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How can chemical 
processes be designed 
to optimise efciency?

UNIT

AREA OF STUDY 1

What are the options for energy production?
Outcome 1: On completion of this unit the student should be able to compare fuels 
quantitatively with reference to combustion products and energy outputs, apply 
knowledge of the electrochemical series to design, construct and test galvanic cells,  
and evaluate energy resources based on energy efciency, renewability and 
environmental impact.

AREA OF STUDY 2  

How can the yield of a chemical product be optimised?
Outcome 2: On completion of this unit the student should be able to apply rate and 
equilibrium principles to predict how the rate and extent of reactions can be optimised, 
and explain how electrolysis is involved in the production of chemicals and in the 
recharging of batteries.

VCE Biology Study Design extracts © VCAA (2015); reproduced by permission.





In this chapter, you will learn how fuels are used to meet global energy needs 
and you will gain an appreciation of the chemistry that underpins decisions about 
the use of fuels. Combustion reactions are used to release useful heat energy 
from the chemical energy stored in fuels. You will explore how fuels vary in terms 
of the energy that they produce when they are burnt.

You will consider the environmental impact of using diferent types of fuels, 
including their carbon emissions as well as the other pollutants they release 
into the atmosphere. Current research being conducted into the production of 
renewable fuels and the potential for reducing the harmful impact of fossil fuels 
will also be discussed.

Key knowledge
• The defnition of a fuel, including the distinction between fossil fuels and 

biofuels with reference to origin and renewability (ability of a resource to 
be replaced by natural processes within a relatively short period of time)

• Combustion of fuels as exothermic reactions with reference to the use of the 
joule as the SI unit of energy, energy transformations and their efciencies

• The comparison of fossil fuels (coal, crude oil, petroleum gas, coal seam gas) 
and biofuels (biogas, bioethanol, biodiesel) with reference to energy content, 
renewability and environmental impacts related to sourcing and combustion

• The comparison of the suitability of petrodiesel and biodiesel as transport 
fuels with reference to sources, chemical structures, combustion products, fow 
along fuel lines (implications of hygroscopic properties and impact of outside 
temperature on viscosity) and the environmental impacts associated with their 
extraction and production

VCE Chemistry Study Design extracts © VCAA (2015); reproduced by permission.

Fuels
CHAPTER
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1.1 Types of fuels
Fuels provide you with energy. They are substances that have chemical energy 
stored within them. All chemicals contain stored energy. What makes a fuel special 
is that this stored chemical energy can be released relatively easily.

Sugar is an example of a common fuel (Figure 1.1.1). A cube of table sugar 
(sucrose) can provide your body with 82 kilojoules of energy. This is about 1% 
of your daily energy needs. If sucrose is burnt, this energy is released as heat. The 
combustion of 1 kilogram of sucrose releases sufcient energy to melt more than 
5 kilograms of ice and then boil all the liquid water produced.

Although sugars provide energy for your body, you do not heat your home, 
power cars or produce electricity by burning sugar. A range of other fuels such as 
wood, coal, oil, natural gas, LPG, ethanol and petrol (Figure 1.1.2) are used for 
these energy needs.

In this section, you will explore the range of fuels available and how they 
are sourced.

THE NEED FOR FUELS
A fuel is a substance with stored energy that can be released relatively easily for 
use as heat or power. Although this chapter will focus on fuels with stored chemical 
energy, the term ‘fuel’ is also applied to sources of nuclear energy, such as uranium.

The use of fuels by society can be considered from a number of points of view, 
including at a:
• local level (e.g. the type of petrol used in your car)
• national level (e.g. whether Australia’s use of energy resources is sustainable)
• global level (e.g. whether the use of fossil fuels (coal, oil and natural gas) is 

contributing to the enhanced greenhouse efect).
These are not separate issues. Choices made locally have regional and global 

efects. The decisions of global and national governments afect how and which 
fuels are used.

Units of energy
The international system of units (SI units) is a widely used system of measurement 
that specifies units for a range of quantities. The SI unit for energy is the joule, 
symbol J. As 1 J of energy is a relatively small amount, it is common to see the 
following units in use:
• kilojoules, 1 kJ = 103 J
• megajoules, 1 MJ = 106 J
• gigajoules, 1 GJ = 109 J
• terajoules, 1 TJ = 1012 J.

7UG�QH�GPGTI[�KP�#WUVTCNKC�CPF�VJG|YQTNF
World energy consumption is around 4 × 1020 joules per year. The United States 
consumes a quarter of the world’s energy. Australia consumes about one-hundredth 
of the world’s energy. But energy consumption per person in Australia is only just 
below that of the United States. Figure 1.1.3 shows the ways in which Australians 
use energy. As you can see, heating and transportation account for 87% of Australia’s 
total energy consumption.

In Australia and around the world, most of the energy used for heating,  
electricity generation and powering vehicles comes from fossil fuels. About 86% of 
Australian electricity is generated from these fuels, with 73% from coal and 13% from 
natural gas.

FIGURE 1.1.1 Sugars, such as sucrose, are fuels 
HQT�[QWT|DQF[�

FIGURE 1.1.2 Petrol is just one type of fuel that 
KU�WUGF�GCEJ�FC[�VQ�OGGV�QWT�GPGTI[�PGGFU�

transportation
(47%)

heating
(40%)

other—including
refrigeration, electrolysis

(4%)

lighting
and motors

(7%)

cooking
(2%)

FIGURE 1.1.3 This pie chart shows where 
GPGTI[�KU�WUGF�KP|#WUVTCNKC�
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Coal-fired power stations are the dominant source of the world’s electricity 
because they are often the cheapest form of generation. Electricity from coal-fired 
power stations is reliable and coal is very abundant. 

About 14% of Australia’s electricity comes from renewable energy sources. 
Hydroelectricity contributes 7% of total electricity and wind, biofuels and solar 
energy make up the other 7%.

Future energy needs
Burning wood was the dominant method of obtaining energy up to the middle of 
the 19th century. Wood supplies once seemed unlimited and, like fossil fuels today, 
satisfied most of the demands of the time.

Fossil fuels now provide nearly 90% of the world’s energy needs. As members of 
a society that is heavily dependent on fossil fuels as a source of energy, we can find 
it hard to imagine obtaining energy from elsewhere.

The world first became aware that fossil fuels are a finite energy reserve during 
the ‘oil crisis’ of the early 1970s. Several Middle Eastern oil exporters restricted 
production for political reasons. This dramatically increased the cost of crude oil 
and caused huge increases in the price of petrol around the world.

Given the limited reserves and concerns about the link between fossil fuels 
and climate change, there is considerable interest in identifying and developing 
new energy sources. Many countries are already considering alternative sources of 
energy. The development of alternative sources for large-scale energy production is 
not a simple task. Replacement energy sources need to meet a range of requirements, 
such as being reliable, sustainable and cost-efective. Figure 1.1.4 shows the increase 
in world energy production from diferent sources.
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FIGURE 1.1.4 6JKU�ITCRJ�UJQYU�VJG�KPETGCUG�KP�YQTNF�GPGTI[�RTQFWEVKQP�

FOSSIL FUELS
Non-renewable resources are those that are used faster than they can be replaced. 
Coal, oil and natural gas are non-renewable fuels. Reserves of fossil fuels are limited 
and they could eventually be exhausted.

Formation of fossil fuels
Coal, oil and natural gas were formed from ancient plants, animals and 
microorganisms. Buried under tonnes of mud, sand and rock, this once biological 
material has undergone complex changes to become the fossil fuels used by 
societies today. The organic matter still retains some of the chemical energy the 
plants originally accumulated by carrying out photosynthesis. Chemical energy 
in fossil fuels can be considered to be trapped solar energy.

Fossil fuel formation occurs over millions of years. This is why these fuels are 
considered non-renewable. Once reserves of the fossil fuels have been used, they 
will not be replaced in the foreseeable future.
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Coal
As wood and other plant material turn into coal, gradual chemical changes occur. 
Wood is about 50% carbon. As wood is converted into coal, the carbon content 
increases and the proportion of hydrogen and oxygen decreases. The wood 
progressively becomes peat, brown coal and then black coal (see Figure 1.1.5). 
Coal is a mixture of large molecules made from carbon, hydrogen, nitrogen, sulfur 
and other elements.

The amount of water in coal decreases as these changes occur. When coal is 
burnt, the energy released causes the water to vaporise, reducing the net amount of 
heat released. Black coal, which contains the least water and therefore the highest 
percentage of carbon, is a better fuel than brown coal or peat.

Although black coal is usually buried further underground than brown coal, 
its higher heat value often makes it economical to mine. Black coal is mined in 
Queensland and New South Wales. It is used for domestic power generation or 
exported overseas.

Large brown coal deposits are located in the Latrobe Valley in Victoria (see 
Figure 1.1.6). The power stations located next to these open-cut mines burn brown 
coal to generate electricity. Australia is the fifth largest producer of coal and the 
second largest exporter of coal in the world.

FIGURE 1.1.6 +P�#WUVTCNKC��DTQYP�EQCN�KU�OKPGF�KP�VJG�.CVTQDG�8CNNG[�KP|8KEVQTKC�
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WRQP�EQODWUVKQP�CTG�HQT�FTKGF|EQCN�

CHEMFILE

Forming crude oil
The main deposits of crude oil were formed from small  
marine animals (zooplankton) and plants (phytoplankton) 
that lived up to 1 billion years ago. Some crude oil deposits 
are estimated to be even older, as much as 3–4 billion years 
QNF��+H�C|FGRQUKV�QH�ETWFG�QKN�YCU�VTCRRGF�DGPGCVJ�C�NC[GT�QH�
KORGTOGCDNG�TQEM��VJGP�C�NC[GT�QH|PCVWTCN�ICU�YQWNF�CNUQ|HQTO�

6JG�ƂTUV�FGRQUKVU�QH�ETWFG�QKN�YGTG�FKUEQXGTGF�CV�VJG�GPF�QH�VJG�
19th century in the United States. Today, the largest crude oil 
deposits are in Russia, Iran, Iraq and Saudi Arabia. New crude oil 
deposits are still being found throughout the world. The oldest 
deposits found so far are in Venezuela, where the oil is estimated 
to be almost 4 billion years old. However, only about 10% of the 
QKN�FKUEQXGTGF�KU�RTQƂVCDNG�VQ�GZVTCEV�

Permeable rocks contain tiny spaces through which liquid 
substances can move. Crude oil has a lower density than water, 
so oil migrates upwards through permeable rocks over time. 
Large deposits of oil are formed when portions of this migrating 
QKN�DGEQOG�VTCRRGF�WPFGT�KORGTOGCDNG�TQEMU��6Q|GZVTCEV�VJG�

crude oil, drilling into the impermeable rock has to take place (see 
(KIWTG���������+P�OQUV�ECUGU��VJG�QKN�ƃQYU�WR�D[�KVUGNH�WPFGT�JKIJ�
pressure that has gradually built up from when the oil was formed. 
#U�VJG�GZVTCEVKQP�EQPVKPWGU��VJG�QXGTCNN�RTGUUWTG�FTQRU�CPF�RWORU�
CTG�PGGFGF�VQ�GZVTCEV�VJG�TGOCKPKPI�FGRQUKV�

FIGURE 1.1.7 1RGTCVKPI�FTKNN�FWTKPI�QKN�CPF�ICU|GZRNQTCVKQP�
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Fuels from crude oil
Crude oil (petroleum) is a mixture of hydrocarbon molecules that are mostly 
members of the homologous series of alkanes. Crude oil itself is of no use as a 
fuel, but it contains many useful compounds.

Crude oil is separated into a range of fractions by fractional distillation. 
Fractional distillation does not produce pure substances. Each fraction is still a 
mixture of hydrocarbon compounds. These fractions can be used as fuels, or treated 
further to produce more specific products through chemical processes.

The relative amounts of diferent alkanes in crude oil vary with the deposit. For 
example, oil from Bass Strait and the Carnarvon Basin, Western Australia, contains 
relatively few of the larger molecules needed to form lubricants and bitumen.

 Alkanes are hydrocarbons with 
the general formula CnH2n+2. 
Alkanes are commonly found 
KP|ETWFG|QKN�

CHEMISTRY IN ACTION

Fractional distillation of crude oil

Fractional distillation uses heat to separate a mixture into a 
number of diferent parts or fractions. A number of diferent 
temperatures are produced because of the nature of the 
column in which the crude oil is placed. The temperature 
of the tower decreases gradually with increasing height. 
Within the tower are horizontal trays, each containing 
hundreds of bubble caps. Bubble caps impede (stop) 
the upwards movement of gases (see Figure 1.1.8). As 
the vapour rises, it forces the caps up and it bubbles 
through condensed liquid in the trays. Those substances 
in the vapour that have boiling points almost equal to the 
temperature of the liquid in the trays condense and are 
collected. Consequently, fractions collected from trays 
higher in the tower will have lower boiling points.

The boiling point of a molecular compound depends 
on the strength of its intermolecular forces. Attractions 
between non-polar alkane molecules arise from weak 
dispersion forces, which are stronger with increasing 
molecular mass. As a result, each fraction consists of 
alkanes within a specifc mass range. Lighter alkanes 
condense near the top of the tower, whereas heavier 
alkanes condense near the bottom. The composition 
and boiling range of each fraction are summarised in 
Figure 1.1.8. For example, the petrol fraction that boils 
(and condenses) between 100°C and 250°C consists 
of alkanes containing 8–12 carbon atoms; that is, C8H18 
to C12H26.

FIGURE 1.1.8 (TCEVKQPCN�FKUVKNNCVKQP�QH�QKN��CPF�VJG�DWDDNG�ECRU�VJCV�UVQR�VJG�WRYCTF�OQXGOGPV�QH|ICUGU�
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Oil reserves
Australia’s relatively small oil reserves are likely to be exhausted later this century. 
Figure 1.1.9 (page 6) shows the current locations of Australian oil, gas and coal 
fields. These reserves are associated with giant ofshore gas fields near the northern 
Western Australian coast, and in reserves in outback South Australia and Bass 
Strait. Australia already imports over 90% of the crude oil it uses. Importation of 
large amounts of oil has a significant impact on Australia’s economy.
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Oil and gas basins
Resources are shown as a percentage
of total resources. Estimated Australian
resources as at 1 January 2003
Gas = 167 285 PJ
Liquids = 32 601 PJ
(Geoscience Australia 2004)
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FIGURE 1.1.9  #WUVTCNKCP�QKN��ICU�CPF�EQCN�ƂGNFU�

Natural gas
Natural gas is another fossil fuel found in deposits in the Earth’s crust. It is mainly 
composed of methane (CH4) together with small amounts of other hydrocarbons 
such as ethane (C2H6) and propane (C3H8). Water, sulfur, carbon dioxide and 
nitrogen may also be present in natural gas.

Natural gas can be found:
• in gas reservoirs trapped between layers of rocks
• as a component of petroleum deposits
• in coal deposits where it is bonded to the surface of the coal. Coal seams usually 

contain water and the pressure of the water can keep the gas adsorbed to the 
coal surface. Natural gas found this way is known as coal seam gas or CSG. 
It is a major component of the energy supplies of Queensland

• trapped in shale rock, where it is referred to as shale gas. Shale gas is mined in 
many parts of the United States.
Natural gas is accessed by drilling as with crude oil; drilling causes the natural 

gas to flow to the surface (see Figure 1.1.10).
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FIGURE 1.1.10 0CVWTCN�ICU�FGRQUKVU�CTG�QHVGP�
HQWPF�VTCRRGF�CDQXG�ETWFG�QKN��1PEG�C�YGNN�
KU�UWPM�KPVQ�VJG�FGRQUKV��VJG�PCVWTCN�ICU�ƃQYU�
VQ|VJG|UWTHCEG�
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Fracking
The extraction of natural gas from coal or shale deposits usually involves a process 
called fracking. Under pressure, the natural gas is adsorbed on the surface of the 
coal or shale. Fracking is used to fracture the rock or coal to release the natural gas.

Fracking begins with drilling a well into the deposit to access the trapped gas. 
The well is encased in steel and concrete to prevent leakage into local water supplies. 
Fracking fluid is then pumped down the well at extremely high pressures. This 
high-pressure fluid fractures the surrounding rock or coal, creating fissures through 
which gas can flow. This process is shown in Figure 1.1.11.

Materials used for fracking include sand, water and other chemicals. There are 
concerns about the potential impact of this process on the local environment and 
underground water supplies.
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FIGURE 1.1.11 6JG�HTCEMKPI�RTQEGUU��UCPF��YCVGT�CPF�QVJGT�EJGOKECNU�CTG�KPLGEVGF�KPVQ�VJG�FGRQUKV�CV�
JKIJ�RTGUUWTG�VQ�HTGG�VJG�ICU�HTQO�VJG�EQCN�QT|UJCNG�

CHEMISTRY IN ACTION

Debate surrounding coal seam gas
Coal seam gas (CSG) is a natural gas that is extracted from underground coal 
seams, where it is trapped in pores in the coal. Almost 30% of Australia’s natural 
gas reserves come from coal seam gas. Reserves of CSG are found in New South 
Wales and Queensland. It is predicted that the reserves of CSG could supply the 
eastern states of Australia for over 25 years.

Various chemicals have been used as fracking fuids. Fracking fuids increase 
the permeability of the rock and therefore fow of gas to the surface. Fluids such 
as benzene, toluene, xylene and ethylbenzene were once commonly used. The 
use of these fuids has been banned in both New South Wales and Queensland 
because of concern over their efect on the environment. For example, these 
potentially carcinogenic compounds may escape and contaminate groundwater.

Water is now commonly used as a fracking fuid. Generally, large amounts of 
water are not available at the fracking site, so water needs to be transported in, 
which can have signifcant economic and environmental costs.

In 2015, there was a moratorium (ban) on coal seam gas exploration and 
fracking in Victoria. In September 2015, protestors rallied in the streets of 
Melbourne to express their concerns about the process (see Figure 1.1.12). 
The Victorian Government agreed to examine the science and impact of the 
CSG industry and methods while they extended their ban on the process.

FIGURE 1.1.12 *WPFTGFU�QH�RTQVGUVQTU�
CICKPUV�HTCEMKPI�OCTEJKPI�VQYCTFU�
2CTNKCOGPV�*QWUG�KP�/GNDQWTPG�KP|�����
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.KSWGƂGF�RGVTQNGWO�ICU
Propane and butane gases can be separated from natural gas by fractional 
distillation. Propane and butane become liquids under pressure and are sold as 
liquefied petroleum gas (LPG). LPG is used as a fuel in cars and in home gas 
bottles. The natural gas remaining after the removal of propane and butane is used 
widely as a fuel for home heating and cooking.

BIOFUELS
Governments and industry are exploring alternatives to fossil fuels in order to meet 
our future energy needs and limit the impact of fossil fuels on the environment. 
Ideally, new sources of energy will be renewable. Renewable energy is energy that 
can be obtained from natural resources that can be constantly replenished.

Biochemical fuels (or biofuels) are fuels derived from plant materials such as 
grains (maize, wheat, barley or sorghum), sugar cane (Figure 1.1.13) and vegetable 
waste, and vegetable oils. The three main biofuels are biogas, bioethanol and 
biodiesel. They can be used alone or blended with fossil fuels such as petrol 
and diesel.

FIGURE 1.1.13 *CTXGUVKPI�UWICT�ECPG�KP�3WGGPUNCPF��5WICT�ECPG�ECP�DG�C�UQWTEG�QH�VJG�TCY�
OCVGTKCNU�HQT�VJG�RTQFWEVKQP�QH DKQGVJCPQN�

As well as being renewable, biofuels are predicted to have less impact on 
the environment than fossil fuels. The plant materials used in the generation of 
biofuels are produced by photosynthesis, which removes carbon dioxide from the 
atmosphere and produces glucose (C6H12O6) in the following reaction:

6CO2(g) + 6H2O(l) → C6H12O6(aq) + 6O2(g)
The plants convert the glucose into cellulose and starch. Although carbon 

dioxide is released back into the atmosphere when the biofuel is burnt, the net 
impact should be less than for fossil fuels. You will compare fossil fuels and biofuels 
in more detail in later sections of this chapter.

Bioethanol
For thousands of years, humans have employed biological catalysts (enzymes) 
from yeasts to convert starches and sugars to ethanol. Enzymes catalyse the 
breakdown of the starch in grain crops (such as barley and wheat) to glucose. Other 
enzymes in yeasts then convert glucose and other small sugar molecules to ethanol 
(CH3CH2OH) and carbon dioxide in the fermentation reaction:
       C6H12O6(aq) → 2CH3CH2OH(aq) + 2CO2(g)
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Bioethanol is used extensively in Australia. This includes E10 petrol, which 
contains 10% ethanol. This mix can be used by most modern car engines and its 
use reduces the consumption of petrol derived from crude oil.

Biogas
Biogas is gas that is released in the breakdown of organic waste by anaerobic 
bacteria. These bacteria decompose the complex molecules contained in substances 
such as carbohydrates and proteins into the simple molecular compounds carbon 
dioxide and methane. A digester (Figure 1.1.14) is a large tank filled with the 
anaerobic bacteria that digest (consume) the complex molecules to form biogas.
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FIGURE 1.1.14 #�FKIGUVGT�KU�WUGF�KP�VJG�RTQFWEVKQP�QH|DKQICU�

A range of materials, including rotting rubbish (such as that seen in Figure 1.1.15) 
and decomposing plant material, can be used to produce biogas.

The composition of biogas depends on the original material from which it is 
obtained and the method of decomposition. The typical composition of a sample of 
biogas is shown in Table 1.1.1.

TABLE 1.1.1 6[RKECN�RGTEGPVCIG�EQORQUKVKQP�QH�FKHHGTGPV�OQNGEWNGU�HQWPF�KP|DKQICU

Gas Formula Percentage composition 
(by volume)

Methane CH4 60

Carbon dioxide CO2 32

Nitrogen N2 4.5

Hydrogen sulfde H2S 2

Oxygen O2 1

Hydrogen H2 0.5

As you can see from Table 1.1.1, biogas consists mainly of methane and carbon 
dioxide. Biogas can be used for heating and to power homes and farms. There are 
more than 7 million biogas generators in China. Biogas generators are particularly 
suited to farms, as the waste from a biogas generator makes a rich fertiliser.

In the future, it is likely more energy will be obtained from biogas generated 
at sewage works, chicken farms, piggeries and food-processing plants. Your local 
rubbish tip also has the potential to supply biogas. The gas can be used directly for 
small-scale heating or to generate electricity.

FIGURE 1.1.15 2KRGU�DWTKGF�KP�VJKU�TWDDKUJ�VKR�
EQNNGEV�DKQICU�
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• A fuel is a substance with stored energy that can be 
released relatively easily for use as heat or power.

• A fuel is considered to be non-renewable if it cannot 
be replenished at the rate at which it is consumed. 
Fossil fuels such as coal, oil and natural gas are 
non-renewable.

• Fossil fuels are produced over millions of years by 
the breakdown of biomass at high temperatures and 
pressures underground. Australia has large reserves 
of coal and natural gas.

• A fuel is considered to be renewable if it can be 
replenished at the rate at which it is consumed. 
Biofuels such as biogas, bioethanol and biodiesel 
are renewable.

• Biogas is formed by the anaerobic breakdown of 
organic waste.

• Bioethanol can be produced by fermentation of 
starches and sugars.

• Biodiesel is produced in a reaction between a 
vegetable oil or an animal fat and a small alcohol 
molecule such as methanol.

• Some of the non-renewable and renewable fuels 
in use in Australia are listed in Table 1.1.2.

TABLE 1.1.2 6[RGU�QH�TGPGYCDNG�CPF�PQP�TGPGYCDNG�HWGNU�KP�WUG�
KP|#WUVTCNKC

Non-renewable fuels Renewable fuels

Coal
Oil
Liquefed petroleum gas (LPG)
Natural gas
Coal seam gas (CSG)

Bioethanol
Biogas
Biodiesel

1.1 Review
SUMMARY

KEY QUESTIONS

1 What is the diference between a renewable and non-renewable fuel?

2 Give an example of a renewable fuel source and a non-renewable fuel source 
used in Australia.

3 In Australia, which resource is likely to last longer before it is depleted: coal, oil 
or natural gas? Explain your answer.

4 Wood from forests is a renewable resource that supplied global energy needs 
for thousands of years.
a Why is wood no longer sustainable as the major energy source for today’s 

society?
b Is it possible to have a non-renewable and sustainable energy source? 

Explain.

5 Why is it necessary to treat crude oil by fractional distillation?

Biodiesel
Biodiesel is a mixture of organic compounds called esters. These esters are produced 
by a chemical reaction between vegetable oils or animal fats and an alcohol (most 
commonly methanol (CH3OH)).

The usual raw material for the production of biodiesel is vegetable oil from 
sources such as soyabean, canola or palm oil. Recycled vegetable oil or animal 
fats can also be used. The structure of a typical biodiesel molecule is shown in 
Figure 1.1.16. (The production of biodiesel is discussed in section 1.3 on page 24.)
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1.2 Fossil fuels and biofuels
Fuels contain stored chemical energy that can be harnessed to perform useful 
functions. The heat energy released when fuels are burnt provides heat for warmth 
and cooking, as well as acting as the source of electrical energy and mechanical 
energy for transport.

In this section, you will look at the diferent fuels used to produce electricity or 
power vehicles and compare the environmental impact of these fuels.

ENERGY TRANSFORMATIONS
All substances contain chemical energy. The chemical energy of a substance is 
referred to as its energy content. Fuels are examples of substances with high 
energy contents.

When fuels are used, their chemical energy is converted to a diferent form 
of energy. For example, a competitive cyclist may eat energy bars. Much of the 
chemical energy of the food is converted in the cyclist’s body to mechanical and 
kinetic energy.

The conversion of chemical energy to kinetic energy in the cyclist is an example 
of an energy transformation—energy is converted from one form to a diferent 
form. The use of fuels involves energy transformations. The chemical energy in a 
log on a fire can be converted to thermal energy to heat a room of a house.

FIGURE 1.2.1 %QOOGTEKCN�UQNCT�EGNNU�EQPXGTV�UQNCT�GPGTI[�VQ�GNGEVTKECN�GPGTI[�YKVJ�CP�GHƂEKGPE[�QH�
��s����

When energy transformations occur, the total amount of energy is unchanged 
because energy cannot be created or destroyed. However, not all of the energy is 
converted to one specific form. In the case of the solar power cells shown in Figure 
1.2.1, not all of the energy of the sunlight is converted to electrical energy.

The term energy efciency is used to describe the percentage of energy from 
a source that is converted to useful energy. For example, if the efciency of a solar 
panel on a roof is listed as 17%, it means that 17% of the energy arriving on the panel 
from the Sun is transformed to electrical energy. The other 83% is converted to 
other forms of energy. The largest proportion of the Sun’s energy reaching the solar 
cells is converted into heat energy that simply increases the temperature of the cells.
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ELECTRICITY PRODUCTION
Chemical energy from most fuels is harnessed through combustion of the fuel. 
In combustion reactions, the reactant combines with oxygen to produce carbon 
dioxide and water. Thermal energy released from the combustion of fuels can be 
converted into electrical energy. In Australia, electrical energy is produced from 
several diferent fuels.

Electricity from coal
The combustion of coal generates over three-quarters of Australia’s electricity. 
Rather than transport coal to every factory, ofce and household, the chemical 
energy is converted to electrical energy at a power station. Electricity is transmitted 
easily from the power station by metal cables and wires to other regions. The 
reaction occurring when coal burns can be written as:

C(s) + O2(g) → CO2(g)
The energy released from the combustion of coal is about 32 kJ g–1.
A number of energy transformations occur in a coal-fired power station.

• Coal is burnt—chemical energy in coal is converted to thermal energy.
• Heat from the burning coal is used to boil water—thermal energy from the 

burning coal becomes thermal energy in steam.
• Steam is passed through a turbine—thermal energy in the steam becomes 

mechanical energy as the turbine spins. (This is the least efcient energy 
transformation in the sequence.)

• Electricity is produced from a generator that is driven by the turbine—
mechanical energy is converted to electrical energy.
Figure 1.2.2 illustrates how the thermal energy released by the coal is converted 

to electrical energy.
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The overall efciency of a coal-fired power station is 30–40%. The combustion 
of brown coal is usually at the lower end of this efciency range. Energy is lost 
during each step of the process, mainly as heat.

Electricity from natural gas
Natural gas is also used in Victoria to generate electricity for the power grid. In a gas-
fired power plant, methane and other small alkanes are burnt to release energy. As 
shown in Figure 1.2.3, the hot gases produced by combustion cause air to expand 
in a combustion turbine to generate electrical energy. This is a simpler process than 
in a coal-fired plant where the thermal energy is used to produce steam.
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FIGURE 1.2.3 +P�C�ICU�ƂTGF�RQYGT�RNCPV��VJG�JQV�ICUGU�RTQFWEGF�GZRCPF�CKT�KP�C�EQODWUVKQP�VWTDKPG�
VQ�IGPGTCVG�GNGEVTKEKV[�

The composition of natural gas varies but the main combustion reaction involves 
methane. The equation is:

CH4(g) + 2O2(g) → CO2(g) + 2H2O(l)
The combustion of 1 mole of methane releases 890 kJ of energy, equivalent to 

55.6 kJ g–1. This is a significantly higher value than that of coal.
A gas-fired plant is more efcient than a coal-fired power station, reaching 

efciencies just over 40%. Gas-fired plants also emit less carbon dioxide and 
particulate matter (small solid particles of solid combustion products) per unit of 
energy released. An added advantage of gas-fired plants is that the output can be 
varied at short notice. This allows the operators to adjust to the fluctuating power 
usage of consumers.

The largest gas-fired power station in Victoria, shown in Figure 1.2.4 (page 14),  
is operated by Origin Energy at Mortlake in south-west Victoria. The plant uses 
natural gas collected from of the nearby coast to generate electricity. Most Australian 
states have gas-fired plants but many of the plants are small-scale ones. Coal seam gas 
is the source of methane used in some states.
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Electricity from biogas
Biogas is a renewable fuel that can be used to generate electricity, usually in small-
scale electricity generators rather than large power plants. These smaller generators 
are often located at the site where the biogas is produced. For example, sewage 
works commonly burn biogas produced in a generator to supply some of their 
power needs.

The main reaction occurring in the combustion of biogas is the same reaction 
of methane burning in a gas-fired power station. The energy released per gram 
of biogas is less than that of natural gas because the methane content in biogas is 
significantly lower.

Berrybank Farm near Ballarat is an example of the innovative use of biogas. 
Over $2 million has been spent on building infrastructure to collect the manure 
from 20 000 pigs. The manure is fed into a digester that produces two useful 
products: biogas and fertiliser. The biogas is used to fire generators, like the one 
shown in Figure 1.2.5, that produce an estimated $180 000 of electricity annually.

FUEL FOR TRANSPORT
Crude oil is the source of most of the fuel we use for transport. Crude oil is a mix 
of alkanes. The alkanes in crude oil are separated into a series of fractions (parts) 
by fractional distillation. Some of these fractions are important fuels, such as liquid 
petroleum gas (LPG), petrol, kerosene and petrodiesel. LPG can also be separated 
from natural gas.

FIGURE 1.2.4 6JG�/QTVNCMG�ICU�ƂTGF�RQYGT�UVCVKQP������MO�YGUV�QH�/GNDQWTPG��YCU�QRGPGF�KP�������
0CVWTCN�ICU�HTQO�VJG�1VYC[�$CUKP�KU�RKRGF�VQ�VJKU�HCEKNKV[�YJGTG�KV�KU�DWTPV�VQ�RTQFWEG�GNGEVTKEKV[�

FIGURE 1.2.5 
C��5QOG�QH�VJG�RKIU�QP�VJG�$GTT[DCPM�(CTO�PGCT�$CNNCTCV��
D��QPG�QH�VJG�IGPGTCVQTU�
VJCV|WUGU�VJG�DKQICU�HWGN�
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Petrol
Perhaps the most important of all hydrocarbon combustion reactions are those 
that occur when petrol is burnt. Petrol is a mixture of hydrocarbons, including 
octane, and the combustion reactions of these chemicals power most of Australia’s 
17.6 million motor vehicles. The equation for the combustion of octane is:

2C8H18(l) + 25O2(g) → 16CO2(g) + 18H2O(l)
The combustion of 1 mole of octane releases 5450  kJ of energy, equivalent 

to 47.8 kJ g–1. Combustion occurs in the cylinder of a car engine. The hot gases 
formed push the piston in the engine, enabling the car to move. A typical piston is 
shown in Figure 1.2.6.

The efciency of a petrol engine in a new car can be as high as 25%. The 
operation of a piston in a car engine can be seen in Figure 1.2.7.

FIGURE 1.2.7 +P�C�UVCPFCTF�GPIKPG��HWGN�CPF�CKT�CTG�OKZGF�KP�E[NKPFGTU�CPF�VJGP�EQORTGUUGF��CPF�VJG�
OKZVWTG�KU�KIPKVGF��6JG�GZRNQUKQP�FTKXGU�VJG�RKUVQP�FQYP��YJKEJ�VWTPU�VJG�ETCPMUJCHV�CPF�RQYGTU�VJG�
ECT��6JG�ƃQY�QH�HWGN�CPF�GZJCWUV�ICUGU�KU�EQPVTQNNGF�D[�URTKPI�OQWPVGF�XCNXGU�UJQYP�KP�VJG|EGPVTG�

.KSWKF�RGVTQNGWO�ICU
Liquid petroleum gas (LPG) can also be used in cars. Most of the vehicles that 
use LPG as a fuel have a standard petrol engine with a fuel tank and fuel injection 
system modified to suit a gaseous fuel. The equation for the combustion of propane, 
a major component of LPG, is:

C3H8(g) + 5O2(g) → 3CO2(g) + 4H2O(l)
The combustion of 1 mole of propane releases 2220 kJ of energy, equivalent to 

50.5 kJ g–1.
In Australia, LPG is a significantly cheaper fuel than petrol, yet its popularity is 

still limited. Some of the reasons for this are:
• most new vehicles are designed to run on petrol; therefore, the owner has to pay 

around $2000 for a conversion
• the LPG fuel tank takes up boot space
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• there are fears that LPG cylinders might explode if the vehicle crashes
• the prices of fuels fluctuate, so often it is difcult to do meaningful price 

comparisons.

Bioethanol
Australia imports over 90% of its fuel requirements. This reliance on other 
countries, combined with concerns over the greenhouse emissions of fossil fuels, 
has sparked interest in the production of the renewable biofuels, bioethanol and 
biodiesel. Biodiesel is discussed in detail in the next section of this chapter.

Bioethanol can be produced from crops such as sugar cane. However, sugar 
cane is also needed for sugar production so there are limits to the amounts of 
bioethanol that can be produced in this way. Instead, researchers are trialling less 
valuable sources of sugar and starch for bioethanol production.

The Manildra plant at Nowra in New South Wales, shown in Figure 1.2.8, 
is one of Australia’s largest ethanol refineries. At this plant, flour and starch are 
produced from wheat and sold for use in food manufacture. The waste that remains 
still contains high levels of starch, which is converted to ethanol.

FIGURE 1.2.8 'VJCPQN�TGƂPGT[�KP�/CPKNFTC�CV�0QYTC��0GY�5QWVJ|9CNGU�

Ethanol can be blended with petrol for use in motor vehicles. Australian 
government regulations limit the proportion of ethanol in petrol to 10%. This petrol 
blend is labelled E10 and sold at most Australian service stations. The presence of 
ethanol reduces the emissions of particulates and gases such as oxides of nitrogen, 
but higher levels of ethanol can damage engines, especially in older vehicles.

The equation for the combustion of ethanol is:
C2H5OH(l) + 3O2(g) → 2CO2(g) + 3H2O(l)

The combustion of 1 mole of ethanol releases 1367 kJ of energy, equivalent 
to 29.7 kJ g–1. As Table 1.2.1 shows, the energy content of ethanol is about 62% 
that of petrol, so a larger mass (and volume) of ethanol is required to provide 
the same amount of energy. At a simple level, the lower energy content of ethanol 
can be regarded as the result of the carbon atoms in an ethanol molecule being 
partly oxidised (‘partly burnt’). This is due to the presence of oxygen in the ethanol 
molecule.
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TABLE 1.2.1 'PGTI[�EQPVGPV�CPF�GPGTI[�FGPUKV[�QH�XGJKENG�HWGNU

Fuel Energy content (kJ g–1) Energy density (kJ L–1)

Methane 55.6 23 500 (liquefed)

Propane (LPG component) 50.5 29 400 (liquefed)

Butane (LPG component) 49.6 29 800 (liquefed)

Octane (petrol fraction) 47.8 33 400

Ethanol 29.7 23 400

ENVIRONMENTAL IMPACT
A discussion of the environmental impact of fuels needs to consider both the impact 
of emissions from the combustion of the fuel, and the impact on the environment of 
obtaining the fuel in the first place.

Emissions from fuel combustion
Carbon dioxide
Because large quantities of fuel are burnt every day to meet society’s energy needs, 
the level of carbon dioxide production is high. This is a concern because carbon 
dioxide is a greenhouse gas.

Energy from the Sun heats the surface of the Earth. The Earth in turn radiates 
energy back towards space but greenhouse gases in the atmosphere absorb and  
re-radiate the energy in a process known as the greenhouse efect. The higher the 
concentration of greenhouse gas, the more energy is trapped.

The greenhouse efect occurs naturally due to the gases present in the 
atmosphere. However, scientists are concerned that increasing levels of greenhouse 
gases produced by our use of fossil fuels are causing global warming and triggering 
consequential shifts in weather patterns and climate. This is referred to as the 
enhanced greenhouse efect.

Methane, water vapour, nitrogen oxides and ozone are also greenhouse gases. 
Methane is 21 times more efective at trapping heat than carbon dioxide. The way 
in which greenhouse gases restrict heat radiation leaving the Earth is shown in 
Figure 1.2.9.
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 The greenhouse effect is 
caused by heat being trapped 
in the Earth’s atmosphere by 
greenhouse gases, which causes 
an increase in temperatures at the 
Earth’s surface. As the amount of 
greenhouse gases in the Earth’s 
atmosphere increases due to 
human activities, more heat is 
trapped, which is predicted to 
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The graph shown in Figure 1.2.10 supports concerns that the Earth is warming. 
Many countries are choosing alternatives to fossil fuels to address these fears.
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Each fuel discussed in this section produces carbon dioxide when it burns. Table 
1.2.2 compares the theoretical mass of carbon dioxide produced from the complete 
combustion of 1 gram of each fuel and per unit of energy produced.

TABLE 1.2.2 /CUU�QH�%1��RTQFWEGF�HTQO�VJG�EQODWUVKQP�QH���ITCO�QH|HWGN

Fuel Mass of CO2 (g) emitted 
per gram of fuel

Mass of CO2 (g) per 
megajoule of energy 
produced (approx.)

Coal 3.7 93

Natural gas 2.8 56

LPG 3.0 65

Petrol 3.1 73

Ethanol 1.9 72

Bioethanol is a renewable fuel derived from plants. Although carbon dioxide is 
produced when bioethanol burns, carbon dioxide is also absorbed by the plants as 
they grow. For this reason, the widespread use of bioethanol should lead to a net 
reduction in the levels of carbon dioxide emitted.

However, bioethanol is not carbon neutral. This is because energy is required, 
and emissions are produced, in the growing, transport and refining of the fuel. Note 
also that although a relatively low mass of carbon dioxide is emitted per gram of 
fuel burnt, because bioethanol produces much less energy than the same mass or 
volume of petrol, a similar mass of carbon dioxide is emitted to produce the same 
quantity of energy.




