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Abstract

Global food and feed demands have been projected to double 1 the 21st century, which will further
increase the pressure on the use of land, water and nutnents. At the same time, the pehtical decisions

to support renewable energy sources are accelerating the use of biomass, mncluding gram, sugar, oilseed,
and hgnocellulosic crops for iofuel and power generation. Government directives — incited by chimate
change, high o1l prices and geo-polhitical tensions — promete partial replacement of fossil fuel by biofuels.
Prices and availability of commodities used as staple food and feed are becoming already affected by

the growing demand for bioenergy. Many imphcations of this demand for biofuel on the resource base
(land, water, biodversity), environment, rural economy, food prices and social impacts are unknown.
The present study reviews and discusses the opportumities and limits of crops and resources for foed,
feed and biofuel production. There are gaps 1n our knowledge regarding the global capaaity for sustamable
plant-based bicenergy production, while mamtaiming food security; commercial biomass production wall
compete with food crops for arable land and scarce fresh water resources. The rapidly growing demand
for food, feed and fuel will requare a combination of further increases 1n crop yields (ca. 2% per annum)
and a doubling or tnphing of resource-use efficiencies, especially of mtrogen-use efficiency and water
productivity in preduction systems with high external inputs, over the next 20 to 30 years. Adaptation

of cropping systems to chimate change and a better tolerance to biotic and abiotic stresses by genetic
improvement and by managing diverse cropping systems in a sustainable way will be of key importance.
An integrated assessment of resource-use efficiencies, ecological services and economic profitablity may
guide the choice of crop species and cultivars to be grown 1n a target environment and region, depending
on the added value for specific purposes: foed, feed eor fuel. To avoid negative impacts on food securty,

governments should give high prionty te 2nd, 3rd and 4th generation technologies for bioenergy.

Additional keywords: biodiversity, bicenergy, biofuel crops, crop productivity, energy secunity, food secunty,

land use
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Introduction

The general trend in global food security was characterized by a change from shortages
to surpluses in the second half of the last century, resulting in food affluence and lower
prices in the developed world (Anon., 2007a). However, the trend in food availability
dramatically reversed during the last 5 years because of:

— a rising demand due to a growing global population and a change in diet;

— a steep increase in the conversion of food crops into biofuel;

— a decline of cereal stocks due to climate-induced crop failures (e.g., drought).

In the OECD-FAO Agricultural Outlook 2008-2017 (Anon., 2008a) it is estimated
that global food demand will increase by 50% and the area of cultivated land by 10%
(excluding land needed for the production of biofuel) by 2030, assuming yield increases
of 40% for major commodity crops. Crop failure due to adverse weather conditions
combined with low global stocks triggered immediate price reactions (Von Braun et al.,
2008). The policies on boosting biofuel production aggravated the instability of world
markets, because of spill-aver effects. However, the price spike (‘bubble’) of the main
food crops (maize, rice and wheat) in 2008 was strongly affected by speculation. Also,
in the long term, food prices for poor people are at risk; in many low-income countries,
food expenditures average over 50% of the houschold income and higher prices will
push more people into undernourishment and poverty. Runge & Senauer (2007a)
estimated that the number of hungry people will increase by about 16 million for each
percentage increase in food prices. Food scarcity mainly exists for poor people (> 8co
million) in regions with severe drought, diseases and political instability. In the Millen-
nium Development Goals (Anon., 2o07b) the target is set to halve the number of hungry
people by 2015. The Johannesburg Summit on Sustainable Development in 2002 defined
both energy and water as vital elements for sustainable development (Anon., 2007b; Varis,
2007). It is still not clear to what extent the growing global food, feed and fuel demand can
be met by taking more land into production or by a further increase in crop productivity.

In the present study the following topics:

— trends in global food demand and supply;

— trends in diet change and feed demand;

— bioenergy demand and supply;

— biofuel production: what, how and where;

— resource use of land, water and biodiversity;

— regional diversily in resources for food and fuel production.

were reviewed to better understand the opportunities and constraints of utilizing crops
and resources for food and biofuel production. Emphasis is put on a global perspective of
opportunities and constraints to meet the growing demand for food, feed and bicenergy.
Some future actions to improve crop productivity and resource use are identified.

Trends in global food demand and supply

Since the famous essay of Robert Malthus on the principle of population growth and
diminishing returns on a limited supply of arable land more than 200 years ago, recent
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studies express concerns about whether a growing and wealthier world population can
be fed in a sustainable manner (e.g., Chen, 2007%). Crop yields stagnated from 18co0 to
1950s, showing an annual increase of only o.5—1.0% (Evans & Fischer, 1999). Since the
mid-1960s, when dwarfism was introduced in wheat and rice and new genotypes became
more responsive to external inputs (nitrogen, water, pesticides) yields were raised by
2—3% per year during two to three decades (Tilman et al., 2002; Borlaug, 2007). The
Malthusian prognosis has been undermined by an exponential increase in world food
supply since 1960, mainly due to genetic improvement and agronomic intensification
(nitrogen fertilizer, irripation and weed control) in growing the major staple crops:
maize, rice and wheat (Evans, 1997). This green revolution took place in irrigated wheat
and rice cropping systems, especially in India and south-eastern Asia, but also for winter
wheat grown in the temperate regions of Europe (Spiertz et al., 1992). The development
of innovative technologies resulted in both improved genetic traits and advanced crop
management (e.g., dosing and timing of inputs). So agronomic development in Asia and
north-western Europe over the past decades has shown remarkable successes in raising
yiclds per unit of land.

Despite these trends in the first two decades of the Green Revolution, stagnation in
wheat yield increase and even a decline of rice yields from 1985 onwards has been reported
for the Indo-Gangetic Plains in India (Pathak et al., 2003). Climatic factors, such as a
decrease in radiation and an increase of night temperatures were identified as the reasons
of the yield decline. However, Kalra et al. (2007) found that the levelling off of the yield
increase of wheat in the productive Punjab and Haryana regions was associated with a
weaker response of the crops o external inpuls (e.g., water, nitrogen). They concluded
that there is little scope for yield improvement with the present genotypes by agronomic
measures and therefore, breaking the genetic yield barrier is needed. Tilman et al.
(2002) stated that raising yields is essential for saving land for nature, but that the
prospects for yield increases comparable with those over the past 40 years are unclear.

The gap between actual and potential yield declined considerably, which applies to
crops such as rice (Cassman, 1999), winter wheat (Spiertz, 2004) and potato (Haverkort
& Kooman, 1997), but not for sugar beet (Jaggard & Semenov, 2007). Thus, for some
crops genetic yield improvermnent should get priority whereas for other crops yields can
be raised by further improving crop management practices. Also, the yield gap differs
considerably among world regions (Oerke & Dehne, 1997). The yield gap is relatively
small (about 20%) for wheat grown in temperate regions in Furope (Ocrke & Dehne,
1997). Accordingly, Ewert et al. (2005) projected that yield increases in the future have
to be realized mainly through genetic yield improvement for these regions. In hot and
dry environments, like the Mediterranean climate, crops suffer from multiple stresses.
For such environments improvement of yield capacity and stability can be more effectively
achieved by taking into account genotype—environment-management (GXExM) interacti-
ons (Reynolds & Trethowan, 2007). Cassman et al. (2003) argue that a quantum leap in
crop productivity and resource-use efficiency is still needed to meet the demands of
a global population of about 8 billion in 20z0.

System approaches are used increasingly in research on food production studies,
natural resource management, land use options and rural development (Van Keulen,
2007). An assessment of the earth’s biophysical potential for biomass production by
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Koning et al. (2008), taking into account social-economic constraints and competing
claims on natural resources for biobased non-foods, estimated potential global food
production at 32—47 Gt of grain equivalents, which would provide an adequate supply
for 16—24 billion people with an affluent diet. However, this estimate may be far

too optimistic, because impacts of climate change on crop yields and environmental
consequences (e.g., water use, N losses) associated with increasing food production at
a global scale are not addressed properly. Eickhout et al. (20006) concluded that despite
improvements in overall system-N recovery in developed countries, total global reactive
losses will grow in the period explored until 2030, because of an increase in fertilizer
consumption in developing countries to feed the growing population and concurrently
a steep rise in dairy and meat consumption in emerging industrialized countries (e.g.,
China, India). Spiertz (2009) summarized the productivity levels of different rice
ecosystemns and evaluated sustainability parameters for contrasting food production
systems. It was shown that yields varied from 2 to 12 t ha-* with a N-fertilizer input
ranging from 50 to 260 kg ha . The variation in N-use efficiencies was large. Thus,
estimates of potential global food production should be based not only on the yield
potential and availability of resources but also on the potential to maximize resource-
use efficiencies and to minimize associated losses.

Trends in diet change and feed demand

The transition from conventional livestock husbandry to livestock industrialization
during the last 50 years was the consequence of a steep increase in meat consumption
associated with rising incomes in most developed countries. At the beginning of the
19th century, annual global meat consumption amounted to about 10 kg per capita and
most of the meat came from animals raised primarily in small-holder operations using
local resources of land, water and nutrients (Steinfeld et al., 2006). Glabally, the big change
in meat consumption took place during the last 25 years, resulting in per capita meat
supplies of ca. 40 kg per year on average and to ca. 8o kg per year in developed coun-
tries. The current trend is likely to result in a doubling of meat demand in developing
countries over the next three decades. The growth of the livestock sector is worrisome
because of the burden it places on natural resources globally and on nitrogen emissions
regionally, as has been shown clearly for Asia (Shindo et al., z006). Globally, N fertilizers
applied to feed crops represent roughly 40% of the total amount of applied N. Most of
the N in imported feed fed to cows, pigs and poultry will be excreted in the faeces and
urine, and the N accurnulated in manure is prone to losses when this manure is stored
or applied to the field (Galloway et al., 2003).

The growing production of non-ruminants (pigs and chicken) relative to ruminants
(c.g., cattle, sheep) is shifting the demand for feed from grass- or rangeland to arable
produce (e.g., cereals, soya beans, pulses). [t increases the pressure on the use of
arable land, water and nutrients. In 200z, the feed use by ruminants was estimated at
about zoo Mt of human-edible produce and about 8co Mt of forage, crop residues and
by-products (Galloway et al., 2007). For non-ruminants, feed use amounted to about
Goo Mt of arable produce and only about 75 Mt of by-products. Because of the higher
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energy conversion rates from feed to meat of non-ruminants (0.26—0.29) compared
with ruminants (0.05-0.33), more cereal- and oilseed-based concentrates are used to
produce pork and poultry. In Brazil, the rapid expansion in growing soya beans, currently
more than 10 million ha, is due to the growing demand for feed to raise pigs and
chicken. In the past, most of this feed was used to grow pigs and chicken in Furope;
however, recently China emerged as a big importer. This increasing demand for
livestock feed leads to expansion of the acreage to grow feed at the expense of savannah
and even rainforest ecosystemns (Fearnside, 2001; 2005). Currently, non-ruminants
consume over 70% of all feed grown globally on arable land. Thus, if non-ruminant
production continues to increase, competition for scarce land and associated resources
between food and feed production will further intensify.

The environmental consequences of intensification of animal preduction through
the use of more external inputs (feed and fertilizers) are well-documented for the Neth-
erlands (Schréder et al., 2003; Langeveld et al., 2007) and Denmark (Kyllingsbaek &
Hansen, 2007). Nitrogen and phosphorus surpluses from these systems are the main
cause of environmental pollution. N losses have a major impact on the functioning
of ecosystems and human well-being. Prototyping and modelling have been applied
mainly at the farm level to quantify alternative farming systems that meet multiple
goals: profitability, food safety, and environmental impact (Ten Berge et al., 2000). How-
ever, the mitigation of the environmental impact of industrialized animal production
should be based on quantitative studies at various scales: field, farm, regionally and
globally (Galloway et al., 2003; 2007). Wirsenius (2003) examined the current efficiencies
of food and feed commoedities. Estimated overall efficiencies of biomass use varied
from 0.35% for beef cattle to 31% for starch tubers. He concluded that there is a
considerable potential for efficiency improvements.

‘The transition from locally to globally based systems has resulted in highly profitable,
industrialized food chains for dairy, eggs and meat production, characterized by the
import of feed to produce concentrates and the export of dairy products and meat.
Generally, the growing trade liberalization and improved transportation infrastructure
and technology have resulted in an increasing trade of feed and meat on international
markets. Galloway et al. (2007) calculated the virtual and embedded resources, such as
nitrogen, water and land, associated with trade and production. Virtual resources are
involved in the primary production, whereas the embedded resources are contained in
the traded product. Countries that import large amounts of meat and dairy products, like
Japan, enjoy eating high-protein food without the burden of N-emissions to soil, water
and atmosphere associated with the animal production. For Japan, the N embedded in
the imported product is less (about 30%) than the total virtual N left in the exporting
countries (USA, Denmark, the Netherlands). By linking production and consumption
at a global scale, the effects of trade on N pools and associated N losses can be assessed
spatially and quantitatively more accurately.

Bioenergy: demand and supply

In 2001 the global use of energy amounted to 10.2 Gt oil-equivalents and an average use
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per capita of 1.67 t per year. The division of energy sources over oil, coal, gas, traditio-
nal biomass (e.g., wood), nuclear power, hydroelectric power, modern biomass (energy
crops) and other renewable sources (e.g., wind, solar) amounted to: 35, 23, 22, 9, 7, > 2,
> 1 and < 1%, respectively (Wilkinson et al., 2007). Bioenergy has two general categories:
conventional-rural (traditional) and commercial-industrial (modern) energy services.
Conventional—rural bicenergy is still the most important source for household (e.g.,
cooking, heating) energy supply for the 2.5 billion people, mainly in Asia and Africa,
living in rural (83%) or peri-urban (23%) environments (Sagar & Kartha, 2007). For
decades biocenergy has contributed a more or less stable fraction (about 12%) of total
primary energy consumption. Bioenergy consumption has been important in many
countries, e.g., Brazil, China and Scandinavian countries, for a long time. Wright
(2000) reviewed the energy consumption in 2002 for some large countries and regions.
The contribution of biomass to the total energy consumption in large countries ranged
from 2.8 (USA) to 27.2% (Brazil), and in Furope from 1.3 (the Netherlands) to 20.0%
(Finland). So for centuries, bioenergy has been playing a vital role in the provision of
energy services at the household level. However, at the beginning of the 21st century
large scale commercial use of biofuel is the most rapidly growing renewable energy
source in the developed countries, despite huge investments during the last decades
in solar and wind energy.

Shifting society’s dependence away {rom fossil energy to renewable biomass
resources is generally viewed as an important contributor to providing sustainable
energy supply for developing and developed countries and effective management of
greenhouse gas (GHG) emissions (Ragauskas et al., 20006). As a renewable energy
source, biofuels are a potential low-carbon energy source. To what extent low-carbon
biofuels can meet future demands depends also on the trade-offs with food preduction,
GHG emissions and native habitat conversion. Sims et al. (20006) calculated that the
contribution of energy crops in 2025 will range from 2 to 22 EJ per year. This estimate
is much lower and probably more realistic than the 200—400 E]J per year by 2050 in
previous [PCC studies (Anon., 2000). The GHG-advantages of crop-based biofuels are
challenged by Fargione et al. (2008) and Searchinger et al. (2008); they conclude that
these biofuels will create a ‘biofuel carbon debt’ instead of a net profit. However, carbon
savings depend strongly on the type of feedstock, production process, yield levels, changes
in land use, and conversion into a usable biofuel (Sims et al., 20006).

A fucl is considered a biofuel if it is derived from recently produced biomass, such as
wood, agricultural products or residues (Granda et al,, 2007). |deally, a biofuel should
be carbon neutral, and should therefore not contribute to the overall accumulation of
carbon in the atmosphere. Carbon in crops is the result of the photosynthetic conversion
of carbon dioxide in the atmosphere (capturing CQO,) into dry matter determined by
solar radiation during the growing season and by natural resources (e.g., climate, water)
and external inputs (e.g., fertilizers, pesticides). Bioenergy and food production are
both strongly linked with water use. Thus, under water-limited conditions food as well
as bioenergy preduction will be restricted. The external inputs are mostly manufactured
by using fossil fuels as is also the case for transporting and processing the biofuels.
The ‘greenness’ of a bioenergy crop is therefore highly dependent upon the resource-use
efficiency of external inputs (Hill, 2007). So the trade-off’s between the use of land and
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water resources for food as well as for bioenergy should be taken into account (Miiller
et al., 2008).

Presently, bicenergy production is expanding, especially in Brazil, the USA and
South-Fast Asia, where sugar cane, maize and palm oil are converted into ethanol or
biodiesel (Anon., 2008b). Also the Furopean Union (Anon., 2003) set directives to
increase the use of biofuels (Kondili & Kaldelis, 2007). There are three key arguments
for the commercial use of bioenergy:

— economic-driven rise in consumption, resulting in higher prices for fossil fuels;
— energy security and geo-political dependence of regions with a high volatility;
— anthropogenic-based CO, emissions and climate change.

The rapid expansion of growing biofuel crops will have a big impact on land use

and therefore also on food and feed production.

Biofuel production: what, how and where?

Since the mid-1970s many research initialives have focused on increasing the biomass
resource base for production of bioenergy. Perennials, including short rotation woody
crops (e.g., oil palm, sugar cane, Miscanthus, willow, switch grass) as well as annual crops
(maize, sugar beet, rapeseed) were considered (Table 1). Energy crops have been most
successful in penetrating the energy market where governments have applied subsidies
or tax incentives. With the high rate of economic development of China and India the
demand for fossil energy will continue to increase, while at the same time the exploration
of new oil and coal fields will face more constraints (costs, geo-political tensions, environ-
mental regulation). As a result, the demand for biofuels will grow in correspondence with
the costs of fossil energy supply and policies to reduce CO, emissions.

Several technologies used for the conversion of plant material into biofuel are available
and depend on the type of feedstock. The conventional and new technologies can be
classified into the following four groups:

1. First generation technology, based on the conversion of sugars (sugar cane) and starch
(potato, cassava, maize) or oil (oil palm, rapeseed) accumulated in food crops into ethanol
and biodiesel, respectively (Cassman & liska, 2007). Generally, the corresponding
cropping systems have been developed to produce high crop yields to deliver specific
commadities (sucrose, starch, oil, protein). Seeds of oil crops do have higher energy
contents than those of sugar crops (Penning De Vries et al., 1974). Crops with a high
oil yield per unit area are oil palm and coconut, whereas the yields of rapeseed and
sunflower are much lower (Table 2). Yield potential of foed crops has been genetically
improved mainly by raising the harvest index, whereas yield stability gained from a
better tolerance to abiotic and biotic stresses (Bénziger et al., 2006; Witcombe et al.,
2008). Some have called for an integrated systemns biology approach to define ideotypes
that meet the requirements of feedstocks for biofuel (Gressel, 2008). However, the
scientific evidence that crop traits can be genetically modified to meet the requirements
for fuel without any trade-off on the value as a food crop is absent. Alternatively, different
varieties may be developed for food and fuel production.

2. Second generation technology, based on the use of dedicated energy crops, like
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Table 1. Average aboveground / root dry mass and energy yelds for different groups of potential biofuel crops

Crop

Carbohydrate crops
Sugar cane

Sugar beet (roots)

Cassava (roots)
Cereals

Maize

Sorghum

Wheat

O1l and protein crops
1l palm (frunts)

Jatropha (seed)

Grain crops
Rapeseed (seed)
Soya bean (seed)

Lignocellulosic crops
Miscanthus

Switchgrass
Poplar
Willow

Scientific name

Saccharum spp. 1.
Beta vulgaris L.
Manihot ecsulenta L.

Zea mays L.
Sorghum bicolor L.

Triticum aestivum L.

Elaeis guineensis L.

Jatropha curcas 1.

Brassica oleracea L.
Glycine max 1.

Miscanthus sp. L.

Panicum virgatum L.

Populus sp. L.
Salix sp. L.

Biomass !
(Mgha 1)

30=%
2025
10-1§

15-25
12-16
10-15

ca. 20

cd. 3
£a. 2.5

15-20
§-11
10-15

10-15

Energy 2
(G) ha )

120

1o
8o

70

50

9o

200
Go
125

125

References for

further reading

Inman-Bamber (2004)
Jaggard & Semenov (zo07)
El-Sharkawy (2006)

Duwvick & Cassman (1999)
Young et al. (2008)
Jorgensen et gl. (2007)

Cerntsma & Wessel (1997)
and Kelly-Yong et al. (2007)
Achten et al. (2008) and
Kumar & Sharma (z008)

Habekotté (1997)
Salvagioth (2008)

lLewandowsk et al. (2007)
Schmer et al. (z008)

Karp & Shield (z008)
Karp & Shield (z008)

! Sources for biomass yield: estimates denived from vanious sources.

2 Sources for energy yield: Sims et al. (20006) and Muiller et al. (2008).

Table z. Estimated bioethanol / biodiesel and energy yield of crop-based 1st generation biofuel crops grown

under optimal conditions.

Commodity [ crop

Biogthanol !
Sugarcane  {Brazl)
Cassava (Nigena)
Switchgrass (USA)
Maize (USA)
Wheat (France)

Feasible
yield
(Itres ha 1)

Gooo
4000
3500
3500

3000

Energy

content
(G]hat)

Commeodity [ crop

Biodiesel 2
Ol palm
Coconut
Jatropha
Rapeseed

Sunflower

Feasible Energy
yield content
(itresha 1) (G] ha 1)
7100 250
3200 105
2300 8c
1400 50

1100 40

I Source: Anon. (2000).

2 Source: Bayer Crop Science AG (<www.bayercropscience.coms).
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switchgrass (Panicum virgatum), grown with low cxternal inputs and using conversion
methods that result in a high net energy efficiency (output/input). Special emphasis

is given to lignocellulosic material as a substrate for producing biofuels (Somerville,
2006). Conversion of cellulosic biomass, which is both abundant and renewable, is
considered a promising alternative for ethanol produced from starch or sugar. The
ideal characteristics (‘ideotype’) of non-food cellulosic crops are: a C, photosynthetic
pathway resulting in a high photosynthetic efficiency, long canopy duration with a high
interception efficiency of photosynthetically active radiation, perennial growth, strong
vigour to out-compete weeds, a high water productivity and relocation of nutrients to
non-harvestable plant parts (roots and storage organs) at the end of the growing season.
It was found that Miscanthus X giganteus shows most of these characteristics (Beale &
Long, 1995; Heaton et al., 2004; Christian et al., 2008). Annual biomass yields of
Miscanthus grown in the Netherlands were associated with cumulative light interception
(up to Tooo M| m-2) higher than those for maize (Van Der Werf et al., 1993); however,
light-use efficiencies were similar and amounted to 2.6 g dry weight per M] (PAR).
Besides improving the agronomy, plant traits that hamper the conversion efficiency

of cellulosic biomass should be modified. Plant genetic engineering may be able to
modify the lignin composition, which may facilitate the production of cellulosic ethanol
production without costly pre-treatment processes (Sticklen, zoo8).

Plant triacylglycerols are another potential feedstock to produce biofuels, especially
biodiesel. Most vegetable cils are derived from triacylglycerols stored in seeds. Jatropha
curcas is a drought resistant, toxic, perennial oil plant (ca. 40% oil content) with favourable
traits for multipurpose uses (medicinal, pesticide), but especially as an energy source
to produce biodiesel in unfavourable regions of India, Sub-Sahelian Africa and Latin
America (Kumar & Sharma, 2008). Novel energy crops may be developed that produce
triacylglycerols in non-seed tissues (Durrett et al., 2008). To avoid competition with
food crops there is a growing interest in woody oil plants. Native energy oil plants are
more frequently present in tropical and subtropical regions (Shao & Chu, 2008).

3. Third generation technology, based on algae or cyanobacteria that contain a high

oil mass fraction (up to 70%) and are grown in ponds. Micro-organisms can convert
almost all of the energy in biomass residuals and wastes to methane and hydrogen.
Certain algae and cyanobacteria have high lipid contents. Under proper conditions,
these micro-organisms can produce lipids for biodiesel with yields per unit area that
are 50-100% higher than those with any plant system (Chisti, 2008; Rittmann, 2c08).
However, it is still not proven that this high efficiency can be maintained after scaling-up
the technology to a large production plant. Furthermore, the feedstock is waste derived
from plant material used for food and feed. Yet, we do not know what the trade-off is
between maximizing the utilization of primary production for food and feed and the
use of residues and waste to preduce methane or hydrogen. Chemical composition of
the residues and waste will matter.

4. Fourth generation technology, based on biohydrogen production by embedding parts
of the photosynthesis apparatus in artificial membranes (Kruse et al., 2005). The mean
conversion efficiency for the total solar spectrum amounts to ca. 20%, which is on
average about 10 times higher than for annual crops. This high efficiency should be
considered a potential level. The gap between the potential level and actual efficiency is
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still not known. Currently, this technology is still expensive and not yet ready for
commercial exploitation.

Biofuel feedstocks are still among the most productive crops grown for food and feed.
However, competition for cultivated arable land and the risks of threatening food
security argue for development of alternatives that use less fertile land and are more
efficient in capturing solar energy and in energy conversion. The speed of the transition
from first generation technology to second, third and fourth generation technologies
will depend on market opportunities on the one hand and on public and private spending
in advanced research and emerging technologies on the other.

New bioenergy crops are needed that fit into cropping systems on farmers’ fields
and minimize the use of external inputs (water and nutrients). Porter et al. (2007)
concluded that the ideotype of a bioenergy crop will be quite different from that of food
crops: a phenology that permits a long growing season (annual or perennial), a low
partiticning to reproductive organs, a high level of low-molecular weight unpolymerized
carbohydrates and a high water and nutrient efficiency. Generally, perennial C -plants
(e.g., sugar cane) grown under tropical conditions will meet these standards; however,
on-going research shows promise to develop new ideotypes for temperate conditions.

It has been claimed that transgenics are imperative for biofuel crops (Gressel, 2008;
Sticklen, 2008); however, a multi-faceted approach at different scales (gene, cell, plant,
crop, ecosystem) should provide the knowledge to develop dedicated cropping systems
for biofuels that meet economic as well as ecological sustainability objectives. Next to
genetic traits also management becomes important to combine high biomass yields
with sustainability goals (Miguez et al., 2008).

Resource use of land, water and biodiversity

The main resources for plant and crop growth are fertile land, fresh water (rainfall
and/or irrigation), solar radiation and a favourable climate (temperature range: 5—35
°C) during the growing season. Globally, annual net primary productivity (NPP) on
land amounts to about 57 Gt of carbon (Field et al., 2008); the annual fossil fuel use
amounts to about 7 Gt of carbon. Only a fraction (ca. 25 %) of the global NPP on land
can be harvested from cropland or pasture. Increased production of biomass for energy
has the potential to slow down the use of fossil fuels, but it may also threaten food
security, water resources and biodiversity. Field et al. (2008) concluded that the area
with the greatest potential for producing bioenergy crops is abandoned agriculture land.
Based on conventional data for crop productivity they estimated that these abandoned
lands represent a potential for biomass production equal to 5% of the global primary
energy consumption (483 EJ) in 2zo50. This is a conservative estimate, because net
primary productivity is based on global NPP of 3.2 t C ha! per year. [t was shown earlier
that crops like Miscanthus can yield considerably more. Based on calculations with the
Quickscan model, Smeets et al. (2007) estimated that the bioenergy potential on surplus
agricultural land may equal 215 to 1272 E] per year. In this analysis it is assumed that
the advancement of agricultural technology will reduce the area needed for food and
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feed production by almost 30% on average. [t can be questioned if this assumption will
be realized with increasing scarcity of water in the major growing regions (Bouman et
al., 2007).

The acreage of land needed for producing sufficient food and feed and feedstocks
for industrial use (e.g., cotton) and biofuel depends on the productivity per unit of
resource (Monteith, 1977; Passioura, 1977; Hunt et al., 1990). The incoming solar
radiation depends on latitude and daylength (Monteith, 1972), whereas the cumulative
light capture is determined by temperature-dependent canopy development under
non-water and non-nitrogen limiting conditions. The ecoregional conditions (e.g., day-
length, temperature) for capturing incoming solar radiation differ considerably around
the globe. Perennial, double or triple cropping systems under (sub-)tropical conditions
have the potential to capture more light than crops grown in a short season due to cold
(northern and southern hemisphere) or water shortage (e.g., Mediterranean climate).
Caviglia et al. (2004) reported higher water productivity (g mm-1) on an annual basis
for biomass yield of an intercropping system (1.85—2.20) compared with sole crops
of wheat (1.15-1.57) or soya bean (0.83—1.16). The radiation-use efficiency (g M]-1)
showed similar responses: higher for intercropping (0.79-1.04) and lower for wheat
(0.57-0.065) and soya bean (0.30—0.65). The values for the sole crops are higher if the
productivities are calculated on a seasonal instead of an annual basis.

Plant traits important for yield and quality improvement in bioenergy crops are
(Karp & Shield, 2008):

1. Traits for yield improvement:

— maximizing radiation interception (e.g., early vigour, frost resistance, canopy closure,
leaf traits for efficient light capture);

— maximizing radiation-use efficiency (e.g., low-temperature tolerant C, metabolism,
high nutrient-use efficiency, disease and pest resistance);

— maximizing water-use efficiency (e.g., drought avoidance, drought tolerance, rooting
depth);

— oplimizing environmental sustainability (e.g., efficient nutrient recycling, root/shoot
partitioning).

2. Traits for quality improvement:

— ease of harvesting and storage (e.g., resistance to lodging, low moisture content);

— suitability for thermal conversion technologies (e.g., energy density, optimal flowering
and senescence);

— suitability for biological conversion technologies (e.g., accessibility of carbon in the
cell wall, high fraction of energy substrates);

— health and safety (low dust, postharvest discase resistance).

Different agroecological conditions require case-specific assessments of traits that
determine the end-user value and meet sustainability goals. Life-cycle analysis (LCA)
has shown to be promising in this respect (Schmidt, 2008; Smaling et al., 2008).

Resource capture and resource-use efficiency determine the potential biomass
production per unit of land area (Table 1). However, the actual yield refers to the plant
part that can be used for food, feed or biofuel. In food crops this fraction is usually
expressed as harvest index (H11) and for cereals calculated as: dry weight grain / dry
weight aboveground biomass. Depending on growing conditions the HI of cereals will
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range from 0.35 to 0.55. In feed production systems like silage maize, part {corn/cob)
or the bulk of the aboveground biomass will be harvested. In this case the HI will range
from o0.70 to o.go. In biofuel cropping systems the whole above-ground biomass is used
or only crop residues, like stover and straw; consequently the HI will vary between o.go
and 0.35. To prevent adverse affects on soil fertility the soil erganic carbon (SOC) content
should be maintained. The required amount of organic material that stays behind (roots
and stubble) depends on the soil mineralization rates, which usually are higher in light
sandy soils than in heavy clay soils. Blanco-Canqui & 1.al (z007) found that only a small
fraction (< 25%) of the total maize stover can be removed from sloping and erosion-prone
soils. Lal (z008) concluded that increasing the SOC pool by 1 Mg ha * per year through
residue retention can increase the annual world food grain production by 24 to 40 Mt
and root and tuber production by 6 to 11 Mt.

The intensification of cropping systems during the last 50 years in response to new
technologies (mechanization), the need to increase labour productivity, the introduction
of high-yielding cultivars, the supply of fertilizer-N at low cost, the introduction of
chemical crop protection, scarcity of land, and market pressure led to an unexpected
increase in crop productivity per unit of land (Swaminathan, 2007). Currently, the most
common strategy for food, feed and biofuel production is based on high-input low-
diversity agricultural systems. Ecologists tend to characterize such systemns by large-
scale monocultures subject to large inputs of fertilizer, irrigation water, and pesticides
(Wallace & Palmer, 2007), causing a loss of global biodiversity (Firbank et al., 2008).
However, in reality there is huge variation in cropping systems, determined by agro-
ecological growing conditions (e.g., rainfed or irrigated, temperate or tropical, lowland
or highland), soil traits (biological, chemical and physical), cropping systems (monoculture,
intercropping, plant-animal systems). Groom et al. (2008) stress the importance of
developing general principles, like ‘best farming practices’, saving land and a zero carbon
balance, in developing guidelines for certifying biodiversity-friendly agricultural practices.

Regional diversity in resources for food and fuel production

What are the needs and demands of societies at a global scale? To analyse demands and
resources we should differentiate between continents and regions. It is also important to
take the convergence of the fuel, food and fibre markets into account (Roberts, 2008).
It is predicted that tropical countries will be the ‘winners’ in the growing demand for
bioenergy feed stocks, because of higher crop yields and lower land and labour costs.
Some examples:

1. Latin America still has vast land resources. However, the inequity in land rights and
weak governance cause exploitation of fragile land. With adequate knowledge and new
technology a large potential exists for food and feed production as well as for sugar cane-
based ethanol production. Brazil is the world leader in producing bioethanol (18 billion
litres in 2006) based on sugar cane (7 million ha; about 2% of Brazil’s arable land). It is
a renewable resource that increasingly replaces fossil fuels (Nass et al., 2007).

2. The United States of America is a technology and profit driven society, where multina-
tionals and retailers play a dominant role in the food chain and trading of agricultural
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commodities (e.g., Cargill). It is still the major exporting country of crop commodities,
such as maize, wheat and soya bean. However, during the last 5 years the booming
ethanol production from maize (7.6 to 22.7 billion litres) caused an imbalance between
demand and supply of maize. As a consequence, maize prices rose abruptly (Cassman
& liska, 2007%). The target is to increase biofuel production to > 775.7 billion litres in
2020. To meet the growing demand for maize the current trend in yield increase of
about 110 kg ha—* per year must be doubled if the present area for agricultural land

use remains. Large seed companies (Monsanto) are optimistic that they can develop
drought-tolerant maize cultivars that will accelerate the current rate of yield improvement.
However, the requirement for non-food crops to replace maize as a feedstock for
biofuel is growing. Most promising are lignocellulosic crops, such as switchgrass and
Miscanthus (Christian et al., 2008).

3. Europe is a continent with large resources of fertile land (Ewert et al., 2005), but with
declining population growth and therefore a stagnating demand for food. Europe does
have ample resources (land, climate, infrastructure, processing industry) and a vast
knowledge base to continue to play an important role in supporting a growing world
population with food, feed and biofuel (Rounsevell et al., 2005). The question is to what
degree the policy shift from agricultural production to ecological and human services
will affect the Furopean role on the world food and bioenergy market. Recent assessments
for the 15 original EU member states (EU1s) have shown that with a further increase

in productivity due to technology development (Ewert et al., 2005) large areas of agri-
cultural land can become available for biofuel production (Rounsevell et al., 2005). The
long-term (208c) land use change potential for biofuels was estimated at 3 1o 8% of the
total land area, depending on the set of scenario assumptions about climate change and
socio-economic development (Rounsevell et al., 2006). Van Dam et al. (2007) calculated
that in Central and Fastern Furope 44 million ha of agricultural land can become
available for the production of biofuel if high-technology cropping systems securing
high crop productivity would be introduced. In Russia and the former Soviet states
land resources are vast. Furthermore, labour and energy costs are low. This region can
become very competitive in producing commodities like maize and other cereals, if
crop management practices are improved and transportation of grain is facilitated by a
better infrastructure. It is expected that the growth in commercial biomass production
in the former USSR states will be higher than in Western Europe (Varis, 2007).

4. In China, sustained economic growth for the past 20 years increased prosperity. This
economic boom has already changed the demand for food towards protein-rich diets
(Chen, 2007). The consumption of rice decreased, while that of dairy, fish and (white
meat) products increased. As a consequence, less of the crop produce is directly used
for human consumption and more cereal-based products are needed for feeding the
growing animal industry (Tong et al., 2003). This change in diet will require more land
to feed the population, because productivity per unit land area is already quite high. In
China, 20% of the world population is fed from only 7% of the global agricultural land
and 30% of the arable land is used for double or triple cropping. The limits of sustainable
crop production are almost reached; in regions with intensive cropping systems there
is already an overuse of fertilizers and in some regions a fast depletion of the fresh
water in aquifers and rivers. However, this intensively cultivated land is only 13% of the
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total land area (960 million ha); about 25% is used as forest and 2% as pasture.

More of the so-called ‘unused land’ in China will be brought into cultivation for the
production of food, feed as well as biofuel (Shao & Chu, 2008). The target for renewable
energy sources is sct to account for 10% by 2010 and 16% by 2020. Cellulosic-ethanol
production is being encouraged. The impact of this policy on the biodiversity in semi-
natural ecosystems and on water quality is still uncertain and needs to be closely
monitored.

5. South-East Asia produces almost 9o% of the world’s palm oil, accounting for 12% of
world’s production of biclogical oils and fats. In South-East Asia, especially Malaysia
and Indonesia (6.5 million ha in Sumatra and Kalimantan), the palm oil — biodiesel
industry is becoming an important sector, creating employment opportunities and
economic benefits. However, the transition of native forest into palm oil plantations
creates major side-effects on the environment; especially oxidation of drained peat
land (in Indonesia 25% of the oil palm plantations) has been adding to GHG emissions.
Improved management to close the yield gap in palm oil production would save precious
land. Murphy (2007) reported annual yields of 3.7 t ha-t useful oil from plantations in
Malaysia. This yield can almost be doubled by improving erop management and harvest
practices. Oil yields could be increased even further, to as much as 8-10 t ha* per year
by using high-yiclding germplasm.

The regional diversity in resource use for food and fuel production should always
be evaluated in a global perspective. Further development of biofuels will take place in
global integrated networks that require certification and labelling systems to guarantee
quality and sustainabilily standards (Mol, 2007). The balance between food and energy
security will differ between developed and developing countries. In his global biofuel
projections Demirbas (2008) estimated that by 2050 one half of the total energy demand
in developing countries will be based on modernized biomass energy. However, a
comprehensive assessment of competing claims for food and fuel and the environmental
impacts (Koh & Ghazoul, 2008) should guide the further development of potential
sources of biomass-based alternative energy. More generally, loss of biodiversity is a
major concern (Foley et al., 2005).

Conclusions

Food and water are fundamental to life. The planet’s ecological infrastructure experiences
increasing pressure, because of the consumption patterns of a growing affluent society,
the depletion of natural resources and the projected climate change. A new mindset is
needed on how to integrate the different functions of production with other ecosystem
services. The rapidly growing demand for food, feed and fuel will require a combination
of further improvements of crop yields (> 2% per annum) and a doubling or tripling of
resource-use efficiencies (e.g., nitrogen-use efficiency and water productivity) over the
next 20 to 30 years. Policies that impose considerable savings on fossil energy use at
large, may also contribute to reduce excess external inputs in cropping systems.

Taking into account that oil prices will stay at a higher level than in the past, etha-
nol and biodiesel production from various plant-based feedstocks will be profitable. To
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avoid negative impacts on food security, governments should give high priority to 2nd,
3rd and 4th generation technologies. Cellulosic feedstocks are much more abundant
than food crops, but the processing costs are still much higher. Research on enzymatic
digestion and converting cellulose into gas indicates that the costs of processing can
decline considerably, especially if economies of scale can be improved.

Adaptation to climate change and a better tolerance to biotic and abiotic stresses by
genetic improvement will be of key importance. Furthermore, knowledge-based tools
should be developed to manage diverse cropping systems in a sustainable way and to
exploit the genetic potential of crop species and cultivars, depending on eco-regional
conditions. A comprehensive assessment of productivity, resource-use efficiencies and
economic profitability may guide the choice of crop species and cultivars to be grown
in a target environment and region, depending on the added value for specific purposes:

food, feed or fuel.
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