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H I G H L I G H T S

• The paper illustrates the importance of capturing cross-sectoral relationships between industries in IAMs.• Retrofitting and clinker to cement ratio is not sufficiently represented in IAMs.• Retrofitting can offer considerable energy savings in the short-term.• Reducing the clinker content in cement can offer significant energy savings.• Limited future fly ash availability reduces the potential for clinker substitution.
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A B S T R A C T

Although the cement industry emits around 6% of global CO2 emissions, most global Integrated Assessment
Models (IAMs) barely represent this industrial subsector or do not cover all important processes. This study,
describes the state-of-the-art of cement modelling in IAMs, suggests possible improvements and discusses the
impacts of these on energy and greenhouse gas emissions (GHG) in the IMAGE global IAM.
It is found that two cement-sector specific GHG mitigation measures are often not explicitly accounted for in

IAMs, namely: (i) retrofitting and (ii) reducing the clinker to cement ratio. For retrofitting, many measures are
identified as cost-effective and when incorporating these in the IMAGE model overall energy use reduces be-
tween 2010 and 2035 by 9.8 and 11 EJ (4% and 5%) under the baseline and GHG mitigation scenarios, re-
spectively. When incorporating the clinker to cement ratio by linking material availability to the activities in the
steel industry and coal-fired power plants, the 2050 energy use reduces by 15% under the baseline scenario and
increases by 9% under the GHG mitigation scenario as fewer coal-fired power plants are in operation. This is
even more prominent in the long term. The 2100 energy use is 14% higher in the GHG mitigation scenario as
even fewer coal-fired power plants are used drastically limiting the potential for clinker substitution with fly ash.
These results highlight the importance of capturing cross-sectoral relationships between industries and of in-
cluding sector specific mitigation measures in long-term energy models.

1. Introduction

In 2014, the global industrial sector consumed 154 EJ1 and emitted

8.3 GtCO2,2 being responsible for 36% of global energy consumption
and about 24% of direct CO2 emissions [1]. The International Energy
Agency (IEA) [2] projects that without any further actions taken, by
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2040, industrial energy use will reach 171 EJ and CO2 emissions will
amount to 15 GtCO2 (still around a third of energy use and emissions).

Energy models, such as those included in Integrated Assessment
Models (IAMs), are used to project global energy use and greenhouse
gas emissions (GHGs) and to analyze the potentials and the associated
costs of several energy and GHG mitigation options. Major international
assessments such as the Intergovernmental Panel of Climate Change
(IPCC) special reports [3], and the Global Energy Assessment (GEA) [4],
for instance, rely heavily on the scenarios produced by IAMs. Due to
their global and economy-wide scope, the level of detail in the industry
modules of many IAMs is often not detailed enough to allow for sector
specific technology representation [5,6], with many of the IAMs as-
sessing the industry in an aggregated manner without sub-sector divi-
sion [7]. Still, making good estimates of the short and long-term energy
and GHG reduction potentials and associated costs, and understanding
the material demand and resource availability and their impact on
energy use is very important when evaluating mitigation strategies and
developing industry specific policies.

In an effort to understand and potentially improve the way the in-
dustrial sector is modelled in IAMs, we focus this analysis on the cement
industry. Main two reasons for choosing this industrial sub-sector are (i)
high GHG emissions and (ii) limited complexity. In 2014, the cement
industry consumed 10.6 EJ of energy (7% of industrial energy use). Due
to the high level of process emissions, cement production comprises the
second largest industrial emitter, following the iron and steel industry,
accounting for 27% (2.2 GtCO2 in 2014) of industrial emissions and
6%3 of global CO2 emissions [1]. The cement industry comprises an
industry with little complexity and can therefore be easier incorporated
in existing IAMs than other industrial sub-sectors. Its limited com-
plexity is due to a number of factors. Most cement is consumed in a
single sector: the construction sector. Therefore, cement consumption
could be linked to construction activity. In addition, trade is limited as
cement is mainly consumed in the country of production. Moreover, the
cement manufacturing process is common to all cement plants (al-
though the raw materials or additives vary between countries).

Comparison studies of industrial representation in long-term energy
models [7] and more technology detailed IAMs [8] have shown that the
two industries most usually included are the cement and the iron and
steel industries with several models including technological details [9].
The cement industry although easier to incorporate in models, many
IAMs model it as part of the non-metallics minerals sector or do not
model it at all [7].

Increasing the level of detail can raise practical issues such as the
need for larger computational requirements and expertise needs for
operating the model. Except for these practical issues, higher detail in
models made for long-term global projections could constrain the
model too much with detailed knowledge on current technologies [10].
Still, over the last few years, some models have started to add more
technology detail on end-use sectors, including the industry sub-sectors,
for the advantages described above. Few long-term energy models have
a module with bottom-up details that specifically targets the cement
industry. IMAGE, a global integrated assessment model, has an em-
bedded module dedicated to the cement industry used to analyze future
projections on energy use and GHG emissions [11]. It covers global and
regional clinker and cement demand and production that take into
account trade of both materials, choice of production technologies,
stock turnover and energy use and GHG emissions. Another example is
POLES, which has the option to project regional energy use and CO2
emissions while taking into account production technologies, stock
turnover and retrofitting [12].

In this paper, we investigate the scope for adding further bottom-up

details to long-term IAMs. We do this by adding more detailed in-
formation to a single example model, i.e. the IMAGE model and we look
into the question whether similar improvements can also be made to
other models. For the less detailed models, that do not model the ce-
ment industry or they model it in a more aggregated manner, a set of
guidelines for modeling the cement industry were developed. The
guidelines can be found in Appendix B.

This paper is structured as follows. In Section 2 we discuss the
current representation of the cement industry in long-term models. In
Section 3, we provide information from bottom-up analysis that could
be used to improve the representation in IAMs. In Section 4, we im-
plement these improvements in IMAGE and present their impact on
both global and regional model results covering in this way both in-
dustrialized and developing countries and emerging economies. Finally
in Section 5, we discuss our results and draw the main conclusions.

2. Representation of the cement industry in long-term energy
models

Different models are used for long-term energy sector explorations.
In the literature, models are referred to as Integrated Assessment
Models (IAMs) if they include a wider representation of the economy
and earth systems details and to energy system models if they don’t.
Here, however, we refer to all of them as long-term energy models.
Based on the information collected in the EU-FP7 ADVANCE project4

(see also [7]). Table 1 provides a brief overview of the representation of
cement industry in these models.

Most models treat the non-metallics minerals sector as a whole
(Table 1). Out of the eight long-term energy models, only DNE 21+ and
IMAGE explicitly model the cement industry, while Imaclim-R and
MESSAGE do not have a representation of the cement industry or the
non-metallic minerals sector. POLES models the non-metallic minerals
sector but also has a technologically detailed cement module that can
be activated on demand. Although the cement industry accounts for
most of the energy use in the non-metallics sector, about 70–80% based
on IEA [13], the non-metallics sector includes the production of a
variety of materials such as glass, lime, bricks and tiles which are
produced with different processes; industrial sub-sectors that in general
have different characteristics.

As shown in Edelenbosch et al. [7], baseline scenario projections of
global material production (clinker, cement or non-metallic minerals),
energy use and energy intensity (GJ/tonne) differ quite significantly
among long-term energy models. Constructing a baseline scenario that
can well represent the industrial sub-sector by taking into account
specific industry characteristics is key in making reliable GHG abate-
ment estimates.

While several large scale global models represent industry sectors
energy use on the basis of their economic activity, here we concentrate
on those that also represent physical demand of cement (e.g. in tonnes)
and therefore can be directly coupled to bottom-up information. Most
models that simulate the physical demand are based on historically
observed correlations between economic activity and material in-
tensity. In Akashi et al. [14] the GDP and industrial value added are
used to forecast steel and cement demand, in Anand et al. [15] cement
demand increases with the population and GDP growth and in Pardo
et al. [16] where the European cement demand is linked to the GDP per
capita evolution. In general, economic activity which is represented by
GDP per capita and material intensity, defined as material used per unit
of GDP, is analyzed to derive the correlation parameters of an inverted
U-shaped curve with the curve depicting the material needs of an
economy in different economic phases [17].

Table 2 shows the demand drivers and key modeling parameters in

3 In 2014, global CO2 emissions from fuel combustion amounted to 32.2
GtCO2 and industrial process CO2 emissions to 2.0 GtCO2. The cement industry
was responsible for 70% of total process emissions [1].

4 European Union Seventh Framework Programme FP7/2007–2013
ADVANCE project: http://www.fp7-advance.eu/.
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the six models that have a representation of the non-metallic minerals
or cement industry. POLES, DNE 21+, IMAGE, and TIAM-UCL relate
the material demand to economic drivers. Some of the models that do
not explicitly model physical demand of the cement industry start with
directly estimating the energy demand of the sector using production
functions. Different types of production functions are used in models
assessing climate policies with varying elasticities of substitution [18].
In this type of modeling, energy efficiency is typically represented by
the substitution between capital, material, labor and energy inputs.

After the cement demand is determined, an energy intensity value
(i.e. as GJ/tonne cement) is usually used to estimate energy demand of
the sector. The energy intensity can be based on the type of production
technologies used and other important parameters such as the clinker
content in cement while in other models an average value is used.
Production technologies are represented in four models and retrofitting
technologies in two models. In addition, the more efficient use of ma-
terials is only taken into consideration by one model explicitly (see
Table 2). Modeling the physical demand instead of the energy demand
allows for the inclusion of several industry characteristics such as ex-
plicit technology representation, material efficiency, retrofitting op-
tions therefore allowing for better understanding how sector specific
policies can contribute to mitigation.

3. Information as input to long-term models

3.1. Areas of modeling improvements

Based on the overview of the current state of cement industry re-
presentation (Section 2), we identify several areas where bottom-up
information could be used for long-term energy modeling:

• modeling cement demand instead of directly modeling the energy
demand;
• disaggregating the non-metallics sector to increasing the inclusion of
bottom-up information on production technologies on a regional
level;
• accounting for material efficiency5 in the form of reduced clinker to
cement ratio;
• retrofit options.
While the modelling guide in the Appendix B describes methods to

develop a basic cement model which includes projecting cement de-
mand and production technology information (the first two suggested
improvements), here we focus on (i) retrofitting with energy efficiency
measures and (ii) reducing the clinker content in cements based on the
availability of supplementary materials. Improvements in energy effi-
ciency can significantly decrease the industry’s GHG emissions but in
order to develop efficient climate policies, understanding how this en-
ergy efficiency can be achieved is crucial. Boyd and Zhang [21] have
shown in their analysis of the U.S. cement industry that two mechan-
isms play a role. Besides the energy efficiency gains from stock turnover
(the replacement of old equipment with new which is usually more
efficient), there are also significant energy efficiency gains from retro-
fitting. As different policies can encourage different energy efficiency
improvements, energy models should be able to correctly simulate the
decision making behavior when it comes to new equipment purchases
or the retrofitting of older technologies [22].

• Retrofitting. Industrial equipment’s period of use can exceed its ori-
ginally intended lifetime.. This is a crucial point as prolonging the
use of outdated and inefficient equipment affects future trajectories
and burns on the carbon budget. Retrofitting in this case will have
an important role.
• Reducing clinker content. The clinker content in cement and its con-
tribution to GHG mitigation is a key parameter often overlooked by
many long-term energy models (see Table 2). As clinker production
is responsible for the majority of energy consumption and CO2
emissions, limiting the volumes of clinker produced by replacing
clinker in cement with other cementitious materials, mostly by-
products of the steel industry and coal-fired power plants, is a very
efficient way to reduce the industry’s environmental impact. How
much steel will be produced in the future from primary iron and
how much coal will be used for electricity generation will influence
the availability of these materials and thereby the cement industry’s
emissions. Long-term energy models should be able to capture the
relationship between the activities in other sectors with the poten-
tial environmental performance of the cement industry under dif-
ferent scenarios.

In the following two sections we discuss the option of retrofitting
(Section 3.1.1) and clinker to cement ratio modelling (Section 3.1.2) in
more detail.

3.1.1. Retrofitting
There are many technologies/measures that could be adopted by

existing cement plants to reduce the energy use and CO2 emissions (for
details see [19]). For a summary of the measures see Table 10 in
Appendix A. The readily available information on the related invest-
ment costs, lifetimes and potentials for energy savings per technology/
measure can allow for the incorporation of retrofitting in energy

Table 1
Main characteristics of models participating in survey [7].

Model Model type Disaggregation of the industrial sector Separate modeling of the cement industry

AIM-CGE1 CGE Yes No (non-metallic minerals)
DNE 21+ Energy system model Yes Yes
GCAM Hybrid/IAM Yes No (non-metallic minerals)
IMAGE Hybrid/IAM Yes Yes
POLES Energy system model Yes No (non-metallic minerals)2

TIAM-UCL IAM based on bottom-up energy model Yes No (non-metallic minerals)
Imaclim-R Hybrid CGE with sectoral bottom-up modules No3 No
MESSAGE IAM based on bottom-up energy model No No4

1 Note that the AIM/Enduse model has a detailed industrial representation, but we selected AIM/CGE since we focus on (IAMs or CGEs) that try to capture
interactions between more systems (e.g., the energy and natural earth system).
2 There is detailed cement module also available (see for details JRC/IPTS, [12]).
3 Industries are divided into energy-intensive and non-energy intensive.
4 Only process CO2 emissions from clinker burning are modeled.

5 Material efficiency in cement making would in principle also include feed-
stock changes that could reduce emissions (e.g. by replacing limestone with
steel slag, blast furnace slag, fly ash, and kiln dust, or by using less limestone)
[19] and by reducing cement and/or concrete in applications [20]. In this
analysis we focus only on product changes that can reduce emissions (i.e.
production of blended cements were clinker is replaced by other materials).
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models. The only additional parameter that needs to be defined is the
implementation rate. The approach we followed to estimate the im-
plementation rate per measure and per region is the following:

First, based on information on the main technologies used for
clinker production per region (see Table 3), we determined the regional
implementation rates of the main retrofitting technologies (i.e., “Con-
version of long dry to preheater”, “Addition of precalciner or upgrade”,
“Conversion of long dry to preheater precalciner”, “Conversion from
wet to dry precalciner” and “Conversion from semi-wet to semi-dry to
dry precalciner”).

Second, to determine implementation rates of the remaining tech-
nologies, for which there is limited information on current adoption
rates, we compared the fuel intensity of Best Available Technology
(BAT) with the current energy intensity in each region (seen in Fig. 1)
and calculated the technical energy savings potential for the base year.
We then estimated the energy savings in each region, based on the
implementation rates of the five main technologies listed in the pre-
vious paragraph and the typical energy savings they can offer (see
Table 10 in Appendix A). We then deducted these energy savings from
the technical energy savings potential to estimate the remaining energy
savings potential that can be achieved with technologies other than the
main five. The implementation rates for each of these technologies are
estimated based on expert knowledge from industry. Table 11 in
Appendix A shows the estimated implementation rates per technology
and per region for 2010.

Table 4 shows the estimated energy savings per technology and per
region along with the Cost of Conserved Energy (CCE) for a high dis-
count rate of 30% used to reflect the private perspective. As shown,
most measures can be cost-effective (CCE < energy price) in most
countries.6

3.1.2. Clinker to cement ratio
Portland cement has a clinker to cement ratio of 95–100% (the re-

maining part is gypsum). Substituting a part of clinker with other ma-
terials with similar properties (hydraulic and/or pozzolanic) reduces
the clinker content in cement lowering the demand for clinker.
Reducing clinker production by 1 tonne will roughly reduce CO2
emissions by the same amount. Cements that contain clinker sub-
stituting materials in considerable quantities are known as blended
cements. These materials are either interground with clinker in the final
step of cement making7 or are ground and dried separately before being
mixed with clinker. Estimations on the availability of Supplementary
Cementitious Materials (SCMs) are shown in Table 6.

Materials widely used to replace clinker are:

• Granulated Blast Furnace Slag (GBFS). Blast furnace slag (BFS) is
a by-product of the iron steel industry. It is formed when iron ore is
reduced in blast furnaces to produce pig iron (molten iron). For
every tonne of pig iron produced 0.25–0.30 kg of BFS are formed
[24]. BFS can be distinguished based on the cooling method used
into granulated, air-cooled and pelletized. When finely ground,
ground granulated blast furnace slag (GGBFS) develops strong hy-
draulic cementitious properties [24], therefore suitable as clinker
replacement in blended cements. Air-cooled blast furnace slag
(ACBFS) on the other hand, is not suitable for use in cements and is
mainly used as an aggregate in construction activities. Pelletized
slag is usually used as lightweight aggregate but when finely ground
can have similar cementitious properties to GGBFS [25]. About 75%
of world BFS production is currently granulated [26]. It is estimated
that in 2014, BFS production amounted to 325 Mtonnes (see
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Table 6). The BFS cements can contain up to 95% slags [27],
however technically (current practice) the content ranges between
30 and 70% [28].

It has been shown that a large part of future steel demand could be
covered by recovering the steel currently accumulated in steel products
(old scrap) and from manufacturing processes (new scrap). Oda et al.
[29] estimate that by 2050 about 40% of steel will be produced with the
secondary route. Pauliuk et al. [30] estimate that after 2050 secondary
steel production will exceed primary steel production and could ac-
count for more than 60% by 2100. This would result in lower reliance
on steel production from iron with the use of blast furnaces and could
thereby limit BFS generation.

• Fly ash. Fly ash is generated when coal is burned in furnaces. Fly
ash can be of (i) siliceous (silica-rich) or (ii) calcareous (lime-rich)
nature and has pozzolanic properties [28]. Calcareous fly ash may
also have hydraulic properties. In Europe, because calcareous fly
ashes can have strong variations in chemical composition and high
sulfate content, the fly ash mostly used is of siliceous nature. Silic-
eous fly ash is generated in hard coal-fired power plants [31] (i.e.
bituminous and anthracite coal). Not all fly ash can be used in ce-
ment production [32]. For both siliceous and calcareous fly ash
certain criteria need to be met.

The amounts of fly ash generated depend on the coal quality and the
technologies in place. For every tonne of coal burnt 0.08–0.30 tonnes of
fly ash are generated. Table 5 shows our estimates of the fly ash

production in a number of regions/countries.
Fly ash cements can have a fly ash content of 6–55% (siliceous). In

technically used cements the fly ash content is in the range of 25–35%
[28].

The efforts made to decarbonize the electricity sector and the future
heavy reliance on renewable sources of energy will reduce fly ash
availability and thereby the potential for use as clinker substitute.

• Pozzolanas. Pozzolanas are materials of mainly siliceous nature
that can either occur naturally or be developed artificially. Natural
pozzolanas are materials of volcanic origin or sedimentary rocks
such as pumice and pumicite. The world production in 2013 of
pumice and other natural pozzolanas was estimated at 18.6 Mtonnes
[33]. Artificial pozzolanas, or else known as calcined natural poz-
zolanas, are materials with pozzolanic properties that need to be
calcined in kilns. Some examples are calcined clays, calcined shale
and metakaolin [34]. The global production of artificial pozzolanas
is hard to estimate. Other materials with pozzolanic properties are
rice husk ash and silica fume. Rice husk is a byproduct of the rice
industry commonly burnt or discarded as waste [35]. It is estimated
that in 2014 about 10 Mtonnes of rice husk were produced, with
which 27 Mtonnes of ash could be generated. Silica fume is a silica-
rich byproduct of the silicon alloy production industry available
only in limited quantities.

According to the European standard EN 197-1, cements containing
6–55% pozzolanas are possible; however in currently used cements the
mass content is limited to 15–35% [28]. For pozzolanas that do not

Table 3
Kiln technologies used in the different regions in 2013 [43].

Dry with preheater and
precalciner

Dry with preheater without
precalciner

Dry without preheater (long
dry)

Semi wet/semi
dry

Wet/shaft kilns

Europe1 48% 29% 10% 8% 6%
Africa 82% 11% 2% 0% 4%
Asia & Oceania (excl. China, India and

CIS)
91% 9% 0% 0% 0%

Brazil 100% 0% 0% 0% 0%
Central America 69% 31% 0% 0% 0%
China2 90% 0% 0% 0% 10%
CIS3 4% 4% 4% 3% 85%
Middle East 88% 12% 0% 0% 0%
North America 61% 18% 12% 0% 9%
South America (excl. Brazil) 67% 33% 0% 0% 0%
India 100% 0% 0% 0% 0%

1 Assumed the same shares with EU28 reported in WBCSD [43].
2 Ref. [51].
3 Year 2005 [52]. In 2005, the dry kiln technology accounted for 12% of clinker production in 2005. Due to the lack of more detailed data, this share was split

equally between the three different technologies shown in this table.
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Fig. 1. Heat consumption for clinker making per region [43,44]. Heat use for fuel drying is not included.
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require calcination the decrease in energy use and CO2 emissions from
clinker replacement is almost linear to the increase in pozzolana use. If
artificial pozzolanas are used the energy use from pozzolana calcination
and the associated CO2 emissions must be taken into account.

• Limestone. Another way to reduce the clinker content in cements is
by adding limestone. Limestone is widely available to cement plants
as it is the main raw material used in cement production. Limestone
is typically used in cements as a minor constituent (up to 5%) for
increased workability. Higher limestone quantities however could
also be used. The limestone content in cement could be as high as
25–35% [28]. For limestone cements to show similar strengths with
ordinary Portland cement (OPC) the particle fineness needs to in-
crease. The properties of limestone cements with up to 15% lime-
stone content can be compared to OPC [36].
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Table 5
Estimated fly ash production in the different world regions in 2011.

Country/
region

Coal consumption for
el. generation
Mtonnes2

Fly ash content in
coal (tonne fly
ash/tonne coal)

Fly ash
production
(Mtonnes)

Australia 89 0.13 11.81

Canada 414 0.083 3.4
China 1551 0.285 429.6
Europe (15) 224 0.166 35.4
India 400 0.277 107.3
Japan 90 0.118 9.9
United States 6399 0.09 66.09

Russia 143 0.1710 25.6
Brazil 6 0.3711 2.1
Total 3477 0.20 (average) 691
Rest (23% of

coal use)
988 0.20 (average) 196

World 4465 0.20 (average) 887

1 Ref. [53].
2 Unless otherwise mentioned, the volumes of coal consumed for electricity

generation were estimated based on the coal use (in ktoe) reported in IEA
statistics [54] and the typical gross calorific values (GCV) of each coal type
[55].
3 In 2006, Canadian power plants consumed about 51 Mtonnes of coal [56]

and generated 4.2 Mtonnes of fly ash [57].
4 Ref. [56].
5 Chinese coal is characterized by high fly ash content that ranges between

0.25 and 0.3 tonnes/tonne coal [58]. Typically Flue Gas Desulphurization
Gypsum (FGD) produced during sulfur removal is not considered to be fly ash.
However that is the case in the Lan and Yuansheng [58] analysis. To exclude
FGD (primarily used in the production of gypsum) we subtract the 76.6
Mtonnes of FGD that was produced in coal-fired power plants in 2011 [59].
6 In 2003, 44.1 Mtonnes of fly ash were generated in EU (15) [60]. Based on

the IEA statistics [54], it is estimated that in 2003, 279 Mtonnes of coal were
consumed for power generation. That leads to a factor of 0.16 tonnes of fly ash
per tonne of coal consumed in coal-fired plants.
7 In 2014/15, coal consumption in Indian coal-fired power plants reached

437 Mtonnes and coal ash production 145 Mtonnes (a 33.2% ash content) [61].
This also includes bottom ash that accounts for about 20% of ash production
[62] resulting in about 27% fly ash content. This is in agreement with the
annual volumes reported in other studies [63,64].
8 In 2007, Japan generated 12 Mtonnes of coal ash [65]. In Japan, 90% of

coal ash generated is fly ash [66]. The same year about 98 Mtonnes of coal were
consumed in power plants (estimated based on [54]); resulting in a factor of
0.11.
9 Ref. [67].
10 Average ash content (containing bottom ash) of coal used in Russian

power plants is around 21% [68]. Of which bottom ash usually accounts for
20–25% [69].
11 According to Moon [65], Brazilian plants consume annually 37 Mtonnes of

coal and generate 17 Mtonnes of fly and bottom ash. Usually bottom ash ac-
counts for 20–25% of total ash production. We therefore estimate a fly ash
content of 0.37.

K. Kermeli, et al. Applied Energy 240 (2019) 964–985

969



3.2. Modeling approach

3.2.1. Accounting for retrofitting
In the following paragraphs we present three ways for incorporating

retrofitting in energy models.

(i) Cost-supply curves.

Cost-supply curves are a useful tool that is used to present the cost-
effective as well as the technical energy and GHG savings potentials of
several energy efficiency measures. To construct the curves, the energy
and GHG emission mitigating measures/technologies are ranked based
on their Cost of Conserved Energy (CCE), or Cost of Mitigated
Greenhouse Gases (CCO2-eq). The cost-supply curves show in the y-axis
the CCE and in the x-axis the cumulative energy savings and the cu-
mulative GHG emission savings. The width of each segment in the
graph shows the energy or GHG savings potential of each energy effi-
ciency improvement measure.

The CCE can be determined with the use of Eqs. Eqs. (1) and (2),
respectively.

CCE Annualized investment cost Annual O M costs
Annual energy savings

&= +
(1)

The annualized investment cost is a function of the discount rate
and the technical lifetime of the technology and can be calculated from
Eq. (2).

Annualized investment cost Investment cost d
d(1 (1 ) )n= ×

+ (2)

where d is the discount rate and n the technical lifetime of the measure.
Long-term energy models typically estimate future energy prices

based on technology development, regional resource availability and
trade. Certain measures that are found to be cost-effective in one
country/region might not be cost-effective in another due to regional
price differences. This effect can be represented by cost-supply curves,
where an increase in energy prices due to for example policy measures,
will for some measures result in switching from non-cost-effective to
cost-effective. In addition, the energy prices for which important energy
efficiency measures become cost-effective can be determined.

(ii) Payback period (PBP)

Another way of incorporating technological detail could be by es-
timating the Payback period (PBP) for every measure. All measures can
then be ranked based on their PBP and the measures with the lowest
PBP can be implemented first (Eq. (3)).

PBP Initial investment
Annual operational benefits Annual operational costs

=
(3)

(iii) Step function

The wide range of energy efficiency measures could also be clus-
tered based on the required investments costs into (a) low investment
measures, (b) medium investment measures, and (c) high investment
measures. The model can then use a step function and assess the re-
duction in energy consumption.

In addition, the measures could be clustered in the measures for
each key process; i.e. clinker and cement making. Low investment
measures are measures that will typically have a PBP of less than
3 years, medium investment measures are measures with a PBP of
3–5 years and high investment measures are measures with a PBP
higher than 5 years. All approaches should take into account the po-
tentials for technology implementation in each region (see Table 11 in
Appendix A).

3.2.2. Endogenously determining the clinker to cement ratio
By linking the availability of key SCMs to the output of other sector

modules within the model, the clinker to cement ratio could be modeled
endogenously. More specifically, for long-term energy models that
model steel production and electricity production from coal-fired power
plants process explicitly, the availability of GBFS can be linked to pri-
mary steel production and the availability of fly ash to the activity of
coal-fired power plants.

A simplified way to estimate the potential for energy savings and
GHG abatement that an increased use of clinker substituting materials
could achieve, can be to only consider the availability of the main raw
materials. In this way, the relationship between the activity of the main
SCM sources and the cement industry are captured. In reality, the de-
velopment of the clinker content in cement in the various world regions
can be very hard to forecast, as the use of SCMs does not depend only on
their availability but also on a number of other important parameters
[28], (i) prices of clinker substitutes, (ii) national standards, (iii) market
acceptance and (iv) cement properties.

Table 6
Estimated annual production of supplementary cementitious materials.

Supplementary Cementitious Materials (SCMs) Estimated Annual Production (Mtonnes) Production factor

Blast Furnace Slag1 296–355 (in 2014) 0.25–0.30 kg BFS/tonne pig iron (USGS, 2003);
0.275 kg BFS/tonne crude steel produced with the BF/BOF route [70]

Granulated BFS 222–266 –

Fly Ash3 720–865 (in 2012) depends on coal quality (see Table 5)
Hard coal fly ash2,3 570–690 (in 2012) –

Natural Pozzolanas 18.6 (in 2013)
Volcanic ash 0.5 –
Pumice 2.9 –
Pozzolanas 6.6 –
Unspecified 8.6 –

Artificial Pozzolanas N/A –

Other Pozzolanas ∼ 42.5
Rice husk ash 27 (in 2014) 5.5 kg rice husk ash per tonne rice paddy milled [35]
Silica fume <1.5 (in 2008) 0.1–0.25 tonnes per tonne quartz [71]

Total (excl. artificial pozz.) 862–1050

1 BFS production data are not available. The volumes were estimated based on the production factors reported and global pig iron production for 2014 (1183
Mtonnes) (Worldsteel statistics).
2 Only fly ash generated from coal-fired power plants. Estimated based on coal consumption data for electricity generation reported in 2014 IEA statistics [54] and

the average production factor shown in Table 5.
3 Fly ash formed in power plants using anthracite and bituminous coal.
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Modelling using the above described approach does give an ap-
proximation of the technical potential. This assumes that the cement
industry consumes all available clinker substituting materials under the
restrictions that:

– Blast Furnace Slag (BFS) cement can contain up to 65% BFS;
– Fly Ash cement can contain up to 35% fly ash;
– Limestone cement can contain up to 15% limestone;
– Blended cements cannot contain more than one clinker substituting
material.

Because the actual availability/reserves of pozzolanas is/are hard to
quantify we do not consider pozzolana cement production in this study.
In addition, we do not allow for the production of blended cements that
contain more than one type of clinker substituting materials. This is
because it would be hard to restrict the levels of the different materials
that could be used for a widely acceptable cement quality.

To determine the shares of the different cement types in an effort to
estimate the clinker production for each region if all available clinker
substitutes are consumed we follow the following allocation approach:

First, we determine the potential for BFS cement production based
on the generation of BFS from steel plants operating blast furnaces
under the restriction that BFS cement can contain up to 65% BFS. We
then determine the amount of fly ash cement that is generated, with the
restrictions that fly ash cement can contain up to 35% fly ash and that
BFS cement does not contain fly ash. All remaining cement is limestone
cement with 15% limestone. For all cement types we assume that minor
constituents account for 5% of the overall weight. The total production
of clinker will be equal to the sum of clinker contained in BFS cement,
in fly ash cement and in limestone cement.

P CC P CC P

CC P
clinker BFScement BFScement FlyAshcement FlyAshcement

Limestonecement Limestonecement

= +

+ (4)

The variable definitions used in this paragraph can be found in Tables
7–9.

Based on the allocation approach described above, Eq. (4) can be re-
written into:

P CC C
BFS C

CC
C

FlyAsh C

CC P C
BFS C

C
FlyAsh C

.

.

.

.

clinker BFScement
BFS

BFScement

FlyAshcement
FlyAsh

FlyAshcement

Limestonecement cement
BFS

BFScement

FlyAsh

FlyAshcement

=

+

+

(5)

where PBFScement
C

BFS C.
BFS
BFScement

= , PFlyAshcement
C

FlyAsh C.
FlyAsh

FlyAshcement
= , and

PLimestonecement
C

BFS C
C

FlyAsh C. .
BFS
BFScement

FlyAsh

FlyAshcement
= .

P P BFS C C BFS C P
P P BFS C C P

If / . , then . /
If / . , then

cement BFS BFScement BFS BFScement cement

cement BFS BFScement BFS BFS

< =
> =

(6)

where the BFS production (PBFS) can be calculated with Eq. (7):

P P Share C I IBFS steel total primaryroute pigiron BFS iron,= (7)

The amount of fly ash consumed in the cement industry (CFlyAsh) can
be calculated with Eq. (8).

P

P

P
P

FlyAsh C
C

FlyAsh C P

If
.

, then

. ( )

BFScement

BFScement

cement
FlyAsh

FlyAshcement
FlyAsh

FlyAshcement cement

<

=

(8)

• If PP P FlyAsh C/ .BFScementcement FlyAsh FlyAshcement< , then
C PFlyAsh FlyAsh=

where PFlyAsh is given by Eq. (9):

P Coal IFlyAsh powerplants flyash= (9)

4. Implementation of the bottom-up information in IMAGE

In this section, we evaluate the model results after the im-
plementation of the two suggested improvements. The section is di-
vided into two parts. The first part shows the impact the inclusion of
energy efficiency retrofitting on the model results, while the second
part focuses on the impact of the dynamic modeling of the clinker to
cement ratio. For the comparison of the cement industry projections,
we look into two scenarios:

1. without new climate policies (“baseline scenario”) and;
2. aiming at a stabilization level at 450 ppm CO2-eq (“mitigation sce-
nario”).

In both cases, we present the data before (“original”) and after
(“improved”) including the improved bottom-up information.

4.1. Energy efficiency retrofitting

Previously in IMAGE, when new plants were built either because
capacity increased in a specific region or because old plants were de-
commissioned, the model chose between four technology types (“con-
ventional dry plant”, “efficient dry plant”, and two technologies of
“efficient dry with Carbon Capture and Storage (CCS)”). Although the

Table 7
Variable definitions – Eqs. (4) and (5).

Parameters Definition Unit Value

BFS C. BFScement BFS content in BFS cement % 65% (fixed value)
CBFS BFS consumed in the cement industry Mtonnes BFS Calculated with Eq.6
CCBFScement Clinker content in BFS cement % 30% (fixed value)
CCFlyAshcement Clinker content in fly ash cement % 60% (fixed value)
CCLimestonecement Clinker content in Limestone cement % 80% (fixed value)
CFlyAsh Fly ash consumed in the cement industry Mtonnes Fly Ash Calculated with Eq.8
FlyAsh C. FlyAshcement Fly ash content in fly ash cement % 35% (fixed value)
PBFScement BFS cement production Mtonnes BFS cement
Pcement Cement production Mtonnes cement Model output
PFlyAshcement Fly Ash cement production Mtonnes Fly Ash cement
Pclinker Clinker production Mtonnes clinker
PLimestonecement Limestone cement production Mtonnes Limestone cement

The amount of BFS consumed in the cement industry (CBFS) can be calculated with Eq. (6).
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model dealt with stock turnover, it did not deal with energy efficiency
improvements in existing cement plants. Based on the method de-
scribed in Section 3.2.1 using available information on current regional
technology adoption levels and on energy savings and investment costs
per measure, the model can estimate the impact of retrofitting on the
energy consumption. In this way, the “no-regret” measures that are
usually not taken into account in energy models are also considered.
The scenarios that include retrofitting are named “baseline improved”
and “mitigation improved”. The “baseline improved” scenario is dif-
ferent from the original baseline, since in that scenario the energy use of
existing plants is kept stable during their lifetime. In the “mitigation
improved” scenario the same carbon tax is applied that was applied in
the original scenario to meet a 450 ppm target.

Fig. 2, shows the projected global fuel use, CO2 emissions, fuel in-
tensity, and regional energy savings before and after taking into ac-
count retrofitting. When retrofitting is considered, the energy demand
under both scenarios, the baseline and the mitigation scenarios, is lower
during the 2010–2040 period. It can be seen that for the upcoming
period, there exists a non-negligible potential for energy savings from
retrofitting. Overall, the total final energy consumption can be reduced
by 9.8 EJ in the baseline improved scenario and by 11 EJ in the miti-
gation improved scenario. After 2040, retrofitting does not play a role.
This is because, no old inefficient plants will be in operation and all new
plants that have been added either to cover the increasing cement de-
mand or to replace decommissioned plants were considered in the
model to be high efficient state-of-the-art plants. However, if new ef-
ficient technologies become available in the future, retrofitting could
further reduce the energy use. Emerging/innovative retrofit technolo-
gies were not considered in this analysis.

After 2020, the total energy use in the baseline original scenario is
projected to phase a gradual increase as a result of the increasing
clinker production. Although the global average fuel intensity decreases
due to energy efficiency improvements implemented, the absolute en-
ergy consumption continues to increase. In 2020, retrofitting can re-
duce the fuel use for clinker production from 3.2 to 3.0 GJ/tonne
clinker in the baseline improved scenario. In the mitigation improved
scenario, the fuel intensity drops considerably due to the uptake of
innovative energy efficiency technologies that can decrease the energy
use to 2.2.GJ/tonne clinker by 2050. The result is a strong decrease of
CO2 emissions which is further enhanced by the decrease in clinker
production in the period 2040–2050 (see Fig. 3).

Retrofitting can reduce the total CO2 emissions generated in the
period 2010–2040 by 853 Mt CO2 under the baseline improved scenario
and by 917 MtCO2 under the mitigation improved scenario (the area
between the corresponding lines in the period 2010–2040) (see Fig. 2).

In the ‘improved” scenarios only energy efficiency improvements
considered “cost-effective” are adopted. The highest overall energy
savings within the 2010–2040 period are to be found in the China re-
gion, Western Europe, Northern Africa and United States amounting to
43.3%, 11.3%, 5.3% and 4.1%, respectively. The Russian Federation
has a large potential for energy savings from retrofitting as clinker is
primarily produced in inefficient wet cement kilns. However, because
the measures identified in Table 4 are not found cost-effective (energy
prices are low) they are not implemented.

4.2. Clinker to cement ratio

In the baseline original scenario, the clinker to cement ratio ex-
periences a modest decrease and from then onwards it gradually de-
creases to converge to 74% by 2050 for all regions. Fig. 3 shows the
impact that the modeling the clinker to cement ratio based on the
method described in Section 3.2.1 has on clinker production, energy
demand and CO2 emission projections.

Taking into account the availability of SCMs and the maximum
content of SCMs per blended cement type, clinker production can be
limited to 2620 Mtonnes in 2050; this is 15% lower compared to the
baseline original scenario (3100 Mtonnes in 2050). After reaching a
maximum of 2800 Mtonnes the clinker production decreases to 2600
Mtonnes by 2100; about 22% lower compared to the baseline original
scenario. This is due to the high fly ash availability. Fig. 3 also shows
the amount of coal consumed for power generation on a global scale in
IMAGE. Under the baseline scenario fly ash production is projected to
reach 14 Gtonnes by 2100.

In the mitigation original scenario clinker production is lower than
in the baseline original scenario. In the original model formulation in
IMAGE, the clinker to cement ratio is modelled dynamically to the
carbon price, assuming that climate policy would lead to less clinker
use where by 2100 the clinker to cement ratio drops to 65%. However,
when taking into account the availability of BFS and fly ash under the
same carbon tax (mitigation improved scenario) the clinker to cement
ratio is higher due to the limited availability of SCMs. In this scenario
the clinker production will reach 3060 Mtonnes in 2050 and 3340
Mtonnes in 2100, 9% and 14% higher when compared to the mitigation
original scenario. This is the result of the decommissioning of many
coal-fired plants and the increased use of renewable sources for power
generation reducing the generation of fly ash. At the end of the century
in the mitigation scenarios, coal consumption for electricity generation
drops by 93%, with only about 890 Mtonnes of coal consumed for
electricity generation (see Fig. 3). The strong increase of the energy use
after 2050 is due to the uptake of CCS that is introduced as a climate

Table 8
Variable definitions – Eqs. (6) and (7).

Parameter Definition Unit Value

PBFS BFS production Mtonnes BFS
Psteel total, Total steel production Mtonnes Steel Model output
Shareprimaryroute The share of steel produced with the primary route (i.e. from iron ore in the blast

furnaces).
% Model output

Cpigiron The percentage input of pig iron in blast furnaces % Model input (fixed value in IMAGE=90%)
IBFS The amount of BFS generated per tonne of pig iron used in blast furnaces Tonne BFS/tonne pig iron 0.275 (fixed value)
Iiron Specific iron requirements per tonne of crude steel generated Tonne iron/tonne steel Model input

Table 9
Variable definitions – Eqs. (8) and (9).

Parameter Definition Unit Value

PFlyAsh Fly ash production from power plants Mtonnes fly ash
Coalpowerplants Coal consumption in power plants Mtonnes coal Model output
Iflyash The amount of fly ash generated per tonne of coal consumed in power plants Tonne fly ash/tonne coal Differs per region (see Table 5)
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Fig. 2. Global energy use, CO2 emissions, fuel intensity, and regional energy savings for cement production before and after taking retrofitting with energy efficient
technologies into account under the baseline and mitigation scenario.
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policy measure.
In the baseline improved scenario, energy use is considerably lower

than in the baseline original scenario. However, when taking into ac-
count the limited availability of SCMs the energy use is even higher. In
the mitigation improved scenario the 2100 energy use is 14% higher
when compared to the mitigation original scenario (see Fig. 3). In 2100
and in the baseline improved scenario, the CO2 emissions are 22%
lower than in the baseline original scenario. Under both mitigation
scenarios the CO2 emissions are similar as CCS is employed to reduce
the CO2 emissions to a certain level. However, it should be noted that
under the mitigation improved scenario the CO2 emissions that need to
be captured are considerably higher as more clinker is produced which
translates into more emissions.

Using the methodology developed in this analysis allows for a better
understanding of the impact of SCM availability on the cement com-
position across the world. Fig. 4 shows the amounts of BFS and fly ash
available in China and India but also the amounts of BFS and fly ash
that can be utilized under the baseline improved and mitigation im-
proved scenarios for 2050. It can be seen that under the baseline im-
proved scenario large quantities of fly ash are generated in both India
and China however only a part is utilized by the cement industry due to
the additive constraints. Under the mitigation improved scenario the
low availability of fly ash limits the utilization in cement plants. Tables
15 and 16 in Appendix C show the same results but for all 26 regions
used in IMAGE in 2050 and 2100.

In this analysis, trade of SCMs is not included. When SCM avail-
ability is higher than the possible utilization, a part remains un-
exploited. For example, as seen in Fig. 4 in the China region, about 560
Mtonnes of fly ash will be generated but only 260 Mtonnes is used in
cement production. Similar is the case in India, South Africa, Central
Europe, Ukraine region, Kazakhstan region, Russian Federation, Korea
region, Japan, and Oceania. In total, 1450 Mtonnes of fly ash are
generated in 2050 of which 930 Mtonnes are used in blended cements.
The majority of the remaining 520 Mtonnes fly ash is in China (58%)
and in India (27%). If traded, it can be used by other regions to lower
the clinker to cement ratio. In such a case 390 Mtonnes could be used
by the other regions. To justify long shipments however the cement
price should be high. At current cement prices fly ash can be econom-
ically transferred within a small radius from the power plants. Longer
shipments via rail are economically feasible only if large quantities of
fly ash are transported [37].

BFS is only available in lower quantities. In 2050, 293 Mtonnes of
BFS become available globally and are all used in blended cements. As
shown in Fig. 4, in the mitigation improved scenario, fly ash is no
longer available in large quantities. In 2050, about 140 Mtonnes be-
come available and are all utilized. The amount of BFS available re-
mains the same.

Fig. 5 shows the cement composition under the two scenarios for
2050 in the major cement producing regions (cement composition for

all 26 regions used in IMAGE for 2050 and 2100 can be seen in Figs. 9
and 10 in Appendix D). In the baseline improved scenario, the global
average clinker to cement ratio is estimated at 62%. In the mitigation
improved scenario, the global average clinker to cement ratio is esti-
mated at 73%. The limited availability of fly ash is visible. Limestone in
the mitigation improved scenario is used in greater quantities as less of
the other SCMs are available. In this study limestone cement is limited
to 15%.

5. Discussions and conclusion

5.1. Scope for adding bottom-up detail to long-term energy models

This analysis has shown that both the inclusion of retrofitting with
energy efficient technologies/measures and the modeling of the clinker
content in cement that considers the availability of SCMs have an im-
portant impact on model results.

When retrofitting is taken into account, many measures/technolo-
gies are identified as cost-effective and consequently adopted, lowering
the energy use for cement making for the relatively short term.
Retrofitting can save 9.8 EJ of energy globally within the period
2010–2035 in a baseline scenario, while in a mitigation scenario 11 EJ
of energy can be saved (4 and 5% of overall CO2 emissions within this
period).

When the availability of SCMs is taken into account, mainly BFS and
fly ash, in a mitigation scenario, the potential for clinker to cement ratio
reduction is significantly narrowed down. This is because in a mitiga-
tion scenario, many coal-fired power plants are considered to shut
down resulting in a dramatic decrease in fly ash availability. In this
analysis, in the mitigation improved scenario, clinker production will
reach 3060 Mtonnes in 2050 and 3340 Mtonnes in 2100, 9% and 14%
higher when compared to the mitigation original scenario resulting in
higher energy consumption.

To improve the representation of the cement industry in energy
models and better identify the energy and GHG savings that i) energy
efficiency and ii) material efficiency (in this analysis restricted only to
clinker substitution) can offer, it is important to take into account key
industry characteristics. For energy efficiency it is important to consider
the extent to which energy efficiency improvements have already been
adopted in certain regions and identify the remaining energy efficiency
potential that has not been captured so far. For material efficiency it is
important to consider that mitigation policies in other areas of the
model, in this case in the energy sector, can affect the GHG mitigation
potential of material efficiency in the cement industry.

We have shown that it is possible to incorporate a relatively simple
modeling approach for retrofitting and dynamic modeling of the clinker
to cement ratio based on bottom-up available information in energy
models. An alternative option would be to couple existing technically
detailed bottom-up simulation models, e.g. the FORECAST model [38]
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Fig. 4. SCM availability and utilization in India and China in the (a) baseline improved and (b) mitigation improved scenarios in 2050.
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to IAMs. However, this can also be challenging as there are many dif-
ferences in model structures [39], regional breakdown etc.

The developed modeling approach in this analysis still has certain
limitations, mostly as result of the required simplifications:

Utilization rate of SCMs: In this analysis, the regional availability and
certain restrictions on the level of technical SCM to cement ratio (de-
pending on the SCM type) determine the level of utilization. However,
more parameters such as product and national standards, price and
trade of SCMs can impact the utilization rate. To model all these factors
on a regional level for the near and distant future is complex and un-
certain.

Trade of SCMs: If trade of SCMs was also included, the 520 Mtonnes
of unexploited fly ash identified for 2050 under the baseline improved
scenario, can be used by other regions. However, due to restrictions on
the fly ash content of fly ash cement (fly ash content can be 35%) only
390 Mtonnes can realistically be used by the other regions. The utili-
zation of the left over fly ash would decrease the clinker to cement ratio
from 62% to 57% as fly ash cement has higher content in SCMs than
limestone cement.

Variety of SCMs: This study only took into account the use of BFS, fly
ash and limestone as clinker replacements in cement. However, poz-
zolanas, either natural or artificial, could also be used to further reduce
the clinker to cement ratio. Currently, the annual pozzolana production
is limited (see Table 6) and data on the actual regional availability/
reserves of some natural pozzolanas, such as volcanic ash, is not
available. Because of data limitations, the analysis was limited to these
three materials.

Low-carbon cements: To further decrease the clinker content in the
mitigation scenario low-carbon cements using alternative additives
should be used. The popular geopolymer or alkaline-activated cements
even if they overcome the technical barriers for use in structural ap-
plications they can only be produced in limited volumes. This is because
to replace clinker, they also rely on the use of materials with either
limited availability i.e., fly ash, BFS and pozzolanas, or expensive to
produce such as metakaolin [28]. Other novel low-carbon cements with
similar performances to Portland cement while less CO2 intensive are
the calcium sulfoaluminate and magnesium cements [40]. Although
promising as they use alternative additives they are currently under
development and have not been assessed in this study. Until the wide
application of such novel cements however, slags and fly ash, should be
optimally generated, conserved (instead of being disposed) and used as
additives in cement making offering thereby the highest climate change
mitigation potential.

Quality of SCMs: A main assumption in this analysis is on the quality
of the available BFS and fly ash. To estimate the lowest possible clinker

to cement ratio it was considered that all BFS and fly ash generated are
of sufficient quality for use as clinker replacements. This means that all
BFS is granulated (the current granulation level is about 75%) and that
all fly ash available, is of sufficient quality for use in cements.
Transforming however all generated fly ash to desired quality for use as
SCM remains a challenge. If not all fly ash can be used, the clinker to
cement ratio would be even higher under the 450 scenario.

Uncertainties: It is hard to determine the exact implementation rates
for all energy efficiency technologies/measures shown in Section 3. To
restrict the uncertainties on these figures we tried to base our estimates
on reported information for the main measures offering the largest part
of energy savings.

For each of the technologies/measures to be adopted a specific
energy savings potential (GJ/tonne clinker) has been assigned (see
Table 10 in Appendix A). This number is based on information con-
cerning the U.S. industry. In reality, the energy saving potentials would
be different for each region based on the average energy intensity for
clinker production in that region. However, the difference is not ex-
pected to be large.

In this paper, we only analyzed energy efficient measures/technol-
ogies for clinker production with the dry process. The only option that
was considered for energy efficient improvement in plants that operate
wet, semi-wet or semi-dry kilns would be the switch to the dry process.
In some cases, for example Russia, this switch was not identified as cost-
effective and was not implemented under the baseline improved sce-
nario. If the option of energy efficiency improvement measures specific
to the wet process was also considered, some of these measures could be
cost-effective and thereby decrease the energy use in these regions.

Another uncertainty lies on the amount of fly ash generated from
coal-fired power plants in the various regions. In reality, the volumes of
fly ash generated will depend on the quality of coal and the burning
process and both can vary through time. In this analysis, we have as-
sumed a fixed fly ash generation that only varies per region.

5.2. Conclusions

The industrial sector is complex, primarily due to the heterogeneity
of products manufactured, e.g. chemicals and petrochemicals, cement,
glass, metals such as steel and aluminium, that are all produced in
different industrial processes. Each sector has its specific characteristics
and dynamics. To better understand the decarbonisation options under
different climate policy scenarios for these high consumption industry
sectors it is important to include the key industry sub-sector specific
characteristics that affect its energy development. In this paper, we
specifically focus on the cement sector, providing an overview of the

0% 50% 100%

mitigation improved scenario

Minor constituents
BFS
Fly ash
Limestone
Clinker

0% 20% 40% 60% 80% 100%

USA

Northern Africa

Western Europe

Middle East

India

China region

Mekong region

Southern Asia

World
baseline improved scenario
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state-of-the-art of cement sector modelling in IAMs, proposing ways for
improvement, and testing these in the IAM IMAGE.

There is a limited representation of the cement industry in
long-term energy models. Disaggregating the non-metallic minerals
sector and modeling the physical demand instead of directly modeling
the energy demand will allow the inclusion of bottom-up information
on production technologies and regional energy efficiency and material
efficiency potentials.

For the cement industry, important parameters that affect the
energy development are the current regional energy and carbon
dioxide intensities, adoption rates of energy efficiency technolo-
gies, energy efficiency and material intensity. Besides the guide for
modelling the cement sector, presented in the appendix, in this paper,
we propose two modeling approaches for cement for improvement of
these processes in long-term energy models: (1) retrofitting with energy
efficient technologies and (2) reducing the clinker to cement ratio.
Based on this a number of key conclusions can be drawn.

There is a significant potential for energy savings from retro-
fitting. Cement plants that were built a number of years or even dec-
ades ago and that are still in operation are not as efficient as newly built
cement plants. In addition, the level of energy efficiency and the pro-
duction technologies used for cement production differ between re-
gions. For the existing plants, retrofitting with energy efficient tech-
nologies/measures can offer significant energy savings, already in the
short term, that cannot be neglected. Bottom-up details on the regional
average energy intensity and on production technologies used along
with information on energy efficiency options can be used by energy
models to identify the potential for energy savings from retrofitting.

There is a significant potential for energy savings from in-
creased clinker substitution. The effectiveness of implementing

this strongly depends on the activity in other sectors and the
scenario in question. Relating the clinker content in cement to the
development of the steel industry and the electric power industry can
have a significant impact on projecting energy use in the cement sector.
For example, in a scenario where less coal-fired power plants are built
or steel demand weakens, the availability on supplementary cementi-
tious materials will decrease the potential for greenhouse gas abate-
ment in the cement industry through clinker substitution. These results
confirm the crucial role of connections between industries and show
that emission abatement measures in one industry can indirectly impact
another. In such a case, to achieve even higher clinker substitution
rates.

In addition, these results highlight that the production/generation
of high and consistent quality supplementary cementitious materials
and their effective utilization in processes such as cement making
where they have the potential to significantly lower greenhouse gas
emissions is of crucial importance especially in times/scenarios of low
availability of these materials.

Both measures can offer significant energy savings in the short
term. Both retrofitting and the reduction of the clinker to cement ratio
can offer significant energy and greenhouse gas savings already in the
short term. These are not highly innovative measures surrounded by
high uncertainties but well known measures with tangible energy and
greenhouse gas emission savings potentials.
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Appendix A. Energy efficiency measures/technologies for clinker production

See Tables 10 and 11.

Table 10
Energy efficiency measures for clinker making – dry process cement plants [19].

Energy Efficiency Measure Specific Fuel Savings (GJ/
tonne clinker)1

Specific Electricity Savings (kWh/
tonne clinker)1

Investment Cost ($/tonne
clinker)1

Estimated Payback Period
(years)1

Clinker Making Process
Energy Management and Control Systems 0.1–0.2 0–4.9 0.2–0.3 < 2
Kiln Combustion System Improvements 0.1–0.4 – 1.00 1.0–5.0 (1)
Mineralized Clinker 0.0–0.2 0 to −1.0 N/A N/A
Indirect Firing 0.2 0 to −0.6 6.7–9.3 > 10 (1)
Oxygen Enrichment 0.0–0.2 (−)9 to (−)32 3.5–6.9 N/A (1)
Mixing Air Technology (PH kilns) 0.20 (−) 0.03 1.2 2 (1)
Seal Replacement 0.02 – < 1
Kiln Shell Heat Loss Reduction 0.1–0.6 – 0.3 < 1
Preheater Shell Heat Loss Reduction 0.02 – 0.3 6
Refractories 0.06 – 0.7 4
Conversion to Grate Cooler 0.3 (−)3.00 to (−)6.00 10–14 >18
Optimize Grate Cooler 0.05–0.16 0.0 to (−)2.0 0.7–2.1 2.00–7.00
Low-Pressure Drop Suspension Preheaters – 0.6–4.4 3–4 > 10 (1)
Heat Recovery for Power Generation – 20.0 2.2–10.4 2.00–14.00 (1)
Conversion of Long Dry to Preheater 0.7–1.6 – 40.0 10 (1)
Increase Preheater Stages (from 5 to 6) 0.1 – 2–5 > 7 (1)
Addition of Precalciner or Upgrade 0.2–0.7 – 15.0 > 10 (1)
Conversion of Long Dry Kiln to Preheater

Precalciner
0.84–1.11 – 30.0 > 10 (1)

1 The estimated energy and expenditure savings and payback periods are averages for indication, based on the average performance of the U.S. cement industry
(e.g. clinker to cement ratio). The actual savings and payback period may vary by project based on the specific conditions in the individual plant.
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Appendix B. Basic guidelines for modeling the cement industry

B.1. Energy demand

There are three main energy consuming processes in cement manufacturing: raw material preparation, clinker production (limestone calcination)
and cement grinding. Energy is consumed throughout cement manufacture and can be broken down into: (i) electricity use for raw material
preparation; (ii) fuel and electricity use in clinker calcination; (iii) electricity use for clinker grinding; and (iv) fuel use for drying raw materials and
additives (e.g. slag powder) (see Eq. (1A)). Table 12 shows all variable definitions used in the equations. The most energy intensive step is the
calcination of clinker, responsible for the majority of fuel use [19].

E E E E E Etotal t rawmaterialpre t fuel kiln t el kiln t cementgrinding t additivesdrying t, ., , , ., , , ,= + + + + (1A)

Table 11
Estimated implementation rates of the different energy efficiency technologies in year 2010.

Energy Efficiency Measures for
Clinker Production

Europe Africa Asia & Oceania (excl.
China, India and CIS)

Brazil Central
America

China CIS Middle East North
America

South America
(excl. Brazil)

India

Energy Management and Control
Systems

20% 50% 25% 30% 20% 20% 10% 20% 20% 30% 15%

Kiln Combustion System
Improvements

5% 50% 10% 40% 30% 20% 10% 20% 30% 35% 15%

Mineralized Clinker 5% 10% 10% 10% 10% 5% 5% 10% 10% 10% 2%
Indirect Firing 5% 10% 10% 10% 10% 5% 5% 10% 10% 10% 2%
Oxygen Enrichment 5% 10% 10% 10% 10% 5% 5% 10% 10% 10% 2%
Mixing Air Technology (PH kilns) 5% 10% 10% 10% 10% 5% 5% 10% 10% 10% 2%
Seal Replacement 25% 30% 25% 30% 25% 25% 10% 25% 25% 25% 10%
Kiln Shell Heat Loss Reduction 5% 40% 20% 40% 35% 20% 10% 25% 30% 40% 5%
Preheater Shell Heat Loss Reduction 5% 40% 35% 40% 35% 35% 10% 25% 35% 35% 10%
Refractories 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Conversion to Grate Cooler 20% 30% 20% 30% 20% 20% 20% 20% 20% 20% 12%
Upgrade clinker cooler 20% 20% 20% 20% 20% 20% 20% 20% 20% 20% 12%
Optimize Grate Cooler 30% 70% 80% 70% 80% 35% 80% 80% 80% 80% 12%
Low-Pressure Drop Suspension

Preheaters
25% 25% 25% 25% 25% 25% 25% 25% 25% 25% 25%

Heat Recovery for Power Generation 25% 25% 25% 25% 25% 25% 25% 25% 25% 25% 25%
Conversion of Long Dry to Preheater 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Increase Preheater Stages (from 5 to

6)
10% 30% 20% 30% 20% 20% 20% 20% 20% 20% 10%

Addition of Precalciner or Upgrade 29% 11% 9% 0% 31% 0% 4% 12% 18% 33% 0%
Conversion of Long Dry Kiln to

Preheater Precalciner
10% 2% 0% 0% 0% 0% 4% 0% 12% 0% 0%

Conversion from Wet to Dry
precalciner Kiln

6% 4% 0% 0% 0% 10% 58% 0% 9% 0% 0%

Conversion from Semi-Wet Semi to Dry
precalciner Kiln

8% 0% 0% 0% 0% 0% 3% 0% 0% 0% 0%

Table 12
Variable definitions.

Variable Definition Unit

I i= 1, 2 refers to the type of kilns used: 1) dry and 2) wet None
J j refers to the different types of fuels used None
Kilnratio,i,t The share of clinker produced with kiln type i in year t %
SECthermal,i,t Thermal energy use of kiln type i in year t GJ/tonne clinker
SECelec,i,t Electricity use of kiln type i in year t. It includes the electricity use for fuel preparation, and the electricity for operating the kiln, fans and

coolers
GJ/tonne clinker

SECtotal el.,t Electricity use for cement making in year t GJ/tonne cement
Etotal,t Total energy use in cement manufacture in year t PJ
Ecement grinding,t Total electricity use for cement grinding in year t PJ
Eraw material prep.,t Total electricity use for raw material preparation in year t PJ
Eadditives drying,t Total energy use for additives drying in year t PJ
Efuel,kiln,t Total fuel use in cement kilns in year t PJ
Eel.,kiln,t Total electricity use in cement kilns in year t PJ
Qcement,t Total cement output in year t Mtonnes cement
Qclinker,t Total clinker output in year t Mtonnes clinker
CO2,total,t Total CO2 emissions from cement production in year t Mtonnes CO2
CO2-fuel,t Total CO2 emissions from fuel combustion in year t Mtonnes CO2
CO2-process,t Total CO2 emissions inherited to the clinker calcination process in year t Mtonnes CO2
CO2-el.,t Total CO2 emissions from electricity generation in year t Mtonnes CO2
Fuelratio,j,t Fuel share of fuel j in year t %
CEFfuel,j CO2 emission factor of fuel j kgCO2/GJ
SECthermal,t Thermal energy use for clinker calcination in year t MJ/tonne
CEFel.,t CO2 emission factor for electricity generation in year t kgCO2/GJ
Clinkerratio,t The clinker to cement ratio in year t %
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Due to the limited regional information, not all variables in Eq. (1A) can be defined/determined for every world region. In the following
paragraphs we show how the total energy use (Etotal,t), fuel (SECthermal,t) and electricity (SECtotal el.,t) can be calculated on a regional basis based on
available information. Since information on regional electricity use per process step (i.e. raw material preparation, clinker burning and cement and
additive grinding) is not available, we show an approachto determine the total electricity use in cement plants.

B.2. Fuel use

Most of the energy consumed in a cement plant is in the form of fuel that is used to fire the kiln. A mixture of mainly limestone, silicon oxides,
aluminium oxides and iron oxides are burned in a kiln to produce clinker. Based on the moisture content of the raw materials, clinker production can
take place in a wet, dry, semi-dry or semi-wet kiln. The dry process is the most energy efficient as the evaporation needs are low. The Commonwealth
of Independent States (CIS) has a high share of the wet process (85%), while other regions that employ this technology are Europe (6%), China (10%)
and the North America (9%) (see Table 3). Countries with a high share of the wet process will have a higher average fuel use in clinker making.
Table 13 shows the typical energy intensities of the different kiln technologies.

Below we show two simple approaches that could be used by energy models for the construction of their base year energy use: (1) by using
regional information readily available on the level of energy use per tonne of clinker or (2) by taking into account information on the production
technology used in each region and the typical energy intensities of each technology.

Approach 1

The thermal energy use for clinker production ranges between 3.1 and 5.0 GJ/tonne clinker between the major world regions (see Fig. 1). It
differs mainly due to the kiln technology type used and the level of energy efficiency. The lowest energy consumption is observed in India where
cement capacity increased significantly in recent years. The highest is in CIS which still relies heavily on the wet process.

Approach 2

The fuel requirements for clinker making could also be estimated based on the information available on the type of technologies used (e.g. wet,
dry, semi-dry) in the different regions (see Table 3), the typical energy intensities of these technologies (Table 13), and the amount of clinker
produced in each region (see Eq. (2A)). Statistics on clinker production are not available. However, clinker production can be estimated by mul-
tiplying the reported cement production with the clinker to cement ratio of that region (see Fig. 6). Clinker can be substituted by industrial by-
products such as coal fly ash, blast furnace slag or pozzolanic materials (e.g. volcanic material). The relative importance of additive use can be
expressed by the clinker to cement ratio.

E Kiln SEC Qfuel kiln t
i

ratio i t thermal i t clinker t, , , , , , ,= × ×
(2A)

Approach 2 leads to slightly different results from the fuel use appearing in Approach 1. For most of the regions, Europe, Africa, Central America,
CIS, Middle East, Asia & Oceania, North America and South America when using approach 2 and the average energy intensity of the technologies

Table 13
Fuel use by type of kiln technology.

Kiln technology JRC-IPTS [27] (GJ/tonne clinker) U.S. EPA [72] (GJ/tonne clinker) Weighted average (GJ/tonne clinker) [73]

Dry with preheater and precalciner 3.0–4.0 2.9–3.8 3.3
Dry with preheater (without precalciner)1 3.1–4.2 4.4 3.7
Long dry (without preheater and precalciner) up to 5.0 5.2 4.5
Semi-wet, semi-dry 3.3–5.42 – 3.8
Wet 5.0–6.4 5.7–10.2 (6.0 typical) 6.3

1 The energy use differs with the number of preheater stages: 3.4–3.8 GJ/tonne for 3 preheater stages; 3.2–3.6 GJ/tonne for 4 preheater stages; 3.1–3.5 GJ/tonne
for 5 preheater stages; 3.0–3.4 GJ/tonne for 6 preheater stages [28].
2 The energy use for raw material drying is not included.
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shown in Table 13, the estimated fuel use is close (± 0.15 GJ/tonne clinker) to the fuel use shown in approach 1. For China, India, and Brazil, the
result in approach 2 is a higher fuel use (0.4–0.5 GJ/tonne) than approach 1. New efficient capacities built in these regions have decreased the
overall energy use and this could be corrected in approach 2 by using lower typical energy intensities than the ones appearing in Table 13.

Total electricity use (electricity use for raw material preparation, kiln operation, cement and additives grinding) accounts for about 20% of the
overall energy needs in a cement plant and ranges between 90 and 150 kWh/tonne cement [27]. Electricity is primarily used for raw material, fuel
and cement grinding. The typical power consumption breakdown in a cement plant using the dry process is as follows [28]:

– 5% raw material extraction and blending,
– 24% raw material grinding,
– 6% raw material homogenization,
– 22% clinker production and fuel grinding,
– 38% cement grinding, and
– 5% conveying, packaging and loading.

Energy models could develop their base year energy use based on the information that is available on the regional total electricity use per tonne
of cement (approach 1) or based on the type of technologies used and the typical energy intensities (approach 2). The lack of information on the
regional installed capacity of grinding technologies will limit the usability of approach 2 by the models. However, the approach is presented below as
models could use the information to determine regional electricity use for clinker burning only. In addition, we present the typical electricity
intensities of the different grinding technologies.

Approach 1

According to the WBSCD database, in 2012, the total electricity use ranged between 81 and 126 kWh/tonne cement. The lowest electricity use is
observed in India and the highest in the North America and CIS (see Fig. 7).

Approach 2

The electricity use in kilns can be estimated based on the typical energy intensities of the different kiln types and their production share in each
region (see Table 3). About 22% of the electricity consumed is used for clinker making and fuel grinding. Plants using the wet process consume about
32 kWh/tonne clinker for fuel preparation and for operating the kiln, fans and the coolers while plants operating the dry process consume about 36
kWh/tonne clinker [19]. The electricity use for clinker making in a specific region can be estimated from Eq. (3A).

E Kiln SEC Qel kiln t
i

ratio i t elec i t clinker t., , , , , , ,= × ×
(3A)

More than 60% of the electricity consumed is used for grinding. Electricity use is influenced by the grinding technology employed, material
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Fig. 7. Average electricity consumption for cement making per region [43,44].

Table 14
Electricity use for raw material and cement grinding [19].

Grinding technology Raw material grinding (kWh/tonne raw material)1 Cement grinding (kWh/tonne cement)1 Fuel grinding (kWh/tonne coal)1

Ball mill 19–29 32–37
Horizontal roller mill 7–8 18–21
Vertical roller mill < 10 21–23 15–23
Roller presses 15 19–21
Impact mill 50–66
Tube mill 28–29

1 The actual electricity use will heavily depend on the material properties and required fineness.
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properties and product fineness. Plants employing high pressure roller presses and roller mills are less electricity intensive than plants using ball
mills. Currently, about 70% of installed mills in grinding plants are ball mills. In newer plants this share is lower, estimated at 50% as more energy
efficient mills types are used [41].

Although there is information available on the typical energy intensities of the various grinding technologies (see Table 14), information on the
share of the different grinding technologies per world region is scarce. Therefore it is not possible to estimate the regional electricity use, based on
this data alone. Approach 2 can only be used to estimate electricity use for clinker making.

B.3. Total energy use

The total energy consumption of cement making in different world regions can be estimated by Eq. (4A). As the available data on the electricity
use involve the total electricity use, in the equation below, Eraw material prep.,t, Eel.,kiln,t, and Ecement grinding,t from Eq. (1A) are aggregated into SECtotal
el.,t.

E Kiln SEC Q SEC Qtotal t
i

ratio i t thermal i t clinker t totalel t cement t, , , , , , ., ,= × × + ×
(4A)

A simple way to project energy use under a baseline scenario would be to assume that energy efficiency in cement manufacture improves
annually by a certain rate. This improvement could be the result of an autonomous energy efficiency improvement and a policy induced energy
efficiency improvement. The historical energy use trends for the cement industry indicate that in the past years, fuel use in clinker production and
electricity use for cement production (total electricity use) experienced an annual decrease of 0.9% and 0.5%, respectively [42].

B.4. CO2 emissions

Most of the CO2 emissions in cement making are released during clinker calcination. Approximately 62% of the CO2 emissions are process related
while the remaining 38% is released during fuel combustion [27]. The CO2 emissions inherent to the process amount to 0.5262 kg per kg of clinker
produced [27]. The CO2 emissions from fuel combustion depend on the energy intensity of the kiln system and the carbon intensity of the fuel used.
To calculate the total amount of CO2 released in the atmosphere, the CO2 emissions from electricity generation also need to be added.

CO CO CO CO Fuel CEF SEC Q CEF SEC Q

Clinker Q

( ) ( )

0.5262

total t fuel t process t el t
j

ratio j t fuel j thermal t clinker t
i

el t el t cement t

ratio t cement t

2, , 2 , 2 , 2 ., , , , , , ., ., ,

, ,

= + + = × × × + × ×

+ × × (5A)

Fig. 8 shows the different types of fuels used in the cement industry. In Europe, around 45% is comprised by alternative fuels such as a variety of
wastes such as tires, waste oil, plastics and solvents and biomass.

Appendix C. SCM availability and utilization in 2050 and 2100

See Tables 15 and 16.
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Fig. 8. Thermal energy use for clinker making by fuel type [43].

Table 15
SCM availability and utilization in the baseline improved scenario in 2050 and 2100.

Regions 2050 2100

cement
production

BFS generated BFS utilized1 Fly ash
generated

Fly ash
utilized1

cement
production

BFS generated BFS utilized1 Fly ash
generated

Fly ash
utilized1

Canada 28 2 2 3 3 34 1 1 4 4
USA 171 11 11 44 44 215 7 7 67 67
Mexico 69 2 2 18 18 74 1 1 42 25
Rest Central

America
45 – – 10 10 49 – – 47 17

Brazil 99 14 14 9 9 89 9 9 55 26

(continued on next page)
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Table 16
SCM availability and utilization in the mitigation improved scenario in 2050 and 2100.

Regions 2050 2100

cement
production

BFS generated BFS utilized1 Fly ash
generated

Fly ash
utilized1

cement
production

BFS generated BFS utilized1 Fly ash
generated

Fly ash
utilized1

Canada 28 2 2 0 0 34 1 1 0 0
USA 171 11 11 2 2 215 7 7 20 20
Mexico 69 2 2 1 1 74 1 1 7 7
Rest Central

America
45 – – 0 0 49 – – 5 5

Brazil 99 14 14 0 0 89 9 9 6 6
Rest South

America
110 3 3 0 0 115 3 3 1 1

Northern Africa 108 2 2 0 0 105 3 3 6 6
Western Africa 225 – – 0 0 507 – – 9 9
Eastern Africa 129 4 4 0 0 278 32 32 1 1
South Africa 28 3 3 1 1 30 3 3 3 3
Western Europe 253 18 18 17 17 266 10 10 23 23
Central Europe 58 5 5 2 2 49 3 3 0 0
Turkey 102 8 8 0 0 108 5 5 0 0
Ukraine region 19 12 12 2 0 17 9 9 0 0
Kazachstan region 34 4 4 5 5 33 3 3 8 8
Russian Federation 71 16 16 2 2 67 12 12 2 2
Middle East 199 2 2 0 0 215 3 3 3 3
India 745 60 60 29 29 788 52 52 12 12
Korea region 60 8 8 1 1 46 2 2 0 0
China region 850 86 86 60 60 403 18 18 6 6
Mekong region 263 1 1 5 5 276 1 1 7 7
Indonesia region 127 – – 2 2 118 – – 5 5
Japan 87 20 20 5 5 77 12 12 3 3
Oceania 17 1 1 0 0 22 0 0 1 1
Southern Asia 253 9 9 1 1 363 27 27 6 6
Rest Southern

Africa
76 3 3 1 1 151 16 16 8 8

World 4223 293 293 138 137 4493 231 231 145 145

1 In this analysis only restrictions in utilization of these materials are availability and maximum additive content. It is assumed that the generated materials are of
sufficient quality for use in blended cements.

Table 15 (continued)

Regions 2050 2100

cement
production

BFS generated BFS utilized1 Fly ash
generated

Fly ash
utilized1

cement
production

BFS generated BFS utilized1 Fly ash
generated

Fly ash
utilized1

Rest South
America

110 3 3 16 16 115 3 3 63 39

Northern Africa 108 2 2 10 10 105 3 3 46 35
Western Africa 225 – – 11 11 507 – – 277 177
Eastern Africa 129 4 4 4 4 278 32 32 101 80
South Africa 28 3 3 24 8 30 3 3 25 9
Western Europe 253 18 18 77 77 266 10 10 160 88
Central Europe 58 5 5 23 18 49 3 3 32 16
Turkey 102 8 8 12 12 108 5 5 24 24
Ukraine region 19 12 12 18 0 17 9 9 18 1
Kazachstan region 34 4 4 12 10 33 3 3 27 10
Russian Federation 71 16 16 38 16 67 12 12 47 17
Middle East 199 2 2 0 0 215 3 3 111 74
India 745 60 60 365 226 788 52 52 798 249
Korea region 60 8 8 22 17 46 2 2 14 14
China region 850 86 86 561 260 403 18 18 283 133
Mekong region 263 1 1 61 61 276 1 1 138 96
Indonesia region 127 – – 22 22 118 – – 54 42
Japan 87 20 20 25 20 77 12 12 30 20
Oceania 17 1 1 9 6 22 0 0 11 7
Southern Asia 253 9 9 42 42 363 27 27 205 112
Rest Southern

Africa
76 3 3 13 13 151 16 16 114 44

World 4223 293 293 1451 933 4493 231 231 2792 1426

1 In this analysis only restrictions in utilization of these materials are availability and maximum additive content. It is assumed that the generated materials are of
sufficient quality for use in blended cements.
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Appendix D. Clinker to cement ratios in 26 regions

See Figs. 9 and 10.
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Fig. 9. Cement composition in 2050 under the (a) baseline improved and the (b) mitigation improved scenarios.

K. Kermeli, et al. Applied Energy 240 (2019) 964–985

982



0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Canada
USA

Mexico
Rest Central America

Brazil
Rest South America

Northern Africa
Western Africa
Eastern Africa

South Africa
Western Europe
Central Europe

Turkey
Ukraine region

Kazachstan region
Russian Federation

Middle East
India

Korea region
China region

Mekong region
Indonesia region

Japan
Oceania

Southern Asia
Rest Southern Africa

World

Baseline improved scenario

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Canada
USA

Mexico
Rest Central America

Brazil
Rest South America

Northern Africa
Western Africa
Eastern Africa

South Africa
Western Europe
Central Europe

Turkey
Ukraine region

Kazachstan region
Russian Federation

Middle East
India

Korea region
China region

Mekong region
Indonesia region

Japan
Oceania

Southern Asia
Rest Southern Africa

World

Mitigation improved scenario

Minor constituents BFS Fly ash Limestone Clinker
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