
Chapter 3

On the Dynamics of the Deployment
of Renewable Energy Production Capacities

R. Fonteneau and D. Ernst

Abstract This chapter falls within the context of modelling the deployment of

renewable energy production capacities in the scope of the energy transition. This

problem is addressed from an energy point of view, i.e., the deployment of

technologies is seen as an energy investment under the constraint that an initial

budget of nonrenewable energy is provided. Using the Energy Return on Energy

Investment (ERoEI) characteristics of technologies, we propose MODERN, a

discrete-time formalization of the deployment of renewable energy production

capacities. Besides showing the influence of the ERoEI parameter, the model also

underlines the potential benefits of designing control strategies for optimizing the

deployment of production capacities and the necessity to increase energy

efficiency.
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Discrete-time • Dynamical systems

3.1 Introduction

The relations linking energy consumption and societies’ prosperity have been

thoroughly investigated in the last decades. It has progressively become clear that

energy has played a decisive role in societies’ demographic and economic devel-

opment (Meadows et al. 1972; Cleveland et al. 1984; Lambert et al. 2012; Giraud

and Kahraman 2014), as well as in their decline (Tainter 1988).

About 85% of world energy consumption is currently from nonrenewable

origin, most of which being fossil fuels such as coal, oil, and gas. The “energy

transition,” which is the shift to a world that would no longer virtually rely on

nonrenewable energy resources, is a crucial challenge of the twenty-first century for

two main reasons: (1) the massive consumption of fossil fuels has major environ-

mental impacts, mainly pollution and greenhouse effect gas emissions, and (2) there
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is convincing evidence that even putting aside these environmental concerns our

societal lifestyle cannot be sustained without changing our energy production and

consumption habits.

One of the main difficulties of this transition comes from the fact that switching

to an energy system that would not depend on nonrenewable resources is a process

that itself needs—at least for the moment—to use nonrenewable energy. For

instance, in 2013, about half of photovoltaic panels have been produced in China

(Jäger-Waldau 2013) whose own energy production mix was around 70% from

coal in 2011 (US Energy Information Administration 2015), which suggests that the

rise of PV energy over the last 10 years was mainly achieved through using

nonrenewable energy resources.

In this chapter, we propose to consider the deployment of renewable energy

production capacities as an energy investment. This point of view is motivated by

the fact that the ERoEI parameters characterizing the two main rising renewable

technologies—wind turbines and photovoltaic panels—are currently too low to be

negligible (Murphy and Hall 2010). We propose MODERN (for “MOdelling” the

Deployment of Energy production from “ReNewable” resources), a discrete-time

model that aims at simulating the deployment of renewable energy capacities in the

context of the depletion of a given budget of nonrenewable resources. MODERN

makes use of ERoEI characteristics of technologies that relate the energy produced

to the energy invested together. MODERN can be controlled using growth scenar-

ios for the deployment of the production capacities. We illustrate some typical runs

of MODERN in the context of ERoEI corresponding to photovoltaic panels. In

particular, we observe how the availability of nonrenewable energy can actually

boost the growth of production capacities and eventually create a “bubble effect”;

we show that this bubble may be mitigated using control strategies.

The following of this chapter is organized as follows: Section 3.2 provides

ERoEI notions. Section 3.3 presents MODERN, our discrete-time formulation of

the deployment of renewable energy production capacities. Section 3.4 illustrates

several typical runs of MODERN with a parameterization matching the deployment

of photovoltaic panels. Section 3.5 discusses how MODERN opens the door to the

use of control strategies in the context of the energy transition. Section 3.6 provides

a discussion about the link between energy and societies’ GDP and emphasizes

reasons why the deployment strategies of renewable energy production capacities

should be carefully designed. Section 3.7 concludes this chapter.

3.2 Energy Return on Energy Investment

Energy Return on Energy Investment (ERoEI) is a notion that was probably first

coined in the works of Cleveland et al. (1984) and Hall et al. (1986). It is defined as

the ratio of the amount of final usable energy acquired from a particular energy

resource to the amount of primary energy expended to obtain that energy resource:
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ERoEI ¼ UsableAcquiredEnergy

EnergyExpended toGet thatEnergy
ð3:1Þ

More specifically, this ratio—supposed to be dimensionless—means that a given

energy production technology will provide ERoEI Joules (J) on an energy invest-

ment of 1 J. Note that computing ERoEI for a given energy production technology

may be a complex task because it implies a rigorous definition of system boundaries

(energy inputs, energy outputs), as well as accurate evaluation of energy costs in

between these boundaries. In particular, the natural or original sources of energy are

usually not taken into account. For instance, the energy consumed by the sun to

produce light is not taken into account in the computation of the ERoEI of

photovoltaic technologies. We refer to the work of Murphy and Hall (2010) for a

solid review of the work that has been done around the notion of ERoEI. We

provide hereafter in Fig. 3.1 a graph of ERoEI values for a panel of technologies in

the specific case of the USA (figures taken from Murphy and Hall 2010).

This graph illustrates different aspects of the ERoEI. One can first observe that

the ERoEI of US oil and gas productions has declined over time, from about 30 in

the 1970s to about 15 in 2005. This is easily explained by the fact that oil and gas

fields that were the easiest to exploit were exploited first. This graph also shows that

hydroelectricity has a very high ERoEI (above 100). One may also observe that

energy production from coal has a high ERoEI (in the order of 80). The ERoEI

value of photovoltaic panels (around 10) has a rather low value here compared to

other renewable energy sources such as hydroelectricity (more than 100) or wind

turbines (around 18). Observe however that photovoltaic panels technology is

Fig. 3.1 ERoEI of several technologies in the USA—data source: (Murphy and Hall 2010)—

image taken from Wikipedia
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progressing, and that it might be possible that its ERoEI will increase significantly

in the coming years. Finally, even if nuclear energy is reported to have an ERoEI of

about 16, it is important to notice that this technology is among those for which the

ERoEI computation is the most uncertain (Lambert et al. 2012).

3.3 MODERN: A Discrete-Time Model of the Deployment
of Renewable Energy Production Capacities

This section introduces all the elements of MODERN, a discrete-time model of the

deployment of energy production capacities from renewable sources and the mul-

tiple assumptions upon which it is built. For clarity, we assume that all variables

considered in this chapter are deterministic.

3.3.1 Time

We consider a discrete-time system, where each time-step corresponds to 1 year:

t ¼ 0 . . . T � 1 ð3:2Þ

The time horizon is in the order of hundreds of years:

T � 100� 500 ð3:3Þ

3.3.2 Assumption Regarding the Energy Produced from
Nonrenewable Sources

We assume that each year, a quantity of nonrenewable energy is available:

8t2 0, . . . ,T � 1f g, Bt � 0 ð3:4Þ

By nonrenewable energy, we mean fossil fuel energy (coal, oil, and gas), but also

nuclear energy (mainly Uranium fission). For clarity, we choose not to separate the

different types of energy production technologies from nonrenewable sources. The

evolution of the quantity of available nonrenewable energy is modelled using

Hubbert curves (Hubbert 1956):
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∃r > 0, ∃τ > 0, ∃t02ℝ : 8t2 0, . . . , T � 1f g

Bt ¼ 1

r

e�
t�t0ð Þ
τ

1þ e�
t�t0ð Þ
τ

� �2
ð3:5Þ

As shown in Fig. 3.2, the role of τ is to model the level of “flatness” of the Hubbert

curve. The parameter t0 induces a time shift of the curve. For simplicity, we assume

that this energy is “net,” i.e., we assume that the energy required to obtain that

energy is already subtracted from it. Recent papers have shown that the ERoEI

related to processes producing energy from nonrenewable resources tend to decline

over time (Murphy and Hall 2010). The intuition behind this is the fact that spots for

which resources are easily extracted are exploited first. The Hubbert curve, which

models the extraction of nonrenewable resources, reflects to a certain extend that

energy is increasingly more expensive to obtain (in terms of energy investment, but

also cost).

3.3.3 Energy from Renewable Origin

We assume that a set of N different technologies for producing energy from

renewable sources is available. To each technology is associated a production

capacity yearly producing a quantity of energy Rn,t:
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Fig. 3.2 Some Hubbert curves obtained with different values of the parameter τ
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8n2 1; . . . ;Nf g, 8t2 0, . . . ,T � 1f g, Rn, t � 0 ð3:6Þ

Among these technologies, let us (non-comprehensively) mention biomass, hydro-

electricity, wind turbines, or photovoltaic panels. Two main parameters, the

expected lifetime and ERoEI characterize each of these technologies:

8n2 1; . . . ;Nf g, 8t2 0, . . . ,T � 1f g, Δn, t � 0

ERoEIn, t � 0
ð3:7Þ

Description of ERoEI is provided in Sect. 3.2. The expected lifetime parameter

describes the average lifetime of equipment enabling energy production. Note that

in this model, we do not consider energy production and consumption fluctuations,

as well as storage issues associated with each of these technologies. In practice,

providing storage capacities or technologies that allow modulating the consumption

so that it matches the production (such as energy demand side management in the

context of electricity grids) induces a decrease of the ERoEI parameters (e.g.,

building batteries to assist photovoltaic panels is an additional expanse of energy).

3.3.4 Dynamics of Deployment of Energy Production Means

The dynamics of the deployment of energy production means is modelled using a

growth parameter:

8n2 1; . . . ;Nf g,8t2 0, . . . ,T � 1f g, Rn, tþ1 ¼ 1þ αn, tð ÞRn, t ð3:8Þ

Note that the growth parameter may be negative:

8n2f1, . . . ,Ng18t2f0, . . . ,T � 1g, αn, t2½�1,1½ ð3:9Þ

3.3.5 Energy Costs for Growth and Long-Term Replacement

We introduce the energy cost associated with the growth of the production capac-

ities of renewable technologies:

8n2 1; . . . ;Nf g1,8t2 0, . . . , T � 1f g, Cn, t Rn, t; αn, tð Þ � 0 ð3:10Þ

We assume that this cost also incorporates the energy required for maintenance

during the lifetime of the equipment. We also introduce the energy cost associated

with the long-term replacement of the production means:
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8n2 1; . . . ;Nf g,8t2 0, . . . ,T � 1f g, Mn, t � 0 ð3:11Þ

The role of this quantity of energy is to formalize the energy cost that has to be

“paid” when equipment becomes obsolete and has to be replaced (see a few

assumptions regarding this energy cost later in the chapter).

3.3.6 Total Energy and Net Energy to Society

Using the previous notations, we define the total energy produced at year t:

8t2 0, . . . , T � 1f g, Et ¼ Bt þ
XN
n¼1

Rn, t ð3:12Þ

We also define the net energy available to society:

8t2 0, . . . , T � 1f g, St ¼ Et �
XN
n¼1

Cn, t Rn, t; αn, tð Þ þMn, t

 !
ð3:13Þ

This corresponds to the amount of energy that can be used after energy investment

for increasing the production capacities from renewable resources and their long-

term replacement.

3.3.7 Constraints on the Quantity of Energy Invested
for Energy Production

We assume that the energy investment for developing, maintaining, and replacing

the production means from renewable sources cannot exceed a given fraction of the

total energy. In other words, this assumption means that the ratio of net energy to

society over total energy has to remain above a given threshold. Formally, we

assume that:

8t2 0, . . . , T � 1f g, ∃σt : Cn, t Rn, t; αn, tð Þ þMn, t � 1

σt
Et ð3:14Þ

In the following, we denote by “energy threshold” such a parameter. This constraint

is motivated by research investigation showing that if a society invests a too high a

proportion of its energy for producing energy, then less energy is dedicated to other

societal needs, which may result into a decrease of the global society welfare

(Lambert et al. 2012).
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3.3.8 Assumptions on Growth and Replacement Energy
Costs

In order to relate the energy costs associated with the deployment and the long-term

replacement of the renewable energy production capacities, we make the three

following assumptions:

1. The energy cost associated with the installation of new production means of

technologies is proportional to the corresponding growth:

8n2 1; . . . ;Nf g,8t2 0, . . . T � 1f g, ∃γn, t > 0

Cn, t Rn, t; αn, tð Þ ¼ γn, tαn:tRn, , t if αn, t � 0

0 else

� ð3:15Þ

2. All the energy costs related to building a production capacity and to operating it

over its lifetime are allocated at the time period when this capacity starts

producing energy:

8n2 1; . . . ;Nf g, 8t2 0, . . . T � 1f g, γn, t ¼
Δn, t

ERoEIn, t

Cn, t Rn, t; αn, tð Þ ¼ Δn, t

ERoEIn, t
αn, tRn, t if αn, t � 0

ð3:16Þ

3. The energy cost associated with the long-term replacement of production capac-

ities is (1) annualized and (2) proportional to the quantity of energy produced

yearly:

8n2 1; . . . ;Nf g, 8t2 0, . . . T � 1f g, ∃μn, t > 0 : Mn, t Rn, tð Þ ¼ μn, tRn, t ð3:17Þ

Using the ERoEI parameter, we get the following equations:

8n2 1; . . . ;Nf g, 8t2 0, . . . T � 1f g, μn, t ¼
1

ERoEIn, t

Mn, t Rn, tð Þ ¼ 1

ERoEIn, t
Rn, t

ð3:18Þ

3.4 Simulation Results: Case Study for Photovoltaic Panels

We propose to simulate MODERN where only photovoltaic panels are deployed.

For simplicity, we denote by one the index related to photovoltaic technology.

Formally, this means that growth parameters associated to other technologies are

kept constant at zero:

8n2 2; . . . ;Nf g,8t2 0, . . . T � 1f g, αn, t ¼ 0 ð3:19Þ
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3.4.1 Variable Initialization

We choose to consider normalized variables with respect to the total energy at

time 0:

E0 ¼ 1 ð3:20Þ

The Hubbert curve modelling the depletion of nonrenewable energy is initially

scaled so that the proportion between renewable and nonrenewable energy produc-

tion matches, approximately, the current situation for 2014 (British Petroleum

2014):

B0 ¼ 0:85E0 ð3:21Þ

The quantity of energy produced by photovoltaic panels is initially assumed to be

around 1% of the world total energy mix:

R1,0 ¼ 0:01E0 ð3:22Þ

This value (1%) also corresponds, approximately, to the current proportion of

energy produced by photovoltaic panels plus wind turbines in the world total energy

mix. All remaining technologies producing energy from renewable sources are kept

constant at their initial level, i.e.,

8t2 0, . . . ,T � 1f g,
XN
n¼2

Rn, t ¼
XN
n¼2

Rn, 0 ¼ 0:14E0 ð3:23Þ

The constraint of the total amount of energy that may be dedicated to growing

energy production means is chosen as follows:

8t2 0, . . . ,T � 1f g, σt ¼ 14 ð3:24Þ

The choice of this value for the energy threshold ismotivated by results reported in the

literature (Lambert et al. 2012). As shown by Lambert et al., this value appears to be

the smallest so that society may develop and sustain social amenities that are consid-

ered to be at the top of the “societyMaslow pyramid,” such as healthcare systems and

arts (see the figure “Pyramid of Energetic Needs” in Lambert et al. 2012).

3.4.2 Growth Scenario

MODERN can be controlled through the growth scenario. By growth scenario, we

mean a sequence of predefined growth parameters. Formally, a growth scenario is a

T-tuple of real numbers:
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α1,0, . . . α1,T�1ð Þ2ℝT ð3:25Þ

When simulated, such scenarios may not satisfy the energy threshold constraint. If

so, the growth parameter is reduced to the maximal allowed value so that it does not

violate the constraint. In the case where the constraint is violated, then the growth

parameter is set to the maximal value that still satisfies the energy threshold

constraint defined as follows:

8t2 0, . . . , T � 1f g, αmax
1, t ¼ ERoEI1, t

Δ1, tR1, t

1

σt
Et � 1

ERoEI1, t
R1, t

� �
ð3:26Þ

In the simulations reported in this section, we consider the simple, constant over

time growth scenario:

8t2 0, . . . ,T � 1f g, α1, t ¼ α0 ¼ 0:1 ð3:27Þ

Observe that, in practice, the growth scenario may be constrained by the availability

of resources for building capacities, as well as the availability of suitable locations

to install capacities (sunny places in the case of photovoltaic panels).

3.4.3 Depletion of Nonrenewable Resources Scenario

We consider several scenarios for the depletion of nonrenewable resources. We

arbitrarily define four scenarios and provide below the corresponding values of the

parameters of the Hubbert curve:

– Peak at time 0:

t0 ¼ 0, τ ¼ 30 ð3:28Þ

– Plateau at time 0:

t0 ¼ 0, τ ¼ 60 ð3:29Þ

– Peak at time t¼ 20 years:

t0 ¼ 20, τ ¼ 30 ð3:30Þ

– Plateau at time t¼ 20 years:

t0 ¼ 20, τ ¼ 60 ð3:31Þ
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The graph of resulting Hubbert curves can be found later in the chapter

(Figs. 3.3, 3.4, 3.5, and 3.6). Note that the terms “peak” and “plateau” have been

chosen to illustrate the fact that “plateau” curves are flatter than “peak” curves.

Fig. 3.3 Scenario peak at time t¼ 0

Fig. 3.4 Scenario plateau at time t¼ 0
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Fig. 3.5 Scenario peak at time t¼ 20

Fig. 3.6 Scenario plateau at time t¼ 20
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3.4.4 Values of ERoEI and Lifetime

EROI for PV panels have been studied in the literature. For example in Lambert

et al. (2012), a range of values varying from 6 to 12 is proposed, depending on the

configurations. In the following experiments, we consider the average of these two

values, i.e.,

8t2 0, . . . ,T � 1f g, ERoEI1, t ¼ 9 ð3:32Þ

Note that (1) the computation of ERoEI values of PV panels is still discussed in the

literature (Raugei et al. 2012), and that (2) it is very likely that such values will

evolve significantly in the future. In all configurations considered in the following

experiments, we consider a lifetime parameter equal to 20:

8t2 0, . . . ,T � 1f g, Δ1, t ¼ 20 ð3:33Þ

3.4.5 Typical Runs

In this section, we provide simulation results obtained through our discrete-time

models in the different configurations described above. Each graph shows, for every

year, the evolution of the total energy (yearly) produced (top blue curve) which

comprises two parts: energy dedicated to the production of energy (“energy for

energy,” red part) and energy dedicated to other needs of society (“energy to

society,” yellow part). We also report the levels of nonrenewable energy production

(black dotted curve) and renewable energy production (green curve).

Note that the results presented in the following subsections should definitely not

be considered as predictions. Their role is just to illustrate the behavior of the model

in theoretical configurations.

Initially, it can be seen that the production of energy from renewable resources

as well as the net energy to society both reached a global maximum before

decreasing to a steady-state value. This decrease is a consequence of the “energy

threshold” constraint: if the energy required for the long-term replacement of the

current production capacity is larger than what the energy threshold constrain

allows for investment, then the growth parameter becomes negative. In other

words, the bubble that can be observed on the graphs illustrates the fact that the

deployment of the renewable energy production capacities is boosted by the

availability of nonrenewable resources.

As a second observation, we notice that the depletion scenario has an influence

on the maximal level of production that can be reached during the transition phase.

However, one can compute that it does not affect the steady-state production level,

which is exactly the same in the four scenarios, and function of the ERoEI of the

photovoltaic panels.
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To illustrate the influence of the ERoEI parameter on the levels of energy

production, we give in Fig. 3.7 a last run of MODERN for which we consider a

linear increase of the ERoEI parameter from 9 to 12 between time 0 and the time

horizon (the growth scenario is the same as before, 10% annual growth):

8t2 0, . . . ,T � 1f g, ERoEI1, t ¼ 9þ t

T
12� 9ð Þ ð3:34Þ

3.5 On the Potential Benefits of Using Control Strategies

MODERN can be controlled through the growth scenario (which may be

constrained by the system itself). This section discusses the potential benefits of

using optimal control techniques for designing growth scenarios. In particular, we

propose a control scheme that makes the variations of the net energy available to

society vanish.

We have seen in Sect. 3.4 that growth scenarios may induce that the quantity of

net energy available to society may reach a maximum level before decreasing to a

steady-state level. We may assume that such a bubble effect can have destabilizing

effects on society that one may want to avoid. It may thus be of interest to look for a

sequence of growth parameters that would make such a “bubble” effect disappear.

We illustrate below a sequence of growth that manages to do so.

Fig. 3.7 Simulation result with an increase of the ERoEI parameter
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We consider the “plateau at time t¼ 0” scenario, with a medium ERoEI of 9. We

control the deployment growth using the following closed-loop growth scenario:

8t2 1, . . . , T � 1f g, α1, t ¼ Bt�1 � Bt

R1, t
ð3:35Þ

This controller has been designed by considering the depletion of nonrenewable

energy between two subsequent time steps and planning a growth that may coun-

terbalance the depletion. We compare the result of this controlled growth scenario

with the constant growth scenario obtained in the same depletion scenario

(cf. Fig. 3.3):

It can be observed in Fig. 3.8 above that the simple controller proposed allows

for the suppressing of the net energy bubble effect. One can also observe that

negative growth parameters—which mean that the system is decreasing its renew-

able energy production capacities—appears around t¼ 150 in the controlled growth

case, while it appears at around t¼ 100 in the noncontrolled case. In addition, one

can see in Fig. 3.9 below that the cumulative sum of energy invested for the growth

and long-term replacement of renewable energy production capacities is much

smaller in the controlled growth scenario case.

We mention that, in the case of energy production technologies having a low

ERoEI value, a strong growth can lead to a transient phenomenon called “energy

cannibalism.” This is a paradoxical situation where the energy invested for growing

production capacities is so huge that the net energy available to society is tempo-

rarily decreasing while production capacities are increasing (Pearce 2009).

3.6 From Modelling to Society

Several articles in the literature relate to the link between societies’ prosperity and

their access to energy. Among others, historians, anthropologists, and economists

have studied how energy has played a major role in the rise and decline of societies

Fig. 3.8 Simulation results obtained when using the controlled growth (left) and a constant

scenario growth (right)
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(Meadows et al. 1972; Tainter 1988; Cleveland et al. 1984; Lambert et al. 2012;

Jancovici 2011, 2013; Giraud and Kahraman 2014). The decline of the Western

Roman Empire can be partly explained by (1) the decrease of agriculture efficiency

(agriculture, which allows for the gathering of solar energy through photosynthesis,

was the main energy source of the Roman Empire), and (2) the fact that looting was

a nonrenewable way of obtaining access to resources (Tainter 1988). During the

Middle Ages, the European GDP per inhabitant was increasing much faster than the

Asiatic GDP during the period 1000–1500 (Maddison 2004). This has been

explained by the increase of the use of windmills and sawmills in Western Europe,

a mill being able to provide an energy equivalent to 40 men (Gimel 1976). This is

even more striking in the case of the Dutch Golden Century, where the use of peat,

as well as windmills and sawmills, allowed for increasing energy and food provi-

sion as well as better health, thus allowing cities to expand, boats to be built and

trade developed (Zeeuw 1978). More recently, it has been shown that the impact on

the GDP growth of capital accumulation and technical progress was minor com-

pared to the role of energy in the period 1970–2012 (Giraud and Kahraman 2014)

(see also Stern and Enflo 2013 for the specific case of Sweden). These three

examples suggest that societies should consider energy as a key parameter of

their economic development, and strategically manage their decisions related to

energy supply.

The increasing use of energy over the last 150 years has generated an increase in

work productivity that had never been seen before in the history of humanity. It is

precisely this work productivity increase that has led to the diversification of human
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activities, resulting in complex societies with beneficial healthcare systems and a

rich cultural life (Lambert et al. 2012; Jancovici 2013). In this study, we have used

an energy threshold parameter, which basically models the fact that societies should

not invest too much energy in producing energy otherwise the energy sector may

cannibalize other human activities. We have observed that this parameter drasti-

cally constrains the model. As a consequence, technologies having a high ERoEI

value lead to high renewable energy steady-state production levels. In this respect,

we concur with several other papers stating that the ERoEI should be a major axis of

technologies improvement. In parallel to this, a better geographical deployment

strategy of renewable energy production technologies would result to an increase in

their empirical ERoEI (Chatzivasileiadis et al. 2013, 2014).

The goal of this first version of MODERN (denoted by MODERN 1.0) was to

model the deployment of renewable energy production capacities. In particular,

MODERN 1.0 suggests that there is a possibility that the availability of

nonrenewable energy in the short-term may create an artificial boost of energy

production from nonrenewable resources that may not be sustainable on the long

term, depending on the evolution of the technology. This potential effect should be

taken into account when designing energy policies.

3.7 Conclusions

This chapter has introduced MODERN, a discrete-time formalization of the deploy-

ment of renewable energy production capacities. In particular, MODERN simula-

tions show that deployment of renewable energy production capacities may

be unsustainably boosted by the use of nonrenewable energy. This suggests that

strategies for (1) deploying production capacities and (2) improving the efficiency

of technologies, as well as the way they are used (energy efficiency) should be

carefully designed.

MODERN 1.0 will be followed by other releases incorporating other parameters.

In particular, MODERN 1.0 does not address the question of storage and fluctua-

tions, which remains a major challenge of renewable energy deployment. Besides,

MODERN 1.0 does not take into account the distinction between energy vectors

(such as electricity, liquid fuels, heat. . .), which is another crucial point of the

energy transition challenge. It would also be interesting to develop a version of

MODERN, where the deployment of production capacities could be localized. This

would enable the incorporation of constraints induced by local factors (geography,

climate). However, besides calibration issues, more sophisticated versions of

MODERN, taking into account such parameters, would come with a substantial

increase in the level of difficulty for extracting near-optimal policies.
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Éditions Odile Jacob

Lambert J, Hall CAS, Balogh S, Poisson A, Gupta A (2012) EROI of global energy resources—

preliminary status and trends. In: Report prepared by the College of Environmental Science

and Forestry, State University of New York. United Kingdom Department for International

Development, London

Maddison A (2004) When and why did the West get richer than the rest? In: Exploring economic

growth: essays in measurement and analysis; a Festschrift for Riita Hjerppe on her 60th

birthday. Aksant, Amsterdam, pp 29–62. ISBN 9052601658

Meadows DH, Meadows DL, Randers J, Behrens WW (1972) The limits to growth. Universe

Books, New York

Murphy DJ, Hall CAS (2010) Year in review EROI or energy return on (energy) invested. Ann N

Y Acad Sci 1185:102–118. doi:10.1111/j.1749-6632.2009.05282.x

Pearce JM (2009) Optimizing greenhouse gas mitigation strategies to suppress energy cannibal-

ism. In: 2nd climate change technology conference, Hamilton, Ontario, Canada, May 12-15,

2009

Raugei M, Fullana-i-Palmer P, Fthenakis V (2012) The energy return on investment (EROI) of

photovoltaics: methodology and comparisons with fossil fuel life cycles. Energy Policy

45:576–582

Stern DI, Enflo K (2013) Causality between energy and output in the long-run. Energy Econ

39:135–146

Tainter J (1988) The collapse of complex societies. Cambridge University Press, Cambridge

US Energy Information Administration (2015) China—international energy data and analysis,

Washington, DC, 14 May 2015

Zeeuw JW (1978) Peat and the Dutch golden age. The historical meaning of energy attainability.

AAG Bijdragen 21:3–31

60 R. Fonteneau and D. Ernst

http://dx.doi.org/10.1111/j.1749-6632.2009.05282.x

	Chapter 3: On the Dynamics of the Deployment of Renewable Energy Production Capacities
	3.1 Introduction
	3.2 Energy Return on Energy Investment
	3.3 MODERN: A Discrete-Time Model of the Deployment of Renewable Energy Production Capacities
	3.3.1 Time
	3.3.2 Assumption Regarding the Energy Produced from Nonrenewable Sources
	3.3.3 Energy from Renewable Origin
	3.3.4 Dynamics of Deployment of Energy Production Means
	3.3.5 Energy Costs for Growth and Long-Term Replacement
	3.3.6 Total Energy and Net Energy to Society
	3.3.7 Constraints on the Quantity of Energy Invested for Energy Production
	3.3.8 Assumptions on Growth and Replacement Energy Costs

	3.4 Simulation Results: Case Study for Photovoltaic Panels
	3.4.1 Variable Initialization
	3.4.2 Growth Scenario
	3.4.3 Depletion of Nonrenewable Resources Scenario
	3.4.4 Values of ERoEI and Lifetime
	3.4.5 Typical Runs

	3.5 On the Potential Benefits of Using Control Strategies
	3.6 From Modelling to Society
	3.7 Conclusions
	References


