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Abstract

The note introduces a simple GDP accounting model, whereby the total GDP
at a point in time is the sum of the various GDP sectors contributing to the
production of added value. Among these sectors, the energy contribution
takes a special place. Energy is viewed as the primary contributing one and
the other sectors are treated as secondary, whose production derives from and
are dependent on the energy production. The link between energy and the
secondary production is established in a simple yet realistic linear-exponential
manner, allowing for energy efficiency to be taken care of. In particular, an
energy efficiency rate is introduced and translates the ability for example to
output more secondary added value with as much primary energy input. The
model could thereby be used to measure the sensitivity of the GDP growth to
sudden changes in the primary energy prices or volumes.

Keywords

Production, Growth, Energy, Energy Efficiency, Energy Price Index,
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1. Introduction

Since the introduction of the first production function by Cobb and Douglas
(1928), modelling the output (Y) of an economy from some input factors has
been the subject of lots of debates. The Cobb-Douglas function is still used by
economists as a reference, because it has the advantage of simplicity and tracta-
bility. In its original formulation, the function has only two inputs, namely capi-

tal (K) and labour (Z), and its main limitation is to impose an arbitrary unit level

*This paper is a shorter version of “An energy-based macro-economic growth model and the im-
pact of the Russo-Ukrainian conflict”.
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of substitution between them (Arrow et al., 1961). Many efforts have been made
ever since to improve the Cobb-Douglas model, by augmenting the number of
factor inputs or by developing more general classes of functional forms, allowing
flexible levels of substitution between inputs.

The key contribution of the Solow-Swan model (Solow, 1956; Swan, 1956) is
the addition of a time variable to the Cobb-Douglas model. Formally, the time ¢
is introduced in the production function to account for consumption and capital
choice, for natural growth of labour and for exogenous technical advances, that
is, output variations not attributable to input factor variations. Crucially, the
time variable allows the derivation of the general equilibrium conditions of an
economy. The factor representing the accumulation of technological advances
(A) is supposed to be positive and neutral in terms of capital-labour substitu-
tion: under the assumption of “constant returns to scale”, only the capi-
tal-labour factor elasticities need summing up to 1 (hereby, 0 and 1-0).
Thus, in its three-factor capital-labour-advances (KLA) form, the production

function is
Y (t)=A(t)K? (1)L (1), (1

with 0<6<1, in order to satisfy the requirements on the shape of the pro-
duction function Y(t) for K(t),L(t)>0, and dA(t)=a(t)A(t)dt, where
a(t) represents a residual appreciation rate of the production capability. Al-
ternative fomulations associate the technological advances with the labour in-
put, in which case, the factor A can be interpreted as the skill level of the la-

bour force:

Y (1) =K’ (1) (A()L() @

Arrow et al. (1961) introduce a production function with a “constant elasticity
of substitution” (CES) between the production factors and constant returns to

scale. In its capital-labour (KL) form, the production function is
Y(t)=7[5K" (1) +(L-5) L (1)]”,

where 7 is a scale parameter and where 0<9<1 and p<1. In the littera-
ture, J is known as the “share” parameter and p is known as the “substi-
tution” parameter. In the CES functional case, the elasticity of substitution is
simply o =1/(1-p) and, equivalently, the substitution is p=(c-1)/c
(Arrow, et al., 1961).

The CES model has the advantage of generalising three classes of production
functions: the linear function that implies an infinite elasticity of substitution
(for “perfect substitutes”), the Leontief function (Leontief, 1936) that implies a
zero elasticity of substitution (for “perfect complements”) and the Cobb-Douglas
function that implies a unit elasticity of substitution. Indeed, this CES setup em-

beds the following limiting cases:
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y[SK(t)+(1-8)L(t)] o—w, p>1
Y(t): ymin{K(t),L(t)} o0, p—>—o© (3)
yK‘F(t)L(t)H c—1p—>0

However, Uzawa (1962) and McFadden (1963) demonstrated the presence of
an intrinsic limitation in the CES function formulation: essentially, the generali-
sation of this class of function to more than two factors necessarily imposes a
common elasticity of substitution between all of them. To allow for different
elasticities of substitution between inputs, Sato (1967) proposes a two-level CES
production function, which could actually be generalised to any number of levels
and is now referred to as the “nested CES function” formulation. Having the
advantage of being both flexible and tractable, it has proved very successful in
econometric studies.

In spite of the advent of these many new production functional forms, the
place of energy and, more specifically, of any exhaustible resources in the fac-
toring of production has been overlooked by economists for a long time. We
have to wait until the 1970s, when the oil crises arise, to see the attention on the
role of energy and other resources in production being triggered. The events
provide an opportunity for economists to add energy (£), resources (R) or other
materials (M) to their production model inputs.

Solow (1974) and Stiglitz (1974) work on a similar approach. They propose to
extend the Solow-Swan model to four factors, under a capital-labour-advances-

resources (KLAR) form:
Y (1)=K* (O)(A)L() R (1), @

with 0<6,6'<1 and &+ 6’ <1. They discuss the feasability of a general pro-
duction-consumption equilibrium in the case of limited exhaustible resources
and limited or unlimited labour growth and technical advances.

Berndt and Wood (1975) work on a capital-labour-energy-materials (KLEM)
production function, which they derive from an approximation of a CES pro-
duction function by a second-order Taylor expansion in the variable p about

zero, that is, a CES function close to the Cobb-Douglas one,
Y (1) =K (t)L () ET (t)M7277 (1), (5)

with 0<6,0",6"<1 and &+ +6"<1. This leads to the so-called “tran-
scendental logarithmic” production function, originally introduced by Diewert
(1971). However, the formulation becomes quite complex, with the presence of
cross-products of logarithms, and is, rightly or wrongly, not very much used in
practice.

On the other hand, the introduction of the nested CES function makes possi-
ble the analysis of the role of energy in production and the substitution be-
tween energy and other inputs, such as capital, labour, materials etc., in a sim-

ple and flexible manner. A three-factor standard CES function using the capi-
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tal-labour-energy factors (KLE) need to place all factors on equal foot (Sato,
1967; Uzawa, 1962):

Y(t)=7[6K? (1) + 8L (t)+ (1-5-8")E° (1) ] (6)

where 0 and &', such that 0<5,5'<1 and &+ 6’ <1, control the share of
each factor and p <1 act as the common substitution parameter. Alternatively,
the nesting approach can combine inner-to-outer nests of the three factors in
different ways, generally denoted KL(E), KE(L) and LE(K), where the inner nest
share-substitution is driven by (5 " p') and the outer nest share-substitution is
driven by (6,p):

/5[5'K/”(t) ()] +(1-5)E° (¢ o[’
: . plp' :l/p

Y (t)=17| 5[ 8'K” (t)+( EX ()] +(1-0)L° (1) 7)
- . plp' _l/p
7_5[§’Lp (t)+( O] +(@-s)K7(t )|

In the first work of Kiimmel et al. (1985), energy is integrated in the produc-
tion model together with some limiting elasticity constraints. The model is a
three-factor capital-labour-energy (KLE) one. In the second work of Kiimmel et
al. (2007), the model is amended to leave some room for a time factor. The im-
portant result is that, in order to satisfy the usual assumption of constant returns

to scale, any production function, in the instance, a KLE model, is necessarily of

the form
deT(tt)): ( (t),L(t),E(t))d;((tt))+5’(K(t),L(t),E(t))dLLTtt))
dE(t) ®

For all K(t), L(t), E(t), the coefficients 6 and &', with 0<6,6'<1
and & + &' <1, are the elasticities of capital and labour and their complement to
1 is the elasticity of energy. The coefficient «(t) represents improvements of
the production organisation and efficiency due to human intelligence. As long
as the influence of human creativity is negligible, capital, labour and energy
uniquely determine the output performance. A non-zero a(t), on the other
hand, represents influences like human ideas, innovations and inventions,
which, in principle, cannot be measured in physical terms.

Under the requirement that the dynamics of the KLE production dY (t) is
a total derivative, this imposes equality constraints on the second partial
cross-derivatives of the function, namely,

%Y (1) /(K (t)aL(t)) =Y (t)/(aK (t)oE(t)) =Y (t)/(AL(t)PE (t)). Then, the
characteristics of the production function are derived by setting the limiting
boundary conditions of the elasticities. They are expressed in terms of the la-
bour-to-capital and energy-to-capital ratios, as 5(¢(t),e(t)) and &'(¢(t),e(t)),
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with K(t): L(t)/K(t) and e(t) = E(t)/K(t) . This leads to the so-called
“linear-exponential” (in short, “linex”) model, which has the form

Y (0)=(1(t).0(t) ) E(). ©)
where the function }/(f (t),e(t),t) is the exponential of a combination of the

factors /(t) and e(t), together with an exogeneous time component. The final

formulation of the production function is actually given by

£t
Y (t)=E(t)exp a(t)(2—f(t)—e(t))+a(t)b(t)(%— D (10)
which depends linearly on energy and exponentially on the factor quotients.
The arguments a(t) and b(t) are defined from the elasticity equations

5((1).e() =a()(1(t) +e(t) and (1(t) e(t))=a(t)(1)(b(1)/e(t) 1)
These equations satisfy the asymptotic boundary conditions & (E (1), e(t)) —0,if
((t)+e(t)—>0, and &'(£(t).e(t)) >0, if K(t)>K, and e(t)—>b(t)K

m -
The variable b(t) K, 1is the maximum energy that can be input into a capital
K,, working at maximum automation (with minimum labour contribution)
and at full capacity.

The asymptotic boundary condition for &(¢(t),e(t)) indicates that capital
cannot run without energy and labour. The asymptotic boundary condition for

o '(f(t),e(t)) describes the effect of energy-to-labour and capital-to-labour
substitutions. The function effectively contains a technology parameter a(t)
(capital efficiency) and an energy parameter b(t) (energy efficiency of the fully
utilised capital). The possible time dependency on the parameters a(t) and
b(t) translates the potential creativity factor that improves production effi-
ciencies. These parameters eventually show up in the variable a(t) of Equa-
tion 8.

Taking up on these foundations, we shall specifically work on a KLE type of
production model. Taking the logarithmic derivative of the production function,
we will obtain a model for the economic growth that will naturally exhibit a de-
pendency on the capital and labour component, on the one hand, and on the
energy volume and price, on the other hand. Modelling the dependency of the
economic growth in such a way makes it possible to measure the exposure of an
economy to the energy supply and, in particular, to assess the subsequent risk
that an economy would be subjected to, should it be faced with volume or price
shocks on energy. Such a model effectively emphasises the need for modern
economies to lower their energy risk. Several avenues to tackle this challenge can
be envisaged: keeping a relentless effort to improve their energy efficiency, as
shown for example in (Jovanovic et al., 2022) or (Xiao & Mei, 2019), or striv-

ing to diversify their energy supply, as shown for example in (Moudene et al.,
2023).
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The aim of the study is triple. First, we want to establish the most relevant
place of energy in the production process and thus its sensible expression in an
economic growth model. Beyond the question of exhaustibility of some of the
energetic resources, such as fossil fuels, which one could argue is still a long-
er-term issue rather than a very short-term one, the objective is to know whether
energy is an input that can be substituted against any of the other production
factors, capital, labour etc. Our answer is radical: the modern economies would
not be able to cope with a sudden drying-out of energy supply. Our model actu-
ally proposes to depict economic production as a simple one-factor ener-
gy-leveraging machine. Having said that, we do not postulate that economic
growth is entirely related to energy consumption growth. We introduce an “en-
ergy efficiency rate” that essentially allows for more production with, possibly,
the same or a lesser energy use and that works as a mitigant to energy depend-
ency. We also introduce the energy input from the point of view of an ener-
gy-importing economy and the total “energy cost share” it creates in the whole
production process, in terms of gross domestic product (GDP).

Once the model set, the second step is to analyse the interaction between
production and energy in the case of the 27 countries of the European Union as
of 2020 (EU27), with a specific focus on Germany (DE), France (FR) and Italy
(IT), whose dependency on energy imports can be very substantial. We do so by
analysing their GDP growth in terms of their energy supply cost. In practice, we
input in the proposed production and growth model the energy volumes used by
the EU27, DE, FR or IT, the market prices of the main energy benchmark re-
sources, namely, coal, oil, gas and electricity, and relate these data to the nominal
and real GDP production and growth.

Finally, in the last step, we analyse the current situation of the EU27, DE, FR
and IT economies and compare it to the one of the United States of America
(US). The model allows the derivation of the implied energy efficiency rate,
which favours GDP growth, and also, by comparing nominal and real GDP
growths, of the implied “energy inflation rate” and “ex-energy inflation rate”,
which together potentially work against GDP growth. This creates various ex-

posures of these economies to a possible energy crisis.

2. Model Framework, Assumptions and Derivation

2.1. Framework

Among the production models that are discussed in the introduction, energy has
always been treated as a factor to add on top of the existing ones. With all its
shortcomings, the Cobb-Douglas model has a fundamental characteristic that
still makes it appealing: production factors are multiplicative. It means that, if
any one element of the input equation is set to zero, the production falls to zero.
On the other hand, in the CES models, production factors are additive (albeit in
a weighted-average way). It means that, if any one element of the input equation
is set to zero, the production still continues.
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The linex model sets energy at the core of the production function: without
energy, production is nil. However, we go further than Kiimmel et al. (1985,
2007), by taking capital and labour entirely out of the equation. Capital and la-
bour accumulation and productivity proceeds from the storage of part of the
output value, through investment into equipment and machinery and into
health and education. We postulate that production is the consequence of energy
transformation. Thus, capital and labour accumulation and productivity are in
essence a storage facility for some of the transformed energy.

Indeed, the use of energy allowed the population growth, in both number and
well-being. Feeding is the first need of the population in general and of the la-
bour force in particular, since it provides people with their daily energetic intake.
Energy enabled the passage from the pre-economic hunting-gathering epoch to
the early economic era of subsistance farming and, finally, to the modern eco-
nomic time of intensive agricultural production, with mechanical and artificial
ploughing, fertilising, harvesting, conditioning and merchandising. The labour
force went from a time of direct access to food, through hunting-gathering, to a
time of partly distanced access to food, through subsistance farming, and, finally,
to a totally indirect access to food, through energy-mediated production. Over
this brief economic history, the only thing that changed is the energy mix that is
used: wood and horse power in the old subsistance farming era and fossil fuels
and electricity in the modern intensive farming time. The ensuing production
development allowed a greater labour force specialisation and triggerred the in-
dustrial revolution. Finally, the population in general and the labour force in
particular expressed a second need for health and education. Health and educa-
tion favour the population growth and, ultimately, benefit the labour force, by
developping its number, knowledge and productivity. This was only made possi-
ble by labour specialisation that is the result of industrialisation and a conse-
quence of energy use.

Therefore, considering the criticality of energy supply in any modern eco-
nomic production process, we postulate a model of the time-# production Y (t)
that factors out the energy input flow E(t) and that embeds the energy input
stock in the following way:

Y(t)=y(E(t).t)E(t). (11)

The function ;/(E(t),t) represents the partial accumulation of transformed
energy flow into capital and labour over time. The multiplication of ;/(E(t),t)
by E(t) acknowledges that energy is a primary input that conditions the very
possibility of any output creation. The production sub-function }/( E (t),t) can
be viewed as an energy-leveraging engine fueled by the energy input E(t) and
the production output is simply the result of the transformation of energy into
goods and services.

Capital and labour stocks are supposed to increase through investments. The

source of capital-labour investments may arise from either corporation-driven,
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state-driven or household-driven investments. Corporation investments are
funded from current or future earnings (before interest, tax, depreciation and
amortisation). Earnings are the production of added value expressed in mone-
tary terms. Fractions of added value may be directed into material investments,
through equipment acquisition, or into human investments, through staff train-
ing, benefiting both capital and labour. State investments are funded from cur-
rent of future taxes. Presumably, we can ultimately relate any tax, either direct
(on added value) or indirect (on corporation profits and household incomes), as
a fraction of added value. Further fractions of levied taxations may be directed
into material investments, through state-owned companies or state infrastruc-
ture projects, or into human investments, through health and education, bene-
fiting both capital and labour. Finally, household investments are funded from
current of future wages. Presumably, we can also ultimately relate any wage, as
a fraction of added value. Likewise, further fractions of wages may be directed
to private health, teaching and schooling, benefiting labour. Capital is also
impaired by depreciation, whilst, labour is generally improved by natural in-
crease in force and skill productivity. This accumulation process can be mod-
elled as

dy(E(t).t)=(b(t)Y (1) +a(t)r(E(t).t))dt
=(b(t)E(t)+a(t))r(E(t).t)dt

The amount b(t)Y (t) represents the fraction of total output not consumed

(12)

but rather invested (directly or indirectly) into capital and labour at a total rate
b(t), made by corporation, state and household alike, where Y (t) can be re-
placed by its defined value y(E(t),t) E(t). The amount a(t);/(E(t),t) com-
bines, on the one hand, the potential capital stock depreciation (amortisation
and disinvestment) and, on the other hand, the potential labour stock apprecia-
tion (growth and productivity) at a net rate a(t). This differential equation

lends itself to a very simple solution
7(E(©.6)=7()exp(['(b($)E(s)+a(s))ds). (13)

where y(-) denote the starting value of the energy-leveraging function at an
unspecified starting integration point. Under this dynamics, the production

function takes a linear-exponential form, since
Y (6)=7()E(t)exp(['(b(s)E(s)+a(s))ds) (14)

This gives a total log-derivative of the output of the following form:
dy (t) dE(t)
—2=——24(b(t)E(t)+a(t))dt. (15)
In this format, the function y(E(t),t) acts as a common pot of stored
energy for both capital and labour. Alternatively, we may want to split the

function ;/(E(t),t) into two implicit hidden pockets, namely, capital and
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labour. We can postulate that capital K(E(t),t) appreciates with invest-
ment at a rate b, (t) of output Y(t) (capital investment) and amortises
with depreciation at a rate a, (t) of existing capital K(E(t),t) (capital
depreciation), whereas labour L(E(t),t) benefits from investment at a rate
b, (t) of output Y (t) (labour investment) and increases in a natural way at
arate a (t) of existing labour L(E(t),t) (labour productivity). The nota-
tions K(E(t),t) and L(E(t),t) emphasise that capital and labour do not
stand on their own but result from the accumulation of transformed energy.

Thus, we have

dK (E(t),t)=(by (t)Y (t) —ac (t) K (E(t),t))dt
= (b (1) 7(E(t).t) E(t)—a, () K(E(t).t))dt 1o
and
dL(E(t),t)= (b ()Y (t)+a, (t)L(E(t).t))dt
(17)

= (b (t)7(E(t).t)E(t)+a (t)L(E(t).t))dt

Now, the amount (b, (t)+b, (t))Y(t) represents the fraction of total output
not consumed but rather invested (directly or indirectly) into capital and labour
from corporation, state and household alike. The resulting impact on the output
of the capital-labour dynamics will effectively depend on how capital and labour
are recombined into the leverage function y(E(t),t).

However, as will become clear shortly hereafter (c.f. Section 2.3), because of
the multiplicative form of the production function Y (t)=y(E(t),t)E(t), there
is actually no need to specify the actual form of 7/( E (t),t). Thus, the impact of
the flow of energy immobilised into ;/(E(t),t) and its hidden split between
capital and labour will not be further analysed. Therefore, in what follows, the

energy leveraging function will be simply written y(t) and its dynamics

dy(t)=c(t)y(t)dt.
2.2. Assumptions

We shall work on an ouput model that refers to the added value per sector, that
is, a model expressed in terms of GDP. Futhermore, the concept of energy that
will be used in the study, also known as “gross energy supply”, is the volume of
energy made available in the economy through local production or imports and
that we shall refer to as the “primary energy volume”. More precisely, since all
the analysis will be made using energy volumes converted into tons
oil-equivalent (tOE) and volumes of added value calculated in constant currency
terms, that is, in terms of GDP volumes, the unit of the function y(t) is the
GDP volume per tOE (c.f. Appendix B). Once the production function gets mul-
tiplied by the current price per GDP volume applied to the output, we can obtain
a current currency value.

We continue the model presentation by introducing some notations and by
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outlining some further assumptions underlying the proposed GDP production
model. We look at the production from a GDP accounting point of view, that is,
by summing up the GDP outputs across all sectors.

1) The economy is constituted of two sectors, a “primary sector” that produc-
es energy and a “secondary sector” that produces the rest of the goods and ser-
vices. The time-# nominal GDP Y, (t) is the addition of the added values out-
put by the primary and secondary sectors, Y, (t) and Y,(t). We ignore val-

ue-added taxes, custom duties and state subsidies.
Y, (1) =Y, (t)+Y.(t).

2) The total energy supply X'(t) into the economy actually comprises the
time-£ fraction f(t) of the energy volumes that are imported, with (t)<1.
Thus, the time-# nominal GDP of the primary sector is defined as the time-¢
price P'(t) per unit of added value!, multiplied by the time-# volume of added

value (energy is supposed to be free before being extracted), from which the im-
ported part () is subtracted, thatis, X'(t)(1-(t)):
Ya(1)=P'()X (1)(1-B(1)).

3) The time-¢ nominal GDP of the secondary sector is defined as the time-¢
price P"(t) per unit of added value, multiplied by the time-# volume of added
value X"(t):

Y (t)=P"(t)X"(t).

4) The production of the secondary volume of goods and services is depend-
ent upon the energy supply, from which the time- ¢ fraction 77('[) of energy that
is consumed by the households (and thus actually distracted from the produc-
tion system) must be subtracted. Thus, the energy input in the production sys-
tem is effectively E(t)=X'(t)(1-7(t)). The transformation is proportional to
the primary energy used for production, with an energy-leveraging function de-
noted y(t) :

X"(1)=7()X'(1)(1-n(1),
where
dy(t)=a(t)y(t)dt.

The variable (t) can be construed as the “energy efficiency rate” and thus
translates the ability to produce more added value (if a(t) >0) over time with
the same volume of primary energy. As outlined in Section 2.1, the content of
this parameter is actually more complex than it looks, since it effectively embeds

many other factors, such as capital investment and depreciation, labour invest-

'Notice the implicit approximation, when using a common price for the total energy supply into the
domestic product account of the economy. Actually, the price of the locally produced energy may
be different from the price of the imported energy. Nevertheless, later on in the study, the energy
supply mix will be looked through in terms of coal, oil, gas or electricity components, for which in-
ternational market prices will be the benchmarks.
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ment and productivity etc.
5) The time- “energy cost share” ¢(t) is the cost of the whole primary ener-

gy supply value as a fraction of the total GDP:

vy POX
A AT

Thus, the cost share of the secondary sector becomes

\Y(EI; _h)- P'(tlnx(;()t)(l_ﬂ ®) =1-c(t)(1-A(1))-

6) The inflation rate? i(t) aggregates the time-¢ inflation on the primary

sector i'(t) (“energy inflation rate”) and the time-¢ inflation on the secondary

sector i"(t) (“ex-energy inflation rate”):
i(t)=c(t)i'(t)+(1-c(t))i"(t),

with

7) At time £ the real GDP growth is the nominal GDP growth minus the
time-zinflation rate i(t):

dy, (t) dv,(t)

Y (t)  Y.(t)

_d%(Y)

()

8) The secondary value-added price P"(t) and the fraction of household

energy consumption 7(t) are assumed to be insensitive to the volume of pri-

—i(t)dt

mary energy supply X'(t).Thus, for all ¢,

dpP*(t) _ dn(t) _

X)) ax)

The second assumption of independence between household consumption
and energy supply is certainly debatable. Presuming that the household con-
sumption 7(t) and its productive consumption counterpart (1-7(t)) are
stable with respect to energy supply changes is not necessarily obvious. In par-
ticular, if faced with any energy shortage, the relevant questions would be
about the behaviour of consumers and producers and also about the choice of
governments, in the way to split any rationing between households and cor-

porations.
9) However, the volumes of secondary added values are sensitive to the vol-

’In what follows, the term “inflation rate” is actually used rather loosely. Price variations on the
primary and secondary sectors are hereby treated as approximations of changes in the energy and
ex-energy consumer price indices but are not equivalent to inflation rates, in the strict monetarist
sense.
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ume of primary energy supply, since X"(t)=y(t)X'(t)(1-7(t)). The relative
change is given by (c.f. Appendix A.1)
X " x "
dx'(t)  X'(t) dXx'(t)

2.3. Derivation
With
Y, () =P'(t) X' (t)(1- B(t))+ P"(t) X"(t), (18)
The nominal GDP growth is given by
dy, (t) _dY,(t)dX'(t)
Y, (1) dX'(t) Y, (t)
Therefore, after some simple algebra (c.f. Appendix A.2), we get

dYn(t)_dX'(t)+C ~ dP’(t)
w0 x5 19
—c(t)dB(t)+(1-c(t)(1-B(1)))a(t)dt.

Here, we have built up a nominal GDP growth model that is now solely ex-

pressed in terms of primary energy quantities, namely, its volume and price rela-
tive changes, its cost share in the economy, its imported fraction level and varia-
tion and its efficiency rate. It is also completely independent from the allocation
between capital, labour and any other production factors.

The real GDP growth is easily derived (c.f. Appendix A.3) as
dy, (t) dX'(t) dP’'(t)
—= —c(t)B(t)——=—(1—c(t))i"(t)dt
O )OO ew) ”

—c(t)dp(t)+(1-c(t)(1- B(1)))e(t)dt.

As for the real GDP growth, it is also expressed in terms of primary energy

quantities (volume and price relative changes, cost share in the economy, im-
ported fraction level and variation, efficiency rate) and, on top, in terms of the
inflation fraction due to the secondary added value sector.

In the two equations, the striking feature is the one-to-one relationship be-
tween GDP growth and the relative change in the primary energy volume sup-
ply, namely, dX '(t)/X "(1).

The energy import fraction A(t) is deemed positive, as far as net importing
economies are concerned, and the primary energy cost share c(t) is positive by
construction. Consequently, the real GDP growth dY, (t)/Yr (t) is a negative
function of the relative change in primary energy price dP'(t)/ P'(t); the im-
pact of the primary energy price change is adjusted by the product between the
imported energy fraction A(t) and the energy cost share c(t) and thus af-
fects the GDP growth only to the extent that the imported energy cost share
C(t)ﬂ(t) is concerned.
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Likewise, the real GDP growth is a negative function of the inflation on the
secondary added value output i"(t); the impact of inflation on the real GDP
growth is adjusted by the cost share of the ex-energy output (1—C(t)), as ex-
pected from its definition.

Moreover, the real GDP growth is a negative function of increases in primary
energy imports d/(t); the impact of an energy import variation on the real
GDP growth is adjusted by the primary energy cost share c(t).

Finally, in this construction, the main driver of the real GDP growth is the
energy efficiency rate (everything else equal), applied to the cost share of
secondary added value outputs (1—C(t)<1—ﬂ(t))). The composite return
(l—C(t)(l—ﬂ(t)))a(t) thus constructed reflects the ability of an economy to
transform primary energy efficiency into real growth of secondary added value
production.

We could have devised a model looking through individual primary energy
sub-sectors (coal, oil, gas, electricity etc.) and secondary goods and services
sub-sectors. It would allow a more refined analysis of each production com-
ponent, however without fundamentally changing the results (c.f. Appendix
A4).

3. Analysis

3.1. Model Setup

Taking yearly time steps At=1 and dropping out the references to the running

time ¢ the year-on-year nominal and real GDP growths are described by:

AY, AX' AP’

el p) T meap s (1-o(1-p)a ey
AY, AX' AP’
S A (Lm0 —eAS (Lo c(1- B, (22)

r

where all variables are deemed to be observed yearly. The estimation of the pa-
rameters of the model shall be performed on the EU27, DE, FR and IT.

The analysis of the model requires macroeconomic data, energy data and
market data. They are taken from several sources, as summarised in Table A6
(c.f. Appendix C.1). In the nominal and real growth equations, some of the var-
iables are obervable whilst some others will require an estimation. In particular,
on the one hand, the GDP (Y, and Y,) and inflation quantities (i’ and i"),
the energy volumes ( X') and energy import fractions () are known, because
they are reported by international statistics institutions. On the other hand, the
effective energy prices (P') impacting the GDP growth equations require an es-
timation: it will be done from a selection of market-obervable coal, gas, oil and
electricity prices, chosen so that the dynamics of the energy prices fits as best as
possible the energy inflation rate (i') reported by these institutions. With the
energy volume and price in hand, the calculation of the energy cost share (¢)
becomes straightforward. At the end of this process, what is left unknown is the
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energy efficiency rate (a). However, since the equations close the right-hand side

elements on the left-hand side GDP growth element, the calculation of this value

can eventually be done implicitly, which effectively provides a very neat new

piece of information.

3.2. Data Analysis

3.2.1. GDP and Inflation

Data for the nominal and real GDP (Y, ,Y,) and GDP growths (AY, /Yn ,
AY, /Y, ) are readily available from numerous sources (Eurostat, IMF?, World

Bank). They are reported over the 2000-2020 period on Figure 1.
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Likewise, the inflation rate i” on non-energy sector products (ex-energy in-

flation) is provided by many international or national institutions through the

consumer price index (CPI) and should give a good-enough approximation of

the inflation on the secondary added-value section of the GDP. However, at the

same time, as will be shown hereafter, the ex-energy inflation rate can also be
implied from the GDP growth model.
Note that Eurostat does not hold reconstructed inflation data on the EU27

before November 2001. Therefore, between December 1999 and November

2001, the time series charted on the next two figures are patched up with in-

flation data on the euro area (EA) with its 12 members of the time (c.f. Figure
2).

-20
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Source: Eurostat.

Figure 2. Annual inflation rate (%).
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3.2.2. Energy Supply and Imports

The primary energy volumes ( X') and volume changes (AX'/X") can be ob-
tained as a whole, which requires the aggregation of each primary energy source
(coal, oil, gas, electricity etc.) across a unique energy unit (c.f. Appendix B). This
information is indeed provided by some international institutes (Eurostat, IEA*),

as part of their energy balance reports by country and region (c.f. Figure 3).
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Source: Eurostat.

Figure 3. Gross energy supply breakdown volume (ktOE).

It allows getting the detailed gross energy supply percentage breakdown on
the latest available year 2020 (c.f. Figure 4).

‘International Energy Agency.
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Figure 4. Gross energy supply breakdown 2020 (%).

It also includes data on energy volume imports that allow getting the parame-
ter S (c.f. Figure 5). When a country happens to import more than 100% of its
supply of fossil fuels, it actually indicates storage increases.
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Figure 5. Gross energy import volume breakdown level (%).

From the parameter f, it is straightforward to derive the year-on-year import
variation, AS (c.f. Figure 6).
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Figure 6. Gross energy import volume breakdown variation (%).
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3.2.3. Energy Benchmark Prices

Accessing yearly time series of primary energy prices (P') and price changes
(AP'/P") can be more challenging. It generally requires some indirect estima-
tion or approximation. An indirect estimation method may consist in calculating
the energy expenditures, that is, an approximation of the product P'X’, as a
fraction of the nominal or real GDP. It is the approach proposed by Bashmakov
(2007), King (2015), King et al. (2015a, 2015b). However, as opposed to energy
supply, their approach is based on energy consumption, broken down by indus-
try, transport and service businesses, by fishing and farming activities and by
households (c.f. Figure 7).
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Figure 7. Net energy consumption breakdown (ktOE).

This information also allows measuring the consumption percentage per cat-

egory of users, in particular, by the households and the production system (c.f.
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Figure 8), and hence to gauge the assumption of invariance of the share of
household consumption to the total energy volume, namely, d7(t) / dX'(t)=0.

One can observe that the assumption of a stability of the household consump-
tion fraction is rather reasonable for the EU27, DE and FR but not for IT: the
sharp decline in energy usage there was the result of a consumption reduction by
the production system and not by the households. Consequently, the share of
household consumption in the total substantially increased.
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Source: Eurostat.

Figure 8. Net energy consumption breakdown (%).

Nevertheless, gross energy supply and net energy consumption are slightly
different quantities: in particular, energy consumption takes into account sec-
ondary energy resources that are partly the result of the transformation of pri-
mary energy inputs (for example, crude oil after transformed into consumable

refined products, coal, crude oil or gas after transformed into consumable elec-
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tricity outputs) and, thus, carry an additional value-added layer that is locally
produced.

The objective being to establish the cost of primary energy, it seems more ap-
propriate to get an estimation of this cost by focussing on the primary energy
supply. The approximation consists in breaking down the energy price into four
broad constituents (coal, oil, gas and electricity) and, thereby, grouping the pri-
mary energy supply into four corresponding categories. The energy categories
that are used in the energy balance reports follow the SIEC® standard classifica-
tion and the simplified mapping onto the four constituents is detailed in Appen-
dix C.2.

The breakdown of primary energy supply is available in the Eurostat or IEA
data. Therefore, we start with the known decomposition X'=»_X. ,where X

is the energy supply in the category e. Then, we work with P, as the corre-
sponding approximate benchmark price assigned to the energy category e. To be
precise, coal, oil and gas prices are usually quoted in dollars, whilst electricity
prices can be obtained in euros. Thus, all dollar-denominated monthly average
commodity prices are converted beforehand into euros at the monthly average

spot exchange rate (c.f. Figure 9).

1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

—€/SMA 1m

Source: Banque de France.

Figure 9. Forex monthly average spot rate (€/$).

*Standard International Energy Classification.
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Having said that, since the supply of primary energy is carried out along an
entire GDP production year, it is reasonable to take, as an approximation, the
annual average of the spot prices P,, instead of, say, the final spot price of the
year. However, one can also consider that most of the supplies are in effect partly
hedged through the use of short-term to long-term forward or future contracts
and that, in the end, what is actually paid for in a given year results from using a
mix of spot, forward and future prices in the previous years. The same can be
said about hedging the exchange rate risk. To approximate such a pricing
mechanism dealt on the commodity markets, one can thus extend the averaging
of the euro-denominated commodity spot monthly price series over more than a
year. The analysis will therefore look at one-year, two-year, three-year and

five-year moving averages (MA) of the monthly average benchmark prices.
’ 1 DY’
P~ 72 P'X..
e

The benchmarks used in the study are as follows (c.f. Appendix B). For coal,
the Newcastle spot price quoted in $/Mt and converted into €/tOE (c.f. Figure
10). For crude oil, the Brent spot price quoted in $/b and converted into €/tOE
(c.f. Figure 11). For natural gas, the Amsterdam spot price quoted in $/MBTU
and converted into €/tOE (c.f. Figure 12). For electricity, the Platts PEP electric-
ity index (followed by the EPB electricity index) of the wholesale day-ahead spot
price across most EU27 countries (extrapolated prior to 2002 by the electricity
price regressed against the coal, oil and gas spot prices) quoted in € MWh and
converted into €/tOE (c.f. Figure 13).

Combining the coal, oil, gas and electricity benchmark prices that are used al-
lows approximating the average price of the primary energy supply in the EU27
in €/tOE terms. This exercise is carried out for different MA lengths (c.f. Figure
14).

0
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——$/MtMA Im ——€/tOEMA Im  ——€/tOE MA 1y €/tOE MA 2y €/tOEMA3y  ——€/tOE MA 5y

(a) Monthly average price ($/Mt)
Source: World Bank.

Figure 10. Newcastle coal spot price.

(b) Monthly average & MA price (€/tOE)
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Source: World Bank.

Figure 11. Brent oil spot price.
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Figure 12. Amsterdam natural gas spot price.
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Figure 13. Platts PEP and EPB electricity spot price.
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Figure 14. Energy supply price (€/tOE).

The main observation is that the EU27 countries have generally benefited

from a cheapening in the energy prices since the financial crisis of 2008, a phe-

nomenon that continued until 2020. In particular, the overall energy cost de-

crease started with the electricity prices in 2008 and was followed by the crude

oil and gas prices in 2014. This favourable era obviously ended in 2022 and these

new circumstances will probably stay so for some years to come.

3.3. Energy Pricing Mechanism

Now, to assess which MA produces the best approximation for the pricing of

energy, one can have a look at the estimated energy inflation rate i'=AP'/P’

given by the average energy (coal, oil, gas, electricity) price change and compare

its value to the energy inflation rate obtained from the energy CPI (c.f. Figure

15). The analysis is carried out for the whole EU27, used as a benchmark for

their members and, in particular, for DE, FR and IT.
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Figure 15. Estimated energy inflation rate (%).

This analysis seems to indicate that averaging the energy prices over five years
allows a better alignment of the phases and amplitudes of the estimated
ex-energy inflation rates, i'=AP'/P’, derived from the energy benchmark pric-
es, with the official ex-energy inflation rates, derived from the CPIL. Thus, this
same five-year MA methodology shall be used for DE, FR, IT in the rest of the
note.

The combined coal, oil, gas and electricity benchmark prices are used to ap-
proximate the average price of the primary energy supply in the EU27, DE, FR
and IT in €/tOE terms (c.f. Figure 16). Individual constituents (coal, oil, gas and
electricity) are assumed to have the same prices in the four studied economies.
However, the average prices borne by a given economy depends on its particular
energy mix. For example, FR have experienced a higher average energy price for
the last twenty years, because they make a larger use of electricity in their mix

and electricity has generally been more expensive in tOE terms than fossil fuels.
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Figure 16. Energy supply price (€/tOE).

3.4. Parameter Estimation

3.4.1. Energy Cost Share

The knowledge of the primary energy product P'X’ in a given year, albeit ap-
proximate, allows the calculation of the yearly energy cost share ¢=P'X'/Y,
(c.f. Figure 17), which is a key component of the GDP equation that was laid
out.

The energy cost share peaks around the financial crisis of 2008 and has tended
to decline since 2010-2012. The decrease follows a reduction trend in the energy
supply and the energy consumption in the EU27 that has been observed since
2006, as can be seen in Figure 3 and Figure 7. It was also accentuated by the de-
cline in the average energy prices that has been experienced since 2008 (c.f. Fig-
ure 16). Over the twenty years between 2001 and 2020, compared to developed
economies, the energy cost share averages and standard deviations in the EU27,
DE, FR and IT, on a five-year MA basis, as reported in Table 1, is in line with
the findings of similar studies (Kiimmel et al., 2007).
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Figure 17. Energy cost share (%).

Table 1. Energy cost share average and standard deviation (%) 2001-2020.

Average Standard Deviation
EU27 4.6 1.1
DE 3.7 0.9
FR 5.2 1.2
IT 34 0.9

Notably, DE and IT have a lower overall energy cost share than the EU27 av-
erage, whereas FR have a higher overall energy cost share than the EU27 average,

because of their higher share of electricity in their mix.

3.4.2. Energy Efficiency Rate
In the model, the only variable that is neither formally known nor observed, is
the energy efficiency rate a. From the nominal GDP change formulation, it can

be inferred as
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_ A—Y“—A—x,—c(l—ﬂ)F+cAﬂ . (23)

The implied values of the energy efficiency rate are charted on Figure 18.

Between 2001 and 2020, the efficiency rate «, implied from the nominal
GDP equations of the four economies tends to show very similar cycles. All show
a drop in energy efficiency in 2010. Furthermore, the EU27, FR and IT have an
additional drop in 2003. However, the IT economy has a marked negative effi-
ciency rate in 2015 that follows a four-year period in 2011-2014 of positive en-

ergy efficiency, contrasting with the other economies (Table 2).

IS

°

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2000 2002 2004 2006 2008 2000 2012 2014 2016 2018 2020

—— Energy efficiency rate from nominal GOP ——Energy efficiency rate from nominal GDP

(a) EU27 (b) DE

IS

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2000 2002 2004 2006 2008 2000 2012 2014 2006 2018 2020

—— Energy efficiency rate from nominal GDP —— Energy efficiency rate from nominal GDP

(c) FR (d) IT

Figure 18. Implied energy efficiency rate (%).

Table 2. Implied energy efficiency rate average and standard deviation (%) 2001-2020.

Average Standard Deviation
EU27 3.3 1.9
DE 3.5 3.2
FR 3.0 2.1
IT 2.3 2.3
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In general, the energy efficiency rate is positive, showing a tendency of the
EU27 economy to be able to produce more secondary added-value with less
primary energy. This is reflected in the energy intensity, which is the ratio of the

energy volume over the GDP volume, that is, X'/Y, , and is measured in tOE/€

in constant € 2000 terms. The energy intensity has a tendency to decrease almost
steadily between 2000 and 2020 (c.f. Figure 19).

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
m Solid fossil fuels W Peat & peat products ® Oil shale & sands mSolid fossil fuels m Peat & peat products ® Oil shale & sands
Oil & petroleum products ® Natural gas m Renewables & biofuels Oil & petroleum products m Natural gas m Renewables & biofuels
mNon-renewable wastes m Nudear electricity m Heat mNon-renewable wastes  m Nudear electricity W Heat
(a) EU27 (b) DE
200 200

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
mSolid fossil fuels W Peat & peat products m Oil shale & sands mSolid fossil fuels W Peat & peat products m Oil shale & sands
0Oil & petroleum products m Natural gas ® Renewables & biofuels # Oil & petroleum products ® Natural gas ® Renewables & biofuels
mNonrenewable wastes W Nudear electricity W Heat mNon-renewable wastes M Nudear electricity W Heat
(c) FR (d) IT

Source: Eurostat.

Figure 19. Energy intensity breakdown (tOE/€).

Interestingly, the year 2010 shows a negative energy efficiency rate (c.f. Figure
18). It follows the recession of 2009 and coincides with an increase in the energy
intensity in 2010. On the reported time series (c.f. Figure 19), only in 2003 and
2010 does the energy intensity in the EU27 increase, caused, in particular, by an
increase in gas supply and, to a lesser extent, in crude oil supply. In DE, an addi-

tional energy intensity increase is observed in 2013. In IT, additional increases are
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also observed in 2015 and 2017. In each instance, the increase in the energy inten-

sity translates into a drop in the efficiency rate that reaches zero or negative levels.

3.4.3. Inflation Rate
From the energy efficiency rate ¢, implied by the nominal GDP formulation,

MU

one can in turn infer an estimated ex-energy inflation rate I
GDP formulation (c.f. Figure 20).

from the real

2010 2012 2014 2016 2018 2020 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

——Ex-energy inflation rate from (Pl ———Implied ex-energy inflation rate from real GDP

(b) DE

——Implied ex-energy inflation rate from real GDP

W
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———Ex-energy inflation rate from CPI

-8

2010 2012 2014 2016 2018 2020 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

—— Implied ex-energy inflation rate from real GDP

(c) FR

Ex-energy inflation rate from CPI

(d) IT

—— Implied ex-energy inflation rate from real GDP

Figure 20. Implied ex-energy inflation rate (%).

"
|

1 AY. AX' AP’
f=— ="+ (24)
1-c

v T—CﬂF_CAﬁ+(1_C(l_ﬂ))a”:|'

r

Now, one can also have a look at the estimated energy inflation rate i’ given
by the five-year MA energy (coal, oil, gas, electricity) price change, that is, the
calculated i'=AP'/P’, and compare its value to the energy inflation rate ob-
tained from the energy CPI (c.f. Figure 21).
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Figure 21. Implied energy inflation rate (%).

Finally, using the calculated energy cost share ¢, the two implied energy and
can be re-combined to return the implied

M

ex-energy inflation rates i; and I

total inflation rate, as i, =Ci/ +(1—c)i/ . This value can in turn be compared to

the official annual inflation rate, as calculated from the CPI (c.f. Figure 22).

Note that the choice of the window length for the moving averaging of the
energy prices (here, five years) does not change the total inflation rate, because it
only affects the breakdown between the ex-energy inflation rate and the energy
inflation rate. Furthermore, the synthesised total inflation rate i, =ci; +(1-c)i/
actually converges to the GDP deflator (which is used for the calculation of the
real GDP from the nominal GDP) and thus structurally differs from the CPI

definition and calculation.
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Figure 22. Implied total inflation rate (%).

4. Situation Analysis
4.1. Past Average Behaviour

To have a better idea and understanding of the model parameters and their im-
pacts, we first work out the average model output values of the nominal and real
GDP growths from the parameter values calculated over the last twenty years.
For this purpose, we use the energy efficiency rate implied by the nominal GDP
growth equation and the ex-energy inflation rate implied by the real GDP
growth equation, given the implied energy efficiency rate.

Introducing the variables

fo=+c(1-5)
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f,=—(1-c)
fy=+(1-c(1-B))
f,=—¢C,
these two GDP growth equations (real and nominal) can be recast as

aY, _AX + fOAP—F?+ f,a+ f,Ap

Y X'
AYYr =%+ flAP—P'+ fi"+ f,a+ f,AL.

r

The various factors translate the growth exposure to the energy price risk,
ex-energy price risk, energy efficiency risk and energy import change risk.

In Table 3, the reported values are calculated over the twenty-year period. The
argument values are the averages (columns “value”), whilst the factor weights

<

are the argument-weighted averages (columns “weight”), so that the growth
contributions (columns “impacts”) sum up to the average year-on-year nominal

and real GDP growths actually observed over the period.

Table 3. GDP equation argument (%) and factor average (%) 2001-2020.

Argument Value Factor Weight Impact

EU27 DE FR IT EU27 DE FR IT EU27 DE FR IT
AXO/XD -0.66 -1.07 -0.85 -1.00 +1 +100 +100 +100 +100 -0.66 -1.07 -0.85 -1.00
APO/P0 +4.44 +4.50 +4.00 +4.28 bl +2.04 +1.58 +2.61 +0.52  +0.09 +0.07 +0.10 +0.02
A =2.72 -2.35 -2.78 -291 -0.12 -0.11 -0.11 -0.12
i +1.48 +1.29 +1.24 +1.56 bt -9551 -96.23 -9496 -96.73 -1.41 -124 -1.18 -1.51
a +3.28 +3.47 +3.01 +2.29 £ +97.97 +98.57 +97.33 +99.28 +3.21 +3.42 +2.93 +2.27
AS +0.09 +0.15 -0.31 -0.52 £ —-2.60 -5.28 -5.70 -390 -0.00 -0.00 +0.02 +0.02
Total nominal GDP (%) +2.63  +2.42  +2.19 +1.31
Total real GDP (%) +1.01 +1.00 +0.80 —0.35

The GDP decomposition that the model implies clearly shows that the key
drivers of the economic growth are the primary energy volume and the energy
efficiency rate, whereas the prime source of an economic recession (in real
terms) is the ex-energy inflation rate.

The main difference between the different economies is in their ability to turn
around their energy efficiency rate a factored by f;= +(l— c1-p )) into
growth. From this point of view, FR has the lowest turning factor combined with
a below-average efficiency rate, whereas, IT has the highest turning factor
(thanks to their very low energy cost share) however combined with the lowest
efficiency rate. In the end, the two countries exhibit below-average growth rates

over the period.
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4.2. Current Situation Comparison

Obviously, the GDP growth decomposition is very dependent on the situation of
an economy in terms of its energy fraction of expenditures ¢ and its energy im-
port dependency p. Based on the year 2020 situation, it is easy to derive the fac-
tor weights impacting the potential GDP growth of each economy. The same an-
alytical exercise can be carried out for the US. Conveniently, longer time series
are available that allows getting some interesting information.

Figure 23 illustrates the striking differences between the US and the EU27
situations. If the US had much higher energy cost shares than the EU27 (almost
double) but similar efficiency rates and ex-energy inflation rates between 2000
and 2020, their competitive advantage has come from their ability to become

independent from energy imports.
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Figure 23. Key GDP energy components US vs. EU27 (%).
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Table 4. GDP factor weights (%) 2020.

Based on the year 2020 situation, it is easy to derive the factor weights im-

pacting the potential GDP growth of each economy (c.f. Table 4).

Factor US EU27 DE FR IT

b +7.5 +1.5 +1.0 +2.2 +0.7
£ +0.2 -2.1 -1.7 -1.8 -2.1
£ -92.7 -96.4 -97.3 -96.1 -97.2
£ +92.5 98.5 +99.0 +97.8 +99.3
£ -7.3 -3.6 -2.7 -39 -2.8

The key factor f, =—C/ translates the sensitivity of the real growth with re-
spect to changes in primary energy prices. Unlike the EU27 economy, the US
economy is about immune to price spikes. In the EU27, the DE and FR econo-
mies are the better placed to mitigate the arrival of energy price spikes. The key
factor f, = +(1—C(l— y/] )) translates the sensitivity of the real growth with re-
spect to the energy efficiency levels. In other words, it measures the ability of an
economy to capitalise on the energy process improvement by transforming any
efficiency gain into secondary goods and services. In that respect, clearly, the
EU27 economy is much better placed than the US one and the DE and IT
economies are better placed than the FR one.

The two terms cand fare detrimental to economic growth. With a low S, the
US are in a good shape. With a high ¢, caused by high volumes of energy con-
sumption, some of their advantage is wasted. With a high S, the EU27 are in an
economic conundrum. With a low ¢ they improve somewhat their situation.
Having said that, is there still some margin for the EU27 to lower their c and S
factors? The cfactor of the DE and IT economies is already at a remarkably low
level. The pfactor of DE, FR and IT seems to be still out of their hands, at least,
in the short term.

The model also says that energy efficiency rate ais a variable that is a key
source of growth. This last factor also deserves a special attention, since it will
probably shape the medium-term future of the EU27: either a successful eco-
nomic model based on energy sobriety or a possible collapse. From this point of
view, it seems that the FR and IT economies are still lagging behind DE. Com-
bining these factors, the economy that currently seems to be the more exposed
and the least capable to respond to an energy crisis is IT.

As far as the US are concerned, between 1960 and 2020, this factor exhibited a
high variability of 3% per year, given the diversity of its origins, however with
clear cycles and trends (c.f. Figure 23(c)). A substantial improvement following
the oil shocks of the 1970s took place with the productivity then increasing from
about 3% per annum to more than 10%. It was followed by a return to a stable
regime for about 30 years, with an efficiency rate of around 3% - 4% per annum.

Things must have been very similar in the EU27.
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5. Conclusion

In the proposed model, economic production is seen as energy transformation.
Using actual observations as well as reasonable approximations, namely, pro-
duction growths, energy volume variations and energy price variations, it be-
comes easy to imply the unknown overall productivity factor of the production
system, which, in the context, can be interpreted as an energy efficiency rate.
The analysis of the past pattern of the energy efficiency rate shows a certain abil-
ity of the analysed economies to adjust to changes in energy market shocks.
However, under potential primary energy price spikes and volume shortages,
unlike the US, the production structure of the EU27 and DE, FR and IT alike
could suffer a major shock, not on one growth factor but on three: primary en-
ergy inflation, secondary ex-energy inflation and access to primary energy vol-
ume. Amongst the analysed countries and regions, the economy having the

highest exposure to a sudden energy dryout or major energy crisis would be IT.
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Appendix
A. Nominal and Real GDP Growths
A.1. Output-to-Input Product Change
Since X"(t)=y(t)X '(t)(l— n(t)) , by simple total time derivation,
X (1) =07 (1) X (V) (L-n(1)) 7 ()X ()27 () - 7 ()X (I (1)
Now, using the dynamics of the energy lever (c.f. Section 2.2-4), namely,
dy(t)=e(t)y(t)dt, this can be written
X (1) = (1) (1) X (1) (1 (1))t
+7(OIX (O)(1-7(1) =7 (1) X' (t)dn (D).

Dividing by dX'(t) we get

-0~ 0K O GAE

From the zero relative change of the secondary sector energy fraction to the
energy supply (c.f. Section 2.2-8), that is, dn(t)/dX '(t)=0, we have the sim-

pler formulation
=0 0) et ) o),
Finally, from the definition of X”(t), using that X"(t)/X’(t)=y(t)(1-7(t)),

we obtain

A.2. Nominal GDP Change
The nominal GDP growth is derived starting from the GDP definition (c.f. Sec-
tions 2.2-1, 2.2-2, 2.2-3)

Yo (1) = P(6) X' (1) (1= (1)) + P"(t) X" (t)
and the relation
dy, (t) dY,(t)dX’(t)

Y, (1) dX'(t) Y, (t)

We then obtain

v (1) :Hdp’m X'(0)(1-£(0)+P (1)1~ A()

Y, (1) | LdX'(t)

P (xSl J+ IP(E) ym 1) 4 pry X0 | X (1)

dX'(t) ) dX'(t) dX'(t) | Y, (t)

Therefore, using the assumption that dP”(t)/dX'(t) =0 (c.f. Section 2.2-8),
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replacing dX"(t)/dX'(t) by its value, as posited in Section 2.2-9, and factoring
Y

(
in the term  dX'(t)/Y, (t),

et p) 5 e a0
X0 51 o) 1)
SR OR)
dX'(t)

p"(t)ﬁa(t)x”(t)dxd't(t) ' i(<((tt))]

Now, using the definition given for the cost share c(t) of the primary sector
and for the cost share (1— C(t)(l—ﬁ(t))) of the secondary sector, as posited in

Section 2.2-5, and simplifying, we have

v, (1) dP'(t) dx'(t)

Yn_(t):(cm(l_ﬂ(t))[ SO0 J—c(t)dﬁ(t)}

+(1—c(t)(1—ﬂ(t)))(a(t)dt+dxx"((tt))}

That is, after re-ordering,
dy, (t) dX'(t)

Y, (t) X,(t) +C(t)(l_ﬂ(t))
—c(t)dp(t)+ (1—c(t)(1—ﬂ(t)))a(t)dt.

A.3. Real GDP Growth
From its definition (c.f. Section 2.2-7)

-2 T8 s

The real GDP growth is easily derived from the nominal GDP growth formu-

lation as
dv, (1) dx'(t) dP'(1)
)2 ety 1) ) -ctyonty
dP’(t)

which, after re-ordering, yields
dy, (t) dX'(t) dP’(t)

Y0 x,—(t)—c(t)ﬂ(t)P,—(t)—(1—c(t))i"(t)dt

—c(t)d(t)+(1-c(t)(1- A(t)))a(t)dt.
A.4. Producer Formulation

A more detailed analysis could be carried out by looking through the various

primary energy and secondary goods and services sub-sectors or producers.
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Let X'(t) be defined as the sum of the energy supplies across the energy
sub-sectors or producers (coal, oil, gas, electricity etc.) X.(t), that is
X'(t)=2_,X.(t), and the total imported part A(t), as the average imported
part per energy sub-sector or producer f, (t) , from the relation
X'(t)B(t) =2, X:(t) B, (t) . Moreover, let X"(t) be defined as the sum of the
volumes of added value across the goods and services sub-sectors or producers
X¢(t), thatis X"(t)=>" X/(t).

The total average primary energy price P'(t) of the total primary sector
nominal production Yn'(t) is then defined from the price per energy sub-sector
or producer P/(t), from the relation P'(t)X'(t)=2 P/(t)X/(t), and the to-
tal average secondary added value price P"(t) of the total secondary sector
nominal production Y,(t) is then defined from the price per goods and services
sub-sector or producer B/(t), from the relation P"(t)X"(t)=) R/(t)X/(t).

The production of the secondary volumes of goods and services for the 4-th
sub-sector or producer is in turn defined from the fraction ¢ (t) of the total

energy supply used, with 0<¢ (t)<1 and ) ¢ (t)=1, and for a specific en-
ergy-leveraging function ,(t) leadingto an output X/(t) of the form

X{ (0= (OX (O ()(1-n(t)).

We add the assumptions that dP/(t)/dX’'(t)=0 and dg (t)/dX'(t)=0.1It
is consistent with the original assumptions that dP"(t)/dX '(t)=0 and
dn(t)/dX'(t)zO. It says that the secondary prices B/(t) made and energy
proportions ¢, (t) used by individual sub-sectors or producers do not change
(at least markedly on the short term), when the volume of energy supply X '(t)

changes.

If we postulate an energy efficient rate per production unit of ¢, (t) , thatisa

dynamics of the energy lever dy, (t)=a/(t)y, (t)dt, then, we have
dXy (t) = (t) 7 (1) 4 (t)(1-n(t)) X (t)dt
+ 7 (D) (1) (L= (8)) X4 (8) = 7 () dm (1) X (8)
+7 (1) 8 () (1=7(t))dX; ().
Then, we can divide by dX'(t) and obtain
dXy(t) dt X[(t)

dX'(t) =y (t)xl:(t)m"' X'(t) .

The partial growth of the secondary sector to the total GDP,
dv/(t)  dv(t) dx(t)
V0 X0, ()

can be written
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dy,’(t) dr/(t) _, by X0 (1) 1dX7 (1)
%) g[dxmXk“)*Pk“)dx«t)J

) ) dt Xy (t) )dX'(t)
;Pk (t)[ak (t)xk t)dX'(t)—‘r X’(t)] Yn (t) !

after using the assumption that dR/'(t)/dX’(t)=0 and replacing dX (t)/dX’(t)

by its value. Now, we can also define the price-volume-weighted average energy

efficiency rate a(t) by
a(t)= 2 ROX e ()
> RO X(t)

Whence, using the definition given for the cost share (1—0('[)(1— B (t))) of

the secondary sector, we finally have
dy,'(t) dx'(t)

Y0 - (1- c(t)(l—ﬁ(t)))(x,—(t)Jr a(t)dt].

Furthermore, we can split the cost share per energy sub-sector or producer
C,(t), with c,(t)=P/(t)X/(t)/Y,(t) and c(t)=> c,(t). Then, the partial

growth of the primary sector to the total GDP,
dy,(t) dY,(t) dX'(t)
Y0 "X () Y0

can be written

dXx;(t)

dYn"(t)zz[:)?((tt))xe’(t)(l—ﬁe(t))JrPe'(t)dx/(t)(l_ﬂe(t))

Y (1) 4
, L dB (1) 1dX (1)
_Pe(t) e(t) dX'(t)J Yn(t) '

Using the definition given for the cost share c,(t) of the secondary

sub-sectors, we finally have

dv,'(t) dP/(t) dX(t)

dar z( v(-£ <t>>( OREA0 J (e, (”J'

e e

Therefore, the total nominal GDP growth is

dYYnn_((tt)) z[ -4 (t))[f_ét))dxx—((j))j ()45, <t>J
fametfa- p00) St
o3 [a e a0 E a0 )
H1-c(t)(1-A(1)))a(t)d
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We could also crack down the energy volume mix by defining
= X{(t)/X'(t). Noticing that

Ze(ce (t)(l—ﬂe (t))—ve (t)c(t)(l—ﬂ(t))) -0 by construction, it yields a fully

decomposed formulation of the nominal growth equation in terms of energy
volume and price by sub-sector or producer:

s e A0 T e w0

V() % ()5
+(1-c(t)(1-B(1)))e(t)dt.

It has a similar formulation as the two-sector only approach, provided a

weighted average energy efficiency rate «(t) is suitably defined across the
secondary sub-sectors. The particular advantage of this detailed formulation is
that the energy inflation rate can be decomposed by energy sub-sector price in a

more analytical way, with
i(t)=c(t)i"(t) +(21-c(1)i"(t)
Ze:ce(t)l t)+(1-c(t))i"(t)

and

B. Energy Units and Conversions

There are several ways to approach the concept of energy in physics and, subse-
quently, several ways to measure it. Energy is essentially a measure of the
amount of work that is required:

e to move an electric charge of one coulomb through an electric potential of
one volt and measured in “coulomb-volt” (C-V);

e to accelerate a mass of one kilogram at one metre per squared second
through a distance of one metre and measured in “kilogram-squared-metre
per squared second” (kg-m?/s?);

e to displace a mass of one kilogram by a force of one newton through a dis-
tance of one metre and measured in “newton-metre” (N-m);

e to exert a pressure of one pascal in a volume of one cubic metre and meas-
ured in “pascal-cubic-metre” (Pa-m?);

e to produce one watt of power for one second and measured in “watt-second”
(W-s).

All these physical measurements are strictly equivalent between one another

and equally relate to one unit of “joule” (J).

Now, in practice, the “watt-hour” is the energy unit that is commonly used in
the production of electricity and the “British thermal unit” is an energy unit that

uses the old Anglo-Norman avoirdupois system and is still commonly used in the
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trading of gas (c.f. Table Al). The commodity market also refers to many
weight-to-energy or volume-to-energy equivalence units, in particular, the “ton

oil-equivalent”, “ton coal-equivalent” or the “barrel oil-equivalent”, “cubic-metre

natural-gas-equivalent”, among others (c.f. Table A2).

Table Al. Standard energy units.

Physics

Joule J

Watt-hour W-h

British thermal unit BTU

Commodities

Barrel oil-equivalent bOE

Ton oil-equivalent tOE

Ton coal-equivalent tCE

Cubic-metre natural-gas-equivalent m*NGE
Table A2. Energy unit conversions.

) W-h BTU bOE tOE tCE m*NGE

] 1 2.777778 x 10™* 9.470863 x 10~ 1.633987 x 1071° 2.388459 x 107! 3.412084 x 10™!! 2.653843 x 1078
W-h 3,600 1 3.409511 5.882353 x 1077 8.598452 x 107® 1.228350 x 107 9.553836 x 10~°
BTU 1,056 2.932972 x 107! 1 1.725278 x 1077 2.521902 x 10® 3.602717 x 108 2.802114 x 107°
bOE 6,120,000,000 1,700,000 5,796,168 1 1.461737 x 107! 2.088196 x 107! 1.624152 x 10?
tOE 41,868,000,000 11,630,000 39,652,609 6.8411765 1 1.428571 1.111111 x 103
tCE 29,307,600,000 8,141,000 27,756,826 12.4675329 0.70 1 7.777778 x 10*
m*NGE 37,681,200 10,467 35,687 0.0061570588  0.0009 0.00128571429 1

However, the commodity energy-equivalence conversions (in particular, ton
oil-equivalent, ton coal-equivalent or the barrel oil-equivalent), critically depend
on the weight and the heating value of the commodity in question.

For example, a ton coal-equivalent is the reference unit of a ton of a so-called
“hard gas-flame coking coal” (the highest ranked type of so-called “bituminous
coal”), whereas a ton of a so-called “hard anthracite coal” has more heating value
than that of a ton coal-equivalent and a ton of crude lignite coal may have down
to 0.19 times the heating value of a ton coal-equivalent. Table A3 reports the
standard classification of coals according to their calorific value, volatile matter
and agglomerating character, as established by ASTMS International. Note that
caution must be exercised when analysing coal energy equivalence, because the
coal ranking may overlap. The so-called “FOB Newcastle 6000 NAR” coal that is
used as the benchmark for the analysis is ranked as a bituminous coal with a ca.

25.1 mega-joule per kilogram energy content.

®American Society for Testing and Materials.
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Table A3. Coal weight-to-energy conversions

Rank

Anthracite
Bituminous
Sub-bituminous
Lignite

FOB Newcastle 6000 NAR

MJ/kg tCE/t
Min Max Min Max
30.0 1.02
18.8 29.3 0.64 1.00
8.3 25.0 0.28 0.85
5.5 14.3 0.19 0.49
25.1 0.89

Source: ASTM D288-19: standard classification of coals by rank.

Also, crude oil is generally traded and priced in dollar per barrel. A barrel is a
unit of volume that is often converted into metric ton for convenience. The US
IRS’ have established a volume-to-weight (barrel-to-ton) and volume-to-energy
(barrel-to-joule) conversion standard for a reference crude oil of a certain average
quality and weight. However, the benchmark crude oils traded in the world (such as
the so-called “Brent”, “WTT™® or “Dubai”) have different weights and qualities for the
same given volume. Table A4 reports the volume-to-weight and weight-to-energy
conversions that can be applied to these different oil types. The Brent crude oil that is
mostly traded in Europe is used as the benchmark for the analysis.

Table A4. Oil volume-to-weight and weight-to-energy conversions.

Type MBTU/b M]J/b t/b MJ/t tOE/t
US IRS 5.80 6120 6.84 41,868 1.00

Brent 5.87 6198 7.52 46,609 1.11

WTI 5.83 6156 7.33 45,121 1.08

Dubai 6.09 6430 7.20 46,298 1.11

Source: US IRS and BP plc.

Conveniently, natural gas is most often traded in dollar per British thermal
unit, which leaves no uncertainty for conversion, apart from the euro-dollar ex-

”9 contract is the main

change rate. The so-called “Amsterdam natural gas TTF
reference in Europe and is used as the benchmark for this analysis.

Likewise, electricity in Europe is priced in euro per watt-hour and the trans-
formation into euro per ton oil-equivalent is unambiguous. However, the diffi-
culty is to get a price that reflects the European market as a whole. The S&P
Global Platts “pan-European” price index (PEP) selects various European elec-

tricity wholesale market exchanges'®. The Platts PEP index was started in 2002

"United States Internal Revenue Service.

8Western Texas Intermediate.

°Title Transfer Facility.

“Nord Pool (DK, NO, SE, FL, EE, LV, LT and DE), European Energy Exchange Group (EU), Energy
Exchange Austria (AT), Belpex (BE), Operator trhu s Elektfinou (CZ), Mercado de Electricidad
(ES), Powernext (FR), Anexartétos Diaxeiristés Metaphoras Elektrikés Energeias (GR), Hungarian
Power Exchange (HU), Gestore del Mercato Elettrico (IT), Amsterdam Power Exchange (NL), To-
warowa Gielda Energii (PL), Societatea Operatorul Pietei de Energie Electrica si Gaze Naturale din
Romaénia (RO) and, finally, to complement the continental market with the British one, Amsterdam
Power Exchange UK (GB).
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but has been discontinued since January 2017 and replaced by the “European
Power Benchmark” index (EPB) calculated by the European Commission. These
indices aim at representing the wholesale demand-weighted spot price on the
so-called “day-ahead market”.

To complete the index before 2002, we performed a linear regression of the
electricity wholesale price against the coal, crude oil and gas prices. All the input

prices are the monthly averages expressed in euro per ton oil-equivalent.

Table A5. Electricity vs. coal, oil and gas regression coefficients.

Coal Oil Gas
Coefficient 1.8190 —0.1685 1.7219
t-stat 6.7480 -3.1620 20.9567
R2 0.9599
F-stat/df"! 1900.10 238

The regression results are statistically and visually quite satisfactory (c.f. Table
A5 and Figure Al).

3500

3000

2500

2000

1500

1000

500

2002 2007 2012 2017 2022

Elec €/tOE actual Elec €/tOE estimate

Source: S&P Global Platts, European Commission, World Bank.

Figure A1l. Electricity vs. coal, oil and gas regression estimates.

"Student t-statistics (t-stat), ratio of explained variation over total variation (R2), Fisher-Snedecor
F-statistics (F-stat) and degrees of freedom (df).
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C. Data analysis

C.1. Data Sources

Table A6 summarises the various sources for the time series that are used in the

analysis.
Table A6. Data sources.

Series Period Source
GDP EU27 12/2000-12/2020 Eurostat

DE 12/2000-12/2020 Eurostat

FR 12/2000-12/2020 Eurostat

1T 12/2000-12/2020 Eurostat
Inflation EU27 12/2001-12/2020 Eurostat

EAR 12/1999-11/2001 Eurostat

DE 12/1999-12/2020 Eurostat

FR 12/1999-12/2020 Eurostat

IT 12/1999-12/2020 Eurostat
Gross energy supply EU27 12/2000-12/2020 Eurostat

DE 12/2000-12/2020 Eurostat

FR 12/2000-12/2020 Eurostat

1T 12/2000-12/2020 Eurostat
Gross energy import EU27 12/2000-12/2020 Eurostat

DE 12/2000-12/2020 Eurostat

FR 12/2000-12/2020 Eurostat

1T 12/2000-12/2020 Eurostat
Net energy consumption EU27 12/2000-12/2020 Eurostat

DE 12/2000-12/2020 Eurostat

FR 12/2000-12/2020 Eurostat

1T 12/2000-12/2020 Eurostat
EUR/USD spot 01/1970-03/2021 Banque de France
Newcastle coal spot 01/1970-03/2021 World Bank
Brent oil spot 01/1970-03/2021 World Bank
Amsterdam natural gas spot 01/1970-03/2021 World Bank
Pan-European price 05/2002-01/2017 S&P Global Platts
European power benchmark 02/2002-03/2021 European Commission

C.2. Energy Supply Categories
Table A7 reports the broad energy supply categories, as per the SIEC nomen-
clature, and the price mapping that is used in the study to establish an approxi-

mation of the primary energy average price.

2Euro area (EA) with its 12 original members: Austria, Belgium, Finland, France, Germany, Greece,
Ireland, Italy, Luxembourg, Netherlands, Portugal, Spain.

DOI: 10.4236/tel.2024.144084 1714 Theoretical Economics Letters


https://doi.org/10.4236/tel.2024.144084

D. Darcet, E. de Malherbe

Table A7. Energy supply categories and price mapping.

Price index Energy category
Coal Solid fossil fuels
Peat and peat products
Oil Oil shale and sands
Oil and petroleum products
Gas Natural gas
Electricity Renewables and biofuels

Non-renewable waste
Nuclear heat
Heat

Electricity
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