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Abstract: The Energy Return on Energy Invested, EROEI, is known as an important parameter for
evaluating the efficiency of energy-producing technologies. In this paper we examine the concept
of EROEI from a general viewpoint, giving insights on a wider range of applications. In general,
natural resources can be seen as energy stocks characterized by a “potential” that can be exploited
by creating intermediate stocks. This transformation is typical of dissipative systems and for the
first time we found that Lotka-Volterra model, usually confined to the study of biology of popula-
tions, can represent a powerful tool to estimate EROEI for some such systems, providing an under-
standing of the reason for the overexploitation phenomenon and, in some cases, the collapse of the
exploiting system.
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1. Introduction

The energy return for energy invested (EROEI) %, 2 has become a fundamental tool
for the evaluation of energy-producing technologies. The EROEI of energy systems is nor-
mally calculated by the direct evaluation of the energy flows in real systems, typically
making use of life cycle analysis (LCA) techniques 2. Being based on the ratio of two phys-
ical parameters, the EROEI is independent on the vagaries of markets and of consumer
preferences, and it can provide, at least in principle, an objective comparison of the per-
formance of energy technologies®. Among other things, it provides an immediate filter
useful to discard energy technologies whose performance is low (an example is corn-
based ethanol *). Unfortunately, the uncertainties inherent in the calculation or the im-
proper applications of the correct procedures® may lead to different results for the same
systems © 78, 9,

In the present study, we examine the concept of EROEI from the general viewpoint
of the behavior of non-equilibrium systems. This analysis is not supposed to replace the
conventional LCA methods, but to provide insight on the role of EROEI in energy tech-
nologies and, more in general, on trophic chains.

We use the well-known Lotka-Volterra (LV) model?®,!, a cornerstone in the field of
population biology, even though its application to real ecosystems turned out to be prob-
lematic?. Nevertheless, we will show here how a version of the model that we call the
“Single-Cycle Lotka-Volterra” (SCLV) can describe a remarkable variety of real word sys-
tems, including fields such as engineering 3,4, social sciences **,'¢, business manage-
ment", decision making'®, environmental sciences® and more. Our approach sheds light
on the phenomenon called “overexploitation,” also referred to as “overshoot”?,% which
is responsible for the decline or the collapse of complex systems.

2. Methods

© 2021 by the author(s). Distributed under a Creative Commons CC BY license.
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The first mathematical model describing a dissipative autocatalytic system was inde-
pendently developed in the 1920s by Alfred Lotka ° and Vito Volterra ' and is often re-
ferred to as the LV model. It was conceived to describe the interplay between two biolog-
ical populations at two different trophic levels: one of the two species is defined as the
predator and the other the prey. Sometimes, these two levels are referred to as “foxes”
and “rabbits.”

The model can be seen in a more abstract sense as describing the energy transfer be-
tween two energy stocks linked by feedback relationships — it is because of the presence
of feedbacks that the system can be defined as “autocatalytic.” In this form, the model can
describe also non-biological systems. Indeed, its first application to the real world was for
an economic system: the fisheries of the Mediterranean sea, in an early work by Volterra
himself in collaboration with Roberto D’ Ancona ?2. These results were replicated later on
other fisheries??*. When the model is applied to economic systems, the first stock may be
termed “resource” (e.g., an oil field), whereas the second stock is the ensemble of “capital”
(equipment, materials, building, workers, etc.) needed to exploit the resource.

The LV model can be described in graphical form using the System Dynamics (SD)
conventions #. Stocks are represented as rectangles, flows between stocks are represented
by double-edged arrows, and the regulation of flows is based on “valves” which may be
affected by stocks or by other variables. Single line arrows describe the relations of stocks
with flows, highlighting feedback loops.

In the graphical SD view, a two-stock, Lotka-Volterra model can be represented as
shown in Figure 1, drawn using the Vensim™ software package.
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Figure 1 - An interpretation of the 2-stock trophic chain model according to the conventions of
System Dynamics.

In this model, we label the two stocks as L: and L:. These stocks are normally meas-
ured in terms of population, that is number of individuals. But what moves from one stock
to the other is not individual rabbits but the metabolic energy they provide to foxes. There-
fore, a more general version of the model sees the L1 and L: stocks as energy stocks.

We assume that level 1 is at higher potential energy than level 2, so that energy flows
from L: to Lz, but not the reverse (rabbits do not eat foxes, not normally at least). Energy
comes into the system from a non-quantified stock (grass) represented as a small cloud in
the graphic. This energy accumulates into the L: stock (rabbits), and it gradually moves to
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the Lz stock (foxes), but some of it is lost to the environment in the form of waste heat. The
model is drawn in such a way to emphasize how the flow of energy goes “down” as the
potentials are dissipated. It is just a graphical convention, and it doesn’t affect the equa-
tions of the model.

This graphical representation is useful for an intuitive understanding of the mecha-
nism of the system, but in the following we will mainly use conventional differential equa-
tions. The basic equations of the LV model are written below, with ki, k2, k3, and 7 as fixed
parameters:

dLi/dt = kiL1 - k2LiL>
dLa/dt = nk2L1L2 - ksLo.

As we said earlier on, dimensionally, L: and L2 can be both measured in energy units.
The k1 and ks parameters are measured in units of [time], that is as frequency. Their values
are proportional to how fast the system replenishes or empties its stocks. k2 has the dimen-
sion of [time]"*[energy]" and it is proportional to the rate of interaction of the two stocks.
Note that k2 as the dimension of the inverse of an “action” (energy*time). It is an attribute
of the dynamics of a physical system from which the equations of motion of the system
can be derived through the principle of the least action. As recently discussed by Sharma
and Annila, the second law of thermodynamics can be understood in terms of an equation
of motion?®. According to Annila, the natural process (energy dissipation in trophic levels)
moves following the steepest descents of the potential energy landscape by equalizing
differences in energy via various transport, transformation, and dissipative processes e.g.
diffusion, heat flows, electric currents and chemical reactions %’.

In the equations, 1 (eta) is a dimensionless efficiency parameter that can go from zero
to one. In many cases, it can be seen as describing the fraction of energy lost as low-tem-
perature heat in the transformation, according to the 274 Jaw of thermodynamics. Never-
theless, in the case of human-managed systems, a fraction of the flow of energy produced
may not be (and usually is not) all reinvested into the capital stock used to produce more
energy. Humans tend to use a large fraction of this energy flow in activities that may be
defined as “ludic,” tourism, politics, football, pyramids, and many more. In the present
section, we assume that these factors are incorporated in the 7 factor. The role of the dis-
tribution of the energy production in different societal sectors will be discussed later, in
the section dedicated to world models.

Although the LV equations are not normally solvable analytically, the time evolution
of the L1 and L:stocks can be easily determined by numerical methods. In the form written
above, the two stocks undergo an unending series of oscillations as a function of time
(Figure 2). This behavior makes the LV system an example of a biological clock. It can be
shown that it has a frequency equal to (1/2m) (kink2)"2 8.

Y
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Figure 2 —The result of the simplest version of the Lotka-Volterra 2-stock model

The periodic behavior of the system becomes clearer by looking at a plot of L1 and L2
in phase space, where the oscillations are represented by a closed trajectory (Figure 3). In
this version of the model, all the cycles are identical and superimposable.

L, PREY X

Figure 3 Prey-Predator periodic behaviors represented in the space of the two stocks.

The equations of the basic LV model can be modified in various ways*. Perhaps the
most common variant is the “competition,” or “competitive” model, where the growth of
one or both stocks is limited by a parameter called the “carrying capacity” of the system,
that is the maximum number of individuals (or their total metabolic energy) that the sys-
tem can sustain in one or both the stocks considered. Other variants add more parameters
and relations, e.g. as predator satiation, visual range, speed, and more *, 3. Most of the
alternative models maintain the two-species trophic chain, although it is possible to gen-
eralize the model considering “n” trophic levels *2. These variants are often attractive but
always incomplete renditions of the factors that influence the interactions of predators
and prey. Despite these added details, the model has described the behavior of just a few
real biological populations *.

In the present paper, we focus on the simplest form of the Lotka-Volterra model and
on the variant we call the SCLV model, where the k: parameter is set to 0. It means that
the higher potential stock is not replenished. This version is not formally different from
the standard LV model, since the only constraint for it to describe a physical system is that
the constants must not be < 0. Nevertheless, we use the term SCLV to clearly identify this
version in the present paper. SCLV can also be called the “detritivore” LV model since it
refers to a condition in which the predator feeds on a non-reproducing or a slowly repro-
ducing prey, as some parasites and predators are known to do. We used this variant to
describe such system as the whaling industry which exploits a resource (whales) that re-
produces very slowly and whose population was brought to nearly zero during the 19%
century exploitation cycle ¥, 2.

These are the equations for the SCLV model:

dLi/dt = - k2L1L»
dLa/dt = nk2L1L2 - ksLo.

The resulting behavior as a function of time is a single “bell-shaped curve” for both
L2 stock and for the flow from L: and Lz. Instead, L1 decreases monotonically. Typical re-
sults for the SCLV model are shown in figure 4. Since this model can be used to describe
the production cycle of non-renewable economic resources (e.g. crude oil) %, as discussed
before, the “predator” can be defined as the ensemble of resources used to exploit the
resource and therefore it can be labeled as “capital” in order to align the terminology of
the model with the commonly used nomenclature in economics.
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Figure 4 —Single-cycle two stock model.

The SCLV model has a stable attractor for L:=0 (extinction of the predators), but not
necessarily for Li=0. In the case of an economic system, it means that the resource will
not be completely exploited before the capital stock goes to zero.

In the following, we will maintain the “foxes and rabbits” intuitive image for the
stocks even though, of course, rabbits do reproduce. But even when rabbits reproduce
“like rabbits,” every single cycle of the standard LV model can be qualitatively seen as a
case of the SCLV model.

3. Results

The LV and SCLV models describe the transfer of energy from a stock to another in
a dissipative system. How fast this energy is transferred determines the growth or decline
of the whole system. The ratio (Eout)/(Ein) was defined by Charles Hall in 1979 as EROI, or
EROEI (energy return for energy invested) %, 2, 3% 3. More explicitly, it is the energy gained
by a stock compared to the energy used by the stock to get it.

The EROEI parameter does not appear in the standard version of the LV equations,
but it is the same thing as the “net reproduction rate,” a well-known parameter in popu-
lation biology defined as the ratio of the new individuals being born divided by the num-
ber of individuals dead or removed from the population by other factors (e.g., emigration).
If we understand a population as a stock of metabolic energy, this definition is equivalent
to the (Eout)/(Ein) ratio.

Since the LV equations describe the evolution of biological populations, the net re-
production rate must be contained in the interplay of the variables and the coefficients. It
can be made explicit by rearranging the terms in the equations. For this purpose, note that
the “production” of energy can be identified as the flow of energy from the L: (resource)
stock into the L2 (capital) stock. In the same way, the “expended” energy is the energy that
the L. stock loses, that is the flow out of the L2 stock

Note that the flow out of the L1 stock is not the same thing as the flow info the L: stock.
Because of the second law of thermodynamics one unit of energy resource creates much
less than one unit of capital energy. The loss for the predator/prey trophic level in verte-
brate biological chains is called the “Lindemann efficiency” and it is often estimated as ca.
10%, with a high degree of uncertainty. Recent data * indicate that it can be as low as 1%.
This feature is considered in the LV model by means of the 1 parameter which is always
<1.

Accordingly, in the simple case of a two-level biological trophic chain, the EROEI can
be written as the flow of exergy (useful energy) that goes into L2 (nk:L:L2) divided the flow
of energy out of L, (ksL2). That is:

EROEI = nka2Li/ks
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This term represents the flow of energy turned into capital (gain) divided by the cap-
ital lost (loss) in the process. The formula is valid in the same way for the single cycle
SCLV model and for the multicycle, standard LV model. However, while in the SCLV
model the EROEI declines irreversibly with L1, in the multicycle LV model it oscillates
periodically. Note that the EROEI is directly proportional to three factors: the efficiency
of the transformation, ), the transformation rate factor, k2, and the amount of the resource,
Li. The EROEI is also inversely proportional to ks, the factor that describes how fast capital
disappears because of depreciation (definable also as maintenance). The EROEI does not
depend on ki, as it should not be, because the efficiency of the transformation process is
independent on the process that creates new resources. Note also that the L: stock does
not appear in the formula. In the LV model, foxes are assumed to chase rabbits at a rate
that is independent of their number. Of course, in the real world, economies of scale occur,
and some predators do band together to hunt their prey. The formula could be modified
making it explicitly proportional to the L2. But in the present study we will remain with
the basic model assumptions.

Note how this form of the model is highly aggregated with all the capital stock meas-
ured using energy as a proxy. We can say that foxes are seen as at the same time energy
producers (rabbit hunters) and equipment producers (foxling producers). So, a single
stock, Lz, describes both activities. But, in many cases, the two activities can be separated,
especially in the case of the human economy. For instance, the oil industry is an energy
producer, but oil wells do not directly spawn other oil wells. Society dedicates a stock of
resources and energy to generate a complete industrial sector that provides the oil indus-
try with materials, equipment, and human power. This differentiation can be accounted
for in the model by adding another stock (figure 5).
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Figure 5 — the disaggregated SCLV described in the text.

This version of the model is the result of a common procedure in system dynamics,
where systems can be complexified by adding more stocks and more interactions among
them. For instance, the “World3” model used in one of the first dynamic studies of the
world system, the Limits to Growth *, consisted of 5 main stocks of capital and resources.
Other, more recent models include renewable energies®” and use larger numbers of
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parameters (see, e.g., the MEDEAS world model *). In the present case, we aim at keeping
the model simple to use it to determine the EROEI in an explicit form. This determination
is more difficult to do univocally in a more complex model. Nevertheless, we use this 3-
stock model as an example to outline how the procedure can be expanded.

In the 3-stock model, the second stock (L2) stock is “society”, the entity that grows on
the exploitation of the resources. Note how it grows proportionally to the flow of re-
sources it obtains from the resource stock. At the same time, the societal capital does not
directly exploit resources, but it must allocate some capital to the third stock, Ls, that ag-
gregates the “producers” — that fraction of the stocks that directly exploits natural re-
sources. It may be thought, for instance as the “oil industry”. The resulting three equations
are in the SCLV model:

dLi/dt = - k2LiL2
dLa/dt = nuzk2Lal2Ls - ksL2Ls
dLs/dt = nasksL2Ls— kaL3

Note how production, intended as the flow of energy into the L: stock, is proportional
to the producer stock, to the amounts of resources available and to the whole society that
provides a market pull for the production. The flow of resources into the producer stock
is proportional to the societal stock and to the producer stock itself in terms of compen-
sating capital depreciation.

In this model, the numerator of the EROEI ratio is given by the energy that goes into
the L2 stock (Societal Stock) which is equal to nizk2LiL2Ls. The denominator is given by the
outflow from Lz, (ksL2Ls). The resulting EROEI is the same as it was defined for the simpler,
two-stock system:

EROEI = nka2Li/ks

There are, of course, many possible ways to rearrange the model that could be further
itemized by separately considering the various industrial sectors engaged in the task. That
would generate different forms for the Eou/Ein ratio. Nevertheless, we believe that this
version is the least arbitrary choice. Note that the fraction of energy that goes into the L2
stock may be further reduced when some of it is diverted for societal uses into economic
systems, but this point will be examined in the section on world models.

Now, remembering the earlier result valid for the standard LV and for the SCLV
model: EROEI = nkzLi/ks. Therefore Li1= ks EROEI/ nk:. Substituting these values in the LV
equations, we have that

dLi/dt = (1/n1) EROEI (kiks/kz- ksL2)
dL2/dt = L2ks (EROEI - 1)

Just as for the standard LV system these equations produce oscillations for both
stocks. The EROEI parameter oscillates, too, since it is proportional to the L1 stock.
In the case of the SCLV model, ki is set to zero and the equations become:

dLi/dt = -(1/n) ksL2EROEI
dL2/dt = L2ks (EROEI - 1)

In this version of the model, the Listock declines monotonically with time since all
terms in the first equation are positive. Since the EROEI and L: are directly proportional
to each other, also the EROEI will decline monotonically along the production cycle. Nei-
ther needs to go to zero but will stabilize in the long run at values > 0. The second equation
shows that the growth of the L2 stock is exponential when we have EROEI>>1, which may
happen during the initial phases of growth. The L2 stock reaches a maximum for EROEI=1,
then it declines when EROEI<1. The exergy that flows into Ls, 7k2L:L: is conventionally
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termed “production,” especially in the case of the oil industry. This quantity can be ex-
pressed in terms of the EROEI parameter as EROEI (k2L: - k1) in the oscillating LV system
and as k2L:EROEI for the SCLV system.

In figure 6 we show the behavior of the EROEI according to the SCLV model. We
show also the related parameter known as “Net Energy” which is equal to Eout-Ein and is
related to EROEI by the formula: Net Energy=(EROEI - 1)-Ein. Note that the Net Energy is
negative when EROEI<1.

EROEI and NETVENERGY

60
Production
40
20
0
20 Net Energy
-2(
0 1 2 3 4 5 6 7 8 9 10 11 12
Time

Figure 6. Behavior of the EROEI and of Net Energy according to the SCLV model.

In previous papers®,*,* we showed that the production curve of a system described
by the SCLV model (e.g. oil production) typically follows a “bell-shaped” curve, known
as the “Hubbert Curve” in the field of crude oil production *'. The curve generated by the
SCLV model is shown in figure 6. The maximum value of the Hubbert curve is often de-
fined as “Hubbert Peak” or “peak o0il,” a concept that has generated much interest in the
debate about oil depletion®?,* *. It is normally believed that the production curve will be
bell-shaped and symmetric, but this is not always the case * .

The Hubbert curve is often simulated by means of the derivative of a logistic func-
tion, but this approach is based on parameters that cannot be directly related to the energy
flows — and hence to the EROEI -- of the system. Instead, the SCLV model provides the
tools needed to determine the relation of the peak with the EROEI of the system. Taking
the second derivative of dL:/dt and setting it to zero for the SCLV case, considering the
expression EROEI = nkoLi/ks, we find that the maximum production occurs when
EROEI=k:L:/ks+1. All the terms in this expression are positive, so the production curve will
peak and start declining before the EROEI of extraction has become lower than one. In
other words, production will peak for an EROEI>1.

This is a relevant result relative to the discussion about peak oil, often centered on
discussing how dwindling EROEI affects production *. Since, as we saw, “peak capital”
occurs for EROEI=], the production curve will peak before the capital curve. This has been
observed in studied based on the iterative solution of the LV equations *, 39, 4.

The determination of the numerical value of the EROEI of a dissipative system could
be obtained by fitting the available time-dependent data to the SCLV model, obtaining the
model parameters, and calculating the EROEI from the formula EROEI = nk:Li/ks. The
practical feasibility of this method depends on the availability of data expressed in suita-
ble energy units, which is rare. In the present study we are not going into this subject,
limiting ourselves to general considerations on the effect of the EROEI parameter on sys-
tems that can be described using the LV model.
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4. Discussion

The concept of EROEI has been used so far only as a parameter to compare different
energy production technologies, for instance renewable energy and fossil energy. In the
present section, we provide a discussion of how the EROEI parameter is much more gen-
eral and it is a characteristic of several real-world systems: biological, economic, and social
ones. All these systems are characterized by autocatalytic properties that makes them
grow and decline as a function of external perturbations. In most cases, the discussion
must remain qualitative since we lack the data that could allow a quantitative determina-
tion of the EROEIL Nevertheless, we believe that the EROEI in these systems plays a key
role that needs to be understood if we are to face the effects of changes involving such
phenomena as the exploitation of natural resources or the growth and decline of civiliza-
tions.

4.1. Biological systems.

The Lotka-Volterra model is normally described as pertaining to the behavior of bi-
ological populations. In practice, in its simplest form, the oscillations that the model pro-
duces can be seen in the laboratory for unicellular creatures®,* but almost never in Nature
12 Tt seems that the ecosystem is normally able to maintain homeostatic stability if it is not
perturbed by human or other kinds of external perturbations®. In these conditions, the
flow of energy in and out the stocks of the trophic chains must balance: a biological system
in homeostasis must have EROEI=1. An especially interesting case is that of the Earth cli-
mate, where the feedbacks among the various stocks generate homeostatic stability *°, a
characteristic that has been termed “Gaia” by Margulis and Lovelock °'. Gaia, apparently,
operates at EROEI ~1.

However, cycles of rapid growth and collapse can be observed when the system is
strongly perturbed by human activity. We may mention here the case of the reindeer of
St. Matthew island 2 whose population went through a single cycle of growth and col-
lapse, ending in the death of the whole population. Reindeer were introduced by humans,
they were not part of the island population, their collapse was due to the overexploitation
of the local resources (grass) and the system never reached a stable state with EROEI=1,

4.2. Epidemics.

Epidemics are a special case of biological systems where the predator is a pathogen
and the prey is a multicellular organism, often human beings. Dynamic epidemiological
models were developed in parallel with that of the Lotka-Volterra model, but a few years
later, with the “SIR” model (Susceptible, Infectious, Removed) published in 1927 *3. The
simplest version of the SIR model is equivalent to the SCLV (single cycle) model because
the stock of the susceptible people is not replenished (k:=0). Note also that, in the SIR ap-
proach, the efficiency parameter is taken as unity, that is n=1. That doesn’t mean that vi-
ruses and bacteria don’t obey the laws of thermodynamics, just that in this system this
factor can be neglected.

A parameter called R: is often utilized in epidemiology. It is equal to the number of
new infections divided by the fraction of infected people. That is, it is the same as the “net
reproduction rate” parameter in population biology. The SIR equations show that R is
given by the number of new infections divided by the number of recoveries (or deaths)
(ksI). Determining Rt for an ongoing epidemics requires complex procedures®,>> and this
necessity often clouds the issue of what Rt really is. But, on the basis the definitions given
in this paper, Rt is conceptually and mathematically the same thing the energy return for
energy invested (EROEI), expressed by the same formula, except for the different notation
and the lack of the 7 efficiency parameter. An infection spreads for R>1 and declines for
R<1. For R=1 the curve of the number of infected cases reaches a maximum which is
sometimes defined as the “herd immunity” point.
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A variant of the epidemiologic model deals with the transmission of “memes” in vir-
tual space. The concept of meme was proposed for the first time by Richard Dawkins *° as
a unit of information that can replicate in the virtual space of human communication (the
“memesphere”). Memes tend to “infect” human minds and replicate by a positive feed-
back (autocatalytic) mechanism. In this case, the meme is described as the predator,
whereas the prey is a stock that describes the number of infected human minds. It can be
assumed that the infection period is limited in time and that, after a while, people lose
interest in the meme, thus becoming immune — nobody dies because of a memetic infec-
tion (or, at least, not directly). The result is that memes generate the same curves as for
real viruses in real populations. The SCLV model has been successfully used to describe
the propagation of memes in virtual space *. According to these considerations, it is pos-
sible to define an EROEI for meme propagation with the condition that the meme “goes
viral” when EROEI>1. Unfortunately, we have no data on the actual number of people
actually “infected” by a particular meme, only proxy data relative to the number of
searches. Nevertheless, the concept of “memetic EROEI” may be a useful mental tool to
understand the meme propagation mechanisms.

4.3 Economic systems.

In thermodynamic terms, economic systems are not different from biological and
physical dissipative systems: in both cases we have trophic chains that irreversibly dissi-
pate thermodynamic potentials. For example, energy production in modern society is
mostly based on the dissipation of the chemical potential associated with burning buried
hydrocarbons (“fossil fuels”). In this case, the fuel stock is the prey while the extracting
industry is the predator. In previous papers *, ¥, %, we showed how the LV model in the
SCLV form can be used to describe this kind of systems, both qualitatively and quantita-
tively. For the case of oil extraction, the results is a “bell-shaped” curve that agree with
the early model for oil extraction proposed in 1956 by Marion King Hubbert *, a model
that was found to account for 38 of 46 oil-producing nations *%. The SCLV model shows
how the “bell-shaped” curve is the unavoidable result of the gradually declining EROEI
of extraction, related to the progressive depletion of the less expensive resources.

In this field, much attention has been paid to the concept of “peak oil,” the moment
when the world’s oil production reaches a historical maximum and starts an irreversible
decline *°.  From the previous discussion, the SCLV model shows that in an ideal system,
the peak is reached at an EROEI>1 — it is the capital curve that peaks at EROEI=1. In other
words, oil production starts declining when it is still generating useful energy. Most anal-
ysis of oil production indicate that, at present, the average current EROEI is still larger
than one, but that is not incompatible with the possibility of having reached the produc-
tion peak in recent times.

The SCLV model could also be successfully applied to the fishing industry, the orig-
inal subject of Vito Volterra’s studies™. We were able to show that the model provides a
good description of the historical data for the overexploitation of fishing stocks by the
fishing industry ?*. Some other examples of the use of the SCLV for the extractive industry
are reported in a previous article by Bardi and Lavacchi *.

4.5 Socioeconomic systems.

The largest existing social systems are called “civilizations” and it has been known
for a long time that they follow cycles of growth and decline. A classic example is that of
the Roman Empire ®. Today, the reasons for these cycles are still the object of an extensive
debate ©, ©2. Recently, Bardi et al. proposed a variant of the LV model based on the concept
of trophic chain to describe the fall of empires ®, assuming that civilizations act as preda-
tors with respect to natural resources. Even if the resource is potentially renewable, e.g.
fertile soil, when it is overexploited, its yield is rapidly reduced, and the result is a decline
of the flow of resource into the L2 stock. That leads eventually to decline.
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Figure 7 Example of dissipative 3 stocks system: the collapse of a complex society (from Bardi et
al. 6

This simple model provides results qualitatively comparable to those of more sophis-
ticated “world models,” starting with the pioneering work by Jay Forrester ® and of the
group of authors who produced the study titled “The Limits to Growth” 3¢, a milestone in
this area of study.

In this area, Hall et al. ® ¢, argued that there exists a minimum value of the EROEI
that makes it possible the existence of a complex society and estimated that such value
was of about 5:1 for society or perhaps 12:1 for a sophisticated modern economy. A
large value of EROEI for the specific kind of resource being exploited generates an excess
of energy that may be utilized either for the growth of energy production or for other,
consumptive purposes. A society that reinvests all the energy it produces into energy pro-
duction facilities would attain a steady state with EROEI=1:1. That would leave no space
for activities that are not directly related to energy production but that we consider im-
portant (health care, tourism, art, leisure, sport), although not necessarily worthwhile
(war).

We can use the equations developed in the present study to examine this kind of
systems. We may consider the fraction of energy diverted to non-productive purpose by
multiplying the n parameter by a factor written as (1-f;) where f: stands for “societal factor”
and it indicates the fraction of resources that are not re-invested into more resource pro-
duction. We can call “fs“ the “societal disposable income fraction”. In this case, we can
modify the equations of the single cycle (SCLV) model as:

dLi/dt = - k2L1L2
dLa/dt = n(1-fs) k2L1L2 - ksLo.

Remembering that EROEI = nk2L1/ks

dLi/dt = -(1/n) ksL2EROEI
dLaldt = Loks (1) EROEI - 1)

The 1-f; factor does not affect the EROEI of the exploitation of whatever resource a
civilization is relying on, but it affects the growth rate of the L2 stock (dL./dt). If, for in-
stance, fs is equal to 1, even if the EROEI is much larger than one, all the production is used
for building societal capital. In this case, dL./dt =0 and society does not grow. There are
historical cases in which a society is believed to have declined as the result of excessive
military expenses — that is having dedicated too much of the produced resources to non-
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producing assets. This may have been the case, for instance the Soviet Union in the 1980s
67, % even though this is unlikely to be the only factor involved.

Provided that EROEI>1, then it is always possible to reduce f: to a value small enough
that growth can be maintained or, at least, decline is slowed. In the modern Western soci-
ety we may be seeing this effect as the result of the depletion of the high EROEI fossil
resources %. The consequence is that economic growth is maintaining at the expense of
downsizing or the elimination of services such as universal health care, state pensions,
public schools, and more. Fossil fuels allowed the production of many more goods and
services by requiring only 20 percent (1850, coal) or even 10 percent or less of all economic
activity to be required to run the rest of the economy®,%. Alternatively, for example in
England in 1500, about half of all economic activity was to get the energy (food, fodder,
wood) to run society, with much less left over for amenities®. A similar phenomenon may
have taken place for the decline of the Roman Empire, generated by the progressive de-
pletion of the mineral resources it was dependent upon’.

These considerations provide guidelines for understanding the deep reasons of the
decline of many societies in history. Unfortunately, the definition of an “f* factor is frayed
with uncertainties. For instance, we might say that the large budget allocated to military
expenses in the US is an example of an unnecessary burden on society. On the other hand,
it might be argued that, according to the so-called “Carter Doctrine” 7*, without such ex-
penses the US could not access the production of fossil resources in regions such as the
Middle East. In such an interpretation, a large fraction of the US military budget should
be factored in the calculation of the EROEI of fossil fuels, which would be consequently
reduced, perhaps well below unity. That does not detract from the general observation
that a declining EROEI may be the main factor involved in civilization decline or collapse.

5. Conclusions

The focus of our study was on the role of the Energy Return for Energy Invested
(EROEI)? in irreversible autocatalytic systems where the dissipation of energy potentials
occur. Many of these systems can be described by a simple model, the well-known Lotka-
Volterra (LV) one’,*. In the form we call here single-cycle Lotka-Volterra (SCLV), the
model turned out to be a powerful tool to evaluate the efficiency in resource use in several
different fields.

We highlighted how the diminishing EROEI typical of non-renewable (or slowly re-
newable resources) provides a qualitative understanding of the decline and collapse of
economic and social systems. It also provides an understanding of how a society that feels
the crunch of reduced available energy tends to react by cutting on societal segments felt
to be not indispensable, such as universal health care or other state-managed public ser-
vices.

The SCLV model coupled with the concept of EROEI, provides a window of under-
standing on the “overexploitation” trap in the way many natural and human-made sys-
tems work. Moreover SCLV model allowed to unveil some mathematical and conceptual
equivalence of the R: parameter in epidemiologic studies to the energy return on energy
invested (EROI or EROEI) parameter in the biophysical approach to energy economics 72,
that, to our knowledge, had not been pointed out in the scientific literature before.
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