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Summary

A system was devised to help understand some of the problems likely to be
encountered in feeding the world in 2050.

The system assumed that by 2050 the world population would be approximately 9.4
billion, as predicted by FAO, that all women on average had two offspring and that
life expectancy at birth would be constant.

A simple set of fifty-four vegetarian diets was formulated to meet the FAO dietary
requirements for energy, protein and dietary limiting amino acids, for nine age
groups in six ethnically, geographically and culturally different Domains based on
the FAO Regions.

Moreover, an attempt was made for each Domain to be self-sufficient in raw
materials and that overall agricultural productivity in 2050 would be similar to that
in 2011.

The requirement for minor nutrients was ignored in this model. It was found that
globally, the energy needs could be met; but there would be a deficiency of all raw
materials in the Sub-Saharan Africa Domain.
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The Northern Africa, West & Central Asia and India & South Asia Domains would be
deficient in one or two raw materials, whereas the other three Domains should be
self-sufficient; but making no allowance for waste.

The results showed that globally, the area of agricultural land required to feed the
current world population could be reduced by 30% if production was restricted to
the constructed diets and that nitrogen fertilizer use could be reduced by 24%.

Globally, an average of 0.8 kWh/capita is used daily in the manufacture of the
nitrogen fertilizer deployed on arable crops, ranging from 1.52 in the West to 0.09 in
Sub-Saharan Africa (compared with 2.68 kWh/d human adult maintenance
requirement).

It was noted that the protein,N:energy ratio and the lysine:protein,N ratio were both
more consistent with their equivalent FAO requirement ratios for rice and to a
lesser extent for maize than for bread wheat.

Wheat cultivation therefore has the potential to contribute more to greenhouse gas
production than these other cereals.

It is hoped to investigate the effects of variations of this model, including the
consumption of animal products, in later Issues.

Abbreviations: FAO: United Nations Food and Agriculture Organisation; ME:
Metabolisable Energy; GHG: Greenhouse Gases.

Introduction

Today, in the developed, Western World, we take the availability of plentiful food for
granted.

We have a sophisticated infrastructure to ensure timely delivery from the producer
to the market. People have become divorced from the sources of production and all
associated problems, so much so that we often have an unrealistic view of a lost
golden age when we perceive our food was not only better, but was produced in a
sustainable manner.

That has never been the case. Man has been degrading the natural environment
since farming began, so much so, that in parts of the world it is impossible to
determine which environments are man-made and which are natural.

Historically, unpredictable events, such as for example, the plague in mid C14th
Europe coincided with a sequence of wet, cool summers with poor harvests1.

In the 1590s volcanic activity again cooled the climate and led to starvation and the
plague and in 1816 there was a “year without summer”, following the eruption of
Tambora in 1815.

There are other complex interactions, with planetary orbits and the angle of the axis
of earth as described by Milankovich2, 3, which create their own cycles and are
involved in weather patterns4.




Irrespective of the causes, the earth’s climate does appear to be in a state of flux,
with some suggestions that these changes are causing significant disruption to the
Northern Hemisphere Jet Stream, which is involved in changes to weather
patterns>5.

There is a general belief that we need to make society and industry more
sustainable.

The definition provided by the Brundtland Committee of the United Nations in
19876 is now commonly accepted - “development that meets the needs of the
present without compromising the ability of future generations to meet their own
needs.” This paper is prepared within that context, to try and understand the total
nutritional carrying capacity of the earth in terms of the human population it can
support.

The Royal Society7 identified a need for ‘sustainable intensification’ in its 2009
review of global agriculture and used the word sustainable within the context of
increasing output per unit area.

The report recognized the need that as climate varies and populations increase
there is a need to produce more food from a reducing land area, without further
environmental degradation.

At the outset, it is important to identify that there is probably enough food to give
the current world population a basic level of nutrition8.

FAQO9 estimates that total production is ca 5500 kcal per person/d (23 MJ/d; 6.39
kWh/d), more than double the daily requirement for a person of average weight.
Losses owing to weeds, pests, diseases and post harvest losses, such as those
sustained during transport and storage are ca 30%.

The problem is how to meet the nutritional needs of an ever increasing population
and the inexorable rise in energy needs of society, meeting which is technically
feasible10, but seems to be politically beyond our capabilities at present.

The difficulties with food, apart from production, are associated with distribution,
diet, society governance and the fact that large numbers of people live in parts of
the world where they are unable to grow their own food, such as deserts, cities and
ice fields.

This article looks at global food production from the perspective of the primary
crops upon to assess whether Malthus11 might yet be proved right.

The purpose of the analysis described in this paper has been to estimate the
capability of current and future food production to meet basic nutritional
requirements of the present and predicted populations.

It is an attempt to identify the potential carrying capacity of the earth in terms of the
maximum population it can sustain and provide basic nutritional needs. We make
no allowance to dietary choice.




We have chosen vegetarian regimes plus milk (Bos taurus (cattle), or Capra hircus
(goat)) for three reasons:

* Inaccuracies inherent for both the reliable estimates of Metabolisable Energy (ME)
intake globally of animal products and of the large variety of their sources on a
global scale;

* The relative inefficiencies of convert- ing solar energy indirectly into animal
products, c.f. vegetarian products for direct human consumption and there- fore the
land surface used per MJ, ME produced; and

* The adverse effects, especially of ruminants on Greenhouse Gas Production (GHG)
production.

Milk has been included because it has a relatively consistent composition, and has
valuable nutritional qualities, especially for the young.

Method
Diets

Sources of energy and protein are the major dietary costs and generally the limiting
factors to health.

The human daily requirements for Metabolisable Energy (ME), protein and the likely
limiting dietary amino acids: lysine, methionine, threonine and leucine were derived
from FAO reports12, 13 for each of nine age and reproductive Cohorts (Table 1).

In order to meet these needs a set of constructed diets was derived for each Cohort.

The composition of foods available was based on data from the update of the
McCance and Widdowson Tables by Paul and Southgate5, with additional amino
acid information from the National Research Council reports14.

These sources allowed us to estimate satisfactory diets for each population. The
tabulated nutrient contents of all foods were based on a moisture content of 12%
for cereals and pulses, whereas for “root” crops the values varied, but they had been
measured in the fresh state.

Overall energy requirements for each age range, as derived from these FAO
nutritional requirements are shown in Table 2, where we have used two dietary
groups based on the West plus South and Central America and the remainder of the
world, as examples.

The requirements for essential fatty acids, minerals, trace elements, vitamins and
other necessary substances for maximum health were not estimated.

The formulated dietary mixtures assume current crop cultivars meet the needs to
maintain health, and that the needs for these other nutrients could be met without
materially affecting production of the major crops. The diets selected were based
upon field crops plus milk to estimate the potential of a vegetarian diet and to
reduce the risk of miscalculation of diets con- taining animal products.




Dietary Domains

FAO regions were grouped into six Domains on the basis of population, ethnic
group, primary diets and the crops produced (Table 3).

In each of the 54 diet groups (nine Dietary Cohorts in each of six Domains)
individual daily requirements were converted to annual needs, as weight of raw
ingredient needed, to provide the annual energy and protein requirements (Table
4).

The nine diets were constructed to reflect daily nutritional needs for men and
women.

The maintenance requirement of energy and amino acids for females is less than
that of males (except for females of age 11-12 years and specific diets were created
for females during gestation and lactation).

Nevertheless, the assumption was made that in each Domain the sexes were
equally distributed, so the mean of males and females is used, allowing for two
reproductive cycles per female.

The amount of food was calculated for each of the Dietary Cohorts using the
proportion of the population in each Cohort, based on their life expectancy at
birth16, and the population size in each Domain.

Populations

Assumptions were made about the body weight of individuals in each population
from evidence in FAO reports14,15.

Lifeexpectancyatbirth was assumed to be 78 years for Western and South American
populations (W) and 75 years for Eastern and Sub-Saharan African (E)
populations16, defined as the two World Areas.

The W population is assumed to have a slightly greater mean body weight at
maturity. It is appreciated that this difference may diminish over the next 40 years
and that the life expectancy and mature body weight of all populations are likely to
rise.

At this future date it is also assumed that each female would produce on average
two live births, so the world population would be stable, assuming life expectancy
was also constant.

Crop Production

World crop production, using FAO regional data17 for area and yield for each
dietary ingredient, grouped into the selected Dietary Domains is given in Table 5.
These data were used to develop the quantities of ingredients required for the
constructed diets.

Definitions




Metabolisable Energy (ME): Energy for the metabolic and physiological functions is
derived from the chemical energy in food and its macronutrient constituents, i.e.
carbohydrates, fats, proteins and ethanol.

ME is defined as the Gross Energy (GE) of food, determined calorimetrically, less the
energy contents of waste products (faeces, urine & gases).

ME is expressed in joules, ] (J = kg m2 s-2), in accordance with the International
System of units, where one watt, W = | s-1 andk]=).103 &M)J=].106.We express the
daily requirements for energy as MJ/d. (1 MJ is equal to 0.2778 kWh).

Average value of ME provided by a mixed daily diet is 16.74 kJ (4.00 kcal) per g and
the value of each foodstuff in each diet is estimated from appropriate food
composition tables5,12, 13, 14.

Recommended level of dietary energy intake: This is the mean energy requirement
of healthy, well-nourished individuals and is the amount of energy that should be
ingested as a daily average over a period of time.

It is assumed that individual requirements are randomly distributed about the mean
for each of the population Cohorts, as a Gaussian (normal) distribution.

A normal distribution is symmetric about its mean, i.e. it is not skewed and
therefore the mean should provide adequate requirements for the
entire population.

The protein and amino acid requirements are assumed to be the mean value plus
two Standard Deviations to accommodate 95% of the population.

This is deemed to be a safe level of intake for proteins. Excess protein is generally
harmless for individuals with a normal functioning renal system.

This approach cannot be applied to dietary energy recommendations, because
intakes that exceed requirements will produce a positive balance, which may lead to
obesity in the long term. Moreover, a slightly raised protein intake has been
demonstrated to reduce the risk of Type 2 Diabetes and cardio-vascular disease
(authors’ evidence).

Results
The data given in table 5 indicate:

1) Yields of all crops (t/ha) are as good or greater in the Western Domain than they
are in other Domains, with the exception of pulses, bananas and wheat in South
America;

2) Yields are generally poor in Sub- Saharan Africa;

3) Yields are particularly poor for potatoes in China and for soya in Sub- Saharan
Africa.




In order to simplify the presentation of this information we have shown the mean
values for Dietary Cohorts 1,2 & 3; 4 & 5; 7, 8 & 9, the total critical components of
which are shown in Table 6.

When these values are compared with the daily requirements in Table 1, they
demonstrate that we have been able to meet the dietary needs of the Cohorts with
the constructed diets.

Tables 7 and 8 indicate that in 2050, Sub-Saharan Africa is predicted to be deficient
in all crops with its expected population growth and poor yields (Table 5).

India and to a lesser extent North Africa, West-& Central Asia will be particularly
short of rice, whereas China & SE Asia should have a large surplus of rice.

The areas of the world where population growth is greatest will have the greatest
deficiencies.

Moreover, whilst India, Africa and Central Asia are predicted to be deficient in
potatoes by 2050, the remaining domains are predicted to be able to produce a
surplus.

These deficits are reflected in the positive global energy balances given in Table 9,
where for the sake brevity we have amalgamated results for groups of crops.

Figure 1 shows that the proportion of the agricultural land area required to produce
the constructed vegetarian diets for the world population in 2011 is adequate.

This demonstrates that our constructed diets would save 29% of the global area
currently used in production in these crops.

Thus, with an increase in the world population of a quarter by 2050 it should be
possible to provide enough food, with these diets.

However, undoubtedly a proportion of the agricultural area will be lost to urban
sprawl.

If animal products are required other than milk then the conclusion would be quite
different.

Figure 1 also shows that the area required for constructed diets (in red) is no more
than half the current areas for the Western and Central and South American
Domains, reflecting the large areas devoted to animal products in those areas:
whereas for India & South east Asia and Sub-Saharan Africa it is very little different
from the present; but for North Africa the Mid-East and Central Asia it is much
greater than at present.

This latter observation probably reflects their dependence on imported food stuffs.
An assertion which could arise is that there is no need for deforestation of rain
forests in Brazil, Africa or in the East Indies to meet the human nutritional needs for
these diets.




Figure 2 illustrates current use of nitrogen fertilizers in each Domain, compared with
that needed for the constructed diets.

This demonstrates the significant global savings these diets would achieve, which
amount to 6 Mt i.e. 24% of global use on arable crops.

The overall fertilizer use (Table 10) shows the variation in nitrogen fertilizer user per
capita in each Domain with a global average of 15.18 kg/capita.

The table also estimates energy consumption in fertilizer manufacture which ranges
from 0.09 in Sub-Saharan Africa to 1.52 kWh/capita daily in the West Domain.

Figure 3 indicates that over the last 40 years the rate of increase in the yield of
cereals has been at an annual rate of 0.0185, i.e. nearly an exponential rate of 2% -
that must exceed the current rate of population growth.

The yields of pulses and of “roots” over the last half century have generally been
positive but quite irregular per decade, perhaps reflecting their sensitivity to
weather conditions.

Wheat

Wheat is the major cereal crop used for bread making, partly because its protein
contains relatively large quantities of gluten which promotes the rising of dough.

The gluten is a composite of a gliadin and a glutenin that are poor quality proteins
relatively deficient in the dietary limiting amino acid lysine. We found that lysine was
the first limiting amino acid in all of our fifty-four different diets.

Bread wheat is a relatively high protein cereal and hence its yield responds well to N
fertilizers.

The production of N fertilizer has been an essential element in the increase in world
population, i.e. without it world population would have plateaued already.

If world population is to rise to rise to >9 billion, this will only occur with an increase
in N fertilizer production (not necessarily in proportion, as many other factors will
be critical).

Nevertheless, the Haber Bosch process for the fixation of atmospheric N2 as NH3
currently consumes 7 per cent of all man made energy (mostly electrical) and
natural gas (Smil20). Table 11 indicates that the ratio of wheat protein N:wheat
energy is 1.84 times the ratio of the FAO requirement for protein:energy, of adult
maintenance.

This implies that there will be a considerable amount of waste N lost to the body by
renal excretion. This consequence is also indicated by diets based on cereal protein,
especially, that of wheat, as the ratio of the wheat lysine:wheat N is only 58% of the
FAO requirement for lysine:protein N.




This means that the natural N cycle is accelerated with a likely greater production of
atmospheric nitrogen oxides than would be the case if rice, or even maize was the
staple crop, as these crops possess ratios of, dietaryN:MJ energy, and lysine:dietary
N, closer to the ratios required by the FAO human requirements for maintenance
(Table 11).

Discussion

The assumptions made in this model allow for a reliable starting point. Variations on
this incorporating, for example, other animal products will be possible in future
models.

A similar calculation was conducted for the two world areas, W & E, which adjusted
the energy requirement according to the proportion of the population within each
age group, including the two reproductive cycles per female.

Details of the factors by which the requirements of each area were adjusted are
given in Table 5.

The overall mean daily FAO energy requirements are estimated to be 9.8619 and
9.4584 ME, M] for the two areas W and E, respectively.

These values are used to estimate crop needs for each of the Dietary Domains for
2011 as well as for the estimated populations in 2030 and 2050 and reflect the
proportion of each population present in each age group at any given instance in
time.

Although the requirements for protein and amino acids are liberal they are unlikely
to impact greatly on the estimated production rates of crops needed to sustain
populations in 2050, as we found that it was rare for the diets formulated for the
future to have an essential amino acid to be the first limiting nutrient- normally this
was energy.

Occasionally lysine was the first limiting nutrient, no other amino acid fulfilled this
role. In diets based upon rice, protein was limiting in a number of cases, however it
could be questioned whether this is relevant if all the more likely dietary essential
amino acids are found to be adequate. This observation is discussed elsewhere in
this report.

Table 10 indicates that the global average N fertilizer use is equivalent to 468
kWh/ha. This is a considerable source of greenhouse gas production, discussed
elsewhere in this Issue by Professor Wilkinson, who estimates the carbon footprint
of animal production.

What is equally striking in the data of Table 10 is the great range in fertilizer use per
person and per hectare. In energy terms this ranges from 2.52 kwh/capita/d in the
West to 0.09 kWh/capita/d in Sub-Saharan Africa, a 28-fold range, with a global
mean of 0.8 kWh/cap/d.




To put this into human terms, Table 11 shows the mean adult maintenance
requirement to be 2.834 kWh/capita/d- not too different!

Perhaps more extreme is the range in use of N fertilizer use per ha: 68.9 kg/ha in
India down to 1.39 kg/ha in Sub-Saharan Africa, a 50-fold range.

It has been suggested that a greater, but appropriate use, of fertilizers in Africa
should reduce the rate of destruction of rain forest in the search for fertile land.
Nevertheless, it should be noted that N fertilizers are not always the limiting factor
to production as frequently fresh water is and many African soils are deficient in
phosphates22.

The nutritional adequacy of current vegetarian mixtures has not been discussed
although milk was included in the diets, as this food is likely to be essential,
especially for the young as a source of cyanocobalamin and other valuable
nutrients.

The introduction of current animal products, especially meats, could profoundly
change the balance, quite apart from ruminants, that are a source of potent
greenhouse gases, especially that of methane.

Iron deficiency is a major worldwide problem, especially among women, common
amongst those on poor vegetarian diets low in protein and iron contents.

Nevertheless, if vegetarian diets become mandatory for the world to avoid
starvation it would be very difficult to enforce this regime in democracies. Moreover,
current consumption of meats is increasing globally.

Migration is likely to occur at greater rates than at present for the reasons that, (1)
areas where productivity is lowest tend to have greater rates of population increase,
and (2) these areas are likely to be greatly and adversely influenced to by climate
change.

We have assumed that life expectancy will not increase beyond those limits
assumed in this study.

But a 5% increase in life expectancy means a 5% increase in population without an
increase in birth rate of two per couple.

Moreover we assume that the body mass of the individual does not change,
whereas a 5% increase in that mass leads to approximately a 3% increase in
maintenance energy needs. It has also been assumed that overall agricultural
productivity will not change- that is advances in productivity may be balanced by
adverse effects of climate change.

We have the FAO export data for 2011, and although they have not been
considered, they have clearly influenced some of our values in both Figures 1 and 2.




increase (based on decadal data) with a predicted population increase in the Sub-
Saharan Domain of >1 billion during the next 40 years (with an exponential index of
about 1). The data for India and South Asia and for North Africa and West Asia also
shows initial increases in rate, but the rate was predicted to decline over the period
2011-2051. China has a policy and the increment declines steadily with a decrease in
total population during the period, 2030-2051. The rise detected in the West may
have been caused by migration up to 2011.

Thus, overall there is predicted to be a falling rate of population increase up to 2051
in all Domains with the exception of Sub-Saharan Africa, where the population
increase between 2030 and 2051 is predicted to be over 582 million with the net
global increase of 1,040,972,000 over those final twenty years.

Moreover, our model assumes there is no change in the productivity in any Domain,
whereas the productivity of Domains most likely to be adversely affected by climate
change are already predicted by the model to be inadequate in 2050. (see Turner,
pp. 25-28, this Issue)

The limiting nutrient was assessed in each Domain (a small amount of milk was
included in most diets with greater quantities in the diet of the young):

1) It was found that energy was limiting in the Western & South American Domains.
Whereas protein tended to be used excessively in order to achieve the minimum
lysine requirement. These diets were based on wheat maize & soya. The western
diets were supplemented with potatoes, whereas the S. American diets were
supplemented with yams, but with one diet supplemented with potato.

2) Protein was limiting in the Chinese and East-Central Asia, but the amino acid
balance was satisfactory - as excess protein was unnecessary for the diets to
provide the minimum essential amino acids. The diets were based on rice, maize,
soya and potato.

3) Indian diets met the requirements for energy, protein and amino acids uniformly-
these diets were formed from a mixture of rice, wheat, lentils & soya, and cassava.

4) Sub-Saharan African diets required excess protein in order to achieve the
minimum lysine requirement. Lysine and energy were equally limiting.

But a 5% increase in life expectancy means a 5% increase in population without an
increase in birth rate of two per couple. Moreover we assume that the body mass of
the individual does not change, whereas a 5% increase in that mass leads to
approximately a 3% increase in maintenance energy needs. It has also been
assumed that overall agricultural productivity will not change- that is advances in
productivity may be balanced by adverse effects of climate change.

We have the FAO export data for 2011, and although they have not been
considered, they have clearly influenced some of our values in both Figures 1 and 2.




Figure 2. Fertilizer use in 2010 on the selected crops (blue) and that required to
meet the needs of the constructed diets (red).

Figure 3. Decadal rate of change in cereal yields, using the mean for each of
the cereal crops in the constructed diets in each Domain (FAO data 2011).

increase (based on decadal data) with a predicted population increase in the Sub-
Saharan Domain of >1 billion during the next 40 years (with an exponential index of
about 1). The data for India and South Asia and for North Africa and West Asia also
shows initial increases in rate, but the rate was predicted to decline over the period
2011-2051. China has a policy and the increment declines steadily with a decrease in
total population during the period, 2030-2051. The rise detected in the West may
have been caused by migration up to 2011.

Thus, overall there is predicted to be a falling rate of population increase up to 2051
in all Domains with the exception of Sub-Saharan Africa, where the population
increase between 2030 and 2051 is predicted to be over 582 million with the net
global increase of 1,040,972,000 over those final twenty years.

Moreover, our model assumes there is no change in the productivity in any Domain,
whereas the productivity of Domains most likely to be adversely affected by climate
change are already predicted by the model to be inadequate in 2050. (see Turner,
pp. 25-28, this Issue)

The limiting nutrient was assessed in each Domain (a small amount of milk was
included in most diets with greater quantities in the diet of the young):

1) It was found that energy was limiting in the Western & South American Domains.
Whereas protein tended to be used excessively in order to achieve the minimum
lysine requirement. These diets were based on wheat maize & soya. The western
diets were supplemented with potatoes, whereas the S. American diets were
supplemented with yams, but with one diet supplemented with potato.

2) Protein was limiting in the Chinese and East-Central Asia, but the amino acid
balance was satisfactory - as excess protein was unnecessary for the diets to
provide the minimum essential amino acids. The diets were based on rice, maize,
soya and potato.

3) Indian diets met the requirements for energy, protein and amino acids uniformly-
these diets were formed from a mixture of rice, wheat, lentils & soya, and cassava.

4) Sub-Saharan African diets required excess protein in order to achieve the
minimum lysine requirement. Lysine and energy were equally limiting.

Conclusions

Making no allowance for food waste, it can be concluded from the model employed
that the world could be fed in 2050 to meet the FAO nutrient requirements for
Metabolizable Energy, protein and the limiting dietary amino acid lysine, by




universally adopting a vegetarian diet plus milk. Whether such a regime could be
imposed is another matter.

There was however wide variations amongst the six Domains with Sub-Saharan
Africa becoming deficient in all raw materials.

This is in part a consequence of a high birth rate and an inadequate adoption of
biotechnological advances.

Figure 4 shows the twenty year rate of increase (based on decadal data) with a
predicted population increase in the Sub-Saharan Domain of >1 billion during the
next 40 years (with an exponential index of about 1).

The data for India and South Asia and for North Africa and West Asia also shows
initial increases in rate, but the rate was predicted to decline over the period 2011-
2051.

China has a policy and the increment declines steadily with a decrease in total
population during the period, 2030-2051. The rise detected in the West may have
been caused by migration up to 2011.

Thus, overall there is predicted to be a falling rate of population increase up to 2051
in all Domains with the exception of Sub-Saharan Africa, where the population
increase between 2030 and 2051 is predicted to be over 582 million with the net
global increase of 1,040,972,000 over those final twenty years.

Moreover, our model assumes there is no change in the productivity in any Domain,
whereas the productivity of Domains most likely to be adversely affected by climate
change are already predicted by the model to be inadequate in 2050. (see Turner,
pp. 25-28, this Issue)

The limiting nutrient was assessed in each Domain (a small amount of milk was
included in most diets with greater quantities in the diet of the young):

1) It was found that energy was limiting in the Western & South American Domains.
Whereas protein tended to be used excessively in order to achieve the minimum
lysine requirement. These diets were based on wheat maize & soya. The western
diets were supplemented with potatoes, whereas the S. American diets were
supplemented with yams, but with one diet supplemented with potato.

2) Protein was limiting in the Chinese and East-Central Asia, but the amino acid
balance was satisfactory - as excess protein was unnecessary for the diets to
provide the minimum essential amino acids. The diets were based on rice, maize,
soya and potato.

3) Indian diets met the requirements for energy, protein and amino acids uniformly-
these diets were formed from a mixture of rice, wheat, lentils & soya, and cassava.

4) Sub-Saharan African diets required excess protein in order to achieve the
minimum lysine requirement. Lysine and energy were equally limiting.




These diets were based on grain sorghum, pulses, tropical beans and cassava.

5) The high energy costs of N fertilizer synthesis (7% of total man- made energy
production used in the Haber-Bosch synthesis) and increased volatilization of N
oxides, indicate a need for an increase in precision for its application in relation to
soil conditions and weather.

There is a need for solar energy to be used more directly in the fixation of
atmospheric N2. In 2011, 45% of the world population depended on N fertilizers for
their existence (Smil20).
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ME Protein Lysine Methionine Threonine

1. 70 kg, Male, 65 kg Female both 1.75 times BMR, 18-29 yrs
11.80 52.00 1.98 0.66 1.30

2. 70 kg, Male, 65 kg Female, both 1.75 times BMR,
30-59 yrs

11.20 54.00 2.10 0.70 1.30

3. 70 kg, Male, 65 kg Female, both 1.60 times BMR, >59 yrs
8.80 54.00 2.00 0.70 1.30

4. Female, weeks 30-36 of pregnancy,72 kg

11.50 82.00 3.20 1.07 1.72

5. Female, 6 months of lactation, total breast feeding, 65 kg
11.30 69.00 2.69 0.89 1.72

6. First year of life

2.60 11.20 0.58 0.21 0.30

7. Children, 2 - 10 yrs
7.00 19.00 0.91 0.35 1.17

8. Adolescent, 11 yr
8.08 40.50 1.95 0.74 1.00

9. Adolescent, 12-18 yrs
9.30 48.00 2.50 9.00 1.20

BMR = Basal Metabolic Rate

* See Table 2 for definition of Domains
Figure 1.
Table 1. Human daily requirements of Metabolisable Energy (ME, MJ), protein (g) and of dietary
limiting amino acids (g) for maintenance, growth and for pregnancy and lactation. Estimates
assume a body mass (kg) equivalent to the Western Domain* (Values based on FAO sources).




Table 2. Overall Energy Requirements for males and females based upon life expectancy and proportion of the
population in each of the nine Dietary Cohorts (ME, MJ/d)

Westwah mand Soush Other Dietary Domains
Contribution# Contribution#
_Age Group M) factor M) M) factor M)

18-29 * 11.85 0.1410 1.6709 11.30 0.1467 1.6573
30-59 11.20 0.3846 4.3120 10,60 0.4000 4.2400
59-78 880 0.2308 2.0328 - -

59-75 - - 850 0.2000 1.7000
First year of Life 260 0.0128 0.0338 245 0.0133 0.0327
2to 10 7.00 0.1410 0.9872 6.90 0.1467 1.0120
Age 11 8.79 0.0128 0.1178 875 0.0133 0.1164
12to 18 9.20 0.0769 0.7075 8.75 0.0800 0.7000
TOTAL 1.0000 9.8619 1.0000 9.4584

* includes 0.05 for 2 reproductive years
# Contribution of age group to daily energy requirement of the population.

Figure 2.




Table 3. Allocation of Food and Agriculture Organisation Regions to the Dietary Domains used for
estimation of nutritional needs (data from FAOStat).

Dietary Domains Population (thousands)*
FAO Reglons 2011 2030 2050
Western
Northern America 347,563 32,982 37,063
Europe 739,300 741,234 719,258
Australia and New Zealand 27,021 401,655 446,864
1,113,884 1,175,871 1,203,185
South & Central America
Central America 158,018 193,748 215,570
Southern America 396,681 461,496 488,072
Carribean 41,930 46,363 47,312
596,629 701,607 750,954
China, East & S E Asia
Eastern Asia 1,580,645 1,625,462 1,511,963
South Eastern Asia 600,026 705,988 759,208
Melanesia 8,935 12,670 16,586
Micronesia 542 661 727
Polynesia 678 785 859
2,190,826 2,345,566 2,289,343
South Asia
India and South Asia 1,728,477 2,141,802 2,393,885
Northern Africa, West and Central Asia
Central Asia 61,442 74,094 81,800
Northern Africa 212,987 275,132 322,459
Western Asia 236,858 320,393 395,367
511,287 669,619 799,626
Sub Saharan Africa
Eastern Africa 332,537 526,697 779,613
Middle Africa 129,981 200,022 278,350
Western Africa 312,208 64,126 67,326
Southern Africa 58,212 496,072 743,849
832,938 1,286,917 1,869,138
Global Total 6,974,041 8,321,382 9,306,131

*Populations in 2030 and 2050 as estimated by FAO

Figure 3.




Table 4. Raw materials used in each Dietary Domain, corrected for age and sex distribution of population*

Ingredient quantity (kg per capita per year)

China Sub- Mid
Western Arsnfricca and Far S::i:h Saharan East & C
East Africa Asia

Vegetal produce
Pulses
Beans 0.00 4.03 0.29 1.77 5.08 0.00
Lentils 0.00 0.00 0.00 0.76 0.10 0.29
Soya 0.73 0.88 7.86 241 141 3.15
Cereals
Maize 133.57 153.96 48.08 15.64 56.34 24.27
Millet 0.00 0.00 0.00 7.03 14.72 0.05
Rice 0.00 28.59 125.89 126.20 20.81 40.58
Sorghum 0.00 0.00 0.00 2.22 19.86 8.21
Wheat 85.99 2.08 30.95 53.41 6.09 153.66
Starchy Roots
Cassava 0.00 0.03 0.00 4.74 126.57 0.00
Potatoes 102.35 146.22 21.02 35.60 18.77 43.36
Sweet potatoes 0.00 0.94 33.81 0.00 20.65 141
Yams 0.00 1.37 0.00 0.00 64.23 0.00
Others
Bananas 0.00 26.36 11.09 17.59 16.81 1.04
Plantains 0.00 13.38 0.00 0.30 34.11 0.00
Animal products
Milk 3238 31.76 17.57 13.61 24.14 18.83

Note: These are the annual quantities needed to meet the daily requirements given in Table 1
* Population multiplied by the ingredient requirement in each domain divided by global population in 2011

Figure 4.




Table 5 Area (kha) and production (t/ha; milk as kt) of diet ingredients in each Domain (FAO data for 2011)

Western S;:::::: China and Far India & Sub Saharan Mid East and
. East South Asia Africa Central Asia
America

Vegetal Products

Pulses

Beans, lentils kha 6,682 6,453 497 24,226 337.73 2,482
t/ha 6.12 4.21 151 2.75 6.95 7.78

Soya kha 34333 47702 9303 10094 1496 65
t/ha 2.15 2.16 167 1.24 1.09 3.20

Cereals

Rice kha 1,861 5,821 82,839 62,072 10,565.82 966
t/ha 7.83 412 3.95 3.62 1.92 6.63

Maize kha 51,720 29,313 43,630 9,933 33,489.81 2,312
t/ha 7.62 2.77 3.39 3.18 2.06 6.02

Millet kha 1,012 6 965 11,273 18,459 214
t/ha 1.40 0.86 153 1.19 0.62 1.16

Sorghum kha 2,480 4,340 774 7,595 19,381.55 912
t/ha 3.36 257 2.89 0.94 1.10 3.47

Wheat kha 100,160 8,936 24,952 48,430 2,745.03 35,162
t/ha 293 4.35 3.29 2.74 2.04 2.43

Roots & tubers

Cassava kha 0 323 2,637 246 16,439 0
t/ha 0 10.90 13.54 34.07 12.45 0

Potatoes kha 6,783 1,03433 5,847 2,844 1,444 1,295
t/ha 3297 21.02 9.50 21.73 13.16 21.85

Sweet

potatoes kha 60 211.75 4,186 151 3,335 10
t/ha 17.88 11.63 10.57 9.31 4.47 31.17

Yams kha 0 186.26 38 0 4,658 0
t/ha 16.59 8.60 13.38 0 9.30 0

Figure 5.-




Table 6. Total annual energy, protein and lysine provided by the diets in each Dietary Cohort within
each Domain as means of male and female, except for pregnancy and lactation.

(Data are presented as means of groups of diets)

Diets 1,2 & 3 Diets 4 &5 Diet 6 Diets 7, 8 &9

Energy content of annual diet (MJ per person)

Western 3871 244 951 3088
China and Far East 3737 230 895 2951
South Asia 3571 232 970 2765
Sub-Saharan Africa 2649 232 899 2833
South and Central America 3883 248 942 2954
Mid East and Central Asia 3693 207 895 3010

Protein content of annual diet (kg per person)

Western 28.68 4.44 6.87 22.19
China and Far East 25.02 3.85 4.84 17.86
South Asia 22.42 4.15 5.50 16.62
Sub-Saharan Africa 15.09 4,02 6.40 17.43
South and Central America 25.55 4.06 5.24 21.11
Mid East and Central Asia 27.86 4.21 4.84 21.78

Lysine content of each diet (kg per person)

Western 0.88 2.57 0.30 0.77
China and Far East 1.03 2.56 0.21 0.74
South Asia 0.75 257 0.28 0.75
Sub-Saharan Africa 0.49 2.56 0.20 0.69
South and Central America 0.85 2.57 0.24 0.88
Mid East and Central Asia 0.86 2.56 0.21 0.81
Diet Groups

1. Maintenance, 70 kg, Male, 65 kg Female, 18-29 yrs

2. Maintenance, 70 kg, Male, 65 kg Female, 30-59 yrs

3. Maintenance, 70 kg, Male, 65 kg Female, >59 yrs

4. Female, 30-36 weeks of pregnancy,72 kg BW

5. Female, 6 months of lactation, total breast feeding, 65 kg BW

6. First year of life

7. Children, 2 - 10 yrs

8. Children 11 yrs

©

Adolescent, 12-18 yrs
Figure 6.




Table 7. Ingredient balance* for cereals and milk in 2011 and 2050 ( kt/year), assuming no increases
in production in 2050,

Cereals

Maize Millet Rice Sorghum Wheat Milk
Western
2011 281,467 1,510 13,491 8,307 237,671 303,710
2050 269,258 1,510 13,491 8,307 229,992 300,818
South & Central America
2011 20,086 9 12,422 0 29,436 63,563
2050 4,149 9 8,009 0 29,116 58,661
China, East & SE Asia
2011 123,134 1,824 150,813 0 51,134 17,572
2050 118,228 1,824 138,411 0 48,084 15,841
India and South Asia
2011 2,311 1,229 6,646 3,297 40,248 146,898
2050 -8,973 3,446 77,331 1,817 4,711 137,841

Northern Africa, West and Central Asia

2011 779 189 -13,187 -2,240 4,113 43,646
2050 6,746 173 24 887 4,608 40,193 38,217
Sub-Saharan Africa

2011 9,094 -1,491 3,488 3,383 688 4,893
2050 51,711 -16,746 -18,070 -17,197 5,622 -20,116
Global balance

2011 436,870 3,270 173,674 12,746 363,290 580,282
2050 315,907 -16,676 39,623 -11,681 266,088 531,263

* Balance is the production of each ingredient in each Domain in 2011 minus the quantity required to
meet the needs of the Constructed Diets. Values in red indicate a shortage of that ingredient.

Figure 7.




Table 8. Ingredient balance* for pulses, roots and fruits, 2011 and 2050 ( kt/year), assuming no increases in

production in 2050.
Pulses Roots & tubers Starchy fruits
Beans Lentils Soya Cassava Potatoes Yams Bananas Plantains
Potatoes
Western
2011 1563 2233 9078 2,233 41,380 1333 2 591 0
2050 1563 2233 90588 2,233 32,241 1,333 2 591 0

South & Central America
2011 3,116 18 134903 3 49,052 1,509 793 12,131 546
2050 2,454 18 134545 1 26,487 1,484 756 8,063 1,519

China, East & SE Asia

2011 5,907 151 2,126 151 45,408 8,257 650 6,859 954
2050 5878 151 -2,980 151 47337 4,926 650 5,767 954
India and South Asia

2011 1,865 38 8387 184 269 1,405 0 457 81
2050 690 -465 6,785 -2,967 -23,419 1,405 0 -11,245 -120

Northern Africa, West and Central Asia

2011 425 428 1,837 0 6,199 416 0 1,498 0
2050 425 344 2,993 0 6,303 822 0 1,197 0
Sub-Saharan
Africa
2011 45 3 -338 99,337 -310 -383 851 48 396
2050 5,218 -103 -2.5943 -31.818 -19.764 -21,786 65,707 -17.373 -34 952
Global balance
2011 12921 2872 229,776 101,909 145998 11,704 2,296 21,584 1978
- 5833 2179 223001 32,401 56,579 -13,460 64,299 -13,000 -35,638

* Balance is the production of each ingredient in each Domain in 2011 minus the quantity required to
meet the needs of the Constructed Diets. Values in red indicate a shortage of that ingredient.

Figure 8.




Table 9. Daily balance of ingredients used in the constructed diets in
2011 as kg and energy per capita. Ingredients are grouped (see earlier
tables for crops within each group).

Ingredient
group
Roots & Starchy

Domain Cereals Pulses tubers fruits Milk
Western
Balance 133 0.23 0.11 0.00 0.75
M) 19.36 3.45 0.54 0.01 2.03
South & Central America
Balance 0.28 0.63 0.24 0.06 0.29
M) 4.13 9.40 1.14 0.25 0.79
China, East & SE Asia
Balance 0.41 0.00 0.07 0.01 0.02
M) 5.93 0.07 0.35 0.04 0.06
India and South Asia
Balance 0.09 0.02 0.00 0.00 0.23
M) 1.24 0.24 0.01 0.00 0.63
Northern Africa, West and Central
Asia
Balance -0.06 -0.01 0.03 0.01 0.23
MJ -0.80 -0.08 0.15 0.03 0.64
Sub-Saharan Africa
Balance 0.05 -0.00 0.33 0.00 0.02
M) 0.72 -0.01 1.58 0.01 0.04

Figure 9.




Table 10. Nitrogen fertiizer use in each Domain and the estimated impact of the diets on
usage and energy required in manufacture as a daily per capita rate in the right hand
column, using 2010 FAO data.

Energy use
Fertilizer in
use Manufacture
per kg/ha
Domain Total (V) capita  agricultural
(ko) ares (kWh/d/cap)
Western 28,432,394 25.53 20.83 152
S & C America 7,393,325 12.39 9.98 0.74
China, E & SE Asia 42,891,490 19.58 55.61 1.16
India & South Asia 21,343,227 12.35 68.90 0.73
N Africa, W & C Asia 4542575 8.88 5.69 0.53
Sub-Saharan Africa 1,287,284 1.55 1.39 0.09
Global total 105,890,295 15.18 21.56 0.80

Figure 10.

Table 11. Comparison of the requirements for critical nutrients for maintenance and growth with
their content in cereal crops used in the constructed diets

Mean values for males and females of six Domains

FAO mean daily requirements: MJ, protein N and lysine

Age Group (g per capita per day)

M) Lysine Protein N Lysine/N N/MJ
12to 17 8.9750 2.5000 7.4800 0.3342 0.8334
18-29 * 11.5750 1.9530 8.4400 0.2314 0.7292
30-59 10.9000 2.0150 8.4400 0.2387 0.7743
60-76.5 8.6500 1.9600 8.4400 0.2322 0.9757
weighted means 10.2027 2.0343 8.3500 0.2591 0.8282

Cereal composition MJ, protein N and lysine (g/kg)

MJ Lysine Protein N Lysine/N N/MJ
Rice 15.3600 2.4840 10.8000 0.2300 0.7031
Maize 15.0800 2.7500 16.8000 0.1637 1.1141
Bread Wheat 13.5100 3.0900 20.6000 0.1500 1.5248
Millet 13.6000 2.0148 21.9000 0.0920 1.6103
Grain sorghum 15.0000 2.7680 17.2000 0.1609 1.1467

— . e~ . - —— - -

Figure 11.
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Figure 12.

Figure 1. Percentage of total land (blue) and of the agricultural area (dark green) in each Domain
used for production of selected crops compared with the area of those crops required for the
constructed diets (red), using 2011 data from FAO.
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Figure 13.
Figure 2. Fertilizer use in 2010 on the selected crops (blue) and that required to meet the needs
of the constructed diets (red).
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Figure 3. Decadal rate of change in cereal yields, using the mean for each of the cereal crops in
the constructed diets in each Domain (FAO data 2011).
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Figure 4. Population change in each Domain as numbers per twenty years (1,000s)from 1971 to
2011, with FAO estimated changes up to 2050 (Data from FAOStat).
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