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Abstract

This paper presents the balance of mass flowy due to the primary aluminium production from baux-
ite 10 molten metal and the identification of optimisstion potentials. To balance the mass flows and
enerey requirements of the worldwide aluminium production the developed process chuin is divided
mto technique specific modules. There are nearly 70 alumina refineries with a toml capacity of 56
Mt/s of alumina and nearly 200 smelters with a total capacity of 26 Mt/a of aluminium in operation.
Difterent smelter technologies are ¢lassified in terms of the specific energy demand, anode con-
sumption and emissions like CO; or C,F,. The specific electrical energy requirements for electroly-
sis mnge from 13,0 w0 17.5 kXWht of molten aluminium with a capacity weighted average of 14.9
KWHhL Two case studies show that by an increase of the annual aluminium production of 6 Me, the
specific energy requirement will decrease to 14.1 kWhkg Al due 1o the installation of new smelters
and changes in the applicd technology.

Introduction

Further developments of industrial sectors like aluminium production are often the subject of inves-
uganion. For a known market growth mte, future production can be extrapolated for years or dee-
ades. This s much more difficult to predict for technical progress, ¢specially when considering
technical and environmental aspects in the understanding of sustainable development. Furthermore,
technical progress iy different for different steps of a process chiin and for different locations and
its implementation is not predictable generally. Nevertheless realistic assumptions for future tech-
nology can be made, when the estimation of the maximum technical potential, which 1s known to-
day in every process step is divided from the forecasting of its application in a certain time. Then
the combination of them together with site-related analysis could give reliable results.
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In order to analyse the complex system of metal production and recyeling, differemt models have
been developed. This paper will give an overview of encrgy and process-related emissions of proc-
esses during aluminium production, Furthermore, the impact of progress and change in aluminium
electrolysis is analysed in two case studics in terms of energy demand, anode consumption and
emissions of CO;, CFy/C;F, and global warming potential, For this purpose the status quo of the
year 1997 for anode consumption and demand for encrgy as well as the emissions of CO; and
CFyC3F; s determined. These figures belongs to a production of 22 Mio. /i aluminum. The used
technique is subdivided into categonies which are onentited by the energy demand of the applicd
technique. The two case studics are taken s o basis, that the production increases 10 28 Mio. ta
aluminium in 2010, We assume that on the one hand about 3 Mio t increased production through the
restart and the enlargement of existing plants are produced, The other 3 Mio. Va alummuum are pro-
duced by the new building of smelters with modern PFPB-technology which go to 2010 in opera-
tion. In the case smdy | the used techmique is not changed, with which the initial ones 22 Mio, /4
alurminium to be produced. In case study 2 we assume, that the applied technology in the smeliers,
which are in operation since 1997, changes until 2010. These changes are limited to cerain techni-
cal limitations, which do not approve the alternation of o technical category into the other one any.
With that it possible 10 recognize which changes oceur in the total and specific resource consump-
tion if on the one hand the production is increased. On the other hand it is possible 10 recognize the
changes that can be achieved with the technical possible changes of the today used technology

Alumina production by the Bayer process

Today the total capacity of alumina refinenes approuches 56,326,000 1 ALO:, compared 10 # pro-
duction of 46,379,000 t m 1997 and 41,745,000 t in 1994, The distribution of bauxite type used for
alumina production, determined by the predominant alumina bearing mineral, in 1994 is shown in
Table | [1, 2, 3],

Table |: Bauxite types and their share of production

Bauxite type Share of world alumina production (%)
Gibbsitic 54
Bochmitic 30
Dhasparic 1
Nepheline (+ Alunite) s
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The type of bauxite determmes the process sechnology from which the following results could be
estimuoted:
Table 20 Alumma production in % according to process technology [1]

Bauxite type Share of world aluming production (%)
Bayer LTD & AD 48
Bayer HTD & Sweetening 12
Bayer HTD (partly with lime) I8
Bayer & sodu lime sintering 17
Nepheline (+ Alumite) sintening 5

LTD: Low Tempemture Digestion, AD: Ammosphenc Digestion, HTD: High Temperature Digestion

Energy requirements for the Bayer process

Detailed data are not available relating to the average energy consumption of the different types of
aluming plants. Table 3 shows the energy consumption of five different alumina plants. It can be
seen that it is possible to reduce the energy consumption to 5.1 MV/kg ALO; by using a tube di-
gester, which has been in operation for 25 years in Stade, Germany. Despite of its advantages this
technology is applied very rarely. Nutural gas (40 %) as well as foel oil (38 %) are the typical en-
ergy sources for the Bayer Process,

Table 3:  Energy requirements (MJ/kg ALO,) for some aluming refineries [1]

Plant Digestion  Evaporation  Others  Total k0

Stade 35 0.5 1.1 51 100

Wagerup 2.5 25 32 8.2 160

Gove 2.5 25 32 82 160

Damanjods 14 36 47 97 190

HTD Autoclave 4.0 10 3.0 10.0 196
Calcination of alumina

The aluminium hydroxide produced in the Bayer process has to be calcined to aluminium oxide.
This is done in stationary fluid bed calciners and rotary fumaces. An average of 4.8 Mikg ALO; is
required for calcination i the rotary fumaces and only 3.3-3,1 MJ/kg in the stationary fumaces.
Natural gas as well as heavy fuel oil can be used for the calcination. The share of rotary and station-
ury fumaces according 10 the total worldwide mstalled capacity is not well known, but we assume
that one third of the alumina is calcined in rotary furnaces and two thirds in the stationary type. Ac-
conding to the data above, the world average energy consumption from both stationary as well is
rotary furnoces s 4.3 MIkg AL Oy, amounting 1o 130 % of today’s applied technical minimum,
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Aluminium electrolysis

In 1997 there were worldwide nearly 200 smelters in operation with a total capacity of 26 Mio, va,
of which the greatest is the Bratsk smelter in Siberia (800,000 t/a) and the smallest one (in the west-
em world) the smelter at Kinlochleven, Scotland (11,000 t/a). The latter was shut down in the sum-
mer of 2000. Furthermore some 3.000 t/a or even smaller smelters exist in the PR China.

Different smelter technologies were examined with respect to the specific encrgy consumption and
anode consumption as well us to emissions of CO; and CFo/CoFy.

Aluminium smelting technology can be roughly divided into five different technologies:

* HSS: Honzontal Stud Soderberg

e VSS: Vertical Stud Stiderberg

e SWPB: Side Worked Prebake

e CWPB: Centre Worked Prebake (with centre brake bar system for alumina feeding)
e« PFPB:  Point Feeder Prebake (with point feeder technology for alumina feeding)

Even at the same smelter location different technologies have been apphied in different pot lines,
. at the smelters at Kurei Kurri i Australia and Sorocaba i Brazil,

For an analysis of current and future energy requirements and mass flows, considemble dats on
wnelters around the world have been collected and analysed. Further, each smelting technology
mentioned sbove has been divided into three categories of technical standard: Old Technology
(OT), Present Technology (PT) and Newest Technology (NT). Criterion for the classification was
only the electric energy requirement. following Table 4. Smelters for which the energy requirements
were not available, were appointed to these technical categorics using other criteria, such as start-
up. Smelters, for which the technology was not available, were not examined and excluded from the
following analysis. These are predominantly small smelters in PR China. With regard 1o the old
technologies used in PR China smelters up to the present, the results on this analysis scem to be
moderate,

Table 4: Energy requirements of different technical smelter categories
Old Technology Present Technology — Newest Technology

OT) (" (NT)

kWivkg Al kWhikg Al kWhkg Al
HSS > 165 165> 145 < 145
VSS > 165 16.5->140 s 140
SWPB > 155 155->135 <135
CcwprB >18.5 155> 3.5 <135
PFPB =145 145->13.5 <135

By following these criteria, in 1997 a smelting capacity of nearly 22 Mt was analysed.
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Table 5: Installed capacities for cach technical category and share of world production

Technology Technical Capacity  Share of total production
category (t/a) (%)
HSS or 1,204,000 55
PT 779,000 is
NT = 5
VSS ar 1,916,000 87
T 2,698,000 123
NT =1 —
SWpPB oT - -
PT 1,455,000 6.6
NT 572,000 2.6
CWPB oT 1,060,000 48
PT 2,165,000 9.7
NT - -
PFPB or 2,106,000 9.6
PT 4,502,000 205
NT 3.485.000 15.9
Total 21,944,000 100.0

The electrical energy requirements and demand of anodes for each technical category and the total
averages, weighted by the production, are listed in Table 6. The figure from table 5 and 6 are used
to describe and analyse the situation for energy demand, anode consumption and emissions in 1997
and the case smdies. Figure 1 shows the comparison of production share and energy requirements
for cach technical category in 1997, It can be seen thut the share of total electrical energy demand is
smaller compared to their share of production only for PFPB-NT and PFPB-PT smelters. The other
technical categorics require more clectrical encrgy compared to their production share.

Table 6:  Installed production of each technical category and share of world production

Technical category  Elec. energy demand Net anode consumption

(kWh'kg Al) (kg1 Al)
HSS-0T1 17.1 536
HSS-PT 149 557
VSS-0T 17.1 572
VSS-PT 158 529
SWPB-PT 14.5 427
SWPHNT 132 409
CWPB-OT 164 474
CWPB-PT 147 431
PFPB-OT 15.1 436
PFPB-PT 140 426
PEPB-NT 133 410
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Figure 1: Share of production and total energy requirement for differem technical categonies of Al
electrolyses ceils in 1997.

Electrical energy case study | for the year 2010

To answer the question, how much energy will be required for each kg of aluminium in the future,
some boundary conditions have 1o be defined

Between 1997 and 2003 some smelters already have or will restant their shut-down capacities, ulso
some new smelters have come online, or will go online until 2003 (e.g the Alma progect of Alcan,
the Tkot Abasi smelter in Nigena or the Maputo smelter in Mozambique). Some other smelters will
shut down their capacity (e.g. Isle Maligne in Canada), This will result in an inerease of worldwide
primary aluminium production of 3 Ma. Beside these changes we assume an mcrease of primary
aluminium production worldwide of another 3 Mt/a before 2010, so that the total aluminium pro-
duction will increase from 22 Mt in 1997 1o 28 Mt in 2010, resuiting in 8 yearly increase of neatly 2
. This secms to be 4 moderate and conservative value in comparison 1o other studies. It is assumed
thit in new projects exclusively nstall PFPB-NT technolojy. Furthermore, we assume that the
other smelters will not change technology and energy requirements

Under these conditions, the average clectrical energy requirements will decrease from 4.9 kWihikg
in 1997 to 14,6 kWhiky in 2010 (amounting to 98.2 % of the 1997 value), coused only by the instal-
lation of new smelters and shut- down of some smaller less efficient capacities,
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Figure 2: Share of production and total energy requirement for different technical categones of Al
electrolysis cells in 2010 according to case study 1.

Electrical energy case study 2 for 2010

What is the impact if the technology in the existing smelters changes? It seems most likely that
smelters will oprimise their operation and decrease their energy consumption by installation of
automatic pot control or optimisation of the manual work at the pots, in order to further minimise
operational costs

We assume that all changes from 1997 to 2010 will take place as described in the case study 1. Ad-
ditionally, some smelters will change their technical categories shown in Table 7. These changes
consider that it is not possible to change the pot type from HSS or VSS to PB technology without
accepting and paying for substantinl changes in the superstructure of the pot. It is also difficult 1o
change from SWPB to PFPB, but casier to change from CWPB to PFPB technology. Moreover, it is
difficult, or impossible, to decrease the encrgy demand of PFPB-OT/PT to the demand of a large,
magneto-hydrodynamic compensated cell typical of the PFPB-NT technology.

Table 7. Change of technical categories of Al clectrolysis cells in case study 2
1997 HSS-OT VSS-0T SWPB-OT CWPB-OT CWPB-PT  PFPR-OT
2010 HSS-PT VSS-PT SWPBNT  PFPB-PT PFPB-PT PFPB-PT

These changes result in o decrease of the average energy demand 10 14.1 kWhikg Al (or 94.9 % of
the 1997 value)
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Figure 3 shows the share of production and energy requirements for each technical category i 2010
according to case study 2, It can be seen that some technical categones are missing due to the
boundaries for the case study one desctibed above. Only for the PFPB-NT smelers the share of
production s grater compared to the share of total energy demand
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r.pm 3 Share of production and total energy requirements of different technical categones of
electrolysis cells in 2010 according to case study 2

- |

Anode consumption (status and case studies)

The average anode consumption in 1997 15 463 kgt Al (S6derberg and Prebake). Generally, the
share of anode consumption 1s igher for Soderberg technology and less for Prebake technology
compared to their share of production (excluded for CWPB-OT, but there are few data available)
This situation does not change in case studies | and 2. The average anode consumption will de-
crease i case studies | and 2 10 424,1 and 415.6 kg/t Al, respectively, amounting to 981 % and
96.9 % of the 1997 value.

The figures 4 to 6 compare the shire of production and the share of 1otal anode consumption for the
different smelter categories. In all cases the PB-technologies consume less anodes compared to then
share of production
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Figure 4: Share of production and total anode consumption of different technical categories of Al

electrolysis cells in 1997
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Figure 6: Share of production and total anode consumption of different technical caregones of Al
clectrolysts cells in 2010 according to case study 2,

Chemical Energy Consumption

Chemical energy in this paper is defined as |, the energy for anode baking. 2. the chemical energy
content of the anodes which are consumed dunng clectrolysis and 3. the chemical energy from
packing coke, which is consumed during the anode baking process. For the calculations 1t 1s as-
sumed that the fuel for anode baking is always oil, also due to lacking information about the use of
nitural gas. The energy contents of the materials and the energy demand for anode production are
listed in Table 8, For the case studies it is assumed also that no changes are made i anode baking
technology, e.g decrease of fuel or packing coke consumption, The changes are only onginated by
the changes of the applied smelter categories.

Table 8:  Energy content of fuel oil, packing coke and baked anodes, mass requirements for anode
production and specific encrgy consumption for anode production

Encrgy content  Mass required during  Energy consumed
anode haking (6] during anede baking

Ol 40.5 MJ/kg 50 kg/t anode 2,025 MJ/t anode
Packing coke 30.0 Mikg 45 kg/t anode 1,350 M7t anode
Baked anodes 30.0 MJ/kg -

It can be seen from figure 7 that the differences between the proportions of chemical energy cone
sumption and total aluminium production are marginal, The chemical energy demand from anode
consumption s smaller for PB technologices, but they need chemieal energy for anode production,
w0, But generally more chemical encrgy is required for the Soderberg technologies.
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In 1997 nearly 15,800 MJ chemical energy are required for the production of one ton of aluminium
This will decresse to 15,500 MJ in case study 1 and 15,300 MJt Al in case study 2 rospectively,
amounting to 98.2 % and 96.8 % of the value from 1997, The changes are only small due 1o the
similar consumption of chemical energy.
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Figure 7. Share of production and total chemical energy consumption of different technical cate-

gories of Al electrolysis cells in 1997, For bester clarity the chemical energy consump-
tion for anode production due to fuel consumption and packing coke are combined

Emissions of CO, from electrolysis and anode production

CO; 15 emitted during the sluminium production due to anode production (combustion of fuel for
baking and packing coke) and consumption of anodes dunng the electolysis. In 1997 1.825 vt Al of
CO; are eminted from these sources, In case study | these emissions decrease slightly to 1.799 vt Al
and in case study 2 o 1.792 v Al The changes are only small due to the similar consumption of
anodes. fuel for anode baking and packing coke of the different smelter categories.

CF; emission in 1997

What amount of CF4/C:F,, is emitted today from primary aluminium smelters?

CF, and CsF, are emitted from electrolysis cells only during the so-called anode effect, The specific
smount of the emissions depends of the anode effect frequency, duration of the anode effect, cell
amperge and current efficiency. We assume that the different technical smelter categories lead to
the following specific amounts of CF/C,F, emitted to the wtmosphere. The data were taken from [4,
5] und modified.
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Table 9: Specific emissions of CFo'CFy caused by different technical categories of Al efectrolysis
cells

Technical category of Al electrolysis celly CFs4 CyFo (= 10 % of CFy)

(kw't Al) tkg/t Al
PFPB-NT 0,05 0.005
PFPB-PT 030 0.030
PFPB-OT 0.50 0,050
CWPB-I'T 0.30 0.030
CWPB-OT 0.50 0,050
SWPB-NT 0.70 0.070
SWPB-PT 120 0.120
VSS-rT 0.55 0.055
VSS-OT 110 0110
HSS-PT 0.07 0.007
HSS-0T 0.40 0.040

In 1997 primary aluminium smelters emitted 10,032 ¢ of CFy and 1,003 1 of CoF,, corresponding 1o
an uvempe specific emission rate of 0.46 kg/t Al The companson of CFy emissians und total Al
production shows that some technical categories emnt much more CF, compared to their share of
production, especially VSS-OT, -VSS-PT and SWPB-PT,
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Figure 8: Share of production and total CF, emissions from different smelter categones in 1997
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CF4/C,F; emission case study 1 for 2010

How much will the emissions of CFy/CsF, change by 20107

Under the conditions outhined in the electrical energy case study 1 described above, the total emit-
ted amount of CF/CyF, will increase to 10,907 tva CF, by 2010, representing an increase of 8.7 %,
of the total amount in 1997, The specific emitted nmount will decrease to 84,8 % of the 1997 value,
or (.39 kgt Al of CF,. The comparison of production and emission share with respect 1o technology
s only slightly different to 1997,

But it can bee seen that the differences in share of production and share of emissions are much lar-
ger compared to the situations for energy demand and anode consumptions. The PFPB-NT smelters
ure the best, their share of production is much larger than the share of production. VSS-OT, VSS-
PT and SWPB-PT smelters are the largest sources of CFy. These three categones emit nearly 50 %
of the 1otal CFy, but their share of production s only 23 %,
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Figure 9. Share of production and total CFy emissions of different smelter categories in 2010
necording to case study 1.

CF,/C;5F, emission case study 2 for 2010

Under the conditions outlined i electrical energy case study 2 described above, the total emitted
amount of CFy/C;F, will decrease to 7,914 t'a CF by 2010, correspending to a decrease of 21.1%
of the total amount in 1997, The specific emitted amount will decrease 10 60,9 % of the 1997 value
or 0.28 kg/t Al of CF,.
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Figure 10 shows that nearly 35 % of the total amount 18 emitted from the VSS-PT pots, which pro-
duce only 17 % of the aluminium. On the other hand, the PFPB-NT pots produce nearly 30 %% of the
world aluminium production and emit only 5 % of the wtal CFy amount, This 1s mainly due to an
ongmng n:ducnon of the number of anode effects extending almost to 2010
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humc 10. Share of production and total CF; emissions from smelters of different rechmeal catepo-
ries in 2010 according 1o case study 2 .

Total emissions of Green House Gases (CO; and C,F,)

The GWP of CE4/CsFy is very high, a1 6,500 and 9,200 times that of CO;, respectively, on a 100
year basis. It can be seen from figure |1 that the share of greenhouse gases emitted from the smelt-
ers depends on technical category and differs from their share of production, The most critical
seems 1o be the smelters of VSS-OT and SWPB-PT technical categories. Their ghare of greenhouse
gas emissions is twice as large as their share of production, most of it coming from CFa. An average
of 5.2 U1 Al of Green House Gas is emitted from aluminium smelters, incloding 1.8 1 directly as
CO: from production and consumption of the anodes

What will happen by 20107

12 Proceedings of EMC 2001
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Figure 11: Share of production and emissions of CO; and CFy caused by dnffcn:m technical smelter
ciategories in 1997

Emission of Green House Gases case study 1 for 2010

Under the conditions of case study 1, with no change of smelter technology and an additional produc-
tion of 5 Mta Al the production share of PFPB-NT smelters will increase 1o nearly 30 %, There is
title difference in the share of production and GWP emissions, compared with the situation in 1997,
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Figure 12: Share of production and emissions of CO; and CF; caused by different technical smelter
categories in 2010 according to case study 1.
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The total amount of GWP emitted from smelters increases to 114.9 % of the 1997 value. Certamly
the specific smount of GWP emitted decreases to 4.5 th Al corresponding to 87.1 % of the 1997
gpecific value, including 1.8 vt Al directly as CO; arising from anode production and consumption.

Emission of Green House Gases case study 2 for 2010

In case study 2 there is an assumed change in the smelter technology, o aluminium ss valy pro-
duced by smelters in the HSS-PT, VSS-PT, SWPB-PT, PFPB-PT and PFPB-NT categories.

The total amount of GWP emitted from smelters decreases to 96.0 % of the 1997 value. The spe-
cific amount of GWP emitted decreases to 3.9 vt Al corresponding to 74.2 % of the 1997 specific
value, including 1.8 vt Al directly as CO; from anode production and consumpion.
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Figure 13; Share of production and emissions of COs and CFy caused by different techmical smelter
categories in 2010 according to case study 2.

Summary and Conclusions

Most of the data from the case studies are shown in Table 10, For case studies | and 2 we assume
that primary aluminium production will increase from nearly 22 Mt in 1997 1o over 28 Mt {n 2010,
cortesponding to 1282 % of the 1997 amount. With no change in cell operations (case study 1) the
specific electrical energy requirements will decresse to 14.6 KWhkg Al corresponding 1o 98.2 % of
today’s energy consumption, due to the installation of 4 modern smelter capacity of 3 Mt. At the
same time the toral electrical encrgy demand will increase to 126 % of the 1997 amount. With
changes and optimisation of the smelter technologies (case study 2) the specific energy amount will
decrease to 94.9 %, and the total encrgy consumption will increase to 121.6 % of the 1997 value,
The decrease in the specific energy demand appears to be not very spectacular, but this is based
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only on the energy requirements of smelters, which are in operation today. Further developments in
clectrolysis eehnology are not included, such as larger cells and drained cells with wettable catly-
odes. Furthermore, 30 % of the aluminium 15 already produced in PFPB-smelters. Thus the major
decreases have been made over the last 20 years due to the installation of this technology. On the
other hand the decrease in emissions of gases with global warming potential is much larger, particu-
larly the decrense of CFy/C,F, emissions. In case study |, without any change in smelter techno)-
ogy. the specific emissions of CF#/C;F, will decrease to 85 % of the current value, with a slight
increase 1o 108.7 %, of total emissions. If recent existing smelters are optimised (shown in case
study 2), the specific as well as the total emissions of CF2C,F, will decrease to 61.5 % and 78.9 %,
respectively, of the 1997 vilue, This leads to a decrease of total Green House Gas emissions (in-
cluding CFy, C;F, and CO; from anode production and consumption) to 96 % of the 1997 value,
The specific GWP emissions can be reduced to 74.2 % of the 1997 value.

It can bee seen from the figures, that the increases of total electrical and chemical energy demand,
anode consumption and CO; emissions are nearly direet proportional to an increased production of
aluminium both in case study | with no changes in the today applied technology and in cuse study 2
with changes in the applied technology, The specific figures will decrease only little due to the ad-
ditional production of aluminium in sew smeliers and changes in the applied technology. The
changes of the emissions of CFy/CyFy are not proportional to an increased aluminium production,
because there are large differences in the specific emissions of these gases from different smelter
technologies. So an increase of aluminium production to 125 % of the 1997 value will result in an
increase of the total CF, emissions to 108 % only due to the instllation of modern smelter with 3
Mta aluminium (case study 1), The change in the technology applied today will result in o de-
crease of the total CF4 emissions to 79 %, the specific emissions will reach only 61 % of the 1997
value, These changes will result in a decrease of the emissions of green house gases, caleulated as
COZ on a 100 year basis, 10 96 % of the 1997 value.

Additionally there are large potentinls in reducing the specific and toral Green House Gas emissions
after 2010 if aluminium is produced only in new PFPB-smelters. But this is unrealisable until 2010
duc to the high investment costs for modern smeliers, The only technically practicable way is a
slightly bur consequent installation of these smelters combined with modernizations of the existing
installations.
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Table 10:  Energy content of fuel oil, packing coke and baked unodes, mass requirements for un-
ode production und specific energy consumption for anode production
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