating fuel ethanol feedstocks 
from energy policy perspectives: A comparative energy assessment 
of corn and corn stover. Energy Policy 35: 5918-5930.

Leng, R.B., Wang, C.T., Zhang, C., Dai, D. and Pu, G.Q. 2008. Life 
cycle inventory and energy analysis of cassava-based fuel ethanol in 
China. J. Cle. Pro. 16: 374-384.

Lewandowski, I., Kicherer, A. and Vonier, P. 1995. CO2-balance for 
the cultivation and combustion of Miscanthus. Biomass Bioenergy 8: 
81-90.

Lewandowski, I., Scurlock, J.M.O., Lindvall, E. and Christou, M. 
2003. The development and current status of perennial 
rhizomatous grasses as energy crops in the US and Europe. 
Biomass Bioenergy 25: 335-361.

Lone, M.I., He, Z.L., Stoffella, P.J. and Yang, X.E. 2008. Phytoremediation 
of heavy metal polluted soils and water: Progresses and 
perspectives. J. Zhejiang Univ. Sci. B. 9: 210-220.

Macedo, I.C., Leal, M.R.L.V. and Silva, J.E.A.R. 2004. Assessment of 
greenhouse gas emissions in the production and use of fuel 
ethanol in Brazil, São Paulo State Environment Secretariat. 
Government of the State of São Paulo. 37.

Macedo, I.C., Seabra, J.E.A. and Silva, J.E.A.R. 2008. Greenhouse gas 
emissions in the production and use of ethanol from sugarcane in 
Brazil: The 2005/2006 averages and a prediction for 2020. Biomass 
Bioenergy 32: 582-595.

Malça, J. and Freire, F. 2006. Renewability and life-cycle energy 
efficiency of bioethanol and bio-ethyl tertiary butyl ether 
(bioETBE): assessing the implications of allocation. Energy 31: 
3362-3380. 

Matsuno, Y., Nakamura, K., Masumoto, T., Matsui, H., Kato, T. and 
Sato, Y. 2006. Prospects for multifunctionality of paddy rice 
cultivation in Japan and other countries in monsoon Asia. Paddy 
Water Envirion. 4: 189-197. 

McAloon, A., Taylor, F., Yee, W., Ibsen, K. and Wooley, R. 2000. 
Determining the cost of producing ethanol from cornstarch and 
lignocellulosic feedstocks. Tech. Rep. NREL/TP-580-28893. Natl. 
Renewable Energy Lab., Golden, CO. 30.

PPS_4097R_Dr. Hattori1.indd   232PPS_4097R_Dr. Hattori1.indd   232 2010/06/03   13:45:542010/06/03   13:45:54



233　Hattori et al.――Which, Where and How Energy Crops Should Be Grown?

McCarty, J.L., Korontzi, S., Justice, C.O. and Loboda, T. 2009. The 
spatial and temporal distribution of crop residue burning in the 
contiguous United States. Sci. Total Environ. 407: 5701-5712.

Mediavilla, V., Lehmann, J. and Meister, E. 1993. Energiegras/
Feldholz - Teilprojekt A: Energiegras, Jahresbericht 1993, 
Bundesamt für Energiewirtschaft, Bern.

Mediavilla, V., Lehmann, J., Meister, E., Stünzi, H. and Serafin, F. 
1994. Energiegras/Feldholz - Energiegras, Jahresbericht 1994, 
Bundesamt für Energiewirtschaft, Bern.

Mediavilla, V., Lehmann, J., Meister, E., Stünzi, H. and Serafin, F. 
1995. Energiegras/Feldholz - Energiegras, Jahresbericht 1995, 
Bundesamt für Energiewirtschaft, Bern.

Ministry of Agriculture, Forestry and Fisheries 2000. Database of 
measures against increase of idle farmland in Japan. [Online].  
Available at www.nca.or.jp/Nochi/yukyu-db/Yuukyu/Itiran/
Itiran1.htm (accessed 22. June 2009). Ministry of Agriculture, 
Forestry and Fisheries, Tokyo*.

Ministry of Agriculture, Forestry and Fisheries 2006. Census of 
Agriculture and Forestry 2005. [Online]. Available at www.maff.
go.jp/j/tokei/census/afc/2005/report_archives.html. (accessed 
22. June 2009). Ministry of Agriculture, Forestry and Fisheries, 
Tokyo*.

Mislevy, P., Martin, F.G., Adjei, M.B. and Millers, J.D. 1997. Harvest 
management effects on quantity and quality of Erianthus plant 
morphological components. Biomass Bioenergy 13: 51-58.

Mitchell, D. 2008. A Note on Rising Food Prices. Policy Research 
Working Paper, 4682. 1-20. [Online]. Available at www-wds.
worldbank.org/external/default/main?pagePK=64193027&piPK
=64187937&theSitePK=523679&menuPK=64187510&searchMen
uPK=64187511&theSitePK=523679&entityID=000020439_200807
28103002&searchMenuPK=64187511&theSitePK=523679. 
(accessed 22 June 2009). The World Bank, Washington, DC.

Mittal, S.K., Singh, N., Agarwal, R., Awasthi, A. and Gupta, P.K. 2009. 
Ambient air quality during wheat and rice crop stubble burning 
episodes in Patiala. Atomos. Env. 43: 238-244. 

Monti, A. and Venturi, G. 2003. Comparison of the energy 
performance of fibre sorghum, sweet sorghum and wheat 
monocultures in northern Italy. Europ. J. Agron. 19: 35-43.

Morita, S. 2008. Rice renaissance in Japan based on bioethanol from 
rice as an energy crop. Res. J. Food. Agric. 31: 47-49*.

Mshandete, A.M. and Parawira, W. 2009. Biogas technology research 
in selected sub-Saharan African countries – A review. Afric. J. 
Biotech. 8: 116-125.

Parrish, D.J., Wolf, D.D. and Daniels, W.L. 1993. Perennial species for 
optimum production of herbaceous biomass in the Piedmont. 
Management study, 1987-1991, ORNL/Sub/85-27413/7. National 
Technical Information DService, US Department of Commerce, 
Springfi eld. 

Parrish, D.J., Wolf, D.D. and Daniels, W.L. 1997. Switchgrass as a 
biofuels crop for the upper southeast: variety trails and cultural 
improvements, Final report to Oak Ridge National Laboratory 
ORNL/sub DE-AC05-84OR21400.

Pimentel, D. and Patzek, T.W. 2005. Ethanol production using corn, 
switchgrass, and wood; biodiesel production using soybean and 
sunfl ower. Nat. Resour. Res.14: 65-76.

Piringer, G. and Steinberg, L.J. 2006. Reevaluation of energy use in 
wheat production in the United States. J. Ind. Ecol. 10: 149-167.

Renouf, M.A., Wegener, M.K. and Nielsen, L.K. 2008. An 
environmental life cycle assessment comparing Australian 
sugarcane with US corn and UK sugar beet as producers of sugars 
for fermentation. Biomass Bioenergy 32: 1144-1155.

Richards, I.R. 2000. Energy balances in the growth of oilseed rape 
for biodiesel and of wheat for bioethanol. British Association of 
Bio Fuels and Oils (BABFO), Levington Agricultural Report. 1-38.

Robertson, G.P., Dale, V.H., Doering, O.C., Hamburg, S.P., Melillo, 
J.M., Wander, M.M., Parton, W.J., Adler, P.R., Barney, J.N., Cruse, 
R.M., Duke, C.S., Fearnside, P.S., Follett, R.F., Gibbs, H.K., 
Goldemberg, J., Mladenoff, D.J., Ojima, D., Palmer, M.W., 
Sharpley, A., Wallace, L., Weathers, K.C., Wiens, J.A. and Wilhelm, 
W.W. 2008. Sustainable biofuels redux. Science 322: 49-50.

Robinson, B.H., Green, S.R., Chancerel, B., Mills, T.M. and Clothier, 
B.E. 2007. Poplar for the phytomanagement of boron contaminated 
sites. Environ. Pollut. 150: 225-233.

Rosegrant, M.W. 2008. Biofuels and grain prices: impacts and policy 
responses. Testimony for the U.S. Senate Committee on 
Homeland Security and Governmental Affairs. Washington, D.C. 
1-4. [Online]. Available at www.ifpri.org/pubs/testimony/
rosegrant20080507.pdf (accessed 22 June 2009). International 
Food Policy Research Institute, Washington, DC.

Saga, K. 2008. Construction of ethanol production system based on 
regional biomass. Ph. D Thesis, The University of Tokyo, Tokyo*.

Saga, K., Yokoyama, S. and Imou, K. 2008. Net energy analysis of 
bioethanol production system from rice cropping. J. Jpn. Soc. 
Eneregy Resour. 29: 30-35*.

Schmer, M.R., Vogel, K.P., Mitchell, R.B. and Perrin, P.K. 2008. Net 
energy of cellulosic ethanol from switchgrass. Proc. Natl. Acad. Sci. 
USA 105: 464-469.

Searchinger, T., Heimlich, R., Houghton, R.A., Dong, F., Elobeid, A., 
Fabiosa, J., Tokgoz, S., Hayes, D. and Yu, T.H. 2008. Use of U.S. 
croplands for biofuels increased greenhouse gases through 
emissions from land-use change. Science 319: 1238-1240.

Shapiro, C.A. and Wortmann, C.S. 2006. Corn response to nitrogen 
rate, row spacing, and plant density in Eastern Nebraska. Agron. J. 
98: 529-535.

Shapouri, H., Duffi eld, J.A. and Wang, M. 2002. The energy balance 
of corn ethanol: An update. U.S. Forest Service Research Paper 
Number 813. Washington, D.C. 1-16. 

Sheehan, J., Aden, A., Paustian, K., Killian, K., Brenner, J., Walsh, M. 
and Nelson, R. 2004. Energy and 4nvironmental aspects of using 
corn stover for fuel ethanol. J. Ind. Ecol. 7: 117-146.

Shiotsu, F., Hattori, T., Yoshida, K. and Morita, S. 2008. Possible 
production of bioethanol from rice plants in Japan. Jpn. J. Crop Sci. 
77 (Ext. 2): 160-161*.

Sladden, S.E., Bransby, D.L. and Siken, G.E. 1991. Biomass yield, 
composition and production costs for eight switchgrass varieties in 
Alabama. Biomass Bioenergy 1: 119-122.

Smeets, E., Junginger, M., Faaj, A., Walter, A. and Dolzan, P. 2006. 
Sustainability of Brazilian bio-ethanol. NWS-E-2006-110, ISBN 90-
8672-012-9, Universitaat Utrecht Copernicus Institute, State 
University of Campinas, 2006. 1-135.

Stevens, W.B., Blaylock, A.D., Krall, J.M., Hopkins, B.G. and 
Ellsworth, J.W. 2007. Sugarbeet yield and nitrogen use effi ciency 
with preplant broadcast, banded, or point-injected nitrogen 
application. Agron. J. 99: 1252-1259.

PPS_4097R_Dr. Hattori1.indd   233PPS_4097R_Dr. Hattori1.indd   233 2010/06/03   13:45:542010/06/03   13:45:54



　234 Plant Production Science  Vol.13, 2010

Sulc, R.M. and Tracy, B.F. 2007. Integrated crop-livestock systems in 
the U.S. Corn Belt. Agron. J. 99: 335-345.

Tester, M. and Davenport, R. 2003. Na+ tolerance and Na+ transport 
in higher plants. Ann. Bot. 91: 503-527.

Tilman, D., Hill, J. and Lehman, C. 2006. Carbon-negative biofuels 
from low-input high-diversity grassland biomass. Science 314: 1598-
1600.

Turhollow, A.F. and Perlack, R.D. 1991. Emissions of CO2 from 
energy crop production. Biomass Bioenrgy 1: 129-135.

Van Ginneken, L., Meers, E., Guisson, R., Ruttens, A., Elst, K., Tack, 
F.M.G., Vangronsveld, J., Diels, L. and Dejonghe, W. 2007. 
Phytoremediation for heavy metal-contaminated soils combined 
with bioenergy production. JEELM vol. XV : 227-236.

Varvel, G.E., Vogel, K.P., Mitchell, R.B., Follett, R.F. and Kimble, J.M. 
2008. Comparison of corn and switchgrass on marginal soils for 
bioenergy. Biomass Bioenergy 32: 18-21.

Vicent-Chandler, J., Silva, S. and Figarella, J. 1959. The effect of 
nitrogen fertilization and frequency of cutting on the yield and 
composition of three tropical grasses. Agron. J. 51: 202-206.

Volk, T.A., Abrahamson, L.P., Nowak, C.A., Smart, L.B., Tharakan, P.J. 

and White, E.H. 2006. Add the title. Biomass Bioenergy 30: 715-727. 
Watkins, J.M. and Van Severen, M.L. 1951. Effect of frequency and 

height of cutting on the yield, stand and protein content of some 
forages in El Salvador. Agron. J. 43: 291-296.

Wilhelm, WW., Doran, J.W. and Power, J.F. 1986. Corn and soybean 
yield response to crop residue management under no-tillage 
production systems. Agron. J. 78: 184-189.

Wilhelm, W.W., Johnson, J.M.F., Hatfi eld, J.L., Voorhees, W.B. and 
Linden, D.R. 2004. Crop and soil productivity response to corn 
residue removal: a literature review. Agron. J. 96: 1-17. 

Worley, J.W., Vaughan, D.H. and Cundiff, J.S. 1992. Energy analysis 
of ethanol production from sweet sorghum. Bioresour. Technol. 40: 
263-273.

Yang, S.J., He, H.P., Lu, S.L., Chen, D. and Zhu, J.X. 2008. Quantifi cation 
of crop residue burning in the fi eld and its infl uence on ambient 
air quality in Suqian, China. Atmos. Env. 42: 1961-1969.

　* In Japanese. 

　** In Japanese with English abstract.

PPS_4097R_Dr. Hattori1.indd   234PPS_4097R_Dr. Hattori1.indd   234 2010/06/03   13:45:542010/06/03   13:45:54


