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Abstract
It would, for the sake of food security, be ratibtwastart an agricultural transition to a system
less dependant on fossil fuels in good time bedgpessible energy crisis. It therefore seems a
paradox that policy makers choose to do the opgos#tablish an additional link between the
food and energy market through subsidization ofifbased biofuel production, thus putting
food security even more at the mercy of energy sufjne dynamic policy model presented
in this thesis illustrates how growth in food badadfuel production enhances the link
between the energy and food market. An alternginleey example is developed and tested
using the model to simulate future scenarios. Tlo@leh simulations suggest the current
policy of supporting food based biofuel, combinathva peak in oil production, could lay the
foundation of a future food crisis and that anrakéive policy needs to be implemented as
quickly as possible; most importantly, before pplinakers receive feedback signals in the

form of a continuous rising food price trend.

Key words. food security, energy security, biofuel, peak oil, system dynamics, policy model,
simulation, sustainable devel opment.
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IMPACTS OF PEAK OIL AND FOOD BASED BIOFUEL
PRODUCTION ON LONG-TERM FOOD SECURITY

A DYNAMIC POLICY MODEL

1. Introduction

The eager support, in the United States, the Earopgnion and Brazil, for food based
biofuel as substitute for petroleum in combustioniees, has provoked a general debate
about the sustainability of biofuels. An importagpect of this debate is the notion of an
emerging resource conflict between poor people ead owners; both demanding the
photosynthetic energy produced on limited agricaltland. The purpose of this thesis is to
explore possible long-term food security impacts fobd based biofuel production in
combination with peak oil, through the constructiand testing of a dynamic policy
simulation model. The model is in short a highlgregated representation of the oil, food
and biofuel market and their main interconnectionenstructed using the tools and
methodology of System Dynamics.

Simulation results suggest the current policyudfmorting food based biofuel production
could be laying the foundation of a future foodsiziand that an alternative policy needs to be
implemented as quickly as possible; most imporyatkfore policy makers receive feedback
signals in the form of a continuous rising foodcprirend.

The expression “food based biofuel”, as used hrefers to both biofuel produced using
food crops as feedstock and feedstock grown on saitdble for food production. Virtually
all biofuel produced today is food based; even Heazethanol from sugarcane. The value of
sugarcane for human nutrition is limited, but suglantation land could be used to produce
food crops of higher nutritious value. Therefore¢cading to the definition above, biofuel
from sugarcane is “food based”.

About half of Brazil's sugarcane yield is currgntised to produce Ethanol (World Bank,
2008). Ethanol production has a long history inZdrahe domestic market is large, well



established and flexible. A growing share of Bianilsugar mills can produce both sugar and
ethanol (Schmidhuber, 2006). When oil price is leglbbugh to enable competitive cane based
ethanol production, these producers will only satjar at a price equivalent to the oil price or

above. As Brazil is the leading sugar exportersehshifts between sugar and ethanol
production determine the availability of sugar ¢we tworld market and therefore also the

sugar price. The effect is a sugar price tighthkdid to oil price (Schmidhuber, 2006).

Whilst sugar is a luxury commodity, other feedktscsuch as maize, potatoes, wheat,
and cassava are essential to human nutrition. df glowing biofuel market for these
commodities over time should cause a linkage tgode similar to the sugar-oil linkage we
see today, a surge in oil price could risk bringiogd price along with it.

This would disfavor low income consumers; partelyl affecting poor urban
populations with limited possibility to grow theawn food. In low income countries nearly
half (about 47 per cent) of the household budgspent on food; first and foremost on low
value staples, such as cereals. High income comrsuome about 13 per cent of their
household budget on food and a large share ofish&pent on meat and dairy products
(Regmi, 2001). The poorest and least flexible corexs, ironically, experience the per cent
wise largest price rise because they eat goodsanitlver level of processing, meaning that a
larger share of the consumer’'s food price is affécby price changes at the primary
production level. When food prices rise, high ineoconsumers have more flexibility to
increase their food budget or substitute someehtgh value foods with cheaper staples.

The narrowing down of focus, to food based bibfaglace of bioenergy in general, is
enabled by the premise that as long as it is @uftand legal to produce food based biofuel,
market forces will ensure that this is done. l&léo should become profitable, or even more
profitable, to produce second generation biofuehgugesidues from forestry or other
alternative feedstock’s, the use of these aremaobnflict with food based production unless
the quantity becomes large enough to create ausuitplenergy supply.

Given the premise of a peak in oil production ancbatinuation of current growth in
energy demand, the achievement of an energy s@gopbius seems unlikely. About one per
cent of the worlds available arable land was in6208ed to produce biofuel supplying one
per cent of global transportation fuel (IEA, 2008he introduction of second generation
biofuel, which enables the use of celluloses itkstdeaves, grasses, and tree trunks, will
make it possible to also produce biofuel using l@esnthat is not grown on land suitable for
food production. This technology is still at thesearch stage and large scale implementation

could be several decades of: “The demonstrationtplaow being built are all well below



commercial scale. If they are successful, largatesdemonstration plants will be needed.
Investors will need to see these in operation fone time before they invest significant
capital in such novel technologies” (Childs, 200/hilst second generation biofuels enable
the use of alternative feedstock’s, they also enablmore efficient use of food based
feedstock. How the established food based biofadustry should choose to use the
technology is an open question. A particularly pisong technology, still at the research and
demonstration stage, is algae based biofuel. Thepany GreenFuel Technologies, has
successfully converted G@missions from a power plant in Arizona into bidfusing algae
grown in a bioreactor. CQrom the smokestack is used to fertilize the alg@gch in turn
are extracted and used as feedstock in conventibiofliel production (Childs, 2007).
The remaining thesis text will be structured ia tbllowing way: An overview of the
structure, the main feedback loops and the interections between the model sectors will be
presented in chapt&. Model overview. In the tree following chapters, the sectors il
presented in more detail and connected togethpristestep. First, in chapt& Oil sector,
the oil sector will be presented alone. All simigdatresults and sensitivity tests in this chapter
are without any influence from the biofuel sectortlte food sector. In chaptér Reference
mode: the food and oil sector together, the food sector will be presented and connectaldo
oil sector. The oil and food sector together sdhe purpose of a reference mode. They
simulate a world without food based biofuel produtt Then, in chaptes. Biofuel sector:
Linking together the food and energy market, the biofuel sector (which exclusively produces
food based biofuel) is connected to the food ahdemtor and the models behavior with this
extra food-energy linkage is compared to the ref@emode. Chaptdd. Development and
testing of an alternative policy, gives an example of how the model can be useddb te
policies and scenarios. Finally, concluding remaakd suggestions for further research are

presented in Chapt&r Conclusion.



2. Model overview
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Figure 1: Causal loop diagram of model structure

Figure 1 is a causal loop diagram showing the nwmcture of the model and the
connections between its three sectors. The arr@iseen the variables indicate cause and
effect, a change in one variable affects the nexé feedback loops, numbered one to eight,
are circular chains of cause and effect. They helldiscussed further in a moment. Notice
that the oil sector has two connections to the feector; one directly from oil price to food
production costs and one indirectly from oil pricefood demand going through the biofuel
sector. There is a fundamental difference betwdwset two connections: The indirect
connection is weak and hardly noticeable when tiodubl sector is small, but it gains
momentum when the sector grows. The direct conmeddtarts out relatively strong but
would, in response to a rising oil price, get weakeer time due to the adoption of less oll
intensive farming practices. We will now go througke eight loops one by one.

Loop one represents the oil depletion process.p@buction causes oil reserves to
decrease and sooner or later the last barrel efl foi will be produced and consumed. This

historic event will not happen because the oil mese are completely tapped but because oil



production costs eventually will exceed the valfiehe oil itself. The models hundred year
long time horizon, stretching from 1950 to 2050/l wot allow this absolute limit to be
reached but loop one will cause a peak in oil petida which starts a chain of counteractions
rebounding through the other loops:

Loop two counteracts the decline in production raising the oil price. When oll
production falls short of demand, there will betgoward pressure on oil price. A higher oil
price stimulates investment and enables the pramuof less accessible oil reserves.

Loop tree counteracts rising oil price by reducthg demand. When price goes up
demand goes down. This takes time since the shorbit demand is fairly inelastic.

Loop four responds to a rising oil price by ingieg biofuel production. The biofuel
sector only includes biofuel produced using foodpsror crops grown on land suitable for
food crop production. We assume perfect substitubetween oil and biofuel so that the price
of one energy unit of biofuel is equal to the prafean equivalent energy unit of oil based
fuel. If enough biofuel is produced to compensateaf declining oil production, the oil price
incentive to further growth in biofuel productios removed. It is probably possible,
technically, to substitute an oil demand of over0DD Mtoe with food based biofuel in 2050
using second generation biofuel technology (IEAQ&Q but the food consumption of nine
billion people will most likely make loop five modominating.

Loop five counteracts biofuel production by ragsiiood prices. When the biofuel sector
expands it demands more of the primary food pradn@nd food prices are pushed upwards.
The general price level of food affects biofuel fpadility because the cost of purchasing
food used to produce biofuel accounts for arourtid 5@total production costs (IEA, 2006).

Loop six counteracts rising food price by reducithigg demand for primary food
production. This change in food demand is primagjused by poor people moving
downward in the food chain, eating less milk andnhpeoducts.

Loop seven responds to rising food prices by esireg food production. Although this
market mechanism may seem fairly straight forwardisi worth mentioning that a
counteraction of rising prices also could be dribgrother factors; for example public policy
aiming to prevent social unrest and food riots.

Loop eight sets the boundary for loop seven. Retlefood production is the primary
food production assumed possible using existingalgural land and technology. When food
production increases, the remaining potential dege and it becomes harder and more

resource consuming to increase production further.
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3. Oil sector

The purpose of the oil sector is to simulate anrgmng shortage in transportable energy
caused by the depletion of oil reserves; includingde oil, gas condensate and natural gas
liquids (NGL'’s). The shortage caused by a peakradpction effects the other model sectors
through a surge in end use oil price. As oil pnises a smooth and quick technological
transition to other sources of transportable eneésggssumed, in effect setting a crude oill
price roof at approximately 200 real 2006 USD pardd in the base case simulation.

After the behavior and sensitivity of the oil sedbase simulation has been presented, we

will look more closely at the model structure oé tector.

3.1 Behavior of the oil sector

In the oil sector base simulation and sensitivésts there is no feedback from the biofuel or
food sector. The parameter values used are the aartiee ones we will use in the reference
mode and the base case simulation in chapter falifige. Figure 2 shows the oil production
and oil price of the oil sector base simulation paned to historic data and the distribution of
sensitivity test runs using parameters and rangeatisplayed in table 1. The sensitivity test
was done using Latin Hypercube Sampling as recordetkein the literature (Ford, 1999).
Alternative scenarios will be presented for the 9z reserves and the speed of technological
progress, these assumptions are therefore nobptre base case sensitivity test. The pattern
of behavior is the same in all of the oil sectanssivity simulations: An s-shaped transition
from abundant cheap oil to a higher price level anidmporary peak in production during the
transition from conventional reserves to alterregivsuch as tar sands, coal to liquid and
renewable energy sources other than food basedidbioThe assumption of a smooth
technological transition avoids an oil price ovesh(see 3.2.) The overshoot in the 1970’s
was caused by a relatively small shortage. A glgeak in oil production could possibly
cause an even larger overshoot. The model is ndt tw capture short term price
developments or oscillations and its lack of fee#fb&kom oil price to economic growth

makes it unsuitable for simulations with extremlepoices.

Parameter Min value Base value Max value Unit
long term price elasticity of oil demand -0.2 -0.6 -1 dimensionless
short term price elasticity of oil demand -0.01 -0.08 -0.5 dimensionless
oil price sensitivity 2 8 20 dimensionless
long term price effects delay 5 15 30 year
short term price effects delay 0.25 0.75 3 year

Table 1: The parameters and ranges used in the sensitivity test
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Figure 2: Oil sector base simulation and its sensitivity to the parameters in table 1.

3.2 Oil reserves and marginal cost

The oil sector (figure 3) is sensitive to assumpiabout the size of reserves and the speed of
technological progress. The initial reserve sizedusvas found by combining data from
British Petroleum’s statistical review (BP, 2007gaan oil production time series from World
Policy Instituté. BP define oil reserves as “generally taken totihese quantities that

geological and engineering information indicateweasonable certainty can

! Source: compiled by Earth Policy Institittep://www.earth-policy.org/Books/PB3/data.h(f0.05.08)
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Mtoe Data source

Oil produced 1950-2006 145519 WRI, 2007
+ Proved reserves 2006 164798 BP, 2007
= Qil reserves 1950 310317
- Oil in production 1950 13000 model approximation
= |nitial oil reserves 300000

Table 2: Calculation of oil reserves used in oil sector base case and reference mode

be recovered in the future from known reservoirglannexisting economic and operating
conditions”(BP, 2007). These reserves include gasdensate and natural gas liquids
(NLG’s) but not Canadian tar sands beyond thoseadly under active development. BP
reports an estimate of 23 700 Mtoe for total Caswadiar sand reserves, of which roughly 6%
are considered to be under active developmenth@sonventional reserves are depleted, a
transition is assumed to tar sands and other aligas like coal to liquid or transportable
renewable energy (apart from food based biofuelickviwill be covered by the biofuel
sector). These alternatives are, as a simplifinatigroduced by the oil sector once the
conventional reserves are empty, causing the stbserves to go negative. A scenario with

larger conventional reserves will be tested later.

oil profit
/ crude oil
marginal price
oil cost
oil extraction
cost table
initial oil Oil reserves L——SZ— g Oilin )
reserves - production #’
new oil oil production
fields
<oil capacity K f
lifetime> oil construction Oil capacity

start

Figure 4: Oil reserves and marginal cost structure

Oil reserves INTEGAL(—newoil fields,Oil reservest,))

Oil reserves ) = initial oil reserves

Oil in production = INTEGRAL(new oil fields — ogroduction, Oil in production {)
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Oil in production () = (Oil capacity+Oil construction)*oil capacityfditime
new oil fields = oil construction start * oil capty lifetime
oil production = Oil capacity

It is for simplicity assumed that oil productionvalys equals oil capacity. This has some
effect on the models ability to explain cyclicalhlaior. The model divides reserves into oll
reserves and oil in production (figure?4As soon as a new oil project is started the toilal
reserve of that field moves over to the stock ofioiproduction. The size of new oll fields
brought into production is found by multiplying a@bnstruction start (the amount of annual
production capacity entering construction this ydar the total lifetime of capacity. Oil in

production is therefore initialized using both @alpacity and oil capacity under construction.

(crudeoil price— marginaloil cost)
crudeoil price

oil profit =

Oil profit is not an absolute number, it is a refat dimensionless number representing the
balance between crude oil price and marginal at.cbhese two are in balance when oil

400 Base case table

- 350 MOC %
g T 300 - _— slower technologic development 0.00 200
= & 250 A 0.05 185
Cha 0.10 150
(—g g 200 base cas 0.15 80
= 150 + faster technologic development 8132 gg
g 2 100 1 0.30 27
50 0.35 23
O T T T T T T T T T 83(5) i(;
0 01020304 0506070809 1 0.50 15
0.55 14.2
Oil reserves 0.60 14
1.00 14

Initial oil reserves
(Dimensionless)

Figure 5: Oil production cost table, base case and alternative
scenarios with faster and slower technological development

profit is zero. Marginal oil cost is the averagestcof producing one barrel of oil (including a
normal surplus). When oil profit is greater thamozehe industry is more profitable than
normal, when it is below zero the average prodineer a deficit or a smaller surplus than

desired.

2 Structure adopted from unpublished material bingrMoxnes
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. . Oil reserves
marginal oil cost =

initial oil reserve

Marginal oil cost is defined as a function of adiserves over initial oil reserves. Figure 5

displays the oil production costs table used inldhse simulation of the oil sector and two

alternative scenarios used to test the model. Thm mssumption of the curve is a rising

marginal cost, since the most convenient and aixdessil fields have a tendency to be

developed first and exploration is more successhdn there is still a lot of oil left to find.

Developments in extraction technology are assutoeaffset the rise in costs for some

time but eventually production costs start risizganentially. The effect saturates as costs

start to reach the cost of alternative sources.bdse case cost table assumes an oil price of

200 USD would be sufficient to enable a smooth rtetdgical transition to other sources.

7000

6000
5000 -
4000 -
3000

Qil production
(Million tonn oil equivalents per year)

2000

1000 -

0 ‘ T T
1950 1975 2000 2025 2050

Time

400
350 -
300 -
250 -
200 -
150 A
100 A

50 -

0 ‘ ‘ ‘
1950 1975 2000 2025 2050

Time

Crude oil price
(2006USD per barrel)

——— Base case with faster (top) and slower (bottom)
technological development

- | arger reserves with faster (top) and slower (bojto
technological development

Figure 6: Base case oil price and production compared with
scenarios of larger reserves, faster and slower
technological development

The lower curve represents a scenario
with faster technological

development where 100 USD per
barrel is sufficient, and the higher one
represents a slower technological
development scenario where a price
of 300 USD per barrel is needed. The
technological scenarios are in figure 6
combined with a scenario with 50 per
cent higher oil reserves. The main
effect of larger oil reserves is that the
peak in oil production, and rise in

price, is postponed another 15 years.
The simulated oil prices follow the

pattern of their respective production
cost curves. These scenarios; Larger
oil reserves, slower and faster
technologic development, will in

chapter six be used to test the

robustness of an alternative policy.



3.3 Oil production capacity

The structure chosen to represent oil productigracigy (Figure 7) is taken from the generic
commodity market model in Business Dynamics (Stexn2900). It is based on an anchor
and adjustment heuristic where the anchor is curapacity and the adjustment from the
anchor point depends on the expected profitalitiuture investments and the time decision
makers need to make plans and reach a final inesgtdecision.

oil profit

. ' : L oil
expected oil profit oil construction time

capacity
adjustment time lifetime
(==X #-{0l constructio Oil capacity
oil new oil . :
change in construction capacity dlscarde_td oil
expected oil start capacity
profit
oil construction
Expected ol adjustment tim
profit oil constructio oil capacity

adjustment adjustment ti

table for desired
oil capacity — desired new oi

effect of oil profit capacity

on desired caw

Figure 7: Oil capacity structure

desirechew _ ((Oil capacity effectof oil profit ondesireccapacity) Oil capacity)|  discarded
oil capacity oil capacityadjustmentime oil capacity

The equation for desired new oil capacity firstcoddtes the desired oil capacity by
multiplying current oil capacity with the effect ofl profit on desired capacity. Then current
capacity is subtracted from desired and dividedthy adjustment time to find desired

capacity adjustment. Finally, the expected lossagpacity, the discarded oil capacity, is
added.

effect of oil profit on desired oil capacity = f{ected oil profit)

Expected oil profit = INTEGRAL(change in expectatiprofit, Expected oil profit )

Expected oil profit ¢) = oil profit (t)

change in expected oil profit _(oil profit - Expectecil profit)
expecteail priceadjustmentime

17



The effect of oil profit on desired oil capacity asnonlinear function of the expected oll
profit. Figure 8 shows the function used. Expectéldprofit is zero when the average
marginal cost of production = the price of crude At this point there is no desire to adjust
capacity; or, in other words, the sum of desirevand and downward adjustment breaks
even. The larger the expected profit is, the lathereffect is on desired capacity. The effect
saturates because there are limits to the finanamyabsorption of new capital. Likewise,

when the average expected oil profit moves belaw #ee producers with the highest

c
S 2~ 15 EOP  EOPDC
£%8 9 -1.00 0.00
S o2 -0.75 0.10
— 89 -0.50 0.30
So 2 1 -0.25 0.70
c L2 0.00 1.00
B w3 0.25 1.25
& 3= 05+ 0.50 1.45
i} 0.75 1.60
1.00 1.70
0

-1 -0.5 0 0.5 1

Expected oil profit
(Dimensionless)

Figure 8: Table for desired oil capacity

production costs, or the most pessimistic futuneeetations, start investing less than what is

needed to replace discarded capacity.

((desiredchewoil capacity* oil cunstructdbn time)- Oil constructbn)
oil constructbnadjustmentime

oil construction adjustment

When desired new oil capacity is found an adjustmmereds to be made for the capital
already under construction. The expression abowdréiction line determines if there is a gap
between current construction and the constructesdad to complete new oil capacity at the
rate desired. The oil construction adjustment tisrthe time needed to close the gap. This can
be seen as a reflection of the quality and avaitgtnf information about the actual gap and
the attention decision makers pay to this infororati

The use of this structure does, however, implglaaf getting models that over-estimate
the rationality of decision makers. The short ahstruction adjustment time used in this
model (see Appendix) is probably a deliberate exarop such overestimation. The motive

was to guide attention away from oscillations andus on the long term effect of the
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depletion process. The model was not constructéid twe purpose of simulating oscillations
in oil price. To do that properly capacity utilicat and probably also some representation of
OPEC policy and other important stakeholders woled to be incorporated.

Oil capacity = INTEGRAL(new oil capacity — discadloil capacity, Oil capacitygf)

discarded oil capacity =- Oil ca_pa_cn)_/
oil capacitylifetime

oil constructbn
oil constructbn time

new oil capacity =

The choice of using a first order delay for capacinstruction was also partly motivated by
a wish to suppress oscillations. The variable oiistruction time is an aggregate of the time
it takes to search for oil and construct the nergssapital to extract and refine it. The delay
is first order because the formulation of new @ipacity as a stock divided by an adjustment
time, assumes perfect mixing. This means thataiktuction projects, regardless of being
old or new, are weighted equally. A boost in cangion start one year would make the
completion rate of new oil capacity increase dutimg same year. This behavior might seem
unrealistic and could be prevented using a deldyigifer order; distinguishing old from new

construction. The smoothness’ of the first ordelagecan, however, be interpreted as a
representation of short term adjustments in capaditization that otherwise might need

explicit modeling to avoid large oscillations.

Oil construction = INTEGRAL(oil construction startnew oil capacity, Oil constructiom)
Oil construction () = discarded oil capacity*oil construction time

oil construction start = MAX(0, desired new oilpeity + oil construction adjustment)

Oil construction start equals desired new oil cagadjusted for the capacity already under
construction. If current construction activity e&rde and the desired new capacity very small
the sum of the two could be a value below zero.awoid negative numbers the oll

construction start rate is formulated to take treximum value of zero and the sum of the
two input variables. Oil construction is initialdeat the level needed to replace discarded

capacity

3.4 Qil price

end use oil price = crude oil price + oil refiniagd distribution
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The end use oil price (figure 9) is the price paydconsumers. The constant oil refining and
distribution cost used in the model correspondsginbu to the average refining and
distribution cost assumed in the annual internalidoel prices survey conducted by the
Deutche Gesellschaft fiir Technische Zusammena(kEiz, 2007). Gasoline taxation is

omitted due to a large uncertainty regarding tlspaoase of decision makers to future changes

in oil price.
oil refining and
distribution
marginal traditional oil price
oil costs crude 0"/_\ adjustment time
\ prlce end us
|nd|cated oil price
expected Traditional oil
oil price 0|I price price
time to adjust sensetivity

ch_a_n%e in.
traditional oil
expected oil price price

Expected oil initial end us

price oil market oil prlce
change in balance

expected oil
price
0|I price relative oil price relative
<b|ofuel to initial to traditional

oil production  production> il demand

Figure 9: QOil price structure

crude oil price = Expected oil price * (oil markglanc8' Price sensitvity

oil demand

oil market balance =
Ion production+ b|ofuelproduct|or)

Crude oil price is modeled as the oil price expedig traders multiplied by the effect of
current balance between supply and demand. Allntorees have been excluded with the aim
of keeping the model as small and simple as passibhis causes a small discrepancy
between oil produced and consumed, but by far notugh to effect model behavior.

Biofuel is treated as a perfect oil substitute dwagd a direct effect on the oil market
balance. This is a slight simplification of realgiynce the logistics are a little bit different and
there are currently limits to the fraction of etbhthat can be blended in gasoline used in
conventional cars (Childs, 2007). The strength ofleling oil market balance this way is that
it captures the maximum possible feedback fromugibproduction to oil price. Pro biofuel
rhetoric focusing on potential GQeductions and gained energy security both tenbeto
based on the assumption that biofuel substituleJ oithe extent biofuel actually does this it

could be relevant to ask how much of the oil demaoduld cover, and if it covers enough to
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effect oil price; how large would the effect of eper oil be on oil demand? How much

would it eat up of the assumed substitution benefit

Expected oil price = INTEGRAL(change in expectdddce, Expected oil price df)

(i_ndicatecbxpecteobil price— Expectedil price)
time toadjustexpecteail price

change in expected oil price

(_marginaloil costst+ crudeoil price)
2

indicated expected oil price

Traders adjust their price expectations to fit iisality they perceive. Current price is seen as
a good indicator of what the trading price shoudd Bhe indicated expected oil price is
assumed to be the average between current pricenamdarginal oil costs.

enduseoil price
initial enduseoil price

oil price relative to initial =
initial end use oil price = end use olil pricg (t

. . . enduseoil price
oil price relative to traditional = — p -
Traditiond oil price

Traditional oil price = INTEGRAL(change in traditial oil price, traditional oil price )

ienduseoil price— traditiond oil price)
traditiond oil priceadjustmentime

change in traditional oil price

Price is a relative expression. The oil price i@ 1990’s was high compared to the price level
of the 1960’s, but low compared to 1975 — 1985gwid’ he model uses two different relative
oil prices: The first one, oil price relative tatial, is the absolute change in oil price relative
to 1950. The reference point, oil price in 1950¢casstant. The second, oil price relative to
traditional, refers to a dynamic reference; thalitranal oil price. This is the long term

average price level that society has adapted tugr its development of habits and through
technology choices. Short term consumer respospsde are based on the traditional price

whilst the long term adaptation of society is bagedhe price relative to initial.

3.5. Oil demand

. _ indicatedoil , Long termeffects , Shorttermeffects
oil demand="gemand  *onoil demand ~  onoil demand

initial ol relativepopulation, [ relativeGDP per"e°meetestetyor ol demand

indicatedoil demand= . . o .
demand timeseries capitatimeseries
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oil price relative

to initial L .
oil price relative
long term price to traditional
elasticity of olil
demand
_ T indicated long short term price
oil demand term price effects elasticity of oil

longterm price  on oil demand

effects delay demand

Long term pric
effects on oil A
indicated short term
demand change in, : .
long-tertn price  Price effects on oil
effecté) demand

short term price

indicated oil effects delay
demand
Short term
price effects o
oil demand change in

short term
price effects

relative

population income elasticity

time series of oil demand <relative gdp per
initial oil capita time series>
demand

Figure 10: Oil demand structure

Oil demand (figure 10) is modeled using an exogenmderlying demand (the indicated oil
demand) multiplied by short and long term effedtsibprice. A reasonable historical fit was

found when the indicated oil demand was based owthgrin GDP per person and an income
elasticity of 0.9 (see figure 2). Future projectioh indicated oil demand is based on a

constant annual GDP growth rate of 2 per cent aXt thedium population projectién

Longt termpriceeffects_

| — INTEGRAL changen long term Longt termprlceeffects(to)
onoil demand

priceeffects ' onoil demand

indicatedong termprice_ Long termpriceeffects
changen longterm_ |  effectsonoil demand onoil demand

priceeffects long termpriceeffectsdelay

indicated long term price effects on oil demand
=oil pricerelativeto initial long termpriceelasticityof oil demand

% Source: World Resource Institute from: Populafiivision of the Department of Economic and Sociéfbiks
of the United Nations Secretariat. 200Vorld Population Prospects: The 2006 Revision. Dataset on CD-ROM.
New York: United Nations.
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Long term effects of oil price on demand could éxample be a technologic transition to
more fuel efficient cars, improvement of the pultitensport systems or a change in peoples

attitudes and thinking about oil consumption.

Shorttermpriceeffects_

' — INTEGRAL changen short termShorttermprlceeffects(to)
onoil demand

priceeffects ' onoil demand

indicateahort ternprice_ Short ternpriceeffects
changen short term_ | effectsonoil demand onoil demand
priceeffects shorttermpriceeffectsdelay

indicated short term price effects on oil demand
=oil pricerelativeto traditiomlshort ternmpriceelasticityof oil demand

Short term effects could for example be people stmapto drive less to save money to pay
their bills. Figure 11 shows the long and shonr@&ffects of oil price on oil demand in the
base case simulation of the oil sector.

300 The long-term effects are by far the
250 - oil sector base case most significant since short-term
%200 \ consumer response to oil price is
Q= ]
O ®© . . .
'gg assumed to be quite inelastic.
81504 , ,
o 9 historic oil price The following numerical example
S5
> . .
5 100 \ could serve as an illustration of why
N
50 | the short-term effect is so little: In
o November 2006 the average world
1950 1975 2000 2025 2050  market price of crude oil was slightly
Time
14000 above 60 USD per barrel and the
§12000 - _ _ average price of gasoline at
4 Indicated oil demand ) )
%,10000 | Norwegian gas stations was 180 US
T 5 8000 | o Long term effect cents per liter. Crude oil accounted
g s m Short term effect . T
s 3 for 38 cents, refining and distribution
S 2 6000 -
o g costs approximately 15 cents, and
§ 4000
= S taxation 127 cents (GTZ, 2007). Let
§ 2000 | Oil demand ) )
= us assume oil price suddenly rose
0 T T T
1050 1975 2000 2025 2050 from 60 to 240 USD per barrel.
ime

Keeping the taxation level, refining
Figure 11: Long- and short-term effect of oil

price on oil demand in the oil sector base case

simulation
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and distribution costs constant the approximatecethn Norwegian gasoline price would be:

(38* 4)+15+127 _ 294centsperlitre
38+15+127 180centsperlitre

=63%increase

An imagined four fold increase in oil price, fror & 240 USD per barrel in the year 2006,
would, according to the rough estimate above, aose more than a 63 per cent increase in
Norwegian gasoline price. Gasoline and motor odoaated for 3.4 per cent of the annual
expenditures of Norwegian households in the pei@d4-2008. A 63 per cent increase in
gasoline price would be the equivalent of 2.1 parteise in annual household expenditures,
all else being equal.

Norway is, with its population of 4.7 million, Higwages and gasoline taxation, not a
representative country. Let us do the same estifoate major gasoline consumer, the United
States: The result is 180 per cent rise in gas@mee due to the low gasoline taxation level
(10 cents). Despite cheaper gasoline American lhalde spent a larger share (4.3 per cent)
of their annual expenditures on gasoline and motbin 2005. A 180 per cent rise in
gasoline price would, in the United States, be \eant to 7.7 per cent rise in annual

household expenditures.

“Source: Statistics Norway (SSBittp://www.ssb.no/emner/05/02/fbu/tab-2007-09-10kérl (09.06.08)

®Source: U.S. Bureau of Labor Statistibgp://www.bls.gov/cex/csxann05.p({i9.06.08)
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4. Reference mode: Thefood and oil sector together

The purpose of the reference mode
simulation is to show how the model

behaves when no food or food land is:

used to produce biofuel. Food priceQ

rises after year 2000 independently of3
L.

effects from biofuel production or oil
price in the reference mode simulation.

The behavior of the food sector
will first be presented, after that we
will take a closer look at the model
structure. Two alternative potentia
food production scenarios will be

presented.

4.1. Behavior of the food sector

Figure 12 shows the reference moc
behavior, where the food and oil sectc
is connected, compared to historic da
and a model run where the oil sector |
disconnected so that the increasing c
price has no effect on food productiol
costs. Qil price hardly has any visible
effect on food production, but a sligh
effect can be seen in food price and i
the fraction of potential food
production capacity used. Notice the
the food price rises in both cases, eve
when the effect of a rising oil price is

removed.

duction

(Million tonnes)
[ee)
o
o
o
|

18000

16000 - potential food production
14000 -
historical food
production data

food production w ithout
effect of oil price

\
\

=R
o N
o o
o O
S O
|

4000 - reference
2000 food production
0 ‘ T ‘
1950 1975 2000 2025 2050
Time
0.7
8
<
)
o
g food production as
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S 8 w ithout effect of oil price
o <
g S \
E 0
g 2
2 a0 05+ \
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2 04 ‘ ‘ ‘
1950 1975 2000 2025 2050
Time
200
175 -
reference food price
_ 150 -
o
@ =125 |
2 1 historical
_g— § 100 4 food price
o -
e ;:Ei 75 |
= 50 | food price without
effect of oil price
25 4
0 T T T
1950 1975 2000 2025 2050

Time

Figure 12: Behavior of food sector, reference mode and a
run without the effect of oil price on food price. Historical
data sources: Food price from IMF and food production
from FAO.
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4.2. Food production

The model is sensitive to assumptions about theldpment of potential food production.

Figure 14 shows reference food production and poompared with a scenario where

technology is able to keep on expanding the praoiicpotential and a scenario where

environmental problems erode it. Potential fooddpiion is an exogenous time series

25000
22500 J techn.ok.)gical
c optimism
2 20000 -
(8]
_(g) Tg\17500 .
5 g 15000 -
g 212500 - /
&8 .
3 = 10000 environmental
€ ~— 7500 problems
% 5000 reference
o
2500 A
0 T T T
1950 1975 2000 2025 2050
Time
12000
technological
10000 - optimism
c L
S % 8000 | h|stor|calfood
S Q production
ey
=]
© < 6000 -
s N\
- = i
S 2 4000 - environmental
L problems
reference
2000
0 T T T
1950 1975 2000 2025 2050
Time
250
225 | historical environmental problems
200 | food price \
S 175 - \
o 9 reference
© 150 -
=
o 81251
8 x 100 1
T g
E 75 -
0. f
25 - technological optimism
0 T T T
1950 1975 2000 2025 2050
Time

Figure 14: Effect of production potential. Reference mode
compared with an optimistic technology scenario and a
scenario with environmental problems.
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representing the primary food

production assumed possible using
the agricultural land and technology
available at a given point in time.

Data from the Food and Agricultural

Organization indicate that we were
utilizing roughly 50 per cent of the

potential in the year 2000 (FAO,

2003). If we accept this as a
reference point, how large was the
potential before that, and how is it
likely to develop?

An informed guess regarding
the food production potential before
2000 is that it has been growing
faster than demand and production.
The high yielding varieties of wheat
and rice introduced during the green
revolution have together with other
agro-scientific discoveries expanded
the production possibilities, whilst a
continuous expansion of agricultural
land has compensated for the land
lost to urbanization, salinization,
erosion and exhaustion.

After 2000 the growth in food
production potential is assumed to

saturate in the reference mode.



Land is a limited resource, and the most fertitelles already in use. It will be more and more
difficult to keep expanding at a rate high enoughréplace losses. The size of yields
attainable is constrained by biological limits + é&xample in plant physiology (FAO, 2003).
Whether current science is close to these limitsar makes little difference to the base
assumption of saturation: As vyields increase theemi@l for further increase shrinks and
increasing yields further becomes a little bit mdiféicult.

In the yield technology optimism scenario it iS@®ed that attainable yields continue
rising and a widespread adoption of sustainablé lese practices minimizes the loss of land.
Food price remains low in this scenario, apart fiepslight rise during the transition from oil

. to other sources. Production continues its growth
table for desired food

production as fraction of
potential

expected food

profitability without saturation.

minimum food
production
adjustment time

indicated change in
food production
fraction

change in food
production
fraction

Food
p{;oductlon ag
raction. of

potentia

potential food
production time series

food
production

Figure 15: Food production structure

The environmental problems scenario takes
account of uncertainty about the future state of
the planet. It assumes climate change and the sum
of human activity over time erodes more food
production potential than what is gained through
technologic progress and land expansion. Food
production saturates, prices rise exponentially.

These three scenarios imply a dramatic span
in food price and they will, together with the
scenarios of larger oil reserves and faster or
slower development presented in the previous

chapter, be used to test the robustness of an

alternative policy in chapter 6.4. Now we will
take a closer look at the model formulation of

food production:

food production = potential food production * Fomaduction as fraction of potential

Food production as fraction of potential
_ INTEGRAL( changen food

change in food production fraction

indicatecchange
MAX]| 0,in foodproductiort|1-
fraction

Foodproductio
asfraction
of potential

Foodproductionas t,)
productionfraction , fractionof potentia‘ 0

indicatedchange Foodproduction

n
+ MIN| 0,in foodproductiort  asfraction
fraction of potential

minimumfoodproductioradjustmentime
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indicated change in food production fraction
= desired food production as fraction of potdntf@od production as fraction of potential

_( foodproductionas , f expected _ foodproductionas
| fractionof potential food profitabillity fractionof potential

The stock food production as fraction of potenfigure 15), represents current primary food
production relative to potential food productiomeOcould think of it as a parallel to capacity
utilization; the potential food production time i®sris the capacity and food production as
fraction of potential is the utilization.

Desired food production as fraction of potentsaanchored to current and adjusted up or
down from this point depending on the profitabiliby production. The function used is
identical to the table for desired oil capacitye($igure 8).

The adjustment needed to close the gap betweaerdiend actual state is the indicated
change in food production fraction, and the timgaktes food producers to close it depends on
current utilization and the direction of change. &xmample of why the direction of change
matters could be a situation where food producisomery high: The potential for further
production increase is limited, but the reductiaeptial is as large as the production itself.
Downward adjustment should in this case be easi@rfaster than upward adjustment. The
combination of a MAX and a MIN function enablesfeientiation between adjustment

directions and prevents the production fractiomfrgoing below zero or over one.

4.3. Food production costs
Food production costs (figure 16) are effectedhsyftaction of potential production utilized
(intensity), and oil price. A food price index, wil961 as base year, is used to represent both

food production costs and food price.

(Expectedood price- Expectedood costé
Expectedoodprice

expectedood profitabillity =

Expected food production costs
= INTEGRAL(change in expected food productiontspExpected food production cosgp(t

Expected food production costj(t initial food production costs

changein expected _ (food production costs- expectedfood production costs)
food costs expectedfood costsadjustmenttime

food productioncosts = initial food ( Foodproductionasj* effectof oil price
|

productioncosts ! | fractionof potentia onfoodcosts
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The food production costs table (figure 17)
. ) expected food
rises exponentially. At the bottom of the profitability

curve there is no production at all and itExpecte
food price
takes little effort to increase it; one could

just throw out seeds at random and wait

L. Expected food
for the result. Returns diminish as production

production gets closer to potential

production; more capital, inputs, human

labor and knowledge is needed to increase

it further. At the very top of the curve one expected
yop food costs proguctlon
adjustment

could imagine a team of agricultural time \
specialists carefully monitoring each field. /‘\

The output of the food production initial food

effect of oil
price on food
costs

Food production as
fraction of potential

, o o production costéod production
cost curve is multiplied by initial food costs table

Figure 16: Food production costs structure

production costs and an effect of oil price
on food costs.

[%2]
2 10
3 FPFP EFPC
s 8 000 0.10
=0 0.10 0.12
S8 020 0.5
S5 61 030 020
50 040 0.30
53 4] 050 050
S E 060 1.00
=0 070 1.50
5 2] 0.80 250
5 090 450
9] 1.00 10.00
b 0 ‘ ‘ ‘ ‘

0 0.2 0.4 0.6 0.8 1

Food production as fraction of potential
(Dimensionless)

Figure 17: Food production costs table

4.4. Sensitivity of food production coststo oil price
The sensitivity of food production costs to oil ggidepends on the

amount of energy used per unit produced), the ofgmergy used and the energy fraction of

total production costs. These factors are dynath&y change over time because agricultural

practice gradually adapts to its surroundings. djtwre this adaptation

oil price is modeled as a stock (figure 18).
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effect of oil price on food costs = oil price i@ to initia/Se"st t© oil price

Sensitivity to oil price = INTEGRAL(change in setidty to oil price, Sensitivity to oil priceg})

(f (oil pricerelativetoinitial) - Sensetiviy tooil price)

change in sensitivity to oil price —— — - -
oil pricesensitivity adjustmentime

300
oil price 250 A
s engitivity reference mode
adjustment =
time o 2200 -
o 8
change in table for = g
Af sensitivity to = 0150 -
sensitivity to B : o i ic oil ori
ol pricg oil price 2 a historic oil price
2 2100 -
Sensitivity to |  <oil price relative 8,
oil price to initial> 50 A
0 : : ‘
effect of oil 1950 1975 2000 2025 2050
price on food Time
costs
Figure 18: Sensitivity to oil price structure 0.20
indicated sensitivity to oil price
Recall the gap in figure 12 between
0.15 -
. . (O]
reference food price and food priceg _
[oRN7))
. . . . =9
without the effect of oil price. This gap ° %010 \
o ,
o S o
shows what the effect of the sensitivity to2 & . o
= _'Dé sensitivity to oil price
oil price structure is. The behaviorg =, . |
g o
causing this gap can be seen in figure 19.
The line labeled indicated sensitivity to oil 0.00 ‘

1950 1975 2000 2025 2050

price is the output of the table for Time
sensitivity to oil price (figure 20). 150
Sensitivity adjusts gradually towardsw
indicated. The initial gap between them isS
. 8 ~1.25 |

large because agriculture was more 9

c @
traditional in 1950 and cheap fossil fuel§ S
represented an enormous potential ener@%loo l

o =
input. Research and farming practice ha“si

(5]
over time learnt to utilize this energyin
otential 0-75 ‘ ‘ ‘
P ' 1950 1975 2000 2025 2050

Time

Figure 19: Effect of oil price on food production
costs
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Figure 20: Table for sensitivity to oil price

4.5. Food price

_Expected, effectof food, effectof food

food price “food price costson price balanceon price

Expected food price
= INTEGRAL(change in expected food price, Expddt@od price ())

Expected food pricedjt= initial food price

(food price- Expectedood price)

change in expected food price . - :
expectedood priceadjustmentime

effect of food balance on price = food market hegf"s"v of food price tofood balance

totalfooddemand
food production

food market balance

effectof food _ , , sensitivity of food, Expectedood productioncosts 1
costsonprice " pricetofoodcosts Expectedood price

Food price is, like oil price, modeled using a &toepresenting traders expected equilibrium
price (figure 21). Price is anchored to expectedepand adjusted according to inventory
levels, here represented by market balraed changes in production codthe formulation

used for effect of food costs on price makes isfie to adjust assumptions about the quality
of information traders have about production castd the extent of attention paid to this

information. If sensitivity of food price to foodosts = 0, traders completely ignore

® See discussion in 3.4. Oil price
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information about costs. If it = 1, traders ignore expected food
price adjustment

the expected equilibrium price and base their O time
price setting on expected costs (Sterman, Aemge in

ted
2000). food price

The sensitivities used in the model, botfpod price

_ _ Expected fooq
regarding food price and food demand, were price

found through model calibration to historical

effect of food ) Expected food

roduction and price data. More time could be -
P P costs on pric production costs

spent in the future to recover good estimates of

] ) ] effect of food sensitivity of food
these variables if this could strengthen the paance on price price to food costs
model. Even if precise estimates were found, \

sensitivity of food

we have no guarantee that observations of the .
price to food balance

past can explain behavior more than 40 years
food market

ahead. balance
total food food
demand P roduction

Figure 21: Food price structure

4.6. Food demand

total food demand = Human food demand + food diet f
Human food demand = INTEGRAL(change in food demahdnan food demandjj}

changen humanfooddemand

(indicatechumanfood demand- Humanfood demand
fooddemandadjustmentime

indicated human food demand

_ initial human, Relative ,  effectof income , effectof foodprice
~ fooddemand population changeonfooddemand onfooddemand

effect of income change on food demand = rela@P per capifafome elasticiy of food demand

effect of food price on food demand = relativedquice"e® elastcty of food demand

relative food price _—.M
initial food price

Population growth is the main driving factor of éodemand (figure 22). Changes in food

price and income effect the food chain level ofireatA diet higher up in the food chain
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includes a larger fraction of meat and dairy prasliend requires more primary production
due to the energy loss from fodder to animal pradiibe population and GDP per capita
time series used to model food demand are idertbdhlose used for oil demand.

Food for fuel is the food used as feedstock fafu®l production. This is added to
human food demand to find total food demand. Asaaly mentioned, the reference mode
simulation’s and all other simulation results preed so far, omit food for fuel. This will be

added in the next section when the biofuel sestepnnected to the food and oil sector.

. in(;tial_
ood price
R N md price
relative
price elasticity of food price

food demand

relative gdp \

per capita effect of food price
time series on food demand

income \‘
elasticity of
food demand\\

effect of incom relative
change on foo population
demand time series

initial human
food demand\
indicated human
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Figure 22: Food demand structure
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5. Biofudl sector: Linking together the food and energy market.

In this chapter the food and oil sector is cone@do the biofuel sector, the base case
behavior of the complete model is analyzed andsthecture of the biofuel sector presented.
The biofuel sector simulates the production of lébfusing food crops or crops grown on

land suitable for food crop production. The produttof transportable energy using other
sources of biomass happens in the oil sector ais gbathe transition to alternatives as

conventional oil is depleted. The model behaviorthed base case simulation will first be

presented. After that we will look more closelytta structure of the biofuel sector.

5.1. Base case model behavior

The base case simulation, where all three modébiseare connected together, is not meant
to represent the most likely future scenario, gimply a scenario where the current policy of
supporting biofuel production is kept and wherepallameter values in the oil and food sector
are equal to their reference mode values. The bupthe base case simulation is, when
compared to the reference mode, the effect of gddmextra link between the food and oil

sector (figure 23). Notice how small the effecaidirst and how quickly it grows.

The two graphs on the left hand side represemtsgai food based biofuel production
whilst costs (apart from the cost of the supporasoees themselves) are represented by the
two graphs on the right.

Assuming perfect substitutability between oil dmafuel, a total of nearly 46 000 million
tonnes oil is substituted with biofuel and the sung oil price is counteracted temporarily,
gaining another thirty years before it approach@9@ USD per barrel level. This could, for
many nations, be a valuable contribution to enaegurity, both in terms of saved oil import
expenses and the extra time gained to adopt tgtehbil price. The oil substitution would
most likely also represent a net £@duction but the size of this depends on theameeCQ
budget of the biofuel produced, which again depaemdechnologic development and policy
choices. The World Resource Institute has compgdnates of the life cycle reductions in
greenhouse gas emissions of different feedstockawvbiofuel is used in place of fossil fuel
(Childs, 2007). The ranges between high and lownasts and between different feedstock’s
are large. Corn is, for example, only estimatedite a reduction of 15 to 40 per cent per unit
fossil fuel displaced while estimates for sugareceange between 60 and 90 per cent. Indirect
effects, that a life cycle analysis is unable tptaee, could make the reduction even smaller:
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Figure 23: Base case model behavior

“If sugarcane is planted on land that was previpbsing used for other productive purposes,
such as growing other crops or grazing livestole&sée activities may be displaced. This land-
use pressure could ultimately lead to deforestatieawhere, and therefore carbon emissions
indirectly attributable to ethanol production” (Childs, 2007he net CQ® equivalent
greenhouse gas reduction gained by the oil subsetitin the base case simulation, is highly
uncertain and could in the worst case, using feetd& that only yield small reductions and
also displace rainforests, even be negative.

Base case food price is, in 2050, more than fioueg as high as the reference mode. The
total shaded area in the top right graph repregheteamount of food used as feedstock for
biofuel production; accounting for about 50 pertogintotal food production in 2050. A two
way pressure is created by this feedstock demamdipavard pressure on agricultural land
and forests due to increased intensification and kxpansion and a downward pressure on,

primarily poor food consumers that are overbidiblier car owners to exemplify.
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2.0

Figure 24 shows the structure of the biofuel

15 ,

w ith support .

10 PP sector. Half of it has close resemblance
£ % os \/‘ with the oil sector and will therefore only
o o YO
% g 0.0 be briefly commented. The remaining
2 o . . . .
2 5-0.5 . ‘\ structure is quite easily understandable in

-1.0 4 Without support figure 24. The reader is inquired to refer

151 back to this figure as we proceed with the

2.0 : : : .

1950 1975 2000 2025 2050 Presentation.
Time
4000 . - . .
= 5.2. Profitability of biofuel production
§ base case
5 3000 | biofuel production
§ Z \ biofuel profit =
E s (biofuel price — biofuel costs+ support)
s %‘_ 2000 - biofuel production biofuel price
T 2 w ithout support
> ©O . . . . .
S = The profitability of biofuel production is,
@ S 1000 . . .
5 like in the oil sector, expressed by a
3 . . .
0 | ‘ ‘ dimensionless number representing the
1950 1975 %?gg 2025 2050  balance between price and costs, but a
40 variable representing public support is also
& . . . .
g base case included in the equation. We will look at
2 30 - biofuel production . .. . .
S o P . the tree variables defining biofuel profit
o <
S 2 . . .
5 g 20 | one by one, starting with support:
=% o
o = Historical data U _
2 2 pport =0 + STEP(170, 1975)
@ S10 |
c
o f . .
s W'thOUtSUPPO”\ The support variable is an aggregate of all
0 ‘ ‘ ‘ public support measures. It is modeled
1970 1980 1990 2000 2010

Time using a STEP function which is zero in the

e 25 b e bolvlpotend ucton beginning and steps up o a constant
support level of 170 million USD per Mtoe

in 1975 (the start of the Brazilian ethanol progyairhis support level corresponds to about

0.15 USD per litre gasoline; or 30 to 40 per cdnwbat the World Bank considers to be the

cost of current support measures in the UnitedeSt@W/orld Bank, 2008). As can be seen in

figure 25 the support level chosen is just enowgmake sugar cane based ethanol production
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profitable in 1975 and to support a growth in b&fproduction that fits with historic ddtadn

a test simulation excluding support, productionnis profitable before 2005; the year
simulated crude oil price rises above 40 USD parehaTable 3 shows, for different

feedstock’s and without support, the approximatgeaof crude oil price within biofuel could

be produced with profit in the year 2005 (IEA, 2R0@his relatively large range in

production costs could, in addition to mere quaditiof the feedstock’s themselves, be
attributed to socio-economic and geographical ckfiees between the three major biofuel

producers (Brazil, the United States and the Ewnpdnion).

Profitable at oil price

Feedstock Major producer
USD per barrel

Sugar Cane 40 to 80 Brazil

Maize and sugar beet 95to0 125 United States

Wheat and oil seeds 110 to 160 European Union

Table 3: Production cost ranges of biofuel in 2005 using different feedstock’s.
source: (IEA, 2006)

biofuel price = end use oil price * conversiomtdlion USD per Mtoe

Since perfect substitution is assumed betweemdilaofuel (see chapter 3.4.), biofuel price
is equal to end use oil price. It is converted fid8D per barrel to million USD per million

tonn oil equivalent to be consistent with the wsiéd for biofuel production.

biofuel costs = feedstock costs + other biofuedpiction costs

The purchase of feedstock typically amounts to nmiben 50 per cent of total biofuel
production costs (IEA, 2006). Other biofuel prodmctcosts are an aggregate of all other
costs including; capital, labor, maintenance, epamy chemicals. Treating this variable as a
constant can be justified for a rough model likis thecause the energy fraction of costs does
not depend heavily on transportable energy ana isnsall that it would largely have been
overshadowed by the effect of oil on biofuel pri€ewrther more, the scope of significant
reductions in running costs and capital costs islisfor conventional biofuel production
since the technology used is mature. Feed stodk,ams the other hand, depend on food price

and they could be reduced significantly througthtedogic development.

feedstock costs = feedstock price * food neededviee * effect of fraction of food

" Source: compiled by Earth Policy Institittep://www.earth-policy.org/Books/PB3/data.h(f0.05.08)
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The price of the feedstock is multiplied by the wmfityt needed per produced energy unit and
an effect associated with the fraction of totaldg@voduction used by the biofuel industry.

feedstock price = initial feedstock price * relatifood price

effect of fraction of food = f(fraction of foodrftuel)

fraction of food for fuel M
food production

food for fuel = biofuel production * food neededrpMtoe

Feedstock price is assumed to follow the same dpuetnt as food price. Different climatic
and geographic regions favor different crops andehdifferent corresponding production
costs (table 3). This is what the nonlinear effettfraction of food for fuel (figure 26)
attempts to capture. The effect is neutral at tloe¢ 6f the curve. At this point a crude oil price
of 40 USD makes it profitable to produce for thesmefficient producers using feedstock
from the best sugar cane areas. The first expalamde represents the cost distribution of
sugarcane based production. Around 20 per cemieoivorlds primary agricultural production

is sugar cane according to production statistios fEAC’. Costs continue rising as areas

1] 4
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Figure 26: Table for effect of fraction of food

favoring maize and sugar beet (about 15 percenpriohary production) are taken into

account. Once it also becomes profitable to ussemdds and cereals (other than maize) the

8 Source: FAOSTAT: online statistical databdsép://faostat.fao.orgf09.06.08)
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rise in costs nearly flattens out because it i¢ridiged over such a large group of crops.
Eventually costs rise exponentially again as femgsfrom the least suitable areas is used.

food needed per Mtoe #[Accumulat«d blofuelproductlonj

100Mtoe biofuel

The table for learning per 100 Mtoe biofuel produigdigure 27) is a learning curve
representing improvements of the conversion fatton biomass to fuel, and the adoption of
specialized crops that yield more usable biomassheetare. The output of the table is the
food needed per million tonn oil equivalent biofpebduced. The input, accumulated biofuel

production, is used as an indicator of the indestaccumulated experience.

6 ABP
100 Mtoe FN

fg 5 | 0 5.30
g 5 4.30
2 ,q_) 10 3.70
T S 4 15 3.30
© 8 20 3.00
S § 3] 25 2.80
S 2 30 2.67
L 5 35 2.60
§ 2] 40 2.55
= 45 2.50
50 2.45
1 200 2.00

0 25 50 75 100 125 150 175 200
Accumulated biofuel production
100 Mtoe
(Dimensionless)

Figure 27: Table for learning per 100 Mtoe biofuel produced

Conventional grain based ethanol production is dbasethe fermentation of starch utilizing
only the kernel of the crop. The conversion fadtom biomass to fuel can be improved
significantly by using new technology that enablks utilization of celluloses in stalks,
leaves, grasses, and tree trunks. This cellulogianel technology, often called "second
generation fuels”, opens the door for new cropg #tdl have a large potential yield
improvement. Switchgrass yields are, for examplegelr than corn yields at present, but they
are expected to double after a period of intensreeding and crop engineering. The potential
fuel return per hectare of switchgrass is for tei@son assumed to be nearly 60% higher than
the potential of corn (Childs, 2007).

The learning curve only captures the additionaldygained by using specialized crops in
place of traditional food crops. General food yigigprovements are captured by the growing
production capacity in the food sector and do rastehany effect on the food needed per unit
biofuel produced. Learning saturates as the patieioti further improvement shrinks.
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5.3. Biofuel production capacity

Accumulated biofuel production
= INTEGRAL (biofuel production, Accumulated biofygroduction (t))

biofuel production = Biofuel capacity

Biofuel production is, as in the oil sector, eqt@lthe production capacity. The following
formulation of biofuel capacity is, with the excemt of desired new biofuel capacity,
identical to the oil sector:

Biofuel capacity
= INTEGRAL(new biofuel capacity - discarded biefwapacity, biofuel capacityo}

discarded biofuel capacity = B_lofuel c_apamty -
averagdife of biofuel capacity

Biofuel capacitycunstructon

new biofuel capacity =—— —
biofuelconstructbn time

Biofuel capacity _ biofuel _ new biofuel Biofuel capacity
constructon ~ NTECRAL (constructbn start  capacity ' construction (to)
Biofuelcapacity(t )= discarded biofuel
constructon ‘0’ ~ biofuelcapacity constructbn time

biofuel construction start
= MAX(0,desired new biofuel capacity + biofuelpgly line adjustment)

desirechew biofuel _ Biofuelcapacity
biofuelsupply _ biofuelcapacity cunstructbn time constructon

line adjustment biofuelsupplyline adjustmentime

desired new biofuel capacity

Biofuel , effectof biofuelprofit external _ Biofuel
capacity ondesireccapacity = capacityfinancing | capacity) discarded

biofuelcapacityadjustmentime biofuelcapacity

effect of biofuel profit on desired capacity = kffected biofuel profit)

Expected biofuel profit
= INTEGRAL(change in perceived biofuel profit, iected biofuel profit {))

Expected biofuel profit §§ = biofuel profit ()

f(l;iofuel profit — expectedbiofuel profit)

change in expected biofuel profi - — -
expectedbiofuel profit adjustmentime
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Desired new biofuel capacity differs from desireslvnoil capacity with the addition of an

external capital input. Before an industry has hage to grow and build up own capital,

there is likely to be little financial capital alable on the inside. The external capital input
gives the biofuel industry a flying start. As thiefbel industry gets larger, further expansion
iIs assumed to be financed more by capital from iwithe industry and less by external
capital. This effect is modeled using a combinatbtwo table functions:

external capacity financing = f(Expected biofugfp) * f(Biofuel capacity)

The first, table for indicated external capacityafncing (figure 28), represents the capacity
external investors wish to finance. The more pablié the industry is expected to be, the
more interesting it is for external capital. Extdricapital comes inn even when expected

profitability is below zero. This is due to a distition of profitability; part of the industry is

8 3.0
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S 2
€ 8 257 EBP IEF
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T ©
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Expected biofuel profit
(Dimensionless)

Figure 28: Table for indicated external financing

still profitable when the average is not. Some #ees may also be more optimistic than
others and think the industry will be profitable time future. The effect of profitability on

indicated external capacity financing saturateshat approach of limits to financing and
capital absorption.

The second, table for effect of capacity on exdefimancing (figure 29), makes sure the
input of external capital saturates as the indughgws. The curve is slightly s-shaped
because there are more potential external investefsre the industry has grown large,
investors that where external in the beginning mmyadually become part of the industry

and as the industry grows the need for externatalagso diminishes.
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Figure 29: Table for effect of capacity on external financing

6. Development and testing of an alter native policy

In this chapter an alternative policy is developad tested using the model. The purpose of
the chapter is primarily to provide an example afvithe model can be used. The alternative
policy developed involves three components: RemaMalcurrent biofuel support, the
introduction of a fee on biofuel production andaangaign improving energy efficiency and
conservation. The robustness of the alternativeeyds tested using scenarios developed in
the preceding chapters. Finally, the effect of yielg the alternative policy implementation is
tested.

6.1. Remove support and introduce a fee on biofuel production
In the base case scenario biofuel production ipaued with a constant sum per produced
unit from 1975 and throughout the rest of the satiah. This is, of course, not realistic.
Readers may think a simplification such as this esathe simulated behavior unnecessary
dramatic. A sector that is financed by public supps also under public control; if the
biofuel industry should start to get too large oegsure the food market, policy makers can
pull the brakes by adjusting down the support level

This could probably have been the case if there m@peak in oil production and oil
price remained low. Figure 30 shows the simulatolfprice in a policy test where all

support is withdrawn in 2020. There is hardly affge because the biofuel industry has
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already been given time to grow large and theisganil price makes it profitable to produce
without subsidies. Let us assume far-sighted poielyers understand the potential food crisis
and decide to withdraw all biofuel support alreadxt year (2009), and in addition to this
introduce a fee on biofuel production as largehasformer support level (170 million USD
per Mtoe). Even this would not be sufficient. Thesppeak oil energy shortage causes such
good biofuel prices that the majority still keepmmoducing.

Stronger measures, like introducing even highes,f@roduction quotas or a complete
prohibition of food based biofuel production coblel advisable, but in a situation with voters
complaining about soaring gasoline prices, thetipalifeasibility of such measures could be
discussed. We will neither pursue these policietherdiscussion about their feasibility any
further here.

Let us instead take a closer look at the oil pridee soaring oil price, which itself is a
problem in terms of energy security, makes biofpedduction so profitable that a new
problem is created (a food security problem). Redicdhat close the gap between energy
demand and supply could potentially solve two peots. The gap can be closed both through

policies that increase supply and policies thaticeddemand.

700
600 - base case
g 500 4 remove support 2020

o <
% 400 remove support 2009
S 8 . . . pluss fee on biofuel
o < 300 A historic food price
25

200 -

/

0 T T T

1950 1975 2000 2025 2050
Time

reference mode

Figure 30: Food price. Effect of removing
biofuel support 2009 and introducing a fee

6.2. Increase supply?

We have, in the base case support of biofuel wtlexeshortage in transportable energy was
met with a policy stimulating growth in producticsdready seen an example of a supply side
policy. Other supply side policies could for exampk subsidization of fossil fuels based on
tar sands and coal to liquid, or a support of elecplug-in hybrids and hydrogen fuel cell

vehicles that expand the pool of energy availabtetfansport. There is, however, a danger
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that also these supply side policies could yieldlasirable side effects. The first two
examples are clearly in direct conflict with cliragtolicy goals, the second two could be so
indirectly; by increasing the total demand for &iedy and therefore possibly also increase
the pressure for more coal- and gas-based powereTie much disagreement, debate and
uncertainty associated with energy supply policies.

Physical growth of the economy is constrained dglagical limits making it harder and
harder to expand without putting additional pressan ecosystems already under serious
tension. Yet, it seems as if policymakers and datisnakers have a tendency to look for
solutions involving growth first. If the problem &traffic jam the solution is to build more
roads, if there is energy shortage we produce rapeegy and in the case of unemployment
the prescription is production of more goods andises. Even the World Commission on
Environment and Development pointed out growthhes dore policy: “The Commission’s
overall assessment is that the international ecgnorast speed up world growth while
respecting the environmental constraints” (Brunut|al987). This combination of speeding
up growth and respecting the environmental comdgamnay be possible in theory, but in
practice it has proven to be a quite complicatetidifficult task.

It is, likewise, complicated and difficult to outyv the problem of energy shortage. A
general policy advice is to look first for simpfeasible and effective solutions, with little risk

of undesirable side effects. Following this advieads us over to the demand side of the

energy gap.

6.3. Reduce demand

Reducing demand through conservation and improvesrerenergy efficiency is, according
to the Princeton professors Rob Socolow and Steptemala, probably where the largest
policy potential is (Socolow, 2004). A seeminglyliomted access to cheap energy has
enabled modern society to establish habits, strestand technical solutions that consume
energy at a rate far beyond what is needed to stufp® current standard of living. A wide
range of technologies ideas and principles are lablai and ready for large scale
implementation, many of which could even yield sherm economic benefit. One could for
example support short-term efficiency and consewmaimeasures in current buildings,
introduce low energy standard claims for new buaddi and a two price system for electric
power disfavoring consumption over a certain mimmlevel. These measures could free
large quantities of electric energy and give roand wide scale promotion of electric and

plug-in hybrid vehicles that are three to four tamas energy efficient as conventional
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Indicated oil demand

combustion vehicles. Paper recycling and digitalira of information could free forest

biomass for production of second generation bigfueblicy makers could also use incentives

and restrictions to twist the conventional car ktoeer towards smaller cars with smaller and

more efficient engines and tires with less rollirggistance. Smart urban planning, mass

transit and telecommuting could reduce the ovelathand for cars and the average distance

traveled per car.
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a7

Let us assume, in addition to the removal
of biofuel support and introduction of a
fee in 2009, that indicated oil demand is
reduced with 5000 Mtoe by 2050 through
policies improving energy efficiency and
conservation (figure 31). The policies
have a dampening effect on oil price
making  biofuel  production less
profitable, thereby reducing the demand
for feedstock and relieving some pressure
from the food market. The result is a
lower food price.

If measures that further reduce the
gap between energy supply and demand
are desired to dampen the rise in oil and
food price even more, the efficiency and
conservation policy makes it less
complicated and more likely to identify a
sustainable and robust mix of supply side
policies. It must, after all, be easier to
cover a demand of around 6500 Mtoe
than a demand of 11500 Mtoe by 2050.
The damping of oil price could also make
it easier to gain political support for
tough restrictions on food based biofuel
production, both because it implies a

smaller biofuel industry than otherwise



Food price

and because voters are likely to be less dissadistith energy prices and supply. This policy
combination, removal of support, introduction diea and improvement of energy efficiency
and conservation starting in 2009, is the altemeapiolicy developed in this chapter. The use
of the expression “alternative policy” will from woon be referring to this policy

combination.

6.4. Robustness of alternative policy
Finding a robust policy is more valuable than firgdan optimal policy when complexity and
uncertainty is large. A robust policy yields deblearesults over a wide range of scenarios.

In figure 32 simulations testing the robustnessthad alternative policy, using the
scenarios developed in the preceding chapters,campared with business as usual
simulations using the same scenarios. Businesssaal uneans that there are no policy
changes; the base case biofuel support policy ps ikeall these simulations. The scenarios
reflect uncertainty about sensitive model paranseter
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Figure 32: Robustness of alternative policy
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Let us take a quick review of the scenarios dewdap the preceding chapters: Assumptions
about the size of oil reserves and the speed bhtdogic development can have a large effect
on the development of oil price (chapter 3.2.). Tdrger oil reserve scenario has a reserve of
450000 Mtoe instead of 300000 Mtoe in 1950. Fiduia chapter 3.2. displays the effect of
faster or slower technological development on nmaigoil costs. The assumption is that a
faster technologic development allows a smoothsttmm from conventional sources to
alternatives at 100 USD per barrel, rather than RIBD per barrel, whilst a slower
development would require 300 USD per barrel.

The exogenous time series used to represent thelogpenent of potential food
production was in chapter 4.2. altered to create &lternative scenarios (see figure 14 in
chapter 4.2.): The optimistic yield technology smém where the production potential
continues rising linearly, and the environmentallgems scenario where climate change and
the sum of human activity over time erodes moredfpooduction potential than what is
gained through technologic progress and land expanslany of the simulation runs in
figure 32 also combine two scenarios (for exampigirenmental problems and slower
technologic development).

The alternative policy seems quite robust whecoines to keeping food price down.
Two of the simulation runs, both involving the emvimental problems scenario, give a food
price notably higher than the rest, suggesting énatronmental policies reducing the risk of
loosing production potential also should be impleted. The two highest prices of the
alternative policy are still only mid range in coanigon with the business as usual policy.
The highest business as usual food price is twsdagh as the alternative policy.

The alternative policy also has a stabilizing effen oil price compared with business as

usual.

6.5. Effect of delaying alter native policy implementation

Given the risk that oil production could peak i thear future and cause a soaring oil price,
time for effective political action seems shorim8lations where the alternative policy start is
delayed eight, sixteen and twenty four years (Bgu3) indicate a disproportionate
relationship between delay time and policy effe€he alternative policies must be
implemented before policymakers receive feedbaghkads in the form of a continuous rising
food price trend (short-term oscillations could k#®e trend). Waiting eight years is enough

to loose much of the effect.
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Suppose policymakers wait 24 years and then in 208&8erving a food price nearly 3 times
as high as in 2008 and a biofuel industry clainBbgoer cent of global food supply, propose
that this has now become such a large problemathatternative policy must be implemented
straight away. Unless measures more extensive aastia than the alternative policy
developed in this chapter were to be implementszlpolicy would have little effect over the
time scale of the simulation. The food price, alyeaonsidered an acute problem in 2033,

would double once more by 2050.
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Figure 33: Effect of delaying the alternative policy implementation
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7. Conclusion

The process of model building is cyclical and nesteding. Taking it as a given that there in
the near future is a risk of an oil production peaksing a sharp rise in oil price, simulations
using the current model version suggest the pobEysupporting food based biofuel
production could be laying the foundation of a fettood crisis and that an alternative policy
needs to be implemented as quickly as possiblet mgsortantly, before policy makers
receive feedback signals in the form of a contirsuasing food price trend.

Algae based biofuel, second generation biofuels @hdr new technological solutions
and discoveries could of course help increase tipplg of both energy and food, but the
principle of precaution makes it more advisabld&se planning on technologies, ideas and
principles already available, tested and proven.

The alternative policy example developed in thesth could be one of many alternatives
and is most certainly not the best, cheapest ot mbsist policy option available.

It could, in view of the author, be hazardous tsebpolicy decisions regarding issues,
with such degree of complexity and uncertainty @asgiterm food and energy security,
exclusively on precise econometric models or thedeoan individual mental models of
decision makers. All models are wrong (includingnta¢ models), but some are more
precisely wrong than others. Robustness, feedhabkess and structural consistency is in
this case of more value than decimal precision. ddeeof dynamic computer models can help
systematize and connect qualitative and quanté@aitivormation together to a structurally
consistent whole and, at least potentially, beedulgool to gain insight about the real world.

If the model presented in this thesis could be s# to others, some of the following

research ideas might be worth consideration:

Further research:

The model had a focus on transportable energyutdcbe useful to incorporate all energy
sources, including non commercial energy, becadmet are some substitution and
reorganization options; for example the substitutid electric heating with bioenergy, the use
of more electricity for transport and increasing #fficiency of non commercial energy use.
This could also make it possible to avoid usingegative oil reserve stock to represent the

transition to alternatives.
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Incorporating an OPEC effect into the oil sectouldoallow longer oscillations and
perhaps make the model capable of replicating tyades in oil price. This could help build
model confidence and make it possible to introdumecies at different points in the cycle to
test if this affects model behavior.

A more dynamic representation of indicated oil dach would be desirable. The
indicated demand should ideally involve a stock thakes future demand growth depend on
history and not a predefined theoretic pathwayerfits were made at this during the
modeling process, but a satisfying solution wasfownd.

It could be interesting to model the key produagr$ood and biofuel more explicitly.
The international food market is dominated by a feajor exporters and the three major
biofuel producers are amongst these. It could leéuliso be able to test scenarios where for
example a crop failure in key exporting nationscnbined with export restrictions and
growth in biofuel production.

Food demand is characterized by such extreme diggathat the current aggregation of
demand makes it difficult to assess food securitysequences. A division of demand into
high middle and low income demand could be oneoaptit could for this purpose also be
useful to distinguish between people owning agtizal land (that can produce their own
food), and others.

An alternative to adding detail could be furthggeegation to close some loops. The
exogenous variables could be made endogenous byporating the model into a global
model such as World 3-03 (Meadows, 2004). This dioidr example, enable feedback from
the rising oil price to economic growth and botlersamic growth and food price could feed
back to population. A combination of economic depien and record high food and fuel
prices could affect family planning in poor couas;j speed up population growth and cause a

destructive reinforcing feedback loop.
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Appendix

Model constants:

Parameter Value Units

Oil sector

expected oil profit adjustment time 0.1 Year

Initial expected oil price 14.39 USD per barrel

Initial long term price effects on oil demand 1 Dimensionless

Initial oil capacity 520 Million tonn oil equivalents per year
initial oil demand 520 Million tonn oil equivalents per year
initial oil reserves 3000000 Million tonn oil equivalents

Initial short term price effects on oil demand 1 Dimensionless

long term price effects delay 15 Years

long term price elasticity of oil demand -0.6 Dimensionless

oil capacity adjustment time 3 Years

oil capacity lifetime 15 Years

oil construction adjustment time 0.1 Year

oil construction time 10 Years

oil price sensitivity 8 Dimensionless

oil refinement and distribution 25 USD per barrel

short term price effects delay 0.75 Year

short term price elasticity of oil demand -0.08 Dimensionless

time to adjust expected oil price 1 Year

traditional oil price adjustment time 15 Years

Food sector

expected food costs adjustment time 1 Year

expected food price adjustment time 1 Year

food demand adjustment time 1 Year

price elasticity of food demand -0.2 Dimensionless

initial human food demand 1900 Million tonnes per year

initial food price 130 Index (100=1961)

Initial food production as fraction of potential 0.6 Dimensionless

Initial sensitivity to oil price 0.03 Dimensionless

minimum food production adjustment time 1 Year

oil price sensitivity adjustment time 15 Years

sensitivity of food price to food costs 0.2 Dimensionless

sensitivity of food price to food balance 2 Dimensionless

Biofuel sector

100 Mtoe biofuel reference 100 Million tonn oil equivalents

average life of biofuel capacity 20 Years

biofuel capacity adjustment time 3 Years

biofuel construction time 4 Years

biofuel supply line adjustment time 1 Year

conversion to million USD per Mtoe 7.33 Million USD per Mtoe / USD per barrel
expected biofuel profit adjustment time 1 Year

Initial accumulated biofuel production 0 Million tonn oil equivalents

Initial biofuel capacity 0 Million tonn oil equivalents

initial feedstock price 80 Million USD per Million tonn oil equivalent
other biofuel production costs 235 Million USD per Million tonn oil equivalent
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