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Abstract The paper presents retrospective develop-
ments of energy intensity of the world economy differ-
entiated by regions and their levels of economic devel-
opment. The analysis has revealed the persistent de-
creasing trend in energy intensity across all the macro-
regions and most countries, showing diversity of its
course regarding both the starting point and rate of
energy intensity reduction. Based on the time series, it
has been shown that energy intensity of an economy is
best described by an exponential trend, indicating a
fairly uniform decline in energy efficiency in the econ-
omies. A power index of the exponential equation is one
of the critical parameters characterizing reduction rate of
energy intensity—the index of energy intensity reduc-
tion (IEIR). The authors have proposed an approach to
measuring beta-convergence in time series of energy
intensity, substantiating thereby convergence of econo-
mies. A comprehensive analysis of the time series and
trend model served as a basis for prediction of variation
in energy intensity of economies of the macro-regions
for the period until 2040, which also included its quality

and rationale verification. It has been shown that the
trend method can be successfully applied to forecasting
energy intensity developments to economically devel-
oped regions, whereas for developing countries such a
forecast is less reliable. In these conditions, a compre-
hensive use of the trend model and the convergence
model is necessary. The forecast of changes in energy
intensity of the world economies grouped into macro-
regions until 2040 has shown that the economically
developed countries of Europe will remain to be the
energy efficiency leaders until the mid-twenty-first cen-
tury. The energy intensity indicators for less developed
regions will gradually converge in their domain; yet,
they are not expected to reach the level of the econom-
ically developed countries by 2040.

Keywords Energy intensity . Forecasting .Macro-
regions . Convergence . Industrially developed
countries . Developing countries

Introduction

The novelty of the study consists in the following.
Based on a large amount of econometric data, it has
been shown that reduction of energy intensity takes
place not linearly in the regions but is described by an
exponential function; therefore, reduction in the energy
intensity occurs uniformly in time. At the same time,
regions have different initial levels of energy intensity
and different energy intensity reduction rates. The au-
thors have proposed an approach to determining
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convergence of the series of energy intensity in an
economy. The specific nature of the proposed approach
is checking convergence of the series not for equal time
lapses but considering the starting point of energy in-
tensity reduction. The presence of convergence was
checked for 108 countries of the world grouped by
macro-regions. The authors have demonstrated that the
trend method may be successfully applied to forecasting
energy consumption in economically developed re-
gions, whereas the use of additional forecasting tools
is required for assessing the energy intensity of devel-
oping economies.

Analysis of the current state and forecasting the fu-
ture state of the energy sector are some of the key
components of forming a long-term policy of sustain-
able economic development (Pirlogea and Cicea 2012).
The nexus of energy consumption, economic growth,
and environmental protection is an important factor in
this respect (Omri 2013).

The approaches to simulation and forecasting of
the world energy sector essentially differ. Pfenninger
et al. (2014) have analyzed the existing models of
energy consumption for different families of models.
The authors identify four main groups of models: (1)
optimization models, (2) imitation models, (3)
models of the electric energy market, and (4) quali-
tative and aggregate models. There are other types of
models, as well, but these four are the key groups
related to the modern energy policy. In the first group
of methods, imitation and forecasts are important; in
the second group, optimization and scenarios are
essential. In reality, these distinctions may be blurred,
and models may have features of both approaches,
depending on the context of the studies conducted
and the degree of particularization of different as-
pects of economic analysis.

The objective of this study is to investigate the pos-
sibility of forecasting the energy intensity of an econo-
my based on analysis of time series (on the top-down
principle), with differentiation by micro regions. In ac-
cordance with the objective set, we stated the following
tasks which determined the structure of work as a whole:

(1) Trend analysis of the energy intensity of the econ-
omy, with differentiation by macro-regions,

(2) Studying sustainability of the time series of energy
intensity in the economy by regions,

(3) Checking for convergence of energy intensity in
different regions,

(4) Forecasting energy intensity, as a basis for deter-
mining the development prospects of energy con-
sumption as a whole,

(5) Determining the quality of forecast evaluation.

The above approaches to forecasting development of
the global energy consumption in general and for certain
groups of countries and macro-regions may be applied
based on the top-down and bottom-up principle
(Böhringer and Rutherford 2005). Originally, the optimi-
zation models were formed using the bottom-up princi-
ple, based on detailed consideration of consumption of
individual energy carriers with a high degree of particular-
ization. Aggregation of such estimates allows calculation
of total energy consumption and assessment of changes in
the structure of the fuel-and-energy balance. Best known
are the models of MARKAL/TIMES (Fishbone and
Abilock 1981; Loulou and Labriet 2008; Hourcade et al.
2006; Messner and Schrattenholzer 2000; Strachan and
Kannan 2008), MESSAGE (Schrattenholzer 1981), and
OSeMOSYS (Howells et al. 2011). As a rule, such fore-
casts are detailed enough; they take into account the sea-
sonal component and are characterized by a short forecast-
ing period.

The forecasts made using the imitation modeling
principle are also based on the bottom-up approach
and include retrospective analysis of energy consump-
tion. Such imitation models consist of several units
forming a single integrated unity. The degree of calcu-
lation particularization may vary in the units, up to
consideration of specific technologies, taking the use
of optimization models into account. Here, the models
NEMS (Gabriel et al. 2001), PRIMES (E3Mlab 2008;
European Commission 2011), and LEAP (SEI 2012)
stand out.

When forecasting energy consumption in the frame-
work of the top-down approach, one can analyze direct-
ly the energy consumption trends and their relation to
different factors, primarily the economic growth rates,
the population growth rates, etc. (Frei et al. 2003). At the
same time, it is possible to consider specific parameters,
for example, the energy intensity of an economy, as a
ratio of energy consumption and the GDP growth
(Chang 2014). Another widespread parameter is the
energy consumption per capita, as a ratio between ener-
gy consumption and the population size (IAEA 2005). It
is to be noted that a sufficiently complete system of
factors influencing the behavior of energy intensity has
been formed over the recent years (Ang and Liu 2003).
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There are numerous studies dedicated to analysis of
trends for both energy consumption as a whole and its
specific characteristics. Messner and Strubegger (1987)
proposed an approach to forecasting energy consump-
tion trends considering the economic growth and
development rates and development of technologies.
Harel and Baguant (1991) investigated the ratios be-
tween the electric energy consumption trends and GDP
and elasticity coefficients. Ang (1992) modeled the
dynamics of energy consumption using growth curve
models. Heffington and Brasovan (1994) developed
mathematical models of growth curves to forecast the
level of oil reserves in the USA. Mackey and Probert
(1994) proposed modified logistical functions for fore-
casting the demand for crude oil and natural gas based
on saturation curves, to extrapolate the respective ener-
gy intensity values. Multi-logistical models of energy
consumption in the household sector were developed by
Reddy (1995). Rao and Parikh (1996) analyzed the
demand for petroleum products in India, using a
translog econometric model based on the trends in time
series. Using a univariate Box-Jenkins time series and
the ARIMAmodels, Gonzales et al. (1999) proposed an
approach to forecasting production and energy
consumption in Spain. Kadoshin et al. (2000) analyzed
the time series of energy consumption considering the
population growth and economic development.

In modern literature devoted to energy consumption,
a special place is occupied by the studies aimed at
substantiating the key parameters and factors in the
forecasting model.

Modern researchers place special emphasis on an-
alyzing the inter-relation between the GDP and eco-
nomic activity, eventually affecting the developments
of energy intensity in an economy (Dergiades et al.
2013; Fuinhas and Marques 2012; Yuan et al. 2008;
Baranzini et al. 2013). It is noted that energy con-
sumption in economically developed countries is
much more resilient to drastic changes in the eco-
nomic situation than in developing countries. A re-
ciprocal process of changes in energy consumption,
which exerts essential influence on the economic
growth, is possible, too (Chiou-Wei et al. 2008).

A number of studies indicate the existing sustainable
trend for reducing the energy intensity in different
groups of countries. In these studies, most authors focus
on analyzing the degree of technologies’ influence on
reduction of energy intensity in practically all the eco-
nomic sectors (Voigt et al. 2014). They demonstrate that

reduction of energy intensity in economically developed
countries is primarily related to improvement of tech-
nologies in the industries and, to a lesser degree, to
structural changes in the economy. In developing coun-
tries, structural changes in the economy are more im-
portant, or both processes are equally significant.

An important aspect of the retrospective analysis of
energy intensity of an economy is differentiation of
countries by their level of economic development into
industrially developed and developing countries
(Miketa and Mulder 2005; Duro et al. 2010).

Convergence of energy intensity has been investigat-
ed most thoroughly in literature. However, the conclu-
sions of the studies conducted differ regarding conver-
gence of energy intensity. Most authors indicate that the
number of countries with sustained energy intensity is
limited (Pen and Sévi 2010) and reject the hypothesis
regarding convergence of energy intensity in a number
of countries of the Middle East, Organization for Eco-
nomic Cooperation and Development, and Europe (Pen
and Sévi 2008).

Special attention is paid to substantiating the starting
point of energy intensity reduction. It is shown in
Mulder and Groot (2012) that certain countries started
to reduce their energy intensity beginning with mid-
1990s. Reduction of energy intensity in developing
countries and the convergence process are related both
to structural changes in the economy and to develop-
ment of energy-saving technologies, including their dif-
fusion from the developed countries. Therefore, a num-
ber of studies are dedicated not only to energy intensity
of an economy as a whole but also to energy intensity
for individual fossil fuels and alternative and renewable
energy sources for developed and developing countries
(Herrerias 2012).

In most cases, it is not specified in which prices the
GDP is analyzed as one of the characteristics of energy
intensity of an economy. However, the use of the GDP
calculated by the purchasing-power parity, not by the
current exchange rate, is of primary importance for
developing countries, especially for such countries as
China and India (Liddle 2010).

An important element of analyzing energy inten-
sity is structuring and differentiation of countries
based on a geographical principle. Countries with
close levels of economic development and situated
within one region often have similar models of ener-
gy consumption and similar energy intensity behav-
iors (Markandya et al. 2006).
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Convergence is one of the parameters of trend anal-
ysis. The issue of convergence of economies of different
levels emerged in 1960–1970s, which is related to emer-
gence of the Solow model of economic growth (Solow
1956). The term of Bβ-convergence^ was introduced by
X. Sala-i-Martin (1996).

Over the recent years, there have appeared many
studies dedicated to convergence in the energy sector.

As a rule, the results reported in the existing
literature either reject convergence or mention es-
sential limitations in the concept of energy intensity
convergence. Mulder and De Groot (2007) reject the
hypothesis of global convergence, demonstrating the
presence of convergence at the local regional levels.
Miketa and Mulder (2005) investigated the β-
convergence of energy intensity by different
industries and regions of the world and came to a
similar conclusion. Markandya et al. (2006) investi-
gated the energy intensity in the transitional econo-
mies of Eastern Europe and established the signs of
convergence to the values of energy intensity in the
countries of EU-15. At the same time, differences in
the rates of β-convergence are noted. Based on σ-
and β-convergence, Ortiz et al. (2009) demonstrated
only partial convergence in the energy intensities of
the economies of the EU members. Quah (1993,
1996) stressed inconsistency of the σ- and β-
convergence criteria for analyzing convergence of
time series. He maintained that those criteria were
not sufficient and could lead to erroneous conclu-
sions in favor of convergence of energy intensity, for
example, in the case of bidirectional convergence of
the time series trends of energy intensity.

Data description

The of energy intensity may be calculated by several
main methods depending on how the GDP is calcu-
lated: (1) by the current exchange rate, (2) by the
purchasing power parity (PPP), (3) in fixed prices,
and (4) in the current year’s prices. As a result, the
level of energy intensity of the economies will be
essentially different in different countries and re-
gions. It is assumed in the study that the GDP will
be considered by the purchasing power parity, which
is significant. Converting GDP using PPP, rather
than using foreign exchange rates, does have impor-
tant implications for developing country data. In

addition, energy intensity of economies was consid-
ered both in current and fixed prices.

In addition, depending on the type of energy, it is
possible to calculate the consumption of primary and
final energy. Primary energy represents the sum of all
produced energy sources. Final energy, as a rule, is the
consumed electric energy. The paper discusses the en-
ergy intensity (primary energy intensity) and final ener-
gy intensity (electricity intensity). Methodological ap-
proaches to analyzing energy intensity and final energy
intensity will be identical.

Statistical data from the Energy Information Admin-
istration, the International Energy Agency, the Organi-
zation of Petroleum Exporting Countries, the World
Bank, and the International Monetary Fund were used
as a database for the study.

We calculated the energy intensity of economies
by countries and regions as a ratio of energy con-
sumption and the GDP. This allowed grouping of
countries according to the objectives set. We sought
for sustainable trends and mechanisms of changes in
the energy intensity of economies, aggregating the
countries according to two main characteristics: the
geographic location and the level of economic de-
velopment. In terms of the geographic location, sev-
en macro-regions were identified: North America,
Central and South America, Europe, Africa, APR,
the former Soviet countries, and the Middle East. In
addition, the macro-regions were differentiated by
their level of economic development and were di-
vided into two groups: countries-members of the
Organization for Economic Cooperation and Devel-
opment (industrially developed countries) and coun-
tries not incorporated into this organization (devel-
oping countries). All the countries of North America
were included into the group of developed countries.
The countries of Latin America, Africa, and the
former Soviet countries were included into the group
of developing countries. The European countries and
the countries of the Asian-Pacific region were divid-
ed between both groups: developed and developing
countries. Considering the role and influence of
China on the world energy sector, this country was
assigned an individual position. Such a breakdown
is caused by several factors. Firstly, development of
the world energy sector is discussed here in the light
of world markets’ functioning and of forming the
respective supply and demand of the energy re-
sources on them. Secondly, developed and
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developing countries are characterized by different
energy consumption models. Thirdly, in the frame-
work of the indicated regions, countries close in
terms of their economic development level have
similar behaviors of their energy intensities, which
allows them to be grouped into respective groups.

Consumption of primary energy resources was ana-
lyzed by the data from the British Petroleum Statistic
(BP), and data from the International Energy Agency
were examined for a number of countries.

In evaluating the energy intensity, the behavior of the
GDP was considered both in current and fixed prices.
The GDP data in current prices were taken from the
International Monetary Fund. To rule out the influence
of the price component on the behavior of energy inten-
sity, the GDP values were recalculated into the fixed
prices of 2012 using the GDP deflator. The GDP defla-
tor was taken in accordance with the World Bank data.
In both cases, the GDP was considered by the РРР.

All the data were examined for the time period of
1980–2015: this period was optimal for considering
the behavior of the energy intensity of the econo-
mies, based on the available data on the regions.
However, given that global energy crises occurred
in the considered time interval having an appreciable
impact on the level and dynamics of energy con-
sumption, this paper focuses on a shorter period of
time spanning from 1990 to 2015. Making forecast
from the econometric standpoint requires analysis of
longer periods of time in order to obtain valid re-
sults. To this end, further shortening of the reviewed
time period would be inappropriate.

Theory and methodology

This research consists of five major parts: (1) time series
analysis of the world economies and regions with dif-
ferentiation by their level of development and geograph-
ic features; (2) identification of stable trends in the time
series of the economy-wide energy intensity with the
focus on the onset of decline and the period of energy
intensity index (EEI) reduction; (3) trend approximation
and selection from time series of the energy intensity of
the economy; (4) construction of a convergence model
in accordance with the period marked as the onset of
decline in energy intensity; and (5) on the basis of
selected trends and convergence model, making forecast

for the economy’s energy intensity development across
the world regions until 2040 (Fig. 1).

Time series analysis of country- and region-specific
energy intensity in terms of their level of economic
development and geographic features

This section deals with construction and analysis of time
series of energy intensities across countries with further
differentiation in terms of their level of economic devel-
opment (developed and developing) and geographic
features (the world’s macro-regions).

Identification of persistent trends in time series
of energy intensity across countries and the world’s
regions—the onset of decline and the period of energy
intensity index reduction

This section analyzes early stages of decline in energy
intensity (EI) of the economy, along with the period of
EI reduction (i.e., low or negative energy use). The
world’s developed countries have a longer period of
reduction of this indicator. While energy intensity of
the developing countries have recently shown a gener-
ally declining trend (with the exception of the Middle
East, where economic growth continues to be high), the
year of its onset and the period of EI reduction for the
developing differ across these economies, which indi-
cates the need for a detailed analysis of this
phenomenon.

Approximation and selection of the best trend from time
series of energy intensity of the economy

In the econometric analysis, it is customary to examine a
time series for determinacy and stochasticity in order to
reveal regularities to make a forecast. Retrospective
trend analysis of the energy intensity of an economy
has shown that reduction of the energy intensity of an
economy proceeds in accordance with a determined
model, i.e., allows application of a trend model to fore-
casting the future behavior of a subject.

In making a forecast of the energy intensity of an
economy, an important step is to reveal the optimal trend
describing a change. Selection of the best trend is based
on the test-criteria: the determination coefficient, the
Fisher criterion, the mean approximation error, and the
Student’s t test.
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In accordance with the period when the energy intensity
began to decrease, the construction
of the β-convergence model

The notion of beta-convergence has earned recognition
through its use in the literature for more than 25 years,
meaning the time-dependent growth (decrease) rate of
the indicator, according to its initial level. This accounts
for the fact that with time, the values of time series
converge.

Using classical approaches, we offer a number of
solutions with which good results may be obtained,
allowing demonstration of the presence of convergence.

Traditionally, the rate of absolute β-convergence is
evaluated as (X. Sala-i-Martin 1996; Ang 1992):

lnyi;T−lnyi;0
T

¼ δ þ b*lnyi;0 þ εi ð1Þ

where yi, T and yi, 0 are the values of the yield per capita
at the terminal and original moments of time; δ is a
constant; ε is a random deviation; b is the coefficient

characterizing the process of β-convergence; i is a re-
gion or country; T is the duration of the examined time
series. If b < 0, convergence is observed, if b > 0, diver-
gence takes place.

Using the model of β-convergence, we can deter-
mine its characteristics: the annual rate of β-
convergence (β) and the time (τ) of covering half the
distance required for reducing the inter-regional (inter-
country) inequality for the parameter in question.

β ¼ −
ln 1þ T*bð Þ

T
ð2Þ

τ ¼ ln 2ð Þ
β

ð3Þ

In effect, β-convergence is understood as depen-
dence of the growth rates (reduction rates) of a param-
eter in time, depending on its original level. This means
that, as time goes, convergence of the values of time
series takes place.

y = 0.5945e-0.046x
R² = 0.9852
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It is proposed in the study to consider several param-
eters characterizing the rate of changes in time, which is
related to the following factors.

As shown above, there are numerous studies
proving the absence of β-convergence of energy
intensity of an economy by regions. It is proven that
the initial level of energy intensity is poorly related
to the dynamics of its reduction. The current studies
apply the principle of calculating convergence con-
sidering an equal number years in the energy inten-
sity trends.

In our opinion, convergence of energy intensity
can be described as the rate of energy intensity
reduction depending on the initial value, which has
to be considered not during equal spans of time but
from the moment of the start of respective reduction
in the specific region or country. Such a principle
was implemented previously in analyzing economic
parameters; however, such an approach has been
applied to analysis of energy intensity for the first
time.

The paper considers two variants of beta-
convergence calculation—the rate of energy intensity
reduction by objects in time. The first option is classic,
when the energy intensity of the economy is taken at the
same time interval, and the second option is author’s,
when the energy intensity of the economy for each
region is taken from the moment the energy intensity
begins to decrease.

Classical approach

The values of energy intensity for regions and coun-
tries are taken within equal time spans; in the equa-
tion, the ratio of the initial (1980) and current energy
intensity levels is taken to be a dependent variable,
and the level of energy intensity in 1980 is taken to
be an independent variable. The parameters are
logged:

v ¼ lnyi;2015−lnyi;1980
T i

ð4Þ

where v is the rate of reduction of energy intensity
by objects and time.

Authored approach

The values of energy intensity of an economy for
each region are taken from the moment of the start
of the energy intensity (ti0) reduction; in the equa-
tion, the ratio of the initial (the year of the start of
reduction) and of the current levels of energy inten-
sity is taken to be a dependent variable, and the level
of energy intensity at the moment of the start of its
reduction is taken to be an independent variable.
The parameters are logged:

v ¼ lnyi;2015−lnyi;ti0
T i

ð5Þ

Calculation of β-convergence was made for 10
macro-regions and 108 countries. Originally, analysis
was essentially based on the regions’ specific features;
and, as only 10 macro-regions were identified, individ-
ual analysis was made for the countries of the world to
corroborate the established ties.

According to the selected trend and convergence model,
the forecasts of energy intensity dynamics
for the world’s economies have been projected
until 2040

This section is devoted to forecasting of energy intensity
of regional economies across the world made on the
basis of selected trends and convergence model and the
construction of confidence intervals, with the confi-
dence level factor to monitor the forecast estimate
quality.

The proposal in BIn accordance with the period
when the energy intensity began to decrease, the
construction of the β-convergence model,^ author’s
approach, allows to more closely evaluate the target
period of the convergence model. In this context, the
convergence model can be appropriate for forecast-
ing the energy demand, given that the relevant peri-
od of energy intensity reduction is allocated for all
the time series under consideration. Thus, on the
world’s macro-region scale, the onset of long-term
reduction of energy consumption in Central and
South Americas and Africa was reported in 1999.
A retrospective period from 1999 through 2015 was
therefore selected for the forecast of energy intensity
of the economy of all the considered macro-regions.
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Given that the both starting level (yi, 0) and the time

period for energy intensity analysis (
lnyi;T−lnyi;0

T ) are sub-
ject to changes, the convergence model is time-depen-
dent. Moreover, the rate of convergence and its deter-
mining parameters: coefficients b and δ.

Therefore, it is critical to:

1) To construct annual convergence models and
to determine the values and long-term trends
in changes of the variables under consideration
(b and δ).

2) Estimate their long-term forecast values, with due
consideration of the retrospective analysis of the
variables.

Concurrently, a forecast for the energy intensity
of the economy is to be made on the basis of trend
models. Their results allow to integrate trend models
and convergence models in forecasting of energy
intensity of the economy, which is particular impor-
tance for the time series with periods of energy
intensity reduction being not lengthy. Moreover, in
this case, the convergence model allows a more

substantiated approach to forecasting the levels of
energy intensity in a long-term perspective.

When selecting the best trend for energy intensity of
the economy (energy efficiency trends), it is critical to
establish an interval (regional) estimate, allowing to
more effectively determine the potential intervals for
this indicator in the long term.

A confidence interval for a general trend is deter-
mined by the formula (Damodar 2004):

~yt � tαsy∼ ð6Þ

where ~yt is the calculated value yt, tα is the value of t
statistics of Student, and s~y is the mean square error of
the trend. With the time t = T + L, a confidence interval
is determined for a trend extended for L units of time.

The relation may be rewritten as:

~yt � tαsyK*: ð7Þ

Thus, we obtain an expression for the confidence
intervals of a forecast of an exponential trend model:

The ratio between the value of the trend and the
upper bound of the confidence interval may serve
as a key parameter reflecting the accuracy of the
forecast:

D ¼ ui;TþL

yi;TþL
−1

 !
*100; ð9Þ

where ui;TþL is the upper bound of the level of the
energy intensity of an economy for i country or
region at the last moment of the forecast L, yi, T + L

is the trend model for i country or region at the
last moment of the forecast L.

We have thus obtained a trend data-driven consoli-
dated forecast of energy intensity of a given economy
taking into account the convergence model.

Empirical results

Characterization of persistent trends in time series
of national and global energy intensities

The energy intensity of the regions has been char-
acterized in considerations of a number of param-
eters: the starting time of energy intensity reduc-
tion for i region (ti0), the level of the energy
intensity at the beginning of reduction (yi;ti0 ), the

level of the energy intensity in 2015 (yi, 2015), the
energy intensity reduction level from the starting
point of the reduction ðΔy ¼ yi;ti0−yi;2015), the re-

duction rate of the energy intensity of an economy
(v1 = Δy/T, where T is the number of years), and ti,
1/10—how many years the level of intensity reaches
one-tenth of the initial value at the starting point
(Table 1).
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The starting point of energy intensity decline in the
economy is selected on the basis of the time series
analysis. Given there is a tendency for energy intensity
of the economy to decrease over a period longer than
5 years, the first year of such decline is chosen as its
onset.

In 1980–2015, the energy intensity of the global
economy demonstrated a sustained trend for reduction
over the entire period of time in question. Based on the
purchasing power parity and expressed in the prices of
2015, the energy intensity dropped by almost twice from
0.258 to 0.122 t of oil equivalent/thousand USD during
this period. Calculation of the respective parameter in
the current prices showed even more intensive reduc-
tion—from 0.5 to 0.185 t of oil equivalent/thousand
USD (Fig. 1). Analysis of the behavior of the time series
over this period of time has shown uniform reduction of
the energy intensity rates of the economies.

The energy intensity of the economy in industrially
developed countries in 1980–2015 in the comparable
prices of 2015 decreased a little less than twice from
0.258 to 0.122 t of oil equivalent/thousand USD. Re-
duction of this parameter in industrially developed
countries started back in the years of the first energy
crisis of 1973–1974. Therefore, the intensity and the
process of reduction of this parameter are essentially
extended in time and are less expressed than those of
the developing countries, which started to join the pro-
cess much later than the industrially developed coun-
tries. The industrially developed countries have largely
exhausted their potential of significant reduction of the
energy intensity of their economies. In this regard, this

parameter is being reduced at relatively moderate rates.
On the contrary, the developing countries are at the stage
of fast reduction of energy intensity, which brings the
values of their energy intensity close to those of the
industrially developed countries.

Over the recent two decades, intense reduction of the
energy intensity of GDP has been typical of industrially
developed countries, even in the regions which have
been actively raising this parameter until recently. Re-
duction of the energy intensity level in industrially de-
veloping countries takes place as the economies under-
go structural transformations and energy-efficient tech-
nologies are introduced. Since 1980, the energy intensi-
ty level in industrially developing countries has reduced
more than twice from 0.378 t of oil equivalent/thousand
USD to 0.166 t of oil equivalent/thousand USD. Since
the beginning of 1990, the energy intensity reduction
rates have been decreasing.

North America

At the beginning of the 1980s, the USA demonstrated
one of the highest values of the energy intensity of its
economy measured in 2015 Dollars (0.273 t of oil
equivalent/thousand USD), which is related to the ener-
gy wasting stereotype of economic behavior, the preva-
lence of heavy industries, and a high figure of energy
use in transport and in the other industries of the econ-
omy (Fig. 2).

From the middle of the 1970s, the energy intensity of
the US economy began to go down relatively fast. The
main period of this parameter’s reduction was in the

Table 1 Parameters of energy intensity reduction by regions in 1980–2015

Regions ti0 yi;ti0
a yi, 2015 Δy v1 ti, 1/10

North America Before 1980 0.273 0.128 0.145 0.0041 113

Developed countries of Europe Before 1980 0.209 0.100 0.109 0.0031 133

Developing countries of Europe 1989 0.496 0.087 0.410 0.0158 56

Developed countries of APR Before 1980 0.163 0.107 0.056 0.0016 150

Developing countries of APR (except China) 1999 0.121 0.096 0.025 0.0016 117

China Before 1980 0.710 0.152 0.558 0.0159 57

Central and South America 1999 0.120 0.109 0.011 0.0007 72

Africa 1994 0.127 0.083 0.043 0.0021 90

FSU countries 1992 0.530 0.185 0.345 0.0150 45

Middle East 0.167

a For North America, developed countries of Europe, and APR, as well as China
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middle of the 1980s. Under conditions of a signifi-
cant fall of the oil prices, the energy intensity of the
economy began to decrease less fast. Over the recent
30 years, the energy intensity in North America has
decreased slightly less than by 50% from 0.273 to
0.128 t of oil equivalent/thousand USD. Over the
recent decades, the countries of North America have
been taking certain efforts to reduce the energy
intensity of their economies. The trend for reducing
the energy intensity is sustained and does not dem-
onstrate any significant deviations.

The current figures describing the energy intensity of
the economies of North America are still much higher
than those for Europe, as well as for Central and South
America, and are approximately equal to the level of the
former Soviet countries (approximately 0.128 t oil
equivalent/thousand USD). Since the beginning of
2000s, the trajectory of energy intensity reduction has
been close to the average global figure. This is largely
explained by a higher level of the average annual

temperatures, the structure of the economy, and a num-
ber of other factors.

Europe. Industrially developed countries

Currently, the energy intensity level in the industrially
developed countries of Europe is the lowest among the
regions of the world, including both developed and
developing economies (Fig. 3).

Reduction in the energy intensity in the industrially
developed countries of Europe started before the begin-
ning of the 1980s; as a result, by this time, the developed
European countries have one of the lowest energy inten-
sity figures, compared to the other regions of the world—
0.209 t of oil equivalent/thousand USD. The European
countries are traditional leaders in conducting the policy
of raising the energy efficiency of their economies.

In the period of 1980–2015, the energy intensity of
the European economy decreased by 52% to 0.107 t of
oil equivalent/thousand USD. Europe demonstrates the
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most sustainable trend for reducing the energy intensity
of its GDP, compared to the other regions of the world.
This suggests that there is high elasticity between energy
consumption and GDP. Fluctuations in the economic
situation of the developed economies of Europe lead to
symmetrical changes in energy consumption, and this
relation in time has a sustainable trend for reduction.
Small fluctuations in the energy intensity are related to
the specific economic situation, the prices of energy
resources, and a number of other parameters.

Under conditions of a limited resource base of the
fossil fuels and of conducting environmental policies
restricting the CO2 emissions, the industrially developed
countries of Europe became one of the first to pursue a
policy of energy-saving and of active reduction of ener-
gy consumption in their economies.

Europe. Developing countries

Reduction of the energy intensity in the developing
economies of Europe started in 1990s from the highest

level in the world (0.496 t of oil equivalent/thousand
USD). In the period of 1980–2015, the energy intensity
of these economies reduced by 79%.

The Asian-Pacific region. Developed countries

At the beginning of the 1980s, the developed countries
of the APR had one of the lowest levels of the energy
intensity of GDP among the industrially developed re-
gions of the world (Europe and North America)—
0.163 t of oil equivalent/thousand USD, caused by the
fast technological development of Japan, Australia, and
the other countries of the OECD.

Over the recent 30 years, the level of the energy
intensity decreased and had unstable (sinusoid) behav-
ior, which is related to the impact of the economic crises
of the second half of 1990s, which struck the economies
of the developed countries of the APR, primarily of
Japan. Plunging of the economic parameters brought
about certain growth of the energy intensity, however,
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after 2000s, time series of the energy intensity returned
to the trajectory of 1980s.

The Asian-Pacific region. Developing countries
(without China)

The energy intensity of the developing countries of the
APR (without China) has a slightly higher level than
that of the developed countries of the APR. The exten-
sive growth of the economies and economic industrial-
ization of the developing countries of the APR contrib-
uted to the increase of the energy intensity to the average
world level. Total reduction of this parameter in the
region was recorded only in late 1990s–early 2000s.

At the time of reduction, the energy intensity level in
the developing countries of the APR (without China)
was about 0.121 t of oil equivalent/thousand USD.
Currently, this parameter is about 0.096 t of oil
equivalent/thousand USD, while the average value of
the reduction rate is about 0.0031 t of oil equivalent/
thousand USD, which is a rather fast reduction rate. The
developing economies of the APR (without China)
demonstrate a steady rate of energy intensity reduction
in the period of time considered.

The Asian-Pacific region. China

Over the entire period of time considered, China was
actively reducing the energy intensity of its economy. In
1980–2015, the energy intensity of China steadily re-
duced. Over this period, this parameter decreased by
0.56 t of oil equivalent/thousand USD—from 0.710 to
0.152 t of oil equivalent/thousand USD. This is the most
significant reduction of the energy intensity of the econ-
omy among all the regions of the world. In terms of
annual rate of energy intensity reduction, only develop-
ing countries of Europe (0.0158 t.o.e./thousand dollars)
and the FSU countries (0.0150) can approach China
(0.0159 t.o.e./thousand dollars).

The former Soviet countries

At the beginning of 1990s, the countries of the former
Soviet Union had the highest level of the energy inten-
sity of their economies. The structural social and eco-
nomic crisis of 1990s and the low efficiency of the
economy in general essentially influenced the efficiency
of energy consumption, too (Korzhubaev et al. 2009,
Kontorovich et al. 2012).

However, completion of a stage of certain institution-
al transformations in the economies of the former Soviet
countries and the growth of prices for oil and gas
allowed those countries significantly to raise their
GDP without noticeable increase in the energy con-
sumption level, which positively influenced the value
of energy intensity of GDP, which has decreased by
more than 2.5 times over recent 20 years. Another factor
of reducing the energy intensity of the former Soviet
economies is decrease of the share of energy-intensive
industries in the economies, primarily machine-build-
ing, in the general production.

In addition, programs for reduction of energy inten-
sity were adopted in the economies, which allowed the
effectiveness of energy consumption to be raised
(Kontorovich et al. 2008, 2013, 2016).

Central and South America

In Central and South America, the energy intensity of
the economy in the current prices was reducing over the
entire period of 1980–2015, whereas in fixed prices this
parameter increased until the late 1990s. Over the recent
decade, the trajectory of the energy intensity reduction
in the economies of Central and South America coin-
cided with the respective trend of the industrially devel-
oped countries. Currently, the energy intensity of the
countries of Central and South America is rather low
(about 0.109 t of oil equivalent/thousand USD).

Africa

In Africa, just like in Latin America, reduction of the
energy intensity in current prices has continued for the
recent 30 years. However, in the fixed prices, this pro-
cess started only from the middle of the 1990s.

In the early 1980s, Africa had a relatively low indus-
trial level of development. The energy intensity of the
African economy was nearly two times lower than the
respective value for North America and nearly 1.5 times
lower than that of the APR. However, the growth of the
industrial sector in the structure of the GDP boosted the
increase in the energy intensity. This process continued
till the beginning of the 1990s, followed by stabilization,
and from the end of the 1990s, steady reduction of the
energy intensity began to be observed. The behavior of
the energy intensity reduction over the considered peri-
od is very close to that of Latin America and the coun-
tries of OECD.

Energy Efficiency



Middle East

Among other considered regions, only the Middle East
thus far has shown no decreasing trend in energy inten-
sity of the economy. In the countries with a supernormal
level of the oil and gas production sector, where the
main income of the state is formed by the export of
energy carriers, the changes in the energy intensity of
the economy are largely related to changes in the energy
prices on the world market.

As a result, considering essential volatility of the
world oil prices, it is practically impossible to speak
about stabilization of the existing trends regarding the
energy intensity changes in the countries of the Middle
East.

Approximation and selection of the best trend
for describing retrospective analysis of energy intensity

In this work, selection of the trend most suitable for
describing the energy intensity of an economy was
based on complex comparative analysis of such param-
eters as R2, the coefficient of determination, A, the
average approximation error, S, the mean-square devia-
tion from the trend, t statistics, and F criterion. It was
established based on the statistics calculated that the
behavior of the energy intensity reduction of the econ-
omy in the entire world, in individual macro-regions and
in most countries, both in the current prices and in the
prices of 2015, is described by an exponential function.
Verification of the results and conduct test data (for the
last 25–30 years) for energy intensity and final energy
intensity are presented in Appendix Tables 7 and 8.

Formalization of an exponential trend record

Considering the basic factors being part of the exponen-
tial function responsible for the energy intensity reduc-
tion dynamics in the economy:

y ¼ b0 þ b1*e−γt ð10Þ
where b0—asymptote, b1—index determining initial
energy intensity of the starting year, γ—energy intensity
reduction index (EIRI), and t—the current year.

Introduction of the asymptote b0 to the exponential
model requires a special rationale for the level to which
the energy intensity of the economy will strive. The
abscissa designates the actual level. Exponential trend

of energy consumption will tend to zero throughout the
time, never reaching it, though. To this end, it is as-
sumed that еb0 = 0.

Industrially developed regions

Reduction in the energy intensity of the economies of
Europe and North America has a long history, and over
the entire period, the trend is well approximated by an
exponential function. The time series of these countries
may be taken as samples with which the time series of the
developing countries of the world will be further compared.

In accordance with statistical analysis, the exponen-
tial trend for the developed countries of Europe best
describes the behavior of the energy intensity of the
economies. The statistical parameters for North America
have close values.

Analysis of the behavior of the energy intensity of the
developed countries over 35 years (1980–2015) has
shown that reduction of this characteristic in time occurs
non-linearly. Uniform decrease of the reduction rates of
the energy intensity in an economy took place, with
small fluctuations of this parameter, related to changes
in the economic situation, changes in the world energy
carrier prices, and a number of other parameters.

At the early stage, when respective programs are
conducted for energy-saving and gradual change in the
structure of the economy (the growth of the services
segment), intense reduction of the energy intensity takes
place. Then the energy intensity reduction rates for the
industrially developed countries become more moder-
ate. As the energy-saving technologies are introduced,
essential reduction in the total potential of saving fuel
and energy takes place, given the existing technologies.
At the final stage (2000s), the reduction rates of the
energy intensity in the economy are characterized by
relatively low values. This is related to the fact that the
larger part of the energy-saving potential has already
been exhausted for the existing level of technological
development. Each subsequent reduction of energy in-
tensity is possible due to significant investments and use
of the newest technologies.

The conducted econometric analysis has shown that
for the majority of the world’s regions, the time series of
the energy intensity of the economy can be best de-
scribed by an exponential trend. In case of the developed
countries, the exponent describes well the time series of
the energy intensity of the economy over the entire
1980–2015 period.
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Additionally, a shorter period of time spanning from
1990 through 2015 was considered for the world’s de-
veloped economies. The analysis showed that the
existing trends in energy intensity of the economy are
described well also by an exponential trend.

When forecasting the energy intensity of the econo-
my, the use of the linear trend will lead to a virtually zero
level of energy consumption in the next decade.

Developing regions

Analysis of the econometric characteristics of the develop-
ing countries shows that, apart from the exponential func-
tion, time series are well described also by linear trends.
This is related to the fact that the developing regions
(Africa, Central and South America, and Asian-Pacific
region without China) have a rather short-term tendency
of energy intensity reduction. In fact, these regions are at
the initial stage of energy intensity reduction; therefore, in
addition to the exponential function, this process is also
well described by a linear dependence. However, in the
course of time, the reduction rates of energy intensity
reduction will begin to decrease, and in this case, the linear
function will give way to the exponential function.

Besides the exponential function, the energy intensity
of China is also well described by a logarithmic rela-
tionship. This is related to a more intense period of
energy intensity reduction at the first stage, compared
to the subsequent dynamics of this parameter’s
reduction.

Developing countries have a shorter period of time of
energy intensity reduction versus the developed coun-
tries. Given a shorter period of time, the linear trend also
shows good econometric indicators. However, over a
longer period of time, the uneven behavior of energy
intensity reduction is manifested more expressly.

The trends in energy intensity of the economy and the
IEIR values differ for developed and developing econ-
omies due to their specific features related to several key
characteristics:

& Developed countries, primarily those of Europe,
have relatively low starting levels of the energy
intensity reduction and, accordingly, moderately
low rates of energy intensity reduction (IEIR for
the developed countries of Europe is 0.021 that for
the countries of North America is 0.020) (Table 2).
These countries launched the policy of reducing the
energy intensity of their economies earlier than the

developing countries; therefore, the process of re-
ducing the energy intensity was rather uniform and
long-lasting. In addition, this reduction was accom-
panied by respective gradual development of the
energy-saving technologies.

& During the 30 years considered, the reduction rate of
the energy intensity of GDP of developing countries
was much higher than that of the developed countries
(the former Soviet countries—0.058, developing coun-
tries of the APR without China—0.016, China—
0.044, Africa—0.022). This is related to the fact that,
given the existing technologies, developing countries
accomplish the distance as far as the low level of
energy intensity within a shorter time. In literature,
such a phenomenon was called the Bthe catching-up
development.^

As it will be shown below, the reduction rate of the
energy intensity in the countries and regions is largely
related to the starting level of the energy intensity. This
phenomenon is called Bconvergence.^

Similar data were obtained in final energy intensity in
both current and constant prices. At current prices, the
situation is most determined due to the effect of inflation
(Appendix Table 8). In this regard, statistical verification
was carried out in constant prices. However, even in
constant prices, the trends are best described by the
exponential trend since the start of the sustained decline
of final energy intensity.

Similar results were obtained in the analysis of ener-
gy consumption in the transport sector (Eder and
Nemov 2017; Eder et al. 2017).

Table 2 IEIR of the large macro-regions of the world

Region IEIR

North America − 0.020
Developed countries of Europe − 0.021
Developed countries of APR − 0.006
Developing countries of Europe − 0.063
Developing countries of APR without China − 0.016
Central and South America − 0.013
Africa − 0.022
FSU countries − 0.058
China − 0.044
Middle East

Energy Efficiency



Construction of a convergence model in accordance
with the starting period of decline in the energy intensity
of the economy

As shown earlier, there exist numerous studies showing
the absence of β-convergence of the energy intensity of
economies by the regions. It was shown that the starting
level of the energy intensity of an economy is weakly
related to the rate of its further reduction. In calculating
convergence, the preceding literature has used the prin-
ciple of considering the energy intensity trends within
equal periods of time (years).

At the same time, in the authors’ opinion, conver-
gence of energy intensity which is the reduction rate of
the energy intensity depending on the initial value of a
country or a region should be considered not during
equal periods of time but from the moment of the start
of respective reduction in the specific region or country.
In this case, there is a close tie between the starting value
and the rate of the current reduction of the energy
intensity.

This paper discusses two approaches (classical and
authored) for calculating beta-convergence values:

1. Classical variant. Energy intensities of the regions
are taken on the same time interval (ti1980 − ti2015),
while the ratio of the energy intensity of the econo-
my as of 1980 to the current level of energy inten-
sity takes the logarithm, i.e., it is reduced to a linear
trend;

2. Authors’ variant. The values of the energy intensity
of the economy for each region are taken from the
moment when energy intensity begins to decrease
(ti0 − ti2015), while the ratio of the initial to the

current energy intensity levels take the logarithm,
i.e., they are reduced to a linear trend.

β-Convergence with differentiation by the regions

Analysis of the calculations made has shown that there
is β-convergence by the regions. However, traditional
approaches to β-convergence demonstrate not very
good results—classical variant (Table 3). For the best
variant (authored), the annual convergence rate was
determined, which constituted 3.9%, as well as the time
required for halving inter-regional inequality of the en-
ergy intensities of the economies, which amounted to
13.9 years.

β-Convergence with differentiation by the countries

Analysis of the presence of β-convergence uses the
countries which have entered the stage of reducing their
energy intensity, i.e., they are moving towards reduc-
tion, and not the countries which demonstrate a trend for
the growth of this parameter. This is related to the fact
that a hypothesis is tested that the rate of reducing the
energy intensity is related to the initial level of this
parameter and the principle of the catching-up develop-
ment in the economy. To check the existence of β-
convergence, 96 countries were analyzed, in which the
reduction of the energy intensity was observed for more
than 5 years.

In accordance with the evaluations of the conver-
gence of the energy intensity of the countries’ econo-
mies by two variants, it was demonstrated that the
authors’ approach to evaluation of convergence of the

Table 3 Assessment of the unconditional convergence model for the economies of ten (10) regions of the world (significance level 0.05)

Variable Coefficient Standard error t statistics P value

Classical approach

Constant b − 0.0577 0.003042 −18.9692631 4E−09
Logarithm for energy intensity of economy in 1980

lnyi:;2015−lnyi;1980
T

− 0.0247 0.003621 −6.820378638 5E−05

Coefficient of determination: 0.6231

Authored approach

Constant b − 0.048 0.012 − 3.992 0.003

Logarithm for energy intensity of economy in the starting year
of energy intensity reduction

lnyi;2015−lnyi:ti0
T i

− 0.028 0.008 − 3.478 0.006

Coefficient of determination: 0.9105
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energy intensity shows the best results (Table 4). The
annual convergence rate determined according to the
authored variant accounted for 3%, and the time re-
quired for halving the inter-country inequality of the
energy intensities of their economies amounted to
22 years.

Thus, establishing the presence of β-convergence
among countries and regions is a rather important aspect
of forecasting the behavior of energy intensity for a
long-term perspective, as it allows analysis of the degree
of energy intensity reduction depending on the starting
level of the respective process. However, this regularity
is manifested for a number of countries which have
entered the phase of active reduction of the energy
intensity. If a country continues increasing this charac-
teristic, it is sufficient to determine the time of the start
of its reduction, in order to understand how fast the
country or the region will implement the strategy of
the catching-up development.

Forecasting the energy intensity

Based on the analyzed time series, a forecast was made
for changes in the energy intensity of an economy for a
long-term perspective till 2040.

All the regions (except for the Middle East) consid-
ered have entered a steady phase of energy intensity
reduction of their economies. However, only the devel-
oped countries (Europe, North America, and the Asian-
Pacific region), as well as China, are characterized by
reduction of energy intensity throughout the entire peri-
od of time considered—1980–2015. At the same time,
developing countries have a relatively short period of

time (11–21 years) for building satisfactory forecasting
models. Industrially developed countries (Europe and
North America) have a sufficiently high value of the
coefficient of determination and a low mean-square
deviation value. In addition, the time series of energy
intensity is well described for the developing countries
of the APR, China, Africa, the countries of the former
USSR, and South America.

Divergence of the confidence limits from the trend
value is a significant parameter characterizing the qual-
ity of thee forecast estimates made. For the developed
countries of Europe and North America, the width of the
confidence interval is within 5–1%, which is a very low
figure, characterizing the quality of the model selected
and the adequate forecasting value of the trend (Fig. 4).
Parameter D for the developing countries of the APR,
Africa, and South America is below 30%, indicating
certain divergence of the confidence interval from the
trend values. The distance from the trend to the confi-
dence limits for the countries of the former USSR and
the developing countries of Europe exceeds 100%.

Calculation of the respective statistics for the consid-
ered macro-regions has shown that a relatively satisfac-
tory forecast of energy intensity on the basis of a trend
may be made only for the developed regions of the
world. Developing a reliable forecast of energy intensity
for the developing regions of the world on the basis of
retrospective analysis of the behavior of this parameter
does not provide satisfactory evaluations.

Whenmaking forecasts for the energy intensity of the
economy with the use of convergence model, we ana-
lyzed δ—constant and b—coefficient from 1999 (the
year in which energy intensities were decreasing across
all regions) to 2015. It was found that within a relatively

Table 4 Assessment of the unconditional convergence model for the economies of 96 countries of the world (significance level 0.05)

Variable Coefficient Standard error t statistics P value

Classical approach

Constant b − 0.029 0.003 − 9.652 0.000

Logarithm for energy intensity of economy in 1980
lnyi;2015−lnyi;1980

T

− 0.010 0.001 − 6.571 0.000

Coefficient of determination: 0.3194

Authored approach

Constant b − 0.0635 0.0034 − 18.8226 0.0000

Logarithm for energy intensity of economy in the starting
year of energy intensity reduction

lnyi;2015−lnyi;ti0
T i

− 0.019 0.002 − 9.908 0.000

Coefficient of determination: 0.6507
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stable period from 1999 to 2007, there was a fairly high
convergence of energy intensities of the economies of
the world’s regions and the relationship between the
initial level and the rate of subsequent reductions.

At a time of unstable situation of the global energy
market, such a bond tends to be lost, though. With the
stabilization of world prices for energy raw materials,
convergence parameters rebound to the pre-crisis
values. Generally, we note an increase in the rate of

convergence of the regions in energy intensity of the
economies (δ and b). As a result, it was accepted in this
work that this trend will continue until 2040, intermit-
tent with some fluctuation periods, and the values of δ
are projected to be 0.13 and b to be 0.05 (Table 5).

The value of the forecast energy intensity of the
economy can be affected by fluctuations. However, as
shown by statistics over the past 30 years, developed
regions show stable dynamics of reduction of energy

Table 5 Parameters of unconditional convergence for energy intensities of the economies of ten (10) regions of the world from 1999
through 2040

1999 2001 2005 2007 2008 2009 2013 2014 2040

b − 0.032 − 0.033 − 0.034 − 0.028 − 0.016 − 0.024 − 0.041 − 0.035 − 0.050
δ − 0.08 − 0.08 − 0.09 − 0.08 − 0.05 − 0.07 − 0.10 − 0.09 − 0.13
Determination coefficient 0.69 0.60 0.59 0.58 0.13 0.20 0.24 0.61
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Fig. 4 Calculation of confidence intervals and projected estimates for energy intensity until 2040
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intensity of the economy with relatively minor fluctua-
tions (Europe, North America). Therefore, in the long
term, the value of the intensity may slightly vary from
the established trend. In developing regions, which have
not a long period of reduction of intensity, fluctuations
become stronger. Possible fluctuations are taken into
account in the confidence intervals.

The value of the forecast of energy intensity can
influence the possible fluctuations of the energy inten-
sity of the economy. However, as shown by statistics
over the last 30 years, the developed countries show
stable dynamics of reduction of energy intensity of the
economy with relatively minor fluctuations. Therefore,
in the long term, the energy intensity of the economy
can vary slightly within the established trend. Develop-
ing regions, which have a relatively long period of
reduction of energy intensity at the moment, they are
more prone to fluctuations. Actually, possible fluctua-
tions are taken into account when constructing forecasts
using confidence intervals.

Thus, the values obtained on the basis of trend and
convergence models are found to be identical in this
research.

The forecasts made have shown that the developed
countries of Europe will remain leaders for the level of
the energy intensity of their economies at least till the
middle of the twenty-first century (Fig. 5). The other
regions will gradually converge, but they will not be
able to reach the level of the developed countries. To a
large degree, reduction of the energy intensity will be
determined by the level of technological development,
primarily, by the level of energy-saving technologies

and the shifts in the structure of the economy. According
to the authors’ estimates, in 2040, the energy intensity
(yi, T + L) of the developed countries of Europe will
decrease to 0.057 t of oil equivalent /thousand USD,
that of the APR will reduce to 0.095 t of oil equivalent
/thousand USD, and that of North America will drop to
0.072 t of oil equivalent /thousand USD. China is also
expected to reduce its energy intensity of (at about
0.059 t.o.e/thousand USD) in 2040. Besides, the coun-
tries of Africa (0.068 t of oil equivalent/thousand USD)
and of Central and South America (0.075 t of oil
equivalent/thousand USD) will retain the relatively
low levels of the energy intensity. Despite the acceler-
ated reduction of the energy intensity in developing
countries, these regions will be characterized by rela-
tively low values of effectiveness of energy consump-
tion in 2040, too. The value of the energy intensity in the
developing countries of Europe may reduce to 0.069 t of
oil equivalent/thousand USD, that in the countries of the
former Soviet Union may drop to 0.094 t of oil equiv-
alent /thousand USD, that in the developing countries of
the APR (without China) may amount to 0.109 t of oil
equivalent/thousand USD (Table 6).

Changes in the energy intensity of the economies of
the regions considered for a long-term perspective may
be analyzed by comparing such parameters as (1) the
ratio between the energy intensity of the economy at the

current moment and that at the start of its reduction (
yi;T
yi;ti0

)

and (2) the ratio between the energy intensity of the
economy in 2040 and that at the current moment

(
yi;TþL

yi;T
). As a result, within the nearest 25 years, reduction
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of the energy intensity in the developed countries will be
not as fast as over the preceding 30 years. On the
contrary, the developing countries may essentially re-
duce the energy intensity of their economies: the coun-
tries of the former Soviet Union may reduce the value of
this parameter from 0.53 to 0.33 t of oil equivalent/
thousand USD, those of the APR may reduce it from
0.77 to 0.58 t of oil equivalent/thousand USD, the
countries of Africa may reduce it from 0.66 to 0.57 t
of oil equivalent/thousand USD, and the countries of
Central and South America may reduce the energy
intensity of their economies from 0.91 to 0.61 t of oil
equivalent/thousand USD. This is related to the fact that
duration of the period of reduction of the energy inten-
sity for developed economies is 10–20 years, and there-
fore, the main phase of reduction of this parameter may
be observed in the nearest 25 years For regions whose
lower boundary hits values lower than zero with time,
this boundary is assumed to be zero lower boundary.

In the Persian Gulf countries, consumption of energy
resources displays poor elasticity for the behavior of
economic parameters and is characterized by relatively
low effectiveness. In the perspective, the energy inten-
sity of the economy will be largely determined by the
behavior of the GDP and hence by the oil and gas prices.

Conclusion

The retrospective analysis of the behavior of the energy
intensity by the regions allows a number (except for the

Middle East) of conclusions to be made: all the largest
macro-regions of the world have started the process of
reducing the energy intensity of their economies; the
starting point and the degree of intensity of these pro-
cesses essentially differ. In 1980–2015, practically all
the regions, except for the economies of the Middle
East, cut down the energy intensity of their economies
in current prices. However, in fixed prices, this trajecto-
ry is primarily typical, in fixed prices, of the developed
economies of North America, Europe, and the APR. In
fixed prices, the energy intensity of the economies of
Central and South America, Africa, and the former
Soviet Union entered the trajectory of steady reduction
of this parameter in 1990–2000.

Based on the comparative analysis of the existing
econometric characteristics, it has been shown that the
exponential trend is the best trend describing the energy
intensity of an economy in permanent and variable
prices both for developed and developing regions of
the world. The figures shown serve as qualitative de-
scription of time series by an exponential trend, espe-
cially of the developed regions. At the same time, the
time series of the developing regions of the world dem-
onstrate volatility in relation to this trend.

The presence of the exponential trend in the energy
intensity reduction indicates that the rates of enhancing the
efficiency of energy consumption reduce uniformly in
time. The retrospective analysis of exponential reduction
of the energy intensity of the developed countries and
regions may be arbitrarily divided into several stages. At
the first stage, when respective programs of energy-saving

Table 6 Basic quality parameters of the long-term energy intensity forecasts

Regions yi;2015
yi;ti0

yi;2015þL

yi;2015

2040

u*i;2015þL

yi, 2015 + L
u*

i;2015þL

D

Developed countries of Europe 0.478 0.574 0.067 0.057 0.048 16.971

Developing countries of Europe 0.199 0.417 0.122 0.069 0.016 76.812

FSU countries 0.532 0.335 0.210 0.094 0 123.032

Developing countries of APR without China 0.778 0.578 0.126 0.109 0.092 20.783

China 0.214 0.344 0.129 0.059 0 118.644

Developed countries of APR 0.707 0.826 0.115 0.095 0.076 20.588

Central and South America 0.908 0.607 0.095 0.075 0.054 27.608

Africa 0.657 0.567 0.084 0.068 0.052 23.966

North America 0.469 0.560 0.089 0.072 0.055 23.416

Source: the author’s calculations

Energy Efficiency



are conducted and gradual changes in the structure of the
economy take place (the growth of the services sector), the
most drastic reduction of the energy intensity occurs. Then,
as the energy-saving technologies are introduced, the total
potential of saving fuel and energy diminishes, given the
existing technologies. Over the recent 35 years, the devel-
oped countries of Europe and North America may be
viewed as exemplary regions with which the developing
regions will be further compared. The developing regions
are primarily at the first stage of energy intensity reduction;
therefore, apart from the exponential trend, these regions
are well described by a linear trend.

The exponent of a power in an exponential equa-
tion is one of the most important parameters charac-
terizing the reduction rate of energy intensity of the
economy in the countries and regions. In this work,
this parameter is named the index of energy intensity
reduction—IEIR. This index indicates the reduction
rate of energy intensity of the economy in the coun-
tries and regions.

The issue of convergence of the energy intensity
of the economy of the countries and regions is
widely discussed in the modern literature. Over the
recent 35 years, the spread of values of the energy
intensity of the economy has reduced by more than
1.5 times, with the exception of the Middle East.
Countries and regions are drifting together for the
level of their energy intensity. In the existing ap-
proaches, one of the principles of calculating the β-
convergence is analysis of the time series at equal
intervals of time. At the same time, it is proposed in
this work to consider β-convergence for countries
and regions not at equal intervals of time but from
the moment of the start of reduction for each spe-
cific region. In this work, a close relationship is
demonstrated for countries and macro-regions be-
tween the rate of energy intensity reduction and the
initial value of the energy intensity considered.

Whenmaking forecasts for the energy intensity of the
economy with the use of convergence model, we ana-
lyzed δ—constant and b—coefficient from 1999 (the
year in which energy intensities were decreasing across
all regions) to 2015. It was found that within a relatively
stable period from 1999 to 2007, there was a fairly high
convergence of energy intensities of the economies of
the world’s regions and the relationship between the
initial level and the rate of subsequent reductions.

At a time of unstable situation of the global energy
market, such a bond tends to be lost, though. With the

stabilization of world prices for energy raw materials,
convergence parameters rebound to the pre-crisis
values. Generally, we note an increase in the rate of
convergence of the regions in energy intensity of the
economies (δ and b). As a result, it was accepted in this
work that this trend will continue until 2040 intermittent
with some fluctuation periods.

Based on the time series analysis, forecast of the
change in the energy intensity of the economywasmade
for a long-term perspective till 2040. The resulting
forecasts have shown that the level of energy intensity
of developing economies will gradually converge to
catch up with the level of energy intensity of the devel-
oped economies.

To a large degree, reduction of the energy inten-
sity will be determined by the level of technological
development, primarily, by the level of energy-
saving technologies and the shifts in the structure
of the economy.

The study of the quality of the forecasting esti-
mates is an important aspect in this respect. The
quality of the forecast made will be determined by
the duration of the retrospective analysis and the
number of the points observed, the coefficient of
determination, the mean square deviation of the
actual values from the trend, and the ratio between
the trend value and the upper confidence limit
(2040). Calculation of the respective statistics for
the considered macro-regions has shown that a rel-
atively satisfactory forecast of energy intensity on
the basis of a trend may be made only for the
developed regions of the world. Making a forecast
of energy intensity for the developing countries is
much less reliable, and here, too, essential varia-
tions may be observed. To forecast development of
the world energy sector for developing countries, it
is necessary to analyze a large number of factors.

Thus, the values obtained on the basis of trend and
convergence models are found to be identical in this
research.
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