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Figure 9.19 Energy Return on Energy Invested. 
 
Measurement of the ratio depends upon how inclusive along the path from 
the source of the energy to the consumer one travels. In the case of oil, for 
example, one could measure it at the wellhead after extraction, further on 
after refining it into products, and still further after transporting the products 
across the globe to the point of use. Last one could measure the actual 
benefit from consuming the delivered product net of engine efficiency 
losses. At each stage losses occur, which a final consumer cannot utilise; 
effectively a series of entropy gains. Clearly, however, some humans [other 
than the final consumer] at each stage between the point of extraction and the 
point of consumption have benefited from their role in the industry. Taking 
into account all the interim stages therefore, an EROI figure much in excess 
of 1 is to be looked for when assessing alternative forms of energy. 
 
There exists an extensive literature on the subject, which the author cannot 
pretend to improve upon, but it is worthwhile summating the main points 
impacting on the energy market.  
Hall, Lambert et al [Energy Policy 2013] set out a summary of the literature. 
They conclude that, worldwide, coal has an EROI of 46:1, oil & gas 20:1, 
tar sands 4:1, and oil shale 7:1. Analysis for nuclear energy suggests a mean 
EROI of 14:1. Ethanol and biomass have low figures, 5:1 and 2:1 
respectively. Among the renewables [which technically are not part of this 
chapter] hydroelectric power has an EROI of 84, wind 18:1 and solar 
[photovoltaic] 10. A positive point for renewables of wind and solar is the 
high quality of electric energy delivered, but a negative point is that they are 
less reliable and predictable, arising from changes in weather and hours of 
sunshine. A key point raised by Hall, Lambert et al is that global oil and gas 
EROI values have been declining over the last two decades or so; in the US, 
for example, from over 15 in 1990 down to about 10 in 2010, which may be 
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owing to depletion. They note, however, that results for fracking may be 
high.  
 
In respect of fracking, Yaritani & Matsushima [Energies 2014] suggest an 
EROI for shale gas of 12 when delivered to the consumer, but caution that 
this might change as production moves off ‘sweet spots’. 
 
All of the above indicates that some loss of net energy has and may 
continue to occur, in line with the gradual reduction in the ratio of net 
remaining reserves to gross proven reserves of resources set out in this 
chapter.  
 
 
Metals & Minerals 
 
Aside from non-renewable sources of energy, the US Geological Survey 
[USGS] lists around eighty metals and minerals of importance to humans, 
though one might subdivide some of these, such as the rare-earths, of  
which there are seventeen [from Scandium to Lutetium]. Restrictions on space 
necessarily mean that only three sectors can be looked at in this book: steel, 
cement and aluminium, though these cover much of the larger scale aspects 
of human industrial activity. Based on a paper by Gutowski, Ashby et al 
[2013] these alone account for about a fifth of total world primary energy 
consumption, with plastics bringing the total to about a quarter. They also 
have significant carbon footprints. The paper & board industry is also a 
large energy user, though this comes under the heading of renewable 
resources. 
 
 
Steel 
 
Steel consumption is one of the key inputs to becoming a developed 
country, though its use and the means of production depend upon the 
relative stage of industrialisation. During the early stages, the chief means 
of producing steel is by mining iron ore [haematite], which is then mixed 
with coke [a form of coal], limestone and air [oxygen] in a blast furnace to 
produce pig-iron. The molten pig-iron, which is carbon rich, is then 
transferred to a large BOS [basic oxygen steelmaking] vessel along with some 
scrap steel, and pure oxygen is then blown into it via a water-cooled lance, 
to reduce the carbon content of the iron to a desired level to make steel. 
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These processes take place at high temperatures, typically in the range 1300 
- 1900ºC.  
 
In a developed economy, however, where significant amounts of scrap 
metal are already available, the process can instead be partly replaced by an 
electric arc furnace. Cold scrap metal can be charged into the furnace, and a 
very large three-phase electric current passed through it to melt the scrap [at 
about 1200ºC] to which appropriate amounts of other elements can be added 
to give the steel particular desired properties.   
 
Although steel-making is a very high energy consuming industry, the World 
Steel Association estimate that energy consumption per tonne of crude steel 
produced in North America, Japan and Europe has been reduced by about 
50% since 1975. The use of recycled scrap has reduced the need for raw 
iron-ore and coke burning significantly, with recycling rates at 2007 
estimated to be 83% overall. For developing economies however, such as 
China and India, the main route into steel is still by the traditional blast 
furnace and BOS route. 
 
A particular point to note is that of steel intensity, measured as the level of 
steel consumed/GDP, relative to the GDP per head of population. For 
developing economies, the steel/GDP intensity ratio rapidly grows, but as 
an economy matures, with an accumulated infrastructure, steel intensity 
peaks and then begins to decline. The chart at figure 9.19 illustrates this 
effect. 
 

 
Sources: Penn World, World Steel Association 

Figure 9.19 Steel consumption per capita versus GDP per capita. 1980 - 2011. 



      Copyright: John Bryant, VOCAT International Ltd, 2015, for personal use only. 
 

 
 

26 

In China, growth of steel consumption per capita and steel intensity per unit 
of GDP is high, whereas, in the USA, UK and Japan, usage per head has 
levelled, and steel intensity is rapidly reducing, as these economies turn to 
other goals for economic affluence. To a significant extent this trend reflects 
also changes in primary energy intensity in an economy, as illustrated by 
figure 9.1. 
 
Figure 9.20 illustrates the growth in world production of steel, and figure 
9.21, the growth in world iron ore production. 
 

 
Source: WSA 

Figure 9.20 World steel production Mtonnes p.a.    
 

 
Source: WSA 

Figure 9.21 World iron ore production M tonnes p.a.    
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Steel production has doubled in the last decade, the rise mostly concentrated 
in China, accompanied to a lesser extent by other developing nations such 
as India. This has led to a tripling of world iron ore production. Readers 
should note also that a significant proportion of Australian iron ore 
production is exported to China. 
 
While the USGS estimate that world crude iron ore reserves are about 170 
billion tonnes, equal to about 58 years at current production rates, total 
crude iron ore resources, as yet untapped, are greater than 800 billion 
tonnes, equivalent to about 270 years at current production rates. It is not 
thought therefore that iron ore resources pose a problem in terms of a 
possible peak. Of rather more concern would be a potential peak in energy 
supplies, in particular coking coal, and a general rise in electricity prices 
should supply becomes restricted.  
 
 
Cement 
 
Cement, combined with sand, aggregates and water, is a basic input to the 
world building industry. It is produced by passing limestone and calcium 
silicate based aggregates through a large steel rotary kiln lined with 
refractory bricks. Hot gases, produced by burning coal, gas or oil in an 
external furnace or by a flame inside the kiln, are passed over the aggregate 
at a temperature of about 1500ºC. As with steel it relies on an energy source 
for its formation. Cement is manufactured all over the world. 
 
The relationship of cement consumption to an economy is similar to that 
depicted for steel set out in the chart at figure 9.19, but with cement per 
head and cement intensity to GDP, replacing those for steel. Developing 
countries such as China, India and Brazil tend to have rising cement 
consumption per head and rising cement/GDP intensities, whereas 
developed economies, such as Japan, USA and the UK, have declining 
consumption and intensity rates. Figure 9.22 illustrates world production to 
date. 
 



      Copyright: John Bryant, VOCAT International Ltd, 2015, for personal use only. 
 

 
 

28 

 
Source: USGS 

Figure 9.22 World cement production M tonnes p.a.   
 
World production is dominated by China, which commands more than half 
of output, and rising. 
 
The USGS indicates that although individual reserves are subject to 
exhaustion, cement raw materials are geologically widespread and abundant 
and future shortages are not anticipated. In the construction sector, concrete 
[made from cement] competes with substitutes such as brick, aluminium and 
steel, though it does not have much tensile strength, which is the reason 
why large buildings are built with steel-reinforced concrete. In road 
building, the main competitor is asphalt. 
 
 
Aluminium 
 
Primary aluminium ultimately comes from bauxite, which is one of the most 
abundant minerals in the Earth’s crust. Initially alumina [aluminium oxide] 
ore is extracted from bauxite via the Bayer process, involving crushing the 
bauxite, and then combining it with hot sodium hydroxide under pressure. 
The alumina ore produced is then taken through the Hall- Héroult process, 
whereby it is dissolved in molten cryolite at about 1000ºC. The mixture is 
then electrolysed by passing low voltage direct current through it, 
depositing aluminium at the cathode. As with steel and cement, it is a 
hungry energy consumer, though mainly of electricity.  
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Aluminium’s key properties are its high strength, light weight, resistance to 
oxidation and ability to conduct electricity. Figure 9.23 summarises world 
production of aluminium. 
 

 
 Source: World Aluminium 

Figure 9.23 World aluminium production M tonnes p.a.  
 
A similar picture to steel and cement emerges, with increased production 
occuring in developing countries, and level production in developed 
countries. China, again, is rapidly developing to dominate world production. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


