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Chapter 6 

AN APPLICATION OF EXERGY ACCOUNTING 
TO FIVE BASIC METAL INDUSTRIES 

Robert U. Ayres!, Leslie W. Ayres and Andrea Masini 
CMER, INSEAD Fontainebleau, France 

1. INTRODUCTION: THE EXERGY CONCEPT 

The idea of available energy dates back to the last century, when it was first 
understood by the French engineer Sadi Carnot for the specialized case of heat 
engines. In the next decades the concept of “available work” was further developed 
theoretically, especially by Herman Helmholtz and J. Willard Gibbs. It has been 
applied to many kinds of processes, for different purposes, under several different 
names-availability, available work, essergy, physical information – but only recently 
has a standard definition been formulated and the name exergy definitely adopted 
(Rant 1956; Gyftopoulos et al. 1974; Wall 1977; Szargut et al. 1988). However, for 
the purposes of this study, it is sufficient to present only the essential features of the 
theory. An adequate definition of exergy is the following: “Exergy is the amount of 
work obtainable when some matter is brought to a state of thermodynamic 
equilibrium with the common components of the natural surroundings by means of 
reversible processes, involving interaction only with the above-mentioned 
components of nature” (Szargut et al. 1988). In short, exergy is an extensive non-
conservative variable, which synthesizes in a concise and useful expression both the 
first and second law of thermodynamics. It is definable and computable (in 
principle) for any substance, or system, with respect to the real environment in 
which the system is located and/or operates. In principle, four different types of 
exergy B can be identified. These are denoted, respectively, as kinetic, potential, 
physical and chemical exergy, viz. 
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B = Bk + Bp + Bph + Bch

Kinetic and potential exergy have the same meaning as the corresponding energy 
terms. Kinetic exergy is relevant for analyzing a flywheel or turbine. Potential 
exergy is relevant for electrical or hydraulic systems. However, these two terms can 
safely be disregarded for the purposes of analyzing most common industrial 
processes. Physical exergy is “the work obtainable by taking a substance through 
reversible physical processes from its initial state (temperature T, pressure p) to the 
state determined by the temperature To and the pressure po of the environment” 
(Szargut et al. 1988). Physical exergy assumes an important role for the purposes of 
optimization of thermal and mechanical processes, including heat engines and power 
plants. But it is of secondary — in fact negligible — importance when attention is 
focused on very large-scale systems, such as chemical and metallurgical processes at 
the industry level. In this case, chemical exergy plays a major role for the purposes 
of resource accounting and environmental analyses. Chemical exergy is “the work 
that can be obtained by a substance having the parameters To and po to a state of 
thermodynamic equilibrium with the datum level components of the environment” 
(Szargut et al.1988). It has two components: a component associated with chemical 
reactions occurring in isolation and a component associated with the diffusion of 
reaction products into the surroundings. All the foregoing definitions stress the 
importance of defining a reference state, or system, when calculating both physical 
and chemical exergy. As a matter of fact, the exergy function is a measure of the 
difference between two states, namely the state of the “target” system and that of its 
surroundings — or, more precisely, the ultimate state of the combined system + 
surroundings, after they have reached mutual equilibrium. This, in reality, is never 
the case since the actual environment is not in equilibrium. In short, exergy cannot 
be calculated without defining appropriate parameters for the environment where the 
target system operates, in terms of temperature, pressure and chemical composition. 
The importance of defining the parameters for the common environment emerges 
clearly when we consider the analytical expressions for exergy. They also show that 
exergy is a measure of the thermodynamic “distance” of the target system from 
equilibrium. Another way of saying this is that exergy is a measure of the 
“distinguishability” of the target system from its environment. These statements 
follow from the fact that exergy vanishes when the target system under 
consideration has the same thermodynamic state as the environment. In general, for 
a closed system with temperature T, pressure p, entropy S, and volume V, exergy can 
be written as:  
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where Ni is the number of moles of the ith component and µi is its chemical 
potential. The subscript “0” refers to the final state of equilibrium of the system plus 
the environment, combined together. The exergy of a flow crossing the system 
boundaries of an open system can be written as the sum of three terms:  
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where the letter H stands for enthalpy and Ni0 is the number of moles of the ith

component in the reference state. The summation term of these expressions takes 
account of the contribution due to the chemical transformation of the system. In both 
of these expressions it is straightforward to recognize how the choice of the 
reference state affects the value of the function B. For the purpose of calculating 
physical exergy, this choice does not represent a major problem, as it is relatively 
easy to define an appropriate level for pressure and temperature of the environment, 
namely ambient atmospheric temperature and pressure. This is not the case for 
calculation of chemical exergy. The latter step requires knowledge of the detailed 
average chemical composition of the reaction products and the environmental sink 
with which the system interacts. In this context, considerable efforts have been 
undertaken by a number of authors. One possible approach would be to assume, as 
the reference level, the average chemical composition of the Earth’s crust after 
reaching a hypothetical (calculated) equilibrium with the atmosphere and oceans 
(Ahrendts 1980). However, the results vary dramatically according to the depth of 
the crustal layer that is assumed to be equilibrated. A more practical generic solution 
has been proposed by Szargut et al. (1988). This approach recognizes that the three 
main sinks — atmosphere, oceans and crust — are not in equilibrium with each 
other, but assumes that the reaction products in any given case must go to one of the 
three, depending on whether they are volatile (to air), soluble in water (to oceans) or 
neither (to Earth’s crust). They calculate standard chemical exergy for a number of 
chemical compounds and pure elements. The latter procedure has been adopted and 
extended in several later works (Ayres et al. 1995; Ayres and Martinàs 1995; Ayres 
and Ayres 1996; Ayres 1998; Ayres and Ayres 1998) and its results have been also 
used in the present study. Nevertheless, the current methodology is not ideal, 
inasmuch as the three `sinks’ are really in a dynamic interaction with each other.  

2. EXERGY AS A TOOL FOR RESOURCE AND 
WASTE ACCOUNTING. 

The intensive use of natural resources for anthropogenic activities is 
progressively depleting the reservoirs accumulated over the millennia. At the same 
time the large quantities of waste materials and effluents released to the atmosphere, 
the oceans, or to the land surface are altering the delicately balanced natural cycles 
that make the life possible on Earth. Therefore, minimization of resource use, as 
well as reduction of dangerous emissions associated with industrial processes, 
constitute the primary objective of policies to be pursued for sustainable 
development. For this purpose it is of great importance to develop a general measure 
capable of accounting both for materials use and waste residuals. We suggest that 
exergy is the most suitable indicator for both resource accounting and waste 
accounting. Nonetheless, up to now it has not been adopted for this role. For 
historical reasons, resources have been always divided into two categories, namely 
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fuels (measured in energy units) and mineral, agricultural or forest resources 
(measured in a variety of mass units). This distinction leads to some incongruities 
and much confusion, as the choice of a different “currency” for each flux does not 
enable analysts to evaluate and compare all inputs and outputs on a common basis. 
In particular, non-fuel flows — such as minerals — are often neglected. The use of 
exergy as a general environmental indicator for resource accounting would improve 
the situation in two important ways. First, an exergy balance automatically combines 
both mass and energy flows, thus providing a concise representation of the process. 
This makes processes easier to characterize. Second, the use of exergy enables the 
analyst to take into account automatically both the first law (energy conservation) 
and the second (entropy) law of thermodynamics. In addition, by virtue of reflecting 
second law constraints, exergy analysis — rather than energy analysis — is a 
suitable tool to identify areas of potential technological improvements. In fact, 
irreversibilities and process inefficiencies cause exergy losses (i.e., the difference 
between exergy of inputs and outputs of the process), which reflect increasing 
entropy. Any exergy loss shows that the system under consideration could be further 
improved — at least in principle — in order to increase its thermodynamic 
efficiency and to reduce the use of natural resources. More important, however, 
comparing the relative magnitude of such losses both within a complex process and 
between alternative processes, is a useful guide to identifying the most promising 
technology choices and targets for R&D. A third advantage for exergy accounting, 
in contrast to conventional approaches, is that it opens the possibility of comparative 
evaluation of different kinds of materials, not only in mass terms but also in terms of 
available energy “saved” in the sense of not being required for separation and 
purification from the average composition of the environment. This is essentially 
equivalent to the “energy content” of an ore or mineral. (Here we use the term 
energy in the familiar but inexact sense of normal language, rather than the language 
of specialists. In fact, it is exergy we are talking about). As already remarked, metal 
ores, minerals and even agricultural products, as well as chemical compounds, are 
all precious resources for which heat of combustion (which is the usual measure of 
energy) is zero or irrelevant. These substances can easily be measured and compared 
in terms of exergy. Finally, chemical exergy “content” can be used as a tool for a 
first-order evaluation of the environmental impact associated with the waste 
effluents of any industrial process. In fact, exergy is not only a natural measure of 
the resource inputs, it is also a measure of the material outputs. Indeed, as 
emphasized in a previous work by one of the authors, the exergy content (or 
“potential entropy”) of a waste residual can be considered as its potential for doing 
harm to the environment by driving uncontrolled reactions (Ayres and Martinàs 
1995; Ayres et al. 1998). Admittedly, this is a very crude approximation, since the 
environment is a very complex system and the exergies of effluents are only some of 
the many parameters that affect a reaction. The use of chemical exergy as a tool for 
evaluating the potential harm of wastes could lead to over-simplification if directly 
applied to emissions. As a matter of fact, the chemical exergy content of any 
substance cannot be directly related to its toxicity to humans or other organisms. On 
the other hand, it represents a measure of how far the substance is from equilibrium 
with the common state of the environment. In this sense, a high exergy content is a 
simple indication that the substance under consideration is likely to drive further 
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chemical reactions when it is discharged to the atmosphere, watercourses, or 
deposited in landfills. Or, under a different perspective, it suggests that the materials 
discharged could be further processed to extract potentially useful work. Ores, fuels, 
intermediate materials and even finished “pure” metals are, in fact, mixtures. In 
order to construct balances, either of mass or exergy, it is necessary to assume the 
average chemical composition of each mixture. For a given mine, metals processing 
plant or petroleum refinery, relatively precise data might be available; for anything 
larger, enormous simplifying assumptions must be made. We have done so for the 
materials involved in this analysis, using data available from authoritative sources. 
Nevertheless we think that the results can be taken as representative of the US as a 
whole in 1993. Yet it must be constantly kept in mind that the presentation is 
exemplary only. 

3. THE US METALLURGICAL INDUSTRIES: 1993 

We have conceptually divided the processes of mining, concentration (or 
winning), reduction or smelting and refining as shown schematically in figure 6-1.
There are four stages of separation or recombination. The first two, being physical in 
nature, are assigned to the mining sector (Standard Industrial Category or SIC 11) or 
the quarrying sector (SIC 14). The last two stages, being chemical in nature, are 
assigned to the primary metals sector (SIC 33). At each separation stage, wastes are 
left behind and a purified product is sent along to the next stage. In principle, the 
wastes can be determined by subtracting useful outputs from inputs at each stage, 
bearing in mind that inputs may include water and oxygen from the air.  

Unfortunately, from the analytic point of view, published data is rarely available 
in appropriate forms. There are significant imports and exports of concentrates and 
crude metals (and even some crude ores) but trade data is often given in terms of 
metal content, rather than gross weight. Domestic data is also incomplete, due to the 
large number of data withheld for proprietary reasons. Thus, in a number of cases, 
we have been forced to work back from smelting or concentration process data to 
estimate the input quantities of concentrates. Inputs to the U.S. primary metals sector 
consist of concentrates (produced in the mining sector, or imported), fuels, fluxes, 
and processing chemicals. Major purchased material inputs, other than concentrates, 
are mostly fluxes. These are mineral substances that make molten metals and slag 
flow more easily. The most important fluxes are limestone (calcium carbonate) and 
dolomite (magnesium carbonate), with fluorspar (calcium fluoride) being another. 
Manganese ore is also added to blast furnace feeds for metallurgical reasons that we 
need not consider in detail. For 1993 in the US we estimate approximately 91.6 
MMT (million metric tons) of limestone, dolomite, fluorspar and silica were used, 
mostly in blast furnaces. Figure 6-2 presents a simplified outline of the major 
materials flows within the US steel industry in 1993. Throughout this paper the 
designation “MMT” is used for “million metric tons”. 
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Figure 6-1. Metals processing relationship. 

3.1 Iron and Steel 

By far the major product, in tonnage terms, is crude (or pig) iron1. US blast 
furnace output of pig iron in 1993 was 48.155 MMT (USBuMines annual, “Iron and 
Steel”, table 6-1). 
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Figure 6-2. Iron and steel materials flows; USA 1993, MMT. 

Pig iron has an iron content of 94% and a carbon content of 4.5%. It is almost 
entirely used for carbon steel production, mostly (>90%) via the basic oxygen 
process. (Electric minimills use scrap metal, almost exclusively and are therefore not 
considered here). Blast furnace feed consumed in 1993 was 77.068 MMT 
(USBuMines annual , “Iron and Steel”, table 6-2), of which 60.730 MMT was 
pellets (produced at mines, or imported) and 12.451 MMT was sinter produced at 
integrated steel mills. Domestic pelletizing and sinter operations provided 66.11 
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MMT of feed to domestic blast furnaces, and consumed about 6 MMT of upstream 
“reverts” (dust, mill scale). The other blast furnace feed was 1.924 MMT of scrap. 
The US consumed 14.097 MMT of imported ores and agglomerates, mostly pellets. 
in 1993 (USBuMines annual , “Iron Ore”, table 6-14) and exported 5.061 MMT 
(ibid table 6-12). Blast furnace inputs (mainly pellets) averaged about 63% iron, 5% 
silica, 2% moisture and 0.35% other minerals (phosphorus, manganese, alumina). 
The iron content of the feed was 47.3 MMT; roughly 30% (22.5 MMT) was oxygen 
combined with the iron. Flux materials must also be counted. The most important is 
limestone. It appears from data published by the U.S. Bureau of Mines (USBuMines 
annual , p. 548) that in the steel industry the limestone (flux) was mostly calcined on 
site (to drive off carbon dioxide) and consumed as “slaked lime”, or calcium oxide 
(6.3 MMT). Other specific mineral inputs to SIC 33 reported by the Bureau of 
Mines include salt (0.33 MMT), manganese ore (0.123 MMT) and fluorspar (0.137 
MMT). Slag consists of the silica and other non-ferrous minerals in the sinter and 
pellets, plus the fluxes. Total iron blast furnace slag production in the US in 1993 
was 12.3 MMT, or 0.255 tonnes (tonnes) of slag per tonne of pig iron. (About 20% 
of this mass originates as mineral ash from the coking coal). Some of the flows are 
imputed from others. In the blast furnace, the oxygen in the iron-bearing 
concentrates reacts with carbon monoxide from partial combustion of the coke. The 
carbon monoxide is actually the reducing agent within the blast furnace. In 1993 just 
21.537 MMT of coke were consumed (plus other fuels for heat) to produce pig iron. 
The coke includes 2.8 MMT of ash from the original coal (28 MMT, @ 10% ash), 
so its carbon content was about 18.7 MMT. Most of this combines with the oxygen 
in the feed, but pig iron also contains 4.5% C, so 2.16 MMT of the carbon from the 
coke remains in the metal. Thus 18.70 – 2.16 = 16.54 MMT (or 88%) of the carbon 
from the coke combines with oxygen to produce a mixture of carbon monoxide (CO) 
and carbon dioxide (CO2). The gaseous product that emerges from the blast furnace 
(`blast furnace gas’) is mostly nitrogen but it contains excess CO, hence energy 
(exergy) content. It can be utilized as low quality fuel within the integrated steel mill 
or in an electric power plant. Coke ovens and steel rolling mills are significant 
sources of hazardous wastes, even though the coke oven gas is efficiently captured 
for use as fuel. About 44 kMT of ammonium sulfate (N-content) was produced as a 
by-product of US coking operations in 1993. This material is used as fertilizer. Coke 
is cooled by rapid quenching with water and some tars, cyanides and other 
contaminants are unavoidably produced. Unfortunately, materials balances alone 
cannot be used to estimate the quantities of these hazardous wastes. Also, in the 
rolling process, steel is cleaned by an acid bath (“pickling”), resulting in a flow of 
dilute wastewater containing ferrous sulfate or ferrous chloride (depending on the 
acid used). The excess acid is usually neutralized by the addition of lime. In 1993 
about 0.37 MMT of 100% sulfuric acid (0.074 MMT S content) were used for this
purpose, producing 0.57 MMT of ferrous sulfate. Ferrous sulfate can, in principle, 
be recovered for sale. However, dehydration is costly, the market price is low and 
the market is insufficient to absorb the quantity potentially available, whence most 
of it is simply discarded as (waterborne) waste. Considering the iron/steel process as 
a whole, all of the carbon (from coke) is eventually oxidized to CO2 except for a 
very small amount left in the raw steel. Carbon is added back to the finished steel in 
carefully controlled amounts as `spiegeleisen’ (ferromanganese) and other 
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ferroalloys. In 1993, the US steel industry accounted for 32.5 MMT of CO2, from 
coke, which is included in the grand total from fossil fuel combustion, discussed 
later. In addition, some other hydrocarbon fuels were used, mainly for preheating the 
blast air and heating the steel ingots prior to rolling). A simplified schematic of the 
steel process chain for the production of 1 tonne of steel is shown in figure 6-3. We 
use this simplified version for purposes of the exergy analysis hereafter.  

3.2 Aluminum 

Light metals, mainly aluminum, phosphorus and magnesium, are reduced
electrolytically. Only aluminum is discussed in this paper. The oxygen in the 
purified alumina (from the Bayer process) reacts with a carbon anode, made 
from petroleum coke. The reaction emits 0.065 tonnes of CO2 per tonne of 
primary aluminum produced. In addition, primary aluminum plants emitted 
about 0.02 tonnes of fluorine, per tonne of aluminum, partly as HF and 
partly as fluoride particulates. This is due to the breakdown of cryolite (an 
aluminum-sodium fluoride electrolyte used in the process, in which the 
alumina is dissolved) at the anode. Total airborne emissions from primary 
aluminum production in the U.S. (3.944 MMT) were, therefore, 2.564 MMT 
of CO2, 0.08 MMT of fluorides and about 0.17 MMT of other particulates 
(Al2O3). Fluoride emissions, in terms of contained fluorine, can be estimated 
quite precisely from cryolite and aluminum fluoride consumption. Inputs per 
tonne of aluminum are shown in figure 6-4.

3.3 Other Non-ferrous Metals 

In the case of other non-ferrous metals from sulfide ores (copper, lead, zinc, 
nickel, molybdenum, etc.), the smelting process is preceded by, but integrated with, 
a roasting process whereby the sulfur is oxidized to sulfur dioxide, SO2. Roughly 1 
tonne of sulfur is associated with each tonne of copper smelted, 0.43 tonnes of sulfur 
per tonne of zinc, and 0.15 tonnes of sulfur per tonne of lead. An increasing fraction 
of this sulfur (currently close to 95%) is captured. Most of it is converted into 
sulfuric acid. In 1988, 1.125 MMT of by-product sulphuric acid (S- content) was 
produced at U.S. non-ferrous metal refineries. In terms of sulfuric acid (100% 
H2SO4), the quantity produced in 1988 was 3.54 MMT. By 1993 the byproduct acid 
recovery was significantly higher, viz. 3.04 MMT from copper smelters, 1.15 MMT 
from lead smelters and 1.82 MMT from zinc smelting, for a total of 6.01 MMT. 
Over half was used within each metal-processing industry, for leaching purposes, 
leaving 2.78 MMT for sale to other sectors. Leaching, the first step in the so-called 
SX-EW process, now accounts for a significant proportion (over 30%) of copper 
concentrates produced in the U.S. and the fraction is increasing, both in the US and 
abroad. Leached copper sulfate is subsequently concentrated by precipitation or 
solvent extraction and then smelted or converted without an intermediate flotation 
stage. The combined process is called the solvent extraction-electro-winning (SX-
EW) process. 
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Figure 6-3. Mass flows (kg) in the production of 1 MT steel (simplified processes, typical 
material mixes). 



AN APPLICATION OF EXERGY ACCOUNTING  151

Figure 6-4. Mass flows (kg) in the production of 1 MT aluminum (simplified processes, 
typical material mixes). 
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In the smelting step, typical sulfide concentrates fed to the roaster/smelter 
consist of Cu (20%-35%), S (25%-35%), iron (25%-35% ) and other elements 
(10%–20%). In addition, about 2.1 tonnes of limestone and silica flux are added to 
the furnace per tonne of refined copper (Gaines 1980). Slag production amounts to 
roughly 3 tonnes per tonne of primary refined copper. US primary copper production 
in 1993 was 1.79 MMT, generating about 5.4 MMT of slag. In the case of lead, the 
corresponding numbers for the concentrate appear to be (about) 75% Pb, 15% S, and 
10% other. About 3 tonnes of flux materials are added for sintering and another 92 
kg of flux materials are added to the blast furnace. Slag output is 15.8 metric 
tonnes/metric tonne for lead. In the case of zinc, a typical concentrate would be 
about 48% Zn (40%–64%), and 26% S, with other minerals accounting for the rest. 
Little or no flux is needed. Slag from smelting amounts to roughly 1 tonne per tonne 
of refined slab zinc. US 1993 primary zinc production was 0.24 MMT; lead 0.335. 
This implies total US 1993 slag output of 0.07 MMT for zinc smelting and 0.13 
MMT for lead smelting. Total 1993 unrecovered US slag production for the three 
main NF metals was therefore roughly 1.3 MMT in toto, as compared to 1 MMT in 
1988. Carbon monoxide and carbon dioxide emissions for the zinc and lead sectors 
as a whole are not known exactly, but they are quite small in comparison with other 
sources. The waste numbers for other metals are comparatively insignificant, on a 
national basis. Simplified schematic mass flows for the production of 1 tonne of 
copper, lead and zinc are shown in figures 6-5, 6-6 and 6-7 respectively. 

4. EXERGY ANALYSIS OF THE METALLURGICAL 
INDUSTRIES 

A number of efforts have been undertaken to apply exergy analysis to metal 
production processes, e.g., (Gyftopoulos et al. 1974; Hall et al. 1975; Morris et al. 
1983; Wall 1986; Szargut et al. 1988). These studies presented exergy accounts for 
individual process stages, in order to identify major losses and evaluate the potential 
for further technical improvements in the metallurgical processes. On the other hand, 
the results obtained for different stages of the overall process are not typically 
combined to give an overall representation of the metallurgical industries from an 
exergy perspective. Without such an approach it is not possible to evaluate the 
environmental burden associated with the use of metals from “cradle to grave”as 
required by a life cycle (LCA) approach. As a matter of fact, such a common 
framework enables the analyst to evaluate the exergy flows, not only for each step in 
the chain, but for the whole chain of production. In the present work, exergy analysis 
has been applied to the overall production processes of steel, aluminum, copper, lead 
and zinc “from ore to ingot” but not all the way to disposal or recycling of final 
metal products. Therefore, the same system boundaries have been chosen for all of 
the five metal industries. All data were first normalized to 1 tonne of primary 
product, as was shown in figures 6-3 to 6-7. At a later stage we have calculated the 
associated exergy flows for each metal. It is worth stressing that the flow charts have 
to be regarded as schematics corresponding to realistic combinations of process 
steps and roughly consistent with averages of the major industry flows over a 
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reasonably long period. Moreover, as the selected metal industries use different 
technologies, the figures are industry-level composites that do not fully reflect the 
complexity of the processes to which they refer. Each processing stage has been 
considered as a single unit-box, linked to the other sequences by means of material 
or energy flows. Many recycling streams are not shown explicitly. Each stream 
entering or leaving the box (system boundary) represents a net value. Many different 
sources of data have been utilized and compared, in order to build an overall flow 
diagram. The next five sections deal with individual metals in greater detail. 

5. THE STEEL INDUSTRY 

5.1 Process Description 

Many different processes are used in the steel industry, depending on availability 
of feedstocks (scrap and ores), the availability of different fossil fuels — especially 
good quality coking coal – and on the mechanical and chemical properties needed 
for the final products. The integrated iron and steel sector consists mainly in two 
parallel but linked chains, the ore-to basic oxygen furnace (BOF) chain (with some 
scrap reprocessing) plus the secondary (scrap) steel reprocessing chain via electric 
arc furnaces (EAFs). The main integrated steel chain – from ore to ingot – involves 
five major steps, namely: ore mining, pelletizing or sintering, pig iron production, 
and, finally, conversion of pig iron to steel. Two additional processes have been 
included in our model to take into account coking and lime production (calcination 
of limestone). The simplified mass flow diagram of the whole industry was 
presented already in figure 6-2, while mass flows per tonne of product were shown 
in figure 6-3. The associated exergy flows are shown in figure 6-8. Brief process 
descriptions follow:  

5.2 Iron Ore Mining and Beneficiation 

Iron is mostly found in nature in the form of oxides (hematite: Fe2O3, magnetite 
Fe3O4). The iron content of the material mined may vary appreciably. A large part of 
the iron ore produced in the U.S. consists of taconite, a low grade ore with a 25% 
average iron content. Overall, roughly 3 tonnes of crude iron ore is extracted to 
produce 1 tonne of primary steel in the US, while 1.65 tonnes are used per tonne of 
integrated steel, allowing for scrap recycling. The steel produced in EAFs use only 
scrap as feedstock. Of the material moved at the mine, around 450 kg per tonne of 
steel is discarded as overburden and left at the mine site. The remaining material 
from the mine is crushed, ground and concentrated. This process, known as 
beneficiation, is needed to separate the iron rich material from the useless gangue. It 
is usually accomplished by means of magnetic separation and flotation. The wet 
residues from beneficiation are usually disposed of in ponds.  
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Figure 6-5. Mass flows (kg) in the production of 1 MT copper (simplified processes, typical 
material mixes). 
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Figure 6-6. Mass flows (kg) in the production of 1 MT lead (simplified processes, typical 
material mixes). 
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Figure 6-7. Mass flows (kg) in the production of 1 MT zinc (simplified processes, typical 
material mixes). 
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Figure 6-8. Exergy flows (MJ) in the production of 1 MT steel. 
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The concentrates resulting from this process are conveyed either to the 
pelletizing process (881 kg), the sintering machine (170 kg), or directly used in the 
blast furnace (598 kg). In calculating the exergy flows, the contribution of 
overburden has been neglected, as no accurate data were available on its 
composition. However the relative error is probably negligible.  

5.3 Pelletizing and Sintering 

Pelletizing and sintering are agglomeration processes used to meet the specific 
characteristic required for blast furnace feed, especially in terms of particle size and 
hardness. In the pelletization process iron ore concentrate is mixed with a binder 
(usually bentonite) then hardened in a furnace. Sintering is also a form of internal 
recycling: it is used to agglomerate fine dust particles which are too small to 
pelletize or be directly charged in the blast furnace. Iron pellets and sinter constitute 
the major constituents of the blast furnace charge (684 and 140 kg per tonne of steel, 
respectively). 

5.4 Blast Furnace 

The blast furnace is a large cylindrical tower lined with refractory bricks (made 
from chromite). It can be considered as the real “core” of steelmaking. The furnace 
is charged with a batch of iron ore (sinter and pellets) coke and limestone. 
Approximately 243 kg of coke and 143 kg of limestone are required for the 
production of 1 tonne of steel in our model process chain. During the reduction 
process the hot coke gases remove oxygen from iron oxides in the top part of the 
furnace, while in the high-temperature bottom part of the furnace the molten iron, 
mixed with a compound of iron and carbon is collected together with a slag. The 
latter contains silicon oxide and lime, together with small amounts of magnesium 
oxide and plays an important role in controlling the sulphur content of the liquid 
metal — called “pig iron”. Pig iron and slag are periodically removed from the 
furnace. By-product off-gases (called blast furnace gas), consisting mainly of carbon 
monoxide and nitrogen, are usually recovered and used as low heating value fuel for 
preheating the blast furnace feeds, or for other purposes. Finally, approximately 358 
kg of CO2 per tonne of steel are discharged into the atmosphere at this stage of the 
process.

5.5 BOF Steel Production 

The hot liquid pig iron (94% iron, 5.5% C) is converted to steel in the basic 
oxygen furnace (BOF), while a small (but growing) fraction is cast directly, without 
being further processed. The furnace is charged with molten pig iron (905 kg/ton of 
BOF steel or 478 kg/ton of “average” steel) and steel scraps (302 or 159 kg/ton 
respectively). Oxygen is blown through the molten metal (hence the furnace name) 
to oxidize carbon and silicon impurities. Oxygen requirements amount to 100 kg per 
tonne of BOF steel, eliminating contamination by atmospheric nitrogen2. Lime and 
fluorspar are also typically added to form a fluid slag with the impurities. The slag 
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floats on the liquid steel and is easily removed. The oxidation process is exothermic 
and no external heat is needed. The liquid steel is then cast into ingots or conveyed 
to a continuous casting machine. The amount of CO2 generated by the BOF is about 
150 kg per tonne of steel. This value has been estimated assuming that all the carbon 
contained in the pig iron is removed and converted eventually into carbon dioxide. 
When calculating the exergy content of finished steel – very nearly the exergy 
equivalent of the heat that would be recovered by burning it in air – no differences 
have been considered among the different types of steel. Our composite model 
considers an average of several processes (543 kg/ton pig iron, 560 kg/ton scrap 
iron). As a matter of fact, despite the great importance that carbon and other alloying 
elements, such as manganese, represent for determining the mechanical properties of 
finished steel, small variations of their content from one steel alloy to another cannot 
strongly affect the overall exergy content of the metal. (The case of stainless steel is 
slightly more complex because of the comparatively large chromium content but we 
do not consider it in this paper.) 

5.6 Lime and Coke Production 

Extraction and processing of limestone and coal are not actually part of the 
primary production process of steel. However, coke produced today is almost 
exclusively produced by steel companies and used in steelmaking: for each tonne of 
steel, 243 kg of coke is consumed by the blast furnace and 6 kg of coke breeze (dust) 
are consumed by the sintering machine. The steel industry also consumes a 
significant quantity of limestone per tonne of steel: 21 kg is consumed by the sinter 
process, 154 kg is consumed by the blast furnace and 370 kg is calcined to produce 
lime, used in the BOF. Hence the related emissions should reasonably be attributed 
to the final steel product. For a more detailed discussion of the allocation problem 
see Tellus (1992).  

Mass and Exergy Flows  
The main mass and exergy flows entering or leaving the iron/steel system boundary 
are summarized in figure 6-9. 

The exergy analysis shows that the low-exergy content iron ore is progressively 
upgraded in exergy terms during the process. At the same time, of course, a large 
amount of exergy — mainly provided by coal — is lost as low grade heat or in 
process wastes and emissions. The largest loss occurs in the reduction stage, which 
involves combustion. About 15000 MJ of exergy per tonne of steel are consumed in 
the steelmaking process. Most of this (13000 MJ) is discharged to the environment 
as low grade heat. Emissions of carbon dioxide have been also included. However, 
in spite of their relative importance in terms of mass, they account for a small exergy 
content. The emissions into water are considerably smaller, but cannot be 
completely neglected: the main contribution is due to ammonia (7.9 MJ), phenol 
(about 5 MJ), and the heavy hydrocarbons contained in the lubricants used in the 
plant (about 2 MJ). It is worth stressing that because of the extreme complexity of 
the steel industry, a number of different possibilities can be used to represent the 
waste streams that are ejected to the environment. We have decided to take account 
of such contributions by calculating the exergy content of the airborne emissions 
contained in the gas flows. One weakness of this approach is that the internal 
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recovery of coke oven and blast furnace off- gas cannot be correctly represented 
when analyzing the whole industry at a national level, because of the lack of 
consistent national data. 

Figure 6-9. Steel unit mass and exergy flows. 
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6. THE ALUMINUM INDUSTRY 

In the case of aluminum, we made use of an analysis carried out by the Tellus 
Institute (Tellus 1992) and revised by TME (TME 1995). This has been used as a 
supplementary reference for the material balance. This study presented a detailed list 
of air and water emissions but was incomplete in terms of mass balance. Therefore, 
data have been integrated with other sources(Altenpohl 1982; Ayres and Ayres 
1996, chapter 2) or mass balance calculations in order to achieve a satisfactory 
degree of accuracy for exergy flows related to materials and wastes of the process. 

6.1 Process Description 

Aluminum never occurs in nature in metallic form as it is highly reactive and 
tends to combine with oxygen or other elements. Its only important mineral source, 
at present, is bauxite, which contains 40% to 60% aluminum oxide (Al2O3). The 
production process of aluminium involves three major processes, namely (1) bauxite 
mining, (2) alumina production by the Bayer process and (3) electrolytic smelting by 
the Hall-Heroult process. Material inputs and outputs for the process were adapted 
from (TME 1995) and from (Tellus 1992). The simplified mass flow diagram of the 
whole industry was presented in figure 6-4. The associated exergy flows are shown 
in figure 6-10. Brief process descriptions follow: 

6.2 Bauxite Mining 

Bauxite is a mixture of aluminum oxide (Al2O3), other oxides, such as Fe2O3,
SiO2, TiO2 and water. It is mostly mined by the open pit method; the largest deposits 
are usually located in tropical regions. After mining, the bauxite ore is crushed, 
washed and screened to separate clay and useless impurities, it is then dried in a 
rotary kiln and conveyed to mills to be processed. Average composition — adapted 
from (Hall et al. 1975) — indicates a high content of aluminium oxide, both mono-
hydrate and tri-hydrate. The exergy content of the material handled has been made 
equal to the exergy content of the bauxite ore, as the contribution of the overburden 
is certainly negligible. 

6.3 Alumina Production (Bayer Process) 

In the standard Bayer process the hydrate aluminum oxide is transformed into 
dehydrated alumina (Al2O3). Major inputs of the process are bauxite ore (3924 
kg/ton of aluminum), caustic soda (96 kg/ton of aluminum) and limestone (78 kg/ton 
of aluminum). Raw materials are mixed together then conveyed to the digester, 
where hot steam is added to the mixture. Due to the high pressure and heat of the 
solution, the available alumina dissolves in the caustic soda forming sodium 
aluminate (NaAlO2). The purified solution of sodium aluminate, called `green 
liquor’, is further processed to remove suspended solids and other insoluble 
impurities and, finally, to produce aluminum trihydrate by means of precipitation. 
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Figure 6-10. Exergy flows (MJ) in the production of 1 MT aluminum. 
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The latter is next filtered, washed and calcined to drive off water and produce 
alumina. The pure alumina is then conveyed to the aluminum production plant, 
while the remaining liquor solution is processed to recover caustic soda. The 
residual of this process, called `red mud’, is a batch of insoluble metal oxides – 
mostly iron – which are generally disposed of in ponds. Approximately 2.05 tonnes 
of red mud are produced for each tonne of pure aluminum. 

6.4 Aluminum Smelting (Hall-Heroult Process) 

Metallic aluminum is produced by electrolytic reduction of alumina in the so-
called Hall-Heroult process. The reduction plant consists in a series of electrolytic 
cells made of steel. Each cell is equipped with a consumable carbon cathode and 
anode made of petroleum coke and pitch. Purified alumina from the Bayer process 
(approximately 1.96 tonnes per tonne of aluminum) is dissolved in a molten bath 
constituted of cryolite (Na3AlF6), fluorspar (CaF2) and aluminum fluoride (AlF3).
This bath serves as an electrolyte. When a low-voltage direct current passes through 
the bath, alumina is reduced to pure metallic aluminum and oxygen. The oxygen 
combines with carbon from the anode forming CO2 and CO, and a small amount of 
fluorine-carbon compounds. Aluminum is then removed from the bottom of the cell 
and transferred to the casting house. The specific emissions of carbon dioxide have 
been estimated (Ayres and Ayres 1996 , chapter 3).  

6.5 Mass and Exergy Flows 

The main mass and exergy flows entering or leaving the aluminum system 
boundary are summarized in figure 6-11. Among the five metals considered, 
aluminum is responsible for the largest unembodied exergy losses per unit output. 
This is mainly due to the large amount of electricity needed in the final step of 
refining as well as to the considerable quantity of fuel oil used in the Bayer process. 
The high exergy content of the energetic inputs is not totally transferred to the final 
product, but instead almost entirely destroyed. When focusing attention on wastes 
and emissions, it can be seen that major emissions are discharged into air: carbon 
monoxide accounts for the largest exergy content, but also the contribution of carbon 
dioxide and sulfur dioxide seems to be relevant (364 and 295 MJ/ton of aluminum, 
respectively). On the other hand, emissions into water are of minor importance, 
amounting to less than 20 MJ/ton of aluminum. 

7. THE COPPER INDUSTRY  

7.1 Process Description 

Several processes have been implemented in the last decades for intermediate 
steps in copper production both to improve process efficiency and to reduce its 
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environmental impact. However, the major use of this metal, for wire used in 
electrical equipment, requires a high level of purity that can be achieved only by 
means of a final electrolytic refining.  

Figure 6-11. Primary aluminum unit mass and exergy flows. 

Thus, a standard process for the production of primary copper involves five 
major stages, namely: ore mining, beneficiation (by flotation or leaching), 
desulfurization, smelting and converting, followed by electrolytic refining. The 
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simplified mass flow diagram of the whole industry was presented in figure 6-5, 
derived from processes described in (Gaines 1980; PEDCoCu 1980; USBuMines 
1991). See also (Ayres and Ayres 1998). 

7.2 Ore Mining 

Recoverable copper deposits are nowadays mostly sulfide minerals, such as 
chalcopyrite (CuFeS2), chalcocite (Cu2S), bornite (Cu5FeS4) and enargite (Cu3AsS4).
By far the most important deposits are of the porphyry copper type, in which the 
dominant mineral is chalcopyrite. Arsenic is associated with some US porphyry 
copper deposits. Another type of porphyry deposit is the copper-molybdenum type, 
in which the mineral molybdenite (MoS2) is interspersed with chalcopyrite. Most 
mines are of the open pit type. So called oxide ores are weathered products of 
sulfides, notably malachite (CuCO3 .Cu(OH)2), azurite (2CuCO3 .Cu (OH)2), cuprite 
(Cu2O) and chrysacolla (CuSiO3 .2H2O). Globally about 90% of copper mined 
comes from sulfide ores and 10% from oxide ores.  

7.3 Beneficiation 

The specific processes appropriate for beneficiation of copper ores are dependent 
on the combination of minerals in the ores. Individual mining companies have 
developed a variety of proprietary processes to recover various by-products or co-
products. In general, the average copper content of US ores is now around 0.6%, so 
that large amounts of inert material must be processed to obtain a small amount of 
copper. (Almost 200 tonnes of material are mined, on average, to produce 1 tonne of 
refined metal). The main technique for concentration of sulfide ores is froth 
flotation. Flotation agents are fatty acid soaps, pine oil frothers, cresylic acid, alkyl 
or alkyl aryl xanthates, dithiophosphates, dithiocarbamates, thiols, sulfates, 
sulfonates, or amines. Lime is used to adjust pH and as a pyrite depressant. Copper 
concentrates from sulfide ores in the US range from 20 to 35 percent Cu, 30-38 per 
cent S, 20-30 percent Fe, plus 0.2-4 percent Zn, 0-4 percent As, 0-0.67 percent Pb, 
and 0.13 percent Ag, plus 31.5 gm Au per tonne of copper and variable traces of 
other metals such as selenium. Oxide ores (and low grade sulfide ores) can best be 
concentrated by hydrometallurgical techniques, notably heap or vat leaching 
followed by precipitation or solvent extraction. In all leaching processes crushed 
ores are flooded by sulfuric acid, which converts most of the copper to copper 
sulfate. Sulfide ores of very low grades (less than 0.4 percent Cu) can also be treated 
by heap leaching. The sulfuric acid oxidizes the copper minerals. It also reacts with 
iron pyrites in the waste, creating additional sulfuric acid and ferric sulfate, which 
dissolves copper minerals. Once the process starts it continues naturally if water and 
air are circulated through the heap. Soluble copper is then recovered from 
drainage tunnels and ponds. Recovery of 70---80 percent is possible in ideal 
conditions.  
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7.4 Precipitation and Solvent Extraction 

Solutions of copper sulfate from vat or heap leaching are too dilute for electro-
winning (EW). The next step is concentration, either by precipitation (cementation) 
or solvent extraction (SX). Cementation is a process in which soluble copper sulfate 
reacts with iron – usually scrap – yielding soluble iron compounds (ferrous or ferric 
sulfate) and precipitating the copper. The `cemented’ precipitate – typically 70 
percent Cu, with iron and other impurities – is later fed to a smelter, along with other 
feeds. The spent liquor is recycled back to the heap or vat. Recovery by cementation 
is around 95 percent. Solvent extraction (SX) is a method to produce a relatively 
pure solution of copper sulfate suitable for electrolysis (electro-winning.). Kerosine, 
with a 12 percent mixture of a proprietary organic solvent, is used in an agitated 
vessel. The solvent combines with the copper, forming a complex. When agitation is 
stopped, the copper-containing organic complex forms a separate dense layer from 
which the water can be drained off. Sulfuric acid then breaks down the complex and 
regenerates the solvent for further use. The sulfuric acid, together with dissolved 
copper sulfate, is then recycled through the electrowinning (EW) cells. Recovery is 
about 95 percent. The combined SX-EW process can be continuous and is suitable 
for large-scale operations.  

7.5 Roasting and Smelting 

Roasting is a process to convert copper and iron sulfide concentrates (25–35 
percent Cu) to oxides, thereby removing most of the sulfur as sulfur dioxide. Two 
main types of furnace have been used, viz. multiple hearths and fluidized bed 
roasters. The sulfur dioxide, if sufficiently concentrated, is subsequently converted 
to sulfuric acid (H2SO4) in a contact acid plant. The next stage (often combined with 
roasting) is smelting. There are four major types of copper smelter, namely 
reverberatory furnaces, electric furnaces, flash smelters and Noranda smelters. There 
are two types of flash smelters, Outokumpu and INCO. The choice among them 
depends on the specific characteristics of the concentrate feed. However, the first 
two types are inherently batch-type and consequently less efficient than the latter 
two types, flash smelters and Noranda smelters, both of which are suitable for 
continuous operation. The Noranda design comes closest to one-step operation, 
combining the functions of roaster, smelter and partial converter, yielding a low 
sulphur matte. It is also the most efficient design in terms of energy 
conservation. However it has other drawbacks. The Outokumpu flash furnace 
is the most prevalent among newer or upgraded facilities. The primary output 
in all cases is a copper-iron matte, with silica and other inert minerals 
consigned to slag. The slag is typically recycled through the smelter to 
increase the recovery rate.  

7.6 Converting 

Molten copper-iron matte from the smelting furnace, together with copper scrap, 
is converted by blowing air through it, to oxidize any remaining sulfur. (This step is 
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analogous to the old Bessemer process in steel making). A flux is added that 
combines with the iron yielding slag and relatively pure `blister copper’ (98% 
percent Cu). There are two types of converter, namely Pierce-Smith (the most 
common) and Hoboken3. They differ primarily in the method of capturing sulfur 
dioxide off-gases. In principle the Hoboken design is preferable, because it achieves 
better sulfur dioxide recovery but the design was still semi-experimental in the late 
1970s.

7.7 Electrowinning(EW) 

As noted above, pure copper sulfate dissolved in sulfuric acid is generated by the 
vat leaching process and the solvent extraction (SX) process. This material is 
suitable for feeding directly to electrolytic cells. The combination, which now 
accounts for over 30 percent of US production is known as the SX-EW process. It 
differs from electrolytic refining (below) in that the anodes are inert. Copper is 
deposited on the cathode, liberating oxygen and regenerating the sulfate ion as 
sulfuric acid. Purity can be as high as 99.9 percent, comparable to the best 
electrolytic copper. Oxygen (from the cells) can be utilized in the Noranda smelter, 
for example. However, the fact that the EW cells decompose water is a 
disadvantage, in terms of energy consumption.  

7.8 Fire Refining and Electrolytic Refining 

Blister copper (about 98% Cu) is not pure enough for electrical applications and 
needs to be further treated. Fire refining is an old technique, similar to the Bessemer 
converter, in which air is blown through the melt and flux is added to eliminate the 
last impurities. Excess oxygen was originally removed by `poling’ with logs, which 
decomposed into carbonaceous products that quickly oxidized. Nowadays natural 
gas, hydrogen or ammonia are used for this purpose. The product is mostly cast into 
anodes (>99 percent Cu) and sent on to an electrolytic refinery; however, given a 
high enough quality blister (e.g., from a Noranda smelter), fire refined copper can be 
used for alloys and special castings. The electrolytic refining process uses fire 
refined anodes from the fire refinery, or recycled anodes from the electrolytic 
refinery itself, copper sheets as cathodes and sulfuric acid as an electrolyte. 
Impurities collect as a `slime’ at the bottom of the cell. This slime, or anode mud 
contains many of the precious and other by-product metals and is recycled for 
additional processing. At the end of the process pure copper is collected on cathodes, 
together with small amounts of precious metals deposited as anode mud, which can 
be easily recovered.

7.9 Mass and Exergy Flows 

The exergy flows for copper are summarized in figure 6-12, while the combined 
mass and exergy flows for the industry are summarized in figure 6-13. The copper 
industry shares one of the features of the aluminum industry, being very exergy-
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intensive. Efficient use of the exergy embodied in sulfur is one of the keys to 
increasing efficiency.  

8. THE LEAD INDUSTRY  

8.1 Process Description 

The process for the production of primary lead consists in five basic stages, 
namely: ore mining and beneficiation, sintering (desulfurization), smelting, drossing, 
and final refining and casting. Each subsidiary process can be split again into several 
different operations. A general mass flow diagram for lead production was shown in 
figure 6-6. Quantitative data were obtained from several sources (Thomas 1977; 
PEDCoPb 1980; Morris et al. 1983; Szargut 1988; USBuMines 1991) and integrated 
with gross mass balance estimates.  

8.2 Ore Mining and Beneficiation 

Lead is found in nature almost exclusively as galena (PbS), which is its primary 
sulfide. Oxidized ores can also occur, such as anglesite (PbSO4) and Cerussite 
(PbCO3), which are the weathered products of Galena. Lead ore often contains iron, 
copper and zinc sulfides or sulfates, as well as a small percentage of precious metals 
(especially silver), which can be recovered during the lead smelting. The average 
lead content of the material currently mined in the US is approximately 6%, albeit 
somewhat higher for Mississippi Valley ores and lower for the partially 
oxidized ores mined in the west (USBuMines 1991). Antimony and bismuth, 
as well as copper, zinc, silver and gold are by-products of lead mining. Lead 
ore is crushed, ground, and then concentrated by froth flotation. The process 
is similar to that for copper. In the mechanical process used for Missouri 
(galena) ores, separation is achieved thanks to the difference in specific 
gravity of the lead ore and the gangue particles. After concentration, the lead 
content of Mississippi Valley ores is increased to around 72---75% by weight. 
Western ores are concentrated by the chemical froth flotation process, 
achieving 45---60% lead content.

8.3 Sintering 

Sintering consists in roasting the concentrate to drive off the sulfur. Metal 
sulfides are transformed to oxides, suitable for carbothermic reduction in the blast 
furnace. The sinter machine is charged with ore concentrate, limestone and silica. 
Where lower grade concentrates are used, up to 45% of the produced sinter is 
recovered and recycled. The reaction is exothermic. About 85% of the sulfur is 
removed from the concentrate during sintering as sulfur dioxide. The latter is 
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normally sent to a sulfuric acid plant. The sinter composition is effectively the same 
as the concentrate, except that lead sulfides have been replaced by oxides.  

8.4 Smelting 

There are two main cases. Lead concentrates low in zinc are smelted in a blast 
furnace. In the blast furnace lead oxides are carbothermically reduced to lead 
bullion. The process is very similar to iron smelting. The insoluble light metal. 
oxides (silica, alumina, lime) form a slag which floats over the liquid metal so that it 
can be easily removed. Slag is cooled and crushed, then partially recycled to the 
sinter machine. The remaining part is discharged. Approximately 2900 kg of slag 
leaves the blast furnace for each tonne of lead and about 50% of it is recycled 
internally. Other output streams are dust and off-gases. Despite of their heat content, 
the latter are not usually re-used in the process. Concentrates high in zinc content are 
normally sent to a so-called `imperial smelter’, which removes the zinc in vapor 
form for subsequent condensation (retorting). The rest of the reduction process is the 
same as above. 

8.5 Drossing and Final Refining 

Lead bullion from the blast furnace or imperial smelter needs to be further 
refined to remove residual sulfur and other metallic impurities for industrial 
applications. Smelted lead bullion passes through a multi-step process, whereby 
metal impurities are removed in the form of slag. A matte rich in copper, a silver-
gold alloy (known as doré metal) and small quantities of antimony, bismuth and zinc 
oxide are also by-products of lead refining. Approximately 30 kg of copper matte 
are recovered per tonne of lead in the US. No quantitative data were available to 
evaluate the amounts of other by-products produced. 

8.6 Mass and Exergy Flows 

The main exergy flows are shown in figure 6-14. Combined mass and exergy 
flows entering or leaving the system boundary are summarized in figure 6-15. On 
the one hand, exergy losses are considerably smaller than in the case of aluminum, 
mainly because the refining processes are not electrolytic. Also a considerable 
amount of exergy is embodied in a byproduct (sulfuric acid) 
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Figure 6-12. Exergy flows (MJ) in the production of 1 MT copper. 
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Figure 6-13. Primary copper mass and exergy flows. 
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Figure 6-14. Exergy flows (MJ) in the production of 1 MT lead. 
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Figure 6-15. Primary lead unit mass and exergy flows. 
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9. THE ZINC INDUSTRY  

9.1 Process Description 

The overall process for the production of primary zinc metal (slab zinc) is very 
similar to that for lead. It also consists in five basic stages, namely: ore mining, 
beneficiation, sintering, smelting and final refining. However, zinc ores are more 
variable than lead ores and treatment is more complex. A general mass flow diagram 
for zinc production was shown previously (figure 6-7). Quantitative data were 
obtained from several sources (PEDCoZn 1980; Szargut et al. 1988) (USBuMines 
1991) and integrated with the help of mass balance estimates.  

9.2 Ore Mining and Beneficiation 

The most common zinc mineral is the simple sulfide, sphalerite (ZnS) and the 
zinc-iron sulfide (Zn, Fe)S known as marmatite, but zinc is also extracted 
commercially from a number of other minerals, including oxides (e.g., zincite, 
franklinite), carbonates (smithsonite, hydrozincite), sulfates (goslarite), and silicates 
(willemite, hemimorphite). Some zinc sulfide ores are associated with iron pyrites, 
copper minerals (chalcopyrite) and lead minerals (galena). Zinc ores mined contain 
3 to 11 percent zinc. Cadmium (as cadmium sulfide, or greenockite) is the second 
most abundant impurity of zinc, after iron, having an average abundance of 1 part 
per thousand of zinc and a maximum abundance of 1-2 percent of zinc. Zinc oxide 
ores are mostly not mined for their zinc content but are by-products of mines for 
other metals and are typically sent to ferroalloy (e.g., spiegeleisen) operations. 
Zinc sulfide ores are beneficiated by froth flotation. Concentrates range from 
52---60 percent zinc, 30---33 percent sulfur and 4---11 percent iron.  

9.3  Roasting, Sintering and/or Leaching 

Zinc concentrates are roasted, with sodium or zinc chloride, to drive off the 
sulfur (as sulfur dioxide, sent to a contact sulfuric acid plant) and convert the zinc to 
zinc oxide for subsequent reduction. The product of roasting is known as calcine, 
with a typical residual sulfur content of 2 percent. The calcine is then either sintered 
(with sand and coke) or leached by sulfuric acid.  

9.4 Retorting 

Sintered calcine is reduced by reaction of the zinc oxides with carbon monoxide 
from coke in a vertical retort, which is similar in function to a blast furnace. 
However, the zinc metal is removed as vapor and condensed to molten metal, which 
is subsequently cast into slabs. Impurities are separated at the retort for by-product 
recovery.  
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Figure 6-16. Exergy flows (MJ) in the production of 1 MT zinc.
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Figure 6-17. Overall unit zinc mass and exergy flows. 

9.5 Leaching and Electrolysis 

Some of the calcine is treated by leaching (with sulfuric acid) and the zinc is 
recovered by electrolysis as cathode zinc. Flue dusts from roasting and sintering 
operations, along with leach residues are leached again for cadmium recovery and 
purification.  
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9.6 Mass and Exergy Flows 

The pattern for zinc is comparable but slightly different from that of lead. Waste 
heat exergy losses are slightly higher. Material wastes are somewhat less. Zinc itself 
is considerably more exergetic than lead (5 GJ/MT as compared to 1 GJ/MT) and 
there is 50% more sulfuric acid by-product per unit mass of metal. The associated 
exergy flows are shown in figure 6-16. Combined mass and exergy flows are shown 
in figure 6-17. 

10. CONCLUSIONS  

The analysis clearly demonstrates how exergy analysis can be used for resource 
and waste accounting purposes. It enables one to compare the systems under 
consideration on a common basis, both to identify major loss streams that may 
correspond to inefficiencies and to provide a first evaluation of their environmental 
burden. Figures 6-18 to 6-22 present such an evaluation for 1993 in the United 
States for all five metals, arrived at by applying 1993 US production data multiples 
to the unit mass/exergy process-product values shown in the diagrams. 

The data clearly indicate that the aluminum industry is characterized by a very 
large exergy consumption, mainly because of the energy-intensive electrolysis used 
for reduction. Exergy losses in all the non-ferrous metals industries, per tonne, are 
about five times the losses of the steel industry. In fact, about 100 GJ of exergy are 
required for the production of 1 tonne of refined primary aluminum, while only 5 GJ 
are needed by the steel industry to produce the same quantity of metal. Aluminum 
competes in certain applications only because it is lighter than steel and non-
corroding. Among the lessons that can be drawn we include the need for greater 
recycling and the need for further technical improvements in the production process 
currently in use. The cases of copper and lead (and zinc) represent an intermediate 
situation between steel and aluminum. The former industries show the lowest exergy 
efficiency among the analyzed processes, but the absolute exergy consumption are 
relatively smaller than those of the aluminum sector (less than 40 GJ per tonne of 
metal in both cases). On the emissions side, even though accurate data about the 
whole spectrum of pollutants were not available for these industries, one can state 
that sulfur dioxide emitted in the smelting process is more likely to be the largest 
emission to air. For both copper and lead production, the exergy content of this 
substance has been accounted for under the item “wastes and useless by-products”. 
In the case of lead production it was possible to estimate the overall flow of the blast 
furnace off gas. However, instead of considering the disaggregated contribution of 
each component of the gas as an air emission, we have preferred to include the 
overall exergy content of the stream under the item “wastes”. This choice was due to 
the fact that it was not clear whether the off-gas was directly discharged to the 
atmosphere or further processed in any emission control system. 
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Figure 6-18. 1993 US steel mass and exergy flows. 
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Figure 6-19. 1993 US aluminum mass and exergy flows. 
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Figure 6-20. 1993 US copper mass and exergy flows. 
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Figure 6-21. 1993 US lead mass and exergy flows. 
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Figure 6-22. 1993 US zinc mass and exergy flows. 



AN APPLICATION OF EXERGY ACCOUNTING  183

Figure 6-23. Copper, lead & zinc mass and exergy flows for the USA 1993. 
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APPENDIX: METHODOLOGY FOR EXERGY 
CALCULATIONS  

In the following analysis only chemical exergy of the substances has been taken 
into account, for reasons explained earlier. For purposes of resource/waste 
accounting at the industry level, the inherent error of this approximation is 
negligible. When attention is focused on the overall processes, most of the materials 
involved in the production enter or leave the system boundaries at normal pressure 
and temperature so that thermal exergy can be neglected and total exergy content of 
the main streams can be equated to the chemical exergy content. On the other hand, 
it has to be stressed that the overall results cannot be used as second-law efficiency 
indicators at the plant level. For pure chemical substances (i.e., substances composed 
of a simple constituent) tabulated values for standard chemical exergy have been 
directly used. For complex substances (i.e., those substances or materials formed by 
several different pure compounds) chemical exergy can be computed by means of a 
simple formula (Szargut et al. 1988)  

=
i

iich ztB

where:  
Bch  standard chemical exergy of the complex substance (kJ/kg)  
ti   Szargut coefficient for the ith pure substance (kJ/kg)  
zi   mass fraction of the ith pure substance in the complex substance  

Szargut coefficients are usually coincident with the standard chemical exergy of the 
pure substances, except when the latter have particular chemical bonds in the 
complex substance under consideration. When Szargut coefficients were not 
available, standard chemical exergies have been directly utilized instead. Only for 
melted pig iron and steel Szargut suggests the use of a slightly different expression, 
viz.

+=
i

iiFech ztBB

where BFe = standard chemical exergy of iron (kJ/kg) and the other expressions 
are as above.

As already remarked by Wall (1986) in the case of mixtures, the above is a crude 
approximation, inasmuch as the entropy of a mixture is not the sum of the entropy of 
its constituents but depends on a number of other factors, which are difficult to 
evaluate. However, although the relative error can be significant (> 10%) it will 
usually be smaller and for the purposes of this paper it will be ignored. Chemical 
exergies of the major inputs and outputs as well as by-products and wastes for the 
processes under consideration have been computed using the above formulae. 
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Particular care has been taken to calculate the chemical composition of the 
substances entering and leaving the system boundaries. Where not available in 
literature, the composition has been estimated by the authors. Unfortunately, values 
of chemical exergy are found in published sources only for a limited numbers of 
pure substances. However, when not available, the chemical exergy content of any 
pure substance can be computed by means of an approximate formula, viz.  

+#=
i

iiFch bNGB
0

where  

0FG#   standard Gibbs free energy of formation of the compound  
bi    chemical exergy of the -ith pure element of the compound  
Ni    molar fraction of the -ith pure element of the compound  

The Gibbs free energy of formation is available in standard reference sources for a 
large number of chemicals, so that the previous expression can be easily applied to 
calculate exergy once the chemical composition of the substance is known. A list of 
the mixtures as assumed in the selected processes, giving their composition and 
chemical exergy content calculated using the methodologies above, is presented in 
table 6-2- 6-7 at the end of this Appendix. It must again be emphasized that in the 
case of mixtures, compositions are only typical and in no sense should be taken as 
precise. The exergy values of pure compounds can be found in Szargut (1988, 
Appendix Tables I & II, pp. 297-309). In the case of fuels and electricity, a different 
procedure has been adopted. Data for both of them are usually given in energy units 
(GJ). In the case of fuels — namely coal, fuel oil and natural gas — the exergy 
content has been estimated by multiplying the net heating value by an appropriate 
coefficient. This coefficient can be used to estimate the chemical exergy content of 
any fuel from its heating value or enthalpy (Szargut et al. 1988). It is a function of 
the ratio C/H and C/O of the substance and it is usually higher than 1, because it 
takes into account the imputed contribution of diffusion. A short list of fuels with 
their net heating value and chemical exergy content is presented in table 6-1.

Table 6-1. Chemical exergy content of some fuels 
Fuel Exergy coefficient Net heat value(kJ/kg) Chemical exergy(kJ/kg) 
Coal  1.088 21680 23587.84
Coke 1.06 28300 29998
Fuel oil 1.073 39500 42383.5
Natural gas 1.04 44000 45760
Diesel fuel 1.07 39500 42265

For convenience, the exergy coefficient of electricity has been assumed to be 
equal to 1.00, so that 1 kJ of electrical energy corresponds to an exergy flow of 1 kJ. 
This assumption could lead to some incongruences, as electricity, which is “pure” 
exergy and is certainly the most useful form of energy, has a quality factor smaller 
than some of the fuels that are used for its production. For this reason, it might seem 
more appropriate to account for electricity in terms of the chemical exergy content 
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of the fuels used for its production, thus taking also into account the efficiency of the 
conversion process. Moreover this procedure would enable us to evaluate all the 
energy inputs in terms of primary resources. The contribution of some input fuel 
streams has been disaggregated where part of it is used as a reducing agent (e.g., 
coke in the blast furnace or carbon anodes in the Hall-Heroult process) and part of it 
is simply a source of process heat. In the flow diagrams and in the tables, values are 
expressed in mass units for raw materials and in energy units for fuels. In the exergy 
balance they are both accounted for in terms of exergy units (MJ) but their 
contribution was still considered separately. 
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Table 6-2. Typical mixtures assumed for copper, lead and zinc flow analysis (part 1 of 3_left 
side) 
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Table 6-3. Typical mixtures assumed for copper, lead and zinc flow analysis (part 1 of 
3_right-hand side) 
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Table 6-4. Typical mixtures assumed for copper, lead and zinc flow analysis (part 2 of 3_left-
hand side) 
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Table 6-5. Typical mixtures assumed for copper, lead and zinc flow analysis (part 2 of 
3_right-hand side) 



AN APPLICATION OF EXERGY ACCOUNTING  191

Table 6-6. Typical mixtures assumed for copper, lead and zinc flow analysis (part 3 of 3 left-
hand side) 
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Table 6-7. Typical mixtures assumed for copper, lead and zinc flow analysis (part 3 of 
3_right-hand side) 
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NOTES  
1 This material is usually called “pig” iron for historical reasons. It was formerly solidified in 

ingots called “pigs”. Nowadays most crude iron moves on to the steel furnace as a liquid, 
to conserve energy.  

2 The BOF is very similar in concept to the old Bessemer process, except for the fact that the 
Bessemer process oxidized the excess carbon by blowing air through the molten pig iron. 
This procedure took place very rapidly and was difficult to control. If not done exactly 
right, the Bessemer process left trace quantities of nitrogen in solution in the steel, which 
made it brittle.  

3 Named after a town in Belgium where Union Minière, the inventor of the furnace design, 
maintains its largest facility  
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