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Abstract: Despite numerous studies on energy productivity and efficiency, only a few focus on the
electricity intensity (EI) of economic output. As these studies largely examine the declining trend
in EI, the increasing and/or fluctuating trends in EI have not been studied. We analyze EI trends
by estimating the progress ratios from experience curves of 91 countries from 1991 to 2011. The
results reveal wide variation in progress ratios, ranging from 53% to 135%, with an average of 101.5%.
Furthermore, more than half of the 91 countries displayed a kinked slope, indicating the fluctuating
rate of change in EI. The rate of population growth seems to be related to the increasing EI trends. A
clear understanding of the relative performance of each country in terms of the progress ratio and
the pattern of EI trends would be useful for the country’s policymakers to develop strategic options
for the future.

Keywords: electricity intensity; progress ratio; classical experience curve; kinked experience curve;
electricity productivity

1. Introduction

Electricity is one of the most dominant forms of energy in human society. Its flexibility,
reliability, and efficiency as an energy carrier have led to an increase in its share in total
energy consumption in almost all countries worldwide. Electricity accounted for 19.3% of
global final energy needs in 2018, up from 9.4% in 1973 [1]. The share of global primary
energy used to generate electricity has steadily increased from 11.2% in 1980 to 25.7% in
2018 [2]. Among all the final energy carriers, electricity has exhibited the highest per capita
consumption growth, from 1347 kWh per capita in 1974 to 2163 kWh per capita in 1994
and further to 3132 kWh per capita in 2014 [3]. The International Energy Agency (IEA)
expects the global demand for electricity to grow twice as fast as that for primary energy
and forecasts the share of electricity to increase from 19% in 2018 to 24% in 2040. In the
IEA’s Sustainable Development Scenario, electricity is expected to account for an even
higher share of final energy consumption [4].

Electricity is especially important because it is closely related to economic growth.
One measure of how electricity is related to economic growth is electricity intensity (EI),
represented as the ratio of the amount of electricity generated to the gross domestic product
(GDP) of a country. According to the International Energy Outlook (IEO) 2016, the world’s
net electricity generation (NEG) in 2012 was 21,600 billion kWh compared to the world
GDP of USD 94,455 billion (in 2010 U.S. dollars, adjusting for purchasing power parity) [5].
Therefore, the 2012 EI was 0.23 KWh per dollar. It also projects an NEG of 36,500 billion
kWh and a GDP of USD 236,831 billion in 2040, implying a decrease in EI to 0.15 KWh
per dollar. This is because the world’s GDP is projected to grow at 3.3% per year, which
is faster than NEG at 1.9% per year. As the biggest source of greenhouse gas emissions,
electricity and its efficient use are of great interest to environmental policy designers [6].
For example, in the United Nation’s Sustainable Development Goals, Goal 13 on climate
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change is directly related to greenhouse gas emissions, and Goal 7 on energy and 11 on
urbanization are also relevant [7].

We analyze EI trends in 91 countries from 1991 to 2011 by estimating progress ratios
(PRs) from experience curves (ECs). Although EI has recently begun to attract more
attention in the literature, previous studies focused either on the factors affecting El in a
single or a small number of countries [8-10] or its convergence across countries [11-13]. We
attempt to contribute to the literature on EI by analyzing the EI trends in 91 countries over
two decades. The benefit of using EC is that the change in EI trends for individual countries
can be identified, thereby enabling more detailed policy suggestions. Additionally, an EC
analysis allows us to identify whether and when a dramatic change in the EI trend occurs.
We identify four different types of ECs—increasing classical, increasing kinked, decreasing
classical, and decreasing kinked—and suggest various possibilities for improving Els in
the future depending on the types of ECs.

The rest of this paper is organized into the following sections. Section 2 briefly reviews
the previous studies on EI. Section 3 reviews the application of EC to energy research.
Section 4 explains the data and method used. Section 5 presents the results of the analysis
and those of the robustness test, which extends the research period to 2018 for the five
largest electricity producing countries. Finally, the conclusion and limitations of our
findings are presented in Section 6.

2. Previous Research on EI

Although several studies have analyzed energy intensity trends and the reasons
thereof, EI has received little attention [11]. Previous studies on EI can be classified into
two groups: one comparing and analyzing the change in EI across countries and/or over
time and the other investigating the factors affecting EI (Table 1).

Table 1. Previous studies on EI (in the chronological order).

Geographical Scope Time Period Method Main Findings
Vietnam and . . .
. . e . . An inverted U-curve relationship
Hien [14] 22 A51a-PaEc1f1c 1995-2014 Comparative analysis between EI and per capita GDP
Economies
Econometric analysis Electricity price (no effect),
Ullah et al. [21] Pakistan 1972-2012 (ARDL model) per caplta income (—),
education (+)
Positive relationship:
technological progress, retail price
Gutiérrez- 18 European Union 1995-2011 Econometric analysis ~ Negative relationship:

Pedrero et al. [11] countries (Panel data model) accumulated stock of physical
capital, lagged gross fixed capital
formation

South Korea 2004-2014 Econometric analysis Po.sm.ve relationship: eleC.t ricity
Kwon et al. [10] . price in the long run, not in the
(16 regions) (monthly) (Panel data model)
short run
Kim [12] 109 countries 1971-2009 Convergence analysis Conve.rgence fou.nd.(OECI.)
countries and Asia, in particular)
Wenzel and . . . Elincreases more by intensity
Wolf [18] 20 European countries 2000-2011 Decomposition analysis effects than by structural effects
Herrerias [9] China 2003-2009 Convergence analysis  Seasonality effect
(monthly)
Hern.%rlas and China 2003-2009 Convergence analysis Overall reg1ona.1 convergence and
Liu [8] convergence within clubs
Vaona [17] Ttaly 1997-2007 Econometric analysis ~ El increased; geographical

(Panel data model)

difference evidenced
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Table 1. Cont.

Geographical Scope Time Period Method Main Findings

Inglesi-Lots and
Blignaut [13]

Liddle [15]

Verbruggen [19]

Horowitz [20]

Fernandez and
Pérez [16]

South Africa’s EI was more than

%)E é};)Afrlcrz:t;iind 1990-2007 Comparative analysis ~ doubled and was much higher
countries than the OECD members’ EI
Convergence among sample
countries detected with
22 OECD countries 1960-2006 Convergence analysis ~ commercial, industry, and
residential Els showing different
patterns
14 high income OECD Econometric analysis . . L
countries 1997 (Hyperbolic function) Negative relationship: price
Econometric analysis ~ Positive relationship: energy
US. (42 states) 1989-2001 (Panel data model) efficiency public programs
Spain 1979-1992 Decomposition analysis El increases more by intensity

effects than by structural effects

2.1. Research on the Comparison and Convergence of EI

The comparison of EI changes over time across countries has received relatively
limited attention. In a comparative study of 24 Organization for Economic Co-operation
and Development (OECD) countries and South Africa, Inglesi-Lots and Blignaut [13]
reported a wide variation in Els. In 2007, for example, Iceland recorded the highest and
Ireland the lowest EI of 1.27 and 0.18, respectively. The countries in the study displayed a
wide variation, even in terms of long-term (from 1990 to 2007) change in EI while Norway,
Sweden, and Canada recorded changes in EI of —32%, —30%, and —24%, respectively;
Poland, Hungary, Mexico, and Turkey were on the other side of the continuum with
an EI increase of 382%, 401%, 493%, and 1200%, respectively. Comparing Els among
22 Asia-Pacific economies from 1994 to 2014, Hien [14] also documented a variance in
the EI trends in two groups of countries: a moderate increase in Els for most developing
countries and a decrease for developed economies. A wide variation was again reported,
ranging from an increase of 400% for Vietnam to a decrease of 41% for Mongolia during
the 1985-2014 period.

Other studies investigated the issue of convergence, that is, whether the difference
in Els across (groups of) countries diminishes over time. Liddle [15] illustrated that the
overall variance in EI among 22 OECD countries decreased from 1960 to 2005 because the
countries with high Els, such as Norway, Sweden, and Finland, experienced a downward
trend, whereas many other countries exhibited an increasing trend. However, different
convergence patterns were reported depending on end-use sectors: whereas commercial
Els converged toward a bell-shape distribution, industrial Els converged toward a bimodal
distribution. More recently, Kim [12] examined EI convergence between 1971 and 2009
using data from 109 countries and reported that EI converged for all countries but the per
capita electricity consumption converged only for developed countries. These two studies
present strong evidence that the difference in Els across countries has diminished over
four decades.

China provides an interesting research context to study the issue of EI convergence
for many reasons, including the rapid economic growth and the provincial differences
generating within-country diversity. Using the provincial panel data in China, Herrerias
and Liu [8] found evidence for EI convergence as a country, suggesting that technological
differences across provinces diminished from 2003 to 2009. However, the convergence
existed within groups of regions and some regions still diverged. Further, seasonal fluctu-
ations between increasing and decreasing trends occurred for the country as a whole, as
well as for several provinces [9].
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2.2. Research on the Determinants of EI

A few studies analyzed the relative contribution of structural change and intensity
effects to EI. Using data for Spain from 1979 to 1992, Fernandez and Pérez [16] demonstrated
that structural effects, that is, changes in the sectoral mix of the economy, were a poor
contributor to EI decline, whereas intensity effects, such as technological progress and
productivity increase, were dominant contributors. Vaona [17], in the study of Italian
regions, also illustrated the role of intensity effects on EI trends and argued that the
industry mix played a minor role with the intensity effects held constant. However, Wenzel
and Wolf [18] found that the contribution of structural effects to EI decline varied across
countries. For example, restructuring to less electricity-intensive manufacturing played
an important role in decreasing EI only in the case of Hungary, Poland, and the Czech
Republic. However, unlike structural effects, intensity effects consistently contributed to EI
reduction in all countries in the sample, except Bulgaria.

Several studies employed econometric analyses to identify factors affecting EI.
Kwon et al. [10] examined the effects of electricity price on Els in the manufacturing
sector across 16 regions in South Korea. Using 108 months of panel data, they found
evidence that increases in electricity price decreased Els only in the long run, and the
effects varied over time and regions. This is consistent with the finding by Verbruggen [19]
that high end-use electricity prices are a precondition for low Els. Recently, Gutiérrez-
Pedrero et al. [11] investigated the factors influencing Els in the non-residential sectors of
13 European Union countries. The results demonstrated that technological progress and
increases in the electricity price decreased Els, whereas the stock of physical capital and
investment increased Els.

Besides economic factors, government initiatives to raise awareness of the importance
of El among the public have been highlighted in a couple of studies. Employing a fixed-
effects panel model, Horowitz [20] analyzed commercial sector Els across 24 states in the
U.S. from 1989 to 2001. The results illustrate that, controlling for market factors, public
programs on demand side management led to a decrease in Els. Ullah et al. [21] reported
a similar finding in a developing-country context by analyzing Els in Pakistan from 1972
to 2012 and revealed that education was a significant factor in reducing the country’s EI
by increasing the awareness of the potential crisis because of electricity shortage. They
also demonstrated that the increase in per capita income led to EI deterioration, while the
impact of price change on EI was limited.

The literature survey on EI trends identified two major research gaps for us to examine.
First, how significant is the number of countries experiencing an increasing EI trend
compared to a decreasing EI trend, during a study period? Second, how many countries
have experienced fluctuating rates of change in EI during a study period? As these two
questions have not been systematically analyzed for multiple countries, we include all
countries with matching data available for the period from 1991 to 2011. Further, we use
two types of ECs, classical and kinked, instead of the simple average annual rate of change
to estimate the rate of change in Els. The PR estimated from the EC represents the rate of
change in EI as a function of doubling cumulative NEG for individual countries. The use
of a kinked EC also enables us to estimate multiple rates of change during the study period.
The PRs for all 91 countries are estimated and ranked in ascending order. We then estimate
the average PR, standard deviation (SD), and coefficient of variation (CV) for the total
sample, as well as for subgroups of countries, categorized by the type of PR (increasing
versus decreasing, single versus multiple), income, and region.

Our analysis distinguishes between countries that have reduced their Els (i.e., better-
performing countries) and those that have increased their Els. We then list the countries
that are likely to sustain their decreasing EI trends in the future. The results also suggest
which countries are more likely to reduce their future Els by reversing their past increasing
EI trends. To the best of our knowledge, the abovementioned research questions have
never been examined using the EC to estimate the PRs of Els for as many as 91 countries.
Thus, this study may provide new insights into the EI research literature.
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3. Brief Review of EC

The accumulation of experience has been observed to increases productivity in many
industries by lowering the inputs required to make a unit of a product. For instance,
Wright [22] found that the average person-hours required to assemble a Boeing aircraft
decreased by 20% as the cumulative number of airplanes assembled doubled. This effect is
referred to as the learning curve and reflects the philosophy of learning by doing. Applying
this philosophy to the relationship between total costs and outputs, the Boston Consulting
Group (BCG) [23] introduced the EC model. They investigated the reduction rate of unit
costs in constant dollars with every increase in the cumulative volume of production for
24 products. The result illustrated that the ratio of the final to the initial costs incurred in
doubling the cumulative volume, which was termed as the PR, was 70% to 80%. However,
BCG made an important modification to the original learning curve model, allowing it
to capture total cost elements such as R&D, sales expenses, advertising, overhead, and
intangibles, which are required to deliver the product to ultimate users. Given that BCG
expanded the concept of input from a single variable to include the total cost elements, EC
became a widely used tool to analyze the learning effect at not only the factor level but also
at the firm and industry levels.

One area where the learning effect has a significant influence is energy technology.
With increasing concerns about the impact of greenhouse gas emissions and oil-derived
fuels on the climate, building and maintaining sustainable energy systems has received
significant attention. To reflect the long-term experience effect, researchers and practitioners
have extensively applied the EC approach in their analysis. For instance, the average PR
computed from various studies on energy supply technology [24-26] is 84%. Applying
the model to different energy demand technologies, including automobiles and home
electronics, Weiss et al. [27] found PRs ranging from 59% to 96%.

Several scholars have been attempted to extend the EC analysis. First, recent studies
considered not only the simple learning effect but also other sources of experiences as
independent variables. These include learning by consuming [28], learning by knowledge
spillover [29], and learning by learning [30]. Further, more recent studies argue that the
observed improvement effects are the outcome of the accumulation of multiple learning
processes beyond single inputs [31]. Second, the EC approach has also adopted several
physical performance measures such as energy or carbon intensity. For example, the EC
approach was employed by Nakicenovic [32] to analyze the historical trend in carbon
intensity in the U.S., and by IEA [33] to assess energy intensities in global markets.

ECs are capable of analyzing not only a decreasing but also an increasing trend in a
performance metric. For example, Grubler [34] used ECs to estimate the positive experience
slope for increasing reactor construction costs per kilowatt-hour of nuclear power as a
function of cumulative installed capacity in both France and the U.S. A positive experience
slope translates into a PR value exceeding 100%. Similarly, positive experience slopes have
been reported for natural gas-fired power plants [35] as well as on-shore wind power [36].
Learning rates are typically not the same throughout the lifecycle of a technology [37].
Sometimes, such changes in the slope are caused by technological breakthroughs [38]. In
other cases, experience slopes become steeper in the later development stages of several
renewable energy technologies [39]. Under these circumstances, traditional ECs can be
modified to accommodate multiple experience slopes over a lifecycle. Such modified ECs
with a kink (piecewise linear) in the slope, known as kinked ECs, have been used in several
studies [40-43]. In summary, ECs can deal with both increasing and decreasing trends
in performance outcomes of variables, such as EI, and can also estimate multiple rates of
change over a lifecycle. Compared to the use of time as an independent variable, ECs are a
more flexible method of estimating the rate of change in EL
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4. Data and Method
We define historical yearly EI (EI;) as follows:

Net Electricity Generation;
GDP;

Els = ¢y
where t runs from 1991 through 2011.

NEG in time t (NEG;), measured in billion kWh, is obtained from the EIA’s webpage
on international energy statistics [44]. GDP in time t (GDP;), based on 2011 constant
U.S. billion dollars adjusted by the purchasing power parity, is sourced from the World
Bank [45]. We then divide NEG; by GDP; to obtain EI for each year. To get an understanding
of what happened in terms of EI, we present the historical pattern of Els from 1991 to 2011
in Figure 1 for the five largest producers of electricity in the world: China, the U.S,, Japan,
India, and Canada. The U.S. and Canada display a more rapidly declining trend, whereas
China and India show a moderately decreasing trend. Japan is the only country with a
moderately increasing trend.

* Canada » China ¢ India #® Japan ® US.

-1.412% —-0.189% —0.557% 0.274% -1.412%

71991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Year

Figure 1. Historical trends in Els of five major electricity generating countries (1991-2011).

Two types of ECs, namely classical and kinked, are specified as follows [40]. In both
ECs, the dependent variable for a country is the EI and the independent variable is the
cumulative NEG from 1991 to year t.

The classical EC equation for each country is defined as follows:

y(xe) = ax;® )

where t =1991,1992, ..., 2011,
y(x¢) =Elin yeart,
x; = the cumulative NEG from year 1991 to year 2011,
a = constant, and
b = experience slope.
In logarithmic form, the classical experience equation is expressed as follows:

Iny(x¢) = Ina + blnx;. 3)
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The kinked experience equations of EI for an individual country are defined if a break
point occurs at the year k as

y(xt) = alxtblz 4)

where a1 and by are parameters for Equation (4) from year 1991 to year k — 1, and

y(xe) = apx™2 )

where a; and b; are parameters for Equation (5) from year k to year 2011.
In logarithmic form, the kinked experience equation for the first period (Equation (4))
would be

lny(xt) = 1na1 + bllnxt (6)

and the kinked experience equation for the second period (Equation (8)) would be
lny(xt) = 11‘1&2 + bzll‘lxt (7)

We can combine the two logarithmic form kinked experience equations using a dummy
variable that takes the value of one if the year belongs to the second period and zero otherwise:

1ny(xt) = 11’1611 + (ll’lﬂz — ll’lﬂl) Xp+ bllnxt + (b2 — b])lnXt X p (8)

wherep=01if + =1991,1992, ... ,k—1,andp=1ift =k k+1,...,2011.

In the kinked experience model, k is the year when a kink in the pattern of EI occurs.
Parameters are estimated by running an OLS regression, which was adopted by many EC
studies as an empirical model [33,46—48]. EC studies rely on, by definition, time series data,
which typically show an upward or a downward trend. Even though the nature of time
series data raises a methodological issue, EC as a forecast model has been shown to work
reasonably well [49]. Alberth [46] conducted a forecast assessment by dividing the dataset
into two, one of which was used to forecast and the other to compare forecasts with the
actual realized value, and found the difference between the two statistically insignificant.
Using the systematic hindcasting method, Nagy et al. [48] and Farmer and Lafond [50]
reported that EC made reasonably good forecasts. Neij [51] also showed that the results of
the EC studies were similar to those of the bottom-up analysis, in most cases.

We consider all the possible years for the kinked year and compute the R? or the
coefficient of determination, which denotes the goodness of fit of an equation. We then
choose the year with the largest R? as the kinked year. Thus, the kinked year may vary
by country.

Next, for Equation (8) with the largest R?, we test whether or not the difference
between by and by, is statistically significant—if not, we can conclude that the relationship
between the EI and the NEG does not differ between the first and second periods. Thus,
the classical EC model should be used for this case. However, if the difference between by
and b, is statistically significant, we can conclude that the relationship between the EI and
NEG differs between the first and second periods. Thus, the kinked EC model should be
used for this case. In particular, the relationship between the EI and NEG for the second
period is used.

The PR for the cumulative doubling of NEG is computed by the equation PR = 2P
and the learning rate (LR) is defined as LR =1 — PR [39], that is, PR represents the rate
of change in EI as a doubling function of cumulative NEG. For example, if PR is 80%,
then each doubling of cumulative NEG will require 20% less EI; if PR is 120%, then each
doubling of cumulative NEG will require 20% more EI. In other words, if EI shows a
decreasing historical trend, PR would be less than 100%. Under these circumstances,
doubling the cumulative NEG will require a proportionately lower EI, indicating higher
electricity productivity. Conversely, if EI shows an increasing historical trend, PR would
be greater than 100%, and doubling the cumulative NEG will require a proportionately
greater EI, indicating lower electricity productivity. Therefore, PRs derived for different
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countries can indicate countries that have used electricity efficiently to generate a constant
unit of GDP over time. PRs can be used to project future NEG for the respective countries.

We began with a total sample of 230 countries, available from the EIA’s website, and
eliminated 43 countries due to missing data. Of the 228 countries in the World Bank GDP
data, 55 countries had missing information. Combining the two data sets left 146 countries
with complete information with which we ran an initial experience curve analysis. The
results of our initial analysis showed 55 countries with PRs that were not statistically
significant. Therefore, a final sample of 91 countries was used for analysis.

5. Results and Discussion

The 91 countries in the total sample were ranked according to their PRs estimated
from the EC analysis (Appendix A, Table A1). Nigeria ranked first with the lowest kinked
PR of 53.36%, whereas Luxembourg ranked last with the highest classical PR of 171.46%.

China, which had the largest NEG in 2011 with 4771 billion kWh, ranked 59th with a
kinked PR of 107.87%, while the U.S., which had the second largest NEG with 4102 billion
kWh, ranked 31st with a kinked PR of 91.68%. The third largest NEG country, Japan,
ranked 40th with a kinked PR of 97.69%, while India and Canada ranked 24th and 22nd
with PRs of 87.82% and 86.36%, respectively. The average PR for these five countries, at
94.27%, would rank 37th, which is below Denmark’s PR of 93.75%. The average PR for the
four major NEG countries—the U.S., Japan, India, and Canada—is even lower at 90.89%,
which is the PR of the 29th ranked country, Norway. Overall, these major NEG countries
collectively contributed significantly to improving electricity productivity worldwide.

Figure 2 depicts a histogram of PRs for all 91 countries. The average PR was 101.50%
with an SD of 20.11. On average, little change in the electricity productivity trend was
observed from 1991 to 2011. Of the 91 countries, as many as 63 countries had their PRs
ranging from 80% to 120%.

18
16
14
12
2}
S 10 9
a
3 8
g 8 7 7
2% 6
6
4 4 4
4 3 3 3
2 1 11| I IIII1 1 1
. i "
N O 0 O 0 O O W O In oI oI oOIn o000 0NN O I
5 D Y RN ®D DB &N EO O =~ &N R M S DB I D O RN
) e T L A N e T e B e B o R o B o R o TR o TR o TR o R o B o R o B o B R |
=R =R =T - B B~ BN N S AR
PR ICRLIIBRR S s o S o o S 18 © 18 o
= e T B T B T, T T R T B= T SN
A Lo TR o B o B o B o R o I o R e B o T o I o B o B |

Progress Ratio (%)

Figure 2. Histogram of progress ratios from the experience curve of EI for 91 countries.

Further, 51 countries had a history of increasing Els, whereas 40 countries experienced
a decreasing trend. For the countries with an increasing trend, the average PR was 115.51%
with an SD of 14.10. Although a few countries had very high PRs, exceeding 135%, 34 out of
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51 countries had their PRs in the range of 100% to 115%. For the countries with a decreasing
trend, the average PR was 83.64% with an SD of 9.74. Of the countries with decreasing PRs,
34 countries had PRs in the range of 75% to 100%, while six countries had very low PRs of
below 75%.

5.1. Income Group Analysis

To examine whether income levels influence the trend of Els, we divide the 91 countries
into four subgroups based on income, following the World Bank classification (Table 2).
Only the lower-middle income subgroup of 24 countries had a higher average PR, at
105.40%, than the average PR of 101.50% for the total sample of 91 countries. The other
three income subgroups had their average PRs close to the 91 countries” average PR.

Table 2. Progress ratio of income subgroups.

All Increasing Trend Decreasing Trend

Countries Mean SD Ccv Countries Mean SD Ccv Countries Mean SD Ccv

High Income 39 100.05 18.03 0.18 17 115.44 17.01  0.15 22 88.15 6.78 0.08
Upper Middle Income 22 99.72 1895 0.19 14 111.90 9.06 0.08 8 78.40 1042 0.13
Lower Middle Income 24 105.40 19.60 0.19 18 114.86 9.52 0.08 6 77.03 13.10 0.17

Low Income 6 101.89 36.82 0.36 2 147.27 2230 0.15 4 79.20 5.84 0.07

Total 91 101.50 20.11  0.20 51 115.51 1410 0.12 40 83.64 9.74 0.12

Dividing the total sample into increasing and decreasing PR countries shows a dif-
ferent picture of the role that income levels play. Of the 51 countries with increasing PRs,
only two countries in the low-income subgroup have substantially higher PRs (average PR:
147.27%) than the average PR of 51 countries (115.5%). The fact that the other three income
subgroups (49 out of 51 countries) have their average PRs very close to the increasing
PR group’s average of 115.5% means that the EI trends among the high-income, upper
middle-income, and lower middle-income countries in the increasing PR group have little
discernible difference.

Among the 40 countries with decreasing PRs, the high-income subgroup of 22 coun-
tries has an average PR of 88.16%, which is higher than the 40-country average. How-
ever, the remaining three subgroups have substantially lower PRs. This suggests that
the high-income decreasing PR countries, on average, lagged behind the upper middle-
, lower middle-, and low-income countries in terms of change in EI trend during the
1991-2011 period.

5.2. Regional Analysis

To examine the same types of questions for countries based on regional categorization,
we formulate six regional subgroups by modifying the World Bank'’s classification. The
subgroups are East Asia and Pacific (EAP); Europe, Central Asia, and North America
(ECANA) (North America is combined with Europe and Central Asia because the former
has only two countries: the U.S. and Canada); Latin America and the Caribbean (LAC); the
Middle East and North Africa (MENA); South Asia (SA); and Sub-Saharan Africa (SSA).
The MENA subgroup of 16 countries displays a substantially higher PR of 106.61% than
the average PR of our 91-country sample (101.5%), as illustrated in Table 3. The EAP and
SA subgroups show average PRs of 104.46% and 103.59%, respectively, which are also
relatively high.
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Table 3. Progress ratio of regional subgroups.
All Increasing Trend Decreasing Trend
Countries Mean SD CcvV Countries Mean SD CVv Countries Mean SD CvV
EAP 15 104.46 172 0.17 9 115.83 10.8 0.09 6 87.41 7.77 0.09
ECANA 19 100.23 21.73 0.22 7 119.95 24.88 0.2 12 88.73 6.57 0.07
LAC 19 99.08 16.12 0.16 12 109.06 6.77 0.06 7 81.97 1246  0.15
MENA 16 106.61 16.73 0.16 12 114.62 9.51 0.08 4 82.57 6.37 0.08
SA 5 103.59 19.59 0.19 3 116.57  11.07 0.1 2 84.12 5.23 0.01
SSA 17 97.61 27.83 0.29 8 12191 19.18 0.16 9 76.02 1059 0.14
Total 91 101.5 20.11 0.20 51 115.51 14.1 0.12 40 83.64 9.74 0.12

As in the income group analysis, the average PR estimates of the increasing and
decreasing PR groups depict a different picture than the total group of 91 countries. Among
the 51 countries with increasing PRs, which have an average PR of 115.5%, the subgroups of
SSA (eight countries) and ECANA (seven countries) display the highest and second highest
PR, at 121.91% and 119.95%, respectively. By contrast, the LAC subgroup of 12 countries
showed the lowest average PR of 109.06% in the increasing PR group. In the 40-country
decreasing PR group, the ECANA subgroup of 12 countries displays the highest average
PR of 88.73%; the EAP subgroup follows with an average PR of 87.41%. The lowest average
PR is 76.02% for the SSA subgroup.

5.3. Population Analysis

As previous studies have documented the role played by population dynamics in
energy related issues [52], further tests were conducted to examine the relationship between
PR and three measures of population dynamics—population size, population density, and
population growth rate during the 1991-2011 period. Population data were downloaded
from the U.S. Census Bureau [53].

5.3.1. Population Size

Figure 3 illustrates the fluctuations in the relationship between the population size
of a country and the proportion of countries with an increasing slope. Increasing PR
countries constitute 77.8% of the small population countries, 37.5% of countries with 1 to
10 million people, and 67.5% of the next group. The population size analysis suggests that
the 32 increasing PR countries with a relatively large population of more than 10 million
are most likely to contribute to a lower global average PR.

5.3.2. Population Density

Figure 4 indicates that the proportion of countries with increasing slopes jumps from
37.5% (3 out of 8 countries) in the lowest population density group to 59.5% (25 out of
42 countries) in the group with 10-100 persons/km?. The proportion then gradually tapers
off in the higher population density groups. Overall, population density has an impact on
the proportion of increasing PR countries.
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Figure 3. Relationship between progress ratio (PR) and population size (2011). At the top and bottom of the figure are
numbers and percentages (within parentheses) of countries with increasing and decreasing PRs, respectively, in each
population size category. For example, of the nine countries in the less-than-1,000,000 category, two have decreasing PRs

and seven have increasing PRs.
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Figure 4. Relationship between progress ratio (PR) and population density (2011). At the top and bottom of the figure are
the numbers and percentages (within parentheses) of countries with increasing and decreasing PRs, respectively, in each
population density category. For example, of the countries with fewer than 10 persons/km?, three (37.5%) have increasing
PRs and five (62.5%) have decreasing PRs.

5.3.3. Population Growth Rate

The population growth rate during the 1991-2011 period produced the most inter-
esting results of the population dynamics. Figure 5 shows a clear pattern indicating
that the proportion of increasing PR countries increases with a rapid expansion in the

population size.
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Figure 5. Relationship between progress ratio (PR) and population growth rate (1991-2011). At the top and bottom of the

figure are numbers and percentages (within parentheses) of countries with increasing and decreasing PRs, respectively, in

each population growth rate category. For instance, the far left-hand side with negative population growth rates includes

two countries, Guyana and Trinidad and Tobago, both with decreasing PRs.

The group of countries with a population growth rate higher than 40% consists of
only two regions, MENA and SSA. Combining these two rapid population growth groups
shows 76.5% of the countries (13 out of 17) with increasing PRs. In general, high population
growth appears to be associated with increasing slopes while low population growth tends
to generate decreasing slopes.

5.4. Classical vs. Kinked

Finally, we examine the important question of which of the 91 countries are most
likely to reverse their past trends and improve their Els in the future. The 40 countries with
a decreasing trend are less likely to make a breakthrough in the future because they have
already made significant progress, as indicated by their average PR of 83.64%. This leaves
the 51 countries with an increasing trend as possible candidates for improvement. Their
average PR of 115.51%, which is higher than both the total group’s average of 101.50% and
the decreasing group’s average of 83.64%, indicates the extent of possible improvement
in the future. The 51-country group with an increasing trend comprises two subgroups:
countries with classical experience slopes and those with kinked experience slopes. Table 4
demonstrates that 24 countries have increasing kinked slopes and 27 countries, increasing
classical slopes. The average PR of the increasing kinked group, at 119.40%, is higher than
that of the increasing classical group, at 112.05%. The table also shows that 27 countries
have decreasing kinked slopes and 13 countries have decreasing classical slopes. The
average PR of the decreasing kinked group, at 81.72%, is lower than that of the decreasing
classical group, at 87.63%. Therefore, all four groups of countries need to be considered to
answer the question about which groups are likely to make major improvements.
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Table 4. Trend versus experience slopes of 91 countries.

Kinked Subgroup Classical Subgroup Total Group
Decreasin Average PR 81.72% 87.63% 83.64%
8 # of countries 27 13 40
Increasin Average PR 119.40% 112.05% 115.51%
& # of countries 24 27 51
# of countries 51 40 91

Figure 6 displays the EC diagram for representative countries from the four subgroups
to explain the differences among the subgroups. Figure 6a,b shows a decreasing and
an increasing classical EC for Swaziland and Cote d’Ivoire, respectively. The increasing
classical slope for Cote d’Ivoire has a value of 0.2631, which translates into a PR of 120%. By
contrast, the decreasing classical slope for Swaziland has a value of —0.16, which translates

into a PR of 89.5%.
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Figure 6. Four types of experience curves, 1991-2011.

Figure 6¢,d depicts a decreasing and an increasing kinked EC for Nigeria and Yemen,
respectively. Nigeria displays two decreasing kinked slopes with the first covering the
1991-2001 period and the second, the 20022011 period. The second kinked slope has
a steep value of —0.906, while the first slope has a value of —0.057. The second slope
shows a PR of 53.36%. Yemen has two increasing kinked slopes with the first covering
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1991-1997 and the second, 1998-2011. Once again, the second slope has a steeper value of
0.3951 compared to 0.0028 of the first slope. The second slope represents a PR of 131.50%.

In summary, a classical EC displays one slope for a given period, while a kinked EC
displays two slopes for a given period. In general, the second kinked slope has a steeper
value than the first slope. Only the second kinked slope is used to estimate the PR for a
given country.

Now, we can make our selection from the four subgroups of countries presented in
Table 4. We expect that the 27 countries with increasing classical slopes are most likely to
switch their increasing classical slopes to decreasing kinked slopes in the future. These
countries include Luxembourg (171.46%), Mozambique (163.04%), Cote d’Ivoire (120.01%),
Brunei (115.54%), Iran (113.22%), and Turkey (110.8%).

Next are the 24 countries with increasing kinked slopes. These countries include
Cameroon (135.38%), Bermuda (133.5%), Yemen (131.5%), Oman (130.97%), Malaysia
(130.83%), and Vietnam (129.15%). This selection is made although the average PR of the
increasing kinked group (119.4%) is higher than the average PR of the increasing classical
group (112.05%). The increasing classical group is more likely than the increasing kinked
group to switch to a decreasing kinked slope given the same degree of success in electricity
resource management.

Finally, we should not overlook the decreasing classical subgroup of 13 countries.
Although the average PR of this group is 87.63%, some countries could reduce their future
PRs by converting their current classical decreasing slopes to steeper kinked decreasing
slopes in the future. These countries could potentially include Columbia (96.68%), Belgium
(96.41%), Austria (96.01%), Denmark (93.75%), Uruguay (93.19%), Finland (92.63%), and
Norway (90.89%).

In sum, the maximum number of countries with the potential to improve their future
PRs could exceed the 51 countries in the increasing PR group. In other words, depending on
how effective their future management of electricity resources is, most of the 91 countries
could improve their future Els beyond what their past trends indicate.

5.5. Robustness Test

To check the robustness of the results, we conduct additional tests for the five largest
producers of electricity—China, the U.S., Japan, India, and Canada—Dby using an updated
dataset for the period from 1991 to 2018, which is the year for which the latest information
is available. The NEG data have been downloaded from the EIA’s webpage on international
energy statistics [44] and the GDP from the World Bank [54]. Figure 7 plots the historical
change in Els for five countries in the two datasets. Although we have employed the same
analysis with an updated dataset, a comparison of the results from the original dataset
(1991-2011) with those from the extended one (1991-2018) should be treated with caution
because the GDP in the former is reported in 2011 constant dollars while that in the latter
is based on 2015 constant dollars. While imperfect, the comparison is expected to provide
some clues for the validity of our original investigation.

Table 5 reports the analysis for the five countries. The coefficients for all five countries
meet the statistical test and the coefficients for three of the five countries display a switching
slope between kinked and classical EC.
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Figure 7. Historical trend of EI for five major countries in the two datasets. For each country, the hollow symbols connected

with a dotted line indicate the EI from the original dataset (O) and the solid symbols connected with a solid line represent
the EI from the extended dataset (E). If EC is kinked, the year in which it is kinked and the EI of the year are indicated. For
example, the EC of China from the original dataset covering the period from 1991 to 2011 is kinked in 1998 and 0.28 is the EI
in that year, whereas that of China from the updated dataset through 2018 is kinked in 2004 with an EI of 0.33.

Table 5. Comparison of coefficients between the original and the extended dataset.

1991-2011 (2011 Constant Dollars)

1991-2018 (2015 Constant Dollars)

Coefficient Standard PR Mod.e 1 Coefficient Standard PR Mod.e !
Error Selection Error Selection
Canada —0.212 ** 0.017 0.864 Kinked (1997) —0.207 *** 0.010 0.866 Kinked (1997)
China 0.019 ** 0.014 1.079 Kinked (1998) —0.047 *** 0.013 0.995 Kinked (2004)
India —0.187 * 0.058 0.878 Kinked (2004) —0.017 * 0.008 0.998 Classical
Japan 0.017 * 0.008 1.012 Classical —0.613 *** 0.060 0.654 Kinked (2010)
The U.S. —0.125 ** 0.007 0.917 Kinked (1998) —0.112 *** 0.020 0.925 Classical

Note: * p < 0.05, ** p < 0.01, *** p < 0.001; numbers in parentheses are standard errors of coefficients.

Canada’s ECs show virtually the same pattern in both datasets: the analysis with
the updated dataset produces an EC with a decreasing slope kinked in 1997, same as that
with the 1991-2011 dataset. The fact that the PR in both analyses is statistically significant
with little change suggests that the country’s EIl has kept improving at a similar pace even
in the extended period from 2012 to 2018. An in-depth examination into the updated
dataset reveals that Canada, which began to significantly improve its EI from 0.54 in 1997
to 0.42 in 2011, has maintained its pace of improvement even after 2011 with its EI reaching
0.38 in 2018.

India and the U.S. exhibit a pattern different from Canada. As in the case of Canada,
the PRs of the two countries have a statistically significant and decreasing slope in the
updated dataset as well as the original one. This indicates that both countries have
maintained their trend of EI improvement even with seven more years added to the
window of original data coverage. However, unlike the Canadian case, the ECs of the two
countries change from a kinked curve with the original dataset to a classical one with the
extended dataset.
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In the case of the U.S., the EC with the original dataset is kinked in 1998, after which
EI keeps improving from 0.30 in 1998 to 0.26 in 2011. In the extended dataset, EI improves
from 0.29 in 1998 to 0.25 in 2011 and keeps improving, even in recent years, to reach 0.22 in
2018. This seems to have contributed to the shift from a kinked EC with the dataset through
2011 to a classical one with the dataset through 2018. As the difference in Els before and
after the kinked year is not as big as in the case of Canada, and the period in which the U.S.
improves its Els extends further into the 2010s, a classical EC now seems to be sufficient to
capture EI changes during 1991-2018.

The reason for India’s shift from a kinked to a classical EC differs from that of the U.S.
While India’s EI stays around 0.20 in the 1990s and improves from 2004 to reach 0.17 in
2008 in the original dataset, the extended period shows that EI again increases from 0.18 in
2011 to 0.19 in 2014 and then tapers off to 0.18 in 2018. This fluctuation in the added period
at a level higher than the early 2000s makes the overall curve flatter than that in the period
through 2011. Therefore, analysis with the updated dataset produces a classical EC with a
PR of 99.8%.

A change in PR for China and Japan corroborates our prediction that countries with
increasing PRs are more likely to make a breakthrough. In the case of China, the EC is
kinked in 1998 with a PR of 107.9% in the original dataset but is kinked in 2004 with a PR of
99.5% in the extended dataset. That is, China’s EI stops deteriorating and is stabilized after
2004. Japan’s EC turns from classical, with a PR of 101.2% in the original dataset, to kinked
in 2010, with a PR of 65.4% in the extended dataset. This dramatic change primarily results
from the nationwide nuclear power plant shutdown after the Fukushima accident in 2011.
Japan relied on nuclear power plants for approximately 30% of electricity generation up
until 2011. As of March 2020, only nine reactors in five nuclear power plants in Japan are
in operation [55].

Overall, the robustness test seems to support our forecast on the EI trend forward. The
case of Canada and the U.S. fits well with our forecast that countries with decreasing PRs
are less likely to make a breakthrough because they have already progressed significantly:
both countries achieved significant progress earlier in the study period and maintained
their improvement at the same pace thereafter. With improving EI since 2013 and as one of
the increasing kinked slope countries, China is forecast as a good candidate to progress
significantly. Japan also shows the forecast pattern to improve its EI; however, this is
primarily caused by its accident, not by technological progress or policy changes. India is
one country that seems to deviate from our forecast. While the country has maintained
a downward slope even in the updated dataset, a PR of 99.8% suggests little change
during the period: its Els in the 2010s increased to the EI level of the 1990s and the early
2000s. A surge in electricity generation capacity during the early 2010s is believed to have
contributed to the deterioration of EI: in coal-fired electricity generation alone, 78,440 MW
of capacity was added between 2010 and 2014, increasing the country’s coal-fired electricity
generation capacity to 164,953 MW [56].

6. Conclusions

The key points from the analysis of EI for 91 countries by using the EC are as follows.
First, while previous studies reported the convergence of EI across countries, our findings
demonstrated a wide variation in EI trends in a large sample of 91 countries. The PRs
ranged from 53% to 135%, although the average PR of the sample at 101.5% suggests little
change as a whole. This is useful information for policymakers as the results allow them
to determine the current standing and the future direction of their respective countries in
terms of EI trends.

Second, we illustrated that more than half of the countries in the dataset experienced
a significant change—a kink—in their PR trends. This has not been reported in previous
studies. Out of the 20 lowest PR countries, 16 countries experienced a downward kink. The
factors that contributed to the kink are worth investigating. At the same time, out of the
20 highest PR countries, 15 countries experienced an upward kink, the reasons for which
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need to be investigated. Both cases suggest that EI is susceptible to a sudden change in
trend, for better or worse. In future EI analyses, both academic researchers and energy
policymakers should closely focus on the countries with fluctuating PR trends.

Third, the results showed that the five major NEG countries contributed to the im-
provement of the world’s electricity productivity as their average PR was 94.27%. Out of
the five countries, Canada displayed the lowest PR of 86.36%. However, this may result
from a relatively high level of its EI in the early 1990s, with its latest EI being still higher
than that of the other four countries. To catch up with the EI level of these countries,
Canada needs to step up its efforts to reduce EI and achieve the second kink in the near
future. By contrast, China is the only country among the five major NEG countries to
have an increasing PR of 107.87%, although its overall El is at a lower level than that of
Canada. China experienced a kink in 1998 with a decreasing PR of 99.44% until 1997 and
an increasing PR of 107.87% since 1998. Considering its importance in the global economy,
China needs to improve its El in the near future. Fortunately, in the robustness test with
the extended period up to 2018, China’s EI showed a drop and a downward trend since
2013. As the five countries play an important role in the global economy, it is important
for them to take one further step to improve their Els in the future. Otherwise, efforts to
enhance the global welfare, such as the United Nation’s Sustainable Development Goals,
will not produce meaningful results.

Fourth, the analysis of the income and regional subgroups did not yield discernible
patterns of relationship with a country’s PR. However, one of the population related vari-
ables, population growth rate, produced a clear pattern: the higher the rate of population
growth, the higher the proportion of countries that exhibit an increasing PR. As a category
analysis, the result only suggests a plausible pattern between the rate of population growth
and PR. In future research, the factors influencing population growth rates, such as struc-
tural changes in the economy, technological changes, and government regulations, should
be further investigated.

Fifth, we selected 27 countries that displayed classical experience slopes with increas-
ing PR trends. This group included countries such as Luxembourg (171.46%), Mozambique
(163.04%), Cote d'Ivoire (120.01%), Brunei (115.54%), and Iran (113.22%). Other countries
with increasing PR trends and kinked experience slopes represented the second potential
group and included Cameroon (135.38%), Bermuda (133.59%), Yemen (131.50%), Oman
(130.97%), and Malaysia (130.83%).

Based on the aforementioned findings, our study provides several policy implications.
First, given our results for 91 countries, the policymakers can analyze their respective
country’s performance. In particular, more than half of the countries we examined in
this study exhibited PRs of more than 100%. These countries may need to take active
steps to improve the productivity of electricity generation. For instance, emphasizing the
service and commercial sectors over the electricity-intensive manufacturing sector may help.
Adopting a cost-efficient technology for electricity generation would be another solution.
These countries may obtain fruitful insights by benchmarking better-performing countries
with similar economic or environmental characteristics. Finally, our analysis adopted
two types of ECs: classical and kinked. This can enable the countries that experienced
fluctuating rates of changes, or are likely to experience a significant shift in EI, to adopt
appropriate reduction targets.
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Our study has several limitations involving both conceptual and technical issues,
which warrant further research. Conceptually, EI, as used in this study, is a vast simplifica-
tion of a complex relationship that exists between electricity generation and GDP [57,58].
Therefore, future research may include various economic variables, such as growth rate or
stage of economic development. Additionally, the sources of electricity generation may be
another important aspect to consider. Finally, each country’s structural differences in elec-
tricity consumption, including the type of major industries, buildings, and transportation
systems, as well as environmental factors (e.g., weather), also need to be examined.

At a technical level, the model used in this study is a simple aggregate EC that is
only driven by a single independent variable of cumulative NEG, which leaves room for
further refinement. One approach that may extend the current research is the adoption
of the environmental Kuznets curve (EKC), which hypothesizes an inverted U-shaped
relationship between environmental degradation, such as CO, emission and per capita
income [59,60]. To elaborate, the traditional EKC studies have been expanded to analyze
the relationship between pollution emissions, economic growth and energy consumption
because emissions are primarily generated by energy consumption [61-63]. Lean and
Smyth [64] have used electricity consumption to represent energy usage from five ASEAN
countries using the same type of model and found that a one percent increase in electricity
consumption per capita was associated with an increase in CO; emissions per capita at
0.511% from the panel. The elasticity of CO, emissions per capita to real GDP per capita was
3.106-0.404 GDP per capita at the threshold income, supporting the EKC hypothesis that
the emissions declined following the threshold income level. An interesting extension of
this research might be to relate countries with four different experience slopes of increasing
classical, increasing kinked, decreasing classical, and decreasing kinked to dynamic changes
of real GDP per capita to test the EKC hypothesis.

In short, our study should be viewed as a modest beginning to better understand the
wide variation in the Els trends among several countries. Future studies incorporating the
factors affecting a country’s economic performance, electricity generation, and consumption
can elucidate the reasons for the wide variation in EIs among multiple countries.
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Table A1. Results of classical and kinked experience curve analysis of EI for 91 countries.

Country Classical Experience Equation Kinked Kinked Experience Equation Modfal

Ina b R? PR Year In al b1l In a2 b2 b2-b1 R? PR2 Selection
1. Nigeria *(203’ 21915) " *(8 016607) ) 0.4820 0.8909 2002 ’(203 '159603) - (’0002‘2)7 ’(108 99;;’) " ’(8:?(8)? ;* ’(g'ﬁgz)** 0.8591 0.5336 Kinked
2. Guyana _(ézgg;;* (261.(7);0*)* 04010 11256 2001 _(é:?gé)** (()03%1) (Z)?iég; _(8:82‘;;* _(3)(1)22) 08633 06313  Kinked
3. Cuba _(égii;* &%23? 0.2950 0.9345 2000 _(32?2(9);* %9(9):35 6*)* (gggg) _(83;2;* _(g:ggz)** 0.9480 0.7006 Kinked

4. Botswana _((2):267’;;* _(8 '2582) ) 0.6270 0.7054 2001 _((2):‘;32)** (_0?1';?; (éfgi) (_0%;?))7 _(é%(l);* 0.8948 0.8784 Classical

5. Sierra Leone 7(2:.'140142) - ’(8 'fgf) ) 0.3620 0.7103 2005 ’(25'()299(;1) ” (’O%i? ’(217 2033; - (igzg) (i’:ggi) 0.6636 6.9120 Classical
6. Zambia _(2& ff:) - _(g: égg)** 0.7518 0.8724 1999 _(201_ 1427 62) ” (_().06:0357? _(13 '18315) " _(gféz;* _(?):?)ZZ;* 0.9569 0.7323 Kinked
7. Panama _(202067526) " (_090'(2’% 0.0001 0.9994 2002 _(2()2.i72995) ” %%iig _(201 f;;) " _((o’iifﬁf* _(g'é‘é;* 0.6315 0.7638 Kinked
8. Sweden (8:;1;% ’(8'.51;)“ 0.7608 1.1307 1999 (’Oolgg; (’O%g‘g 1(08227) ’(8:‘:’)23;* ’(gigéé;* 0.9403 0.7761 Kinked
9. Malta _(2551526) - _(g:g?? )** 0.3220 0.9732 2003 _(25'023209) - _(8'_8?1;* _(2& '316432) - _(3'.:323;* _(8:?)(6)2;* 0.8722 0.7774 Kinked
10. Mongolia _(201 0678;) " _(g: é‘;’g;* 0.8365 0.8989 2000 _(201 '170537) ” _(8: (1)52)** _(200 f;g " _(g:ggé;* _(%gi;* 0.9535 0.7786 Kinked
11. Singapore *(202056356) " zo(?bolii* 01616 09777 2001 *(25'069493) ” (*000(2); ’(2(? 2621;1) " ’(8%3;* ’(gigig;* 08794 07850  Kinked
12. Switzerland —(23;)(;5) - (_o?(')%? 0.3849 0.9475 1999 _(25'242592) ** (8:822) _(28 '216657) - _(gzgig;* _(8'.3267’;* 0.8078 0.7851 Kinked

13. Rwanda —(2&55)91) " z09i34481)* 0.3546 0.7894 2000 _(251"1126; ” (g:ggg) _(25 23 4212) " (855% (8:;82) 0.7793 1.4364 Classical
14. Lebanon *(é'égg;* (252.8;5? 07757 1.1541 2002 7(?):823;* (()023;5) (8:2)2;) ’(8%3;* ’(giggi;* 09539 08003  Kinked
15. Pakistan _(25'190620) - (8:8:15% 0.2038 1.0230 2007 _(25 '0157; ** ?693(3)9*)* _(28 5)5523) - _(8 '(‘;571;1) ) _(8'.321;* 0.0310 0.8042 Kinked
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Country Classical Experience Equation Kinked Kinked Experience Equation Model

Ina b R? PR Year In a1l b1 In a2 b2 b2-b1 R? PR2 Selection

16. Iraq &fﬁ?? _(gf’)g;* 0.7620 0.8054 1998 ?00..277051)* _(8:325)** _(%nggg;* (8:858) (gﬁg) 0.9016 1.0174 Classical
17. South Africa _(201 f;lgo) " &%gg 0.3366 0.9711 2005 _(201 '059208) ** (8:825) _(109 élelf) " _((0)'3(3);;* _(8%22;* 0.8695 0.8082 Kinked
18. UK. ’(8?23) ’(8'.3%)“ 0.8038 0.9323 2002 ’(ééﬁ) ,(8:832;* (%72}395) ’(8'.322;* ’(gﬁgi;* 0.9786 0.8151 Kinked
19. Guinea _(3:822;* (%‘%g; 0.2104 1.0345 2001 _(f)zgig;* (8:822) _(3):?22)** _(8'.%)?12)** _(gf)zg;* 0.7217 0.8309 Kinked
A A CTI R A - R e A R
21. Venezuela ’(20207 5’27) - ?&ng 4*; 0.5895 1.0604 2002 ’(2517;’) ” (()003255) ’(2(? gf;‘) - 10%28288; ’(giggﬁ;* 0.8760 0.8539 Kinked
22. Canada (8382) _(giééi;* 0.8093 0.9175 1997 _(8'_?%;* &%22? 1(61.:1))22;* _(gf)g;* _(8:(2)(2)2)** 0.9854 0.8636 Kinked
23. Ireland _(é:%é;* _(8%2‘;;* 0.8500 0.8985 1994 _((1).??)%)** (8:833) _(%.823190; ) _(gﬁg;* _(8%%2;* 0.9390 0.8647 Kinked
24. India *(é'iig;* (*0%22)7 03497 09750 2004 *(égg) (()Ooég 4*; (’005(2)%7 zgé%? ’(gﬁgg;* 09540 08782  Kinked
25. Hong Kong ]éj?iéf* _(g'. égé;* 0.7186 0.8882 1994 _(é'_;(é;;* (8:832) _(ééig;* zo%ljzz; (_o?éég 0.8235 0.9256 Classical
oo TS T v S S+ M o S R
27. Swaziland *(25’ g’le) - *(8: égé;* 07224 08947 2003 ’(Zg’ '5110; - ’(ggi)ﬂ ’(25’ '49 6897) H (8:5% (8:51% 08998  1.0885  Classical
ST ewm oo we  GORTOORTREROHET O oo o ik
29. Norway (8}2% _(8})22)** 0.6848 0.9089 2003 (8:22;) —(g(l);(;) (_113%;3 (8:2311”) (8:1%’) 0.7485 1.0593 Classical
30. Australia ’(823) ’(8(1)32) 0.5962 0.9650 2005 Zol.é)fgoz* ?0%%166)* (’001@?? ’(8}38;* ’(8'.3)5;* 0.9477 0.9136 Kinked
31. US.A. zo(?'l34994§* _(g:g?i)** 0.8889 0.9452 1997 _(8’_322;* _(8'_8?)%** (8:822) _(g:égg;* _(8'%)38;* 0.9877 0.9168 Kinked
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32. Israel _(éf)‘éz;* (8:8;)% 0.0392 1.0056 2002 _(é'_ﬁg;* (g:ggi) _(8',?2;* _(giééé;* _(giéﬁif* 0.3740 0.9195 Kinked
33. France _(éggg) ?O%Ol‘g* 0.5357 0.9700 1996 _((1)?)331) (()00535) _(%ﬁg)** _((o)'.éig)** _(8'3%** 0.8952 0.9263 Kinked
34. Finland (*()91'52? *(81328;* 06204 09200 2005 ’(8‘.?;11)” ?0%02526)* (2%3%5 (’()?2';3? (’Oozgz(; 08012 09293  Classical
35. Uruguay _(2& '19 6187) " 10%14002)* 0.2035 0.9319 2004 _(25'2107; ” (_0.0(')237;3 _(Zﬁffg " (8:‘322) (gggg) 0.3740 1.3326 Classical
36. Denmark _(éé?g;* 10%%963;* 0.2931 0.9375 1996 ;01"762679)* (_()91'(5)(3)‘)1 (8:5(8)2) _((O):ggg;* (J’f%? 0.6285 0.7997 Classical
37. Austria ’(é:ggg;* ’(8:8?2)** 0.6633 0.9601 2002 ’(éggi) ’(8:832;* (’0151;? &%g%‘ (’O%%? 0.8099 0.9432 Classical
38. Belgium _(éf]gg;* _(8'8‘?2;* 0.5839 0.9641 2001 _(é'_‘ézi;* &%gg? _(é:?ég;* (_(f(')g”;? (_O%g‘;? 0.8041 0.9617 Classical
39. Colombia _(éiiig;* 10%02419)* 0.4082 0.9668 1993 —((1):15;) (_o(.)dﬁ? _(éﬁé) _(81833;* (8:5;}2) 0.7763 0.9393 Classical
40. Japan ’(égg% (%%10;) 0.2050 1.0116 2000 ’(é:?i‘é;* (%%51‘; ’(éﬁg) zo%of’%* ’(giggz;* 0.7696 0.9769 Classical
41. Mexico _(3'.3?8;* (()6(?8802* 0.8537 1.0001 1995 _(?)'_?)3(6))** (8:888) _(3'%)3‘;;* %9885 (_0?6(())?)()) 0.9674 1.0001 Classical
42. Bahamas _(égg% %%Z 4*; 0.3678 1.0330 2007 _((1)(7);;) ?oogfm &ég% (_093'% 1003%923; 0.7425 0.5646 Classical
43. Brazil 7(%)%)21) (2698(7)8? 08176  1.0406 1997 7(?)23%)“ (8:312) *(é%é) %?gi’ g; (8:82"11) 08814 10372  Classical
4. Kenya e 0N g owe a9 2B 0N 3Ime WG 008 hrns s Classia
45. Morocco _(Z(i '02;52) " (()69(5)?;)* 0.4572 1.0407 1995 _(25 135773) ** (8:823) _(Zéf;; " ('8 '0021;’) (_()96(5]2? 0.7084 0.9908 Classical
46. Cyprus ’(ég‘ﬁ) %?8} 4*; 0.5516 1.0428 1995 ’(égé;) (()00(7)5 g; ’(ézgi‘;;* ?&8{ 2*; (g:ggé) 0.9152 1.0998 Classical
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47. Kuwait _(é:?g’g;* (%%621; 0.4558 1.0472 2005 _(3'_22%** (8:822) _(31223;* (8:?4313) (gﬁg) 0.6283 1.2683 Classical
18, Portugal 2m O ggusomo oy ZEIC 00N -6 0700 06 g s Classia
49. Chile *(ﬁg‘i;* ?%ZJ; 07462  1.0546 1999 7(})25) (8:812) ’(éggi) (8:83% (8:8;;) 08923 10255  Classical
50. Sri Lanka _(3'322;* ?60.31{;)* 0.6439 1.0548 2005 _(f)'.%i)** ?61.852:)* (_0?6'33; (_0?1'312? ?09'134567; 0.8216 0.8379 Classical
51. Jordan _(é(o)ig) %O.gio*; 0.8435 1.0578 2007 _((1)(9)38) (()008?1) zo(.).293999)* (_096313()) _(8'323;* 0.9037 0.9203 Classical
2Nrgs 2o O8N gger womy g 2EST 00 SRS 0068 000 g i Clssia
53. Philippines _(25 fgg) " %Sgi ;; 0.6051 1.0623 2005 _(25_ 55877) - ?61.352:)* _(2& 5556) " (_Of)(');% _(8:(2)22;* 0.9001 0.9123 Classical
b RO GRTawndees we ot SETOGED 0 Y opu ome Clsi
55. Spain 7(3?8(1)) (269(7):1%3? 0.8723 1.0515 1996 ’(ég‘zg) (8:8}3) ’(éég;;* ?bggfo*)* %ﬁf 4*; 0.9492 1.0679 Kinked
56. Thailand _(25 5555) - (()6(?(9)(9);)* 0.9014 1.0708 1998 _(25 1217 82) ** %98;;; _(25'17 2246) - (8:8?2) ?0%02784; 0.9700 1.0163 Classical
57. Netherlands _(é:g‘ég;* @%0121%* 0.1769 0.9837 1999 _(1(5?558 ” ('8 '81162) _(3';?2;* (()'Ol‘ggf; (()'Ol‘ég 5*; 0.6489 1.0742 Kinked
58. Indonesia ’(g;g;) ?bl.giz*; 07854 11207 1998 ’(f)?gg) (ggfé *(332’;‘;) ?&8;; (%B(Z) 09678 10766  Kinked
59. China _(éjgg;* (_o?(')(l)gé); 0.0179 0.9944 1998 _(8'_221;* '?(')907213;* _(ﬁgg;* ?&8? 4*; (261.(8)27*)* 0.8337 1.0787 Kinked
Che o EBY O GERT eswsdam e QTS RmT AT MR s dom Clsi
61. Mauritius ’(25’ 016679) H ?&gg;; 0.6691 1.0913 2000 7(25 5)3626) ” (8:3;2) ’(20217 0909) H (8:8;;) (8:822) 0.9128 1.0115 Classical
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Country Classical Experience Equation Kinked Kinked Experience Equation Model

Ina b R? PR Year In a1l b1 In a2 b2 b2-b1 R? PR2 Selection

Zi‘als)"i’:di _(25 '(?7090) - ?&S’f; 0.9140 1.0980 2004 _(25 '163815; ** %1.8;(;* _(2559627) " (8:825) (_0?(')332? 0.9618 1.0440 Classical
63. Bolivia _((2):823;* ((]('%Z 9*; 0.9100 1.0121 1994 _((Z):éf)‘é;* }8833)** —((z):ggg)** (("01.539? (()'01.889*; 0.9695 1.0927 Kinked
64. Egypt ’(éﬁgé;* (2;(1);*;; 07946 10825 2000 *(5323) (8:83) *(éi% %1.335’;* (261.338*; 08302 11017  Kinked
é5. Diibouti 2 OMLY gy wam s 2A9T 00 200700 00 g 1om9 Classia
66. Senegal BT OIS s L o DA 00 BRSO 0 g i Kinked
67. Ecuador ’(ézf‘ég;* ?&3;1 4*; 0.8394 1.1051 2007 ’(éggg) (()Olgfg) (’028222; (8:%3) (8:(1323) 0.9433 1.0123 Classical
68. Turkey _(3'322;* %1.3293* 0.9726 1.1080 1999 _(f)'_%g;* ?61.(2)352:)* _(3:(7)2;;* %1.(2);5;; (_0%(2)?; 0.9844 1.0888 Classical
69. Barbados LsOS OIS g pass oo 6T 00 A7EE oI 004 ggs s Clasicl
70. Bahrain (26%30? *(gigéé)ﬂ 0.8735 02463 1998 ’(é:zgz)ﬂ (()00838) ’(26?()6:4;* (261.(7130*)* (261.3;1*)* 09696 11273  Kinked
71. Ghana _(3)'.?2‘;)** _(g'f)gz)** 0.6796 0.8652 2003 _(é'i‘;i;* Eg:(l)g?; -(2(5.931219;* (%})76‘; (263.(2)25*)* 0.7933 1.1280 Kinked
ZGuemals ool O ags g wey 26T 00 B OUS OLT g g0 Kinked
73, Iram Ol OV g wam g 29E OB 2SR GIRE 0006 g 1w Classia
PHondums 26T OOMgmiaes e LSTC DI 2ame 0Ame 0295 000 ) Kinked
75. Brunei 0N ok s s SN 006 2eben 02 0016 hgg) 153 Classia
76. Nepal *(2:.'122165) H (261.32 4*; 0.7673 1.1374 1999 *?;é);f) ” (8:32);’) *(251.'122998) - ?bz.gio*)* (262.(1)28? 0.9294 1.1660 Kinked
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77. Tunisia B0 gpg wess a7 DAST 00 2000200 016N g0 jiom Kinked
it ol e aam me GETGME T ML 0T o o sl
79. Gabon ’(gzggg;* (251.523*; 07244 10932 1999 *(égi% (8:8(2)3) *(g:égo;* %2.8;59’;* (262.320*)* 09597 12041  Kinked
%?ﬁi[rj;iet:d Arab _(23'211833) - %2,35;; 0.9060 1.1828 1995 _(25_ '025471) ** ('8 '(())1156) _(Z(ifg;) - ?ggg 6*; %%820*; 0.9634 1.2240 Kinked
SLESaador G2 WS ggseaagp g 2627 OIM S3me 030 019 00 160 Kinked
82. Bangladesh ’éﬁg) ?&gg;; 07766 11389 1997 }?)jgﬁ)ﬁ (()003(2) 4*)* *(égég) (zg.’gf;; ?6?323*)* 09805 12762  Kinked
8. Vietnarm IO OFLY oy uaes 1995 o0 D00 LT 0398 000 00 1015 Kinked
84. Fiji —((z)iégg)** (8:833) 0.3199 1.0375 2005 _((2):(2)23)** ('8 'gllf) _((2)'223;* ((’gg;;; (()'0?3;0*; 0.9274 1.2930 Kinked
5. Malaysia BRI QU ggpspos oas DS OIS SBIW 03000 gy s Kinked
86. Oman TBowTOMR g Lag 1o ol 008 ST 0SME ORS00 i Kinked
7. Yemen BT OION g L 1 Deel™ 000 SBART 0 02 hg0p i) Kinked
88. Bermuda ’(ég?g) ’(8:8?3;* 0.6805 0.9636 2007 ’(})g%) ’(ggﬁg)ﬂ ’(é;%) (%%19% ?égg;; 0.8290 1.3359 Kinked
®.Comeroon 2727 000N gap g e 25T 00 A2l 0 OMSE ggn g Kinked
90. Mozambique _(202"07 4215) " ((]578;5? 0.9719 1.6304 1999 _(202,'(?41;) - ?{)6_82; _(28 '65509) " (_092'5;? 109'276451)* 0.9116 0.9913 Classical
91. Luxembourg ’(ézgg;* (20728) 0.5233 1.7146 2001 ’(gjg‘iz;* (’1012)? 6336250% (8:12% (g:gzg) 0.8456 1.2169 Classical

*p <0.05, " p <0.01, ** p < 0.001; numbers in parentheses are standard errors of coefficients.
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