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Average Annual Real GDP Growth (%) 2002-2011

Source: IMF World Economic Outlook April 2012, Turkish Statistical Institute (TurkStat)

As the GDP levels more than
tripled to USD 772 billion in
2011, up from USD 231 billion
in 2002,
GDP per capita soared to USD
10,444, up from USD 3,500 in
the given period
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Annual Average Real GDP Growth (%) Forecast in OECD Countries
2011-2017

Source: OECD Economic Outlook No: 86

According to the OECD, Turkey is expected to
be the fastest growing economy among the
OECD members during 2011-2017, with an
annual average growth rate of 6.7 percent.
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INSTALLED POWER CAPACITY (MW) OF TURKEY (30.09.2013)

Geothermal
246 MW

%0.4

Hydroelectric Plant-Dam
15653 MW

%25.5
Hydroelectric

Plant-Waterfall
5667 MW

%9.2

Wind Power
2677 MW

%4.4

Coal
12428 MW

%20.2

Natural Gase +LNG
19305 MW

%31.4

Thermal - Others
5446 MW

%8.9

INSTALLED POWER CAPACITY : 61422 MW

Source: TEİAŞ 08.10.2013 (http://www.emo.org.tr/genel/bizden_detay.php?kod=88369)
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Life Cycle Assessment
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Life Cycle Assessment (LCA) methodology essentially involves the compilation of an inventory
of relevant environmental exchanges during the life cycle of a product and evaluating the
potential environmental impacts associated with those exchanges. The full product life cycle is
usually divided into the following stages
• cradle to entry gate (raw material extraction to refining);
• entry gate to exit gate (product manufacture);
• exit gate to grave (product use, recycling and disposal).

Source: 
Journal of Cleaner Production 15 (2007) 838-848

The form of energy use included in LCAs
is the Gross Energy Requirement (GER),
also referred to as embodied energy or
cumulative energy demand, which is the
cumulative amount of primary energy
consumed in all stages of a metal’s
production life cycle.

The product life cycle system.



1Mj/kg = 277.78 kWh/t 
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Source: Green Processing Conference, 281-286

In general, metals consume significantly more energy in their production than both ceramic
and plastic materials, the high energy intensities associated with wood and plastics largely
reflect their inherent fuel value rather than energy associated with production. There are
important physical and chemical reasons for the high energy consumption associated with
metal productions, namely: chemical stability, availability and processing route.

Energy intensities of common materials
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Energy Use in Metal Production

Energy is consumed at all stages in the production of primary metals – mining, beneficiation
and chemical extraction – directly in the processes and indirectly through the production of
inputs used in the processes.

The sum of the direct and indirect energies of the individual stages along the value-adding
chain is the embodied energy of the metal.

The main factors determining the embodied energy content of primary metals are:

• the stability of the minerals from which the metal is produced (determined by the ΔG of
formation);

• the ore grade, since the lower the grade, the more ore that has to be mined and
processed per unit of metal produced;

• the degree of beneficiation required, particularly grinding to achieve liberation since this
is the most energy intensive operation in beneficiation; and

• the overall recovery, since losses along the value-adding chain require more ore to be
mined per unit of metal produced.

Source: High Temperature Processing Symposium 2012, Presentation-1, 7-9
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Mining and mineral processing operations

The extraction of metallic ores involves both surface (open-pit) and underground mining
techniques. The method selected depends on a variety of factors, including the nature and
location of the deposit, and the size, depth and grade of the deposit. Underground mining
requires more energy than surface mining due to greater requirements for hauling,
ventilation, water pumping and other operations.

Drilling

Drilling is the act or process of making a cylindrical hole
with a tool for the purpose of exploration, blasting
preparation, or tunneling.
Drilling equipment includes explosive loader trucks,
diamond drills, rotary drills, percussion drills and drill
boom jumbos.
Drills are run from electricity, diesel power and to a lesser
extent, indirectly from compressed air. The energy is used
to power components of the drill that perform tasks such
as hammering and rotation.
The number of drilling machines is about 2–6 depending
on the mine production capacity.

Source: Journal of Cleaner Production 18 (2010) 266–274
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Blasting

Blasting uses explosives to aid in the extraction or removal
of mined material by fracturing rock and ore by the energy
released during the blast. The energy consumed in the
blasting process is derived from the chemical energy
contained in the blasting agents. This sets blasting apart
from other processes, which are powered by traditional
energy sources, such as electricity and diesel fuel. A
common explosive used for mining is ammonium
nitrate/fuel oil (ANFO) mixture. The powder factor is the
amount of explosives used per unit of rock blasted, and
varies depending on the rock type and strength. The blast
holes are detonated with a nonel (non-electric) device for
firing.

Ventilation

Ventilation is the process of bringing fresh air to the
underground mine workings while removing stale and/or
contaminated air from the mine and also for cooling work
areas in deep underground mines. The mining industry uses
fan systems for this purpose.

Source: Journal of Cleaner Production 18 (2010) 266–274
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Dewatering

Dewatering is the process of pumping water from the mine
workings. Pumping systems are large energy consumers.
This study assumes that centrifugal pumps are used for
dewatering the mine during ore extraction.

Loading and haulage

In open-pit mines, the broken rocks are generally excavated
by either front-end loaders, excavators or shovels and
loaded into a dump truck for haulage to the processing
plant. Most mines have a loading fleet including wheel
loaders, shovel units and excavators. The wheel loaders
have a capacity ranging from 50 to 90 tonnes, while the
shovel units and excavators have capacities ranging from
200 to 250 tonnes. The haulage units typically include off-
road dump trucks with carrying capacities ranging from 150
to 300 tonnes of rocks. Typical number of these haul trucks
can be from 10 to 22 depending the mine size. Much of the
equipment used in the transfer or haulage of materials in
mining is powered by diesel engines.

Source: Journal of Cleaner Production 18 (2010) 266–274
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Auxiliary equipment

On most mine sites, there is other equipment such as
dozers, graders, excavators and water tankers. They are
used for road construction, maintenance and dust
suppression within the mine site. It is assumed that these
units use diesel fuel for their operation.

Crushing and grinding

Crushing is the process of reducing the size of run-of-mine
material into coarse particles (typically coarser than 5 mm).
Grinding is the process of reducing the size of material into
fine particles (often below 0.1 mm or 100µm).

Crushing and grinding plants are usually powered by electric
motors, with the electricity often generated onsite using a
diesel fuel-based engine and generator. Crushing plants can
include primary, secondary and tertiary crushers, while
grinding plants can include SAG, rod and ball mills

Source: Journal of Cleaner Production 18 (2010) 266–274
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Separations

The separation of mined material is achieved primarily by
physical separations rather than chemical separations,
where valuable substances are separated from undesired
substances based on the physical properties of the
materials. There is a wide variety of equipment used for
separation processes, the largest energy-consuming
separation method amongst these being centrifugal
separation for coal mining, and flotation for metals and
minerals mining. Flotation machines are designed to isolate
valuable ore from other non-valuable substances. The
surfaces of mineral particles are treated with chemical
reagents to make some selectively hydrophobic. The ore is
suspended in water that is mechanically agitated and
aerated. The mineral particles that have been rendered
hydrophobic attach to air bubbles and rise to the surface
where they can be collected. In the case of iron ore mining,
screening is the most common separation process which is
used to separate the ore into lump and fines streams, while
magnetic separation is used to separate magnetite from
gangue

Source: Journal of Cleaner Production 18 (2010) 266–274
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Source: XXV International Mineral Processing Congress (2010) Proceedings, 3575-3584



Processing stage contributions to embodied energy of steel, aluminium and copper production

1MJ/kg = 277.78 kWh/t 
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Combined effect of ore grade and grind size on embodied 
energy for pyrometallurgical copper production. Effect of ore grade on embodied energy for 

pyrometallurgical copper production.

Source: Journal of Cleaner Production 18 (2010) 266–274



1MJ/t = 0.27 kWh/t 
15

Energy and greenhouse gas results 

Source: Journal of Cleaner Production 18 (2010) 266–274



Energy consumption by process in MWh (thermal)/t
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Trends in Metal Production 1990-2000

Source: JOM (1993) 45 (5) 
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Metal Raw Material Process World Production

Nickel Sulphide ore (2.3% Ni)

Laterite ore (1.0% Ni)

Flash furnace smelting

and Sherritt-Gordon refining

Pressure acid leaching and

solvent extraction/

electrowinning (SX/EW)

2.1 million Mt

(2013)

Copper Sulphide ore (3.0% Cu)

Sulphide ore (2.0% Cu)

Smelting/converting and

electro-refining

Heap leaching and SX/EW

17.0 million Mt

(2013)

Lead Sulphide ore 

(5.5% Pb, 8.6% Zn)

Lead blast furnace

Imperial smelting process

5.2 million Mt

(2013)

Zinc Sulphide ore 

(5.5% Pb, 8.6% Zn)

Electrolytic process

Imperial smelting process

13.0 million Mt

(2013)

Aluminum Bauxite ore (17.4% Al) Bayer refining,

HalleHeroult smelting

44.9 million Mt

(2013)

Titanium Ilmenite (36.0% Ti) Becher and Kroll processes 0.2 million Mt

(2013)

Steel Iron ore (64% Fe) Integrated route (blast furnace 

(BF) and basic oxygen furnace 

(BOF))

1.5 billion Mt

(2013)

Stainless Steel Pig iron (94% Fe),

chromite ore (27.0% Cr, 17.4% Fe) 

laterite ore (2.4% Ni, 13.4% Fe)

Electric furnace and 

Argoneoxygen decarburisation

(AOD)

35.4 million Mt

(2012)

Metal Production Processes and Production Rate
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Source: Journal of Cleaner Production 15 (2007) 838-848
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Main Processing Routes for Nickel Production

Source: Journal of Cleaner Production 15 (2007) 838-848
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Main Processing Routes for Copper Production

Source: Journal of Cleaner Production 15 (2007) 838-848
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Main Processing Routes for Lead and Zinc Productions

Source: Journal of Cleaner Production 15 (2007) 838-848
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Bayer and Hall-Heroult Processes for Aluminum Production

Source: Journal of Cleaner Production 15 (2007) 838-848
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Kroll Process for Titanium Production

Source: Journal of Cleaner Production 15 (2007) 838-848
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Main Processing Routes for Steel and Stainless Steel Productions

Source: Journal of Cleaner Production 15 (2007) 838-848



Blast Furnace Energy Balance Typical energy balance for electric arc furnace
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Source: Green Processing Conference, 281-286



Metal Process Gross 

Energy

Requirement

(kWh/kg)

Global 

Warming 

Potential

(kg CO2e/kg)

Acidification 

Potential

(kg SO2e/kg)

Solid 

Waste 

Burden

(kg/kg)

Nickel Flash furnace smelting and Sherritt-

Gordon refining

Pressure acid leaching and SX/EW

31.667

53.889

11.4

16.1

0.130

-

65.0

351.0

Copper Smelting/converting and electro-refining

Heap leaching and SX/EW

9.167

17.778

3.3

6.2

0.040

-

64.0

125.0

Lead Lead blast furnace

Imperial smelting process

5.556

8.889

2.1

3.2

0.022

0.035

14.8

15.9

Zinc Electrolytic process

Imperial smelting process

13.333

10.000

4.6

3.3

0.055

0.036

29.3

15.4

Aluminum Bayer refining, HalleHeroult smelting 58.611 22.4 0.131 4.5

Titanium Becher and Kroll processes 100.278 35.7 0.230 16.9

Steel Integrated route (BF and BOF) 6.389 2.3 0.020 2.4

Stainless Steel Electric furnace and Argon-Oxygen 

decarburisation

20.833 6.8 0.051 6.4

Energy Requirement of Metal Production Processes
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Source: Journal of Cleaner Production 15 (2007) 838-848



Processing routes and energy analysis of five major 

industrial metals processed from ores

Typical operating conditions of electrometallurgical operations
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Source: Green Processing Conference, 281-286



Energy Requirement of Metal Production Processes

1Mj/kg = 277.78 kWh/t 

27
Source: Journal of Cleaner Production 15 (2007) 838-848

It can be seen from these results that the light metals, titanium and aluminium had the
greatest ‘‘cradle-to-gate’’ environmental impacts in terms of GER (Gross Energy
Requirement) followed by nickel. Steel and lead (by the blast furnace process) had the
lowest ‘‘cradle-to-gate’’ environmental impacts in these terms.

The hydrometallurgical processing
routes for copper and nickel have
greater environmental impacts in
these terms, than the
pyrometallurgical routes.

Apart from differences in ore
grade, this is largely due to the
large amounts of electricity
consumed in the electrowinning
stage of these processes and the
inefficiencies associated with the
generation of this electricity.

GER for ‘‘cradle-to-gate’’ production of various metals.



Factors influencing environmental impacts – Ore Grade

1Mj/kg = 277.78 kWh/t 
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Source: Journal of Cleaner Production 15 (2007) 838-848

There are many factors or parameters associated with a particular metal production process
that influence the ‘‘cradle-to-gate’’ environmental impacts of the process. These include ore
grade, electricity energy source, fuel types, and material transport as well as process
technology.

The impact of declining ore grade
on GER comes about largely
because of the additional energy
that must be consumed in the
mining and mineral processing
stages to move and treat the
additional gangue material.
Once a concentrate or mineral
product of a specified grade has
been produced, emissions from
downstream processing (e.g.
smelting and refining) are not
significantly affected by the
original ore grade.

Effect of ore grade on GER for copper and nickel productions.



1Mj/kg = 277.78 kWh/t 
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Source: Journal of Cleaner Production 15 (2007) 838-848

The energy source used to generate the electricity consumed in a particular metal
production process also influences the ‘‘cradle-to-gate’’ environmental impact of that
process. This may be illustrated by considering primary aluminium production

The three main energy sources used
for generating electrical power for
aluminum production worldwide in
2003 were coal 36%, hydroelectricity
49% and natural gas 9%.
The effect of these three electricity
energy sources on the GER and GWP
for primary aluminum production is
shown in this Figure.
The generation efficiencies in the
latter two cases were assumed to be
best current efficiencies of 80% and
54%, respectively, compared to 35%
for black coal.

Factors influencing environmental impacts – Energy Source

Effect of electricity energy source on GER and GWP for aluminium.
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Global CO2 production for primary production of metals

Energy for recycling metals after collection and sortingThe energy required to recycle metals is a relatively
small fraction of the energy required to produce
metals from their ores since energy is required
largely only for melting and not chemical
transformation
However, when the energy required for
collection and separation of scrap is included,
the embodied energy of recycled metals
increases as the fraction of scrap collected
increases since transportation and separation costs
progressively increase.

Source: High Temperature Processing Symposium 2012, 
Presentation-1, 7-9
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Source: JOM 
(1993) 45 (8) 
23-29


















