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Eco-efficiency of the world cement industry: A Data Envelopment
Analysis

G. Oggioni*  R. Riccardi’ R. Toninellif

Abstract Chemical reactions and the combustion of dirty fuels, as coal and petcoke, used in
cement production process generate a significant amount of COs emissions, as undesirable output.
In this paper, we provide an eco-efficiency measure of twenty-one prototypes of cement industries
operating in as many worldwide countries by applying both a Data Envelopment Analysis (DEA)
and a directional distance function approaches that are particularly suitable for models where sev-
eral production inputs and desirable and undesirable outputs are taken into account. In order to
understand whether eco-efficiency is due to a rational utilization of inputs or to a real carbon dioxide
reduction as a consequence of environmental regulation, we analyze the cases where COs emissions
can be either considered as an input or as an undesirable output. Empirical results show that coun-
tries where cement industries invest in technologically advanced kilns and adopt alternative fuels
and raw materials in their production process are eco-efficient. This gives a comparative advantage
to those emerging countries, like India and China, that are more incentivised in modernizing their
production process.
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1 Introduction

Cement is essential for the economic development of a country, but its production is highly energy
and emission intensive. Among the non-metallic minerals production processes, cement manufac-
turing is the most expensive in terms of energy consumption. According to the European Cement
Association (Cembureau), “each ton of cement produced requires 60 to 130 kg of fuel oil or its equiv-
alent, depending on the cement variety and the process used, and about 105 KWh of electricity”!. On
average, energy costs, in form of fuel and electricity, represent the 40% of the total production costs
of one ton of cement (see Europcan Commission [10]). In addition, cement industry is responsible
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for about the 5% of the. current worldwide COy emissions (see IEA [16]). These data are worrying
considering that the worldwide production of cement is more than quadruplicated in the last twenty-
five years, reaching an amount of 3 million tons in 2009 (see Cemburcau [4]), and it is expected to
increase even further because of the exponential growth rates of developing countries, like China and
India that are the major cement producers in the world. Clinker production is the main responsible
for CO2 emissions. Clinker is a cement sub-product that is produced by burning a mixture of lime-
stone, silicon oxides, aluminum oxides and iron oxides in kilns that differs according to the process
adopted? at an average temperature of about 1,450 Celsius degrees. This high temperature, that is
usually reached by burning highly emitting fuels, like coal and pet-coke, leads to chemical reactions
that transform raw materials in clinker, but also generate CO3 and other greenhouse gas emissions
as undesirable outputs. ‘ .

CO2 emissions become a problem for those industries operating in countries where an environ-
mental regulation applies. This the situation that European cement industries are facing since 2005,
the year of inception of the European Emission Trading Scheme (EU-ETS). Introduced by Directive
2003/87/EC, the EU-ETS is the widest cap and trade system applied in the world and regulate CO,
emissions generated from specific installations®. The cap and trade system implies the imposition of
a CO2 emission ceiling for all covered installations in the different countrics, the National Allocation
Plans (NAPs%), and the creation of an emission permit market where players can buy or sell COy
allowances at a certain price defined by the market itself. The EU-ETS was originally organized
in two phases: the first, already concluded, from 2005 to 2007 and the second covering the period
2008-2012°. A third phase has been announced for the period 2013-2010. This will be regulated by
the new Directive 2009/29/EC that enlarges the number of sectors and greenhouse gases subject to
regulation. The European energy intensive industries (and then also cement producers) complain
about EU-ETS because it imposes additional costs, deriving from emissions abatement and the pur-
chase of allowances, that put their European plants in a competitive disadvantage with respect to
those operating in countries where emissions constraints are more lenient or even absent (see Business
Europe [5] and Cefic [7]). In fact in many countries, emission trading scheme are not mandatory, but
are organized on a voluntary basis. This is the case of Switzerland, Japan, Canada and the USA (see
Appendix A for more details). In Australia, the announced ETS program has not been approved by
the government and its application will be postponed (see Appendix A).

However, one can notice a growing awareness about greenhouse gas emissions and, in general
about environment in developing countries. China is the world’s largest CO, emitter, but has shown a
determination to curb its greenhouse gas emissions. The application of the China’s national Climate

ECement can be produced with four different processes: dry, wet, semi-dry and semi-wet. Dry and semi-dry
processes are generally more productive and require a lower amount of energy than the other two. Cement production
is subdivided in two main steps: first, clinker is produced from raw materials in kilns whose efficiency varies according
to the process adopted and then cement results from the mixture of clinker with other additives.

*The sectors currently involved are: energy and refining, iron and steel, pulp and paper and cement.

1S http://ec.europa.eu/clima/policies/ets/allocation_2005_en.htm for the National Allocation Plans of
the two phases. :

®Buropean Cominissions lists the countries involved in the EU-ETS and provides information about the two phases
al http://ec.europa.eu/clima/policies/ets/index_en.htm. A special case is represented by Norway. This EU
Member State started in 2005 a domestic emission trading scheme. The organization of the original Norwegian E'T'S
was identical to that of the EU-ETS. Thanks to an agreement signed between the EU and the members of the Furopean
Economic Association (Teeland, Liecltenstein and Norway) in October 2007, Norway has officially entered in the EU-
TS starting from 2008 (see Reinaud [25]). The same happened to United Kingdom that after sonie problems in
determinating its NAP was iucluded in the EU-ETS in 2008,
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Change Program has been the first step of a modernization process whereby China intends “to
address climate change and promote sustainable development” through “policies and measures, such
as economic restructuring, energy efficiency improvement, development and utilization of hydropower
and other renewable energy”®. This means that China does not impose a cap on COs emissions,
but aims at reducing emissions by setting binding energy intensive reduction targets, stringent fuel
efficiency standards and investments in more efficient technologies. Several key sectors are involved
in this program and cement is one of them. Note that the effectiveness of the targets imposed
by the Chinese climate program on the cement sector’ is confirmed by a study conducted by the
International Encrgy Agency pointing out that cement industries dispose of four tools suitable for
reducing their COs emissions, namely thermal and electric efficiency, the utilization of alternative
fuels, clinker substitution and the adoption of the carbon capture and storage process that captures
COs before being released into the atmosphere (see IEA [16]).

Similar policies are also in force in India, where an Energy Conservation Act® has been introduced
in 2001, and in Brazil where the National Climate Change Plan has been effective since 20087. Also
in Turkey there are some signals in this direction. The candidature to become an European Member
State has induced Turkish government to ratify the Kyoto Protocol on May 2009'% and to introduce
eco-innovation policies in order to reduce their emissions (see OECD [22]).

Considering this framework, the aim of this paper consists in studying the eco-efficiency level of
cement industries operating in different world countries. Among the several environmental perfor-
mance indicators (see Tyteca [29] for a complete review), we have chosen that resulting from the
application of a Data Envolopment Analysis (DEA) approach. DEA evaluates the efficiency of cho-
sen Decision Making Units (DMUs), that ean been plants, firms or even entire sectors, producing an
homogeneous good. It has the advantage to simultaneously consider the multiple inputs (with their
respective measures) and both the desirable (produced good) and undesirable (waste and pollutants)
outputs that characterize a certain production process. This allows DMUs to have an immediate
information on their global efficiency (or inefficiency) status and, depending on the DEA approach
adopted, on which input or output they have to intervene in order to improve their production.

Differently from other papers on cement sector already existing in literature (Bandyopadhyay
[2], Mandal and Madheswaran [20] and Sadjadi and Atefeh [26]) where the analysis is conducted at
interstate level, in our study, DMUs are prototypes of cement plants located in twenty-one world’s
countries. We measure their eco-efficiency by including CO2 emissions as an undesirable production
factor. According to the DEA literature, undesirable factors can be modeled either as an input or
as undesirable output. We apply both these already existing approaches in addition to a directional
distance function model to our study. With these models, eco-efficiency of cement DMUs can be
measured either as a contraction of COs emissions or as an increased utilization of alternative fuels
and raw materials. Our analysis shows that units’ efliciency level is affected by the tendency of

®Directly taken from http://wuw.ccchina. gov.cn/WebSite/CCChina/UpFile/File188. pdf
TAt point (4) of the China’s national Climate Change Program, one can read that “new dry process kiln with pre-

caleiator lechnology should be developed; promote energy efficient grinding equipment and power generating technology
by using waste heat recovered from cement Kiln; improve the performunce of existing large-and medium-size rotary
kiln, malls and drying machines for the purpose of energy conservation; grodually phase out mechanized vertical kiln,
wet process kiln and long dry process kin and other backward cement production technologies”. Directly taken from
http://www.ccchina.gov.cn/WebSite/CCChina/UpFile/File188. pdf

8See http://www.powermin.nic.in/acts_notification/pdf/ecact2001.pdf

See http://www.ecearth.org/article/Greenhouse_Gas_Control_Policies_in_Brazil’

WSeenttp://en.wikipedia. org/wiki/List_of_Kyoto_Protocol_signatories#cite_note-13



the different DMUs to invest in technologically advanced kilns and to adopt alternative fuels and
raw materials in their cement production processes. Surprisingly, emerging countries, like India and
China that are the largest cement producers in the world, appear efficient. As we will explain in
Section 4, their recent economic boom and the energy efficiency targets imposed by their authorities
have forced their cement companies to invest in the most advanced technologies.

The remainder of the paper is organized as follows. Section 2 presents the model that we apply
in our analysis, while Sections 3 and 4 respectively illustrate the dataset used in our simulations and
the obtained results. Final remarks are reported in Section 5.

2 Modeling Eco-efficiency

The notion of eco-cfficiency is worldwide used with different meanings and definitions. We define eco-
efficiency, in an operational way, as the ability of producing goods or services by saving energy and
resources and/or reducing waste and emissions. Different instruments for measuring eco-efficiency
are introduced in the literature (see Tyteca [29]), but most of them are simple indicators'! that
approach eco-efficiency from a very limited perspective since they consider only few factors of a
production process. One should aggregate all these indicators in order to a synthetic information on
the overall impact of certain production process on environment. Moreover, measuring eco-efficiency
at a worldwide base, as we do in this paper, encounters the problem of information availability since
environmental policies are not uniformly applied around the world.

Some of these difficulties can be overcome by using DEA to determine cco-efficiency. Data
Envelopment Analysis has been first proposed in the pioneering paper by Charnes, Cooper and
Rhodes (CCR) [6]. It is a nonparametric method for estimating the efficiency of n DMUs. Each
DMU consumes various inputs to produce different outputs. No production function needs to be
specified.

The classic DEA model (see [6]) is a linear fractional problem that measures the efficiency of
the j» DMU through a ratio between the weighted sum of outputs and the weighted sum of inputs
that aggregated into a composite input and a composite output all inputs and all outputs. The
CCR pioneer model estimates the technical efficiency of a DMU with Constant Returns to Scale
(CRS) on the entire production frontier. The extension proposed by Banker, Charnes and Cooper
[3] generalized this assumption formulating the so-called BCC model which exhibits Variable Returns
to Scale (VRS) at different points of the production frontier.

In general, DEA evaluates the efficiency of each DMU through the better system of weights (or
shadow prices) for the considered DMU, identifying the best one. Stating the benchmark, DEA
classifies the remaining DMUs from the most efficient to the less one. Efficiency is evaluated taking
into account both desirable (good) and undesirable (bad) output and input factors. Note that
undesirable and desirable outputs should be treated in a different way: if production is inefficient,
the undesirable pollutants should be reduced. However, standard DEA models do not allow decreases
in outputs; only inputs can be reduced. ‘

When undesirable outputs are taken into consideration, the choice between improved technologies
or reference technologies has an important impact on DMUs efficiencies. Technology disposability
can be also read in terms of strong and weak disposability of undesirable outputs. A production
process is said to exhibit strong disposability of undesirable outputs, if the undesirable outputs are

HEor instance, econoniic output per unit of waste ratios



freely disposable, i.c. they do not have limits. The case of weak disposability refers to situations
where a reduction of the undesirable output forces a lower production of desirable outputs. This
means that the reduction of undesirable outputs imposed by an external regulation may not be
possible without assuming certain costs (see Zofio and Prieto, [33]).

Different variants of DEA models can be used for the estimation of eco-efficiency. In the following,
we present a brief review of the existing models. For the sake of convenience, the list of common
variables and parameters used in the different models is provided below.

Parameters:
z;; € Ryt it input quantity used by the j** decision making unit
i=1,...,m, j=1,....n

th “go0d” output quantity produced by the j* decision making unit

yfj€R+: r
r=1,...,q, 7=1,...,n

yh S ERy: kth “bad” output quantity produced by the j* decision making unit
k=1,...,t, j=1...,n

Variables:

v; € Ry:  weight multipliers related to the ' input
i=1,....n

ur € Ry:  weight multipliers related to the r* “good” output
r=1...,q

wy € Ry: weight multipliers related to the k" “bad” output
k=1,...,t

- ug € R: scale factor variable
0eRy: dual variable related to the first constraint

A; € Ry: dual variables related to the second set of constraints
j=1...,n

According to the literature, two different approaches can be used to model undesirable factors: a
first group of DEA models threats them as inputs, while a second one considers them as undesirable
outputs. In the light of this distinction, we now present the four alternative DEA models that we
use to measure eco-efficiency.

2.1 Pollutant as inputs
2.1.1 Eco-efficiency measure as input and pollutant contraction

A first approach to treat both desirable and undesirable factors following the standard linear BCC
model, suggests to include undesirable outputs as desirable inputs in the production process (see
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(18]). Efficient DMUs wish to minimize desirable inputs and undesirable outputs. The mathematical
formulation of the model, in case of strong output disposability and input oriented DEA, is as follows:

(P1)

max
[TRIRTIRTI

s.t.

. .
> urb, + o (1)
r=1

m

t
Zvimi_’io + Zwkyzjo =1 ' (2)

i=1 k=1

q m t
Zuryf'j«l»uo——Zvizij——Zwkyzj_<_O Jj=1...,n (3)
r=1 i=1 k=1

u >0 r=1...,¢q
w20 k=1,...,t
v, 20 i=1,...,m
ug € R ‘

and the corresponding dual formulation is:

(D1)

s.t.

rgl/\n 7 (4)
n
Z )‘jygj > yfjo r=1, »q (5)
7=1
mn
DAy S Oy, k=1t (6)
j=1
n
Z)\jajij < HIL‘Z‘J'O t1=1, ,m (7}
7=1
n
A =1 ()
1=1
/\j ZO j=1,‘..,n

The primal formulation corresponds to a standard input-oriented primal BCC-model where un-
desirable outputs behave like inputs. The objective function of the primal formulation maximizes
the weighted sum of desirable outputs, under the condition that the weighted sum of inputs and
undesirable outputs for the considered DMU is equal to one (as it results in constraint (2)). From
a dual point of view, this means that a DMU can simultancously reduce all inputs and undesirable
outputs by the same proportion # in order to increase its eco-efficiency. An efficient DMU will have
as optimal solution #* = 1 implying that no equiproportional reduction in inputs and undesirable



outputs is possible. According to this model formulation, eco-efficiency in the cement sector can be
interpreted as the ability to reduce undesirable outputs by introducing more efficient technologies
and to reduce inputs by substituting them with alternative raw materials while maintaining the same
outputs levels.

Note that models P1 and D1 can be used with the assumption of weak disposability by respec-
tively considering variables wy as unconstrained in sign in the primal formulation and by assuming
that constraint (6) holds with equality in the corresponding dual formulation. For an exhaustive
discussion on strong and weak disposability in this class of models see Liu et al. [17]. Note that
considering the undesirable outputs as inputs, the resulting DEA model does not reflect the true
production process. This is the main drawback of this formulation. ‘

2.1.2 Eco-efficiency measure as pollutant contraction

The class of DEA models we present in this subsection permits to measure eco-efficiency as the
ability to reduce pollutants while maintaining the same inputs and desirable outputs levels. The eco-
efficiency measure, as formally defined by Korhonen and Luptacik in [15], is then the ratio between
the weighted sum of the desirable outputs minus the weighted sum of the inputs and the weighted
sum of the undesirable outputs. The Primal-Dual linearized version of this class of DEA models is
as follows:

(P2)
q m
u,rvr,lg?i(m ; uryfjo - ; ViTyj0 + Up (9)
t
st Dtk =1 : (10)
k=1
q m t
Z“’”yfj_zviwiﬁruo-zwkyﬁjSO j=1...,n (11)
r=1 i=1 k=1 ,
u 20 r=1,...,¢q
w20 k=1,...,t
1,20 i=1,...,m

ug € R



SN <Oy, k=1t _ (13)

Z/\jl’ijgl'ijo 1=1,...,m (14)

The objective function in the dual formulation gives information on the pollutants contraction
to the largest extent possible. If #* < 1, that is DMU is inefficient, the firm can still reduce
undesirable outputs without increasing the corresponding inputs level or reducing desirable outputs.
Model P2-D2 under the hypothesis of weak disposability can be obtained considering variable wy, as
uncostrained in sign in the primal formulation and assuming that constraints (13) hold with equality
in dual formulation. Notice that, in the case of a single undesiderable factor, weak and strong
eco-efliciency scores coincide.

2.2 Pollutant as undesirable outputs
2.2.1 Eco-efficiency as input contraction

The analysis on eco-efficiency can be deepened on by considering a third efficiency measure which
concentrates on the efficiency improvement by reducing inputs while maintaining the same fixed
outputs levels both for undesirable and desirable ones. In this light, we present the approach proposed
by Seiford and Zhu [27]. Under the context of the BCC model (Banker et al., [3]), Seiford and
Zhu developed an alternative method to deal with desirable and undesirable factors in DEA. In
order to increase the desirable outputs and to decrease the undesirable outputs, they transform the
values of the undesirable outputs by a monotone decreasing function. The transformed data can
then be included as desirable outputs in the problem and maximized. In fact, after the decreasing
transformation, maximizing these values means minimizing the original undesirable outputs. In
particular, for the purpose of preserving linearity and convexity relations, Seiford and Zhu [27]
suggested a linear monotone decreasing transformation, gzj = ——y,ﬁj + B > 0, where 3 is a proper
translation vector that makes g—/ij > 0. Based upon the above linear transformation, the standard
BCC DEA model can be modified as the following pair of linear programs:



(P3)

max
UL W UG

s.t.

q t
—b
D_urly + 3wk, + o
r=1 k=1

m
E Vilijy = 1
1=zl

q t
b
D uryy + YWk o o
r=1 k=1

Uy > 0 r=1,....q
we, >0 k=1,...,¢

v 20 i=1,...,m
ug € R

0

n

Z’\jyfj—ggm r=1,
i=1

k13

b

ZAiyszykJo k=1,
j:

n

m

i=1

Z’Uﬂ)ij <0 j=1,...,n

(16)

(17)

In model D3, like the classical BCC models, the efficiency is measured taking into account the
possible input reductions while the outputs are kept at their current levels. According to this model
a DMU jp can improve the eco-efficiency by reduce the inputs, while the values of the desirable and
undesirable outputs of the DMU j; are taken as lower bounds for a linear combination of the other

-desirable and undesirable outputs. ,
From a theoretical point of view, notice that, by assuming Variable Return to Scale (VRS), the
model is invariant with respect to the linear translation. It has been proved by Ali and Seiford in [1]
that affine translation of data values does not alter the efficient frontier. Thus the classification of
DMUs as efficient or inefficient is translation invariant. We recall that the same models can be used
with the assumption of weak disposability by respectively considering variables wy, as unconstrained
in sign in the primal formulation P3 and by assuming that constraints (20) hold with equality in the
corresponding dual formulation D3.



2.2.2 Eco-efficiency as undesirable output contraction and desirable output expansion

The directional output distance function, in its original formulations by Féare et al. [13], is an alter-
native approach to evaluate eco-efficiency. This approach expands desirable outputs and contracts
undesirable outputs along a path that varies according to the direction vector adopted, in order to
increase eco-efficiency. Extensions of this methodology (see for all [11, 12, 23]) obtain a measure of
eco-efficiency from the potential for increasing outputs while reducing inputs and undesirable outputs
simultancously.
In order to describe this approach, let us define the following sets. Let T be the technology sct,
such that: /
T= [(z,yg,yb) : x can produce (yg,yb)} (21)

In presence of undesirable outputs, the output set Z?(x) represents all the feasible output vectors
(y9,yP) for a given input vector z, that is:

Plx) = [(yg,y”) H(x,y0y)0) € T] | (22)

The directional technology distance function generalizes both input and output Shephard’s dis-
tance functions, providing a complete representation of the production technology.
Let d = (—d®,d?, —d®), the function is formally defined as:

Do,y d) = sup [8: (49 + 6,y — 8d) € P(z — 6a7)] (23)

Expression (23) seeks for the maximum attainable expansion of desirable outputs in the d9 direc-
tion and the largest feasible contraction of undesirable outputs and inputs in d® and d® directions.
Under the assumptions made on the technology of reference, the directional technology distance func-
tion of expression (23) can be computed for firm jy by solving the following programming problem:

(P4)
max &
8,
n
s.t. ZA]-yfj - 6dfj0 > yfjo r=1,...,q (24)
j=1
n .
S ONjubs +0dy, < by, k=1, (25)
IYkj T 0%jo = Ykjo 2
=1
n .
> Njwij +8dY, < mijy i=1,...,m (26)
=1

n
Z/\le

J=1 .

Ai>0 j=1,...,n

The choice of a direction vector d = (—x, 49, —4°) permits to evaluate a global technology and
ecological efficiency by reducing inputs and undesirable outputs and simultaneously expanding de-
sirable outputs. A different direction vector can be used in order to restrict the analysis on output

10



factors, by considering, for instance, a direction vector d = (0, y9, —3"). In this case Mandal and Mad-
heswaran [20] focus their attention on expansion of desirable factors and contraction of undesirable
ones without increasing the inputs.

Notice that in the directional distance function model, efficiency is reached when § = 0, corre-
sponding to the case of § = 1 in the standard DEA formulations.

Let us recall that this model can be also considered under the assumption of weak disposability
by assuming that constraints (25) hold with equality.

2.3 Construction of the production frontier

In the DEA literature, three types of frontiers have been proposed to evaluate efficiency in a panel-
data framework. The first one is the standard Contemporaneous Frontier, where the frontier in
each year is constructed with the observations of the year under consideration only. The second
type of frontier is the Intertemporal Frontier and it is based on observations from all the considered
periods at a time. The third one is the Sequential Frontier, where each observation for a given year
is compared to all other observations in the same year and to observations in the previous years
(see Tulkens and Eeckaut [31] for a detailed discussion about different DEA frontiers). This last
methodology is based on the assumption that the production possibility set can expand each year
and no technological regress is admitted. For the aim of this work, the Sequential Frontier scems
to be the most suitable for the analysis of the world cement sector in the years 2005-2008. In these
years, in facts, the world cement industry has faced a rapid expansion and technological improvement
(especially in developing countries).

3 Database description

A database concerning twenty-one regulated and non-regulated cement producer countries has been
collected. The dataset can be ideally divided into European (EU) and non-European (non-EU) coun-
tries according to the geographic and regulation emission aspects. The thirteen European countries
included in the database (Austria, Belgium, Czech Republic, Denmark, Estonia, France, Germany,
Italy, Norway, Poland, Spain, Switzerland and United Kingdom) produce more than the 80% of the
total EU cement production. In order to compare the eco-efficiency of these EU countries with non-
EU ones, data concerning eight major non-EU countries (Australia, Brazil, Canada, China, India,
Japan, USA and Turkey) have been added.

For the purpose of our analysis, the choice of input and output factors of DEA models has been
done taking into account the cement and clinker production processes. Four input data have been
considered: installed capacity, energy, labour and materials. Desirable output is roprebented by
cement production while CO; emissions are the undesirable by-product.

As to the inputs, for all twenty-one countries (DMUs in DEA), we consider capital in the form
of installed capacity (a similar approach can be found in Fare et al. [14], Tyteca [30]), energy as
the sum of electricity and thermal cnergy, labour as the number of employees and materials as raw
materials (slug, limestone, etc) in addition to clinker imports and production. Notice that, alternative
fuels and raw materials are not included in the input factors because we assume that we the use
of alternative fuels and alternative raw materials is costly free and contributes to reduce emission
factors. As a consequence, countries which decide to use alternative fuels and materials can improve
their eco-efficiency.

11



Desirable output is Portland cement production. The undesirable by-product is measured by
the value of carbon dioxide emissions (COg) mainly resulting from the clinker production process
without considering those related to raw material, fuels and clinker transportation. CQOjy can be
interpreted as input or undesirable output according to the different DEA approaches.

Data sources for EU countries are the European association of cement industries (Cembureau),
the national cement association of the different countries (see Cemburcau website for the link to
members’ national associations and Appendix B), OECD (especially for labour data), Eurostat and
ComTrade (for clinker import/export data), European Pollutant Emission Registry (EPER for CO;
emission data). National cement associations also provided data for non-EU countries (see the
detailed list of the references in Appendix B).

Missing data on emission factors have been estimated according to Intergovernmental Panel
on Climate Change (IPCC)!2, Carbon dioxide is released during the production of clinker in which
calcium carbonate (CaCOg) is heated in a rotary kiln to induce a series of complex chemical reactions.
Specifically, COs; is released as a by-product during calcination, which occurs in the upper, cooler end
of the kiln, or a precalciner, at temperatures of 600-900C, and results in the conversion of carbonates
to oxides. The simplified stoichiometric relationship is as follows:

CaCOQOs + heat — CaO + CO4 (27)

At higher temperatures in the lower end of the kiln, the lime (CaO) reacts with silica, aluminum
and iron containing materials to produce minerals in the clinker. The clinker is then removed from
the kiln to cool, ground to a fine powder, and mixed with a small fraction (about five percent) of
gypsum to create the most common form of cement known as Portland cement.

The formula to calculate COy emission has been defined according to the following steps:

1. Data on clinkér production (in tonnes) have been collected. In case of missing data the clinker
production has been estimated as a fixed proportion on cement production (estimated coeffi-
cient varying between 75% and 95% according to the cement blending).

2. Ton of Raw Material (T) per Ton of Clinker (RM/clinker ratio) have been estimated in the
case of data missing with a fixed coefficient of 1.54 according to IPCC guidelines.

3. The CaCOj3 Equivalent to Raw Material Ratio (%) is fixed to a 78.5%.
4. The CO2 to CaCOjy Stoichiometric Ratio is fixed equal to 0.44.

The total COg emissions expressed in tonnes (T) can be estimated as follows:
COq = clinker(T) - (RM/clinker ratio) - CaCO3% - 0.44 (28)

In Table 1, we report means and standard deviations of the input and output parameters used
in the models for the considered 2005-2008 period. Note that the high standard deviation values
depend on the inclusion of China in the dataset. Cement industry in China, in facts, accounts for
more than 40% of world cement production.

“see http://www.ghgprotocol.org/calculation-tools /cement-sector for the clinker based tool suitable when the

amount of clinker conswmed is known., We also recall that only direct emissions have heen considered in this work.
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IR [ 2005 I 2006 | 2007 ] 2008 |
Variable Mean | Std Dev || Mean | Std Dev || Mean | Std Dev | Mean | Std Dev
Capacity (Ml t) 139.74 320,05 || 170.75 437.79 || 169.94 430.95 1 169.52 424.16
Energy (T'Wh) 89.17 273.83 98.96 312.62 09.33 310.03 95.30 294.43
Labour (x1000) 77.64 297.01 &9.10 347.41 97.02 381.06 99.73 392.24
Materials (M1 t) 178.24 H02.92 11 200.68 H86.21 214.54 637.25 213.71 636.01
Clinker 6:3.42 176.74 70.67 204.15 74.67 217.90 71.21 205.11
Import clinker 0.70 1.71 1.03 2,12 0.98 2.34 6.62 1.21
Raw materials 11412 324.43 128.88 379.91 1138.68 417.01 1.41.88 329.65
Cement (Ml t) 79.68 222.05 89.91 260.04 96.54 285.40 07.92 294.14
CO2 (Ml t) 68.13 205.65 76.32 237.12 79.38 251.35 %0.23 254.60
Ratio Ratio Ratio Ratio Ratio
Clinker/Cement 0.7959 0.7859 0.7735 0.7272
Energy/Cement 1.1191 11006 1.0289 0.9733
CO2/Cement 0.8550) ‘ (13488 0.8275 0.8194

Table 1: Cross Sectional Mean and Standard Deviation of the variables and relevant ratios.

The time-varying analysis of mean values in Table 1 shows that the worldwide cement produc-
tion has grown since 2005 with a peak value in 2007 and a stable situation in 2008. This growth
can be mainly ascribed to Turkey and non-OECD countries that are developing their economies
with relatively lenient environmental limits. Moreover, looking at the cement and the clinker mean
values over years, one can sec a progressive reduction of the average clinker to cement ratio that
from 0.79 in 2005 drops to 0.72 in 2008. This is due to major use of alternative raw materials in
the clinker production process and to the increasing production of blended cement, especially in
developing countries, which requires a lower proportion of clinker. A similar behavior can be found
in energy consumption where the increasing use of alternative fuels, like waste or biomass justifies
the corresponding decreasing of the energy/cement ratio. The combination of these two effects leads
to a reduction of CO9 emission over time.

Since the aim of this work is evaluate the eco-efficiency of different countries, all input and output
are divided by the total number of plants for each country in order to evaluate the eco-cfficiency of
a representative plant within each country (a similar approach can be found in Mandal [19], Mandal
and Madheswaran [20], Mukherjee [21]).

4 Empirical Results |

The three DEA models and the directional distance function described in Section 3 have been im-
plemented in MatLab 2010a in order to capture the various measures of eco-efficiency in the cement
industry. To avoid imbalances caused by different magnitudes, input and output parameters are
normalized with respect to their mean value (see Table 1). We recall that the study of eco-efficiency
using Model P1-D1 gives information on eco-efficiency measured by both input and COy contraction;
the analysis is then deepened on by separately measuring the impact of pollutant contraction (as
resulting from Model P2-D2) and the impact of good inputs contraction, namely capacity, energy,
labour and materials (Model P3-D3). The directional distance approach (Model P4) is also tested
in order to verify the possibility of expanding desirable output while reducing the undesirable one.
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Finally, in order to point out the impact of the regulation, all the models have been tested under
both strong and weak disposability assumption. Notice that, as pointed out in Section 2.1.2, Model
P2-D2, under both strong and weak disposability assumption, gives the same optimal efficiency
scores when a single undesirable factor is used. , ,

The methodology used to evaluate these eco-efficiency measures is based on a sequential frontier
approach. This way we avoid the possibility of ”technical regress”, since sequential frontier assumes
all current and past observations as feasible. Starting then with a reference sample of 21 observations
for the year 2005, we successively accumulate the observations of one more year to create the frontier
of each subsequent period.

The results of our tests are reported in Tables 2, 3, 4 and 5.

4.1 Eco-efficiency measure as input and pollutant contraction

Table 2 presents the results of model P1-D1 measuring eco-efficiency in the sense of input and pol-
lutant reduction. We consider both weak and strong disposability assumptions. Strong disposability
assumption corresponds to a situation where undesirable outputs are freely disposable and a reduc-
tion in emission factors do not produce a corresponding contraction in good outputs. Under weak
disposability assumption, undesirable factors reduction can not be possible without assuming a cer-
tain loss in terms of good output production (for instance a regulation that could imply an emission.
control).

The mean value of the world eco-efficiency in the eement sector under the hypothesis of strong and
weak disposability are 0.91358 and 0.93458 respectively. This means that inputs utilization and emis-
sion factor can still be reduced by a proportion of 8.6% in the case of strong disposability assumption
and of 9.3% in the case of weak disposability one. It is well known, in fact, that the efliciency levels
under the weak disposability assumption are higher than the ones obtained using the strong dispos-
ability hypothesis. The difference in eco-efficiency between the strong and weak models is equal to
2%. This means that without regulation an additional contraction of 2% of input factors (good input
and pollutant) can be reached without reducing the corresponding good output. A Wilcoxon signed
rank test has been used to compare the eco-efficiency mean results under these two hypothesis. This
methodology is a non parametric test that is used to verify the hypothesis of no difference between
the eco-efficiency scored obtained under the strong disposability assumption and the eco-efficiency
scored obtained under the weak disposability one. The test is carried out with R software. The
value of Wilcoxon statistic is 3.52 with a two tailed p-value equal to 0.00015. The hypothesis of no
difference among efficiency scores under strong and weak disposability assumption can be rejected at
1% confidence level, namely the assumption of weak or strong disposability significantly influences
the efliciency measure.

Looking at the annual means, a progressive decrease in eco-efficiency is measured n the case of
strong disposability. Countries without strong or mandatory environmental regulation (like USA,
Turkey, Brazil, Canada) are the worst performing during the considered period with a negative trend
except China and India which will be analyzed more in detail in the followings. European countries
under the EU-ETS regulation, maintain an average efficiency level almost constant during the four
years. The best performing countries are China, Denmark, India, Japan and Switzerland and other
five countries have an eco-efficiency value greater than 96% (Austria, Belgium, Canada, Italy, Spain).

Considering the European countries, Switzerland efficiency can be addicted to a massive use
of alternative fuels that, on average, amounts to 45% of total fuel consumption and of alternative
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raw material. The combination of these policies leads to a lower emission factor per ton of cement
produced. Denmark makes significant investments in environmental improvements and encrgy opti-
mization in the period 2005-2008, which lead to a progressive decrease of the COy emission factor
and energy utilization (see Aalborg Portland Environmental Report 2009).

Japanese Cement Industry is involved in the Voluntary Emissions Trading Scheme since 2005
(see Appendix A for details on countries environmental regulation). The technology used is dry in
the 90% of plants since 2000 and a progressive substitution of traditional fuels with alternative ones
is operated as reported by the Japan Cement Association. In addition, the proportion of alternative
raw materials in the cement production has constantly increased.

Among the remaining efficient countries, India performs well because of the progressive abandon
of wet technologies in favour of less energy expensive dry processes based on five and six stages pre-
heatering and pre-calcination kilns. Note also that main Indian companies agree with the Cement
Sustainability Initiative (CSI) launched by the World Business Council for Sustainable Development
(WBCSD).

The case of China cement industry is more controversial. On one hand, the recent fast de-

velopment of Chinese economy, has led to huge investments in new plants with the best available
technologies and on the opposite to focus industry production on low quality cement which requires
a lower amount of clinker than portland cement and reduces energy consumption. For these reasons,
the emission factor that is ratio between CO, emission and cement production is one of the best per-
forming among the considered countries. On the other hand, the analysis of Chinese cement sector
suffers for the difficulties of data finding. Only 5% of Chinese Cement companies agrees with the CSI
of WBCSD and data available on National Cement Association only refer to the larger operating
companies. It is very difficult to have the exact outlook of the sector, so our results may be affected
by data uncertainty.
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4.2 Eco-efficiency measure as pollutant contraction

In the previous section, cement industries can improve their efficiency by either moderating the use
of traditional inputs (fuel and raw materials) or minimizing their CO2 emission level. With model
P2-D2, eco-efficiency is measured. in terms of pollutant contraction only and results are collected in
Table 3. In this case the means of eco-efficiency taken by year are lower and vary between 0.69 (in
2005) and 0.60 (in 2008). This implies that focusing on emission only there are large possibilities to
improve the current status of cement technologies in the different countries. ‘

Considering cco-efficiency mean values by country, Table 3 shows that China, India, Japan,
Denmark and Switzerland remain the most efficient countries, followed by Spain, Italy and Belgium
with an cfficiency rate greater than 90%. This confirms the results of the previous eco-efficiency
analysis. In particular, the Italian and Spanish cement industries show a similar behavior. In the
period 2005-2007 that coincides with the first phase of the EU-ETS, their efficiency levels are equal
or slightly lower than one, but these fall in 2008 with the inception of the second and more stringent
EU-ETS phase. Belgium apart from 2007, is efficient. This is the results of its effort in progressively
reducing CO; emission and in improving energy efficiency since 2005.13

Table 3: Eco-efficiency measure as pollutant contraction

[ Country | 2005 2006 | 2007 | 2008 [ Mean |
Australia 1 0.33302 | 0.40%02 | 0.46142 || 0.55062
Austria 1 0.56387 {1 0.61639 | 0.72356 1| 0.72596
Belgium 1 1 0.83761 | 0.92221 || 0.94958
Brazil 0.31298 1 0.3277 | 0.33556 | 0.53459 || 0.39021
Canada 0.72471 1 0.86006 | 0.57942 | 0.79105
China 1 1 1 1 1.00000
Czech Republic 1 0.26051 | 0.29932 | 0.33776 || 0.47440
Denmark 1 1 1 0.95593 1| 0.98898
Estonia 0.15611 | 0.28768 | 0.30787 | 0.11854 || 0.22505
France 0.45618 | 0.26915 | 0.26384 | 0.28034 | 0.31738
Germany- 0.23397 | (L37931 | 0.38406 | 0.41761 || 0.35374
India 1 1 1 0.90682 || 0.97671
Ttaly 1 1 0.96277 | 0.8378 0.95014
Japan 1 0.99344 1 0.96423 || 0.98942
Norway 0.20207 | 0.1936 | 0.31251 | 0.28671 || 0.24872
Poland 0.59322 | 0.41637 | 0.55088 | 0.80581 || 0.59910
Spain 1 1 1 0.67496 || 0.91374
Switzerland 1 1 0.98755 1 0.99689
Turkey 0.37663 | 0.46219 | 0.5165 | 0.55245 || 0.47694
USA 0.24495 | 0.19857 | 0.1713 | 0.19025 || 0.20127
United Kingdom || 0.20817 | 0.2036 | 0.23474 | 0.19657 § 0.91077

u Mean ” 0.69090 I 0.61519 | 0.62560 | 0.60843 [| 0.63503 ﬂ

Y See the [EE (indice d amélioration de Uefficience énergétique) and IGES (indice de réduction des émissions de COy
energetique (combustibles)) indices in the Report Fehelcem 2009 at page 20, available at http://wwu.febelcem.be/
index.php?id=rapports-annuels,
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4.3 Eco-efficiency as input contraction

In the P3-D3 DEA approach introduced in Section 2.2.1, we measure cco-efficiency as the ability of
cement industries to reduce input factors (traditional raw materials and fuels) without increase of
COg emissions or cement production curtailment. Traditional raw material can be reduced by sub-
stituting them with alternative materials in the cement production process. This implies a reduction
of the clinker to cement ratio. Results of this model are reported in Table 4. The mean eco-efficiency
levels are equal to 0.91342 in the case of strong disposability assumption and 0.95240 in the case
of weak disposability assumption. When emission factors are freely disposable, a 3.8% additional
input contraction can be obtained without reducing the corresponding outputs. The eco-efficiency
mean values significantly differ by comparing the results under these two assumptions. The value
of Wilcoxon statistic, in facts, is equal to 3.92 with a two tailed p-value equal to 0.000096. The
hypothesis of no difference among efficiency scores under strong and weak disposability assurption
can, then, be rejected at a confidence level of 1%.

In the case of strong disposability assumption, eco-efficiency mean levels are in line with those of
Table 2. China, India, Japan, Denmark and Switzerland remain the top five in terms of efficiency and
Austria, Belgium, Canada, Italy and Spain reach an efficiency level greater than 98%. By comparing
the results of Tables 2, 3 and 4, we can argue that Austria and Canada’s efficiency levels reported in
Table 2 are mainly related to the utilization of alternative raw materials since the eco-efficiency levels
based on emission contraction only (Table 3) are significantly lower. As concerning Spanish cement
industry, it has doubled the utilization of alternative fuels and raw materials in the last decades. In
2008, in facts, alternative fuels accounted for the 15% of the total, while alternative raw materials
were the 10% of total use. This environmental policy has reflection on both eco-cfficiency measures
provided in Tables 3 and 4. A similar reasoning can be applied to Belgium and Italy, as pbinted out
in the previous model discussion.
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4.4 Eco-efficiency as undesirable output contraction and desirable output expan-
sion

The results of models P1-D1 and P2-D2 respectively presented in Section 4.1 and 4.2 are based on
the assumption that undesirable factors (COq emissions) are threated as an input of the production
process and the eco-efficiency measures evaluate the reduction of CO; emissions without changing the
desirable output levels (cement production). The Directional distance function approach (model P4)
whose results are presented in Table 5 of this section provides an alternative eco-efficiency measure.
It allows to measure the potential reduction of the undesirable emission output and the potential
expansion of the desirable output. We consider both weak and strong disposability assumptions.
Strong disposability corresponds to a situation where good outputs can be arbitrary expanded, while
the weak disposability assumption limits their expansion according to a certain regulation (that
could imply an emission control). The difference between efficiency levels under weak and strong
disposability in the directional distance approach can be interpreted as the cost of regulation with
respect to the emission factors (see [20]) that we denote as “Normative Price” in Table 5. '

In Table 5, the mean eco-efficiency under the hypothesis of strong disposability is equal 0.09983
that is to say that desirable output could be still increased by an amount of about 10%. In the
case of weak disposability assumption, this percentage amounts to 9%. This means that in presence
of normative constraints cement industries have a more limited production expansion capability.
Both in the cases of weak and strong disposability assumptions, eco-efficiency slightly decreases over
time. Considering the mean eco-efficiency levels in 2008, the values of strong and weak disposability
approaches are really close values, while in 2005-2007 their discrepancy is more evident. This results
can be justified as follows. In 2008, only in India there is a significant difference between strong and
weak disposability eco-efficiencies, while in the other countries the two directional distance function
approaches give identical results. This can cxplained by the fact that the cement market (apart
from developing countries, especially India whose consumption level increased of 7.5% in 2008 with
respect to the previous year) was suffering from a decrease of cement consumption due to the global
financial crisis. However, globally considered, the differences in eco-efficiency measures under the
hypothesis of weak and strong disposability assumptions are not statistically significant according
to this model formulation (Wilcoxon test statistics equal to 1.83). The not so obvious difference
between weak and strong disposability assumptions in the Direction Distance formulation, which
may be starring as cost of regulation was almost nil. This can be attributed to the effects of existing
environmental regulations during the period 2005-2008, adopted in order to reduce greenhouse gas
emissions through the abatement of old technologies and investment in more cfficiency ones. As
concerning the most efficient countries, Belgium reaches eco-efficiency levels comparable to the top
five countries which in all models results to be the most efficient ones, namely China, Denmark,
India, Japan and Switzerland. Apart from these countries that confirm their global efficiency in
all four considered inodels, Austria, in Model P4, loses the efficiency presented in Models P1-D1
and P3-D3. A deeper analysis of the cement industries operating in this country reveals that CO2
- emissions rate (COg/cement) is higher with respect to national average in 2006 and 2007. This is
strictly related to the increase of the clinker to cement ratio in the same years (see the references for
Austria in Appendix B). Spanish, Italian and Canadian cement industries confirm the results of the
previous models.
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5 Conclusions

In this paper, we present a cross-country comparison of the eco-efficiency level of the worldwide
cement industry. By adopting a Data Envelopment Analysis (DEA) approach, this paper makes
an attempt to evaluate the impact of environmental regulations on cement industry efficiency by
considering a joint production framework of both desirable and undesirable output. This work
differs from literature since it compares twenty-one countries covering the 90% of the world cement
production. Traditional industrialized countries are compared with emerging producers like India
and China.

With eco-efficiency, we indicate the possibility of producing goods (or services) by reducing
the quantity of energy and resources employed and/or the amount of waste and emissions generated.
More specifically, four measures of eco-efficiency have been estimated. The first two measures consider
pollutants (COs emissions in our case) as an input of the production process. In the first DEA model
(Model P1-D1) eco-efficiency is measured as the ability to reduce at the same time CO, emissions and
inputs. According to this model formulation, the cement DMUs eco-cfficiency can be interpreted as
the capability to reduce undesirable outputs by introducing more efficient technologies and to reduce
inputs by substituting them with alternative raw materials while maintaining the same outputs levels.
The second eco-efficiency measure (as estimated in Model P2-D2) focus the attention on just good
input contraction maintaining the same C'Oz emission levels and good output volumes.

In the third and fourth eco-efficiency measures, provided in this paper, carbon dioxide emissions
are treated as undesirable output. Model P3-D3 measures eco-efficiency as the ability to reduce
pollutants while keeping the same inputs and desirable outputs levels. The eco-efficiency measures
provided by models P1-D1, P2-D2 and P3-D3 permit to deeply analyze the ability of the world
cement to increase its efficiency by substituting traditional raw materials and traditional fuels with
alternative ones in order to reduce CO5 emissions without reducing the cement production. Moreover,
a directional distance function approach (Model P4) has been estimated in order to evaluate the
ability of a country to simultaneously expand the desirable output and contract the CO2 emissions
by the same proportion without increasing the inputs.

Finally, in order to point out the impact of environmental regulations, Models P1-D1, P3-D3
and P4 have been tested under strong and weak disposability assumptions.

Countries without strong or mandatory environmental regulation (like USA, Turkey, Brazil,
Canada) are the worst performing during the considered period with a negative trend except for
China and India. European countries under the EU-ETS regulation, maintain an efficiency level al-
most constant during the four years. The analysis has shown that the efficiency level mainly depends
on decisions to invest in alternative raw materials and alternative fuels both in the case of regulated
countries and in the case of voluntary emission trading schemes.

Emerging countries that are increasing their cement production in recent years, like China and
India, show high efficiency levels. This feature can be addicted to two different factors: investments
in more efficient technologies (progressive substitution of small wet process plants with bigger and
dry technology ones) and the production of low quality cements which require less proportion of
clinker, the main responsible for CO2 emissions.

In particular India performs well because of the progressive abandon of wet technologies in favour
of less energy expensive dry processes based on five and six stages pre-heatering and pre-calcination
kilns. Note also that main Indian companies agree with the Cement Sustainability Initiative (CSI)
launched by the World Business Council for Sustainable Development (WBCSD).



The case of China cement industry, however, should be read with particular attention: the
partial availability of data (mainly concerning big plants with efficient technology processes) may
have affected the analysis. In addition, the construction of CO2 emissions indirectly may not be a
true representation of actual CO3 emission.

The comparison among the twenty-one world cement producing countries with different choices
in terms of environmental regulations in addition to the use of several DEA models and a directional
distance function approach provide a comprehensive outlook on the world cement industry efficiency.
This study highlights, both at world level and at country one, the possibility of reducing CO2
emissions and to expand cement production. The use of alternative raw materials, alternative fuels
and the possibility of producing blended cements which require less energy consumption and reduce
pollutants emissions seems to be the right way. In this light, environmental regulations can provide
incentives in terms of tax exemption benefits or more restrictive pollutant limits.

Further developments are in the direction of enlarging the actual dataset by raising the number
of DMUs considered in order to increase the discrimination power of the DEA models and to modify
the input and output data of the instances. In this light, a further analysis will consider more than
one undesirable factor. In recent years, in facts, environmental regulations have been extended to a
wider class of greenhouse gases, like NO,, SO2 emissions.
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A Voluntary Emission Trading Schemes and other emission regu-
lations

Voluntary emission regulation systems apply in some of the countries included in our study. In
Europe, a voluntary emission trading scheme is applied in Switzerland. This system entered in force
in January 2008 after the approval of the Swiss Parliament and the Federal Government on 2007.
It is voluntary, but becomes legally binding once accepted. As the current EU-ETS program, the
Swiss ETS covers the CO2 emissions generated by heating process and energy intensive industries
such as cement, paper and pulp, glass and ceramics sectors during the 2008-2012 period. Allowance
are freely allocated taking into account emission reduction potential of each company!4.

In Japan, a voluntary emission trading scheme has been introduced in 2005 to cover COg emis-
sions (see [25]). This is organized as follows: the Japanese Ministry of the Environment distributes
allowances to all companies participating to this project and concede subsidies for investments in
new technologies. On the other side, each company has to accomplish a specific target by the end
of each period (that has a duration of about one year). The sectors involved in the Japanese ETS
are: industries (steel, chemicals, paper, cement, glass, automobiles and other manufacturing), energy
conservation (power generation, oil refining), business (corporations and banks) and transportation
(aviation and freight) (see [32]). '

HGee [45] and http://waw. bafu. admin.ch/emissionshandel/05538/055640/index .html?lang=en for more details.
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In the USA, some States (including Canadian ones) participate to the Western Climate Initia-
tive!® and to the Regional Greenhouse Gas Initiative!® on a voluntary base and only California
regulates emissions thanks to the “Global Warning Solution Act” (or AB 32), signed into law on
September 27, 2006. This program will take effect by 2012!7 and covers six in-state greenhouse gases
emissions'® generated by several industrial sector. It aims at reducing by 25% the emission level
compared to the business-as-usual by 2020.

Another example of emission regulation is the the Alberta’s Climate Change and Emission Man-
agement Act applied in Canada. Starting from July 2007, the Canadian facilities in the Alberta
region, whose greenhouse emissions are equivalent or higher than 100,000 tons, are subject to this
regulation (see [25]). Differently from the EU-ETS, the Alberta’s Act uses an emission intensity
approach!®. This system forces the involved facilities to improve their performance either by reduc-
ing their greenhouse gases emissions or by buying credits from the Climate Change and Emission
Management Fund at a price of 15 Canadian dollars per each ton of reduced emission. Parallel to
this system, in 2006, the Canadian government issued a regulatory framework for industrial green-
house gas emissions that sets the basis for an emission trading scheme®. This scheme covers several
sectors (power generation, oil and gas, pulp and paper, iron and steel, smelting and refining of met-
als, cement, lime, potash, and chemicals and fertilizers) and should have been entered in force this
year?!. As the Alberta’s Act, the Canadian ETS aims at reducing the carbon intensity of industrial
activities using specific intensity-based targets per each sector??. This should globally induce to an
absolute emission reduction of 20% compared to 2006 levels by 2020. This cmission cut should reach
the 50%-60% by 2050. ‘

Finally, not all announced programs have a positive outcome. This is the case of the Australian
ETS program. Even though Australia is one of the highest COy emitters among the developed
countries, the proposal for an emission trading scheme advanced by the Prime Minister Kevin Rudd
has been blocked in Senate?®. It has been shelved at least until 2013 since the government prefers
waiting for the expiration of the Kyoto Protocol, before imposing an emission regulatory program.
The proposed ETS had the intent to reduce COy emission by 25% with respect to 2000 levels by
2020.

B Sources of Database

In this appendix, the main web sources for our database construction are collected. These are pro-
vided by country and general information on the cement industry are also indicated.

YSee http://wuv.westernclimateinitiative. org/

"9%ee http://www.rggi. org/home :

Ynttp://arb.ca.gov/cc/ab32/ab32 . htn

Y Those that are also covered by the Kyoto Protocol.

"The emission intensity measures the amount greenhouse gases generated per unit of economic output.

20 Available athttp://wwv.ec.gc. ca/doc/virage- corner/2008-03/pdf/COM-541_Framework.pdf

Both in [25] and http://www. ec.gc.ca/doc/virage-corner/2008-03/pdf /COM-541_Framework.pdf, 2010 has
been indicated as the year of inception of this system, but we have not found any document announcing the its
launeh.

**See nttp://wuw.aph.gov. au/library/pubs/climatechange/governance/foreign/canadian. htm

*3Gee http: //news.bbe. co. uk/2/hi/asia-pacific/8645767.stm and
http://www.rsc.org/chemistryworld/News/2010/April/29041002. asp
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Cement Industry
The European Cement Association (CEMBUREAU) http://www.cembureau.be/

World Business Council for Sustainable Development (WBCSD). Cement Sustainability Initia-
tive (CSI) http://wuw.wbcsdcement . org/

United Nations Commodity Trade Statistics Database (UN Comtrade).
http://comtrade.un.org/db/default.aspx

Eurostat Database.
http://epp.eurostat.ec.europa.eu/portal/page/portal/eurostat/home

OECD employment database.
http://www.ocecd.org/document/34/0,3343,en 2649 39023495 40917154 1 1 1 1,00.html

European Pollutant Emission Register.
http://ec.europa.eu/environment/ets/welcome.do

Australia

Australian Cement Federation. Australian cement industry sustainability Report. 2009. Avail-
able at: http://cement.org.au/publications/environment-sustainability-reports

Australian Cement Federation. CIF' Technical Reports. FastFacts. 2009-2005. Available at:
http://cement.org.au/publications/cif-technical-reports

Australian Cement Federation. CIF Technical Reports. Review of the Technology Pathway for
the Australian Cement Industry 2005 - 2030. 2007.
Available at: http://cement.org.au/publications/cif-technical-reports

Austria

Vereinigung der Osterreichischen Zementindustrie (VOZ). Nachhaltigkeitsbericht 2008/2009 der
sterreichischen Zementindustrie. 2008.

Available at: http://www.zementindustrie.at/file_upl/voez_nhb0809.pdf

Mauschitz G.- Emissionen aus Anlagen der sterreichischen Zementindustrie Berichtsjahr 2007.
2007.

Belgium

Febelcem. Standpunten. De Belgische cementindustrie. 2006.
Available at: http://www.febelcem.be/fileadmin/user_upload/rapports_annuels/ nl/
Jaarverslag-cementindustrie-2006-nl.pdf

Febelcem. Standpunten. De Belgische cementindustrie. 2008.
Available at: http://www.febelcem.be/fileadmin/user_upload/rapports_annuels/ nl/
Jaarverslag-cementindustrie-2008-nl.pdf

Febelcem. Milieurapport van de Belgische cementnijverheid. 2006.
Available at: http://www.febelcem.be/index.php?id=rapports-environnementaux\&L=2
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Febelcem. Rapport annuel de | industrie cimentiére belge. 2008-2009.
Available at: http://www.febelcem.be/index.php?id=101\&L=1

Brazil

Sindacato Nacional da Industria do Cimento. Relatdrios Anuals. 2008.
Available at: http://www.snic.org.br/

Canada

Natural Resources Canada. Office of Energy Efficiency. Energy Consumption Benchmark
Guide: Cement Clinker Production. 2001.
Available at: http://oee.nrcan.gc.ca/publicatigns/industrial/BenchmCement _e.pdf

Cement Association of Canada. Canadian Cement Industry. Sustainability Report. 2008.
Available at: http://www.uaecement.com/articles/Canadiancement2008.pdf

Cement Association of Canada. Canadian Cement Industry. Sustainability Report. 2010.
Available at: http://www.cement.ca/

China

Tsinghua University of China. Assisting Developing Country Climate Negotiators through Anal-
ysis and Dialogue: Report of Energy Saving and CO, Emission Reduction Analysis in China
Cement Industry. 2008. Available at:

http://www.ccap.org/docs/resources/694/China Cement Sector Case Study.pdf

Price, L. Prospects for Efficiency Improvements in China’s Cement Sector. 2006. Presentation
at the “Cement Energy Efficiency Workshop”. Available at:
http://www.iea.org/work/2006/cement/Price.pdf

WWE. A blueprint for a climate friendly cement industry. Available at:
http://assets.panda.org/downloads/englishsummary__1r_pdf.pdf

Tongbo, S. A brief on China Ce';nent Status Towards A Sustainable Industry. 2010. Presenta-
tion at the “IEA-BEE International Workshop on Industrial Energy Efficiency”. Available at:
http://www.iea.org/work/2006/cement/Price.pdf

Taylor, M., C. Tam and D. Gielen. Energy Efficiency and CO, Emissions from the Global
Cement Industry. 2006. Available at:
http://wwu.iea.org/work/2006/cement/taylor_background.pdf

Czech Republic
Data and several publications are available at http://www.svcement.cz/
Denmark

AalborgPortland (Cementir Holding). Environmental Report. 2009.
Available at: http://www.aalborgportland.com/media/annual_report/environmental_report_
2009.pdf



AalborgPortland (Cementir Holding). Annual Report. 2009.
Available at: http://www.aalborgportland.com/media/ammal_report/annual_reporta_
2009 . pdf

Estonia

Kunda Nordic (HeidelbergCement Group). Sustainability Report. Continuous development s
the basis of sustainability. 2007.

Available at: http://www.heidelbergcement. com/NR/rdonlyres/ 7C8311B6-51F6-418A-BCBA-
A0787BY923CB/0/Sust_Kunda_ENG_2007.pdf

Further information are available at: \
http://www.heidelpergcement. com/ee/en/kunda/keskkond/sustainability_report.htm

France

Cimbeton. Infociments. Rapport Annuel. 2008.
Available at: http://www.infociments. fr/publications/ industrie-cimentiere/rapports-
activite/ra-g03-2008

Further information are available at: http://www. infociments.fr/publications
Germany

BDZ Deutsche Zementindustrie. Zement-Jahresbericht. Bundesverband der Deutschen Ze-
mentindustrie e. V. 2009-2010.

Available at:

http://www.bdzement .de/f ileadmin/gruppen/bdz/ {Presse_Veranstaltung/Jahresberichte/
BDZ-Jahresbericht_08_09.pdf

VDZ Deutsche Zementindustrie. U: muweltdaten der deutschen Zementindustrie. 2008.
Available at:
http://www.bdzement .de/f ileadmin/gruppen/bdz/Themen/Unwelt/ Umweltdaten_2008.pdf

Bundesverband der Deutschen Zementindustrie e.V. and Verein Deutscher Zementwerke e.V.
Zementrohstoffe in Deutschland. 2002.

VDZ Deutsche Zementindustrie. Monitoring-Bericht 2004-2007. Verminderung der COs-
Emissionen. 2008.

Further information are available at: http:// www.bdzement .de/167 . html
India
Cement Manufacturers’ Association. Annual Report. 2008-2009.

Ghosh, A., M. Sabyasachi, . Rohit, A. Gupta. Indian Cement Industry. Profitability to come
under pressure as new capacities take concrete shape. 2010.

Saxena, A. Best Practices & Tchnologies for energy efficiency in Indian Cement Sector. Pre-
sentation.
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De Vries, H.J.M., A. Revi, G.K. Bhat, H. Hilderink, P. Lucas. India 2050: scenarios for an
uncertain future. Netherlands Environmental Assessment Agency, n. 550033002, 2007.

Ghosh S.P. Energy Efficiency Initiatives, Estimation of COy Emission and Benchmarking En-
ergy and Environmental Performance in Indian Cement Industry. Presentation at the “Work-
shop on CO; Benchmarking and Monitoring and CDM Benchmarking in Cement Industry”,
2007.

Singhi, M.K., R. Bhargava. Sustainable Indian Cement Industry. Presentation at the “Work-
shop on International Comparison of Industrial Energy efficiency”, 2010.

Chattopadhyay, S. The Cement Sustainability Initiative. Presentation at the “IEA-BEE work-
shop on energy efficiency”, 2010.

Italy

Aitec. Relazione Annuale. 2005-2009. Available at: http://www.aitecweb. com/
Japan

Data are available at www. jcassoc.or. jp/cement/2eng/ea.html
Norway

Norcem (HeidelbergCement Group). Rapport om Baerekrafting Utvikling. Vart ansvar a bygge
for framtiden. 2007.

Available at: http://www.heidelbergcement. com/no/no/norcem/sustalnabll1ty/Rapporter/
index.htm

Further data are available at
http://www.heidelbergcement. com/no/no/norcem/sustainability/Rapporter/index.htm

Poland
Data available at http://www.polskicement.pl/ for several years.

Dejaa, J., A. Uliasz-Bochenczykb, E. Mokrzyckib. COs emissions from Polish cement mdustry
International Journal of Greenhouse Gas Control Vol. 4, p. 583588, 2010.

Spain

Annual reports are available at http://wuw. oficemen. com/reportajePag.asp?id_rep=634
for several years.

Switzerland

CemSuisse. Jahresbericht. 2010. Available at: http://wuw.cemsuisse.ch/cemsuisse/index.
html

CemSuisse. Kennzahlen. 2010. Available at: http://www.cemsuisse.ch/cemsuisse/index.
html



Turkey
Data are available at: http://www.tcma.org.tr/index.php?page=icerikgoster\&menuID=1
USA

Portland Cement Association. Report on sustainable manufacturing. 2009. Available at:
WWw.cement.org/smreport09

USGS. Science for a changing world. Minerals Yearbook. Cement (Advance Release ). 2007.
Available at: http://minerals.usgs.gov/minerals/pubs/commodity/lime/myb1-2007-1ime.
pdf

Further data available at:
http://www.cement.org/index.asp,
http://minerals.usgs. gov/minerals/pubs/commodity/cement/

United Kingdom

British Cement Association (BCA). Performance reports. 2003-2008. Available at: http:
//cement.mineralproducts.org/downloads/performance_reports.php

Quarry Products Association (QPA)‘ Sustainable Development Report Summary. 2008.
Available at: http://www.mineralproducts.org/documents/QPA _SD _08 _Rep.pdf

British Geological Survey. Mineral Profile. Cement Raw Materials. 2005.
Available at: http://www.bgs.ac.uk/downloads/start.cfm?id=1408

Other data and information are available at http: //cement .mineralproducts.org/downloads/
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