
1 INTRODUCTION 

In order to meet their energy needs, different countries demand diverse types and quantities 

of energy sources. Each country uses a different variety and proportions of energy sources, 

characterizing a dynamic energy mix. Researchers and policy-makers look at the energy mix to 

deal with energy issues and climate change. The energy mix is crucial to determine important 

aspects of energy economics, such as energy efficiency, energy intensity1, energy security, and 

carbon intensity of a country, thus, also impacting climate change policies. 

Alterations in the composition of the energy mix in the long run define the concept of energy 

transition(s). Grübler (2004: 163) proposes a definition of energy transitions “in terms of three 

interdependent characteristics: quantities (growth in amounts of energy harnessed and used), 

structure (which types of energy forms are harnessed, processed, and delivered to the final 

consumers, as well as where these activities take place), and quality (the energetic and 

environmental characteristics of the various energy forms used)”. Moreover, energy transition 

processes “can be understood as a succession of both, intended disruptive changes and incremental 

adaptation processes, along a specific change path” (Binder et al., 2017: 1). 

The shape and pace of future transitions have been addressed looking at transitions in the 

past (Fouquet and Pearson, 2012; Rubio and Folchi, 2012; Bennett, 2012; Pearson and Foxon, 

2012; Allen, 2012; Steinmueller, 2013; Rosenbloom and Meadowcroft, 2014; Fouquet, 2016; Napp 

et al., 2017). Currently, we are in the process of a new energy transition (i.e., to a low carbon energy 

1 Gales et al. (2007) already showed that “the transition from traditional energy carriers to modern ones therefore 
implied a decrease of energy intensity in any country”. In general, the transition towards higher quality energy carriers 
(which have superior capacity to do useful work) imply an improvement in energy intensity. For instance, while the 
Chinese economy grew nearly 7% in 2017, its energy consumption increased just by 3.5%, while its emissions 
increased by just 1.7% (or 150 Mt) thanks to continued renewables deployment and faster coal-to-gas switching (IEA, 
2018). As a consequence, the energy intensity of China declined. 

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0/



- 2 - 
 

system), fostered by the social demand for change in the energy paradigm. Contrary to energy 

transitions in the past, which essentially responded to techno-economic forces, the unfolding one 

also includes ecological motivations. This new path will entail a substantial change in energy mixes 

all over the world. 

Even though transformations of the energy structure determine energy transitions, the 

diversification of energy mixes per se has not been studied from a long-term comparative 

perspective, making use of concentration indicators. We know that technological innovations have 

allowed societies to use new energy sources. As a result, the availability of varied energy sources 

has increased, that is, there are more diverse energy options in recent times, than there have been 

ever before. This does not necessarily means that all countries have followed the same 

diversification path or have chosen the same options, but, there exists a general notion about the 

energy mixes becoming more diversified in recent times. This tends to ignore the different 

traditional forms of energy that were available in the past (draft power, wind, water, and firewood), 

which allowed a variety of energy mixes with large diversification of sources in past centuries. The 

interaction between the transformations in energy mixes and successive energy transitions also 

requires further investigation. 

The energy ladder hypothesis states that as incomes rise the shares of higher quality energy 

carriers increase. Higher quality energy implies carriers that are more productive, cleaner, and more 

flexible (Cleveland et al., 2008; Stern, 2010).  Burke (2013) carried out a detailed quantitative 

analysis of the energy mix-income relationship. Based on an econometric analysis of 134 countries 

for the period 1960–2010, he shows that economic development results in an overall substitution 

from the use of biomass to fossil fuels, and then increasingly to primary electricity.  

The energy ladder hypothesis seems to imply a one-way path toward increasing energy mix 

diversification over time, as countries become richer. That is partly so, given that the lower quality 
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energy sources tend to remain in the energy basket even if only with a minority share. Yet, it 

remains unclear whether the energy ladder is a theoretical myth or an empirical truth (van der 

Kroon et al., 2013). As a matter of fact, countries have had disparate experiences depending, among 

other things, on their energy endowment (this entails different comparative advantages and costs 

of the energy sources in each country), and the amount of energy consumed, in other words, it 

depends on the national energy supply and demand.  

We only have anecdotal evidence regarding when (or whether or not) the energy mixes 

become more diversified, (when that happened) whether it was an irreversible process or not, 

whether all countries followed similar paths or not, whether the levels of diversification of the 

energy mixes have converged over time or not, or about whether diversification of the energy mixes 

took place at the same time everywhere, or not. 

A small body of evidence (Marcotullio and Schulz, 2007; Rubio and Folchi, 2012) suggests 

that countries consuming large amounts of energy have behaved differently from small energy 

consumers in the process of altering their energy mixes, that is, in their energy transitions. Rubio 

and Folchi (2012), using Latin American data, have showed that small energy consumers had 

earlier and faster transitions than larger energy consuming countries did. Henriques and Sharp 

(2015) found a quick transition from firewood to coal in Denmark, a small energy consuming 

country, too. Following this reasoning, the article starts from the hypothesis that large and small 

energy consumers’ baskets tend to change differently, which, in turn, will imply that the degree of 

concentration of the energy mixes evolved with different patterns over time, depending on the scale 

of energy consumption. 

In addition to addressing these issues, the approach of our research to the evolution of the 

diversification of energy mix over the long term may be also useful for shedding some light on 

other crucial questions, such as whether it was easier to alter the energy mix in the past or in recent 
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times. In other words, how quickly can an energy mix be altered? Is there a different speed, 

depending on the level of development or the size of the country? But, before answering all these 

questions with our empirical analysis, we should wonder, would a country always prefer energy 

mix diversification to concentration? What are the benefits and costs of diversification? 

The importance of a varied energy mix is that diversification is one of the drivers of energy 

security. On the contrary, energy mix concentration is used as an indicator of energy vulnerability 

(the higher the concentration, the greater the vulnerability).2 Energy diversity lies in “an evenly 

balanced reliance on a variety of mutually disparate options” (Stirling, 2010: 1622). The logic 

behind promoting diversity is that “it is better to be exposed to several risks with limited 

consequences than to one risk where the probability of failure is weak, but that failure has 

unbearable consequences for the economies” (Llerena and Llerena, 1993: 230). However, energy 

diversification – in its various facets – does not prevent energy risks from occurring, but reduces 

the social and economic impact in case of risk contingencies and provides alternatives to respond 

to a potential interruption in the energy supply (IEA, 1985: 90), or to a sudden increase in energy 

prices (conditioned to fuel substitutability).3 

The preceding explanation justifies recommendations to increase energy diversification (of 

primary energy sources, suppliers and transport routes4) for countries, among other strategies, in 

order to enhance their energy security. Some examples include those from Churchill, such as 

“Safety and certainty in oil lie in variety and variety alone” (Yergin, 2006), to international and 

                                                        
2 For a detailed explanation of energy vulnerability, see Escribano (2008). 
3 Supply continuity and affordable prices matter in the short term. However, decisions related to the energy we 

consume and a diversification strategy require a long-term perspective. Those decisions will determine the energy 
transitions in the long run. 

4 These are the most common aspects of energy diversity, but, additionally, some other diversity parameters affect 
the energy security policies, that is, technologies, infrastructures, industrial interests, regulatory issues, manufacturers, 
and workforces (Stirling, 2010). 
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European institutions such as the IEA (1993) and the European Commission (2001: 2; and many 

subsequent documents).  

However, we should bear in mind that if the energy mix concentration is based on a 

domestically produced source(s), concentration would not entail a high risk. In that case, an energy 

security strategy based on diversification of the energy sources could be useless or even 

counterproductive if, after the process, we depend more on foreign energy resources. Furthermore, 

the more our supply relies in non-renewable energies, the more critical the concentration of the 

energy mix is, as a matter of resource depletion. 

Yet diversification is also a tool for environmental purposes, and “policies which minimize 

energy consumption and encourage diversity represent the best long-term sustainability strategy” 

(Templet, 1999: 232). Decarbonization will require altering the current energy mix. Most of the 

literature directly link decarbonization with diversification of the energy system. In fact, some 

works point at the potential of energy mix diversification “as an instrument of emissions 

mitigation” (de Freitas and Kaneko, 2011: 1466). Therefore, it is not unexpected that the EU 2020 

climate and energy package, as well as the Paris Agreement (among others), focus on diversifying 

the energy mixes toward others with a greater proportion of clean energies. However, the 

assumptions behind such connexion are hardly ever made explicit. In brief, the following 

assumptions are required to link decarbonization with diversification: 

1. A pre-existing energy system already in place mostly comprised of fossil fuels.  

2. Multiple higher-quality energy sources will enter the system (following the energy ladder 

hypothesis lower-carbon or carbon-free), displacing fossil fuels’ pre-eminence.  

3. Typically, fuels do not substitute each other but tend to be added to the mix over time. For 

an energy transition to occur, the old energy carrier may remain relatively stable (in 

absolute terms) while the new technology expands faster,  
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4. As a consequence of the above, this tend to be a slow process 

If all the assumptions hold, decarbonization will be a direct result of the increased 

diversification of the energy systems within a relatively long-time frame. Yet, we align more with 

the idea that steps of the ladder may be skipped in individual countries (Rubio and Folchi, 2012; 

Marcotullio and Schulz, 2007)-as Portugal and Sweden make evident in this paper- thus making 

possible faster transitions and different diversification paths. 

Moreover there are other potential gains of diversification in terms of competition, 

innovation (this is a key question while dealing with energy transitions)5, adapting to different local 

conditions (cultural, ecological, geopolitical, geophysical, etc.), and of reconciling conflicting 

socioeconomic interests (Stirling, 2010). On the other hand, diversity may involve costs and trade-

offs, such as performance penalty of marginal options, transaction costs, coherence, accountability, 

standardization, and economies of scale (Stirling, 2010), as well as political, social and 

environmental costs. 

In sum, when we deal with energy diversity, we are dealing with vulnerability (energy 

security), sustainability, as well as many other features related to energy systems. A diversification 

strategy might not be the best solution in a static economic analysis (i.e., in terms of costs and 

economic efficiency), but it is, in general, the best option in a dynamic environment. The optimal 

level of diversification will depend on the features of each country’s energy system (but we will 

not address this question in this paper). 

All this makes it particularly insightful to analyze the diversification paths of the energy 

mixes of different countries in the long term. In order to answer the questions and verify the 

                                                        
5 Grubb et al. (2006) explore the relationship between the transition to a low carbon energy system (supported by 

the deployment of renewable technologies) and the diversity and security of the electricity system in the United 
Kingdom. For a more detailed explanation of transitions to sustainable energy and source diversity, see Stirling (2008) 
and Mitchell (2010, chapter 3). 
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hypothesis posed above, we propose a synthetic indicator that allows one to compare and contrast 

the evolution of the composition of the primary energy baskets of eight European countries over 

the last two centuries, and quantitatively analyze the degree of concentration (versus diversity) of 

their energy mixes throughout the period. 

The rest of the paper is organized as follows: the next section explains the data sources and 

the methodology used based on concentration measures. The subsequent section focuses on the 

Energy Mix Concentration Index analysis and the results obtained. The article ends with a few 

concluding remarks. 

 

2 MATERIAL AND METHODS 

 

Some of the longest and more consistent series of primary energy consumption belong to 

eight European countries, and cover the period from 1800 to 2010, for most of them6. The historical 

database was developed over the past fifteen years by a number of energy researchers, for Sweden 

(Kander, 2002), Spain (Rubio, 2005), Italy (Malanima, 2006), United Kingdom (Fouquet, 2014), 

Netherlands (Gales et al., 2007), and Portugal (Henriques, 2011). The results have been synthesized 

and the list of countries has been expanded to include Germany and France in Kander et al. (2014).7 

This makes the database internally coherent, using the same methodologies across countries and 

energy sources. 

The energy data for these eight countries consider the full set of energies, both, traditional 

and modern, and refers to primary energy supply. The database includes food for men and working 

                                                        
6 For Italy, Portugal and Spain, from mid-19th century. 
7 There exist an alternative set of data for England and Wales by Warde (2007). We have run our empirical analyses 

with both, Warde (2007) and Fouquet (2014), datasets. The results are comparable but only those corresponding to 
Fouquet’s data are shown in the paper. 
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animals, firewood, traditional wind and water used in wheels and mills, and peat, recognized as 

traditional (also called “organic”) energy sources. Modern energy sources refer to the commercial 

resources developed after the industrial revolution, namely, mineral coal, petroleum, natural gas, 

and the primary forms of generating electricity, such as hydroelectricity, nuclear energy, and 

renewable energies (wind power, solar, geothermal, etc.). 

Widening the scope beyond commercial energy sources has proven to make important 

differences in interpreting long-term trends on most aspects of the relationships among the 

economy, the environment, and energy consumption (Kander, 2005; Gales et al., 2007; Bartoletto 

and Rubio, 2008; Bertoni et al., 2009). Given the importance of traditional energy sources up to 

well into the 20th century, any attempt to measure the degree of concentration of the energy mix 

in the long run without including them will be flawed. Moreover, considering traditional energies 

is the only way to take into account the first energy transition, from organic-based energy sources 

to coal. 

These eight European countries can be grouped into two categories according to their sizes 

and their economic and energy use histories. Four of these countries were large energy consumers, 

and happened to be early comers, both by energy standards – with coal as their dominant energy 

resource throughout the 19th century – and by their economic histories as advanced nations in the 

industrial processes. These four countries are the United Kingdom, France, Germany, and the 

Netherlands. The other four countries, situated at the European periphery, used to be small energy 

consumers and are often referred to as latecomers, both energetically – with firewood dominating 

their energy baskets until the 20th century – and economically. These four countries are Italy, 

Portugal, Spain, and Sweden. 

These assertions about the early comers and the latecomers, are well documented both in 

the economic history literature (Gerschenkron, 1962; Kuznets, 1966; Sylla and Toniollo, 1992), 
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and the energy history literature (Gales et al., 2007; Kander et al., 2014). Table 1 presents the 

summary statistics of energy consumption for early comers versus latecomers.  

Table 1: Energy consumption of early comers and latecomers (total, per capita)  

 Total energy consumption (PJ) Per capita energy consupmtion (MJ/hab) 

 Early comers Latecomers Early comers Latecomers 

1870-1913 2511,9 324,8  68,2 26,1  
1920-1938 3705,7 509,2  85,1 33,2  
1950-1973 5953,2 1303,9  119,7 62,1  
1973-2010 7952,8 3041,1  153,9 112,5  

    1800-2010 3429,7 1068,1  79,9 52,5  
Sources and notes: unweighted average of energy consumption. Data from Kander et al. (2014) except for the 

United Kingdom, which belongs to Fouquet (2014), include pre-modern and modern energy sources (i.e., food for men 
and working animals, firewood, traditional wind and water used in wheels and mills, peat, mineral coal, petroleum, 
natural gas, and the primary forms of generating electricity such hydroelectricity, nuclear energy, and renewable 
energies such as wind power, solar, geothermal, etc.). 
 

Are these differences statistically different? Using an unpaired two-sample t-test with 

unequal variation (Snedecor and Cochran, 1989) we can determine that for the entire period from 

1800 to 2010, there is a statistically significant difference between the mean of the total energy 

consumption for early comers (M=3429.7 PJ, sd= 3593.2) and latecomers (M=1068.2PJ, sd= 

1582.9); t(1209.34)=17.9, p>0.0001. The same is true for the means of the energy consumption per 

capita, which is significantly higher for early comers (M= 79.9 MJ/hab, sd=52.5) than for 

latecomers (M=52.4 MJ/hab, sd 43.1); t(1491.66)=11, p<0.0001. In both cases, we have sufficient 

evidence to reject the null hypothesis that the means are the same, and accept the alternative 

hypothesis that the latecomers had smaller means than the early comers did. 

We also need to point out that the crucial difference relies in the amount of energy injected 

to the territory. This is so because in the pre-modern times, energy was very much restricted to the 

amount of land capable to feed humans, animals and provide firewood. An organic based economy 

faces numerous limits to its expansion, as argued by Wrigley (2004: 31). Comparing the amount 
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of energy per square kilometre it becomes obvious that the early comers escaped the organic 

limitations imposed to energy consumption far earlier than the latecomers did, as shown in Figure 

1. 

 

Figure 1: Energy consumption of early comers and latecomers per km2 

 

 

Sources and notes: unweighted average of energy consumption per km2; min-max range represents the range 
between the maximum and the minimum energy consumption per km2 among the countries in each group. Data from 
Kander et al. (2014) except for the United Kingdom, which belongs to Fouquet (2014), include pre-modern and modern 
energy sources (i.e., food for men and working animals, firewood, traditional wind and water used in wheels and mills, 
peat, mineral coal, petroleum, natural gas, and the primary forms of generating electricity such hydroelectricity, nuclear 
energy, and renewable energies such as wind power, solar, geothermal, etc.). Present day borders, surface data from 
CIA Factbook. 
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In order to test our initial hypothesis and answer the questions posed in the introduction, 

some sort of a quantitative index of concentration of the energy mix is needed.8 Some of the most 

advanced research activity on diversity and concentration has taken place in the area of ecology. 

Nevertheless, contributions also come from other disciplines in the field of natural and social 

sciences, such as financial management and energy economics. 

According to the research work of Stirling (1998: 39-40; 2010: 1625-26), diversity entails three 

properties, namely variety, balance and disparity. In the analysis of the energy mix, variety 

corresponds to the number of different options – energy carriers – in a system, balance concerns 

the share of each source in the energy mix, and disparity is related to the different nature and 

characteristics of each energy source. 

According to this author, the three properties are necessary and independently partial 

(Stirling, 1998) since they are all “holistic system-level properties” (Stirling, 2010: 1622). 

However, most of the analysis omits one or two of them. In general, the analyses of diversity in the 

energy mix tend to focus on balance and variety, since disparity is a qualitative and context-

dependent facet of diversity.  

We stick to the dual concept indicators that consider balance and variety features.  The 

reason for dismissing disparity in our analysis is that the characteristics and the performance of 

energy sources change over time as energy technologies and societies evolve. As a consequence, 

the distance between a pair of options (this is how Stirling measures energy disparity) varies as the 

performance of those options change. In a dynamic long term analysis, like the one we conduct, it 

is impracticable to include disparity. Furthermore, in the very same moment, various countries – 

with their particular energy systems – will face different energy characteristics depending on their 

                                                        
8 A classification including concentration and other types of energy indicators is provided in García-Verdugo and 

Muñoz (2012). 
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technical, economic, and social features (level of technological innovation, resource quality and 

depletion, operational integration, etc.). Nevertheless, we agree that it would be neglectful to omit 

disparity dimension while dealing with future energy strategies and planning. In that case, it would 

be necessary to take into account all factors, dimensions, properties, and agents involved. 

In the field of energy economics, as well as in ecology, the most common dual concept 

concentration indicators are based on the Herfindahl-Hirschman Index (in ecology, the Simpson 

Index) and the Shannon-Wiener Index.9 

The Herfindahl-Hirschman Index (HHI) 10  commonly applies to market concentration 

analysis. It is measured by the sum of the squares of the market shares of each energy source in 

any given period, which corresponds to the formula: 

𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡 = ∑ 𝑝𝑝𝑖𝑖2𝑡𝑡
𝑖𝑖  [1] 

where pi is the share of the energy source i in the energy mix. Smaller values of the HHI 

indicate greater diversification, with 0 being the minimum concentration and 1 being the maximum 

concentration (in case the shares are expressed as fractions, where the aggregation of all the 

portions sum one i.e., 10% would be considered as 0.1)11. 

                                                        
9 A review of the “dual concept” (as well as the “mono concept”) indexes of non-parametric measures of ecological 

diversity can be found in Stirling (1998). 
10 The paternity of this index is shared by economists Orris C. Herfindahl and Albert O. Hirschman. In 1945, 

Hirschman (in National Power and the Structure of Foreign Trade. University of California Press,) proposed an index 
of trade concentration consisting of the square root of the sum of the squares of the market share of each country in 
the market. For his part, in 1950, Herfindahl (in his doctoral dissertation, Concentration in the steel industry, Columbia 
University) proposed an index for measuring the firms’ concentration in the steel industry, which was computed in the 
same way as the Hirschman index, but without the square root that is, the sum of squares of firm sizes, all measured 
as percentages of total industry size. In Hirschman (1964) he claimed the authorship of the index. 

11 Sometimes, the shares are expressed as percentages –i.e. 10% would be considered as 10–. In this case, the 
maximum concentration would be 10,000. 
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The Shannon-Wiener Index (SWI), or just Shannon Index12, is also known as a measure of 

entropy. It is expressed as the market share multiplied by the natural logarithm (originally normal 

log, not Napierian) of the market share for each fuel in the market summed together. 

𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡 = −∑ 𝑝𝑝𝑖𝑖 ln(𝑝𝑝𝑖𝑖 )𝑡𝑡
𝑖𝑖  [2] 

 

where ρi represents the proportion of the total mix supplied by fuel i. The minimum value 

that the SWI can produce is zero, which occurs when only one fuel is consumed. This would be 

the case of maximum concentration in the energy mix. High values imply high diversity, but SWI 

has no upper limit (since new options would increase the potential values of the SWI). 

This last characteristic is the main reason why we decided to use the HHI instead of the 

SWI. The potential range of the SWI values increases with the number of market sources (or 

participants), which “undermines the usefulness of the index for comparison across markets or 

countries” (Le Coq and Paltseva, 2009: 4475). As the United Kingdom Department of Trade and 

Industry (DTI, 2005: 6) and the Department for Business Enterprise and Regulatory Reform 

(BERR, 2008: 30) remark, the SWI “can be used to see how diversity of a particular market is 

changing over time. It should not be used to compare different markets with each other.” This is 

an important technical consideration for a cross-country study like the one we perform. 

Moreover, HHI puts relatively more weight on the influence of larger sources (or partner 

supplies), while the SWI places a greater emphasis on smaller source (or partner supplies).13 Since 

we deal with energy transitions, we focus on the major energy sources in the energy systems. 

                                                        
12 C. E Shannon developed his mathematical formulation in 1948, in “A mathematical theory of communication”, 

The Bell System Technical Journal 27 (3): 379–423 & 27 (4): 623–656 (available at: https://www.bell-labs.com/our-
research/bell-labs-journals/seminal-works/). Later, in 1964, the SWI was presented in Shannon, C.E. and Weaver, W. 
“The mathematical theory of communication”, The University of Illinois Press, Urbana. 

13 For a detailed comparison and discussion of advantages and disadvantages of both indicators, see Stirling (1998) 
page 50 and following. 

https://www.bell-labs.com/our-research/bell-labs-journals/seminal-works/
https://www.bell-labs.com/our-research/bell-labs-journals/seminal-works/
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Consequently, we find the HHI to be more appropriate. In any case, when simultaneously both 

indicators are applied to the same variables, the results of both measures are consistent and present 

similarities (van Hove, 1993; Grubb et al., 2006; Kruyt et al., 2009). 

Finally, in the field of energy security and energy economics, the HHI is more widespread. 

Indeed, the IEA (2007: 54) states that “HHI is a well-established measure of market concentration 

commonly used by governments”. Some examples are Neff (1997), EIA (1999), Sen (2003), Blyth 

and Lefevre (2004), Liston-Hayes and Pilkington (2004), Fischer (2005), IEA (2007), Gupta 

(2008), Doane et al. (2008), Jun et al. (2009), Le Coq and Paltseva (2009), US Department of 

Justice and the Federal Trade Commission (2010), US FERC (2013, and preceding and following 

orders and analysis), Muñoz et al. (2015), Mason (2015), Chernenko (2015), Genc (2016), Lanz 

and Rausch (2016), Gupta (2016), CNMC (2017). 

Accordingly, in this paper, the concentration of the energy mix in a given year has been 

calculated using the HHI, and we named it Energy Mix Concentration Index (EMCI). For each 

country, we built a matrix containing the share of each energy source in the total energy 

consumption of every year from 1800 to 2010, for the selected countries. For our calculations the 

energy carriers are aggregated at the upper level possible following the classification originally 

made in Kander et al. (2014): food, fodder, firewood (biomass), direct water/wind/sun (prime 

movers or heaters), coal, oil, natural gas and primary electricity (from hydro, geothermal 

generators, wind power, photovoltaic and nuclear power).   
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3 RESULTS AND DISCUSSION 

 

Applying the HHI to the composition of the energy mix, we obtain the yearly EMCI over 

the last 200 years for these eight European countries14. The respective EMCI are plotted in Figure 

2 for United Kingdom, France, Germany, and the Netherlands, and in Figure 3 for Italy, Portugal, 

Spain, and Sweden. The smaller (larger) the EMCI is, the more diversified (concentrated) the 

energy mix turns out to be. 

The vertical lines in each country graph mark the year in which the previous prevalent 

primary energy source gives way to the next dominant source, which we identify as well. The 

figures also include an intuitive classification between low, medium, and high concentration 

according to the theoretical distribution of the EMCI, with the lower third of the index been 

classified as low concentration of the energy mix (i.e., high diversification) and the values falling 

on the upper third corresponding to high concentration of the energy mix (i.e., low diversification). 

 

Figure 2: EMCI, dominant fuel, and year of transition for four European early comers, 
from 1800 to 2010 

                                                        
14 For methodological details and the calculation process step by step, see the companion paper in MethodsX. 
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Sources and notes: data from Kander et al. (2014) except for the United Kingdom, which belongs to Fouquet (2014), 

include pre-modern and modern energy sources (i.e., food for men and working animals, firewood, traditional wind 

and water used in wheels and mills, peat, mineral coal, petroleum, natural gas, and the primary forms of generating 

electricity such hydroelectricity, nuclear energy, and renewable energies such as wind power, solar, geothermal, etc.). 

EMCI measured by a HHI. The smaller (larger) the EMCI is, the more diversified (concentrated) the energy mix. The 

vertical lines mark the year in which the previous prevalent energy source gives way to the next dominant source. 
 

The countries in Figure 2 exhibit some common features for the early comers, which turn 

out to be some of the largest energy consumers in Europe. They made an early transition from 

firewood to mineral coal, linked to their economic transformation from an agricultural economy to 

an industrial one. In fact, according to these data, the United Kingdom entered the 19th century with 

coal already as the prevalent energy source. France, Germany, and the Netherlands entered the coal 

era by mid-19th century. These four early comers remained under coal dominance for over a 

century. 
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For all of them, the transition from firewood to coal implied an increasingly concentrated 

energy mix, as coal took larger shares of their energy basket in order to feed their growing energy 

requirements. This is particularly marked in the United Kingdom and Germany, the leading 

countries in the continent during the First and Second Industrial Revolutions, respectively.  

From a theoretical point of view, we should infer United Kingdom and Germany faced a 

quite high-risk exposure for long time due to their high coal concentration. However, since their 

coal consumption was mainly based on a domestic supply, they did not really sustain such a high 

risk, nor compromised their economic development. Thus, the United Kingdom and Germany cases 

demonstrate it is possible and compatible an increasing economic growth with a highly 

concentrated energy mix in the long run. The key to this compatibility is the resource endowment. 

It is not the aim of this paper but, this reveals in order to carry out an energy security analysis, we 

should include the dimension of energy dependence as well. This topic deserves future research.  

The four countries also share the dates and effects on diversification of the transition from 

coal to oil. Petroleum became the prevalent energy source for all of them between the mid-1960s 

and early 1970s, right before the oil crisis. The entrance and eventual prominence of oil in their 

energy baskets implied greater diversification of their energy mixes in general terms. For sure, 

other sources participated in the diversification of the energy mix over the second half of the 20th 

century, most notably hydroelectricity, nuclear, and natural gas, but the battle between coal and oil 

as principal energy sources prevailed.  

The shifts in energy consumption patterns and the dominance of one or another fuel are 

highly conditioned to the countries’ energy endowments. It explains the noteworthy concentration 

of the energy mix of the United Kingdom and Germany, based on coal. In fact, the United Kingdom 
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and Germany have been the two major coal producers in the European continent until 197015 

(excluding the USSR and the Russian Federation, which became the greater producers in Eurasia 

from the second half of the 20th century onward). 

The first oil crisis brought about some differences among the early comers’ energy mixes. 

While the United Kingdom and Germany continued to diversify their energy mixes, France and the 

Netherlands had a short phase of increasing concentration before exhibiting further diversification 

that extends to the 21st century. These transitions were driven by revolutionary economic and 

technological changes, but most of the European countries do not have significant reserves of oil 

(of the selected countries only the United Kingdom does have a relevant role as an oil producer 

from the late seventies onward). 

A further difference is that in two cases, namely, the United Kingdom, and most notably, 

the Netherlands, endured a further transition where natural gas replaced oil as the prevalent energy 

source. In fact, the transition to natural gas was relatively fast. In the Netherlands natural gas 

supplied 50% of the total primary energy by 1971, a little bit more than a decade after the discovery 

of the giant Groningen field in 1959, becoming the major gas producer in the continent until the 

mid-nineties (again excluding the USSR and Russian Federation). For its part, the United Kingdom 

has been at the top of the gas production in Europe (together with Norway and the Netherlands) 

from the mid-seventies until now. 

The latecomer group of European peripheral countries in Figure 3 shares some features of 

their own. They arrived some 50 years later than the early comer group to the coal era, but by the 

beginning of the 20th century, peripheral Europe had made its transition to coal. An exception must 

be made for Portugal, the poorest country of the lot, which took much longer to abandon firewood 

                                                        
15 Then, Germany kept the leading position for two more decades, but Poland reached the second position as the 

most prominent coal producer in 1971, and then rose to the first one in the nineties. 
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as the predominant fuel and leapfrogged straight into oil by the mid-sixties. Coal never dominated 

the Portuguese energy basket. For the rest of peripheral Europe, coal reigned over the first half of 

the 20th century, but around the mid-1950s (Portugal by mid-1960s) oil became the major energy 

source. 

 

Figure 3: EMCI, dominant fuel, and year of transition for four European latecomers, 
from the 1850s to 2010 

 

 
Sources and notes: As in Figure 2. 

 

The transition from firewood to coal implied a larger diversification of their energy baskets, 

that is, a smaller EMCI, while the oil supremacy that began around 1960 conveyed an increasing 

concentration of their energy mixes, reaching maximum EMCI levels in between the oil crises of 

1973 and 1979. In any case, none of these countries reaches high concentration indices along the 
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full period. On the contrary, they show medium and low concentration of their energy baskets, and 

particularly low in the Mediterranean countries until the sixties, and now again at the down of the 

21st century.  

The events of the 1970s made evident the need for reducing their concentration away from 

oil, and the four countries pursued energy mix diversification strategies, particularly fast in the case 

of Sweden.  The oil shocks opened a period of convergence between early comers and latecomers 

toward similar levels of diversification at the end of the century. However, in the particular case of 

industrial sector, Safarzynska (2017) concludes that, as countries grow, they increase both fuel and 

industrial diversity, but the unique production capacity that the countries develop drives divergence 

in fuel diversity between countries.   

Besides the obvious classification criteria, the latecomers’ transit to modern energy sources 

happened some half a century later than early comer’s transition. The differences in the evolution 

of both groups are striking. Latecomers endured much shorter coal dominance (some 50 years 

versus over a century of the early comers). Latecomers also shifted earlier to oil as their 

predominant energy source, with the exception of Portugal, over a decade earlier, probably due to 

their scant coal resources.  

On the other hand, none of the latecomers initiated the transition to the natural gas age yet, 

although Italy already consumed more natural gas than oil in 2012 and 2016 (according to Eurostat 

database), what points to a new energy transition in the country. For its part, Sweden leapfrogged 

the gas era, initiating the transition from oil to primary forms of generating electricity at the 

beginning of the 21st century (from 2001 to 2008, nuclear energy headed the Swedish energy mix 

and, from 2009 up to now, renewable energies do it).  

The experience of Portugal and Sweden, skipping some conventional energy eras, is 

compatible with the fact that developed countries increase their energy diversity by adopting close 
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fuels to those in the mix, while poor countries adopt less connected fuels (Safarzynska, 2017: 38). 

Nevertheless, most energy transitions “have been, and will likely continue to be, path dependent 

rather than revolutionary, cumulative rather than fully substitutive” (Sovacool, 2016: 212). 

The successive introduction of new energy sources had different impacts on the 

concentration of the energy mixes of early comers and latecomers. While coal adoption contributed 

to increasing the energy mix concentration of the large energy consumers (United Kingdom, 

Germany, France, and the Netherlands) during the 19th century and the early years of the 20th 

century, the diffusion of coal did imply a larger diversification of the energy basket of the smaller 

consumers (Italy, Portugal, Spain, and Sweden).  

The arrival of oil predominance over the 1950s and 1960s also implied opposite results for 

the diversification of the energy mixes. Oil predominance had the effect of increasing concentration 

of the energy baskets of the small consumers, but reduced the level of concentration of the energy 

baskets of the large energy consumers. Toward the end of the 20th century, however, when the 

levels of energy consumption per capita leveled out, the concentration index of both groups also 

equalized in the frontier between low and medium concentration of the energy mix. 

Furthermore, these results show very different diversification paths of the energy baskets 

of European early comers versus latecomers. The early comers achieved the maximum level of 

concentration during their coal era somewhere in the first half of the 20th century. The latecomers 

reached the maximum concentration of their energy baskets in the early days of the oil dominance, 

right about the oil crisis of 1973. These two maximums are not only distant in time and predominant 

fuel, but also differ in their magnitude. Early comers’ maximum level of energy mix concentration 

almost doubles the maximum level ever achieved by latecomers. In other words, early comers 

endured much more concentrated energy baskets than latecomers would ever endure, following a 

distinct path over time (see Figure 4). 
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Figure 4: EMCI of European early comers vs latecomers from 1800 to 2010 

 
Sources and notes: As in Figure 2. Early comers refer to the United Kingdom, Germany, France, and the Netherlands. 
Latecomers refer to Italy, Portugal, Spain, and Sweden. Fitted values on a quadratic regression on time. 
 

Energy mix studies, such as van Hove’s (1993), Templet (1999) and Safarzynska (2017), 

are usually based on the last 60 years’ experience (post-1950), where the story is one of a 

continuous and intense diversification effort by the early comers, and a modest diversification by 

the latecomers, only apparent after 1970. In fact, latecomers end the period with a smaller diversity 

than early comers do. Yet, the long-term perspective tells quite a different story: the early comers 

followed an inverted-U path of increasing concentration for over a century, followed by an intense 

diversification of their energy mixes, achieving by 2010 their most diversified energy basket of the 

past 200 years, except for the Netherlands. This is not the case for the latecomers, which became 

more diversified over time but toward the end of the 20th century increased the concentration of 

their energy mixes (mostly on oil), keeping moderated levels of concentration. 
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We suspect that there are at least two effects at play in this distinct behavior of early comers 

and latecomers. One that has to do with the different timing in development, let us call it the “time 

effect”, and another that has to do with the different levels of energy consumption demanded by 

the countries, a “size effect”.  

On the one hand, consuming large amounts of energy in the 19th century required a huge 

concentration of the energy basket since the only modern technology available was coal-based. 

This is consistent with a strong positive correlation  between (total and per capita) energy 

consumption and EMCI in the 19th century for early comers (0.9, on average, excluding France, 

that has a weak positive correlation). For its part, smaller consumers could get by with a variety of 

pre-modern sources to add to a modest consumption of coal. This is also confirmed by a very strong 

negative correlation between total energy consumption and concentration levels in that century 

among latecomers (-0.92, on average).  

 

Figure 5. Mean EMCI vs average energy consumption of early comers vs latecomers 
from 1850 to 2010. 
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Sources and notes: As in Figure 2. Early comers refer to the United Kingdom, Germany, France, and the Netherlands. 
Latecomers refer to Italy, Portugal, Spain, and Sweden. Fitted values on a quadratic regression on time. 

 

On the other hand, when the latecomers required larger amounts of energy by the mid-20th 

century, the array of available energy technologies had widened considerably, and they were 

already at their lowest concentration levels. In turn, this implied that when latecomers eventually 

reached the levels of energy consumption that the early comers had achieved some decades earlier, 

the latecomers did it with a far more diversified energy mix (see Figure 5) despite they had to do it 

at the expense of a temporary increase in the concentration of their energy mixes  but  still at lower 

level than the one endured by the early comers for the same level of energy consumption. 

Meanwhile, in the 20th century, early comers changed the trend of increasing energy demand based 

on high concentrated energy mixes for a much more diversified structures (a correlation coefficient 

of 0.86 for the group corroborates this shift).  

 

 

4 CONCLUSIONS 
 

We find that the countries analyzed had converged to similar levels of diversification in 

their energy mixes only from the second half of the 20th century onward, and more crucially, after 

the oil crises of the 1970s, that is, only for the last quarter of the period under consideration. 

However, the path toward today’s level of diversification of the energy mix diverged from 1800 

until the second half of the 20th century.  

Early comers followed an inverted-U path of growing concentration (based on mineral coal) 

for over a century, and later started their diversification processes during the second part of their 

coal dominance periods. Meanwhile latecomers, –which tended to also be smaller energy 
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consumers, enjoyed historically lower levels of concentration in their energy mixes, and followed 

a U-path, reaching their maximum levels right about the oil crisis of 1973 (during their oil 

dominance).  

Moreover, early comers’ maximum level of energy mix concentration almost doubles the 

maximum level ever achieved by latecomers. Thus, the process of reducing the energy mix 

concentration has been far more intense among the early comers. In fact, they end the period with 

a higher diversity than latecomers do. For some countries, all the early comers but the Netherlands 

and Sweden, today’s degree of diversification is the largest in their energy histories, but it is not 

the case for the rest of them. 

We also find that the alteration of the energy mix took far more time in the 19th century for 

the early comers, producing a longer coal dominance era (about one century) than the energy 

baskets of the latecomers (versus half a century). The successive introduction of new energy 

sources had different impacts on the concentration of the energy baskets of early comers and 

latecomers. When latecomers eventually achieved the levels of energy consumption of the early 

comers, they did so with a more diversified energy mix. We explain this as a combined “time 

effect” and “size effect”.  

In our sample, energy transitions always occur at mid-to-low concentration levels. Yet, the 

diversification path followed after a transition takes place differently in the two groups. For 

instance, the transitions of United Kingdom and Germany from coal to oil preceded a reduction of 

the concentration of their energy mixes in the following years/decades. While for the latecomers, 

the path was towards higher concentration once oil took the lead. Nevertheless, in both groups 

energy transitions always took place at times when their energy mixes were facing mid-to-low 

concentration levels (EMCI<0.4). 
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The evidence we present here points to a different behavior of large and small energy 

consumers, that is, developed and underdeveloped countries, in their energy transitions. Therefore, 

we verify our initial hypothesis: that size matters at the time of altering the level of concentration 

of the energy mix. It was more difficult for large consumers than for small consumers to achieve 

diversification. 

This has to do with the strong inertia of some energy systems that have well-established 

infrastructure on both, the supply and demand sides, and powerful political support due to the 

tremendous wealth associated with the sale of those fuels. It was the case of coal in the 19th century, 

or oil and nuclear energy in the 20th centuries. Energy related capital (from energy generating and 

distributing to energy consuming capital) tend to be long-term investments with long amortization 

periods. The more vested capital related to energy the larger the energy consumption. Small energy 

consumers enjoy the advantage conferred by minimum pre-existing investment and the opportunity 

of leapfrogging in the energy ladder (as shown by the Portuguese and Swedish cases above). 

Regarding the ecological impact of the energy transitions and the diversification paths, the 

good news is that, after carrying out their diversification processes initially relying mostly on fossil 

fuels, the countries analyzed are reducing their dependence on polluting and non-renewable energy 

sources (such as coal and oil). The current trend points to a more diverse energy mix with a growing 

role of cleaner and renewable energies, therefore in a path towards a lower-carbon energy system. 

But we would like to remember that markets will not follow this path by themselves, governments 

must lead this process. 

The worries about the future of carbon emissions, given the path that developing countries 

had to follow to achieve the levels of already developed countries, are based in two premises. First, 

that developing countries (by definition latecomers to modern economies) would require similar 

amounts of energy to attain similar levels of GDP to those of advanced nations today (the early 
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comers). Second, that developing countries would transit the path of dirtier energies first, so that 

even if they can obtain similar levels of GDP at lower energy consumption, they will still pollute 

more. 

Our results offer some comfort, because even if developing countries would require as much 

energy as developed countries did at their time, our results in Figure 5 above point at the fact that 

the energy sources they use would be from a wider variety (and this is the current general trend). 

Thus they will pollute less -both in relative and in absolute terms- for the same amount of energy 

consumed. A more diverse energy mix is positive for carbon emissions at this moment (since the 

new options come from less contaminant sources). This reasoning is supported by a strong positive 

correlation between EMCI and carbon emissions in Sweden, Germany, United Kingdom and 

France from 1970 to 2009 (0.87 correlation coefficient, on average), meaning that the reduction in 

their concentration levels is clearly associated to a decrease in their CO2 emissions Though more 

research would be required to link the true relation between diversification and decarbonisation. 

Has diversification been the only trend in the past? We demonstrated it has not been the 

path for all the countries studied, on the contrary, just for half of them. Would diversification be 

the definitive trend in the future? Is it desirable above all things? Imagine if we could get hold of 

a Nikola Tesla’s type of ubiquitous, unlimited, and free energy presence in the ether around us. 

Then, it would make sense to switch to it immediately, giving up lower quality, limited, and more 

expensive energies, and concentrate as much as possible on this new free, renewable, safe, and 

clean energy. In fact, the predictions by Creutzing et al. (2017) hint at the potential for high 

concentrations in photovoltaicin a foreseeable low-carbon energy  future. 

In such a scenario, and in general, in any other energy transition, our results suggest that 

small energy consuming countries will be able to make faster transitions than large energy 

consumers will. All in all, economic and energy transformations are speeding up, and it is 
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presumable that the next energy transitions will be much faster in all cases (e.g., the shift from the 

oil dominance era to natural gas in the Netherlands and the United Kingdom), and not necessarily 

linear (such as Portugal and Sweden). 
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