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Abstract

Computable general equilibrium (CGE) models aredusetensively for analysis of
climate policies. Industries are usually represgnas abstract economic production
functions, commonly of the constant-elasticity-abstitution (CES) form. This study
explores methods for improving the realism of egangensive industries in such models.
We replace a CES production function with a sespécific technologies and provide a
comparison between the traditional production fiomctapproach and an approach with
separate technologies. We conclude that technedpggific effects are crucial for the
economic assessment of climate policies, in pddrdhe effects relating to process shifts and
fuel input structure.

Keywords:. industrial technologies, energy use, iron and sprelduction, technological
change, general equilibrium modeling

1. Introduction

Industrial technologies, their energy consumptiod ahange over time, are important
for analysis of energy and climate policies. Bottop models simulate the operation of
specific energy technologies based on cost andomesihce characteristics in a partial
equilibrium framework. They contain detail on cunrend future technological options but
lack interaction with the rest of the economy. Tmwn models, including computable
general equilibrium (CGE) models, use a broadeneeic framework. However, in order to
include behavioral and other non-technical fackush as policy instruments, they usually
compromise on the level of technology detail, whioly be relevant for an appropriate
assessment of energy or climate policies (Jafé. €2003; Edmonds et al., 2001).

Energy-intensive industries are commonly represemeeneral equilibrium models as
abstract economic production functions of the camisélasticity-of-substitution (CES) or
translog functional form. This paper demonstrateslternative approach based on cost and
performance data for specific iron and steel tetdgies within a CGE model of Germany.
For a more realistic representation of an enertgnsive industry, we replace a CES cost
function with a set of fixed-coefficient cost furaits describing specific technologies. The
technology-specific cost functions are based onineeging cost and performance
characteristics.

The focus of this paper is the representation dustrial energy technologies in a
computable general equilibrium framework and wedaily address the following questions:
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What difference does it make in a CGE model whetieliron and steel sector is represented
by an aggregate production function or by diststeel-producing technologies? How might
a climate policy affect the iron and steel seatathie context of overall economic activity?

CGE models are used extensively for analysis ofggnand climate policy and offer
several advantages. They emphasize the interaoéitmeen energy and non-energy markets
and simulate combined, economy-wide, responseside phanges induced by such policies.
Employing a general equilibrium framework allowsr feectoral output adjustments in
response to higher production costs, which maytaded by climate policies. It allows us to
analyze interactions between production sectorsefample between electricity generation
and iron and steel production, and to investigaterabined response to changes in relative
prices. The carbon intensity of electricity andnirand steel can change simultaneously.
Handling both sectors within a common framework idsadouble counting of emissions
reductions. The CGE approach helps determine winetke economy and energy system
reductions in greenhouse gas emissions are malg tik occur.

However, the aggregate production functions typicated in CGE models are only
abstract representations of energy-intensive imgssteach of which contains a complex set
of production routes. The aggregate productionctions are consistent with base-year
energy consumption across technologies within austry because they are calibrated to
base-year economic and energy data. However, ytmoabe possible to demonstrate that
simulated changes in energy consumption, in regptmshanges in prices or other economic
drivers, are consistent with shifts among technekg This is particularly important for
analysis of climate policy where energy prices lsarriven far outside their historical range.

Other researchers have addressed the inconsistétay-down economic analysis with
bottom-up engineering approaches to industrialggnase. Bdhringer (1998) and Bohringer
and Loschel (2006) demonstrate a hybrid approatchiwve CGE model where electricity
generation is represented by bottom-up activityyamand other sectors are represented by
CES functional forms. Another hybrid approach esndnstrated in the CIMS model, which
iterates between energy demand, energy supplymacdoeconomic modules (Bataille et al.,
2006; Jaccard et al., 2003). Pant (2002) and BadtFisher (2004) adopt a technology
bundle approach for two production sectors to ipooate technology detail in a dynamic
multisector CGE model. Li et al. (2003, 2000) assimilar approach for known electricity
technologies in the case of Taiwan. Recent effddgoted to coupling detailed energy
models, such as MARKAL, with CGE frameworks inclutteose by Schafer and Jacoby
(2006, 2005) for transport technologies and by Braad van Regemorter (2000) for energy
services in the Belgium economy.

We select the iron and steel sector because nabthe most energy-intensive sectors
in the majority of industrialized countries, andrésponsible for a large share of greenhouse
gas emissions. The industry is subject to climatd anergy policies to improve energy
efficiency, induce innovation, and reduce greenbogas emissions, which may put the
international competitiveness of the industry atkst (Ameling and Aichinger, 2001;
Rynikiewicz 2005). Currently, two main technologiternatives exist in this sector: the
oxygen or integrated technology where iron orenmelged by burning fossil fuels, and the
electric arc furnace which melts scrap steel usiegtricity. While the integrated technology
iIs mainly based on coke, coal, and iron ore feetistothe electric arc furnace is highly
electricity intensive and based mainly on scrapiinpNew and innovative technologies are
expected to play a major role in the near futuranipls, 2002; de Beer et al., 1998).

A few studies focus directly on iron and steel prcttbn. Lutz et al. (2005) simulate
technology choice in German steel production withimn econometric multi-sector model.
Ruth and Amato (2002) provide a similar study toe tUnited States. Hidalgo et al. (2005)
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use a global partial equilibrium model of iron astdel to simulate the evolution of the iron
and steel industry under a series of emissionsngadcenarios. Similarly, Gielen and
Moriguchi (2002a and 2002b) apply a partial forasighodel (STEAP) of the European
Union and Japan to analyze the effect of,@&xes on the iron and steel industry, including
trade and leakage effects of unilateral tax setting/lathiesen and Moestad (2004) use a
global static partial equilibrium model (SIM) toviestigate the effect of a GQax in
industrialized countries on global steel-relatedissions and potential relocation of steel
production. However, none of these iron and staadies provide a direct application to a
computable general equilibrium model.

The primary strength of our technology-based apgras that it maintains the richness
of engineering characteristics of key technologies, allows for a full general equilibrium
analysis of energy or climate policies. We worlaatintermediate level of technology detail,
between the traditional aggregate production famstiof top-down models and the extensive
technology detail used in bottom-up models. Wenmpera choice between several
technologies for producing steel and allow for tshif technology characteristics over time
towards best practice, innovative technologiesiftSim energy consumption, in response to
changes in energy or G@rices, are consistent with shifts between teagies. This is
important for both baseline and policy scenariéiowing for shifts in discrete technologies
provides flexibility for future technology develogmi to be decoupled from the base year
structure. Further, improvements in technologyrati@ristics can be based directly on
engineering knowledge and projections.

Although the technology-based approach is a stepai@ in representing industrial
technologies in CGE models, several weaknessesinmentfarst, even though the level of
detail is much greater than typically found in aEE@odel, it is less than in some bottom-up
linear programming models. We must make judgmast® the amount of detail to maintain
and where to draw a system boundary around theegses we model. In our analysis of iron
and steel production, this affects the number ofdpction technologies and the variety of
products. For example, we focus on crude stealymtion technologies, but do not attempt
to distinguish downstream processing technologmes gpes of final steel products. In
principle, however, CGE models are well suited tandie further disaggregation of
technologies and products, given sufficient d&acond, it remains difficult to find empirical
support for the behavioral parameters that deterrtiiat rate of shift between technologies as
their relative costs change. It is also difficidtparameterize future advanced technologies.
Other CGE and linear programming modelers must éétermine important behavioral and
technical change parameters. This challenge isremiheto all technology modeling and
remains a challenge in our technology-based apprddese parameters deserve further, and
Germany-specific, empirical justification. Thirdyem though we have added technology
detail to the CGE framework, we still must charaegte each steel production route with a
single equipment lifetime. This means we havéelithpability to represent retrofit options
and possibilities for lifetime extension. Fourthjst study covers only one of the energy-
intensive industries (iron and steel) besides et production. An analysis of the effects
of climate policy in Germany would deserve techgatal detail for additional sectors, at
least the set of major energy-intensive industries.

Both the aggregate production function approach thedtechnology-based approach
allow for exogenous improvements in energy efficiemvithin the steel production sector.
The ultimate impact of these energy efficiency ioygments depends a great deal on
substitution elasticities in production procesdest tuse steel. The aggregate production
function approach assumes a constant elasticisubtitution among all input factors and
exogenous technical change (efficiency) for eagbutin The technology-based approach
assumes fixed input coefficients for each of tlet®logies; technical change occurs through
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shifts from one technology to another. These apsioms have implications for the ability of
the model to respond to changes of specific pracdactor efficiencies induced, for example,
by price or non-price based climate policies (UKeEyy Research Centre 2006, Saunders
2000a). We have not explored more general funatitorms, such as translog, generalized
Leontief or nested CES production functions, oragahous forms of technical change.

The paper is organized as follows. We describe methodology in Section 2,
including data requirements, two approaches fowkiting iron and steel within a general
equilibrium framework, and assumptions about tecdinchange over time. Section 3
provides background on the iron and steel industrgsermany. It highlights important
features with respect to past and future techneiygenergy consumption, carbon dioxide
emissions, and costs. In Section 4, we comparedahats from the aggregate production
function and technology-based approaches, prowti&ldd results for production and energy
consumption for iron and steel technologies, ardelthese results in the context of overall
economic development. Section 5 concludes therpape

2. Methods

We use the Second Generation Model (SGM; Edmondk,2004), an economy-wide
computable general equilibrium model, to demonsttato approaches for modeling steel
production in Germany. A common approach for CGE models is to simuleia and steel
production using a CES functional form that doed wlifferentiate among specific
technologies to produce iron and steel. We refehis approach as the aggregate production
function approach or aggregate CES approach. €umnblogy-based approach replaces the
CES cost function for iron and steel with a loggshof fixed-coefficient cost functions: each
fixed-coefficient cost function represents a spectechnology for producing steel with
technical coefficients constructed from engineedatp. The technology-based approach (or
logit nesting approach) has been demonstrated léatrieity generation in SGM in Sands
(2004) and Schumacher and Sands (2006). This sapigsents the first application of the
logit nesting approach to iron and steel in SGVhother example of the logit mechanism is
in the CIMS model, which uses the same functionahf(Jaccard et al., 2003) to determine
market share of technologies in new investment.

We are interested in how the aggregate CES andadtuy-based approaches compare,
especially in response to changes in fuel pricesC@ prices. We construct several
illustrative climate policy scenarios to demonsr#tte price response of both approaches.
The technology-based approach is data intensiver@auires reconciliation of data across
economic input-output tables, energy balances, endineering data by technology.
However, once a benchmark data set is construotetthé technology-based approach, it can
also be used for the aggregate CES approach.

2.1. Benchmark data

A benchmark table for the model base year is coad using a 1995 economic input-
output table for Germany (Statistisches Bundesd8@5), a 1995 energy balance table for
Germany (AGEB, 1999), and cost data for iron aeeldechnologies (see Section 3.2). We
have some flexibility in how we define productioectors in a CGE model: we maintain

! We use a transitional version of SGM, which inelsigome features beyond those documented in Faavaktt
Sands (2005), and Sands and Fawcett (2005). Thar lzanges are: (1) consumer demand is basedeon th
Linear Expenditure System; (2) sector-level invesitmis determined by the zero-profit condition tpatce
received equals levelized cost; and (3) the lifetiof capital stocks can be set to any desired pheltf five
years.
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detail in production sectors of interest and cakpetail elsewhere. Here we are interested
in the behavior of iron and steel technologies, wedise all of the sector detail available for
iron and steel from the 1995 input-output table.

Data are organized into a benchmark use table @asrsin Figure 1. A use table is
essentially an expanded input-output table thatwall for more production processes than
commodities. The intermediate flows section of thlele has the same number of rows as
distinct products, but in the cases of electriaityl steel, several technologies are available for
production. The following technologies are avdiator making steel: basic oxygen furnace
(BOF), electric arc furnace (EAF), and a directuetn process (DRP). Advanced versions
of the basic oxygen furnace (BOFA) and the eledric furnace (EAFA) become available
some time after the base year, with a start daermeed by the model user.

We distinguish between “crude steel” and “shapeelstin the benchmark data set,
even though the 1995 input-output table for Germaay these activities combined into one
sector. We are able to make this distinction usngineering data for the various steel
making processes. The processes are quite diffepemo the point of crude steel (molten
steel), but similar afterwards. All output fronetbrude steel sector becomes an input to the
steel shaping sector. All other sectors consued sis shaped steel. These relationships are
shown as shaded areas in Figure 1.
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Figure 1 Organization of benchmark use table forn@ay in 1995. Each row is a
distinct commodity and each column represents mibalu activities. Three distinct

activities (technologies) are available for crutlekproduction: basic oxygen furnace
(BOF), electric arc furnace (EAF), and a directuettbn process (DRP).

This data set can be used for either the techndbaged approach or the aggregate CES
approach: the only difference is that the colummden “crude steel” are combined to form a
single aggregate technology for making steel inapgregate production function approach.
Further background on methods used to construeihahmark data set for SGM is found in
Sands and Fawcett (2005).



2.2. Technology-based approach

In the technology-based logit approach, each gswinology is first modeled as a
fixed-coefficient (Leontief) production function. Then these production functions are
combined in a logit nest. This approach has prassiul for the electricity generation sector
in SGM-Germany (Schumacher and Sands, 2606)Ve construct an engineering cost
description for each steel technology (see Se@&igj cost descriptions for technologies that
operate in the model base year are embedded ibethehmark data set. The logit nesting
structure for the steel technologies in this stisdyrovided in Figure 2.

crude steel production
lower elasticity

higher

elasticity DRP

BOF BOFA EAF EAFA

Figure 2 Nesting structure of steel technologiEsch leaf of the nesting structure is a
fixed-coefficient technology: basic oxygen furna@OF), advanced BOF (BOFA),
electric arc furnace (EAF), advanced EAF (EAFA)dam direct reduction process
(DRP). The model has space for another advanchaidégy, smelt reduction process
(SRP), but it is not presently populated with data.

The unit cost function for a fixed-coefficient texogyj can be written as

c=LyP (1)

O(oj i=1 aij

whereC; is the unit cost or levelized cost per ton of ersdeel. Levelized cost is a
function of prices and technical coefficients, ajj, i=1,...N. N is the number of inputs to
production. If the input is capital, the corresgimig price is the annualized cost of capital,
covering interest plus depreciation. During eaddeh time step, new investment is allocated
across steel technologies as a function of leveltost. The share of output provided by each
technology is determined by Equation (2),

b.C?
s = 2
DY “
k

2 This approach could be generalized to a logit mésCES technologies or a logit nest of nested CES
technologies. Representing each technology a®atied production function is somewhat restrictias, it does
not allow input substitution possibilities withihe technology that may exist in reality (Saund2e90b).
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whereC; is the levelized cost per ton of crude stéelis a calibration parameter to match
base-year production, ankl determines the rate that one technology can sutestior
another’ This formulation prevents knife-edge switchingrfr one technology to another.
The lambda parameter is actually an elasticityambe expressed as

3)E)

A cost function for crude steel production usinggit nest can be written as

9(p) = 2. s;C, 4)

where thes are the logit shares from Equation (2) and @Ghare fixed-coefficient unit cost
functions in Equation (1). The key parameter thetermines the price response of iron and
steel isA. Technologies with lower unit costs provide agtarshare of output. Technical
change occurs mainly through changing shares tihtdogies, and not through changes in
technical coefficients within production functions.

The technology-based approach presented here isonme ways similar to efforts by
researchers who incorporate engineering-proceseeseptations of energy supply into
general equilibrium models. The main differencanithe functional form used to distinguish
technologies. McFarland et al. (2004), for examplse engineering information for a
number of electricity technologies to parameteazeested CES production function in a way
that accounts for limits in thermodynamic efficignand represents market penetration of
technologies as their competitiveness changest (P@82), Pant and Fisher (2004), and Li et
al. (2003) use a generalized form of CES, the CRESIdtion (constant ratio of elasticities
of substitution, homothetic) to aggregate a setLebntief technologies. An important
difference between a logit nest, as applied inanalysis, and a CES aggregate of Leontief
technologies is that a logit nest preserves quabétance while a CES function does not. In
other words, the total quantity of steel productiiom logit nest is always equal to the sum of
steel production from the nested technologies.

Our approach differs from efforts by others to deugetailed engineering-process models,
such as MARKAL, with multi-sector computable gerneeguilibrium (CGE) frameworks
(Schafer and Jacoby, 2006 and 2005, Proost an&ggamorter, 2000). By loosely coupling
the two model types, they aim to establish consigteof parameters that determine
substitution possibilities. Providing consistemeynains a challenge, as the models are based
on different data sets (value terms and physioald) and have different analytical structures.

% The lambda parameter is set to -1.5 in the topafdSigure 2, and to -15 in the lower nests ofufég?2.



2.3. Aggregate production function approach

CGE models for analysis of climate policy generaie production functions that are
well behaved over a wide range of relative priespecially energy prices. A climate policy
could drive energy prices, especially the pricalgar coal, far outside the range of historical
experience. The usual approach in CGE modeling iepresent each production sector as a
single production or cost function. The CES fumwdl form, or nested variations, is used
more frequently than any other functional form. isTform has the important property of
being globally regular so that input demands carcddeulated for any set of prices. It is
possible to use more flexible functional forms, lsuas the translog, in a CGE model.
However, they are more difficult to handle becatisey have additional parameters that
require empirical support. Shoven and Whalley 209%nd Perroni and Rutherford (1995)
provide further discussion on the choice of funailcdform in CGE models.

The key parameter in the CES function that detezsne@sponse to a change in prices is
the elasticity of substitution. The CES cost fimtts written as:

1/r

_ 13
g(|0)—0[0 Zl](aj (5)

where unit cost is a function of prices and tecaihaefficientsay, a;, i=1,...N. N is the
number of inputs to productidnThe elasticity of substitution is

o=1-r (6)

The physical input-output coefficients are functiaf prices and technical coefficients
— ~0-1,0-1 pj ’
aij (p)—aoj' aij {_} (7)

With this approach, we do not distinguish among shparate steel technologies, but
combine the columns under “crude steel” in Figuréolform an aggregate technology.
Technical coefficients are calibrated in order totadhabenchmark data for each activity at
base year prices. Equation (7) clearly shows the relationship betweeput-output
coefficients, relative prices, and the substituetasticity.

* Note that Equation (5) collapses to Equation (timr = 1.

® CGE models are generally calibrated to a benchsmaelal accounting matrix for a single year. Tygsr may
not be representative (it could be during a rec@$si Therefore, it would make sense to allow teadhmark
data set to be constructed using time-series 8atathis is rarely done. However, a lot of progréas been
made over the past decade to integrate energydesanto the benchmark social accounting matrig. (&ands
and Fawcett 2005). This provides much greaterismalin terms of energy quantities and greenhowse ¢
emissions, than is possible without direct usenefrgy balances.
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Exogenous technical change is introduced by spegfyd time path for the alpha
coefficients in Equations (5) and (7). As the algbefficients increase, less of an input is
needed to produce the same quantity of output aitdcosts decline. We apply technical
change independently to specific inputs, especiallpbor and the energy carriers. The labor
productivity parameter primarily determines theeraf economic growth. Similarly, the
energy productivity parameters affect the futurthpae energy consumption and greenhouse
gas emissions.

2.4. CGE framework

The benchmark data set described by Figure 1 prewdse-year calibration data for a
computable general equilibrium model for Germahgt twe call SGM-Germany. The base
year is 1995 and the model runs to 2050 in five-yae steps. SGM-Germany is a
dynamic-recursive model of a small open economy.

Capital stocks are divided into five-year vintagesl old capital cannot move between
production sectors. Old capital is of the fixe@fwient functional form and is retired at the
end of its lifetime, anywhere from 20 to 40 yeav8e have assigned capital stocks in the iron
and steel sector a lifetime of 25 ye&r&ecause of the time required for turnover of api
stocks, any change in relative prices, whethertdw exogenous change in oil prices or to a
carbon policy, takes time to be fully reflectechimdel output.

Prices of oil, gas, and coal are given exogeno(lHBES, 2006): the model can import
as much of these fuels as desired at the giverdwwite. However, a balance of payments
constraint requires that any increase in importfuefs be offset by exports of other goods.
The balance of payments constraint is imposed hingedn exogenous capital flow during
each model time step. In this study, the exogemap#al flow is set equal to its base-year
level throughout the model time horizon. Therefdine, balance of payments constraint does
not change over time and has little impact on di/praduction or consumption.

SGM-Germany contains 20 produced commodities. Bsside commodities shown in
Figure 1, the model includes the following prodantisectors: agriculture, food processing,
wood products, chemical products, non-metallic matsee other metals, other industry, rail
and land transport, other transport, and a largeices category. All production sectors
except electricity generation and crude steel prbdn are represented by CES production
functions.

2.5. Technical change

An important difference between the technology-daapproach and the aggregate
production function approach is the treatment ofitécal change over time. Both approaches
assume exogenous technical change: the aggregatacpion function approach allows an
annual percentage rate reduction in the quantitiwpdits per unit of crude steel, while the
technology-based approach relies on substitutiameftechnology for another over time.

In the aggregate CES approach, we assumed the fiofjomnnual rates of technical
change in the iron and steel sector for the folilmMnputs: coal and coke, 0.5% per year;
refined petroleum, 0.5% per year; electricity, 0.@ét year; natural gas, 0.5% per year; labor,
1.5% per year; other inputs to production, 0.1% yssar (Sands and Fawcett, 2005). These

® This refers to the average lifetime of capitalcktin the iron and steel sector. Investment imofiés of
existing furnace technologies (vintages) can leadntich longer individual lifetimes (Worrell and Bieans,
2005).
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rates of change begin in the model base year antince at the same rate throughout the
model time horizon.

In the technology-based approach, BOF and EAF aee ahly steel production
technologies that operate in the model base yed©98%. However, advanced versions of
these technologies (BOFA and EAFA), with lower ememgquirements, are assumed
available at a later point in time (see sectionf8r2exact specification). Because they use
less energy, steel can be produced at lower cabkthan advanced technologies replace the
older technologies over time. A direct reductiongess (DRP) also becomes available at a
specified point in time and gains a share of theketdn the base case.

3. Iron and sted technologies

We use iron and steel production in Germany as »ample to demonstrate a
methodology for embedding technology data intor@ega equilibrium economic framework.
This section provides background on the main typase@l production processes and the data
required to represent them in an economic modek B&gin with a general description of
alternative steel production routes and how thdsteeto the benchmark data set for SGM-
Germany. We account for several distinct productisutes with their inherent engineering
characteristics. A mix of generic technologies,johdo not reflect as much technological
detail as is common in bottom-up engineering amglyspresents each production route. An
economic analysis of these technologies requirés aia all inputs to production, including
energy, capital, labor, and materials.

3.1. Background on production routes

Iron and steel production is among the most energgnsive industries in the majority
of industrialized countries and is responsible ddarge share of greenhouse gas emissions.
Germany is a major steel producing country. Withmlion metric tons of crude steel
produced annually, Germany is the largest productéine European Union and ranks sixth
worldwide, following China, Japan, the US, Russm &outh Korea (data for 2005, IISI,
2006). Crude steel production in Germany in 20@k wesponsible for approximately 52
million tons of CQ emissions and thus about one-third of industri@, €missions or 6% of
economy-wide German G@missions (Buttermann and Hillebrand, 2001).

Two distinct iron and steel producing routes argemity in use in Germany: (1) the
integrated route of producing crude steel in a stap blast furnace/basic oxygen process
based mainly on iron ore and coke, and (2) thetredearc furnace route based on scrap steel
and electricity. They differ mainly with respect ficel and raw material input, production
technology and scale, and variety and quality eélsproducts. Production of crude steel in
Germany is mainly through the conventional integpldblast furnace/basic oxygen (BF/BOF)
route (70%) and to a lesser extent through thetredearc furnace (EAF) route (30%) (see
Figure 3, WV Stahl and VDEH, 2005; Aichinger et 2D01). As can be seen in Figure 3, the
open hearth furnace technology (OHF) played a srakdlin Germany in the early years after
reunification (1990-94) as a relic of outdated Eastman technology. Since it provides an
obsolete, energy-intensive and inefficient produttprocess (Phylipsen et al., 1998), plants
using this technology were taken out of servicensafter reunification.

" In the following, the term tons (t) shall alwayser to metric tons.
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Figure 3 Crude steel production by process typema@ry 1985-2004

Figure 4 shows the main routes of steel produatbevant for our analysis of German
iron and steel production (adapted from Daniel2®orrell et al., 1997). The number of
processes required to produce crude steel diftgredch technology path (production route).
The currently usegrimary stedl route requires coke, injected coal, and prepared ireniror
the form of sinter or pellets to produce pig ironai blast furnace. The blast furnace itself is
an efficient process but its main inputs, coke simder, are very energy-intensive (Daniels,
2002). To reduce energy consumption in the blastafte, injected coal can partially
substitute for coke, but coke is needed as a remuagent. In a second step, pig iron is fed
into the basic oxygen furnace (BOF) and convertgd crude steel. The basic oxygen
furnace is an exothermal process, i.e. it prodineed. Because of the excess energy, scrap
can be added in the basic oxygen furnace as aitswibsfor pig iron to reduce energy
consumption. For process physics reasons, howthehasic oxygen furnace is limited in
the amount of scrap it can take, up to 35% (or 45@te-heated, Daniels, 2002). The share
of scrap input into the basic oxygen furnace in reery is around 18% (Statistisches
Bundesamt, 2006) and thus lower than, for examplhe US with about 28% (USGS, 2006;
USGS, 2004). Both blast furnace and basic oxygenate yield, to a varying extent,
calorific gases as by-products that can be ussdhsequent process steps. The primary steel
route is therefore highly vertically integrated asmtimized over the course of the production
chain, e.g. from coke production to final produdkmvhich implies that it is most efficient at
a large scale of production (Daniels, 2002).
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Figure 4 Iron and steel production routes. Theedbtectangle indicates the system
boundary for the crude steel production procesGiM-Germany.

Another possibility for steel production is tkecondary sted route, where recycled
steel (scrap) melts into liquid steel in an elecarc furnace (EAF). This route is substantially
less energy-intensive than the integrated routectktity is the main energy input into the
electric arc furnace. The quality of EAF steel ipi¢glly not sufficient to produce highest
quality products because of contaminants in theps@VEC, 1995). The introduction of new
downstream processing (casting) technologies, hewellows EAF plants to compete in
market segments that were traditionally reservedniegrated mills (Worrell and Biermans,
2005). A major advantage of scrap-based steelngakiits lower energy consumption and
flexibility. No products from other on-site ind&tions are needed, and it can economically
produce steel at substantially smaller scales tinamtegrated route. Scrap-based electric arc
furnaces are often referred to as mini-mills.

Alternatively, sponge iron from direct reduction process (DRP) can serve as a
substitute for scrap and as a source of iron feelsproduction in an electric arc furnace
(compare Figure 4). Adding primary iron sourceghsas sponge iron, to the input charge in
an electric arc furnace reduces the adverse effactsontaminants in the recycled steel
(Daniels, 2002). This has the advantage that te# quality is improved compared to merely
scrap-based EAF production. Besides quality imgnaoent, direct reduced iron is also often
used as an input if scrap is scarce and expenSigleuMmacher and Sathaye, 1998). Scrap
prices have been rather volatile in the last deeamemay increase with rising world demand
and tight supply (Metal Bulletin, various years; alimg, 2005). The current direct reduction
processes are mainly based on natural gas inpogugh some coal-based technologies also
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exist or are under development (Daniels, 2002; Ki2@00; Lingen and Steffen, 1998; IISI,
1998; de Beer et al., 1998). The combined DRP/EAReris more energy intensive than the
scrap-only EAF route but less energy intensive ttten integrated BF/BOF route. For
optimal functioning, the DRP/EAF route requires pueal iron ore (DRI pellets). It is
therefore more capital intensive and less flexibbn mini-mill scrap-based EAF production.
Some technologies based on fine ore rather thgraped iron ore exist and are being further
explored (Knop, 2000). The DRP/EAF route has theemal to produce steel from any
mixture of scrap and primary metals. In particuiacan use more than the maximum of 45%
scrap as in the integrated route.

Currently, Germany has the only operating integtd@RP/EAF) mini-mill in Europe.

A direct reduction plant produces sponge iron, Whia equal shares with scrap, is fed into
an electric arc furnace to produce steel (Schn&@€l4). Because this direct reduction plant
has a very small share in EAF-based steel prodyocttendo not account for it separately in

our analysis but include it in the conventional E#€hnology category. In principle, direct

reduced iron can also be used as a substitutebasi oxygen furnace (Buttermann and
Hillebrand, 2005; Lingen and Steffen, 1998; [1994). In our analysis, we allow direct

reduced iron only to be used as an iron input amndpssubstitute in the electric arc furnace.
Similagly, pig iron is the only iron input into thieasic oxygen furnace, complemented by
scrap.

Future, innovative technologies for energy-effitiémon and steel making, such as
advanced direct reduction and smelt reductionaf ore, are investigated in the literature (de
Beer et al., 1998; Luiten, 2001; Nil, 2003; Kno@0R) but still surrounded by uncertainties
with respect to their energy requirements, productcosts, and time they will become
commercially available. Those innovations focus assituting away from upfront ore
preparation and coke making, as these processebadiecapital and energy intensive.
Because of data availability, we include an advdnoatural gas based direct reduction
technology in our analysis (the HYL DR process; gn@000, see next section), but no smelt
reduction technology. The latter is therefore glubid light grey in Figure 4. Smelt reduction
avoids coke making in the pig iron production sdeg therefore reduces energy requirements
compared to the conventional blast furnace (11998). Smelt reduction (such as the
COREX technology) is commercially available but attner small-scale and with relatively
high capital costs (Fruehan, 2005). More advanceeltsreduction technologies, such as the
Cyclone Converter Furnace (CCF) technology, areeurgsearch and development but not in
commercial use yet (LUngen et al., 2001). Produaatimsts of these technologies are expected
to be lower than in the conventional blast furnemée (de Beer et al., 1998; Daniels, 2002).

Various studies in the literature assess the pateior energy efficiency improvement
and CQ emissions reduction in the iron and steel indufgtryexisting and future technologies
(Aichinger and Steffen, 2006; Rynikiewicz, 2005;nKiand Worrell, 2002; Worrell et al.,
2001; Phylipsen et al., 1998; WEC, 1995). They adhe¢ substantial energy efficiency
improvement possibilities exist, but depending dwirt assessment of current energy
consumption, the potential for efficiency improverns varies. Because iron and steel
production is a large point source of £@missions, it is considered well suited for L£O
capture and storage (CCS). CCS technologies éatratity production are well researched in
the literature and can potentially be applied te tton and steel industry (IPCC, 2005;
Daniels, 2002). Currently, we incorporate CCS metbgies for the electricity sector and not
yet for the iron and steel sector.

® This is in line with production route presentatiars in Daniels (2002), Worrell et al. (1997), WES95).
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To produce finished steel, crude steel must be calétd, and shaped. Technologies
for casting, rolling, and further processing ofd®isteel can be considered to be the same for
different crude steel production routes (Aichingeal., 2001). Substantial energy savings are
possible with new casting technologies (e.g. carmus casting or thin-slab casting), which
may also improve the quality and the mix of steedpicts and, consequently, open up market
segments to secondary steel producers (WorrellBagicinans, 2005; Daniels, 2002; Worrell
et al., 2001). Currently, we do not distinguishiween different technologies for casting,
rolling and shaping in our analysis, but draw ataysboundary at the level of crude steel
production (see Figure 4). Decomposing steel dutmio different products and into the
required casting, rolling and finishing processedsaa substantial level of complexity to the
analysis. Daniels (2002) is a good starting point in pravigcost and performance data for
these processes and technologies.

The structure of the benchmark data set for SGM-@ayn{Figure 1) reflects the fact
that there are many ways to make crude steel, Usthelr processing of steel is relatively
independent of the crude steel technology. This loanseen in Figure 1, where the
benchmark data include separate rows for crude atekshaped steel, indicating that these
are separate commodities in the model with sepanat&et prices. The columns in Figure 1
indicate that there are three distinct activitiesrhaking crude steel but only one for shaped
steel. This implies that, in line with other stugjieve assume crude steel to be a homogenous
product (Lutz et al., 2005; Hidalgo et al., 200%itflRand Amato, 2002). This is a simplifying
assumption that neglects quality differences irdersteel.

3.2. Production costs and energy usefor iron and steel

Detailed information on production costs and enengg of German iron and steel
making is shown in Table 1. These data provide #s#sldfor an engineering cost description
of iron and steel technologies in SGM-Germany. eFikon and steel technologies are
represented: basic oxygen furnace, advanced basigen furnace, electric arc furnace,
advanced electric arc furnace, and a direct rednigirocess. The direct reduction process
assumes that an equal share of scrap and dirastaedron is fed into an electric arc furnace.
The data for the direct reduction process refemt@dvanced natural gas based technology
(HYL DR) that is not commercially used in Germargt.yit is assumed to be available by
2015 (Knop, 2000).

For the existing blast furnace/basic oxygen furnemgte (BOF), it is assumed that
sinter, pellets and lump ore are used as inpugssitare 4:2:1 (Knop, 2000). The share of
scrap input into existing basic oxygen furnaceseas at 18%. Advanced BOF and EAF
(BOFA and EAFA) are assumed to be more efficientearms of energy use than their
currently available counterparts. The efficiencypiovement can be achieved either by stock
turnover, and thus investment into new and moreiefft stock, or by retrofitting existing
plants’® In SGM-Germany, we do not explicitly distinguigese two options but assume
that retrofits, just as investment into new stamkynt as additions to the capital stock and are
associated with the same costs. Additionally, givan operation modes of existing plants

° In particular, we would need to acquire a goodensinding of subsequent use of steel productsirfhg-

output framework in the benchmark data set in SGéMp&ny requires allocation of steel products taover
users, such as other industry, transport, elegtritistribution, food processing, agriculture, extpetc., and we
would need to assign a share of each producofitput from each process route) to be used by eseh

%1n line with Worrell and Biermans (2005), retrofigfers to an upgrade of existing capacity by impating

energy-efficient technologies or measures. Wometl Biermans find in a case study for the US tivatthirds

of the achieved energy savings in EAFs between B8@02002 were due to new construction and ond-thie
to retrofit.
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contributes to efficiency improvements, such asngiry the composition of feedstock by
replacing sinter with pellets or replacing coke hwihjected coal in the blast furnace, or
increasing the share of scrap in the basic oxygerate.

Advanced technologies in SGM-Germany are discestbriologies that are assumed to
be available for operation in Germany starting raf210. In principle, most of the
technologies are available today with some alrdaglgg in operation, mostly in developing
countries where demand for steel products is sgdidaniels, 2002; Lingen et al., 2001).
Steel demand in industrialized countries is différboth in terms of quality and quantity.
Declining or stable demand provides conditions thake large scale capacity expansion via
introduction of new technologies unlikely. For tlast decade, the number of steel plants in
Germany has declined while at the same time capatlization has increased from 83% in
1995 to almost 90% in 2004 (WV Stahl and VDEH, 2008 BF/BOF steel production, the
retirement of coke ovens, which are highly capaad fuel intensive, has an important
influence on capital turnover and the introductadnnew production routes. For Germany
and the UK, average coke oven plants are of regtiyoung age compared to most European
countries, and the choice of either rebuilding &ecoven or adopting different production
processes will start to come at around 2010 (Deni#02). The characteristics we assume
for BOFA, EAFA, and DRP are based on more advanegsions of the currently available
technologies as they are expected to evolve (KB00; Stubbles, 2000). Note that all the
technologies reflect engineering characteristicsara stylized in order to be included in a
general equilibrium-modeling framework. Each tedbgyg should be viewed as a generic
technology of its kind.

Table 1 presents energy inputs by fuel type as Qo#ntities and values. In line with
the source data, the values are presented in UEfRrgy use and costs in BOF, advanced
EAF (EAFA) and DRP technologies are based on Knop@R0 Advanced BOF (BOFA) is
based on the assumption of a 10% energy efficianpyovement, while current EAF energy
use is based on data provided by the German ssetiation (WV Stahl and VDEH, 2005).
Total production costs are the sum of energy, ratena, labor and capital costs. Labor and
capital costs are based on Knop (2000). Raw natewsts include non-energy related costs
for iron ore, pig iron, sinter, pellets, scrap atter materials to produce crude steel. They
have the highest share in total costs. A pricgtesched to each material input independent of
whether it is produced on-site or bought from dedént source. For price information, see
Knop (2000). Material costs are driven mainly byagcprices in the EAF, EAFA, and
DRP/EAF production routes. The energy containedaicheof the material inputs (and its
related costs), such as for pellets or sinteremasately accounted for as energy inputs to
crude steel production. In line with Knop (200@\estment costs are discounted over a 10
year accounting lifetime at a rate of 8% in Table 1.

Capital stock lifetime in SGM-Germany is set toy&ars, which aims to reflect average
equipment lifetime of steel technologies. The ilfet used by Knop (2000) is much lower
because it is based on a financial depreciatioedide. Similarly, the discount rate (internal
rate of return) used by Knop (2000) is higher thha interest rate resulting in SGM-
Germany. The data in Table 1 reflect how technokgie described in Knop (2000). We
apply our own assumptions to transform the origowat data to a format suitable for a CGE
analysis of Germany. Moreover, production costtedislightly when converted to euros
using Germany-specific fuel and electricity pri¢esCO, emissions in Table 1 are calculated

1 For example, in 2010 the following fuel prices Bpim SGM-Germany: natural gas 4.71 euro/GJ, coab 1
euro/GJ, electricity generation 5.03 euro cent/k@lectricity distribution 10.08 euro cent/kWh.
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as direct emissions from fossil fuel use and irdiemissions from electricity input based on
a typical coal-fired power plant in Germany withissions of 0.7 kg C@Wh.*?

Table 1 Cost structure of iron and steel technobgie

Units BOF BOFA EAF EAFA DRP

Electricity kwh 223 201 512 350 385
US$/tcs 5.13 4.87 11.78 8.05 8.85

Fossil fuels

Coal GJ 4.54 4.08 0.08 - -

US$/tcs 10.55 10.23 0.18

~ Coke Gl 98 88 o001 . .
US$/tcs 38.02 36.88 0.04

~ NatGas . - - 03 . 551
US$/tcs 1.29 21.17

Capital US$/tcs 38.75 38.75 11.92 11.92 23.12

Labor US$/tcs 16.82 16.82 3.89 3.89 5.79

Materials US$/tcs 86.59 86.59 149.09 149.09 125.10

Energy Credits US$/tcs -9.67 -9.67

SUM US$itcs 186.19 184.48 178.19 173.96 184.03

Emissions

direct from fossil fuels kg Cétcs 966 937 25 0 273

indirect from electricity kg COJ/tcs 156 148 359 245 269

Note: Assumed electricity price 2.3 cent/kWh, natgas 3.84 US$/GJ, coal 2.32 US$/GJ, coke 3.85GES$
plant lifetime 10 years, interest rate 8%. Scrapepat 115.38 US$ per ton. Source for BOF, EAFA BxiP:
Knop (2000), DRP assumes 50% scrap input, 50% tdieslticed iron into an electric arc furnace. EARFVY W
Stahl and VDEH (2005). Emissions: indirect emisdimm electricity based on typical coal fired povpant in
Germany 0.7 kg C&kWh. tcs — tons of crude steel.

4. Analysisand results

To demonstrate the operation of iron and steel mtholy several carbon policy
scenarios are considered. The scenarios are imtetadprovide insights to the European
Union CQ emissions trading system, but not to replicatetaitfeatures. The C(prices are
applied to the electric power sector, oil refiningpke production, and energy-intensive
industries (i.e. those covered by the EU emissicedinng scheme). Each policy scenario is
simulated as a constant g€harge instead of a price resulting from a capteae system in
the European Union. Revenues from the,(Qgbice are returned as a lump sum to a
representative consumer.Our policy analysis consists of four constant@cenarios at 10,

12 Note that the emissions rates reflect exogenossnastions here to visualize G@missions resulting from
different technologies to produce crude steel. BMSGermany, the carbon factor of electricity protioe is
endogenous according to the generation mix in &aehstep. Emissions from coke production are tiotated

to steel production; however, emissions that refsath the use of coke, i.e. the carbon containedoike, are
accounted for.

3 This version of SGM has a single representativesemer that purchases consumer goods and government
services. Lump sum recycling to this consumerliths impact on the relative shares of economicdurction
going to consumer goods and government services.ddVhot attempt to compare this method of recgdin
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20, 30 and 50€ per ton of GGtarting in 2005. For the latter two scenarios, @Q price is
introduced in 2005 at 20€ per ton of £é&nd increased to 30 and 50€ respectively by 2010.
In addition, we conduct a scenario with a stepvi§® price increase 10€ in 2005, 20€ in
2010, and so on up to 50€ in 2025.

Each policy scenario is run for the CES represemtabdioiron and steel and for the
technology-based approach. The results of both tlaggeoaches are presented in the
following sections. We start with detailed resuftem the technology-based approach
(Section 4.1), then move on to a comparison ofapgregate CES and technology-based
approaches (Section 4.2), and finally to econommd amissions results for the whole
economy (Section 4.3).

4.1. Technology-based analysis

The technology-based approach allows us to takeserclook at the structure of iron
and steel production and its development over tWie.first present a base case for iron and
steel production in Germany through 2050 that idekia mix of technologies. Then we
discuss the response of the various iron and stebhologies to a range of G@rices. The
technology response depends directly on the waylekalized cost changes as a function of
the CQ price.

Production of crude steel in Germany in a base, ¢éasewithout any carbon policy, is
shown in Figure 5. Advanced technologies cometer &010 and capture a share of output in
the base case as capital stocks retire and invasimaew and less expensive technologies or
in retrofits picks up. The mix of technologies afgfy10 is the same as in the logit nest in
Figure 2. Most of the conventional EAF technologyreplaced by the advanced version
(EAFA) by 2050. Similarly, investment in advanced B&places old capital stocks of BOF
and takes up an increasing share of output oves. thhthe same time, it competes with the
new natural gas based direct reduction process JDR#e DRP technology is an electric arc
furnace technology that is based on a combinatiosceap and sponge iron inputs and
produces high quality steel, which directly competeith steel from the BOF route. It
therefore partly replaces existing BOF, and tosade extent EAF, and accounts for most of
the increase in iron and steel production. It isstained by increasing natural gas prices and
scrap availability. Scarcity of high and medium lgyascrap may lead to increased scrap
prices in the future. This would then affect thershthat DRP and EAF technologies hold in
the future. In our analysis, scrap prices are asslm remain at their 2004 leVél.

other fiscal arrangements that might be more likielypractice such as recycling to the government or
distributing the majority of emissions rights tam@nt emitters.

4 We simulate the adoption of technologies withtieierent cost, efficiency and availability chaeaistics as
laid out in Section 3.2. Different assumptions technology specifications, in particular on the dirof
deployment, on costs and on quality differencesrie steel, would likely lead to different outgihares in the
simulation.
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Figure 5 Production of crude steel through 205@&ibase case for Germany. Steel
production occurs with basic oxygen furnace (BORJ) &lectric arc furnace (EAF)
technologies before 2010. Advanced technologiesrdaroduced after 2010, including
advanced versions of BOF and EAF, and a direct temuprocess (DRP).

A scenario with a stepwise increase in Qfices was constructed so that we could plot
the levelized cost of each iron and steel technolag a function of the COprice. The
technologies vary in their carbon intensity andréfere vary in the rate that levelized cost
changes with respect to a gfxice. Figure 6 depicts the development of levelized ctists
five technologies (BOF, BOFA, EAF, EAFA, DRP) ované and with a stepwise increase of
the CQ price.

Besides scrap prices, levelized costs of crudd preeluction increase over time for
two main reasons: because of rising fuel pricekdcooal, natural gas) and because of carbon
policies. Technologies that use more carbon intenduels, such as coke and coal,
experience a higher increase in levelized costsraduction than technologies that use less
carbon intensive fuels. The incline of BOF techgads is steepest reflecting the higher
carbon intensity. Levelized costs of the DRP tedtbgy are initially higher but break even
with conventional and advanced BOF technologyfairly low CO, price. This implies that
their deployment is more restricted by the timeyth®secome available than by cost
competitiveness. As shown in Figure 5, they tae@share of output even in the base case
as soon as they become available after 2010. Beaaiurelatively high electricity prices in
Germany, the conventional EAF technology is slightipre expensive than the other
technologies in the beginning, but is less seresitivincreases in Grice and soon becomes
economically competitive. The gap between levelizcests of BOF and other technologies
widens as higher C{prices are introduced.
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Figure 6 Development of levelized costs for fivehieologies (BOF, BOFA, EAF,
EAFA, DRP) over time and with a stepwise increastefCQ price (2005=10€/t C&)
2010=20€/t CQ 2015=30€t CQ 2020=40€/t CQ 2025=50€/t CQ). Levelized costs
are indexed to the average cost of crude steeluptimh in the base year (cost index
equals 1 in 1995).

The effect on the structure and development of @ steel production by technology
can be seen in Figure 7. In 2020, some of thecapital stock will have been replaced by
investment into advanced technologies. Produdtimm BOFA, EAFA and DRP takes up an
increasing share in total iron and steel productioiith a higher CQ price, steel output
declines for the coke-intensive BOF technology, lmtreases slightly for the more
electricity-intensive EAF and EAFA technologies. Esioss from electricity are accounted
for in the electricity sector, where the €@rice is applied and added onto the price of
electricity according to the carbon intensity o thlectricity generation mix. Thus, the EAF
and EAFA technologies face higher electricity pricéhe increase in electricity prices for
EAF steel, however, is not as pronounced as theaserin costs related to coke and coal use
for carbon -intensive BF/BOF steel. By 2030, aschpital stock turns over, more and more
advanced technologies come into production. Withigaer CQ price, the shifts we noticed
in 2020 are more distinct in 2030. The effect & ©Q price on DRP production is very
small. With a mixed input of natural gas and elettir the effect is similar to EAF steel
production®

!> The result of a small response to an increasenargy related costs for EAF corresponds with earlie
econometric estimations, for example, by Boyd amdison (1993), who find that non-price factors, lsas
technical change and potential costs reductions hdarger influence on the timing of technologggttbn than
energy prices.
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Figure 7 Simulated production of crude steel in@&&d 2030 at three G@rices: zero
€/t CO, or business as usual (BAU), 10€/t £@nd 50€/t CQ

4.1.1. Sensitivity analysis

We conducted a sensitivity analysis for high ndtgas and high scrap prices. For
illustration, we included three sensitivity casetative to the base case: i) with respect to
increased natural gas prices (assumed to be 30Berhigan in base case in 2005, 50% in
2010, 70% in 2015, 90% in 2020 and 100% 2025 aeckditer; all relative to the base case);
i) with respect to increased scrap prices (assutoanore than double to 250 US$/t scrap
from 2005 on); and iii) with respect to both inged natural gas and scrap prices (combined
effect of i and ii). In all cases no G@rice is applied. The sensitivity analysis revehatt the
output of DRP is, as expected, quite sensitiventanarease in natural gas and scrap prices.
Figure 8 shows the effects on output from DRP asgm¢age reduction in output compared to
the base case. The illustrative specificationsiofgases in natural gas or scrap prices reveal
a substantial decrease in output from DRP steetlymtoon for each sensitivity case.
Independent of these exact specifications, whiehsaibject to high uncertainties, it can be
deducted that a combined increase in natural ghsastrap prices has an almost cumulative,
and thus most deteriorating, effect on output fiDRP.
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Figure 8 Percentage change in crude steel outpnot élirect reduction process/electric
arc furnace production (DRP/EAF) in three sensitigases relative to the base case.
Sensitivity runs i) with respect to increased naltigas prices (assumed to be 30%
higher than in base case in 2005, 50% in 2010, if02015, 90% in 2020 and 100%
2025 and thereafter; all relative to the base ¢ageyith respect to increased scrap
prices (assumed to more than double to 250 US#tpstom 2005 on); and iii) with
respect to both increased natural gas and scregspftombined effect of i and ii). In all
cases no C@price is applied.

For the EAF technologies (EAF and EAFA, see Figuréh®)picture looks differently.

In accordance with their input structure, i.e. mhascrap based no use of natural gas, they
respond highly to changes in the assumptions awap prices. A higher scrap prices leads
to a reduction in output of EAF steel. On the camntran increase in natural gas price, and its
related reduction in output from DRP, induces arease in output from EAF technologies
compared to the base case. EAF based steel pradypetrdy compensate for the reduction of
DRP based steel production. The combined effeeinahcrease in natural gas and in scrap
prices on EAF based crude steel output is somewtatterbalancing and depends on the
exact specifications of price increases.
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Figure 9 Percentage change in crude steel outpat &dvanced electric arc furnaces
(EAFA) in three sensitivity cases relative to thesda@ase. Sensitivity runs as above
(Figure 8).

The sensitivity runs also reveal effects on totalder steel output. An increase in
natural gas price (ceteris paribus) leads to aatemuin total crude steel output and a higher
share of both EAF and BOF based production (cureert advanced). A simultaneous
increase of both scrap and natural gas prices laits to a reduction in total crude steel
output, partly compensated for by an increase ifr B@sed production (BOF and BOFA).

4.2. Aggregate CES versustechnology-based approach

This section compares results for the technologgdaspproach (LOGIT) and the
aggregate CES approach. The same carbon policiespplied to both approaches, and the
policies result in similar effects on productioiveéés of iron and steel. Production increases
over time, but to a lesser extent at higher, @fices.

Because the CES approach does not distinguish betdferent technologies, we
cannot compare the technology mix to produce irmhsieel. Instead, we take a closer look at
the energy inputs to iron and steel production,cwheflects the underlying technologies and
their distinct energy input structure. Energy infiuiron and steel develops differently for the
two approaches, over time and in response to aiCe. Figure 10 shows specific energy
input, in gigajoules per ton of crude steel, immiand steel production in the base year and
in year 2010. While in the base year, both apprescthow the same specific energy
consumption, the picture has changed by the yeHd.Z8pecific energy consumption is lower
in the CES approach and decreases with higherg@iCes.

The differences in specific energy consumption aue do the assumptions on
technological change in the two approaches. As agx@dl in Section 2.5, exogenous
assumptions on energy efficiency improvement akertan the aggregate CES approach.
They imply an annual decrease in energy consumptitnrespect to each individual fuel in
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a continuous way. Assumptions on technological gbamlo not relate to specific
technological characteristics. On the contrary, #pproach with specific technologies
(technology-based approach) uses assumptions aboent and future technologies that are
explicitly based on engineering data and allowsstdrstitution of one technology for another
over time. New technologies come into the modeéerathe year 2010. No efficiency
improvement is applied to the existing capital ktotherefore, the reduction in energy input
to iron and steel production in the base caselisnnihe technology-based case (LOGIT)
compared to the base year. Specific energy inptiteriechnology-based case decreases with
a higher CQ price. This is due to a shift in production teclugiés based on a change in
levelized costs of production. Coal-intensive iramd steel production becomes relatively
more expensive with a higher @@rice than natural gas or electricity based irod ateel
production. However, the price response in 201mg#ed by the rate that existing capital
stocks retire.
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Figure 10 Specific fuel input to iron and steeldguaction, base year and 2010. Units are
gigajoules (GJ) per ton of crude steel. LOGIT referthe technology-based approach,
CES to the aggregate CES approach.

After 2010, new and more advanced technologiesrbecavailable in the technology-
based approach. They change the structure of irdnsteel production depending on their
relative production costs.

Figure 11 shows specific energy input to iron areglsproduction in the year 2030 for
the aggregate production function approach (CES)fandhe technology-based approach
(LOGIT). Specific energy consumption decreases ¢ivee and with higher COprices for
both the CES and the LOGIT approach. The responseigivzeth CQ prices is more
pronounced in the CES approach; this depends direwil the assumed elasticity of
substitution ¢ = 0.3). We can vary this response simply by chagghe substitution
elasticity. The CES approach is essentially locked the same pattern of fuel inputs over
time and in response to a carbon price. For trasae, almost no natural gas is used in the
CES approach. In the technology-based approach (LY)®Gbwever, a higher COprice
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induces production technologies to shift away frooal- and coke-intensive technologies
(BOF) towards natural gas-intensive technologieRR Thus, the average carbon intensity,
per unit of crude steel, declines. There are soméasities in the carbon price response of
the two approaches. Coke use dominates iron arel pteduction; yet, coal and coke
consumption per unit of crude steel declines sulbisily. Electricity consumption remains
relatively constant in both approaches.

Gll/tcs
12

10

ONat. Gas
6 O Electricity
E Coke

H Coal

| . l .
0 .

BAU 10 €/tC0O2 ‘ 50 €/tC0O2 BAU ‘ 10 €/tCO2 ‘ 50 €1CO2
CES LOGIT

Figure 11 Specific fuel input to iron and steel garction, year 2030. Units are
gigajoules (GJ) per ton of crude steel. LOGIT referthe technology-based approach,
CES to the aggregate CES approach.

To summarize, we see a development in the CES agptbat depends primarily on
base year fuel input structure and the assumpabsit fuel specific technological change
over time. Depending on the assumed rate of teolia@l change, energy intensity decreases
more or less rapidly. No fuel switching other thidmat allowed by the input substitution
elasticity can occur. If the substitution elasticis relatively low, the base year structure
dominates future development of energy use.

The technology-based approach (LOGIT) provides atgreflexibility with respect to
structural change in steel production and its iapuit allows for new technologies with
different input characteristics to compete withséirig technologies. Thus, it decouples base
year structure from future development as seeniguré 11. Specifically, this flexibility
arises from the possibility to account for (1) emegring-based technology information on
input and cost structure, (2) discrete and differéechnologies with their specific
characteristics at various points in time, (3) ioyaments of technology characteristics
according to engineering knowledge and projections.

4.3. Economic and emissionsresults

One clear advantage of a CGE framework is the cdmemssve coverage of GO
emissions on a national basis. In this study, €@@issions are calculated at the point of
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emission, which is usually the point that fossielfi are combusted. This presents an
accounting difficulty for electricity because thexee no emissions at the point the energy is
consumed. This is important for the iron and steetor as a significant amount of electricity
Is consumed but there are no direct,@issions where the electricity is used. A puseha
of electricity pays the average price across allegating options, and the appropriate amount
of emissions to be charged is the average amou@Opfper kwWh. However, the generating
mix is changing over time and the average amounC©®$ per kWh is also changing.
Emissions calculations at the national level in &8G@odel consider all of these interactions,
but it would take some extra effort to reassignssmns from the electricity-generating sector
to the various users of electricity. This sectiaesgnts economy-wide results using a
technology-based representation of steel production

Results presented so far in this paper were oldayeoperating a CGE model for
Germany at various COprices. However, the CQprices were applied only to sectors
covered by the EU C{emissions trading program. As a point of comparjsve also ran the
same CQ price scenarios, but with the entire economy eggdde a CQprice. As expected,
national emissions reductions are greater with, @@ces applied to the entire economy.
Figure 12 provides a time series of emissions ptiges from SGM-Germany for the
following emissions scenarios: baseline (no,Qgice); partial coverage at 20 euros per t
COy; partial coverage at 50 euros per t£fDll coverage at 20 euros per t €@ull coverage
at 50 euros per t GO These scenarios are placed in context of vatigtsrical measures of
CO, emissions in Germany and some future projectionsthers (DIW, 2004; Markewitz
and Ziesing (M&Z 2004); Prognos/EWI, 1999; U.S. Ewpetlgformation Administration,
2002; E3M Lab, 2003; and Esso, 2001).
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Figure 12 CQ emissions in Germany: historical and future prioges from various
sources.
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Figure 13 provides a breakdown of emissions redaostinto broad groups of energy-
consuming sectors at a @Q@rice of 50 euros per t GOCO, emissions from electricity
generation are nearly the same between the paatal-full-coverage scenarios. In either
scenario, emissions reductions increase over tmeeta the time it takes for existing capital
stocks to turn over. Some of the reductions inssmns from electricity generation,
especially in later years, are due to carbon dexapture and storage. Further background on
the role of CQ capture and storage in SGM can be found in Schinerand Sands (2006).

Manufacturing industries include energy-intensived anon-energy-intensive sectors.
Thus, a difference in emissions reductions can be aden a Coprice is only applied to the
energy-intensive parts of manufacturing. Energysi@mation sectors are included in the
partial-coverage case, while services, transpait agriculture do not face a GQ@rice and
thus do not contribute directly to emissions remuns.

The household sector provides an interesting cosgarbetween full and partial
coverage. Even though households are not includéuki partial-coverage case, there is still
a reduction in emissions because the petroleumimgfisector is covered and its price is
higher in the partial-coverage case than in the lsase.
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Figure 13 Decomposition of emissions reduction50#/t CQ across households and
major types of industries.

5. Conclusions

Computable general equilibrium models have beconséaadard tool for analysis of
economy-wide impacts of policy intervention (sushgaeenhouse gas abatement policies) on
resource allocation and the associated implicationsxcomes of economic agents (Grubb et
al., 1993). They provide a consistent frameworkstodying interactions between the energy
system and the rest of the economy (B6hringer, 199r example, demand for energy-
intensive goods will decline under a carbon polmcause these goods become relatively
more expensive. In some energy-intensive indisstespecially electricity generation and
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steel production, response to an energy or clinpatiéecy occurs mainly through shifts
between alternative production processes. Thisesigghat CGE models would benefit from
including a representation of specific technologi€dur study demonstrates two important
advantages of a technology-based approach: shiteergy consumption are consistent with
shifts between technologies, and the least-coshtdogy bounds the analysis.

This study explores a technology-based method faroming the realism of energy-
intensive industries in a CGE model used for analgéiclimate policy. Production sectors
are commonly represented in CGE models by a CES faastion. However, industrial
processes and technological change in these pasxcass generally not used to parameterize
the CES cost function. Our technology-based approgglaces the CES cost function with a
set of specific processes: each represents a gpethnology with technical coefficients
constructed from engineering data. We apply tipisr@ach to the iron and steel sector in
Germany and account for five different productioagesses.

The paper compares two ways of representing irorstae production in a CGE model
for Germany: a typical CES cost function approacid a technology-based approach that
allows shifts between distinct production processHse study is designed to provide insights
on the response of the iron and steel sector twl@ypgnduced price change, including
changes in technological choice, in output, inftre# mix and carbon emissions. Further, the
integrated, technology-based, approach permitsnatysis of interaction with other sectors,
in particular the electricity sector and its effisty, and their combined response to policy-
induced price changes.

Our technology-based analysis reveals thap @ductions in the iron and steel sector
take place primarily due to process shifts towdeds carbon-intensive production routes and
due to output adjustments. It is important to n@dectricity and steel production together in
a consistent framework because LCé&nissions from an electric arc furnace, for exanpl
depend on the mix of electricity generation proesssvhich itself will change with a climate
policy. We also see that shifts in technologyrasesingular events but continue over time as
new investment decisions are taken. Thus, politidsce long-term shifts in production
capacities, technological change and carbon abateme

A number of uncertainties affect the future develept and selection of steel
production routes. First, natural gas and scragprare more uncertain than coal prices, and
we have conducted a limited sensitivity analysisgher natural gas and scrap prices lead to a
decrease in the adoption of those technologiesubathese factors intensively. Second, the
timing of investment decisions depends on capadgitization in the current capital stock.
Implementation of new technologies can be delayédei current stock of capital is running
at less than full capacity. Third, we do not knoswhlong existing plants will continue to
operate. Retrofits and life extension could kegmts operating much longer than the 25
years we have assumed, and this limits opportgnite shifts to other production routes.
Fourth, future technical change is not easy toiptedut we do have an understanding of the
difference between average practice and best peacti

This study demonstrates that it is constructive faadible to operate CGE models at an
intermediate level of technology detail. The ex#féort to collect engineering cost and
performance data, and to reconfigure a benchmaeks#d to accommodate these data, can be
justified as it improves the realism of policy silaions.

This type of analysis can be extended to other gnetgnsive industries and to other
countries. Ultimately, we would like to comparesults between countries, especially
between developed and developing countries. Antdolgy-based approach may help
address questions about relative costs of produsiegl between countries and how that
might change when one country faces carbon constrbut another does not. Further model
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development could also include endogenous adjustofeechnological characteristics, such
as through learning-by-doing or R&D investment.
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