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Prevalence of undernourishment in developing countries (2005-07)

Very high (undernourishment 35% and above)

High (undernourishment 25-34%)

Moderately high (undernourishment 15-24%)

Moderately low (undernourishment 5-14%)

Very low (undernourishment below 5%)

Missing or insu!cient data

FAO Hunger Map 2010
Prevalence of undernourishment in developing countries

Note: The map shows the prevalence of undernourishment 
in the total population of developing countries as of 2005-7 – 
the most recent period for which complete data are available. 
Undernourishment exists when caloric intake is below the 
minimum dietary energy requirement (MDER). The MDER is 
the amount of energy needed for light activity and a minimum 
acceptable weight for attained height, and it varies by country 
and from year to year depending on the gender and age structure 
of the population.

Source: FAOSTAT 2010 (www.fao.org/hunger)

The designations employed and the presentation of material in the map do not imply 
the expression of any opinion whatsoever on the part of FAO concerning the legal or 
constitutional status of any country, territory or sea area, or concerning the delimitation 
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states a mere 15 years ago. They are struggling, like any
newly emergent nation, to develop their own socioeco-
nomic and political structures. Furthermore, the produc-
tion focus of Cold War Soviet industry contains notorious
inefficiencies. We postulate that these factors contribute to
depressed HDIs and exaggerated energy consumption in
these early years of independence, making FSU nations a
special case. Whether or not our causal analysis is accurate,
it is clearly true that these nations have a number of factors
in common, including a substantial departure from the
trend established for the rest of the world. We expect that
once an adequate saturation model is developed, this will
help explain this observation.

Additionally, an inherent time lag undoubtedly must
exist between new energy development for a nation’s
internal use and improved HDI. HDI can be superficially
considered a snapshot of the current state of the nation for
which it is measured, for GDP may respond within a year
or two (quickly and positively affecting HDI) but infant
mortality and literacy would require several years to be
profoundly affected. Consider that, even after infrastruc-
ture has been built, and schools and hospitals electrified, it
still takes some years to see the literacy gains from
expanded educational opportunities and the improved
lifespan from enhanced medical care. Thus, it may be
meaningless to compare PCEC data with HDI data for the
same calendar year. We believe that further analyses to
characterize this time lag will be useful, both from a
theoretical standpoint, to improve the correlation, but
from a planning standpoint, to understand the time
required to see the most profound benefits. This under-
standing may be essential for the populace of a developing
nation to appreciate the evolving benefits of energy
development programs initiated by their governments.
Future work could look to the time lags seen in the United
States for improvements in the factors contributing to
HDI, following the extensive electrification programs of
the Roosevelt administration as one example.

3. Factors affecting HDI and the need for modern energy

We see in the primary trend that there exist certain
outliers to the bulk of the dataset. They represent nations
that either have relatively high or relatively low HDI values
compared with their energy consumption, or little im-
provement in HDI for more energy consumed. There are
likely a number of factors affecting a nation’s calculated
HDI, and each nation’s circumstances should be super-
imposed on any thorough analysis. But, due to the
remarkably strong correlation presented here, those with
unusually low HDI values relative to their energy
consumption may reveal some internal problems. Unu-
sually high HDI values relative to energy consumption may
be artifacts of some fortuitous circumstances—or may
offer some important guidance for development efforts
around the world. Isolating measurable indicators for
nations may be useful to assist energy-poor nations to

transition to better standards of living. One obvious
indicator likely affecting some of this variability is the
type of energy used.
Fig. 4 shows that for the EA nations, a relatively strong

correlation exists between HDI and fraction biomass used
as a primary fuel source (World Resources Institute, 2003)
Additionally, looking only at the energy-poor ‘region’ of
the EA curve, if one compares HDI to PCEC using total
energy versus energy just from modern sources, the
correlation between the two becomes significantly im-
proved, as seen in Fig. 5.1 As the noted energy for
development scholar Jose Goldemberg (2001) has stated
elsewhere, the ‘‘y basic problem of the use of fuelwood for
cooking is its dismally low efficiency’’. Of course, he also
points to the significant localized air pollution and its
impact on physical heath associated with this inefficiency
(Goldemberg, 2001).

4. Modes to a transition

The energy-poor region of the EA is both quite linear
and steep. This indicates that relatively small increases in
energy availability for these least affluent nations can
support very large increases in human welfare. Indeed, the
addition of some 400 kg of oil equivalent (kgoe) per capita
from modern energy for the people in the poorest nations
(with current HDI values less than 0.4) could support a
doubling of HDI — well into the transition region. To
improve beyond that though, much more energy will be

ARTICLE IN PRESS

Fig. 4. HDI as a function of fraction biomass used to meet all energy
needs for the primary trend. No country with more than 60% biomass
dependence achieves better than .6 HDI. Note that a linear correlation
trend line fits moderately well to the data (R2 ! 0.73). Biomass
information available from World Resources Institute.

1We have discounted South Africa since they consume enough energy to
vault themselves well into the ‘‘transition’’ section of Fig. 3 and indicates
other factors influencing their HDI values.
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th in developing countries is 
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2013. H
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ever, recovery from
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Policy options to address price volatility and high prices

42

Preventing price volatility in the long term: 
increasing the productivity, sustainability and 
resilience of agriculture

Key message

Investment in agriculture will improve the 
competitiveness of domestic production, increase 
farmers’ profits and make food more affordable for the 
poor. Private investment will form the bulk of this 
investment, but public investment has a catalytic role 
to play in supplying public goods that the private 
sector will not provide. These investments should 
consider the rights of existing users of land and related 
natural resources, benefit local communities, promote 
food security and not cause undue harm to the 
environment.

The global agriculture sector faces significant challenges in 
the coming four decades. Continued population growth will 
drive up food demand, while climate change and natural 
resource degradation will create challenges on the supply 
side, both in terms of average production and in terms of 
production volatility. FAO estimates indicate that global 
agricultural production will need to grow by 70!percent 
between 2005–07 and 2050, and by almost 100!percent in 
developing countries, to feed a population of more than 
9!billion people in 2050. Insufficient growth in production 
will lead to higher and more volatile prices.

It is important to note that increased production at the 
farm level is not the only way to increase supplies and meet 
demand. FAO recently estimated that 1.3!billion tonnes of 
food are lost or wasted globally each year. Most of the waste 
is in developed countries and most of the losses are in 
developing countries. The challenge is to find cost-effective 
ways to reduce such waste and losses. Thus, research and 
investment in improved post-harvest management and 
logistics will be an important component of a broader 
agricultural development strategy.

Investment to create a more productive and efficient 
agriculture sector will make food more affordable for the 
poor and reduce price volatility as well. In addition, there is 
clear demand for such investment from the rural poor 
themselves. According to Gallup polls in sub-Saharan Africa, 
people think that agriculture is the most important issue for 
their governments to address, and they rank reducing 

poverty and hunger as the two most important of the 
Millennium Development Goals.70 Increased investment will 
lead to more rapid agricultural growth, which has been 
shown to have a greater positive impact on the income of 
the poor than growth from outside agriculture (Figure!17).71 
Greater income for the poor will make households less 
vulnerable to economic shocks such as price fluctuations and 
reduce the danger of poverty traps.

There are encouraging signs that agricultural capital 
stocks – buildings, equipment, livestock and the like – may 
be starting to increase. Agricultural capital per worker was 
largely stagnant in low- and middle-income countries from 
the middle of the 1980s to the early part of the 2000s, but 
increased in 2004 and 2005, the most recent years for which 
data are available.72 These increases need to be sustained 
over long periods of time: doubling the agricultural output 
of developing countries will require an average annual gross 
investment of US$209!billion (in 2009 US dollars), roughly 

An increase in agricultural growth has a stronger, 
more positive impact on the income of the poor than 
does an equivalent increase in non-agricultural growth

FIGURE 17

Note: Income decile 1 refers to the poorest 10 percent of the population, and so on. 
Expenditure is used as a proxy for income, as is common in analysis of household survey data.
Source: E. Ligon and E. Sadoulet. 2007. Estimating the effects of aggregate agricultural 
growth on the distribution of expenditures. Background paper for the World Development 
Report 2008 (available at http://siteresources.worldbank.org/INTWDR2008/Resources/
2795087-1191427986785/LigonE&SadouletE_EstimatingEffectsOfAggAgGr.pdf).
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being set equal to 1 kg grass. In practise it is probably worth much
more than this in terms of feed potential – but we want our results
to withstand even the most stringent and critical scrutiny, and so we
content ourselves with this conservative equation of yeast to grass.
We consider the sensitivity of this assumption in a moment.

In practise, we need to also consider a ‘reasonable time frame’
for the sugarcane to be planted and harvested, the yeast to be
produced and added into the animal feed, and the land to be
released. However, the difference is negligible between the
results based on an infinite number of iterations and those from
a few iterations. For example, in the case when the substitution
level of yeast for grass is set to 1, our results converge on a limit of
11.6, which matches the theoretical maximum after five itera-
tions; this represents five seasons if one iteration is considered to
be one season (Fig. 3).

7. Sensitivity analysis

Our demonstration of the biorefinery’s potential has been limited
thus far by the conservative assumption that 1 kg of yeast can
substitute for 1 kg of grass in the feed of cattle. The protein content
of yeast is close to 50% (Reed and Nagodawithana, 1991) while that
of grass is 6–10% (De Almeida et al., 2009). Therefore, theoretically,
yeast can substitute as much as eight times the amount of grass
based on protein content. Sensitivity analyses have been employed
to illustrate the effect that an increased substitution level has on
ethanol production (Fig. 4) and the land released (Fig. 5). The
substitution level has been restricted to 2 kg of yeast for 1 kg of
grass despite the theoretical maximum substitution level of 8 kg of
yeast for 1 kg of grass. The substitution level has also been restricted
in respect of timescale in that the theoretical maximum for ethanol
production must be obtained within five iterations (seasons).
Despite these imposed restrictions an exponential increase in
ethanol production and land released is observed.

The effect that the biorefinery exerts on ethanol production
through land substitution is significant.With an increasing proportion
of the same total quantity of land devoted to sugarcane cultivation
and the concomitant increase in sugarcane production, the result is
ethanol production being lifted due to the increased sucrose produc-
tion. Yeast production is also lifted from the increase in sugarcane
waste. The more the yeast produced, the more the land is substituted
and made available for sugarcane production. At a substitution level

of just 2, the ethanol production is lifted to 176.0 GL through
12.5 Mha land being released from cattle grazing to give a total of
20.6 Mha of land being used for sugarcane cultivation. Compared
with the current level of ethanol production of 27 GL this is a 650%
increase with no diversion of land. The percentage of yeast in feed,
the level of supplementation, remains low at 4.2%.

8. Discussion

There has been intensive debate on ILUC effects caused by
biofuel production (e.g. Mathews and Tan, 2009). The result that
we report here shows how ILUC effects of biofuels can be mini-
mised while drastically increasing the scale of production, utilising
2G cellulosic ethanol technology, by linking the biofuel and beef
production value chains. The result depends on three conceptual

0

2

4

6

8

10

12

14

0

La
nd

 A
re

a 
(M

ha
)

Iteration

Land freed to Sugar Cane
(Mha)

Base Case Land for Sugar
Cane (Mha)

1 2 3 4 5

Fig. 3. Land released to sugarcane cultivation converges on the theoretical limit
over five iterations.

0.0

20.0

40.0

60.0

80.0

100.0

120.0

140.0

160.0

180.0

200.0

0.8

Et
ha

no
l P

ro
du

ct
io

n 
(G

L)

Substitution Level

Ethanol from Waste (GL)
Ethanol from Sucrose (GL)
Base Ethanol (GL) 

1 1.2 1.4 1.6 1.8 2

Fig. 4. Total ethanol production in Brazil versus substitution level of yeast for grass.

0

5

10

15

20

0.8

La
nd

 A
re

a 
(M

ha
)

Substitution Level

Base Case Land for Sugar Cane (Mha)
Total Land for Sugar Cane (Mha)

1 1.2 1.4 1.6 1.8 2

Fig. 5. Land devoted to sugarcane production versus substitution level of yeast
for grass.

J.A. Mathews et al. / Energy Policy 39 (2011) 4932–49384936
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content ourselves with this conservative equation of yeast to grass.
We consider the sensitivity of this assumption in a moment.
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for the sugarcane to be planted and harvested, the yeast to be
produced and added into the animal feed, and the land to be
released. However, the difference is negligible between the
results based on an infinite number of iterations and those from
a few iterations. For example, in the case when the substitution
level of yeast for grass is set to 1, our results converge on a limit of
11.6, which matches the theoretical maximum after five itera-
tions; this represents five seasons if one iteration is considered to
be one season (Fig. 3).
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Our demonstration of the biorefinery’s potential has been limited
thus far by the conservative assumption that 1 kg of yeast can
substitute for 1 kg of grass in the feed of cattle. The protein content
of yeast is close to 50% (Reed and Nagodawithana, 1991) while that
of grass is 6–10% (De Almeida et al., 2009). Therefore, theoretically,
yeast can substitute as much as eight times the amount of grass
based on protein content. Sensitivity analyses have been employed
to illustrate the effect that an increased substitution level has on
ethanol production (Fig. 4) and the land released (Fig. 5). The
substitution level has been restricted to 2 kg of yeast for 1 kg of
grass despite the theoretical maximum substitution level of 8 kg of
yeast for 1 kg of grass. The substitution level has also been restricted
in respect of timescale in that the theoretical maximum for ethanol
production must be obtained within five iterations (seasons).
Despite these imposed restrictions an exponential increase in
ethanol production and land released is observed.

The effect that the biorefinery exerts on ethanol production
through land substitution is significant.With an increasing proportion
of the same total quantity of land devoted to sugarcane cultivation
and the concomitant increase in sugarcane production, the result is
ethanol production being lifted due to the increased sucrose produc-
tion. Yeast production is also lifted from the increase in sugarcane
waste. The more the yeast produced, the more the land is substituted
and made available for sugarcane production. At a substitution level

of just 2, the ethanol production is lifted to 176.0 GL through
12.5 Mha land being released from cattle grazing to give a total of
20.6 Mha of land being used for sugarcane cultivation. Compared
with the current level of ethanol production of 27 GL this is a 650%
increase with no diversion of land. The percentage of yeast in feed,
the level of supplementation, remains low at 4.2%.

8. Discussion

There has been intensive debate on ILUC effects caused by
biofuel production (e.g. Mathews and Tan, 2009). The result that
we report here shows how ILUC effects of biofuels can be mini-
mised while drastically increasing the scale of production, utilising
2G cellulosic ethanol technology, by linking the biofuel and beef
production value chains. The result depends on three conceptual
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grassland acreage, in effect, is released for additional sugarcane
cultivation. Sugarcane bioethanol production and parallel agribu-
siness value chains such as cattle production are thereby linked
without bringing any extra land into pastoral or agricultural use,
as illustrated in Figs. 1 and 2. Our technical analysis demonstrates
that significant gains in land use productivity can be achieved
without the unfavourable GHG emissions associated with ILUC
effects.

2. The concept of the ‘feed!fuel’ biorefinery

The concept of a biorefinery, which has multiple outputs from
a biomass feedstock was introduced by Ohara (2003). As defined
by Ragauskas et al. (2006, pp. 488), an ‘‘integrated biorefinery is
an approach that optimises the use of biomass for the production
of biofuels, bioenergy and biomaterials for short- and long-term
sustainability.’’ In this paper, we describe a ‘feed! fuel’ biorefin-
ery based on 2G sugarcane ethanol production in which naturally
generated strains of Saccharomyces cerevisae are used to both
ferment sugars to ethanol, and grow large quantities of yeast
biomass, a source of yeast SCP, on what would otherwise be
waste. The unique properties of the yeast enable the implementa-
tion of a biorefinery with animal feed and ethanol fuel outputs.

S. cerevisae yeast has been industrialised for more than 3000
years, producing bread, beer, wine and industrial alcohol, and
more recently, of course, bioethanol. It is currently responsible for
almost all fuel ethanol produced around the world. Its prevalence
relates to favourable industrial characteristics, which include high
ethanol tolerance, high resistance to acid and osmotic pressure,
and zero susceptibility to viral infection. It poses no risk for the
environment and has ‘generally recognised as safe’ (GRAS) status.

There are two factors working against current industrial strains
of yeast when considering 2G cellulosic ethanol production. Firstly,

current industrial strains of S. cerevisiae cannot be used to ferment
some of the biomass derived sugars such as xylose (a C5 sugar).
Second, in the new generation of hydrolyzates produced from
waste such as sugarcane, inhibitors of yeast growth such as
acetic acid, furfurals and phenolics are formed. Therefore heavy
inoculations of yeast are typically required for fast and efficient
fermentation. As a result of the limitations of current industrial
strains of S. cerevisiae for use in 2G ethanol production facilities,
there have been extensive attempts to either genetically modify
S. cerevisiae in order to raise xylose utilisation (e.g. Helle et al.,
2004), or employ other microorganisms (Lin and Tanaka, 2006).

Attfield and Bell (2006) have reported dramatically enhanced
natural ability of the yeast S. cerevisiae to utilise xylose, without
degrading the yeast’s ability to ferment glucose and other C6
sugars such as galactose. The enhanced attributes of the newly
developed strains add to the already superior characteristics
of S. cerevisiae in regard to industrial ethanol production. This
approach is based entirely on breeding and selection, accelerating
the natural reshuffling of the yeast genome in response to
directed evolution towards increasing efficiency in fermenting
C5 sugars. The result is a natural strain of yeast generated from
the development programme that involves no genetic modifica-
tion (GM) – such as gene splicing – and thus the yeast retains its
non-GM GRAS status, ensuring that it can be utilised in traditional
applications such as ethanol production, baking and feed applica-
tions. As a result, the newly developed yeast strain can perform
three tasks within the biorefinery: firstly, it can provide for an
efficient fermentation of C6 sugars into ethanol; secondly, it can
utilise the non-favourable carbon sources such as acetate, xylose
and glycerol to produce high protein yeast biomass; and thirdly,
by utilising the carbon sources in the waste stream, it enables a
high degree of water economy through recycling.

3. The sugarcane ‘feed!fuel’ biorefinery

Sugarcane is an ideal crop for tropical countries to grow,
because of its high biomass production. Sugarcane is generally
grown in regions with high rainfall and so irrigation is not
required. Sugarcane is a perennial, and so does not need to be
planted each year. After maturing for 12 to 18 months, it can be
harvested each year for between five to seven years, with a
consistent yield. Sugarcane is, therefore, a favoured feedstock
for ethanol production due to the ease of its production and its
reduced GHG emissions balance when compared to other feed-
stock candidates (Goldemberg et al., 2008). In this case, we wish
to consider a biorefinery fed by sugarcane biomass with multiple

Land for sugarcane
plantation

Grass

SugarSugarcane

BeefLand for grass
pasture

Ethanol

Fig. 1. Sugar, ethanol and beef value chains before the introduction of the
‘feed!fuel’ biorefinery.
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Fig. 2. Sugar, ethanol and beef value chains linked by the ‘feed!fuel’ biorefinery.
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