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Summary

The Netherlands’ Environment Assessment Agency (MNP) would like to include in The
IMage Energy Regional (TIMER) model physical indicators of activity as driver of energy
demand instead of the economic activity indicators that are currently used. In this study we
explored the possibility of using physical indicators as driver of energy demand by
developing scenarios for the iron and steel industry until 2100.

We projected the demand for crude steel in the 26 TIMER regions using an intensity of use
approach that projects per capita crude steel consumption as function of per capita income. In
the equation used, per capita consumption grows fast at low-income levels and saturates at
high-income levels. We included a time-dependent factor to account for material efficiency
improvements as a result of technological progress. Based on an analysis of historical data,
we estimate future material efficiency improvements at 0.65% per year. As a result, the per
capita saturation level as high-income levels drops from 635 kg per capita in 2003 to 474 kg
per capita in 2100 in the basic intensity of use equation used. Using exogenous projections for
GDP and population developments according to the four 4 main [IPCC SRES scenario groups,
this approach results in a worldwide steel consumption of 2000 — 2400 Mt in 2050 and 1900 —
2500 Mt in 2100, depending on the GDP and population scenario chosen. This corresponds
to average worldwide per capita consumption levels ranging between 200 and 300 kg per
capita. For comparison, worldwide crude steel consumption in 2004 was 1058 Mt,
corresponding to an average per capita consumption of 160 kg. In three of the four scenarios,
steel consumption reaches a peak somewhere between 2050 and 2100.

In the model, steel production per region is derived from steel consumption assuming as
default a frozen trade assumption (i.e. absolute trade flows are frozen to 2003 levels). Rather
than exogenously assuming shares of primary (from iron ore) and secondary (from scrap)
production technologies, we included a detailed material flow model that determines the
future availability of scrap based on past steel consumption in four steel product categories in
combination with a lifetime distribution for these product categories. This scrap availability,
in combination with a scrap recovery rate, determines the amount of steel that will be
produced from scrap. Application of the material flow model to past steel consumption made
it possible to estimate the recovery rate of obsolete scrap in the past. For the larger developed
regions (USA, Western Europe, Japan), current obsolete scrap recovery rates estimated with
the material flow model range between 60 and 80%, which is line with the few other
estimates that could be found in literature. For the future, we use as default an obsolete scrap
recovery rate of 70%. Based on these assumptions, we project the worldwide share of
secondary inputs into steel production to increase from the current 42% to 60 — 70% in 2100
(depending on the scenario chosen). The material flow model also allows estimating the stock
of iron products in use and the total stock of non-recovered dissipated steel. The current
average worldwide per capita stock of products in use is estimated at 2 ton per capita and is
projected to increase to 5.5 — 10 ton per capita in 2100, depending on the scenario.

Energy use and CO, emissions are calculated in the model based on the development of the
best practice specific energy consumption for the three steel production technologies
distinguished (pig iron with basic oxygen furnace, scrap with electric arc furnace and direct
reduced iron with electric arc furnace). We assume the best practice specific energy
consumption level to decline by 30% until 2100 compared to 1990 levels. For each of the
regions, we estimated the energy efficiency levels compared to the best practice in 1990 and
assumed convergence to the best practice energy level in 2050 for all the regions. Using this
approach, we project worldwide primary energy consumption for the production of iron and
steel at 29 — 35 EJ in 2050 and 18 — 26 EJ in 2100 (2004 primary energy use is estimated at
22 EJ). As a result of energy efficiency developments and the increased share of steel



produced from scrap, energy use in all scenarios already peaks before 2050. CO, emissions
from iron and steel production are estimated at 2200-2700 Mt in 2050 and 1200 — 1900 in
2100.

We explored the sensitivity of the model results to some of the key model assumptions such
as the assumed material efficiency factor, obsolete scrap recovery rate and energy efficiency
developments. We also explored other assumptions regarding international steel trade and
found that different trade assumptions would change the results at the regional level
substantially. The sensitivity analyses show that the results of this kind of long-term
projection are very much influenced by the basic assumptions made and that the model results
should always be interpreted having these basic assumptions in mind. In the final chapter, we
discuss various possible improvements of the model such as the inclusion of a production cost
based trade module, a more detailed energy and CO, module including technologies such as
carbon capture and storage and the extension with other materials.

il



Table of Content

SUIMIMATY ceceiuiiierisneisenissnessnessessssnesseessessssissstsssesssssssstsssesssssssstsssessssssssssssesssssssssssssessasssssssssssassss i
Table of Content.........ccveereesenrncsensenseensanssessacsanes iii
D 0100 01 LU 14 ¢ 1
2 Introduction to iron and steel production .............ceevveeieceeensnnennne 5
2.1 General description of technologies..........cccvieiiiiiiriieiieeieeeee e 5
2.2 Overview of primary and secondary inputs into steel production ...............ccueuu.... 6
2.3 TS e A ] USRSt 8
2.4 Tron and steel fOUNAIIES. ........ccviiiieiiieiiecie et 9
3 Demand for Steel .....iirinrisiisinsiisseiisneisneisssisssicssiessisssisssiesssessssssissssssassssssssssesane 11
3.1 Conceptual modelling approaches ..........ccoeceevvererierereeieseeieie et 11
3.1.1 Dematerialization and intensity 0f US€..........cccceeveerierirniiriiieieeee e 11
3.1.2  Overview of existing models with steel demand projections ............c.cccecueeneen. 13
32 General description of modelling approach ...........ccceecveveieiciieviienieniecee e 14
33 Overview of past trends and data used for estimating model parameters.............. 17
3.3.1  Apparent crude steel CONSUMPLION. ......cc.evveriirierieriieieieeteteseeeeee e 17
3.3.2  Production and consumption of iron castings from foundries..........c...c..ccoe...... 20
34 Detailed model description and exogenous model parameters ..............eceerveenenee. 21
3.4.1 Apparent crude steel CONSUMPLION..........coeeevieriierierieriieieeieeieeree e eereeseenseas 21
3.4.2  Production and consumption of iron castings from foundries...........c...ccccen.ee. 24
4  Steel production and trade flows........ccceeuversuerennns 25
4.1 Conceptual modelling approaches ...........coeceeeveriieiereseeieseeieie et 25
4. 1.1 INEOAUCHION ..oniieiieiiicitent ettt ettt s et 25
4.1.2  Existing modelling approaches for steel trade and steel production by
EECHNOIOZY .veeviiiiieiieeie ettt ettt e et e st estb e et b e enbeessaeeraeetaeeeseenseensaenees 26
4.2 General description of modelling approach ...........c.ccoeceiiiiiiiiiiiiinie e, 28
4.3 Overview of past trends and data used for estimating model parameters.............. 30
4.3.1 Production and trade of Steel ..........ccoeviiriiiiiiiieiee e 30
4.3.2  Production of steel by teChnology ........cccooceeieieniiiiieiiiieeeee e 34
4.3.3 Specific iron requirements per tonne of crude steel ............ccceveereeiieiieniennnnne, 36
4.3.4 Production and trade of primary iromn...........ccceceerieririieniiieeeree e 36
4.3.5 Availability and recovery of circulating SCrap..........ccecveevverververcvencreereereeenees 41
4.3.6  Availability and recovery of prompt SCrap ..........ccceeceeeveecieseerieeieeieeieeseee s 42
4.3.7  Availability and recovery of 0bsolete SCTap ........cccceevvererierienieieriereeie e 43
4.3.8  SCIAP trAAC ..ccueieieieeiiietieetee ettt ettt et ettt ettt st enae b esee s nees 46
4.4 Detailed model description and exogenous model parameters ..............ceceervereeee. 47
4.4.1 Production and trade of StEel ...........cooevveieieiieiininiicicccceeeee e 47
4.4.2  Steel production by technology ..........cceecuieiieiiiniiiie et 49
4.4.3  Specific iron requirements per tonne of crude steel ..........ccccoveeeerircieneneennnn. 50
4.4.4  CirCUlatiNg SCTAP ...cveeeuieeiieieeieeeteeteeteete et e steesneeenteenbeeseesseessaesnneenseeseessnesens 50
4.4.5  PrOMPE SCTAP c..eeiuiienieetieiteeie ettt ettt sttt ettt et e et st et e nbeesaae e 51
4.4.6  ODSOLELE SCTAP.....veeiieriereieeieeteesieesttertresbeebeesttesteesebessseasseesaesssessseesseensaeseenens 51
4.4.7 Historical fraction of secondary steel and obsolete scrap recovery rate............ 51
4.4.8  SCIaP A ..ccueevieeieieeiieieie ettt ettt sttt et et 52
4.4.9  Calculations Of SOCKS .......ccueiieeiiieiieciie ettt 53

il



5 Energy use and CO; emissions 55
5.1 Modelling approaches, overview of existing models...........ccecvevervevenirrienennenne. 55
5.2 General description of modelling approach ...........cccoevveveierciieciienieniecee e, 56
53 Overview of past trends and parameters based on past trends...........ccccceevveeneennen. 56
5.4 Detailed description of the model ............coocvviiiiiiiiiiiiie e 58
I B 25 1 1<) o 2 | 1RSSR 58
5.4.2  COy CIMISSIONS . ceeeeeeteeeeeeeeeeeeeeeeeeeeeeeeeeee et eeeeeeseeeeeeeaeateeeeessesseaserreeeeeeeeeeeanas 60
6  Derived historical model results testessentessstessnttesastesssntesastesensessaanes 61
6.1 Scrap use and derived obsolete SCrap reCoOVEry rate.........coovvereveecreerieereerreneneeneens 61
6.1.1  Obsolete scrap recovery rate used in Projections. .........ccecueerveereereesieeesieeneennen 66
6.2 STOCKS TN USE ..ttt ettt ettt e 66
6.3 Energy use and CO; EMISSIONS .....eccuieruieriieiieeiieiiesiieeteeieeieesieeseee e eeseeseeseeeses 68
7  Scenario projections and CONCIUSIONS........covvirireicscnicssaresssaressssisssasessssssssssssssassssssssssnss 71
7.1 Introduction and scenario deSCIIPLioN .........c.ecuevierierieierieseeienie et 71
7.2 StEE] CONSUMPLION ....evieiiieiieeiieeieeie et et e steste bt ebeestaessaesebesereesseesseesssesssensseesseens 72
7.3 Steel production, trade and stock of irON iN USE .......ccveeuierieniieiieiieieieee e 75
7.3.1  Steel production and trade ...........cocceevueririerinieieeeee e 75
7.3.2  Scrap availability, steel production by technology ............ccceevveriercinniiieieenen. 77
7.3.3  StOCKS OF IIOM I TS ...veuvemvenieiieierieniiieietciteitecste sttt ettt et enens 81
7.4 Energy use and COy EMISSIONS ......ccuveruieriierieeiriesiieniiesreereeseesseeseneseseesseesseesseesens 82
7.5 The results in perspective, sensitivity and alternative model assumptions............ 86
7.5.1 Material efficiency, energy efficiency and obsolete scrap recovery rate........... 86
T.5.2 TTAAC -ttt ettt ettt ettt st et ebeenean 89
7.5.3  Other variables........coecveiiiiininiiiciicrnseeeeeee ettt 91
8 Recommendations for model improvements and future research ..........ccceeeeuenennnes 93
8.1 INErOAUCHION ... cuiieiieiiciecctcte ettt ettt 93
8.2 The link to the TIMER model and beyond ...........cccccoeoiiiiiiiinieniiiicceeeeceee, 93
8.3 Steel demand........coevveieiiiiinin et e 94
8.4 Steel production by technology and trade flows ..........cccceriiiiiiiiiiiiniieeee 95
8.4.1 Trade flows based on differences in COStS .......c..covererueniererrenieneninerieiccnenenne 95
8.4.2 Improvements to the material flow model.............ccoeeieiiiniiniiiiiieeee e, 96
8.5 Energy use and CO; @MISSIONS .....oecueeiiieriiiiieeieeieesiee sttt st e e 96
8.6 Extension with other materials...........cccocevivininenieiieinicniccceeceeeeenae 96
RETCIEICES ccceuueeireeruensenssennsuensnensnessaecssensenssaesssesssesssaesssesssessssssssesssessssesssessasssassssaessasssassssnsssns 97
Appendix 1 List 0f 26 TIMER T@ZIONS .......eevvieriiieiiiiiieieesiiesie e eveereestesaesereesseesaessaessnessseenses 105
Appendix 2 Overview of existing steel MOAELS .........ccecuirieiiiriinieiiseeee e 110
Appendix 3 OVEIVIEW A& SOUICES.....evvierierieriieriieereeteesteessresereeseeseessaessseasseesssesssesssessensseeses 122
Appendix 4 Parameters used in IUgyp CUIVE .....oiiiiiiiiiiiiccccc e 124
Appendix 5 Summary SCenario StOTYIINES.........eeveriirierieriieierie ettt 125
Appendix 6 Projected population and GDP per capita values ..........cccceveeeeienienienieeie e 126
Appendix 7 Default trade ProjECtions .........ceecverieriereeieiesieeteie ettt ettt st eneesseseeesesseenees 128
Appendix 8 Alternative trade SCENATIOS ........ccvteruieriieeieeiieieeteeeteesteeteete e e esseesaeeenbeenseesseeseeesens 132
Appendix 9 IMOAE] SCIIPL. ettt ettt ettt ettt et et et e saeesebeeabeebeesaeenes 139

v



1 Introduction

Developing scenarios on future energy use and CO, emissions is important to provide a basis
for developing policies for global environmental problems such as climate change. Given the
time-horizon of these challenges, not only short (< 5 years) and mid-range (5-25 years)
projections and scenarios are required, but also long-term (>25 years) scenarios and
projections. The IMage Energy Regional (TIMER) simulation model developed by the
Netherlands’ Environmental Assessment Agency (MNP) provides an integrated modelling
framework to explore long-term future energy use and energy related emissions at a regional
level (de Vries et al., 2001). Recently, the TIMER model has been extended from a 17-region
model to a 26-region model (Appendix 1).

Energy use in the TIMER model is modelled at an aggregated level. Projections for economic
drivers of change (Gross Domestic Product, Value added of services and industry, Private
consumption of households) are used as input parameters. These drivers are coupled with an
energy intensity indicator for each of five main sectors (industry, transport, residential sector,
services and other) resulting in an estimate of total energy use. In a next step, energy demand
is fulfilled by different secondary and primary fuels. On the basis of fuel consumption,
emissions of greenhouse gasses and air pollutants can be calculated'.

The MNP would like to include indicators of physical activities at an intermediate
aggregation level as drivers of energy demand into TIMER such as person kilometres for the
transport sector or floor area for the services sector. The reason is that these physical
indicators can help to explain the projected energy use better in terms of changes and also
allow a better assessment of opportunities for change”.

In this study, we explore the possibilities of using physical indicators as driver of energy
demand by developing long-term scenarios for the iron and steel industry, one of the most
important sub sectors of industry from an energy and CO, perspective. The iron and steel
sector emitted 26% of total industrial CO, emissions in 2003 (IEA, 2006). Specifically, we
aim to answer to the following research questions:

Which crucial factors determine 21% century steel use and related energy consumption — and
how can changes in these factors be modelled?

Secondly, how can this model be used to explore long-term (up to 2100) scenarios for the
consumption and production of steel in the various regions of the world and for the
associated energy use and CO, emissions?

In the development of scenarios for individual materials (in this case steel) one needs to find
an answer to two interlinked questions:

' This is a simplified representation of the energy demand model of TIMER. In reality, effects of
autonomous and price induced energy efficiency improvements, fuel substitution effects etc. are part of
the model. For a detailed description, we refer to de Vries et al. (2001).

? With an economic growth of 2% year, a country with a per capita income of 20,000 US$ in 2000 will
have a per capita income of 145,000 US$ in 2100. Without any additional physical indicators, it is
difficult to understand what such a per capita income means in terms of what we observe in the world
around us. Physical indicators (e.g. material consumption) can help to relate economic growth (or
better: growth of wealth) to variables having more explanatory power. This does, however, not mean
that the relation between the growth of wealth and the development of certain physical indicators is
straightforward to determine as will be shown later on.



1. How will the demand for materials develop over time, driven by factors such as economic
growth and population?
2. How much energy use and CO, emissions will this result in?

In case of a more regional scope of study (as is the case in the TIMER model), an additional
question is that of inter-regional material trade:

3. How does the regional demand for materials relate to the regional production of these
materials?

We can conceptualise these questions by drawing a chain leading from the key macro-
economic driving forces (population and income) via the demand of material functions to
material demand, energy use and CO, emissions and by relating some relevant conceptual
issues to this chain (Figure 1-1).

Step Chain Related issues
| Driving forces (population, income) |

Structural effects
Socio-economic developments

1 Demand for material functions (housing,

food, transport, communication)

Material effiency
Inter-material substitution
Price elasticity of demand

2 | Demand for certain materials |
Trade

3 | Production of materials |
Technological developments
Production function

4 | Production technologies |
Energy efficiency
Energy prices

5 | Energy use |
Fuel mix

6 | CO, emissions |

Figure 1-1 Conceptual overview material and energy demand modelling

We will use Figure 1-1 as a conceptual framework to develop a model, which allows us to
answer the research question. After giving a brief introduction to the iron and steel industry
(Chapter 2), we discuss the various steps given in Figure 1-1 in the three following chapters:

Chapter 3: Steel demand (Step 1 and 2)
Chapter 4: Steel production and trade flows (Step 3 and 4)
Chapter 5: Energy use and CO, emissions (Step 5 and 6)

In each of the three chapters, we:

. Give a brief overview of conceptual modelling approaches, including a review of
existing studies (Section 1).
. Describe in general terms our own modelling approach (Section 2).



. Analyse past trends in the iron and steel industry and provide relevant literature
information required for the exogenous model parameters (Section 3).

. Derive the exogenous model parameters based on these past trends and discuss the
modelling approach in more detail (Section 4).

In Chapter 6, we discuss results from some endogenous modelled historical model results
(e.g. the stock of products in use and the energy use and CO, emissions) and compare these
results with available literature sources. In Chapter 7, we answer the research question by
using the model for scenario projections for the iron and steel industry.

Although the model was developed for the iron and steel industry, we would like to
emphasise that the use of (some of) the model parts is not limited to the iron and steel only.
This also holds for the discussion of conceptual modelling approaches for the various steps
given in Figure 1-1.

In Chapter 8, we therefore broaden the scope of our study somewhat and summarise on a
more conceptual level directions for future research on future material consumption, together
with more practical improvement possibilities of the model.






2 Introduction to iron and steel production

2.1 General description of technologies

In this chapter, we give a brief introduction to the technologies applied in the iron and steel
industry. Detailed historical data on production volumes, shares of various technologies in
total steel production and total energy use of the iron and steel industry will be given in the
following three chapters. For more detailed descriptions of the various technologies we refer
to the Best Available Technique Reference Documents published by the European
Commission (IPTS, 2001a,b, 2005) and other studies such as Daniels (2002) and de Beer
(1998). The text below is to a large extent based on these sources. The production of steel
products can be divided into five distinct steps (Figure 2-1):

. Treatment of raw materials
. Iron making
. Steel making
. Casting
. Rolling and finishing
1—,] ?
Slep 10 Treatment Coke Sinter Pelleti - Sereening
of raw materials making plart sation and
cleanipg
Toke I 5 l_EH.Ilh1_| | =
Smlerl_ _IDEHE’(S I I =
- - Cre Pellet ¥ Ore Natpal
Step 2 Blast Gosl Smelt Direct gas
Iron making furnace reduction reduction
L]
i T nagjron
Pig ironr Molten iron + + crap F_Sponge iron
Step 3 Serap Open | Basic Electric o
Sleel making hearth e AL arc — [}
fumace furnace furnace
|M| | Molten steel Moten stesl
¥ YV
Step 4 Casting Ingot Continuous
casting casting
|
Ingots |
¥ !
Step 5: Rolling Frim ary
and finishing il Slabs Billets, bleemns, beam, blanks
and rounds
Slans T"m Bar, rod, structurall and
folling tubing mills
mill
Cold
rolling
mill
Treatment and
finishing
T
v
Hot rolled sheat Cold-rolled sheet Wire
and strip Strip Bars
Flate Rods
Pipe Structural shapes
Rails
Pipe
Tubing
Blooms
Billets
Figure 2-1 Processes for steel production (OECD and IEA, 2001).



Steel is produced from either primary iron (made from iron ore), secondary iron (scrap) or a
mixture of both. In 2004, the production of crude steel exceeded 1 billion tonnes for the first
time (IISI, 2005a). The worldwide share of secondary inputs into steel making was
approximately 40% (including inputs into foundries, see Section 2.4), but large differences
exist between countries and regions (see further in this report). Iron ore occurs in the natural
environment as lump ore and fine ore. Lump ore is a suitable feed for various processes, but is
more expensive than fine ore. Fine ores can often not directly be applied in iron production
processes. For economic reasons, it is attractive to process fine ore into larger aggregates such
as pellets and sinter rather than to use lump ore (Daniels, 2002). Also scrap needs some pre-
processing (cleaning, quality checks etc.) before it can be used for steelmaking.

In iron making, iron oxides are reduced to iron. One method is to reduce iron ore with carbon
above the melting point resulting in liquid pig iron (PI) containing between 4 and 6% of
dissolved carbon. The gangue materials present in the ore separates from the liquid iron and
floats on it (Daniels, 2002). In 2004, 720 Mt of pig ion was produced (IISI, 2005a). Almost
all pig iron is produced with blast furnaces requiring coke for structural reasons. Cokes are
produced from coking coal with coal tar and coke oven gas as side-products. Smelt reduction
is an alternative pig iron production technology using coal instead of coke. Reduction in smelt
reduction processes normally takes places in two separate reactors: the pre-reduction shaft
and a smelting reduction vessel, but many different process layouts have been proposed (de
Beer, 1998). Currently one smelt reduction process, the COREX/FINEX process is
commercially applied in three plants worldwide (Wieder et al., 2004). The total yearly
capacity is approximately 3 Mt / year. Another process close to commercial application is the
HlIsmelt process. A commercial scale plant (capacity of 800 kt/year) is currently being
constructed in Australia, was expected to start up in late 2004 and to reach full production in
the first half of 2006 (Rio Tinto, 2002). Iron ore can also be reduced below the melting point
of the ore resulting in a solid product referred to as Direct Reduced Iron (DRI) or Hot
Briquette Iron (HBI). At the reduction temperature, carbon does not dissolve in the iron and
DRI/HBI therefore hardly contains any carbon. DRI/HBI retains the original shape of the ore
and still contains the gangue material present in the ore (Daniels, 2002). The worldwide
production of DRI/HBI in 2004 was 55 Mt. In approximately 90% of the DRI/HBI
production, natural gas rather than coal is used as reductant (Midrex, 2004).

Steel is produced from primary and secondary iron sources in basic oxygen furnaces (BOF),
electric arc furnaces (EAF) and the outdated open-hearth furnaces (OHF), which are still used
in India and parts of Eastern Europe and the former Soviet Union. In the BOF process, which
is always integrated with the production of pig iron, oxygen blowing converts the pig iron to
steel by the oxidation of carbon, silicon and phosphorus present in pig iron. A variable
amount of scrap is used as additional input for cooling purposes. In the OHF, the heat of a
flame melts variable combinations of scrap and primary iron. In EAF steel production,
melting of scrap and primary iron takes place in a bath at high temperatures achieved with the
help of electric arcs. The worldwide division between the steelmaking processes in 2004 was
63% (BOF), 34% (EAF) and 3% (OHF) (1ISI, 2005a).

The liquid steel produced by the steel production technologies used to be cast into large ingots
but is now mainly continuously cast into semi-finished products such as slabs. During various
rolling and finishing steps, the steel is then converted to finished steel products.

2.2 Overview of primary and secondary inputs into steel production
A summary of primary (PI and DRI) and secondary iron inputs into the three steel producing
processes is presented in Table 2-1.



Table 2-1

Overview of iron sources in steel making technologies (Mishin, 2002)

Process Share of scrap (%) Share of PI (%) Share of DRI (%)
BOF 3-25 76-97 -
EAF 0-100 0-40 0-100
OHF 30-95 0-70 -

The table shows that the flexibility of iron inputs into OHF and EAF is large. The EAF is
often associated directly with secondary steel production, but increasingly, primary iron is
charged to EAF. The EAF route is therefore by no means synonymous to secondary steel
production anymore. This also becomes clear from the following quote:

‘As late as the 1980s, virtually all electric arc furnaces ran on a 100% scrap charge and
almost no alternative iron (Al) was used. The term “ alternative iron” refersto virgin charge
materials, and includes direct reduced iron (DRI), hot briquetted iron (HBI), merchant pig
iron (PI), and hot metal (HM). Today, the percentage of alternative iron fed to the EAF in
North America is over 15%, and worldwide over 20 %. DRI alone now comprises about 8%
of the charge mix in North America, 13% globally’ (Kopfle et al., 2001).

These estimates are confirmed in the global metallics balance for EAF in 2001 given by
Cattell et al. (Table 2-2).

Table 2-2 Worldwide metallics balance for EAF in 2001 (Cattell et al., 2002)

Mt Percentage
EAF steel production 283
EAF metallics consumption 310 100
- Merchant pig iron 22 7.1
- Alternative hot metal’ 3.5 1.1
- DRI/HBI 41 13.2

Ty - L7 - B B
Liquid iron produced via smelt reduction processes

We will show in our overview of historical trends (Chapter 4) that this worldwide balance
hides substantial regional differences in iron source for electric arc furnaces. In some regions,
EAFs are almost exclusively charged with DRI, making the EAF route a primary rather than a
secondary steel route for those regions. The choice for a certain steel production technology
(EAF or BOF) and the choice of the iron sources used in the steel production technology
(primary iron or scrap) is influenced by many things such as:

The quality requirements for the various steel products.
. The availability of scrap of sufficient quality of produce certain steel qualities.
. The required investment (EAF requires less investment than integrated steel plant)

Below are some remarks from various sources on the rather complex subject of scrap
availability in relation to required steel quality:

1. The scrap availability is insufficient to meet the still growing demand for steel and the
global recycling rate is near the maximum. In the future, the demand for sted is likely to
grow at a slower rate, and may even stabilize in the long term. Then, the insufficient
availability of good quality scrap, required for prime quality steel, will become the main
constraint for attaining a much higher recycling rate (Dani€ls, 2002, pp. 14).

2. Recycled steel scrap is a very flexible raw material because steel scrap form any source
can re-cycled to make around 80% of the total range of steel products produced (Eurofer,
1999, pp. 7)




3. The recent introduction of thin-strip casting enables the mini-mills to produce thin steel
strip without the too expensive large-scale mills previously required. As a consequence,
mini-millsin the US are entering the market for deep drawing steel, previously closed to
them. Deep drawing steel is mainly applied in the automobile production (Daniels, 2002
pp. 46).

4. The proportion of EAF in flat vs. long products is expected to increase sharply from 8-
92% to 20-80% (note authors: in the period 1998-2010), which means an increase of flat
EAF products from 20 to 66 Mt/y and a relative stagnation of long products at 264 from
230 Mt/y (Birat, 2000, pp. 1352).

5. Thefirst factor is that the scrap market and the way prices are established is mainly fixed
by the growing demand of EAFs and mini mills and the growing supply of obsolete
scrap.... The second factor is that in the past the market for scrap, mainly EAFs in mini
mills, was different from the market for iron ore or the primary metals from iron ore,
practically only pig iron.... Iron ore and pig iron were used in integrated iron and steel
plants; mini mills were accounting for a growing proportion of long products while the
integrated plants were concentrating on flat products... Now, the mini mills are
‘invading’ all types of product sectors, especially in the US and the competition is
growing between collected scrap and the primary metals produced fromiron ores, i.e. pig
iron and DRI/HBI including iron carbide (UN, 1999, pp. 73).

6. The areas where recycled scrap is processed tend to be those areas where steelmaking is
not growing, and the areas where steelmaking is growing tend to be the areas that are not
self-sufficient in scrap generation — so we have a physical problem. Seve Mackrell as
quoted by the Bureau of International Recycling (Bureau of International Recycling,
2004).

From these quotes, we draw the following conclusions:

1. The majority of steel products can in principle be produced out of secondary resources
(quote 2) and steel produced from secondary resources in electric arc furnaces invade also
the market for flat steel products (quote 3,4, and 5).

2. The availability of scrap is an important parameter determining the choice for a certain
steel production route (quote 1,5, and 6).

2.3 Energy use

Specific (i.e. per tonne of product) final and primary energy consumption figures can be
found in many different literature sources. The system boundaries applied and assumptions
made are, however, not always 100% clear and consistent, so a sound comparison of data is
not always straightforward. Allocation of energy use to the various individual process units
within the steel making process is not easy, because of the energy integration between various
parts of the process. In Table 2-3, we present an overview of typical primary energy intensity
ranges for the various individual processes (Price et al., 2002).

Combination of certain process steps yields specific energy use estimates for the production
of steel products. Typical ranges for hot rolled steel products are 15.8 — 25.3 GJ / tonne for
products produced via the primary route via pig iron / basic oxygen furnace / continuous
casting / hot rolling and 17.3 — 29.3 GJ / tonne via the primary route via direct reduced iron /
electric arc furnace / continuous casting / hot rolling. Secondary production requires 6.4 —
12.2 GJ / tonne via the electric arc furnace / continuous casting / hot rolling route. Cold rolled
products require 1.6 — 2.8 GJ / tonne in addition. Thin slab casting, combining the casting and
hot rolling step and can reduce the specific energy use by 1-3 GJ / tonne (IEA, 2006).



Table 2-3 Ranges of primary energy intensities of key iron- and steelmaking processes

(Price et al., 2002).

Process Ranges of Primary Energy Intensity

GJ / tonne of steel
Ironmaking' — Pig iron (PI) 12.7-18.6
Ironmaking' — Smelt reduction (SR) 13.0-18.0
Ironmaking'? — Direct reduced iron (DRI) 10.9-16.9
Steelmaking — Open heart furnace (OHF) 3.9-5.0
Steelmaking — Basic oxygen furnace (BOF) 0.7-1.0
Steelmaking — DRI + electric arc furnace (EAF)” 40-6.7
Steelmaking — Scrap + electric arc furnace (EAF) 4.0-6.5
Casting — Ingot casting 1.2-32
Casting — Continuous casting 0.1-0.3
Casting — Thin slab casting 0.6-0.9
Rolling — Hot rolling 23-54
Rolling — Cold rolling 1.6-2.8

' Iron making includes energy used for ore preparation and coke making.
? Iron making — DRI and Steelmaking — DRI + EAF assume 80% DRI and 20% scrap.

The overview shows that by the most energy intensive step is the production of primary iron
from iron ore. This is not surprising since the minimal theoretical energy requirement of
converting Fe,O; to pure Fe is already equal to 6.6 GJ / tonne Fe (de Beer, 1998). The
theoretical minimal energy requirement for secondary steel making is close to 0 GJ / tonne. It
should be noted, however, that steel is always shaped in the form of liquid steel. Minimal
energy requirements for melting iron or steel are between 1 and 1.4 GJ / tonne, depending on
e.g. the carbon content of the steel (de Beer, 1998). In principal, this heat can be recovered
when the iron or steel cools down to environmental temperature. In electric arc furnaces, the
energy for melting is supplied in the form of electricity. In modern electric arc furnaces, the
electricity input (~1.5 GJ / tonne) exceeds the energy required for melting approximately by
10% (de Beer, 1998). In integrated steel mills, the pig iron produced is already in liquid form.
In the production of steel from pig iron in the basic oxygen furnace, even more energy is
released as a result of the oxidation of the carbon in the pig iron.

2.4 Iron and steel foundries

Certain iron and steel products are produced in the foundry industry. ‘ Foundries melt ferrous
metals and alloys and reshape them into products at or near their finished shape though the
pouring and solidification of the molten metal or alloy into a mould. The foundry industry is a
differentiated and diverse industry... Since castings in general are semi-finished products,
foundries are located close to their customers’ (IPTS, 2005, pp. iv). Since we develop in our
study (see Chapter 4 for a detailed explanation) a material flow model for the iron and steel
industry, the iron and steel castings produced by the foundry industry cannot be neglected. In
the US and Europe, the production of iron castings is nowadays less than 10% of the steel
consumption as we will show in the next chapter, but for other regions, castings might have a
larger market share.
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3 Demand for steel

3.1 Conceptual modelling approaches

3.1.1 Dematerialization and intensity of use

In modelling future demand for steel (or any other material) over longer periods of time (more
than 10 years), it is most common to couple the demand of steel to driving variables related to
the socio-economic development of the country or region under consideration.

The ratio between the demand for materials and these socio-economic variables can be
referred to as the intensity of use (IU). In the last decades, U patterns for various materials
and especially metals have been studied in quite some detail. Cleveland and Ruth (1999) give
an overview of these studies. At an economy-wide level of aggregation, the IUg can be
defined as the material consumption per unit of Gross Domestic Product (GDP). The trend in
this aggregated IUs indicator is the superposition of two generic underlying trends (Cleveland
and Ruth, 1999):

1. Trends in the product composition of income (i.e. the economic structure)
2. Trends in the material composition of products (the materials used to produce certain

goods and services)

The two are interlinked by the following accounting identity that describes the total
consumption of material X in a national economy, consisting of n sectors j with output Y:

IU = Xt :i Yj't ﬁ
7 GDP,  {alGDP, | Y,

Equation 3-1

The consumption per capita (IUcap)3 can be derived directly from Equation 3-1 by
multiplication with the per capita income (GDP.,):

IU oo e = Uy * GDP,,,

Equation 3-2

Some studies (e.g. Malenbaum, 1978, Williams and Larson, 1987 and Tilton, 1990) have
empirically shown that the aggregate IUg curve (x/GDP) for a number of materials has an
inverse-U or bell shape when plotted as function of per capita income. The relationship for
steel will be shown below in Section 3.3.1 (Figure 3-4) for the various TIMER regions. Two
arguments are used in the explanation of this observed behaviour:

The first argument is that the production composition of income (economic structure) of a
country varies in different stages of a country’s development. In early stages of development,
economies largely rely on agriculture with low material requirements. When a country
develops, the demand for basic infrastructure (buildings, transportation equipment etc.)
increases and the share of material-intensive sectors in the economy grows. As development
further continues, consumer preferences shift to less material-intensive products, causing the

3 In the formula, we refer to the consumption per capita with IU,,,.
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intensity of use to go down, resulting in the observed inverse U shape of the IUs as function
of per capita income, especially for products that are mainly used in the production of
infrastructure such as metals and cement.

The second argument used in the explanation of the inverse U shape is more related to the
material composition of product and explains the observed inverse-U shape by suggesting that
the material demand experience phases in which old, lower quality materials linked to mature
industries undergo replacement by higher quality or technologically more advanced materials
(Labys, 2004). For individual materials, this lead to phases of expanding use (the new
material substitutes existing materials), stabilising use (demand for the main end-use of the
material saturates) and declining use (the material is increasingly being substituted by other
materials). A third additional argument, often used to explain the declining intensity of use in
developed countries is the continuously increased efficiency of material use, leading to a
more efficient use of certain materials over time.

It is important to note that the main independent variable used to explain the observed 1Us
curve differs between the three arguments mentioned. In the first argument, income is the
independent variable and the argument in principle holds for all developing countries
irrespective of the time in which development takes place. In the second and third argument,
time is the independent variable. As a result, the IUs curve for countries that develop in
various periods of time can, according to these two arguments be expected to differ, which
should be considered when developing a long term worldwide steel demand model.
Bernardini and Galli (1993) include both the time and income dependency in the ‘two basic
postulates that together constitute the theory of dematerialization’:

1 ‘The intensity of use (IUs) follows the same pattern for all economies, at first
increasing with per capita GDP, reaching a maximum at about the same per capita
GDP, and eventually declining;

2. ‘The maximum intensity of use (IUs) declines the later in timeit is attained by a given
economy.’

In Figure 3-1, we give a schematic representation of possible idealised curves resulting from
these postulates in four different years 2003, 2020, 2050 and 2100. As can be seen in the right
figure, the IUs first increases, reaches a maximum and declines afterwards (postulate 1). In
2020, the curve has a lower maximum compared to 2003 and in 2050 and 2100, the maximum
is even lower (postulate 2). The per capita saturation behaviour shown in the left figure is not
a direct result of the two postulates. One could also draw declining IUg curves with an
increasing or decreasing per capita consumption at high per capita incomes.

—2003 o 2020 + 2050 ¢ 2100 —2003 ©° 2020 + 2050 ¢ 2100
g 3
(8}
2
Income Income
Figure 3-1 Schematic picture of intensity of use and per capita consumption
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It is obvious that technological progress not only influences the maximum level of the
intensity of use, but also the income level at which a country reaches this maximum.
Substitution between types of materials used for certain applications has an effect on the
structural changes projected by the intensity of use curve. The curves given in Figure 3-1
should therefore be regarded as idealised curves resulting from the two postulates given above
(with the exception of the per capita saturation behaviour as explained above) and certainly
not as curves in which all elements in the ‘intensity of use’ debate are taken into account in a
decisive way.

3.1.2 Overview of existing models with steel demand projections

In Appendix 2, we give an overview of existing studies / models projecting steel demand in
the short and longer term. The models differ in the way they incorporate the dependency of
the IU curves on income, time and additional parameters. They all make use, in one form or
another, of the accounting identity presented in Equation 3-1.

Van Vuuren et al. (1999) and Hidalgo et al. (2005) project steel demand until 2100 and 2030
respectively, using an aggregate [Ug curve that follows an inverted U or bell-shape curve as
function of per capita income. Van Vuuren et al. (1999) use an equation that results in a
saturated constant steel demand per capita at high-income levels:

o
GDPcap,ppp,t + ﬁ* GDP(}:/ap,ppp,t

IUg, =
Equation 3-3

In this formula, the parameter o is the per capita saturation level and the parameter B and y
determine the form of the IUg curve. In the study, an additional factor F is used that can be
used to scale down demand from historic trends to account for technological progress. In the
final demand equation, an additional factor P is added that describes the effect of prices on
demand using a simple elasticity approach.

In the study by Hidalgo et al. (2003), the following equation is used to project steel demand

1 1
— A(@+LN( B e - )
I U $,t = e I U $t-1 GDPcap,ppp,( GDPcap‘pppv(71 GDPcap,ppp‘lfl GDPcap,ppp,t

Equation 3-4

The function yields continuously declining per capita consumption levels when time proceeds
as a result of the parameter a. This parameter might therefore be used to simulate
technological progress over time but unfortunately little background is given on the selection
and calibration of the parameters in the model. Comparable to the model by Van Vuuren et al.
(1999), steel prices in combination with steel price elasticities are included to model the effect
of varying steel prices on steel demand. In Chapter 7, we compare the projections generated
with our modelling approach with the results obtained by the two models discussed above.

Other mathematical expressions that are used to model the inverted U-shaped form of the 1Us
curve are the expression used in the VLEEM model (VLEEM, 2005, discussed in more detail
in the next section) and the expression used in the TIMER model (de Vries et al., 2001):

1

0(+ﬁ* GDPcap,ppp,t + 7/* GDPgap,ppp,t

IUg, = 1Ugo +

Equation 3-5
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At high-income levels, this equation approaches a saturation level equal to 1/a. The three
other parameters determine the dynamic behaviour of the expression and can be used to shape
the form of the resulting IUg curve. They can for example be used to vary the income level at
which the IUg reaches its maximum and the maximum IUg at this income level (de Vries et al,
2001). The medium-term steel demand projections by Das and Kandpal (1998) and Michaelis
and Jackson (2002) also use the Intensity of Use approach based on regression analysis of
historical data (Das and Kandpal) or by simple extrapolation of the historical curve (Michaelis
and Jackson).

Roberts (1990) studied in more detail the two underlying trends (product composition of
income and material composition of products) for three major steel consuming sectors in the
US for the period 1963-1983. He used his findings for a long-term steel consumption
projection for the US until 2010. Crompton (2000), who projects steel consumption in Japan
for 1997-2005 based on data for 1950-1997 follows a similar approach. Both studies show a
declining material composition of product over time, measured in kg per unit of economic
output for the various steel consuming sectors, confirming material efficiency improvements
in the sectors studied over time. Studies by Hwang and Tilton (1990) and Lohani and Tilton
(1993) who have further studied the time dependency of the IU curves for a number of
developing countries also confirm this.

Vector auto regression analyses using historical correlations between a number of selected
variables (such as GDP and steel prices) to extrapolate values of the variables in the future are
used by Crompton (1999) and Chen et al. (1991) to project steel consumption in the medium
term (0 to 10 years) for South-East Asia and China. Gielen and Moriguchi (2002) use income
elasticities for eight steel demand categories to project Japanese steel demand until 2030,
complemented with price elasticities to model the influence of steel prices on steel demand. A
similar approach is taken by Mannaerts (2000), who models the influence of income, own
prices, energy prices and the investment share of GDP on steel and other material demand
until 2020 using elasticities for each of the factors mentioned. Time dependency of steel
demand is included by using a declining income elasticity over time.

3.2 General description of modelling approach

Given the focus of this study on developing a long-term worldwide projection for the steel
industry that can also be used in the TIMER model, we decided to choose an approach for
projecting steel demand that only uses the main driving forces used in the TIMER model:
population and per capita income. We decided to stay close to the approaches chosen by van
Vuuren et al. (1999), Hidalgo et al. (2005) and in the VLEEM model (2005) in projecting
steel demand. This means that we use an [Us curve that follows an inverted U or bell-shape
curve as function of per capita income and has per capita saturation at high-income levels. To
be able to include also the effect of material efficiency improvements over time that lowers
demand when time proceeds, we include a time-dependent material efficiency factor. We
tested various mathematical expressions (including the expressions used in the TIMER model
and by van Vuuren et al.) and finally decided to use mathematical expression used previously
also in the VLEEM model (2005), because it was the most simple equation:

IUcapt —a* e(ﬁ/GDPcap,ppp,t)

Equation 3-6
With:

TUcap, s intensity of use (t / capita)
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GDP cap ppp,t: GDP per capita (1995 ppp $ / capita)
o shape parameter
B: shape parameter

The expression also has the advantage that both shape parameters o and B have a direct
physical meaning, as we will show below’. From Equation 3-2 it becomes clear that the
corresponding IUg, equals:

U, = (a* €//em) ) | GDP,

ap,ppp t

Equation 3-7

Parameter o in the equation is the long-term saturation level of the IU., because the
exponential term approaches 0 at high-income levels.

The income elasticity of the IU,,, equals by definition:

dIU,,, , GDP

cap.ppp
d GDP,

Income elasticity 1U ,,, =
cap,ppp t IUcapt

Equation 3-8

For the mathematical equation used in our model (Equation 3-6), the income elasticity equals:

=B
GDP

cap,ppp

Income elasticity IU ., =
Equation 3-9

From Equation 3-9 it becomes clear that the parameter —3 equals the per capita income level
where the income elasticity is 1. Below this level, the income elasticity is higher than 1
(relative growth in IU,, exceeds relative growth in income) and at income levels above —f,
the income elasticity is lower than 1 (relative growth in IU,, is lower than relative growth in
income).

Following the chain rule for derivatives of the product of two differentiable functions, it can
be proven that the derivative of any [Us function (Equation 3-2) is equal to:

diVy, -l 1, diUg,
2
d GDPCHPvPPPJ (GDpcapypppyt ) GDPC&PvPPPI d GDPCHPvaPvt

Equation 3-10

* This does not mean that the shape parameters in the other mathematical expression do not have a
physical meaning. De Vries et al. (2001) show for example that the maximum in the intensity of use
curve used in the TIMER model and the income level at which this maximum occurs can also be
expressed as function of the four shape parameters. However, in the mathematical expression we use,
the physical meaning is a direct one (per capita saturation level and the maximum in the IU curve).
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For an IUg curve with an inverted U shape (see Figure 3-1), the derivative of the Uy at the
maximum value of the IUs is 0. In this point (derivative = 0), Equation 3-10 can be rewritten
as:

Uy,  d iU,
GDPCGP,PDPI d GDPCélpvpppvt

Equation 3-11

By definition, this point also corresponds to a point where the income elasticity of the IU,, is
equal to 1 (rewrite Equation 3-8 under that condition that the income elasticity is 1). We just
showed, that for the curve used in our model, this point corresponds to an income level of —f.
This can also be proven directly for the equations used in our model by taking the derivative
of the IUg curve (Equation 3-7):

d IlJ$Yt 3 _a* e(ﬂ/gdpcap‘ppp,t) N _ a* ﬂ* e(ﬂ/gdpcap‘ppp,t)
- 2 3
d GDpcap:ppp:t (GDPcap’ppp’t ) (GDPCap,ppp't )

Equation 3-12

At income levels of —f, this derivative is equal to 0.

From the above, we derive the following characteristics for the curve used in our model.

. The variable o in our equation corresponds to the saturation level per capita at high
income levels
. The parameter -3 corresponds to the per capita income level where the [Us reaches its

maximum. By definition this per capita income level also corresponds to the point
where the income elasticity of the IU., is 1. The income elasticity is below 1 at
income levels above —f and above 1 at income levels below —f.

To include the time-dependency of the IU curves, we extend our basic equation with a factor
that can shift the curve up and down as a function of time:

= g+ /' CPPmt)  time factor(t)

Equation 3-13

The time factor (t) can for example be used to model a certain yearly material efficiency
improvement that shifts the IU,, curve down as time proceeds:

time factor = (1- material efficiency factor )*(t—2003)

Equation 3-14
It would of course be possible to use other formulas to calculate the time dependency of the
intensity of use curve. With the combination of Equation 3-13 and Equation 3-14, we are able

to simulate intensity of use curves of the form shown in Figure 3-1. In Section 3.4, we derive
the model variables based on historical trends.
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3.3 Overview of past trends and data used for estimating model parameters

3.3.1 Apparent crude steel consumption

Apparent consumption data for crude steel are available from the International Iron and Steel
Institute (IISI, various years). An overview of worldwide crude steel production for 1900-
2003 is given in Figure 3-2. A split into TIMER regions for the period 1970-2003 is given in
Figure 3-3.

Apparent crude steel consumption is calculated in the IISI statistical yearbooks® as the
production of crude steel + import - export of semi-finished and finished steel products in
crude steel equivalents. The import and export of finished steel products are converted into
crude steel equivalents by multiplication with the following factor:

(1.3)/ (1+0.175¢)

Equation 3-15

Where ¢ is the domestic proportion of crude steel that is continuously cast. This formula
reflects the fact that steel losses (in the form of scrap) in the production of semi-finished and
finished steel products are much lower in the case of continuous casting compared to ingot
casting. In case of 100% ingot casting, imports and exports of finished steel products are
multiplied with a factor 1.3, in case of 100% continuous casting, imports and exports of
finished steel products are multiplied with a factor 1.11. For countries where imports
predominate, the average continuous-casting of the major exporters is used.
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Figure 3-2 Apparent worldwide crude steel production, 1900-2003 (IISI, Various years)

5 For the data used in the study, we used the yearbooks of 1980, 1990, 2000, 2003 and 2004. The
method given here is used in the yearbooks of 1990, 2000 and 2003. In the yearbook of 2004, no
reference is made to any method to calculate crude steel equivalents from finished steel imports and
exports, but most likely the same method is used. In the yearbook of 1980, a different method is used
with different factors for various types of semi-finished and finished steel products.
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Apparent crude steel consumption (Mt)

Figure 3-3
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Apparent crude steel consumption from 1970-2003 in the 26 TIMER regions in
the order of decreasing crude steel consumption in 2003 (IISI, Various years).
Before 1992, Baltic states (part of Region 12), Ukraine + (Region 14) and
Central Asia (Region 15) within Russia + (Region 16).

Figure 3-3 visualises the increase in steel consumption in China in recent years, the decrease
in consumption in the former USSR regions and Central Europe after the collapse of the
centrally planned economies at the beginning of the nineties and the relatively stable steel
consumption in Western Europe, North America, Japan and Oceania. Apparent consumption
data per unit of GDP (IUs) or per capita (IU.,) are often used as indicators to project steel
demand in the future (Section 3.1.2). The IUs and IU,, for steel in the 26 TIMER regions are
given in Figure 3-4 and Figure 3-5 as a function of GDP per capita for the period 1970-2003.
Data sources are given in Appendix 3. The estimates are based on purchasing power parities
(expressed in constant 1995 ppp $).

Intensity of use (Mt / 1995 ppp M$)

Figure 3-4
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Apparent crude steel consumption per unit of GDP (1995 ppp $) for the 26
TIMER regions from 1970-2003. Regions from the former USSR (Region 14, 15
and 16) are only shown from 1992 onwards.
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Figure 3-5 Apparent crude steel consumption per capita for the 26 TIMER regions from

Visual inspection of Figure 3-4 reveals that the developed regions (Canada, USA, Western
Europe, Japan and Oceania) show a declining IUg and stabilising U, levels. Part of the
decline in demand between 1970 and 2003 can be explained by the introduction of the
continuous casting that replaced ingot casting in this period. The worldwide continuous
casting ratio went up from 8% in 1972 to 90% in 2003 (IISI, Various years). Using Equation
3-15, this implies that in 2003, 970 Mt of crude steel was required to produce 863 Mt of
finished steel (ratio of 1.12 tonne / tonne), whereas in 1972, 695 Mt of crude steel was
required for 544 Mt of finished steel (ratio of 1.28 tonne/tonne). In other words, 12% less
crude steel was required in 2003 to produce the same amount of finished steel products as in
1972. This is further visualised in Figure 3-6 where the trend in crude and finished steel
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Figure 3-6
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It is important to realize that the apparent consumption figures shown so far do not include
indirect trade of steel that is contained in steel-containing products such as cars, but only trade
in semi-finished and finished steel products. The figures are therefore only an approximation
of the actual final consumption of steel containing products. The International Iron and Steel
Institute (IISI) in the past studied these indirect trade flows by studying the trade in some of
the major steel containing products such as cars for some major trading countries. The last
year for which data is available is 1993. We show the final consumption of steel in products
(including the indirect trade) as a percentage of the direct final consumption of finished steel
products (only taking into account trade in semi-finished and finished steel products) in Table
3-1. Most of the countries are net exporters of steel containing end products, while
Switzerland and the US are net importers. Table 3-1 shows that apparent consumption of
crude steel as shown in Figure 3-3 - Figure 3-5 can differ significantly from the consumption
of steel, taking into account trade in steel-containing products (up to 30% for the countries
included in Table 3-1). This effect can (partly) explain the relatively high apparent
consumption figures for Japan (region 23) and Korea (region 19) compared to other regions
(compare Figure 3-5) and gives some idea about the uncertainties associated with the use of
apparent crude steel consumption figures as approximation of the actual final consumption of
steel in products in a region.

Table 3-1 Effect of indirect trade in 1993 for selected countries (IISI, 1996)
Country Final consumption as percentage of direct
consumption (%)
EC-8 87.6
Austria 98.9
Finland 83.1
Sweden 81.7
Switzerland 115.3
Japan 77.2
Korea 69.6
Taiwan 89.4
US 106.1
Total (for the countries included) 89.3

3.3.2 Production and consumption of iron castings from foundries

Foundries are important consumers of scrap and can therefore not be neglected in the material
flow analysis used to project the amount of secondary steel (Chapter 4). In the model, we
incorporate iron and steel foundries in a rather simple way. We neglect trade in foundry
products and assume the production and consumption of iron foundry products to be a certain
percentage of the crude steel consumption. In Table 3-2, we present an overview of iron
casting production figures from literature. For developed regions production of iron castings
as percentage of crude steel consumption is less than 10%. For less developed regions (e.g.
India), the percentage is higher. In the past, the percentage has also been much higher in
developed regions. In the US in 1938, the total input of pig iron and scrap into iron foundries
in 1938 was 6.7 Mt (2.6 Mt pig iron, the rest scrap; USGS, 1939a,b) on a total crude steel
consumption of 25.7 Mt. Using a specific input of 1.5 tonne per tonne of cast product (based
on WSD, 2005), this corresponds to a production 4.5 Mt of iron castings, 17% of crude steel
consumption. In Figure 3-7, we show historical data on crude steel consumption and iron
castings production for the US for the period 1938-2003 based on data from World Steel
Dynamics (WSD, 2005) for 1975-2003 and data from the US Geological Survey (USGS,
various years) for 1935-1975.
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Table 3-2

Estimates for current production of iron castings, crude steel production and

ratio between the two

Country Year Crude steel Production of Iron castings as
consumption iron castings | % of crude steel

Mt' Mt consumption

USA’ 2003 103.9 8.2 8
Europe’ 2002 170.5 11.4 7
UK* 2001 14.2 1.0 7
India’ 2003 35.0 7.5 21
China® 1993 133.0 9.9 7
Japan’ 2003 76.4 4.5 6
World® 1997 780.9 39-47 5-6

" Crude steel consumption figures based on IISI (Various years)
2 Production of iron castings from US Geological Survey (USGS, 2004) including also steel castings.
? Production of iron castings from IPTS (2005) including also steel castings.
* Production of iron castings from Dahlstrom et al. (2004).
* The total capacity of foundries is 7.5 Mt according to the institute of Indian foundry men (2005).

Probably also includes non-ferrous castings.

® Production of iron castings from China Foundry Association (2005).

7 Production of iron castings from International Iron and Steel Institute (2005b).
¥ Total input of primary iron 29 Mt and total scrap input of 30-40 Mt (UN, 1999) results in foundry iron
production of 39-47 Mt, assuming a specific input of 1.5 tonne / tonne (based on WSD, 2005). Authors
admit that estimates are very uncertain. Based on the data for other countries, it can be concluded that
the world estimate given here is too low.
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Figure 3-7
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3.4 Detailed model description and exogenous model parameters

3.4.1 Apparent crude steel consumption

We developed a material flow model that already starts in 1900 (see Chapter 4 for more
details). For 1900-1970, we use historical crude steel production data and assume that crude
steel production equals apparent crude steel consumption (Appendix 3). From 1970-2003, we
use historical apparent crude steel consumption data from the IISI statistical yearbooks (IISI,
various years). We used the data for 1970-2003 shown in Figure 3-5 to fit Equation 3-13 and
use Equation 3-14 as the time factor:
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IU_ , =a* e’/ hem)x (1_material efficiency factor )*(t—2003)

capt

Equation 3-16

In the period 1970 — 2003, already a substantial material efficiency improvement has taken
place as a result of the introduction of continuous casting that replaced ingot casting. Shifting
from ingot casting to continuous casting reduces the amount of crude steel required to
produce an equal amount of finished steel by 15% (Equation 3-15). The amount of finished
steel required for producing an amount of final consumer product also declined between 1970
and 2003 (Section 4.4.5). If we assume these effects to have taking place gradually from 1970
— 2003, this is equivalent to approximately 0.7% material efficiency improvement per year®.
On top of the material efficiency improvements resulting from the introduction of continuous
casting and from improvements in the conversion from finished steel to final consumer
products, probably also additional material efficiency improvements have taken place in the
sense that less steel is required to produce the same amount of final consumer products (e.g.
the amount of steel required for a car). Using various assumptions for the material efficiency
factor, we fitted the following curve using unconstrained non-linear regression in SPSS
software (SPSS, 2005). The results are given in Table 3-3.

Table 3-3 Estimated parameters using various assumptions on the material efficiency

factor

Material efficiency a B R’
factor

0 735 -8806 0.734

0.0020 718 -8873 0.740

0.0040 701 -8944 0.744

0.0060 685 -9019 0.749

0.0080 667 -9097 0.751

0.0100 650 -9179 0.753

0.0120 633 -9265 0.753

0.0117" 635 -9254 0.753

" This value is calculated when the material efficiency factor is included as parameter in the regression

The results of the regression imply that a maximum intensity of use is obtained at a per capita
income of around 9000 1995 ppp $ and that the per capita consumption saturates using 2003
material efficiency levels at 735 kg/capita (no material efficiency improvements assumed in
the period 1970-2003) and at 633 kg/capita (material efficiency improvement of 1.2% per
year assumed in the period 1970-2003). As shown before, material efficiency improvements
have been at least 0.7 % per year as a result of improvements within the iron and steel and
steel converting industry. This is confirmed by a regression analysis where we calculate the
material efficiency factors as part of the regression. In that analysis (last row in the Table), an
efficiency improvement of 1.17% per year in the period 1970-2003 is found. This implies
that on top of the improvements resulting from the introduction of continuous casting and
improvements in the conversion from finished steel to final products (0.7%), material
efficiency improvements have been approximately 0.5% per year in the period 1970-2003.
We show the regression results (material efficiency improvement of 1.17% per year in the
period 1970-2003) as in Figure 3-8. As a result of the material efficiency factor, which is
included in our approach (Equation 3-13 and Equation 3-14), the per capita consumption at

% To produce one tonne of final consumer product with ingot casting and with a prompt scrap ratio of
0.2 (Section 4.4.5), i.e. the situation in 1970, 1.63 tonne of crude steel is required. To produce the same
amount via continuous casting and with a prompt scrap ratio of 0.13 requires only 1.28 tonne, 21%
less. This is equivalent to yearly improvement of approximately 0.7% per year.
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certain income levels is time-dependant. A country reaching a per capita income of 30,000
1995 ppp $ in 1970 consumed (according to our fitted curve) 700 kg of crude steel per capita,
whereas a country reaching this income level in 2003 consumes only 480 kg of crude steel.
For the period 2003-2100, we assume the further improvements in the conversion from crude
to finished steel and in the conversion of finished steel to final products (Section 4.4.4 and
Section 4.4.5) equivalent to approximately 0.15% per year’. If we add a yearly 0.5% material
efficiency improvement in the use of final products to this total, we end up with a material
efficiency improvement of 0.65% per year. We use this factor as default value in our scenario
projections (see Figure 3-8 for the resulting curve in 2100), but will also discuss results using
other material efficiency factors in Chapter 7.
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= \Western Africa (8)
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Figure 3-8 Fitted historical IU,, curve and IU,, curve used for projections

Based on the basic U, curve given in Figure 3-8, we developed for each region specific
IU,,, to fit the observed historical per capita consumption:

. For the five regions (Canada, USA, Western Europe, Japan and Oceania) having per
capita income levels above 20000 1995 ppp $ in 2003, we kept the maximum in the
intensity of use curve (parameter —8) equal to the basic curve. We calibrated the per
capita saturation level (parameter o) in such as way that the resulting per capita
consumption level in 2003 equals the per capita consumption level in 2003.

. For China and the Ukraine+ region, which currently have per capita consumption
levels well above the fitted curve at per capita income levels far below 9000 1995 ppp
$, we kept the per capita saturation level (parameter a) equal to the fitted curve. We
calibrate the maximum in the intensity of use curve (parameter —B) in such a way that
the resulting per capita consumption level equals the historical per capita
consumption level in 2003.

. For Korea, currently having at a per capita income of 10000 1995 ppp $ already a per
capita consumption above the saturation level predicted by the basic curve, we
assume a final per capita saturation level (parameter o)) equal to Japan. The maximum

7 We assume the fraction of crude steel to be lost in the conversion from crude steel to finished steel to
decline from approximately 10% to 5% (Section 4.4.4) and the amount of finished steel to be lost in the
conversion from finished steel to final product to decline from 13% to 5%. This means that for an
equivalent amount of final product, 13% less crude steel is required, equivalent to 0.15 % per year.
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in the intensity of use curve (parameter —f) is than calibrated using the same method
as used for China+ and the Ukraine+ region.

° For all other regions, we use the basic IU,, curve. To avoid large deviations from
historical data in the years following 2003, we calculate the absolute difference
between the historical data and the basic U, curve in 2003. In the years following
2003, this absolute difference is gradually decreased as a function of per capita
income to a value of 0 at a per capita income of 20000 1995 ppp $.

A more detailed explanation is given in Appendix 4, where also the resulting values for
parameters o and 3 are given.

3.4.2 Production and consumption of iron castings from foundries

In our model, we incorporate iron and steel foundries in a rather simple way. Based on the
limited information from literature, we assume the foundry production to be a certain
percentage of the crude steel consumption and we do not separately project the demand for
cast iron products. Iron and steel foundries are only included in our model to have a complete
overview of iron and steel flows for use in the material flow model. Energy use and CO,
emissions related to foundry production are not included in the model. We use the ratio of
foundry iron production compared to apparent crude steel consumption as derived for the US
(Figure 3-7) for all regions. For the year 1900, the starting year of our analysis, we use a ratio
of 0.4 for all regions. For unknown years we use linear interpolations. Between 1900 and
1938 (the first year for which a value is known), we also use linear interpolation. For the
projections until 2100, we use the ratio for 2003 (0.08) as constant ratio for all years for all
regions.
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4 Steel production and trade flows

4.1 Conceptual modelling approaches

4.1.1 Introduction

To model regional energy demand and CO, emissions associated with the production of steel,
not the steel demand as discussed in the previous chapter, but the production of steel per
technology is the important variable. To accurately project energy use and CO, emissions,
one would ideally like to model:

1. The technologies that have been and will be applied in the various process steps given
in Figure 2-1.

2. The regions in which the various process steps will take place, i.e. trade flows of
various commodities in the production chain of finished steel products.

From an energy point of view (Section 2.3), the most critical technology choice is the choice
between steelmaking routes using primary iron derived from iron ore as input and routes
using scrap as iron input. If we neglect the outdated open-hearth furnace that is expected to
disappear completely in the coming years (Hidalgo et al., 2005), we can distinguish between
three currently applied primary and one secondary route for steelmaking:

1.1 Pig iron (produced by smelt reduction) — Basic oxygen furnace (primary route)
1.2 Pig iron (produced by blast furnaces) — Basic oxygen furnace (primary route)
2. Direct Reduced Iron — Electric arc furnace (primary route)

3. Scrap — Electric arc furnace (secondary route)

In Section 4.1.2, we discuss existing modelling approaches related to projecting the choice
between these routes and in Section 4.2 we give historical trends. If we want to project crude
steel production based on a certain level of apparent crude steel consumption (previous
chapter), it is necessary to model the international trade in:

1. Semi-finished and finished steel products

In Section 4.1.2, we discuss existing modelling approaches related to project steel trade.
Historical trends are presented in Section 4.2. Even if the steel production by technology is
accurately modelled based on steel demand and steel trade, there are other trade flows that
influence the specific regional energy demand and CO, emissions of the iron and steel
industry per tonne of steel produced such as the trade in:

2. Aggregated iron ore (ore pellets from sinter plants).
3. Cokes.
4. Primary iron (pig iron or direct reduced iron).

These trade flows are not explicitly included in any of the model discussed in Appendix 2 and
we therefore do not discuss existing modelling approaches. Below, we briefly discuss the
influence of these trade flows on the regional energy demand and CO, emissions.

Sintering and pelletisation of iron ore takes place either close to the iron ore mines or at the
location of the blast furnace. “ Pellets are nearly always made of one well-defined iron or
concentrate at the mine... Snter is generally produced at the ironworks from pre-designed
mixtures of fine ores, residues and additives’ (Hidalgo et al., 2003). Cokes are also not
always produced in the same region where they are produced. The EU-15 in 2003, for
example, imported 6.5 Mt of coke (net import) on a total consumption of 37 Mt (Ameling and
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Liingen, 2004). The location of sintering, pelletisation and coke plants relative to the steel
production influences the specific energy consumption related to steel production in a given
region. Given the relative small specific energy use of ore agglomeration and coke making
compared to primary iron production (typically less than 10%), the relative error made in
neglecting these trade flows is, however, small.

In basic oxygen furnaces using pig iron, the production of primary iron and the production of
steel are by definition coupled in an integrated plant, so iron and steel production always take
place in the same region. In the production of steel in electric arc furnaces using a primary
iron source, however, the production of steel is not necessarily integrated with the production
of primary iron (either PI or DRI). It is therefore possible that the production of iron and the
production of steel produced from this primary iron take place in different regions. It might be
advantageous for regions with large iron ore reserves (e.g. South America and Oceania) to
create some value added to their natural iron ore reserves by reducing it to iron before
shipping®. An example of such a plant is the DRI/HBI plant in Port Hedland, Australia (Steel
Technology.com, 2005) producing 100% for export purposes, resulting in a primary iron
production exceeding the production of steel in Oceania since 1999 as we will show in the
overview of historical trends. On a regional level, these trade flows can therefore have quite
some influence. We will, however, not include the primary iron trade within our model.

4.1.2 Existing modelling approaches for steel trade and steel production by
technology

In projecting steel trade and the shares of various technologies in the total steel production of
a region, three methods are used:

1. Changes in steel trade or technology shares are driven by differences in production
costs between regions or technologies

2. Changes in steel trade or technology shares are driven by an analysis and
extrapolation of historical trends

3. Changes in steel trade of technology shares are driven by some exogenous
assumption on the development of steel trade and technology shares as function of
time or another variable.

Of the models summarised in Appendix 2, Hidalgo et al. (2005), Gielen and Moriguchi
(2002) and Mannaerts (2002) use the first method to project steel trade, although the models
differ widely in the level of detail included in the cost functions. These models also use
production cost differences between technologies to project the share of certain technologies
in total steel production, an approach also taken by van Vuuren et al. (1999), Das and
Kandpal (1998) and Gielen and van Dril (1999).

The major advantage of using this method to project steel trade and technology shares is the
explanatory power of the drivers resulting in changes. If a certain technology or a certain
region is cheaper than another one, it will gradually take over production. However, there are
a number of difficulties associated with this approach:

. The cost functions for a certain technology in a certain region consist of a wide
variety of elements (fixed costs, variable costs, transport costs, trade barriers etc.),
which are already difficult to specify accurately for one specific region in one specific
historical year. Projection of these cost functions for multiple regions (in case of
TIMER, 26 regions) for the coming 50 or 100 years is even more complex. Still,
macro-economic assumptions on the development of labour, capital and energy costs

¥ Another advantage is the decrease in weight between iron ore and iron. The weight of pure iron (Fe)
is only 70% of the weight of iron ore (Fe,O5).
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can give an idea on the comparative advantages of one region over another,
everything else (e.g. government policies) being equal. When keeping the limitations
of the approach in mind, this can therefore still be a very useful approach.

. A wide variety of different semi-finished and finished steel products are traded
internationally as well as certain intermediate commodities such as cokes, aggregated
ores and primary iron. To accurately project these trade flows, separate production
cost functions for all products should in principle be included in the model’.

. Production costs differences are not the only driver behind material trade. Others are
for example the investment climate of a region, the knowledge base for a certain
region, the availability of scrap, government policies, the presence of other industries
linked to the steel industry and comparative advantages in other areas (e.g. the
absence of strict environmental regulations). It is difficult to differentiate these
drivers in a quantitative way between regions.

As an example of the difficulties associated with production cost function modelling, we
would like to note that none of the models given in Appendix 2 explicitly includes scrap
availability as a driver influencing the share of secondary steel, e.g. by modelling the
influence of scrap availability on scrap prices, whereas intuitively, scrap availability is
probably one of the most important explanatory variables for the shares of primary versus
secondary technologies.

Probably as a result of these difficulties, other modellers take the more simple second
approach by just assuming certain trade flows and technology shares based on past trends. Of
the models summarised in Appendix 2, this is done by Michaelis and Jackson (2000) and in
the VLEEM model (2005) for both steel trade and technology shares and by Das and Kandpal
(1998) only for steel trade.

An interesting attempt to couple steel trade to an exogenous variable (per capita income) is
given by Wienert (1996), although he does not use his analysis to project steel trade towards
the future. Based on a detailed worldwide historical analysis for the period 1960-1993, he
derives the general pattern of steel trade as a function of per capita income:

. ‘With beginning industrialisation the steel import grows so fast that an increase in
local production becomes profitable. To increase production capacity, time is
required and capacity increase cannot keep up with the increasing consumption,
resulting in an even larger net import.

. When the increase in steel consumption becomes smaller as a result of decreasing
speed of the industrialisation process, the net import declines and the country
eventually becomes as net steel exporter.

. Without a strongly increasing consumption, further capacity increase becomes so
risky and normally does not take place. This results in effects on the profitability,
because the use of technological progress for productivity gains is not equally
possible in existing plants as in new plants. When the steel consumption finally
declines, the costs are driven up by low load factor and closure of plants. Because
the steel consumption in highly developed countries remains higher than in the
developing countries that follow them, it becomes profitable for the latter to
penetrate the markets of the developed countries by opening e.g. sales offices. As a
result of all these influences, the net export of a country in view of this idealised

devel opment process becomes smaller or is even replaced by a net import’ ™.

A graphical representation of this development is given in Figure 4-1.

? Especially since the difference in export price between various semi-finished steel products can easily
differ by as much as a factor 4 (Gielen and van Dril, 1997, pp. 82).
1 Translated from German (Wienert, 1996a).
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Figure 4-1 Development of steel use and steel production as function of level of
development (based on Wienert, 1996a).

4.2 General description of modelling approach
The approach used in our model to project steel trade, steel production and technology choice
has the following characteristics:

. Steel trade is not modelled using production cost functions, but is included via
exogenous trade scenarios based on historical trends and a narrative storyline.

. The future availability of scrap is modelled using a detailed material flow model
taking into account product and lifetime distributions.

. The modelled availability of scrap is used to determine the shares of the three routes

distinguished in Section 4.1.1.

An overview of the material flow model used is shown in Figure 4-2, including flows
(starting with F), trade flows (TF), commodities (C) and ratios determining the split between
certain flows. Below we give a narrative description of the material flow model. The basis of
the model is the apparent consumption of semi-finished and finished products (F17),
expressed in crude steel equivalents. This demand is projected via the method described in the
previous chapter. Consumption can either be met by domestic production (F13), but can also
be imported from other regions (TF3). This steel trade is projected based on exogenous trade
assumptions.

In the production of finished and semi-finished products, a fraction of steel is lost in the form
of circulating scrap (F14). Part of the circulating scrap is recovered and used as input into
steelmaking (F3). Semi-finished and finished steel products are used by the steel converting
industries to produce steel containing end products (F20). In this process, again a fraction of
steel is lost in the form of prompt scrap (F18), recovered to a certain extent to be used in
steelmaking (F2). The end products are used in the economy. We distinguish between four
product groups with different lifetime distributions based on literature information. At the end
of their economic lifetime they become available as obsolete scrap (F22). The end products
can of course be exported to other regions, both directly after production (TF4) or after their
economic lifetime'' (TF5). In our model, we do not take these trade flows into account. The
obsolete scrap is partly recovered for use in steelmaking.

' For example the trade with second-hand cars.
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Scrap is also traded (TF1). This trade is included in the model (i.e. the flows are there), but in
the current model versions, scrap trade is set to 0 in the projections. Since not all scrap is
recovered and since there is a substantial time gap between the production of steel containing
products and their occurrence as obsolete scrap, the total availability of scrap is not sufficient
to meet total iron demands for steelmaking. The additional iron inputs are in the form of
primary iron (F5). As discussed above, primary iron can also be traded (TF2). This trade is
not included in the model. In steelmaking and in the production of iron castings, some of the
iron input is already lost (e.g. in the form of slag, F10). Parts of these iron losses are
recovered as circulating scrap (F4). For the calibration of model parameters and as input for
the trade scenarios, we first analyse past trends for:

Production and trade of steel (Section 4.3.1)

Production of steel by technology (Section 4.3.2)

Specific iron requirements per tonne of crude steel (Section 4.3.3)
Production and trade of primary iron (Section 4.3.4)

Availability and recovery of circulating scrap (Section 4.3.5)
Availability and recovery of prompt scrap (Section 4.3.6)
Availability and recovery of obsolete scrap (Section 4.3.7)

Scrap trade (Section 4.3.8)

These historical trends are translated into model parameters. Together with a detailed model
description, these are given in Section 4.4.

4.3 Overview of past trends and data used for estimating model parameters

4.3.1 Production and trade of steel
Steel production in the various TIMER regions is shown in Figure 4-3.
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Figure 4-3 Crude steel production from 1970-2003 in the 26 TIMER regions in the order of
decreasing production in 2003 (IISI, Various years). Before 1992, Baltic states
(part of Region 12), Ukraine + (Region 14) and Central Asia (Region 15) are
within Russia+ (Region 16).

Overall, consumption of steel and production can differ substantially. The net export of steel
in crude steel equivalents is calculated by deducting the apparent crude steel consumption
(Figure 3-3) for a given region from the crude steel production (Figure 4-3). We give an
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overview for all TIMER regions in Table 4-1 for 1970 and 2003. In Figure 4-4, we give time-
series for 1970-2003 for those regions having a net export of +/- 10 Mt in at least one of the
years shown. In relative terms, we show the net export as function of domestic consumption

in Figure 4-5 as function of per capita income.

Table 4-1 Consumption, production and net export of steel in the 26 TIMER regions in
1970-1972 and 2001-2003 (IISI, Various years)
1970 2003
Region Cons. Prod. Net Ne¥ Cons. Prod. Net Nef
export | export export | export

Mt %o Mt %
Canada (1) 11.1 11.2 0.1 1% 17.3 15.9 -1.4 -8%
USA (2) 127.3 119.3 -8.0 -6% 103.9 93.7 -10.2 -10%
Mexico (3) 4.2 39 -0.3 -1% 21.0 15.2 -5.8 -28%
Rest Central America (4) 0.4 0.1 -0.3 -66% 2.5 1.4 -1.1 -45%
Brazil (5) 6.1 5.4 -0.7 -11% 17.3 31.1 13.9 80%
Rest South America (6) 7.5 3.8 -3.8 -50% 12.1 11.9 -0.2 -1%
Northern Africa (7) 2.6 0.6 -2.0 -77% 9.9 6.5 -3.4 -34%
Western Africa (8) 0.7 0.0 -0.7 | -100% 24 0.1 -2.3 -97%
Eastern Africa (9) 0.0 0.0 0.0 - 0.9 0.1 -0.8 -94%
South Africa (10) 4.8 4.8 0.0 -1% 4.6 9.5 4.9 108%
Western Europe (11) 158.7 163.4 4.7 3% 157.2 162.4 52 3%
Central Europe (12) 35.9 36.9 1.0 3% 27.2 32.7 5.4 20%
Turkey (13) 1.8 1.3 -0.5 -26% 15.3 18.3 3.0 19%
Ukraine + (14) - - - - 18.6 394 20.8 112%
Central Asia (15) - - - - 1.6 5.4 3.8 238%
Russia + (16) - - - - 274 62.7 353 129%
Middle East (17) 4.5 0.1 -4.4 -98% 314 13.4 -18.0 -57%
India (18) 6.4 6.3 -0.2 -2% 35.0 31.8 -3.2 -9%
Korea (19) 3.5 2.7 -0.8 -24% 47.6 46.6 -1.0 -2%
China (20) 24.9 18.6 -6.2 -25% 286.4 238.9 -47.5 -17%
South Eastern Asia (21) 3.6 0.5 -3.0 -86% 32.8 9.2 -23.6 -72%
Indonesia (22) 0.6 0.0 -0.6 -98% 52 2.0 -3.2 -61%
Japan (23) 69.9 93.3 23.4 34% 77.0 110.5 33.5 43%
Oceania (24) 7.2 7.0 -0.2 -3% 10.1 8.4 -1.7 -17%
Other South Asia (25) 0.7 0.0 -0.7 | -100% 33 1.0 -2.2 -68%
Other South Africa (26) 2.0 0.4 -1.6 -78% 1.9 0.2 -1.7 -92%

! As percentage of crude steel consumption
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Figure 4-4 Net export of crude steel from 1970-2003 in TIMER regions having a net export
exceeding +/- 10 Mt/ year in at least one of the years shown. Ukraine+ (region
14) and Russia+ (region 16) only shown from 1992 onwards.
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Figure 4-5 Net export of crude steel as percentage of the apparent crude steel consumption
in the TIMER regions. Regions from the former USSR (region 14, 15 and 16)
only shown from 1992 onwards.

From the table and figures, we draw the following conclusions:

. The net export as percentage of crude steel consumption differs widely from region to
region. In 2003, steel export as percentage of apparent crude steel consumption
ranges from —97% (Eastern Africa) to +238% (Central Asia).

. With the exception of the former centrally planned economies (region 12 and 14-16),
the generalised pattern identified by Wienert (1996a) and shown in Figure 4-1 seems
to be confirmed by the empirical data. Less developed regions generally have a
considerable net import of steel. The net import declines when per capita income
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increases and some regions (Brazil, South Africa, Turkey and Korea) have become
net exporters in the course of their development'?.

. In developed regions (Canada, USA, Western Europe, Japan and Oceania), steel
production and consumption are in general relatively balanced (net export less than
+/- 20% of crude apparent crude steel consumption) with the exception of Japan that
still has a net export of 43% of apparent crude steel consumption in 2001-2003.

. The former centrally planned economies (12 and 14-16) are all net exporters in the
period 2001-2003. After the transition in the beginning of the 1990-ies, apparent
crude steel consumption declined significantly'® and as a result, these regions have a
significant overcapacity.

. Two single country regions (Brazil and South Africa) are also significant net
exporters of steel. According to Wienert (1996a), this can for Brazil be explained by a
combination of wrong government planning and the presence of large iron ore
reserves. The latter is also true for South Africa.

From Figure 4-4 and Figure 4-5 it is hard to draw overall conclusions about the relative
amount of interregional steel trade as percentage of domestic worldwide consumption over
time. The International Iron and Steel Institute (Various years) reports steel trade as
percentage of world steel production (Figure 4-6), in crude steel equivalents'®. For regional
energy demand modelling, these reported values are, however, of limited value for two
reasons:

. The figures are absolute trade figures and not net trade figures. It is therefore difficult
to use them to monitor developments in the ratio between production and
consumption of steel. Increased specialisation within the steel industry might for
example lead to more trade (both export and imports), but not necessarily to more net
trade (exports — imports).

. The figures are trade flows between countries and therefore also include intraregional
trade. Trade flows between countries of the former USSR are therefore included after
1992, but not in the years before. The European Union is responsible for about 1/3 of
all steel exports, but to a large extent these exports are to other countries within the
European Union.

We therefore show in Figure 4-6 also the net interregional trade for the TIMER regions as
percentage of world steel production for the period 1992-2003. Although it is difficult to draw
robust conclusions as a result of the relative short time-series we can conclude that there are
no indications that the net interregional trade has increased significantly in the period 1992-
2003.

12 If we consider all regions except Canada, USA, Western Europe, Japan and Oceania as less
developed regions and exclude the formerly centrally planned economies (region 12 and 14-16), we
can conclude that all regions except Mexico (region 3) and Other South Africa (region 26) experienced
a declining net import between 197-1972 and 2001-2003 (Table 4-1).

'3 Apparent crude steel consumption in the former USSR (region 14-16) was 153 Mt in 1990 and 48 Mt
in 2003. In Central Europe (region 12), steel consumption in 1990 was 37 Mt in 1990 and 27 Mt in
2003 (IISI, Various years).

' Total exports of semi-finished and finished steel products are multiplied with a constant factor of 1.3
to obtain crude steel equivalents. Using this constant of 1.3 makes no allowance for yield improvement,
thus leading to increasing overestimation of the export share. In the statistical yearbook of 2005, steel
trade as percentage of world steel production is no longer reported, probably because of the limited
usefulness of the figures.
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Figure 4-6 Total world and net interregional trade as percentage of world steel production.

Data for interregional trade only shown after 1992

4.3.2 Production of steel by technology

The worldwide shares of basic oxygen furnace (BOF), electric arc furnace (EAF) and open-
hearth furnace (OHF) steelmaking in the total steel production in 1990 and 2003 are shown in
Figure 4-7, regional data in Figure 4-8. Figure 4-8 reveals that the shares of the various
technologies in total production differ significantly from region to region. The share of the
OHF process went down in all regions. In 2003, the process was still used in India, the
regions of the former USSR and Central Europe. Worldwide, not more than 4% of the total
crude steel production in 2003 was produced using this process, whereas in 1990, the share
was still 15%. The shares of the BOF and the EAF processes in 2003 ranged from 0% to 100.
Worldwide, 64% of steel in 2003 was produced via the BOF process and 33% via the EAF
process. In 1990, these percentages were 55 and 28% respectively.
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Figure 4-7 Worldwide technology shares between 1990 and 2003
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4.3.3 Specific iron requirements per tonne of crude steel

Decisive statistical data on total scrap consumption for the production of crude steel and iron
castings is not available. To derive scrap consumption based on the production of crude steel
and iron castings and the production of primary iron, one first needs to know the total specific
iron requirements per tonne of crude steel. Crude steel production in the statistics of the
International Iron and Steel Institute used to be defined as the total output of usable ingots,
continuously cast semi-finished products and liquid steel for castings (IISI, 1990), although
no definition is given anymore in the most recent version of the statistical yearbook. Some
metal is lost in the conversion of liquid steel to crude steel and the total iron requirements
therefore exceed the crude steel production. Detailed data on the total iron requirements per
tonne of crude steel can be found in the balances prepared by World Steel Dynamics (WSD,
2005). They distinguish between liquid steel (before casting) and crude steel (after casting)
and use the ratios for the US in 1975 and 2003 given in Table 4-2. The metallics inputs given
in the table are not corrected for the fact that pig iron (main input into open-hearth and basic
oxygen furnaces) has an iron content of approximately 96%.

Table 4-2 Liquid to crude steel and total metallics to liquid steel ratios used for the US by
World Steel Dynamics (2005).

1975 2003
Steelmaking
Liquid steel / crude steel (ingot casting) 1.045 1.045
Liquid steel / crude steel (continuous casting) 1.030 1.030
Total metallics / liquid steel (OHF) 1.200 1.200
Total metallics / liquid steel (BOF) 1.170 1.140
Total metallics / liquid steel (EAF) 1.111 1.060
Foundry production
Total metallics / foundry production 1.500 1.500

Of the liquid steel not embodied in the cast crude steel, 60% is assumed to be recovered as
circulating scrap (next section), but no recovery is assumed for the metallics not embodied in
the production of liquid steel. For foundries, 90% recovery is assumed for the metallics not
embodied in the foundry products. The ratios used by World Steel Dynamics are reasonably
in line with a few other sources that could be found. Wienert (1996b) mentions an iron input
per ton of crude steel of 1.15. In Moll et al. (2005), a total input of 92.4 Mt of pig iron and
17.0 Mt of scrap is mentioned in Basic Oxygen Furnaces in the EU-15 in 2000 for a crude
steel production of 98.3 Mt, equivalent to a metallics input of 1.11 tonne per tonne of crude
steel.

Some other sources, however, give lower estimates for the total iron consumption per tonne
of crude steel. In Moll et al. (2005), a scrap input of 67.0 Mt in electric arc furnaces is
reported for a crude steel production of 64.8 Mt, equivalent to a metallics input of 1.03 tonne
per tonne. In a study by the American Iron and Steel Institute (AISI, 2001), the total iron
contained in by-products such as dust, sludge, slag etc. is estimated at 3.24 Mt on a total crude
steel production of 95.26 Mt. This is equivalent to a metallics input of 1.03.

4.3.4 Production and trade of primary iron

The production of pig iron in the TIMER regions in 1970-2003 is shown in Figure 4-9.
Almost all pig iron is produced by blast furnaces. The only commercially applied smelt
reduction process for the production of pig iron is the COREX/FINEX process applied in
three plants worldwide (Wieder et al., 2004), having a total yearly capacity of approximately
3 Mt/year:

. Saldanha Steel, saldanha works, South Africa (capacity of 650 kt/year), coupled with
a 800 kt/year Direct Reduced Iron unit using the smelt reduction export gas.
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. Jinal Vijayanagar steel, Torenagallu Works, India (two modules, each having a
capacity of 800 kt/year), export gas used for power generation, a pellet plant and as a
fuel in the integrated plant complex.

. Posco, Pohang Works, South Korea (capacity 800 kt/year).

Another process close to commercial application is the HIsmelt process. A commercial scale
plant (capacity of 800 kt/year) is currently being constructed in Australia, was expected to
start up in late 2004 and to reach full production in the first half of 2006 (Rio Tinto, 2002).
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Figure 4-9 Pig iron production from 1970-2003 in the 26 TIMER regions in the order of
decreasing production in 2003 (IISI, various years). Before 1992, Baltic states
(part of Region 12), Ukraine + (Region 14) and Central Asia (Region 15) within
Russia+ (Region 16).

We show an overview of international pig iron trade in Table 4-3 (IISI, various years). There
are clearly shortcomings in the trade data, because total import and total export figures do not
match well, which would ideally be the case. The numbers are consistent with numbers given
by Cattell et al. (2002, slide 6), who estimates the exports of merchant pig iron between 1992
and 2001 to fluctuate between approximately 10 and 14 Mt. Two countries, Brazil and Russia
dominate the merchant pig iron market with specialised production for exports. Both
countries export approximately 4 Mt of pig iron each year with Brazil, very generally stated,
supplying the United States and Russia supplying Europe and Asia (Moore and Aylen, 2002).

Table 4-3 Worldwide trade in pig iron
Values in Mt Export Import

2000 2001" 2002 2000 2001 2002
Europe 0.4 04 0.5 3.1 3.0 2.8
Former USSR 3.6 5.8 4.6 - - -
Northern America 0.2 0.2 0.1 5.1 4.5 4.7
Central / South America | 4.1 - 4.4 1.4 1.0 1.1
Asia 3.9 15 1.5 4.8 2.5 2.4
Africa 1.0 - 0.4 - - -
Total 13.1 8.0 11.6 14.3 10.9 10.9

" Export figures most probably wrong, because both Brazil and South Africa exported pig iron
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The production of DRI/HBI is shown in Figure 4-10. The gas based MIDREX process is the
dominant technology in DRI/HBI production, covering 65% of total production in 2003.
Other gas-based processes (e.g. HYL I, HYL III and Finmet accounted for 25% and coal
based processes accounted for 10% in 2003 (Midrex, 2003). The Figures reveal that the
production of DRI/HBI is concentrated in Central and South America, the Middle East and
South Asia (India), together responsible for more than 70% of DRI/HBI production.

According to Daniels (2002, pp. 34), the “Capacity of the Midrex process (gas-based)
concentrates in areas where cheap natural gasis available as a by-product of oil production.
Generally, in these areas without a market for the gas, the gas s flared. Often, it profits from
the presence of ore, too”
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Figure 4-10 Production of DRI from 1970-2003 in the 26 TIMER regions (Midrex, 2003).
Until 1980, only the worldwide total is available.

Worldwide trade of DRI/HBI amounted to 12.3 Mt in 2003 (Midrex, 2003), which is about
one quarter of total DRI/HBI production. In 1998, the major trade flow was from
Central/South America to the United Sates and Asia (in total approximately 3 Mt), from
Russia to various other regions (0.7 Mt) and from Malaysia and India to other Asian countries
(1.6 Mt) (UN, 1999). Since 1998, two large export-oriented plants came on stream in
Venezuela and Australia (total capacity 4.4 Mt) (Midrex, 2003).

The total production of primary iron as percentage of total worldwide crude steel production
is shown in Figure 4-11 for the period 1900-2003. Worldwide the ratio of primary iron
production over crude steel production is remarkably constant since 1960, varying only
between 70 and 75% in this period. In the years before, the primary iron to crude steel ratio
was higher, because of a lower availability of obsolete scrap and also because of a larger
fraction of iron castings compared to crude steel production (Section 3.3.2). In Figure 4-12,
the production of primary iron in the TIMER regions in 2003 is given as percentage of the
total crude steel production.
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Figure 4-11 Worldwide primary iron production (pig iron and direct reduced iron) as

percentage of total crude steel production based on IISI (Various years), Midrex
(2003) and Wirtschaftvereinigung Stahl (2004).
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Figure 4-12 Production of primary iron as percentage of total crude steel production in the
TIMER regions in 2003.

Figure 4-12 makes clear that regional differences are substantial with a range from 0%
(Western and Eastern Africa) to 155% (Rest Central America). Percentages above 100% can
be explained by a number of factors:

. The total iron input per tonne of crude steel is approximately 1.1 (Section 4.3.3).
Some primary iron is also consumed for the production of iron castings.
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. The figures refer to primary iron production as percentage of crude steel production.
Countries with substantial net export of primary iron (e.g. Australia, Trinidad and
Tobago, Venezuela) therefore have ratios above 100%.

. The data quality for especially some of the smaller regions (e.g. Other South Africa)
is insufficient to calculate the percentage with sufficient accuracy.

In our model, we distinguish between the three routes for steelmaking given in Section 4.1.1
and to do so, it is necessary to split the steel production via the electric arc furnace route
(Figure 4-8) into primary iron and scrap based electric arc furnace production. The worldwide
direct reduced iron production as percentage of the total electric arc furnace steel production
is shown in Figure 4-13 for 1990-2003 and regional shares are shown in Figure 4-14.
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Figure 4-13 Worldwide direct reduced iron production as percentage of crude steel
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electric arc furnaces in 2003.
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The overview shows that the share of direct reduced iron in electric arc furnace steel
production is gradually increasing and is now at the level of 15%. The percentages shown in
Figure 4-14 are not identical to the share of direct reduced iron consumption in electric arc
steel production, because direct reduced iron is also traded". In Oceania, for example, direct
reduced iron is produced in an export-oriented DRI/HBI plant in Port Hedland, Australia
(Steel-technology.com, 2005). It can still be concluded, however, that in some regions of the
world (Central and South America, Northern Africa, Middle East, India and Indonesia)
electric arc furnaces are to a very large extent operated with primary iron inputs. In some of
these regions, direct reduced iron is the main form of primary iron produced (Figure 4-15).
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Figure 4-15 Percentages of pig iron and direct reduced iron in total primary iron production

in 2003

4.3.5 Availability and recovery of circulating scrap

We define the circulating scrap ratio as the ratio of the circulating scrap production and the
crude steel production (F14 / F13 in Figure 4-2). Historically, the circulating scrap ratio has
been going down as a result of the introduction of continuous instead of ingot casting. The
formula used by the International Iron and Steel Institute to calculate finished steel back to
crude steel equivalents (Equation 3-15) can also be used to derive the circulating scrap ratio
based on the fraction of continuous cast steel.

A continuous casting ratio of 0% (i.e. 100% ingot casting) translates to a circulating scrap
ratio of 23% (1-1/1.3, Equation 3-15) and a ratio of 100% translates into a circulating scrap
ratio of 10% (1-1.175/1.3, Equation 3-15). Based on IISI data for the continuous casting ratio
(IISI, various years) and Equation 3-15, we calculated the circulating scrap for the various
TIMER regions shown in Figure 4-16.

15 Detailed data on direct reduced iron trade is, however, not available.
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Figure 4-16 Circulating scrap ratio in the various regions and worldwide average

The data shown in Figure 4-16 are confirmed by other sources. Wienert (1996b) uses values
of 1.35 tonne crude steel per tonne of finished steel for ingot casting and 1.10 tonne crude
steel per tonne of finished steel for continuous casting, equivalent to a circulating scrap ratio
of 26% and 9% respectively. In Michaelis and Jackson (2000), the ratio of circulating scrap
and finished steel production for the UK is shown to have dropped from over 30% (1954) to
approximately 10% (1994), equivalent to a circulating scrap ratio of 23% (1954) and 9%
(1994). In the balances made by World Steel Dynamics (WSD, 2005), the circulating scrap
availability is directly calculated by subtracting the deliveries of finished and semi-finished
steel products from the crude steel production. From their data, a circulating scrap ratio of
32% can be derived for 1975 and a ratio of 12% in 2002 for the US, which is slightly above
the ratios calculated with Equation 3-15. Of the circulating scrap, 90% is assumed to be
recovered. More historical estimates for the circulating scrap ratio are difficult to find.
According to the US Geological Survey mineral yearbook of 1939 (USGS, 1939a,b), in 1937
and 1938, steel furnaces used 13.6 and 7.7 Mt of home (circulating) scrap respectively on a
crude steel production of 45.9 and 25.7 Mt respectively. This would correspond to a
circulating scrap ratio of approximately 30% in those days if we assume all circulating scrap
to be recovered.

It should be noted that circulating scrap is ‘produced’ in the conversion of crude steel to
finished steel. Since steel slabs (crude steel) are also already traded, the circulating scrap
availability is not necessarily correlated with the crude steel production of a country and is
also dependant on the kind of semi-finished and finished steel products made in a country.

4.3.6 Availability and recovery of prompt scrap

Prompt scrap is generated when steel products are made from finished steel. The amount of
prompt scrap can therefore be expresses relative to the finished steel consumption (F18 / F17
in Figure 4-2) and via the circulating scrap ratio also relative to the crude steel consumption.
In Lardinois (1994, pp. 69), the amount of prompt scrap is estimated at 15% of crude steel
consumption, which would correspond to a prompt scrap ratio (as ratio of finished steel
consumption) of 0.17 (circulating scrap ratio of 0.1) or 0.19 (circulating scrap ratio of 0.2). In
a UN publication (UN, 1995), the amount of prompt scrap is estimated to vary between 8%
and 20% of the apparent crude steel consumption. With a circulating scrap ratio of 0.1, this
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corresponds to a prompt scrap ratio of 9% - 22%. With a circulating scrap ratio of 0.2, this
corresponds with a prompt scrap ratio of 10% - 25%. In Michaelis and Jackson (2000), a
prompt scrap ratio of 15% is assumed. Wienert (1996b), report a drop in prompt scrap ratio
from 20% in the fifties to 10% in 1993.

In the balances made by World Steel Dynamics (WSD, 2005), a prompt scrap ratio for the US
of 20% in 1975 and 13% in 2003 (steel) and 15% in 1975 and 14% in 2003 (foundries) is
used. The prompt scrap ratio is very product specific and therefore very much depends on the
product mix made from steel. Dahlstrom et al. (2004) gives prompt scrap rates for the 10
sectors distinguished in their study based on a personal communication. For all sectors a
prompt scrap ratio of 10% is used, except for the structural steelwork and building and civil
engineering sector (5%) and the cans and metal boxes sector (17%). In a United Nation
publication (1979), prompt scrap rates for 25 steel consuming sectors are given, ranging from
0% (railway tracks) to 46.7% (precision engineering). An overall-rate of 15.6% is given for
1972.

4.3.7 Availability and recovery of obsolete scrap

In contrast to circulating and prompt scrap, obsolete scrap does not depend on the production
of steel and / or metal containing products, but on the consumption of metal-containing
commodities in the past and the lifetime of these products. In order to calculate and project
the amount of obsolete scrap available in a region, one needs to know exactly:

. The product mix made from steel
The lifetime of these products

. The trade in steel containing commodities both at the end and at the beginning of
their lifetime

. The dissipation of steel products into the environment

All four elements are region-, product- and time dependant. The amount of steel embodied in
products that go to the stock of products in use can be estimated as the apparent crude steel
consumption of a country, corrected for the fraction of crude steel that is converted to scrap
before it is embodied in final products. A circulating scrap ratio of 42% and a prompt scrap
ratio of 30% (1900 assumptions in our model, see Section 4.4.4), implies that only 41% of
crude steel consumption is embodied in final consumer products. A circulating scrap ratio of
10% and a prompt scrap ratio of 15% (current situation) implies that 77% of crude steel
consumption is embodied in final consumer products. A circulating and prompt scrap ratio of
5% (2100 assumptions in our model, see Section 4.4.4) implies that 90% of crude steel
consumption is embodied in final consumer products.

Information on the mix of products made from steel is not easily available. Historical data
(1995-2005) for the EU are given in Figure 4-17, based on Eurofer data (Eurofer, 2005). The
figure shows that the percentages have not significantly changed in the last 10 years. This is
also confirmed in a study by Dahlstrom et al. (2004), which gives data for the UK for the
period 1975-2000 (Figure 3.2 in her study). For the US, historical data are shown in Figure
4-18 (USGS, various years). The data are difficult to interpret, because the categories ‘others’
and ‘service centres and distributors’ take a large part of the consumption and it is unclear
what is included in these categories. In recent years, the share of containers in total steel
consumption seems to have decreased at the expense of construction steel, but the unclear
sector classification and the occurrence of some unexplainable yearly variations (e.g. in
machinery) makes it difficult to distinguish clear trends. For Japan in 2003, the share of
buildings and public works in total steel consumption was 45%, the share of cars was 21%,
machinery 22%, packaging 3% and the category of Secondary Products 9% (IISI, 2005b). In
an Indian source (Banerjee, 2004), it is shown that the construction sector has a considerably
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higher market share in China (54%) compared to India (35%), but it unclear which sectoral
classification is used.
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In literature, a number of studies can be found that try to calculate obsolete scrap recovery
rates based on the average lifetime of steel products and historical steel consumption figures.
Michaelis and Jackson (2000) calculate a weighted average lifetime of 14 years, based on an
analysis for 10 types of products. The lifetime assumptions for some of the products (e.g.
motor vehicles 7 years and construction 30 years) seem to be on the low side. Using this
lifetime, a post-use recycling rate between 74 and 41% is calculated for the period 1969 —
1994 in the UK. In this study, all trade flows are taken into account, including indirect trade
in steel-containing commodities. The authors point out that the ‘few data points and the
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assumptions necessary for this estimate mean that this inference should be treated with
caution’.

In a study by Dahlstrom et al. (2004), an inferred recycling rate is calculated for the UK in
2001 based on the lifetime assumptions given in Table 4-4 and using three types of lifetime
distributions (no distribution, log-normal distribution and Weibull distribution). The inferred
recycling rate calculated using these distributions is 69-72%. These recycling rates include
also prompt scrap. If prompt scrap is excluded from the calculation, the obsolete scrap
recovery rate is 68% (based on Figure 3-25 from the report, (3501+4818-171-1383)/(10013)).
Using the same assumptions for the lifetime of steel products, Moll et al. (2005), estimate the
total amount of ‘end-of-life’ goods to be available in the EU15 in 2000 to be 86.5 Mt (Figure
30 in their report). Based on these estimates, an obsolete scrap recovery rate of 66% can be
derived from their figures for the EU15.

Table 4-4 Lifetime of steel products given by Dahlstrom et al. (2004)

Sector Lifetime (range)
Mechanical engineering 15 (10-20)
Electrical engineering 16 (10-25)
Shipbuilding 60
Vehicles 13 (11-16)
Structural steelwork and building and civil engineering 60 (20-100)
Metal goods 13 (5-15)
Cans and metal boxes 1
Boilers drums and other vessels 10
Other industries 25

In Lardinois (1994), a list is given of products with certain assumed lifetimes and the
recycling ratio. Unfortunately, no source is given for the figures. Based on an assumed
average lifetime of approximately 15 year (which seems not to be derived from the table, but
exogenously assumed), a recycling rate of 33% is calculated using the ratio of past
consumption and current use of obsolete scrap.

Table 4-5 Lifetime of steel products given by Lardinois (1994)

Lifetime Recycling ratio
Cans 2 50%
Cars 12 90%
Machines 20 90%
Steel furniture 22 60%
Shipbuilding 26 80%
Locomotives 32 95%
Construction steel 32 80%
Bridges 50-100 40%

Fenton (2005) assumes an average lifetime of 19 years based on the data given in

Table 4-6. Based on this data, he derives an obsolete scrap availability for the US of 75 Mt in
1998. This is based on the shipments of steel products, excluding indirect trade. The actual
obsolete scrap consumed in 1998 was 35 Mt in 1998 and the net export of scrap was 3 Mt,
resulting in an obsolete scrap recovery rate of (35+3)/75 = 51% for 1998 (Fenton, 2004).

45




Table 4-6 Lifetime of steel products assumed by Fenton (2005).

Steel consuming industry Lifetime of steel product
Steel for converting and processing 19
Independent forgers (not elsewhere classified) 19
Industrial fasteners 19
Steel Service Centres and Distributors 19
Construction, including maintenance 30
Contractors' products 30
Automotive 10
Rail transportation 30
Shipbuilding and marine equipment 30
Aircraft and aerospace 20
Oil, gas and petrochemical 30
Mining, quarrying and lumbering 15
Agricultural 20
Machinery, industrial equipment and tools 15
Electrical equipment 20
Appliances utensils and cutlery 10
Other domestic and commercial equipment 10
Containers, packaging and shipping materials 1
Ordnance and other military 15
Non-classified shipments 19

In Wienert (1996a), based on very simple regression analysis (shifting the steel consumption
to obtain the best fit with the obsolete scrap use), a recycling rate of 33% is calculated, based
on an average lifetime of 9 years. Birat and Zaoui (2002) mention collection rates of 95% for
automobiles, 48% for packaging, 68% for buildings and bridges and 65% for home appliances
in the EU-12 in 1995. In the same source, the total collection rate of obsolete scrap is given
for the EU-12 countries for the period 1950-2020. The collection rate went down from almost
90% in 1950 to 65% in 1990 after which the collection rate started to increase again to
approximately 70% in 2000. Unfortunately, the methodology applied to come to these
estimates is not explained. In other sources, Birat (Unknown year, pp. 5 and 2000, pp. 1353)
mentions collection rates between 70-85%. In a publication by the American Steel Recycling
Institute (2003), an overall obsolete steel recycling rate of 83% is given. Individual rates are
given for municipal waste (32%), containers (60%), automotive (95%), other durables (95%)
and construction (85%). It is not fully clear, which methodology is applied in determining
these figures, because a recycling rate of 45% is mentioned for reinforcement bars in a study
by the American Iron and Steel Institute (AISI, 2001), quoting the same Steel Recycling
Institute.

To summarize, we can conclude that quite wide ranges are found in open literature for the
average lifetime of steel products and for the recycling rate of obsolete scrap.

4.3.8 Scrap trade

According to Mackrall (2004), 81 Mt of merchant scrap was traded internationally. A similar
figure for international merchant scrap export in 2003 (78 Mt) is found in the Steel Statistical
Yearbook (2004). These figures include intraregional trade. We derived the net interregional
trade in scrap for 2003 and summarise it in Table 4-7. The time series of net export for some
important regions are shown in Figure 4-19. Some doubts about the quality of the data are
justified since net export and net imports differ by 2.5 Mt, but a general pattern can still be
deducted from the table. Developed regions (including the regions of the former communist
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regions) are net exporters of scrap with the exception of Western Europe, whereas developing
and less developed countries are net importers of scrap.

Table 4-7

Net intraregional scrap trade in 2003 in the TIMER regions

Net exporters

Net importers

Region Quantity | Region Quantity

(M) Mt
Russia (16) 7.7 | China 11.6
USA (2) 7.5 | Turkey 11.0
Central Europe 6.5 | Korea 5.8
Japan (17) 5.5 | Western Europe 2.6
Others 8.0 | Others 6.5
Total 35.2 | Total 37.5

15

Net scrap export (Mt)
o

-10 4

1995

Figure 4-19

Year

—USA (2)
Western Europe (11)
= Central Europe (12)
Turkey (13)
Ukraine + (14)
= Russia + (16)
Korea (19)
China (20)

=Japan (23)

Net steel scrap export for regions having a net export of +/- 5 Mt in any of the
years shown. Ukraine and Russia only shown from 1992 onwards.

4.4 Detailed model description and exogenous model parameters

4.4.1 Production and trade of steel

For the period 1900-1970, steel trade is totally neglected and apparent crude steel
consumption is set equal to historical crude steel production. For the period 1970-2003,
historical data on steel production and consumption is used and net steel export is derived by
deducting consumption from production levels. For the projections, steel trade and resulting
steel production are not endogenously modelled. Instead, we determine trade by means of
exogenous model assumptions. We distinguish three cases. In the default case:

1. Absolute trade flows is frozen to 2003 levels.

This assumption has the advantage that trade flows are automatically balanced (net export =
net import) and results in the following trade developments over time:

. Regions with stable projected apparent crude steel consumption levels compared to
2003 levels also have stable relative trade flows in this trade assumption. This in
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general holds for the developed regions of the world (saturated per capita steel
consumption combined with stable or slightly decreasing population).

. Regions with increasing apparent crude steel consumption levels compared to 2003
levels have decreasing relative trade flows in this trade assumption. This holds for
most developing regions (increasing per capita steel consumption, often combined
with increasing population). This assumption therefore ‘automatically’ results in a
declining relative net import when a country develops which is in line with the trade
pattern for developing countries assumed by Wienert (1996a) and discussed in
Section 4.1.2. However, in this trade scenario, currently importing regions remain net
importers. The shift from being a net importer to being a net exporter (sometimes
followed by a switch back to being a net importer) as discussed in Section 4.1.2 is not
simulated by this trade scenario.

. Regions with decreasing apparent crude steel consumption levels compared to 2003
have increasing relative trade flows in this assumption. This is for example the case
for developed regions with stabilising or declining per capita apparent crude steel
consumption and / or declining population.

In the model, two alternative assumptions regarding trade are also included. As part of the
sensitivity analysis (Section 7.5), we will show results using these alternative trade
assumptions:

2. No steel trade; steel consumption equals steel production
3. Region-specific relative steel trade

Using the second assumption, trade is totally neglected. All regions are assumed to have a
crude steel production equal to the apparent crude steel consumption. Analysis of historical
data (Figure 4-4, Figure 4-5, Table 4-1) reveals that, especially for less developed regions
significant errors are made using this zero trade assumption. However, the error made is
relatively small (< +/- 20%) for the more developed regions of the world (Canada, USA,
Western Europe, Korea) having income levels above 10,000 1995 ppp $ per capita. The only
exception is Japan having net export of 43% in 2003 (Table 4-1).

In third trade assumption, we use a tailored approach with a specific development of the
relative trade as function of per capita income and/or time. The approach is partly based on
the general trade pattern as function of per capita income as given in Figure 4-1 and discussed
in Section 4.1.2:

. Low developed regions (per capita income lower than 10,000 1995 ppp $) currently
having a net import of crude steel are assumed to have a decreasing import
dependency in the course of their development. The net import is assumed to decline
linearly as a function of per capita income and to reach a net import level of 0% at a
per capita income level of 10,000 1995 ppp $. At higher income levels, the net import
is kept at 0%. This method is used for Region 3 (Mexico), 4 (Other Central America),
6 (Other South America), 7 (Northern Africa), 8 (Western Africa), 9 (Eastern Africa),
17 (Middle East), 18 (India), 20 (China), 21 (South Eastern Asia), 22 (Indonesia), 25
(Other South Asia) and 26 (Other South Africa).

. The net export of the former centrally planned economies 12,14,15 and 16 (Central
Europe, Ukraine +, Central Asia and Russia +) is assumed to result mainly from the
declining apparent crude steel consumption figures after the collapse of the
communist governments, resulting in large overcapacities and a net export tendency.
For those regions, the current production level is lowered by 3% per year (to simulate
shutdown of part of the current capacity) until the net export reaches a level of 0%.
After this point, a net export of 0% is maintained.
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. For the other regions with a per capita income level above 20,000 1995 ppp $ and for
the regions that have already reached a level in which they became net steel exporters
(Brazil, South Africa, Turkey and Korea), in principle the relative net export levels of
2003 are maintained (Table 4-1). To balance the overall trade (net total exports
should be 0), we arbitrarily chose to change the relative net export percentage'® of the
exporting regions (Western Europe, Japan, Brazil and South Africa), while keeping
the relative percentage of the importing regions constant.

We would like to emphasise that none of the three trade assumptions is based on any sound
and consistent economic or other theory. In the final chapter of this report, we discuss
possibilities to endogenously include steel trade in the model.

4.4.2 Steel production by technology

In this study, we attempt to give very long-term scenario projections. To assess the energy use
and CO, emissions from steel production, the most critical parameter to project is the amount
of steel produced from primary resources (iron ore) versus the amount of steel produced from
secondary resources (scrap). One possibility for estimating the share of secondary resources
in steel production is to project the share of electric arc furnaces in the total steel production
and to assume electric arc furnaces to be equivalent to secondary steel production. Given the
fact that the iron sources for electric arc furnaces have become increasingly diversified
(Chapter 2) and given the fact that scrap is also used in basic oxygen furnaces and open-
hearth furnaces, this might lead to misleading results for some regions (Figure 4-14). In our
projections, we do therefore not only distinguish between primary and secondary production,
but we distinguish between three steel production routes with fixed percentages of secondary
iron (scrap) and primary iron inputs, complemented with the production of iron foundries.

Table 4-8 Percentage of scrap and primary iron in three production routes

Route Scrap percentage in input Primary iron
percentage in input

Pig iron — BOF — Route 1 10 90

DRI — EAF — Route 2 0 100

Scrap — EAF — Route 3 100 0

Foundries 100 0

With the material flow analysis (Section 4.4.3 — Section 4.4.6), we project the amount of
available scrap resulting from current steel production and past steel consumption levels,
taking into account recovery ratios for the various scrap types (Figure 4-2). We assume this
scrap to be fully used in steel production. The remaining part of the total iron requirement
(Section 4.4.3) has to be covered by primary iron resources. The shares of the various routes
are deducted from the total scrap requirements:

Total scrap consumption =

3

> (shareroute * specificiron requirements * scrap percentage input; * steel production )
i=1

+ productioniron foundries* specificiron requirements,,, .. * SCrap percentageininput

Equation 4-1

18 If for example a net export of 40 Mt is projected for Western Europe, Japan, Brazil and South Africa)
using the constant percentages for 2003, but only a net export of 20 Mt is required to balance trade
resulting from the assumptions made for the other regions, we multiplied the percentages for 2003 for
the four regions with a factor 0.5.
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In this equation, the total scrap consumption (Section 4.4.7), the production in iron foundries,
(Section 3.4.2) the specific iron requirements of the steel production route (Section 4.4.3), the
scrap percentages in the input (Table 4-8) and the steel production are all known, leaving the
shares of the three routes as three independent variable. Fixing the share of one the three
routes is sufficient to calculate the remaining two shares'’. In our projections, we use the
share of direct reduced iron in total primary iron production (Figure 4-15) as the exogenous
variable to determine the share of route 2. We use the shares of direct reduced iron in total
primary iron production in 2003 given in Figure 4-15 for all years until 2100.

4.4.3 Specific iron requirements per tonne of crude steel

We base our assumptions for the specific iron requirement per tonne of crude steel on the data
provided by World Steel Dynamics (WSD, 2005) given in Table 4-2 for 1975-2003 and
corrected for the fact that pig iron only contains 96% iron. For 1900, we assume, a specific
iron requirement of 1.25 for all routes and for 2100 we use a ratio of 1.05 for all routes. In
intermediate years, we use linear interpolation. Data availability is insufficient to distinguish
between the various regions.

Table 4-9 Specific iron requirements per tonne of crude steel (tonne / tonne)

Year OHF! BOF (route 1) EAF (route 2/3)
1900° - 1.25 -
1975° 1.20 1.17 1.16
2003* 1.19 1.13 1.09
2100 - 1.05 1.05

" For the historical data until 2003, we separately include open-hearth furnaces. From 2003, onwards,
open-hearth furnaces (expected to disappear in the coming decade) are included in the basic oxygen
furnace route.

2 Before 1979, we assume all steel to be produced via the basic oxygen furnace route (Section 4.4.2).

? Based on Table 4-2, assuming 100% ingot casting. For OHF and BOF, multiplied with 0.96 to correct
for iron content of pig iron (main input).

3 Based on Table 4-2, assuming 100% continuous casting. For OHF and BOF, multiplied with 0.96 to
correct for iron content of pig iron (main input).

In line with the assumptions made by World Steel Dynamics, we assume no recovery of the
iron input not embodied in the crude steel. For iron foundries, we use a specific iron input of
1.50 tonne iron / tonne of cast iron input. We assume the excess iron to be fully recovered as
circulating scrap.

4.4.4 Circulating scrap

We use the estimates from Figure 4-16 for the circulating scrap ratio for 1972 — 2003. For
1960, when continuous casting was first introduced, a circulating scrap ratio of 0.23 is
assumed for all regions. For 1938, a ratio of 0.3 is assumed for all regions (based on the US,
see Section 4.3.5). For 1900, the development between 1938 and 1960 was extrapolated
linearly yielding a ratio of 0.42 in 1900. The assumption was made that in 2010, all countries
will have introduced continuous casting to nearly 100%, resulting in a circulating scrap ratio
of 0.10. Between 2010 and 2100, further improvement to a ratio of 0.05 is assumed. In
intermediate years, we use linear interpolations. We assume all circulating scrap to be
recovered.

17 Since the sum of the three shares has to be equal to 1, fixing the share of one of the variables yields a
set of two equations with two unknown variables.
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4.4.5 Prompt scrap

Based on the data from World Steel Dynamics (WSD, 2005) given in Section 4.3.6, we use a
prompt scrap ratio of 0.20 in 1975 and 0.13 in 2000. For the future, we assume further
improvement to ratio of 0.05 in 2100. For the past, we assume a prompt scrap ratio of 0.30 in
1900. Data is insufficient to make the prompt scrap ratio region specific. We assume all
obsolete scrap to be recovered.

4.4.6 Obsolete scrap

We distinguish four product categories in the model, corresponding with steel used for
products having different economic lifetimes (based on Mueller, 2005). The products become
available as obsolete scrap in years following their production according to a certain lifetime
distribution. We assume normal lifetime distributions and a fixed percentage of steel going to
the various product categories based on the data presented in Section 4.3.7. A summary is
provided in Table 4-10, a graphical representation of the used lifetime distribution in Figure
4-20.

Table 4-10 Overview product groups
Group 1 2 3 4
Representative for: Construction Machinery Cars Cans
Share in steel 35 25 25 15
production (%)
Average lifetime 70 20 15 5
Standard deviation 30 7 5 3
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Figure 4-20 Lifetime distribution assumed for four product categories

4.4.7 Historical fraction of secondary steel and obsolete scrap recovery rate

Based on the historical production of steel, the historical production and trade of primary iron
and the assumptions on specific iron requirements (Section 4.4.3), circulating scrap
availability (Section 4.4.4) and prompt scrap availability (Section 4.4.5), we can estimate the
historical amount of obsolete scrap required to close the balance of metallics required for the
production of steel. This amount of obsolete scrap can be coupled with the amount of obsolete
scrap available, estimated based on historical steel consumption per product and the assumed
lifetime distribution (Section 4.4.6). The historical obsolete scrap recovery rate is calculated
using the following formula:
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obsol ete scrap recovery rate =

(obsolete scrap required + scrap export — scrap import) / (steel coming out of use)
Equation 4-2

The amount of total scrap required is based on the total metallics required for the production
of crude steel, corrected for the amount of primary iron available:

total scrap required =

iron required foundries + iron required steel production — primary iron production +
primary iron export — primary iron import

Equation 4-3

The total amount of obsolete scrap required is calculated by deducting the circulating and
prompt scrap available from the total scrap requirements:

obsolete scrap required =

total scrap required — circulating scrap available — prompt scrap available
Equation 4-4

The historical fraction of secondary inputs in the total iron requirements is calculated using
the following equation:

fraction of scrap in total iron requirements =

total scrap required/ (iron required foundries + iron required steel production)
Equation 4-5

The historical results of this calculation will be shown in Chapter 6. Based on the historical
analysis, we assume an exogenous obsolete scrap recovery rate for the future. Using this
recovery rate, we project the total amount of scrap available using the following formula:

total scrap available = circulating + prompt + obsolete scrap

Equation 4-6

The total scrap available is then used to calculate the shares of the three technologies in the
total steel production as explained in detail in Section 4.4.2.

4.4.8 Scrap trade

Given the relatively minor importance of scrap trade relative to total scrap consumption (trade
of 35 Mt on a total scrap consumption of approximately 500 Mt, see Section 4.3.8 and 6.1),
we neglect scrap trade in our projections.
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4.4.9 Calculations of stocks

As indicated in Figure 4-2, we also calculate cumulative iron losses during steelmaking (C10
Iron loss-1), cumulative losses from the incomplete recovery of circulating and prompt scrap
(Cl11 Iron loss-2 and C12 Iron loss-3), cumulative iron losses from the incomplete recovery
of obsolete scrap (C13 Iron loss-4) and the total stock of iron in use (C8, Sedl containing
end-products in use). To close the overall mass balance of the system, the total iron losses
from the system and the total stock of iron in use should be balanced by the total flow of
primary iron into the system (C4, Primary iron). Since we assume 100% recovery of
circulating and prompt scrap (Section 4.4.4 and 4.4.5), cumulative losses from the incomplete
recovery of circulating and prompt scrap remain 0. Cumulative iron losses from the
conversion from iron to steel are calculated by summing the yearly losses calculated with the
following formula:

iron losses during steelmaking =

(iron required steel production — crude steel production) * (1- iron to steel recovery ratio for
steel) + (iron required foundries — foundry production)*(1- iron to steel recovery ratio for
foundries).

Equation 4-7

The assumptions for the iron to steel recovery ratio are described in Section 4.4.3. The total
stock of iron products in use is calculated by summing the yearly change of stock of products
in use calculated with the following formula:

change in stock of productsin use = (products going to use — products coming out of use)

Equation 4-8

We assume the total stock in use in the initial year 1900 to be the apparent crude steel
consumption in 1900 (= equal to crude steel production in 1900 in our model) per product
category, multiplied with the average lifetime assumed for the product category. This
implicitly assumes the crude steel production to be equal to the 1900 production during the
average lifetime of these products. For construction steel (product group 1), this would lead to
unrealistically high initial stocks in 1900. Therefore, we multiplied the apparent crude steel
consumption in 1900 for product group 1 with 20 instead of 70 to avoid overestimation of the
stock. The initial stock in 1900 is assumed to become available as obsolete scrap in (1 /
average lifetime) equal steps after 1900.

The yearly non-recovered obsolete scrap are historically calculated by deducting the obsolete
scrap required from the total of products coming out of use in that year:

non-recovered obsolete scrap = total products coming out of use — obsolete scrap
required

Equation 4-9
The formula used to calculate the total amount of obsolete scrap required is given in Equation

4-4. In the projections where we use an exogenous obsolete scrap recovery rate, the losses
from incomplete recovery of obsolete scrap are calculated using the following formula:

losses from incomplete recovery of obsolete scrap = (1-obsolete scrap recovery rate) * (total
products coming out of use)

Equation 4-10
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5 Energy use and CO; emissions

5.1 Modelling approaches, overview of existing models
In projecting future energy use, CO, emissions and energy costs related to steel production,
two paths can be taken:

1. Exogenous assumptions for the development of the specific energy consumption
2. Endogenous modelling of specific energy consumption as function of e.g. the
cumulative production, energy prices etc.

Of the models given in Appendix 2, Hidalgo et al. (2003), uses exogenously fixed declining
specific energy consumption data. Except for certain technology-specific fuel uses (e.g. cokes
in blast furnace and the electricity demand), fuels can substitute each other, driven by
differences in fuel costs. These fuels choice is influenced by emission costs that can be set via
various carbon price scenarios. The fuel choice also influences the total production costs of
steel via various technologies, thereby also influencing the choice of production route in the
model. Das and Kandpal (1998) also uses fixed specific energy consumption values as well as
Gielen and Moriguchi (2002), Gielen and van Dril (1999) and Michaelis and Jackson (2000).
Comparable to the IPTS model, the influence of energy and emission costs on trade and
technology choices are endogenously included in the models by Gielen. In the VLEEM work
(2005), exogenous assumptions on energy consumption values are used until 2050 based on
information from literature and for the remaining period (until 2100) based on extrapolation
of the 2000-2050 trend, taking into account the thermodynamic minimum energy
requirements for certain routes.

In the metals model developed by van Vuuren et al. (1999), the specific energy use for mining
and milling is dependant on ore grade decline (i.e. the specific energy use for mining ore) and
on the cumulative production via a technological learning curve, taking into account the
thermodynamic minimum energy requirements using the following formula:

SEC; =(SECmin) / g + (SECi¢*CP") / g

Equation 5-1

With SEC; the specific energy consumption to produce steel, SEC,;, the thermodynamically
minimum energy requirement, SEC;, the specific energy consumption of the first unit
produced, CP the cumulative production of primary or secondary steel and b the experience
index.. With this formula, one assumes the specific energy consumption to go down with a
fixed percentage each time the cumulative production doubles. The factor g is a factor that is
determined by the ore grade decline (over time, the factor g goes down and specific energy
use increases as a result). In the calibration of their model, van Vuuren et al. found that for
iron and steel, ore grade decline is relatively unimportant. For the specific energy use for
smelting and refining, van Vuuren et al. (1999) use the same formula, but in that case without
the ore decline factor.

Ruth (1998) models energy use as function of either production rates or cumulative
production. In the model by Hidalgo et al. (2003), regional differences in specific energy
consumption are included, although the publications are not very specific about the method
used to distinguish between regions. The same holds for the publications by Gielen and
Moriguchi (2002) and Gielen van Dril (1999). The VLEEM model (2005) distinguishes
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between industrialized and developing countries. The gap in specific energy consumption
between industrialized versus developing countries is expected to decrease to 8% for primary
steel and 19% for secondary steel compared to the level for industrialized countries in 2100.

An interesting body of work with respect to energy efficiency differences between countries
and possible convergence of these efficiency levels in the coming decades are studies dealing
with future commitments under the climate conventions (e.g. the theses by Phylipsen, 2000,
Groenenberg, 2002 and Hohne, 2005 and publications by Phylipsen et al., 2004 and den Elzen
and Lucas, 2003 on the tryptich approach). In the various versions of the triptych model,
either fixed energy efficiency improvements over time are applied to all regions (e.g. 1.5%
per year) or global convergence to a certain exogenously assumed energy efficiency level in a
certain year. For both, energy (or carbon) efficiency levels in a certain base year should be
known. In Section 5.3, we will present quantitative information on regional energy efficiency
levels used in these studies.

5.2 General description of modelling approach

In our model, we included a simple capital vintage model that calculates for each year the
required capacity for each of the three production routes distinguished. The calculation
routine of the model can be summarised as follows:

For each year, the required capacity for each of the three production routes is calculated based
on the amount of available scrap (Section 4.4.2, Equation 4-1).

. New capacity is calculated by comparing with the capacity of the previous year,
taking into account depreciation of old capacity.

. Old capacity is depreciated in 21 equal steps between the 20 and 40 years after
installation.

. New capacity is given a certain specific energy consumption, which is maintained

during the entire lifetime of the capacity.

An attempt was made to construct a specific energy consumption curve based on the learning
curve concept and historical specific energy consumption figures, but this did not result in
directly usable results and is left as an exercise for future study. Instead, we use the following
formula:

SEC SEC * EEI

regionjtechnology, fuel type = referencetechnology, fuel type regionitechnology, fuel type,year

Equation 5-2

The SEC;egion, technology, fuel type 15 the specific energy consumption in a certain region for a certain
technology and fuel type. The SECieference, technology, fuel type 1S @ reference specific energy
consumption per technology and fuel type and the EElgion, technology, fuel type, year 1S @D €nergy
efficiency indicator giving the relative energy efficiency compared to the reference level. We
distinguish between two fuel types (fuel and electricity use). Combined with exogenous
assumptions on the types of fuels used and the specific CO, emission factors of these fuels,
total CO, emissions are calculated. CO, capture and storage is not included as such in the
model, but will receive attention in the final chapter of this report.

5.3 Overview of past trends and parameters based on past trends

As stated already in Section 2.3, specific energy use data can be found in a large number of
literature sources and can also be derived by combining international energy statistics with
steel production data. However, system boundaries are not always straightforward and
consistent between literature sources and allocation of energy use to the various individual
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process units is by no means straightforward. The ranges presented by Price et al. (2002)
which are given in Table 2-3 give an indication of the observed specific energy consumption
levels and are also confirmed by other literature sources such as Daniels (2002).

In Table 5-1, we present estimates for current and future average worldwide specific energy
consumption figures for various technologies in 2000 and 2030 as used by Hidalgo et al.
(2003) and in Table 5-2, we give the values used in the VLEEM study (2005).

Table 5-1 Average world primary energy consumption per tonne of crude steel in 2000
and 2030 for various steel production routes (deducted from graph in Hidalgo et
al., 2003).
Process SEC, 2000 (GJ/t) SEC, 2030 (GJ/t)
BOF 31 25
Advanced BOF' 18 17
EAF 15 12
Advanced EAF' 8 7
DRI 22 18
SR 25 21

! Advanced route incorporate all best available technologies

Table 5-2 Primary energy consumption per tonne of crude steel in 2000 and 2100
(VLEEM, 2005)

Process SEC, 2000 (GJ/t) SEC, 2100 (GJ/t)
Primary steel, industrialized 16.8 10.6
countries

Primary steel, developing 353 11.4
countries

Secondary steel, industrialized 7.1 3.2
countries

Secondary steel, developing 16.5 3.8
countries

For the purpose of our modelling approach, we need both a suitable reference energy use and
the relative regional energy efficiency levels compared to this reference level. To our
knowledge, the most detailed overview of regional energy efficiency levels for various
industries can be found in Groenenberg (2002). For the iron and steel industry, they base
energy efficiency levels on best practice levels from Worrell et al. (1997). We present these
best practice levels in Table 5-3'® and the resulting energy efficiency levels in Table 5-4. The
findings by Groenenberg confirm other studies with international comparisons such as Price

et al. (2002) and Worrell et al. (1997).

Table 5-3 Best practice specific energy consumption levels taken from Worrell et al. (1993
and 1997).

Process Fuel (GJ / t) Electricity (GJ ./ t) Primary (GJ / t)'

PI-BOF, slabs 15.86 0.42 16.91

Scrap-EAF, slabs 0.79 1.52 4.59

Hot rolling 1.82 0.37 2.75

Cold rolling 1.10 0.53 2.43

" Assuming an efficiency of 40% for electricity generation.

'® The best practice levels in Worrell et al. (1997) do not include coke production. Since we do want to
include coke production in our analysis, we added the specific energy consumption for coke production

based on Worrell et al. (1993).
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Table 5-4 Energy efficiency of iron and steel production in 1991 compared to best practice

levels (Groenenberg, 2002). Best practice levels given in Table 5-3

Country TIMER region SEC,ctual SEC, eference EEI steel
United States 2 23.0 13.3 1.7
Mexico 3 22.6 14.2 2.0
Brazil 5 23.2 18.6 1.2
Belgium 11 20.0 17.6 1.1
France 11 242 15.8 1.5
Germany 11 18.3 16.5 1.1
Italy 11 17.6 16.0 1.1
Netherlands 11 20.7 18.6 1.1
Portugal 11 16.8 12.7 1.3
United Kingdom 11 22.4 16.2 1.4
Poland 12 28.1 15.3 1.8
India 18 37.4 17.4 2.2
South Korea 19 20.7 15.6 1.3
China 20 36.7 17.8 2.3
Japan 23 21.1 15.6 1.4

Unfortunately, Worrell and Groenenberg did not take direct reduced iron production into
account in their analyses. For direct reduced iron production, we use best practice levels for
fuel (10.90 GJ) and electricity (0.38 GJ.) based on a publication by the International Iron and
Steel Institute (1998). If we add the specific energy use for the electric arc furnace from Table
5-3 to these values, this results in a specific fuel consumption of 11.7 GJ / tonne and a
specific electricity use of 1.9 GJ / tonne for slabs produced via the DRI-EAF process.

5.4 Detailed description of the model

5.4.1 Energy use

To convert the best practice levels given in Section 5.3 for the individual process steps to
specific energy consumption figures for the total production of steel, one needs to make an
assumption about the share of steel, which is respectively hot and cold rolled. We assume
100% of the crude steel to be hot-rolled and 25% of the crude steel to be both hot- and cold-
rolled, rough estimates based on data for the EU from ITPS (2001a,b). The resulting reference
specific energy consumption, which we use in our model, is given in Table 5-5.

Table 5-5 Reference specific energy consumption levels for three production routes

Process Fuel (GJ /1) Electricity (GJ / t) Primary (GJ / t)
PI-BOF 17.96 0.92 20.26
DRI-EAF 13.79 2.40 19.79
Scrap-EAF 2.89 2.02 7.95

Energy efficiency levels compared to the best practice levels given in Table 5-5 for the
TIMER regions in 1990 were based on research by Groenenberg (2002) and are given in
Table 5-6. One of the difficulties is that the energy efficiency indicators found in
Groenenberg refer to levels of technology in place in 1990, whereas we need specific energy
consumption of new installed capacity (see Section 5.2). We assume the energy efficiency
levels determined by Groenenberg for 1990 to represent average plants built in 1980 and
derive energy efficiency levels based on this assumption. Based on literature data, we project
the best practice specific energy consumption level to drop to 0.88 in 2030 (best practice level
in 1990 is 1.00). For 2050 and 2100, we extrapolate the development of the best practice level
between 1990 and 2030 by assuming similar yearly efficiency improvements. This results in
best practice levels of 0.83 in 2050 and 0.70 in 2100 (compared to the level of 1.00 in 1990).
We assume convergence of all regions to the best practice level in 2050. Based on these
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assumptions, we calculate yearly efficiency improvements from 1980 - 2050 per region using
the following formula:

yearly efficiency improvement = 100* (1-(EEl ,, / EEl , )*""=))

conv

Equation 5-3

With EEI.,, = 0.83, EEI,, the levels for 1980 and t.,, 70 years (i.e. 2050 — 1980). The
resulting energy efficiency levels are given in Table 5-6 for 1960-2100.

Table 5-6 Assumed energy efficiency levels for new capacity in the TIMER regions

1960’ 1980* 1990’ 2030° 2050° 2100’
Development best practice 1.0 0.88 0.83 0.70
Canada (1)’ 1.48 1.3 1.22 0.96 0.83 0.70
USA (2)° 2.09 1.7 1.53 1.05 0.83 0.70
Mexico (3)* 2.58 2.0 1.76 1.11 0.83 0.70
Other Central America (4)" 2.58 2.0 1.76 1.11 0.83 0.70
Brazil (5)° 1.34 1.2 1.14 0.94 0.83 0.70
Other South America (6)" 1.78 1.5 1.38 1.01 0.83 0.70
Northern Africa (7)" 1.93 1.6 1.46 1.03 0.83 0.70
Western Africa (8)" 1.93 1.6 1.46 1.03 0.83 0.70
Eastern Africa (9)' 1.93 1.6 1.46 1.03 0.83 0.70
South Africa (10)' 1.93 1.6 1.46 1.03 0.83 0.70
Western Europe (11)’ 1.34 1.2 1.14 0.94 0.83 0.70
Central Europe (12)' 2.09 1.7 1.53 1.05 0.83 0.70
Turkey (13)’ 1.93 1.6 1.46 1.03 0.83 0.70
Ukraine+ (14)" 2.58 2.0 1.76 1.11 0.83 0.70
Central Asia (15)" 2.58 2.0 1.76 1.11 0.83 0.70
Russia+ (16)’ 2.58 2.0 1.76 1.11 0.83 0.70
Middle East (17)" 1.93 1.6 1.46 1.03 0.83 0.70
India (18)° 291 2.2 1.91 1.14 0.83 0.70
Korea (19)* 1.48 1.3 1.22 0.96 0.83 0.70
China (20)° 3.08 2.3 1.99 1.16 0.83 0.70
South Eastern Asia (21)" 1.93 1.6 1.46 1.03 0.83 0.70
Indonesia (22)" 1.93 1.6 1.46 1.03 0.83 0.70
Japan (23)° 1.63 1.4 1.30 0.98 0.83 0.70
Oceania (24)" 2.09 1.7 1.53 1.05 0.83 0.70
Other South Asia (25)" 2.09 1.7 1.53 1.05 0.83 0.70
Other South Africa (26)’ 1.93 1.6 1.46 1.03 0.83 0.70

! Column for 1980 based on aggregated EEI for the total industry from Groenenberg (2002).

2 Column for 1980 based on EEI for the iron and steel industry (Table 5-4).

3 Using the yearly efficiency improvements until 2050 are calculated with Equation 5-3, resulting in an
EEI level of 0.83 in 2050.

4 Based on Groenenberg (2002), see note 1 and 2 for details.

’Based on data for 2030 for the advanced BOF, the advanced EAF and the DRI route distinguished by
Hidalgo et al. (Table 5-1), we calculate an EEI of 0.88 (scrap-EAF), 0.84 (pig iron-BOF), and 0.91
(DRI-EAF) compared to the levels given in Table 5-5. We took the average between these three values,
corresponding to a yearly efficiency improvement of 0.32% for the best practice level. For the other
region, we assume convergence to best practice levels in 2050 (see note 4).

%Assuming an energy efficiency improvement of 0.32% per year for the best practice level. For the
other regions, yearly efficiency improvements until 2050 are calculated with Equation 5-3, resulting in
an EEI level of 0.83 in 2050.

’Assuming an energy efficiency improvement of 0.32% per year.
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5.4.2 CO, emissions

In the baseline scenario projections, we use a simple assumption regarding the emission
factors associated with the fuel and electricity use. Coal is the main input into pig iron
production and we therefore assume an emission factor of 95 kg CO, / GJ for the fuel input
into the pig iron basic oxygen furnace route (IPCC/IEA/OECD/UNEP, 1997). The production
of direct reduced iron is nowadays for 90% based on natural gas (Section 4.3.4) and we
therefore assume an emission factor of 56 kg CO, for the fuel use in this route
(IPCC/IEA/OECD/UNEP, 1997). For simplicity, we also assume natural gas to be the main
fuel used in scrap based electric arc furnaces. The emissions associated with electricity vary
very much per region. In the current version of the model, we use a uniform and constant
emission factor of 137 kg CO, / GJ. based on the worldwide energy balance for 2002 (IEA,
2004), because we are in this study not interested in efficiency improvements and fuel
switches on the energy supply side. An overview of our basic assumptions is presented in
Table 5-7.

Table 5-7 Emission factors assumed for the fuel and electricity use in the three routes
Route Emission factor fuel use | Emission factor electricity use
(kg CO,/ GJ) (kg CO,/ GJo)
1 PI-BOF 93 137
2 DRI-EAF 56 137
3 scrap-EAF 56 137

We would like to emphasise that these emission factors represent a very rough baseline
assumption for the calculation of CO, emissions.
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6 Derived historical model results

6.1 Scrap use and derived obsolete scrap recovery rate

In Figure 6-1 we show the total scrap consumption in the USA as calculated based on our
model (Equation 4-3) and from two other sources (Kelly and Fenton, 2004a) and WSD
(2005). In Figure 6-2, we do the same for the world. A subdivision into circulating, prompt
and obsolete scrap is given in Figure 6-3 and Figure 6-4.
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Figure 6-4 Contribution of circulating, prompt and obsolete scrap use to total worldwide
scrap use

The results for the US (Figure 6-1) fit very well with the estimates provided by Kelly and
Fenton (2004a) based on statistical data from the US Geological Survey Mineral Yearbooks
and with estimates provided by World Steel Dynamics (2005), who use a similar method as in
our model. Our worldwide estimates (Figure 6-2) fit reasonable well with data from the
United Nations (1979, 1999). The values reported by the International Iron and Steel Institute
are lower compared to our estimate. Partly this is caused by the fact that scrap consumption in
iron foundries is not included in the IISI estimates and sometimes, information for a number
of countries is not included. This is acknowledged in the publications by the United Nations:

The figures for scrap consumption (i.e.from 119), however, are not very precise and are

probably too low as the data are often underestimated and data for a number of countries are
not included (UN, 1999):
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According to the model calculations, the total circulating and prompt scrap availability
already exceed the total amount of scrap required in the beginning of the simulation period
(Figure 6-4 until 1920). This results from the fact that we made rough assumption about
model parameters such as the fraction of cast iron compared to apparent crude steel
consumption (Section 3.4.2) and specific iron requirements for steelmaking (Section 4.4.3)
and assumed 100% recovery of circulating and prompt scrap. The strange peak during the two
world wars can be explained by a mismatch between pig iron and crude steel production data
taken from the Wirtschaftsvereinigung Stahl (2004). Figure 6-4 visualises the declining
fraction of circulating and prompt scrap in the total scrap consumption.

Using Equation 4-2, one can calculate the obsolete scrap recovery rate based on the obsolete
scrap required and the total amount of obsolete scrap available. We show worldwide results
for the full simulation period in Figure 6-5 and results for the US in Figure 6-6. For other
regions of the world, obsolete scrap recovery rates could only be calculated from 1980
onwards, because scrap trade data were not available before 1980. We show results for
developed regions of the world in Figure 6-7 and for a selection of the other regions in Figure
6-8.
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Figure 6-5 Worldwide obsolete scrap recovery rate calculated with Equation 4-2
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consumption omitted (region 4,6,8,9,25,26). Regions from the former USSR
(14,15,16) omitted because historical consumption data per region not available.

It is difficult to draw robust conclusions about the obsolete scrap recovery rates shown in the
various figures, because of the substantial uncertainties involved in the calculation:

. The amount of obsolete scrap available is based on one uniform product distribution
and a fixed lifetime distribution.

. Data on indirect trade with consumer goods containing steel is not taken into account.

. Historical trade flows for direct reduced were unavailable, resulting in too low
recovery rates for direct reduced iron exporters.

. Data quality on historical steel production and steel consumption for some regions
might be too weak to accurately calculate recovery rates.

. The ratio between foundry production and crude steel consumption for the US was

also used for the other regions. For some regions (e.g. South Asia), the actual ratio of
foundry versus apparent crude steel consumption might be much different.

. Uncertainties in the total iron input per tonne of crude steel and the circulating and
prompt scrap ratios (determined in a rather generalised way) influence the obsolete
scrap recovery ratios, especially for those regions that use only small amounts of
obsolete scrap.

To assess these uncertainties in more detail, one needs to conduct detailed regional case
studies such as the studies for the UK (Dahlstrom et al., 2004), the US (Fenton, 2004) and the
EU (Moll et al., 2005) discussed in Section 4.3.7. From the study by Fenton, an obsolete
recovery rate for the US in 1998 of 51% can be deducted, which is not to far off the 60%
found by us (Figure 6-6). Also the 68% for the UK in 2001 found by Dahlstrom et al. and the
66% for the EU found by Moll et al. are close to the value found for Western Europe in this
study (~70%). For some of the other regions, less logical results are found (Figure 6-8) with
recovery rates below 0 (according to the model calculations, the circulating and prompt scrap
is sufficient to cover the total scrap requirements) or above 1 (more obsolete scrap is required
then apparently available).

According to Figure 6-5 and Figure 6-6, the obsolete scrap recovery rate in the 1950s and
1960s seems to be very high, although also there, the various uncertainties listed above play a

65



role. The fixed product and lifetime distribution used does not, for example, take into account
the destruction of infrastructure during the Second World War. Still, the high obsolete scrap
recovery rates might be explained by the rapid increase in crude steel consumption in the
1950s and 1960s (Figure 3-2), which resulted in an attempt to use as much iron resources as
possible, including stocks of obsolete machinery etc. For the US, this is confirmed in the US
Geological Survey Mineral Yearbook of 1951 (USGS, 1951):

“In order to alleviate the purchased-scrap shortage, which was caused by the mills
expanding their production facilities to meet the requirements of an increased military
program as well as domestic needs, the Government, through the National Production
Authority, organized committees in industry to appoint representatives in their organizations
to urge the collection of all dormant plant scrap and to identify machinery that was obsolete
and could be scrapped. Federal Government agencies, including the Navy and Army,
Maritime Commission, and the Interior and Agriculture Departments, were called upon to
urge their various installations, yards, nines and experiment stations, to turn in all possible

scrap” .

In a publication by Birat and Zaoui (2002), the trend of a declining obsolete scrap recovery
rate between 1950 and 2000 is also confirmed for the EU-12.

6.1.1 Obsolete scrap recovery rate used in projections

Based on the historical analyses given above, we conclude that for developed regions of the
world, obsolete recovery rates currently amount to 60% to 80%. As the baseline scenario used
for the projection, we assume an obsolete scrap recovery rate of 70%. To avoid a large trend
break compared to current levels, we let the current obsolete scrap recovery rate (Figure 6-6
to Figure 6-8) converge to the 70% level between 2003 and 2020.

6.2 Stocks in use
As explained in Section 4.4.9, we calculate within the model also a number of stocks:

. Losses of iron before the iron is embodied in products. These losses result from the
fact that the total iron requirements in steel production are well above 1. These losses
are in the form of dust, slag etc.

. The stock of iron in use. This is the amount of iron, which is embodied in products
that are still in use.
. Non-recovered obsolete scrap. This is the amount of products that according to the

assumptions made is no longer in use, but is, again according to our assumptions, also
not recycled as obsolete scrap.

To close the mass balance, the total of these three stocks should be balanced by the flow of
primary iron into the system. Another method to calculate the total stock in use in the
economy is therefore to track the cumulative production of primary iron. This method is
followed by Sullivan (2005) who calculates the cumulative total primary iron production in
the US and corrects for imports and exports of primary iron, scrap, steel and products
containing steel to come to an estimate of the total iron stock within the US. No calculations
are made for specific iron requirements per tonne of steel and for various product categories
and lifetime distributions, so the distinction between the types of stocks as we do in our study
is not made. However, estimates are provided for the amount of steel stored in landfills. In
Figure 6-9, we compare the total according to our model with the total according to Sullivan
(2005). The difference is caused by the initial stock in 1900 that is not taken into account in
the Sullivan study, but is included in our study. The reason for the declining gap in the last
decades is the net import of steel containing end products, which is included in the Sullivan
study, but neglected in ours. In Figure 6-10, we show the division between the three types of
stocks distinguished. In Figure 6-11, we add the estimate for iron and steel in landfills
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estimated by Sullivan (2005). The figure shows that we are able to explain to a large extent
the total flow of primary iron through the US economy with our estimates of losses, stock in
use and land filled scrap. In the 2005 sustainability report of the International Iron and Steel
Institute (2005b), reference is made to a Japanese study in which a total stock of 1260 Mt
steel products is mentioned for Japan in 2003. With our model, we estimate a total stock of
1530 Mt. Part of the difference can be explained by the considerable net indirect export of
steel (embodied in products) that seems to be taken into account in the Japanese study, but is
neglected in our study.
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Figure 6-9 Total stock of iron and steel in the US, comparison with estimate from Sullivan
(2005)
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Figure 6-10 Total stock of iron and steel in the US, comparison division into three types of
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(Sullivan, 2005).

6.3 Energy use and CO; emissions
We compare total primary energy use for some single country regions according to our model
with estimates given by Kim and Worrell (2002).
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Figure 6-12 Total primary energy use in a number of countries. Comparison between model

outcome and Kim and Worrell for 1994 (Kim and Worrell, 2002).
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Various differences exist in the method to calculate energy use and CO, emissions used by
Kim and Worrell (2002) and the method used in this study. Energy use and CO, emissions for
coke making are for example not included in the Kim and Worrell study, whereas they are
included in the current study. Also the assumptions related to indirect emissions from
electricity production differ between the Kim and Worrell study and our study. Still, we
conclude that our model enables the calculation of total primary energy use and CO,
emissions reasonably well.

Another valuable comparison would be to compare on a regional level with the international
energy statistics published by the International Energy Agency (2004). This comparison has
been made as part of a follow-up project focused on the incorporation of the model results
into TIMER (Roorda, 2006). The study revealed that the IEA statistics can not directly be
used for model purposes, because of the limited data quality.
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7 Scenario projections and conclusions

7.1 Introduction and scenario description

In this chapter, we project steel consumption, steel production and associated energy use and
CO; emissions until 2100 using the model described in the previous chapters and compare the
results with other available projections. For practical reasons, we show in some cases results
for 10 instead of 26 world regions:

North America (regions 1 and 2)

Central and South America (regions 3-6)
Africa (regions 7-10 + 26)

Europe (regions 11 + 12)

Turkey and the Middle East (regions 13 and 17)
Former USSR (regions 14-16)

India (region 18)

Korea and China (region 19 and 20)

Other Asia (regions 21, 22 and 25)

Japan and Oceania (regions 23 and 24)

The demographic (population) and economic (GDP/capita) exogenous input parameters that
determine steel demand are directly taken from the TIMER model (see Appendix 3). Four
scenario storylines for the future demographic and economic development of the world are
distinguished: the Al, A2, Bl and B2 storylines, described in detail in a publication by the
Intergovernmental Panel on Climate Change (IPCC) on Emission Scenarios (Nakicenovic,
2000). The storylines also include statements on the development of trade and the
development of energy efficiency and the penetration of new technologies. In our baseline
scenario projections (Section 7.2 — Section 7.4), however, we only include the population and
economic projections according to the four scenarios and use the default assumptions for
trade and energy efficiency described in the previous chapters. In Section 7.5, we separately
discuss the effects of different assumptions regarding trade and energy efficiency on the
projected results. The population and GDP projections according to the four scenarios are
presented in Figure 7-1 and Figure 7-2. The narrative storylines of the four scenarios are
summarised in Appendix 5.
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Figure 7-1 Historical and projected world population in the four scenarios
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7.2 Steel consumption

The exogenous assumptions on GDP/capita and population development in combination with
the intensity of use curves described in Chapter 3 yield the projections for apparent crude
steel consumption given in Figure 7-3. In the Al and Bl scenarios, steel consumption is
projected to increase to a maximum of 2510 and 2342 Mt respectively (NB, current
consumption is approximately 1000 Mt), followed by a decline induced by a declining
population and improvements in material efficiency. In the A2 scenario, steel consumption
increases to 2500 Mt in 2100, mainly as a result of a continuously increasing population
(Figure 7-1). In the B2 scenario (which can be regarded as an ‘average’ scenario with average
income and population growth), apparent crude steel consumption reaches a maximum of
2350 Mt near the end of the century. Total worldwide steel consumption in the four scenarios
is quite similar. This results from the fact that the scenarios with relatively high economic
growth (A1, B1) have relatively small population growth, whereas the scenarios with smaller
economic growth have a larger population growth. The two effects have an opposite effect,
resulting in similar total worldwide consumption levels.

The different projections for economic growth (Figure 7-2) do result, however, in quite
different average worldwide per capita crude steel consumption levels, shown in Figure 7-4.
An illustrative example (for the B2 scenario) on the regional development of per capita
apparent crude steel consumption is presented in Figure 7-5. Both the saturation and the
material efficiency effect are clearly visible.

Hidalgo et al. (2005) project in their IPTS model an apparent worldwide crude steel
consumption of 1316 Mt in 2030, whereas our projection ranges between 1610 (A2) and 1934
(A1) Mt. In the VLEEM model (2005), a consumption level of 1977 Mt in 2030 is projected
(Table 7-1). Due to differences in regional classification, the comparison on a regional level is
not easy to make, especially with the VLEEM model. We can still draw some conclusions. In
the IPTS model, consumption levels of regions with high per capita consumption levels (EU-
15, North America, Pacific OECD, South Korea) are projected to drop in the coming decades,
whereas we project a stabilisation or slight increase. In some cases (South Korea, Pacific
OECD), steel consumption in the IPTS model even drops by more than a factor 2. The
rationale behind this drop is not further explained.
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For Africa and Middle East and Economies in transition and the Rest of Asia, we project steel
consumption comparable to the IPTS model. For China, Latin America and India, we project
consumption levels much higher than the IPTS model (except for the B2 scenario for India).
The difference for China explains already 150-250 Mt of the gap between the IPTS model and
our projections and it should be noted that the IPTS model was made before the ‘explosion’ in
the Chinese steel consumption at the start of this century. As a result, the projected
consumption levels in 2030 in the IPTS model are only 20% above the apparent crude steel
consumption level in 2003. In the VLEEM model, a higher development rates and as a result
higher consumption rates are projected for Africa and the Middle East and for India. Steel
consumption in China is somewhat lower. In the VLEEM model, the same mathematical
equation is used to project steel consumption as in our model, but no material efficiency
factor is included and slightly different regional fits are used. Because of the absence of a
material efficiency factor, steel consumption in the VLEEM model keeps on increasing to the
end of the simulation period (2100) and reaches a level of nearly 4000 Mt in 2100 in the
VLEEM model, while in our model steel consumption in 2100 is at most 2500 Mt. In Section
7.5, we will further discuss the effect of different material efficiency factors on steel demand.

In a recent paper, Gielen and Podkanski (2006), project steel demand to grow to 1700 and
2250 Mt in 2050 under a ‘low-demand’ and ‘high-demand’ scenario, whereas we project a
worldwide demand of 1989-2403 Mt.
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Figure 7-5 Apparent crude steel consumption per capita in the B2 scenario

Table 7-1 Comparison of apparent crude steel consumption in Mt in the IPTS and
VLEEM models and our model

Region 2003 2030 2030 2030 2030 2030 2030
TIMER IPTS? | Vieem’ Our model
region’ Al A2 B1 B2
Africa and Middle East 7-10, 26 51 120 276 129 115 113 109
China 20 286 349 439 574 503 538 598
Economies in transition | 12, 14-16 75 120 73 129 105 118 121
EFTA and Turkey 13 15 24 25 27 24 24
EU-15 11 157 108 279 168 157 166 157
India 18 35 132 281 205 130 168 162
Latin America 3-6 53 120 127 186 143 162 145
North America 1,2 121 108 205 157 152 155 154
Pacific OECD 23,24 87 42 134 90 84 89 81
Rest of Asia 21,22,25 41 174 163 222 145 187 153
South Korea 19 48 18 48 45 47 49
World 970 1316 1977 1934 1606 1767 1754
" The comparison for EU-15, EFTA and Turkey, Rest of Asia and South Korea is not fully valid. EFTA countries
are in our model included in Western Europe. Korea in our model also included North Korea, whereas it is
included in the Rest of Asia in the IPTS model. Incomparable data are given in italics.
2 Consumption figures in the IPTS model are given as finished steel consumption. We converted to apparent
crude steel consumption figures using a multiplication factor of 1.2, derived from the difference between crude
steel production and finished steel production in the IPTS model.
> VLEEM region South Asia given under India. Former USSR given under economies in transition. Other Asia
pacific given under Rest of Asia. South Korea included in Pacific OECD region. EU-33 given under EU-15.

7.3 Steel production, trade and stock of iron in use

7.3.1 Steel production and trade

In the default steel trade scenario, we freeze the absolute trade flows at 2003 levels.
Alternative trade scenarios are presented in Section 7.5.2. The relative trade (as percentage of
apparent crude steel consumption) that results from this trade assumption is presented in
Appendix 7. For currently low developed regions of the world that experience significant
growth in apparent crude steel consumption and are currently net importers of semi-finished
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and finished steel product, the net import declines in the coming century. In none of the
scenarios, the relative net import of any region is higher than 20% in 2100. For countries with
stable or declining apparent crude steel consumption, relative trade remains stable or even
increases over time. As a result, regions that are currently significant net exporters of semi-
finished and finished steel (Ukraine+, Russia+, South Africa, Japan) remain so over time. The
crude steel production resulting from the trade assumptions is presented in Figure 7-6, a
comparison with the VLEEM and IPTS models in Table 7-2. The largest differences exist
between the production projections according to our model and according to the IPTS model
exist for India and China. The differences for those two regions explain between 200 (A2
scenario) and 371 Mt (A1 scenario) of the differences between the two models. The higher
development rates assumed for Africa and the Middle East and for India result also in higher
estimates for steel production in those regions in the VLEEM model.
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Figure 7-6 Crude steel production in the 26 TIMER regions under the four demographic
and economic scenarios
Table 7-2 Comparison of crude steel production in the IPTS and VLEEM models and our
model
Region 2003 2030 2030 2030 2030 2030 2030
TIMER IPTS | Vieem’ Our model
Region' Al A2 B1 B2
Africa and Middle East 7-10, 26 30 80 279 108 96 94 90
China 20 239 302 442 526 456 490 551
Economies in transition 12, 14-16 140 185 65 194 170 184 187
EFTA and Turkey 13 18 25 28 30 27 27
EU-15 11 162 155 291 173 162 171 162
India 18 32 65 281 202 127 165 159
Latin America 3-6 60 135 126 193 150 169 152
North America 1,2 113 155 157 149 144 147 146
Pacific OECD 23,24 119 85 166 122 115 121 113
Rest of Asia 21,2225 12 85 170 193 116 158 124
South Korea 19 47 45 47 44 46 48
World 971 1317 1977 1936 1609 1770 1757

" The comparison for EU-15, EFTA and Turkey, Rest of Asia and South Korea is not fully valid. EFTA
countries are in our model included in Western Europe. Korea in our model also included North Korea,

whereas it is included in the Rest of Asia in the IPTS model. Incomparable data are given in italics.

VLEEM region South Asia given under India. Former USSR given under economies in transition. Other Asia
pacific given under Rest of Asia. South Korea included in Pacific OECD region. EU-33 given under EU-15.

7.3.2 Scrap availability, steel production by technology

We project an increasing amount of obsolete scrap to become available in the future as a
result of an increased worldwide steel consumption, although there is a substantial delay
between consumption and availability as prompt scrap for a large fraction of the total steel
consumed (e.g. 35% of steel is assumed to go to applications having an average lifetime of 70
years, Section 4.4.6). The total share of secondary inputs into steel production according to
the four scenarios is given in Figure 7-10, resulting in the technology shares given in Figure
7-10 using the assumptions described in Section 4.4.2. The trend break visible in 2020 in
Figure 7-7 results from the fact that we let the obsolete scrap recovery rate converge from
current levels (Figure 6-5 to Figure 6-8) to 70% between now and 2020.

As a result of the model dynamics, significant difference exist in the regional shares of
secondary inputs in total crude steel production. As an example, we show the shares for the
B2 scenario in Figure 7-8. Two types of regions have a low share of secondary inputs into
crude steel production:
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. Regions with a large relative net export of steel (Ukraine, Russia, South Africa,
Brazil). In those regions, domestic steel consumption is much lower than domestic
steel production and the crude steel produced therefore becomes obsolete scrap in
another region. Since we do not include scrap trade in our projections, this results in a
low share of secondary inputs.

. Regions with a still increasing crude steel production in 2100 (African regions and
South Asia). As a result of the delay between steel consumption and the occurrence as
obsolete scrap, the availability of obsolete scrap is still low compared to the steel
production.
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Figure 7-7 Worldwide share of secondary inputs into crude steel production and
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scenario

The share of obsolete scrap in total scrap use further increases over time at the expense of
circulating and prompt scrap. As an example, we show the shares of circulating, prompt and
obsolete scrap in total scrap use in the B2 scenario in Figure 7-10.
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Figure 7-9 Worldwide share of circulating, prompt and obsolete scrap in total scrap use in
the B2 scenario

Using the assumption of a frozen share of direct reduced iron in total primary iron production
per region (Section 4.4.2), the share of the three technologies distinguished is determined. The
results for the world for the four scenarios are presented in Figure 7-10. Scrap based electric
arc furnaces reach a market share of 52% (A2) to 65% (A1) in 2100. Direct reduced iron
based electric arc furnaces gain a market share of approximately 10% (currently 4%), because
primary production increases more rapidly in those regions where direct reduced iron has a
high share in primary iron production (Figure 4-15) than in regions where no direct reduced
iron is produced. The remainder of the steel production is produced via the pig iron — basic
oxygen furnace route. The share of scrap based electric arc furnace production (based on the
modelled availability of scrap) is equal (scenario A2) or somewhat higher (other scenarios)
than the 52% projected in the VLEEM model (2005), where the fraction of secondary steel is
an exogenous input to the model. By 2030, electric arc furnaces (both based on scrap and on
direct reduced iron) have a worldwide market share of 47%, which is almost equal to the 45%
projected in the IPTS model based on cost price comparisons'”.

' In which an exogenous scrap price is used.
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7.3.3 Stocks of iron in use

The model allows calculating the stock of iron and steel products in use. As a result of the
assumed saturation level of the apparent crude steel consumption per capita at high-income
levels, the steel stock in use finally also saturates, but, due to the long lifetime of certain steel
products, there is a significant time gap between saturation of the steel demand and saturation
of the stock in use. Under the four scenarios, the steel stock in use increases from
approximately 2 Mt per capita nowadays to between 5 and 10 Mt / capita in 2100 (Figure
7-11). An example of the regional development of the stock in use is given in Figure 7-12.
The development of the stock in use could also be used as the driver of steel demand
(Mueller, 2005). We will further discuss this in the final chapter of this study.
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Figure 7-11 Worldwide stock of steel in use (t / capita) under the four demographic and
economic scenarios
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7.4 Energy use and CO; emissions

Projected energy use and CO, emissions are given in Figure 7-13 and Figure 7-14. As a result
of energy efficiency improvements, total worldwide primary energy use peaks much earlier
than worldwide steel consumption at levels between 30 and 40 EJ and 2000 and 2500 Mt CO,
respectively. In the VLEEM model, the same peak value is projected for total primary energy
use”, but total primary energy use is higher towards the end of the century than in our
projections as a result of the higher projected steel consumption and production. Primary
energy use in 2030 according to IPTS model is about 20000 PJ, whereas we project a total
worldwide primary energy use in 2030 of 30000 (A2 scenario) to 37000 PJ (A1 scenario), 1.5
to 1.85 times as much.

This is also reflected in total CO, emissions from fuel use*' projected by our model, compared
to the IPTS model (Table 7-3). Partly, this is the result of the smaller production levels
according to the IPTS model (our crude steel production projection are 1.22 to 1.33 times
higher than the IPTS estimate), but partly, it is also the result of a faster introduction of new
technologies in the IPTS model, especially in China. In our model (Section 5.4), technological
convergence takes place relatively slowly. In the next section, we will discuss some
alternative assumptions with respect to energy efficiency developments.

2 1 the VLEEM model, no CO, emissions are calculated
2! In the IPTS model, no indirect CO, emissions from electricity use are calculated
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As a result of an increasing share of the electric arc furnace in total steel production, the share
of electricity use also increases over time. We show in Figure 7-15, the share of fuel and
electricity use in the B2 scenario as an example.
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Figure 7-15 Share of fuels and electricity use in total primary energy consumption
Table 7-3 Comparison of total worldwide CO, emissions from fuel use in Mt between the
IPTS and our model.
Region 2003 2030 2030 2030 2030 2030
TIMER Our IPTS Our model
region' | model Al A2 Bl B2
Africa and Middle East 7-10, 26 42 40 91 80 80 76
China 20 639 360 824 695 758 867
Economies in transition 12, 14-16 294 220 303 263 286 290
EFTA and Turkey 13 17 20 39 42 38 37
EU-15 11 184 145 160 144 156 144
India 18 86 70 308 188 249 238
Latin America 3-6 99 55 203 158 177 158
North America 1,2 142 130 152 145 149 147
Pacific OECD 23,24 196 110 149 139 147 135
Rest of Asia 21,2225 8 45 174 91 135 107
South Korea 19 58 45 48 44 46 49
World 1765 1240 2451 1988 2220 2249

" The comparison for EU-15, EFTA and Turkey, Rest of Asia and South Korea is not fully valid.
EFTA countries are in our model included in Western Europe. Korea in our model also included
North Korea, whereas it is included in the Rest of Asia in the IPTS model. Incomparable data are

given in italics.
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7.5 The results in perspective, sensitivity and alternative model assumptions

7.5.1 Material efficiency, energy efficiency and obsolete scrap recovery rate

In this section, we assess the sensitivity of the key model outcomes (i.e. steel consumption,
energy use, share of secondary inputs and primary energy use and CO, emissions) to some of
the exogenous model parameters. We test the sensitivity to six different model assumptions
(Table 7-4):

A material efficiency factor of 0% per year instead of 0.65% per year.

A material efficiency factor of 1% per year instead of 0.65% per year.

From 1980 onwards, frozen energy efficiency levels

From 1990, only best practice plants installed

From 2003 onwards, constant worldwide technology shares

From 2020 onwards, 50% instead of 70% of available obsolete scrap recovered
From 2020 onwards, 100% of available obsolete scrap recovered

N AEBPD =

1and 2

The material efficiency factor results in a declining intensity of use over time (compare
Figure 3-8 with Figure 7-5). Assuming no material efficiency improvement over time* results
in average worldwide per capita steel consumption figures that are in 2050 40% higher
compared to the baseline scenario and in 2100 even 100% higher. As a result, the total
apparent crude steel consumption in 2100 would be 3579 to 4728 Mt (depending on the
scenario), which is in the same order as the 3900 Mt project in the VLEEM model, where also
no material efficiency improvement is assumed. As a result of the higher consumption and
production levels, a smaller part of steel can be produced from secondary inputs and the
primary energy use and CO, emissions therefore increase by somewhat higher percentages
than the consumptions levels. If we assume an efficiency improvement of 1% per year rather
than the 0.65% in our baseline, steel consumption levels in 2050 are 15% and in 2100 30%
lower compared with our baseline. The fraction of secondary inputs is in this case somewhat
higher and the drop in primary energy use and CO; is therefore a little higher than the drop in
consumption levels.

3and 4

If we freeze energy efficiency levels to 1980 levels, worldwide primary energy use and CO,
emissions are 50% (2050) and 90% (2100) higher than using our baseline assumption,
showing the major impact of efficiency improvements on energy use and CO, If we assume
all plants after 1990 to be installed using best practice technologies, primary energy use and
CO, emission are approximately 10% lower in 2050%. Using best practice technologies from
1990 onwards yields a total primary energy use of 2300 — 2800 in 2030, which is in the same

2 As explained in Section 3.4.1, our assumptions with respect to the development of the circulating and
prompt scrap ratio already implies an efficiency improvement of approximately 0.15% per year. The
0% efficiency improvement assumed in this sensitivity analysis can therefore really be regarded as a
lower limit.

2 The relative small difference results from the fact that also in our baseline assumption, energy
efficiency levels are assumed to converge to best practice levels in 2050. The results in the baseline are
still somewhat higher. This is because the installed capacity in 2050 was build in the years before 2050
with EEI levels above the best practice level (Table 5-6). In 2100, the results for the baseline and for
the alternative scenario are the same because the development of the EEI is the same between 2050 and
2100 in the baseline and alternative scenario.
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range as the IPTS model if we correct for the different production levels*. This confirms the
more rapid diffusion of more efficient technologies in the IPTS model compared to our
assumptions on energy efficiency improvements over time.

5

If we assume technology shares to remain constant to worldwide 2003 levels, primary energy
use in 2050 is 10% and in 2100 18-35% higher compared to the default case where the share
of scrap-based steel is expected to increase (Figure 7-7) in the future. The CO, emissions are
18-19% (2050) and 33-59% (2100) higher. This results from the fact that the increased share
of scrap based electric arc furnaces in the default case induces a shift from fuels to electricity.
In our simple way of calculating primary energy use and CO, emissions, electricity has a
lower emission factor in primary terms compared to fuel use and as result, the effect of frozen
technology shares on CO, emission is larger than the effect on primary energy use.

6 and 7

In our model, we assume 70% recovery of obsolete scrap. The sensitivity analysis shows that
complete recovery of obsolete scrap can lead to a drop in primary energy use and CO,
emissions of 20-30% in 2100 as a result of a higher share of secondary inputs™. If, on the
other hand, we assume a recovery rate of 50% rather than 70%, primary energy use and CO,
emissions in 2100 increases by approximately 15-30% compared to our baseline assumption.

# Crude steel production our model in our model is 1.22 — 1.33 times higher than in the IPTS model
(Table 7-2). The total primary energy use using best practice levels since 1990 is 1.25 — 1.40 times
higher than according to the IPTS model.

* Scrap based electric arc furnaces get a larger share and the share of electricity is therefore also larger.
Since electricity has in our simple model a lower emission factor in primary terms, the drop in CO,
emissions is larger.
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7.5.2 Trade

In the default trade assumption, we freeze absolute trade to 2003 levels (Section 7.3.1), but in
the model, also two alternative trade scenarios are included as discussed in Section 4.4.1:

. Trade assumption 2; no steel trade; steel consumption equals steel production
. Trade assumption 3; region-specific relative steel trade

On the worldwide level, the trade assumptions have very little effect on the energy and CO,
emission projection in the longer term (Table 7-5). This results from the fact that total
worldwide consumption remains unchanged in the three trade scenarios. The small
differences are caused by the differences in regional energy efficiency levels (only for 2050,
because in 2100 all regions are assumed to have the same efficiency levels) and by
differences in the share of direct reduced iron versus pig iron production. On the regional
level, the differences between the three trade scenarios can, however, be substantial. In
Appendix 8, we give an overview of the regional production using trade assumption 2 and 3
and highlight those regions where the difference in production compared to the default trade
assumption is larger than 25%. The second assumption (no trade) results in substantially
(defined as here as more than +/- 25%) different production levels in 2050 and 2100 for the
four regions (South Africa, Ukraine+, Russia+ and Japan) that have large net export levels in
2050 and 2100 in the default trade scenario (Appendix 7), whereas they have no net export in
trade scenario 2. In the third trade assumption, region-specific assumptions are made about
the development of net trade. Currently low developed regions having a net import of steel
(3,4,6,7,8,9,17,18,20,21,22,25 and 26) are assumed to reach a net import level of 0% at a per
capita income of 10,000 1995 ppp $, whereas constant net import (in absolute terms) is
assumed in the default trade scenario. Depending on the current relative net import levels and
on the development trajectory, this results in either higher or lower production levels
compared to the default trade assumption in future years. Differences with the default trade
assumption can be substantial as the results for e.g. Western and Eastern Africa in 2050 show,
but by default, they become smaller with increasing income, because the constant absolute net
import assumed in the default scenario results in very low relative net import when
consumption starts to increase, an effect which is also simulated by the third trade scenario.
As a result, the production levels for many of these regions in 2100 are very comparable for
both trade assumptions in 2100. Exceptions are the Western and Eastern African regions in
the A2 scenario. In this scenario, both regions still have quite low income levels in 2100,
resulting in a substantial relative net import and therefore, lower production levels using the
third trade assumption compared to the default assumption where the increased consumption
already results in very low relative net import. The relative net export of the former centrally
planned regions (12, 14, 15 and 16) is assumed to decline to 0% in the coming decades and
therefore, results for these regions are identical using the second and third trade assumption.
For Russia+ and Ukraine+, this results in quite different production levels compared to the
default trade scenario, where these regions maintain an exporting position. The overall
absolute trade needs to be balanced and in the third assumption, we accomplish this by
varying the relative net export of the currently exporting regions (Western Europe, Japan,
Brazil and South Africa), resulting in quite different production levels for some of those
regions (e.g. South Africa).

We would like to emphasise once more that none of the trade assumption is based on any
sound and consistent economic or other theory. The differences in trade assumptions on the
regional results of the model can be substantial as the analyses in this Section show and it is
important to realise this, especially when using regional results of the model. It is obvious that
the trade section of the model can be substantially improved and that more alternative trade
assumptions (e.g. scenario specific ones) could be included. Suggestions for improvements of
the trade section are given in the next chapter.
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7.5.3 Other variables

Also other input variables can of course be varied, e.g. the shares of various product groups in
total crude steel consumption and the assumed lifetime distributions assumed for these
product groups. However, the few examples given above already show the major impact of
the model assumptions on the final results and give some idea about the typical sensitivity of
basic model assumptions on the final model results. This, in turn, demonstrates the large
uncertainties associated with this kind of model projections and make clear that the model
results should always be interpreted having these basic model assumptions in mind. There are
various possibilities to improve the modelling framework presented in this study and to
extend the model also to other materials. In the next Chapter, we summarise possible
direction for future improvements and extensions.
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8 Recommendations for model improvements and future
research

8.1 Introduction

The model developed in this study leave room for improvements in various directions. In this
chapter, we give some of these directions for possible improvements, but we also broaden the
scope and summarise on a more conceptual level directions for future research on material
demand modelling.

8.2 The link to the TIMER model and beyond

The steel model developed in this study can be classified as a bottom-up model in which the
drivers for material demand are exogenous macro-economic and demographic inputs (GDP
and population). All the models discussed in Appendix 2 as well as the TIMER model itself
are of this bottom-up type. In an overview paper on material efficiency in energy demand
modelling, Nathani and Jochem (2004) give an overview of bottom-up modelling approaches
for studying energy systems and GHG emissions and the position of material use and material
efficiency in these models. They distinguish optimisation models, the partial equilibrium
model STREAM and a more general group of simulation models of material and energy use.

In optimisation models (such as the MARKAL family of models including the models by
Gielen discussed in Appendix 2) a set of current and future technical options is described with
detailed data on costs and material and energy inputs and outputs. Using certain exogenously
defined demand levels, the least-cost combination of technologies is found to fulfil the
defined demand level. Least-cost optimisation is used by various models mentioned in
Appendix 2 to model steel trade and steel production by technology (see Section 4.1.2). In the
partial equilibrium model STREAM (also mentioned in Appendix 2), supply and demand on
the raw material, the primary and the secondary material market is balanced, using exogenous
material demand functions. The rather broad group of simulation models includes all kind of
models used to analyse energy and material flows at various levels of regional and industrial
aggregation.

Contrary to bottom-up models, top-down models describe the total (macro)-economic system.
Nathani and Jochem distinguish macro-econometric, computable general equilibrium models
and econometric input-output models. The outputs of these top-down economic models are in
their turn often used as inputs into the bottom-up models. The general equilibrium WorldScan
model developed by the Central Planning Bureau in the Netherlands is, for example, used to
generate inputs for the TIMER model. Also the Markal model is sometimes linked to a
macro-economic model.

It can be concluded that ‘top-down model are too highly aggregated to catch material
specifics and bottom-up models generally lack the integration into the national economy’
(Nathani, 2005). Therefore, there is a need for hybrid models that combine the detail of
bottom-up modelling with the economy-wide characteristics of top-down models.

Nathani and Jochem (2004) distinguish two groups of these kinds of hybrid models. In the
first group, a detailed bottom-up model is sequentially linked to an economic model, but there
is no feedback from the material model back to the economic model. In the second group,
feedback links are present and both models are fully linked and interdependent. Examples of
these kinds of models are quite rare and Nathani and Jochem recommend further development
of these kinds of hybrid models.
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If we would like to couple our model to the TIMER model, we are challenged with a similar
problem of coupling a detailed bottom-up model to a more top-down model. Ideally, one
would like to let the steel model (and a later stage, models for other materials) be an integral
part of the TIMER model®. Since the key exogenous drivers of the TIMER model and our
model (i.e. income and population development) are the same, this would in principle be
possible. However, a full re-calibration of the TIMER model should in that case be performed
to separate energy use and value added resulting form iron and steel production from the
energy use and value added of the remainder of the industrial sector. As a first, step, the
contribution of the iron and steel sector and the contribution of two other main materials
(paper and cement) to the total value added and the total energy use of the industrial sector
will be studied in a follow-up project to the current study (Roorda, 2006).

8.3 Steel demand

In our model, steel consumption is modelled using the intensity of use hypothesis. Although
this method is quite well accepted in long-term demand modelling, it remains unsatisfactory
in the sense that it provides little explanatory power to the observed apparent crude steel
consumption curves. One can think of several directions to improve the understanding of steel
demand:

. Detailed historical analyses of steel and other material demand at the level of final
consumer categories to better understand which developments in the past (material
substitution, material efficiency improvements, changes in economic structure) have
led to the observed steel and other material consumption behaviour. The studies by
Roberts (1990) and Crompton (2000) on the contribution of material composition of
products (i.e. the amount of steel used per economic output of a certain sector and
the production composition of income (i.e. the contribution of certain sectors to total
GDP) are interesting examples of such detailed analyses. An additional advantage is
that they provide a coupling between the physical world and the economic output of
sectors, which can be coupled to the macro-economy, e.g. via input-output analyses.
Countries with a good data situation with respect to economic and physical data
(e.g. Japan and the US) might offer the best opportunity for such detailed analyses
for long time-series. In the EPIST project (Lysen, 2006), also an attempt was made
to understand the relationship between physical and monitory growth. Not only
basic materials, but also other sectors such as households and transport were studied.
The analyses for materials provide interesting insights, but they also show large
uncertainties due to incompatible system boundaries and low data quality. They
therefore call for further analyses of the same type but using more reliable data and
for detailed material flow analyses across applications and as a function of time.

. Cross country comparisons to better understand the differences of steel demand
between currently developing countries and developed countries. The intensity of
use hypothesis implies that developing countries have a large steel demand for
infrastructure. It would be interesting to show this also based on available statistics
on steel demand per product category (e.g. using input-output data for various
countries such as the GTAP database). If the steel demand per product category is
better understood, varying product shares over time can be used also in our model
rather than the fixed shares currently used in our model (see also next bullet point
and next section)

. An interesting direction along the same line is to project steel demand based on an
assumed development of the steel stock in use per product category. Although it
shifts in a way the problem from projecting steel demand directly as function of
exogenous variables to projecting the steel stock as function of exogenous inputs, it
offers opportunities to couple the steel demand more directly to one of the main

26 A further step could be to couple the TIMER model directly to a macro-economic model.

94



arguments always used to explain the inverse U behaviour of the intensity of use
curve (i.e. the necessity of building up a stock of infrastructure at the beginning of a
region’s development). An attempt to use steel stocks as a tool for steel demand
projection is given by Mueller (2005) for China. Using the hypothesis that the steel
stock for various product groups saturates at a certain per capita income, he projects
steel demand for those categories. As a result, the share of construction steel in steel
demand for China is expected to drop significantly after 2040”". It would be very
interesting to further explore and test the hypothesis by Mueller with historical
analysis of steel stocks and resulting steel demand by product categories for more
countries™.

8.4 Steel production by technology and trade flows

8.4.1 Trade flows based on differences in costs

A valuable addition to the model would be to include production cost based trade modelling
at least as one of the trade scenario options. Detailed data on production costs and the relative
contribution of cost factors (energy, materials, labour, capital) on these costs are difficult to
find and not always consistent as becomes clear from Table 8-1, where two examples are
given from the STREAM model (Elzenga et al., 2001) and from Daniels (2002) respectively.

Table 8-1 Share (in %) of capital, labour, energy, material and other costs in total
Capital Labour Energy Materials

Stream

Primary 54 26 14

Secondary 50 27 13 10

Daniels'

BF 53 20 17 11

DR: Midrex 52 15 22 11

EAF 38 13 10 39

" In the study by Daniels, a large fraction of the costs are allocated to Operation and Maintenance costs.
In this table, we added those to the capital costs.

The data from the STREAM model are rather unlikely given the fact that share of energy use
in the primary steel production can be expected to be much higher compared to secondary
steel production and the share of material costs much lower (iron ore is much cheaper
compared to scrap). Based on these two examples we conclude that it will require a
substantial effort to develop a consistent and complete database with production cost
functions at a regional level from open literature sources that can be used to derive trade
flows, including also transportation costs and trade barriers, even if a relatively high level of
aggregation as used in the two studies mentioned above™. Provided that the data is available it
is relatively easy to implement cost-based trade into the model®’.

7 Mueller projects a stabilising stock in China around 2040 for all steel products. Products with a
relatively short life time (cars etc.) are replaced continuously and demand remains high to keep the
stock at the stabilisation level. Products with a long lifetime on the other hand, only need replacement
after a long time period and as a result, demand for steel in these product categories (infrastructure)
drops.

¥ Mueller for examples shows a saturation of the steel stock in use per capita in the US from 1980
onwards based on historical data. A study using a similar method for the UK (Ley et al., 2002) on the
other hand, shows a construction steel stock in the UK that still increases rapidly.

% The current version of the TIMER model already includes some of the information required (e.g.
labour costs and transportation costs).

%% In the TIMER model, a so-called multinomial logit function is normally used to split a certain
demand into shares based on the difference of a certain variable (e.g. costs per technology or region). A
parameter labda determines to which extent the difference in the variable (e.g. costs) drive the split (i.e.
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8.4.2 Improvements to the material flow model

To further improve the material flow model it is recommended to conduct more detailed
regional case studies to validate the outcomes of the current model and to improve input
parameters. Elements that should get attention in such a detailed analysis could be:

The development of product shares in the total steel consumption over time

. The influence of indirect trade flows on the total stock in use (e.g. for a country like
Korea) and a possible inclusion of these indirect trade flows into the model.

. Circulating and prompt scrap ratios for various product groups and recovery rates for
circulating and prompt scrap®'.

. More detailed analysis about the average lifetime of steel products, for example based
on demolition rates for build infrastructure etc.

. The fate of non-recycled steel (e.g. re-use, landfill, oxidation etc.). Information could

be gathered based on interviews with experts within the industry.

An obvious barrier to such detailed analysis is the limited data availability, especially for
historical data, which are necessary given the long lifetime of the products involved.

8.5 Energy use and CO; emissions

Comparable to steel trade, it is also possible to let the share of various steel production
technologies be driven by production cost differences between technologies. The supply of
steel scrap (as modelled) could be used to determine a steel scrap price curve™. In such a
model, also CO, capture and storage could be implemented as function of certain CO, price
levels. Gielen and Podkanski (2006) project a CO, emission reduction potential of 300-500
Mt CO, from carbon capture and storage by 2050. A wide variety of different steel production
technologies can be distinguished. In a recent article in Metal Bulletin Monthly, 36 present
and radically new steel processes in terms of CO, emissions and energy consumption are
given which are studied in the Ultra-low CO, Steelmaking (ULCOS) project (Metal Bulletin
Monthly, 2005). Although the current model allows the calculation of primary energy use and
CO, emissions in a reasonable way using a clear set of basic assumptions, it is obvious that
more sophisticated and more detailed scenario could be explored if more technologies would
be included in the model.

8.6 Extension with other materials

The modelling framework presented in this study can easily be used to study also
other energy-intensive and other materials such as paper, cement, aluminium and
petrochemicals. Such an effort could result in model that covers a very large part of
the energy use of the manufacturing industry. Depending on the material studied, the
material flow approach can yield interesting insights in e.g. the stock of certain
materials (cement, plastics) in relation to economic development, for example by
comparison with the stock turn-over of the built environment. Such a tool in which
various materials are included could then in principle also be used to study material
substitution effects and could be used as a very flexible tool to explore future
scenarios of the materials industry.

a labda of 0 results in an equal division regardless of costs and a high labda yields a 100% share of the
cheapest option).

3! We currently assume 100% recovery of circulating and prompt scrap. The recovery rate for some
regions might be lower.

32 One could for example let the scrap price vary with the obsolete scrap recovery rate.
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Appendix 1 List of 26 TIMER regions
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UNITED STATES

UNITED STATES MINOR OUTLYING ISLANDS
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EL SALVADOR

GRENADA
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DENMARK
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FRANCE
GERMANY
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Western Europe
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Western Europe
Central Europe
Central Europe
Central Europe
Central Europe
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Central Europe
Central Europe
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Central Europe
Central Europe
Central Europe
Central Europe
Central Europe
Central Europe
Central Europe
Central Europe
Turkey

Ukraine +
Ukraine +
Ukraine +
Asia-Stan
Asia-Stan
Asia-Stan
Asia-Stan
Asia-Stan
Russia +

Russia +

Russia +

Russia +
Middle East
Middle East
Middle East
Middle East
Middle East
Middle East
Middle East
Middle East
Middle East
Middle East

GREECE

HOLY SEE (VATICAN CITY STATE)

ICELAND
IRELAND

ITALY
LIECHTENSTEIN
LUXEMBOURG
MONACO
NETHERLANDS
NORWAY
PORTUGAL

SAN MARINO
SPAIN

SVALBARD AND JAN MAYEN
SWEDEN
SWITZERLAND
UNITED KINGDOM
ALBANIA

BOSNIA AND HERZEGOVINA
BULGARIA
CROATIA

CYPRUS

CZECH REPUBLIC
ESTONIA
HUNGARY
LATVIA
LITHUANIA

MACEDONIA, THE FORMER YUGOSLAV REPUBLIC OF

MALTA

POLAND

ROMANIA

SLOVAKIA

SLOVENIA
YUGOSLAVIA
TURKEY

BELARUS

MOLDOVA, REPUBLIC OF
UKRAINE
KAZAKSTAN
KYRGYZSTAN
TAJIKISTAN
TURKMENISTAN
UZBEKISTAN
ARMENIA
AZERBAIJAN
GEORGIA

RUSSIAN FEDERATION
BAHRAIN

IRAN, ISLAMIC REPUBLIC OF
IRAQ

ISRAEL

JORDAN

KUWAIT

LEBANON

OMAN

QATAR

SAUDI ARABIA
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22
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24
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24
24
24
24
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24
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Middle East
Middle East
Middle East

India

Korea

Korea

China +

China +

China +

China +

China +
Southeastern Asia
Southeastern Asia
Southeastern Asia
Southeastern Asia
Southeastern Asia
Southeastern Asia
Southeastern Asia
Southeastern Asia
Southeastern Asia
Southeastern Asia
Indonesia +
Indonesia +

Japan

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Oceania

Rest Southern Asia
Rest Southern Asia
Rest Southern Asia
Rest Southern Asia
Rest Southern Asia

SYRIAN ARAB REPUBLIC
UNITED ARAB EMIRATES
YEMEN

INDIA

KOREA, DEMOCRATIC PEOPLE'S REPUBLIC OF

KOREA, REPUBLIC OF
CHINA

HONG KONG

MACAU

MONGOLIA

TAIWAN, PROVINCE OF CHINA
BRUNEI DARUSSALAM
CAMBODIA

EAST TIMOR

LAO PEOPLE'S DEMOCRATIC REPUBLIC
MALAYSIA

MYANMAR

PHILIPPINES

SINGAPORE

THAILAND

VIET NAM

INDONESIA

PAPUA NEW GUINEA

JAPAN

AMERICAN SAMOA

AUSTRALIA

CHRISTMAS ISLAND

COCOS (KEELING) ISLANDS
COOK ISLANDS

FII

FRENCH POLYNESIA

FRENCH SOUTHERN TERRITORIES
GUAM

HEARD ISLAND AND MCDONALD ISLANDS
KIRIBATI

MARSHALL ISLANDS
MICRONESIA, FEDERATED STATES OF
NAURU

NEW CALEDONIA

NEW ZEALAND

NIUE

NORFOLK ISLAND

NORTHERN MARIANA ISLANDS
PALAU

PITCAIRN

SAMOA

SOLOMON ISLANDS

TOKELAU

TONGA

TUVALU

VANUATU

WALLIS AND FUTUNA
AFGANISTAN

BANGLADESH

BHUTAN

BRITISH INDIAN OCEAN TERRITORY
MALDIVES
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25
26
26
26
26
26
26
26
26
26
26
27

Rest Southern Asia
Rest Southern Asia
Rest Southern Asia
Rest Southern Africa
Rest Southern Africa
Rest Southern Africa
Rest Southern Africa
Rest Southern Africa
Rest Southern Africa
Rest Southern Africa
Rest Southern Africa
Rest Southern Africa
Rest Southern Africa
For future use

NEPAL
PAKISTAN

SRI LANKA
ANGOLA
BOTSWANA
LESOTHO
MALAWI
MOZAMBIQUE
NAMIBIA
SWAZILAND
TANZANIA, UNITED REPUBLIC OF
ZAMBIA
ZIMBABWE
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Appendix 3 Overview data sources

Variable Region Years Source Notes
Crude steel All 1970-2003 IISI, various years b2
production
2,14,15, 16,23 1900-1969 Wirtschaftvereinigung 2
Stahl (2004)
1,3,4,5,6,7,8,9,10,11,12,13, 1955-1969 1ISI, 1972 ’
17,18,19,20,21,22,24,25,26
11 1900-1954 Wirtschaftvereinigung ‘
Stahl (2004)
1,3,4,5,6,7,8,9,10,12,13,17, 1900-1954 IISI, various years >
18,19,20,21,22,24,25,26
Pig iron All 1970-2003 IISL, various years 2
production
2,14,15, 16,23 1900-1969 Wirtschaftvereinigung 2
Stahl (2004)
11 1900-1954 Wirtschaftvereinigung 6
Stahl (2004)
1,3,4,5,6,7,8,9,10,12,13,17, 1900-1969 Wirtschaftvereinigung !
18,19,20,21,22,24,25,26 Stahl (2004)
Technology All 1979-2003 IISI, various years §
shares
Direct All 1970-2003 Midrex, 2003 ’
reduced iron
production
Foundry ratio 2 1938-2003 USGS, Various years 10
WSD, 2005
Apparent All 1970-2003 IISI, various years 1
crude steel
consumption
Circulating All 1972-2003 IISI, various years 12
scrap ratio
Scrap trade All 1979-2003 1ISI, various years B
2 1937-1978 | Kelly and Fenton (2004a)
PI trade All 2000-2003 | 1ISI, WSIF, various years H
All 1979-1999 1ISI, various years B
2 1909-1978 | Kelly and Fenton (2004b)
1990-1999
DRI trade 2 1987-2002 | Kelly and Fenton (2004b) o
Population All 1970-2100 TIMER !
Population All 1900-1969 | Van Vuuren et al. (1999) 18
GDP / capita All 1970-2100 TIMER !

' Based on the Statistical yearbook of 1980 (data 1970-1979), 1990 (1980-1989), 2000 (1990-1999)
and 2004 (2000-2003).
2 USSR data split into region 14,15 and 16 using division of production in 1992.
3 Central America split into region 3-6 using division of production in 1970,1971 and 1972. Other
Africa split into region 7,8,9 and 26 using division of production in 1970, 1971 and 1972. Other Asia
split into region 19,21,22 and 25 using division of production in 1970,1971 and 1972. Western Europe
split into region 11 and 13 using division of production in 1970, 1971 and 1972.
*EU figures translated into Western Europe figures based on a factor derived from production data for
1955, 1956 and 1957 for Western Europe (see note 3) and for the EU from Wirtshaftsvereinigung Stahl

(2004).

> Total worldwide steel production minus known regions is split using division of production in 1955,

1956 and 1957.
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S EU figures from source translated into Western Europe figures based on a factor derived from
production data for 1970,1971 and 1972 for Western Europe (see note 1) and for the EU from
Wirtshaftsvereinigung Stahl (2004).

" Total worldwide pig iron production minus known regions is split using division of production in
1970, 1971 and 1972.

¥ Before 1979, 100% BOF assumed (4.4.2). Based on the Statistical yearbook of 1980 (data 1979),
1990 (1989), 2000 (1990-1999) and 2004 (2000-2003). Between 1979 and 1989, linear interpolation
used.

® Before 1970, no direct reduced iron production assumed. For 1970-1979, division between regions for
1980 used.

' Foundry ratio for the US applied to all regions (Section 3.3.2 and Section 3.4.2).

' Before 1970, apparent crude steel consumption set equal to crude steel production.

12 For assumptions before 1972, see Section 4.4.4. For unknown years, linear interpolation used.

13 Based on the Statistical yearbook of 1980 (data 1979), 1990 (1980-1989), 2000 (1990-1999) and
2004 (2000-2003). Before 1979, scrap trade not included except for the US.

!4 Based on world steel in figures 2002 (data 2000), 2003 (data 2001), 2004 (data 2002), 2005 (data
2003).

'S Based on statistical yearbook 1980 (data 1979) and 1990 (data 1980-1989). Between 1990 and 2000,
linear interpolation used, expect for US, where independent data source was available. Before 1979, pig
iron trade not include, expect for the US.

' For other regions, direct reduced iron trade not included.

"7 Towards the future, 4 scenarios are distinguished. Data in 1995$ are within the model converted to
purchasing power parity (ppp) figures based on a personal communication with Detlef van Vuuren
(2005).

' The 13 regions distinguished are divided into 26 regions using the division of 1970.
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Appendix 4 Parameters used in IU,, curve

For all regions except region 1 (Canada), 2 (USA), 11 (Western Europe), 14 (Ukraine+), 19
(Korea), 20 (China), 23 (Japan) and 24 (Oceania), we use the basic 1U.,, curve given in
Figure 3-8 (Section 3.4.1). To avoid large deviations from historical data in the year
following 2003, we calculate the absolute difference between the historical data and the basic
IUqp curve in 2003. In the years following 2003, this absolute difference is gradually
decreased as a function of per capita income to a value of 0 at a per capita income of 20000
1995 ppp $. The formulas used in this correction are:

(81 GDPegy oo 2003 )
AIUcap( 2003) = IUcap,historical 2003 -a*e e

Equation A4-1

20000-GD
|UCath =a* e(ﬁ/GDPcap,ppp,‘) + (

P
cap,ppp,t) * A|Ucap(2003)
( 20000 - GDPcap,pppv2003 )

Equation A4-2

In Table A4-1, the parameters used in the IU.,, curve are given.

Table A4-1 Parameters used in IU,,, curve

Region a B | GDP,, (2003)' | AIU,, (2003)"
1. Canada 783 -9254

2. USA 523 -9254

3. Mexico 635 -9254 8343 -3
4. Rest Central America 635 -9254 3584 -15
5. Brazil 635 -9254 6902 -67
6. Rest South America 635 -9254 6396 -82
7. Northern Africa 635 -9254 4123 -4
8. Western Africa 635 -9254 1088 7
9. Eastern Africa 635 -9254 1057 4
10. South Africa 635 -9254 9160 -136
11. Western Europe 601 -9254

12. Central Europe 635 -9254 8850 -12
13. Turkey 635 -9254 5864 79
14. Ukraine + 635 -3794

15. Central Asia 635 -9254 2549 10
16. Russia + 635 -9254 6950 -1
17. Middle East 635 -9254 5951 34
18. India 635 -9254 2439 19
19. Korea 861 -2814

20. China+ 635 -4817

21. South Eastern Asia 635 -9254 3760 47
22. Indonesia+ 635 -9254 2885 -3
23. Japan 861 -9254

24. Oceania 583 -9254

25. Other South Asia 635 -9254 1670 6
26. Other South Africa 635 -9254 1285 15

" For those regions where we use Equation A4-2 (Section 3.4.1).
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Appendix 5 Summary scenario storylines

The text below is taken from Nakicenovic (2000):

The Al storyline and scenario family describes a future world of very rapid economic growth,
low population growth, and the rapid introduction of new and more efficient technologies.
Major underlying themes are convergence among regions, capacity building, and increased
cultural and social interactions, with a substantial reduction in regional differences in per
capita income

The A2 storyline and scenario family describes a very heterogeneous world. The underlying
theme is self-reliance and preservation of local identities. Fertility patterns across regions
converge very sdowly, which results in high population growth. Economic development is
primarily regionally oriented and per capita economic growth and technological change are
mor e fragmented and slower than in other storylines.

The B1 storyline and scenario family describes a convergent world with the same low
population growth as in the Al storyline, but with rapid changes in economic structures
toward a service and information economy, with reduction in materials intensity, and the
introduction of clean and resource-efficient technologies. The emphasisis on global solutions
to economic, social, and environmental sustainability, included improved equity, but without
additional climate initiatives.

The B2 storyline and scenario family describes a world in which the emphasis is on local
solutions to economic, social, and environmental sustainability. It is a world with moderate
population growth, intermediate levels of economic development, and less rapid and more
diverse technological change than in the B1 and Al storylines. While the scenario is also
oriented toward environmental protection and social equity, it focuses on local and regional
levels.
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Appendix 7 Default trade projections
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Figure A7-1 Projected relative trade for net importing and net exporting regions using the

frozen trade assumption
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