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Introduction

Energy is a fundamental concept in physics and a key element in describing processes occurring
both on the micro (nuclear reactions) and macro scale (planetary motion). According to the law of
conservation of energy, energy cannot be created or destroyed; it can only be transformed from one
form to another (e.g. thermal energy into electricity). Albert Einstein proved that matter is one of the
forms of energy, and modern quantum physics provides evidence that particles of matter are tran-
sient fluctuations of energy. Therefore, they do not exist separately or independently but are dynamic
forms of the same entity.

Although physicists have dealt with energy (understood mainly as force) since the times of Gali-
leo, in economic thought - both energy and its sources - have long remained outside the main area of
interest!. Energy, in various forms, was simply available and treated as a raw material/commodity,
with its use in production processes determined by availability and market prices. The industrial
revolution, symbolised by James Watt's steam engine, was initiated by the better organisation of pro-
duction processes and the replacement of charcoal with hard coal. Access to abundant and cheap
energy enabled the production of new goods, the development of markets, technological progress,
innovation, and economic growth.

For Leslie A. White (White, 1943), cultural evolution was possible thanks to technological
changes, particularly with regard to the increased energy used per capita. Sources of energy used by
humanity have evolved along with civilizational and economic development?. Vaclav Smil (Smil,
2022) points out that traditional societies mainly relied on muscle power (human and animal) and
biomass (wood, straw). The taming of fire, described by Nicholas Georgescu-Roegen as a Promethean
innovation, transformed the human species. Later, wind (ships) and flowing water (mills) were used.
In subsequent stages, fossil fuels were exploited, starting with coal, then oil and natural gas, and since
the mid-20th century, also nuclear energy. From this perspective, it is easy to see that with civiliza-
tional and economic advancement, humanity has moved toward energy sources with higher energy
density®. The natural next step may be nuclear fusion, which could generate enormous amounts of
emission-free energy.

In the industrial era, global primary energy* flows reached 20 EJ® in 1800, nearly 45 E]J in 1900,
100 EJ in 1950, over 380 E] in 2000, and more than 550 EJ in 2015 (Smil, 2022). Energy consumption
grew over centuries (Figure 1) and has become essential for life and economic development.

It is no surprise, then, that energy and its sources are now at the center of economists’ attention,
especially given rising energy prices due to the energy transition toward low- or zero-emission
sources (primarily in the EU), geopolitical threats (e.g., the war in Ukraine), protection of strategic
resources, concerns about resource depletion (e.g., by the Club of Rome), and their use as bargaining
chips in international relations.

Initially, economic theories completely overlooked energy as an essential component of produc-
tion and economic development. As the critical role of energy in economic processes became more
apparent, interest in the economic aspects of energy resources, energy production, and consumption
grew. Energy gained greater attention during the first oil crisis in the early 1970s. It has become
obvious that energy is a particularly important factor influencing economic results, both on the

1T An elaborate definition and analysis of energy is presented, for example, in: R.U. Ayres, L.W. Ayres, B. War,
Exergy, power and work in the US economy, 1900-1998, Energy 28 (2003) 219-273.

2 This paper ignores the issue of energy and energy transformations related to maintaining life processes at
the cellular level.

3 Energy density is a measure of the amount of energy contained in a given unit of volume, mass, or surface
area. In practice, the term most often refers to the amount of energy per unit of mass (e.g., megajoules per
kilogram, M] /kg) or volume (e.g., megajoules per liter; M]J /L) of a fuel or other energy carrier. Energy density
expresses how much energy can be extracted from a unit of fuel, which is a key concept in the analysis of
energy efficiency and fuel performance. Energy density affects the practicality and cost-effectiveness of
using different energy carriers in specific applications.

4 Primary energy is energy that comes directly from natural sources and has not yet been transformed or
processed by humans. It is the raw energy available in nature before it is transformed into usable energy,
such as electricity or transport fuels.

5  EJ (exajoule) - a unit of energy equal to 108 joules. It is commonly used to express large-scale energy quan-
tities, such as global primary energy consumption.
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micro- and macro-scales. In microeconomics, it is one of the raw materials necessary for the produc-
tion of practically all goods and services, which translates into the volume of production in the entire
economy (measured, e.g., by GDP), and therefore in macroeconomics.

Global primary energy consumption by source
Primary energy® is based on the substitution method® and measured in terawatt-hours®.
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Note: In the absence of more recent data, traditional biomass is assumed constant since 2015.

1. Primary energy: Primary energy is Lhe energy available as resources — such as Lhe fuels burnt in power plants - belore it has been ransformed.
This relates ta the coal before it has heen burned, the uranium, or the barrels of ail. Primary energy includes energy that the end user needs, in the
form of electricity, transport and heating, plus inefficiencies and energy that is lost when raw resources are transformed into a usable form. You can
read more on the different ways of measuring energy in our article.

2. Substitution method: The ‘substitution method® is used by researchers to correct primary energy consumption for efficicney losses experienced

by fossil fuels. It tries to adjust non-fossil energy sources to the inputs that would be needed if it was generated from fossil fuels. It assumes that
wind and solar electricity is as inefficient as coal or gas. To do this, energy generation from non-fossil sources are divided by a standard ‘thermal
efficiency factor' - typically around 0.4 Nuclear power is also adjusted despite it also experiencing thermal losses in a power plant. Since it's

reported in terms of electricity output, we need to do this adjustment to calculate its equivalent input value. You can read more about this adjustment
in our article.

3. Watt-hour: A watt hour is the energy delivered by ane watt of power for ane hour. Since one watt is equivalent to ane joule per second, a
waltt-hour is equivalent to 3600 joules of energy. Metric prefixes are used for multiples of the unit, usually: - kilowatt-hours (kWh), or a thousand
watt-haurs. - Megawatt-hours (MWh), or a millian watt-hours. - Gigawatt-hours (GWh), or a billion watt-hours. - Terawatt-hours (TWh), or a trillion
watt-hours.

Figure 1. Global primary energy consumption by source
Source: Our World in Data.

Since then, primary energy sources have been regarded as strategic resources, essential for eco-
nomic development and subject to geopolitical games. This led to a rise in energy and raw material
prices, significantly contributing to the emergence of a new branch of economics: energy economics
(Filippini & Srinivasan, 2024).

The aim of this work is to present the issue of energy in the context of the evolution of economics
and economic thought against the background of changes in the primary energy sources used by
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humanity, from those characterised by low density, through increasingly dense ones, to nuclear
energy, which is currently used by the most developed economies in the world.

Energy Use and Economic Growth (1800-2020)

The relationship between energy and economic growth has been extensively studied across dif-
ferent historical phases and global regions (Ayres et al., 2013; Topcu et al., 2020). From the Industrial
Revolution onward, economic development has been closely tied to access to and consumption of
energy. Using different sources, Rosse (Roose et al., 2022) has proved a relationship between energy
consumption and GDP per capita from the perspective of the whole world starting from 1800.

According to Bercegol & Benisty (2020), within the entire period of over 200 years, two specific
sub-periods can be distinguished:

e Industrial Growth and Energy Coupling (1820-1920)

During the first wave of industrialisation, global economic growth was closely coupled with
energy consumption. The economy relied heavily on coal and biomass. Studies confirm an almost
linear correlation between GDP growth and primary energy use during this period.

e Technological Shifts and Partial Decoupling (Post-1920)

GDP grows more quickly than primary energy consumption due to technological innovation,
improved energy efficiency, and new energy sources (oil, gas). They enabled economic growth with
lower energy intensity. This period marked the early phases of “decoupling.”

Long-term structural gains in energy efficiency are confirmed by physicist Arthur Rosenfeld
(Rosenfeld etal., 2001). He observed that energy intensity (energy used per unit of GDP) hasimproved
at approximately 1% per year since 1845. This is known as Rosenfeld’s law. It is confirmed by obser-
vations from developed economies such as the USA and the EU as well (Figure 2). They have recently
managed to maintain GDP growth while stabilising or even reducing primary energy consumption,
particularly fossil fuels. This decoupling is made possible by structural shifts toward services, policy
interventions, and rapid gains in energy efficiency. Bogmans et al. (2020) have found that global
energy intensity has declined at an average rate of 1.2% per year since the 1980s. The most signifi-
cant gains are observed in high-income economies such as the United States, Germany, and Japan. In
many advanced economies, energy consumption has stabilised or even declined, despite continued
economic growth. This confirms long-term decoupling between GDP and energy use.

EU GDP and Primary Energy Consumption (2000-2023)
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Figure 2. Gross Domestic Product and primary energy consumption in the European Union (2000-2023)

Source: author's work based on Eurostat, World Bank (data on GDP); BP Statistical Review of World Energy, International
Energy Agency (data on primary energy consumption).

DOI: 10.34659/€is.2026.97.2.1271



ECONOMICS AND ENVIRONMENT 2(97) = 2026 5

In summary, the relationship between energy use and economic development, measured by GDP,
has been confirmed in many studies. However, it is not linear. By increasing energy efficiency and
shifting to more dense energy sources, developed economies are able to achieve economic develop-
ment with a relative reduction in energy consumption. This information is summarised in Table 1
below.

Table 1. Phases of Energy—GDP Relationship and Evolution of Energy Sources

Period Energy—GDP Relationship Dominant Energy Source
1800-1920 Strong, nearly linear correlation Biomass — Coal

1920-1980 Technological leap, early partial decoupling Coal - 0il & Gas

1980-2023 Improved energy efficiency in advanced economics Qil, Gas, Nuclear, Renewables®

These historical trajectories reinforce the central role of energy in development. Although energy
intensity has declined, absolute energy demand continues to grow globally due to the electrification
of households and industrial processes, rising population and income levels, highlighting the critical
challenge of sustainable and equitable energy use in the 21st century.

These historical and contemporary patterns demonstrate that while the link between energy and
economic development may evolve, it remains a foundational component of micro- and macroeco-
nomics.

Energy in Economic Thought

Production processes and wealth accumulation have been central topics in economics since its
earliest days, but the idea that energy is a key factor in this production was (and still is) generally
treated peripherally.

In the early pre-classical period (before the 16th century), energy was not recognised as a sepa-
rate economic factor. If anything, it was understood primarily as labour power. The focus was on
efficiency and good asset management, as well as land accumulation, which meant increased wealth.
Labour was necessary for farming the land, and good organisation could improve efficiency. In agri-
cultural societies, capital in today’s sense was not yet developed and not equated with technical
equipment for production. Running a farm meant cultivating land and raising livestock - i.e., land as
a production factor. Humans and animals performed various agricultural tasks using muscle power
(labour).

Mercantilists (from the 16th to mid-18th century) accumulated precious metals (land), obtained
through expanding international trade (using ships - i.e., capital). They believed that the source of
value/wealth lay in the process of exchange (trade) and sought to control its terms. Trade expanded
due to nature, which provided raw materials and wind for overseas journeys. They recognised the
need to use labour for production, but devoted little attention to this issue. Although they did not
refer to energy directly, their thinking about natural resources and labour influenced later economic
ideas.

For William Petty (1623-1687), a mercantilist, and for Richard Cantillon (1680-1734), a precur-
sor of physiocratic thought: “Land is the Source of Matter from whence all Wealth is produced. The
Labour of man is the form which produces it.” Similarly, during the classical period, John Stuart Mill
(1806-1873) believed that production was a process of transforming resources through human
labour (Hall & Klitgaard, 2018).

6  In recent decades, mainly in the EU, there has been a transition to renewable sources, i.e. wind and sun.
These are energy sources with lower energy density than gas and oil. According to the author, maintaining
such an energy mix will not be conducive to economic or civilization development. Due to the need to pro-
vide large amounts of available, controllable, emission-free and cheap electricity, intensive development of
nuclear power is necessary. In fact, China, India, and USA decided to build new nuclear units and base energy
sector to a greater extent on nuclear power.
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Physiocrats, led by Frangois Quesnay (1694-1774), were convinced that land and nature pro-
vided the driving force of the economy. He saw land as the only source of wealth, supplying the econ-
omy with its “productive power.” Although physiocrats did not use the term “energy,” their thinking
about productivity and economic flows contributed to later energy-related concepts in economic
analysis (Hall & Klitgaard, 2018).

Classical economists focused on production processes rather than exchange, paying relatively
little attention to land as a production factor. They did not write directly about energy, as fossil fuel-
based economies were only just emerging. At the time, the term “energy” did not yet have its current
meaning, nor did it refer to energy resources like coal, oil, or gas. Nevertheless, their works addressed
various production issues that can be related to modern discussions of energy.

Adam Smith (1723-1790), in “The Wealth of Nations,” did not mention energy directly. His con-
cept of production factors included natural resources and human labour - in other words, land and
labour. The source of wealth was labour and capital (productive assets). Jean-Baptiste Say (1767-
1832) also saw production as the creation of value through the interplay of three production factors.

Later, David Ricardo (1772-1823) developed the theory of land rent but did not focus much on
land as a production factor or on energy. In contrast, Thomas Malthus’ (1766-1834) ideas about the
depletion of natural resources (food first and foremost) are now often referenced in discussions
about the depletion of energy resources (like oil) and the need to seek alternatives.

Karl Marx (1818-1883) was probably the first economist to understand the industrial revolution
and the role of mechanisation and fossil fuels in its development. Although he recognised the critical
role of energy in the production process, he did not focus much on it. He was fascinated by the conse-
quences of using fossil fuels in production, but his analysis centred on deepening class divisions and
workers’ dependence on capital owners, as well as class struggle - both a result and a driver of capi-
talist development. He understood that large-scale economic production could not be achieved with-
out coal, emphasising coal and machines as contributors to increased labour productivity. In “Capi-
tal,” he noted that ownership of capital and land gave the ruling class an advantage. During the indus-
trial revolution, this particularly applied to those who controlled access to coal-powered industrial
machinery. In this sense, access to energy reflected class divisions, where (energy) resource owners
profited from exploitation, while workers were mere tools in the production process.

Neoclassical economics focused on analysing labour, land, and capital as basic factors of produc-
tion. However, as economic growth and industrial development progressed, the importance of energy
became increasingly recognised as one of the essential production resources. It was included in cost
analyses and seen as a key component of production efficiency, since energy costs directly affect
product prices. Neoclassical models emphasised that energy prices serve a signalling function in the
market. They also considered the possibility of substituting energy with other production factors,
such as labour or capital.

Energy transitions consistent with the principles of thermodynamics began to inspire econo-
mists and permeate economics in the 19th century. Interpretations of the economy as a system
dependent on energy flows emerged. Among neoclassical economists, William Stanley Jevons (1835-
1882) paid exceptional attention to energy issues. He believed that “all economic activities lead to
coal” Based on Malthusian theory, in “The Coal Question”, he argued that mass production, especially
in the textile industry, depended on adequate supplies of cheap coal. Although Jevons did not offer
satisfying solutions, his essay initiated discussions about the economic consequences of scarcity in
the fossil fuel era. He was among the first economists to highlight the argument that limited energy
resources could affect the economy’s growth potential.

Jevons observed and formulated the Jevons Paradox. It states that increasing resource-use effi-
ciency leads to higher overall consumption. So, increasing energy efficiency does not necessarily
reduce energy use, in fact, it may increase total demand. For example, more efficient steam engines
made their use cheaper and more accessible, which led to wider adoption and, paradoxically, greater
coal consumption. Thus, higher efficiency leads to lower prices, which encourages greater energy
consumption. Going back to Figure 1, one can admit he was right. The increasing energy efficiency
observed in recent decades is connected with the electrification of households and business opera-
tions, which together lead to increasing energy consumption on a global scale.

A critic of capitalism and the founder of institutional economics, Thorstein Veblen (1857-1929),
analysed how rising economic surplus (from excess energy) fostered the rise of a class that did not
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need to work - the leisure class. In “The Theory of the Leisure Class” (Veblen, 1899), he noted that
capitalism often ignores social and environmental costs. While Veblen did not directly address energy,
his idea that conspicuous consumption leads to excessive resource use applies to energy consump-
tion as well.

Arthur Pigou (1877-1959) introduced the concept of externalities in economic activity. In the
context of energy, this is crucial because fossil fuel production and consumption generate pollution
(negative externalities) that are not reflected in market prices. Pigou proposed taxing negative exter-
nalities (Pigouvian tax) so that prices would reflect full social costs. His ideas underpin modern solu-
tions like carbon taxes, aimed at reducing greenhouse gas emissions.

For John Maynard Keynes (1883-1946), economic growth depended on aggregate demand. He
did not focus on energy-related issues, as his work centred on macroeconomic topics. Keynesian
ideas have been indirectly applied in energy policy and resource economics by new Keynesian econ-
omists, who justify the need for government intervention in the energy sector, particularly for invest-
ments, energy transition, and managing economic cycles.

Energy Economics

William Stanley Jevons was one of the first economists to recognise that energy is fundamental to
economic development. Therefore, his insights were innovative and became an inspiration for others
to explore the role of energy in the economy and its impact on socio-economic development.

Interest in energy as an economic category significantly increased with the industrial revolution
and electrification, as well as growing demand for electricity. However, the beginnings of energy eco-
nomics as a distinct field can be traced to the first half of the 20th century.

Subsequent generations of economists paid increasing attention to energy issues. Frederick
Soddy (1877-1956) analysed the relationship between energy and the economy (Soddy, 1926). He
believed that economic analyses should incorporate physical and energy limitations, as production
and consumption consume resources that are irreversibly lost. Economic processes increase entropy
(i.e., they create energy losses), meaning there is a physical limit to economic growth. Thus, he criti-
cised neoclassical economics for ignoring the role of energy and natural resources, as well as for
assuming (or at least promoting) endless economic growth. In his book ‘The Role of Money’ (Soddy,
1934), he argued that the foundation of the economy is matter, energy, and labour, while money is an
‘accounting illusion. The economy is a system of energy transformations rather than just monetary
turnover. The source of wealth is the economy’s ability to acquire energy, process matter, and per-
form physical work. These views are close to the perspective of ecological economics, which devel-
oped later.

Nicholas Georgescu-Roegen (1906-1994) was a pioneer of ecological economics. In his work
“The Entropy Law and the Economic Process” (Georgescu-Roegen, 1971), he introduced the concept
of an economy governed by the laws of thermodynamics, especially the law of entropy. The economic
process is inextricably linked to the flows of energy and matter. The economy transforms high-quality
resources (such as fossil fuels) into less useful forms, leading to their gradual depletion. He argued
that energy resources are finite and that excessive consumption would lead to an energy crisis.
Therefore, economic growth cannot be infinite and must consider resource availability constraints.

His student, Herman Daly (1938-2022), advocated for a steady-state economy and controlled
economic growth to protect the environment and natural resources. He introduced concepts such as
“sustainable development” and “limits to growth,” arguing that the economy should operate within
the planet’s ecological boundaries (Daly, 1996).

Kenneth Boulding (1910-1993) also used cosmic analogies. In his essay “The Economics of the
Coming Spaceship Earth” (Boulding, 1966), he presented the concept of a “spaceship economy,”
where Earth’s resources are finite, much like those on a spaceship. He believed that the economy
should aim for the sustainable use of energy and other resources to prevent global depletion.

Ernst F. Schumacher (1911-1977) advocated moving away from large-scale industrial produc-
tion in favour of smaller, more localised, and sustainable economic systems that place less strain on
energy and natural resources - key elements of sustainable development (Schumacher, 1973).
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Physicistand economist Robert Ayres (1932-2023) emphasised that neglecting the role of energy
in production leads to a flawed understanding of economic growth. He introduced the concept of
“exergy” — useful energy that can be converted into work - as a key factor limiting economic growth.
His research led him to conclude that economic growth is directly linked to the availability of cheap
and efficient energy. He also introduced the concept of energy efficiency as a way to optimise energy
use (Ayres etal., 2013). Ayres tried to translate philosophical and thermodynamic intuitions of Odum,
H.T, and Georgescu-Roegen, N. into formal, data-driven economic models. H.T. 0dum was one of the
pioneers of thinking about the economy as a system of energy flows, which had a major influence on
subsequent biophysical economics.

The economic theory of value, assuming that all economic processes are physically energy pro-
cesses and that human labour and production transform energy, recognises that the value of a prod-
uct is proportional to the amount of energy (directly or indirectly) required to produce it (suggesting
that ‘value’ can even be measured in units of energy). This continues the thought of H. T. Odum (1996),
who proposed the analysis of total energy ‘embedded’ in a product or service, known as “emergy”
(embodied energy).

In Poland, Stanistaw Czaja is a prominent representative of ecological economics. He connects
economics with physics and thermodynamics, pointing to the objective, physical limitations of eco-
nomic processes. The introduction of entropy necessitates a fundamental change in how production
and consumption processes are understood, as they can no longer be viewed in isolation from the
laws of energy and matter flow. Incorporating the law of entropy into economic theory signifies the
necessity of moving away from the dominant mechanistic-deterministic paradigm in favour of a
holistic and systemic approach (Poskrobko, 2013). The analysis of the epistemological and methodo-
logical consequences of introducing the law of entropy into economic theory is recognised as a pro-
found and original contribution of the Professor to contemporary economics (Czaja, 1997).

Energy economics, material balance analysis, and energy balance provide the foundations for
developing more advanced analysis methods, such as Energy Flow Analysis, exergy and emergy anal-
ysis, up to Life Cycle Assessment (Szargut, 1996). Professor Jan Szargut made a significant contribu-
tion to such research (Florez-Orrego et al., 2018).

Each of these economists contributed significantly to the development of energy economics, ana-
lysing different aspects of energy use, from resource depletion to the effects of energy efficiency on
the economy. Their work forms the foundation of sustainable development economics, energy and
ecological economics, and influences policy aimed at managing natural and energy resources.

Issues such as energy efficiency, energy policy, and the economic effects of high energy prices
became central. However, it was the oil crisis of the 1970s that truly revolutionised thinking about
energy and its resources. This was a turning point. The most important publications from this period
focused on oil production and use, as well as the adoption of alternative energy sources. One can
argue that this marked the beginning of modern energy economics.

The integration of energy into economic thought also involves a significant methodological shift
toward recognising the physical laws governing production and resource use. As highlighted in the
works of Professor Tomasz Zylicz, the paradigm of economising the environment should not exclude
the search for new foundations, such as the application of the law of conservation of mass and energy
to the study of economic phenomena. This approach provides a bridge to the “energy theory of value,”
which emphasises that value and efficiency must be understood within the physical constraints of the
natural environment. By moving beyond traditional neoclassical models toward a more transdiscipli-
nary perspective, economists can better account for the role of natural ecosystems as essential pro-
viders of energy carriers, which are fundamental to the survival and sustainability of the integrated
mega-system of economy, society, and nature.

In contrast to neoclassical economics, which often assumes the possibility of infinite growth
through technological progress, ecological economics interprets the law of entropy (derived from the
second law of thermodynamics) as an absolute physical barrier to continuous economic growth.

The shift in approach to energy has found its expression in the formulation of production func-
tions. In the neoclassical standard, energy is embedded within capital/technology, but in energy eco-
nomics models, it appears as an additional, equivalent factor of production. Production is a physical
process dependent on energy. In the modern GEMBA (Global Energy Modelling - A Biophysical
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Approach) framework, the economy is treated as an energy system, with energy acting as the central
variable limiting growth (Dale et al., 2012). A key contribution is the proposed dynamic function for
Energy Return on Investment (EROI).

Energy economics combines elements of microeconomics, macroeconomics, finance, and public
policy. It is interdisciplinary and requires collaboration with physicists, engineers, energy experts,
geologists, and climatologists. It examines the economic aspects of energy production, distribution,
and consumption. It analyses how energy resources are used in the economy, the effects of energy
price changes on markets and consumer decisions, and the role of energy in long-term economic
growth and sustainable development.

In the 1980s and 1990s, energy economics increasingly overlapped with environmental econom-
ics, especially regarding climate change and sustainable development. Today, it covers a broad spec-
trum of topics - from renewable energy to energy efficiency, electromobility, and new technologies
for energy production and storage. It examines energy markets, pricing policies, and the impact of
regulations on different sectors of the economy. Key areas of research include:

Energy policy and regulation - studying the impact of government regulations, including taxation

and support for renewable energy, on the energy market and energy prices; also analysing the

rules and effects of emission reduction policies (e.g., emissions trading, carbon taxes); evaluating
energy policy and energy security.

Energy supply, demand, and pricing - analysing factors affecting energy supply (resource extrac-

tion, infrastructure) and demand (energy efficiency, structural changes in the economy); evaluat-

ing the impact of energy transitions (from coal to nuclear and renewables) on the economy;
energy market functioning; energy poverty.

Energy efficiency and technologies - researching energy efficiency in various sectors (industry,

transport, construction) and strategies to improve it; analysing the impact of technological pro-

gress (e.g., energy storage, new production technologies) on costs, prices, and energy availability.

Renewable energy sources - assessing the profitability and energy potential of renewables (solar,

wind, hydro, geothermal) and their impact on the economy (jobs, cost-effectiveness compared to

fossil fuels).

Environmental impact and sustainable development - analysing the relationship between energy

production/consumption and greenhouse gas emissions, air pollution, and climate change; deve-

loping sustainable growth models that account for environmental constraints (natural resources).

Risk and investment in the energy sector - evaluating investment risks in energy infrastructure

and developing new financing strategies for such projects.

Modern energy economics is a dynamically developing field, with a growing body of research
addressing its many facets. The most prominent economists currently working in this area include:

William Nordhaus (1941) - Nobel Prize laureate in economics (2018) for modelling the links
between the economy and climate; author of the DICE (Dynamic Integrated Climate-Economy) and
RICE (Regional Integrated Climate-Economy) models that integrate climate and economic policy.

Nicholas Stern (1946) - author of “The Stern Review on the Economics of Climate Change”
(2006), which transformed the perception of climate change costs and highlighted the importance of
investing in renewable energy.

Geoffrey Heal (1944) - focuses on sustainable development and the role of renewable energy in
the economy; studies the economic consequences of environmental degradation.

Vaclav Smil (1943) - author of “Energy and Civilization” (2022) and many books and research
works on energy, environment, economy, and public policy.

Conclusions

The evolution of economic thought regarding energy reflects a transition from viewing it as an
invisible, secondary commodity to recognising it as the biophysical foundation and the primary vari-
able limiting growth. The historical and analytical review of these theories leads to the following
conclusions:
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The Dual Role of Energy in Production Factors: Traditional economic divisions into land, labour,
and capital often mask the fact that energy is their physical essence. Labour represents energy
expenditure, capital is embodied energy, and land contains primary energy sources. Modern biophys-
ical models, such as GEMBA, correctly elevate energy to a central, independent factor of production,
acknowledging that capital and labour cannot substitute for energy in the face of physical resource
constraints.

The Relativity of Decoupling and the Jevons Paradox: While advanced economies have demon-
strated a “partial decoupling” since the 1980s - where GDP grows alongside stable or declining
energy intensity - this success is often localised. On a global scale, the Jevons Paradox remains a
persistent reality: improvements in energy efficiency lower relative costs, which stimulate new forms
of consumption and electrification, leading to a continuous rise in total global energy demand.

Economics Within Thermodynamic Limits: The integration of the Law of Entropy into economic
theory (as pioneered by Georgescu-Roegen and Soddy) represents a vital methodological shift. Rec-
ognising the economic process as an irreversible transformation of high-quality energy into low-qual-
ity waste imposes absolute physical barriers to the paradigm of infinite growth. Economics must
therefore evolve into a science of management within the finite “ecological boundaries” of the planet.

The Evolution Toward Energy Density and Nuclear Power: Human civilisation has historically
progressed by transitioning to energy sources with increasingly higher density. In the context of the
current need for deep decarbonization and rising global demand, nuclear energy appears as a logical
continuation of this trend. As a stable and high-density source, it allows for the maintenance of mod-
ern economic structures while significantly reducing negative externalities like greenhouse gas emis-
sions.

The future of economic thought depends on its ability to reconcile technological optimism with
the hard realities of the laws of thermodynamics. Energy is no longer merely a line item in a budget;
it has become the central issue for the survival and stability of global systems in the 21st century.

References

Ayres, R. U,, Ayres, L. W,, & Warr, B. (2003). Exergy, power and work in the US economy, 1900-1998. Energy,
28(3), 219-273. https://doi.org/10.1016/S0360-5442(02)00089-0

Ayres, R. U, van den Bergh, . C. ]. M,, Lindenberger, D., & Warr, B. (2013). The underestimated contribution of
energy to economic growth. Structural Change and Economic Dynamics, 27,79-88. https://doi.org/10.1016/
j.strueco.2013.07.004

Bercegol, H., & Benisty, H. (2020). An energy-based macroeconomic model validated by global historical series
since 1820. Ecological Economics, 192, 107253. https://doi.org/10.1016/j.ecolecon.2021.107253

Bogmans, C., Kiyasseh, L., Matsumoto, A., & Pescatori, A. (2020). Energy efficiency gains and economic develop-
ment: When will global energy demand saturate? IMF Working Papers, 253. https://doi.org/10.5089/
9781513561240.001

Boulding, K. E. (1966). The economics of the coming spaceship Earth. In H. Jarrett (Ed.), Environmental quality in
a growing economy (pp. 3-14). Resources for the Future/Johns Hopkins University Press.

BP Statistical Review of World Energy. (n.d.). https://www.bp.com/en/global/corporate/energy-economics.
html

Czaja, S. (1997). Teoriopoznawcze i metodologiczne konsekwencje wprowadzenia prawa entropii do teorii ekono-
mii. Wydawnictwo AE. (in Polish).

Dale, M., Krumdieck, S., & Bodger, P. (2012). Global energy modelling - A biophysical approach (GEMBA) part 1:
An overview of biophysical economics. Ecological Economics, 73, 152-157. https://doi.org/10.1016/j.eco-
lecon.2011.10.014

Daly, H. E. (1996). Beyond growth: The economics of sustainable development. Beacon Press.
Eurostat. (n.d.). https://ec.europa.eu/eurostat/web/main/data/database
Filippini, M., & Srinivasan, S. (2024). An introduction to energy economics and policy. Cambridge University Press.

Flérez-Orrego, D., Henriques, 1. B., Nguyen, T.-V, da Silva, ]. A. M., Keutenedjian Mady, C. E., Pellegrini, L. F, Gan-
dolfi, R., Velasquez, H. 1., Burbano, ]. C., Lattouf, R., & de Oliveira Junior, S. (2018). The contribution of Prof.
Jan Szargut to the exergy and environmental assessment of complex energy systems. Energy, 161, 482-492.
https://doi.org/10.1016/j.energy.2018.07.150

Georgescu-Roegen, N. (1971). The entropy law and the economic process. Harvard University Press. https://con-
tent.csbs.utah.edu/~lozada/Adv_Resource_Econ/En_Law_Econ_Proc_Cropped_Optimized_Clearscan.pdf

10

DOI: 10.34659/€is.2026.97.2.1271



ECONOMICS AND ENVIRONMENT 2(97) = 2026 _I ]

Hall, C. A. S., & Klitgaard, K. (2018). Energy and the wealth of nations: An introduction to biophysical economics
(2nd ed.). Springer.

Jevons, W. S. (1865). The coal question: An inquiry concerning the progress of the nation, and probable exhaustion
of our coal mines. Macmillan.

Keppler, J. H. (2019). The costs of decarbonisation: System costs with high shares of nuclear and renewables. Nuc-
lear Energy Agency.

Marks, K. (2013). Kapitat. Wydawnictwo Naukowe PWN. (in Polish).
Odum, H. T. (1996). Environmental accounting: Emergy and environmental decision making. Wiley.
Our World in Data. (n.d.). https://ourworldindata.org/data

Poskrobko, B. (2013). Para@ygmat zroéwnowazonego rozwoju jako wiodacy kanon w badaniu nowych obszaréw
ekonomii. Ekonomia i Srodowisko, 46(3), 10-24. (in Polish).

Roose, B., Tennyson, E. M., Meheretu, G., Kassaw, A., Tilahun, S. A,, Allen, L., & Stranks, S. D. (2022). Local manu-
facturing of perovskite solar cells, a game-changer for low- and lower-middle income countries? Energy &
Environmental Science, 15(9), 3571-3582. https://doi.org/10.1039/D2EE01343F

Rosenfeld, A. H., Kaarsberg, T. M., & Romm, |. J. (2001). Efficiency of energy use. In ]. Zumerchik (Ed.), Macmillan
encyclopedia of energy. Macmillan Reference USA.

Schumacher; E. F. (1973). Small is beautiful: A study of economics as if people mattered. Blond & Briggs.
Smil, V. (2022). Energia i cywilizacja: Tak tworzy sie historia. Helion. (in Polish).

Smith, A. (1954). Badania nad naturq i przyczynami bogactwa narodéw. Panstwowe Wydawnictwo Naukowe. (in
Polish).

Soddy, F. (1926). Wealth, virtual wealth and debt. Dutton.

Soddy, F. (1934). The role of money. George Routledge and Sons.

Stern, N. (2006). Stern review: The economics of climate change.

Szargut, ]. (1996). Exergy analysis of thermal processes. Journal of Power Technologies, 84.

Topcu, E., Altinoz, B., & Aslan, A. (2020). Global evidence from the link between economic growth, natural resour-
ces, energy consumption, and gross capital formation. Resources Policy, 66, 101622. https://doi.org/10.
1016/j.resourpol.2020.101622

Veblen, T. (1899). The theory of the leisure class: An economic study in the evolution of institutions. Macmillan.

White, L. A. (1943). Energy and the evolution of culture. American Anthropologist, 45(3), 335-356. https://doi.
org/10.1525/aa.1943.45.3.02a00010

World Bank. (n.d.). https://data.worldbank.org/

Bozena HORBACZEWSKA

ENERGIA'W EKONOMII

STRESZCZENIE: Artykut analizuje ewolucje roli energii w mysli ekonomicznej — od jej marginalizacji w szkotach przed-
klasycznych i klasycznych, po uznanie za biofizyczny fundament wspétczesnej gospodarki. Stosujac ujecie historyczno-
-analityczne, autorka wskazuje na konieczno$¢ przejscia od paradygmatu mechanistycznego ku modelom
uwzgledniajgcym prawa termodynamiki i entropii. W pracy przedstawiono napiecie miedzy wzrostem efektywnosci ener-
getycznej a globalnym popytem (Paradoks Jevonsa) oraz wykazano, ze rozwéj cywilizacyjny wigze sie z przechodzeniem
ku Zrodtom o coraz wiekszej gestosci. W przekonaniu autorki energia jgdrowa stanowi logiczng kontynuacje tego trendu,
pozwalajgcg na pogodzenie potrzeb rozwojowych z fizycznymi ograniczeniami $rodowiska.

StOWA KLUCZOWE: mysl ekonomiczna, energia, ekonomia energii, energia jgdrowa
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