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1. Introduction 
 

 

Anthropogenically caused climate change is one of the greatest threats to global stability 

and sustainable development.
1
 A transition to a low-carbon energy system will contribute 

to combatting the dangers of climate change and help to create climate stability. Plentiful 

studies have been performed in recent years to analyse the nature of such a transition.
2
 

However, as argued by Fouquet and Pearson in the editorial to a special edition of Energy 

Policy in 2012, many of the aspects of these future energy transitions are highly uncertain. 

They therefore call upon research into historic energy transitions. “Identifying patterns in 

energy transitions for a particular country (…) rather than across countries may require the 

analysis of events over hundreds of years” (Fouquet & Pearson, 2012, p. 1). They stress 

that: “The choice and selection of historical cases ought to be driven by a diagnosis of the 

type of challenges that we currently face” (2012, p. 3). It is exactly that, which I aim to do 

in this dissertation by analysing the historical roots and paths of four sustainability 

challenges regarding the Dutch energy system.  

Energy consumption plays a central role in modern-day discussions on sustainable 

development.
3
 Energy is a key input in the economy and a sustainable long-term supply is 

vital. At the same time, the combustion of fossil resources is one of the major contributors 

                                                           
1 Cf. Hsiang and Burke (2014), IPCC (2014), N. Stern (2007), Tol (2013), Winkelmann, Levermann, 

Ridgwell and Caldeira (2015).  
2 See among countless others: Fouquet (2010, 2015), Grin, Rotmans and Schot (2010), Steg, 

Perlaviciute and Van der Werff (2015), Truffer and Coenen (2012), Van der Loo and Loorbach 

(2012) and Verbong and Loorbach (2012). See also the early work by Daly and Cobb (1994, first 

published in 1989), who not specifically looked at the energy system but call for a complete revision 

of economic thinking and (economic) measuring of welfare. 
3 The first law of thermodynamics states that energy cannot be created nor destroyed. It is therefore 

strictly spoken impossible to speak of ‘energy consumption’ and ‘energy production’. By ‘energy 

consumption’ I simply mean the transformation of one form of energy into another one. The second 

law of thermodynamics states that this process is irreversible. By ‘energy production’ I mean through 

extraction making available energy carriers that can potentially be used by transforming the energy 

‘captured’ in these energy carriers into ‘workable energy’. Ayres and Warr (2009) speak of the 

technically more appropriate ‘exergy’ (i.e. the potential energy that is available to be used; exergy 

can be destroyed as the potential available energy can be reduced to zero) . However, to stay in line 

with conventional literature and to not confuse the reader (both expert and non-expert alike) I make 

use of the concepts of energy consumption and energy production. 
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to environmental distress through its emissions of smog, sulphur dioxide, carbon dioxide 

and other pollutants. Sustainability concerns have been brought to the attention of the 

general public since the late twentieth century; see for example the seminal works by 

Goldsmith, Allen, Allaby, Davoll and Lawrence (1972), Meadows, Meadows, Randers and 

Behrens III (1972) and the World Commission on Environment and Development (WCED, 

1987). However, in this dissertation I will argue that sustainability challenges related to 

energy consumption have a much longer history and that insights from historical 

transitions and sustainability challenges can contribute to our understanding of the current 

energy transition. 

 Van Zon (2002) has illustrated that the ideas behind sustainable development go 

back a lot further than the 1970s. Van Zon, just as various other authors, refers to Von 

Carlowitz’s use of the term ‘Nachhaltende Nutzung’ (literally sustainable/durable use) in 

his 1713 Silvicultura Oeconomica as the first known text in which the term sustainable 

consumption was used in any language (see Huss & Von Gadow, 2012 for a reprint of 

Silvicultura Oeconomica). Warde has traced back the origin of the ideas behind the 

modern concept to the sixteenth century, while he asserts that since Justus von Liebig’s 

1862 publication Die chemie und ihrer Anwendung “a new ethic emerged that knowledge 

of those fundamental biological and chemical processes (…) would dictate the ability of 

societies to endure” (2011, p. 170); i.e. to be (physically) sustainable. The first use of the 

English term sustainable development in its modern meaning was by Goldsmith et al. 

(1972) in their Blueprint for Survival, while it came in general use since the publication of 

Our Common Future, better known as the Brundtland report (WCED, 1987). 

Sustainability, and even more so sustainable development, is usually related to 

questions regarding the future: How can we continue to meet “the needs of the present, 

without compromising future generations to meet their needs” (WCED, 1987, p. 43, my 

emphasis)? However, many of the current sustainability challenges have deep historical 

roots and studies of past transitions may contribute to our understanding of the current 

challenges towards a low-carbon economy.  

My research is part of an NWO-funded research project on the ‘Historical Roots 

of the Dutch Sustainability Challenge’.
4
 The main aims of the project are twofold: (1) 

‘What are the historical roots of the current sustainability problems of the Netherlands?’; 

and (2) ‘To which degree and in which ways have earlier generations managed to solve 

these problems?’ The overall goal of the project was to provide an overview of historical 

sustainability challenges of the entire economy. To this end, three themes were identified 

for more in-depth analysis (namely ‘energy and synthetics’, ‘biobased materials and 

products’ and ‘mineral material and products’) and input-output tables for four benchmark 

years would be created to provide insights into which techno-economic activities, in which 

                                                           
4 NWO grant number 360-69-010. 
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periods of time, are responsible for the current generation’s ecological burden.
5
 I worked 

on the subproject on ‘energy and synthetics’ and in this dissertation focus on sustainability 

challenges related to energy consumption in the Netherlands.
6
 A collective publication 

bringing together the entire project is expected for 2017.  

In this dissertation, four still pertaining challenges regarding the sustainability of 

the Dutch energy system will be analysed in their historical context. I focus therein on 

quantifiable physical components of sustainability. Chapters 2 and 3 examine respectively 

the changes in the vulnerability to supply shocks and the improvements in the efficiency of 

energy conversion since 1800. In chapter 4 and 5, two negative externalities of the energy 

system will be addressed. Chapter 4 quantifies the emissions of sulphur dioxide and carbon 

dioxide since 1800 and analyses the long-term trends. Chapter 5 addresses the physical 

damage to infrastructure that results from subterranean resource extraction by means of a 

case study of the coal mining region of South Limburg (1918-1965).  

 

1.1. Energy and economic development 

During the nineteenth and twentieth century the Netherlands saw an exponential rise of 

welfare. GDP per capita increased almost thirteenfold between 1820 and 2010.
7
 By 

comparison, according to Van Zanden and Van Leeuwen’s (2012) estimates, GDP per 

capita in Holland (the economic centre of the Netherlands) less than doubled between 1450 

and 1800.
8
 This growth since the nineteenth century manifested itself not only in economic 

terms, but also in other demographic indicators such as life expectancy and health, see for 

example the Bevolkingsatlas van Nederland (NIDI, 2003). Energetic resources played a 

vital role in this development.  

Literature on the importance of energetic resources for economic development is 

abundant, both on the historical importance and on their current (and near future) 

indispensability.
9
 There is still ample dispute in recent literature on the causal relationships 

                                                           
5 The first of the historical input-output tables for 1913 has been described in Notten, Smits and 

Hoekstra (2015). 
6 Some sustainability challenges related to ‘synthetics’ are addressed in Lintsen, Hollestelle and 

Hölsgens, De kunststof revolutie: Kunststoffen in Nederland (1945-2020) (2016, forthcoming). 
7 Gross Domestic Product, usually expressed in international Geary-Khamis dollars at 1990 price 

levels (i.e. int. 1990 GK-$), in line with the Maddison-project from which these data were taken, see 

The Maddison-Project, http://www.ggdc.net/maddison/maddison-project/home.htm, 2013 version. 
8 It should be acknowledged that GDP per capita already almost doubled between 1450 and 1650 – 

the height of the Dutch Golden Age – but that it stagnated between 1650 and 1800. Also, the Dutch 

GDP per capita in 1820 was over 25% lower than that of Holland in 1800 since the other Dutch 

provinces were substantially poorer than Holland. 
9 On the historical role see among many others: Allen (2009), Kander et al. (2013), Sieferle (2001), 

Sieferle et al. (2006), Smil (1994), Stern and Kander (2012) and Wrigley (1988, 2006, 2010). On the 
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between economic growth and energy consumption.
10

 Likewise, there still is dispute on 

how crucial fossils have been for the initialization of the first industrial revolution.
11

 

Nevertheless, there largely is agreement that fossils have been crucial to sustain the 

economic and social upsurge of the nineteenth and twentieth century.  

The output of an economy can, in its most elementary form, be characterized as a 

function of capital and labour. In order to produce output, both capital and labour require 

energy.
12

 To the classical economists, land was the main limiting factor for economic 

growth as it was the main source of energy through the transformation of sun light into 

agricultural products: 

“Since land was in fixed supply, production could only be expanded by obtaining 

larger and larger outputs from each existing acre of farmland or by breaking in 

inferior land, but at some stage it seemed unavoidable that diminishing returns would 

take hold, making further expansion progressively more difficult and costly. (…) As 

growth progressed, the obstacles to further growth grew ever more pressing. It was 

their appreciation of these constraints which led the classical economists to make use 

of the concept of the stationary state as a device to epitomize the nature of the limits 

to growth, and to disbelieve in the possibility of a radical and permanent upward 

movement in real wages.” (Wrigley, 1988, p. 34)  

 Although Wrigley largely overlooks the importance of new lands becoming 

available to the European countries through colonization, others, such as Pomeranz (2000) 

and Barbier (2011) have stressed the importance of these land expansions. Pomeranz 

(2000) also stresses the importance of new world food crops such as the potato, which 

yielded more calories per acre. However, he largely agrees with Wrigley that the 

introduction of coal, on a large scale first in England, provided large amounts of additional 

energy that could not be extracted from the land alone: 

“Though it would be too teleological to see in the early nineteenth-century coal boom 

all the ways in which cheap fossil fuels have eventually relaxed pressures from a 

finite land supply (…), it was clearly a crucial step (…). Thus it seems sensible, after 

all, to look at the mining and uses of coal as the most likely European technological 

advantage that was purely home-grown, crucial to its nineteenth-century 

breakthrough (…).” (Pomeranz, 2000, p. 61, original emphasis) 

                                                                                                                                                   
current indispensability see for example Ayres and Warr (2009), EIA (2012), IEA (2014b, 2015), 

Lee, Park and Saunders (2015), Olah, Goeppert and Prakash (2009) and Smil (2010). 
10 See Bruns et al (2014), Chen, Chen and Chen (2012), Ozturk (2010), Payne (2010) and Liddle and 

Lung (2015).  
11 See for example Allen (2009) for a discussion and McCloskey (2010) for a critique; see also 

Kander et al. (2013).  
12 According to D. I. Stern (2011) energy actually should be placed next to capital and labour as 

factor of production; see also Stern and Kander (2012), Kander et al. (2013, appendix A) and chapter 

3 of this dissertation. 
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Sieferle (2001) and Sieferle et al. (2006) stress, in a similar fashion as Wrigley 

(1988), how the exploitation of the ‘subterranean forest’ enabled the unprecedented 

development since the industrial revolution because of the growing availability of 

energetic resources. The exploitation of fossil resources was crucial to overcome the limits 

of agrarian economies. However, Wrigley mainly sees them as crucial to sustain a growing 

population, rather than as the source of growth. In contrast to, for example, Allen (2009, 

2011, 2012a), who claims the availability of cheap energy, coupled with high wages, 

caused the industrial revolution and made it inevitably English. A working paper by 

Fernihough and O’Rourke finds that “no less than 60% of urban growth in Europe between 

1750 and 1900 can be attributed to the introduction of coal-using technologies of the 

industrial revolution” (2014, p. 31). They therefore conclude that coal was important for 

economic development, however the question remains open whether the supply of cheap 

and plentiful coal caused the industrial revolution, or whether the demand for energy 

because of economic progress brought industrialization to coal-rich areas. According to 

Kander, Malanima and Warde “energy consumption, and the availability of coal, helped 

propel economic growth (as did other things). Consumption of coal seems to have been a 

key part of economic success (…) and cheap energy was a necessary condition of the 

industrial revolution” (2013, p. 209, original emphasis).
 
 

 

1.2. Energy and industrialization in the Netherlands 

In this dissertation I focus on the historical roots of the sustainability challenge of Dutch 

energy consumption. The Netherlands is an interesting case in point. The industrial 

revolution arrived there relatively late (cf. Allen, 2009; Mokyr, 1976, 2000). It was not 

until the 1860s that the Netherlands entered a period of ‘sustained modern economic 

growth’ with persistent increased output (Van Zanden & Van Riel, 2004). In this respect it 

was not very different from other late-industrializers in Europe such as the Scandinavian 

and Southern European countries. What makes the Netherlands stand out is that it had been 

at the centre of economic development during Holland’s ‘Golden Age’. De Vries and Van 

der Woude (1997) speak of the Dutch Republic in the sixteenth and seventeenth century as 

the ‘first modern economy’. However, while Holland experienced many years of sustained 

growth, this came to a halt in the mid-seventeenth century. The Dutch economy stagnated 

and the Netherlands became a ‘stationary state.’ Nineteenth century Dutch observers 

commented that the once so flourishing industry and trade of the first half of the 

seventeenth century had been in considerable and long-term decline (e.g. Keuchenius, 

1803; Van der Boon Mesch, 1843).
13

 While the Netherlands – or more particularly Holland 

                                                           
13 Note that Keuchenius did not necessarily see this as a problem. He estimated that the Fabrieken, 

Handwerken en Trafieken (manufacturing and industry) contributed less than 1.5% to the annual 

revenue of the Republic. Although an expansion of industry would be beneficial, he warned that this 

should not come at the expense of the more profitable trade and agriculture; for a small country like 
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– had been a rich country/region during the sixteenth and early seventeenth century, it 

entered into relative economic decline in the eighteenth century; albeit still at a high level 

of income per capita. According to Adam Smith, Holland was very close to reaching the 

“full compliment of riches” of its possibilities (Smith, 1776, p. 113).
14

  

The strong position of Holland’s economy during the Dutch Golden Age (first 

half of the seventeenth century), is often attributed to (international) trade. While trade was 

definitely important, the Dutch industry, which processed imported raw materials before 

export, was also vital for the strong position of Holland (Noordegraaf, 1992; Van Zanden, 

1992). Energy was important in these industries (Van der Woude, 2003). Depending on the 

production process two kinds of energy could be required: kinetic energy (movement) 

which was mainly sourced from wind, water and muscle power, or thermal energy (heat), 

which was sourced mainly from peat, while imported coal grew already then in importance 

(Noordegraaf, 1992; Unger, 1984). 

According to De Zeeuw (1978), the Netherlands owed its strong economic 

position in the seventeenth century to its efficient use of peat. He estimated that, by using 

peat, the Netherlands could save large amounts of land that would have otherwise been 

needed to grow (fuel) wood. The effective use of energy from the wind to transport the 

peat cheaply over canals, further reduced the land acreage needed for the energy supply 

since this land would have otherwise been needed to grow fodder for the horses that would 

have had to pull the peat transport.
15

 However, with the large-scale extraction in the west 

(the economic centre of the Dutch Republic), the Lage Veenen (low peat lands) 

diminished. Although there still was plenty of peat in the Hooge Veenen (high peat lands) 

                                                                                                                                                   
the Dutch Republic, with a limited population, specialization towards trade and agriculture would be 

more beneficial.  
14 In contrast to what is often claimed in the literature, Adam Smith did not literally call Holland a 

stationary state (yet). He observed that only China, which neglected the possibilities of foreign trade, 

“seems to have long been stationary, and has probably long ago acquired that full complement of 

riches which is consistent with the nature of its laws and institutions” (1776, p. 111). Because of 

trade, even if with small profit margins – the Dutch were the lowest in Europe according to Smith – 

the Netherlands could overcome the limits of its own land. However, “the province of Holland 

[seemed] (…) to be approaching near to this state” of “a country which had acquired its full 

complement of riches, where in every particular branch of business there was the greatest quantity of 

stock that could be employed in it, as the ordinary rate of clear profit would be so low as to render it 

impossible for any but the very wealthiest people to live upon the interest of their money” (Smith, 

1776, p. 113).  
15 Wrigley (1988) has made a similar claim regarding the saving of land with the introduction of coal 

in England. He estimated that by 1800 the equivalent of 15 million acres of wood lands was burned 

in the form of coal each year; roughly one quarter of the land area in the UK.  

 Interestingly, Thomas Gray, a (too) early advocate of railways, used in 1819, among 

others, the argument that the construction of railways would save the need for many horses and 

therewith for fodder, which could come to the benefit of humans as it saved land. This argument, 

along with the rest of his ideas, were ridiculed by his contemporaries in the Netherlands (cf. 

“Thomas Gray,” 1845).  
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in the east and northeast, the long transport distance and lack of canals made this peat more 

expensive, and thus less available (i.e. more scarce) in the industrious cities in the west. De 

Zeeuw claims that this scarcity of energy eventually led to the relative economic decline of 

the Netherlands.  

Although De Zeeuw’s data has been heavily questioned (e.g. Unger, 1984; Van 

Zanden, 1993, 1997), the energy intensity of Dutch industry indeed decreased during the 

seventeenth century (cf. Gales & Smits, 2000c). According to Van Zanden, peat scarcity in 

the economic centres of Holland started earlier than De Zeeuw’s estimates. “This may 

explain why the degree to which production was energy intensive seems to have decreased 

rather than increased in the course of the seventeenth and eighteenth centuries” (Van 

Zanden, 1993, p. 276). We should, however, also not forget that economizing on fuel has 

virtually always been the norm (Ayres & Warr, 2009; Gales, Kander, Malanima, & Rubio, 

2007). Only in periods of excessive energy availability with low energy prices, the energy 

intensity has tended to increase (see also chapter 3). 

Unger (1984) and Van Zanden (1993, 1997) downplay the role of energy – or 

more particularly that of peat – shortages as explanation for the relative decline as they 

stress the availability of substitutes in the form of wind and (imported) coal. What exactly 

caused the stagnation and relative economic decline since the second half of the 

seventeenth century, and how important (lack of) energy was, is still debated. Allen 

(2009), for example, suggests that if the connection between Holland and the German Ruhr 

would have been better, cheaper coal might have been available in the Netherlands already 

earlier. Given his emphasis on the crucial combination of high wages and cheap energy 

this suggests that the omission of cheap coal indeed caused the Netherlands to stay behind. 

Wrigley (1988) emphasizes the omission of a domestic subterranean forest. While England 

transitioned from an advanced organic economy into a mineral-based energy economy, the 

Netherlands remained trapped in its ‘stationary state’ (Wrigley, 1988). 

Even though the Netherlands was still relatively well endowed with domestic 

peat, it had gotten behind on the English developments and sought ways to catch up, often 

imitating the English example. Van der Boon Mesch (1843) articulated the mid-nineteenth 

century strive for a stronger industry in the Netherlands in a lengthy exposition. He 

stressed how important the Dutch industry had been in processing trading goods during the 

seventeenth and part of the eighteenth century, while observing that the Dutch industry 

deteriorated towards the end of the eighteenth and the beginning of the nineteenth century. 

He also observed though, that progress was being made more recently:   

“The Government and its citizens, both we see forthwith and at the same moment, 

actively involved to regain as much of the lost [industry] as possible, and to expand 

in a previously unexplored area. Some former factories revive and expand. A lot of 

new factory equipment replaces the decayed. A completely new method of labour 

can be seen in many. The introduction of steam engines, which had become 
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necessary, one could say, has given a new life and image to many factories. A lot of 

which one thought it could only happen in England, happened also here.” (Van der 

Boon Mesch, 1843, p. 549 original emphasis)16       

The reason one initially thought industrialization could only happen in England was that 

the Netherlands was poor in domestic coal.  

It was recognized that energy was an important resource for industrialization.
17

 

While the Netherlands was rich in peat, this was seen as inferior to coal (Gales & Smits, 

2000a). Employing ever more energy, more in particular coal, was seen as compulsory in 

order to be able to keep up with the industrialization happening elsewhere (e.g. Knapp, 

1845); even though contemporaries may have actually overestimated the importance of 

coal for the Dutch economy. Historians have later concluded that the economic structure of 

the Netherlands simply required less energy than for example England or Belgium since its 

industries were less energy intensive (it, for example, lacked modern energy-intensive 

industries such as mining or metal industry) (Lintsen, 1990).  

Enhanced by technological innovation and an increasing division of labour, the 

nineteenth century industrialization resulted in biased technological change. Relatively, 

more resources were devoted to capital than to labour, in other words, capital-deepening 

took place as labourers started to employ machinery and as factories emerged.  

“Technically, energy is converted by both capital and labor into useful work in the 

economy. But the ceiling for the energy employed directly by labor is the food that 

can be consumed by each worker. Capital has no such ceiling, or only that imposed 

by current technology. Thus, in the nineteenth century, capital-deepening production 

tended to mean energy-deepening production too.” (Kander et al., 2013, p. 221) 

Demand for energy therefore rose strongly. This demand for energy was biased 

too. It favoured (imported) coal over the domestic peat. The increased demand for, and 

consumption of, energy – and especially coal – brought along challenges related to the 

sustainability of the energy system in terms of both securing enough resources and in terms 

of externalities such as emissions. The analysis of the historical roots of the sustainability 

                                                           
16 Non-English quotes have been translated by the author; the original quotes are given in the 

footnotes. “De Regering en de Natie, beiden zien wij terstond en als op hetzelfde oogenblik hare 

krachten inspannen, tot zoo veel mogelijk herwinning van het verlorene, en tot uitbreiding op eenen 

vroeger nog niet betreden grond. Eenige der vroegere fabrijken herleven en breiden zich uit. Vele 

nieuwe fabrijk-inrigtingen vervangen de plaats van vervallene. Eene geheel nieuwe wijze van 

arbeiden bespeurt men in vele. De invoering van stoomwerktuigen, die noodzakelijk geworden was, 

zou men kunnen mededingen, geeft aan vele fabrijken een nieuw leven en aanzien. Veel van hetgeen 

men dacht, dat alleen in Engeland kon worden tot stand gebragt, geschiedde ook hier.” 
17 Note that the term ‘energy’, in its modern meaning, was not in common use yet in this period. 

Contemporaries spoke more of the ‘application of warmtestof’ in industry as term for thermal energy 

(freely translated as heat matter). In scientific circles, the term energy in its modern meaning 

emerged in the early nineteenth century. 
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challenges of the Dutch energy system in the coming chapters therefore starts with the 

emergence of industrialization and the transition from peat to coal in the nineteenth 

century. 

 

1.2.1. Energy consumption in the Netherlands 

The specificities of the nineteenth and twentieth century energy system will be worked out 

in more detail in the remaining chapters of this dissertation. Especially section 2.4 will 

delve more into the energy resource transitions and will look at the consumption of 

specific energy carriers. The introduction of the long run energy consumption in the 

Netherlands at this point will therefore be very rough, but it is helpful to set the stage for 

the entire dissertation. 

 Energy is a rather abstract concept. For energy to be of use to humans it needs to 

be in the form of ‘workable’ energy. Workable energy can have two different forms: 

thermal energy (heat) and kinetic energy (movement) (cf. Wrigley, 1988).
18

 Although 

these forms of energy are largely mutual substitutes nowadays, they were much less so in 

the nineteenth century. The steam engine had been invented in 1712 by Thomas 

Newcomen and significantly improved by James Watt in 1769 (Lintsen, 1993b). With this 

invention it became possible to convert the heat released by the combustion of coal (or 

peat, as was not uncommon in the Netherlands (see Bleekrode, 1844; Mokyr, 1976)) into 

movement.
19

 However, despite the fact that in England by 1850 more than half the 

mechanical power was derived from steam engines, in the Netherlands this was only 4% 

(Lintsen, 1993a). This implies that the majority of kinetic energy had to be derived from 

wind, water, and animal power. For thermal energy the Netherlands relied mainly on peat, 

while coal was catching up quickly (Gales & Smits, 2000a; Gales, 2002). While thermal 

energy can nowadays be transformed relatively easily into kinetic energy, and vice versa – 

potentially via electricity and with some losses – it is important to keep this distinction in 

mind when looking at the nineteenth century energy system.  

                                                           
18 I define workable energy as energy that is of direct use to humans. Other forms of energy are the 

chemical energy stored in for example fossils, or nuclear energy in atomic nucleus; these forms of 

energy are not directly usable by humans since they first need to be transformed into heat or 

movement. The Bosatlas van de energie (Leenaers, 2012) calls electricity also workable energy; 

however since electricity also needs to be converted into heat or movement for it to be ‘workable’ I 

follow Wrigley (although one could argue that in information and communication technologies such 

as computers and smartphones, electricity is used more or less directly).  
19 Mokyr rightly comments that strictly speaking firearms are also based on the conversion of 

thermal into kinetic energy. “The canon is the first known example of a controlled conversion of 

thermal energy to kinetic energy; it is a one-cylinder internal combustion machine”, however it 

would take another half millennium to create a working internal combustion engine. “The debt of the 

steam engine, or any other form of power technology, to explosives is doubtful” (1990, p. 85). 
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The energy consumption (and production) data on which this dissertation builds 

have been collected by Ben Gales (Gales et al., 2007). The data have been revised and 

updated for the most recent years, but can be considered the ‘standard’ historical Dutch 

energy consumption data; see also Kander et al. (2013) and www.energyhistory.org. These 

time series (1800-2012) contain information on total import, export, bunker, non-energetic 

use and final consumption per energy carrier. Gales linked his data to the annual energy 

statistics by the International Energy Agency (IEA); these can therefore easily be used to 

continue the time series with the newest available data for recent years. Appendix A.I 

presents the revised time series on energy consumption.
20

  

Figure 1.1 shows the energy consumption in the Netherlands per energy carrier in 

the nineteenth century. The figure illustrates that while the combined consumption of wind 

and water, wood and peat energy initially grew and later decreased slightly, the main 

change in the Dutch energy system in the nineteenth century was an increase of coal 

consumption. In absolute quantities, the consumption of traditional energy sources 

(including peat) hardly decreased towards the end of the nineteenth century. Relatively, 

their importance declined rapidly: in 1800, 92% of all energy came from traditional 

sources; by 1850 this was still almost 84%; in 1875 it was down to 60% and at the turn of 

the century it was less than 34% (see also table A.II.1 in appendix A.II).  

Throughout the twentieth century, the importance of traditional energy sources 

further diminished and coal became more and more crucial as input for the economy. 

Figures 1.2 and 1.3 depict the consumption of energy in the Netherlands in the twentieth 

century (note the different scaling of the y-axes and the large consumption increases). We 

see how coal was the dominant source of energy until the 1950s, after which it was 

replaced by oil, and quickly thereafter natural gas, as the largest energy source. By 1958 

coal still accounted for more than half of the energy consumed in the Netherlands while oil 

supplied almost 40%, six years later these shares reversed, by 1967 coal supplied less than 

a quarter of the Dutch energy consumption, by 1970 this was only 10% and by 1973 just 

over 4%. 

 

                                                           
20 Please cite the energy consumption data from the appendix as: “Gales, B.P.A. & Hölsgens, H.N.M. 

(2016). Energy consumption in the Netherlands (1800-2012). In H.N.M. Hölsgens, Energy 

transitions in the Netherlands: Sustainability challenges in a historical and comparative perspective. 

University of Groningen.” The other time series are available upon request. 

http://www.energyhistory.org/
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Figure 1.1: Consumption of different energy carriers in the Netherlands, 1800-1900 

 
Source: see appendix A.121 

 

Figure 1.2: Energy consumption of different energy carriers in the Netherlands, 1901-1950 

 
Source: see appendix A.122 

 

                                                           
21 Muscle power includes both animal and human power. The increased consumption of muscle 

power is thus a result of a growing number of horses as well as a growing population. 
22 Traditional energy sources includes peat. 
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Figure 1.3: Energy consumption from different energy carriers in the Netherlands, 1951-2012 

 
Source: see appendix A.1 

 

Oil had been introduced in the Netherlands already in 1863. However it was not 

until after the Second World War that oil prices dropped dramatically and that oil became 

available in Europe in large quantities. Nevertheless, oil never became as important in the 

Netherlands as it did in many other European countries (see table A.II.1). It quickly rose to 

a maximum share of over 60% in 1966, but by 1976 this was reduced to 40%; its share 

subsequently dropped and stayed around 30% until the twenty-first century. The reason oil 

remained less dominant in the Netherlands was the discovery of the natural gas deposit in 

the north of the country. 

In 1959 Europe’s largest natural gas field was found under the province of 

Groningen. Extraction of this field was taken up rapidly and natural gas pushed coal 

largely out, while it diminished the growth of oil consumption (see also section 2.4.3). 

Since the 1970s natural gas has accounted for roughly half of all the energy consumed in 

the Netherlands. It can be seen from the figures, as has also been argued by, among others, 

Grübler (2004) and Rühl, Appleby, Fennema, Naumow and Schaffer (2012), that the 

introduction of new energy carriers also tended to increase the total level of consumption. 

Four further observations from figure 1.3 are worth stressing: firstly, after the 

1970s the share of coal in the total energy mix increased again and stabilized around 11-

12%; secondly, the combustion of waste for the purpose of energy production (according 

to the IEA data) started in 1997 and slowly grew to a share of almost 2.5% by 2012; 

thirdly, the share of modern renewables is small, but increasing, from almost 2% in 1990 
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to 3.4% in 2000 to almost 7% in 2012; and finally, total energy consumption peaked in 

2002.
23

 

 

1.3. Defining sustainable development  

This dissertation approaches the history of the Dutch energy system since 1800 from a 

broad perspective on sustainability. To this end we need a certain understanding of 

sustainability and sustainable development. Sustainability and sustainable development 

have become fashionable. “The term sustainable development has suffered from overuse 

alternatively as a panacea for all modern ills or as a meaningless catch-all theme to which 

all policy challenges (…) are somehow inextricably linked”, Atkinson, Dietz and 

Neumayer wrote in the Preface of their 2007 Handbook of Sustainable Development 

(2007, p. xiii). In the literature on sustainable development, many definitions, or types of 

sustainable development, have been put forward. Ciegis, Ramanauskiene & Martinkus 

(2009) counted more than 100 definitions of sustainable development in economic 

literature alone. However, when reviewing publications on sustainability or sustainable 

development, one is baffled by the number of authors who do not even attempt to define its 

meaning.   

Sikor and Norgaard (1999) claim that it is impossible to define ‘sustainability’ 

because of a lack of objectivity in its goal, and because of the value-laden character of 

sustainability judgements. Sustainable development somewhat overcomes this problem 

since it has the objective of continuous progress, but this still remains vague. What the 

preferred track of the progress is, is also laden with (personal) value judgements and may 

change over time (cf. B. J. M. De Vries, 2013; Du Pisani, 2006).  

(Economic) historians, such as Wrigley (1988, 2006), Sieferle (2001), Pomeranz 

(2000) and others have heralded coal as the means to overcome Malthusian boundaries. 

Economists see coal and other fossil resources as essential contributors to economic 

growth. They see continuous economic progress made possible by subterranean resources. 

However, while economists and economic historians thus often paint an optimistic picture 

concerning the role of fossil energy sources with regards to (economic) development in the 

last two to three centuries, environmentalists and environmental historians tend to depict 

fossils as a major threat. With the arrival of the first (coal-based) industrial revolution, they 

                                                           
23 Modern renewables includes trade of electricity. It also includes nuclear energy. In 1990 nuclear 

energy still made up almost a quarter of the modern-renewables, this slowly dropped with the uptake 

of other non-thermal sources of electricity and has been around 10% throughout the first decade of 

the twenty-first century; the contribution of nuclear energy to the total Dutch energy provision is thus 

less than 1%. 
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argue, industrializing countries embarked on an unsustainable path (see also P. S. 

Dasgupta, 2007).  

Steffen, Crutzen and McNeill, for example, speak of the Anthropocene, 

suggesting “that the Earth has now left its natural geological epoch” (2007, p. 614); see 

also Steffen, Grinevald, Crutzen and McNeil (2011) and Krausmann et al. (2015). While 

these papers leave the future of the Anthropocene open, it becomes clear that (pro-) active 

environmental management will be needed in the near future in order to prevent 

catastrophic outcomes. Steffen et al. (2007, 2011) see the emergence of the Anthropocene 

around 1800, i.e. around the emergence of industrialization, but characterize the post-

WWII period as the Great Acceleration. Pfister’s 1950s syndrome likewise claims that the 

real problems emerged after the Second World War. Reflecting upon earlier work he wrote 

in 2010: “My key conclusion was that the decline in the price of fossil fuel since the 1950s, 

seen in relation to the price of labor and capital, was the most significant cause of wasteful 

consumption of raw materials and energy, and the resulting excessive environmental 

stress” (Pfister, 2010, p. 92).  

The first view is more optimistic about the sustainability of the history and future 

of economic development and believes human ingenuity can deal with the challenges the 

development path brings along. The second view is more pessimistic about the 

sustainability of the current development path and calls for preservation and conservation. 

So how to evaluate the sustainability of the past 150-200 years of development? 

I define development as sustainable, if it is lasting (i.e. continuous); a definition 

fitting more in the economists’ camp than with the environmentalists.
24

 Pezzey reviewed 

various approaches to sustainable development and concluded that: “almost all (…) 

contain the same core ethic of intergenerational equity, that future generations are entitled 

to at least as good quality of life as we have now” (1992, p. 48). The Brundtland definition 

of sustainable development as “development that meets the needs of the present without 

compromising future generations to meet their needs” can also be interpreted as continuous 

development (WCED, 1987, p. 43).  

As the Netherlands saw an almost constant increase of welfare since the mid-

nineteenth century, and later generation thus – so far – constantly enjoyed increasing 

quality of life, this would imply that the Dutch development has been sustainable. 

However, it does not necessarily imply that we are on a sustainable path, nor that 

sustainability challenges have not been prevalent. As Morris has written in quite a different 

context, societies face the ‘paradox of development’. “People’s success in reproducing 

themselves and capturing energy inevitably puts pressure on the resources (…) available to 

them. Rising social development generates the very forces that undermine further 

                                                           
24 E.g. P. S. Dasgupta (2001, 2007), Pearce and Barbier (2000), Pearce, Markandya and Barbier 

(1989), Pezzey (1992), World Bank (2006). 



Introduction                                                                                                                         15 

 

development. (…) Success creates new problems; solving them creates still newer 

problems” (2010, p. 28). Morris is not concerned with sustainability problems per se, but 

the quote does illustrate how societies constantly face (sustainability) challenges in their 

development.  

Various methods have been proposed to measure how sustainable countries are 

now, and have been in the past; see for example Daly and Cobb (1994), Arrow et al. 

(2004), the World Bank (2006) and Kunnas et al. (2014). The problem with most of these 

indicators is that they assume ‘weak sustainability’ (i.e. they assume substitutability 

possibilities among different forms of capital (see also P. S. Dasgupta, 1993)) and loose 

sensitivity as to which challenges are most pressing. Measuring an aggregate indicator 

hides the real challenges by balancing out the positive and negative developments. While it 

may be possible to tackle some of the challenges, the need to do so is hidden in the 

aggregate indicator which might postpone action. Smits and Hoekstra (2011) have 

therefore put forward a method using dashboard indicators which will be taken up as a 

standard measurement of sustainability by national bureaus of statistics (in the Netherlands 

it has already been applied, see CBS (2014c) and Kolfoort and Rensman (2011)). It will be 

applied to a historical case for the first time in the collective outcome of the Historical 

Roots-project.   

Modern understanding of sustainable development centres around three core 

elements: Economic, Environmental and Social needs (e.g. World Bank, 2001). In this 

dissertation I focus mainly on the quantifiable aspects of the first two components. This 

means I look at the consumption of energy, the security of its supply, and at the 

environmental distress related to emissions and other externalities. However, instead of 

aiming for a holistic approach in which there is little space for nuance and detail, I decided 

to focus on four still existing challenges and work out the long-term developments of these 

challenges in more detail.  

I start my analysis around the time of the emergence of industrialization in the 

Netherlands, or even somewhat before. It will be shown that sustainability concerns are 

indeed older than the second half of the twentieth century and oftentimes they find their 

roots already in the nineteenth century. Within this dissertation it is not my goal to assess 

the sustainability of the Dutch development. Instead I zoom in on four historical challenges 

with regards specifically to energy consumption. The outcomes – especially the long-run 

times series – will be used as input in the collective publication of the Historical Roots-

project and will as such contribute to the assessment of the sustainability of the 

Netherlands. 

By focusing the analysis of the historical challenges on sustainability problems 

the current generation still faces, I intent to not only examine the roots of our sustainability 

challenges, but also to uncover long-term trends. In line with the overall project I therefore 
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aim to answer three main questions per sustainability challenge addressed in this 

dissertation: ‘What are the historical roots of the current sustainability problem?’; ‘How 

did these challenges develop over time?’ and ‘To which degree and in which ways have 

earlier generations managed to solve these problems?’. The analysis of the long-term 

trends will help to better understand the current situation and will contribute to modern-

day discussions on the sustainable development of the Dutch energy system.  

 

1.4. Thesis lay-out 

This dissertation is build up on the basis of four papers. All chapters relate to aspects of 

energy economics. They address sustainability challenges that are still prevalent and 

analyse the long-term roots and trends of these challenges. Chapter 2 starts with an 

analysis of import dependence, vulnerability and energy transitions in the Netherlands 

since 1800. It originates from the current observation that the Netherlands will in due time 

have to transform from a largely self-sufficient exporter of natural gas into an importer of 

natural gas and other energy sources.
25

 It asks the question how resource dependence, 

vulnerability to supply shocks, and domestic exploration and exploitation shaped historical 

(energy) transitions. This chapter illustrates that resource security and vulnerability 

because of import dependence were an important factor in past resource transitions. It 

analyses the history of the Dutch energy system and thereby sets the stage for the 

subsequent chapters. But more importantly, it also highlights why the Dutch energy system 

developed in the way it did. What were the motivations to start domestic exploitations of 

coal? Why did natural gas spread so rapidly across the country? Why did diversification in 

the 1970s and 1980s mean a new rise of coal, even though the Dutch coal mines had been 

closed just a decade before? 

 Once we have created a picture of, and analysed the, overall development of the 

Dutch energy system, it becomes possible to shift the attention to the efficiency of the 

energy consumption. Did the efficiency of energy conversion improve in the Netherlands 

since the country started to industrialize? How did it perform in comparison with other 

countries? And has the Netherlands in the past wasted resources that could have been 

valuable for later generations? In order to answer these questions, I look at the ratio 

between energy consumption and fixed capital stocks in machinery and equipment. 

Chapter 3 presents the results of an international comparison between various European 

countries (among which the Netherlands) and a number of Latin American countries. It 

shows that industrialization initially means the uptake of more fossil resources as they 

replace traditional energy carriers to power machines and heat buildings. However, after a 

                                                           
25 Since May 2015, the Netherlands has already imported more natural than it exported, largely as a 

result of the domestic production limitations because of the earthquakes (CBS, 2015b). 
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certain point the trend of the energy-capital ratio reverses. This shows that energy 

efficiency improves, even though there are some striking differences among countries and 

regions.  

Efficiency improvements contribute to a more sustainable future from two sides. 

On the one hand it reduces (at least in relative terms) the demand for energy and thus 

allows for more economic development with less input. This reduces costs, dependence 

and vulnerability, but also leaves more resources to future generations. On the other hand, 

reduced consumption of energy also means reduced negative externalities. A topic I turn to 

in chapter 4 and 5. 

 Despite the efficiency improvements, total energy consumption in the Netherlands 

has continuously grown over the last two centuries (although markedly slower since the 

1970s, see figure 1.3
26

). Economic growth has become less energy intensive (see also 

Gales et al., 2007), but overall, total consumption of energy has continued to grow. In 

chapter 4 two of the main negative consequences of this growing energy consumption are 

addressed: carbon dioxide (CO2) and sulphur dioxide (SO2) emissions. Although the 

awareness of the dangers of CO2 induced climate change has only relatively recently 

become generally recognized, Dutch emissions have been rising already since the early 

nineteenth century. SO2 emissions, on the other hand, have been rising only until the mid-

1960s, after which they were rapidly reduced. Chapter 4 presents new emission estimates 

for CO2 from energy consumption in the Netherlands.
27

 It investigates the existence of an 

Environmental Kuznets Curve for CO2 emissions. As this cannot be conclusively 

determined, I use a so-called Kaya Identity decomposition to analyse the drivers of the 

emissions. What drives the long-term Dutch CO2 emissions? How does the Netherlands 

compare with other European countries?  

 While the previous chapters have adopted a macro-level approach, chapter 5 

zooms in on one very specific externality from energy consumption: subsidence in the coal 

mining region of South Limburg. As the earthquakes in Groningen have shown all too 

clearly since I started my PhD research at the University of Groningen in February 2012, 

underground mining can lead to above ground damages to houses and infrastructure. In 

this chapter I quantify the effects of below and above ground changes on the size of the 

mining damage costs. The focus will be on the coal mining region in South Limburg. Even 

though the cases of Groningen and Limburg are hard to compare – both geological and 

                                                           
26 See also figure 3.1 and Krausmann et al. (2015), who – more elaborately in their presentation than 

in the conference paper – illustrated that, at least in the richer countries, a decoupling of energy and 

material resource use from economic growth has taken place since the 1970s; worldwide the 

consumption still grows rapidly, largely driven by large emerging economies. 
27 The SO2 emissions time series used in this chapter come from unpublished data from Statistics 

Netherlands. 
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demographical
28

 – some insights from the analysis will be of use in the broader societal 

discussion on subterranean resource extraction. The chapter asks what can explain the size 

of the damage. In order to answer this question I use statistical tests allowing for structural 

breaks. I show that the effects differ before and after the break, which occurred around 

1950. Importantly, the analysis makes clear that the size of the damage costs is not only 

determined by subterranean extraction, but also by changes in population density and 

public engagement. 

 Chapter 6 concludes and recaps the main findings from the previous chapters. In 

the epilogue (chapter 7), finally, I draw some general lessons from my analysis regarding 

the past sustainability challenges of the Dutch energy system. As an academic I see my 

role first of all in the generation and elucidation of new knowledge. This means I attempt 

to provide an objective analysis in the upcoming chapters. Academics may, or even should, 

be passionate about their topic of research. However, too much engagement in a topic such 

as the environmental consequences of energy consumption may lead to (unintended) 

biases. I therefore reduced the large question of the sustainable development of the Dutch 

energy system over the last two centuries to realistic analyses of four still pertaining 

challenges. Nevertheless, academics should also refrain from hiding in their ivory tower. 

They should be critical and use their expert knowledge to further societal debates. To this 

end I will use the epilogue to also provide a more general evaluation of the findings. There 

I will also address the current situation – which is many times more complex than the four 

themes discussed in this dissertation – and reflect upon the future. This part may therefore 

have a slightly speculative character. However, as it is my intention to learn from the past, 

I believe its lessons can, and should, however tentatively, be projected on the current 

situation. 

 

                                                           
28 Geologically, because the extraction of solid coal has a vastly different effect on the soil compared 

with the extraction of natural gas. The former creates empty spaces and will, in the case of Limburg, 

result in almost immediate reaction on the surface through compaction (depending on the size and 

depth within weeks or even days) (Grond, 1947). The extraction of natural gas causes a more gradual 

and even sinking of the soil, and occasional earthquakes. When gas is extracted this does not directly 

create a hole, as with the case of coal, but it reduces the underground pressure. See for example 

Pöttgens and Brouwer (1991), but note that in their paper on the expected subsidence in Groningen 

they did not yet speak of earthquakes. The social difference lies in the fact that the mines in Limburg 

employed a much larger share of the population in a much more densely populated area.  



 
 

 
 

 

 

2. Vulnerability and energy transitions in the 

Netherlands since 1800 
 

2.1. Introduction 

Energy is a crucial resource in any modern economy. High dependence on foreign energy 

imports can put a country in a vulnerable position. Although the Netherlands has been 

particularly well endowed with domestic peat, coal and natural gas, it has also always been 

dependent on foreign supplies and thus been vulnerable to supply shocks. While, as we 

will see below, import dependence has been an important consideration in the Dutch 

energy politics, and some authors have addressed it in the context, for example of the 

emergence of the Dutch State Mines, a long-term analysis of the vulnerability of the Dutch 

energy system has so far been overlooked. The aim of this chapter is twofold. Firstly, I 

develop a novel indicator to measure the vulnerability of a country’s energy supplies 

because of import dependence and investigate how vulnerable to supply shocks the Dutch 

energy system has been over the last two centuries. Secondly, I analyse how import 

dependence and vulnerability influenced and shaped energy resource transitions in the 

Netherlands. 

The Dutch energy system is presently at the verge of what will become a new 

energy transition. The domestic extraction of natural gas will diminish in the near future, 

and the country will have to transform from a net exporter of natural gas into a net 

importer or towards domestic production of modern renewables.
29

 It is in this context of 

interest to study historical energy transitions and the role of import dependence therein. To 

                                                           
29 In the attachment to the letter that Kamp, Minister of Economic Affairs, sent to the House of 

Representatives on October 7th, 2014, it was predicted that the Netherlands would become a net-

importer of natural gas by 2025 (http://www.rijksoverheid.nl/documenten-en-

publicaties/rapporten/2014/10/07/aardgasbeleid-in-nederland-actuele-ontwikkelingen.html, last 

accessed 8 September 2015). Due to the damages to houses caused by the earthquakes that resulted 

from the extraction of natural gas, Kamp announced in June 2015 to minimize the domestic 

extraction, this meant that larger shares would most likely be imported already on shorter notice 

while at the same time the depletion of the reserves will be postponed 

(https://www.rijksoverheid.nl/documenten/kamerstukken/2015/06/23/kamerbrief-besluit-

gaswinning-groningen-in-2015, last accessed 22 September 2015). On December 2nd, the CBS 

announced that since May 2015, more natural has already been imported than exported, largely as a 

result of the domestic production limitations because of the earthquakes (CBS, 2015b).   

http://www.rijksoverheid.nl/documenten-en-publicaties/rapporten/2014/10/07/aardgasbeleid-in-nederland-actuele-ontwikkelingen.html
http://www.rijksoverheid.nl/documenten-en-publicaties/rapporten/2014/10/07/aardgasbeleid-in-nederland-actuele-ontwikkelingen.html
https://www.rijksoverheid.nl/documenten/kamerstukken/2015/06/23/kamerbrief-besluit-gaswinning-groningen-in-2015
https://www.rijksoverheid.nl/documenten/kamerstukken/2015/06/23/kamerbrief-besluit-gaswinning-groningen-in-2015
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this end I define an energy transition in line with Fouquet and Pearson as: “the switch from 

an economic system dependent on one or a series of energy sources and technologies to 

another” (2012, p. 1). However, I add to this that such as switch of the dependence of the 

economic system does not only need to refer to the energy source or technological 

paradigm, but can also relate to the origin of the energy sources. In other words, when a 

country transitions from high dependence on foreign imports to domestic extraction, the 

energy source and the technological paradigm may stay the same, while the geopolitical 

and socioeconomic systems change. The (economical and political) vulnerability of the 

country’s energy supplies may alter significantly. Given that energy is a crucial resource, 

required for a sustainable development, such shifts in the vulnerability of the resource 

supplies should be considered relevant energy transitions too.    

This chapter sets out to answer to what extent the Dutch energy system was 

vulnerable to supply shocks due to import dependence and how this vulnerability 

influenced the sustainability of the Dutch energy system. I analyse what role the (perceived 

and real) vulnerability to possible supply shocks played in the crystallization of three 

previous energy transitions. To this end, a novel indicator of vulnerability is presented in 

order to quantify how vulnerable the Dutch energy system really was. Vulnerability is 

defined as the risk of being deprived from resources. This vulnerability can therefore be 

reduced by domestic production of energetic resources and by spreading the risk of supply 

shocks by diversifying supplies.  

I firstly review existing measures of import dependence and vulnerability and 

introduce my own index to measure the vulnerability of the Dutch energy system over the 

past two centuries (section 2.2 and 2.3). The new indicator has the advantage over existing 

measures of vulnerability that it creates one picture of the overall vulnerability of a 

country’s energy system and that it can realistically be used in historical research were data 

required by some of the existing measures might be scarce. In section 2.4, the vulnerability 

indicator is used to analyse three energy transitions. I will argue that import dependence 

and vulnerability to supply shocks played a key role in these historical energy transitions. 

For all transitions it will also be discussed what the consequences of the transitions have 

been in terms of relieving or introducing vulnerability. My analysis and the application of 

the vulnerability indicator rely on the benefits of hindsight. Therefore, in the discussion on 

the transitions, the position of contemporary commentators will be included to support the 

findings and to demonstrate that import dependence and vulnerability indeed featured in 

historical energy transitions.  

Vulnerability to supply shocks is only one of many aspects to be considered when 

looking at the sustainable development of a nation, therefore certain choices that alleviate 

vulnerability might create sustainability challenges for example in relation to pollution. As 

argued in the introduction, in the analysis in the individual chapters I will limit myself to 

one theme. Other sustainability challenges will be addressed separately in the other 
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chapters and only in the epilogue they will be brought together. In this chapter, I will 

elucidate the historical importance of energy vulnerability and will show that energy 

security is an important political theme in which the Dutch government actively managed 

the resource portfolio. 

 

2.2.  Measuring dependence and vulnerability 

Figures 1.1, 1.2 and 1.3 in the introduction represented the consumption of energy from 

different energy carriers in the Netherlands in the nineteenth and twentieth century. Figures 

2.1 and 2.2 show the domestic production/extraction (note again the different scaling on 

the y-axes). It can be seen that traditional energy carriers (including peat) were largely 

produced domestically, while the domestic production of coal only really took off in the 

beginning of the twentieth century when coal consumption already covered more than half 

of the total domestic consumption of energy. The coal production matured in the interwar 

period, but the amounts of energy brought up in the form of coal are dwarfed by the 

extraction of natural gas since the 1970s. In figure 2.3 the total domestic consumption and 

the total domestic production are placed on top it each other for the period 1800-2012. It is 

clear that far from all energy consumed in the Netherlands was produced domestically. 

Figure 2.3 also displays the domestically produced energy as a share of the total energy 

consumption (i.e. the total self-sufficiency index).  

 

Figure 2.1: Domestic energy production, 1800-1913 

 
Source: see appendix A.1 
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Figure 2.2: Domestic energy production, 1914-2012 

 
Source: see appendix A.1 

 

The total self-sufficiency index expresses how the total domestic production of 

energy relates to the total consumption. It demonstrates that the self-sufficiency of the 

Netherlands decreased rapidly in the second half of the nineteenth century. From the 

middle of the nineteenth century until the First World War the total self-sufficiency index 

dropped from about 90% to less than 40%. With the opening of the coal mines in the south 

of the country, the Netherlands became more self-sufficient again in the interwar period. 

The wealth of cheap oil that flooded the Western world in the post-WWII period meant 

that the Netherlands started to import a larger share of its energy consumption again. In the 

late 1960s the domestic energy production skyrocketed. The discovery of Europe’s largest 

natural gas field in the northern province of Groningen near the village of Slochteren, and 

its subsequent swift extraction, resulted in a rapid increase of the self-sufficiency of the 

Netherlands. It even became – for a brief period – a net exporter of energy, but remained 

more or less self-sufficient till this day. These transitions alluded to here will be discussed 

in greater detail in section 2.4, where they will be linked more explicitly with the changing 

levels of vulnerability of the Dutch energy supplies. 

Nonetheless, the self-sufficiency index only paints a partial picture. Energy 

sources can, nowadays, for a big part substitute for one another, however, not completely. 

As shown in figures 1.2 and 1.3, the Netherlands has, for example, consumed large 

amounts of oil during the twentieth century, while domestic production of this resource 

was small (see also table 2.4) and domestic natural gas abundant. The majority of this oil 

had to be imported. The energy balance of the Netherlands (i.e. the self-sufficiency index) 

might show net exports, but the country was still dependent on imports. 
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Figure 2.3: Total consumption and total domestic production of energy (left scale), and the self-

sufficiency index (right scale), 1800-2012 

 
Source: own calculation 

 

Import dependence is usually defined as “net imports (…) divided by total energy 

consumption” (García-Verdugo & Muñoz, 2012, p. 38 emphasis added). Hence the 

‘overall’ import dependence of the Netherlands obviously is simply the reverse of the self-

sufficiency index in figure 2.3. Figure 2.4 therefore only includes imports of resources for 

which the net import (import – export) was positive. After the 1960s, the Netherlands 

became a net exporter of natural gas. Despite this, it also remained dependent on imported 

coal and oil. To elucidate this dependence, the imports of resources for which the net 

import was negative (i.e. that have been exported) have been set equal to 0.    

Figure 2.4 illustrates, corresponding with figure 2.3, how the Netherlands became 

increasingly dependent on imports during the nineteenth century. In contrast to figure 2.3, 

it also shows that, with the exception of the wars, the Netherlands has always remained 

fairly dependent on energy imports.
30

 While domestic production of natural gas went 

through the roof in the last decades of the twentieth century, large parts of this natural gas 

were exported. Coal and oil continued to be imported. It is therefore important to stress 

that, in contrast to what the self-sufficiency index might suggest, the Netherlands is still 

dependent on imports, and that there are limits to the degree of substitutability among 

energy carriers. 

 

                                                           
30 Obviously, during the war years the dependence of the Netherlands was not necessarily less, but as 

supplies were reduced, consumption was largely limited to what was available domestically.  
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Figure 2.4: Import dependence (excluding net exported resources), 1800-2012 

 
Source: own calculation 

 

Some degree of import dependence should not be considered problematic. The 

vulnerability of a country because of its dependence is much more relevant. In the words 

of García-Verdugo and Muñoz: 

“Except for energy-rich countries that are able to produce energy resources at a 

competitive cost, it does not make economic sense for a country to aim at achieving 

self-sufficiency even with some energy resources at its disposal, (…). A country with 

a comparative disadvantage in the production of energy resources must resort to 

some extent to importing energy in order to avoid hurting its economy with a high 

domestic cost of energy and low international competitiveness. Once accepting the 

economic rationale for a certain level of energy dependence, it is natural that these 

countries would focus on reducing their vulnerability.” (2012, p. 41) 

 Energy vulnerability refers to the risk of being deprived of energetic resources 

which, especially in the short run, can have a detrimental impact on a country’s economy.
31

 

High dependence on imports thus increases the vulnerability of a country. However, not 

only the quantity of imports is important, but also the diversity of the suppliers. A country 

that imports 80% of its energy from ten different exporting countries may be less 

vulnerable to energy shortages due to shocks in its supplies than a country that imports 

                                                           
31 In the long run, abundant natural resources may actually be detrimental to economic 

developments, see for example Sachs and Warner (2001) and Williamson (2011). Bretschger (2015) 

has shown that higher energy prices are actually beneficial for economic growth as it spurs 

innovation (see also chapter 3). In the short run, scarcity of energy has direct negative effects 

nonetheless. 
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only 20% of its energy from one exporting country. Also diversification of energy sources 

may help to reduce the vulnerability; as a response to the oil crises of the 1970s many 

countries therefore broadened their resource base (Kander et al., 2013; Muñoz & Rubio, 

2014). 

 Obviously, the sheer number of suppliers and resources is not the only relevant 

factor, the reliability of the trading partners and the duration of trade agreements are 

crucial as well. Geopolitical energy risks play a role in reliability/vulnerability of energy 

supplies (García-Verdugo & Muñoz, 2012; Muñoz & Rubio, 2014) and (international) 

trade is usually a matter of mutual dependence or “interdependence” (either for financial 

gains or for imports of other goods – as was the case between the Netherlands and 

Germany during the First World War (De Jong, 2005)).  

Various indicators have been developed to measure the security of the energy 

supply. Kruyt, Van Vuuren, De Vries and Groenenberg (2009), for example, distinguished 

the four dimensions of long-term energy security as availability, accessibility, affordability 

and acceptability (i.e. the ‘four As of energy security’); based to a large extent on existing 

literature. The IEA, on the other hand, developed a model to measure the short-term energy 

security (MOSES) (Jewell, 2011). The MOSES-model incorporates indicators such as 

diversity of suppliers and the number of ports where the products can enter the country, but 

it also includes other domestic features such as domestic production and infrastructure. 

Jewell stresses the use of an energy systems approach, meaning that it deals “with all parts 

of the energy system from supply to transformation, distribution and end‐use energy 

services” (Jewell, 2011). Nevertheless, the indicators are only aggregated to the level of 

energy sources and no overall evaluation of the entire energy system is provided. In a 

recent publication in Energy Policy, Cherp and Jewell (2014) criticize the approach of the 

‘four As of energy security’ as they claim it does not sufficiently address the relevant 

questions of energy security (i.e. for whom? for which values? and from what threats?). 

They propose a focus on ‘low vulnerability of vital energy systems’, meaning that a 

systems approach should be adopted (seemingly more comprehensive than the MOSES-

model), but they do not (yet) work out a model of how to assess the vulnerability of the 

entire energy system. 

The most comprehensive indicator that provides an overview of the vulnerability 

of the entire energy system has been developed by García-Verdugo, San-Martín and 

Muñoz (2012); called the socioeconomic energy risk index. Unfortunately, for historical 

research, this index is too complex as it includes variables for which no long run 

quantifiable data is available (e.g. the threat that an exporting country will use energy as a 

political weapon or the reliability of trading partners).  

Given the long period covered in this research, the Herfindahl-Hirschman Index 

(HHI) provides the most complete picture of energy vulnerability I can create. García-

Verdugo and Muñoz (2012, p. 42) define the HHI as “the sum of the squares of the import 
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shares (…) from individual exporters.” They work out different indices for different 

energy carriers. Given that not all energy carriers are perfect substitutes for one another, it 

makes sense to do so. However, diversification of energy sources can also reduce the 

vulnerability as the resources are, at least to some extent, substitutable (cf. Muñoz & 

Rubio, 2014). I therefore present the HHI for the various energy carriers to illustrate the 

vulnerability of the Dutch energy system to supply shocks per energy carrier. Next to that I 

also develop an alternative measure, based loosely on the HHI for the vulnerability of the 

Dutch energy system assuming perfect substitutability. However, before coming to the 

vulnerability measurements, the data sources used in the analysis need to be introduced 

first. 

 

2.2.1. Data 

As mentioned in the introduction (section 1.2.1), the energy consumption data in this 

dissertation are based on data collected by Ben Gales (Gales et al., 2007); the data have 

been revised slightly and updated for the most recent years, but can be considered the 

‘standard’ historical Dutch energy consumption data.
32

 The time series (1800-2012) 

contain information on total import, export and final consumption per energy carrier.
33

 

They do not specify from which countries the Netherlands imported the energy carriers. 

This information had to be sourced elsewhere. 

 I derived the data on imports of energy carriers from different supplying countries 

from the Dutch trade statistics. These statistics periodically changed names and initially 

existed only on an annual basis but were continued after the Second World War as a 

monthly statistic. The more recent trade statistics contain less detailed information; 

therefore publications by the International Energy Agency were used.
34

 The trade statistics 

usually present the imports of solid and liquid resources in metric tons (or kton), where this 

was not the case, the following conversion factors have been applied: coal: 1 mud = 75 kg; 

oil products: 1 litre = 0.89 kg. These values may be rough, and especially for the many 

different oil products that were given in volumes rather than mass, they may not always be 

precise, but overall they give a reliable indication (especially since only proportions were 

                                                           
32 See also Kander et al. (2013) and www.energyhistory.org. 
33 They also include bunker and non-energetic usage of energy carriers; these are left outside the 

scope of this chapter.  
34 I used the following trade statistics: Statistiek van de Handel en de Scheepvaart in het Koninkrijk 

der Nederlanden (1846-1876); Statistiek van de In-, Uit- en Doorvoer (1877-1916); Jaarstatistiek van 

den In-, Uit- en Doorvoer (1917-1943); Maandstatistiek van de In-, Uit- en Doorvoer van Nederland 

(1946-1949); Maandstatistiek van de In-, Uit- en Doorvoer per Goederensoort (1950-1965); 

Maandstatistiek van de Buitenlandse Handel per Goederensoort (1966-1988); Maandstatistiek van de 

Buitenlandse Handel (1989-1995); and the IEA statistics in the ‘Coal Information’, ‘Natural Gas 

Information’, ‘Oil Information’ and ‘Electricity Information’ (1996-2012).   

http://www.energyhistory.org/
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used in the calculations, more on that below). Gas was always given in cubic meters and 

electricity in Wh (or kWh). 

 All energy carriers exist in various forms with varying qualities. For the current 

purpose this distinction is less relevant, and because of the occasional difficulties to 

disaggregate, all different forms of the energy carriers were included in one overall figure 

per type of energy carrier. Non-energetic use has been excluded (in so far that was 

feasible).
35

 This means that coal includes, for example, various qualities of coal, but also 

briquettes and cokes and that oil and oil products includes a wide range of products 

ranging from crude to various distillates. For gas the situation was slightly more complex 

as the sources sometimes reported manufactured gas, natural gas and other gaseous 

hydrocarbons separately, but not always. These have therefore always been aggregated, 

even though the category of ‘other gaseous hydrocarbons’ might rather consist of oil or 

coal products rather than natural gas (as the import of gas was overall modest, the impact 

of this is small).  

 Whereas it would have been possible to compute an alternative time series for 

total imports (per energy carrier) on the basis of the trade statistics, it was decided to stay 

with the ‘standardized’ series by Gales in order not to deviate from the existing literature 

and the other chapters in this dissertation. As Gales used different sources to compute his 

import data, the total imports according to the trade statistics may not always perfectly 

match his total import figures. An example is the import of coal in the mid-nineteenth 

century. Gales based his figures on Horlings (1995), who in turn used the export statistics 

of Britain and Belgium and trade statistics over the river Rhine (which go back further than 

the Dutch trade statistics). To circumvent possible mismatches between the standardized 

time series by Gales and the total figures from the trade statistics, I computed the shares 

from the different countries of origin based on the trade statistics and took these shares to 

compute import per country compatible with the existing time series by Gales. In this way 

the import of energy carrier c from country i (Ic,i below) could be computed in accordance 

with Gales’s total import, export and consumption figures (Itot, Xtot and Ctot).  

 

2.2.2. Herfindahl-Hirschman index 

The HHI was defined above as “the sum of the squares of the import shares (…) from 

individual exporters” (García-Verdugo & Muñoz, 2012, p. 42), or, more formally: 

                                                           
35 White spirit, for example, is usually used as solvent and was therefore excluded. For other energy 

carriers it was not always be possible to determine to what extent they were used as feedstock for the 

chemical industry. As I worked with the shares of imports coming from the supplying country, this is 

no a problem as it can be assumed that the non-energetic use was spread equally among the imports 

from the various countries. 
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𝐻𝐻𝐼 =  ∑ 𝑝𝑖
2 

𝑖          (2.1) 

where pi is the import share in percentages from exporting country i.   

The HHI for coal, brown coal, oil and oil products, (natural) gas and electricity in 

the Netherlands can be seen in figure 2.5.
36

 It is computed by only looking at the share of 

the different suppliers. Hence, when all imports of a certain resource originate from only 

one exporting country, the HHI will reach its maximum value of 10000 (100
2
). We see for 

example that brown coal is often at, or close to, this value while also gas and electricity 

occasionally reach the maximum vulnerability. Clearly, the supply of this particular 

resource from imports is highly vulnerable to trade interruptions. However this needs not 

be a reason for concern for two reasons. Firstly, as is the case with brown coal, the 

absolute consumption, and thus import levels were very small (see figures 1.2 and 1.3) and 

brown coal can be easily substituted by coal or even (domestic) peat at virtually all of its 

applications. Secondly, as is the case with gas and electricity, the share of imports in the 

total consumption is very small because of large domestic production. The Netherlands 

produces such large amounts of natural gas that it only sporadically imports it. If this 

import comes from one supplier there is still virtually no risk since the disappearance of 

this supplier can be easily dealt with because of the large domestic supply.   

The HHI penalizes lack of diversification and dependence on few suppliers; the 

wider the spread of suppliers, the lower the index. According to García-Verdugo and 

Muñoz, “values below 1,800 are considered low enough to show sufficient geographical 

diversification of energy supply” (2012, p. 42). We see that, with the exception of oil since 

the late 1950s and coal since the mid-1990s, the imports of all energy carriers were 

vulnerable. We need to place three comments: firstly, the HHI does not take domestic 

production into account. Secondly, this representation does not allow for substitution, 

which is perhaps not always completely possible, but we already saw that diversification of 

energy sources was part of the strategy to reduce vulnerability after the 1970s crises. And 

thirdly, looking at figure 2.5, it seems that the Netherlands was not particularly vulnerable 

with regards to oil – even though it approached the 1800 level in 1972 – while the supplies 

were hit hard by the 1970s crises.
 37

 What the HHI clearly does not cover is the formation 

of cartels. This latter part will be covered in section 2.4.3.3. The first two issues, domestic 

production and substitutability, will be dealt with first.  

 

                                                           
36 Peat has also been imported in this period, but in such small quantities that it has been left out of 

the analysis. Imports never amounted to more than 0.5% of domestic production.  
37 Unfortunately the trade statistics do not provide import figures for oil and oil products in 1973, the 

year in which a number of oil producing countries initiated a boycott against the Netherlands, in 

1974 the HHI showed a peak but by 1976 it dropped below 1800 again.  
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Figure 2.5: HHI for various energy carriers, 1846-2012 

 
Source: own calculations based on trade statistics  

 

2.2.3. Adjusting the HH index 

The HHI does not include domestic production, but instead only looks at the spread of the 

imports. This means that when a country A produces 90% of its oil consumption 

domestically, and imports the other 10% all from one exporting country B, 100% of A’s 

imports come from one exporter, the HHI for country A will therefore be 100
2
 = 10000. 

When a country C does not produce oil domestically, but imports all, divided over two 

exporters, 60% from country D and 40% from country E, C’s HHI is 60² + 40² = 5200. 

Looking only at the HHI, country C thus appears less vulnerable than country A, even 

though A imports only 10% of its oil and has domestic reserves. An alternative measure is 

therefore proposed here: 

𝐼𝑛𝑑𝑒𝑥 =  ∑ ((
((

(𝐼𝑡𝑜𝑡− 𝑋𝑡𝑜𝑡)

𝐼𝑡𝑜𝑡
)× 𝐼𝑐,𝑖)

𝐶𝑡𝑜𝑡
) × 100%)

2

     (2.2) 

where Itot is the total imports and Xtot is total exports, i.e. Itot – Xtot equals net imports and Itot 

- Xtot divided by Itot equals the share of total imports that has been consumed domestically 

(assuming that exports are spread proportionally among domestic production and transits 
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of imports); Ic,i is the import of energy carrier c from country i; and Ctot is the total 

domestic consumption of energy; all given in energetic units.
38

  

 The alternative indicator, like the HHI, penalizes lack of diversification and 

dependence on few suppliers. The rationale behind this indicator is as follows: net imports 

divided by total imports gives us the share of the total imports that are actually consumed 

domestically; if a country imports large amounts of resources, but equally exports large 

amounts, the domestically consumed imports are small and its import dependence is 

actually lower than a crude import measure leads us to believe. Since this indicator 

assumes perfect substitutability, it might be assumed that for all imports an equal share of 

the imports is also exported, hence the imports of all energy carriers from all exporting 

countries are multiplied by the net imports divided by the total imports. This covers (re-) 

exports.
39

 Domestic production is covered by dividing share * Ic,i by the total consumption. 

This results in the share of the domestic consumption that is covered by the import of one 

energy carrier from one specific country. These shares tell us much more about the 

vulnerability of a country than the simple shares of the import of one specific energy 

carrier, as in the traditional HHI. 

 The downside of this index is that it cannot be used when a country is a net 

exporter of energy: Itot – Xtot would become negative. Although a negative share would not 

make much sense either way, the fact that the share is squared means that a positive 

outcome and possibly high index would be the result. This should be avoided. When a 

country is a net exporter, it can be argued (again under the assumption of perfect 

substitutability of energy carriers) that it is not vulnerable to import shocks. Its 

vulnerability therefore always equals 0.  

Furthermore the index thus assumes perfect substitutability. This may not do 

perfect justice to the actual difficulties to substitute energy sources. Energetic resources are 

largely substitutes (especially in heat or electricity production, for instance), one composite 

index of vulnerability in which all energy sources are combined in one indicator therefore 

gives a simple and quick overview of how vulnerable a country is overall. However, the 

index should always be considered in the specific context of a country’s energy supply and 

                                                           
38 Including imports of different energy carriers from the same country separately may make sense 

since diversification of energy carriers was part of the reaction to the oil shocks. However when a 

certain country terminates its exports of a certain energy carrier, it will most probably also block the 

exports of other energy carriers. In practice it turns out that diversification of energy carriers also 

results in diversification of suppliers as most countries do not produce more than one different carrier 

(modern-day Russia is an important exception). A recalculation of the index in which all imports 

from a certain country were combined yielded only marginal differences. 
39 Transit trade is excluded as much as possible by incorporating ‘invoer tot gebruik’ (import for 

consumption) data. As this index aims to provide a complete overview of the vulnerability of the 

economy the exports need to be subtracted from the import to know the relative share of the imported 

resources that are necessary to meet the total domestic consumption. 
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consumption. In the discussion on the energy transitions in section 2.4, I will therefore use 

this measurement of the vulnerability as a guide to understand the timing and direction of 

the transitions, but a more qualitative interpretation of the individual transitions is 

necessary to complement the one-dimensional representation of the indicator.  

  

2.3. Results 

The time series resulting from the alternative indicator is shown in figure 2.6. Clearly the 

Dutch energy system became increasingly vulnerable towards the end of the nineteenth 

century. The vulnerability markedly decreased in the twentieth century. The peak in 1925 

and 1926 was largely the result of a decreasing share of coal imports coming from the UK 

which was met by an increase of imports from Germany (increasing the share of Germany 

in the coal imports from 64% in 1924 to 81% and 92% in 1925 and 1926 respectively). 

With the English coal industry in troubles and the domestic production still under 

development, the Dutch energy system became suddenly more vulnerable. However, with 

the domestic mines reaching maturity and the imports from the UK returning to normal 

levels again – and therewith reducing the dependence on German exports – and thus again 

spreading the risks, the vulnerability decreased.  

For the years in which the Netherlands was a net exporter of energy because of its 

domestic extraction of natural gas, the vulnerability was zero (by definition with this 

indicator). This latter point immediately illustrates the limits of this measure. In the early 

1970s the vulnerability according to the index approached zero because of the domestic 

 

Figure 2.6: Own vulnerability index, 1946-2012 

 
Source: own calculations 
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production of natural gas, while the country was affected by the oil and energy crises. This 

shows, as discussed above, that it is thus important to not view this index in isolation, but 

always in context of the political situation and existing energy markets and always with 

awareness about the limitations of substitutability. The remainder of this chapter discusses 

how the energy transitions in the Netherlands have been influenced and steered by 

moments of high or low vulnerability. 

 

2.4. Discussion – three energy transitions  

Transitions are long-term processes. It is therefore hard to speak of very clear breaks. 

Nevertheless, three distinct periods can be discerned from figure 2.6. Firstly we can 

identify a period of increasing vulnerability from the middle of the nineteenth century until 

the turn of the century. Secondly, we subsequently see a decrease of the vulnerability that 

results in very low vulnerability by the late 1930s. Thirdly, the vulnerability remains 

remarkably low throughout the rest of the twentieth century. This last period is all the more 

extraordinary because it witnessed the oil and energy crisis, and as we will see in section 

2.4.3, when the OPEC oil cartel is corrected for, there was indeed an upheaval of 

vulnerability in this period. The three periods that can be discerned in the vulnerability 

index correspond with major energy transitions that have taken place in the Netherlands. In 

this section these will be discussed in more detail.  

 

2.4.1. Transition 1: from domestic peat to imported coal 

The nineteenth century was one of major changes for the Netherlands. The industrial 

revolution, which had emerged in England during the eighteenth century slowly found its 

way into the Netherlands. The country gradually transformed into an economy with 

modern economic growth. Energy and mechanization were important resources in this 

process. The steam engine was introduced and (slowly) spread across the country (Lintsen, 

1993b, 1995), (imported) coal made larger amounts of energy available (Gales et al., 2007; 

Gales & Smits, 2000a), and a transport revolution took place (Filarski & Mom, 2008).
40

 At 

the same time, the vulnerability of the Dutch energy system increased from almost no 

vulnerability in the mid-nineteenth century to high vulnerability at the fin de siècle.  

 

                                                           
40 Also in lighting various innovations started to change energy consumption, such as the 

introduction of petroleum, town gas, and electricity (cf. Berkers, 1993). 
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2.4.1.1. Energy consumption around 1850 

The middle of the nineteenth century represents an intriguing period in Dutch energy 

transitions and an appropriate starting point for the analysis as the vulnerability of the 

energy system was still very small. In transportation as well as in industry, mechanization 

(i.e. the steam engine) brought about major changes in energy consumption; even though 

this mechanization process happened relatively slowly in the Netherlands (Lintsen, 1990; 

Mokyr, 2000). 

 In industry both thermal and kinetic energy can be required, depending on the 

production process, and before the spread of steam technology, conversion between these 

forms of energy was difficult. As source for thermal energy, peat was the most common 

choice as it was relatively cheap and less polluting than coal (cf. Allen, 2009; Unger, 

1984).
41

 However, for certain industries, and at certain locations, coal had already been 

preferred for a long time (Unger, 1984; Van Zanden, 1997).
42

 

For kinetic energy the Dutch industry was largely dependent on wind power. As 

the altitude differences in the Dutch landscape are minimal, potential for water power was 

limited.
43

 Animal powered mills were also in use. The importance of steam power was 

small around 1850, but it grew rapidly in the second half of the nineteenth century, see 

table 2.1. 

 

Table 2.1: Power sources in industry (number rounded to tens) 

 1850 1860 1880 1890 

Horse powered mills 1930 1710 910 570 

Wind mills 3050 3400 3120 1790 

Water mills 470 500 250 160 

Steam engines 290 820 2740 3930 

Source: Lintsen (1995, p. 192) 

                                                           
41 The CO2 intensity of peat is higher than that of coal, however this invisible polluter was not 

considered problematic by contemporaries, in sharp contrast to the pollution of soot, smoke and SO2 

from coal (see also chapter 4). 
42 Exemplary for both the early use and pollution of coal is De Vries and Van der Woude’s 

description of sugar refineries in Amsterdam: “As early as 1614, the city sought to reduce this 

disamenity [of soot and stench] by forbidding the use of coal as the heating fuel at the refineries. In 

1643 the city relented, allowing the use of coal in the four winter months, but by 1645 they returned 

to total prohibition (…). The persistence of the refiners moved the city fathers once again to allow 

winter use of coal (…) beginning in 1655” (1997, p. 329). By 1674 the refineries were allowed to use 

coal all year long after they threatened they would be forced to close otherwise; the sugar industry 

had become too important to cling on to a prohibition of coal use. 
43 Nevertheless, some watermills could be found in the more hilly south and along the rivers. Also at 

the Veluwe (in the centre of the Netherlands) several watermills were constructed; many of the 

streams there were man-made sprengen (see Hardonk, 1968). 
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In the middle of the nineteenth century, the Netherlands was in transition from a 

‘stationary state’ to an economy with ‘modern economic growth’ (Van Zanden & Van 

Riel, 2004). Explaining what caused the transition the Netherlands witnessed during the 

nineteenth century is not an easy effort. One of the things that stands out is that, led by 

King Willem I (reigned 1813-1840), the Netherlands tried to regain its trading position and 

tried to initiate its own industrial revolution (Mokyr, 1976).  

The first industrial revolution had led to accelerated economic growth in England. 

The Netherlands was behind on the English developments and sought ways to catch up, 

often imitating the English example. Van der Boon Mesch (1843), quoted in section 1.2, 

articulated the mid-nineteenth century strive for a stronger industry in the Netherlands in a 

lengthy exposition. He stressed the importance of steam technology and commented that it 

was originally believed that industrialization based on steam technology could only happen 

in England because of the necessity of large (domestic) availability of coal; even though he 

started to note optimistic signs regarding the (re-)emergence of industriousness in the 

Netherlands.  

The successes of the Dutch Golden Age, as addressed in the introduction, were to 

a large extent based on wind energy – important in transportation but also in industry. 

However, already at this time thermal energy also contributed to Holland’s success; the 

main source of this thermal energy was peat (De Zeeuw, 1978).
44

 Living standards 

remained relatively high, but the Dutch success deteriorated in the late seventeenth and 

eighteenth century and while England started to industrialize on the basis of coal, the 

Netherlands was still stuck with its domestic peat. Peat was, at the time, seen as inferior to 

coal (Gales & Smits, 2000a); see also Allen (2009) who describes the Dutch peat as 

hampering coal-based industrialization. Industrialization, it seemed, was only possible with 

coal.  

With the transition from a stationary state into an economy with modern 

economic growth, the energy system changed drastically. In industry, steam engines 

started to replace (or initially rather to supplement) wind, water and animal power as 

source of kinetic energy (Lintsen, 1995). Coal became more important also a source of 

heat, and through town-gas also for lighting (cf. Peebles, 1980). In transportation steam 

powered vessels (both for inland transport and see-going vessels) started to replace wind 

powered and horse pulled ships at a large scale, railways made transportation over land 

more quick, and the first experiments with motorized road transportation took place 

(Filarski & Mom, 2008). All these changes resulted in greater demand for energy, most 

importantly for coal. Having virtually no domestic production of coal, this meant 

importing it. 

                                                           
44 As already alluded in the introduction, De Zeeuw’s data have been questioned and Van Zanden 

(1997) and Unger (1984) play down the role of peat, however, while some substitutes existed, peat 

was definitely important too. 
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2.4.1.2. Prices and international trade 

A basic assumption in (resource) economics is that when one resource becomes more 

scarce, its relative price will go up, and substitutes will be introduced. Barnett and Morse 

(1963) already challenged this assumption as they did not observe rising prices before the 

introduction of new energy carriers. It can also not be stated that coal substituted peat as 

the source of thermal energy. While coal consumption grew markedly, and it replaced peat 

as the largest energy source, peat extraction flourished in the third quarter of the nineteenth 

century (see figure 2.1).
45

 Peat was not (yet) scarce. Nonetheless, there was some fear that 

the peat lands would eventually disappear and alternative sources of energy would have to 

be found (Hölsgens, 2016). 

Van Zanden (1993) presents rising peat prices in Leiden during the seventeenth 

and eighteenth century, indicating an increasing peat shortage in cities in the west of the 

Netherlands. Evidence of rising peat prices in the nineteenth century is scarce, and given 

the improvements in infrastructure one wonders whether prices will have gone up since 

large high peat lands were still available in the east.
46

 It seems rather that the price of coal 

came down during the nineteenth century, especially after the excises on coal were 

abolished in 1863 (see figure 2.7).
47

 Lack of technological innovations in the peat digging 

industry meant that competition with coal, of which the prices did go down, became 

increasingly difficult.
48

  

Figure 2.7 shows that the excises on coal raised its price above that of peat at least 

until 1857. After the abolishment of the excises on coal in 1863, its relative price quickly 

dropped below that of peat. With domestic extraction limited to two small-scale mines in 

the south of the country – and thus relatively far away from the economic and industrial 

centres – the vast majority of coal had to be imported. Although in the mid-nineteenth 

century some concerns were voiced about the sustainability of this supply and some people 

advocated silviculture as a means to produce more firewood for autarkic energy 

                                                           
45 The supplementarity rather than substitution can be seen more generally with the introduction of 

new energy carriers and the growing social or industrial metabolism at large (e.g. Krausmann et al., 

2009).  
46 Even though toll rates on the peat canals could be high and sometimes made up a considerable 

share of the final peat price (Gerding, 1995). 
47 Note that the prices presented in figure 2.7 are based on Van Zanden and Van Riel (2004, fig 6.6) 

and that they represent averaged national prices. The prices at the places of consumption could vary 

considerably because of transport costs as well as local taxes. 
48 Innovations in the extraction/production of peat emerged in the late nineteenth century (for 

example by pressing low quality peat into briquettes), however these came rather late, and the peat 

industry rather kept itself alive by shifting its attention to peat dust, which was used for various non-

energetic purposes (Gales & Smits, 2000a). 
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production, the overall perception was that this increased dependence on foreign trade was 

not problematic (see also Hölsgens, 2016).
49

 

Geologist Staring (1856), for example, was not worried about the vulnerable 

position the Netherlands would place itself in if it would become dependent on foreign 

coal. To him, silviculture was beneficial for the Dutch economy because it would convert 

waste lands into productive possessions. However, the main energy source of the future 

would be coal. The Netherlands, so Staring claimed, should exhaust its peat supplies as 

quickly as possible in order to create valuable agricultural land. With the revenues of these 

agricultural lands, it would become possible to buy the necessary coal, and thus enable a 

flourishing trade. 

 

Figure 2.7: Average national coal and peat prices in guilders (gl.) per 1000 kcal, 1800-1913 

 
Source: Van Riel50 

 

Van Voorthuijsen, who favoured peat extraction as an important domestic industry 

and was actively involved in discussions around the abandonment of the peat excise, also 

observed that the Dutch peat was not indispensable:
51

 

                                                           
49 On the calls for domestic silviculture see for example Robidé van der Aa (1843), Haasloop Werner 

(1855) or “Iets over eindelijke verdwijning onzer hooge veenen (1856). 
50 I thank Van Riel for providing me with the underlying data used in Van Zanden and Van Riel 

(2004, fig. 6.6).  
51 See also Van Voorthuijsen (1851). In his 1851 elaboration on the abandonment of the peat excises 

it shows that he not only saw the imported coal as possible substitute for diminishing peat, but that 

this coal was already important on the Dutch market as it determined the price of energy in the 

Netherlands. In short he argued that coal was more expensive, but also, in many cases preferable and 

that therefore peat would have to be sold at a price just under that of coal (note that this is the exact 

opposite of Allen’s claim (2009, p. 103)). As the extraction costs for peat were much below the 
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“Because although it is a true treasure for our inhabitants in our inclement climate, in 

case of deficiency [of peat] the closeness of coal-rich Belgium and England would 

warrant us against the lack of fuels.” (1852, p. 274)52  

This optimism about the possibilities of international trade was widely spread. 

Technological advancements were thought to contribute to a peaceful, friendly, 

competition among nations. The opening address at the Great Exhibition by the British 

queen Victoria in 1851, as quoted by Bleekrode, is illustrative: 

“Cordially, I express with you, the wish that this undertaking, by God’s blessing, 

may lead to prosperity of my nation and the advancement of the general interests of 

humanity through the encouragement of the arts of peace and industriousness, the 

closer drawing of the alliances of countries and the awakening of a friendly and 

honourable competition in the application of the powers that the providence has 

given to the benefits and happiness of humanity.” (Bleekrode, 1851a)53  

Nonetheless, despite a widespread optimism on international collaboration and 

trade, the question of international dependence was important. The mid-nineteenth century 

debate on domestic peat vs. imported coal is largely overshadowed by a debate on the 

excises on these fuels. Although in this debate the aspect of autarky is often touched upon 

to protect the peat cutters, it is difficult to tell whether a fear of international dependence or 

a strive to stimulate domestic production (i.e. the domestic economy) is at the heart of the 

argument. Towards the end of the century – especially of course after the excises were 

abandoned (in 1863) – this discussions on energy imports became more clearly geared 

towards a debate on dependence versus autarky; and as we have seen in figure 2.4 the 

import dependence grew indeed while the limited spread of suppliers also made the Dutch 

energy system vulnerable (see figure 2.8). 

 

                                                                                                                                                   
market price of coal, the peat cutters, among which a lack of competition existed, could set a high 

price of peat and still make substantial profit despite the excise. Abandoning the excise, according to 

Van Voorthuijsen, would therefore not reduce the price for the consumer (he did call for some 

revisions of the existing laws, but those are beyond the scope of this dissertation). 
52 “Onmisbaar zijn onze turven niet, want ofschoon zij in onze gure luchtstreek voor onze 

landgenooten een waren schat opleveren, zoude bij hun gemis de nabijheid van het in steenkolen zoo 

rijke België en Engeland ons waarborgen tegen het gebrek aan brandstoffen.” 
53 "Hartelijk spreek ik met u den wensch uit, dat deze onderneming door Gods zegen moge leiden tot 

de welvaart van mijn volk en tot de bevordering van de algemeene belangen des menschelijken 

geslachts door het aanmoedigen van de kunsten des vredes en der nijverheid het nauwer toehalen van 

de eenheidsbanden der natiën en het opwekken van eenen vriendschappelijken en eervollen wedijver 

bij het gebruiken van de vermogens, welke de liefde der Voorzienigheid ten goede en voor het geluk 

der menschheid gegeven heeft.” 
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Figure 2.8: Vulnerability and the first transition 

 

 

2.4.1.3. Imported Coal 

“After 1816 the import of coal into the new kingdom had been taxed at an almost 

prohibitive rate (…) because Willem I wanted to protect the Belgian mines.” And while 

the relative prices of coal fell below peat for some years, “the secession of Belgium in 

1830 caused a sudden crisis in the supply of coal” (Van Zanden & Van Riel, 2004, p. 207). 

Although the tariff was replaced by an excise on both coal and peat, this excise made coal 

relatively more expensive. Only after the abolition of the excises in 1863, the relative price 

of coal fell below peat again (see figure 2.7).  

Van Zanden and Van Riel (2004, fig. 6.6) present a sharp decrease of the share of 

peat in the total energy consumption composition from this moment. However, this is not a 

completely fair representation. Production of peat peaked in the third quarter of the 

nineteenth century, while large amounts of coal were added to the total consumption (see 

figure 1.1). The price of coal was thus kept high artificially. But once this restraint was 

removed with the abolition of the excises in 1863, the availability of coal in the Dutch 

energy mix increased rapidly; according to Smits (2000) this should not only be seen in 

terms of the cheaper availability of coal, but also as a result of an overall increase in 

purchasing power because of demises of various other excises.  

After 1863, coal became the dominant energetic resource in the Netherlands. This 

transition may, in the light of the developments in surrounding countries, appear rather 

straightforward, but it was not all that self-evident. In the middle of the nineteenth century, 

after the secession of Belgium, domestic production of coal was very limited. Only the 

small-scale Domaniale Mijn and Neuprick-Bleijerheide were in production during the first 

half of the nineteenth century (Gales, 2002). Large-scale production did not occur until the 
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beginning of the twentieth century (Gales & Smits, 2000a; Gales, 2002) and domestic 

extraction roughly accounted for less than 10% of the total coal consumption throughout 

most of the nineteenth century, dropping below 5% since the 1850s (see table 2.2). 

 

Table 2.2: Coal consumption and production 

 Coal consumption 

(TJ) 

Domestic coal 

production (TJ) 

Share produced 

domestically 

1800 4320 432 10.0% 

1825 6143 490 8.0% 

1850 14308 490 3.4% 

1875 58884 2333 4.0% 

1900 153089 9216 6.0% 

Source: Gales et al. (2007) 

 

Coal thus needed to be imported, initially mainly from England and Belgium, but 

not much later also from Germany (see also Fremdling, 1995). Although the import of coal 

was in many cases (especially in the western provinces of Holland) economically viable, a 

discussion emerged in the Netherlands on how sustainable this import was. When the 

Arnhemsche Courant, for example, reported about an invention to make cokes from peat, it 

called upon Dutch capitalists to invest in this technology which would increase the value 

“of a completely domestic product, the peat” and which would “make our fatherland at this 

point completely independent of foreigners” (“Binnenlandsche berigten,” 1850).
54

  

Most observers at the time agreed nevertheless, that the supply of coal was 

virtually inexhaustible. It was generally recognized that the amount of subterranean coal 

was limited, but given the (moderate) consumption rates, coal would be available for such 

a long period that it could be considered inexhaustible. Bleekrode, who wrote extensively 

about the state of technology and innovation in the Netherlands and abroad, commented:  

“If at this moment all other coal mines were stopped, than the mines of only New-

Castle would still suffice to provide coal for all industries worldwide, for 900 years; 

and in Saarbrucken, only on Prussian territory, mines have been opened which 

contain plenty of coal for 90,000 (…) years” (Bleekrode, 1851b).55  

However, could the Netherlands afford to be dependent on another country for its energy 

supply?  

                                                           
54 “een geheel inlandsch product, de turf”; “ons vaderland op dit punt geheel onafhankelijk van den 

vreemdeling maken zal.” 
55 “wanneer op het ogenblik alle andere steenkoolmijnen stilstonden, dan zouden die van New-Castle 

alléén de geheele nijvere wereld nog 900 jaren lang voeden; en te Saarbrück zijn alléén op Pruisisch 

grondgebied mijnen geopend welke ruim steenkool bevatten voor 90,000 (…) jaren.”  
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While some, such as the author of Iets over de eindelijke verdwijning onzer 

Hooge Veenen (1856) and Robidé van der Aa (1843) searched for a sustainable domestic 

source of energy, the falling prices of coal after 1863 eventually led to an increased 

dependence on imported coal. Coal quickly became more and more important, for 

industrial uses as well as for residential heating and by the turn of the century it was 

discussed as ‘miracle substance’: “The black diamond is the life line of the modern-day 

Society” (Doppler 1900, quoted in Gales, 2002, p. 9).
56

 Lely, then minister of economic 

affairs, commented in 1901 to the House of Representatives: “without coal, no railways, no 

steamboats, no industry as we know it” (in Gales & Smits, 2000a, p. 19).
57

 Moreover, Lely 

continued, with the large-scale uptake of steam technology to drain polders, even the 

existence of parts of the Netherlands had become reliant on coal.
58

 

Lack of domestic coal meant that the Netherlands became increasingly dependent 

on imports and since coal was imported from very few neighbouring countries, it also 

became increasingly vulnerable to supply shocks. In the mid-nineteenth century this 

transition to augmented vulnerability was not considered problematic. However, this view 

changed towards the end of the century and led to a second major transition.  

 

2.4.2. Transition 2: continuation with coal, back to autarky?  

We have seen how coal became increasingly important in the Dutch energy mix. By 1850 

it accounted for roughly 15% of all energy consumed, by 1875 this had risen to almost 

40%, and by 1900 over 60% of all energy came from coal (see also appendix A.II). As we 

saw in table 2.2, around 95% of this coal was imported, meaning that half of all energy 

consumed had to be sourced abroad. This made the economy highly dependent on foreign 

suppliers and potentially vulnerable to supply shocks. 

It was already mentioned that geologist Staring wrote in 1856 that the 

Netherlands should not worry about exhausting its peat stocks since the country would be 

able to buy coal from neighbouring countries. Coal seemed to be in unlimited supply and if 

the Netherlands would invest in agriculture it would have trading goods to buy coal with 

(Staring, 1856). Notwithstanding, within 10 years, the British economist Jevons (1866) 

                                                           
56 “De zwarte diamant is de levensader der hedendaagse Maatschappij” 
57 “zonder steenkolen geen spoorwegen, geen stoomschepen, geen industrie, zooals wij die nu 

kennen.” 
58 In 1849 the Leydsche Courant had still written that peat could be used to power drainage mills in 

case of coal shortages, however, by 1900 the share of peat in the total energy mix had greatly 

diminished and especially its use for industrial applications (i.e. in steam engines) had largely 

vanished (“Uittreksels uit het verslag, gedaan door de Gedeputeerde Staten aan de Staten der 

Provincie Zuid-Holland, in de gewone vergadering gehouden te ’s Gravenhage, op dinsdag den 3den 

Julij 1849,” 1849).  
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would warn about the inevitable exhaustibility of coal. Jevons actually considered coal to 

be inexhaustible, but because of the increasing depth and increasing difficulties of 

extraction from these depths, he warned that the price of extraction would become 

prohibitively high.  

 Less than 10 years after this, England had already witnessed what was called the 

“coal famine”. As The Spectator wrote on February 8
th

, 1873: “It would appear to be clear 

from all accounts that the increasing demand for coal has at last caught up and exceeded 

the supply, which has of late tended to diminish” (“The coal famine,” 1873, p. 169). 

Nevertheless, this had little to do with a direct threat of exhaustion of the mines. Coal 

production, according to The Spectator, did not fall behind demand because mines were 

being exhausted, but rather because the monopolistic position of the ‘Ring’ of mine owners 

allowed them to raise their prices. The true causes of the increasing coal prices in England 

towards the end of the nineteenth century are still being debated, but decreasing labour 

productivity and increasing difficulties of extraction (from greater depth) meant that the 

British coal prices rose towards the end of the nineteenth, and into the twentieth century 

(Hausman, 1995). 

 It remains unclear how big the impact of this rise of English coal prices has been 

for the Netherlands. Table 2.3 shows from which countries coal imports in the Netherlands 

originated. It clearly shows that especially Germany was becoming increasingly dominant 

as coal supplier in the second half of the nineteenth century. England supplied roughly a 

quarter of all imported coal in the early 1870s. The aggregate price levels, as calculated by 

Van Zanden and Van Riel, show a peak in coal prices in the Netherlands in the 1870s – 

especially when excises are subtracted (see figure 2.7). This suggests that the coal famine 

also affected the Netherlands. However, while Hausman’s long-term energy price graph 

shows a sharp and long lasting increase of the coal price in Britain (1995, fig. 27.1), for the 

Netherlands, the effects of the coal famine lasted a much shorter time span. 

Given the decreasing importance of England as coal exporting country to the 

Netherlands, this needs not be surprising.
59

 Even though the Netherlands could import coal 

from three different countries, Germany thus became increasingly dominant, and, with the 

rising consumption of coal, the Dutch economy became more and more dependent on these 

German imports. Rather than the British coal Ring, the German coal producers had a more 

significant impact on the Dutch market. 

 

 

                                                           
59 Around the turn of the century, advances in shipping gave British coal some advantage over the 

German imports again, which were usually transported by railway (Fremdling, 1995). 
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Table 2.3: Coal suppliers in percentages of imports from the main exporting countries 

 Belgium Germany UK 

1850 37.3 29.9 32.7 

1860 19.7 52.1 28.1 

1870 13.6 64.4 22.0 

1880 4.1 80.5 15.4 

1890 4.9 81.3 13.7 

1900 6.4 62.8 30.6 

Source: own calculation based on trade statistics60 

 

The HHI for coal (see figure 2.5) reflects the vulnerability of the Dutch coal 

supply. The supply of coal was indeed highly vulnerable in the second half of the 

nineteenth century. However, as mentioned above, the HHI does not allow for the 

possibility of substitution and also does not take domestic production into account. In the 

alternative indicator suggested in this chapter both of these issues are taken into account.  

Figure 2.8 showed that overall the Dutch energy system had become particularly 

vulnerable in the concluding decades of the nineteenth century. Even including substitution 

possibilities and domestic production of traditional energy sources and including muscle 

power, the index still exceeds the 1800 level. Given that substitution was still more 

problematic in the nineteenth century because of the difficulties to transform kinetic 

energy into thermal energy and vice versa, the worries expressed by contemporaries were, 

assessed with the benefit of hindsight, justified. These worries were enhanced by the idea 

that peat was inferior to coal. In the eyes of contemporaries the vulnerability was therefore 

even bigger as many did not consider peat a viable substitute for coal.
61

     

It was deemed necessary for the sustainable development of the Dutch economy 

to establish a secured supply of coal, and reliance on imports was becoming more and 

more worrisome. In contrast to the mid-nineteenth century when peace and international 

trade were considered the norm, international tensions were building up again.
62

 Increased 

autarky was therefore called upon.
63

 Within Germany the Rheinisch-Westfälisches Kohlen-

                                                           
60 The Dutch trade statistics occasionally reported imports from other countries; however before 

1900 they never accounted for more than half a percent and are thus negligible.  
61 At the end of nineteenth century peat was mainly used non-energetically and the reserves had 

become small. 
62 Al lot has been written about the diplomatic relations and the tensions that were building up in 

Europe, see for example Wetzel (2012) on the Franco Prussian War and, among many others, 

Herrmann (1996) on the decade before the start of World War One. 
63 The establishment of the (state-owned) Hoogovens in 1918 to produce iron and steel domestically 

should also be seen in this light (cf. Kaijser, 1996; Verbong et al., 2000); domestic production of coal 

played a vital role in the planning of the Hoogovens (Joh. De Vries, 1968).  
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Syndikat was becoming increasingly powerful, and in the Netherlands a fear emerged for 

the dependence on this single organization (Verberne, 1952). Domestic production was 

therefore encouraged. 

 

2.4.2.1. Domestic coal extraction
64

 

Coal production in the south-eastern Dutch province of Limburg belonged to the oldest in 

Europe, dating back to the beginning of the twelfth century (Gales, 2002). Nevertheless, 

large scale domestic extraction failed to occur. In the nineteenth century only two small 

scale mines were in operation, immediately adjacent to the German coal fields just across 

the border. Since the mid-nineteenth century several drillings had been performed and it 

was proven that the coal field extended to the west. “Occasionally a ‘nervous urge for 

concessions’ manifested itself (…). Raised coal prices enticed attention which resulted in 

drillings as well as applications for concessions. Once they had been granted, nothing 

happened” (Gales, 2002, p. 11).
65

  

In an attempt to stimulate domestic coal production, the Dutch government tried 

to encourage mining activities with a liberal concession policy; without success. Towards 

the end of the century this policy was therefore revised and the Oranje-Nassaumijnen, a 

privately owned company, was given monopolistic rights to prove itself and to initiate 

actual extraction on a larger scale. The Oranje-Nassau was a German-Dutch partnership. 

The German partner was the Honigmann family, who had experience in the mining 

business, but who were independent of the dominant German companies operating across 

the border. The government considered the Oranje-Nassau mines as a serious test for the 

mining industry in the Netherlands, and it was recognized that the government should do 

its utmost best to support this important new industry. Therefore no new concessions were 

granted to others. In 1898 the first piece of coal was brought to the surface and in 1899 real 

extraction started. 

Worries about the German interests quickly manifested themselves nevertheless. 

One of the German mines owned by the Honigmann family became increasingly involved 

in export to the Netherlands, which led to questions about their intentions to mine in the 

Netherlands. More competition was therefore encouraged again to stimulate the 

productivity (also of the Oranje-Nassau), and to provide a secure domestic supply of coal. 

The government, meanwhile, had become reluctant to rely on private initiatives only. 

Previous concessions often did not lead to extraction, and even the Oranje-Nassau did not 

                                                           
64 The following section is largely based on Gales and Smits (2000b). 
65 “Van tijd tot tijd manifesteerde zich (…) een ‘nerveuze drang naar concessies’. Verhoogde 

steenkoolprijzen lokten de belangstelling uit die resulteerde in zowel boringen als 

concessieaanvragen. Waren die echter eenmaal verleend, dan gebeurde er niets.” 
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live up to the expectations. In May 1901 it was therefore decided in the Dutch Parliament 

that the State should become involved in the exploitation. Given the problems with private 

investors, it was decided to grant all known reserves to the newly established State Mines.    

The State Mines were run not only with an eye on economic gains and reducing 

vulnerability through domestic production, but were also seen as an example for private 

initiatives and were therefore rather modern and large-scale. The production of the mines 

grew rapidly. Especially during the First World War, when imports ceased, domestic coal 

production became a matter of national importance, even though the domestic production 

was not mature enough to completely counter the fall of imported coal (see figure 2.10). 

 

2.4.2.2. A new regime based on domestic extraction 

With the emergence of domestic extraction of coal – both through the State Mines and a 

number of privately owned mines, which in the interwar years produced almost equal 

shares – the Netherlands could reduce its vulnerability related to its dependence on foreign 

suppliers. The standard HHI does not reflect this since the Netherlands kept on importing 

coal in the first years of the twentieth century, largely from the same countries. The 

adjusted index does show a reduced vulnerability because of the domestic production of 

coal (figure 2.9).  

Despite the fact that domestic production could help to reduce dependence on 

foreign imports, it could not immediately prevent the country from being vulnerable to 

external shocks. As figure 2.10 shows, until the start of the First World War, the 

consumption of coal in the Netherlands continued to rise, and likewise did the share of 

domestically extracted coal. Although the Netherlands was not actively involved in this 

war, the foreign supplies of coal got largely cut off. And with domestic production still in 

its infancy, the Dutch economy fell short of coal, “resulting in coal rationing schemes for 

private homes, railway companies, and gasworks and the closing down of factories” (De 

Jong, 2005, p. 142).
66

 

In the interwar period the Dutch mines fully matured and reached their maximum 

production in 1937; in these years they were among the most efficient in Europe (Gales, 

Smits, & Bisscheroux, 2000). The interwar levels of domestic production could cover 

around 90% of domestic demand. With the occurrence of the Second World War, imports 

ceased again. However, for the first 3-4 years of the war, the Dutch mines remained 

operational, and the availability of coal did not plummet as severely as it had done during 

                                                           
66 The Netherlands and Germany became largely dependent on each other during the war as the 

Netherlands delivered food to Germany in exchange for coal (De Jong, 2005). 
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WWI.
67

 In other words, the domestic production of coal had drastically reduced the 

vulnerability of the Dutch energy system. Although detailed import data on the war years 

are largely missing, the adjusted index illustrates this nicely (see figure 2.9). 

 

Figure 2.9: Vulnerability and the second transition 

 

     

Figure 2.10: Coal consumption and production (left axis) and the share of coal produced 

domestically (right axis), 1900-2012 

Source: Gales et al. (2007) 

                                                           
67 General material shortages reduced the production in 1944 and especially 1945 and kept the 

production below the pre-war levels until 1949 (Gales et al., 2000). 
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Since the late 1930s and after the Second World War the productivity of coal 

extraction decreased (Gales et al., 2000). This was not all negative. In the interwar years 

negative rationalization had kept the productivity artificially high and this could not remain 

forever (Gales et al., 2000).
68

 The idea was that the coal resources should be used 

economically since the Netherlands did not have many reserves. Nevertheless, the Dutch 

coal mines would be closed in the 1960s, long before the reserves were depleted. 

Compared with neighbouring Belgium and Germany, this closure happened early and 

quickly and needs to be seen in relation to the discovery of the natural gas field in the 

province of Groningen (cf. Messing, 1988).
69

 But before discussing this third transition, 

the long history of domestic exploration needs to be addressed very shortly.  

 

2.4.2.3. Domestic exploration and exploitation  

Despite the fact that peat extraction flourished and (small-scale) coal mining took place in 

the nineteenth century, the overall conviction was that the Netherlands was poor in natural 

resource endowments (cf. Gales & Smits, 2000a). Nevertheless, a series of test drillings 

had shown that the German coal fields expanded further under the Dutch soil (Gales & 

Smits, 2000b). After the exploitation of coal in the south of Limburg had come under state 

control with the establishment of the State Mines, also exploration of minerals within the 

Netherlands was initiated by the state. In 1903 the State Service for the Exploration of 

Mineral Resources (Rijksopsporingsdienst) started. Exploration got an increasingly 

scientific character – locations for test drillings were ever more based on geological studies 

– and coal was found on several other locations (Gales & Smits, 2000b; Van Waterschoot 

van der Gracht, 1918).  

 The initial exploratory study by the Rijksopsporingsdienst was restricted to the 

search for coal and salt. Nevertheless, oil had already become a strategic resource and it 

was suggested that oil could also be found in the Netherlands. While some indications of 

oil deposits were found and briefly mentioned in Van Waterschoot van der Gracht’s final 

report on the exploration in 1918, systematic surveys only started in the 1930s, when 

Standard Oil of New Jersey (in the Netherlands better known as ESSO) and Royal 

Dutch/Shell Group jointly started exploration (Kaijser, 1996). In 1944 the oil field near 

Schoonebeek was discovered. In 1947 ESSO and Shell established a joint company, on a 

50/50 basis, for future exploration and exploitation of oil: the Nederlandse Aardolie 

                                                           
68 Negative rationalization meant that easy to reach thick layers of coal were extracted first, while 

thinner layers were left intact.  
69 Interestingly, the assessments of the impact of the domestic discoveries of natural gas on the coal 

production in Limburg performed in 1961 did not express reason for concern. By 1962 and 1963 the 

direction of the State Mines and the Mijnraad (an advisory board that monitored the mining industry) 

proved very aware of the negative impacts of the natural gas on the mining industry (Messing, 1988). 
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Maatschappij (NAM) (Kaijser, 1996). After 1947 substantial amounts started to be 

extracted domestically; nonetheless, compared with the total consumption these were 

marginal (see table 2.4). The search for oil by the NAM also led to regular findings of 

natural gas, which eventually led to the discovery of the Slochteren gas field in 1959 

(Kaijser, 1996; Smits & Gales, 2000). This leads me to the third transition: from coal to 

natural gas. 

 

Table 2.4: Domestic production and consumption of oil, 1945-2010 

 Oil consumption 

(TJ) 

Domestic oil 

production (TJ) 

Share produced 

domestically 

1946 70286 2722 3.9% 

1960 438696 82858 18.9% 

1970 1131840 82901 7.3% 

1980 1187654 67738 5.7% 

1990 899899 171763 19.1% 

2000 1076501 101520 9.4% 

2010 586267 61085 10.4% 

Source: Gales et al. (2007) 

 

2.4.3. Transition 3: from coal to natural gas 

The third transition covered a turbulent period. Studies of past transitions tend to stress the 

long-term nature of transitions from one socio-technical, or socio-economic, regime to the 

next (Allen, 2012a; Fouquet, 2010; Geels & Schot, 2010). The first transition described 

here, from traditional energy sources to an energy regime based on (imported) coal took 

almost the entire nineteenth century to materialize. The introduction of steam technology 

went slowly, and by the beginning of the twentieth century peat was still (albeit locally) 

used as energy source. The second transition, towards domestic extraction went somewhat 

quicker, but one could argue that it also took over 60 years. Already in the 1860s and 

1870s drillings took place in search of coal under the Dutch soils but it would take until the 

turn of the century before large-scale extraction emerged and it took another 20 years 

before these modern mines reached full capacity and could effectively reduce the 

vulnerability. The third transition roughly covered the years 1930-1980, but whereas the 

other transitions went relatively straightforwardly from one regime to the next, this 

transition was more turbulent. 

 After the Second World War, coal was still the most important energy source in 

the Netherlands (>65%). Although general war scarcity reduced the domestic production in 

the last year of the war and the three subsequent years, production reached its pre-war level 

again in 1949. Nonetheless, within 20 years after the war more than half of the Dutch 
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energy consumption would be covered by oil. Similarly as with the introduction of coal, oil 

did not push coal out of the market, but rather came on top of the coal consumption. The 

rapid introduction of natural gas since the 1960s did suppress coal, while the natural gas 

consumption came on top of the consumption of oil (see figure 1.3). This ‘success’ was 

short-lived. The energy crises of the 1970s had a major effect on the Dutch energy 

provision and a diversification of resources was the result. This eventually led to a more or 

less stable situation since the 1980s. 

 

2.4.3.1. Oil 

Oil appeared for the first time in the Dutch trade statistics in 1863, when the U.S., Belgium 

and U.K. were the main exporters.
70

 Its share in the total energy consumption remained 

small; it only exceeded 5% by 1920 and 10% by 1937. After the Second World War cheap 

supplies of Middle East oil flooded the Western world and the share of oil in the Dutch 

energy system shot up from 15% in 1946 to 60% in 1966.
71

 Nevertheless, already at the 

turn of the twentieth century oil had become an important resource in the Netherlands 

(Smits & Gales, 2000).  

 As mentioned above, exploration within the Netherlands also started to focus on 

oil in the first half of the twentieth century and was continued during the war when the 

German occupiers supported exploration with drilling equipment (Smits & Gales, 2000). 

In 1944 the oil field near Schoonebeek was discovered. Production started but initially 

remained small because of the poor equipment, but also because of sabotage; illustrated by 

the fact that after the war, when scarcity was actually worse, the days needed to drill a well 

was reduced by more than half (De Jong, 1986; Smits & Gales, 2000). Table 2.4 showed 

the share of domestically extracted oil in the total oil consumption; it hardly ever exceeded 

20%. For oil supplies the country was therefore highly dependent on imports, the 

implication of this dependence, and the vulnerability it caused, will be discussed after the 

production and consumption of natural gas has been addressed. 

 

                                                           
70 The exact name in the trade statistics changes over time; in the early years it is often unclear in 

how far the category of oil (often called aardoliën or steenoliën) also contains bitumen or oleaginous 

residues.  
71 According to Adelman (1995, p. 48) the oil price in the Persian Gulf declined from 13.21 constant 

1990 US-$ per barrel in 1947 to 3.78 constant US-$ in 1970; the US price initially rose from 11.48 

constant 1990 US-$ per barrel in 1947 to 14.21 constant 1990 US-$ in 1949 and subsequently 

decreased – but much less spectacular than the Persian Gulf price – to 9.95 constant 1990 US-$ per 

barrel in 1970.   
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2.4.3.2. Natural gas 

Already in the late 1940s natural gas was found in the Netherlands. However, it was not 

until 1959, when Europe’s largest natural gas field was found near the village of 

Slochteren, that large-scale extraction emerged. In accordance with the then still valid 

Napoleonic mining law of 1810, subterranean resources were not property of the owner of 

the land above or of the discoverer of the resources. Extraction was only possible after the 

State had given out a concession; this concession constituted the property rights 

(Rademakers, 1985).  

Kaijser (1996) describes in detail the delicate negotiations between the NAM, 

who discovered the natural gas field, the SGB (State Gas Company) which was responsible 

for the distribution of ‘distance’ gas (made from coal and which to some extent had 

replaced town gas), the State Mines and the government. ESSO had designed a plan to 

make the highest possible earnings from the gas field, which included selling large 

amounts to households, as it was there that the highest price could be demanded. Shell was 

willing to sell the gas to households, but was not inclined to invest in the infrastructure to 

make this possible. The government, led by the Minister of Economic Affairs De Pous, 

eventually drew up a plan in which the government, largely by means of the involvement 

of the state-owned State Mines, became involved in the production and distribution of the 

natural gas (through the newly established Gasunie which became responsible for the 

transport and sales of the gas within the Netherlands).
72

 Given that nuclear energy at the 

time held the promise of producing unlimited supplies of energy against negligible costs, 

the government pushed rapid extraction of the gas field (Kaijser, 1996; Kremers & 

Kruytbosch, 1974; Lubbers & Lemckert, 1980; Smits & Gales, 2000).
73

 

 As shown in figure 2.2, the production of natural gas dwarfed the production of 

any other energy source in the Netherlands. The cheapness of this domestically available 

resource also led to an acceleration of the closure of the mines; these had become less 

profitable because of the high costs already, but closure was sped up as the gas tap was 

opened (Messing, 1988). The closure of the mines was announced by Den Uyl, minister of 

Economic Affairs, in 1965 in the Nota inzake de mijnindustrie (Den Uyl & Bakker, 1965; 

Messing, 1988). The last State Mine to close was Emma in 1973, the Oranje-Nassau Mine 

                                                           
72 See Kaijser (1996) and also Peebles (1980) on the construction of the pipeline network and the 

organizational structures. 
73 The Netherlands was early in recognizing the potential of nuclear energy and the expectations after 

the Second World War were high. Nevertheless, the amount of nuclear energy eventually produced 

in the Netherlands remained very small. Its promises were therefore never fulfilled. Lagaaij and 

Verbong (1999) describe the technical, economical en organisational setbacks that prevented nuclear 

energy from becoming important for the Dutch electricity mix (see also Verbong & Geels, 2007). 

Although nuclear power held big expectations, its contribution to the total energy consumed 

remained small. Nuclear energy and the imports dependence with regards to uranium needs therefore 

not be discussed separately here; in contrast to for example Spain, where nuclear energy and 

dependence on imported uranium was much more relevant (see Muñoz & Rubio, 2014). 
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was the last private mine which closed in 1974 (Gales et al., 2000). Natural gas quickly 

became the dominant energy source as households were rapidly connected to the gas 

network (Kaijser, 1996; Lubbers & Lemckert, 1980; Peebles, 1980). For industry natural 

gas was offered at very low prices to encourage the development of industries such as 

greenhouse horticulture and the petrochemical sector (Peebles, 1980; Smits & Gales, 

2000).  

Originally the exploitation of natural gas was undertaken as quickly as possible 

“with the greatest possible benefit to the national economy” and “as smoothly as possible” 

(Peebles, 1980, p. 125). Given the prevailing oil prices and the perceived future 

competition of nuclear energy, this meant that “optimalisation of national economic 

advantage led to the conclusion that rapid depletion of reserves (in 25-40 years) and deep 

market penetration (…) were desirable” (Lubbers & Lemckert, 1980, p. 89).
74

 The oil and 

energy crises changed this. The long-term value of the Dutch gas was suddenly recognized 

(see also Kaijser, 1996; Verbong & Geels, 2007).  

 

2.4.3.3. Oil and energy crises 

Between 1946 and 1970 energy seemed to be available in unlimited amounts. Although the 

coal mines were less cost-effective, and prior to the discovery of the Slochteren natural gas 

field there was some political fear of a future coal shortage, there were still reserves.
75

 Oil 

                                                           
74 It has been argued that the cheap availability of natural gas led to an increase of the exchange rate 

of the Dutch guilder, making Dutch industry less competitive on the international market (Van Ark et 

al., 1995). Van Ark et al. conclude that evidence for the ‘Dutch disease’ – the idea that the large 

domestic natural gas resources led to de-industrialization and therefore hampered economic 

developments – in the Netherlands is not very strong, nevertheless, the concept has found wide 

international acceptance and is nowadays mainly used in relation to de-industrialization in peripheral 

countries (see for example Williamson (2011); see also chapter 3). 
75 The explorative efforts of the Rijksopsporingsdienst had resulted in the discovery of coal reserves 

in the Peel, the Achterhoek and near Vlodrop (Van Waterschoot van der Gracht, 1918). The coal 

field of Vlodrop was located 20-30 km north of the existing mines and immediately adjacent to the 

German mine Sophia Jacoba in Hückelhoven. In the early 1920s exploitation seemed viable because 

of high coal prices. However, the reserves appeared small and as the international coal prices 

returned to a lower level again, the Dutch State Mines did not see any potential anymore in the mid-

1920s (see the discussion in the House of Representatives which in separate pieces can be found 

here: http://resourcessgd.kb.nl/SGD/19241925/PDF/SGD_19241925_0001369.pdf; the remainder 

can be found by replacing the ‘69’ at the end of the link by ‘70’, ‘71’, ‘72’ and ‘73’). As the other 

coal mines in Limburg were expected to be exhausted in due time in the 1950s, while domestic coal 

was still considered indispensable, the Dutch government decided to interfere and stimulated the 

construction of the Beatrix mine, which started in 1954. In 1960 the mine was finished and the coal 

field was reached, nonetheless the mine never brought up any coal as it was abandoned in 1962 

(Messing, 1988). Messing stresses that the State Mines already in the early 1950s showed that the 

development of a new mine would not be profitable. However, the government feared a possible 

future shortage of coal and decided to start the development nonetheless. 

http://resourcessgd.kb.nl/SGD/19241925/PDF/SGD_19241925_0001369.pdf
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was cheaply available on the international market. The Netherlands possessed a massive 

natural gas field. And the gas could not be extracted fast enough because nuclear energy 

would solve any future supply limitations. The vulnerability of the Dutch energy system 

also appeared lower than ever. The HHI for coal and oil dropped, indicating more 

distribution among suppliers and the HHI for oil even dropped well below the 1800 level 

(see figure 2.5). Because of the domestic production of natural gas the adjusted index, 

which allows for substitution, remained low (figure 2.11). While the quantity of energy 

consumed skyrocketed in this period, supply seemed secure. Things went differently, 

however. 

 

Figure 2.11: Vulnerability and the third transition 

 

 

The Suez crisis of 1956 was a first warning of how vulnerable the Western oil 

supplies were. Its effects on the Netherlands were small.
76

 A bigger impact had the oil 

crisis of 1973 and the energy crisis of 1979. The crisis of 1973 led to reduced oil 

production and increased oil prices world-wide. The Netherlands was one of the countries 

under embargo of various Arab oil exporters because of the Dutch support for Israel in the 

October War. Nevertheless, supplies barely dropped. The increased prices had a larger 

impact, as they did in most of the Western world (Hellema, Wiebes, & Witte, 1998).
77

 An 

economic depression followed. Relatively, compared with other European countries, the 

                                                           
76 The Suez crisis accelerated the already emerging trend of increasing tanker sizers, the Rotterdam 

port had to adjust to accommodate these developments (Boon, 2012); the effects on the availability 

of Middle East oil in Europe were small.  
77 Oil supplies to the Netherlands did drop, especially in December 1973, however this was much 

smaller than anticipated for various reasons, exporting countries for example did not actually keep 

track of where the oil tankers eventually went; see Hellema et al. (1998) for a detailed account of the 

oil crisis in the Netherlands.   
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downturn was still limited (in part countered by the availability of natural gas, which not 

only provided energy, but also a source of income (Lubbers & Lemckert, 1980)); the 

depression of the early 1980s, following the energy crisis of 1979 had a larger impact on 

the Netherlands (Van Ark, De Haan, & De Jong, 1995; Van Zanden & Griffiths, 1989). 

This vulnerability was not reflected in the HHI, nor in the adjusted index. Two 

important elements need to be taken on board here: one, the indices do not consider the 

possibility of cartels and two, while natural gas may have been available, its usability as 

substitute in the short-run was limited. 

When countries form cartels, such as the OPEC, these countries should not be 

considered as individual suppliers. They set prices as one, control exports as one, and 

should thus also be treated as one. The Organization of the Petroleum Exporting Countries 

started in 1960 with five member countries; by 1971 it consisted of Iran, Iraq, Kuwait, 

Saudi Arabia, Venezuela, Qatar, Indonesia, Libya, United Arab Emirates, Algeria and 

Nigeria, in 1973 Ecuador joined and in 1975 Gabon became member.
78

 Together these 

countries supplied about 70% of all oil imports in the Netherlands in the late 1960s and by 

1972 this even approached 90%, see table 2.5.
79

 If I treat these countries as one in the HHI 

and the adjusted index I obtain the results presented in figures 2.12 and 2.13. 

 

Table 2.5: Share of oil imports from OPEC member countries, 1960-1995 

 OPEC share 

1960 47.6% 

1965 63.1% 

1970 68.7% 

1972 89.2% 

1975 80.0% 

1980 67.7% 

1985 41.9% 

1990 57.6% 

1995 50.1% 

Source: own calculation based on trade statistics 

 

Comparing figures 2.12 and 2.13 with figures 2.5 and 2.6, it immediately becomes 

clear what the effect of the OPEC cartel has been on the vulnerability of the Dutch energy 

supply. Whereas figure 2.5 gave the impression that especially for oil the Netherlands had 

                                                           
78 See http://www.opec.org/opec_web/en/about_us/25.htm (last accessed 1 April 2015); Ecuador 

suspended its membership between 1992 and 2007, Gabon left OPEC in 1995, Indonesia suspended 

its membership in 2009, Angola joined in 2007. 
79 After 1996 this share declined markedly, largely because of increasing importance of imports 

coming from the Former Soviet Union.  

http://www.opec.org/opec_web/en/about_us/25.htm
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a sufficient spread of suppliers, figure 2.12 shows that when these suppliers form a cartel, 

the vulnerability increases dramatically. Since the countries united in OPEC were 

responsible for the supply of over 70% of the Dutch oil imports, their overall influence on 

the HHI is not surprising. 

Figure 2.13 shows that the total vulnerability (i.e. allowing for substitution and 

correcting for domestic production) of the Netherlands increased markedly in the 1960s 

because of the OPEC cartel. The Netherlands started exporting natural gas in 1963 and by 

1974 it was a net exporter of energy. Therefore the vulnerability of the overall energy 

system could be reduced again in the late 1960s and early 1970s. This appears remarkable 

given that the oil and energy crises of the 1970s, which in turn were of course a reaction to 

the collapse of the fixed exchange rates and the inflation of 1968-1973, had raised the oil 

prices (see Adelman, 1995, fig. 6.1) and impacted the Dutch energy system and its 

economy (Van Zanden & Griffiths, 1989).
80

 In order to better understand this we need to 

look at the extent to which oil and natural gas were indeed substitutes in this period.   

 

Figure 2.12: The HHI for oil adjusted for the OPEC cartel, 1846-2012 

 
Source: own calculation based on trade statistics 

                                                           
80 It has been argued that the 1970s crises led to reduced energy consumption in Western countries 

and to energy saving. Compared with the post-war boom, efficiency improvements may have 

become slightly more relevant once again, but besides the anomalous energy abundance of the 1950s 

and 1960s, energy saving has always been the norm (cf. Ayres & Warr, 2009, see also chapter 3). 

The ‘decoupling’ between economic development and energy consumption seen since the 1970s 

rather seems to be the result of structural changes from industry to services and technological change 

with the introduction of ICT (cf. Kander et al., 2013, see also chapter 3 and 4). 
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Figure 2.13: Own index adjusted for the OPEC cartel, 1846-2012 

 
Source: own calculations based on trade statistics 

 

We already saw that oil did not so much replace coal as it supplemented coal, and 

that natural gas consumption actually did lead to reduced consumption of coal in the 1960s 

while it supplemented oil. Especially in household consumption, natural gas largely took 

over from coal (or coal-based town gas) (Gales, 2013; Kaijser, 1996; Peebles, 1980). Oil 

and natural gas rather became supplements with limited substitution possibilities. And as 

could be seen in figure 2.4, even though the Netherlands became a net exporter of energy, 

it still imported large shares of coal and oil in the second half of the twentieth century.  

Figure 2.14 shows the percentage of the domestically consumed natural gas and 

oil respectively, that has been used to produce electricity. It shows that electricity 

production consumed only a modest share of the total oil consumption in the 1960s and 

1970s, while the share of the natural gas consumption that was used to produce electricity 

increased.
81

 Of the final consumption (which excludes the transformation and energy 

sector) of oil and natural gas, large parts went to industry (the most important industries for 

both energy carriers were petrochemicals and food & tobacco). A striking difference can 

be found in the transportation sector and residential consumption; especially in 

transportation natural gas was not a viable substitute to oil (cars, trucks and ships are 

powered by oil rather than natural gas) (see figure 2.15). In other words, especially the 

transportation sector, was particularly vulnerable (see also Hellema et al., 1998). 

 

                                                           
81 For a more detailed elaboration on resource use for electricity production see Verbong and Geels 

(2007). 
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Figure 2.14: Shares of natural gas and oil supplies used in electricity production, 1960-1990 

 
Source: own calculation based on IEA energy data (IEA, 2002) 

 

Figure 2.15: Shares of final consumption of natural gas and oil consumed in industry, 

transportation and households, 1960-1990 

 
Source: own calculation based on IEA energy data (IEA, 2002)82 

 

                                                           
82 In this graph, 100% refers to the final consumption, which equals total consumption minus energy 

used in the transformation and energy sectors.  
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2.4.3.1. Current status quo 

The oil and energy crises had big impacts on the energy policies in Europe. They showed 

how vulnerable the West was, and how dependent even a net exporter of energy, like the 

Netherlands, was on foreign supplies.
83

 It was recognized that diversity, not only of 

suppliers, but also of energy sources is vital to secure economic development (cf. Muñoz 

& Rubio, 2014). Diversification of energy sources not only meant more possibilities to 

substitute energy sources when one would become scarce, it also meant a diversification of 

suppliers as energy exporting countries rarely export more than one energy commodity. 

Nevertheless, as the crises of the 1970s made painfully clear, substitution among energy 

carriers is still not completely possible. Oil had become an indispensable resource. 

Therefore non-oil producing countries built up strategic reserves.
84

 

The diversification also resulted in state policy to also exploit smaller natural gas 

fields. The extraction of natural gas from these small fields is more expensive than the 

production form the large Groningen gas field, but the government stimulated production 

and guaranteed a market to also be able to extract these reserves.
85

 The diversification also 

resulted in renewed attention for coal in the Netherlands. Domestic production never 

returned as it is not cost-effective – Lubbers, at the time Minister of Economic Affairs 

reported on July 13
th

, 1977 to Prime-Minister Den Uyl that “the price to be paid for a piece 

of supply security would be disproportionate to its contribution to the supply security” 

(Messing, 1988).
86

 Coal is nowadays mainly imported from Columbia, the US and South 

                                                           
83 See also the first integrated energy white paper (energienota) which was written in 1974 and 

addressed the break between the affluence of the 1950s/1960s and the early 1970s (Lubbers, 1974).  
84 In line with the EU regulation the Netherlands is obliged to hold a strategic reserve of oil “worth 

90 days of its average daily imports or 61 days of average daily inland consumption, whichever is 

greater” (see Council Directive 2009/119/EC: http://eur-lex.europa.eu/legal-

content/EN/TXT/?qid=1427205379932&uri=URISERV:en0006) to deal with possible supply 

shocks. This initiative was started before the energy crises but the size of the reserves was increased 

afterwards. For coal or natural gas such strategic reserves do not exist, but calls to this end can be 

heard as well (cf. Maugeri, 2014). The Netherlands does store a reserve of natural gas during summer 

to cope with peak demand in cold winters (see Peebles, 1980); see also the “Kamerbrief Besluit 

Gaswinning Groningen in 2015” by Kamp, Minister of Economic Affairs, sent on June 23rd, 2015: 

https://www.rijksoverheid.nl/documenten/kamerstukken/2015/06/23/kamerbrief-besluit-gaswinning-

groningen-in-2015 (last accessed 22 September 2015) – a substantial part of the reduced natural gas 

extraction in 2015 will be covered by the one-time opportunity of extracting 3 billion cubic metres 

additional gas from the storage at Norg. 
85 See the attachment to the letter that Kamp, Minister of Economic Affairs, send to the House of 

Representatives on October 7th, 2014: http://www.rijksoverheid.nl/documenten-en-

publicaties/rapporten/2014/10/07/aardgasbeleid-in-nederland-actuele-ontwikkelingen.html (last 

accessed 19 January 2016); see also GasTerra (2016). Note the similarities to the developments in 

the coal mines where smaller seams were extracted after WWII and the relatively small Beatrix mine 

was developed. 
86 “de prijs die voor een stukje veiligheid van de voorziening zou moeten worden betaald, staat in 

geen verhouding tot de bijdrage die aan de voorzieningszekerheid wordt geleverd.” Even though the 

Beatrix mine, which was completed in 1960 but from which coal was never extracted, still exists and 

http://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1427205379932&uri=URISERV:en0006
http://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1427205379932&uri=URISERV:en0006
https://www.rijksoverheid.nl/documenten/kamerstukken/2015/06/23/kamerbrief-besluit-gaswinning-groningen-in-2015
https://www.rijksoverheid.nl/documenten/kamerstukken/2015/06/23/kamerbrief-besluit-gaswinning-groningen-in-2015
http://www.rijksoverheid.nl/documenten-en-publicaties/rapporten/2014/10/07/aardgasbeleid-in-nederland-actuele-ontwikkelingen.html
http://www.rijksoverheid.nl/documenten-en-publicaties/rapporten/2014/10/07/aardgasbeleid-in-nederland-actuele-ontwikkelingen.html
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Africa. Since the twenty-first century coal has also been imported in substantial amounts 

from Russia; an exceptional country in that it also exports oil and natural gas and whose 

supplies, given the current geopolitical situation, may be less secure. 

A second effect of the 1970s crises was renewed attention for autarky and the 

exploration for  alternative domestic sources of energy (Kremers & Kruytbosch, 1974; see 

Ruiter & Schurink, 1975, 1979 for examples). Nuclear energy never became very 

important because of technical and economic set-backs and societal protests (Verbong & 

Geels, 2007). Modern renewables such as wind and solar power have been introduced, but 

only in a very slow pace. These renewables can only deliver electricity which can still be 

produced cheaply on the basis of imported coal and domestic natural gas. Given that they 

are no substitutes for oil (yet) in most applications such as transportation, the necessity to 

introduce these renewables, at least from an economic perspective has not been very 

urgent. 

  

2.5. Conclusion: Import dependence, vulnerability and 

autarky 

Energy is a crucial resource in an economy and a secured supply is therefore vital. Some 

import dependence should not be considered problematic – especially as long as the 

economic bill can be covered. The vulnerability to supply shocks resulting from this 

dependence can be reason for concern. In this chapter I introduced a novel aggregate 

indicator to measure the historical level of vulnerability of a country, and applied this to 

the case of the Netherlands. I have shown how concerns about the vulnerability to supply 

shocks influenced the direction and crystallization of energy transitions and how these 

transitions can create or alleviate vulnerability.  

 The indicator introduced in this chapter was based on the Herfindahl-Hirschman 

Index, and like the HHI it penalizes lack of diversification and dependence on few 

suppliers. In contrast to the HHI it allows for substitution among resources and it corrects 

for domestic production. Although substitution might not always be completely possible, 

and the index should thus always be considered in combination with qualitative 

information on the respective energy system and its substitution possibilities, this index 

has the clear advantage of providing a quick and comprehensive overview of the level of 

vulnerability of a country. 

Transitions are long-term processes and also the transitions in the Dutch energy 

system covered long periods. Dependence on foreign imports played an important role in 

                                                                                                                                                   
still is property of DSM (the successor of the Dutch State Mines) (Messing, 1988; “Staatsmijn 

Beatrix: De mijn die er nooit kwam” 2012).  
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these transitions. The Netherlands has seen various instances where energy supplies were 

not secured. In the mid-nineteenth century, for example, the Dutch energy system 

transitioned from domestic wind and peat based to the import of large amounts of coal. 

Domestic production of coal was virtually non-existent at that time. Although this at first 

was not seen as problematic, the imported amounts grew and the country became more and 

more vulnerable to supply shocks because of its dependence on very few exporting 

countries. As a reaction to this vulnerability, the Dutch government undertook action to 

start domestic production of coal. It therewith initiated a second transition, away from 

import dependence and towards autarky. With the unprecedented supplies of cheap oil 

after the Second World War the Netherlands, as did the rest of Western Europe, became 

more and more dependent on imports again. The vulnerability appeared small nonetheless: 

Europe’s largest natural gas field had just been discovered in the Netherlands, nuclear 

energy held the promise of virtually endless amounts of energy, and the imported oil came 

from many different countries. However, as most oil producing countries united in the 

OPEC, the Netherlands proved vulnerable after all during the 1970s. As a result, the 

energy policies were revised once again; the value of the domestic natural gas became 

clear, the small natural gas fields policy was introduced and a strategy of resource 

diversification followed. The transition from domestic coal to the current situation, where 

domestic natural gas is supplemented by imports of coal and oil, was therefore more 

turbulent than the previous transitions. But also here the vulnerability to supply shocks 

played a very important role in the crystallization of this transition.  

Increasing vulnerability has forced the Dutch government to intervene on the 

energy market and to become actively involved in energy production and distribution. This 

vulnerability can to some degree be measured with indicators such as the one presented 

here, but it is important to stress that state action is based on a wider geopolitical context. 

In the case of the mid-nineteenth century, for instance, the vulnerability of the Dutch 

energy system was clearly increasing, but emerging international tensions and the 

increasing dependence on the more or less monopolistic Rheinisch-Westfälisches Kohlen-

Syndikat made that the Dutch government deemed it necessary to intervene.   

 With an eye on the upcoming energy transition, import dependence and 

vulnerability should be important considerations. While it does not make economic sense 

to try to be completely autarkic, history has shown how vulnerable a trading country like 

the Netherlands can be. The Dutch government has been strongly involved in previous 

energy transitions and will also have an important role to play in the upcoming transition. 

It will need to make a decision regarding the urge of the transition and can subsequently 

steer towards adjusting for imported resources or investing in domestic production of 

renewables. In this decision-making process not only the question of autarky needs to be 

taken into account. Economic and environmental considerations will feature in the 

discussion on the next energy transition just as much. In the epilogue to this dissertation 
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(chapter 7) I will therefore bring in also the lessons learned from the following chapters, 

and reflect a bit more on the upcoming transition. 



 
 

 
 

 

 

 

 



 
 

 
 

 

 

3. Machines, Energy and Economic Growth: 

Energy Capital Ratios in the Netherlands, 

(Western) Europe and Latin America, 1875 - 

1970
87

 
 

3.1. Introduction 

In the previous chapter, the importance of a secure supply of energy was addressed. It was 

illustrated that the Netherlands has, at times, been highly dependent on foreign supplies, 

and that it therefore has been vulnerable to supply shocks. The chapter focussed on the 

indispensability of energy for economic development; however, it said little about how 

energy contributes to economic growth. In this chapter the link between energy 

consumption, (physical) capital, innovativeness and economic development will be 

addressed by means of an analysis of the ratio between energy consumption and physical 

capital stocks. 

Especially for the short term, vulnerability and supply shocks can lead to severe 

economic downturns, as we have seen most clearly in the aftermath of the second energy 

crisis in the late 1970s and the early 1980s recession (cf. Van Zanden & Griffiths, 1989). 

However, at the same time, Sachs and Warner (2001) and Williamson (2011), amongst 

others, have claimed that large domestic supplies of natural resources can be detrimental to 

economic development as it can lead to de-industrialization and may impede 

innovativeness. Williamson adopts the concept of the ‘Dutch disease’ to explain how de-

industrialization in peripheral countries caused these countries to fall behind the Western 

frontrunners.
88

 Here I will examine the role of energy in economic development from a 

novel perspective, namely that of energy-capital ratios; although this is a measure of 

energy efficiency and not of (de-)industrialization, the evidence suggests that there was no 

such thing as a Dutch disease.  

 This chapter starts by setting the stage and introducing the problem at hand, 

namely the role of energy-capital relations and energy efficiency in economic growth. 

                                                           
87 This chapter is based on joint work together with Cristián Ducoing, Mar Rubio and Ben Gales.   
88 See also footnote 74. 
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Economic growth has been very uneven over the nineteenth and twentieth centuries.
89

 

Therefore this chapter takes a comparative perspective and looks at a number of European 

and Latin American countries and compares the long-term trajectories of their energy-

capital ratio to examine whether differences in this ratio can help to understand the 

diverging growth rates. In section 3.2, the energy-capital ratio will be introduced as a novel 

indicator of efficiency and technological progress. Subsequently the data employed in the 

comparative analysis will be discussed. Section 3.4 shows the results of the analysis and 

provides a more in-depth discussion of the Dutch performance (section 3.4.1). Finally, 

section 3.5 concludes.  

 

Economic growth models, building on Abramovitz (1956) and Solow (1956), tend to stress 

the importance of human and physical capital accumulation (e.g. Leimbach, Kriegler, 

Roming, & Schwanitz, 2015; Mankiw, Romer, & Weil, 1992). While there are limits to the 

extent to which labour can grow, capital-deepening (i.e. increasing capital per worker) 

makes enhanced growth possible.
90

 Energy is a crucial input for both labour and capital, 

yet it is usually not regarded as one of the factors of production. D. I. Stern (2011) has 

argued for the inclusion of energy as a factor of production; see also appendix A in Kander 

et al. (2013). However, their approach has thus far found little response in standard 

macroeconomic (growth) modelling.
91

 

Both labour and capital can convert energy into useful work and therewith 

produce output. As commented by Kander et al (2013), the ceiling for the energy that can 

be consumed and employed by labour is set by the amount of the food that can be 

consumed by each worker. Capital has no such ceiling, therefore, they argue, the capital-

deepening production of the nineteenth century also resulted in energy-deepening 

production. 

With initial industrialization, energy-deepening (especially of modern energy 

carriers) is to be expected. However as argued by Kander et al. (2013) capital-deepening 

was the most important driver for increasing outputs. In this chapter I focus on the 

interrelation between energy and capital. I compare the ratios of modern energy 

                                                           
89 See for example the debates on the Great Divergence (e.g. Allen, 2012b; Pomeranz, 2000; P. 

Vries, 2015) and related literature (e.g. Williamson, 2011). 
90 Clearly the quality of the labour force (human capital) is also important for economic development 

and can also improve. Interestingly, the role of human capital in the early years of industrialization is 

still debated (see Becker, Hornung, & Woessmann, 2011; De Pleijt, 2015). 
91 Ayres and Warr (2009; Warr & Ayres, 2012), likewise, though based on different lines, argue for 

the inclusion of energy (or in their case rather exergy – i.e. potential useful work); however, their 

approach leads to some, in the words of Kander et al. (2013, p. 388), “severe theoretical difficulties” 

(i.e. when workers are equipped with more capital, the marginal productivity of labour approaches 

zero). 
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consumption and capital stocks in machinery and equipment of the Netherlands with 

various Western European and Latin American countries. In the joint research with 

Ducoing, Rubio and Gales on which this chapter is based, we examine the divergent 

histories of Western Europe and Latin America; here I also highlight the performances of 

the Netherlands. 

In the comparison between Western Europe and Latin America, we cover the 

period 1875-1970. As all relevant time series for the Netherlands can be extended to the 

beginning of the nineteenth century, the analysis of the Dutch data covers the period 1800-

2005.
92

 We argue that the rapid decrease in energy-capital (E/K) ratios in Europe, as 

compared with Latin America, can help to understand their economic divergence. We 

argue furthermore that decreasing energy-capital ratios (after initial increases) signal 

economic development through (energy saving) innovation. Although the trends presented 

by the Dutch data are largely in line with what can be seen in the other European countries, 

I will reflect on the uniqueness of the Dutch case in this respect because of its high initial 

capital stock and huge domestic reserves of natural gas.  

 

3.1.1. Europe vs. Latin America 

(Western) Europe and Latin America present an interesting comparison to examine the role 

of energy and (physical) capital. Latin American countries began their independence (early 

nineteenth century) with vast endowments of land and natural resources. They were, for a 

while, more prosperous than some European nations. Nevertheless, over the course of the 

nineteenth and twentieth century, Latin America did not manage to maintain its position 

and a divergence between Europe and Latin America emerged (e.g. Bértola & Ocampo, 

2012). Measures of GDP per capita show the increasing divergence in output per capita 

between Latin America and Western Europe (see table 3.1).  

There have been several studies to measure and explain these different trajectories 

(e.g. Bértola & Ocampo, 2012; Bulmer-Thomas, 2003; Maddison, 2007; Williamson, 

2011). Both physical capital stocks (Tafunell & Ducoing, 2015) and energy consumption 

(Rubio, Yáñez, Folchi, & Carreras, 2010; Yáñez, Rubio, Jofré, & Carreras, 2013) have 

been used as proxies for economic development, and as explanations for the divergence. In 

this chapter I look at the ratio between energy consumption and capital stock and argue 

that the rapid decrease in energy-capital ratios in Europe in the twentieth century as 

compared with Latin America may help to explain differences in economic development as 

it is illustrative of technological advancements and efficiency increases (i.e. less energy is 

required to produce economic output). Ayres and Warr (2005; see also Warr & Ayres, 

                                                           
92 Capital stock figures for later years are available online on the data website of Statistics 

Netherlands (http://statline.cbs.nl/statweb), however these are still preliminary.  

http://statline.cbs.nl/statweb
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2012) have argued that improvements in energy conversion efficiency, at least prior to 

1970s, can explain total factor productivity (TFP). Although their measure of efficiency is 

different, and their model has been criticized (e.g. in Kander et al., 2013 Appendix A), the 

efficiency improvements measured in the E/K ratio may be illustrative of TFP change. 

 

Table 3.1: GDP per capita in selected countries (int. 1990 GK-$), 1875-1970 

 1875 1913 1929 1950 1970 

Belgium 2861 4220 5054 5462 10611 

Germany 1839 3648 4051 3881 10839 

Italy 1542 2564 3093 3502 9719 

Netherlands 2755 4049 5689 5996 11967 

Portugal 975 1250 1610 2086 5473 

Spain 1207 2056 2739 2189 6319 

Sweden 1345 3073 4145 6769 13011 

UK 3190 4921 5503 6939 10767 
      

Weighted averagea 2060 3518 4073 4047 9113 
      

Argentina 1635 3797 4367 4987 7037 

Brazil 732 811 1137 1672 3057 

Chile 1426 2988 3455 3670 5231 

Mexico 651b 1732 1757 2365 4320 

Uruguay 1942 3310 3847 4659 5184 
      

Weighted average: 781c 1451 2062 2560 4077 

Source: the Maddison-Project; a weighted averages based on population estimates in Maddison 

(2010); b data for 1870; c excluding Argentina.  

 

3.2. Energy-capital ratios as indicator of economic 

development 

Before I can discuss the E/K ratio as an indicator of economic development, it is important 

to first address the roles of both energy consumption and capital accumulation separately. 

The relationship between energy and economic development is complex. Csereklyei, 

Rubio and Stern (2016) find, not surprisingly, that energy use per capita increased over 

time as incomes grew; even though there might be some ‘decoupling’ in developed 

countries in recent years. Between 1820 and the 1970s energy consumption and GDP in 

the Netherlands grew at more or less the same rate, after the 1970s we see the decoupling 

as GDP continued to grow while the growth rate of energy consumption decelerated, see 

figure 3.1 (see also Mulder & De Groot, 2004). Furthermore, the energy intensity (E/GDP)  
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Figure 3.1: Economic growth and energy consumption in the Netherlands, 1820-2010 (indices 

1860=100) 

 
Source: GDP: the Maddison-project; energy consumption: Gales et al. (2007) 

 

of most European countries declined over the last two centuries (when traditional energy 

sources are included) (Gales et al., 2007; Kander et al., 2013).
93

 

The industrial revolution is often linked with increasing consumption of energy 

(in particular coal). But, as already discussed in the introduction (section 1.1), whether coal 

consumption sparked the industrial revolution, or whether it was mainly a consequence of 

economic development is still subject of debate. The question of causality between energy 

consumption and economic development likewise is still contested (e.g. Bruns, Gross, & 

Stern, 2014; Liddle & Lung, 2015). According to Kander et al. “consumption of coal 

seems to have been a key part of economic success (…) and cheap energy was a necessary 

condition of the industrial revolution” (2013, p. 209). They argue nevertheless that capital-

deepening was the most important driver for increasing outputs. Likewise, De Long and 

Summers (1991, 1993), for instance, have argued that there is a strong causal relationship 

between investments in especially the more productive forms of capital, i.e. machinery and 

equipment and economic growth.   

Both labour and capital can convert energy into useful work. The extent to which 

the ratio between energy consumption and labour can change is limited, i.e. there is only a 

certain amount of food a person can consume.
94

 The ratio between the capital stock and 

                                                           
93 Although figure 3.1 shows comparable growth rates, the growth rate of GDP – with the major 

exception of the 1960s – was almost always slightly higher 
94 Although of course also here we see remarkable differences across the world and over time, 

especially when looking at the quality of food (i.e. the shift from high fibre grains to sugar and meats 

(e.g. Fogel, 2004)). Furthermore, the energy intensity of agriculture changed drastically and more 
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energy consumption, on the other hand, changed notably over the long run. Kander et al. 

(2013) present trends for Sweden, Spain and the UK (1870-2000) and conclude that in all 

three of these countries the energy to capital ratio decreased.
95

 The extent to which this 

ratio changed is not the same in all countries and depends a lot on the initial levels of both 

capital stock and energy consumption, but an overall trend towards relatively less energy 

input per unit of capital is clear. As the E/K ratio informs us about the amount of energy 

needed per unit of capital, a decreasing trend signals energy efficiency improvements.  

Energy is a crucial input for economic growth through its direct relationship with 

the productive factors labour and machinery; without energy no production hence no 

economic development. Over the years, thermal efficiency of machinery and equipment 

has increased (Ayres & Warr, 2009) and also the economic efficiency of energy 

conversion has improved (at least in the West) (Gales et al., 2007; Kander et al., 2013).
96

 

This means relatively less energy is needed to produce the same amount of output. Kander 

et al. (2013, appendix A) present a growth accounting model which incorporates energy.
97

 

They show how energy quantity, quality and augmentation (i.e. energy saving biased 

technological change) contribute to economic growth. Stern and Kander (2011) find that 

especially during the industrial revolution expansion of energy services was a major factor 

in explaining economic growth (for the case of Sweden), but later capital and labour-

augmenting technological change becomes the dominant factor. In other words, when 

energy is scarce it can be a constraint on economic growth (i.e. the pre-industrial 

revolution ‘Malthusian’ steady state), but once energy is relatively abundant (i.e. makes up 

a smaller cost-share) capital becomes increasingly more important.  

It could be argued that this is in line with the at first sight controversial finding of 

Bretschger (2015) that higher energy prices are beneficial to economic growth. Bretschger 

argues, based on a data set which starts in 1975, that increasing energy prices spur 

investment in innovation, and that these additional investments foster long-run economic 

growth. Although the mechanism is different, this, relates to the problems of the resource 

                                                                                                                                                   
and more energy is put in besides sun light (to power machines, but also through the usage of fossil 

based fertilizers) (Pimentel, 1992). Although the question of (indirect) energy consumption by labour 

is interesting and relevant in its own right, it is beyond the scope of this dissertation. 
95 Notice that Kander et al. speak of the capital to energy ratio (K/E), hence they speak of increases 

in the K/E ratio, rather than its reverse. 
96 The economic efficiency of energy consumption is expressed as the energy intensity (i.e. E/GDP). 

The energy intensity indicates to which extent an economy has consumed more or less energy 

relative to its economic performance. Although this indicator is informative in terms of questions 

regarding energy consumption and resource preservation, it is a poor indicator of efficiency as 

changes can be masked by sectoral shifts. The energy-capital ratio determines the amount of energy 

needed per unit of (physical) capital and is therefore a better indicator of efficiency of the capital 

stock. (Note that the E/K ratio cannot be seen as a pure measure of efficiency either, for example 

when capital, i.e. machines, exists without being used; nonetheless, overall it is a better indicator of 

physical efficiency than E/GDP.) 
97 Based on Stern and Kander (2011, published in Energy Journal in 2012 ). 
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curse. The resource curse, as touched upon above, holds that an abundance of (energetic) 

resources can negatively influence economic development as it leads to de-

industrialization because of rent-seeking and impedes incentives for industrialization and 

innovation (Sachs & Warner, 2001).  

Fiorito and Van den Bergh (2016) and Kander and Schön (2007) found high 

complementary between energy and capital, especially when, as Kander and Schön do, 

looking at energy services (i.e. the useful work). As there are limits to the amount of 

energy services that can be derived from an energy carrier, there will be a natural limit to 

the extent the E/K ratios can decrease. Nevertheless, substitution of energy for more 

efficient capital still occurs and is still possible. 

With the emergence of industrialization, the consumption of (modern) energy 

sources may be expected to rise, but investments in new, modern, more energy-efficient 

machinery and equipment will be crucial for long-term economic development.
98

 As the 

energy-capital ratio captures the consumption of energy relative to the accumulation of 

capital, a decreasing energy-capital ratio signals economic progress through investment in 

more efficient, hence higher quality capital. This claim finds support in existing data for 

the more recent period: countries with lower energy-capital ratios tend to be richer than 

countries with a high energy-capital ratio; see figure 3.2. This graph includes 93 countries 

and covers the period 1971-2010; it sets out the energy-capital ratio against GDP per capita 

(both on a logarithmic scale) for these years for each of the countries. It does not directly 

show trends over time, but it does suggest a correlation between the energy-capital ratio of 

a country and its economic performance: lower E/K-ratios by and large correspond with 

higher per capita income. Csereklyei et al. (2016) likewise cover the period 1971-2010 and 

find that, at least for rich countries, the E/K ratios declined in this period; in line with the 

findings by Kander et al. (2013). Interestingly though, they find increasing E/K ratios in 

“many developing countries, particularly in Africa and in Latin America” (Csereklyei et 

al., 2016).  

As I believe decreasing E/K ratios signal economic development through 

efficiency improvements and investment in higher quality capital, the reversed trends for 

these developing countries may be reason for concern as it may hamper their economic 

development. It is also a reason for environmental concern. If these developing regions 

(Latin America, but also other regions not included in the current study, such as Southeast 

Asia and China) realize catch-up growth only based on capital-deepening without 

improving their energy efficiency, their economic development will be unnecessarily 

energy-intensive and thus emission-intensive. 

                                                           
98 The emergence of a new technological regime based on capital-saving innovation may likewise 

lead to a phase of relatively slower growth of the capital stock; however also in such a new 

technological regime energy efficiency improvements should eventually take hold. 
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It also opens up the question: Is this divergence between, in this case, Europe and 

Latin America a structural, long-term, phenomenon? After all, the emergence of less 

energy intensive information and communication technologies (since the 1970s) caused a 

break in the trends towards quicker decreases in the European E/K ratios (Kander et al., 

2013). Warr and Ayres (2012) find that for the period up to 1970 exergy can largely 

explain TFP (total factor productivity) growth, but after 1970 ICT (information) should be 

added as factor of production to explain TFP growth. This illustrates the impact of this new 

technological regime. Given that the emergence of ICT has caused a break in the long-term 

E/K trends, the period prior to the 1970s and prior to Csereklyei et al.’s study is especially 

relevant in order to understand the structural characteristics of Latin America’s 

backwardness. In the paper we focused our analysis on the period up to 1970 in order to 

avoid disturbance due to the effects of the third industrial revolution (i.e. the ICT 

revolution). In the comparison in the current chapter I will rely on the paper and likewise 

only use the data for 1875-1970 for the other countries, however, for the Netherlands also 

the post 1970 period will be presented and discussed.   

 

Figure 3.2: E/K vs GDP/c of 93 countries, 1971-2010 

 
Source: PENN World Table version 8.0 (Feenstra, Inklaar, & Timmer, 2013)99 

                                                           
99 Outliers Oman and Trinidad and Tobago have been excluded from the graph: Oman started in 

1971 with an exceptionally low E/K ratio and saw this growing over the next 40 years. Trinidad and 

Tobago has been excluded because of its exceptionally high E/K ratio which also increased in this 

period. As both countries are oil producers the increasing E/K ratio is not uncommon (as observed 

also by Csereklyei et al. (2016), who used the same dataset for their analysis – various other 

countries also showed increasing E/K ratios since the 1970s, these are included in the graph). 
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3.3. Data 

The E/K ratio I have been discussing so far (in the theory and in the empirical findings of 

Kander et al. (2013) and Csereklyei et al. (2016)) applies to all energy consumption (i.e. 

modern and traditional) and to the entire fixed capital stock (i.e. capital in machinery & 

equipment, infrastructure and residential and non-residential constructions). Because of 

data limitations it is impossible to extend both time series back into the nineteenth century 

for all countries compared in this chapter. I therefore have to work with data on the 

consumption of modern energy carriers, and capital in machinery and equipment only. 

This has a number of important implications. Fortunately, for the Netherlands all relevant 

data is available for a very long period. In the paper we therefore used the Netherlands as 

an example to illustrate the limitations imposed by the available data. In the results section 

of this chapter (section 3.4.1) I will elaborate more extensively on the specific case of the 

Netherlands. Before discussing the energy-capital ratios and the limitations of this 

indicator imposed by the available data, the data sources will be introduced. 

  

3.3.1. Energy Data 

Data availability, especially from the side of the Latin American countries, compels me to 

restrict the comparative analysis to the use of modern energy carriers (i.e. fossils and 

modern renewables such as hydroelectricity). An obvious downside of this restriction is 

that, especially in the nineteenth century, traditional organic energy sources still made up 

substantial shares of the total energy consumption for many of the sample countries; see 

also table A.II.1 for several of the European countries. For the Latin American countries it 

is impossible to estimate the total energy consumption as data on the consumption of 

traditional sources is scarce. CEPAL (1956) estimated that, in the whole of Latin America 

in 1937, 53% of all energy consumed came from ‘vegetable fuels’ (essentially wood or 

wood-based charcoal). By 1955 this was down to 28%, indicating an energy transition 

taking place in this period. However, Rubio et al. (2010, fig. 2) show that by 1937 the 

consumption of traditional energy sources was especially high in the poorer countries. 

Most of the countries used in the current comparison belonged already in 1937 to the 

richer countries in Latin America and thus had a relatively high share of modern energy 

resources in their energy consumption. Mexico was comparatively poor, but had a small 

share of traditional energy (less than a quarter); Brazil belonged to the poor countries in 

1937 and also had a very high share of traditional energy sources (over 70%). The first 

consequence of this limitation is that the total energy consumption of a country will be 

underestimated and the further we go back in time, the more this will be the case. Since the 

share of modern energy sources in the total energy mix increases over the time, the second 

consequence is that the growth of energy consumption may appear larger than it actually 

was. 
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Gales et al. (2007) have shown the importance of including traditional sources of 

energy to obtain a proper view of the historical trajectory of energy intensity. When only 

modern energy sources are included the energy intensity of European countries show an 

inverted U-shape. When also traditional energy sources are included, most countries show 

constantly decreasing energy intensities.
100

 As the example of the Netherlands will also 

make clear, when a country is in a transition from traditional to modern energy sources it 

may – when focussing solely on modern energy carriers – appear as if the energy 

consumption of the country is increasing rapidly, while in fact the increase is more gradual 

because of the substitution of modern energy carriers for traditional sources.
101

  

The energy consumption data were obtained from a number of sources. Firstly, 

the data on energy consumption in Latin America came from Rubio et al. (2010) and 

Yáñez et al. (2013). For the European countries various country specific energy 

consumption series have been published, I used the following sources: Italy (Malanima, 

2006), Netherlands (Gales et al., 2007), Spain (Rubio, 2005),
102

 Sweden (Kander, 2002), 

Portugal (Henriques, 2011), and the UK (Warde, 2007). For Belgium and Germany I made 

use of unpublished data collected by Ben Gales. 

Table 3.2 presents the consumption of modern energy (i.e. fossil fuels and non-

thermal electricity) in the respective countries per capita. Both total energy consumption as 

well as energy consumption per capita grew for all countries up until the 1970s. With the 

exception of Spain and Portugal, the European countries overall used many times more 

(modern) energy per capita than the Latin American countries in our sample. Chile and 

Uruguay stand out as Latin American countries with relatively high consumption of 

modern energy carriers per capita in the late nineteenth century. However, whereas the 

energy consumption in most countries increased throughout the twentieth century, energy 

consumption per capita grew less in these countries in the mid-twentieth century.
103

  

 

                                                           
100 See also Kander et al. (2013, fig. 10.11 & 10.12); the only noteworthy exceptions are the UK and 

Germany at the height of their industrialization. 
101 It has been commented in the previous chapter that new energy sources not so much substituted 

traditional energy sources, but rather came on top of them. This is also the case for the countries 

compared in this chapter (cf. Rubio et al., 2010). Nevertheless, even with traditional energy sources 

existing parallel to the rise of modern energy carriers, excluding the traditional sources leads to an 

overestimation of the growth rate of energy consumption. 
102 The data on Spain have been revised by Rubio for Gales et al. (2007), I use the most recent data. 
103 The peak in Chile can be explained by the boom in the highly energy intensive production of 

saltpetre, especially during the First World War. Uruguay rapidly shifted to modern energy sources 

at the beginning of the twentieth century (Bertoni, 2013). The UK shows a similar trend in per capita 

energy consumption, as Britain was the ‘workshop of the world’ in the late nineteenth century, and 

depended already at the time almost completely on modern energy sources, this is less remarkable.  
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Table 3.2: Modern energy consumption (GJ) per capita in selected countries 

 1875 1913 1929 1950 1970 

Belgium 59.88 99.76 135.94 102.71 189.14 

Germany 27.12 90.11 105.07 61.83 131.49 

Italy 1.29 9.87 13.55 13.96 86.92 

Netherlandsa 24.47 55.13 59.87 62.93 158.86 

Portugal 1.32 6.32 5.64 7.33 22.14 

Spain 2.35 25.13 27.01 26.63 46.22 

Sweden 5.43 30.73 34.74 52.38 139.20 

UK 92.70 122.84 119.11 118.40 160.03 
      

Argentina 0.69 14.64 18.40 23.79 48.06 

Brazil 0.96 2.89 2.79 5.02 12.51 

Chile 7.30 25.53 19.80 19.17 31.39 

Mexico 0.06 3.41 5.99 13.60 29.09 

Uruguay 7.37 21.42 13.39 16.13 26.11 

Sources: see text, population from Maddison (2010); a including peat 

 

3.3.2. Capital stock in machinery and equipment 

Several scholars have studied capital stock formation to provide historical estimates for 

Europe (e.g. Maddison, 1994). For Latin America, the main research has been elaborated 

by Hofman (2000) and recently by Tafunell and Ducoing (2015). The data on capital also 

imposes some limitations. Also here, especially the Latin American data compels me to 

restrict myself to one part of the capital stock: machinery and equipment. This has some 

serious implications for the analysis. First of all, the heating (or potentially cooling) of 

buildings requires energy as well. For lack of data on capital stock in buildings and 

infrastructure I cannot include this form of capital, while I cannot split energy consumption 

into energy used to power machinery and equipment and energy used for heating. 

Secondly, machinery tends to increase more rapidly than other forms of capital (Kander et 

al., 2013, p. 340). This means that, when dividing energy consumption by capital in 

machinery and equipment, the changes over time will be more pronounced than the 

findings of Kander et al., who divided energy consumption by total capital stock. 

The study of the capital stocks in the developed world has been a recurrent 

research topic. The seminal works of Goldsmith (1951), Kuznets (1961) and Feinstein 

(1972) and Feinstein and Pollard (1988) have provided a reference for subsequent studies 

conducted on many industrialized countries. The most common way to estimate the capital 

stock is the Perpetual Inventory Method (PIM), which consists of the weighted sum of past 

investment flows. The gross stock investment is calculated by adding the cumulative year-

to-assets and subtracting totally worn (withdrawals). 
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The formula for calculating the gross stock in year t is thus as follows (Feinstein 

& Pollard, 1988): 

𝐺𝐹𝐶𝑆𝑡−1 + 𝐺𝐹𝐶𝐹𝑡 − 𝑅𝑡𝑟 =  𝐺𝐹𝐶𝑆𝑡       (3.1) 

where GFCSt-1 is the stock of capital in year t−1, GFCFt is the fixed capital formation in 

the current year (t) and Rtr are capital withdrawals produced in the current year. The net 

stock is obtained by subtracting the gross stock depreciation, which is expressed in 

mathematical terms as follows:  

𝑁𝐹𝐶𝑆𝑡−1 + 𝐺𝐹𝐶𝐹𝑡 −  δ −  δ(𝑅𝑡𝑟) =  𝑁𝐹𝐶𝑆𝑡     (3.2) 

where NFCSt-1 is the net fixed capital stock at the beginning of year t, GFCFt is the gross 

fixed capital formation during the year, δ is the depreciation during the period, δ(Rtr) are 

depreciated capital goods removed during the year t and NFCSt is the net capital stock at 

the end of period t. 

The PIM requires two sources of information: historical series of GFCF at 

constant prices for each type of asset and the capital stock in the initial year (OECD, 

2009). The latter can be derived directly from the first when the initial year is set in the 

terminal year of life of the first generation of assets with the greatest longevity. For 

example, with respect to the nineteenth century, if we attribute a life of 50 years to non-

residential buildings and we have investment series dating back to 1850, the initial year of 

the aggregate capital stock is 1900. This is precisely the method applied by Tafunell and 

Ducoing (2015) and followed here. Upon calculation of the capital stock in machinery and 

equipment only, the initial year of the stock can be brought back to 1875, on the 

assumption that the lifetime of these assets was 25 years.  

The data on capital formation for the UK and Germany was taken from Maddison 

(1994). The data are estimates at half-year, considering the accumulated investment and 

the expected life of the relevant assets. For Maddison these are all non-residential 

structures, machinery, vehicles and equipment, excluding land, natural resources, 

intangibles (human capital, etc.), precious metals, foreign exchange reserves, foreign 

assets, etc. I only use the capital formation in machinery and equipment. For the other 

European countries the estimate on capital stocks came from: The Netherlands (Albers, 

2002; Groote, Albers, & De Jong, 1996), Sweden (Schön & Krantz, 2012), Belgium (Van 

Meerten, 2003), Italy (Toniolo, 2013), Portugal (Gomes da Silva & Lains, 2013), and 

Spain (Prados de la Escosura & Rosés, 2010).
104

 The estimates for Germany presented by 

                                                           
104 The Netherlands was also included in Maddison (1994), however, Groote et al. (1996) 

substantially revised these figures; I therefore opt for the more recent, revised time series. The time 

series from Groote et al. has been extended in this chapter with capital stock figures from Albers 

(2002) and indices from Statistics Netherlands (CBS, 2008); the two series were linked together at 

the last year of Groote et al.’s estimates (1995). 
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Maddison do not go back further than 1935. To extend the length of the time series, we 

used capital stocks in railways (see Hoffmann, 1965) as an indicator of the growth rate of 

the capital in machinery and equipment. The German data on capital stocks in machinery 

and equipment in the period pre 1935 are thus based on extrapolations based on the rate of 

the formation of fixed capital in the form of railway infrastructure (see also Allen, 2012b). 

For the case of Latin America, estimates of capital stocks have been elaborated by 

Tafunell and Ducoing (2015) for Argentina, Brazil, Chile and Mexico. In Tafunell (2009, 

2013) time series are presented to expand the capital stock estimates to other Latin 

American countries.
105

 For the current study the capital stock  of Uruguay has been added 

to the four presented in Tafunell and Ducoing (2015).  

 

Table 3.3: Capital stock in machinery and equipment (int. 1990 GK-$) per capita in selected 

countries 

 1875 1913 1929 1950 1970 

Belgium  2144a 2328 2883 6036 

Germany 739b 1063 1028 1222 5335 

Italy 391 1306 702 1757 5643 

Netherlands 611 1685 2416 2216 7742 

Portugal  24 43 161 779 

Spain 214c 356 650 682 3052 

Sweden 215 751 1188 4.309 12311 

UK 403 858 1416 2.132 5642 
      

Argentina 19 364 371 639 1614 

Brazil 96 681 602 571 747 

Chile 61 504 626 479 725 

Mexico 13 180 237 553 1948 

Uruguay 356d 1044 1073 2245 2293 

Sources: see text; a data for 1914; b data for 1880; c data for 1890; d data for 1884 

 

All capital stock estimates have been converted to the same unit (int. 1990 GK-$). 

We can observe huge differences in capital stock in machinery & equipment, both within 

the regions and across them, especially at the end of the period (see table 3.3). Note for 

example that the capital stock in machinery and equipment for Portugal were very small 

according to the estimates of Gomes da Silva and Lains (2013), while the capital series of 

Schön & Krantz (2012) show a very large stock of capital in machinery and equipment per 

                                                           
105 For an analytical description of the long-term evolution of GFCF in Latin America, see Tafunell 

(2013). 



74                                                              Energy Transitions in the Netherlands 

 
 

capita for Sweden in the second half of the twentieth century.
106

 Up until the 1950s, the 

Latin American countries, and most notably Uruguay, could keep up with the European 

countries. Between 1950 and 1970 the European countries increased their capital stock in 

machinery and equipment roughly by a factor of 3-5. The only Latin American country 

that reached a comparable growth is Mexico (factor 3.5), while Argentina followed closely 

with an increase by a factor of 2.5, the other Latin American countries in this sample did 

not grow their capital stock by more than 50% in this period.  

 

3.3.3. Implications of the data choice: the example of the 

Netherlands 

As mentioned above, the usage of modern energy sources rather than total energy 

consumption, and the usage of capital stocks in machinery and equipment rather than total 

capital stocks, has a number of consequences that limit the comparability of the current 

analysis with the findings of Kander et al. (2013) and Csereklyei et al. (2016). Therefore, 

before presenting the results of the comparison between Europe and Latin America I first 

work out the case of the Netherlands by way of example. For the Netherlands I have long-

term time series on all relevant variables: modern energy consumption (Em), total energy 

consumption (E), total fixed capital stock (K), and capital in machinery and equipment 

(Km&e).  

Even though machinery and equipment was, especially in the earlier stages of 

industrialization, the most important aspect of capital-deepening (Kander et al., 2013) it is 

only a subset of all capital. Other forms of capital require energy as well, for example for 

heating or cooling of houses and office buildings. Unfortunately I cannot divide energy 

consumption among these different forms of capital for lack of disaggregated data. Figure 

3.3 shows what happens when I use modern energy sources only, and what the result is of 

the use of machinery and equipment rather than total capital stocks.  

The specificities of the Dutch case – and what this means in the context of the 

Dutch sustainability challenge – will be worked out below (section 3.4.1). Here I will only 

highlight the implications of the data choices/limitations. As figure 3.3 shows, if we look 

at the ratio between total energy consumption and all capital (E/K), we see an overall 

decrease since the 1860s. Although it is less pronounced than the findings for Spain, the 

UK and especially Sweden by Kander et al. (2013), it shows a similar trend towards 

increased energy efficiency. Kander et al., who, as mentioned before, use the inverse K/E, 

find an increase between 1870 and 2000 of more than a factor 4 for Britain, 5 for Spain 

                                                           
106 Although at first sight these estimates might seem extreme, the calculations of the Em/Km&e ratios 

below suggest they are plausible. 
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and roughly 11 for Sweden. For the Netherlands this is less than a factor 3. Interestingly, 

the long-term perspective shows that the continuously decreasing E/K ratio is not a general 

rule. Besides the occasional short-term increases, there is a clear and lasting increase in the 

E/K ratio until the 1840s; more on this in the discussion on the Dutch case below. 

 

Figure 3.3: Energy-capital relations in the Netherlands, 1800-2005 (indices 1875=1) 

Sources: see text 

 

If I, instead of looking at the total consumption of energy and the total fixed 

capital stock, limit the capital stock to machinery and equipment (E/Km&e), the decreasing 

trend becomes a lot more prominent. The main reason for this is that the accumulation of 

capital in the form of machinery and equipment tends to be a lot quicker than the 

accumulation of other forms of capital (Kander et al., 2013). By looking only at machinery 

and equipment I capture investments in this more productive form of capital (De Long & 

Summers, 1991, 1993), and see more clearly an increase of efficiency. Since I do not know 

exactly how much of the energy was used to power these machines, and how much was 

used for other purposes (such as heating) this decrease may well exaggerate the efficiency 

improvements, but the overall trend is clear. 

Besides using a subset of all capital, I also use a subset of all energy consumed, 

namely modern energy only. Let us first see what the effects are of considering only 

modern energy sources (including peat), in combination with all accumulated capital 

(Em/K). Now, the declining trend largely disappears for most of the twentieth century, only 

after the 1970s a clear decrease can be discerned again. Since the share of modern energy 

carriers in the entire energy system increased rapidly in the nineteenth century, it is not 

surprising that the phase of an increasing Em/K ratio continues slightly longer, and that the 
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decrease sets in later. As in the twentieth century, and especially after the Second World 

War, virtually all energy was derived from modern sources, the E/K ratio and the Em/K 

ratio are essentially the same (because 1875 is set to 1 the deviations in the Em/K ratio 

appear somewhat more pronounced), but the decreasing path is entered later because of the 

substitution of modern energy for traditional sources that was still taking place before 

WWII. 

Finally, I arrive at the energy capital ratio I use in the comparative analysis: 

modern energy over capital in machinery and equipment (Em/Km&e). Here we see the 

increasing trend caused by the transition to modern energy sources in the nineteenth 

century, but then a clear decrease during the twentieth century, driven by the rapid growth 

of the capital stock in machinery and equipment.  

What does this exercise tell us about the comparability of my indicator (Em/Km&e) 

with the indicator used by Kander et al. (2013) and Csereklyei et al. (2016) (E/K)? And 

what does it mean for the international comparison in the remainder of this chapter? Firstly 

we have to observe that focusing on machinery and equipment means that we may expect a 

more pronounced decreasing trend because the accumulation of machinery and equipment 

speeds up with economic development and went quicker than the accumulation of other 

forms of capital. Secondly, the exclusion of traditional energy means that we should expect 

an inverted U-shape rather than a continuous decrease. And thirdly, especially in countries 

where the transition to modern energy carriers developed relatively late, and was still 

going on in the twentieth century, we may expect the peak in the inverted-U to appear 

later. Nonetheless, over the long run, in industrialized/developed countries the Em/Km&e 

ratio will decrease in the more modern period. We may therefore expect that our findings 

for Em/Km&e, even though they might exhibit an increase in the earlier period, should show 

efficiency improvements through eventual decreases. 

 

3.4. Results: Trends in Em/Km&e ratios 

Table 3.4 shows the Em/Km&e ratios for the European and Latin American countries for a 

number of benchmark years in the period 1875-1970. Indexed trends for the entire period 

per country can be found in appendix A.III. We see from the figures in the appendix that 

the rate of the decline (i.e. the steepness of the curves) may differ substantially; this is 

related to both the initial levels of capital and the energy intensity (E/GDP) of the 

economies. There is a clear difference in the trends nevertheless. While most European 

countries show decreasing Em/Km&e ratios in the twentieth century, the Latin American 

countries exhibit more mixed results (the trend graphs in the appendix show this more 

clearly than the benchmarks in table 3.4).  
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Table 3.4: Em/Km&e ratios (MJ/int. 1990 GK-$) in selected countries 

 1875 1900 1913 1929 1950 1970 

Belgium   29.07a 58.39 35.62 31.33 

France     53.08 24.72 

Germany 44.10b 74.63 84.75 102.23 50.60 24.65 

Italy 5.14 6.99 7.56 19.30 7.94 15.40 

Netherlands 40.08 34.41 32.71 24.77 28.39 20.52 

Portugal   265.89 132.12 45.50 28.40 

Spain  40.40 33.05 20.42 24.01 15.14 

Sweden 25.20 46.07 42.17 31.70 14.32 13.66 

UK 230.23 199.06 143.22 84.11 55.53 28.36 
       

Argentina 36.72 52.66 40.22 49.56 37.24 29.78 

Brazil 10.05 4.83 4.25 4.64 8.79 16.74 

Chile 120.54 74.53 50.62 31.65 40.04 43.32 

Mexico 4.40 28.61 18.94 25.26 24.59 14.93 

Uruguay 28.89c 33.35 20.51 12.48 7.19 11.39 

Source: own calculation. a Data for 1914; b Data for 1880; c Data for 1885 (see appendix III for the 

trends) 

 

The Netherlands, Spain and Sweden show an initial increase in their respective 

Em/Km&e ratio at the end of the nineteenth century. Given that these countries were 

relatively late industrializers within Europe and that their energy systems switched to coal 

later than England or Belgium, this is exactly what we would expect. However, just as the 

UK, which had made a more complete transition to modern energy carriers much earlier, 

and Portugal, for which the data start a bit later, they all witnessed an eventual decrease in 

the Em/Km&e ratio, and thus signal efficiency improvements, throughout the twentieth 

century. The estimates on capital per inhabitant for Portugal (see table 3.3) for the early 

twentieth century were extremely low. As a result, the Em/Km&e ratio in this period was 

very high. Throughout the twentieth century the Portuguese Em/Km&e ratio dropped 

strongly to a level comparable to the other countries (the estimates for the early nineteenth 

century Portuguese capital stock should therefore perhaps be reconsidered).  

Remarkably, the Belgian and German Em/Km&e ratio peak relatively late. From the 

First World War until the late 1920s, the Belgium Em/Km&e ratio increased. Belgium was 

heavily affected by the war; this can probably largely explain this anomaly. The Belgian 

Em/Km&e ratio reached its highest level in 1927. The highest Em/Km&e ratio measured for 

Germany can be found between 1941 and 1943, the lowest in 1945. Clearly these war 

years are outliers. When they are excluded the German Em/Km&e ratio peaked in 1929. 

Obviously the two (lost) World Wars disturb the German pattern of energy consumption as 

well as the capital stock in machinery and equipment. As can be seen also in table 3.3, the 

German capital stock in machinery and equipment grew only slowly in the middle of the 

twentieth century.  
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The only European outlier is Italy. In Italy, the transition to modern energy 

sources happened remarkably slowly. The share of traditional energy dropped just below 

50% only just before WWII, while over the period 1914-1945 the growth rate of modern 

energy consumption was actually negative (Bartoletto, 2013). This explains the decreasing 

Em/Km&e in the interwar period. After the Second World War, until the oil crisis of 1973, 

modern energy consumption (of especially oil) in Italy witnessed an extraordinary growth 

rate of 17% per year (Bartoletto, 2013); see also table 3.2. Given this impressive rate of 

energy-deepening and the late transition to modern energy sources, the increasing Em/Km&e 

ratio after WWII can be explained, but Italy is a marked anomaly among the European 

countries. 

The Latin American countries display very mixed results. Argentina does show 

signs of efficiency improvements, at least since the 1920s. The relatively high energy-

capital ratio of Chile in the late nineteenth century stands out, but can be explained by the 

very energy-intensive production of saltpetre which took place there from the second half 

of the nineteenth century until WWI. Energy consumption was thus comparatively high 

while the stock of capital in machinery and equipment was small. Nevertheless around the 

turn of the century impressive capital-deepening also took hold. During the twentieth 

century the stock of capital in machinery and equipment hardly grew, and the Em/Km&e 

ratio barely improved.  

For the case of Mexico we see roughly an inverted U-shape in the way we have 

also seen it for the late industrializers in Europe. Mexico only peaked a few years later than 

most of European countries – though before European outliers Belgium and Germany – 

indicating a slightly later uptake of modern energy carriers (although by 1937 its energy 

consumption was sourced for more than three-quarters from modern sources, which is 

relatively high, especially given its low level of income at the time (cf. Rubio et al., 

2010)). Mexico is also the only country in our sample where import substitution 

industrialization did not take place. Although the country was behind on the European 

examples, it did develop its own machinery and exhibits comparable efficiency 

improvements. It is also discussed by Williamson (2011) as the ‘Mexican Exceptionalism’, 

meaning that it did not succumb to the same de-industrialization forces that effected the 

rest of the periphery.   

Brazil showed very low Em/Km&e ratios throughout most of the twentieth century, 

but they increased steadily since the First World War, only to accelerate after the Second 

World War. Brazil was one of the poorer countries in this sample. Its late uptake of 

modern energy carriers has made the Brazilian case comparable to Italy. Uruguay, finally, 

appears to demonstrate an inverted U-shape until the 1950s, even though the Em/Km&e ratio 

thus decreased for some decades, this decrease did not continue after the Second World 

War. As we saw in table 3.3, this is mainly the result of a sudden stagnation in the capital-

deepening. 
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Overall I can thus confirm the findings of Kander et al. (2013) for the European 

countries, but although decreasing Em/Km&e ratios have largely been the norm in the more 

developed parts of the world in the twentieth century, they occurred differently in the 

developing region of Latin America. Secondly, I can also extend the findings by 

Csereklyei et al. (2016) and conclude that the divergence between Europe and Latin 

America is not only a result of the third industrial revolution and the start of ICT, taking 

place since the 1970s. It is more structural.  

This has a number of implications. The structural backwardness of Latin America 

in terms of its energy efficiency hampers its economic development. The lack of efficiency 

improvements signals lack of innovation and a lack of investment in modern (i.e. more 

energy efficient) capital that could contribute to economic development. As Latin 

American countries grew their capital stock largely by importing second hand machinery 

and equipment from Europe (Tafunell & Ducoing, 2015), opportunities for catch up were 

also limited because of the constant backwardness in the efficiency of this machinery. As 

we saw, the only notable exception was Mexico, a country which did not follow a policy of 

import substitution industrialization and the only country with a ‘modern’ Em/Km&e pattern. 

I argue that decreasing Em/Km&e ratios are important for economic development, 

but also signal economic development as they are indicative of investment in new, more 

energy efficient, capital goods. Hence a lower energy-capital ratio is indicative of more 

economic prosperity, while a decreasing E/K and Em/Km&e ratio over time is indicative of 

economic development. Whereas Western European countries managed to keep investing 

in new and better machinery, Latin America stayed behind and did not succeed in keeping 

up with the developments in the Western world, and therefore entered a path of slower 

growth. 

 

3.4.1. The Netherlands 

How did the Netherlands perform in relation to the other countries? How exceptional is the 

Netherlands? What was the effect of the discovery of the natural gas field in Groningen? 

And what does it all tell us about the Dutch sustainability challenge? 

 As mentioned above, overall the main trend in the Em/Km&e ratio of the 

Netherlands is comparable to the trends found for the other European countries. 

Nonetheless, it is also worthwhile to return shortly to the E/K ratio as seen in figure 3.3 

(i.e. total energy consumption over total fixed capital stocks). It was already mentioned 

that the Dutch decrease between 1870 and 2000 was notably smaller than that of the UK, 

Spain and Sweden. What stands out most importantly though is that, if the very long term 

is considered, and I extend the analysis back to the early nineteenth century, the E/K ratio 

actually increased in the first half of the nineteenth century, rather than decreased.   
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In the first half of the nineteenth century total energy consumption grew markedly 

quicker than the total capital stock. Between 1800 and 1840 total energy consumption 

grew at an average annual growth rate of 1.05% per year while the total fixed capital stock 

grew at only 0.40% per year. Unfortunately comparable early data for other countries does 

not exist, making it hard to judge whether this was common in pre-industrial societies, or 

whether the Dutch case is exceptional. Given the exceptionally slow growth of the Dutch 

capital stock, and the knowledge that the Dutch economy stagnated at a high level for a 

very long time and only entered a period of ‘sustained modern economic growth’ in the 

1860s (Van Zanden & Van Riel, 2004), there are reasons to believe the increasing E/K 

ratio in the Netherlands was indeed exceptional.
107

 

Interestingly, if I consider only the capital stock in machinery and equipment, the 

increase is much shorter lived. Between 1800 and 1813, the stock of capital in machinery 

and equipment, according to Albers’ (2002) time series, dropped by more than 40%. In this 

‘French period’ the Netherlands was under control of Napoleonic France and a few battles 

were fought on Dutch soil. Energy consumption also barely grew in these turbulent early 

years of the nineteenth century, but the increase in the E/Km&e ratio largely resulted from 

the apparent destruction of the capital stock (see Albers, 2002). After 1813, the capital 

stock in machinery and equipment grew quickly and steadily though (the average growth 

rate between 1814 and 2005 was almost 3.5% per year) and the E/Km&e ratio declined 

almost constantly. 

It is in this context worthwhile to also discuss the Em/Km&e ratio of the first half of 

the nineteenth century, for also this exhibits a remarkable pattern. After an initial sharp 

increase in the first decade of the nineteenth century, the Dutch Em/Km&e ratio initially 

declined, indicating that the capital stock in machinery and equipment grew more rapidly 

than the consumption of modern energy carriers. However in the 1850s and especially the 

1860s the Em/Km&e ratio increased again. In these years (1850-1869) the consumption of 

modern energy grew at an average rate of 4.17% per year, while the formation of capital in 

machinery and equipment remained slightly behind with an average growth rate of 2.53% 

per year. Especially around 1863, the year in which the abandonment of various excises 

resulted in increased purchasing power (Smits, 2000), the consumption of modern energy 

sources shot up, resulting also in a sudden increase of the Em/Km&e ratio. Since the 

emergence of industrialization in the Netherlands in the second half of the nineteenth 

century, the Dutch Em/Km&e ratio has declined almost continuously.  

                                                           
107 By comparison, over the entire 205 year period the Dutch total fixed capital stock grew at an 

annual rate of 2.44%, if I exclude the period up to 1840, the growth rate is 2.95% per year on 

average. Clearly the more rapid growth was also the result of industrialization, but the 0.40% annual 

growth between 1800 and 1840 remains exceptionally low. (Allen (2012b) does not report on the 

growth rates of the capital per worker, but his graphs seem to suggest that the growth rates of the 

capital stock were smaller in the early nineteenth century; furthermore he does show that the level of 

capital per worker in the Netherlands in 1820 was comparatively high.) 
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Nevertheless, there have been a few other instances where the Em/Km&e ratio as 

well as the E/K ratio – arguably the better indicator of overall efficiency improvements as 

it includes the total economy – have increased. The anomalous war years aside (when 

energy was scarce and capital destroyed), the 1920s and late 1960s stand out. Just before 

the First World War, the Dutch energy consumption started to rise more quickly, a 

development that was interrupted by the war, but which continued in the interwar years. 

New industries, such as the electrical industry,
108

 emerged and increasing trade restrictions 

led to a ‘wave of industrialization’ (De Jong, 1999). Productivity increased, especially in 

the 1930s, which may help to explain why the E/K and Em/Km&e ratio declined again in the 

1930s as also energy efficiency improved in these new industries.  

The second period where the E/K and Em/Km&e ratio increased shortly was 

between 1965 and 1972. In these years, as alluded to in chapter 2, energy seemed to be 

available in unlimited amounts. Coupled with the expectations that nuclear energy would 

solve any future energy shortages, the Netherlands tried to use its natural gas as optimally 

as possible, which at the time meant consume as quickly as possible. Although large parts 

were exported, energy intensive industries such as petrochemistry were attracted to the 

Netherlands, while other existing industries such as metallurgy and greenhouse 

horticulture were stimulated to adopt the natural gas. However, this period of affluence 

was, as also discussed in chapter 2, interrupted by the oil and energy crises of the 1970s. 

The E/K and Em/Km&e ratio have declined steadily since. Although, as I will address in 

greater detail in the next chapter do not believe these shocks to be the sole reason; an 

important part of the explanation can be found in the emergence of much less energy 

intensive ICT. 

 

3.5. Conclusion 

In this chapter I compared, based on the joint work with Ducoing, Rubio and Gales, the 

long-term trends in energy-capital ratios of eight Western European and five Latin 

American countries. I found, following up on Kander et al. (2013) and Csereklyei et al. 

(2016), that the Em/Km&e ratios in the Western European countries, overall, decreased 

steadily over the course of the twentieth century (Italy being the only exception).
109

 Latin 

American countries show more mixed results, but by and large stayed behind in this 

development. In the comparison we covered the period 1875-1970 and argued that the 

rapid decrease in energy-capital ratios in Europe in the twentieth century, as compared 

with Latin America, can (in part) explain the economic divergence between the two 

                                                           
108 Which was capital-saving (e.g. David, 1990). 
109 Note that Kander et al. and Csereklyei et al. used total energy consumption and total capital stock. 

Due to data limitations I was compelled to restrict my analysis to modern energy consumption and 

capital stock in machinery and equipment. 
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regions. Decreasing Em/Km&e ratios signal investment in modern, more energy efficient, 

machinery. These investments can foster economic growth.  

Second, energy efficiency improvements are crucial for sustainable growth. 

Kander et al. (2013) make clear that capital cannot endlessly substitute for energy as a 

certain level of energy will always be needed to power machines. Fiorito and Van den 

Bergh (2015) and Kander and Schön (2007) found high complementary between energy 

and capital. Nonetheless, the efficiency improvements we see in Europe mean that larger 

outputs could, and still can, be achieved with relatively less inputs, and therefore also with 

relatively less emissions. If underdeveloped and developing regions catch up with the 

developed world, it is important they do so with as little as possible detrimental effects on 

the environment. Efficiency improvements should therefore be supported also in these 

regions. 

So what does all of this tell us about the history of the Dutch sustainability 

challenges? As energy efficiency improvements and innovation are important for sustained 

economic growth, the overall decreases of the E/K and Em/Km&e ratios in the Netherlands 

signal continuous development. The efficiency improvements also show that the 

Netherlands has been able to produce and operate relatively more capital, with relatively 

less energy. Being able to produce more output with relatively less input brings 

comparative advantages and thus contributes to economic development.  

Furthermore, when less energy is required in order to produce the same output, 

energy reserves can be maintained longer, making them available to future generations. 

We have seen how especially in the 1960s the Netherlands opted for a wasteful strategy in 

relation to energy consumption. In the light of the existing expectations regarding the 

potential of nuclear energy, and in the absence of a clear understanding of the dangers of 

CO2-induced climate change (see chapter 4), this wasteful strategy can be understood. 

Judging with the benefit of hindsight, we can observe that this was a period in which a 

direct sustainability challenge may not have existed, but a challenge was imposed on later 

generations. Kaijser wrote in 1995 about the choices regarding the rapid extraction of 

natural gas in the 1960s that: “At present it (…) seems as if the introduction of the 

Groningen gas has been predominantly positive.
110

 (…) But what will be the future 

evaluation of the gas introduction; what will the coming generations of Dutch think of it? 

The fast exploitation of the country’s natural gas fields (…) is quickly diminishing the 

share for coming generations. (…). It may thus happen that in the future one will look 

upon this course of events as the depletion and squander of the national treasury.” The 

moment of exhaustion is nigh and the current generation has to find a new (secure and 

affordable) source of energy, while it will have to deal with the loss of an important source 

of income for the Dutch treasury. The wasteful consumption has brought a high level of 

                                                           
110 Little did he know at the time about the earthquakes that would result from the extraction. 
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welfare, but it introduced a challenge for the current generation. Nonetheless, with an eye 

on the long-term developments of the Dutch energy-capital ratios, efficiency 

improvements were the norm; even though they were less pronounced than in other 

European countries.  

A final interesting conclusion is that the E/K ratio and the Em/Km&e ratio deviated 

from the long-term trend and increased at three very distinctive moments (leaving the pre-

industrial and Napoleonic period out of account for the moment). The first moment is the 

1860s. The abandonment of the excises increased the purchasing power of the Dutch 

citizens (Smits, 2000) and, as we have seen in the previous chapter, especially the 

consumption of imported coal grew quickly. A widespread believe about the potential of 

international trade determined international relations and it seemed there was plenty of 

coal to supply the world with (cheap) energy for many more generations. The second 

moment started in the 1910s, was shortly interrupted by the First World War, but 

continued in the 1920s. Although the war had upset international relations, the Netherlands 

now produced coal at a large scale domestically. At the third moment, the discovery of 

Europe’s largest natural gas field (combined with the low price of oil and the promises of 

nuclear energy) made unprecedented amounts of energy available. In these periods of 

energy abundance, investment in more energy efficient capital was clearly not required and 

lacking. However, in the Netherlands this did not lead to a ‘Dutch disease’, and the E/K 

and Em/Km&e ratios usually started to decrease within roughly a decade, signalling that 

innovation did not vanish for a longer time. In contrast to the experiences in Latin America 

(cf. Lederman, Messina, Pienknagura, & Rigolini, 2014).
111

 Despite the lasting popularity 

of the term in the economic (history) literature, evidence of the ‘Dutch disease’ in the 

Netherlands can thus not be found in this analysis. 

 

 

                                                           
111 These authors focus on the current lack of innovativeness in Latin America, but regularly point 

out that this is a remnant of the early twentieth century. The main cause of this lacking innovation, 

according to this study, is low human capital because of an inadequate education system.  





 
 

 
 

 

 

4. Dutch Historical Energetic SO2 and CO2 

Emissions, 1800-2012
112

  
 

4.1. Introduction 

In the following two chapters I step aside from the analysis of the more economically 

oriented assessment of the sustainability challenges of the history of the Dutch energy 

system related to availability and efficiency of use of resources, and move towards the 

analysis of some of the negative externalities of the energy consumption. In chapter 5 the 

specific case of subsidence damage because of coal extraction will be discussed. In this 

chapter I investigate the size of polluting emissions from energy consumption in the 

Netherlands since 1800. New estimates of CO2 (carbon dioxide) emissions from energy 

consumption will be analysed, alongside another emission to air resulting from energy 

consumption: SO2 (sulphur dioxide). As the focus of this dissertation is specifically 

directed at sustainability challenges related to the energy system, I only look at the 

emissions resulting from the domestic consumption of energy and compare the Dutch 

emissions from energy consumption with those of several other European countries (in 

section 4.4 and 4.5). 

The new time series on CO2 emissions are estimated in this chapter (section 4.2). I 

determine the domestic emissions based on the domestic consumption of energy. 

Emissions from international bunkers and indirect emissions through trade of energy 

intensive products are therefore not included. The time series on SO2 are taken from 

unpublished data on ‘emissions from stationary and mobile sources’ from Statistics 

Netherlands (CBS).
113

 Together they will be used to analytically assess two scientific 

debates. The first debate concerns the Environmental Kuznets Curve (EKC) (section 4.3); 

the second concerns structural change, energy resource transitions and technological 

change (section 4.5).  

The Environmental Kuznets Curve hypothesizes “that indicators of environmental 

degradation first rise, and then fall with increasing income per capita” (D. I. Stern, 2004, p. 

                                                           
112 An earlier version of this chapter, focussing solely on CO2 has been made available as a working 

paper in the GGDC Research Memoranda series; some parts have been substantially updated 

(Hölsgens, 2014). 
113 I thank Jan Pieter Smits for sharing the unpublished CBS time series on SO2 emissions. 
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1419). While SO2 has often been used as example of the existence of the EKC, evidence in 

favour of an EKC for CO2 is scarce. In section 4.3 the new time series are used to analyse 

whether the CO2 emissions in the Netherlands show signs of an EKC. Although I do find a 

decrease of emissions with a per capita income of 22,700 int. 1990 GK-$, this level of 

income has only been reached in 2004, meaning that there are only few observations on the 

downward sloping side of the curve. A more formal test of the ‘CO2-EKC’ does not 

confirm its existence. As a consequence it is hard to derive too strong conclusions on its 

existence and on the projected future outlook of the emissions of carbon dioxide in the 

Netherlands – see also section 7.2.   

Therefore I subsequently look at the energetic CO2-intensity of the Dutch 

economy, i.e. how much CO2 has been emitted from energetic use, as a share of total 

energy consumption, GDP, and population (section 4.4). To better understand the Dutch 

emission pattern, the CO2-intensities will be approached from a comparative perspective. 

This already gives more information on the characteristics of the emissions and leads to the 

second debate on structural changes and energy quality, and their effects on emissions. In 

section 4.5, a decomposition analysis using the Kaya Identity is presented. With this 

decomposition the drivers of the emissions can be analysed. I show that economic growth 

and population growth have put a constantly increasing pressure on emissions, while 

structural changes and energy quality improvements had a more diversified effect on the 

annual emissions. These also have the potential to reduce the emissions, but especially 

improvements in energy quality have been lacking in the Netherlands since the 1980s. 

In the epilogue of this dissertation (chapter 7) I will shed some light on the current 

and (near) future efforts to reduce emissions. Section 7.2 uses the Kaya Identity to project 

the probable CO2 emission levels for the next decades. As these future emission projections 

are highly speculative, I will address them in the epilogue; in this chapter I only report on 

the historical findings.       

 

4.1.1. Long-term air pollution 

Carbon dioxide emissions have obtained a very prominent position in present-day 

discussions on sustainable development because of their greenhouse gas characteristics and 

their effect on global climate change. Less than half a century ago air pollution debates 

centred around the cause of acidification: sulphur dioxide.
114

  

Atmospheric CO2 levels show a natural cyclical trend, but humans have distorted 

this natural cycle. CO2 levels now are higher than they have ever been in the past 800,000 

years (IPCC, 2013). Anthropogenic impact on atmospheric CO2 levels, according to 

                                                           
114 In these post-war discussions smog was also often the inducement of debates (Dinkelman, 1995). 
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Ruddiman (2005), goes as far back as the Neolithic Revolution. Although the energetic 

CO2 emissions from burning by these early farmers (who were with very few) were small, 

and the absolute rise of CO2 levels was also limited, a marked anomaly from the long-term 

cycle occurred already around 8,000 years ago. Ruddiman explains this by the gradual 

cutting of forests. Forests can be seen as carbon sinks. Trees and other vegetation take CO2 

out of the air to grow, and store the carbon atoms. The carbon stored in coal, oil, natural 

gas, and peat – essentially vegetal remains – can also be seen as carbon sinks. With the 

increasing use of these fossil resources, and decreasing forests, less carbon is kept in the 

sinks, and CO2 continuously builds up in the atmosphere (Erb, Haberl, & Krausmann, 

2007).
115

 

Sulphur dioxide is also a (by-) product of (fossil) combustion. It is a more direct 

nuisance than CO2 as it can affect buildings, soil fertility and agriculture. The sulphur 

content of peat is low – in fact, Allen (2009, p. 103) has argued that “coal would have had 

to sell at a discount to peat to compensate for its lower quality.” The sulphur content of 

coal is much higher, and it was with the uptake of coal as the main source of energy that 

the nuisance started. Direct problems in the Netherlands remained relatively small, 

compared with England and Germany, as the consumption of coal was relatively smaller. 

Nevertheless, concerns existed already in the early twentieth century. These culminated in 

the 1970s when the international character of the pollution was recognized (Dinkelman, 

1995). Nevertheless, by the time it became generally accepted that countries like the 

Netherlands and Germany bore some of the responsibility for the acidification in 

Scandinavia, the annual emission of SO2 in the Netherlands was already on the decline due 

to the transition to natural gas.  

 

4.1.2. SO2 and CO2 as pollutant  

SO2 and CO2 emissions both result from the combustion of fossil resources. Nevertheless, 

they are distinctly different: SO2 could be seen as an unnecessary by-product while CO2 is 

the essential outcome of a combustion process. In other words, when a fossil resource is 

burned, sulphur is not needed to get the desired result: energy in the form of heat. Carbon 

is crucial as it is the reaction of carbohydrates and oxygen that generates the heat. This 

distinction is important when discussing the Environmental Kuznets Curve and 

possibilities to reduce emissions. However, before discussing these, the diverging paths of 

CO2 and SO2 as pollutants are worth addressing.  

                                                           
115 Although forests have been disappearing in the Netherlands for centuries – thereby reducing the 

carbon sinks – they have grown in recent years (CBS, 2010), and because of their young age, the net 

primary production (i.e. the net carbon assimilation rate per unit of forest area) of these forests also 

increased (Kramer & Mohren, 2001); in other words, Dutch forests have become carbon sinks again. 
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While CO2 is one of the most pressing pollutants of our times, knowledge about 

its harmful effects – and especially the general acceptance thereof – is relatively recent.
116

 

Nevertheless, the chemical reaction of the burning of carbonaceous fuels was already 

rather well understood in the nineteenth century, and it was known that this resulted in the 

formation of CO2 and H2O. The released carbon acid, as carbon dioxide was called at the 

time, was considered harmful to human health, so it was recommended to make sure there 

was enough fresh air circulating when a fire or candle was lit (Thorsheim, 2006).
117

 In 

terms of emissions to the atmosphere, it was considered harmless. Bleekrode commented 

for example in the 1840s that nuisance from soot from coal burning could be avoided by a 

more complete combustion, the result would be harmless invisible gasses (Bleekrode, 

1845, 1846; see also Brouwer, 1861).  

The effects of CO2 on the climate were first described by the Irish scientist John 

Tyndall, whose experiments had shown that: 

“the chief influence be exercised by the aqueous vapour, every variation of this 

constituent must produce a change of climate. Similar remarks would apply to the 

carbon acid diffused through the air, while an almost inappreciable admixture of any 

of the hydrocarbon vapours would produce great effects on the terrestrial rays and 

produce corresponding changes of climate.” (Tyndall, 1861, p. 277, my emphasis) 

The Swedish chemist Arrhenius (1896) subsequently made the link between the 

combustion of coal, the resulting CO2 emissions, and increasing temperatures; living in 

cold Sweden, he actually saw this as possibly beneficial.
118

  

This in sharp contrast with SO2 which was also seen as damaging to human 

health, but of which some of the detrimental effects on the environment were more direct 

and felt already in the early twentieth century (Veraart, 2014). Sincere (scientific) concerns 

were raised for both pollutants in the 1950s. However, while the problems caused by SO2 

started to be seriously addressed by the Dutch government in the 1970s, the general 

recognition and abatement of carbon dioxide’s effect on climate change lasted till the 

                                                           
116 Klein’s This changes everything (2014) is not only a fierce attack on capitalism and the oil 

industry, but also illustrates how big and powerful ‘climate-change deniers’ – especially in North 

America – still are. 
117 The harmful effects of carbon acid inside houses was also addressed in the Netherlands, see for 

example the article on “Invloed van kunstverlichting op den dampkring” (1869) in the Tijdschrift 

Uitgegeven door de Nederlandsche Maatschappij ter Bevordering van Nijverheid. 
118 According to climate change economist Tol, moderate climate change did indeed bring net 

benefits: “Most rich and most poor countries benefitted from climate change until 1980, but after that 

the trend is negative for poor countries and positive for rich countries. In the 21st century, impacts 

turn negative in most countries, rich and poor. Future climate change is reason for concern” (Tol, 

2013, p. 804).  
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twenty-first century (Veraart, 2014).
119

 Curiously, Statistics Netherlands wrote still in their 

1993 Environmental Statistics of the Netherlands that “carbon dioxide (CO2) is not 

regarded as an air pollutant” (CBS, 1993, p. 117).
120

  

 

4.2. Energetic emission estimates 

4.2.1. Emissions of SO2 

The data on SO2 emissions used in this dissertation come from unpublished time series 

from Statistics Netherlands on ‘sulphur dioxide emissions from combustion in mobile and 

stationary sources’ (figure 4.1). Various time series have been presented in the literature 

(also by the CBS), but these are the most recent and arguably most reliable as they come 

from the official Dutch office of statistics. Other estimates (e.g. Mylona, 1996; Smith et 

al., 2011) may vary substantially in levels, overall, the trends in these series are 

comparable to those in the series used here.
121

  

The CBS time series stretch from 1913 till 2012. If I assume the Dutch peat to 

emit no sulphur at all and ignore the, at this time still very small, share of oil, I can extend 

the time series back into the nineteenth century, based purely on the consumption of coal 

(see the dashed line in figure 4.1). Clearly this rough estimation is problematic as the 

Dutch peat contained minimal amounts of sulphur and by 1913 there was a small share of 

oil (1.8%, see table A.II.1) which has a high sulphur content. However, as the sulphur 

content of the peat was very small, and the share of oil in the Dutch energy mix almost 

negligible, the overall trend will broadly hold.  

It can be seen that the emissions of SO2 were low throughout the nineteenth 

century, but they accelerated with the large-scale usage of coal. After the Second World 

                                                           
119 Dinkelman’s second proposition accompanying her dissertation is fundamental: “It also holds for 

potentially very severe environmental problems, that they will only reach the policy agenda, when in 

administrative terms a solution exists. What ends up on the policy agenda is not a problem, but a 

problem-solution pair.” See also Fouquet’s tenth insight from energy history for climate policy: 

“Climate policy is likely to be weak until low carbon energy sources and technologies are 

competitive” (2015, p. 17)  – Dinkelman’s second proposition in its original Dutch: “Ook voor 

potentieel zeer ernstige milieuproblemen geldt, dat ze pas op een beleidsagenda zullen komen te 

staan wanneer er in bestuurlijke zin een oplossing voor bestaat. Wat dan op de beleidsagenda komt te 

staan, is niet een probleem, maar een probleem-oplossingskoppel.” 
120 Carbon dioxide’s impact on the climate as a greenhouse gas was acknowledged; that was also the 

reason the emission statistics were included but they were not categorized as ‘pollutant’. CBS has 

included emissions statistics of carbon dioxide since their 1990 report on the environmental statistics 

(CBS, 1990); the earliest CO2 emission statistics in this version go back to 1970. 
121 The time series presented by Smith et al. (2011) are also used by the CDIAC and in the Clio-Infra 

project. 
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War the emissions of SO2 surged dramatically as the consumption of energy skyrocketed 

while oil made up an increasingly large share of the energy mix. The annual emissions 

peaked rather abruptly in 1965 after which they also declined rapidly. This decline, as will 

be discussed below, was the result of the switch toward a larger share of natural gas, but 

was also enhanced by desulphurisation of coal and oil products.   

 

Figure 4.1: SO2 emissions in the Netherlands, 1800-2012 

 
Source: 1913-2012: CBS (unpublished time series); 1800-1912: own extrapolation 

 

4.2.2. Emissions of CO2 

For CO2 a new time series has been estimated. The majority of studies on CO2 emissions 

focus on a fairly short time period (typically not further back than the 1960s), and may 

either focus on one specific country (e.g. Van der Helm, Hoekstra, & Smits, 2010) or on an 

international/global level (EIA, 2013a; IEA, 2014a; Olivier, Janssens-Maenhout, Peters, & 

Wilson, 2011). Nonetheless, similar long-term country specific studies on CO2 emissions 

for Sweden (Kander & Lindmark, 2004; Kander, 2002), the USA (Tol, Pacala, & Socolow, 

2009), Italy and Spain (Bartoletto & Rubio, 2008), Finland (Kunnas & Myllyntaus, 2007, 

2009), Portugal (Henriques, 2011) and Austria and Czechoslovakia (Gingrich, Kusková, & 

Steinberger, 2011) have been performed.
122

 In a recent working paper Henriques and 

Borowiecki (2014) bring together most of these countries plus several more. They also 

                                                           
122 Tol et al. (2009) do not estimate emissions for the USA themselves but instead work with the 

CDIAC’s data. Lindmark’s (2004) early work on the comparison between high and low-income 

countries should be mentioned here as well, however, his study does not include any country specific 

details.  
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include the Netherlands, but their estimates are less detailed than the ones presented 

here.
123

  

Since renewable energetic resources have zero net CO2 emissions, the emissions 

from traditional energy consumption, i.e. before the start of industrialization in most of the 

countries addressed above, was minimal. ‘Traditional’ energy provision in the Netherlands 

is somewhat exceptional since the country used large amounts of peat, which should not be 

considered renewable.
124

 Although the energy intensity of the Dutch economy before the 

1960s was relatively low, its CO2 intensity was, as will become apparent below (section 

4.4), actually relatively high (see also Henriques & Borowiecki, 2014). 

Total CO2 emissions are the emissions from all processes where CO2 is formed 

minus the changes in the carbon sinks. In this dissertation I focus solely on energy 

consumption within the Netherlands, and its emissions. This means, for example, that 

emissions from cement production (the second largest source of CO2 after combustion) and 

changes in the carbon stored in vegetation should be excluded from the analysis. Carbon 

sink changes that directly result from energy production should be included; I therefore 

include the emissions due to oxidation of drained peat extraction sites. Kander, Jiborn, 

Moran and Wiedmann (2015) propose that greenhouse-gas accounting should be made 

sensitive to trade and technological change. The question of energy and emissions 

embodied in trade is becoming more prominent in current discussions, but authors 

addressing this issue tend to take a very macro (often global) approach and focus on the 

most recent years (e.g. Ferrarini & De Vries, 2015; Peters, Minx, Weber, & Edenhofer, 

2011; Xu & Dietzenbacher, 2014).
125

 This approach does provide a better view on the 

emission intensity and the emission responsibility of the entire economy. However, in this 

dissertation I focus on the emissions from the Dutch energy system. This means that only 

domestic emissions should be taken into account. The advantage of my approach is that it 

                                                           
123 Henriques (2011) also made a long-term comparison of CO2 emissions of various European 

counties, including the Netherlands. In this earlier study she excluded emissions from peat. In the 

more recent working paper together with Borowiecki peat is included, but they use the same 

emission rates for peat as for coal and therefore underestimate the size of the emissions in the peat-

based first half of the nineteenth century (the emission rate for peat is about 12% higher than that for 

coal, as peat accounted for roughly 60% of the CO2 emissions in the first half of the nineteenth 

century this means they underestimated the Dutch emissions by circa 7%). 
124 Obviously the Netherlands was not the only country in which peat has been used, but its share 

(about 50% of all thermal energy, equivalent to about 20% of the total energy consumption in the 

first half of the nineteenth century) was exceptionally high (Denmark showed comparable levels, see 

Henriques and Sharp (2014)). A discussion has existed recently on the question whether peat should 

be treated as a renewable resource as it can re-grow (EPAGMA, n.d.; Schilstra, 2001; Sopo, n.d.). 

The general consensus nowadays is that it should not, and given the large rate of extraction in the 

Netherlands, more carbon was definitely emitted than what was captured in the sinks. 
125 A recently initiated study will bring the importance of historical trade in energy intensive goods to 

the fore. Although the Netherlands is not part of the analysis yet, I hope to be able to contribute to 

this study with Dutch trade statistics data in the near future. The early results presented by Nielsen 

(2015, for Czechoslovakia) show interesting outcomes for questions of emission responsibility. 
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illustrates more clearly the impacts of energy resource transitions and national policies 

towards the introduction of non-carbonaceous energy sources within the country. 

In the next section I firstly reconstruct the emissions from combustion (section 

4.2.2.1.). In section 4.2.2.2 the carbon emissions from land use change for peat extraction 

are addressed and section 4.2.2.3 subsequently brings these emissions together in a new 

time series for total energetic CO2 emissions in the Netherlands. 

 

4.2.2.1. CO2 emissions from combustion 

To determine the size of the Dutch energetic CO2 emissions I used the data on domestic 

energy consumption as collected by Ben Gales for the period 1800-1959 (Gales et al., 2007 

see also section 1.2). From 1960 onwards I based my calculations on the more detailed 

energy statistics from the International Energy Agency (IEA).
126

 I include only the 

emissions due to energy consumption in the Netherlands. This means the effects of trade 

are left out and energy consumed in international bunkers not included.
127

 The 2006 IPCC 

Guidelines for National Greenhouse Gas Inventories have been used in order to obtain 

standardized, internationally accepted, conversion factors for CO2 emissions of various 

energy carriers per unit of combusted resource (IPCC, 2006). The IPCC Guidelines 

provide detailed conversion factors for different kinds of energy carriers and distinguish 

for example also between different types of oil products. These conversion factors are 

therefore more detailed than the conversion factors presented by Boden, Andres & 

Marland (1995), which are used by the Carbon Dioxide Information Analysis Center 

(CDIAC) (see also Marland, Boden, & Andres, 2012).  

Standard conversion factors assume 100% conversion efficiency. However, the 

combustion will usually not be complete, that is, not all of the carbon will react with 

oxygen to form CO2. I therefore follow Boden et al (1995) by adopting their oxidation 

factors (FO); correcting for the fact that not all carbon atoms will react with oxygen. As 

different types of, especially secondary, energy carriers (e.g. cokes, briquettes, or different 

                                                           
126 Although Gales’s data is linked with the IEA data and he made use of the IEA statistics for the 

period since 1960 and total energy consumption according to both sources is thus the same, the IEA 

statistics provide more disaggregated information. 
127 According to emission estimates by Statistics Netherlands for the period 1990-2013, CO2 

emissions by sea-going ships adds roughly 2-2.5% to the total domestic emissions. For SO2 the 

relative share of emissions from shipping is markedly bigger and increased from an additional 21% 

on top of the emissions from stationary and mobile sources in 1990 to 45% in 2013. This, however, 

can to a large extent be attributed to the rapid decline of emissions, SO2 emissions from shipping 

declined less rapidly, but absolute emission levels in 2013 were less than half of the emissions in 

1990 (CBS, 2015a). Emissions from air traffic are not reported by Statistics Netherlands. The IEA 

(2014a) reports that 3.4% of all CO2 worldwide originate from international marine and aviation 

bunkers. 
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liquid fuels) have a different carbon content and therefore different emissions, I use the 

most disaggregated data available; using the following formula: 

𝐶𝑂2𝑡 =  ∑ 𝐸𝑖,𝑡  ×  𝑐1𝑖  × 𝐹𝑂𝑖      (4.1) 

where CO2t is total amount of carbon dioxide produced in year t, expressed in kilograms; 

Ei,t is the energy consumed in TJ of energy carrier i, in year t. c1i is the conversion factor as 

given by the IPCC Guidelines (2006, pp. 1.23–1.24) of energy carrier i. and FOi is the 

oxidation factor of energy carrier i, as given by Boden et al. (1995, p. 21). For a more 

detailed description of the estimations see appendix A.IV; appendix A.VIII gives the 

resulting time series. 

 Note that the conversion factor (c1i) and the factor of oxidation (FOi) do not 

change over time. Although this is the generally accepted method for historical emission 

estimates, this is not completely correct. The emission factors depend on the quality of the 

resource and on the quality of combustion and can therefore both change over time. 

Unfortunately, Boden et al. do not report on how these oxidation factors might have 

changed over time. Nevertheless, it is obvious that the factors of oxidation must have 

improved historically. In nineteenth century literature, reference is regularly made to the 

polluting nature of smog and soot. These little black dusty substances are essentially tiny 

pieces of coal (another notorious cause of smog is of course diesel) that did not burn 

properly, and therefore did not form carbon dioxide. The problem of soot and smog 

remained for a long time and occasionally still emerges (especially in urban areas in 

developing economies). Nevertheless, London houses are no longer painted dark to hide 

the deposition of the soot and one can walk through the city again without having ones 

clothes blackened, while enjoying the sunlight (such were the complaints of a visitor from 

France in 1847 (Nougarède de Fayet, 1847a, 1847b)). Incomplete combustion was an 

important cause of this form of pollution, and innovations towards better (i.e. more 

complete) combustion helped to overcome this; see also Bleekrode (1845, 1846) and 

Brouwer (1861).  

Early steam engines were notorious emitters of black soot and smoke and as late 

as 1952 London experienced its Great Smog. In appendix A.VII an attempt was made to 

quantify the ‘avoided’ emissions of CO2 because of the emission of non-oxidized carbon in 

aerosols. This exercise was very rough and the total overestimation of CO2 emissions 

according to this calculation never amounted to much more than 0.3% (much less than the 

factor of oxidation suggested by Boden et al. (1995)). However, while the sustainability 

challenges related to aerosols and soot have thus been reduced over time, the amount of 

CO2 produced (per quantity of resource put in) must indeed have increased (see figure 

A.VII.2).  

As is discussed more thoroughly in appendix A.VII, there are three main 

problems with this estimation of the changing level of oxidation (and thus main reasons to, 
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rely on the FO’s by Boden et al.). Firstly, it is hard to estimate the emissions of black and 

organic carbon over time. The amount of aerosol emissions depends on the level of 

economic development, i.e. technology (Cooke, Liousse, & Cachier, 1999). In appendix 

A.VII, a pragmatic, ad hoc, solution was found by classifying the Dutch history of 

technology according to modern day equivalences in terms of developed, semi-developed, 

and underdeveloped countries. Secondly, the exact composition of black and organic 

carbon is very difficult to determine. While black carbon consists mainly of carbon and 

hydrogen, most probably in the same ratio as in the combusted resource (i.e. 2:1 for coal), 

organic carbon also includes other components such as nitrogen or acids (a combination of 

hydrogen and oxygen), making it hard to estimate the amount of carbon per unit of emitted 

organic carbon. The third difficulty, beyond the unburned carbon in aerosols, is the amount 

of carbon left behind in the ashes. It was therefore decided to remain with the FO’s by 

Boden et al. for the current estimates. Nevertheless, for future estimates, more precise 

factors of oxidation might become available.
128

  

In line with the 2006 IPCC Guidelines, the CDIAC, and other studies on historical 

CO2 emissions, I consider the burning of wood and other biomass as CO2-neutral. The 

reasoning behind this is that although CO2 will be released when wood is burned, this CO2 

has first been taken from the air when the tree grew, and will subsequently also be taken 

from the air again when new trees are grown (the carbon cycle). This assumption is 

generally accepted in the production of CO2 estimates, both historically and contemporary; 

even though it may not do perfect justice to the possible effects through changes in 

forestlands, i.e. in carbon sinks.  

Figure 4.2 shows the CO2 emissions from energetic resource combustion between 

1800 and 2012 on a logarithmic scale (see appendix A.V for the same graph in levels). It 

illustrates that, except for some drawbacks during the wars and the Great Depression, the 

emissions of CO2 have grown at an almost steady growth rate between the 1810s and the 

1970s. After 1970, the annual emissions still increased, but at a markedly smaller growth 

rate. The CO2 emissions from energetic resource combustion reached a peak in 2004. So 

far there are only few observations past this date, but this raises the suggestion that the 

Netherlands might be entering a path of structurally reduced emissions. 

 

                                                           
128 Even though more precise FO’s will result in better estimates of historical CO2 emissions, this 

cannot be directly translated into a bigger or smaller impact on global climate change. Black 

carbon’s impact on the global climate is complex and recent studies suggest that, overall, black 

carbon also has a warming effect (Bond et al., 2013).  
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Figure 4.2: Annual CO2 emissions from fossil combustion in the Netherlands, 1800-2012 

(logarithmic scale) 

 
Source: own calculation, see appendix A.IV 

 

Relative to the modern emission levels, the CO2 emissions of the Netherland were 

very small in the early nineteenth century (the total emissions of CO2 in 1800 were just 

under 1% of the emissions in 2012). Nevertheless, the Netherlands was already an emitter 

of CO2 in the early 1800s and these emissions grew steadily since the 1810s. The main 

reason for this is that the Netherlands – besides a modest stream of imported coal – used 

large amounts of peat. See also the discussion in section 4.4, where I compare the Dutch 

emissions with several other European countries. 

 

4.2.2.2. CO2 emissions from peat oxidation  

Total emissions were small in the nineteenth century, especially compared with the levels 

reached by the early 1970s. For at least the first half of the century, peat combustion was 

the main contributor to energetic CO2 emissions. However, not included in the graph 

above, but part of the CO2 emissions of the Dutch energy system, were CO2 emissions 

caused by the land conversion for peat extraction, i.e. changes in the carbon sinks. 

When land is being converted, this has an impact on the total CO2 emissions of a 

country. The convergence of wasteland into forestland for example may result in a 

reduction of net CO2 emission levels as the forest functions as a carbon sink (cf. Erb et al., 

2007; Janssens et al., 2003). In this dissertation it is not my intention to estimate the CO2 

emissions of the entire economy, but only the emissions related to energy consumption. In 

that light, however, the additional CO2 that is emitted when peat lands are being drained 

and cut into for the energetic use of peat should thus be included.  
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Peat lands emit CO2 through soil compaction as soon as they are being drained. 

When this drainage happens for the purpose of peat extraction for energy consumption, 

these emissions should be assigned to the total energetic CO2 emissions.
129

  

An accounting problem emerges after extraction. Oxidation will continue long 

after extraction. However, should this be assigned to the energy system, or to the 

agricultural system (that usually occupied the former peat lands)? The continued emissions 

are a result of past peat extraction, however, this extraction, especially in the latter half of 

the nineteenth century, often happened with the goal of clearing waste lands (the so-called 

woeste gronden) for agricultural land. It was decided in this dissertation to assign the 

emissions after extraction not to the energy system.  

 The emissions from oxidation of peat lands have been estimated in appendix 

A.VI; figure 4.3 shows the resulting oxidation emissions (i.e. losses from the carbon 

sinks). The range of uncertainty is large. Figure 4.3 present the emissions assuming a two 

year drainage time and default emission rates; a ten year drainage time and default 

emission rates; and an absolute upper bound assuming maximum emission rates and a ten 

year drainage time. An absolute lower bound equals zero emissions as the uncertainty 

ranges from 0 to 0.63 ton C per hectare per year. 

To arrive at the total annual energetic CO2 emissions of the Netherlands during 

the nineteenth and twentieth century, it is necessary to subtract the carbon sink changes 

from the emissions caused by combustion. As the changes in carbon sinks were negative 

(CO2 was emitted to the air rather than stored), this essentially means adding both series 

together. In the remainder of this chapter, I use the standard emission rates from oxidation 

and assume a drainage time of ten years. The ten year drainage time may result in an 

overestimation of the emissions. However, according to Couwenberg (2011) the emission 

factors presented by the IPCC 2006 Guidelines are actually (much) too low; the total 

emission from oxidation may thus well be an underestimation.
130

  

 

                                                           
129 The 2006 IPCC Guidelines also provide emissions factors for this form of land use change. Let 

me stress that I only consider the emissions of CO2 and thus leave methane (CH4) and nitrous oxide 

(N2O) out of account. Ergo, when I speak of CO2 emissions I solely refer to the emissions of this gas 

and do not refer to CO2-equivalence. (CH4 emissions are actually reduced when water-saturated peat 

soils are being drained (Couwenberg, 2011)). 
130 Couwenberg (2011) presents a range from 0.1 to 4.4 ton C per hectare per year with a default of 

1.9 for nutrient poor soils. 
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Figure 4.3: Annual CO2 emissions due to land use conversion for peat extraction, 1800-1952 

 
Source: own calculation, see appendix A.VI 

 

 Assuming a ten year drainage time, the effect from the land use change is still 

very small. If we look at peat consumption alone, the emissions from oxidation account for 

around 0.3 percent of the total emissions related to peat combustion for the standard 

emission rate assuming ten year drainage time. The effect of oxidation is thus not very 

large, but in order to provide a complete picture we should take these effects from carbon 

sink changes on board in the long-term time series. These emission figures from peat land 

oxidation only apply to the period between the first drainage of the peat lands and the 

extraction of the peat. This means that the period after extraction is disregarded. Oxidation 

of the land will continue for a long time after the extraction, and in some cases still occurs 

today.
131

 Nevertheless, it was, as explained above, decided here to leave these later 

emissions out of account because of the difficulty of assigning these emissions to the peat 

extraction for energetic uses or to land clearance for the purpose of agricultural use. 

Estimating exact emission figures for peat land oxidation are, given the usually 

scattered and imprecise data on digging sites and extraction procedures, rather complicated 

(see appendix A.VI). Given the small impact of oxidation on the total emissions (if long-

term emissions after peat extraction are not assigned to the energy system), it may be 

                                                           
131 Joosten (2010) has estimated that in 2008, degrading peat lands in the Netherlands emitted 5.8 

Mton CO2 annually, none of these come from current peat extraction. They might, however, to some 

degree, result from historical land clearance (i.e. removal of vegetation) for the benefits of energy 

production. He further estimates that the Dutch peat lands hold the potential for a total future 

emission of 1100 Mton CO2.  

0

5000

10000

15000

20000

25000

30000

35000

1
8

0
0

1
8

0
5

1
8

1
0

1
8

1
5

1
8

2
0

1
8

2
5

1
8

3
0

1
8

3
5

1
8

4
0

1
8

4
5

1
8

5
0

1
8

5
5

1
8

6
0

1
8

6
5

1
8

7
0

1
8

7
5

1
8

8
0

1
8

8
5

1
8

9
0

1
8

9
5

1
9

0
0

1
9

0
5

1
9

1
0

1
9

1
5

1
9

2
0

1
9

2
5

1
9

3
0

1
9

3
5

1
9

4
0

1
9

4
5

1
9

5
0

to
n

 C
O

2
 

CO2 standard 2 year CO2 standard 10 years CO2 upper bound



98                                                              Energy Transitions in the Netherlands 

 
 

recommendable to other authors pursuing to make historical CO2 emission estimates for 

peat producing countries, to assume an additional emission of about 0.3% to the emissions 

from peat burning. Note, however, that this emission factor applies to nutrient-poor peat 

lands and only includes emissions before and during extraction. 

 

4.2.2.3. Total energetic CO2 emissions 

Various estimates of CO2 emissions in the Netherlands have been made before. 

Comparison with these estimates is difficult because authors either did not include peat 

(e.g. Henriques, 2011), or also included non-energetic emissions (e.g. Klein Goldewijk, 

2012). The CDIAC’s data is most commonly used (CDIAC, 2011), while Statistics 

Netherlands has produced estimates mainly for the more recent years.
132

 Figure 4.4 

compares the new time series with a selection of existing estimates (see appendix A.VIII 

for the time series).
133

  

Not surprisingly, the inclusion of peat combustion results in my estimates being 

higher than the series provided by the CDIAC and Henriques during the nineteenth 

century. The large fluctuations in the CDIAC series prior to 1864 are somewhat puzzling, 

for the period 1864-1914, the difference between the new estimates and the CDIAC series 

can indeed be explained by the exclusion of peat by the latter. In line with the findings of 

Bartoletto and Rubio (2008), Henriques (2011) and Gingrich et al. (2011), I also find that 

my estimates deviate slightly form the CDIAC series for the more recent period, but the 

difference increases the further I go back in time (see also Henriques & Borowiecki, 2014).  

The divergence between the two series is the result of three factors. First, the 

inclusion of peat and the more precise historical energy consumption figures explain 

largely the deviations in the pre-WWII period. Second, the data sources used vary. Boden 

and colleagues used the UN Energy Statistics Yearbooks while I used IEA data; overall 

these statistics do not differ much, but small inconsistencies may occur because of 

different classifications (most notably in international bunkers and transformation losses). 

Finally, my estimates are based on more detailed conversion factors.  

                                                           
132 For historical time series on CO2 emissions, Statistics Netherlands makes use of the CDIAC data 

(e.g. CBS, 2014c; Kolfoort & Rensman, 2011). 
133 Henriques and Borowiecki (2014) do not include absolute emissions values. Given that they 

include peat, their findings especially for the nineteenth century will be closest to mine; however, the 

emission factors they use are less detailed (i.e. they use the same emission factor for peat and coal). 
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Figure 4.4: Comparison of total annual CO2 emissions with CDIAC, Henriques and Statistics Netherlands, 1800-2012 (logarithmic scale) 

Source: own estimates: see appendix A.IV and A.VI; CDIAC (2011); Henriques (2011); data from Statistics Netherlands came from: CBS (1991), 

Hulskotte et al. (1997), Coenen, Draaijers & Bakker (2000), and Statline (CBS, 2014b), when years overlapped, the most recent publication was used  
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4.3. The Environmental Kuznets Curve 

Now that we have reconstructed the time series for energetic CO2 emissions in the 

Netherlands we can redirect the attention to the comparison between sulphur dioxide and 

carbon dioxide and analyse the existence of the so-called Environmental Kuznets Curve 

(EKC) in the Dutch data. The EKC is based on the Kuznets Curve of income inequality, 

which hypothesizes that income inequality first rises, and then falls as economic 

development proceeds.
134

 “The EKC proposes that indicators of environmental degradation 

first rise, and then fall with increasing income per capita” (D. I. Stern, 2004, p. 1419). 

 The existence of the EKC has been debated extensively, and tends to vary across 

pollutants and regions (Barbier & Markandya, 2013; D. I. Stern, 2004, 2015). Sulphur 

dioxide emissions have been taken as example for the existence of an Environmental 

Kuznets Curve (e.g. De Bruyn, 1997; Grossman & Krueger, 1995; Panayotou, 1993).
135

 

For CO2 emissions, this relationship has not been conclusively determined. 

 The rational behind the EKC-model works as follows. With increasing 

industrialization, resource consumption – among which of course energy – increases and 

various pollutants are introduced to the environment, often in unprecedented quantities (cf. 

Steffen et al., 2007). However, the EKC proposes that the size of the pollution eventually 

decreases. The explanation behind the eventual down-ward mechanism of the EKC 

relationship can, following Panayotou (1993), be technology-driven or socially-driven. 

Higher quality energy sources may be less polluting; oil, for instance produces less CO2 

per unit of energy produced than coal, while natural gas is even less polluting than oil. For 

SO2 this is not really the case as (Dutch) peat actually contains less sulphur than coal and 

oil. Furthermore, better technology and structural change can improve energy efficiency 

and reduce emissions; ICT, for example, is less energy intensive than ‘traditional’ 

production technologies. 

 The second possible mechanism is socially-driven. It can be argued that people’s 

needs and preferences change as they grow richer. As people become wealthier, their 

utility function changes and they start worrying about the environment in ways that go 

beyond immediate resource security. The effect of societal awareness is hard to measure, 

but for more acute environmental threats – and for which technological alternatives were 

more feasible – this form of environmental awareness seems to have led to a reduction of 

pollution; examples include the use of toxic pesticides (e.g. DDT), pollution from CFC’s, 

black carbon, but also SO2 (cf. De Bruyn, 1997). 

                                                           
134 Obviously, the existence of a Kuznets Curve of income inequality has become discredited, see 

Deininger and Squire (1998) and more recently Piketty (2014).  
135 See D. I. Stern (2004) for a critical review. 
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 Figure 4.5 plots the emissions of SO2 and CO2 per level of GDP per capita. It can 

be seen that SO2 emissions peaked at a much lower level of GDP per capita than CO2. SO2 

emissions peaked in 1965, corresponding with a GDP/c of almost 10,000 int. 1990 GK-$. 

After this point emissions dropped rapidly, more or less until the 1990s when the rate of 

the decrease decelerated. Nevertheless, the emissions of SO2 show an initial increase with 

increasing welfare up to a certain point, after which the annual emissions started to 

decrease markedly. This was both technology-driven (the transition to natural gas), and 

socially-driven as the concerns regarding acidification contributed to the desulphurisation 

of resources (cf. CBS, 1975, 2013).  

 We see that over the long run, Dutch energetic CO2 emissions also show 

preliminary signs of an inverted-U. Caution is at hand in deriving conclusions from this 

nonetheless; the peak was reached in 2004 and there are thus only a few observations in 

the downward phase of the curve; many of which, moreover, were crisis years, making 

them anomalous. In the epilogue a few future scenarios are sketched to examine the likely 

future rate of emissions; the possibilities of a future EKC-trend for CO2 will be discussed 

there. 

 A more formal test of the existence of an EKC can be performed using the 

following EKC function (adjusted from Lindmark & Acar, 2014, p. 314): 

ln (𝐸𝑀)𝑡 =  𝛽0 +  𝛽1ln (𝐺𝐷𝑃/𝑐)𝑡 + 𝛽2(ln (𝐺𝐷𝑃/𝑐))𝑡
2 + 𝛽3(ln (𝐺𝐷𝑃/𝑐))𝑡

3 +  휀𝑡  (4.2) 

where EM is the emissions of SO2 or CO2 respectively, GDP/c is GDP per capita, ε is a 

random error term, and ln shows natural logarithms. Following Lindmark and Acar, I 

regress ln(EM) on a third-degree polynomial of ln(GDP/c). Lindmark and Acar ensure that 

this specification is the standard approach in the EKC literature. The ß coefficients 

determine the possible shape of the relationship. For an EKC to exist, the ß coefficients 

should be: ß1 > 0, ß2 < 0, and ß3 = 0. Table 4.1 and 4.2 summarize the regression results. 

We see that for SO2 the coefficients are largely as expected, ß3 is not completely 

equal to zero and also not significant. For CO2 all coefficients are significant, however the 

evidence is more mixed. The coefficients for ln(GDP/c) and (ln(GDP/c))
2
 are indeed 

respectively positive and negative, as expected. The coefficient for (ln(GDP/c))
3
 is small, 

but statistically significantly above 0. This would imply that with increasing income per 

capita, the rate of emissions increase would initially slow down (as can be seen in figure 

4.4 roughly since the 1970s), but given the size of the coefficients emissions would raise 

again when GDP/c grows even more.   
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Figure 4.5: EKC: SO2 emissions per GDP/capita (left axis), 1913-2012 and CO2 emissions per GDP/capita (right axis), 1820-2012 

Source: emission series, see figure 4.1 and 4.4; GDP/capita from the Maddison-Project
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Table 4.1: SO2 OLS, 1820-2012 (T=193) 

 Coefficient Std. Error t-Statistic Prob.   

Ε -215.2414 42.90636 -5.016538 0.0000 

ln(GDP/c) 52.55695 14.78673 3.554332 0.0005 

(ln(GDP/c))2 -3.574523 1.691881 -2.112751 0.0359 

(ln(GDP/c))3 0.052156 0.064263 0.811612 0.4180 

Adjusted R-squared: 0.973274 

 

Table 4.2: CO2 OLS, 1820-2012 (T=193) 

 Coefficient Std. Error t-Statistic Prob.   

Ε 3.646317 0.168578 21.62990 0.0000 

ln(GDP/c) 7.349481 0.325956 22.54747 0.0000 

(ln(GDP/c))2 -2.305019 0.189707 -12.15041 0.0000 

(ln(GDP/c))3 0.262540 0.033657 7.800400 0.0000 

Adjusted R-squared: 0.987901 

 

 In the following section I will focus the attention on CO2 again and zoom in on 

the emission intensities of the energy system and the economy. In order to create a better 

understanding of the CO2 emission-curve of the Netherlands, the country will be placed in 

an international comparison. In section 4.5 the drivers of the emissions will be analysed 

and the Dutch CO2 emissions will once again be compared to the Dutch SO2 emissions and 

to the CO2 emission drivers in other European countries. In the conclusion to this chapter I 

will round off the reflection on what the historical emissions tell us. In the epilogue I will 

use the Kaya Identity to evaluate some future scenarios regarding CO2 emissions. 

  

4.4. Emission intensities 

The Environmental Kuznets Curve tells us something about the relationship between 

emissions and GDP/capita. As GDP/capita, over the long run, tends to increase (at least in 

the developed world over the last two centuries), it also tells us something about emissions 

over time. There are three important drivers of these emissions that largely disappear in 

this representation. First, the emission intensity of the energy system, which has been 

referred to above. If resources become less polluting, also the overall emissions can be 

reduced. If desulphurisation or decarbonisation takes place, we should be able to see this in 

the emission intensity of the energy system.  
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Next, economic development has often been related to energy consumption, and 

hence pollution through emissions from combustion. Gales et al. (2007) have shown that 

the energy intensity of several countries, including the Netherlands, more or less 

continuously declined since industrialization. Nevertheless, figure 3.1 showed a strong 

correlation between economic growth and energy consumption, but also decoupling since 

the 1970s. As economic growth is generally encouraged, a decoupling between economic 

development and emissions is crucial for sustainable development. The emission intensity 

of the economy illustrates to which extent this has taken place. Lastly, population growth 

may be expected to lead to increased emissions; the question is to what extent individuals 

produced more or less emissions, or rather in how far emissions per capita changed over 

time? This can be seen as the emission intensity of the individual citizen.  

A direct international comparison of emission levels does not make much sense 

because of the differences among countries in terms of size, economic structure and 

population. The emission intensities can indeed be used to put the Dutch performances into 

perspective. Unfortunately, comparison of SO2 emissions is difficult as country-specific 

studies appear to be less frequent than for CO2.
136

 Studies aiming to combine emissions 

from various countries that include the Netherlands find significantly deviant emission 

levels from the ones provides by Statistics Netherlands (Mylona, 1996; Smith et al., 2011). 

I therefore decided to focus the comparison on CO2 emissions only.
137

  

I compare the Dutch CO2 emission intensity levels with the emission levels found 

by Kander (2002, Sweden), Bartoletto & Rubio (2008, Italy and Spain), Kunnas & 

Myllyntaus (2009, Finland), Henriques (2011, Portugal), and Gingrich et al. (2011, Austria 

and Czechoslovakia).
138

 As mentioned before, I do not compare my findings with those 

presented for other countries by the Carbon Dioxide Information Analysis Centre for the 

same reason I do not use their SO2 estimates: especially for the earlier period, various 

scholars, including the current research, found that their estimates did not match with those 

of the CDIAC.  

The countries represented by the authors referred to above were all fairly late in 

adopting coal, and in their industrialization. It is therefore interesting to compare also with 

England. Historical time series of CO2 emission for England have, to the best of my 

knowledge, never been published.
139

 I therefore estimated the emissions for England & 

                                                           
136 They do exist for example for Sweden, which because of its large pulp and paper industry 

witnessed high levels of SO2 emissions (Lindmark, 2001). 
137 Because of the very high emissions of SO2 in the Netherlands in the 1950s and 1960s and the 

rapid decline afterwards, the emission intensities (SO2/E, SO2/GDP and SO2/c) all show a peak in 

1965 and subsequently decrease.   
138 I thank Mar Rubio and Simone Gingrich for kindly sharing their CO2 emissions time series; the 

other authors published their series in appendices to their texts. 
139 Henriques (2011) and Henriques and Borowiecki (2014) included England and Wales in their 

analysis, but did not publish the time series. 
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Wales on the basis of the long-term energy consumption data published by Warde (2007). 

The energy series by Warde present aggregate data for England and Wales together; they 

are therefore also combined here. The aggregated data on energy consumption is less 

detailed than the data I used for the Netherlands. Therefore the conversion factors used are 

also slightly less accurate. Nonetheless this should give a sufficiently detailed CO2 

emissions time series for the current purpose. 

However, before discussing the emission intensities as drivers of emissions, it is 

illustrative to also compare the magnitude of the CO2 emissions relative to the size of the 

countries (table 4.3). It goes without saying that the emissions per square kilometre depend 

largely on the population density. It is therefore not surprising that the Dutch emissions are 

comparatively high, but the comparison does illustrate that the Netherlands is a rather large 

emitter of carbon dioxide. The high emission level of England and Wales, especially in the 

nineteenth and early twentieth century is the result of its early transition to a coal-based 

energy system (see also table A.II.1). Furthermore, it has been estimated that around 1870, 

about 26% of the British coal consumption was embodied in exports; meaning that 26% of 

the British emissions should actually be assigned to other countries.
140

 Although this share 

will have decreased in the twentieth century, the emissions per square kilometre remain 

comparatively high throughout the twentieth century. 

 

Table 4.3: CO2 emissions per square kilometre (kton/m2), selected countries 

 1800 1850 1900 1925 1950 1975 2000 

Netherlands 0.047 0.107 0.508 1.016 1.662 4.086 5.232 

Austria  0.003 0.230 0.194 0.294 0.647 0.753 

Czechoslovakia  0.011 0.204 0.406 0.627 1.857 1.368 

England & Wales 0.221 0.891 2.882 3.172 3.551 4.284 4.374 

Finland 0.003 0.003 0.007 0.007 0.020 0.145 0.175 

Italy   0.055 0.122 0.164 1.184 1.509 

Portugal   0.020 0.030 0.056 0.215 0.685 

Spain  0.001 0.021 0.034 0.059 0.308 0.536 

Sweden 0.000 0.001 0.022 0.032 0.110 0.194  

Sources: see text 

 

4.4.1. Pollution intensity of the energy system 

CO2/E depicts the amount of carbon dioxide that is emitted per unit of energy consumed. 

In other words, it shows the carbon intensity of the energy system. The consumption of 

peat was very important in the Dutch energy system of the nineteenth century and we have 

                                                           
140 I thank Paul Warde for sharing these preliminary figures (personal communication). 
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seen in the comparison with the CDIAC estimates (figure 4.4) how important the inclusion 

of peat is for the CO2 emission estimates. Nonetheless, the majority of energy consumed in 

the nineteenth century was still derived from non-CO2 emitting sources such as wood, 

wind and muscle power.  

Figure 4.6 shows the CO2 emission intensity of the entire energy system, as well 

as the CO2 emission intensity of the consumption of modern energy sources in the 

Netherlands (here modern includes peat). Over time, history has shown an increasing 

energy quality of carbonaceous resources (Ausubel, 2003; Grübler, 2004). This means that 

because of the higher hydrogen to carbon ratio in oil and especially in natural gas, more 

energy can be derived when burning with relatively less CO2 emissions compared with 

coal or peat. As the Dutch energy system shifted from peat-based to coal- to oil- and 

eventually to natural gas-based, the CO2-emission intensity of modern energy decreased 

more or less continuously. The transition from peat to coal can be seen in the 1860s, when 

the emission intensity dropped below 100 ton of CO2 per TJ. The increasing importance of 

oil slowly lowered the emission intensity further until the early 1950s when oil quickly 

started to outpace coal. Natural gas subsequently quickly replaced the remaining 

consumption of coal and lowered the share of oil, after the discovery and exploitation of 

the Slochteren gas field in the 1960s.  

Given the initially low, but quickly increasing shares of CO2 emitting fossils in 

the Dutch energy system, CO2 emissions per unit of total energy consumed increased. As 

the share of traditional CO2-neutral energy carriers declined over time, the two lines 

converge. The two World Wars are marked anomalies to this overall pattern. The reason 

for this is the renewed importance of old (inferior) energy sources in times of shortage. 

The increased emission intensity of the modern energy carriers is to a large degree caused 

by the renewed interest in domestic peat, and during the Second World War also by the 

sheer absence of oil. After the Second World War the share of traditional energy carriers 

decreased from around 10% to just over 2% (essentially only human muscle power and a 

very small fraction of fuel wood remained) and the carbon intensity of the entire energy 

system approached the carbon intensity of the modern energy carriers’ mix. 

In the late 1970s the emission intensity of the energy system initially increased, 

only to stabilize again in the late 1980s. This can be explained by the renewed interest in 

coal after the oil crises (for the purpose of diversification (cf. Kander et al., 2013, see also 

chapter 2)). Interestingly, Kander et al. also mention that, besides the oil shocks which led 

to a renewed uptake of coal, an increasing environmental awareness emerged in the 1970s 

that contributed to the diversification of energy resources (primarily for electrification), 

thus leading to an increase of modern renewable (i.e. CO2-neutral) energy sources. This 

effect can hardly be discerned in the Dutch data. If anything, the emission intensity 

increased slightly in the first decade of the twenty-first century; illustrating that the 



Dutch Historical Energetic SO2 and CO2 Emissions, 1800-2012                                                      107 

 

 

diversification strategy rather meant more diverse fossils (i.e. recurrence of coal) than 

investment in CO2-neutral energy sources, see figure 4.7 (see also section 4.5). 

 

Figure 4.6: CO2 intensity of Dutch energy consumption; 5-year moving averages, 1800-2012  

 
Source: own calculations (modern energy includes peat) 

 

Figure 4.7: Energy mix (left axis) and carbon intensity (right axis), 1800-2012 

 
Source: own calculations 
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So how does this emission intensity pattern compare with other countries? After 

all, the Dutch energy consumption mix is unique because of its early use of carbonaceous 

energy sources in the form of peat in the nineteenth century and its rapid transition to 

natural gas in the 1960s. Figure 4.8 depicts the emission intensity of the energy systems in 

the various countries. As could be expected, the English and Welsh carbon content of their 

coal-based energy system was high during the nineteenth century. It actually stayed high 

during the twentieth century, but shows a clear downward trend since the 1950s. 

Compared with the other countries, the Dutch emission intensity of the energy 

system has been remarkably high until the sudden drop in the 1960s.
141

 Finland, the other 

country in this sample in which peat was important in the early nineteenth century, shows a  

 

Figure 4.8: CO2 intensity of the energy systems of various European countries, 1820-2012 

 

Source: The Netherlands: own calculations; Sweden: Kander (2002)
142

; CO2  emissions of Spain and 

Italy: Bartoletto and Rubio (2008); Energy Spain: Rubio (2005); Italy: Malanima (2006); Finland: 

Kunnas and Myllyntaus (2007, 2009); Portugal: Henriques (2011); England and Wales: Warde 

(2007) 

                                                           
141 See appendix A.II for an overview of the energy mix of the countries addressed here. 
142 There appears to be an anomaly in Kander’s CO2 emission data for the period 1950-1958. The 

emission levels are significantly raised and a recalculation of the emissions on the basis of the 

consumption of fossils (also taken from Kander (2002)) results in smaller emissions. For the years 

1950-1958 I therefore used my own estimates of CO2 emissions. (Note that the coal consumption 

figures for Sweden have been revised for Kander et al. (2013),  however, the difference is minor. In 

order to provide the best match for the CO2 emission intensity of the energy system I decided to stay 

with the original consumption data.) 
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much smaller carbon content of the entire energy system. Kunnas and Myllyntaus (2009) 

explain that the main energy consumption in Finland in the nineteenth century was for 

space heating, and for this heating, CO2-neutral wood was the almost sole resource. 

Without delving too much into the specificities of the other countries it appears 

that the Netherlands, although a late industrializer, was an early adopter of carbonaceous 

fuels, and that Sweden, Spain, Italy, Portugal, and Finland made use of traditional CO2 

neutral sources for a longer time. It also shows that in all countries, the carbon intensity of 

the energy system levelled off, or even decreased in the most recent decades. The Dutch 

drop in the 1960s because of the transition to less carbon intensive natural gas is stronger 

and bigger than that of any other country. However, whereas the Dutch emission intensity 

levelled off since the late 1970s, especially Sweden, whose energy intensity was never as 

high as the Dutch and whose decline started later, and England and Wales show a more 

continuous decline.  

 

4.4.2. Pollution intensity of the economy 

According to the EKC there is a relationship between economic performance and 

environmental degradation. It hypothesizes that pollution increases with initial economic 

development, but that this reduces after a certain level of welfare has been reached. Others, 

such as Steffen, Crutzen and McNeill (2007) or Pfister (2010), have stressed how mankind 

since industrialization, and especially after the Second World War, has been increasingly 

polluting its environment. I already examined the EKC above. Nonetheless, it remains of 

interest to investigate to what extent the pollution intensity, expressed as emissions per unit 

of economic output (GDP), changed over the last two centuries. Given that economic 

development is generally encouraged, it is relevant to examine whether it has, at least in 

relative terms, been possible to reach a higher level of income with relatively less 

detrimental effects (comparable to the changing energy capital ratios addressed in chapter 

3).  

To obtain a proper view of the CO2 intensity of an economy, all CO2 emissions 

should be taken into account (including non-energetic emissions and all carbon sink 

changes). Within the context of this study, the energetic emissions are central though, and 

the emission intensity is expressed as energetic emissions over GDP.  

The energetic CO2 intensity is closely associated with the energy intensity of the 

economy. Because of changes in the energy mix related to the quality of the carbonaceous 

resources (i.e. the CO2-intensity of the energy system, addressed above), the CO2 intensity 

per unit of output provides a slightly different pattern.  
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 Figure 4.4 showed that in absolute terms and over the long run, the emissions of 

carbon dioxide in the Netherlands kept on increasing, at least until 2004 after which a 

small decrease became apparent. In relative terms, i.e. in the (energetic) CO2 emission 

intensity of the Dutch economy (defined as CO2/GDP), an inverted U-shape can clearly be 

detected with a peak already at the verge of the First World War (see figure 4.9). 

 

Figure 4.9: CO2 intensity of various European countries (CO2/GDP), 1820-2012 

 
Source: GDP data: based on GDP/capita from the Maddison-Project and population estimates from 

Maddison (2010); CO2 see figure 4.8; data on Austria and Czechoslovakia from Gingrich et al. 

(2011)143 

 

This means that already since the 1930s, the Dutch economy has been decreasing 

its CO2-intensity. In other words, production in the Netherlands became relatively less 

polluting. It is remarkable that the first industrial revolution – in as much as it even took 

place at all in the Netherlands – can be seen in the 1860s with a rapid increase of the 

emission intensity. The relative stability in terms of emission intensity between the 1870s 

and 1960s can be interpreted as typical for the technological systems associated with the 

second industrial revolution (i.e. with coal-based electrification). The third industrial 

                                                           
143 Gingrich et al. do not present energy consumption data for these countries. These can be found in, 

for example, Kusková, Gingrich and Krausmann (2008). Unfortunately the energy consumption from 

agricultural biomass is calculated differently than the method use here (and used in the network 

around www.energyhistory.org and the book Power to the People (Kander et al., 2013)). Therefore 

these cannot be used for comparison in figure 4.8. (Agricultural biomass for the Vienna School 

includes also energy consumed for example by cows, while I only include potential muscle power to 

provide mechanical power.) 
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revolution (i.e. the ICT revolution and the rise of the service economy in the 1970s) can be 

seen as a continuously decreasing emission intensity since the 1970, while, as we have just 

seen, the energy quality (i.e. the emission intensity of the energy system) did not improve 

in this period. Henriques and Kander (2010) downplay the role of the transition to a service 

economy as they find that the share of services in GDP actually does not rise when looking 

at constant prices (see also Kander, 2005). Their decomposition results show that the 

structural change effect was very small compared with the effect of technological change. 

The reduced emission intensity therefore appears to be driven rather by technological 

shifts, leading to the decoupling between energy and GDP (see figure 3.1), than by 

structural change towards a service economy 

The relative stability of the CO2 emission intensity of the economy between the 

late nineteenth century and the 1970s can also be illustrated by looking at the growth rates 

of the emissions and the growth rate of GDP. Figure 4.13 represents the growth rates of the 

economy and the growth rate of the emissions (index 1880 = 100). It shows that after the 

first industrial revolution until the 1970s there was a very high correlation between 

economic development and CO2 emissions; the technological shift of the third industrial 

revolution resulted in a decoupling of economic growth and CO2 emissions.  

In comparison with the other European countries, the Dutch emissions have 

always been relatively high. Also here England and Wales stand out, although their 

emission intensity has been decreasing rapidly throughout the entire twentieth century. The 

Czechoslovakian emission intensity stands out as well, not least because of the 

extraordinary growth in the 1950s and 1960s. According to Gingrich et al. (2011), the 

remarkable divergence between Czechoslovakia and Austria should be seen in the light of 

the respective resource endowments after the dismantling of the Habsburg Empire; the 

(brown-) coal-rich Czechoslovakia relied largely on this CO2-intensive resource. However, 

Nielsen (2015) has shown that Czechoslovakia was also an important exporter of energy 

intensive products (mainly iron and steel).  

The Netherlands, Sweden and Austria exhibit a comparable trend in terms of CO2 

emissions per unit of GDP. In all three countries one can detect a modest inverted U-shape. 

While for most of the countries in this sample the emission intensity initially increased, a 

clear downward trend can be seen since the late 1970s/early 1980s. Interestingly, Kander et 

al. (2013, fig. 8.12) present a CO2 emission intensity of Europe (1870-2008) based on the 

countries included in the data available on www.energyhistory.org in which there is a clear 

increase until the first decade of the twentieth century. Clearly this seems to be a Western 
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European perspective, driven by early industrializer England, as countries like 

Czechoslovakia and Finland go against this trend.
144

 

 

4.4.3. Pollution intensity per citizen 

The inverted U-shape found for the carbon intensity of the energy system and for the 

emission intensity of the economy disappears when looking at the CO2 emission per capita 

in the Netherlands (figure 4.10). As it turns out, the emission of CO2 per inhabitant (with 

the exception of some setbacks during the wars and Great Depression
145

) increased until 

the early 1970s. We see very similar trends for the other countries in this sample. 

It can thus be argued that although the carbon intensity of the energy system and 

the emission intensity of the economy decreased, the energy consumption and CO2 

emission per inhabitant do not show a decrease, and this is remarkable. Welfare growth 

offset the reductions of the emission intensity of the economy. While the Netherlands and 

most of the other countries considered here have managed to produce relatively more 

output with relatively less emissions, the growing consumption per capita has resulted in 

CO2 emissions per capita that did not decrease since the 1970s.  

The emissions per capita for already industrializing England and Wales were 

markedly higher than in the other countries at the beginning of the period. As addressed 

before, England and Wales already in this period used large amounts of coal and Warde 

estimates that around 1870, about 26% of the British coal consumption was embodied in 

exports.  

Nevertheless, until the Second World War, per capita emission figures for the 

Netherlands were relatively high compared with the other countries. In 1820 the average 

Dutch citizen emitted 787 kg of CO2 per year. His/her English counterpart emitted about 

six times as much. The average Swede emitted only 16 kg of CO2 per person at this time. 

The high per capita emissions in the Netherlands are caused by the consumption of peat, 

whereas the other unindustrialized countries in the sample relied mainly on wood and other 

non-CO2 emitting traditional energy sources. Finland is the only other country in which 

peat played an important role in the energy system in the nineteenth century. The per 

capita emissions of Finland at the beginning of the nineteenth century were also 

comparable to the Dutch emission levels. However, while the Finnish emission levels 

                                                           
144 The CO2 intensity of the economy of the US peaked in 1917 (Tol et al., 2009), which also 

supports the thesis that with initial industrialization, the emission intensity increases, but that it, at 

least in relative terms, decreases as countries grow richer. 
145 The short decrease in emissions per capita between 1956 and 1960 stands out as well. In this 

anomalous period CO2 emissions decreased, but the effect on CO2/capita is strengthened further by 

the post-war baby-boom. 
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remained remarkably low until the 1950s, the Dutch per capita emissions grew steadily 

until the 1970s. Before the First World War, Austrian emissions increased up to a 

comparable level as the Dutch, but it was not until after the Second World War that 

Czechoslovakia really overtook the Netherlands as the (still after England and Wales) per 

capita most polluting country of the sample.
146

 While Czechoslovakia, Sweden and Finland 

rose to per capita emission levels comparable or even higher than the Dutch after the 

Second World War, the per capita emission levels in the Netherlands have remained 

relatively high. 

 

Figure 4.10: Per capita CO2 emissions for various European countries, 1820-2012 

 
Source: population statistics from Maddison (2010); CO2 emissions see figure 4.8 and 4.9 

 

                                                           
146 Nielsen’s (2015) early results for Czechoslovakia post-WWII show, in line with Warde’s findings 

for the UK in the nineteenth century, that the responsibility for these high emission levels should not 

only be sought after in the country of their origin, but also in the countries where the demand for 

energy intensive products emerged from. The effects of trade of energy intensive products have not 

been taken into account in this chapter as the first aim was to examine the sustainability challenges of 

the Dutch domestic energy system. It has been suggested in the literature that energy intensive 

production of Western countries has been outsourced to other countries in the late twentieth century 

(cf. Peters et al., 2011). This would mean that Dutch citizens may actually be responsible for an even 

larger share of emissions per capita than the graph suggests. However, De Graaf (2011) has found, 

that also after the 1970s, the Netherlands remained a net exporter of energy intensive goods (as a 

matter of fact, recent work by Ferrarini and De Vries (2015) suggests that more than half of the CO2 

emission increases in the Netherlands between 1995 and 2008 should be assigned to foreign rather 

than domestic consumption). 
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4.5. Drivers of emissions and the role of structural 

change 

Having discussed the emission intensities for CO2, and having compared these with several 

other European countries, it now becomes possible to determine the drivers of the 

emissions and more thoroughly engage in the debate on the role of structural and resource 

change. To this end I will use the so-called Kaya Identity decomposition. By comparing 

the Dutch decomposition outcomes for the drivers of CO2 emissions with the Dutch 

experience for SO2 (of which, as shown above, emissions were successfully reduced); and 

by comparing with the drivers of CO2 emissions for the other countries, three issues can be 

addressed. Firstly, it becomes possible to determine the drivers of the Dutch CO2 

emissions. Secondly, the Dutch experiences can be placed in an international perspective 

and we can determine in more detail than above, why and how the Dutch emissions differ 

from other countries. And thirdly, the Kaya decomposition can give some insights in how 

the emissions are likely to develop in the (near) future by looking at its drivers (some 

simulations based on the Kaya decomposition are described in the epilogue). 

As uninterrupted GDP data for the entire Netherlands are only available from 

1820 onwards, the period covered here includes 193 years. I use the Kaya Identity to 

decompose the SO2 and CO2 emissions and analyse its driving forces. The Kaya Identity  

has been used as a decomposition tool for carbon dioxide emissions before (e.g. EIA, 

2013a; IEA, 2014a). It expresses total carbon dioxide emissions from energy consumption 

as the product of carbon intensity of energy consumption (CO2/E), energy intensity of 

economic activity (E/GDP), economic output per capita (GDP/Pop), and population (Pop) 

(e.g. EIA, 2013a, p. 164):  

𝐶𝑂2 =  
𝐶𝑂2

𝐸
 ×  

𝐸

𝐺𝐷𝑃
×  

𝐺𝐷𝑃

𝑃𝑜𝑝
 × 𝑃𝑜𝑝 = 𝐶 × 𝐼 ×  𝑌𝑝  × 𝑃    (4.3) 

where C is the carbon intensity of energy consumption, I is energy intensity, Yp is 

GDP/capita, and P is population. Obviously, CO2 can also be replaced by SO2, C then 

becomes S (sulphur intensity of the energy consumed) in the calculations, figures and 

tables below. According to Ang (2004, 2005) the logarithmic mean Divisia method I 

(LMDI I) is the preferred method for index decomposition analysis; it has been applied for 

example by Gingrich et al. (2011).
147

 I apply the LMDI I methodology here. 

 Following Ang (2005, p. 867), the general index decomposition analysis (IDA) is: 

𝐶𝑂2 =  ∑ 𝐶, 𝐼, 𝑌𝑝, 𝑃        (4.4) 

                                                           
147 Henriques (2011) and Henriques and Borowiecki (2014) also make use of the LMDI I method for 

their decomposition; they use an extended version of the Kaya Identity. The related LMDI II uses a 

weighted scheme (Ang, 2005); Rubio and Bartoletto (2008) use a weighted mean Divisia index in 

their comparative study. 
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meaning that the changes in CO2 emissions are equal to the decomposition effects of the 

four drivers. In a multiplicative decomposition, the ratio can be decomposed as: 

𝐷𝑡𝑜𝑡  =  
𝐶𝑂2

𝑇

𝐶𝑂2
0 

=  𝐷𝐶𝐷𝐼𝐷𝑌𝑝
𝐷𝑃       (4.5) 

where CO2
O
 is the initial level of CO2 and CO2

T
 is the level of CO2 at time T. Let C, I, Yp, 

and P be written as x, the general formula for the effect of the k
th

 factor on the right-hand 

side of equation (4.4) then becomes: 

𝐷𝑥𝑘
= 𝑒𝑥𝑝 ((

(𝐶𝑂2
𝑇− 𝐶𝑂2

0)

(ln 𝐶𝑂2
𝑇−ln 𝐶𝑂2

0) 
)  × ln (

𝑥𝑘
𝑇

𝑥𝑘
0))     (4.6)  

Table 4.4, 4.5 and 4.6 depict the average annual growth rate of the SO2 and CO2 

emissions in percentages (column 2) and the decomposition of the drivers of the emissions. 

It can be seen that population growth constantly put more pressure on the environment 

because of its constant positive contribution to the emissions. For the other drivers, the 

picture is more diverse. Different factors play a role in driving up, or occasionally driving 

down, the emission levels; these will be discussed in more detail below. Figure 4.11 and 

4.12 present the cumulative impact of the four different drivers on an annual basis for SO2 

and CO2 respectively. As the energy intensity (I), economic development (YP) and 

population growth (P) variables are the same for both decomposition analyses clearly their 

role as explanatory variable is identical. The figures illustrate how population growth (P) 

and economic growth (YP) have almost constantly had a positive impact on emissions. In 

other words, population growth always led to higher levels of SO2 and CO2 emissions. 

Economic growth (GDP/capita) has, cumulatively, since the early 1990s for SO2 and since 

the late 1940s for CO2, contributed most to the increasing emissions. Economic downturns 

such as the wars and the Great Depression decreased the emissions. 

 

Table 4.4: Decomposition of SO2 growth rates in percentages per annum 

 SO2 S I Yp P 

1820-1863 4.10 2.78 -0.22 0.65 0.89 

1863-1913 5.41 2.74 0.43 1.02 1.22 

1913-1921 -0.96 1.60 -5.12 1.12 1.44 

1921-1939 3.79 0.54 0.64 1.27 1.35 

1939-1947 1.86 2.34 -0.46 -1.18 1.16 

1947-1973 3.88 -2.24 1.09 3.73 1.31 

1973-1982 -3.37 -2.00 -3.03 0.97 0.69 

1982-2012 -5.86 -6.50 -1.58 1.68 0.55 

1820-2012 2.09 0.08 -0.37 1.34 1.04 

(S + I + Yp + P = SO2; this may not always exactly be equal due to rounding) 
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Table 4.5: Decomposition of CO2 growth rates in percentages per annum of selected countries 
  CO2 C I Yp P 

1820-1863 Netherlands 
England & Wales 

Finland 

Italy 
Portugal 

Spain 

Sweden 

2.53 
3.00 

0.75 

- 
- 

- 

7.38 

1.22 
0.25 

1.00 

- 
- 

- 

6.74 

-0.22 
0.74 

-1.73 

- 
- 

- 

-1.12 

0.64 
0.76 

0.48 

- 
- 

- 

0.69 

0.88 
1.24 

1.00 

- 
- 

- 

1.06 

1863-1913 Netherlands 
England & Wales 

Finland 

Italy (1870-1913) 
Portugal (1865-1913) 

Spain 

Sweden 

3.60 
1.94 

1.66 

5.77 
5.31 

4.00 

5.93 

0.95 
0.06 

0.93 

4.26 
4.06 

2.32 

4.04 

0.42 
0.40 

-1.92 

-0.14 
-0.22 

0.21 

-0.65 

1.01 
1.08 

1.59 

0.96 
0.72 

0.97 

1.83 

1.21 
1.20 

1.05 

0.69 
0.75 

0.51 

0.70 

1913-1921 Netherlands 

England & Wales 

Finland 
Italy 

Portugal 

Spain 
Sweden 

-2.91 

-4.95 

-10.53 
-4.15 

-8.59 

-2.56 
-11.81 

-0.37 

-0.23 

-9.61 
-3.22 

-7.10 

-1.97 
-7.12 

-5.07 

-3.95 

-0.12 
0.19 

-2.06 

-2.17 
-5.21 

1.11 

-1.25 

-1.34 
-1.26 

0.37 

0.91 
-0.10 

1.43 

0.48 

0.55 
0.14 

0.20 

0.68 
0.63 

1921-1939 Netherlands 

England & Wales 

Finland 

Italy 

Portugal 
Spain (1921-1940) 

Sweden 

3.65 

3.02 

9.16 

3.80 

5.38 
2.36 

9.51 

0.40 

0.12 

5.84 

2.08 

3.31 
0.94 

4.27 

0.64 

0.45 

-0.99 

-1.18 

-0.93 
0.76 

1.31 

1.27 

1.94 

3.44 

2.04 

1.74 
-0.33 

3.56 

1.35 

0.51 

0.88 

0.86 

1.27 
0.98 

0.38 

1939-1947 Netherlands 

England & Wales 
Finland 

Italy 

Portugal 
Spain (1940-1947) 

Sweden 

-0.83 

-2.60 
-2.93 

-1.77 

2.35 
2.73 

-2.62 

-0.36 

-0.18 
-1.79 

-1.29 

0.08 
2.46 

-0.32 

-0.45 

-3.53 
-2.77 

0.83 

-0.83 
-1.33 

-5.03 

-1.17 

0.66 
1.07 

-1.91 

2.13 
0.79 

1.83 

1.15 

0.45 
0.56 

0.60 

0.97 
0.80 

0.90 

1947-1973 Netherlands 
England & Wales 

Finland 

Italy 
Portugal 

Spain 

Sweden 

4.98 
1.62 

10.26 

8.91 
4.62 

7.00 

4.71 

-1.18 
-0.55 

5.55 

1.79 
2.20 

1.01 

0.51 

1.09 
-0.68 

-0.47 

0.78 
-2.78 

0.04 

0.36 

3.75 
2.32 

4.41 

5.64 
4.83 

4.97 

3.13 

1.31 
0.53 

0.77 

0.70 
0.36 

0.98 

0.70 

1973-1982 Netherlands 
England & Wales 

Finland 

Italy 
Portugal 

Spain 

Sweden 

-1.13 
-2.17 

-1.69 

-1.07 
5.11 

2.61 

-3.73 

0.26 
-0.86 

-2.43 

-0.92 
1.54 

-0.04 

-2.38 

-3.06 
-2.25 

-1.79 

-3.00 
0.69 

-0.50 

-2.80 

0.98 
0.82 

2.16 

2.51 
1.81 

2.17 

1.20 

0.69 
0.11 

0.37 

0.35 
1.07 

0.97 

0.25 

1982-2012 Netherlands 

England & Wales (1982-2000) 

Finland (1982-2003) 

Italy (1982-2000) 

Portugal (1982-2006) 

Spain (1982-2002) 
Sweden (1982-1995) 

0.53 

0.58 

2.19 

1.29 

3.57 

1.45 
-1.22 

-0.14 

-0.84 

0.38 

-0.07 

0.71 

-0.39 
-2.33 

-1.64 

-1.55 

-0.70 

-0.77 

0.22 

-0.24 
-0.55 

1.73 

2.70 

2.14 

2.02 

2.33 

1.89 
1.21 

0.57 

0.27 

0.36 

0.12 

0.31 

0.19 
0.45 
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Table 4.6: Decomposition of CO2 growth rates in percentages per annum of selected countries 

(entire period) 
  CO2 C I Yp P 

1820-2012 Netherlands 
England & Wales (1800-2000) 

Finland (1820-2003) 

Italy (1870-2000) 
Portugal (1865-2006) 

Spain (1850-2002) 

Sweden (1820-1995) 

2.37 

1.50 

2.45 

3.89 

3.79 

4.13 

4.11 

0.36 

-0.08 

1.20 

1.67 

1.95 

1.82 

2.61 

-0.37 

-0.45 

-1.39 

-0.31 

-0.78 

-0.18 

-0.96 

1.34 

1.16 

1.82 

1.96 

1.97 

1.82 

1.74 

1.05 

0.87 

0.83 

0.57 

0.66 

0.67 

0.72 

 

 

Energy intensity (I) did not really have a major impact on the total levels of 

emissions. Until the mid-1960s positive and negative changes in energy intensity largely 

cancelled each other out. During the 1960s the energy intensity of the Dutch economy 

grew markedly (Gales et al., 2007; see also Gales & Smits, 2000c and chapter 3). Because 

of the cheap availability of imported oil and domestically extracted natural gas, the Dutch 

economic structure shifted to more energy intensive industries such as chemistry and 

metallurgy (cf. Verbong, Smits, Gales, & Homburg, 2000). This, in effect, intensified 

emissions. From 1974 onward, the impact of the energy intensity becomes mostly 

negative.  

The sulphur and carbon intensity of the energy system (S and C) present the most 

interesting trends. They show signs of an inverted U, meaning that initially they 

contributed to increased emissions, but eventually they reduced the emissions. The 

difference between SO2 and CO2 is noticeable nonetheless. Until the mid-1960s, the 

emissions of SO2 grew at a faster rate than the emissions of CO2 (see figure 4.13). Figures 

4.11 and 4.12 illustrate that this was mainly a result of the rapidly increasing sulphur 

content in the energy system. It can be seen that, over the entire period, cumulatively, the 

increasing sulphur content of the energy system has a positive effect on emission of SO2 

(i.e. led to higher emissions); this can be attributed to the increased share of coal and oil in 

the energy system. Interestingly, if we were to begin this cumulative analysis in, say, 1913 

we would still see a positive contribution, cumulatively until 1988 and a negative 

contribution afterwards. This goes to show the importance of a real long-term analysis. 

Even though SO2 emissions have been combatted effectively since the 1970s with the 

general uptake of cleaning technology for desulphurisation of the energy sources, 

emissions are still well above what they were in the nineteenth century.   
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Figure 4.11: Cumulative impact of the drivers of energetic SO2 emissions in the Netherlands, 

1820-2012 

 
Source: own calculation 

 

Figure 4.12: Cumulative impact of the drivers of energetic CO2 emissions in the Netherlands, 

1820-2012 

 
Source: own calculation 
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Until oil, and quickly thereafter natural gas, started to replace coal as the most 

important carrier of energy in the Dutch energy system, the increasing carbon content of 

the energy carriers had a positive impact on the emissions of CO2. Its cumulative effect 

peaked in the late 1940s. The decreasing carbon intensity of the energy carriers since 1948 

led to negative contributions to CO2 emissions (in line with the findings by Van der Helm 

et al., 2010). This negative effect, i.e. lowering of the CO2 emissions lasted only until the 

late 1970s. As commented in the discussion on the emission intensity of the Dutch energy 

system (section 4.4.1), from this moment onward, innovations into less carbon intensive or 

carbon-neutral forms of energy have been largely cancelled out by renewed interest in the 

more polluting coal. 

In comparison with the other countries (see table 4.5 and 4.6) we see that also in 

these economies population growth and economic development almost constantly drove up 

emissions. Furthermore, it is evident that for late industrializers the increasing carbon 

content of the energy mix is an important contributor to increasing emissions, especially in 

the nineteenth and early twentieth century. Once the energy mix of these countries 

becomes more or less saturated with coal they start to transition towards the higher quality 

resources oil and natural gas. This resource shift has a negative effect on emissions (i.e. 

leads to reduced emissions), much like we also saw in the Netherlands. England and Wales 

already had a very high share of coal in its resource mix by 1800 (77%). While this still 

increased into the twentieth century, the carbon intensity of the English energy system 

eventually decreased and since the 1970s it is less than it was already in 1800. The carbon 

content of the energy system in England and Wales therefore actually has led to decreasing 

emissions over the entire two centuries (table 4.6). Even though the energy intensity of the 

economy has also been decreasing since the interwar period, population growth and 

economic development also in England and Wales drove up annual CO2 emissions.  

The energy intensities of the economies show a net decrease for all countries over 

the entire period for which all data is available (in line with the findings by Gales et al. 

(2007)). However, whereas the energy intensity more or less continuously declined in 

Finland, Portugal and Sweden, it initially increased in England and Wales. Spain and Italy 

are more comparable to the Netherlands. We see that periods of increasing and decreasing 

energy intensity largely cancelled each other out for a long period. Nevertheless, in the last 

decades the technological shift to ICT has reduced the energy intensity of these economies, 

contributing to reduced emissions.
148

 

 

  

                                                           
148 Note that the energy intensity in Portugal has increased and therewith driven up emissions since 

the 1970s; it thus goes against the trend in other countries in the last decades.  
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Figure 4.13: Growth rates of GDP, SO2 emissions and CO2 emissions in the Netherlands, 1820-

2012 (1880=100) 

 
Source: SO2: unpublished time series from Statistics Netherlands; CO2: own estimations; GDP: the 

Maddison-Project 

 

I deconstructed the decomposition in table 4.4 and 4.5 for various sub-periods in 

the Dutch economic history. The periodization is based on important watersheds in Dutch 

energy and economic history. In 1863 the excises on peat and coal were abandoned (Van 

Zanden & Van Riel, 2004) and coal consumption instantly surpassed peat in terms of 

energy consumed in 1864; the wars had obvious impacts on both energy consumption and 

economic development; 1973 was the year of the first OPEC oil shock and in 1982 the 

recession following the second energy crisis reached its lowest point.  

During the first half of the nineteenth century, the Netherlands gradually started to 

modernize. Coal became increasingly important in the Dutch energy system, and by 1864 

it replaced peat as the main source of (thermal) energy. Although the decreasing energy 

intensity of the Dutch economy (I) had a negative impact on SO2 and CO2 emissions in this 

period, the switch to more peat and coal in the total energy system (i.e. increasing sulphur 

and carbon intensity, S and C) led to increasing SO2 and CO2 emissions. In 1820 less than 

30% of all energy consumed in the Netherlands came from peat or coal, in 1840 this was 

already 40%, and in 1863 CO2 emitting energy sources accounted for almost 50% of all 

energy consumed. The emissions of sulphur dioxide rose even quicker as Dutch peat is 

nutrient poor and the share of coal rose substantially in this period (see also figure 1.1).  

In the second half of the nineteenth century, the Dutch SO2 and CO2 emission 

levels grew rapidly (by 5.41% and 3.60% per year respectively). The Kaya decomposition 

shows that all four elements contributed positively to these increasing emissions. The 
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Netherlands had been lagging behind early industrializers, but started to develop quickly 

towards the end of the century (cf. Van Zanden & Van Riel, 2004). Together with the 

emergence of industrialization, the (slow) spread of steam engines (cf. Lintsen, 1995), the 

emergence of motorized transportation (Filarski & Mom, 2008) and the spread of 

manufactured gas and, at the turn of the century, electricity (cf. Verbong, 2000), the energy 

intensity of the Dutch economy went up. Meanwhile carbonaceous and sulphurous 

resources continued to replace traditional sources of energy. The share of traditional 

resources in the energy system decreased rapidly in favour of coal. On the eve of the First 

World War coal accounted for almost 80% of the total Dutch energy consumption.  

The World Wars are of course uncharacteristic periods in Dutch history in terms 

of energy consumption and emissions. During the First World War, the emissions 

decreased drastically. Carbon dioxide emissions, for instance, dropped from 31.5 Mton in 

1913 to 17.1 Mton in 1918. Although the Netherlands remained neutral during this war, 

energy supply became a problem because of the Dutch dependence on trade (see also 

chapter 2). Also during the Second World War emissions decreased rapidly. By 1945 the 

annual emissions of energetic SO2 were just over a quarter of their pre-war level and CO2 

was only just over one-third of its pre-war level. The main contributor to these lower 

emissions was the economic downturn associated with the war. In the first two years after 

the war, the Dutch economy recovered quickly, but GDP/c did not reach its pre-war level 

yet, hence the negative contribution to emissions over the 1939-1947 period. Just as during 

the First World War, shortage of carbonaceous resources also led to a decreasing energy 

intensity of the economy and a decreasing carbon content of the energy system. The 

emissions of SO2 declined during the war, but grew much more rapidly in the first two 

years after the war, leading to an overall increase of emissions over the period 1939-1947. 

The explanation can be found in the consumption of oil; even though oil consumption 

almost completely disappeared during the war, it was back at 15.0% in 1946 and up to 

16,7% in the next year. 

The interwar years were a dynamic period. New industries, such as the electrical 

industry, emerged and increasing trade restrictions led to a ‘wave of industrialization’; 

productivity increased (especially in the 1930s) (De Jong, 1999). Nonetheless, the Dutch 

economy was also hit by the Great Depression which resulted in a temporal emission 

reduction. Nevertheless, over the entire interwar period SO2 and CO2 emissions increased. 

Population growth and economic growth contributed most to the increasing emissions. 

Increasing energy intensity of the economic activities, and an increasing sulphur and 

carbon intensity of the energy system also had a positive effect, but their impact was 

smaller.  

After the Second World War, the Netherlands, as did the rest of the developed 

world, recovered quickly and entered a period of unprecedented economic growth. I 

demarcate the end of this rapid growth period here in 1973. In that year the CO2 emissions 
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peaked a first time, and the rapid growth rates of the 1950s and 1960s were interrupted 

(figure 4.13). It is also the year of the OPEC oil embargo and the first worldwide oil crisis 

(see chapter 2). Nonetheless, as will become apparent below, I do not believe the oil crisis 

to be the sole reason for this peak and subsequent reduction after 1973. 

 Pfister has characterized the period up to the 1970s with the ‘1950s syndrome’ 

(1995, 2010). In these years, which stretched further than the fifties alone, cheap oil 

flooded the Western world. The upside of this sudden availability of cheap energy was an 

unprecedented economic development. The low price of oil, so Pfister argues, on the other 

hand also led to wasteful consumption and a boom in emissions and other forms of 

pollution. The rate of CO2 emission growth in the Netherlands of 4.98% per year was 

indeed high – as table 4.5 shows, internationally it was high but not exceptional (see also 

Henriques & Borowiecki, 2014). The growth rates of emissions were therewith markedly 

bigger than the 2.37% growth the Netherlands had seen since 1820, supporting also the 

thesis of Steffen et al. (2007), who argue that anthropogenic disturbances to the natural 

ecology started with industrialization, but accelerated after the Second World War.
149

 

Enhanced by the post-war baby-boom, population growth had a strong effect. However, 

not surprisingly, economic prosperity was the main driver of the emissions in this period. 

The positive impact of energy intensity of the economy on the SO2 and CO2 emissions in 

this period is also not surprising. Large amounts of imported oil flooded Western Europe. 

Besides that, the Netherlands started to extract oil domestically.
150

 With the discovery of 

the Slochteren natural gas field in 1959 and its subsequent swift extraction, hydrocarbons 

seemed to be available in unlimited amounts.
151

 As a result, energy was cheap and the 

Netherlands started to attract energy intensive industries. This structural change effect (I) 

does indeed show up in the Kaya decomposition. 

 Despite the substantial overall increase of CO2 emissions during the 1950s and 

1960s, the carbon content of the energy system had an important negative impact on the 

emissions. While the share of coal in the Dutch energy system had its post-war peak in 

1950 with 68% of all energy consumption, it was substituted rapidly by oil and natural gas. 

By 1973 coal almost reached its lowest post-war share at just over 4%. Oil grew from a 

share of 20% in 1950 to over 60% in 1966, and subsequently lost ground again to natural 

gas. During the sixties the share of natural gas grew from less than 1.5% in 1960 to just 

under 50% of all energy consumed in 1973. This transition from coal, via oil, to natural 

gas meant that the carbon intensity of the energy system decreased rapidly (see also figure 

4.7). As a result it put a substantial, but ineffective brake on the soaring CO2 emissions. 

                                                           
149 For Sweden, Portugal and England and Wales the annual growth rate of the emissions of CO2 was 

actually higher during the interwar period than between 1946 and 1973. 
150 The impact of the domestic production of oil was not nearly as large as that of the natural gas, see 

also table 2.4. 
151 As discussed in chapter 2, the promises of nuclear energy in the 1960s led the Dutch government 

to initially aim at extracting and exhausting the Slochteren gas field within the course of one 

generation. 
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 Overall, covering the period 1947-1973 SO2 emissions grew at a modest rate, 

however, as illustrated by figure 4.13, the growth rate of the emissions increased in the 

1950s and the emissions subsequently peaked in 1965. It is therefore interesting to break 

this period for SO2 emissions in 1965. Between 1947 and 1965, SO2 emissions grew at a 

rate of 8.1% per year. This is a tremendous growth rate and provides support for Pfister’s 

(1995, 2010) 1950s Syndrome and Steffen et al.’s (2007, 2011) Great Acceleration. 

However, between 1965 and 1973, the emissions show an equally impressive reduction of 

5.0% per year. A decomposition of this last eight-year period shows positive contributions 

from population growth, economic development and energy intensity, however these are 

all offset by a major reduction of the sulphur content of the energy system. This reduction 

of the sulphur content should be assigned to the introduction of natural gas in this period, 

but also to efforts to reduce the sulphur content of the coal and oil used in combustion 

through desulphurisation. The 1950s and 1960s might thus have led to an acceleration of 

emissions, but this did not last. For SO2 a reduction of emissions already occurred in the 

mid-1960s. The emission growth rate of CO2 also decelerated after these years of 

exceptional economic development, and exceptional high emission growth. Note, however, 

that my claims are based only on the Netherlands and a few other industrialized countries, 

whereas Steffen et al. speak of the Anthropocene as a global epoch. 

During the 1970s, energy consumption and therewith emissions ceased to rise at 

the rapid pace they had exhibited during the previous two decades. With the exception of 

Portugal, all countries show decreased energy intensity. This has often been associated 

with the oil crises of the 1970s. The sudden shortage of oil showed that fossil resource 

supplies were not unlimited and Western countries started to save energy and explore 

alternative energy sources. Kander et al. (2013) contest this view, and point at the third 

industrial revolution as the cause of the decoupling between energy consumption and 

economic growth. The third industrial revolution, characterized by the ICT Revolution, 

meant that economic development became less energy intensive. The decomposition 

analysis supports this view. 

 Over the course of the 1970s Dutch CO2 emissions were volatile, but between the 

peak in 1973 and 1982 (when the economic recession following the second oil shock 

reached its lowest point), on average, the emissions decreased by 1.1% per year. Economic 

growth and population growth had a positive effect on emissions in all countries in this 

sample. The effects of the energy intensity of the economy and the carbon content of the 

energy system are most interesting. We see, first of all, that the energy intensity of the 

economy had a large negative effect on the emissions. The energy intensity indeed 

decreased in most countries during the 1970s. This could be seen as a reaction to the oil 

shock in the direction of energy preserving activities. However, it is also an indication of 

the structural change towards less energy intensive industries, enhanced by the third 

industrial revolution and the rise of information and communication technology. 
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 The effect of the carbon intensity in the Netherlands shows this point more 

convincingly. As a reaction to threatening oil shortages, one would expect explorations in 

the direction of alternative (domestically available) energy sources such as bio-based 

carbons or carbon-free wind, water, and solar power. These would have resulted in a 

reduction of the carbon content of the energy system, and would therewith lead to a 

negative effect on CO2 emissions.
152

 However, we actually see a small positive effect. As a 

reaction to the oil shocks, the Netherlands fell back on the consumption of the more 

polluting coal. The share of coal increased from 4% to 6% between 1973 and 1982. This 

reaction in the form of diversification is understandable given the importance of energy 

security, see chapter 2. Nevertheless, diversification in the direction of non-CO2 emitting 

energy sources has been slow (see also figure 4.7) and the Netherlands – together with 

Portugal which also goes against the trend in energy intensity – is the only country that did 

not reduce the carbon intensity of its energy system in this period.  

Since the recovery in the early 1980s – despite the impact of the most recent 

economic crisis – economic development contributed positively to the increasing 

emissions. The falling energy intensity since the 1970s continued to suppress the 

emissions. The effect of the carbon content is overall small, but, except for Finland and 

Portugal, in all countries negative. Although the share of carbon intensive coal in the 

Netherlands grew to more than 12%, especially oil became less important in favour partly 

of natural gas, but also of non-fossil modern energy sources. The decomposition shows 

that the effect in terms of lowering of the overall energetic CO2 emissions of the 

Netherlands is very small, and it cannot counterbalance the growth from economic and 

population growth. Real carbon reducing innovations have been slow and counterbalanced 

by the renewed interest in coal since the 1970s. Sweden is the only country in this sample 

that actually reduced its energetic CO2 emissions since 1982.  

 

4.6. Discussion 

In this chapter I have shown that both the emissions of SO2 and CO2 in the Netherlands 

increased with emerging industrialization and the interrelated transition to coal and other 

modern fossil energy sources. However, while SO2 emissions peaked in 1965 (at a GDP 

per capita of just under 10,000 int. 1990 GK-$) and declined rapidly afterwards, such a 

reduction cannot readily be detected in the CO2 time series. Given carbon dioxide’s effects 

on the global climate, two questions present themselves in the discussion on global 

                                                           
152 Another option is increased alternative domestic carbonaceous fossil fuels exploitation. This 

would not reduce emissions, but also did not emerge (see also chapter 2). Domestic coal mining 

never returned as it is not cost-effective; domestic extraction of shale-gas reaches public debate from 

time to time, but so far extraction has not been initiated. 
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warming: ‘Can CO2 emissions be reduced in the near future?’ and ‘Is there an EKC 

pattern, comparable to the one for SO2, also for CO2?’ 

The Dutch CO2 emissions grew at a steady rate over the course of the nineteenth 

century and during the first seventy years of the twentieth century. After the 1970s, annual 

emissions continued to increase, but at a markedly slower pace, only to peak in 2004. The 

Kaya decomposition has shown how population growth and economic development 

(except during the wars) had a constant upward effect on both SO2 and CO2 emissions. In 

other words, population and economic growth led to increasing sulphur dioxide and carbon 

dioxide levels. Changes in energy intensity, i.e. energy consumption per unit of domestic 

production (E/GDP), and the sulphur and carbon intensity of the energy system, i.e. 

emissions per unit of energy consumption (SO2/E and CO2/E) had a more diverse effect on 

the level of the emissions.  

In the economic and environmental history literature, many authors have 

contributed to the discussion on the existence of an Environmental Kuznets Curve (EKC). 

The Environmental Kuznets Curve Hypothesis holds that pollution initially increases with 

increasing economic development, but that this trend eventually reverses with per capita 

income levels passing a certain threshold (D. I. Stern, 2004). The usefulness, and even the 

very existence, of the Environmental Kuznets Curve has been heavily questioned, basically 

since its emergence in the 1990s (e.g. Barbier & Markandya, 2013; S. Dasgupta, Laplante, 

Wang, & Wheeler, 2002; Stern, Common, & Barbier, 1996; D. I. Stern, 2004). Especially 

for CO2 the evidence in favour of the EKC has been weak. I agree also with Stern et al. 

(1996), and other authors, that caution is at place when linking the possible finding of an 

EKC with the goals of sustainable development. We can, for example, not wait until the 

entire world reaches a per capita GDP of 22,700 int. 1990 GK-$ before reducing 

worldwide emissions.
153

 And we can also not expect CO2 levels to only decrease with 

growing per capita GDP (especially not given the current crisis which postpones CO2 

emission decreases if we follow the EKC). 

Nonetheless, it is interesting to examine whether the proposed relationship holds 

for the case of the Netherlands, and whether CO2 emissions are likely to continue the 

downward slope they entered after the 2004 peak (on the assumption that economic growth 

will continue). My new data for energetic CO2 emissions show mixed signs of an EKC, 

and thus need to be interpreted with caution. 

As shown by the decomposition analysis (see also figure 4.11 and 4.12), the 

transition to lower energy intensity has had a negative effect on the total energetic CO2 

emissions since the 1970s. This means that the third industrial revolution relatively 

reduced the emissions in the Netherlands. The ICT-revolution has reduced the energy 

                                                           
153 The level of per capita GDP in the Netherlands when total energetic CO2 emissions peaked; by 

comparison, the world per capita GDP in 2010 was less than 8,000$ (the Maddison-Project).  
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intensity of the Dutch economy, which in turn reduced the emission intensity of the 

economy. Nevertheless, in order to really reduce the CO2 emissions this structural change 

will not be enough as a minimum amount of energy will always be required; see also 

chapter 3 and the epilogue, in which I analyse a number of possible future scenarios.  

To really reduce the CO2 emissions it will be necessary to continue the 

decarbonisation of the energy system. Here an important difference between SO2 and CO2 

becomes crucial, because, while CO2 is the essential outcome of combustion, SO2 is 

merely a by-product that can be filtered out. Clearing the energy system from carbon 

therefore requires more than end-of-pipe solutions. The aforementioned observation by 

Dinkelman (1995) (see footnote 119) – that abatement measures at the government level 

are only taken once solutions become available – is crucial.  Filtering sulphur from coal 

and oil can reduce the emissions of SO2 and the combustion of natural gas virtually 

produces no SO2. Proponents of the idea of a gradual decarbonisation of the energy system 

(such as Ausubel, 2003) hold that hydrogen can be the carbon-free fuel of the future. 

However, as hydrogen cannot be found in nature this needs to be produced. Therefore, 

even in case of a transition to an energy system still based on combustion through 

hydrogen, radically different energy production technologies will be required to produce 

the hydrogen.
154

 This means that, while the reduction of SO2 has been possible with 

incremental innovations, a complete decarbonisation will require much more radical 

changes.
155

   

 As discussed in section 4.4.1 the decarbonisation of the Dutch energy system 

came to a halt after the 1970s. Compared with the other countries the decarbonisation in 

the Netherlands since the 1960s has been impressive, however, the fact that the process did 

not develop further is worrying as seen from the policy goals set. Even though the 

Netherlands officially reached its greenhouse gas reduction obligations set in the Kyoto-

protocol, these came to a large extent from other greenhouse gases than CO2 and were 

supplemented by the purchase of emission rights (CBS, PBL, & Wageningen UR, 2015b; 

PBL, 2013). The introduction of modern renewable energy sources in the Netherlands has 

                                                           
154 The Dutch newspaper Algemeen Handelsblad reported already in 1848 about a discussion in 

which the possible exhaustion of fuels due to increasing consumption was raised. The famous 

chemist Davy had remarked that a fear of scarcity was not necessary, because water could be used as 

fuel in the form of hydrogen; developments in this direction were already being undertaken 

(“Binnenland,” 1848). It is noteworthy that the economist Jevons (1866) already mentioned the main 

problem of hydrogen, which is still problematic nowadays: in order to produce hydrogen from water 

a lot of energy is needed. 
155 An incremental change in the energy system that allows for the continued production of energy 

through combustion could be the further introduction of bio-based fuels, however it must be highly 

doubted whether it would ever be possible to obtain enough food and energy from plants for a 

growing world population (cf. Bindraban, Bulte, & Comijn, 2009; Faaij et al., 1997).  
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been minor (see for example Rose and Boot (2014)), and the improvements that have been 

made, have largely been offset by the renewed usage of coal.
156

 

Reduction of emissions is not only a purely technological effort. As mentioned 

before in Panayotou’s (1993) description of the mechanism behind the EKC, social drivers 

play an important role. This effect cannot be discerned from the quantitative analysis in 

this chapter. In a comparison of knowledge and policy development concerning SO2 and 

CO2, Veraart (2014) has shown that a number of steps need to be taken from knowledge 

about the harmful effects to actual reductions of emissions. He makes clear that this 

process started earlier and went more quickly for SO2. Nevertheless, policies for the 

reduction of CO2 are being discussed at this moment. Actual reductions, enforced by public 

policy, are thus to be expected in the (near) future, especially after a court case to enforce 

the Dutch State to take the necessary steps to reduce the country’s emission was recently 

won by Urgenda Foundation. How long this process to reduce CO2 emissions will take and 

how big the effects will be obviously remains to be seen (more on this chapter 7).  

 

4.7. Conclusion   

In this chapter I estimated new annual time series for CO2 emissions from energy 

consumption in the Netherlands between 1800 and 2012 (see appendix A.VIII) and 

compared these with unpublished time series of SO2 emissions ‘from stationary and mobile 

sources’ from Statistics Netherlands. I included the CO2 emissions from combustion of 

carbonaceous fuels, but also estimated the amount of CO2 emitted because of land use 

change for peat extraction. Over the entire 213 year period a total of roughly 32.7 * 10
9
 kg 

SO2 and just over 10.6 * 10
12

 kg of CO2 has been emitted from energetic consumption 

(including 0.97 * 10
9
 kg CO2 from peat land oxidation). 

Because of the large share of peat in the Dutch energy system in the nineteenth 

century, the Dutch CO2 emissions in the nineteenth century were relatively high compared 

with other late industrializing European nations. Overall, they also stayed fairly high over 

the two centuries. My new data for energetic CO2 emissions do show signs of an EKC, but 

need to be interpreted with caution since the emissions peaked only very recently and the 

more formal test of the EKC did not confirm the trend seen in figure 4.5. As hinted at in 

section 4.6, and as will be discussed more thoroughly in the epilogue to this dissertation, 

governmental decisions concerning the support for CO2 neutral energy sources, possible 

banns on coal-fired power plants, and/or a possible future allowance to extract shale-gas 

                                                           
156 The 2014 Sustainability Monitor is also critical about the long-term consequences of the current 

policies for they seem to be only directed at reaching short-term emission reduction goals (CPB, 

PBL, & SCP, 2014). 
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will help to determine the future CO2 emission patterns. For the time being, these are hard 

to anticipate.   

With the use of a Kaya decomposition the drivers of the Dutch SO2 and CO2 

emissions were determined. The decomposition showed that population growth and 

economic development had a constant positive impact on emissions and thus led to 

increasing emissions. Given the positive contributions of economic and population growth, 

which are both impossible to reduce under the premises of socially acceptable sustainable 

development, an actual reduction of emissions will have to come from reduced energy 

intensity of the economic system and reduced sulphur and carbon intensity of the energy 

system. In the former the Netherlands has, enhanced by the third industrial revolution, 

made some substantial progress since the mid-1970s. However, this progress cannot go on 

ceaselessly as a certain amount of energy will always be needed to power machines (see 

also chapter 3). Therefore reduction of the sulphur and carbon content of the energy system 

is needed. 

 The reduction of the sulphur content of the Dutch energy system has proven 

possible because of the adoption of sulphur free natural gas, but also filtering technologies 

have helped to desulphurise coal and oil and therewith to reduce the emissions. Reducing 

the sulphur content, compared with reducing the carbon content, is relatively easy as it 

only requires incremental innovation. The carbon content of the Dutch energy system has 

also been substantially reduced with the transition from coal to natural gas during the 

1960s. Further reduction of the CO2 emission intensity of the energy system did not occur. 

Innovation and investment towards CO2-neutral sources of energy will be needed to 

continue the reduction of the carbon content.  

  

 

 

 

 

 



 

 

 

 

5. Mining damage expenditures: The case of South 

Limburg (1918-1965)
157

 
 

5.1. Introduction 

In the previous chapters, three major long-term themes related to sustainability challenges 

for the Dutch energy system have been addressed. The studies on the vulnerability of the 

energy system to supply shocks, the efficiency improvements as evidenced by the energy-

capital ratio and the emissions of SO2 and CO2, all covered the energy system in its totality 

and covered more than two centuries. In this chapter I will zoom in on one more specific 

sustainability challenge in relation to domestic extraction of energetic resources: damage 

from subsidence due to mining. I focus specifically on the case of infrastructural damage 

due to subsidence resulting from the coal mining by the Dutch State Mines in the South of 

Limburg. The main question addressed in this chapter is: Which factors can explain the 

size of the mining damage expenditures? I use statistical tests to examine the role of above 

and below ground changes.   

This chapter presents a case study of mines that closed during the late 1960s/early 

1970s, nevertheless, it does not stand alone and it is still a historical case “driven by a 

diagnosis of the type of challenges that we currently face” (Fouquet & Pearson, 2012, p. 

3). The extraction of the natural gas in Groningen, recently caused turmoil because of the 

earthquakes that resulted from the extraction. And the challenges because of soil 

movements in Limburg did not end after the closure of the mines (De Vent & Roest, 

2013).
158

 The extraction of the water for the purpose of mining contributed to the 

contraction of the soil. After the mining activities in the hydrologically connected German 

coal mines were also abandoned in the 1990s, the pumping in the Dutch mines stopped. 

This resulted more recently in rising surface levels (Caro Cuence, Hooper, & Hanssen, 

                                                           
157 This chapter is based on joint work with Ben Gales and Jan Jacobs. 
158 On subsidence after extraction on other coal mining areas see for example Blachowski, Milczarek 

and Grzempowski (Blachowski, Milczarek, & Grzempowski, 2015) on the Polish mining area of 

Walbrzych; unfortunately these authors only examined the movements of the soil and do not address 

the (financial) damage caused by the subsidence. 
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2013).
159

 This illustrates that the challenges associated with subsidence resulting from 

fossil resource extraction are still relevant.
160

  

I start this chapter by discussing the historical context of subsidence and mining 

damage and zoom in on the case of the coal mining damage in the South of Limburg that 

occurred during the extraction. In order to answer the main question of this chapter, 

namely what explains the size of the damage expenditures, I employ econometric analysis. 

Section 5.2 introduces the data used in the tests. Subsequently the methodology of time 

series modelling with breaks will be described (section 5.3). The results are shown and 

discussed in section 5.4; section 5.5 concludes. 

 

5.1.1. Subsidence and damage 

Mining is extraction of resources. Extraction is creating holes. In the long run and 

worldwide, mining shifted increasingly to open-cast mining, but classical mining of coal 

involved removing seams while leaving the roof, the strata above, in place. Long before 

1800, craters signalled old activity and usually the surface of mining areas was pock 

marked. In two mining districts near Aachen, immediately adjacent to the Dutch border, 

about 1,000 shafts each were dug (Holhorst, 2010; Stegemann, 1938). In the Wurm district 

there were a total of 884 shafts, 835 of which located in Germany, leaving 49 on the Dutch 

side of the border (Holhorst, 2010). Locals were, and to some extent still are, forced to 

invest in safety, padding shafts which previous generations had not filled properly (Clère, 

1814; Holhorst, 2010; Stegemann, 1938). These (old) mines could be very dangerous to 

the inhabitants of the mining regions; more people seemed to die falling into the shafts 

than working underground (Hendricks, 1921).
161

  Surprise subsidence because of cave-ins 

of old, often forgotten, mines attracted most public attention. In 1891, for example, the 

passengers travelling from Maastricht to Aachen suddenly had to walk besides the 

locomotive, because a forgotten Roman chalk mine had collapsed below the tracks.
162

 

Surprises still happen, as in the case of the sudden collapse of the parking garage of a 

shopping mall in Heerlen in December 2011. However, aboveground damages because of 

soil movements caused by mining activities are not always the result of sudden collapses. 

                                                           
159 In the German Ruhr Valley the pumping will have to continue indefinitely to prevent flooding due 

to the fact that at some places the soil sunk up to 30 meters. In Germany one therefore speaks of 

Ewigkeitskosten (i.e. costs for eternity) resulting from (coal) mining (cf. Deutsche Wirtschafts 

Nachrichten, 2013). 
160 See also: https://www.sodm.nl/onderwerpen/aardbevingen-groningse-gasveld and 

https://www.sodm.nl/onderwerpen/nazorg-kolenwinning (both last accessed 25 January 2016). 
161 On England see also Richardson (1848). 
162 See for example the report on the monthly meeting of the Natuurhistorisch Genootschap in 

Limburg that discussed the issue in 1937 (“Verslag van de maandelijksche vergadering op woensdag 

1 dec. 1937,” 1937). 

https://www.sodm.nl/onderwerpen/aardbevingen-groningse-gasveld
https://www.sodm.nl/onderwerpen/nazorg-kolenwinning
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They may also be, and actually usually were, caused by more gradual soil movements; in 

this chapter I focus on annual costs due to infrastructural damage resulting from this 

‘expected’ movement of the soil.
163

 

The extraction of coal in Limburg was abandoned in the late 1960s, after the 

closure was announced in the 1965 Nota inzake de Mijnindustrie (Den Uyl & Bakker, 

1965).
164

 Nevertheless, the topic of mining damage recently received renewed attention in 

the Netherlands. Firstly because of the aforementioned collapse in Heerlen in 2011, which 

was caused by soil movements in a more than 50 year old mine gallery (Hordijk, 2012). 

Secondly, mining damage received renewed attention in the context of natural gas 

extraction in the province of Groningen; where a series of earthquakes in February 2013 

fuelled new public debate.
165

  

The extraction of coal creates empty spaces under the surface and will, in the case 

of Limburg, result in an almost immediate reaction on the surface through compaction 

(depending on the size and depth within weeks or even days) (Grond, 1947). After 

extraction, the former coal seems were almost immediately abandoned. This led to very 

direct reactions by the surrounding soil – the Dutch case was rather unique because of its 

unstable (sandy) soil (Grond, 1947). Later sudden collapses may result from galleries that 

suddenly cave in after many years, but can also be caused by changes in the groundwater 

level (De Vent & Roest, 2013; Gray, 1990). In the long run, the surface may actually rise 

again due to changes in the groundwater level.  

Extracting subterranean resources thus affects the surface, which can change 

because of the subsidence. This subsidence, resulting from the extractive activities could 

cause damage to the infrastructure above the ground. This was known very early on. The 

first complaint archived in the Netherlands dates from 1834; although in this case no 

compensation was paid (Rademakers, 1985). Grond (1947) observed in his inaugural 

lecture as professor by special appointment at the Delft Institute of Technology, that the 

first publications theorizing on soil movements and damage resulting from mining were 

published in the 1850s on Liege and England. However, Gray’s summation of the 

contradictory opinions concerning mining damage in existence by 1885 – as expressed by 

the French mine director Fayol – is illustrative of the primitive state of the existing 

                                                           
163 Notice that the soil movements were not only vertical but also horizontal. Grond (1947, 1955) 

noted that in various languages people usually spoke of ‘sinking’ (in Dutch verzakking, French les 

affaisements du sol, German Bodensenkungen, English subsidence). Knowledge about horizontal 

movements, at least in England, goes back to the 1870s. However the old nomenclature remained in 

use. In English one therefore spoke of ‘vertical and lateral subsidence’. In this chapter I also adopt 

the term subsidence; it refers to vertical and horizontal soil movements.  
164 As remarked already in chapter 2, the last State Mine to close was Emma in 1973, the Oranje-

Nassau Mine was the last private mine which closed in 1974 (Gales et al., 2000). 
165 See KNMI (2013b); since the first earthquake was recorded in the north of the Netherlands in 

1986, over 1000 (often minor) shocks have been recorded there, see KNMI (2013a).    
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scientific knowledge.
166

 Gray claims that Lehmann’s Bewegungsvorgange bei der Bildung 

von Pingen und Trogen (1919) provided the first “trough theory of subsidence which has 

been in general use since” (1990, p. 402). 

Mining damage was a recurrent topic in the annual reports by the head of the 

‘State Supervision of Mines’ (in Dutch ‘Staatstoezicht op de Mijnen’).
167

 The damage 

caused at the surface needed to be compensated for by the mining companies and it was 

therefore a cost they needed to account for; it is a negative externality from the energy 

system. The very comprehensive European Commission publication on externalities of 

energy use addresses the issue of mining damage trough subsidence for coal extraction; it 

does not consider this externality for other fossils. The report only speaks about the 

German case and even though it hints at the importance of above-ground factors such as 

the distribution of buildings, it does not address the height or drivers of the damage costs 

(European Commission, 1995). In a recently developed sustainability assessment method 

for coal mines, the costs of mining damage repairs are explicitly included (Burchart-Korol, 

Krawczyk, Czaplicka-Kolarz, Turek, & Borkowski, 2014); even though Burchart-Korol 

and colleagues do not specify how to quantify these costs.
168

 Likewise, Mulder (2014) has 

called, in his inaugural lecture as professor of regulation of energy markets, for the 

incorporation of mining damage costs in cost-benefits analysis of the natural gas extraction 

in the Netherlands. Nevertheless, long-term analyses of the factors influencing the costs of 

subsistence damage are virtually non-existent. In this chapter both below and above 

                                                           
166 Although it must be acknowledged that soil conditions above the mines varied and that 

subsidence was therefore indeed different. The contradictory claims on soil movements and mining 

damage as listed by Fayol were (Gray, 1990):  

1. (a) Subsidence movements reach the surface irrespective of the depth of mining. 

(b) Subsidence movements do not reach the surface when the workings exceed a certain 

depth. 

2. (a) Subsidence extends to the surface without diminution. 

(b) Subsidence decreases upward. 

3. (a) Subsidence takes place vertically above the cavity. 

(b) Subsidence takes place in an area perpendicular to the bedding of the mined-out seam. 

(c) Neither (a) nor (b) is valid; subsidence takes place limited by lines drawn at an angle of 

45 degrees to the horizon, by the angle of repose of the ground, or by some other similar 

angle. 

4. (a) Packing [filling] prevents surface subsidence. 

(b) Packing only reduces surface subsidence. 

(c) Subsidence is greater with stowing than without it. 
167 Jaarverslag van den Inspecteur-Generaal der mijnen over het jaar … (different volumes); the 

title varied somewhat over the years, before 1939 these were called Jaarverslag van den 

Hoofdingenieur der mijnen over het jaar…. 
168 Interestingly, modern cost-benefit analyses regarding coal mining (with the exception of the 

Polish works by Burchart-Korol and colleagues) usually do not address the infrastructural damage 

costs from coal mining. Gillespie and Kragt (2012), for instance, do address possible damage to 

Aboriginal cave paintings in New South Wales because of subsidence, but they do not touch upon 

possible damage to modern infrastructure. For the case of open-cast mining, which is becoming more 

common, subsidence does not play a role as the entire surface is removed.    
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ground causes are examined in order to provide a better insight in the determinants of the 

size of the damage costs resulting from subterranean extraction.  

 

5.1.2. Mining damage in Limburg 

I zoom in on the case of coal mining in the south of Limburg, in the utmost south-eastern 

corner of the Netherlands. Small scale extraction of coal in the border region with 

Germany is said to date from the early twelfth century (Gales, 2004). Nevertheless, large 

scale extraction only emerged in the twentieth century. This makes the Netherlands late 

compared with neighbouring countries such as England, Belgium and Germany (see also 

chapter 2). The emergence and growth of the coal mining industry in South Limburg had 

great implications for the area. The surface rapidly became more populous and valuable. 

Limburg changed from a relatively poor and sparsely populated area into a densely 

populated region with growing infrastructure and increasing economic activities. 

 When large-scale extraction of coal emerged in the region, a few privately owned 

mining companies were set up, and the Dutch state established the State Mines which 

developed various mines. The mining industry in Limburg quickly grew to become one of 

the most efficient in Europe (see also chapter 2). In 1959 Frische, head of public affairs of 

the State Mines, counted twelve working mine pits, of which eight were privately owned 

and four belonged to the State Mines (Frische, 1959). A fifth State Mine (the Beatrix mine 

near Vlodrop), which was under development at the time, never came in production 

because coal mining in the Netherlands was abandoned largely during the 1960s after it 

was no longer cost-effective because of the rise of (cheaper) oil and especially the 

domestic natural gas (see section 2.4).  

The first scientific publications on the processes of soil movement resulting from 

mining on the specific case of South Limburg were published only in 1922 (Grond, 1947). 

Nevertheless, the Dutch parliament already discussed the issue of mining damage in 

1903.
169

 And the problem of mining damage was a recurrent topic in the annual reports of 

the Chief Engineer of State Supervision of the Mines already earlier (e.g. Blankevoort, 

1921). It was known, largely from experience and empirical observation that extraction of 

coal would lead to vertical sinking, as well as horizontal movement. The vertical sinking 

was least problematic, but the horizontal movements could lead to cracks and damages in 

the infrastructure. Therefore relatively large parts of the coal were left in place in order to 

support the strata above and to minimize the soil movement and thus the financial damage. 

Over time, the amounts left intact were reduced in furtherance of obtaining more of the 

                                                           
169 Handelingen Tweede Kamer 1903-1904, 14de vergadering 22 October 1903 (available online: 

http://resolver3.kb.nl/resolve?urn=sgd%3Ampeg21%3A19031904%3A0000208, last accessed 29 

December 2015). 

http://resolver3.kb.nl/resolve?urn=sgd%3Ampeg21%3A19031904%3A0000208
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coal reserves and different methods were introduced, either to support the caves through 

filling with rocks or to control the subsidence.  

The Dutch mines were among the first to introduce controlled subsidence and in 

1933 about 65% of all Dutch coal was produced using caving in technology (i.e. controlled 

subsidence) (Gales et al., 2000). This meant that no lasting supports were left intact and 

that the collapse would be almost instantaneous (once the temporal supports were 

removed). Controlled caving led to the idea of ‘harmonic extraction’. This was based on 

the idea that subsidence at different places could counterbalance at least the horizontal 

movements and therewith reduce the damage (Grond, 1947). Frische (1959) writes that 

filling was only applied in cases where damage through subsidence had to be minimized. 

Filling was costly and was therefore not the standard procedure. It could nonetheless, 

according to Frische, reduce subsidence by half. Although both technologies might have 

helped to mitigate the worst impacts of subsidence, neither could totally avoid damage 

being caused at the surface. 

Although the question of responsibility for the damage was a difficult legal issue, 

mining companies in the Netherlands had to compensate for the damage they caused to 

buildings and other infrastructure.
170

 In 1920, presumption of guilt became the rule in court 

as alternative to the risk-liability adapted by the neighbouring countries. Nevertheless, 

most claims were settled outside court and the Dutch State Supervision of Mining claimed 

in its annual report on the year 1920 that “equitable requests for compensation or 

reparation were  usually paid by the mining boards, soon or with some delay” 

(Blankevoort, 1921, p. 38).
171

 In this study I aim to statistically examine some possible 

determinants of the size of the damage. Because of data availability (discussed in more 

detail below), this study uses budgeted mining damage expenditures by the State Mines as 

a proxy for the actual damage costs. 

    

                                                           
170 On November 16th, 2015 Kamp, minister of economic affairs, announced that for the case of 

damage resulting from the natural gas extraction in Groningen, the onus will be reversed in a bill that 

will be submitted early 2016. This means that house owners will no longer have to prove – if a 

dispute will be handled in court – that the damage to their houses is caused by the extraction of gas, 

but that the NAM has to prove the damage is not caused by their extractive activities. See the letter 

Kamp sent to the House of Representatives: 

https://www.rijksoverheid.nl/documenten/kamerstukken/2015/11/16/kamerbrief-voorlichting-van-

de-raad-van-state-inzake-het-wetsvoorstel-betreffende-de-veiligheid-van-offshore-olie-en-

gasactiviteiten, last accessed 3 December 2015). 
171 “Door de betreffende mijndirecties werd gewoonlijk na korter of langer tijd aan billijke verzoeken 

om schadeloosstelling of reparatie tegemoet gekomen.” 
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5.1.3. Underground and aboveground activities   

In this chapter I examine the determinants of the magnitude of the expenses of the Dutch 

State Mines to cover for mining damage caused on the surface. I examine three possible 

explanations: the annual extraction of coal; the population density; and the share of 

population working in the mines. The intuition for these possible determinants is as 

follows: 

 The extraction of coal from below the surface will cause the layers above to 

become less stable and eventually move. When the surface layer also moves because of 

this, this may cause (financial) damage on housing and infrastructure. However, the annual 

production as such may not be the immediate cause of changes at the surface. In the 

analysis below I therefore use the year-to-year difference (i.e. the first difference of the 

annual extraction time series) to analyse to what extent the differences in the rate of 

extraction influenced changes in the size of the budgeted mining damage costs. 

 Second, the increased financial damage may not only be the result of below 

ground activities. It may also be related to changes above the surface. Grond (1947) 

already spoke of building density and ‘psychology’ as factors influencing the costs, but he 

did not follow up on how these might determine the size of the damage in his inaugural 

lecture. With the growth of the mining industry in Limburg, the region attracted more and 

more people. This increasing population density meant that more houses had to be built 

and that other forms of infrastructure (e.g. transport infrastructure) grew too. An increasing 

population density may thus lead to a larger physical capital stock at the surface, which 

then means that more infrastructure can be damaged, for which a larger sum of money 

should thus be made available. 

 Finally, the share of the population that works at and in the mines might explain 

the character of mining damage paid. The idea is that people are less likely to complain 

much about damage to their houses when they depend on the business that causes the 

problems. If you are a mine worker, you might more easily accept some mining damage 

because the mines provide you with work. If, however, a larger share of the population 

finds work in another industry, more and more people might start to complain about the 

damage caused by the mines, leading the mining companies to increase the amount of 

money they need to spend in compensation. 
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5.2. Data 

5.2.1. Mining damage costs 

The variable of interest is ‘mining damage costs’. These are the costs to compensate for 

physical damage on the surface caused by underground activities. The mining damage 

costs include infrastructural damages, but exclude health related costs. There are two 

important comments to be made about this time series. First of all, the data I have access to 

refer to budgeted costs and not to the actual expenses made. As the State Mines were a 

state-owned company, the budgeted amounts were published in the parliamentary 

papers.
172

 The amounts actually paid were published only from 1948 onwards. Claims 

came to be known and were settled with a lag, but both series fit well if actual payments 

are linked to the year of the damage.
173

 For the years we do have actually paid data (1920-

1925, 1933-1939 and 1948-1964), the correlation between budgeted costs and actual costs 

is high (see figure 5.1).  

 

Figure 5.1: Mining damage costs (million 1938 fl.); budgeted and actual costs 

 
Source: budgeted costs, and actual costs after 1948: Handelingen der Staten-Generaal: Vaststelling 

van de begroting van de Staatsmijnen in Limburg voor het dienstjaar (various years); actual 

expenses earlier years: Posthuma (1923), “Mijnschade: De ministers geven de Kamer een verklaring 

ervan” (1926), Van Waterschoot van der Gracht (1940).  

                                                           
172 In the Handelingen der Staten-Generaal: Vaststelling van de begroting van de Staatsmijnen in 

Limburg voor het dienstjaar (various years).  
173 Head surveyor Grond commented in 1955 that the models developed for the estimation of the soil 

movements – so not for the financial damage – worked very satisfactorily; they could predict 

subsidence with an inaccuracy of only 5-15% (Grond, 1955). 

0

0,5

1

1,5

2

2,5

3

1918 1923 1928 1933 1938 1943 1948 1953 1958 1963

M
il

li
o

n
 1

9
3

8
 f

l.
 

budgeted mining damage costs actual mining damage costs



Mining Damage Expenditures: The Case of South-Limburg (1918-1965)                                        137 

 

 

Second, this study is restricted to the State Mines only. Privately owned mines 

were also active in the region. We know that the privately owned mines also paid for 

mining damage to infrastructure (see Gales & Hölsgens, 2015). However, here I restrict 

myself to the State Mines as those provide long-term annual time series. Figure 5.1 plots 

the budgeted costs for mining damage by the State Mines in millions of 1938 Dutch 

guilders (the nominal expenses were deflated using a price index of national income, 

1938=100); it also illustrates that for the years for which data on actually paid amounts are 

available, the budgeted costs are a good proxy.  

Four things stand out from this graph. One, between the beginning of the series 

(1918) and 1928, the budgeted costs remained more or less constant, with the exception of 

a peak in 1921. In this year, the State Mines reserved a large amount of money to 

compensate for the damage that was instigated by the exceptional subsidence caused by 

overexploitation that had taken place to cope with scarcity during the war. As commented 

upon in chapter 2, during World War One the Dutch mines were still maturing while the 

import of coal fell. This resulted in overexploitation in the existing mines; referred to as 

‘roofbouw’ (over-cropping) in parliamentary debates.
174

 Although this came at 

considerable costs, expected losses were (much) higher than factual expenses.
175

 To 

prevent this one outlier from disturbing the analysis, this observation is omitted from the 

rest of the analysis.  

 Two, in 1929/1930 the budgeted annual mining damage costs leaped up, and 

subsequently more or less stabilized around 400,000 guilders per year (in 1938 prices), 

until the late 1940s. This increase can be explained by the new extraction technique that 

was introduced in this period. In the 1930s, the mining companies started to win (partially) 

underground boundary-walls and the security roofs isolating the carboniferous from the 

upper strata (Ploem, 1940; Van Waterschoot van der Gracht, 1934). At the same time, the 

aforementioned extraction with caving in was being introduced in this period. These 

methods of ‘controlled subsidence’ were first tested in the State Mine Emma in 1925. In 

1927 they became common practice there and they were introduced also in other mines 

(Gales et al., 2000). These new techniques of extraction and dealing with subterranean soil 

movements were potentially more damaging to the surface. A bigger amount of money had 

thus to be reserved for mining damage.  

 Three, around 1950 the budgeted costs skyrocketed, associated again with a 

changing extraction technique in which full mechanisation became more prevalent. 

                                                           
174 Cf. the preliminary report on the Algemeene Beschouwingen of 1922, available via: 

http://resolver3.kb.nl/resolve?urn=sgd%3Ampeg21%3A19211922%3A0003032, last accessed 17 

November 2015).  
175 R. Postuma (1923), who in several letters to the Frisian newspaper Nieuwsblad van Friesland 

reported about experiences in the mining district, wrote in 1923 that the mining damage expenses in 

1921 were actually much lower than in 1920 and also lower than in the first ten months of 1922 (see 

also figure 5.1). 

http://resolver3.kb.nl/resolve?urn=sgd%3Ampeg21%3A19211922%3A0003032
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Nonetheless, this rather abrupt change may also have had to do with changing perceptions 

of damage/nuisance from the mining industry as we can see comparable increases in the 

damage costs in other mining areas in Germany and England – despite noticeable 

differences in levels (Gales & Hölsgens, 2015).  

Finally, although the number of observations is limited, the costs of mining 

damage seem to have levelled off in the 1960s. Unfortunately our data series ends in 1966. 

After this year the mining damage expenses were no longer published in the parliamentary 

papers as the State Mines were being privatized and the role of the government 

diminished. This makes it virtually impossible to separate out the costs specifically for 

mining damage and therefore to extend the series.  

 

5.2.2. Determinants 

The first determinant of the mining damage costs to address here is the annual production 

of coal by the State Mines. Figure 5.2, below shows the annual production in millions of 

tons. The data on annual production is taken from the yearly reports by the head of the 

‘State Supervision of Mines’.  

A few interesting periods can be distinguished in this graph. First of all, in the 

period up to the 1920s we see a rapid increase in production, which then levelled off 

around seven to eight million tons of coal extracted annually. This level of production was 

kept almost continuously until the closure of the mines, which started in the second half of 

the 1960s. During the Second World War production initially continued until the last two 

years of the war when coal production plummeted because of the war circumstances. 

These challenges endured directly after the war, and the mines needed about two years to 

reach their pre-WWII production level again. 

The annual production figures above represent net production; that is, the 

production of coal. With the excavation of coal, not only the actual coal was brought to the 

surface though, also stones were brought up. As a matter of fact, while some of these 

stones were brought back into the caves as filling material, the volume of these excavated 

stones was so large that they created massive hills and thus had a significant impact on the 

landscape.
176

 Data on gross production is only available from 1935 onward. In the period 

after WWII relatively more stones were brought up than in the period before. Prior to 

WWII, roughly 80% of all the excavated material was coal. This gradually reduced to just 

over 60% in the 1960s. However, the two series are highly correlated (r = .91). Because of 

the high correlation, the outcomes of a regression analysis with gross or net production as 

                                                           
176 Europe’s largest indoor skiing hall was built on the Wilhelminaberg, an artificial hill that was 

created from the stones that came to the surface from the nearby State Mine Wilhelmina. 
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determinant will be more or less the same. In my empirical analysis I therefore opt for the 

series for which I have the most data points available, i.e. the net production of coal. 

 

Figure 5.2: Annual production of the State Mines (tons of coal) 

 
Source: Annual reports by the head of the ‘State Supervision of Mines’ 

 

The two other determinants relate to changes above the surface. The first above 

ground determinant to consider is population density. Figure 5.3 shows the population 

density as inhabitants per square kilometre in the mining region, however, it could have 

just as well shown total population as the size of the territory included in the analysis did 

not change in this period. The size of the population was taken from irregularly held 

population censuses; the periods in between the census years were linearly interpolated. I 

only include municipalities in South Limburg where mining took place. 

At the end of the nineteenth and the beginning of the twentieth century, 

population growth was modest. However, we can see that with the growth of the mining 

industry in the first and second decennium of the twentieth century, population density 

starts to increase more rapidly. Although the rate of increase declined a bit in the 1930s, 

population density continuously increased over the entire period and South Limburg 

became very densely populated. 
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Figure 5.3: Population density in the mining municipalities 

 
Source: http://www.volkstellingen.nl/nl/index.html, last accessed 17 November 

 

 The main reason to include this variable is because a growing population density 

will also result in a growing capital stock in the form of housing and other infrastructure. 

The larger the capital stock, the larger the potential (financial) damage when the soil 

moves because of extractive activities. The coal mining region transformed from a 

relatively scarcely populated area to one of the most densely populated regions in the 

Netherlands.
177

 Solely looking at the extraction of subterranean coal will not suffice to 

understand the size of the mining damage costs as these are largely dependent on the value 

of the capital stock above the surface. 

The final determinant of mining damage costs considered here is the share of 

population working in the mining industry (figure 5.4). The rationale to include this 

variable is that employees might be less inclined to complain about damage to their houses 

than inhabitants who have no direct relationship with the State Mines. The coal miners can 

be split in above and below surface workforce. For the current purpose the total number of 

employees of the State Mines is most relevant, so the share of population working in the 

mines includes both underground and aboveground personnel. The number of mine 

workers can also be found in the annual reports by the head of the ‘State Supervision of 

Mines’. 

 

                                                           
177 By comparison, currently the population density of the Netherlands as a whole is just over 500 

people per km2 (CBS, PBL, & Wageningen UR, 2015a). 
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With the expansion of the mining industry in the first decades of the twentieth 

century, the number of miners increased rapidly and consequently also the share of miners 

in the population of the mining municipalities. After the1920s the share of miners 

gradually decreased until the mid-1960s when, after the announcement of the closure, that 

decrease accelerated. This gradual decrease could have two causes. One, the total numbers 

of miners decreased because of mechanization. Or two, the number of miners remained 

constant, but the total population might increase because of the development of the area. It 

seems that both happened. The drop in the share of miners in the late 1930s/early 1940s 

and directly after the war corresponds with a drop in the total number of people employed 

by the State Mines.  

 

Figure 5.4: Mine workers as share of the total population of the mining municipalities 

 
Source: Annual reports by the head of the ‘State Supervision of Mines’ 

 

5.3. Methodology: Time series modelling with structural 

breaks 

5.3.1. Unit root tests with structural breaks 

Visual inspection of figure 5.1 shows that the variable of interest, mining damage costs, 

contains at least one break. In the empirical analysis I therefore allow for structural breaks, 

as the effects of the determinants in the different regimes might vary. However, before the 

regression analysis can be executed the time series properties of the variables need to be 

examined. As shown for example by Ben-David, Lumsdaine and Papell (2003) and Perron 

(1989, 2006), the occurrence of  structural breaks can dramatically reduce the power of a 
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unit root test. I therefore include a unit root tests allowing for a structural break in all 

variables.  

The unit root test with breaks essentially asks whether “if allowance is made for 

the possibility of some few large permanent changes in the trend function, is a unit root 

present in the structure of the stochastic component?” (Perron, 2006, p. 322). This 

permanent change could affect the slope (intercept) or the trend, or both. However, before 

describing the unit root tests with break, it is helpful to first define the break variables 

introduced in the models. The break variables can be defined in three ways, depending on 

the type of break (after Perron, 1989) (Tb is the break date): 

 

1) An intercept break variable: DUt(Tb) that takes the value 0 for all years prior to 

the break and 1 for all dates thereafter 

2) A trend break variable: DTt(Tb) that takes the value 0 for all years prior to the 

break, and is a re-based trend for all subsequent dates (i.e. if t is smaller than Tb, 

that is prior to the break year, the dummy variable takes the value 0; if t is equal 

to, or larger than, Tb than the dummy variable equals t – Tb +1)   

3) A one-time break dummy variable: Dt(Tb) that takes the value of 1 only on the 

break year, otherwise it is 0  

 

Given that there is no clear external shock that validates the assumption of a clear 

and instantaneous break, I apply the break type ‘innovational outlier’.
178

 This specifies that 

the change to the new trend function is gradual rather than instantaneous (Perron, 1989, 

2006). Following Perron (1989), Perron and Vogelsang (1992a, 1992b) and Vogelsang and 

Perron (1998), I consider the following model under the general null hypothesis: 

𝑦𝑡 =  𝑦𝑡−1 +  𝛽 +  𝜓(𝐿)(𝜃𝐷𝑡(𝑇𝑏) +  𝛾𝐷𝑈𝑡(𝑇𝑏) + 𝜖𝑡)    (5.1) 

where yt is the variable of interest in year t and yt-1 in year t-1, Dt is the one time dummy 

variable and DUt is the intercept break variable, both defined above, β, θ, and γ are the 

break parameters, 𝜖𝑡 are independent and identically distributed (i.i.d.) innovations, and 

𝜓(𝐿) is a lag polynomial representing the dynamics of the stationary and invertible 

autoregressive moving-average error process. For the alternative hypothesis I assume a 

trend stationary model with breaks in the intercept and trend (DTt): 

𝑦𝑡 =  𝜇 +  𝛽𝑡 +  𝜓(𝐿)(𝜃𝐷𝑈𝑡(𝑇𝑏) +  𝛾𝐷𝑇𝑡(𝑇𝑏) +  𝜖𝑡)     (5.2) 

Subsequently a general Dickey-Fuller test equation combines the two hypotheses 

and the t-statistic compares �̂� with 1(𝑡�̂�) to evaluate the null hypothesis. 

                                                           
178 As opposed to the ‘additive outlier model’ which specifies that the change to the new trend 

function occurs instantaneously (Perron, 1989, 2006). 
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𝑦𝑡 =  𝜇 +  𝛽𝑡 + (𝜃𝐷𝑈𝑡(𝑇𝑏) +  𝛾𝐷𝑇𝑡(𝑇𝑏) +  𝜔𝐷𝑡(𝑇𝑏) +  𝛼𝑦𝑡−1 +  ∑ 𝑐𝑖∆𝑦𝑡−1
𝑘
𝑖=1 + 𝑢𝑡  (5.3) 

where ut is an i.i.d. error with zero mean and variance σ
2
.
 
As is the case with a 

conventional Dickey-Fuller unit root test, k lagged differences of the y-variable (i.e. the 

variable of interest) are included in the test equations to eliminate the effect of the error 

correlation structure on the asymptotic distribution of the statistic. It is possible to specify 

different models for the null and the alternative hypotheses by placing zero restrictions on 

one or more of the trend and break parameters β, θ, γ, and ω. Following Perron (1989), 

Perron and Vogelsang (1992a, 1992b) and Vogelsang and Perron (1998), four distinct 

specifications for the Dickey-Fuller regression can be distinguished, depending on the 

assumptions on the trend and break:
179

 

 

1) Non-trending data with intercept break. Setting the trend and trend break 

coefficients β and γ to zero results in a test of a random walk against a stationary 

model with intercept break: 

 

𝑦𝑡 =  𝜇 + (𝜃𝐷𝑈𝑡(𝑇𝑏) +  𝜔𝐷𝑡(𝑇𝑏) +  𝛼𝑦𝑡−1 + ∑ 𝑐𝑖∆𝑦𝑡−1
𝑘
𝑖=1 +  𝑢𝑡  (5.4) 

2) Trending data with a break only in the intercept. Setting the trend break 

coefficient γ to zero yields a test of a random walk with drift against a trend 

stationary model with intercept break:  

 

𝑦𝑡 =  𝜇 +  𝛽𝑡 +  𝜃𝐷𝑈𝑡(𝑇𝑏) +  𝜔𝐷𝑡(𝑇𝑏) +  𝛼𝑦𝑡−1 + ∑ 𝑐𝑖∆𝑦𝑡−1
𝑘
𝑖=1 + 𝑢𝑡 (5.5) 

3) Trending data with intercept and trend break. This is the unrestricted Dickey-

Fuller equation which tests the random walk with drift against a trend stationary 

with intercept and trend break alternative: 

 

𝑦𝑡 =  𝜇 +  𝛽𝑡 +  𝜃𝐷𝑈𝑡(𝑇𝑏) +  𝛾𝐷𝑇𝑡(𝑇𝑏) +  𝜔𝐷𝑡(𝑇𝑏) 

+ 𝛼𝑦𝑡−1 +  ∑ 𝑐𝑖∆𝑦𝑡−1
𝑘
𝑖=1 + 𝑢𝑡     (5.6) 

 

4) Trending data with trend break. Setting the intercept break and break dummy 

coefficients θ and ω to zero tests a random walk with drift null against a trend 

stationary with trend break alternative: 

 

𝑦𝑡 =  𝜇 +  𝛽𝑡 +  𝛾𝐷𝑇𝑡(𝑇𝑏)  𝛼𝑦𝑡−1 + ∑ 𝑐𝑖∆𝑦𝑡−1
𝑘
𝑖=1 +  𝑢𝑡   (5.7) 

                                                           
179 For a detailed description and review of the methodology see Perron (2006). 
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5.3.2. Least squares with breaks 

As the time series appear to contain breaks, I use the standard Bai-Perron test of L+1 vs. L 

sequentially determined breaks for the regression analysis. Bai and Perron start from a 

partial structural change model, i.e. a linear regression with m breaks: 

𝑦𝑡 =  𝑥𝑡
′𝛽 +  𝑧𝑡

′𝛿𝑗 + 𝑢𝑡      (𝑡 =  𝑇𝑗−1 + 1, … , 𝑇𝑗) (5.8) 

where yt is the endogenous variable, xt are exogenous variables that are not subject to 

breaks, zt are exogenous variables that are subject to breaks, β and δ are parameters to be 

estimated and ut is an i.i.d. error with zero mean and variance σ
2
 and j = 1, …, m + 1. Bai 

and Perron (1998, 2003) search for breakpoints which result in a global minimum sum of 

squared residuals and subsequently examine the optimal breakpoints using the following 

recursive equation: 

𝑆𝑆𝑅 ({𝑇𝑚,𝑡}) = min𝑚ℎ≤𝑗≤𝑇−ℎ[𝑆𝑆𝑅 ({𝑇𝑚−1,𝑗}) + 𝑆𝑆𝑅 (𝑗 + 1, 𝑇)]   (5.9) 

where h is the minimum distance between each break (i.e. the trimming percentage), m is 

the number of breaks, T is the total number of observation, and SSR is the sum of squared 

residuals associated with the optimal partition containing m regimes (i.e. m – 1 breaks).  

First the optimal one-break partition for subsamples is determined for all 

subsamples that allow a possible break ranging from h to T – mh (i.e. securing the 

minimum length h at the beginning and end of the sample). A set of optimal one-break 

partitions is stored together with its sum of squared residuals. The optimal partitions 

correspond to subsamples ending at dates ranges from 2h to T – (m – 1)h. Subsequently the 

optimal partitioning with two breaks is evaluated. These partitionings have ending dates 

from 3h to T – (m – 2)h and for each of these possible ending dates, the procedure 

examines which one-break partitioning saved earlier can be inserted to achieve the 

minimum sum of squared residuals. This results again in a set of optimal two-break 

partitions. Etc. Finally, the procedure examines which of the optimal break partitions 

yields the minimum sum of squared residuals and thus the optimal number of breaks (Bai 

& Perron, 2003). 

Although the essence of the Bai-Perron test is to determine the global minimum 

sum of squared residual among all breaks, it is possible to pre-determine a maximum 

number of breaks. Given the relatively short period covered in the analysis (1918-1966) I 

use this option in the empirical analysis below to avoid too small subsamples.  
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5.4. Results   

Table 5.1 shows the outcomes of a standard Augmented Dickey-Fuller test to examine the 

existence of unit roots in our time series. It can be seen that all time series are I(1), i.e. 

non-stationary. I therefore subsequently execute the Augmented Dickey-Fuller test 

allowing for a break. The estimates are done using Eviews 9, which allows for the 

implementation of unit root tests with breaks. I initially allow for a break in both the 

intercept and the trend (i.e. equation 5.6). If one of them does not show a significant break, 

the test is done only with the break in the deterministic component that does exhibit a 

structural change (i.e. equation 5.5 or 5.7; see table 5.2). I do not predetermine the date of 

the break. The selection of the break is done on the basis of the minimization of the 

Dickey-Fuller t-statistic. 

 

Table 5.1: Augmented Dickey-Fuller unit root tests 

 # of lags ADF t-stat p-value I(1)? 

Mining damage costs 0 -1.488 0.820 Yes 

Annual coal production 0 -1.382 0.854 Yes 

Population density 1 -2.565 0.297 Yes 

Share of mining employees 1 -2.805 0.203 Yes 

 

 

Table 5.2 shows the outcomes of the Augmented Dickey-Fuller tests for unit root 

allowing for a break. All time series indeed contain a break. The null-hypothesis of a unit 

root can be rejected for the mining damage costs variable and for the population density. 

The time series on the annual coal production of the State Mines and on the share of 

mining employees do have a unit root. Therefore I use first differences for these variables 

in the regressions below. In other words, by not looking at the annual coal production, but 

at the difference in the current production level between year t and year t-1, the effects of a 

change in the level of coal production on the mining damage expenses are captured. 

Likewise, I consider annual changes in the share of the population employed by the State 

Mines.  

 

Table 5.2: Augmented Dickey-Fuller unit root tests with breaks 

 # of 

lags 

ADF 

t-stat 

p-

value 

break 

year 

break specification I(1)? 

Mining damage costs 3 -5.204 0.047 1952 trend and intercept No 

Annual coal production 0 -2.481 0.921 1932 trend Yes 

Population density 10 -8.274 <0.01 1940 trend and intercept No 

Share of mining employees 1 -3.754 0.672 1939 trend and intercept Yes 
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For the purpose of my analysis, all parameters may be subject to shifts. Hence I 

estimate the following pure structural change model: 

𝑀𝐷𝐶𝑡  =  𝛿0 + 𝛿1𝑗𝛥𝐴𝑃𝑅𝑂𝐷𝑡 + 𝛿2𝑗𝑙𝑜𝑔𝑃𝑂𝑃𝑡 +  𝛿3𝑗𝛥𝑆𝐻𝐴𝑅𝐸𝑡 + 𝑢𝑡   

(𝑡 =  𝑇𝑗−1 + 1, … , 𝑇𝑗)        (5.10) 

where, j = 1,…,m + 1 and T0 = 0 and Tm+1 = T. MDCt is the mining damage cost, which is 

regressed on the first difference (indicated with the Δ) of the annual coal production 

(APROD), the log of the population density (POP), and the first difference of the share of 

mining employees in the total population of the mining municipalities (ΔSHARE). All 

three explanatory variables are subject to structural breaks.  

Three ways to estimate the model now present themselves. The first is to simply 

run the Bai-Perron model of L+1 vs. L sequentially determined breaks without 

predetermining the number of breaks. Setting the trimming percentage (i.e. the minimum 

number of observations in between breaks) at 15%, three breaks are identified, in other 

words four regimes. The first break occurs in 1934, the second break in 1950, and the final 

break is found in 1960. The regression results are summarized in table 5.3. However, while 

this method might result in the optimal partitioning with the global minimum sum of 

squared residuals, the regimes become very short. 

 

Table 5.3: Determinants of mining damage costs allowing for multiple structural breaks 

 Period 1 Period 2 Period 3 Period 4 

Δ Annual coal production  -0.201*** -0.013 0.088 -0.098 

 (0.046) (0.022) (0.117) (0.070) 

Population density 0.852*** 1.624*** 5.340*** -8.829*** 

 (0.152) (0.343) (0.615) (1.721) 

Δ Share of miners 0.818 -1.705 -19.716* -28.196*** 

 (3.087) (1.681) (10.823) (7.910) 

Constant -5.000*** -10.149*** -34.562*** 62.469*** 

 (0.947) (2.237) (4.136) (11.807) 

N (=subsample length) 15 16 10 7 

Adjusted R2 0.990 

F-statistic 311.0 

Prob(F-statistic) 0.000 

Durbin-Watson stat 2.234 

Note: Standard errors in parentheses. * significant at 10%, ** significant at 5%, *** significant at 1%   

 

The second approach is to set the maximum number of breaks to one. This avoids 

that the regimes become too short and thus makes the regression analysis more stable. 

Thirdly, the break can also be enforced in the year in which the variable of interest (mining 

damage costs) has a structural break according to the unit root tests presented above, i.e. in 
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1952. Table 5.4 presents the outcomes of both procedures.
180

  Without predetermining the 

year of the break, the Bai-Perron test with one break finds a break in 1949. The reason the 

Bai-Perron test without predetermined break-year finds the break somewhat earlier is that 

it determines the breakpoint based on the global minimum of the sum of squared residuals 

of the regression analysis with break, whereas the break in the mining damage costs time 

series was determined on the basis of the minimum Dickey-Fuller t-statistics in the unit 

root test of the mining damage costs variable only. However, the outcomes of the 

regression with a break in 1949 or in 1952 are largely comparable.  

We can observe that the effect of the subterranean activity is not as clear-cut as 

the effects from changes above the ground. The impact of extraction is not significant prior 

to the break (regardless of the date of the break) and significant only at the 10% level when 

the break is located in 1952. This illustrates that the subsoil extraction may have led to 

damage, but that it is not the main determinant of the actual size of the expenditures to 

cover the damage costs.  

The above ground changes have a more pronounced effect on the size of the 

annual mining damage costs. A growing population density has a positive effect on the 

size of the mining damage, and this effect is highly significant for the period before and 

after the break. This is consistent with the hypothesis presented above that a growing 

population will result in a growing capital stock that can potentially be damaged. With the 

growing population density, costs of soil movements increase. 

 

Table 5.4: Determinants of mining damage costs allowing only one break 

 Unforced break year ( 1949)  Forced break year (1952) 

 Period 1 Period 2  Period 1 Period 2 

Δ Annual coal production  -0.043 0.164  -0.041 0.200* 

 (0.026) (0.101)  (0.031) (0.103) 

Population density 0.779*** 4.163***  0.961*** 3.789*** 

 (0.111) (0.769)  (0.199) (0.759) 

Δ Share of miners 0.418 -29.918***  1.507 -37.780*** 

 (2.018) (9.962)  (2.799) (9.093) 

Constant -4.616*** -26.648***  -5.760*** -24.119*** 

 (0.712) (5.173)  (1.262) (5.119) 

N (= subsample length) 31 17  33 15 

Adjusted R2 0.971  0.958 

F-statistic 223.9  153.9 

Prob(F-statistic 0.000  0.000 

Durbin-Watson stat 1.126  1.005 

Note: Robust (HAC) standard errors in parentheses. * significant at 10%, ** significant at 5%, *** 

significant at 1%     

                                                           
180 Because the Durbin-Watson statistic outcomes point at serial correlation in the residuals, robust 

standard errors are printed, in particular HAC consistent covariances (Newey & West, 1987).    
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In the period before the break I find no effect from a changing share of State Mine 

employees in the population of the mining municipalities. After the break there is a 

significant negative relationship. This confirms the hypothesis that a smaller share of 

inhabitants with a direct connection to the source of the damage – in this case the State 

Mines – will result in higher damage costs as more people are likely to be inclined to 

complain about the damage. 

Both in the estimations with multiple structural breaks and in the estimations with 

one structural break, the constant is highly significant. It differs between the regimes, even 

though the determinants remain the same. This therefore suggests that the magnitude of the 

mining damage costs not only depends on the changes in underground extraction or 

aboveground demographics. A change in the legal or political regime might also influence 

the amount of compensation that is paid to cover for infrastructural damage.   

 

5.5. Conclusion 

In this chapter I have tried to find a quantitative explanation for the size of the annual 

mining damage expenditures for the Dutch State Mines by looking at possible determines 

from below and above the soil. I used the budgeted mining damage costs as a proxy for the 

actual expenses as these provide a longer time series. Upon visual inspection, the mining 

damage costs time series appeared to contain a break. This break was confirmed by the 

Augmented Dickey-Fuller test for unit roots allowing for structural breaks. Without the 

inclusion of the break the null hypothesis of a unit root could not be rejected; with the 

break it could. The break was found in the year 1952. 

From the unit root tests it became clear that breaks should be allowed for in the 

regression analysis. I used the Bai and Perron testing framework of L+1 vs. L sequentially 

determined breaks. Three possible approaches were examined in section 5.4.  The first was 

the Bai-Perron endogenous structural breaks test without predetermining the number of 

breaks. Three breaks were identified; leading to four different regimes. However, the 

shortness of the discernible regimes is problematic in the regression analysis – the period 

under investigation is rather short (1918-1966), with a trimming percentage of 15% the 

length of the regimes becomes very short. I therefore repeated the model in the Bai-Perron 

test with a maximum of one break. Without predetermining the date of the break, a break 

was found in 1949. The last approach pre-set the break year in 1952, the year in which the 

variable of interest (mining damage costs) showed a structural break in the Augmented 

Dickey-Fuller test with breaks. Although the break years differ slightly, the regression 

outcomes are by and large comparable.  
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It can be concluded that both below and above ground changes play a role in 

determining the size of the damage. That the subterranean extraction influences the size of 

mining damage is obvious for if nothing would have been extracted, there also would have 

been no damage. Nonetheless, its effect on the size of the damage costs is – depending on 

the break specifications and resulting regimes – often not significant to determine the 

actual size of the costs. My analysis of the case of Limburg finds meagre support to the 

findings for Groningen that a reduction of natural gas extraction also reduces the damage 

(SodM, 2015) – despite the fact that the geological conditions are quite different. Note, 

however, that the State Supervision of Mining does not speak of financial damage in their 

report, but of seismic activities. Obviously, the seismic activities cause the damages, but as 

the analysis in this chapter has illustrated, the actual size of the damage is not only 

dependent on subterranean soil movements, but also on the demographics of the area. 

The size or density of the population living in the mining areas, i.e. living above 

the mines, also determines the height of the mining damage costs. While this seems to be a 

logical conclusion it is not an unimportant consideration in a densely populated country 

like the Netherlands. Although it may be questionable from a sustainability/equitability 

point of view whether it is fair to export the environmental and social costs of extraction to 

distant and less inhabited areas, the (financial) damage in these areas will indeed be 

smaller.
181

  

Finally, the establishment that the costs become higher when the share of people 

directly involved in the mining business decreases may have the largest relevance with an 

eye on the upcoming energy transition. It goes to show the importance of public 

involvement. For the case of Limburg it seems that when more people were employed by 

the mines, they were less inclined to complain about the damage. The case of Limburg 

contrasts in this sense with Groningen, because in Groningen a relatively small share of the 

population is actually involved in the extraction of the natural gas. The inhabitants of 

Groningen do not feel connected to the extraction in the same way the people in Limburg 

used to feel. It has therefore been suggested that the inhabitants of Groningen deserve a 

larger share of the revenues from the natural gas (cf. De Waard, 2014). This could increase 

their connection with the gas extraction, and could reduce their opposition as they also 

benefit.  

 

 

                                                           
181 At least the infrastructural damage analysed in this chapter; environmental damage may actually 

be larger in sparsely inhabited areas. 





 

 

 

 

6. Conclusions 
 

 

I started this dissertation with the observation that the Dutch economic as well as 

demographic developments since the early 1800s have been more or less continuous, and 

therefore by – my – definition sustainable. GDP per capita increased thirteenfold since 

1820 (the Maddison-project), the size of the population grew by more than a factor seven 

(Maddison, 2010), and life expectancy at birth doubled (NIDI, 2003); to give just a few 

examples of the rising welfare. Humans have taken full control over nature (cf. Steffen et 

al., 2007) and Malthusian boundaries, seemingly unsurmountable to the classical 

economists (Smith, 1776; Wrigley, 1988), have been overcome. However, this 

breakthrough into sustained economic growth has come at a cost, and brought challenges 

along the way.  

 In the 1970s Western societies started to become aware that humans were 

overexploiting Mother Earth (e.g. Goldsmith et al., 1972; Meadows et al., 1972). A call for 

a more sustainable form of (economic) development began to materialize and culminated 

in the famous Brundtland Report (WCED, 1987).
182

 Energy has played a central role in 

discussions on the (un-) sustainability of development. Occasionally authors have looked 

at the past,
183

 but the discussion generally is geared towards the future.  

 As mentioned in the introduction to this dissertation, the observation that 

development has been sustainable, in the sense that it has (so far) been continuous, does 

not mean that challenges related to the sustainability of the development - i.e. the paradox 

of development – have not been prevalent in the past. This was the original starting 

position of the Historical Roots-project and can also be observed on a broader scale in the 

combined outcomes of our project.  

Energy plays a central role in modern-day discussions on sustainable 

development. A secured and stable supply is vital while at the same time the combustion of 

fossil resources is responsible for the lion’s share of CO2 emissions. Because of the 

                                                           
182 See also for example Daly and Cobb (1994). 
183 E.g. Fouquet (2010, 2015), Fouquet and Pearson (2012), Pfister (2010) and Steffen et al. (2007, 

2011); see also the other articles in the special issue of Energy Policy (volume 50) in which Fouquet 

and Pearson (2012) wrote the editorial. 
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complexity of the interplay between energy and sustainable development, this dissertation 

isolated four still pertaining challenges and analysed their long-term roots and trajectories. 

Each chapter ended with a specific conclusion on the topic addressed in that chapter. Here 

I will draw some more general conclusions while the epilogue brings together the lessons 

learned for the current energy transition. 

  

I analysed the historical roots of four still pertaining sustainability challenges: the 

availability of energetic resources and the (periodical) vulnerability of the Dutch energy 

system because of dependence on imports (chapter 2); the efficiency of energy 

consumption (chapter 3); the long-term emissions of sulphur dioxide and carbon dioxide 

and their respective drivers (chapter 4); and subsidence damage resulting from the 

extraction of coal in South Limburg (chapter 5).  

 Energy is a crucial resource in an economy and a secure supply is indispensable. 

Some dependence on foreign supplies of energy need not be reason for concern – at least 

as long as the economic bill can be covered. However, if a country is highly dependent on 

imports and especially if these imports come from few suppliers, the economy can become 

vulnerable to supply shocks. In chapter 2, I introduced a novel indicator to measure the 

level of vulnerability of a country.  The new index allows for substitution of resources and 

corrects for domestic production. Although the level of substitutability might still be 

limited, and the index should thus always be considered in combination with qualitative 

information on the respective country’s energy system, the index has the advantage of 

providing a quick and comprehensive overview of the level of vulnerability. I applied the 

new index to the Dutch data and could clearly distinguish three transition periods. I have 

shown how the vulnerability to supply shocks influenced energy transitions in the 

Netherlands 

 Dependence on foreign imports and the resulting vulnerability played an 

important role in the Dutch energy transitions. The increased vulnerability because of the 

growing dependence on especially German coal supplies towards the end of the nineteenth 

century, for example, eventually led to the establishment of domestic coal mining. As the 

Dutch government feared the dependence on foreign suppliers, and as private initiatives in 

the Netherlands did not yield the desired results, the Dutch State became actively involved 

in the energy supply through the establishment of the State Mines. The State Mines, in 

combination with a number of privately own mines, reduced the vulnerability to supply 

shocks. With the rise of cheap Middle East oil, the Netherlands increased its imports of 

energy again after the Second World War. Dependence did not seem to be threatening 

anymore at this time as energy seemed to be available in unlimited amounts (the 

Netherlands possessed Europe’s largest natural gas field, oil was cheap and available from 

a range of countries and nuclear energy – though it never really emerged in the 

Netherlands – held a big promise). The formation of the OPEC cartel and the oil and 
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energy crises changed this view and the renewed vulnerability resulted in a new 

appreciation of the domestic reserves.  

 Vulnerability to supply shocks has thus been an important driver of energy 

transitions. As the Dutch natural gas reserves are diminishing, a new energy transition is 

unavoidable. Domestic opportunities for fossil extraction appear small and increasing 

import dependence is inescapable. With an eye on the upcoming energy transition, import 

dependence and vulnerability should therefore be important considerations. This will be 

addressed more in the epilogue.   

 In the third chapter I took a novel approach to the analysis of energy efficiency 

improvements by investigating the relationship between modern energy consumption and 

capital stocks in machinery and equipment. In this chapter, based on joint work with 

Ducoing, Rubio and Gales, I compared the Netherlands with various other (Western) 

European and Latin American countries. With initial industrialization, energy-deepening 

(especially of modern energy carriers) is to be expected, however as argued by Kander et 

al. (2013) capital-deepening was the most important driver for increasing outputs. In this 

chapter I focused on the interrelation between energy and capital and compared the ratios 

of the consumption of modern energy sources (Em) and capital stocks in machinery and 

equipment (Km&e) of the Netherlands with various Western European and Latin American 

countries. 

I showed how the introduction of modern energy sources initially led to an 

increase of the Em/Km&e ratio in the nineteenth century in Europe as countries were still in 

transition towards modern energy sources. However, the Em/Km&e ratio eventually 

declined, signalling efficiency improvements as more capital could be operated using 

relatively less energy. Overall we see a clear decrease in the European countries in the 

twentieth century (Italy being the only exception). The outcomes for the Latin American 

countries are more diverse, but what stands out is that only Argentina shows a decrease in 

the twentieth century, while Mexico follows a similar inversed U-shaped pattern as the 

European countries, only slightly delayed.  

The trends found for the Netherlands are, by and large, comparable to the other 

European countries and thus show an overall decrease. Nevertheless, the E/K ratio and the 

Em/Km&e ratio deviated from the long-term declining trend and increased at three very 

distinctive moments. In these periods of energy abundance, investment in more energy 

efficient capital was clearly not required and lacking. However, in the Netherlands the E/K 

and Em/Km&e ratios usually started to decrease within roughly a decade, signalling that 

innovation did not vanish for a longer time; in contrast to the experiences in Latin 

America, where the “Dutch disease” hindered economic development (Williamson, 2011). 

Despite the popularity of the term in the economic (history) literature, indications of the 

“Dutch disease” in the Netherlands can thus not be found in this analysis. 
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Why is this relevant in a discussion on sustainability challenges? Besides the 

obvious economic reasons of being able to produce with relatively less inputs and thus 

have lower costs and therefore be more competitive on the international market, there are 

two main arguments to be made. First, producing with (relatively) less inputs saves 

resources for future generations. It reduces demand and therewith reduces prices which 

will diminish the rate of extraction (which not only saves resources for future generations, 

but also spreads the environmental impact that is inevitable with natural resource 

extraction over time). Second, less inputs of carbonaceous energy carriers also means less 

emissions of polluting substances such as SO2 and CO2. These were the topic of the fourth 

chapter. 

In chapter 4, I analysed the long-term emissions of sulphur dioxide and carbon 

dioxide resulting from the Dutch energy consumption. I addressed two scientific debates. 

The first debate concerned the existence of the Environmental Kuznets Curve (EKC). The 

second concerned structural changes. While the emissions of SO2 have clearly been 

decreasing since the mid-1960s, a sustained reduction of CO2 emissions cannot yet be 

readily determined. Since the 1970s, CO2 emissions stopped growing at the rapid pace that 

was characteristic for most of the nineteenth and twentieth century and they peaked in 

2004. Nevertheless, a formal test of the EKC for CO2 did not prove its existence. I 

therefore subsequently looked at the drivers of the emissions to analyse what drives the 

emissions, what has the potential to reduce them, and which trends can be discerned with 

an eye on the future.  

The Kaya Identity decomposition shows that economic growth and population 

growth always have put increasing pressure on emissions and contributed to SO2 and CO2 

emission. Overall, the energy intensity of the economy has been reduced – in the 

Netherlands as well as in the other countries compared in chapter 4 – over the last two 

centuries. It therewith reduced the emissions; although its effect in the Netherlands has 

been small. The sulphur and carbon content of the energy carriers show the most 

interesting outcomes. While the sulphur content of the energy carriers initially increased 

with the rise of the consumption of coal and oil, it has decreased rapidly since the mid-

1960s because of the introduction of natural gas and because of the implementation of 

filtering technologies to desulphurise the energy system. The introduction of natural gas 

also greatly reduced the carbon content of the energy system, however, only up to a certain 

point. The carbon content of the Dutch energy system has been more or less stable since 

the 1980s as improvements in the direction of renewable energy sources have been 

counterbalanced by a renewed interest in coal after the oil and energy crisis. In order to 

initiate real reductions of the CO2 emissions, the carbon content of the energy mix will 

have to be reduced further. This, however, will require a radically different production 
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technique as carbon is an essential element of combustion.
184

 In the epilogue I will reflect 

more on the upcoming energy transition and the related CO2 emissions and I will use the 

Kaya Identity to simulate the possible levels of future CO2 emissions. 

Finally, in chapter 5 I examined the (financial/infrastructural) damage resulting 

from subsidence due to coal extraction in South Limburg. Although the last mine closed 

more than 40 years ago, surprise subsidence still happens and the surface level still 

changes because of changes in groundwater levels. The current relevance for this chapter 

should also be seen in the turmoil caused by the earth quakes resulting from the natural gas 

extraction in Groningen. Both the experiences in Limburg and in Groningen also inform 

related debates, such as on the possibilities of shale gas extraction, underground CO2 

storage, or even the placement of windmills, as such the relevance extends beyond the case 

of natural gas extraction in Groningen alone.  

I analysed the influence of below and above soil changes on the annual expenses 

made to compensate for mining damage. I used budgeted mining damage costs of the State 

Mines as a proxy for the actual mining damage costs as they provide a much longer time 

series and, for the period for which I also have actually paid expenditures, it provides a 

good fit. As the mining damage costs time series clearly contained at least one, but 

possibly multiple breaks, I used the standard Bai-Perron test of L+1 vs. L sequentially 

determined breaks. An unrestricted analysis resulted in three breaks, but also meant that 

the regimes became too short. Therefore the number of breaks was restricted to one. 

Depending on the breakpoint specification a break could either be found in 1949 or in 

1952. Clearly this influenced the size of the coefficients, but overall the outcomes were 

comparable. 

It turned out that, prior to the break, only the growing population density was 

significantly correlated with an increase of the budgeted mining damage expenditures. 

After the break, the year-to-year differences in the coal extraction only were significant at 

the 10% level when the break is located in 1952. The growing population contributed 

positively and significantly to the increasing costs after the break in both analyses. The 

share of mining employees was negatively correlated, meaning that when the share of the 

population that is directly related to the mining declines, the costs increase. Especially this 

latter point is important with an eye on sustainability challenges and the challenges 

regarding nuisance and societal objection against renewable resources. It suggests, along 

with existing case studies on public engagement (Devine-Wright, 2011; Forbes, Almendra, 

& Ziegler, 2010; Hölsgens, 2009), that a larger involvement by the local population can 

reduce opposition and therewith possibly smoothen the transition. 

 

                                                           
184 Carbon capture and storage might present an option to ‘filter’ CO2 emissions, however, so far this 

technology has not lived up to its expectations (cf. Hauck, 2014). 
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Returning to the research questions set out in the introduction – ‘What are the historical 

roots of the current sustainability problem?’; ‘How did these challenges develop over 

time?’ and ‘To which degree and in which ways have earlier generations managed to solve 

these problems?’ – we can see that the roots of some of the current challenges go back to 

the early nineteenth century, while some are more recent. Until the emergence of coal-

based industrialization, the Netherlands was fairly autarkic in its energy supplies. Even 

though the Netherlands already imported coal for centuries (e.g. Unger, 1984), it was only 

in the middle of the nineteenth century that the volumes started to make up a substantial 

share of the domestic consumption. Towards the end of the nineteenth century, the 

Netherlands became very vulnerable to supply shocks. This sustainability challenge 

regarding a secured supply could be overcome around the turn of the century through the 

stimulation (by the Dutch government) of domestic coal extraction. The vulnerability of 

the Netherlands decreased and with the domestic extraction of natural gas since the 1960s 

the vulnerability of the Netherlands has become relatively low. Nevertheless, the 

Netherlands did also prove vulnerable to the oil and energy crises as it had become 

dependent on this imported energy carrier. In reaction to this the Dutch government in the 

1970s decided that it would not be cost-efficient to re-open the domestic coal mines, but 

instead it opted to spread the domestic natural gas extraction and diversified its imports.  It 

can therefore be concluded that the roots of the Dutch vulnerability could be found in the 

mid-nineteenth century when the Netherlands switched to imported coal. But even though 

previous generations have been successful in combatting the vulnerability, the Netherlands 

did enter a path of increased dependence on fossil energy carriers which has placed a new 

challenge with the current generation as the domestic fossil resources are diminishing. 

Efficiency improvements in terms of energy conversion help to reduce resource 

consumption and therefore save costs, resources and emissions. It was shown in chapter 3 

that efficiency improvements have taken place almost continuously over the last two 

centuries, even though industrialization initially leads to a quicker uptake of energy. In 

moments of energy abundance the Dutch energy-capital ratios showed increases, 

indicating that energy consumption grew quicker than the capital stock. This could signal 

wasteful consumption, but even though the Netherlands held a large reserve of natural gas, 

the E/K ratios never increased for long. This indicates that, over time, energy has overall 

more or less continuously been used more efficiently. 

 The roots of the Dutch CO2 emission problems can be traced back to the peat-

based regime. Even though the total annual emissions of carbon dioxide around 1800 were 

only about 1% of the current levels, the Netherlands was already then largely dependent on 

a carbonaceous energy carrier. With economic development, the consumption of energy 

increased and even though the energy carriers have become less CO2-intensive, the annual 

emissions have been rising until 2004. As the knowledge on the harmful effects of CO2 is 

relatively recent, this sustainability challenge is new. Nonetheless, as the comparison with 

SO2 has shown, once the harmful effects are sufficiently understood and acknowledged 
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(and a viable solution is at hand (cf. Dinkelman, 1995)), reduction of emissions is possible. 

However, while the introduction of natural gas and some incremental innovations towards 

modern renewable reduced the carbon content of the Dutch energy mix in the 1960s, these 

were to some extent counterbalanced by a renewed interest in coal. The vulnerability of the 

Dutch energy system made a renewed uptake of coal necessary. The solution to the one 

problem (vulnerability) therefore increased another challenge: CO2 emissions.   

 The sustainability challenges related to the earthquakes resulting from the 

extraction of natural gas are obviously of a more recent nature. Nevertheless, damage 

resulting from energy carrier extraction has a much longer history and the roots of this type 

of sustainability challenge in the Netherlands goes back to the early twentieth century. The 

case of Limburg shows that the problems initially remained modest, but after the 1940s, 

the costs increased notably. Mining companies tried to minimize the hinder by controlling 

the subsidence and aim for harmonic extraction. They had to compensate for the damage 

they caused.  The problem of mining damage could therefore not be completely solved, but 

the nuisance was reduced through compensation. Also in this case we see that the solution 

to increased dependence formed the roots of a new challenge.   

 

 





 

 

 

 

7. Epilogue: The next transition 
 

 

The domestic production of natural gas, from the Slochteren field as well as from the 

smaller fields, is expected to diminish in the near future; in 2030 only one third of the 

domestic demand can be covered by domestic production.
185

 A new energy transition is 

therefore unavoidable. Four still prevalent sustainability challenges for the Dutch energy 

system have been addressed in this dissertation. But, although each chapter in this 

dissertation focused on a specific theme, i.e. one specific sustainability challenge, it should 

be clear that all influence one another, and that all of them feature in the debate on the 

upcoming transition. As a matter of fact, many more challenges present themselves. 

Fouquet and Pearson, as quoted in the introduction, called upon research of long-term 

transition processes. They noted that “the choice and selection of historical cases ought to 

be driven by a diagnosis of the type of challenges that we currently face” (Fouquet & 

Pearson, 2012, p. 3). In this epilogue I attempt to interpret the lessons learned from the past 

and from my analysis and reflect on the current transition and possible future paths for the 

Dutch energy system.  

Although Fouquet and Pearson (2012) focus their analysis of, and call for, the 

next energy transition on a transition towards a low-carbon economy I can, as will become 

apparent below, not necessarily speak of a transition away from the combustion of 

carbonaceous fossil fuels. An idealist/environmentalist approach towards the upcoming 

transition will favour a transition away from fossils and towards renewables. However, 

short- and long-term energy availability, path dependence and lock-ins by the current 

regime might postpone the transition to renewable (carbon-neutral) sources of energy. 

 The first question to address when looking at the upcoming energy transition 

concerns the future demand for energy. Although energy consumption (or resource 

consumption more broadly) does not grow anymore at the same rate it did during the 

nineteenth and first half of the twentieth century, annual consumption of energy is still 

                                                           
185 See the attachment to the letter that Kamp, Minister of Economic Affairs, send to the House of 

Representatives on October 7th, 2014: http://www.rijksoverheid.nl/documenten-en-

publicaties/rapporten/2014/10/07/aardgasbeleid-in-nederland-actuele-ontwikkelingen.html (last 

accessed 19 January 2016). As a result of the societal protests following the earthquakes, the 

domestic extraction of natural gas was reduced in the summer of 2015 and the Netherlands has 

already become a net importer of natural gas (CBS, 2015b). 

http://www.rijksoverheid.nl/documenten-en-publicaties/rapporten/2014/10/07/aardgasbeleid-in-nederland-actuele-ontwikkelingen.html
http://www.rijksoverheid.nl/documenten-en-publicaties/rapporten/2014/10/07/aardgasbeleid-in-nederland-actuele-ontwikkelingen.html
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high and will remain high in the near future in the Western world. With the economic 

development of (large) developing countries such as China and India, world-wide demand 

for energy is still growing (IEA, 2014b, 2015).
186

 With rising demand and finite reserves, 

prices could be expected to go up. Nevertheless, especially with the large-scale extraction 

of shale-oil and gas in North America, known and profitably extractable reserves of 

carbohydrates have grown again and as a reaction also by traditional oil producing 

countries that have tried to outcompete shale oil producers, oil prices dropped by more 

than half between summer 2014 and summer 2015 (Barchart.com, Inc., 2015).
187

  

 Although there have long been worries about peak oil – the moment at which 

world-wide production of oil peaks and from which point onwards, less oil will be 

available – the discovery of commercially extractable shale has made most of these 

concerns obsolete. As a matter of fact, the known reserves have grown so much in recent 

years that the main threat for the future is climate change caused by CO2 emissions. In a 

provocatively titled paper called ‘Combustion of available fossil fuel resources sufficient 

to eliminate the Antarctic Ice Sheet’ Winkelmann et al. (2015) suggest that if all fossil 

reserves would be combusted, so much ice from the Antarctic Ice Sheet could melt through 

global warming that the sea level could potentially rise 58 meters. Even though this 

process would take several thousand years, the paper underlines that the dangers of CO2 

induced climate change are more worrying than future fossil fuel shortages. (Near) future 

availability of carbonaceous resources therefore seems not to be the main challenge for the 

future.
188

 However, an important question for the Netherlands is where to source the 

resources from. 

 With the domestic reserves of natural gas diminishing rapidly, three major options 

exist: (1) the Netherlands can switch to imported natural gas (alongside the existing 

imports of oil and coal); (2) the Netherlands could enlarge its domestic production of 

energy from alternative (non-fossil) sources; or (3) it is suggested that the Netherlands 

possesses substantial reserves of shale-gas (e.g. EIA, 2013b), which could prolong the 

domestic extraction of gas through fracking. All routes contain challenges.  

 Firstly the import of natural gas. Natural gas could be imported from Norway, 

Russia, or via liquefied natural gas from countries such as Algeria. Especially Russia holds 

plentiful reserves, but given the current geopolitical tensions, dependence on Russia is not 

                                                           
186 Note that in their most recent World Energy Outlook the IEA points explicitly at India while it 

claims China actually transitions into a less energy intensive model for growth (which, however, is 

not to say its energy consumption will not continue to grow). 
187 With the sanctions against Iran lifted on January 16th 2016, it is expected that Iran will bring even 

more oil on the international market, possibly further reducing the price; even though the IEA and 

EIA do not expect that Iran will not be able to boost its output by as much as the country aims for 

(EIA, 2016; IEA, 2016). 
188 A fair division of available resources among poor and rich countries alike is an important 

challenge for the current generation. However, these social considerations were beyond the scope of 

this dissertation. 
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recommendable as it will increase the vulnerability of the Dutch energy system. However, 

another problem presents itself. Slochteren gas is unique because it is low-calorific. Dutch 

appliances, especially in households, have been adjusted to this and will not function 

properly with high-calorific natural gas; which also makes switching to possible offshore 

gas fields complicated. Adding nitrogen to imported natural gas and to the natural gas form 

the smaller fields to reduce its calorific value (as is already being done, but in smaller 

quantities), or adjusting appliances to high-calorific gas is possible, but costly.
189

 

Nevertheless, ambitions to turn the Netherlands into a hub for international natural gas 

transport are high and investments are being made for the construction of a ‘gas 

roundabout’ (see also Schipperus & Mulder, 2015). 

 Secondly switching to renewable energy. Since the 1970s, renewable energy 

sources have been added to the Dutch energy mix. Their uptake has been slow – the 

Netherlands ranks 25
th

 out of 28 EU member countries for renewable energy consumption 

(cf. CBS, 2014c). However, given the long-term nature of transitions, these incremental 

developments might be the omen of a transition that could gain momentum once the 

Slochteren gas field really starts to produce less natural gas. The slow introduction of 

domestic renewable energy sources illustrates that the Netherlands does not perceive itself 

to be vulnerable to energy shortages. So far, the domestic reserves of natural gas justify 

this attitude, but given the rapid depletion, this perception might very well change in the 

near future; to the benefit of domestic alternative energy sources. In the terminology of 

transition studies in the tradition of the Multi-Level Perspective, the slow developments of 

modern renewables since the 1970s might be seen as niche developments, while the 

diminishing domestic reserves of natural gas could be the abrupt landscape change that 

could lead to a new regime in which the niches can break through. However, the existing 

regime clearly tries to circumvent such major changes through incremental innovation, the 

most notable of which is the aforementioned gas roundabout. 

 A third option would be the introduction of alternative domestic fossil energy 

sources such as shale gas. Given the societal objections against these plans, and the 

government’s past experiences in Limburg, and especially current experiences in 

Groningen, this seems the least viable option. The current government decided in June 

2015 that commercial extraction will not be permitted at least until 2020 (Rijksoverheid, 

                                                           
189  See the attachment to the letter that Kamp, Minister of Economic Affairs, send to the House of 

Representatives on October 7th, 2014: http://www.rijksoverheid.nl/documenten-en-

publicaties/rapporten/2014/10/07/aardgasbeleid-in-nederland-actuele-ontwikkelingen.html (last 

accessed 19 January 2016). The idea of adjusting all appliances to high-calorific gas might sounds 

immense and is clearly prone to technological ‘lock-in’. Nevertheless, when the Slochteren natural 

gas network was laid out, many existing appliances also had to be renewed or adjusted (Kaijser, 

1996; Peebles, 1980). 

http://www.rijksoverheid.nl/documenten-en-publicaties/rapporten/2014/10/07/aardgasbeleid-in-nederland-actuele-ontwikkelingen.html
http://www.rijksoverheid.nl/documenten-en-publicaties/rapporten/2014/10/07/aardgasbeleid-in-nederland-actuele-ontwikkelingen.html
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2015b).
190

 However, the unrests in Groningen might have yet another effect on the next 

energy transition. 

 Because of the earthquakes due to the natural gas extraction, and the subsequent 

protests in the province of Groningen, the Dutch government decided to limit the 

production of natural gas in the first half of 2015 and decided in June to reduce the 

production to the minimum required in cold winters.
191

 As the revenues from the natural 

gas are still very important for the Dutch public treasury (cf. CBS, 2011), and contracts to 

deliver to foreign countries are long term, complete closure of the production is not to be 

expected.
192

 However a reduction of production is still a viable possibility. Slower 

exhaustion reduces the direct financial gains, but has the advantage that the benefits of the 

exploitation can be reaped over a longer period and thus to some extent divide the earnings 

more equally over the generations. The earthquakes will not disappear but are expected to 

become less frequent (see SodM, 2015), and more time will be available to make the 

transition to a new energy regime. 

 The transition will have to be set in motion more quickly, but has more time to 

mature. Regardless of which direction the future energy regime will take, this has the 

advantage of spreading costs and smoothening the nuisance because of the changes. From 

an environmental and vulnerability perspective, the second option has to be encouraged. In 

order to keep climate change within the 2°C that are considered acceptable, it is important 

for rich countries to take the lead in the transition towards a low-carbon economy.
193

 With 

                                                           
190 The recently presented Energierapport by the Ministry of Economic Affairs keeps the future 

possibilities for shale gas open and does not totally exclude it as a future option (Ministerie van 

Economische Zaken, 2016).  
191 See the letter “Kamerbrief Besluit Gaswinning Groningen in 2015” by Kamp, sent on June 23rd, 

2015: https://www.rijksoverheid.nl/documenten/kamerstukken/2015/06/23/kamerbrief-besluit-

gaswinning-groningen-in-2015 (last accessed 22 September 2015).  
192 In 2015 the ‘aardgasbaten’ (the revenues from the natural gas to the state), will reduce from 8.9 to 

ca. 7.7 billion Euros. According to estimates by the Netherlands Bureau for Economic Policy 

Analysis, a reduction of production (or rather sales) from 39.4 to 35 billion m3 of natural gas will 

result in a decrease of GDP by 0.1-0.2 percentage point. For 2015, the sales will be reduced to 33 

billion m3. See also: 

https://www.rijksoverheid.nl/documenten/kamerstukken/2015/06/23/kamerbrief-besluit-gaswinning-

groningen-in-2015 (last accessed 22 September 2015). The long-term contracts to deliver to 

neighbouring countries recently entered the political debate (see for example the minutes of the 

plenary debate of the House of Representatives on 26 January 2016: 

http://www.tweedekamer.nl/kamerstukken/plenaire_verslagen/detail?vj=2015-

2016&nr=46&version=2). It still remains to be seen whether the Netherlands will try to renegotiate 

the terms of the agreements with its trading partners.   
193 A global temperature increase of 2°C compared with the pre-industrial level has long been 

considered the maximum allowed for a sustainable development. However, recently scientists and 

especially small island states have been calling for a maximum of 1.5°C global temperature increase. 

The targets set in the Paris Agreement of 12 December 2015 indeed aim to strive for a maximum of 

1.5°C warming compared with the pre-industrial level (cf.. http://newsroom.unfccc.int/unfccc-

newsroom/finale-cop21/, last accessed 12 February 2016).  

https://www.rijksoverheid.nl/documenten/kamerstukken/2015/06/23/kamerbrief-besluit-gaswinning-groningen-in-2015
https://www.rijksoverheid.nl/documenten/kamerstukken/2015/06/23/kamerbrief-besluit-gaswinning-groningen-in-2015
https://www.rijksoverheid.nl/documenten/kamerstukken/2015/06/23/kamerbrief-besluit-gaswinning-groningen-in-2015
https://www.rijksoverheid.nl/documenten/kamerstukken/2015/06/23/kamerbrief-besluit-gaswinning-groningen-in-2015
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the (often small scale) sustainable energy initiatives that emerge all over the country, 

moving towards renewables should also be feasible in the Netherlands. However, this 

transition takes time, and the current developments with the gas roundabout indicate in 

another direction and signpost counteraction by the old regime (as anticipated for example 

by Fouquet and Pearson (2012) and not uncommon in transitions (e.g. Geels, 2002; 

Turnheim & Geels, 2012)).
194

  

 

7.1. A role for the government 

Past energy transitions usually involved clear private benefits to producers and consumers; 

often through reduced costs, but also because of higher energy services (Fouquet & 

Pearson, 2012; Fouquet, 2010). In a transition to a low-carbon economy, these private 

gains are much less evident. The positive externalities of reduced CO2 emissions and 

avoided climate change are collective, i.e. public, and will thus most likely result in free-

riding. While there may actually be private negative externalities in the form, for example, 

of nuisance from windmills or higher costs. Fouquet and Pearson (2012, p. 4) write 

therefore that “contrary to most past transitions, a low carbon transition will need to be 

deliberately managed or engineered.” A call I can subscribe to, and which can also be 

heard elsewhere (e.g. Krausmann et al., 2015; Steffen et al., 2007, 2011). However, while 

the Dutch government has been far from passive in the previous transitions, its engagement 

with the transition to renewable sources of energy has been so small that Urgenda 

Foundation felt necessitated to sue the State for lack of protection of its citizens against the 

dangers of anthropogenically caused climate change. 

If we look back upon the historical involvement of the Dutch State in energy 

related debates, we see that already in the early nineteenth century, King Willem I tried to 

support the Belgian coal mines (at the time, i.e. until 1830, still part of the Dutch 

Kingdom) with high import tariffs on foreign coal and investments in infrastructure (Van 

Zanden & Van Riel, 2004). The liberal governments of the mid-nineteenth century reduced 

their involvement in energy policies, but by the end of the century the government 

assumed a leading role again, most explicitly with the establishment of the State Mines 

(see chapter 2). It maintained this central position in the production of energy resource 

through the State Mines, and was also involved in the exploitation of the natural gas, 

where it played an important role in the distribution and extraction. Currently it is still 

involved in determining the rate of extraction of the natural gas and almost all revenues 

flow directly into the state treasury. At the same time, the State is also involved in 

                                                           
194 As remarked in footnote 185, the Netherlands has already become a net importer of natural gas so 

the first indications show an increasing share of imports. Given the importance of energy security on 

the short term, imports are necessary, but they say little about the eventual transition outcome. 
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renewable energy initiatives, for example through subsidies and licensing of locations for 

windmills. 

Also in the upcoming transition the government will play a vital role. It can 

determine the pace of exhaustion of the natural gas reserves, and it has a large influence on 

the future direction of the energy regime. The government will have to make a decision on 

how dependent it wants the Netherlands to become on foreign energy suppliers. Also in the 

discussion on domestic extraction of shale-gas the government still has an important 

decision to make. 

 However, not only the security of resource supplies will influence decision 

making. As Veraart (2014) elucidated, awareness about the need to reduce CO2 emissions 

slowly enters the political debate. Nevertheless, as also established in chapter 4, CO2-

emission abatement in the Netherlands is small. Urgenda Foundation therefore sued the 

Dutch State and won their case. This means that the Dutch government is forced to reduce 

the CO2 emissions in the Netherlands – and that it has to do so at a faster pace than the 

reduction track laid out in the Kyoto-protocol. On September 1
st
 2015, the Dutch State 

announced that it will appeal against the Urgenda-judgement on the ground that it 

questions whether the judge has the authority to rule in this case and may therewith 

interfere with government decision making. Nevertheless, the government announced its 

intentions to comply with the ruling (Rijksoverheid, 2015a).
195

  

 Dependence, vulnerability, pollution, nuisance from externalities (through 

earthquakes, windmills, or shale extraction, etc.), technology (substitution possibilities, 

efficiency improvements, carbon capture and storage, etc.) and economics (costs of 

domestic production versus imports, renewable energy markets, financing, etc.) will all 

play their part in the next transition. Just as they have all played their parts in the history of 

sustainability challenges of the Dutch energy system, and as they have influenced past 

transitions. The interplay between them is complex. As was discussed in the introduction 

(personal) value judgements will influence which concerns are to be dealt with first. 

Economists in general will be more optimistic about the future state of technology, 

possibilities for substitution and possibilities to abate environmental distress and will 

therefore focus more on questions of economic costs and vulnerability. Environmentalists 

will tend to stress the dangers of pollution and (local) nuisance. 

According to Matthews et al. (2009) the ‘carbon-climate response’ (i.e. the 

change of temperature as a result of carbon dioxide emissions) is roughly equal to 1.7°C 

per Tton of carbon emitted. I estimated in chapter 4 that the Netherlands has emitted 10.6 * 

10
12

 kg of carbon dioxide since 1800. 10.6 * 10
12

 kg of CO2 equals 2.9 * 10
12

 kg of C = 2.9 

                                                           
195 The actual effectiveness of domestic abatement measures may be reduced by and interfer with the 

European Emission Trading System for CO2 (see A. J. Mulder, 2015 for a discussion on the 

interaction between the ETS and domestic abatement measures). 
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* 10
9
 ton C = 0.0029 Tton C. The Dutch emissions from energy consumption therefore 

contributed 0.0049°C extra to climate change. In a later paper, Matthews et al. calculate 

the contributions to global climate change of individual countries (2014). They find – 

based on combustion emission data from the CDIAC – a contribution by the Netherlands 

of 0.004°C. Besides emissions from fossil fuel combustion, they also include emissions 

from land use change through deforestation. As they do not include emissions from peat 

land oxidation, and based their CO2 emissions on the CDIAC, which especially for the 

nineteenth century are too low, we need to be careful in interpreting their findings and 

should acknowledge that their findings, at least for the Dutch case, are downward biased. 

Despite this, the Netherlands ranks twentieth in terms of countries with the biggest 

contribution to climate change in absolute terms; per capita it even ranks sixth. The 

Netherlands, despite being a medium-sized economy, therefore bares a substantial part of 

the responsibility for global climate change.  

I can only conclude with regret that, unfortunately, it also only ranks 25
th

 out of 

28 EU member countries for renewable energy consumption. Civil actions, such as 

Urgenda’s climate case might therefore be required to steer the Dutch government in the 

direction of investments in renewable energy sources rather than a ‘gas roundabout’.  

The government has the power, and the tools, to steer the next transition. 

Nevertheless, involvement of the public is important. We have seen in chapter 5 how a 

smaller share of mining employees corresponded with increasing damage costs. And know 

from other studies that public engagement can contribute to the acceptance of renewable 

sources of energy (e.g. Devine-Wright, 2011; Droste-Franke et al., 2012). A purely top-

down approach is therefore also expected to generate resistance. Regardless, given their 

preoccupation with the gas roundabout, it appears the Dutch government belongs more to 

the optimistic camp and does not see a need for governmental interference in the transition. 

Even though there are some preliminary signs that the exhaustion of the Slochteren gas 

field, coupled with the unrest because of the earthquakes have moved the political debates 

towards preservation of the natural gas and stimulation of renewables (see Giebels, 2016). 

The aims set in the Energierapport 2016 are also ambitious when it comes to reducing the 

carbon emissions (Ministerie van Economische Zaken, 2016). 

 

7.2. Future CO2 emission simulations    

According to the Kyoto protocol, the Netherlands should have reduced its emissions of 

greenhouse gases with 6% on average in the period 2008-2012 compared with the base 

year 1990. Even though this includes all greenhouse gases and it includes CO2 emissions 

from other sources than fossil fuel combustion, we can clearly see from the results 

presented in chapter 4 that at least for CO2 emissions from combustion this goal was not 
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reached. The emissions grew by 5.8% between 1990 and 2012. Upon using the average 

emissions between 2008 and 2012 this even increases to 7.7%. For most other greenhouse 

gases a reduction was accomplished. Furthermore the official calculations include other 

sources of CO2 emissions. By purchasing emission rights, the government finally met the 

emission goals (CBS et al., 2015b; PBL, 2013). At the climate summit in Doha in 2012, 

the Kyoto agreements were extended and the Netherlands committed to a further reduction 

of all greenhouse gases of 20% by 2020 as compared with the base-year 1990. In the 

‘Urgenda-case’ a reduction of 25% by 2020 compared with the 1990 levels was 

demanded.
196

 And in the 2016 Energierapport, the Netherlands announced that, in line 

with the European targets, it aims to reduce emissions by 40% in 2030 and by 80-95% by 

2050. 

How likely is it that these reductions will be accomplished? In this final section of 

my dissertation I will present a few simulations based on different assumptions regarding 

the carbon content of the energy system, the energy intensity of the economy, the growth 

of the economy (GDP/capita) and the growth of the population, i.e. the drivers of the Kaya 

Identity decomposition presented in chapter 4. 

 In chapter 4 I already addressed the trend seen in CO2 emissions per level of GDP 

per capita, i.e. the Environmental Kuznets Curve. The EKC presents a simple model to 

predict the future emissions of a country based on its historical trend and expected 

economic development. Holtz-Eakin and Selden (1995), without actually making reference 

to the EKC, essentially did precisely this on a global level. One of the difficulties in 

assessing the future CO2 emissions lies with the “inability to predict future economic and 

technological developments” (Carbon Dioxide Assessment Committee, 1983, p. 1; see also 

Nordhaus & Yohe, 1983). Assessing the future economic developments is indeed difficult, 

especially given the recent economic crisis and the current setbacks of the Chinese 

economy, but if we assume a sustained economic growth, the EKC provides an elegant 

method to circumvent the need to predict technological developments as these are taken as 

endogenous.
197

  

 Following, based on a simple extrapolation, the trend presented in the EKC by the 

Dutch CO2 data in figure 4.5, we would obtain the inquisitive outcome that the trend line 

would cross the x-axis at a per capita GDP of about 41,000 int. 1990 GK-$. This would 

                                                           
196 Actually Urgenda demanded reductions of 25-40%, the court decided to keep its order at the 

lower reduction demand (see the judgement: 

http://uitspraken.rechtspraak.nl/inziendocument?id=ECLI:NL:RBDHA:2015:7145, last accessed 14 

October 2015).  
197 The Environmental Kuznets Curve holds that economic development will initially be closely 

connected with increasing resource use and pollution, but will, as the levels of technology and 

welfare proceed, eventually reduce because of better technologies and changing utility functions. 

Technological advances, according to the model, occur ‘automatically’ with progressing economic 

development. 
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imply that the Dutch economy could become completely CO2 neutral when it reaches per 

capita GDP levels of about 41,000 int. 1990 GK-$. Assuming the Netherlands would 

maintain the roughly 1.6% growth rate of per capita GDP which it has seen between 1972 

and 2012, this level could already be reached in the mid-2040s.
198

 Given the, so far, slow 

adoption of carbon neutral energy sources this would be remarkable. It also opposes 

virtually all existing predictions of the (near) future (Dutch) CO2 emissions (e.g. 

Hekkenberg & Verdonk, 2014; Marchal et al., 2012) and exceeds even the most ambitious 

targets.
199

  

 Providing different simulations based on likely future trends for the individual 

drivers of the CO2 emissions as identified in the Kaya Identity decomposition might 

therefore give us a better insight in the projected future emission levels of the Netherlands. 

Remember from chapter 4 that the Kaya Identity expresses the emissions of CO2 as a 

function of the carbon content of the energy system, the energy intensity of the economy, 

the growth of the economy (GDP/capita) and the growth of the population (CO2 = C x I x 

Yp x P). Estimates or predictions on the expected future developments of these four factors 

are thus required. 

 In reversed order they become increasingly difficult to predict, and therefore 

increasingly prone to errors and wider margins of uncertainty.
200

 Population growth, first 

of all, shows the least volatility. Although already here the prognoses presented by 

Statistics Netherlands show a rather large range of uncertainty (CBS, 2014d). I will use the 

expected population growth and the upper and lower boundaries at 95% confidence 

                                                           
198 It should be obvious, but may at this point be worth stressing, that the EKC may not be seen as an 

excuse to neglect emission reduction initiatives with the argumentation that the problem will solve 

itself within one generation. Also, of course, the Netherlands has a very high income per capita and it 

is thus important to be cautious with the use of the EKC as it may not be an excuse for poorer 

countries to continue emitting until they have reached the same level of welfare as the Western 

world. 
199 There are three very important disclaimers to be made regarding this calculation. First of all, this 

is assuming a perfect inverted U-shape, while actually a bell shape is to be expected (as can also be 

seen in the SO2 data). This means that zero emissions are unlikely and it is impossible to predict 

when the rate of reduction will start to decelerate. Second, despite the very high R2 we need to be 

cautious about the actual fit of the trend. If I, instead of plotting a polynomial trend, introduce a 

linear trend, the R2 is smaller, but at 0.947 still substantial. Third, this calculation assumes a constant 

growth rate of per capita GDP. Even though, over the long run, this growth rate has stayed fairly 

constant throughout the twentieth century, there is no guarantee it will remain so into the twenty-

first. 
200 In their early work predicting future levels of CO2 emissions, Nordhaus and Yohe (1983) 

illustrate the many causes and effects of uncertainty. Their model for estimating the future emissions 

is much more complex than the Kaya Identity as it includes for example the future costs of energy 

sources and the ease or difficulty of substitution. It goes without saying that these are indeed crucial 

for detailed future predictions, however it complicates the estimations a great deal and introduces yet 

more uncertainties. By applying the Kaya decomposition for the drivers of emissions based on 

historical extrapolations and ‘best estimates’ a pragmatic middle ground can be found between the 

overly simplistic EKC and the complex modelling by Nordhaus and Yohe. 
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intervals as presented by the CBS. Note that the lowest population estimates actually 

predict a decreasing population, starting already in the 2020s.  

 Economic growth, measured in per capita GDP has been fairly constant 

throughout the twentieth century. Over the entire period for which GDP per capita 

estimates for the Netherlands are available (1820-2012), GDP/c grew at an average rate of 

slightly over 1.3% per year. Over the course of the twentieth century this was on average 

1.9% per year, while the last 40 years saw an average growth of 1.6%.
201

 However, the 

current economic crisis has reduced the trust in a continuous economic growth among 

some, see for example Van de Belt, Piljic and Stegeman (2012).
202

 Besides the average 

growth rates presented above I therefore also include an extreme scenario of zero 

economic growth. 

 The energy intensity of the Dutch economy has been declining, especially since 

the 1970s. The analysis of the energy-capital ratios, chapter 3, has also shown increasing 

energy efficiency. Although this process cannot go on endlessly, improvements can still be 

expected over the coming years.
203

 Over the entire twentieth century, the E/GDP ratio 

declined at an average rate of 0.39% per year. I will use this as the minimum improvement. 

The steepest decline in the energy intensity of the Netherlands has occurred since the 

1970s and corresponds with an average annual reduction of 1.6%. The World Energy 

Outlook 2014 (IEA, 2014b) presents an expected average annual growth rate of energy 

consumption in Europe of -0.1%, based on the assumption that the economy will grow at 

an annual rate of 1.7% (until 2035). On the basis of this the expected annual growth rate of 

the energy intensity can be calculated. This is close to -1.6%, which is therefore used as a 

default factor here.       

 The carbon content of the energy system, finally, depends on many aspects and is 

therefore hardest to predict. Had we been looking at the CO2/E ratio of the Netherlands in 

the late 1960s or early 1970s, we would have probably been very optimistic on the 

reduction of the carbon intensity of the Dutch energy system over the last decade (see 

figure 4.6). Since the late 1970s improvements have been lacking though. Does this mean 

we have reached a minimum carbon intensity required for the production of energy? No, 

while carbon is essential in an energy system that is based on combustion, energy can also 

be derived from non-carbonaceous sources and the carbon contents of the energy systems 

of other countries illustrate that the carbon content could be reduced further (see figure 

4.8). And even though the investment in, and establishment of, these energy sources has 

been slow in the Netherlands, additional investment in carbon-free sources of energy 

                                                           
201 Based on the Maddison-Project. 
202 See also Gordon (2014) who, though speaking specifically about the US, predicts notably lower 

economic growth rates for the future than those seen in the twentieth century. 
203 A certain amount of energy will always be needed to power machinery and there are natural limits 

to the maximum thermal efficiency (known as Carnot’s rule (cf. Olah et al., 2009))  
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production may be expected in the (near) future. The timing and pace of this transition is 

extremely hard to predict. It depends, for example, on the costs of the fossils and of the 

alternative, the ease of substitution (as seen in chapter 2, this can still pose difficulties), 

natural endowments, the introduction of policies, and, although probably to a lesser degree, 

on consumer preferences (see also Nordhaus & Yohe, 1983, who also show the large 

uncertainties in these factors).  

Since the turn of the twenty-first century, the carbon content of the Dutch energy 

system has increased slightly. Nevertheless, it cannot be expected that it will rise even 

more in the near future, given the increasing awareness of the dangers of CO2-induced 

climate change and the incremental efforts towards renewable resources in the last 

decades. A minimum improvement scenario therefore includes zero sum change in the 

carbon content of the energy system. Extrapolating the negative growth of the share of 

fossils in the Dutch energy mix based on the last decades results in a decreasing share of 

0.47% per year. This slow reduction leads to an energy mix based for 80% on fossil fuel 

sources around 2030 and 70% around 2060.
204

 These seem high, and given the ambitions – 

according to the Dutch Energy Agreement the Netherlands should have 13% renewables by 

2020 and 15% by 2023 (SER, 2013, 2014) – not very realistic assumptions. However, if I, 

instead of looking at the decrease rate of fossils look at the rate of increase of renewables 

since 2000, the annual growth rate accounts to roughly 5.8% per year. At this rate, by 

2020, just over 10.5% of all energy would come from renewable sources, by 2040 this 

would be almost one third, and in 2060 the Dutch energy system would be completely CO2 

neutral. The latter is also an extreme scenario because it would require all energy 

consumption (i.e. including transportation and all thermal energy applications) to be 

sourced from non-carbonaceous energy sources. Therefore an in-between reduction of the 

carbon intensity of the energy system of 1.5% per year is included in the simulations. This 

is a rather random assumption, but it lies nicely within the two extremes and results in a 

carbon content of the energy system by 2060 of half the current level. 

 The use of the assumptions presented above results in 96 possible outcomes for 

the future CO2 emissions and includes the most extreme possibilities (both in the direction 

of reduction and increase), see figure 7.1. The light grey lines illustrate the range of 

possible future emission scenarios based on the assumptions used. The squares show the 

emission reduction target of 25% by 2020 (based on the Urgenda-ruling), 40% by 2030 

and 80% by 2050 (based on the Energierapport 2016) as compared with the base year 

1990. Keep in mind that these targets include all greenhouse gas emissions, so additional 

reduction gains could come from other sources. But, purely looking at the expected 

emission trends based on the assumptions of the drivers, shows that only in the best-case 

                                                           
204 Excluding the extraction of energy from waste incineration. This should not be considered 

renewable because it also emits CO2 (elsewhere I have argued that fossil-based plastics merely 

postpone the combustion of the carbon in the fossil resource if (plastic) waste is incinerated rather 

than recycled, see Lintsen et al. (2016)). 
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scenario the emission level might come close to the targets set. The actually expected 

emission level (the black line in figure 7.1) only corresponds with a reduction of less than 

40% by 2050 and thus stays well above the targeted reductions.  

 

Figure 7.1: Projected CO2 emissions for the Netherlands, 1970-2060 

 
Source: own calculations 

 

In the most extreme case with highest emissions, i.e. high population growth, 

1.9% economic growth, energy intensity decrease of only 0.39% and no change in carbon 

intensity, emissions will almost triple by 2060 compared to the level of 1990. Because in 

the most optimistic scenario regarding the use of renewable sources of energy, all energy 

would be derived from renewable energy sources by 2060, all simulations including this 

buoyant pathway result in zero emissions of CO2 by 2060. In the most positive scenario – 

seen from the perspective of emission reduction – with the lowest population estimates 

(i.e. population decline), zero economic growth, 1.6% annual decrease of the energy 

intensity and an increase of the share of renewables by 5.8% per year, the emissions of 

CO2 would be brought back to 25% of the level of 1990 in 2026. Still a few years off from 

the minimum of 25% reduction by 2020, as required according to the Urgenda ruling. A 

reduction of 40% could, in this scenario, be accomplished by 2033. By 2040 the emissions 

of CO2, according to this most optimistic projection will still be over 70 Mton (comparable 

to the level in the mid-1950s). Although this would mean a reduction of 55% compared 
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with the 1990 level, it shows that a complete disappearance of the CO2 emissions by the 

2040s, as projected by the EKC is not to be expected. 

 These two are both extremes. Assuming the actual expected population growth 

(according to Statistics Netherlands), a growth of GDP per capita of 1.6% per year, a 

decreasing energy intensity of 1.6% per year, and a reduction of the carbon content of 

1.5% per year, the emissions of CO2 will indeed decrease in the next half century (see the 

black projection in figure 7.1). However, the reduction by 2060 as compared with the base 

year of 1990 will be less than 50% and will thus not reach the targets set. 

Considering that population growth and economic development are not issues that 

can actively be reduced under the premises of sustainable development, improvements will 

have to come from the energy intensity of the economy and the carbon intensity of the 

energy system.
205

 The 1.6% annual decrease of the energy intensity of the economy, as 

seen since the 1970s appears generous, and given the fact that a minimum level of energy 

will always be required, the major advancements will have to be made in the carbon 

intensity of the energy system.  

Investment in (domestic) production of energy from renewable sources needs 

therefore to be called upon, as it will reduce the emissions, but at the same time also 

reduces the dependence on foreign supplies. However, as I hope this dissertation has made 

sufficiently clear, the future energy transition will depend on a multitude of aspects. The 

historical roots of some of our current challenges have been analysed in this dissertation, 

with the goal of understanding why things are as they are, and why they can be persistent. I 

hope my work can contribute to the discussions towards a more sustainable future by 

having elicited some of the sustainability challenges of the past.    

 

 

                                                           
205 Daly and Cobb, well aware of the sensitivities, nonetheless make a strong claim that given the 

limited size of available land, some form of population control would be beneficial for the collective 

good: “we stress that we do not rule out elements of restriction of individual preference by the 

community as a whole in the interest of the well-being of all” (1994, p. 251). 
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Appendix I: Energy consumption in the Netherlands 

(1800-2012) 
 

In this dissertation I have relied heavily on the energy production and consumption data as 

collected by Ben Gales (2007). Ben was kind enough to share his raw data with me, which 

really gave me a head start into my research. Ben’s time series can be considered the 

standard historical energy consumption statistics for the Netherlands (see also Kander et al. 

(2013) and www.energyhistory.org). However, working my way through the raw data a 

few errors were discovered; besides I updated the time series until 2012 on the basis of the 

Energy Statistics of OECD countries as published annually by the International Energy 

Agency. I therefore present the revised and updated time series below (all in TJ). Please 

cite the energy consumption data as: “Gales, B.P.A. & Hölsgens, H.N.M. (2016). Energy 

consumption in the Netherlands (1800-2012). In H.N.M. Hölsgens, Energy transitions in 

the Netherlands: Sustainability challenges in a historical and comparative perspective. 

University of Groningen.”  

 

http://www.energyhistory.org/
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Table A.I.1: Energy consumption in the Netherlands per energy carrier (TJ), 1800-2012 

Year 

wind & 

water muscle206 wood peat 

coal & 

brown 

coal oil 

natural 

gas waste 

modern 

renewables 
207 total 

1800 8676 23879 6189 11396 4320 0 0 0 0 54460 

1801 8654 23907 6206 11511 4493 0 0 0 0 54771 

1802 8658 23933 6222 11628 4683 0 0 0 0 55124 

1803 8644 23960 6238 11745 3442 0 0 0 0 54029 

1804 8630 23991 6258 11864 3851 0 0 0 0 54594 

1805 8566 24032 6284 11983 3908 0 0 0 0 54774 

1806 8544 24080 6316 12105 4113 0 0 0 0 55157 

1807 8497 24112 6336 12227 3300 0 0 0 0 54472 

1808 8468 24376 6328 12350 2670 0 0 0 0 54191 

1809 8411 24637 6318 12475 2592 0 0 0 0 54433 

1810 8379 25012 6326 12601 2304 0 0 0 0 54622 

1811 8366 25306 6340 12728 2218 0 0 0 0 54957 

1812 8353 25689 6353 12857 2160 0 0 0 0 55412 

1813 8348 25995 6376 12987 2419 0 0 0 0 56125 

1814 8277 26388 6397 13118 2416 0 0 0 0 56596 

1815 8247 26736 6450 13250 2578 0 0 0 0 57260 

1816 8276 27228 6596 13384 2379 0 0 0 0 57863 

                                                           
206 Includes human and animal muscle power. 
207 Includes non-thermal electricity and biomass. It also includes traded electricity which explains the occasional negative values. This electricity is 

produced in the Netherlands (probably through the combustion of coal or natural gas) and then exported, to avoid counting the coal or natural gas 

consumed in the production of this electricity as Dutch energy consumption the exported electricity needs to be accounted for.  
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Year 

wind & 

water muscle206 wood peat 

coal & 

brown 

coal oil 

natural 

gas waste 

modern 

renewables 
207 total 

1817 8290 27150 6715 13520 3407 0 0 0 0 59081 

1818 8361 27871 6866 13656 3779 0 0 0 0 60532 

1819 8398 28614 7020 13794 3862 0 0 0 0 61688 

1820 8443 29450 7247 13933 4116 0 0 0 0 63190 

1821 8447 29403 7412 14074 4254 0 0 0 0 63591 

1822 8435 29369 7558 14216 4164 0 0 0 0 63742 

1823 8447 29424 7709 14360 4277 0 0 0 0 64217 

1824 8460 29408 7877 14505 5126 0 0 0 0 65376 

1825 8429 29396 8082 14651 6143 0 0 0 0 66701 

1826 8463 29427 8227 14799 6477 0 0 0 0 67393 

1827 8418 29326 8333 14949 6785 0 0 0 0 67811 

1828 8406 29337 8469 15100 7485 0 0 0 0 68797 

1829 8435 29267 8639 15252 7188 0 0 0 0 68782 

1830 8432 29276 8637 15406 7577 0 0 0 0 69329 

1831 8438 29451 8626 15562 5875 0 0 0 0 67953 

1832 8470 29596 7932 15719 7917 0 0 0 0 69635 

1833 8477 29762 8079 15878 7119 0 0 0 0 69315 

1834 8526 29955 8251 16038 6008 0 0 0 0 68778 

1835 8558 30156 8405 16872 6967 0 0 0 0 70958 

1836 8614 30374 8577 17997 7537 0 0 0 0 73098 

1837 8620 30588 8751 19069 8490 0 0 0 0 75518 

1838 8600 30803 8925 20981 9714 0 0 0 0 79023 
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Year 

wind & 

water muscle206 wood peat 

coal & 

brown 

coal oil 

natural 

gas waste 

modern 

renewables 
207 total 

1839 8640 31029 9092 21837 9302 0 0 0 0 79901 

1840 8611 31260 9266 22584 11036 0 0 0 0 82757 

1841 8701 31500 9445 20459 10060 0 0 0 0 80164 

1842 8700 31633 9615 20643 9769 0 0 0 0 80360 

1843 8715 31848 9778 20211 10564 0 0 0 0 81116 

1844 8756 32077 9956 19763 9743 0 0 0 0 80296 

1845 8791 32399 10138 18878 14054 0 0 0 0 84260 

1846 8805 32677 10074 22594 10597 0 0 0 0 84746 

1847 8819 32779 10006 21860 13542 0 0 0 0 87007 

1848 8869 32960 9916 20441 12972 0 0 0 0 85157 

1849 8903 33175 9844 20469 12960 0 0 0 0 85351 

1850 9011 33452 9841 21854 14308 0 0 0 0 88466 

1851 9085 33781 9859 24615 13510 0 0 0 0 90850 

1852 9160 34645 9880 24497 15324 0 0 0 0 93505 

1853 9232 34315 9887 22771 14751 0 0 0 0 90956 

1854 9459 34420 9866 23966 17562 0 0 0 0 95274 

1855 9544 34316 9686 23029 19460 0 0 0 0 96035 

1856 9666 34486 9659 28774 18864 0 0 0 0 101450 

1857 9727 34774 9583 28323 18634 0 0 0 0 101040 

1858 9774 34671 9502 26425 20592 0 0 0 0 100963 

1859 9849 34900 9395 25931 21692 0 0 0 0 101767 

1860 9897 35501 9300 25196 26859 0 0 0 0 106753 
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Year 

wind & 

water muscle206 wood peat 

coal & 

brown 

coal oil 

natural 

gas waste 

modern 

renewables 
207 total 

1861 9889 35960 9222 26793 23616 0 0 0 0 105480 

1862 10036 36347 9171 29933 23535 0 0 0 0 109021 

1863 10112 36842 9115 30837 23256 43 0 0 0 110206 

1864 10191 37076 9080 28397 36438 173 0 0 0 121356 

1865 10206 37116 8878 28339 41659 173 0 0 0 126372 

1866 10211 37220 8811 28354 44479 259 0 0 0 129334 

1867 10355 37427 8849 28325 44626 475 0 0 0 130056 

1868 10399 37390 8897 30355 46305 648 0 0 0 133993 

1869 10373 37622 8963 30326 47802 562 0 0 0 135647 

1870 10354 37592 9013 30312 53510 648 0 0 0 141430 

1871 10375 37708 9059 30298 55840 778 0 0 0 144058 

1872 10277 37464 9106 30283 58173 821 0 0 0 146124 

1873 10233 38079 9172 32429 55725 1123 0 0 0 146761 

1874 10058 38812 9190 32429 51823 1166 0 0 0 143478 

1875 9990 39090 8907 32429 58884 1382 0 0 0 150683 

1876 9898 40000 8557 32429 67317 1339 0 0 0 159540 

1877 9836 40581 8221 32443 67945 1512 0 0 0 160539 

1878 9706 41071 7899 27317 72455 1642 0 0 0 160091 

1879 9489 41654 7601 27317 78080 1771 0 0 0 165911 

1880 9191 41772 7311 27259 86233 2030 0 0 0 173797 

1881 9107 41339 7056 27274 89326 2246 0 0 0 176348 

1882 8944 41561 6802 27288 92134 2462 0 0 0 179190 
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Year 

wind & 

water muscle206 wood peat 

coal & 

brown 

coal oil 

natural 

gas waste 

modern 

renewables 
207 total 

1883 8863 41597 6505 23890 100930 2808 0 0 0 184592 

1884 8833 41800 6232 23875 96575 3154 0 0 0 180469 

1885 8746 42104 6004 23832 96745 3283 0 0 0 180714 

1886 8643 42592 5801 23818 101811 3586 0 0 0 186250 

1887 8579 42909 5596 23774 104414 1642 0 0 0 186915 

1888 8382 43145 5393 23803 115793 3845 0 0 0 200361 

1889 8285 43556 5184 23832 113106 4190 0 0 0 198153 

1890 8168 43506 4990 23544 109025 4406 0 0 0 193639 

1891 8062 43614 4811 23530 111911 4838 0 0 0 196767 

1892 7992 43712 4644 26660 117481 5227 0 0 0 205716 

1893 7932 43378 4488 22786 119111 5486 0 0 0 203181 

1894 7830 43527 4345 22899 120203 6048 0 0 0 204851 

1895 7675 43944 4140 22117 121968 6437 0 0 0 206281 

1896 7635 44470 4008 23118 130236 6523 0 0 0 215990 

1897 7526 45195 3822 24148 139611 6869 0 0 0 227170 

1898 7345 46008 3695 25701 134343 7258 0 0 0 224350 

1899 7241 46728 3520 28661 136947 7214 0 0 0 230312 

1900 7091 47881 3410 23824 153089 7258 0 0 0 242553 

1901 6979 48769 3313 18877 149636 7690 0 0 0 235264 

1902 6910 49237 3214 17817 146255 8122 0 0 0 231554 

1903 6757 48820 3075 18590 157294 8251 0 0 0 242788 

1904 6615 49037 2982 18547 168987 7690 0 0 0 253857 
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wind & 

water muscle206 wood peat 

coal & 

brown 

coal oil 

natural 

gas waste 

modern 

renewables 
207 total 

1905 6615 49793 2875 18936 172932 7992 0 0 0 259144 

1906 6534 50645 2765 18893 188410 8165 0 0 0 275411 

1907 6395 51413 2680 18965 195863 8122 0 0 0 283437 

1908 6308 52175 2573 19109 200701 7949 0 0 0 288815 

1909 6224 53039 2478 19123 212072 7949 0 0 0 300884 

1910 6115 53847 2388 15794 218367 7862 0 0 0 304374 

1911 5966 54737 2400 19667 232165 7992 0 0 0 322928 

1912 5850 55731 2401 30884 260496 7992 0 0 0 363354 

1913 5775 56676 2383 12459 320000 7344 0 0 0 404636 

1914 5431 57721 2805 14718 268566 7906 0 0 0 357146 

1915 5109 58657 2820 14775 276278 7906 0 0 0 365545 

1916 4805 59570 3322 16933 255165 8122 0 0 0 347917 

1917 4519 60568 3257 24293 174324 4234 0 0 0 271195 

1918 4251 61400 2672 24192 154723 0 0 0 0 247237 

1919 3998 60227 2767 23962 219281 14126 0 0 0 324361 

1920 3760 60694 2729 22954 220577 18965 0 0 0 329679 

1921 3537 61232 2714 10814 236532 14558 0 0 0 329387 

1922 3327 61032 2723 10771 278109 16330 0 0 0 372291 

1923 3129 60836 2729 10570 274498 21298 0 0 0 373059 

1924 2943 60568 2690 10627 309401 24667 0 0 0 410895 

1925 2768 60375 2862 10656 328443 25747 0 0 0 430852 

1926 2603 60169 2883 10584 331783 28469 0 0 0 436491 
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wind & 

water muscle206 wood peat 

coal & 

brown 

coal oil 

natural 

gas waste 

modern 

renewables 
207 total 

1927 2449 59945 2851 10454 368108 34344 0 0 0 478151 

1928 2303 59632 2864 10570 382696 32314 0 0 0 490379 

1929 2166 59405 2859 10282 419671 35856 0 0 79 530317 

1930 2038 59185 2584 10699 411210 36850 0 0 79 522645 

1931 1916 59025 2584 10656 402066 42854 0 0 79 519181 

1932 1802 58794 2584 10454 389810 35467 0 0 76 498988 

1933 1695 58614 2584 10397 394426 36936 0 0 76 504728 

1934 1595 58305 2584 10411 398050 34776 0 0 79 505800 

1935 1500 60376 2615 10325 374264 39614 0 0 83 488777 

1936 1411 61327 2564 10296 384237 44237 0 0 86 504158 

1937 1327 62096 2564 10310 420943 57499 0 0 90 554830 

1938 1248 63510 2564 10354 405044 63461 0 0 130 546310 

1939 1174 64788 3589 10310 432272 73440 0 0 79 585653 

1940 1104 65526 4102 10368 356676 25358 0 0 0 463134 

1941 1038 65233 2564 10483 365846 3326 0 0 0 448491 

1942 977 67147 4102 10483 351013 2808 0 0 0 436530 

1943 919 64855 3494 10454 353563 1469 0 0 0 434754 

1944 864 64860 2976 10152 238015 86 0 0 14 316968 

1945 855 64837 2535 10195 169801 130 0 0 122 248476 

1946 845 65745 2159 9115 321077 70286 0 0 148 469376 

1947 836 67553 1839 9389 390088 94306 38 0 -97 563952 

1948 827 67056 1653 12485 401939 140746 192 0 -122 624776 
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wind & 
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coal & 

brown 

coal oil 

natural 

gas waste 

modern 

renewables 
207 total 

1949 818 65507 1354 10224 436271 121435 269 0 -122 635756 

1950 809 64059 1137 6595 485971 141869 1968 0 86 702494 

1951 801 64470 1152 7214 510299 164765 2108 0 1091 751899 

1952 792 64116 1137 8597 505363 168005 2301 0 680 750991 

1953 783 64906 1135 5112 493744 179410 1160 0 -43 746207 

1954 775 64750 1135 5990 518079 202910 3918 0 -180 797378 

1955 766 63477 1134 5342 527647 245722 5727 0 709 850525 

1956 758 62936 1170 4550 557963 312250 6658 0 -101 946184 

1957 750 62658 906 4680 539144 334498 6360 0 -292 948704 

1958 0 62744 900 6955 477898 344261 8029 0 688 901475 

1959 0 63461 969 6998 450358 399470 9521 0 270 931047 

1960 0 63190 978 7013 465367 438696 13478 0 425 989146 

1961 0 62340 889 7085 463896 480946 18292 0 155 1033602 

1962 0 62180 848 5357 479100 549763 19957 0 -72 1117133 

1963 0 61633 746 4882 492388 627437 23174 0 169 1210428 

1964 0 61178 684 4810 445774 725630 31360 0 65 1269502 

1965 0 60569 617 4349 406652 813586 61293 0 122 1347189 

1966 0 59574 1229 4291 383253 869616 116338 0 -1105 1433197 

1967 0 58680 1228 3830 334753 882014 209857 0 -1192 1489171 

1968 0 57114 1276 3485 313738 967464 345118 0 -886 1687310 

1969 0 56875 1259 3370 277415 1005005 507578 0 -155 1851346 

1970 0 56683 1209 3283 218995 1131840 716042 0 97 2128149 
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coal & 

brown 

coal oil 

natural 

gas waste 

modern 

renewables 
207 total 

1971 0 56204 1185 2794 155811 1083802 927693 0 -2437 2225051 

1972 0 56266 1179 2390 130064 1173398 1200391 0 -4082 2559605 

1973 0 56323 1204 2016 115619 1191586 1325660 0 -853 2691554 

1974 0 56450 1205 2419 133097 1022328 1422270 0 6473 2644242 

1975 0 56819 1219 2866 104957 924307 1349529 0 11074 2450770 

1976 0 56863 1219 3744 110723 1072224 1416621 0 12776 2674171 

1977 0 56985 1219 6106 112697 1036670 1412766 0 16034 2642477 

1978 0 57119 1219 3442 145393 1130026 1417120 0 15858 2770177 

1979 0 57298 1219 4608 143898 1260230 1442713 0 13068 2923034 

1980 0 57535 1170 4869 182298 1187654 1333174 0 14015 2780716 

1981 0 57716 1219 4642 182215 1086653 1269488 0 12737 2614669 

1982 0 57859 1219 4176 148587 911693 1225893 0 24340 2373767 

1983 0 57958 1219 4392 213543 854582 1295353 0 29639 2456686 

1984 0 58067 1219 4565 271176 843005 1336980 0 25902 2540914 

1985 0 58217 1089 5328 271671 768053 1404649 0 32501 2541507 

1986 0 58060 1085 4824 272755 852682 1414097 0 23026 2626528 

1987 0 58400 1104 8813 278169 881453 1458300 0 25848 2712087 

1988 0 58749 1121 8381 333890 878429 1311640 0 41500 2633710 

1989 0 59073 1219 0 329647 881842 1349433 0 39566 2660780 

1990 0 59452 1219 0 360306 899899 1327365 0 53742 2701983 

1991 0 59922 1219 0 353415 905602 1489304 0 52826 2862287 

1992 0 60377 1219 0 347116 923011 1440385 0 56627 2828735 
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1993 0 60799 1219 0 358257 903485 1486996 0 63752 2874508 

1994 0 61167 1219 0 390183 949968 1438004 0 64666 2905207 

1995 0 61470 1219 0 405764 1033776 1464145 0 69474 3035848 

1996 0 61754 1219 0 408782 1017058 1626171 0 65261 3180244 

1997 0 62073 1219 0 407037 1040213 1518721 9713 66804 3105780 

1998 0 62457 1219 0 410932 1034165 1506816 10550 69216 3095355 

1999 0 62874 1219 0 338573 1068984 1490840 35420 99929 3097839 

2000 0 63325 1219 0 365359 1076501 1498149 33723 106781 3145057 

2001 0 63805 1219 0 380846 1108339 1550781 24684 108230 3237903 

2002 0 64214 1219 0 382221 1120910 1561121 51573 107678 3288936 

2003 0 64518 1219 0 390515 936274 1575765 53318 109440 3131049 

2004 0 64742 1219 0 382591 916790 1609074 55459 112642 3142518 

2005 0 64800 1219 0 364459 954590 1528972 56722 128786 3099549 

2006 0 64904 1219 0 351007 793973 1496197 55450 139711 2902461 

2007 0 65045 1219 0 380371 793022 1449430 58010 132261 2879359 

2008 0 65299 1219 0 359730 612446 1525037 62346 141309 2767386 

2009 0 65636 1219 0 342122 580910 1540198 63609 114498 2708193 

2010 0 65974 1219 0 339860 586267 1722043 64543 110176 2890082 

2011 0 66281 1219 0 335115 751334 1495407 69187 134416 2852960 

2012 0 66528 1219 0 370469 749952 1441953 71060 196925 2898105 
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Appendix II: Energy consumption in various European countries 

 

Table A.II.2: Energy consumption in various European countries, 1800-2000 
 1800 1850 1875 1900 1913 1938 1960 1975 1990 2000 

The Netherlands 

 

Traditionala: 

Peat: 

Coalb: 

Oil: 

Natural gas: 

Modernc: 

54 PJ 

 

71.1 % 

20.9 % 

7.9 % 

0 % 

0% 

0 % 

88 PJ 

 

59.1 % 

24.7 % 

16.2 % 

0 % 

0 % 

0 % 

151 PJ 

 

38.5 % 

21.5 % 

39.1 % 

0.9% 

0 % 

0% 

243 PJ 

 

24.1 % 

9.8 % 

63.1 % 

3.0 % 

0 % 

0 % 

405 PJ 

 

16.0 % 

3.1 % 

79.1 % 

1.8 % 

0 % 

0% 

546 PJ 

 

12.3 % 

1.9 % 

74.1 % 

11.6% 

0 % 

0.0 % 

989 PJ 

 

6.5 % 

0.7 % 

47.0 % 

44.4 % 

1.4 % 

0.0% 

2451 PJ 

 

2.4 % 

0.1 % 

4.3 % 

37.7 % 

55.1 % 

0.5 % 

2702 PJ 

 

2.2 % 

0 % 

13.3 % 

33.3 % 

49.1% 

2.0 % 

3145 PJ 

 

2.1 % 

0 % 

11.6 % 

34.2 % 

47.6 % 

3.4 % 

England & Wales 

 

Traditional: 

Coal: 

Oil: 

Natural gas: 

Modern: 

467 PJ 

 

23.0 % 

77.0 % 

0 % 

0 % 

0 % 

1586 PJ 

 

8.6 % 

91.4 % 

0 % 

0 % 

0 % 

3214 PJ 

 

5.3 % 

94.6 % 

0.1 % 

0 % 

0 % 

4894 PJ 

 

4.0 % 

95.2 % 

0.8 % 

0 % 

0 % 

5824 PJ 

 

3.7 % 

95.0 % 

1.3 % 

0 % 

0 % 

5583 PJ 

 

2.7 % 

89.5 % 

7.8 % 

0 % 

0 % 

7248 PJ 

 

2.8 % 

70.3 % 

26.9 % 

0.0 % 

0 % 

8603 PJ 

 

2.2 % 

37.1 % 

45.1 % 

15.0 % 

0.6 % 

9064 PJ 

 

1.8 % 

32.3 % 

38.9 % 

20.5 % 

6.5 % 

10859 PJ 

 

1.7 % 

10.4 % 

42.0 % 

38.1 % 

7.8 % 

Italy 

 

Traditional: 

Coal: 

Oil: 

Natural gas: 

Modern: 

  484 PJ 

 

92.4 % 

7.2 % 

0.4 % 

0 % 

0% 

625 PJ 

 

73.7 % 

25.7 % 

0.5 % 

0.0 % 

0.1 % 

860 PJ 

 

57.2 % 

40.5 % 

1.2 % 

0.0 % 

1.1 % 

1074 PJ 

 

45.6 % 

38.3 % 

9.4 % 

0.1 % 

6.7 % 

2132 PJ 

 

22.6 % 

16.0 % 

41.5 % 

10.4 % 

9.6 % 

5809 PJ 

 

8.6 % 

7.1 % 

67.4 % 

13.2 % 

3.8 % 

6965 PJ 

 

7.0 % 

9.5 % 

55.6 % 

23.5 % 

4.4 % 

7716 PJ 

 

6.3 % 

7.0 % 

49.5 % 

31.7 % 

5.5 % 
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 1800 1850 1875 1900 1913 1938 1960 1975 1990 2000 

Portugal 

 

Traditional: 

Coal: 

Oil: 

Natural gas: 

Modern: 

  84 PJ 

 

93.0 % 

6.9 % 

0.1 % 

0 % 

0 % 

111 PJ 

 

82.3 % 

17.2 % 

0.5 % 

0 % 

0.0 % 

137 PJ 

 

72.4 % 

26.9 % 

0.7 % 

0 % 

0.0 % 

167 PJ 

 

72.3 % 

22.5 % 

4.9 % 

0 % 

0.3 % 

240 PJ 

 

58.7 % 

9.0 % 

27.6 % 

0 % 

4.7 % 

415 PJ 

 

30.8 % 

4.0 % 

59.8 % 

0 % 

5.8 % 

699 PJ 

 

19.4 % 

16.5 % 

59.2 

0 % 

4.8 % 

994 PJ 

 

13.7 % 

16.1 % 

56.6 % 

9.0 % 

4.7 % 

Spain 

 

Traditional: 

Coal: 

Oil: 

Natural gas: 

Modern: 

 301 PJ 

 

98.4 % 

1.6 % 

0 % 

0 % 

0 % 

303 PJ 

 

86.2 % 

12.5 % 

0.3 % 

0 % 

0 % 

407 PJ 

 

62.0 % 

37.5 % 

0.5 % 

0 % 

0.0 % 

509 PJ 

 

53.1 % 

46.3 % 

0.3 % 

0 % 

0.2 % 

632 PJd 

 

55.0 % 

37.8 % 

5.3 % 

0 % 

1.9 % 

1061 PJ 

 

30.4 % 

40.6 % 

24.1 % 

0 % 

5.3 % 

2608 PJ 

 

12.1 % 

16.6 % 

64.8 % 

2.0 % 

4.6 % 

3365 PJ 

 

11.0 % 

23.6 % 

51.2 % 

5.7 % 

8.5 % 

4639 PJ 

 

8.2 % 

20.0 % 

50.4 % 

13.3 % 

7.9 % 

Sweden 

 

Traditional: 

Peat: 

Coal: 

Oil: 

Natural gas: 

Moderne: 

111 PJ 

 

99.8 % 

0 % 

0.2 % 

0 % 

0 % 

0 % 

123 PJ 

 

98.0 % 

0 % 

2.0 % 

0 % 

0 % 

0 % 

169 PJ 

 

86.0 % 

0 % 

13.8 % 

0.2 % 

0 % 

0 % 

260 PJ 

 

61.4 % 

0.1 % 

37.2 % 

1.2 % 

0 % 

0.2 % 

364 PJ 

 

50.9 % 

0.2 % 

45.4 % 

2.0 % 

0 % 

1.4 % 

482 PJ 

 

32.8 % 

0.1 % 

49.5 % 

10.6 % 

0 % 

6.9 % 

836 PJ 

 

11.1 % 

0.2 % 

14.1 % 

53.1 % 

0 % 

21.6 % 

1494 PJ 

 

3.5 % 

0 % 

5.7 % 

64.4 % 

0 % 

26.3 % 

1459 PJ 

 

11.3 % 

0.7 % 

7.7 % 

35.7 % 

1.6 % 

43.0 % 

1519 PJ 

 

15.9 % 

0 % 

6.1 % 

31.1 % 

1.9 % 

45.1 % 

Sources: England & Wales: Warde (2007); Italy: Malanima (2006); Portugal: Henriques (2011); Spain: Rubio (2005)208; Sweden: Kander (2002). a wind, 

water, wood + muscle power; b including brown coal; c non-thermal electricity + biomass and direct solar heat; d data for 1935; e I included pulp liquor 

under modern renewables

                                                           
208 The data on Spain have been revised by Rubio for Gales et al. (2007), I used the most recent data. 
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Appendix III: Trends in the Em/Km&e ratios per country  

 

In this appendix the trends of the Em/Km&e ratios of the countries addressed in chapter 3 are 

presented. As the height of the Em/Km&e ratio depends a lot on the initially level of both 

energy consumption and the stock of capital in machinery and equipment, I present the 

trends only (levels for several benchmark years can be found in table 3.4). The long-term 

trends are informative of the (lack of) efficiency improvements. For the ease of 

comparison, the last year of the sample period (1970) has been set equal to 1. Based on 

own calculations, for the sources see chapter 3. 

 

Figure A.III.1: Em/Km&e ratio Belgium (1970=1) 

 
 

Figure A.III.2: Em/Km&e ratio Germany (1970=1) 
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Figure A.III.3: Em/Km&e ratio Italy (1970=1) 

 
 

Figure A.III.4: Em/Km&e ratio Netherlands (1970=1) 

 
 

Figure A.III. 5: Em/Km&e ratio Portugal (1970=1) 
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Figure A.III.6: Em/Km&e ratio Spain (1970=1) 

 
 

Figure A.III.7: Em/Km&e ratio Sweden (1970=1) 

 
 

Figure A.III.8: Em/Km&e ratio UK (1970=1) 
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Figure A.III.9: Em/Km&e ratio Argentina (1970=1) 

 
 

Figure A.III.10: Em/Km&e ratio Brazil (1970=1) 

 
 

Figure A.III.11: Em/Km&e ratio Chile (1970=1) 
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Figure A.III.12: Em/Km&e ratio Mexico (1970=1) 

 
 

Figure A.III.13: Em/Km&e ratio Uruguay (1970=1) 
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Appendix IV: Construction of CO2 emissions data 

 

To determine the size of the Dutch energetic CO2 emissions I used the data on energy 

consumption as collected by Ben Gales (Gales et al., 2007) for the period 1800-1959. 

From 1960 onwards I based my calculations on the more precise energy statistics from the 

International Energy Agency (IEA). Although the energy consumption data from Gales has 

been linked with the IEA data, it is less detailed in its specification of different energy 

carriers (i.e. in distinguishing different types of coals or liquid fuels). To this end, I used 

the more detailed IEA data when available (i.e. from 1960 onwards). For the IEA data I 

made use of the annual Energy statistics of OECD countries; for the period 1960-2000 this 

is available on CD-ROM, for the years 2001-2012 I made use of the printed versions (IEA, 

n.d., 2002). The consumption figures used are the ‘final consumption’, as listed by the 

IEA, plus all consumption of primary or secondary resources in the ‘transformation sector’ 

that is aimed at electricity or heat production minus consumption for non-energy purposes 

(i.e. petrochemicals or lubricants).
209

 

 Differentiation between specific secondary energy carriers is necessary for two 

reasons. First of all, different secondary energy carriers have different carbon contents, and 

therefore different emission intensities. Second, if all secondary energy carriers were 

produced domestically from primary energy carriers (i.e. all cokes would have to be 

produced within the Netherlands, either from domestic or imported coal), the domestic 

consumption of primary carriers would suffice; after all, the carbon stored in the coal 

would be the source of the C-atoms emitted later on (in other words, no more carbon could 

be emitted than the amount that is consumed within the country as primary carrier). Since 

we know this is not the case, and secondary carriers were traded internationally, we should 

look at the specific consumption of these secondary energy carriers (cf. Boden et al., 

1995).  

The 2006 IPCC Guidelines for National Greenhouse Gas Inventories has been 

used in order to obtain standardized, internationally accepted, conversion rates for CO2 

emissions of various energy carriers (IPCC, 2006). These Guidelines provide conversion 

rates for specific energy carriers from Tera joules (TJ) to tons of carbon dioxide. A default 

value is given, as well as a lower and upper bound with a 95% confidence interval; in this 

analysis I used the default values. As the data provided by Gales et al. (2007) is in TJ, this 

does not provide any additional problems for the period 1800-1959. The data on energy 

consumption from the IEA is in kton (for solids and liquids; gases are given in TJ), this 

first needs to be converted to TJ. The IEA CD-ROM provides country specific conversion 

                                                           
209 This thus excludes international bunkers. 
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rates from kton to NCV (net calorific value) expressed in ton oil equivalence (toe); this can 

subsequently be converted into Joules.  

The standard conversion factors assume 100% conversion efficiency from mass to 

energetic value, i.e. a 100% oxidation of the carbon content of the resource. This, however, 

is usually not the case. I therefore follow Boden et al. (1995) by adopting their oxidation 

factors (FO). Obviously, these oxidation factors are not the same for all resources (Boden 

et al. distinguish only between solids, fluids and gasses), and may vary over time. The soot 

pollution in the early nineteenth century was partly the result of incomplete combustion of 

coal which meant that parts of the carbon in the coal did not react with oxygen, and thus 

did not form CO2. Likewise, the pollution from carbon monoxide and black carbon 

aerosols due to incomplete combustion was still problematized in the 1970s and 1980s 

(CBS, 1984, 1992). Estimating the precise effect on CO2 emissions is hard; see section 

4.2.2 and appendix A.VII. For lack of specific data on variance of oxidation factors over 

time in the Netherlands, I therefore follow Andres et al. (1999) and apply the standardized 

factors from Boden et al. (1995).    

I could have chosen to follow completely the same methodology as employed by 

Boden and colleagues and used by the Carbon Dioxide Information Analysis Center 

(CDIAC) (Marland et al., 2012). But as their approach lacks specific conversion factors for 

different energy carriers, which are included in the 2006 IPCC Guidelines, I decided to 

take this sidestep to arrive at more accurate time series. In line with the IPCC Guidelines 

and the CDIAC, and with other studies on historical CO2 emissions, I consider the burning 

of wood and other biomass as CO2-neutral. The reasoning behind this is that although CO2 

will be released when wood is burned, this CO2 has first of all been taken from the air 

when the tree grew, and will subsequently also be taken from the air again when new trees 

are grown (the carbon cycle). This assumption is generally accepted in the production of 

CO2 estimates, both historically and contemporary; even though it may not do perfect 

justice to the possible effects through changes in carbon sinks.  

 The annual CO2 emissions can be calculated with the following model: 

𝐶𝑂2𝑡 =  ∑ 𝐸𝑖,𝑡  ×  𝑐1𝑖  × 𝐹𝑂𝑖      (A.IV.1) 

where CO2t is total amount of carbon dioxide produced in year t, expressed in kilograms; 

Ei,t is the energy consumed in TJ of energy carrier i, in year t. c1i is the conversion factor as 

given by the IPCC Guidelines (2006, pp. 1.23–1.24) of energy carrier i. and FOi is the 

oxidation factor of energy carrier i, as given by Boden et al. (1995, p. 21). 

 For the period 1960-2010, energy consumption of solid and liquid energy carriers 

is not expressed in TJ in the data, but in kton. Ei,t therefore needs to be calculated first 

using: 
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𝐸𝑖,𝑡  =  𝑄𝑖,𝑡  ×  𝑐2𝑖  ×  𝑐3       (A.IV.2) 

where Qi,t is the total amount of energy consumed, expressed as kton of energy carrier i in 

year t. c2i is the respective conversion factor to convert the ktons into NCV, expressed in 

toe; c3 is the conversion factor from toe to TJ, this is a fixed conversion rate: 41868. Table 

A.IV.1 at the end of this appendix summarizes the conversion factors used for the various 

energy carriers. 

One additional note needs to be made here about the data from Gales. He 

calculated the total annual domestic consumption in Joule as: 

𝐸𝑡  =  ∑( 𝑃𝑖 + 𝑀𝑖 − 𝑋𝑖  ) + ( 𝑀𝑗 − 𝑋𝑗  )     (A.IV.3) 

where, Pi is the production of primary energy carrier i (i.e. coal, oil, and natural gas), Mi is 

imports of the primary energy carrier i and Xi is the export of i. Mj and Xj are imports and 

exports of secondary energy carriers respectively (i.e. coke, briquettes, etc.). Domestic 

production of secondary energy carriers is thus not included. As a result, it may be that the 

net consumption of secondary energy carriers is negative. This does not cause any 

problems as the trade of the secondary energy carriers is covered. This does mean that not 

all of the coal is actually burned, some of it is transformed into cokes and other products; 

therefore the total emission from coal is overestimated. By excluding the production of 

secondary energy carriers and subtracting the possible negative emissions from the 

secondary energy carriers this can be overcome. 

 Both the net consumption of primary energy carriers and the net consumption of 

the secondary energy carriers need to be calculated as in (A.IV.1), and be multiplied by 

their respective conversion rate c1 and the factor of oxidation FO. Also the negative 

emissions need to be multiplied by FO since the share of the primary energy carrier that is 

transformed into the secondary energy carrier has been unjustly assumed to have been 

emitted in the first half of equation (A.IV.3). By multiplying the negative emissions also 

by FO it can be avoided that a too large share is subtracted.    
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Table A.IV.1: Conversion factors 

Energy carrier (i) c1 c2 c3 FO 

Peat 106000 -210 41868 0.982 

Coal 94600211 - 41868 0.982 

Coking coal 94600 0.6848 41868 0.982 

Other bituminous coal 94600 0.5954 41868 0.982 

Coal briquettes 94600 - 41868 0.982 

Coke 107000 0.6806 41868 0.982 

Brown coal/lignite 101000 0.4777 41868 0.982 

Brown coal briquettes 97500 - 41868 0.982 

Peat briquettes/patent fuel 97500 0.6998 41868 0.982 

Crude oil 73300 - 41868 0.985 

NGL 64200 1.0509 41868 0.985 

Refinery gas 57600 1.15 41868 0.98 

LPG 63100 1.13 41868 0.985 

Motor gasoline 69300 1.07 41868 0.985 

Aviation fuel 70000 1.07 41868 0.985 

Kerosene 71900212 1.045 41868 0.985 

Gas/diesel oil 74100 1.035 41868 0.985 

Heavy fuel oil 77400213 0.96 41868 0.985 

Naphtha 73300 1.075 41868 0.985 

Petroleum coke 97500 0.74 41868 0.985 

Other oil 57600214 0.96 41868 0.985 

Coke oven gas 44400 -215 - 0.98 

Blast furnaces gas 260000 - - 0.98 

Natural gas 56100 - - 0.98 

Non-bio waste 91700 - - -216 

Industrial waste 143000 - - - 

Source: c1: IPCC Guidelines (2006, pp. 1.23–1.24); c2: IEA (2002); FO: Boden et al. (1995, p. 21)

                                                           
210 For resources such as ‘Peat’, ‘Coal’ or ‘Crude Oil’ which either disappeared or are specified more 

detailed in the energy data, c2 is not needed as these products are only included in the period for 

which the energy consumption data is provided in TJ and equation (A.IV.2) is not needed. 
211 The IPCC does not specify a general conversion factor for coal and coal briquettes I used the 

default value for coking coal. 
212 The IPCC provides a different factor for ‘Jet Kerosene’ and ‘Other Kerosene’; I use the factor for 

Other Kerosene as Jet Kerosene seems to be included under aviation fuel in the IEA data.  
213 The IPCC does not provide a conversion factor for ‘Heavy Fuel Oil’; I use ‘Residual Fuel Oil’. 
214 ‘Other Oil’ may, according the IPCC Guidelines consist of ‘Refinery Gas’, ‘Paraffin Waxes’, or 

‘White Spirit & SBP’; the IEA data for 1960-2000 specifies these, and shows that Refinery Gas was 

consumed in the Netherlands, while the others were not, therefore I use the corresponding conversion 

factor for Refinery Gas in the group of ‘Other Oil’. 
215 The gasses in the IEA data are, just as the non-bio waste and industrial waste, expressed in TJ and 

therefore also not need to run through equation (A.IV.2). 
216 Boden et al. (1995) only include fossil fuels, and thus neglect non-bio waste and industrial waste, 

following the IPCC Guidelines (2006) these should be included; for lack of specific data I assume a 

100% conversion. This is probably an overestimation, but given the high oxidation factors for the 

other fuels, and the relatively minor contribution of waste to the total energy supply, this is 

considered acceptable.  
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Appendix V: CO2 emissions from combustion (levels) 

 

Figure A.V.1: Annual CO2 emissions from fossil fuel combustion in the Netherlands, 1800-2012 

 
Source: own calculations; see text chapter 4 and appendix A.IV 
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Appendix VI: Emissions from peat land oxidation during 

extraction 

 

In order to estimate the emissions from oxidation through land use change for peat 

extraction I firstly used data by Gerding (1995) and De Zeeuw (1978) to estimate the total 

acreages of land being put into production on an annual basis. De Zeeuw estimated that in 

total (over the course of multiple centuries) 6.2 x 10
9
 m

3
 of peat have been extracted from 

the Dutch soil. Peat extraction did not take place at a constant rate, but De Zeeuw provides 

(very rough) estimates for the annual rate of extraction of the largest peat areas.  

 De Zeeuw divides the Netherlands in four peat areas: (I) high-peat Groningen-

Drenthe, (II) high-peat Friesland-Drenthe-Overijssel, (III) low-peat Holland-Utrecht, and 

(IV) low-peat Friesland-Overijssel. A fifth area would be the Peel-region. For De Zeeuw, 

who focused on Dutch energy provision in the seventeenth century, this area was not of 

interest since peat extraction only emerged there in the late-nineteenth century. For the 

current purpose the Peel would thus be of interest as well. Peat extraction in the Peel was 

relatively small-scale throughout most of the nineteenth century, and when large-scale 

extraction developed with the acquisition of 550 hectares by Van der Griendt in 1889, the 

commercial energetic use of peat had largely vanished. In this period, some of the peat cut 

in this region will undoubtedly still have been used energetically, but the majority has been 

used as peat dust (Sphagnum) (Joosten & Bakker, 1987). The emissions from this land use 

convergence are therefore left aside here, but it is important to note that the results 

obtained below are downward biased because of the exclusion of the Peel region.
217

 

 As only the peat extraction on high-peat lands resulted in CO2 emissions due to 

soil compaction, only the high-peat areas are taken into account.
218

 Following De Zeeuw’s 

data I obtained the following annual rates of extraction for the north-eastern high peat 

areas: 

 

                                                           
217The 2006 IPCC Guidelines for National Greenhouse Gas Inventories stress the importance of 

horticulture peat in the total emissions. For my case, ideally I would like to distinguish between both 

uses, and only take emissions from land being cleared for energetic purposes while excluding the 

horticulture use. This distinction is not easy to make. Since horticulture peat was only a minor part of 

Dutch peat consumption (and only came into existence in the late nineteenth century when other 

sources majorly out weighted peat as source of CO2) this differentiation is ignored for the moment. 
218 Peat extraction from low peat lands happens under water, the land is not drained first, but the bogs 

are taken out of the water to dry. As long as the peat is under water, little carbon dioxide is released. 

With drainage, CO2 emissions increase. CH4 emissions, on the other hand, decrease with drainage 

(Couwenberg, 2011). Note that I only estimate the emissions of CO2 and not of CO2-equivalents; 

CH4 and other emissions such as N2O are therefore left out.  
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1800-1850: 250 ha/year 

1851-1860: 575 ha/year 

1861-1950: 585 ha/year 

There are two major complications in using these figures. First, these rates seem 

to be at odds with total production series of peat as presented by other economic historians. 

According to for example Gerding (1995) the production of peat reached a peak in the 

second half of the nineteenth century, and decreased afterwards. De Zeeuw’s estimates are 

very rough, but if we assume the total extraction of peat, in terms of acreage cut into over 

these years, to be roughly correct, we can estimate new extraction rates on the basis of 

production data. The rough trend we can determine in this way is expected to be closer to 

the actual annual rate of extraction than the estimates presented by De Zeeuw. 

 The second complication is that these rates of extraction do not take into account 

that peat extraction was a timely effort. As Gerding describes the cutting of peat was a 

long-term process. Before peat could be cut, channels and ditches had to be dug to remove 

the surplus water from the peat layers. After these drainage ditches were created, the soil 

needed to rest for two to ten years so that the peat could dry (Gerding, 1995). Already in 

this phase oxidation starts. With the use of De Zeeuw’s estimates on total acreage of land 

being cut into for peat extraction, corrected by the production rates, we can determine, 

albeit very roughly, the acreage of land being prepared for cutting by drainage. The exact 

duration of the drying period cannot be reconstructed, an upper and lower bound (based on 

either 10 or 2 years) has therefore been used here.  

 The total acreage cultivated in this 150 years period was, based on De Zeeuw’s 

rough estimates: 51x250 + 10x575 + 90x585 = 71,150 ha. The total amount of peat 

produced over this period was 610,738 dagwerk (Gerding, 1995).
219

 Figure A.VI.1 below 

shows the estimated annual extraction rates in hectares for the period 1800-1950.  

Based on this rate of land conversion for peat extraction, the annual CO2 

emissions from oxidation during drainage can be estimated. As the Dutch high peat areas 

consisted mainly of nutrient-poor peat moss (Berendsen, 2011; Van Bergen, Pagnier, & 

Van Tongeren, 2007), I used the average emissions factor for nutrient-poor peat lands in 

temperate climates: 0.2 ton C per hectare per year, as given by the 2006 IPCC Guidelines 

for National Greenhouse Gas Inventories (IPCC, 2006).
220

 In order to convert these carbon 

                                                           
219 A dagwerk was the amount of peat a team of diggers could produce in one day, it corresponds 

with the extraction of one layer of peat over a 648 m2 area (or 54 m2  at 12 layers); the energetic 

value of one dagwerk equals roughly 196 GJ (gigajoules) (Gerding, 1995). 
220 The IPCC Guidelines present a maximum range between 0 and 0.6 t C ha-1 yr-1. Note that 

Couwenberg (2011) has documented that the 2006 IPCC emission factors might be too low. He 

presents an average emissions factor of 1.9 t C ha-1 yr-1 (with a maximum range of 0.1-4.4 t C ha-1 yr-



Appendix VI: Emissions from Peat Land  Oxidation During Extraction                                           235 

 

emissions into carbon dioxide emissions it is assumed that all carbon reacts with oxygen to 

form CO2. The resulting series for carbon emissions therefore need to be multiplied by 

3.66 to derive the CO2 emissions from peat land drainage. 

Figure A.VI.2 shows the total CO2 emissions from peat land convergence. In this 

dissertation I work with the ‘standard’ emission factor as given by the IPCC Guidelines, 

but it is important to note that the uncertainties are large; therefore the graph also shows 

the upper bounds.
221

 Furthermore the graph includes the emission of CO2 assuming both 

two and ten years drainage time. (The emissions are now calculated by multiplying the 

annual emissions by two and ten years respectively, in practice there would obviously be a 

time lag; drainage would take place before extraction, as the exact time before extraction 

started is hard to determine (this not only depended on the drainage time, but also on 

extraction rates of drained areas), this simple approximation is used to get an impression of 

total emissions, even as they may have actually occurred some years earlier.) 

 

Figure A.VI.1: Annual peat land conversion for extraction in the Netherlands, 1800-1950 

 
Source: own calculation based on total acreage from De Zeeuw (1978) and production data from 

Gerding (1995) 

 

  

                                                                                                                                                   
1). I use the IPCC emission factors because they are internationally accepted and in line with the 

emission factors for combustion which were also taken from the 2006 IPCC Guidelines. Nonetheless, 

the estimates presented here may thus be downward biased. 
221 The lower bound indicated by IPCC for nutrient-poor peat lands equals 0, and is thus omitted 

here. 
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Figure A.VI.2: CO2 emissions from peat land drainage in the Netherlands, 1800-1952 

 
Sources: for annual convergence rates see figure A.VI.1; emission factors were taken from IPCC 

(2006) 

 

The second part of the emissions from peat land oxidation is the emissions caused 

during peat extraction. For this I need to estimate the amount of land that lays open on an 

annual basis for the extraction of peat. This data is not readily available. The estimates 

presented in the graph above show a rough estimation of the size of the area being brought 

into production, but it doesn’t say anything about the duration of the production, i.e. about 

the longevity, and thus size, of emissions. It is possible to estimate the amount of land in 

use for extraction on an annual basis with the use of Gerding’s production data. 

 I used Gerding’s data on annual peat production in dagwerken turf. From the size 

of one dagwerk I can reconstruct the total hectares that must have, at least, been in 

production during that year. One dagwerk, according to Gerding, equals 648 m
2
 if one 

layer was extracted. With this conversion rate, we can reconstruct the total hectares that 

were in production per year, based on Gerding’s data on dagwerk production. Although 

Gerding’s data is remarkably detailed, for some years, at certain locations, data is missing; 

where possible the production figures were complemented by linear interpolation between 

the first and last known production volumes.  

The area Dedemsvaart is an important difficulty. For this area production data is 

only known for a short period (1845-1864), but its size is substantial. The number of ships 

passing over the Dedemsvaart canal is known though. According to Gerding (1995, p. 
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188), one ship carried about two dagwerken peat; around 1860 the size of the ships grew, 

containing on average 2.7 dagwerken. Gerding uses this to estimate the amount of peat 

transported. It is somewhat unclear from his work whether all the peat that was transported 

over this canal was also produced there, but it seems reasonable to assume this was the 

case. A further complication arrives with the few years for which production data is 

known, this data shows that the actual production was larger than the amount transported. 

This is due to local consumption. Although the share of peat consumed locally does not 

remain constant, I used an average rate of 1.29 to estimate the total annual production. I 

similarly used these estimates for Vriezenveen and the transport over the ‘Overijsselsch 

Kanaal’. 

The total emissions of CO2 during extraction are given in figure A.VI.3. 

 

Figure A.VI.3: CO2 emissions from oxidation during peat extraction, 1800-1952 

 
Source: own calculations  

 

Adding up the emissions calculated in figure A.VI.2 (emissions during drainage) 

and A.VI.3 (emissions during the actual cutting) results in figure A.VI.4. In figure A.VI.4, 

the upper bound is determined by adding the upper bound assuming ten years drainage 

time to the upper bound of extraction emissions. The standard emission factor during 

extraction is represented once assuming drainage of two years and standard emission 

factors, and once assuming ten year drainage and standard emission factors. 
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 Let it be clear that the estimation presented here only applies to emissions during 

extraction. After extraction, emissions of CO2 from these former peat lands can continue 

for many years. However, because of the difficulty of assigning these future emissions to 

either the energy system or the agricultural system, it was decided here to remain with the 

emissions before and during extraction.  

 

Figure A.VI.4: Total CO2 emissions from land use conversion for peat extraction, 1800-1952 

 
Source: see figure A.VI.2 and A.VI.3 
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Appendix VII: Emissions of aerosols and avoided CO2 

emissions 

 

In chapter 4 (see also appendix A.IV and A.VI) I estimated the emissions of energetic CO2 

in accordance with the (economic history) literature on this issue. This means that I 

assumed a constant emission factor and a constant factor of oxidation (FO). The emission 

factors are dependent on the quality of the resource and are hard to trace back historically. 

The factors of oxidation are dependent on the technology used; also this is hard to trace 

back. The experiments by Geerken et al. (2006) at the open-air museum are interesting in 

this respect. Their measurements of CO2 emissions seems to be based on measurements of 

coal input, not on emissions output. This means they measured changing efficiency of 

space heating (for example), but not the factors of oxidation. For carbon dioxide emissions 

no varying FO’s are therefore available, which is why I opted to follow Boden et al. (1995) 

and the CDIAC. 

These factors of oxidation must, however, have improved historically. In 

nineteenth century literature reference is regularly made to the polluting nature of smog 

and soot. These little black dusty substances are essentially tiny pieces of coal (another 

notorious cause of smog is of course diesel) that did not burn properly, and therefore did 

not form carbon dioxide. Although the problem of soot and smog remained for a long time, 

and occasionally still emerges (especially in urban areas in developing economies), they 

have been much reduced. Incomplete combustion was an important cause of this form of 

pollution, and innovations towards better (i.e. more complete) combustion helped to 

overcome this.
222

 It should be mentioned that also filtering technologies have been 

important to reduce smog pollution.  

  As stated, changing oxidation factors for CO2 are not available. In this appendix I 

make a first attempt to, firstly, illustrate there was indeed variation, and secondly, to 

estimate the amount of carbon that did not form CO2. In order to do so, I estimate the 

amount of carbon that has been released to the air, but not in the form of carbon dioxide, 

due to incomplete combustion. 

The not, or not fully, combusted particles can be released in various forms. 

Firstly, they may be released as (the invisible gas) carbon monoxide (CO). CO was 

considered a pollutant and Statistics Netherlands reported on changes in its emissions for 

the last 40-50 years (CBS, 1984, 1992, 2014b). The publications by Statistics Netherlands 

                                                           
222 See also Bleekrode who already in the 1840s commented that part of the nuisance from soot could 

be overcome by a more complete combustion in which the hindering black smoke would be 

transformed into ‘harmless’ invisible smoke (Bleekrode, 1845, 1846); see also Brouwer (1861). 
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show that the emissions of CO decreased, while those of CO2 increased, but historical 

quantification of CO is also impossible because, to the best of my knowledge, emission 

factors do not exist. However, as carbon monoxide is unstable and will eventually react 

with oxygen in the air to form CO2, the CO2 formation through CO is taken into account in 

the CO2 convergence factors.  

Secondly, incompletely combusted carbonaceous particles may be released as 

aerosols (i.e. smog). Aerosols are a mixture of various small chemicals, typically smaller 

than 1 micrometre, and can be naturally occurring (e.g. dust) or be caused by combustion 

(of fossil fuels as well as bio-based resources). Aerosols can be split in two groups, black 

carbon and organic carbon. Historic emission estimates of these aerosols have been made, 

for example by Bond et al. (2007). Unfortunately Bond et al. do not present their findings 

on a country level, but with the emission factors presented by Cooke, Liousse, Cahier and 

Feichter (1999), I have been able to reconstruct a rough estimation of the emissions of 

aerosols in the Netherlands.  

Cooke et al. present varying emission factors for different energy carriers, but 

they also present different emission factors for different ‘types’ of countries; depending on 

their economic development. They do not present different factors over time, but using 

their characterization of ‘underdeveloped’, ‘semi-developed’ and ‘developed’ as indicators 

of technological progress, it becomes possible to use the different emission factors 

throughout the history of the Netherlands. 

 The characterization I follow here is rather ad hoc, and might require a better 

argued justification in which the expert opinion of historians of technology and/or 

engineers should be called upon, but I believe it is sufficient for the current purpose. I 

characterize the Netherlands as the equivalent of a modern-day underdeveloped country for 

the period until 1890. Until 1890, coal is starting to be introduced in the Netherlands, and 

some signs of the first industrial revolution become apparent. However, by and large, there 

is little modern technological development, and it is only the emergence of the second 

industrial revolution that has a serious impact on the Dutch economic system. I introduced 

a transition period lasting until the beginning of the First World War, after which the 

effects of the second industrial revolution really fell in their place. Until the occurrence of 

the third industrial revolution in the 1970s I consider the Netherlands equivalent to semi-

developed countries. This seems to be largely in line with the emergence of environmental 

awareness and improvements in terms of pollution abating technologies (not least for the 

case of aerosols emissions (cf. CBS, 1984)). Again we see a transition period to the current 

situation of a developed economy, I let this transition take until 1990 as a lot of 

improvements were still taking place in terms of aerosol pollution reduction during the 

1980s (cf. CBS, 1992). For the sake of simplicity I modelled the transition periods as linear 

adaption. In practice one would expect the transitions to be S-shaped (cf. Bond et al., 

2007), but it will not drastically change the argument. 
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As the conversion factors by Cooke et al. (1999) distinguish between the main 

sources of energy, but are not as detailed as for example the conversion factors for CO2 by 

the IPCC (2006), I use the energy consumption data from Gales et al. (2007). By and large, 

this gives a good overview of the black carbon and organic carbon aerosol emissions from 

fossil fuel combustion in the Netherlands (see figure A.VII.1). There is one important 

omission though. The energy data does not distinguish diesel as a separate energy carrier 

(the IEA statistics used for the CO2 emissions after 1960 classify diesel together with ‘gas’ 

and are thus not much more helpful). Emissions from diesel are therefore now included 

under emissions from oil and oil products, whose conversion factor is a lot smaller 

(especially in underdeveloped and semi-developed countries, i.e. in my case until the 

transition period between 1970 and 1990).  

If one would know the exact chemical composition of these aerosols, it would be 

possible to make an estimation of the amount of carbon that is bound in these aerosols and 

that did therefore not react with oxygen; in other words the ‘avoided’ emissions of carbon 

dioxide.
223

 Although a clear definition or specification of the content of black carbon 

remains hard to find, I assume black carbon to be of the chemical structure CxHy where I 

assume the ratio between C and H to be 1:1 (i.e. x=y). The composition of organic carbon 

is much more complicated as it may also include, for example, nitrogen and acids. The 

share of carbon in organic carbon aerosols is therefore impossible to accurately determine. 

Therefore I only pursue this exercise further for black carbon aerosols. 

Assuming the ratio between carbon and hydrogen in black carbon to be 1:1, it 

becomes possible to determine the amount of avoided CO2 emissions (i.e. the amount of 

carbon dioxide that would have additionally been released if also the emitted pieces of 

black carbon had been fully combusted and reacted with oxygen to form CO2). The 

molecular weight of C is roughly 12 g/mol, the weight of H is roughly 1 g/mol, the share 

of carbon in the black carbon aerosols is thus 12/13
th

 of the total weight.
224

 Converting this 

carbon emitted in black carbon to the equivalent weight of CO2 requires a multiplication 

with 3.66 (molecular weight of O is roughly 16 g/mol). Figure A.VII.2 shows the 

‘avoided’ CO2 emissions in black carbon (dashed line, right axis), and its effect on the total 

emission series. 

                                                           
223 ‘Avoided emissions’ may give rise to the impression that these aerosols were/are less problematic 

than CO2, this is not the case. It has already been argued that a more complete combustion helped to 

overcome the pollution of soot and smog in cities, but besides the nuisance and health risks, recent 

research has shown that black carbon aerosols may even be the second biggest contributor to global 

warming after CO2 (Bond et al., 2013). By avoided emissions I simply mean emissions traditionally 

counted as CO2, but that did not actually form CO2 and where emitted in another form.   
224 The assumption of the ratio between C and H to be 1:1 is very crude; as most of black carbon 

emissions came from coal, the C:H ratio of coal may be assumed as well, this is 2:1. In this case the 

share of carbon in the black carbon becomes 24/25th of the total weight; this assumption thus does 

not drastically influence the final outcome. 
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 It should be clear by now that the volume of the carbon-atoms released in the 

process of combustion, but not turned into CO2 is impossible to accurately estimate; there 

are too many unknowns. Either a part of the emissions is ignored (e.g. organic carbon) or 

rough assumptions had to be made (e.g. the characterisation of the Dutch economy in 

terms of levels of development or the composition of black carbon). Therefore I opted to 

use the ‘traditional’ calculation method in the main text. I do, however, want to discuss 

here the share of avoided CO2 emissions in the form of black carbon.  

As it turns out, the effect is very small, a lot smaller than the effect of the FO from 

Boden et al. (1995). Nonetheless, the variation, I believe, is worth reporting. Despite the 

fact that the effect in absolute terms is minimal, figure A.VII.2 shows noticeable variation 

over time. It can clearly be seen that, when black carbon emissions were high (in the coal-

based late nineteenth century), the share of carbon that formed CO2 was substantially lower 

than in the early nineteenth century (when coal made up a much smaller share of the CO2 

emissions) and the late twentieth century, when coal lost ground again and technological 

advances reduced the emissions of black carbon. 

 

Figure A.VII.1: Emissions of black carbon and organic carbon in the Netherlands, 1800-2012 

 
Source: own calculation, see text 

 

0

10000

20000

30000

40000

50000

60000

70000

to
n

 

black carbon organic carbon



Appendix VII: Emissions of Aerosols and Avoided CO2 Emissions                                                 243 

 

Figure A.VII.2: FO based on black carbon emissions (left axis) and the amount of 'avoided' 

CO2 (right axis), 1800-2012 

 
Source: see figure A.IV.1 

 

Further research on the historical variations in the factors of oxidation for the 

formation of CO2 emission time series is thus called upon. While the creation of time series 

estimates for CO2 emissions has so far been mainly in the hands of economic historians, it 

may be useful to get engineers and/or historians of technology involved in these debates to 

arrive at more accurate estimates. The historical experiments by Geerken et al. (2006) can 

be a source of inspiration for further research, however, the focus should than be shifted to 

the emission output (including carbon left in the ashes) instead of resource input.    
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Appendix VIII: Annual energetic CO2 emissions in the Netherlands (1800-2012)  

 

Table A.VIII.3: Annual energetic CO2 emissions, energy consumption, GDP and population in the Netherlands, 1800-2012 

Year 

emissions from 

combustion225 

emissions from 

peatland 

oxidation226 total emissions 

total energy 

consumption GDP227 population228 

 

kton kton kton TJ 

billion int. 1990 

GK-$ 1000 

1800 1587.6 4.1 1591.6 54460.2 
  

1801 1615.6 3.9 1619.5 54771.3 
  

1802 1645.4 3.8 1649.1 55123.8 

  
1803 1542.3 3.5 1545.7 54028.8 

  
1804 1592.6 3.6 1596.3 54593.6 

  
1805 1610.4 4.1 1614.5 54773.8 

  
1806 1642.0 4.1 1646.2 55157.3 

  
1807 1579.3 3.8 1583.1 54471.8 

  
1808 1533.6 3.5 1537.1 54191.3 

  
1809 1539.3 3.5 1542.9 54433.3 

  
1810 1525.7 3.3 1529.0 54621.9 

  
1811 1530.9 3.5 1534.4 54957.0 

  
1812 1539.0 3.4 1542.4 55411.9 

  
1813 1576.6 3.5 1580.0 56125.1 

  

                                                           
225 Source: see appendix A.IV. 
226 Source: see appendix A.VI. 
227 Source: The Maddison-Project, http://www.ggdc.net/maddison/maddison-project/home.htm, 2013 version. 
228 Source: Maddison (2010); 2010-2012 are not included in Maddison’s official data, these have been estimated using the growth rate between 2009 and 

2012 from Statistics Netherlands (CBS, 2014a). 
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Year 

emissions from 

combustion225 

emissions from 

peatland 

oxidation226 total emissions 

total energy 

consumption GDP227 population228 

 

kton kton kton TJ 

billion int. 1990 

GK-$ 1000 

1814 1589.9 3.5 1593.4 56596.1 

  
1815 1618.7 3.5 1622.3 57260.3 

  
1816 1614.2 3.8 1618.0 57863.5 

  
1817 1723.8 4.2 1728.0 59081.3 

  
1818 1772.5 4.6 1777.1 60531.9 

  
1819 1794.6 4.3 1798.9 61687.6 

  
1820 1832.7 4.4 1837.0 63190.1 4371 2333 

1821 1860.2 4.3 1864.4 63590.6 4343 2365 

1822 1866.7 4.1 1870.7 63742.3 4448 2400 

1823 1892.0 4.1 1896.2 64217.3 4735 2435 

1824 1986.1 4.2 1990.3 65375.8 4778 2474 

1825 2095.8 4.3 2100.1 66701.2 4733 2514 

1826 2142.2 4.2 2146.4 67393.2 4863 2543 

1827 2186.4 4.4 2190.8 67811.5 5185 2561 

1828 2267.1 5.0 2272.2 68796.7 5346 2585 

1829 2255.4 5.5 2260.9 68782.5 5407 2610 

1830 2307.6 5.7 2313.3 69328.7 4983 2633 

1831 2165.7 6.0 2171.7 67952.9 5395 2653 

1832 2371.7 5.6 2377.4 69634.8 5674 2665 

1833 2314.1 5.3 2319.5 69315.3 5584 2683 

1834 2227.6 5.4 2233.0 68778.5 5684 2707 

1835 2403.4 6.1 2409.6 70957.8 5720 2732 

1836 2573.5 6.6 2580.1 73098.3 5973 2762 

1837 2773.6 6.8 2780.5 75517.9 6178 2791 
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Year 

emissions from 

combustion225 

emissions from 

peatland 

oxidation226 total emissions 

total energy 

consumption GDP227 population228 

 

kton kton kton TJ 

billion int. 1990 

GK-$ 1000 

1838 3086.3 6.9 3093.3 79023.4 6309 2821 

1839 3137.2 7.3 3144.5 79900.7 6379 2853 

1840 3376.0 7.3 3383.4 82757.2 6514 2886 

1841 3064.1 7.2 3071.3 80164.3 6658 2921 

1842 3056.3 7.6 3063.9 80359.6 6565 2952 

1843 3085.2 7.7 3092.9 81116.2 6514 2981 

1844 2962.3 6.7 2969.0 80295.9 6648 3014 

1845 3270.6 6.6 3277.2 84260.2 6672 3047 

1846 3336.2 7.7 3344.0 84745.8 6732 3069 

1847 3536.3 7.6 3543.9 87006.7 6781 3071 

1848 3335.9 7.5 3343.4 85157.4 6889 3069 

1849 3336.1 7.4 3343.5 85351.0 7109 3076 

1850 3607.8 7.7 3615.5 88465.8 7295 3098 

1851 3820.1 9.1 3829.2 90850.2 7483 3133 

1852 3976.4 8.9 3985.3 93505.5 7478 3167 

1853 3743.2 7.7 3750.9 90956.3 7372 3194 

1854 4129.9 7.9 4137.8 95273.6 7881 3218 

1855 4209.0 7.4 4216.4 96035.2 7706 3235 

1856 4750.7 8.9 4759.6 101449.6 8059 3253 

1857 4682.4 8.8 4691.2 101040.1 7977 3277 

1858 4666.7 7.9 4674.6 100962.9 7798 3294 

1859 4716.8 8.0 4724.8 101767.2 7543 3304 

1860 5122.2 7.7 5129.9 106752.7 7937 3318 

1861 4986.0 7.5 4993.5 105479.6 7771 3340 
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Year 

emissions from 

combustion225 

emissions from 

peatland 

oxidation226 total emissions 

total energy 

consumption GDP227 population228 

 

kton kton kton TJ 

billion int. 1990 

GK-$ 1000 

1862 5304.6 9.0 5313.7 109021.2 8140 3366 

1863 5375.0 9.9 5385.0 110205.5 8368 3397 

1864 6355.8 9.4 6365.2 121355.7 8787 3431 

1865 6834.0 9.2 6843.2 126371.5 8877 3460 

1866 7103.9 8.6 7112.6 129334.1 9274 3484 

1867 7129.9 8.3 7138.2 130056.4 9025 3510 

1868 7508.7 9.0 7517.8 133993.3 9166 3543 

1869 7638.6 8.3 7646.9 135647.4 9548 3575 

1870 8173.0 8.3 8181.3 141429.9 9946 3610 

1871 8397.6 8.0 8405.6 144057.7 9957 3636 

1872 8615.9 8.9 8624.9 146123.8 10138 3662 

1873 8633.7 8.9 8642.6 146760.8 10369 3670 

1874 8275.9 9.5 8285.4 143478.1 10190 3745 

1875 8946.9 9.2 8956.1 150682.5 10896 3788 

1876 9727.7 9.7 9737.4 159539.7 11049 3832 

1877 9800.7 9.8 9810.5 160538.5 11329 3883 

1878 9696.6 9.6 9706.3 160090.5 11155 3834 

1879 10230.7 9.4 10240.2 165911.2 11037 3986 

1880 11000.5 9.9 11010.5 173796.7 11835 4043 

1881 11303.7 8.8 11312.5 176348.1 12012 4079 

1882 11580.1 8.4 11588.4 179190.2 12329 4130 

1883 12067.1 8.2 12075.3 184591.7 13251 4180 

1884 11686.7 8.8 11695.5 180469.1 13483 4226 

1885 11707.6 8.6 11716.3 180714.0 13781 4276 
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Year 

emissions from 

combustion225 

emissions from 

peatland 

oxidation226 total emissions 

total energy 

consumption GDP227 population228 

 

kton kton kton TJ 

billion int. 1990 

GK-$ 1000 

1886 12198.9 8.4 12207.3 186250.4 13993 4326 

1887 12307.3 8.5 12315.8 186914.9 14346 4378 

1888 13522.9 8.0 13530.9 200361.3 14545 4432 

1889 13305.4 8.5 13313.9 198153.4 15054 4485 

1890 12907.8 7.5 12915.3 193639.1 14449 4535 

1891 13192.3 8.3 13200.6 196766.5 14482 4585 

1892 14049.7 8.0 14057.7 205716.4 14909 4632 

1893 13821.0 8.0 13829.0 203181.3 14751 4684 

1894 13971.9 7.2 13979.1 204851.1 15615 4743 

1895 14106.9 6.8 14113.7 206280.6 15707 4803 

1896 14972.5 7.5 14980.0 215990.5 16360 4866 

1897 16011.8 7.8 16019.6 227170.5 16782 4935 

1898 15674.0 7.9 15681.9 224350.2 17045 5003 

1899 16203.8 7.9 16211.7 230311.7 17291 5070 

1900 17223.6 9.3 17232.9 242553.0 17118 5142 

1901 16425.1 9.3 16434.4 235263.7 17963 5221 

1902 15998.3 8.2 16006.5 231554.0 18739 5305 

1903 17125.4 8.2 17133.6 242787.8 18743 5389 

1904 18185.5 7.7 18193.2 253856.9 19014 5470 

1905 18604.9 8.4 18613.3 259143.7 19971 5551 

1906 20052.5 10.1 20062.6 275411.1 20388 5632 

1907 20765.7 10.0 20775.7 283437.0 20033 5710 

1908 21230.3 8.3 21238.6 288815.0 20429 5786 

1909 22295.0 8.2 22303.2 300884.5 21521 5862 
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Year 

emissions from 

combustion225 

emissions from 

peatland 

oxidation226 total emissions 

total energy 

consumption GDP227 population228 

 

kton kton kton TJ 

billion int. 1990 

GK-$ 1000 

1910 22474.7 8.3 22483.0 304373.9 22403 5922 

1911 24171.8 7.9 24179.7 322927.8 23114 5984 

1912 27943.8 7.3 27951.0 363353.9 23775 6068 

1913 31531.8 7.4 31539.1 404636.3 24955 6164 

1914 27054.3 7.3 27061.6 357146.5 24281 6277 

1915 27966.8 7.3 27974.0 365544.6 25105 6395 

1916 26261.7 7.9 26269.6 347916.6 25779 6516 

1917 19221.9 8.4 19230.4 271194.6 24131 6654 

1918 17064.9 10.1 17075.0 247237.3 22634 6752 

1919 24679.0 9.1 24688.1 324360.6 28049 6805 

1920 24425.9 8.9 24434.8 329678.9 28898 6848 

1921 24899.5 6.1 24905.5 329386.8 30670 6921 

1922 28925.2 5.1 28930.3 372291.2 32342 7032 

1923 28635.4 6.2 28641.6 373058.9 33140 7150 

1924 32403.7 5.6 32409.3 410895.5 35561 7264 

1925 34416.4 4.7 34421.1 430851.8 37058 7366 

1926 34633.1 5.7 34638.7 436491.2 40028 7471 

1927 38513.2 5.8 38519.0 478151.0 41700 7576 

1928 39729.3 4.7 39734.0 490378.7 43921 7679 

1929 43111.4 3.7 43115.0 530317.2 44270 7782 

1930 42010.9 3.8 42014.7 522645.0 44170 7884 

1931 41028.3 4.2 41032.5 519181.4 41475 7999 

1932 39667.7 3.6 39671.3 498987.7 40901 8123 

1933 40373.6 3.7 40377.3 504728.0 40826 8237 
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Year 

emissions from 

combustion225 

emissions from 

peatland 

oxidation226 total emissions 

total energy 

consumption GDP227 population228 

 

kton kton kton TJ 

billion int. 1990 

GK-$ 1000 

1934 40814.3 3.9 40818.2 505800.5 40078 8341 

1935 39221.2 3.4 39224.6 488777.5 41575 8434 

1936 40478.1 3.7 40481.8 504157.5 44195 8516 

1937 44261.9 3.7 44265.6 554829.8 46716 8599 

1938 43453.5 3.8 43457.3 546309.6 45593 8685 

1939 47496.6 3.8 47500.4 585652.9 48687 8782 

1940 36225.2 3.7 36228.9 463134.2 42898 8879 

1941 34919.5 3.1 34922.6 448490.9 40627 8966 

1942 33717.2 3.3 33720.5 436529.6 37133 9042 

1943 33728.9 2.8 33731.7 434754.2 36235 9103 

1944 22963.0 3.0 22966.0 316968.0 24306 9175 

1945 16877.4 2.4 16879.8 248475.6 24880 9262 

1946 36030.3 1.8 36032.1 469376.1 41999 9424 

1947 44420.4 2.4 44422.9 563952.4 48613 9630 

1948 50337.9 2.6 50340.5 624775.9 53804 9800 

1949 51418.6 1.3 51419.8 635755.8 58546 9956 

1950 56341.7 0.5 56342.1 702493.9 60642 10114 

1951 60550.6 0.0 60550.6 792437.9 61914 10264 

1952 60547.7 0.0 60547.7 791510.1 63162 10382 

1953 59811.8 0.0 59811.8 746206.8 68652 10493 

1954 63737.5 0.0 63737.5 797377.8 73319 10615 

1955 67813.8 0.0 67813.8 850525.0 78759 10751 

1956 75302.3 0.0 75302.3 946184.0 81654 10889 

1957 74626.3 0.0 74626.3 948703.7 83950 11026 
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Year 

emissions from 

combustion225 

emissions from 

peatland 

oxidation226 total emissions 

total energy 

consumption GDP227 population228 

 

kton kton kton TJ 

billion int. 1990 

GK-$ 1000 

1958 69652.0 0.0 69652.0 901474.7 83701 11187 

1959 70752.8 0.0 70752.8 931047.3 87793 11348 

1960 69787.8 0.0 69787.8 989146.0 95180 11486 

1961 71671.4 0.0 71671.4 1033602.1 95455 11639 

1962 79604.6 0.0 79604.6 1117133.0 101993 11806 

1963 87338.2 0.0 87338.2 1210428.1 105686 11966 

1964 87092.5 0.0 87092.5 1269501.6 114446 12127 

1965 90679.3 0.0 90679.3 1347188.9 120435 12292 

1966 92627.4 0.0 92627.4 1433196.5 123754 12455 

1967 94334.9 0.0 94334.9 1489171.3 130267 12597 

1968 103835.9 0.0 103835.9 1687309.8 138627 12725 

1969 114400.3 0.0 114400.3 1851346.1 147552 12873 

1970 132037.7 0.0 132037.7 2128149.0 155955 13032 

1971 134334.2 0.0 134334.2 2225050.9 162539 13194 

1972 150600.1 0.0 150600.1 2559605.5 167919 13330 

1973 157163.8 0.0 157163.8 2691554.0 175791 13438 

1974 146208.8 0.0 146208.8 2644242.3 182763 13541 

1975 138482.7 0.0 138482.7 2450769.8 182596 13653 

1976 149452.5 0.0 149452.5 2674171.1 191194 13770 

1977 148194.7 0.0 148194.7 2642476.6 196392 13853 

1978 151368.6 0.0 151368.6 2770176.6 201024 13937 

1979 161998.2 0.0 161998.2 2923033.7 205501 14030 

1980 153514.5 0.0 153514.5 2780716.0 207979 14144 

1981 150518.2 0.0 150518.2 2614669.4 206925 14246 
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Year 

emissions from 

combustion225 

emissions from 

peatland 

oxidation226 total emissions 

total energy 

consumption GDP227 population228 

 

kton kton kton TJ 

billion int. 1990 

GK-$ 1000 

1982 141850.9 0.0 141850.9 2373767.1 204517 14310 

1983 138045.4 0.0 138045.4 2456686.1 208014 14362 

1984 143536.8 0.0 143536.8 2540913.8 214854 14420 

1985 147392.8 0.0 147392.8 2541507.3 221470 14491 

1986 150606.4 0.0 150606.4 2626527.7 227570 14572 

1987 154132.0 0.0 154132.0 2712086.6 230788 14665 

1988 151285.3 0.0 151285.3 2633710.0 236824 14761 

1989 154854.7 0.0 154854.7 2660779.8 247906 14849 

1990 157053.5 0.0 157053.5 2701982.8 258094 14952 

1991 164604.3 0.0 164604.3 2862287.1 264381 15066 

1992 164336.8 0.0 164336.8 2828735.2 268883 15174 

1993 169496.8 0.0 169496.8 2874507.7 272255 15275 

1994 168717.3 0.0 168717.3 2905207.5 280308 15382 

1995 173824.5 0.0 173824.5 3035847.6 289033 15459 

1996 184745.0 0.0 184745.0 3180243.9 298877 15528 

1997 180440.5 0.0 180440.5 3105780.1 311663 15604 

1998 181477.8 0.0 181477.8 3095355.1 323890 15699 

1999 176164.1 0.0 176164.1 3097838.6 339062 15802 

2000 177340.7 0.0 177340.7 3145056.6 352330 15908 

2001 180176.2 0.0 180176.2 3237903.3 358962 16017 

2002 182326.6 0.0 182326.6 3288936.1 359390 16123 

2003 185985.7 0.0 185985.7 3131048.9 361250 16223 

2004 188223.5 0.0 188223.5 3142518.0 370355 16318 

2005 184246.9 0.0 184246.9 3099548.7 379238 16407 
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Year 

emissions from 

combustion225 

emissions from 

peatland 

oxidation226 total emissions 

total energy 

consumption GDP227 population228 

 

kton kton kton TJ 

billion int. 1990 

GK-$ 1000 

2006 179610.4 0.0 179610.4 2902460.9 393602 16491 

2007 170397.3 0.0 170397.3 2879358.6 410228 16571 

2008 168162.2 0.0 168162.2 2767386.3 418002 16645 

2009 168436.6 0.0 168436.6 2705341.9 402411 16716 

2010 177906.8 0.0 177906.8 2890082.2 408722 16807 

2011 165345.5 0.0 165345.5 2852959.6 412610 16889 

2012 166166.6 0.0 166166.6 2898105.4 407393 16964 



 

 



 

 

 

 

Nederlandse Samenvatting 
 

 

Klimaatverandering is een van de belangrijkste bedreigingen voor duurzame ontwikkeling. 

De transitie naar een koolstof-arm energiesysteem kan bijdragen aan het bestrijden van de 

gevaren van klimaatverandering. In dit proefschrift heb ik de ontwikkelingen van het 

Nederlandse energiesysteem bestudeerd vanuit een historische en comparatieve analyse 

van duurzaamheidsproblemen. Middels vier lange termijn studies van 

‘duurzaamheidsuitdagingen’ die nog steeds relevant zijn is getracht inzicht te verschaffen 

in de wortels en ontwikkelingen van deze problemen. Inzicht in de ontstaansgeschiedenis, 

de ontwikkelingen en de manier waarop in het verleden met duurzaamheidsuitdagingen 

werd omgegaan, kan bijdragen aan het beter begrijpen van de huidige situatie.  

Energieconsumptie neemt een centrale positie in, in de huidige discussie omtrent 

duurzame ontwikkeling. Energie is een essentiële input voor een economie en een 

duurzame aanvoer is cruciaal. Tegelijkertijd zorgt de verbranding van fossiele 

energiedragers voor milieuvervuiling door de uitstoot van smog, zwaveldioxide, 

koolstofdioxide en andere vervuilende stoffen. Hoewel duurzaamheid en duurzame 

ontwikkeling pas vrij recent op de wetenschappelijke en politieke agenda zijn komen te 

staan, toon ik in dit proefschrift aan dat uitdagingen met betrekking tot 

duurzaamheidsthema’s veel ouder zijn. 

Dit proefschrift gaat terug naar het begin van de industriële revolutie in 

Nederland. De vier duurzaamheidsthema’s die behandeld worden zijn: kwetsbaarheid van 

het energiesysteem en afhankelijkheid van buitenlandse leveranciers (hoofdstuk 2); 

efficiëntieverbeteringen (hoofdstuk 3); emissies van zwaveldioxide en koolstofdioxide 

(hoofdstuk 4); en infrastructurele schade als gevolg van grondstofextractie. Al deze 

thema’s kennen een lange geschiedenis en alle vier zijn ze in meer of mindere mate nog 

steeds relevant. 

In hoofdstuk 2 wordt onderzocht in hoeverre het Nederlandse energiesysteem 

kwetsbaar was vanwege afhankelijkheid van buitenlandse leveranciers van energiedragers. 

Nederland is en was relatief rijkelijk bedeeld met inheemse energiedragers zoals turf, 
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steenkool en aardgas. Desondanks is het ook altijd afhankelijk geweest van invoer. Enige 

afhankelijkheid van het buitenland hoeft geen probleem te zijn, maar teveel 

afhankelijkheid kan een land kwetsbaar maken. In dit hoofdstuk ontwikkel ik een nieuwe 

index om de afhankelijkheid van een land te meten met betrekking tot invoer van 

energiedragers. Uit de resulterende tijdreeks kunnen een drietal transitieperioden 

onderscheiden worden die overeenkomen met energietransities op het gebied van 

energiedragers. Deze transities worden vervolgens nader onderzocht door de kwantitatieve 

analyse van de kwetsbaarheid te complementeren met een kwalitatieve studie naar de 

transities. 

De eerste transitie betreft de overgang van inheems turf naar geïmporteerde 

steenkolen. Gedreven door de industriële revolutie, begonnen steenkolen in het midden 

van de negentiende eeuw turf steeds meer te verdrijven als belangrijkste energiedrager. 

Aangezien de productie van steenkolen in Nederland nog bijzonder klein was betekende 

dit dat het Nederlandse energiesysteem transformeerde van vrijwel volledig 

zelfvoorzienend naar zeer afhankelijk van het buitenland. Nederland werd plotseling zeer 

kwetsbaar. In het midden van de negentiende eeuw werd dit nog niet als heel bedreigend 

ervaren. Dat veranderde naar het einde van de eeuw. Nederland werd steeds afhankelijker 

van relatief weinig exporteurs en werd daardoor steeds kwetsbaarder voor mogelijke 

onderbrekingen van de levering van steenkool. Met kolen als belangrijkste brandstof voor 

de pompen in de polders waren delen van Nederland bovendien in acuut gevaar in geval 

van brandstofschaarste.  

Als reactie hierop ging de overheid zich steeds nadrukkelijker bemoeien met de 

inheemse productie van steenkolen. Het was al langer bekend dat het Duitse 

steenkolenbekken zich verder onder Nederland uitspreidde, maar commerciële extractie 

kwam niet van de grond. Uiteindelijk zijn daarom de Staatsmijnen opgericht en ontstonden 

er grotere private mijnen. Aan het begin van de twintigste eeuw voltrok zich zo een tweede 

transitie: het Nederlandse energiesysteem transformeerde van zeer kwetsbaar en erg 

afhankelijk van het buitenland naar een grotendeels zelfvoorzienend energiesysteem.  

De derde transitie vertrok zich na de tweede wereldoorlog. Deze spreekt minder 

nadrukkelijk uit de kwetsbaarheidsindex omdat de kwetsbaarheid van Nederland laag lijkt 

en leek. Nederland produceerde nog steeds zelf steenkolen, de gasbel in Slochteren werd in 

1959 gevonden, olie was in grote hoeveelheden en goedkoop beschikbaar op de 

internationale markt en kernenergie werd een gouden toekomst voorspeld. Toch bleek 

Nederland kwetsbaar. De belangrijkste olie-exporterende landen verenigde zich in de 

OPEC. Als deze landen als één eenheid worden meegeteld in de kwetsbaarheidsindex 

blijkt dat Nederland wel degelijk kwetsbaar werd door de grote invoer van olie. Nederland 

was, naast de inheemse productie van aardgas, steeds afhankelijker geworden van olie en 

werd hard geraakt door de olie- en energiecrises. Als reactie hierop voerde Nederland en 
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diversificatiestrategie in om de invoer, en daarmee de gevaren van een exportstop, te 

spreiden. De Nederlandse steenkolenmijnen, die vlak voor de oliecrisis gesloten waren 

bleven dicht, maar Nederland ging weer meer steenkolen invoeren, de waarde van het 

Groninger gas werd duidelijk en er werd een voorzichtig begin gemaakt met de productie 

van alternatieve energie.  

Nu steeds meer duidelijk wordt dat de aardgasvoorraden opraken en de problemen 

met de aardbevingen in het gaswingebied de laatste jaren serieus de kop op steken is het 

duidelijk dat de belangrijkste inheemse energiebron steeds verder zal verdwijnen. Voor de 

(nabije) toekomst betekent dat dat zich in Nederland een nieuwe energietransitie zal 

voordoen.  

Hoofdstuk 3 bestudeert energie-efficiëntieverbeteringen op het macroniveau van 

de gehele Nederlandse economie en plaatst de Nederlandse casus in een internationaal 

perspectief. In dit hoofdstuk wordt gekeken naar verandering in de verhouding tussen 

opgebouwd kapitaal en energieconsumptie. Uit een vergelijking tussen een aantal 

Europese en een aantal Latijns-Amerikaanse landen blijkt dat de ‘energy-capital ratio’ (dat 

is energie consumptie gedeeld door de kapitaalvoorraad) in de Europese landen tussen 

1875 en 1970 over het algemeen is afgenomen, terwijl deze trend veel minder expliciet is 

voor Latijns-Amerikaanse landen.  

Omdat databeperkingen het onmogelijk maken om de totale energieconsumptie en 

de totale kapitaalvoorraden mee te nemen beperkt dit hoofdstuk zich tot een analyse van de 

consumptie van moderne energiedragers en kapitaal in machines en apparatuur. Het mag 

daarom verwacht worden dat de energy-capital ratio aanvankelijk toeneemt door de 

transitie van traditionele naar moderne energiedragers. Bij de Europese landen blijkt dit het 

geval, maar na langere of kortere tijd zet uiteindelijk een afname in. In Latijns-Amerika 

vertonen alleen Argentinië en Mexico een vergelijkbare trend.  

Voor Nederland zien we dat de energy-capital ratio het grootste deel van 

negentiende en twintigste eeuw afneemt. Alleen in periodes van exceptioneel goedkope en 

alom beschikbare energie zien we een korte toename. Het blijkt echter dat deze toename 

van korte duur is en er dus vrijwel altijd investering in efficiëntere energieomzetting heeft 

plaatsgehad. Indicaties voor de Dutch disease worden dus niet gevonden. 

In hoofdstuk 4 wordt de Nederlandse emissies van CO2 vergeleken met SO2 en 

met CO2-emissies van andere Europese landen. Allereerst wordt een nieuwe schatting 

gemaakt van de CO2-emissies van Nederland. Door ook de emissies van turfverbranding 

mee te nemen blijken de Nederlandse emissies in de negentiende eeuw aanmerkelijk hoger 

dan tot nu toe werd aangenomen. Daarnaast worden ook emissies door oxidatie van de 

veengronden die door turfsteken bloot zijn komen te liggen meegerekend. Afhankelijk van 
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hoe de emissies die na extractie vrijkomen worden meegeteld is de bijdrage hiervan 

beperkt.    

In vergelijking met andere landen was de emissie-intensiteit van Nederland over 

het algemeen relatief hoog. En terwijl de emissie-intensiteit van de economie (energie 

gedeeld door bruto binnenlandsproduct) gestaag afneemt sinds het interbellum laten de 

emissie-intensiteit van de energiemix en de individuele Nederlander een ander beeld zien. 

Door de relatieve afname van traditionele koolstofvrije energiebronnen nam de 

koolstofintensiteit van het totale energiesysteem toe tot eind jaren-50. Met de ontdekking 

van het Groningse aardgas en de snelle introductie hiervan werd de Nederlandse 

energiemix in rap tempo minder vervuilend. Deze ontwikkeling kwam eind jaren-70 echter 

tot een einde toen Nederland als gevolg van de oliecrisis weer meer gebruik ging maken 

van steenkool. Sinds deze tijd zijn de minimale ontwikkelingen in de richting van 

duurzame energieproductie gecompenseerd door de nieuwe groei van steenkool. Per hoofd 

van de bevolking groeit de emissie van koolstofdioxide weliswaar niet meer sinds de jaren-

70, maar een afname van de vervuiling is ook hier (nog) niet te zien.  

Terwijl SO2-emissies vanaf midden jaren-60 succesvol werden gereduceerd 

piekten de emissies van CO2 pas in 2004. Een formele analyse van de milieu-Kuznetscurve 

voor CO2 levert dan ook geen bewijs voor een toekomstige afname van de emissies op. 

Met behulp van de Kaya-identity analyse is het mogelijk om de belangrijkste drijvers van 

de toe- of afnemende emissies te bepalen. De groeiende bevolking en economische 

ontwikkeling zorgden sinds 1820 vrijwel constant voor meer vervuiling. De energie-

intensiteit van de economie nam periodiek af en kan daarmee bijdrage aan het terugdringen 

van de emissies. Het grootste verschil tussen SO2 en CO2 zit echter in de zwavel- en 

koolstofintensiteit van het energiesysteem. Het is mogelijk gebleken de uitstoot van zwavel 

terug te dringen door schonere energiedragers en filtering. De koolstofintensiteit nam met 

de invoering van het aardgas snel af, maar na het midden van de jaren-70 is deze afname 

nog maar minimaal. Hoewel koolstof een essentieel element is van een energiesysteem dat 

op verbranding berust, blijkt uit het voorbeeld van bijvoorbeeld Zweden dat het ook 

mogelijk is energie op te wekken uit een groter aandeel koolstofvrije bronnen. In 

Nederland valt deze ontwikkeling echter tegen. De toch al kleine bijdrage van 

hernieuwbare energiedragers wordt teniet gedaan door de hernieuwde invoer van 

steenkolen. 

Hoofdstuk 5 wijkt enigszins af van de andere hoofdstukken omdat het geen 

betrekking heeft op het gehele energiesysteem en een casus uit de twintigste eeuw betreft. 

Desondanks is de keuze voor deze casus ingegeven door het feit dat het een probleem 

analyseert wat nog steeds actueel is. In dit hoofdstuk wordt de schade als gevolg van 

kolenwinning in Limburg bestudeerd. Hoewel het thema voor Limburg nog steeds tot op 
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zekere hoogte actueel is, vindt dit hoofdstuk vooral relevantie in de aardbevingsschade als 

gevolg van de gaswinning in Groningen. 

De ondergrondse steenkolenwinning had een grote invloed op het landschap in 

Limburg. Een van de gevolgen van de extractie is verzakking van de grond. Door deze 

verzakking kan schade aan huizen en infrastructuur optreden. De mijnbedrijven moesten 

hiervoor compensatie betalen aan de betrokkenen. In dit hoofdstuk wordt de door de 

Staatsmijnen gebudgetteerde mijnschadekosten gebruikt als proxy voor de werkelijke 

kosten.  

Door middel van een tijdreeksanalyse wordt gekeken welke factoren van invloed 

waren op de hoogte van de kosten. Zowel ondergrondse als bovengrondse ontwikkelingen 

worden meegenomen. Omdat de tijdreeks van de gebudgetteerde mijnschade minimaal één 

duidelijke breuk bevat wordt er in de tijdreeksanalyse rekening gehouden met mogelijke 

breuken. Het blijkt dat er rond 1950 inderdaad een breuk zit (afhankelijk van de methode 

wordt deze in 1949 of in 1952 gevonden). Vóór 1950 blijkt alleen een groei van de 

populatie significant bij te dragen aan de toenemende kosten. Zowel het aandeel 

mijnwerkers in de populatie als de ondergrondse extractie van steenkolen hebben geen 

significante invloed. Na 1950 dragen zowel de populatie als ook de extractie van 

steenkolen significant bij aan de groei van de kosten. Opmerkelijk is echter dat het aandeel 

mijnwerkers onder de bevolking een significant negatieve correlatie vertoond. Dit 

suggereert dat schade oploopt naar mate er minder mensen bij het mijnbedrijf betrokken 

zijn.  

Deze vier lange-termijn analyses van de nog steeds actuele 

duurzaamheidsuitdagingen in het Nederlandse energiesysteem laten zien dat 

duurzaamheidsproblemen lange wortels hebben en ook in het verleden al voorkwamen. 

Nederland heeft sinds 1800 een drietal energietransities meegemaakt waarbij 

afhankelijkheid van het buitenland een belangrijke rol gespeeld heeft. Ook nu staat 

Nederland op het punt van een nieuwe transitie. De energy-capital ratio laat zien dat 

economische groei in Nederland gepaard is gegaan met een relatieve afname van de 

energieconsumptie. Relatief minder energie input is nodig om een vergelijkbare output te 

genereren. Dit spaart grondstoffen, verkleint de vervuiling, vermindert hinder en bespaart 

geld. Desondanks kan deze ontwikkeling niet eindeloos doorgaan.  

Een bepaalde hoeveelheid energie zal altijd nodig zijn voor productie. Daarom is 

het noodzakelijk niet alleen in te zetten op efficiëntieverbetering en energiebesparing, maar 

ook op duurzame energiebronnen. De opwekking van energie dient meer te geschieden 

door koolstofvrije bronnen. Helaas laat de CO2-intensiteit van de Nederlandse energiemix 

weinig tot geen verbetering zien sinds het midden van de jaren-70. Desondanks ligt het in 

de lijn der verwachting dat Nederland, aangemoedigd door internationale verdragen haar 
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emissies wel zal moeten terugdringen. Projecties van de mogelijke toekomstige CO2 

emissies op basis van de drijvers van de emissies (hoofdstuk 7) laten zien dat emissies wel 

zullen afnemen, echter met ‘slechts’ 50% in 2060 ten opzichte van het niveau van 1990. 

Het is overigens sowieso geen uitgemaakte zaak dat de komende transitie een 

radicale omwenteling naar duurzame energiebronnen zal opleveren. Het blijkt uit de 

historische transities dat er een belangrijke rol is weggelegd voor de overheid bij het sturen 

van de transitie. De Nederlandse overheid heeft besloten in ieder geval tot 2020 geen 

schaliegasproductie in Nederland toe te staan, die optie lijkt daarmee het minst realistisch 

en gezien de ervaringen in Limburg en Groningen is de verwachting dat schaliegas 

werkelijkheid wordt in Nederland klein. Versterkt inzetten op invoer van aardgas lijkt 

echter aan de winnende hand. Met de constructie van de gasrotonde wil Nederland bij de 

huidige energiedrager blijven. In de ophanden zijnde transitie lijkt het terugdringen van 

CO2-emissies dus geen prioriteit te hebben. Invoer van aardgas levert op korte termijn een 

oplossing voor de teruglopende inheemse aardgasproductie, op de langere termijn zal dit er 

echter toe leiden dan Nederland weer opnieuw sterk afhankelijk gaat worden van 

buitenlandse leveranties.  

 


