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Abstract Limited supply of nonrenewable energy
resources under growing energy demand creates a situation
when a marginal change in the quantity supplied or
demanded causes non-marginal swings in price levels. The
situation is worsened by the fact that we are currently
running out of cheap energy resources at the global scale
while adaptation to climate change requires extra energy
costs. It is often argued that technology and alternative
energy will be a solution. However, alternative energy
infrastructure also requires additional energy investments,
which can further increase the gap between energy demand
and supply. This paper presents an explorative model that
demonstrates that a smooth transition from an oil-based
economy to alternative energy sources is possible only if it
is started well in advance while fossil resources are still
abundant. Later the transition looks much more dramatic
and it becomes risky to rely entirely on technological
solutions. It becomes increasingly likely that in addition to
technological solutions that can increase supply we will
need to find ways to decrease demand and consumption.
We further argue that market mechanisms can be just as
powerful tools to curb demand as they have traditionally
been for stimulating consumption. We observe that
individuals who consume more energy resources benefit
at the expense of those who consume less, effectively
imposing price externalities on the latters. We suggest two
transparent and flexible methods of pricing that attempt to
eliminate price externalities on energy resources. Such
pricing schemes stimulate less consumption and can
smooth the transition to renewable energy.

Keywords peak oil, price externality, alternative energy
resources, EROEI

1 Introduction

In 1826, Thomas Malthus wrote: “Man is necessarily
confined in room. When… all the fertile land is occupied
the yearly increase of food must depend upon the
melioration of the land already in possession. This is a
fund… which must be gradually diminished.” (Malthus,
1826, I.I.17). Since then, this idea has been largely debated
and, seemingly, proven wrong (Simon, 1998; Trewavas,
2002). For some time, with resource substitution and
technological advances we have been largely avoiding, or
rather delaying, the depletion of the fund that Malthus was
predicting. It may have seemed that we would be
successfully continuing this into the future, especially if
we agree with the premises of conventional economics,
which were distilled by Simon (1998), saying that “the
concept of entropy simply doesn’t matter for human well-
being” (p. 81). So far the laws of thermodynamics have not
been proven wrong. In reality, with the technological
advances we have been mostly shifting from one
diminishing resource to another, increasing the human
footprint (Rees et al., 1998), or recycling resources at the
expense of additional use of energy. There is mounting
evidence that we may be reaching a critical point, when
entropy may actually start to matter and some quite
significant measures and adaptations will need to be taken
to avoid a much more serious collapse of the modern
civilization (Day et al., 2009; Hall and Day, 2009; Ehrlich
and Ehrlich, 2013).
At present we are at a nexus of three very much

interrelated processes, which, taken jointly, may prove to
be quite devastating. First, we are seeing clear evidence
that our climatic system is changing (Pachauri and
Reisinger, 2007; Solomon et al., 2009). It is still hard to
foresee the extent and rate of this change, but it is widely
accepted that climate is changing. This change will
inevitably require adaptation (Levermann et al., 2013).
Any adaptation, transition from one state or dynamic
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equilibrium to another, always requires additional invest-
ments of resources (Stern, 2008). To build new infra-
structure that would accommodate higher sea levels, to
switch to new agricultural patterns in response to changing
patterns of precipitation and altered temperature regimes,
to rebuild after increasingly damaging floods and hurri-
canes— all this requires additional resources, first of all
energy.
Secondly, at this same time we are running out of the

conventional energy supply largely dependent on oil.
There is increasing consensus that the peaking of global oil
production, after which its supply perpetually decreases,
has already happened (Kerr, 2008; Murray and King,
2012). This may not be because the resource becomes
physically unavailable, but largely because it becomes too
expensive (in terms energy, material, and costs) to extract
it. At the time when we need additional energy and other
resources to adapt to climate change, we find that we are
rapidly running out of some of the most essential of those
resources. Here we choose not to take into account the so-
called unconventional oil and gas, which has been
booming over the last decade. We do so because of the
synergy between energy production and climate change,
where concerns about climate put clear limits on the
amounts of CO2 that we can still afford to add to the
atmosphere (Levermann et al., 2013). According to
Meinshausen et al. (2009) 80% of remaining fossil fuels
should stay in the ground if we are to avoid dramatic
climate change. Unconventional oil and gas, as well as coal
have a remarkably high (though often unaccounted) CO2

footprint, which makes their further exploitation very
dangerous.
Thirdly, and quite alarmingly, all this is happening

globally. While earlier we have witnessed collapse of
numerous civilizations, those collapses were more or less
local (Gumilev, 1990; Diamond, 2005). They were limited
to regions, perhaps even continents, but they could never
impact the global system. At present through the processes
of globalization humans have unified the various ecosys-
tems, regions, cultures and civilizations into one global
system, where crisis cannot be localized any more (Ehrlich
and Ehrlich, 2009; Fader et al., 2013). Climate change will
impact all areas and continents, no matter what role they
played in causing it. Peak oil will happen globally, since
we are now transporting resources between continents, and
will be extracting oil worldwide until the last drop of cheap
oil. While there will be plenty of oil left, it will become
climatically dangerous and energetically increasingly
useless since energy spent on its pumping and delivery
will exceed the produced energy. Oil will be still extracted
for chemical and other purposes, but it will no longer be
useful as a source of energy.
The economic crisis now is also occurring at a global

level, and impacting most countries and civilizations, even
the most primitive ones if they depend on imported goods.
There is a clear need for strategies to resolve this triple

crisis. It is unlikely that we will be able to get out of the
triple crisis within the conventional paradigm of unlimited
economic growth. Assuming that new technologies will be
developed in time to ‘save the planet’ may be a risky
strategy, especially when we no longer have any back-up
systems in reserve on this planet. Development of
alternative energy resources also requires investments of
economic and environmental resources (Chow et al.,
2003). In the meanwhile ‘use less’ appears as the most
straightforward economic solution. There is no other
technology that can be as cheap and as cost efficient.
The only problem is that all methods of reducing demand
are connected to social and psychological drivers that may
be hard to change. This is especially so after all the decades
of manipulating the cultural and psychological drivers
toward stimulating demand and consumption. (By con-
sumption in this paper we mean household consumption of
resources, specifically of energy, and gas. It is clear that
energy use of a single household is not be compared to the
energy use of a large enterprise. However, similar analysis
of pricing regulations for energy consumption among
businesses can be applied.)
Throughout this paper we focus on two research

questions.
First, how supply and demand laws manifest themselves

in a market for a nonrenewable resource, such as oil or gas,
which have natural limits for supply, and how can
alternative energy technologies impact this market?
When talking about limits in supply of non-renewable
resources, we mean that in contrast to other scarce but
“producible” goods there is a moment in the dynamics of
resource use when it cannot be supplied any more even if
increasing price creates additional incentives to do so.
Alternative renewable energy requires additional invest-
ments, which will be only harder to afford the less the
elasticity of the conventional energy markets. Second,
what kind of positive market solutions can be implemented
at operational level for energy markets in the situation of a
triple crisis? How can we use market incentives to reduce
consumption instead of stimulating it?
The paper proceeds as follows. First, we note that in

markets with inelastic supply and demand, price becomes
especially vulnerable to small changes in supply, when
supply becomes limited and can no longer be increased to
meet a growing demand. As a result, higher demand only
pushes the price up, effectively penalizing those who
consume less. This is in spite of the fact that those who
consume less help to lower demand and prices, which in
turn rewards those who consume more. We then consider a
simple model that describes the transition to alternative
technologies as a way to avoid the supply crunch. We find
that this transition is possible, provided that it starts early
enough, when there are enough resources to adapt. Since
we are at a stage when supply is likely to start declining, it
may be too late to rely entirely on technological solutions.
Most likely in parallel to searching for ways to increase
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energy supply, we will need to find ways to decrease
demand and consumption. We suggest two methods of
pricing that are transparent and attempt to eliminate price
externalities on energy resources created by those who
consume more at the expense of those who consume less.
We finish with conclusions and discussion.

2 Inelastic supply, inelastic demand and
price externalities

One of the pillars of conventional economics is the theory
of supply and demand. In fact it makes perfect sense to
assume that the more abundant a good is the less it should
cost and, reciprocally, the scarcer a good, the higher its
price, other factors constant. At a higher price firms have
more incentive to produce, therefore the supply increases.
Increasing supply leads to the decrease in price for a
commodity. Thus, if economic equilibrium is disrupted,
either by changes in demand, or in supply, market forces
work to get the system back to a new equilibrium.
This theory works for commodity markets where there is

a capacity for supply to meet demand. This holds under the
assumption that resources needed for the production of a
good, for which excess demand exists, are unlimited. This
is hardly the case for nonrenewable resources such as oil.
The discontinuities in the above-presented logic show
when from marginal changes, close to equilibrium one
moves further, toward the extremes. This is especially clear
when dealing with critical resources that are essential for
basic human needs. Those are also known as Critical
Natural Capital (CNC) (Ekins et al., 2003).
Farley and Gaddis (2007) have looked at the demand

curve for CNC (Fig. 1) and stressed that as stocks are
depleted one gets perfectly inelastic demand with prices
growing to infinity.
Data reported by the Energy Information Administration

(EIA, http://www.eia.doe.gov/) allow us to build an
aggregate supply curve that shows the quantity of a
particular CNC, such as oil and petroleum products,

supplied at different prices (Fig. 2). The Law of Supply
promises that as demand drives prices up, supply will react
by adjusting, i.e., by producing and delivering more to
enjoy the benefits of these high prices. This does not seem
to happen for resources, which supply and demand curves
behave as in Figs. 1 and 2. Even as prices increase, supply
does not go up. It appears as if there is a certain barrier after
90 millions of barrels of oil produced, which cannot be
passed. As supply approaches these limits at the right in
Fig. 2, we get into the vulnerable territory, where prices
tend towards infinity and very small changes in supply or
demand can result in huge price swings that easily
destabilize the whole system.

In this situation increasing demand only drives prices on
resources up making them unaffordable to consumers. The
effect is further exacerbated if financial resources available
to the population also shrink (as is the case at present). All
this could be perfectly fine for luxury goods, such as
jewelry or Picasso paintings. The supply is indeed limited,
so only the most affluent can afford it. However with
energy, water and other CNC this is much more
problematic, and if the equilibrium is beyond what is
essential for the livelihood of the people, the situation goes
out of control of economics into the policy arena and is
likely to results in conflict, and, possibly, wars (Kahl,
2006).
This immediately defeats the assumption of equilibrium,

which is another foundation of conventional economics. In
case of limited resources and inelastic demand and supply
there is no natural way for markets to adjust and to settle at
a new equilibrium. In fact, inelastic supply and inelastic
demand for natural capital have been discussed in several
studies (Greene, 1997; Brock and Xepapadeas, 2004;
Cheshire and Sheppard, 2005) making application of the

Fig. 1 Demand curve for Critical Natural Capital (Farley and
Gaddis, 2007).

Fig. 2 Supply curve for crude oil (1970－2013). Price of oil
(nominal and real, Aug. 2013 $$ per barrel) versus world oil
production (thousands of barrels) (EIA, 2013a). The first peak of
prices is during the oil crisis in the 1970’s, which was mostly
motivated by political reasons rather than the supply limits.
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theory of unique market equilibrium problematic for these
goods. However, most of the standard economic analysis is
based on the equilibrium model, which is beginning to
appear very dubious since it does not accommodate out-of
equilibrium analysis (Arthur, 2006).
Conventional economics tends to ignore these extremes,

comfortably dancing in the middle area where supply is not
limited and can easily adjust to demand, and where one is
not pricing the last drop of water in a desert. For example,
when resources are abundant and demand is elastic, we see
that when demand increases and supply remains the same,
prices increase. Higher prices attract new suppliers, who
bring both more quantity and lower prices. With more
supply, economies of scale are realized leading to cheaper
goods. Therefore economies stimulate demand and in a
way those who consume less also benefit from the lower
prices that are produced in response to the demand of those
who consume more.
This changes quite dramatically in the extreme zone,

when in fact more demand does not produce more supply,
but only pushes up the price. Economies of scale have
limited power in markets for nonrenewable natural
resources. With resources such as oil, the law of
diminishing returns asserts itself (when each marginal
unit of production produces less profits). Here supply is
limited and is not able to follow growing demand, as a
result the price continues to grow. Ironically, those who
consume more, i.e., who contribute to growing demand,
are effectively subsidized by those who consume less. In
fact, if everybody were consuming more, the price would
only go higher.
Economic agents who consume less lead the market to

settle with lower prices. Individuals who consume more
are driving total demand up and are inflating the average
market price at which everybody else also make purchases.
At the same time, with the current pricing scheme, which
gives price discounts for those who consume more, they
end up paying lower price per unit of a good-energy in this
case. Consequently, those who consume more create a
price externality (Goldin, 1975; Bhattacharyya, 1996) for
those who consume less. Markets do not allocate resources
efficiently in the presence of externalities (Lipsey et al.,
1993). In other words, those who consume a lot of energy
resources make themselves better off by making those who
consume less, worse off. The main explanation that
conventional economics offers for avoiding these extremes
is that they are not supposed to occur in reality, primarily
because of perfect substitutability of resources and new
technologies that arrive to compensate for supply limita-
tions. Indeed, so far new science and technology has
helped humans avoid serious crisis, and Malthus was
claimed to be wrong (Simon, 1998). For example with the
Green Revolution new crop varieties and agricultural
techniques allowed such nations as India to become self
sufficient in food, which only stimulated further population

growth. So can the current crises be also resolved through
technology and innovation?

3 Affecting supply: race for alternative
technology

Let us consider the oil futures a bit closer. While most
official sources have been quite reluctant to discuss this
issue, in 2007 there were several publications that indicate
a growing concern even in circles closely related to
governments (IEA, 2007). The 2011 World Energy
Outlook reiterates that after peaking in 2020 conventional
oil supply will be slowly declining (IEA, 2011). The crude
oil production from fields that were producing in 2010 is
expected to drop from 69 mb/d to 22 mb/d by 2035— a fall
of over two-thirds. It is then assumed that the gross
additional capacity needed to maintain the current
production level will come largely from fields already
discovered but yet to be developed, mainly in OPEC
countries.
More recently we have seen a rush to new technologies

to extract fossil fuels. Shale gas and oil production have
substantially risen, especially in USA. The IEA projections
in 2012 appeared to be much more optimistic and have
been projecting USA to become a net exporter of gas and
oil before 2035 (IEA, 2011). U.S. Energy Information
Administration (EIA) is also projecting “continued strong
growth in domestic crude oil production over the next
decade— largely as a result of rising production from tight
formations— and increased domestic production of nat-
ural gas” (EIA, 2013). However these projections seem to
underestimate the increasing energy intensity of the energy
extraction process (Hughes, 2013), as well as the fact that
climate change may set other boundaries on what is
possible to extract and burn. We may be seeing a different
type of peak. If the estimates that up to 80% of fossil fuels
are to stay undeveloped if we want to avoid a more than
2°C increase in global temperatures (Meinshausen et al.,
2009) are true then the peak oil can become a climate cliff
and may require substantial changes in our supply and
demand patterns for fossil fuels.
The major problem is that on the one side of the market

we have an exponentially growing demand, while on the
other side we have a limited resource that eventually will
be producing only diminishing returns. The outcome is
easy to anticipate. But let us assume that there are
alternative technologies that can gradually replace the
resource, so that the demand is met by a mix of
conventional resources and additional supply coming
from alternative renewable sources. In other words, let us
explore the situation when elasticity of oil supply is
increased by introducing alternative energy sources as
liquid fuel substitutes. This can be described using the
following simple system dynamics model (Voinov, 2008).
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Let us suppose that our supply (S) is driven by
exponentially growing demand (D). Besides satisfying
demand, supply should also produce enough to provide for
the production of the supply itself (oil extraction requires
investments of energy). This is what is known as the
EROEI (Energy Return on Energy Invested) index (Mulder
and Hagens, 2008). If Eout is the amount of energy
produced, and Ein is the amount of energy used in
production then EROEI (e) is

e ¼ Eout=Ein:

In some cases the net EROEI index is used, which is the
amount of energy we need to produce to deliver a unit of
net energy to the user:

enet ¼ Eout=ðEout –EinÞ ¼ e=ðe – 1Þ:
Account for EROEI the dynamics of available World

reserves of oil, R, can be described as:

RðtÞ ¼ Rðt – dtÞ þ ð – SÞ⋅dt,
where S = D∙e / (e－1) = D∙enet is the supply of energy
necessary to clear the oil market. So in fact to satisfy a unit
of demand, supply should deliver that unit multiplied by
enet. Note that as e approaches 1, S approaches infinity,
meaning that all the energy we produce will have to be
used to produce new energy.
We will also assume that demand is growing exponen-

tially, as it has been over the past:

DðtÞ ¼ Dðt – dtÞ þ cd⋅D⋅dt,

where cd is demand growth rate. (See more about modeling
Demand in the Appendix. We certainly realize that
exponential growth of demand is not an option in the
long term, however that is the trend that was more or less
followed in the past and that is also the trend very much
advocated by the growth economy. Therefore the assump-
tion in the model.)
EROEI is not constant. In early years of oil exploration it

was fountaining out of the ground, so energy was needed
only to collect and deliver it. At present very energy
intensive drilling and pumping is required to get oil out of
the ground or from under water, and even more energy
intensive technologies are considered to produce oil from
shale. The data shows that the EROEI of oil has declined
from over 100：1 in the 1930s to 30：1 in the 1970s to
around 10：1 in 2000 (Cleveland et al., 1984; Hall et al.,
1986), and is still falling.
To account for this change, let us assume that EROEI

drops with reserves (R) going down according to a
parabolic function (Gever, 1986). (See more about
modeling EROEI in Appendix, Fig. A3). Until now the

model accounts only for traditional energy resources. The
output is straightforward: demand grows, resources are
depleted, and the system crashes.
Let us add alternative sources of energy to our model.

Suppose that the infrastructure for alternative energy is being
produced at a certain slow rate (ac) with no big success until
the EROEI for oil falls below a certain threshold value, eT.
After that, like nowadays, we start rapidly investing in
alternatives making them grow at a rate of a:

AðtÞ ¼ Aðt – dtÞ þ Agrowth⋅dt,

where

Agrowth ¼
a� A, if   e<eT

ac, otherwise

(

Here A are alternative energy resources, Agrowth is the
newly produced alternative capacity.
The assumption is that as production of alternative

energy takes off, it becomes cheaper and more energy-
efficient due to accumulated R&D knowledge and other
features of the economies of scale.
The EROEI for alternatives (eA) will most likely grow as

new alternative infrastructure is put in place. Suppose we
use a Mono type function with saturation (Voinov, 2008):

eA ¼ eA_min þ eA_max⋅A=ðAþ eA_hsÞ,
where eA_min is the minimal starting eA, when new
technologies are only starting to be deployed. It may be
even less than one, reflecting the fact that at first we may
need to invest much with very little return. eA_max is the
maximal gain in eA and eA_hs is the half-saturation
coefficient that tells us at which level of development of
alternative energy Awe get eA increased from eA_min to half
of the maximal gain eA_max.
The alternative energy should also enter the equation for

energy supply, since now it can also meet part of demand.
Moreover, once we produce more alternative energy than
demanded to substitute oil, we can entirely stop extracting
oil for energy purposes. (There is always the issue of
energy quality and certainly the alternative energy
produced may be of different quality than oil. However
with due conversion, perhaps at higher overall energy
uptake, we can always transform the alternative energy
into a form that would substitute oil.) The net production of
alternative energy is A –A/eA. The amount of energy that
the alternatives need to produce to cover the Demand,D, is
eA∙D/(eA – 1). Therefore if A>eA∙D/(eA – 1) we do not
need to extract petroleum any more. However until then we
need to provide the energy from R. Therefore we can
rewrite the above equation for S as follows:

S ¼ ½D –Að1 – 1=eAÞ� � e=ðe – 1Þ, if   A < eA � D=ðeA – 1Þ
0,  otherwise

(
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The alternative energy helps (a negative term in the
equation above), but to produce this alternative energy we
need to invest A/eA (a positive term in the equation, which
adds to the demand). The higher eA the less we need to
invest to produce the alternative infrastructure. Let us try to
choose some meaningful values for the model parameters.
The best-case scenario and the justification of the
parameters settings is given in Table 1. See Appendix for
more explanations about the model.
Even with these very optimistic values (e.g., best-case

scenario) the system runs out of resources earlier than the
alternative technology (A) is developed (Fig. 3). Actually,
investing in the alternative sector when we are already
pumping out the second half of reserves only accelerates
the crash. Changing different parameters related to
alternatives efficiency does not seem to help. The system
crash is unavoidable.
The sensitivity analysis showed that there are only three

crucial parameters in the system by changing which we can
avoid the crash. The first one is the timing of the switch to
alternatives, which is given by the eT parameter, i.e., a
moment when oil EROEI reaches the threshold value to
signal the need for alternative energy.
We could have avoided the crash if we have started

developing alternative energy much earlier when eT = 58
or higher (as noted above currently EROEI for oil stands at
10 – 20). In that case we could stay on the elastic part of the
demand curve and enjoy a pretty smooth transition from
fossil based energy to renewable energy, with extraction
going down to zero while there is still plenty of oil left in
the ground (Fig. 4).
But what if we are already at the point when eT = 10?

The second crucial parameter in the model is the growth
rate of alternatives, i.e., coefficient a. We have a race of

demand and alternative energy. If the alternatives are built
much faster, growing at a = 110% per year, then the
threshold EROEI can go down to eT = 10. This means that
the only way we can avoid a collapse is by more than
doubling the alternative infrastructure annually.
It appears that by investing in the alternative sector when

it is too late, we further strain the system: we need to
produce even more conventional energy to satisfy the
demand, while simultaneously creating the new infra-
structure for alternative energy. Timing of investing energy
in the production of substitutes is essential. If we start
doing this only when it is too late we actually accelerate the
crash. If we do it earlier we are able to transition towards
alternative energy, which absorbs all the demand and we
can continue with the exponential economic growth.
Other factors will become limiting, such as land, water

and other finite resources, so it is a simplification to think
that indeed we will be always able to provide for the
exponentially growing demand. However, if we are
looking only at energy, we can do it, or more likely
could have done it. That is if we have started the transition
early enough to provide for the new alternative infra-
structure. However if this has not been done in time, there
is hardly any way we can provide for the transition without
reducing the demand. By no means we are pretending that
this simple model can actually be used to forecast the
future. Its only purpose is a qualitative explorative analysis
of the possible trends.
To find out more exactly how late we are for a painless

switch to alternative energy sources, we may need to
further refine some of the parameters. However, qualita-
tively it does seem that the EROEI of conventional energy
supply is an important factor in these dynamics. If we start
the transition to the alternatives when the EROEI is high

Table 1 Model parameters

Variable Meaning Value

R0 Initial World reserve of oil (Greene et al., 2004) in petaBTU (1015). 16,000

cd The 0.025% growth rate of demand—see Appendix. 0.025

eini Initial EROEI when oil was plentiful (Cleveland et al., 1984; Hall et al., 1986). 100

eA_min Original low EROEI for alternative sources of energy, meaning that they may have been explored even when at first
they were energetically inefficient to use.

1

eA_max Maximal EROEI for alternatives. See http://www.theoildrum.com/node/3910 for a summary. For photovoltaics the
range is 3 – 33. For wind the average is 25 and can be as high as 78 (Kubiszewski et al., 2008). For hydropower the
range is 100 – 300 (Gagnon et al., 2002). The value can still grow in the future when new alternative sources will be

discovered (cold fusion?).

40

eA_hs Coefficient that gives us the productivity of alternatives when their EROEI is half of the maximal. The smaller this
value the faster we transition from the low initial eA_min to the high eA_max . With 500,000 EROEI for alternatives

grows very fast so we can certainly use it for a best case scenario.

500,000

ac Constant supply of alternatives when they are not really recognized as such. It is some background research on
various sources of energy that are still not quite economically feasible. The model is not sensitive to this coefficient.

0.00001

a Growth rate of alternative technology once it is recognized as a feasible substitute for conventional energy sources
(50% is actually a very optimistic estimate (El-Ashry, 2010)).

0.5

eT Threshold ewhen the decision is made to invest and develop alternatives. Let us use the higher estimate of the current
E that we have for oil. In fact it is probably around 10 or less (Cleveland et al., 1984; Hall et al., 1986).

20
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enough, there should be enough conventional energy to
fund the development of the new alternative infrastructure.
If we procrastinate any longer — an energy supply crash
is imminent. It should be realized that the market by itself

in the case of both inelastic supply and inelastic demand
would not adjust smoothly as many of us hope. The right
decision and right measures need to be made well in
advance.
Certainly, the other option is to slow down the demand.

4 Affecting demand

Since the EROEI of most of oil production currently is in
the 10–25 range and falling, it makes much sense to look at
the demand side.
Investing in curbing the demand is probably the

cheapest, safest and fastest solution. The problem is that
it moves the focus from the technical, engineering arena
primarily to the socio-psychological domain.
What we need are economic mechanisms, which are

essential and complementary to alternative energy solu-
tions, and which instead of stimulating demand and growth
as has been traditionally overdone in the past, do the
opposite: reward conservation and lower demand for
energy and other CNC. In what follows we will describe
several proposals for market mechanisms that can work
exactly toward such a goal. In the situation of inelastic
supply and inelastic demand as is the case in the energy
market, those who consume more create price externality
for those who consume less since the former drive the
prices up. Markets are not efficient in the presence of
externalities and regulations are necessary to eliminate
misbalance between externality-creator and externality-
receiver, as for example in the case with Pigovian taxes
(Daly and Farley, 2004). In what follows we discuss
market mechanisms to demotivate economic behavior that
imposes external price effects. We propose measures
intended to promote consumption patterns that lead to
less aggregate demand for natural capital and, conse-
quently, lower prices for resources, which together would
enable more energy security and independence.

4.1 Case of electricity

Measuring consumption of a resource is certainly essential
to keep track of how it changes due to a proposed
intervention. Let us therefore first use the example of
electricity since electric consumption is well metered and
the promise of the Smart Grid should provide even better
and more reliable accounting tools. A very similar
approach could be suggested for domestic natural gas
usage, which is also metered, or water, where it is metered.
With meters, we always know how much was consumed
by each individual consumer. Therefore it is also easy to
determine the average consumption in discrete areas and
tell whether an individual consumer is using more or less
than the average per capita.
Next, in our scheme we penalize those who use more

than the average and reward those who use less. There may

Fig. 3 The alternative energy is starting to develop but it is too
late. The EROEI of conventional energy falls to 1 as the reserves
dwindle, making further extraction impossible.

Fig. 4 Early investment in Alternatives, while there is still ample
supply of conventional energy, allows for a smooth transition to
renewable energy, which EROEI (EROEI a = eA) substantially
increases as technology become more advanced.
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be several ways to do that but the idea is the same: we set
the price of electricity in such a way that those who
consume less will be paying less per kWh, while those who
consume more will be charged a higher per kWh per capita
rate. This can be represented by a simple linear increase in
price per unit of electricity as shown in Fig. 5. In this case
the overconsumers will have to pay a disproportionally
higher price, while the savers will be paying less than the
average and will be rewarded more the less they consume.
In a symmetric case the over-consumers simply compen-
sate the under-consumers. The average power consump-
tion is established as a break point. Every kilowatt
consumed over the average comes at an extra cost.

Reciprocally, for every kilowatt that is consumed at a
rate that is lower than the average, there is a bonus that is
returned to the customer by lowering their rate.
If the average is maintained at a constant level, there is

no extra tax burden required, and the system pays for itself.
What we do not know is whether the price elasticity of
savers is actually higher or lower than the price elasticity of
the spenders. It is our expectation that the high spenders
who are hit hard by the new rate will have every incentive
to spend less electricity, and as a result the overall
consumption will go down, pulling down the average.
This means that every once in a while the breakpoint will

need to be reassessed and reduced, to track the actual
average in the system. At the same time there is no
guarantee that the savers, who will be now getting
electricity at a substantially lower rate, are not going to
increase their energy consumption, pushing the average up.
However we should remember that the energy is provided
at a cheaper rate only as long as it is used sparingly. If the
savers decide that at the price they pay they may as well
consume more, they will immediately see an increase in
the price, since the more they consume, the higher the price

per unit they pay. So there is an immediate disincentive to
start consuming more.
This pricing scheme is operational. In many places,

including Florida, Colorado, Maryland, California, etc.,
the so-called ‘inclining block pricing’ schemes are used for
water rates. The concept is similar to what we described,
except the rate curve is step-wise rather than continuous as
in our case. For example, in Florida1) users are paying US
$1.50 per 1,000 gal (3.79 m3) for the first 5,000 gal (20 m3),
then the rate jumps to US$2.50/1,000 gal for the next 7,000
gal, and then increases again to US$3.50/1,000 gal for all
consumption over 12,000 gal (45.5 m3). The block rate
approach also creates a difference between average price
and the weighted marginal price without changing the
average price, so it can be revenue neutral. It has been
shown in several studies that block rates do work helping
decrease overall water consumption by 3%-8% depending
upon the use cluster, with high users cutting consumptions
more than low users (Brookshire et al., 2002; Whitcomb,
2005; Kenney et al., 2008). Loaiciga and Renehan (1997)
and Zetland (2008)2) provide more evidence on the
efficiency of pricing in controlling demand.
We argue that a continuous pricing scheme can be more

efficient because it creates opportunities and incentives to
save for all, not just for those who are between blocks. In
fact, Kenney et al. (2008) report that customers use “smart
meters” to use more water carefully tracking their
consumption and making sure that they remain within
the same block. We also think that it is important to
introduce the pricing schemes as compensation methods
rather than additional taxes or penalties. The goal is not to
raise more money for the budget, but simply to compensate
the savers for their efforts to cut their consumption.
Within one payment period, there may be a certain

deficit of money in the system that will have to be
compensated by additional money invested. This will have
to come from the budget, but it will be only temporary
since the break point can always be adjusted to make the
system revenue neutral. Besides, if we do run into
additional costs, they also bring societal benefits: this
would be the payment for reduced power generation. This
means that for every kilowatt that is saved, the same
amount of new capacity will no longer be needed. The
saving on new construction can certainly be the source of
additional funds that the system may temporarily need
during the adjustment period.
By tweaking the breakpoint proactively, anticipating the

lower consumption and setting it to a value somewhat
lower than the average, the deficit in funds can be
compensated (Fig. 6). Now we penalize slightly higher
than reward. As a result some additional funds to

Fig. 5 A simple pricing scheme for electric consumption. Those
who consume less than the average are rewarded by lower energy
rates, while the big spenders get energy at a higher per kWh per
capita rate.

1) SFWMD (2009). Southwest Florida Water Management District. Water Rates: Conserving Water and Protecting Revenues. http://www.swfwmd.state.fl.us/
conservation/waterrates/

2) Zetland D (2008). Conservation Pricing, Aguanomics. http://aguanomics.com/2008/10/conservation-pricing.html
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compensate for the decreasing average in the future are
generated.
In Fig. 7(a) we can also make the switch from rewarding

to penalizing smoother by changing the shape of the curve
as in Fig. 7(b). In this case for most of the customers that
are consuming power at an approximately average rate,
there will be no visible change in the cost. Only the major
overconsumers will be penalized, and the major savers will
be rewarded.
In these asymmetric cases the program can generate

additional funds that can be then invested in promoting
energy saving or further development of alternative
technologies. A very similar program can be also used
for water payments, wherever water is metered. One of the
major advantages is that the scheme is not a tax. Instead, it
can be positioned as a payment schedule, or a tariff on
luxury consumption. By adjusting the gradient of the lines
we can create situations when low consumption will be
almost free, paid for by the customers that have
exceptionally high consumption. It is a win-win arrange-
ment, since as aggregated demand gets lower it drives the
prices down and diminishes the chances of crisis when
vital resources will become simply unaffordable.

4.2 Case of gasoline

Designing disincentive schemes for gasoline is more

complicated, since total individual consumption is not
metered and it is hard to keep track of how much each
individual consumer uses over a certain period of time. In
this case a quota mechanism can be appropriate. We do
know the average per capita consumption of gasoline. This
amount can be taken as the basis to issue a certain quota.
Every individual can purchase an amount of gas within this
quota at the current market rate. Every, say, one month
each individual can load a debit card with gas dollars. If by
the end of the month there is still gas on an individual debit
card it can be offered for sale to those individuals who need
more gas for their life styles. Since everyone gets the
average, there will certainly be some individuals who
actually consume less and others that need more. The
excess on individual gasoline debit cards is pooled to a
market of excess gas that can be purchased at a price
potentially higher than what the individuals paid for the
average.
The more excess gas an individual has on the gas debit

card by the end of the month, the more can be sold in the
market and the more revenue can be generated. Recipro-
cally, the more gas over the average individuals need, the
more demand there will be, the higher the price they will
need to pay in the residual market. In any case there is now
an additional incentive to save gasoline to generate more
income. Those who consume less have a chance to get
extra benefits by selling their fuel surpluses at the prices
that is equal or higher than the average price at which they
bought the fuel. We can easily imagine a service like E-
Bay, where one would trade the excess fuel quotas for the
best price offered.
By the end of the month the average consumption is

recalculated and the amount of gasoline offered at a base
price to load the debit cards for the next time period is
decreased accordingly. In a way this is also exactly similar
to the cap-and-trade system, when, in this case, you set an
average consumption based on your “cap”— the target
reserve of gasoline that is for sale at the moment. And then
whatever is available from those who under-consumed is
sold at a market price to those who over-consume. While
the creation of the secondary residual market of gasoline

Fig. 7 Asymmetric pricing schemes.

Fig. 6 Incentive pricing scheme with the break point set lower
than average to make sure that there will be no deficit in the
system.
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can be a good first step to encourage less consumption, it
still falls short of achieving the major goal: creating
additional price disincentives for those who consume
significantly more than the average. Without tracking the
total consumption we cannot penalize those who consume
disproportionally high volumes and reward those who
consume significantly less. You may be purchasing the
extra fuel in the residual market for a higher price, but it
makes no difference how much you purchase— the price
per liter you pay will be the same.
On the other hand, with the introduction of the gas debit

card system we do get an opportunity to track total
consumption. After all now all the gasoline consumption
goes through the debit card and it is easy to figure out the
levels of consumption for all individuals. This allows
deployment of schemes similar to the one explained above
for electricity or water.
Instead of offering excess gasoline in the residual market

for the market price that is established by the supply and
demand relationship, we will be selling the excess to a
common pool at a price that can be made higher for larger
amounts of gas that are sold and lower if there is an
insignificant amount contributed. Similarly, the more gas
you need to purchase from the residual market, the higher
the price you will be paying per unit. It does not matter if
you buy it in small increments or in bulk. The debit card
allows to track what the total amount in excess of the
average per month will be, and allows to price the purchase
accordingly. The same on the seller side: you can either
return excess gas to the pool little by little, or you can
return it in bulk. The debit card will keep track of all
monthly transactions, which will help to calculate the
balance according to pricing schemes as in Figs. 6 and 7.

5 Discussion and conclusions

Demand for energy resources is growing globally, while
supply of oil has its natural limits. This paper analyzed
markets for natural capital, specifically energy markets, in
which both supply and demand are inelastic. Such markets
are characterized by two features. First, with growing
demand for CNC price grows indefinitely and markets
cannot adjust smoothly since there are no means for supply
to meet demand. Second, those who consume more create
price externality on CNC for those who consume less. We
discuss different measures to increase elasticity of both
demand and supply, including such measures as develop-
ing alternative energy resources and employing market
mechanisms to affect the demand. The proposed opera-
tional measures are essential in the current crisis at the
nexus of a resource crunch and adaptation to climate
change, on a global level.

The energy depletion pattern is likely to be different on
the global scale than it is locally. The peak oil curve
predicted by Hubbert (1950) and observed in numerous
local and regional cases may not be so smooth and
symmetric at the global level. When individual wells start
to show high decline rates, they are usually replaced by
wells at a different location: regionally or internationally.
When regional, say, USA production went beyond the
peak, we moved to other locations to extract oil still
relatively cheaply, with a higher EROEI than we could
obtain in USA. It is different in the global scale, where we
have nowhere else to go. We have to move to a different
technology and create new infrastructures for production
and distribution. That will require considerable invest-
ments of energy, which we will try to get from the
traditional sources, even if we will have to continue
pumping at lower EROEIs. In line with the Hotelling
model (Gowdy and Roxana, 2005), this can somewhat
delay the peak oil, but will also significantly increase the
rate of decline. We will climb higher to fall down harder.
The rapid decline of the Cantarell oil field in Mexico is a
good example of how this may look like. Production
enhancement techniques such as nitrogen pumping
allowed faster short-term oil extraction at the expense of
field longevity, marking one of the most dramatic declines
ever seen in the oil industry (Höök et al., 2009; Cobb,
20131)). The current excitement about fracking and shale
oil may be short lived bearing in mind the extremely high
energy inputs required and yet to be determined environ-
mental and social costs associated with these new
technologies. Again, the externalities are hardly taken
into account when another delay of peak oil is celebrated.
Another important factor we need to account for is

global climate change. There is no way we can stop it at
this time, so we will need to adapt to it (Stern, 2008). But
adaptation also requires new infrastructure, which will be
yet another burden on the dwindling resources and energy
investments. We are getting into a race against time, which
may be a loosing game. And the price of further
procrastination may be exceedingly high.
Currently we are at a stage when finding more of cheap

(high EROEI) oil is unlikely, so the supply side is limited.
In this case more demand only increases the price rather
than motivates more supply. As you move closer to the
asymptote in Figs. 1 and 2, even small increases or
decreases in demand have a dramatic effect on prices.
Increasing elasticity of supply and demand curves would
help avoiding energy markets to settle with high energy
prices. Alternative energy may increase price elasticity of
supply. However, alternative technologies need time to
become real substitutes for the traditional energy
resources. Investments in alternatives are also energetically
expensive. In other words, they compete for remaining

1) Kurt Cobb (2013). “The decline of the world’s major oil field.” Christian Science Monitor: 1–3. http://www.csmonitor.com/Environment/Energy-Voices/
2013/0412/The-decline-of-the-world-s-major-oil-field.
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conventional energy resources with current societal needs.
Whether they will be a solution of energy crisis or its
accelerator depends on timing of investment in alternatives
and rate of their growth. The model of dynamics of
demand and supply of such CNC as energy presented in
section 3 demonstrated that at current EROEI levels the
build up of alternative energy should go on very
aggressively at a very high rate. Otherwise it will be just
a loss of time, energy and effort. Recent research showed
that we are either approaching or have already passed peak
oil (IEA, 2007, 2011; Murray and King, 2012). Thus,
timing of substitution of traditional energy resources by
alternatives is crucial. Alternative energy can also come at
different costs and EROEIs (Murphy et al., 2010; Firrisa et
al., 2013) and has to be carefully analyzed to take into
account the full life cycle before any policy recommenda-
tions are implemented.
Only by reducing consumption and, therefore, demand

we can effectively buy back some time for transition to
alternative supplies of energy. So far, market mechanisms
have been successfully used to boost consumption and
generate more economic growth. Such encouragement of
consumption was always the purpose of advertisement,
which capitalizes on some of the very basic human
behavior principles, which are carefully studied by
behavioral scientists to increase the power of advertise-
ment. However market mechanisms can also become a
powerful tool to promote less consumption. Less con-
sumption does not necessarily mean lower quality of life
(Costanza et al., 2009). It implies eliminating wasteful
spending and more efficient use of resources to support
certain ecologically friendly life styles. Besides, one
should also realize that it is not a life style that determines
the use of resources, but, on the contrary, it is the resources
available that define the life style that can be afforded.
At present the goals are exactly the opposite. Economics

of consumption assumes that more growth is powered by
more consumption for the sake of more growth (Ayres et
al., 2003). The prices are also set to stimulate consumption:
when you buy more you can pay less. The so-called
‘economy of scale’ is based on the premise that it is
cheaper to produce a large quantity of a good (Krugman,
1979; Lipsey et al., 1993). Therefore, when buying in
quantities, wholesale, one could always obtain a lower
price (e.g., stores offer sale items, so called ‘family packs’
that contain a larger amount of good and would be priced
lower per unit).
If one wishes to create disincentives for large-scale

luxury consumption, the pricing schemes should be
designed to make consumption in high amounts unattrac-
tive. The idea is similar to progressive tax scale. Except in
our case instead of punishing the ‘good’, (the hard work
and more income), we punish the ‘bad’— higher con-
sumption that is in the basis of living beyond our means.
One may argue that a sales tax would do that, since you

would be paying a higher total tax if you buy more.
However the per unit tax will be the same, no matter how
much of these units one purchased.
Price incentives have proven to be very effective in

shaping human behavior and consumption decisions.
Humans react to price signals (Loaiciga and Renehan,
1997; Bartusch et al., 2011). It really matters what is the
goal of these signals. So far in conventional, say, energy
markets most research has been focused on finding “…
optimal conditions for price and capacity levels that must
be simultaneously satisfied to maximize the net social
benefits of electricity consumption” (Munasinghe and
Meier, 1993, p.143). We would argue that currently the
society might be better off by reducing consumption. The
existing pricing schemes that reward high consumption
impose externalities on those who consume less. Indivi-
duals, who consume more than the average, are the ones
that drive demand. Therefore they are the ones who are
more responsible for higher prices. The price externality
created by those who consume more adds to inefficiency of
energy markets. This is especially clear in markets for
limited natural resources that are served by mature markets
for energy products, such as electricity and gasoline. If
there is no discrimination for consumption levels, and
everybody gets the product at the same price, it means that
those who consume less are effectively subsidizing those
who consume more. This subsidy of the spenders by the
savers is even further exacerbated in case of oil or gas
prices. If everybody were consuming less, the good will be
less scarce and, as a result, the price would be lowered. In
the presence of externalities markets need regulation.
Therefore it makes perfect sense to make the big spenders,
who create a price externality for the savers, pay a higher
price, while compensating those who consume less. It
should be understood as a fair mechanism of adjusting
pricing to the role individual consumers play in forming
the current market prices. In fact, relatively more
expensive energy creates greater incentives to be more
energy efficient (Chow et al., 2003). With the pricing
schemes as described in section 4 policy makers can
stimulate less consumption and creating means for a softer
transition to sustainable development instead of promising
the impossible: unlimited growth under limited resources
supply. It should be much easier to adjust and adapt to new
consumption patterns in a smooth way, rather than wait for
an energy crisis and a big shock for economy. Certainly
introducing new pricing methods in such a politically
charged area as energy is not an easy task. However the
proposed schemes have an important selling point. For the
majority, at least initially, they may mean that the energy
rates will be same or even lower. Only the big spenders
who are in minority will be penalized.
To a certain extent there is already something happening

in this direction. There is growing interest in improving
efficiency and understanding that every Megawatt saved is
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the same as a Megawatt produced. The term Negawatts is
used to measure the amount of energy saved1). Some
markets for CNC already dictate higher prices associated
with higher consumption. For example, pricing schemes
that charge a higher per kWh rate during peak hours and a
lower than average rate at night, when demand is low are
already quite widely used (Irastorza, 2005). However this
charge treats equally those who would spend just a little to
run an air-conditioner in one room, and those who will be
cooling all the rooms in a mac-mansion. The total they pay
will be different, but the rate per unit of energy at which
they pay will be the same.
Economic laws guiding markets and individual behavior

are powerful if conventional assumptions of economics are
fulfilled. However, real world markets are often filled with
inelastic demand or supply, or both and exhibit presence of
externalities. In these cases we should not expect market to
provide efficient solutions by itself. Specifically, when an
energy crisis is looming it is quite unrealistic to expect that
markets for energy would adjust smoothly, and that driven
by competition and profit maximization the innovators will
bring in new alternative technologies overnight and at a
cheap price. Fossil fuel energy resources, as other CNC,
are limited. Moreover, its investments are needed to
research and develop alternative energy resources, and
then even more is needed to build the new alternative
infrastructure. Not only supply but also demand needs to
be affected. Real economics should certainly take into
account the real limitations of our real world and work with
models and theories that deal with finite resources and
existing technologies. The bright side is that happiness and
life quality has little to do with standard economic
indicators, such as GDP (Costanza et al., 2009). Perhaps
then it will be only easier to transition to the new
consumption patterns, sustainable livelihoods and energy
scarcity for the coming generations.
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Appendix

We can estimate the growth of demand in oil, based on the
history of oil petroleum consumption in the USA ((EIA,
2002); see p.355 for historical data). We will extrapolate
those numbers to the world consumption by assuming that
USA oil consumption is roughly one quarter of the World
consumption and that this pattern has been always the case.
Before the oil crisis of the 1970’s the growth of oil

consumption was very well approximated by the equation
y = 0.7 e0.045t, where t is time (Fig. A1). After the oil crisis a
better approximation is given by the curve y = 4 e0.025t (Fig.
A2). We will use this more conservative estimate in the
model, assuming that demand is growing at 2.5% per
annum. Keeping in mind our assumption about the fraction
of USA oil consumption in the world, we can then multiply
this equation by four to present the overall global oil
consumption as y = 12e0.025t.

The most optimistic estimate of oil reserves at the end of
2007 (http://www.eia.doe.gov/emeu/international/
reserves.html) was 1,184.208�109 Barrels. Assuming

1) Lott M C (2011). Negawatts and Megawatts—When Less Makes Money. Sci Am, 11:1–4. Available at: http://blogs.scientificamerican.com/plugged-in/
2011/11/02/negawatts-and-megawatts/

Fig. A1 Before the oil crisis of the 1970’s the growth of oil
consumption was very well approximated by the equation y = 0.7
e0.045t, where t is time.

Fig. A2 The oil crisis of the 1970’s has changed the equation to y
= 4 e0.025t, where t is time. Overall the growth rate is now better
estimated at 2.5% per year.
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that 1 Barrel = 42 U.S. gallons = 5,800,000 BTU based on
U.S. consumption in 2007, we can convert this to
petaBTU: 1,184.208�109�5.8�106 = 6,868 pBTU.
If we run our model with the consumption rate defined

above, we find out that by 2007, over 6,240 pBTU had to
be extracted to provide for the demand. This seems to be
very much in tune with the “peak oil” projections, which
say that we are currently at about half of the total oil
resources on the planet. In fact if we run the same scenario
further on until 2009, we will find that we should have
already extracted 6,575 pBTU, which would put us right
over the peak by today. Anyway, let us assume that there
will be more oil found and let us set the total recoverable
amount of petroleum at R0 = 16,000 pBTU instead of 6,240
+ 6,868 = 13,108 pBTU as we should have done based on
the data.
Next let us figure out the EROEI function. EROEI, e,

was about 100 when oil was abundant, it is decreasing as
less oil is left and it is about 10 at present when about half
of oil reserves are used. This dynamics can be presented by
an s-shaped curve in Fig. A3. The equation will be:

e ¼ emax   R
s=ðRs þ eshÞ

where emax is the maximal EROEI, 100 in our case; R are
the remaining resources, s is the curvature, s = 6 in Fig.
A3; and eh is the half-saturation point, which is the amount
of resources R when e = emax/2. In our case eh = 0.6 R0.
This will make e equal 50 when we are somewhat over one
half of the reserves and push it down to 10 by the time we
have passed the half mark. The dynamics of EROEI over
time is presented in Fig. A4.
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