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Setting the Energy Scene

1.1 Introduction

Humankind has embarked on the third energy transition (see Figure 1.1). In the
pre-industrial time, biomass, for example in the form of wood and peat, was used
as the main source of energy with limited use of fossil fuels. The introduction of
steam engines, which heralded the start of the first industrial revolution, increased
the demand for easily transportable energy carriers, such as coal. For a long time,
coal remained the main energy carrier (and in various countries still is by far the
main energy carrier) but was gradually replaced by oil as an energy carrier when the
need for transportation fuels increased. Going into the energy-demanding fourth
industrial revolution, fossil fuels are being replaced with energy carriers derived
from renewable resources. It is often argued that the driving force for the replace-
ment of fossil fuels as the main energy carrier is driven by the depletion of these
resources. However, this is incorrect. It has been stated in various forms: ‘The Stone
Age came to an end, not because we had a lack of stones, and the oil age will come to an
end not because we have a lack of oil’ [1] implying that the change is brought about by
alternative technologies becoming more attractive than the continued use of existing
technologies. This may be brought about by lowering the cost of alternative tech-
nologies but also by changing the view of costs associated with existing technologies
(through implementation of environmental laws or through carbon tax).

The demand for primary energy has increased dramatically in the period
1820–2018 (see Figure 1.2), which can be ascribed in part to the growing world
population, but also to the increased energy usage per person. It can be estimated
that annual primary energy demand per person increased almost sixfold in that
period from 16.7 GJ per person per annum (0.5 kW per person) in 1820 to 95.3 GJ
per person per annum (3.0 kW) in 2018. The increase in the primary energy demand
between 1850 and 2020 is stronger than would be expected based on a simple
exponential growth pattern, possibly due to the presence of two independent factors
driving the energy demand, viz. the increased population as well as the higher
energy demand per capita. The power demand varies widely across the world, with
developed countries having higher-than-average power consumption (though it
should be noted that comparing the energy demand at a national level is difficult
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Figure 1.1 Energy carriers used in human history with the main technological areas
associated with them (image by Pixabay).

due to the local differences in energy consumption and energy accounting, which
often ignores the import/export of goods with their respective energy contents).
The global average demand for primary energy per capita is still comparatively
low at 2.4–3.0 kW per person. If it is assumed that the worldwide primary power
demand per capita will come in line with that of the EU (4.6± 0.3 kW per person),
the global primary energy demand will double by 2086 (1515 EJ per annum vs.
ca. 719 EJ [2] or 604 EJ [3] per annum in 2018; note that different resources may
yield different values for the total energy demand due to the different conversion
factors used [10]). The change in the primary energy mix, which is currently taking
place, would reduce the primary energy demand via improved efficiency for power
generation from renewable resources. However, novel technologies such as AI may
push the energy demand higher [11].

The industrialisation and population growth over the past decades have been
accompanied by a steady increase in the emission of carbon dioxide (CO2) into
the atmosphere as a logical consequence of the dominance of fossil fuels as the
energy carrier in this period, whose energy is being released by its combustion
with CO2 being the final product. The COVID-19 pandemic resulted in a (small)
dip in the rate of CO2 emissions, most likely because of a decrease in energy use
for transportation, but the rate of emission has been climbing ever since then. The
emission of other greenhouse gases such as methane has also steadily increased,
although the emission of methane does not show the same rapid increase as seen for
the CO2 emission from 1950 onwards. Methane emissions into the atmosphere are
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Figure 1.2 Historical trend of the primary energy consumption [2, 3], the power
consumption per capita [2, 3], the emission of the greenhouse gases CO2 (data from Global
Carbon Project [4]) and CH4 [5], the average concentration of CO2 and CH4 in the
atmosphere on a dry air basis (from ice core data [6] and CO2-concentrations measured at
Mauna Lao [7] and the globally averaged methane concentration at marine level [8]) and
the average temperature deviation from the average value in the period 1880–2018 (data
from Lindsey and Dahlman [9]).

partly associated with anthropogenic activities, such as the recovery of coal and oil,
and from agricultural sources and landfill sites [12] with the latter being associated
with the size and living standards of the world population. Whilst greenhouse gases
have natural sinks (such as growth of biomass consuming CO2), larger emissions
of these greenhouse gases will lead to an increase in their concentration in the
atmosphere. As a result, the rate of uptake will need to be adjusted to account for
the increased rate of release and, owing to the increased concentration, will also
need to be done at a higher atmospheric CO2 concentration than before.
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The increase in the concentration of a greenhouse gas in the atmosphere will result
in greater light absorption, which leads to the heating up of the atmosphere (it was
already noted in 1938 that the average temperature would increase by 0.003 ∘C per
annum due to CO2 emissions at that time [13]). Solar light enters the earth atmo-
sphere and is partially reflected by the clouds (ca. 30%) with the remainder travel-
ling freely through the atmosphere (except the ultraviolet [UV]-part of the spectrum
which is absorbed in the ozone layer protecting us from this type of radiation) and
heats up the earth. Warm objects, and thus also the earth surface, give off radiation
in the form of infrared (IR) radiation, which can be absorbed by greenhouse gases in
the atmosphere (as well as water vapour). An increase in the concentration of these
greenhouse gases will thus increase the absorption of light in the infrared range.
The absorbed energy is released by emitting IR radiation in all directions (also back
to earth) or is transformed directly into kinetic energy (via internal relaxation pro-
cesses and quenching of the excited states in a collision with other molecules); the
increased average kinetic energy of the molecules in the gas phase corresponds to a
higher average temperature of the atmosphere.

The impact of the various greenhouse gases on the global average temperature
is compound-specific and is often summarised in the Global Warming Potential
(GWP), which represents the radiative forcing (difference between energy entering
the atmosphere and energy leaving the atmosphere) integrated over a time frame
relative to the radiative forcing induced by CO2 over the same time frame [14]. The
GWP is thus time-dependent (often an arbitrary timescale of 100 years is invoked)
due to the decomposition of the compound in the atmosphere. For instance, the
average lifetime of methane in the atmosphere is ca. 12 years [14]. Hence, the GWP
of methane over a period of 20 years is 84 times higher than the potential of CO2 and
is over a period of 100 years 28 times higher. The total radiative forcing of methane is
ca. 25% that of CO2 as the high GWP is off set by the low concentration of methane
(ca. 1.9 ppm). Ammonia has a relatively short average lifetime in the atmosphere
(due to reaction and uptake by particles) [15], and hence its direct impact is small
(although ammonia oxidation contributes significantly to the presence of nitrous
oxide in the atmosphere [16]). Water vapour is, in principle, also a greenhouse gas,
but its concentration in the atmosphere is controlled by the temperature due to its
relatively low vapour pressure. However, the increasing water concentration in the
atmosphere due to a higher average global temperature will amplify global warming
(Table 1.1).

Table 1.1 Global Warming Potential (GWP) over 20 and 100 years
for different gases (data from Myhre et al. [14]).

Compound
Chemical
formula GWP20 years GWP100 years

Carbon dioxide CO2 1 1
Methane CH4 84 28
Nitrous oxide N2O 264 265
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The increase in the average temperature of the atmosphere poses a problem as
it may affect long-term weather patterns and thus climate both locally and glob-
ally (linking short-term changes in the weather to changes in the atmosphere is
much more difficult thus giving rise to different scenarios [17–19]). The changing
weather patterns may affect food supply and physical safety. This will affect various
regions on the planet differently and thus the overall societal stability. The linkage
between greenhouse gas emissions and the global average temperature requires a
drastic reduction in the rate of emission of these gases, posing thus the significant
challenge of reducing the emission of greenhouse gases in a society where the use of
primary energy may increase. This requires a critical look at not only new processes
but also at the replacement/modification of current processes.

1.2 Energy Carriers

The term ‘energy’ is often used loosely, but it represents the ability to perform work
in a conversion process or for heating purposes (such as chemical energy powering
a car or electricity powering a heater). The term ‘energy’ is thus often used as an
indication of the ability to degrade an energy carrier, so that the energy given off
in the degradation process can be used for driving another process via heating or
delivering work.

There are many different energy carriers. In cells of the human body, the energy
carrier is adenosine triphosphate (ATP), which is converted into adenosine diphos-
phate (ADP) upon the release of energy (which was formally stored in the phosphate
bond). ADP can be transformed back into ATP using another energy carrier (e.g. car-
bohydrates, which are added to the body in the form of food). Other energy carriers
are, for example, petrol or diesel, which releases energy upon combustion; batteries,
which release electrochemical energy; or radioactive elements, which release energy
through nuclear processes; or even simple water, which can release gravitational
energy by bringing it down from a storage at a height.

1.2.1 Solar Energy

The sun produces an approximately constant amount of power from the
hydrogen fusion taking place in its core (estimated power generated: 385 yot-
tawatts = 385× 1024 W [20]). The power generated in the sun radiates outwards
into space, reducing the amount of power per unit area further away from the sun.
At the earth, we receive ca. 173 000 TW of the power generated by the sun (i.e. only
a tiny fraction of the total amount of energy released by the sun). This corresponds
to an annual received amount of energy from the sun on the earth of 5.47 YJ or
5.47 million EJ. This would be sufficient to power the needs of humanity now and
in the future, as the current consumption of primary energy carriers worldwide
is ca. 555 EJ per annum [3] or 719 EJ per annum [2] (this corresponds to 19.1 or
22.8 TW, respectively, which represents only 0.011–0.013% of all incoming solar
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Figure 1.3 Solar irradiance over the world in kWh/day/m2 (Global Solar Atlas [21]; map
from Global Solar Atlas 2.0, Global Solar Atlas).

energy). Even the anticipated doubling of the energy demand will not alter this
picture significantly.

The amount of solar irradiation reaching the top of the atmosphere can be esti-
mated from the total energy released by the sun relative to the area of the earth
shading the sunlight and amounts to 1360 W/m2 (this corresponds to an average
irradiance on the surface of the earth of ca. 340 W/m2 – the decrease by a factor of 4
originating from the sphericity of the earth). The solar irradiance is often expressed
as a daily average of 8.2 kWh/m2 or an annual average of 2981 kWh/m2. Some of the
light scatters back into space before reaching sea level, reducing the amount of light
at sea level depending on cloud cover and the local climate.

Solar energy received at sea level is, by its nature, intermittent due to the rotation
of the earth with the intensity changing with time as a consequence of the changing
elevation of the sun (i.e. the angle between the sun and horizon). Furthermore, the
intensity of solar radiation reaching the surface is impacted by the local weather
conditions, the latitude and seasonal changes due to the tilt of the earth (thus
changing the area being covered by sunlight). Hence, the amount of the incoming
irradiance strongly depends on the location (see Figure 1.3), with Chile, Northern
Africa, South Africa/Namibia, the Middle East, the Himalayas and Australia having
regions where more than two-thirds of the incoming irradiance at the top of the
atmosphere reaches sea level.

1.2.2 Wind Energy

Wind energy is the energy associated with the movement of air originating from
pressure differences in the atmosphere, which are induced by variations in temper-
ature. Hence, wind energy can be regarded as the first derivative of solar energy,
which is transformed into kinetic energy in the atmosphere.

The amount and speed (and direction) of the wind vary over the earth with the
average wind speed being the highest over the seas and in coastal regions. High aver-
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Figure 1.4 Average wind speed at a height of 100 m worldwide (Davis et al. [22]; Map
obtained from the Global Wind Atlas version 3.3, a free, web-based application developed,
owned and operated by the Technical University of Denmark (DTU). The Global Wind Atlas
version 3.3 is released in partnership with the World Bank Group, utilising data provided by
Vortex, using funding provided by the Energy Sector Management Assistance Program
(ESMAP). For additional information: https://globalwindatlas.info).

age wind speeds in the (near) land region have been recorded in the coastal regions
of Patagonia, Alaska, Eastern Canada, Greenland, North-West Europe, Mauritania,
Western Sahara, Horn of Africa, Japan, Australia and New Zealand (see Figure 1.4).

The nature of wind results in a strong variability of wind both in direction and in
wind speed. Even in windy areas, the wind speed may drop to close to zero during
certain times. Wind energy has an effect on large bodies of water, such as the ocean,
where wind is one of the primary causes for the formation of waves, and thus wave
energy.

1.2.3 Hydropower

The evaporation and condensation of water are natural processes initiated by the
presence of solar irradiation. The collection of condensed water at elevated positions
allows the recovery of a (very small) part of the energy, as the gravitational energy
of liquid water at a height of 1000 m above sea level is less than 0.5% of the energy
required to evaporate the water at sea level.

The recovery of energy in the form of hydropower requires the release of stored
water over a height difference. For instance, the stored energy in the Hoover Dam
in the Colorado River (USA) with a capacity of 19.55 km3 and a hydraulic height
of 180 m corresponds to 3.5 PJ (or 0.0035 EJ). Hydropower is a useful and reliable
energy carrier, which should be used, if possible, but it requires a large area in order
to store water at a sufficient elevation, attached to a suitable catchment area. How-
ever, it can be affected by drought or lack of rain if the dam volume or stored water
volume is not sufficiently replenished in order to maintain the flow required to gen-
erate the power.
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Hydropower is thus a form of solar energy, where the energy is stored as gravi-
tational energy. Another form of gravitational energy that can be captured is tidal
energy. The tides are caused by the gravitational pull of the moon and the sun, and
the energy released by the movement of the tides can be captured directly in places
with the appropriate geography.

1.2.4 Chemical Energy Carriers

Chemicals have been used by humankind for a long time as energy carriers. This
started with the use of wood, followed by coal, oil and natural gas as energy carriers;
even biofuels are chemical energy carriers (and even the food we eat is a chemical
energy carrier). The energy in these substances is transformed into heat/work by
converting them mostly in the presence of oxygen or air into CO2 and water. Energy
carriers, such as coal, oil and natural gas (in large reservoirs) are non-renewable as
they can only be replenished on a timescale covering many millions of years. Biofu-
els, on the other hand, are renewable chemical energy carriers as the carbon cycle
can be closed; the combustion of biofuels will release CO2 into the atmosphere, but
the same amount of CO2 will be taken up when re-growing plants, which will be
converted into biofuels.

Figure 1.5 shows the distribution of fossil fuel reserves over the world for national
reserves larger than 100 EJ (this corresponds 95.2% of all proven coal reserves,
93.2% of all proven oil reserves and 82.9% of all natural gas reserves). Large coal
reserves are found in the United States, China, Russia, India and Australia with
significant reserves in Ukraine, Poland, Germany and South Africa. Oil reserves are

Figure 1.5 Proven reserves of natural gas, oil and coal with a reserve of over 100 EJ (value
indicates proven reserves [3] in EJ calculated using a heating value for natural gas of 36
EJ/109 m3; oil of 6.119 EJ/1000 Mio barrel; coal of 0.025 EJ/Mio tonne for hard coal and
0.0105 EJ/Mio tonne for lignite and sub-bituminous coal).
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mainly located in the Middle East, which including Iran and Iraq accounts for 48%
of all proven oil reserves worldwide. Other regions with large oil reserves include
Venezuela, Canada, the United States and Russia. Natural gas reserves can be found
in the oil-rich Middle East, Russia, Turkmenistan and the United States with many
smaller reserves found all over the world.

These fossil fuels have a large effect on the changing composition of the atmo-
sphere owing to their large international usage and high CO2 output from combus-
tion; this is the driving force to change towards the implementation of renewable
or green energy carriers worldwide. Chemicals will be used as an energy carrier
going forward, as they are a convenient way to store (and thus transport) energy
and the energy content can be released on demand in a controlled manner. The
amount of energy carried by a chemical is its heat of combustion, if the energy is
released in a combustion reaction, or by the electrochemical potential, if the energy
is released in an electrochemical cell. For instance, the lower heating value of hydro-
gen is 241.8 kJ/mol, implying that 241.8 kJ/mol or 120.9 MJ/kg will be released upon
reacting hydrogen with oxygen forming water in the gas phase. However, the electro-
chemical potential for the electrochemical conversion of hydrogen to water is 1.23 V,
which corresponds to an energy content of 237.1 kJ/mol or 118.6 MJ/kg.

The energy content of chemicals can be defined in terms of the specific energy (the
energy released per unit mass of the chemical – for combustion reactions, the lower
heating value is used) or in terms of the energy density (the energy per unit volume
of the chemical). The energy is normalised to obtain a direct relationship between
the amount of energy required in a process and the required amount of the energy
carrier for this process. A high specific energy is desirable as it means that more
energy can be obtained from a smaller quantity (in terms of mass or the number of
molecules) of the substance. For instance, the required mass of wood (with a specific
energy of ca. 15 MJ/kg) is eight times larger than the required mass of hydrogen (with
a specific energy of 120.9 MJ/kg) for the same process (see Table 1.2).

However, chemicals are energy carriers that need to be transported to the required
process, and the volume of the chemical to be transported becomes important (this
is of particular importance in the transportation industry, where the energy carrier
must be carried whilst being consumed). Diesel and petrol are well-known energy
carriers, which have a reasonable specific energy of 45–47 MJ/kg and, due to
their relatively high density, have a high energy density of 35.8 and 31.7 MJ/l (see
Figure 1.6), respectively. Hydrogen is much less dense, and its energy density
is much lower than that of diesel and petrol, despite its high specific energy of
120.9 MJ/kg. Compressing hydrogen to 700 bar or even liquefying hydrogen brings
up the energy density to 4.9 and 8.5 MJ/l, respectively. Methane, which has a similar
specific energy to diesel and petrol, also needs to be compressed or even liquefied
to obtain energy densities approaching those of diesel and petrol. The specific
energy and the energy density of other alternative energy carriers such as ammonia,
ethanol and methanol are also lower than those of diesel and petrol as shown in
Figure 1.6.

Chemical energy is not only released upon combustion but can also be stored
in electrochemical devices. The maximum specific energy which can be stored in
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Figure 1.6 Specific energy
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different gaseous and liquid
energy carriers.

a certain type of battery can be estimated from the equilibrium cell potential, E0
(which relates to the Gibbs free energy of the reaction – ΔrxnG = −n ⋅  ⋅ E0), and
the mass of the electrolytes involved in the electrochemical conversion. Batteries
have a relatively low specific energy in comparison to other chemical energy carri-
ers (see Table 1.2). It should be noted that the actual specific energy of batteries is
lower than the quoted value for the specific energy as the weight of the electrodes and
other internals will also contribute to the weight of the battery. Batteries do have the
advantage that the reaction can be more readily reverted by changing the potential.

Table 1.2 Specific energy of some energy carriers.

Compound
Specific energy
(MJ/kg)

Hydrogen 120.9 ΔHcomb = −241.8 kJ/mol
117.6 In an electrochemical cell at 298.15 K

Methane 50.0 ΔHcomb = −802.6 kJ/mol
Petrol 46.4 Approximate value [23]
Diesel 45.6 Approximate value [23]
Ethanol 26.8 ΔHcomb = −1235 kJ/mol
Wood 15.0 Dry oak wood [24]
Anthracite 32.6 Approximate value [23]
Lignite 14.0 Approximate value [23]
Li-Co battery 2.1 E0 = 3.6 V; LiC6 +CoO2 ⇌LiCoO2 + 6 C
Lead-acid battery 0.8 E0 = 2.0 Va); Pb+PbO2 + 4H+ ⇌ 2PbSO4 + 2 H2Ob)

V-flow battery 0.3 E0 = 1.26 Va); VO2
+ +V2+ + 2H+ ⇌VO2+ +V3+ +H2Ob)

a) At standard conditions (298.15 K, 1 M ideal solution).
b) Cations balanced by sulphate ions.
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1.2.5 Nuclear Energy

The nuclei of atoms contain protons and neutrons which are kept together by the
strong nuclear force, which is opposed by the Coulombic repulsion between the pro-
tons. The nucleus of elements with the atomic numbers of around 26–28 is most
stable, and energy can thus be obtained by either the fusion of atoms with a low
atomic number or the fission of atoms with a high atomic number. The obvious
advantage of nuclear energy is that the conversion and utilisation of this energy car-
rier is without the emission of greenhouse gases.

Radioactive decay of heavy elements has been known since the beginning of the
1900s. In the fission of 235U, ca. 94% of all energy (202.79 MeV) is in the form of
kinetic energy of the fragments, which can be recovered as heat. Hence, the spe-
cific energy of 235U is 78.2× 106 MJ/kg, i.e. more than a million times larger than
the chemical energy carriers. Natural uranium consists of ca. 0.72% fissile uranium
(235U) and hence the specific energy of natural uranium is 56.3× 104 MJ/kg.

The total uranium reserves around the world are estimated at ca. 6 million tonnes
of uranium with more than 50% of the reserves located in Australia, Kazakhstan and
Canada (see Table 1.3). Hence, the total known reserves of uranium represent a total
energy of ca. 3400 EJ or ca. 6–7 years of the total annual primary energy demand in
the world.

The use of nuclear fission as the primary energy carrier generates radioactive
waste, which must be placed in a controlled environment to avoid radiation
damage to the environment. This is often denoted as storage of nuclear waste,
but the natural decay of the different radioactive nuclides will continue to take
place gradually reducing the irradiation intensity. The high thermal output of
spent nuclear fuel requires the initial storage of this material in pools of water to
facilitate cooling for a period of up to 5–10 years [26], following which the material
is typically stored in dry caskets. Subsequently, the material is supposed to enter
long-term (over 1000 years) storage in a suitable geological location, but currently
not sufficient facilities have been designated for this. This is aggravated by the great
uncertainty regarding the reactions taking place during the storage at the geological
location and (possible) changes of the geological site (and in particular water/brine
penetration) [26].

Even when not used directly as an energy source by humans, all energy sources
are ultimately derivatives of nuclear energy. One derivative found occurring natu-
rally on earth is geothermal energy, and subterranean heat is partially generated
by radioactive decay, which heats up water. The generated, pressurised hot water or
steam can be used as an energy carrier if the resource can be accessed in a reasonable
manner.

On the other end of the spectrum of nuclear energy is nuclear fusion using
small atoms. The sun irradiates energy because of the H+H fusion reaction
yielding 4He (and 26.73 MeV). Hence, the specific energy of hydrogen in the fusion
reaction corresponds to 630× 106 MJ/kg. The controlled fusion reaction would be a
game-changer in the energy field, and some significant advances have been made in
this field recently [27], but there is still a long road to make this technology reality.
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Table 1.3 Uranium reserves across the world in tonnes (in
brackets the relative amount to the total world reserves)
(data from World Nuclear Association [25]).

Country Reserve

Australia 1 684 100 (28%)
Kazakhstan 815 200 (13%)
Canada 588 500 (10%)
Russia 480 900 (8%)
Namibia 470 100 (8%)
South Africa 320 900 (5%)
Niger 311 100 (5%)
Brazil 276 800 (5%)
China 223 900 (4%)
Mongolia 144 600 (2%)
Uzbekistan 131 300 (2%)
Ukraine 107 200 (2%)
Botswana 87 200 (1%)
USA 59 400 (1%)
Tanzania 58 200 (1%)
Jordan 52 500 (1%)
Rest of the world 266 600 (5%)
Total 6 078 500

1.3 Current Usage of Energy Carriers

Figure 1.7 shows the global annual energy consumption as well as the contributions
of the various energy carriers to the total consumption in the period 1965–2022.
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Figure 1.7 Use of the different energy carriers worldwide in the period 1965–2022 (other
refers to biofuels/biomass and geothermal energy) (data from The Energy Institute [3]).
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Oil dominated the energy scene in the 1960s and 1970s, and in 1973 it contributed
51.2% to the total primary energy use. Its relative contribution to the overall energy
mix and even the total oil consumption dropped rapidly between 1979 and 1985, as
the global economic recession in the early 1980s resulted in a drop in the overall
energy demand, which together with the high price of oil enforced the use of other
energy carriers. From 1985 onwards, the oil consumption increased, although its
relative contribution to the total energy mix kept falling, and it stood at 34.4% in
2022.

Natural gas is seen as a better alternative to coal when it comes to CO2 emissions
for power generation (power generation with an efficiency of 40% from methane
with a specific energy of 50 MJ/kg will generate 0.138 kg CO2/MJ; a similar calcu-
lation using anthracite with a specific energy of 32.6 MJ/kg will generate 0.281 kg
CO2/MJ – these estimates are in line with the CO2 emissions for coal and natu-
ral gas as indicated by [28]). The availability of methane through pipelines and the
replacement of coal power stations with natural gas power stations may have led
to an increase in the use of natural gas as the primary energy carrier [29]. In 2022,
natural gas made up 25.6% of the total primary energy palette (down from a high of
26.6% in 2020, which may have been caused by the reduced delivery of Russian gas
to the European market in 2021 [30] aggravated by the Russia–Ukraine war).

The use of coal as the primary energy carrier shows an interesting trend, with an
almost linear increase from 58.1 EJ per annum in 1965 to 93.1 EJ per annum in 1988,
after which the coal consumption remained almost constant for a decade (with coal
consumption equivalent to 95.3 EJ per annum in 1999). A decade later, the coal con-
sumption had increased by more than 50% to 158.1 EJ per annum in 2011, which
is attributed to the rapid economic expansion in Asia during that time [31]. The
coal consumption virtually did not change the following decade, and it remained
at 158.3± 2.5 EJ per annum (excluding the COVID-19 year in which the coal con-
sumption was 4% lower). This was because of the move away from coal by some
countries (especially the United States) and the balance taken up by new consumers
(e.g. India). The contribution of coal to the overall primary energy mix has been
remarkably stable from 1973 to 2022 (28.8%± 1.7%).

The contribution of nuclear energy increased significantly up to 2001, where it
reached 27.2 EJ per annum, representing 7.0% of the total primary energy demand
in that year. The development of new nuclear energy power plants stagnated at that
point as the public perception of this technology changed due to accidents such as
the partial nuclear meltdown in the plant on Three Mile Island (1979) and the explo-
sion at the Chernobyl nuclear power plant (1986). Following the nuclear accident at
the Fukushima power plant, when a tsunami hit the nuclear power plant in 2011,
Germany shut down all its nuclear plants by 2020. Worldwide, there has been a net
decrease in nuclear energy as a primary energy carrier, and in 2022, nuclear energy
contributed only 24.1 EJ to the overall primary energy mix (4.1% of the total demand
mainly due to the increased total primary energy demand).

Renewable energy (hydropower, geothermal energy, biomass, wind energy and
solar energy) has slowly become an important contributor to the overall primary
energy mix with a total contribution in 2022 of 36.6 EJ or 6.6% of the total primary
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energy consumption. The contribution of renewable energy, and in particular
hydro-electric energy, wind energy and solar energy, is even more remarkable as
the energy contribution of these renewable energy carriers contributes directly to
the available power. The efficiency of power generation using fossil fuels is typically
at ca. 40% implying a much larger impact of the introduction of these renewable
energy carriers to the primary energy mix.

Hydropower has a long history and is still the dominant renewable energy car-
rier. Hydropower is expected to be overtaken by the other renewable energy carriers
(specifically wind and solar energy), despite its steady increase over the period from
1965 to 2022.

Geothermal energy is rather small, and the total installed capacity for geothermal
energy is ca. 16 GW (which corresponds to a maximum annual energy consumption
of 0.5 EJ) [32]. The plants are typically located in volcanically active regions of the
earth with easy access to the thermal source (viz. relatively close to Earth’s surface).
The plants built so far are typically small with sizes that are typically less than 1 MW.

Biomass has been used for a long time as an energy carrier, and the use of biomass
as an energy carrier in the formal primary energy market has increased to ca. 8 EJ
per annum in 2022. Biomass is a term encompassing all kinds of biological materials
(including animal waste), which can be converted into a more refined energy carrier,
biofuel, for example ethanol or biodiesel. Growing biomass for the purpose of creat-
ing a renewable energy carrier competes with food supply for natural resources, such
as land and water. Even in regions where water supply is not a primary issue, clear-
ing land to grow crops to generate energy carriers not only has a detrimental effect
on the environment, but will also have a sociological impact, as was seen with the
cultivation of palm oil for biodiesel production in Indonesia [33]. This type of anal-
ysis is convoluted as the product can have a dual purpose, i.e. food or biofuel [34].
The use of biowaste is less controversial, but multiple processing steps are required
to convert this into biofuels [35].

Wind energy contributed 7.6 EJ to the overall primary energy consumption in 2022
and its contribution has been growing substantially. At the end of the 1990s, the
amount of energy recovered from wind energy grew by more than 30% annually. The
growth rate has since then slowed down, and in the period 2014–2022, the growth
rate of the energy captured from wind energy has grown by 13.7%± 2.9% per annum.

Solar energy has seen a similar growth to wind energy, even though it only began
contributing more than 0.1 EJ to the primary energy demand in 2010, more than
a decade later than wind energy. The growth rate of solar energy in the period
2014–2022 is 28.0%± 6.6% per annum. This period includes 2020, the year of
COVID-19, which caused a significant slowdown of all economic activity and the
year-on-year growth of solar energy in 2020 was ‘only’ 20.7%.

1.3.1 Interconversion of Energy Carriers

Although energy carriers are treated as interchangeable, the different energy carriers
are used for different purposes. Figure 1.8 shows a Sankey diagram of the energy
carriers worldwide to visualise the flow of various primary energy carriers to the
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Figure 1.8 Sankey diagram of the primary energy consumption in 2019 (redrawn from
Pathak et al. [36], using ‘Sankeymatic’, 25 February 2024).

different end users in 2019 [36]. Some of the energy carriers are transformed (e.g.
in power plants) and the difference in the primary energy supply and the energy
consumption indicates an overall efficiency of energy conversion of 76.6%, but not
all processes are equally efficient.

Oil produced is mainly being refined (95%) with the balance being used for power
generation, in industry, or in other non-specified sectors. Most of the coal (63%) is
used for power generation, with industry taking ca. 30%. The use of natural gas is
split between power generation (38%), industry (30%) and the residential and com-
mercial sector (21%), where it is used for heating. A small part of natural gas is used
in the transportation sector and for non-energy use (for instance, as a chemical feed-
stock). Hydropower, nuclear energy, wind energy and solar energy feed only into the
power systems. Geothermal energy is again used in the residential and commercial
sector (heating) and to some extent for power generation. Biomass shows a more var-
ied palette of applications, viz. the residential and commercial sector (51%), industry
(19%), power generation (16%) and even transport (7%).

In oil refineries, primary energy carriers (primarily oil, 96% with small contri-
butions of biomass, natural gas and coal) are converted into refined products. The
overall efficiency is high (89.9%), mostly due to the fact that the energetic efficiency
of the refining of oil is high compared to the conversion of biomass, natural gas [37]
or coal [38] into refined products. The refined products are subsequently mainly
used for transportation (59%), with 15% going into the non-energy usage (as a feed-
stock for the chemical industry). The industry and the residential and commercial
sectors each use ca. 6% of all refined products, with only 3% being used for power
generation.

It should be noted that overall, 23.5% of the primary energy supply is lost by the
time it gets to its final usage, which is caused by inefficiencies in power plants in the
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conversion of heat into power as well as losses in the refineries. Though it should
be noted here that the energetic losses in these two sectors, which are currently the
biggest, will become smaller when renewable energy sources are used to a greater
extent.

Electric power is currently being generated from a variety of different primary
energy carriers with coal making up ca. 50% of the total energy mix in 2019 and
natural gas 26%. The remainder comes from hydropower (7%), nuclear energy (5%),
biomass (4%), oil and refined products (3%), wind energy (2%) and solar energy (2%).
The power generation has an overall efficiency of 46.1%, affected primarily by the
relatively low efficiency of turning heat into power as expected for the conversion
of coal, gas, nuclear energy, biomass and oil and its refined products into power. An
energy transition with more power being generated from renewable sources such
as hydropower, wind energy and solar energy should improve this efficiency. Power
is being used mainly in the commercial and residential sector (48%) and industry
(45%). In industry, the power is used mainly to drive machinery and appliances (ca.
87%) with only a small amount used for heating purposes (13%). In 2019, only a small
fraction of electric power was used in the transportation sector.

Energy is being used throughout society with the industry using 36% of the final,
total consumed energy. The energy consumed in the industry comes in the form of
coal (30%), electric power (27%) and natural gas 26% (with the balance coming from
oil and oil products and biomass).

Transportation and the residential and commercial sectors are the next largest
users of the energy with each using ca. 27% of all consumed energy. Energy usage
in the transportation sector was in 2019 still dominated by oil products (92%) with
a much smaller contribution from natural gas, biomass and electric power. The res-
idential and commercial sector (in 2019) used a variety of different energy carriers,
i.e. electric power (38%), natural gas (24%) and biomass (24%).

Figure 1.9 shows the historical trend of the primary energy used for power
generation as extracted from the Energy Institute data [3] (note that the relative
contribution of power generation appears to be low from this set of data, possibly
as a consequence of differences in scaling [10]). Electricity generation (and thus
the associated consumption of primary energy) has been increasing over the period
1985–2022. The increase in electric power generation is stronger than the increase
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Figure 1.9 Primary energy
consumption in EJ per annum for
the generation of electricity and
the amount used for electricity
generation relative to the total
amount of energy consumed in the
period 1985–2022 (data from The
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in primary energy demand, and thus the fraction of primary energy used to generate
electric power has been increasing steadily with time as well. The ongoing fourth
industrial revolution will push the demand for electric power up further, which
may push towards a further increase in the energy demand going forward, as well
as increase the utilisation of electric power.

1.4 Outlook

The world population has increased fivefold over the last century, and there is a
general demand for a more equitable world in terms of economic opportunities. This
would require a strong economic growth in the world overall and specifically in the
developing world. Whilst there is a link between economic growth and increased
energy consumption, the relationship is highly complex [39]. In open economies,
energy consumption is also related to factors such as industrialisation, the presence
of natural resources, energy intensity and urbanisation [40], as well as the export
of energy-intensive materials [41]. Achieving this with the current energy mix will
increase the concentration of greenhouse gases in the atmosphere, thus increasing
the global average temperature.

Hence, the world has set itself on a path to reduce the anthropogenic emission
of greenhouse gases to attempt to limit global warming. In the Paris Agreement
(COP21) in 2015, the participants set as a target ‘to limit global temperature increase
to well below 2 ∘C, while pursuing efforts to limit the increase to 1.5 ∘C by reduc-
ing the anthropogenic emission of greenhouse gases, but also preserving natural
sinks for these compounds’ [42]. This legally binding agreement is supported by
nationally determined contributions (NDCs), which are being monitored to track
the progress biannually from 2024 onwards. The ultimate goal is to get to a net-zero
society, where anthropogenic emissions are balanced by anthropogenic sinks (e.g.
carbon capture and sequestration); the rate at which this is achieved will determine
the expected increase in the global average temperature and the impact on global cli-
mate. Different scenarios have been developed to determine the course of the global
average temperature upon reducing the net anthropogenic emission of greenhouse
gases [43]. By limiting the increase of the global average temperature relative to
pre-industrial levels to 1.5 ∘C with limited overshoot, the net anthropogenic green-
house gas emissions should decrease by ca. 45% from the 2010 level by 2030 [36].
Higher levels of emission of greenhouse gases in 2030 will push back the time at
which the net-zero state will be achieved [36, 43] and increase the likelihood of a
temperature overshoot.

The net-zero scenario requires a strong and rapid reduction of the dependency of
the world on fossil fuels. Electric power, which is mainly produced from fossil fuels
(78% in 2019), could be replaced cost effectively [36] with renewable energy carri-
ers such as wind and solar energy, provided sufficient storage and excess capacity is
built-in [44], reducing CO2 emissions by 40% relative to 2019 emissions and 36% rela-
tive to 2010 emissions (based on data from the Energy Institute [3]). Transportation
consumes ca. 27% of all energy, and decarbonisation of this sector is necessary to
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achieve a net-zero situation, although some of its sub-sectors, such as aviation, may
be difficult to decarbonise [45].

Industry is the largest sectorial converter of energy and will have to transform if
a net-zero society is to be achieved. It should be noted that most of the greenhouse
gas emissions per unit income are associated with the basic industries, whereas the
derivative industries have much lower greenhouse emission per unit income [46].
For instance, the equivalent CO2 emission per unit income in the chemical industry
is 4 times higher than the emissions from the derivative group of fast-moving con-
sumer groups; similar comparisons can be made for steel production versus automo-
bile manufacturing (4.5 times higher), cement industry versus construction industry
(46 times higher) and agriculture versus food industry (3.9 times higher). This is a
consequence of the energy intensity associated with the base industries, indicating a
dilution of the monetary carbon footprint down the product value chain. However,
it also implies that decarbonisation efforts in industry should have a strong focus on
the base industries.

Industry can classify its emissions into emissions directly emanating from its own
operation (so-called Scope 1 emissions), emissions associated with its electricity
usage (Scope 2 emissions), as well as the more difficult to quantify Scope 3 emis-
sions, which are associated with all activities surrounding the production process
(from the transport and production of the raw materials to getting the product to
the client). Table 1.4 shows the contribution of the various sources to the Scope 1
and Scope 2 emissions of greenhouse gases by the industry in 2019 [47]. The direct
emission of greenhouse gases by the industry in 2019 amounted to ca. 14.1 Gton, of
which 49.4% arose from heating by fuel combustion, 22.2% was emitted as a product
of the chemical processes and 16.5% was emitted as a waste greenhouse gas. The
indirect emission of greenhouse gases from using electricity and imported heating
sources (Scope 2 emissions) amounted to ca. 5.9 Gton in 2019 (with electricity
contributing 71.9% to the indirect emissions).

A part of the transformation of the industry will be relatively invisible as greening
of electric power upon the introduction of renewable energy to the power grid will
reduce the Scope 2 emissions associated with the production process and thus indi-
rectly reduce the carbon footprint of the industry. However, electric power makes up
only 21% of the total energy utilisation in industry, and further measures will need
to be implemented to move towards a net-zero society, such as further improvement
in process efficiency, electrification of processes or even changing the materials used
in the various processes.

The implementation of novel technologies to use renewable energy can be driven
by an economic value proposition, as well as social factors. The economics of a pro-
cess is determined by its operating and capital costs, which are a determining factor
when considering the replacement of processes in industry. Policy-driving carbon
pricing forms a part of these considerations as they contribute to the operating costs.

Carbon pricing can take the form of a carbon tax or emission trading systems
(carbon credits) to be paid at the point of emission [48] and has been introduced
in several countries as a measure to incentivise industry to reduce their emissions.
Carbon pricing can be considered as a sin tax (much like taxation on tobacco and
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Table 1.4 Industrial greenhouse gas emissions in 2019 (data from Bashmakov et al. [47]).

Source
2019 emissions
MiO tonne CO2-eq.

Direct CO2 emissions
(fuel combustion)

Iron and steel 2481 (12.4%)
Non-metallic minerals 1148 (5.7%)
Chemical and petrochemical 977 (4.9%)
Non-ferrous metals 163 (0.8%)
Paper, pulp and printing 150 (0.7%)
Food and tobacco 265 (1.3%)
Other 1797 (9.0%)

CO2 emission (chemical
process)

Non-metallic minerals 2008 (10.0%)
Chemical and petrochemical 720 (3.6%)
Metallurgy 391 (2.0%)
Other 25 (0.1%)

Industrial product use GHG 204 (1.0%)
Other non-CO2 GHG 1470 (7.3%)
Waste GHG 2327 (11.6%)
Indirect emissions Electricity 4236 (21.2%)

Heating 1663 (8.3%)
Total 20 025

gambling), which adds to the cost of manufacture and will thus increase the cost of
living. Although it can be argued that the income from carbon pricing should con-
tribute to the mitigation of the impact of greenhouse gas emissions or shelter the
most affected by the increase in the cost of living, the effects of the greenhouse gas
emissions and the associated effect of the global temperature are not bound by the
borders of nations.

Carbon tax is often based on the amount of carbon in the fuel purchased for a
process, whereas companies have to purchase carbon credits for their emissions,
when going beyond their allocated carbon credits. Governments will have a better
handle on emissions nationwide through the restrictive release of these credits. The
carbon credits can be traded with the marketplace setting the price. This may result
in fluctuations in the price of carbon credits (e.g. EU carbon credits were traded
in 2022–2023 between €54.2 and €104.8 per tonne CO2,eq [49]). Carbon tax, on the
other hand, is more predictive in nature and gives the industry more control over its
production costs. It has been argued [48] that carbon tax and emission credit systems
should come to the same carbon pricing, although carbon tax is determined in the
political arena and carbon credits in the open market.

Carbon pricing schemes have been implemented in the EU, in various nations and
even in some sub-nation regions such as California. However, in some countries,
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less than 30% of all greenhouse gas emissions are subject to carbon pricing, whilst
the remainder is exempt [48]. Furthermore, the actual carbon price varies across
the nations which have implemented carbon tax and/or an emission trading system
between US$3 and 100/tonne CO2,eq.

The variability in the carbon pricing worldwide skews the economic costs of oper-
ation and may result in the movement of industries with a large carbon footprint
to regions with lower or no carbon pricing (termed carbon leakage). To counter
this behaviour, carbon tariffs will be put in place by countries with a high carbon
pricing [50], in principle safeguarding their own industry from competition oper-
ating in a different cost environment. In the world-trade scenario, it implies that
products produced by industries operating outside the boundaries of the carbon tar-
iff zone will have an added cost factor. A clear distinction between carbon tax and
carbon tariffs is the receiver of these funds, with carbon tax being paid at the point of
emission and carbon tariffs being paid at the border. The introduction of carbon tar-
iffs by large markets should also provide an incentive for industry targeting these
markets to reduce their emissions whilst not being part of that system and thus
minimising the impact of the carbon tariffs on the cost of the product at the mar-
ketplace. Direct emissions, so-called Scope 1 emissions, can be addressed readily by
the affected industry, but it will have less influence on so-called Scope 2 emissions,
which depend on the local power grid. The effect of carbon tariffs on the world mar-
ket and especially on the division between the developed and the developing world
will have to be considered [51].

Industries are not operating in isolation, but form part of a society. Hence,
the acceptance of their operation by society has become an important aspect in
decision-making in industry, which has been termed a ‘social license to operate’
(SLO) [52]. The concept of SLO finds its origin in the resource extraction industry,
where the acceptance of their operations by the local communities has slowly
become an integral part of the decision-making process. The concept can be
extended to all industries, as their products are offered to a global marketplace with
competitors and willing and informed consumers who may prefer products with a
lower environmental impact and greenhouse gas emissions.

There are sufficient driving forces to implement renewable energy in the process
industry and reduce their associated greenhouse gas emissions, but there are also
challenges in the implementation. These challenges will need to be addressed by
the industry, but the involvement of other role players, such as power suppliers for
grid connectivity, local government for local infrastructure, national government for
supporting policies and financing sector, is also required. Here, we will look mainly
at the technical and techno-economic aspects of changing the energy carrier in the
process industry.
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